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a b s t r a c t
Archival formalin-ﬁxed parafﬁn-embedded (FFPE) human tissue collections are typically in poor states of
storage across the developing world. With advances in biomolecular techniques, these extraordinary and
virtually untapped resources have become an essential part of retrospective epidemiological studies. To
successfully use such tissues in genomic studies, scientists require high nucleic acid yields and purity. In
spite of the increasing number of FFPE tissue kits available, few studies have analyzed their applicability
in recovering high-quality nucleic acids from archived human autopsy samples. Here we provide a study
involving 10 major extraction methods used to isolate total nucleic acid from FFPE tissues ranging in age
from 3 to 13 years. Although all 10 methods recovered quantiﬁable amounts of DNA, only 6 recovered
quantiﬁable RNA, varying considerably and generally yielding lower DNA concentrations. Overall, we
show quantitatively that TrimGen’s WaxFree method and our in-house phenol–chloroform extraction
method recovered the highest yields of ampliﬁable DNA, with considerable polymerase chain reaction
(PCR) inhibition, whereas Ambion’s RecoverAll method recovered the most ampliﬁable RNA.
Ó 2010 Elsevier Inc. All rights reserved.

Retrospective studies of infectious disease have become
increasingly important during the past several years, giving us a
clearer understanding of pathogen evolution and emergence
[1,2]. Worldwide, formalin-ﬁxed parafﬁn-embedded (FFPE)1 human autopsy tissue samples provide a vast archive of pathologically
disease-speciﬁc materials for potential use in biomolecular investigations [3–7]. However, using FFPE autopsy tissues for these investigations poses a myriad of challenges. The collections are often in a
declining state and contain minute amounts of tissue per sample
[8]. Although formalin is an excellent preservative for maintaining
the integrity of tissues, the time since death, and the time to ﬁxation,
the parafﬁn-embedding process and subsequent storage lead to nucleic acid degradation and extensive modiﬁcation that may affect the
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yield and quality of nucleic acids (DNA and RNA) [9–23]. More
important, formaldehyde creates cross-links between nucleic acids
and proteins [24,25], resulting in DNA and RNA species with average
base pair lengths of approximately 200 bp or less [26–29]. As is the
case with many archival tissue collections in developing countries,
the sampling (autopsy vs. biopsy material), tissue type, and formalin
ﬁxation process (buffered vs. unbuffered) are often unknown or
poorly documented.
A number of studies have addressed improvements in the process of isolating high-quality nucleic acids from FFPE tissues
[3,21,30–34], rendering them suitable for downstream applications such as polymerase chain reaction (PCR) [35–37]. These
improvements have now been harnessed by major biotechnology
companies and included in commercial FFPE kits (see Table 1 for
details of those assessed in this study). The scope of this article is
not to enhance or alter the methods prescribed in these commercial kits but rather to determine, in the end, which kit consistently
yields the highest amount of ampliﬁable DNA and RNA. Although
most of these commercially available extraction kits have been
tested on freshly ﬁxed parafﬁn tissues [9,38–40], only a few studies
have compared the relative performance of these methods on
archival pathological or postmortem tissues, e.g. [41]. A careful
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Table 1
The 10 nucleic acid extraction methods analyzed in this study
Protocol

Nucleic
acid

Manufacturer

Catalog
number

Deparafﬁnization

Digestion method

Digestion time and
temperature

Puriﬁcation method

ABS

RNA

400809

DNA

d-Limonene,
ethanol
Xylene, ethanol

Overnight (55 °C)

GEN

Guanidine thiocyanate
ﬁltration
Silica-based membrane

HPP
HPM
PCE

RNA
RNA
DNA/
RNA
RNA
DNA
DNA
RNA
RNA

Stratagene (La Jolla,
CA, USA)
Sigma (St. Louis,
MO, USA)
Roche (Basel,
Switzerland)
In-house

RAR
RAD
TRD
TRR
WXF

Ambion (Austin, TX,
USA)
Ambion (Austin, TX,
USA)
TrimGen (Sparks,
MD, USA)

3270289001
4823125001
Local

Xylene, ethanol

1975

Xylene, ethanol

AM9738

Xylene, ethanol

Digestion buffer,
proteinase K
Chaotropic salt buffer,
proteinase K
Tissue lysis buffer, SDS,
proteinase K
In-house buffer,
proteinase K
Proprietary buffer,
protease
Guanidinium thiocyanate

DE-50

Q-Solution

R-Resin, enzyme mix

G1N10

Xylene, ethanol

Overnight (55 °C)
Overnight (55 °C)
3 h (55 °C)
Overnight (55 °C)
RNA–3 h (55 °C)
DNA–48 h (55 °C)
5 min (room
temperature)
Overnight (45 °C)

High pure ﬁlter
Phenol-chloroform and
Microcon (YM-10)
Glass-ﬁber ﬁltration
Phenol-chloroform and alcohol
precipitation
WR ﬁltration

Note. These methods consisted of 1 in-house method and 7 commercial kits. Their abbreviations and respective companies are as follows: the in-house PCE (phenolchloroform extraction) method, Ambion’s TRR (TRI-Reagent solution–RNA) method, Ambion’s TRD (TRI-Reagent solution–DNA) method, Sigma’s GEN (GenElute Mammalian
Genomic DNA Miniprep Kit) method, Ambion’s RAR (RecoverAll Total Nucleic Acid Isolation Kit–RNA) method, Ambion’s RAD (RecoverAll Total Nucleic Acid Isolation Kit–
DNA) method, TrimGen’s WXF (WaxFree Parafﬁn Sample RNA Preparation Kit) method, Roche’s HPP (High Pure RNA Parafﬁn Kit) method, Roche’s HPM (High Pure RNA Micro
Kit) method, and Stratagene’s ABS (Absolutely RNA FFPE Kit) method. The table also shows deparafﬁnization reagents, digestion times, and a summary of the respective
puriﬁcation methods as detailed in the protocols.

comparison between these methods (commercial and in-house) on
archived specimens is lacking in the literature. For these reasons,
we present a qualitative and quantitative comparison of the total
nucleic acids (DNA and RNA) released by 7 commercially available
extraction kits (2 of which split into two separate extractions) and
1 in-house method (for a total of 10 methods) on seven FFPE autopsy tissue blocks ranging from 1995 to 2005. For each method,
we measured total DNA and RNA, the number of ampliﬁable human nuclear single-copy DNA molecules and messenger RNA
(mRNA), and the level of PCR inhibition present in each of the extracts derived from the FFPE tissues. To maximize sample utility in
downstream applications, the preferred method should offer both
high overall nucleic acid recovery and ampliﬁability of both DNA
and RNA.

Materials and methods
Sampling and laboratory work authentication
We randomly selected seven FFPE autopsy blocks, all visceral
tissues involving random organs to mimic archival pathological tissues that would typically be found in most repositories in the
developing world. All tissues, according to documentation, were
ﬁxed in 10% buffered formalin before parafﬁn embedment, with
embedment dates ranging from 1995 to 2005. The tissues were obtained from the tissue repository at the Department of Pathology,
School of Biomedical Sciences, College of Health Sciences at Makerere University in Uganda. Patient identiﬁers, except the serial
identiﬁcation numbers that correlate with the sample’s year of ﬁxation, were removed to maintain anonymity. Approval for use of
these histopathological human tissues in our research was obtained from the ethical review boards of both the College of Health
Sciences at Makerere University and the Faculty of Health Sciences
at McMaster University.
Genetic studies on degraded samples, such as archival FFPE autopsy tissues, are at risk for contamination from exogenous
sources, particularly when working with human DNA [42]. This
type of study requires strict laboratory conditions with dedicated
facilities designed to avoid contamination, thereby ensuring the
authenticity of the data generated. For this reason, all work took
place in the clean rooms of the McMaster Ancient DNA Centre

within dedicated and physically separated work areas designed
to avoid cross-contamination to the greatest extent possible.
Nucleic acid extraction methods
We used 10 different extraction methods on seven archival
pathological blocks, yielding a total of 70 extracted samples. The
methods involved 7 commercial kits (2 of which provided protocols for the separate isolation of DNA and RNA and, therefore, were
regarded as separate methods, thereby totaling 9) and 1 in-house
organic digestion method (see Table 1 for details and abbreviations). Notably, the Ambion’s RecoverAll kit has both a shorter
and longer incubation period, thereby enabling the comparison
of different digestion times. Overall, we followed the extraction
protocols in the commercial kits as supplied by their manufacturers, with the exception of the DNase treatment step that was performed only on aliquots of each extract prior to reverse
transcription (RT) and PCR, to compare the effects of DNase digestion on downstream PCR and RT–PCR. The in-house phenol-chloroform extraction (PCE) method begins with proteinase K digestion,
followed by puriﬁcation using sequential phenol-chloroform
extractions and concentration over YM-10 Microcon centrifugal ﬁlter units (Millipore, Billerica, MA, USA).
Sample preparation
Using a sterile scalpel blade, we removed 25 mg of tissue from
each FFPE autopsy block after excess parafﬁn wax surrounding the
embedded tissue was cut away. With the exception of TrimGen’s
WXF method and Stratagene’s ABS method, where dewaxing was
done with the Q-Solution and d-Limonene, respectively, as supplied with the kit, all remaining samples were dewaxed using xylene. We washed once with dewaxing solution and twice with
100% ethanol and then dried the sample over air prior to continuing with enzymatic digestion. We followed the manufacturers’
instructions in all cases. RNA and DNA extracts were eluted in
200 ll of RNA Storage Solution (Ambion, Austin, TX, USA) and/or
1 TE buffer (Tris–ethylenediaminetetraacetic acid [EDTA], pH
7.5). The eluted nucleic acid extracts were immediately aliquoted
(into 20-ll volumes) and stored at 80 °C until all extractions
were completed. Subsequent analyses were carried out on all of
the extracts in concert to avoid any potential variation between as-
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says. For each of the 10 extraction methods, we processed the same
seven FFPE tissue blocks and one negative control; this ensured
that resulting trends across samples were attributable to the
extraction methods rather than inter-sample variation. Although
variations within the same tissue block are possible, we avoid this
bias by averaging across all samples and all methods to ensure that
any potential inter-sample variations are kept to a minimum.
Comparison of nucleic acid recovery
Total DNA concentrations in each extract were measured using
the PicoGreen double-stranded DNA (dsDNA) Quantitation assay
(Molecular Probes, Eugene, OR, USA) on a TBS-380 Mini-Fluorometer with a Minicell Adaptor Kit (Turner BioSystems, Sunnyvale, CA,
USA). Total RNA was measured using a 2100 Agilent Bioanalyzer
and RNA 6000 Pico Chip assay (Agilent Technologies, Palo Alto,
CA, USA). As a comparative study, we also quantitated total RNA
in each sample using the RiboGreen RNA assay (Molecular Probes)
on a TBS-380 Mini-Fluorometer (see supplementary material for
details).
qPCR comparisons of c-Myc and b2M genomic copies
All quantitative PCR (qPCR) assays were conducted using an
MX3000P Real Time PCR System (Stratagene, La Jolla, CA, USA).
Each 20-ll reaction contained 1 PCR Buffer II, 2.5 mM MgCl2,
1.0 lg/ll bovine serum albumin (BSA), 250 lM of each deoxynucleoside triphosphate (dNTP), 250 nM of each primer, 0.167 SYBR
Green I, 0.05 U/ll AmpliTaq Gold DNA polymerase, and 2 ll of
template DNA extracts (or water for nontemplate controls). PCR
conditions were as follows: initial denaturation at 95 °C for
7 min, 50 cycles of 95 °C denaturation for 30 s, 30 s of annealing
at 60 or 59 °C for c-Myc and b2 M (b2-microglobulin) primers,
respectively, and extensions at 72 °C for 30 s, and a ﬁnal extension
at 72 °C for 10 min.
Quantitation of nuclear DNA (c-Myc) copies
We estimated nuclear DNA copies in each extract using a qPCR
assay designed to amplify an 81-bp fragment targeting the human
c-Myc gene with primers CMYC_E3_F1 (5’-GCCAGAGGAGGAAC
GAGC-3’) and CMYC_E3_R1 (5’-GGGCCTTTTCATTGTTTTCCA-3’)
[43]. For this assay, a synthetic oligonucleotide standard was designed with a base pair transition (bolded) that is not normally
found in the human genome (5’-GTCTTGGAGCGCCAGAGGAGGA
ACGAGCTAAAACGGCGCTTTTTTGCCCTGCGTGACCAGATCCCGGAGT
TGGAAAACAATGAAAAGGCCCCCAAGGTAGT-3’), enabling differentiation of target amplicons and potential contamination. A standard curve was derived from ampliﬁcation of serial dilutions of
the standard (2 to 2  104 copies) in replicates. Concentrations of
the target molecules were estimated from their ampliﬁcation plots
in relation to the above standard, whose reaction efﬁciency and R2
(coefﬁcient of correlation) were 99.2% and 0.973, respectively.

Carlsbad, CA, USA) according to the manufacturer’s instructions.
We used a gene-speciﬁc primer rather than random hexamers because previous studies have documented that the former is more
robust in real-time ampliﬁcations than the latter [44]. As for the
c-Myc genomic DNA quantitation above, ampliﬁable mRNA quantities were assessed by comparison with a standard curve generated
from serial dilutions (2 to 2  104 copies) of a synthetic b2M DNA
fragment (5’-GAACCATGTGACTTTGTCACAGCCCAAGATAGTTAAGT
GGGATCGAGACATGTAAGCAGCATCATGGCGGTTTGAAGATGCCGCA
TTTGGATTGGATGA-3’).
Inhibition assay
The presence of inhibitors in the extracts may lead to false-negative PCR results as well as an underestimation of the total DNA/
RNA quantity. We assessed the level of inhibition in all extracts
based on the measurement of the performance of an internal positive control in qPCR spiked with FFPE extracts. The control template for this assay was 1  103 copies of a puriﬁed cloned PCR
product stemming from the cytochrome b of mammoth [45,46].
The cycle threshold (CT) measured in the presence of each extract
was compared with that of an unspiked control reaction. In the absence of inhibitors in the extract, the CT should remain the same,
whereas in more inhibited extracts, the CT increases relative to
the reference point. The level of inhibition in each sample extract,
therefore, was measured as the shift in CT relative to that of the
unspiked control reaction.

Results
Total DNA recovery and c-Myc DNA quantitation
All samples and extraction methods recovered measurable
amounts of DNA as assessed by the PicoGreen assay; however,
the amounts varied considerably, ranging from 0.02 (0–0.04) ng/
ll in Ambion’s TRR method to 5.47 (2.03–7.73) ng/ll in the inhouse PCE method (Table 2). Of the 10 methods tested, 6 yielded
signiﬁcantly higher amounts of DNA: (from highest to lowest)
the in-house PCE, TrimGen’s WXF, Ambion’s RAD, Stratagene’s
ABS, Ambion’s RAR, and Sigma’s GEN (Table 2 and Figs. 1A and
1B). All methods except Ambion’s TRR yielded ampliﬁable nuclear
c-Myc copies that ranged from approximately 0.5 (0–3.0) copies/ll
in Ambion’s TRD to 425 (0–1636) copies/ll in TrimGen’s WXF
(Figs. 1C and 1D). Overall, there were four methods that consistently yielded high amounts of recoverable total DNA as well as
ampliﬁable DNA copies: TrimGen’s WXF, Ambion’s RAD, the inhouse PCE, and Sigma’s GEN (Table 1 and Figs. 1A and 1B). There
was no apparent correlation between the age of samples and total
copy number.
Total RNA recovery and b2M RNA quantitation

qPCR quantitation of RNA (b2M) copies
To quantitate the number of mRNA copies in each of the extracts, a section of the b2M gene was ampliﬁed using B2 M F (5’TGACTTTGTCACAGCCCAAGATA-3’) and B2 M R (5’-AATCCAAATGCGGCATCTTC-3’) primers [11] using a SYBR Green I-based
qPCR assay. This assay ampliﬁes over an exon/intron boundary,
producing a 1.96-kb amplicon from genomic DNA templates but
only an 85-bp amplicon from complementary DNA (cDNA); thus,
DNA- and RNA-derived products are easy to differentiate. For comparative purposes, we used both DNase-treated (DNase+) and
DNase-untreated (DNase–) extracts in the RT–PCR step. Firststrand cDNA synthesis was done using the reverse primer above
(B2 M R) and SuperScript III reverse transcriptase (Invitrogen,

Total RNA recovery was lower than DNA by approximately an
order of magnitude and ranged from 0.002 (0–0.10) ng/ll in Sigma’s GEN to 1.45 (0–4.88) ng/ll in TrimGen’s WXF. Of the 10
methods tested, 6 yielded RNA, and only 4 of these gave consistent
results: (from highest to lowest) TrimGen’s WXF (1.45 [0.00–
4.88]), Ambion’s RAD (0.85 [0.16–2.66]), the in-house PCE (0.43
[0.06–0.67]), and Ambion’s RAR (0.11 [0.00–0.35]). As with DNA
recovery, RNA concentrations varied signiﬁcantly across methods
(Table 2) and samples, with both Stratagene’s ABS and Roche’s
HPM yielding no measurable RNA quantities (Figs. 1E and 1F).
Interestingly, as an exploratory analysis, we observed on average
twice as much ampliﬁable RNA from extracts that had been treated
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Table 2
Summary of the performance of the 10 nucleic acid extraction methods based on the FFPE autopsy tissues analyzed in this study.
Protocol
ABS
GEN
HPM
HPP
PCE
RAD
RAR
TRD
TRR
WXF

DNA (ng/ll)
2.77
2.42
0.24
0.99
5.47
4.17
2.44
0.17
0.02
4.93

c-Myc DNA copies
4

(1.01–4.06)
(0.17–3.61)6
(0.06–0.57)8
(0.31–2.59)7
(2.03–7.73)1
(2.35–6.49)3
(0.87–4.20)5
(0.02–0.73)9
(0.00–0.04)10
(3.03–6.87)2

8

1 (0–9)
165 (0–828)4
7 (0–23)7
24 (0–77)6
342 (14–981)2
307 (0–994)3
36 (0–38)5
0.5 (0–3)9
010
425 (0–1636)1

RNA–DNase+ (ng/ll)
9

0
0.02 (0.00–0.10)6
09
0.04 (0.00–0.11)5
0.43 (0.06–0.67)3
0.85 (0.16–2.66)2
0.11 (0.00–0.35)4
0.003 (0.00–0.022)7
0.002 (0.00–0.015)8
1.45 (0.00–4.88)1

b2M (DNase+) copies
10

0
10 (0–40)5
3 (0–22)6
85 (0–276)3
64 (0–292)4
7813 (41–28,380)1
643 (0–2307)2
3 (0–16)8
0.6 (0–4)9
3 (0–19)7

b2M (DNase–) copies
7

0
14 (0–53)5
2 (0–13)6
103 (0–314)3
46 (0–174)4
4449 (65–15,920)1
343 (0–1257)2
07
07
07

CT shift
–0.28 (–0.51 to –0.17)1
0.05 (–0.18 to 0.37)6
–0.12 (–0.27 to –0.01)2
–0.07 (–0.23 to 0.45)3
1.96 (0.26 to 4.20)10
0.66 (–0.14 to 2.33)8
0.07 (–0.20 to 0.33)7
0.02 (–0.35 to 0.02)5
–0.01 (–0.20 to 0.12)4
1.63 (0.22 to 5.97)9

Note. In the table, average concentrations of total DNA (based on TBS-380 PicoGreen assay) and RNA (based on Agilent RNA Pico Chip assay) from each method are compared
with ampliﬁable DNA (c-Myc) and RNA (b2M) copies, respectively. Also included for comparative purposes are the b2M RNA copies estimated from DNase-treated extracts and
the average levels of inhibition in each method as quantitated by the qPCR CT shift of a mammoth DNA standard ampliﬁed in a PCR spiked with the FFPE extract. The relative
ranks across the parameters as used to evaluate the performance of the methods compared in this study are indicated in superscripted numbers.

with DNase prior to RT than from the undigested ones (see Table 2
and Fig. S1 in the supplementary material for more details).
Total recovered RNA appears to be degraded to short fragment
sizes of approximately 200 bp or less (see Figs. S2 and S3 in the
supplementary material); however, the total RNA concentration
remains correlated with RNA ampliﬁability (R2 = 0.591, P < 0.001).
Despite lower amounts of total RNA than DNA, there are more
ampliﬁable RNA b2M copies (2.74  103) than c-Myc DNA copies
(2.41  102) from samples yielding both (mean values not statistically different from each other, t = 1.756, P > 0.05). Overall, Ambion’s RAD yielded the highest amount of ampliﬁable RNA copies
(7813 [41–28,380]) followed closely by Ambion’s RAR method
(643 [0–2307]).
PCR inhibition
Our assessment of the levels of PCR inhibition via a qPCR-based
inhibition assay [45,47] showed that only 3 of the 10 methods analyzed had detectable levels of PCR inhibition (Figs. 1I and IJ). FFPE
samples extracted using the PCE method were the most inhibited
with an average CT shift of 1.96, followed by TrimGen’s WXF with
an average CT shift of 1.63 and RAD with an average CT shift of 0.66
(Table 2).
Effect of incubation time on total nucleic acid yields
Comparison of the nucleic acid recoveries from Ambion’s RAR
and RAD methods suggested that a longer incubation time resulted
in a greater recovery of total DNA (t = 5.02, P = 0.001) and RNA
(t = 2.34, P > 0.05) and an increase in the number of ampliﬁable
DNA and RNA copies (not statistically signiﬁcant) (Table 2). However, in addition, a prolonged incubation led to an overall increase
in the level of inhibition.
Discussion
Total DNA, ampliﬁable nuclear DNA copies, and inhibition
Not all 10 methods tested here were originally designed for the
extraction of DNA. Despite this, all methods except Ambion’s TRR

recovered DNA as measured by the TBS-380 PicoGreen assay. Of
these 9 remaining methods, 6 had between 2- and 32-fold more
DNA than the other 3 methods. It is important to note that despite
detectable DNA within the extracts, this itself was not a guarantee
of the successful ampliﬁcation of single-copy nuclear DNA. In fact,
only 4 of the 6 methods yielded more than 100 ampliﬁable DNA
copies (Table 2).
Although the in-house PCE, Ambion’s RAD, and TrimGen’s WXF
yielded the most DNA, these methods also contained the highest
amounts of PCR inhibition as judged by the shift in CT of an internal
standard during qPCR. The standard shifted by 1.96, 0.66, and 1.63
cycles for the in-house PCE, Ambion’s RAD, and TrimGen’s WXF,
respectively (Table 2 and Fig. 2). The efﬁciency of the internal standard assay was quite high at 99.2%. Because we expect a doubling
of template molecules for each cycle of PCR with 100% efﬁcient
reactions, total DNA copies in these extracts were slightly underestimated. If we correct for the level of inhibition, the in-house PCE,
Ambion’s RAD, and TrimGen’s WXF should contain up to 3.9-, 1.3-,
and 3.2-fold more c-Myc DNA copies than were measured
(Table 1).
Exploring alternative methods to overcome inhibition was not
the focus of this study. Nonetheless, if inhibition could be overcome by using a combination of PCR facilitators [47] or potentially
eliminating small nucleic acids, which might account for the inhibition, the three methods resulting in the highest DNA copies (the
in-house PCE, Ambion’s RAD, and TrimGen’s WXF) would theoretically yield 1526, 1091, and 400 c-Myc DNA copies in each microliter extract. Based on our experience, small nucleic acid
fragments, such as those copuriﬁed in ancient DNA, may themselves inhibit PCRs. A positive correlation was observed between
total DNA recovered and a CT shift (R2 = 0.464, P < 0.001).
Total RNA and ampliﬁable nuclear RNA copies
Total RNA recovered from all samples via the 10 extraction
methods yielded short RNA fragment sizes of approximately
200 bp or less (Figs. S2 and S3). These results are in agreement with
previous work [4,48–50] showing that RNA recovered from such
archival tissues is degraded to less than 200 bp in length. Nonetheless, we found a positive correlation between ampliﬁable DNA and

"
Fig. 1. Total nucleic acids recovered and their corresponding qPCR-based ampliﬁable genomic copies from FFPE tissues. (A–F) Comparison across samples (ranging from the
year 1995 to 2005) and methods of average recovered DNA quantity within each sample and method studied based on TBS-380 PicoGreen assays in comparison (A and B),
respective c-Myc nuclear DNA copies as a measure of ampliﬁable genomic DNA from each sample and method (C and D), and recovered RNA quantity across each sample and
method based on the Agilent Bioanalyzer RNA Pico Chip assay (E and F). (G and H) Ampliﬁable RNA as measured by b2M cDNA copies across methods. (I and J) Estimated
levels of inhibition in each sample and across as deduced from the shift in qPCR cycle threshold (CT) numbers that involved ampliﬁcations of a known standard (cloned
mammoth mitochondrial cytochrome b DNA fragment) spiked with the FFPE nucleic acid extracts. Inset numbers above bars are average estimates across samples and within
each method of the different parameters tested.
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Fig. 2. Summary of average nucleic acid recovery (DNA/RNA concentrations), ampliﬁable genomic DNA (c-Myc). and RNA (b2M) copies from the nucleic acid extraction
methods tested. Grayish bars indicate the estimated total DNA quantity as measured using PicoGreen assay. Forward-slashed bars represent the respective average quantities
of RNA in DNase-treated (DNase+) extracts estimated based on RiboGreen assays. The solid and short-dashed lines show qPCR quantitated b2M copies from DNase+ and
straight (DNase ) extracts, respectively, whereas the long-dashed line shows the trend in the average ampliﬁed copies of c-Myc DNA in the extracts. Inset numbers are the
average inhibition levels as measured by CT shift based on spiked ampliﬁcations of mammoth mitochondrial DNA.

Fig. 3. DNA and RNA recovered from RecoverAll Total Nucleic Acid Isolation Kit for FFPE Tissues as tested following the RNA extraction protocol (RAR, 3 h digestion time) and
DNA protocol (RAD, 48 h digestion time) in all seven FFPE tissues studied. (A) Comparison of the DNA concentrations (in ng/ll) based on PicoGreen assay (grayish bars) with
the corresponding RNA quantities based on Agilent Bioanalyzer RNA Pico Chip assay (superimposed forward-slashed bars). (B) Comparison of ampliﬁable genomic DNA
inferred from c-Myc gene copies (blue solid line) with b2M cDNA copies (green solid line). The respective estimates of inhibition levels (CT shift) in each sample are
represented by the black dashed line. Although the plots show average increase in ampliﬁable nucleic acids (based on both c-Myc and b2M copies) with the longer incubation
time of 48 h, only nucleic acid concentrations were signiﬁcantly greater with longer digestion (DNA, P < 0.05, and RNA, P < 0.05). (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the Web version of this article.)
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RNA copies across all methods (R2 = 0.302, P < 0.01). We assume
that the apparent anomaly that a greater number of RNA copies
are ampliﬁed in comparison with single-copy nuclear DNA copies
is simply due to the ubiquitous expression of b2M as opposed to
the single-copy c-Myc gene. The observation that twice as much
ampliﬁable RNA was present in extracts treated with DNase prior
to RT (Table 2 and Fig. S1) suggests that DNase treatment allows
more speciﬁc binding of the reverse transcriptase to the RNA template given that potential DNA–RNA hybrids that might interfere
with RT are reduced by the DNase digestion step [51]. The most
preferred method for total RNA ampliﬁability was Ambion’s RAD
(Table 2 and Fig. 2), which produced an order of magnitude more
copies than Ambion’s RAR, the second best method, followed by
the in-house PCE and Roche’s HPP (see details across methods
and samples in Figs. 1G and 1H).
Nucleic acid preservation and age
It is generally assumed that older samples contain quantitatively fewer and more damaged nucleic acids [50,52]. However,
in the ﬁeld of ancient DNA, this has been shown not to always be
the case; rather, it is correlated with the conditions of preservation
such as temperature, humidity, and pH, to mention but a few [42].
The surprising observation that older samples, stemming from the
years 1995, 1997, and 1999, yield relatively higher copy numbers
of both c-Myc DNA (Fig. 1D) and b2M RNA (Fig. 1H) than the relatively recent ones (2003 and 2005) suggests that the ability to amplify DNA and RNA might not necessarily diminish with aging of
poorly stored FFPE autopsy tissue samples. This contradictory
observation has been demonstrated in other studies
[10,49,53,54], showing that the long-term storage of FFPE samples
appears to have no signiﬁcant negative effect on downstream
applications such as PCR. There are many possible explanations
for this ﬁnding, including the rate of tissue ﬁxation and embedment [54], which may affect the long-term preservation of formalin-ﬁxed DNA and RNA; however, without further detailed studies,
it is impossible to comment speciﬁcally on this observation.
Effect of incubation time
Ambion’s two methods, RAR and RAD, had 3- and 48-h digestion times, respectively. There is an average increase in both recoverable and ampliﬁable nucleic acids quantities with the longer
digestion of FFPE tissues (Table 2 and Figs. 2 and 3). This observation corroborates the fact that the formalin-induced protein–nucleic acid cross-linkages are reversible by thermal energy [24] as
well as extended chemical digestion [11]. The increased nucleic
acid recovery resulting from a longer incubation time did, however, lead to a slight increase in PCR inhibition (Fig. 3).
Which parafﬁn method worked best for autopsy tissues?
In assessing which of the 10 tested parafﬁn methods works best
for a range of autopsy tissue samples, we ranked them according to
those recovering both the highest concentrations of total nucleic
acids as well as the highest amounts of ampliﬁable quantities of
both DNA and RNA while taking inhibition into account. Based
on these general criteria, we found that Ambion’s RAD, the inhouse PCE, TrimGen’s WXF, and Ambion’s RAR methods performed
superior to the rest of the methods compared in this study
(Table 2). Although the WXF kit was designed for RNA only, elimination of the DNase treatment step during extraction enabled this
method to yield high amounts of both DNA and RNA. Despite the
high nucleic acid recovery from the 4 methods listed above, we
were able to amplify just a few RNA copies (148 and 3) from 2 of
the methods (the in-house PCE and TrimGen’s WXF, respectively).

Thus, while these methods recovered good total nucleic acids, they
do not guarantee RNA ampliﬁcation success. Ambion’s RecoverAll
Total Nucleic Acid Isolation Kit for FFPE Tissues (RAD, the 48-h
digestion protocol for DNA) performed best in terms of total ampliﬁable RNA recovery, yielding an average of 7813 copies, followed
by its 3-h digestion version (RAR) at 643 copies/ll extract (see
Figs. 2 and 3 for details).
Conclusion
The recovery and ampliﬁcation of nucleic acids from archived
formalin-ﬁxed autopsy human tissues is a growing ﬁeld in retrospective genetic studies. Scientists are faced with the problem of
choosing methods that not only are able to recover high amounts
of nucleic acids but also yield ampliﬁable copies. In this study,
we have provided a careful test comparison of 10 major FFPE
extraction methods on seven randomly collected archival human
pathological tissues. Whereas we found that TrimGen’s WXF, the
in-house PCE, and Ambion’s RAD are the preferred methods for
the recovery of ampliﬁable DNA copies, Ambion’s RAD and RAR
are the preferred methods for the recovery of ampliﬁable RNA copies for such ancient human pathological tissue collections. These
results should serve as a guide to molecular pathologists interested
in using these valuable tissues for retrospective epidemiological
studies.
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