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Formalin fixation has been the standard method for conservation of clinical specimens for decades.
However, a major drawback is the high degradation of nucleic acids, which complicates its use in
genome-wide analyses. Unbiased identification of biomarkers, however, requires genome-wide studies,
precluding the use of the valuable archives of specimens with long-term follow-up data. Therefore,
restoration protocols for DNA from formalin-fixed and paraffin-embedded (FFPE) samples have been
developed, although they are cost-intensive and time-consuming. An alternative to FFPE and snap-
freezing is the PAXgene Tissue System, developed for simultaneous preservation of morphology, proteins,
and nucleic acids. In the current study, we compared the performance of DNA from either PAXgene or
formalin-fixed tissues to snap-frozen material for genome-wide DNA methylation analysis using the
Illumina 450K BeadChip. Quantitative DNA methylation analysis demonstrated that the methylation
profile in PAXgene-fixed tissues showed, in comparison with restored FFPE samples, a higher
concordance with the profile detected in frozen samples. We demonstrate, for the first time, that DNA
from PAXgene conserved tissue performs better compared with restored FFPE DNA in genome-wide
DNA methylation analysis. In addition, DNA from PAXgene tissue can be directly used on the array
without prior restoration, rendering the analytical process significantly more time- and cost-effective.

� 2014 Elsevier Inc. All rights reserved.
Molecular diagnostics and clinical research are largely depen-
dent on a broad spectrum of biomolecules for accurate diagnosis,
prediction of outcome, and selection of appropriate therapies using
well-annotated samples with long-term follow-up data. During
recent years, personalized medicine has become a focus of
research, and the search for novel and better performing biomark-
ers has intensified. The quality of the biomarker, and thereby the
outcome of the analytical results, is dependent on many preanalyt-
ical factors. Sample storage is one of the most important factors,
and the lack of highly preserved tissue samples has been pointed
out as one of the major drawbacks to identifying new biomarkers
[1]. Formalin fixation and paraffin-embedding (FFPE)1 has been
the standard treatment for biopsies and surgical specimens for many
decades [2]. As a result, most pathology departments have collected
large archives of FFPE samples together with long-term clinical fol-
low-up, making these collections an extremely valuable resource
for biomedical research. The main drawback of formalin fixation,
however, is the crosslinking between DNA and proteins caused by
the formalin [3]. The harsh conditions required to break this cross-
linking limit the use of the biomolecules isolated from FFPE tissue
in molecular analysis [4,5]. Therefore, the quality and yield of DNA
is generally far lower compared with DNA obtained from fresh fro-
zen tissue [6,7]. Snap-freezing of tissues in liquid nitrogen is widely
accepted as the ‘‘gold standard’’ for the preservation of proteins and
nucleic acids. However, this method often causes morphological
changes in the tissue due to intracellular ice formation [8], compro-
mising the histology of the tissue [9].

An alternative to FFPE and fresh frozen preservation is the non-
crosslinking PAXgene Tissue System (PreAnalytiX, Hombrechtikon,
Switzerland), which has proven to be efficient for preservation of
the morphology and allows high-quality extraction of proteins,
RNA, and DNA from the fixed tissues [10–13].
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The focus on high-quality molecules has increased as the search
for new biomarkers has intensified, especially in cancer research. It
is now well accepted that the required molecular alterations for
neoplastic initiation and progression can, in addition to genetic
changes, be acquired through epigenetic mechanisms [14]. These
are mitotically heritable changes in gene expression that are not
caused by underlying changes in the primary DNA sequence, com-
prising DNA methylation, histone modifications, and changes in
the expression patterns of noncoding RNAs. DNA methylation is
the most widely studied epigenetic mechanism and occurs pre-
dominantly at cytosines followed by guanine (CpGs). Acquisition
of DNA methylation at normally unmethylated CpG islands in the
promoter regions of genes is often correlated with transcriptional
silencing of the associated genes [15–17]. Changes of DNA methyl-
ation levels and patterns have been widely studied in cancer
research, where interest has focused on biomarkers for predicting
cancer development, diagnosis, prognostics, and response to treat-
ment [18,19] but have recently been shown to also be of great
importance in many complex diseases [20,21].

The Infinium 450K Human Methylation BeadChip (Illumina, San
Diego, CA, USA) is an array-based readout investigating more than
450,000 CpG sites. It has become a method of choice for genome-
wide DNA methylation analysis because it allows, for the first time,
analyzing a relatively high number of CpGs throughout the human
genome at a reasonable price [22]. However, DNA extracted from
FFPE samples is not suitable for direct use in genome-wide epi-
genotyping studies because the DNA is inefficiently amplified
due to the high degradation. A restoration method for FFPE DNA,
developed by Thirlwell and coworkers [23], uses a ligation-based
approach to obtain DNA fragments of sufficient size. However,
there is still a controversy about the concordance between differ-
entially methylated loci detected in fresh frozen tissue and
restored DNA from FFPE tissue [24]. A commercial FFPE restoration
kit (Illumina) has been developed for the 450K Human Methylation
array, which performs quality control of the DNA to assess its
usability for the 450K array and restores the DNA to an acceptable
quality using a similar ligation-based DNA repair approach.

In the current study, we investigated the performance of DNA
purified from PAXgene-fixed tissue for genome-wide DNA methyl-
ation analysis and compared these results with restored DNA from
FFPE tissue from the same tumor using the Illumina restoration kit.
Fresh frozen tissue from the same samples was used as reference.
Materials and methods

Samples

Matched fresh frozen, FFPE, and PAXgene-fixed paraffin-embed-
ded (PFPE) blocks from surgical specimens from 10 patients diag-
nosed with lung adenocarcinoma and 4 paired normal lung
samples were collected from the archives of the Institute of Pathol-
ogy at Aarhus University Hospital (Denmark). The specimens were
1 to 2 years old. The ethical committee of the Central Denmark
Region approved this study.
DNA extraction from fresh frozen tissue

The tumors were cut into small pieces immediately after sur-
gery, snap-frozen, and stored at �80 �C until further use. For each
sample, 10 tissue sections of 10 lm were used for DNA extraction.
The cryostat-cut frozen sections were incubated overnight at 55 �C
with 150 ll of proteinase K (10 mg/ml) in a thermomixer
(1000 rpm). DNA extraction was subsequently performed using
the ChargeSwitch gDNA Micro Tissue Kit (Life Technologies, St.
Aubin, France) according to the manufacturer’s instructions.
DNA extraction from FFPE and PAXgene preserved tissue

For each sample, 3 tissue sections of 10 lm from either the FFPE
or PAXgene preserved tissue were used for DNA extraction. DNA
was extracted using the QIAamp DNA FFPE kit according to the
manufacturer’s instructions. For the extraction of PAXgene pre-
served samples, a slight modification to the protocol was made:
after addition of the ATL buffer provided in the QIAamp DNA FFPE
kit and incubation at 56 �C, the sample was not incubated at 90 �C
for 1 h because the tissue was not formalin fixed and, therefore, no
methylene bridges needed to be broken.

DNA quantitation

DNA quantitation was measured using the Quant-iT dsDNA
Broad-Range Assay Kit (Life Technologies) following the manufac-
turer’s instructions. The FFPE tumor sample 4 did not contain
enough DNA after purification and was omitted from further
processing.

FFPE DNA restoration

DNA extracted from FFPE tissue needed to be restored before
analysis on the Infinium 450K Methylation BeadChip. The quality
of the FFPE DNA was verified with the Illumina FFPE quality control
kit according to the manufacturer’s instructions with a slight mod-
ification in the qPCR program, that is, 10 s instead of 30 s at 95 �C in
the 40 cycles. The quality control kit verified the presence of ampli-
fiable DNA in the FFPE samples. All samples passed the quality con-
trol. After bisulfite treatment (see below), sample volume was
reduced from 70 to 16 ll at 65 �C to obtain a DNA quantity of
250 ng in a final volume of 8 ll, which is required for the FFPE res-
toration. FFPE DNA was restored using the Infinium HD FFPE
Restore Kit (Illumina) according to the manufacturer’s instructions.

DNA methylation profiling

The Infinium 450K Methylation BeadChip was used for genome-
wide methylation analysis. The experimental protocol was fol-
lowed according to the manufacturer’s instructions using 200 ng
of DNA of each sample, which was bisulfite-converted using the
EpiTect Bisulfite Conversion Kit (Qiagen, Hilden, Germany). The
DNA extracted from the PAXgene preserved tissue was directly
used on the array, whereas DNA from the FFPE tissue needed to
be restored prior to hybridization, as described above. BeadChips
were scanned using the Illumina iScan system. The methylation
level of each CpG site was calculated as the methylation b value
using the intensities between methylated and unmethylated
probes (b value = methylated probe intensity (M)/[unmethylated
probe intensity (U) + methylated probe intensity (M) + 100]) as
defined by Illumina. Data were extracted using Genome Studio soft-
ware version 2011.1, Methylation module version 1.9.0 (Illumina),
without any normalization steps. The FFPE tumor 1 duplicate 2
sample was excluded from further analysis because this sample
failed on the Infinium 450K array, with only 40% of the probes hav-
ing a detection P value less than 0.01. The probe intensities were in
the same range for all three fixation methods. There was no corre-
lation between the length of formalin fixation and the quality of the
data as assessed by the number of valid P values or the coefficient of
determination (R2) in the linear correlation analysis.

Data analysis

Mean methylation difference, 95% limit of agreement, and 95%
confidence interval (CI) were calculated using Stata Statistical
Software, release 13 [25].
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R version 3.0.0 [26] was used for the Pearson correlation
analysis, McNemar’s test, density plots, and Bland–Altman plots
with in-house developed scripts. Bland–Altman plots have been
developed for the comparison of two methods and yield the
interval in which 95% of future observations will fall [27]. The
mean difference indicates whether a fixed bias exists, and the limit
of agreement shows how far the measurements for the two meth-
ods are apart. The smaller the intervals of the limit of agreement
are, the closer the resemblance between the two methods is. The
Bland–Altman limit of agreement is based on a t distribution,
which makes it possible to calculate a CI value for the lower and
higher limits of agreement [28]. Unsupervised hierarchical cluster-
ing was performed using b values for distance calculation and the
Ward method for distance measure.

Non-normalized b values were used to identify differentially
methylated probes between tumor and normal tissues. Probes with
a detection P value greater than 0.01 were removed from the anal-
ysis. The genes were retrieved separately for each fixation group.
Three different probe lists were obtained for each group with a cut-
off of 20, 25, or 30% methylation difference and a Mann–Whitney
test with a P value less than 0.05 between normal lung and tumor
tissues. Venn analysis was performed in BioVenn. McNemar’s test
was used to calculate the P value for the difference between FFPE
and PAXgene resemblance with fresh frozen genes.
Results

The aim of the current study was to evaluate whether DNA
extracted from PAXgene-fixed specimens may present a useful
resource for genome-wide DNA methylation analysis using the
Illumina Infinium 450K BeadChip. To investigate the performance
of DNA from PAXgene preserved tissue and DNA obtained after
restoration from FFPE tissue, several analyses were carried out to
compare the results with DNA methylation profiles obtained from
matched fresh frozen samples.

Correlation between methods for sample preservation

An unsupervised hierarchical cluster analysis was performed to
investigate the similarity of the b values for each fixation method
(Fig. 1). As expected, most lung tumor samples clustered together
in one cluster, and all normal lung samples clustered in the second
main cluster also containing 3 tumor samples. However, for tumor
sample 5, it was only the FFPE sample that clustered with the nor-
mal samples. Seven of the samples showed a closer resemblance
between PAXgene and fresh frozen tissue. Only 2 samples had a
closer similarity between FFPE and fresh frozen tissue. However,
for these the PAXgene samples were still close to the fresh frozen
samples, whereas the corresponding FFPE samples clustered far-
ther away when PAXgene and fresh frozen samples clustered
together. Four samples had PAXgene and FFPE as the most alike
samples. A multidimensional scaling plot confirmed the results
from the cluster analysis with clustering by sample and not by
preservation method (data not shown).

To assess the similarity between the DNA methylation profiles
obtained from PAXgene preserved tissues, a linear correlation anal-
ysis was performed using the b values of matching PAXgene and
fresh frozen samples. The coefficient of determination (R2)
between the PAXgene and corresponding frozen samples was
between 0.9200 and 0.9904 for the 10 tumor and 4 normal samples
(Fig. 2; see also Fig. S1 in online Supplementary material), respec-
tively. These results indicate high consistency between the mea-
sured b values of PAXgene preserved and fresh frozen tissues,
suggesting that PAXgene preserved tissue had DNA quality close
to that of the fresh frozen samples. The reproducibility of the
DNA methylation patterns from PAXgene and fresh frozen DNA
was investigated for 2 samples analyzed in duplicates. Both
PAXgene and fresh frozen tissues showed good reproducibility
(see Fig. S2 in Supplementary material), supporting the observa-
tion that the quality of PAXgene preserved DNA is comparable to
that of DNA from fresh frozen tissue.

The observed correlation between restored FFPE and fresh fro-
zen samples was between 0.8545 and 0.9873 for 9 tumor and 4
normal samples (Fig. 3; see also Fig. S3), respectively, and thus
was lower compared with the corresponding PAXgene samples.
The FFPE sample corresponding to tumor sample 1 duplicate 2
failed the experimental procedure, and generally more probes
failed in the FFPE samples compared with the fresh frozen or
PAXgene samples (detection P value > 0.01). On average, 6422
(1.32%; CI [1.29, 1.36]) probes failed and were removed per FFPE
sample, whereas only 541 (0.11%; CI [0.10, 0.12]) probes per fresh
frozen sample and 363 (0.08%; CI [0.067, 0.083]) probes per
PAXgene sample showed insufficient confidence in the measured
b value. This again indicated a higher quality for DNA from
PAXgene tissue compared with restored FFPE DNA. However, it
should be noted that, in general, b values of restored FFPE DNA also
correlated well with those obtained from fresh frozen DNA,
although to a lesser extent.

The correlation analyses should, however, be viewed with
caution because a high correlation coefficient does not necessarily
indicate a resemblance between the two tissue specimens. The
correlation coefficient only describes how well the regression line
fits each measure point and does not necessarily describe how
similar the data from the two preservation methods are.

Distribution of mean methylation differences

The similarity between the DNA methylation profile measured
from PAXgene or restored FFPE preserved tissue compared with
the one measured from fresh frozen tissue was analyzed using
the mean methylation difference (Db–PAXgene = b value
PAXgene � b value fresh frozen; Db–FFPE restored = b value FFPE
restored � b value fresh frozen). The distribution of the mean
methylation difference for both tumor and normal DNA from
PAXgene and restored FFPE tissues compared with the respective
fresh frozen samples was centered close to zero (Fig. 4). Nine
PAXgene samples had a mean methylation difference closer to zero
than the corresponding FFPE samples, and only 5 FFPE samples had
a mean methylation difference closer to zero than the correspond-
ing PAXgene samples (Table 1). The lung tumor FFPE samples devi-
ated more from the fresh frozen samples than the normal lung
FFPE samples. This may be a result of the unstable environment
caused by necrosis and apoptosis in the tumor samples, making
the DNA more vulnerable to degradation caused by the formalin
fixation. It may also be explained by tumor heterogeneity given
that the sections from the FFPE samples and the fresh frozen sam-
ples are not from the exact same location of the tumors.

This analysis investigated a difference in the global mean
methylation difference of all probes in the paired samples. It did
not permit assessing the differences between the paired measures
for each individual probe.

To determine how similar the two methods were, the limit of
agreement for the difference between the two methods was calcu-
lated based on Bland–Altman plots (Table 2; see also Fig. S4). Both
PAXgene and FFPE methylation values deviated from the values
measured on fresh frozen tissue. For 8 samples, PAXgene had a
smaller limit of agreement than the corresponding FFPE sample,
whereas 4 samples had almost the same range of the limit of agree-
ment for both PAXgene and FFPE samples and only 1 sample had a
smaller limit of agreement in the FFPE tissue compared with the
corresponding PAXgene tissue. This indicated that the methylation
level for each probe in the PAXgene preserved tissue more closely
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Fig.1. Unsupervised hierarchical cluster analysis. The b value of each probe was used to determine the clustering of the sample. Red: PAXgene samples; blue: FFPE samples;
black: fresh frozen samples. Samples with a closest resemblance between PAXgene and fresh frozen tissue are highlighted in a gray box. Lung tumor sample 4 is not
highlighted because the FFPE sample was not investigated for DNA methylation due to a low amount of DNA.
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resembled the methylation measured in the fresh frozen DNA than
the restored FFPE DNA did. The above-described cluster analysis
was also in good agreement with the limit of agreement analysis.
This analysis further supported a closer resemblance of DNA meth-
ylation measures between PAXgene and fresh frozen DNA com-
pared with restored FFPE DNA and fresh frozen DNA.

Detection of differentially methylated probes

The resemblance of the profile of differentially methylated
probes was assessed through separate differential DNA methyla-
tion analysis between tumor and normal lung tissues for each fix-
ation method (Fig. 5). A conservative methylation difference of
more than 30% between tumor and normal tissues and a P value
less than 0.05 was set as the threshold. The largest number of
probes was identified in the restored FFPE tissue, and the fewest
number of probes was identified in the PAXgene tissue. However,
when using the probe list obtained from the fresh frozen tissue
as a reference, the probes identified in PAXgene-fixed samples
were 54.3% (CI [52.1, 56.5]) in agreement with the fresh frozen
DNA, whereas FPPE concurred in only 30.0% (CI [28.0, 32.0]) with
the fresh frozen samples. The difference between probes identified
in the FFPE or PAXgene and fresh frozen samples was statistically
significant (P value = 2.2 � 10�16). The agreement between the
methods will increase with sample size because the Illumina
450K methylation array has a technical resolution of approxi-
mately 17% for an individual sample. We also obtained lists of
probes with thresholds of 20 and 25% methylation difference. For
both lists, the largest number of genes was again identified in
the FFPE samples and the fewest in the PAXgene preserved speci-
mens, along with a closer resemblance between PAXgene and fresh
frozen tissues. The difference between probes identified in the
FFPE or PAXgene and fresh frozen samples was again statistically
significant (P value = 2.2 � 10�16). The overall agreement can be
divided into how sensitive and specific the preservation methods
are. The two methods showed equal ability to identify the sites



Fig.2. Linear correlation analysis of b values measured on PAXgene DNA and DNA from fresh frozen tissue. Here, 2 of 10 tumor samples and 2 of 4 normal samples are shown.
The coefficient of determination is displayed for each correlation analysis.

Fig.3. Linear correlation analysis of b values measured on restored FFPE DNA and DNA from fresh frozen tissue. Here, 2 of 9 tumor samples and 2 of 4 normal samples are
shown. The coefficient of determination is displayed for each correlation analysis.
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Fig.4. Distribution of the mean methylation difference between the b values measured on PAXgene or restored FFPE DNA and the b values measured on fresh frozen DNA. The
mean methylation differences for tumor and normal samples are displayed in separate graphs.
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detected as differentially methylated in fresh frozen samples, giv-
ing a sensitivity of 39% for both PAXgene and FFPE. Conversely,
the percentage of probes not observed in fresh frozen tissue was
much higher for FFPE than for PAXgene, designating a strong over-
estimation of probes with altered DNA methylation patterns and,
thereby, a much lower specificity in FFPE than in PAXgene pre-
served tissue (29 and 48%, respectively). Furthermore, the location
of the discordant probes was investigated to see whether any spe-
cific functional groups of probes were more prone to false positive
or negative outcomes as a result of the preservation method. The
probes incorrectly identified as differentially methylated (false
positives), when using the results from the analysis in the fresh fro-
zen samples as reference, had 346 of 761 (45%) probes located in
the CpG islands for FFPE preserved samples, whereas PAXgene-
fixed samples had 179 of 255 probes (70%) in the same location.
The probes missed as differentially methylated in either type of fix-
ation (false negative results); FFPE had a large fraction located in
the CpG islands (119 of 149 probes, 84%), whereas PAXgene had
73 of 142 false negative probes (49%) located in the CpG islands.
No enrichment for other categories relative to the content of the
array was observed.

In summary, the different analyses show convincingly that DNA
isolated from PAXgene preserved tissues is proven to be superior to
restored DNA from FFPE tissue but does not perfectly reflect the
DNA methylation changes observed in the fresh frozen tissue.

Discussion

Despite its known inconvenience, formalin fixation is currently
the standard for tissue preservation. Most pathology departments
have collected large archives of FFPE tissue that represent an
invaluable resource for future identification of biomarkers, espe-
cially in the light of the increasing focus on personalized medicine.
Formalin fixation is cost-effective, preserves the morphology, and
enables long-term storage of the samples. However, major draw-
backs of formalin fixation are the fragmentation of nucleic acids
and crosslinking of proteins and DNA, significantly reducing the
quality of biomolecules [12,13,29,30]. The gold standard for quality
preservation of nucleic acids and proteins is the snap-freezing
method. However, this method is very time-consuming and the
long-term storage is complicated given that the samples need to
be stored at �80 �C. Furthermore, snap-freezing compromises the
morphology of the tissue. The non-crosslinking formalin-free PAX-
gene Tissue System was developed to improve the quality of
nucleic acids without compromising the morphology of the tissue
[13]. The preservation of DNA in PAXgene tissue is of similar
molecular mass as DNA from snap-frozen tissue, and the RNA
extracted from PAXgene tissue is also of high quality, with the
same length of amplification products in PAXgene preserved and
snap-frozen tissues [10,12].

DNA from FFPE tissue performs suboptimally in genome-wide
studies, such as the Infinium 450K Methylation BeadChip, as a con-
sequence of the highly degraded DNA. Restoration of the DNA to an
acceptable quality is possible using either published protocols [23]
or specialized kits, although these are cost-intensive and time-con-
suming. In this study, we have compared the performance of
restored FFPE DNA on the Infinium 450K Methylation BeadChip
with the performance of DNA from the PAXgene Tissue System,
which can be used directly for the standard experimental protocol
without prior restoration. We assessed the performance of the DNA



Table 1
Mean DNA methylation value for each preservation method, mean methylation difference for b values between PAXgene and frozen samples and between FFPE and frozen
samples, and corresponding 95% confidence intervals.

Sample Fixation method Mean methylation DPAXgene DPAXgene 95% CI DFFPE DFFPE 95% CI

Tumor 1 PAXgene 0.4835 �0.0014 (�0.0016, �0.0013) 0.0675 (0.0671, 0.0678)
Duplicate 1 Fresh frozen 0.4850

FFPE 0.5524
Tumor 1 PAXgene 0.5013 �0.0008 (�0.0009, �0.0007) 0.0666 (0.0658, 0.0674)
Duplicate 2 Fresh frozen 0.5020

FFPE 0.5687
Tumor 2 PAXgene 0.5466 �0.0173 (�0.0174, �0.0172) 0.0089 (0.0089, 0.0091)

Fresh frozen 0.5640
FFPE 0.5729

Tumor 3 PAXgene 0.5146 �0.0041 (�0.0043, �0.0039) 0.0083 (0.0080, 0.0086)
Fresh frozen 0.5187
FFPE 0.5270

Tumor 4 PAXgene 0.5099 �0.0062 (�0.0064, �0.0061) – –
Fresh frozen 0.5161

Tumor 5 PAXgene 0.5374 �0.0062 (�0.0064, �0.0061) �0.0227 (�0.0230, �0.0224)
Fresh frozen 0.5437
FFPE 0.5209

Tumor 6 PAXgene 0.4708 �0.0137 (�0.0138, �0.0136) �0.0225 (�0.0227, �0.0224)
Fresh frozen 0.4845
FFPE 0.4620

Tumor 7 PAXgene 0.5143 �0.0159 (�0.0161, �0.0157) 0.0105 (0.0103, 0.0108)
Fresh frozen 0.5302
FFPE 0.5408

Tumor 8 PAXgene 0.5506 �0.0141 (�0.0143, �0.0140) �0.004 (�0.0042, �0.0039)
Fresh frozen 0.5647
FFPE 0.5607

Tumor 9 PAXgene 0.5202 �0.0012 (�0.0013, �0.0010) 0.0106 (0.0104, 0.0107)
Fresh frozen 0.5213
FFPE 0.5320

Tumor 10 PAXgene 0.5208 �0.0017 (�0.0020, �0.0014) 0.0093 (0.0091, 0.0095)
Fresh frozen 0.5225
FFPE 0.5318

Normal 1 PAXgene 0.4996 0.02134 (0.0212, 0.0215) 0.0473 (0.0471, 0.0476)
Duplicate 1 Fresh frozen 0.4783

FFPE 0.5256
Normal 1 PAXgene 0.4819 0.047 (0.0046, 0.0049) 0.0324 (0.0322, 0.0327)
Duplicate 2 Fresh frozen 0.4772

FFPE 0.5107
Normal 2 PAXgene 0.4955 �0.0076 (�0.0078, �0.0075) 0.012 (0.0119, 0.0121)

Fresh frozen 0.5031
FFPE 0.5151

Normal 3 PAXgene 0.4928 �0.0129 (�0.0130, �0.0128) 0.0019 (0.0018, 0.0020)
Fresh frozen 0.5057
FFPE 0.5076

Normal 4 PAXgene 0.5065 0.0008 (0.0007, 0.0010) 0.0118 (0.0117, 0.0120)
Fresh frozen 0.5067
FFPE 0.5175

Note. Numbers in bold indicate the CI value closest to the mean probe methylation of the fresh frozen samples. D, mean methylation difference of the preservation method
compared with the corresponding fresh frozen sample; CI, confidence interval.
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methylation analysis in FFPE, PAXgene, and frozen tissue samples
from the same clinical specimen.

To our knowledge, this is the first demonstration of DNA meth-
ylation analysis in PAXgene-fixed tissues. The superior quality of
PAXgene DNA was demonstrated by the determination of the limit
of agreement between the methods. Differences between PAXgene
and frozen samples were lower in 8 of 13 samples compared with
FFPE samples, and only 1 FFPE sample had a closer resemblance to
the DNA methylation detected in the fresh frozen sample com-
pared with PAXgene preserved DNA. The mean methylation differ-
ence also showed a difference closer to zero between PAXgene and
frozen samples and smaller 95% CI values compared with FFPE
samples. Thus, in summary, our results do confirm the high DNA
quality obtained when using PAXgene fixation, although it should
not be neglected that, despite the close resemblance, the PAXgene
DNA methylation measures were not exactly the same as the DNA
methylation measures in the fresh frozen samples.

Although we convincingly showed in our study using multiple
analyses that PAXgene fixation shows improved results compared
with restored DNA from FFPE samples, our data are not in disagree-
ment with two recent publications evaluating the use of restored
DNA from FFPE samples that came to the conclusion that restored
FFPE DNA is suited for 450K-based DNA methylation analysis
[31,32]. Although the data from Moran and coworkers were nor-
malized, which should reduce the variability between FFPE and
frozen samples, the resemblance of samples from different fixation
methods originating from the same tumor is clearly visible in the
hierarchical clustering in their study [32] as well as in our study.
On the other hand, the study by Dumenil and coworkers pointed
out that, despite a normalization procedure, the restored FFPE
samples are different from the frozen samples, and although the
differential DNA methylation data point to the same biological
pathways, studies must be performed on either frozen or restored
FFPE samples and it is currently not advisable to mix restored FFPE
and fresh frozen samples in a single study [31]. The results of our
study are in full agreement with this statement.

It should be noted that neither of these two studies calculated
the limit of agreement between fresh frozen and restored DNA



Table 2
Limit of agreement intervals for difference of b values between PAXgene or FFPE fixed samples and frozen samples.

Sample PAXgene lower limit of agreement
(CI for lower limit)

PAXgene higher limit of agreement
(CI for higher limit)

FFPE lower limit of agreement
(CI for lower limit)

FFPE higher limit of agreement
(CI for higher limit)

Tumor 1 �0.1111 0.1082 �0.1791 0.3141
Duplicate 1 (�0.1114, �0.1108) (0.1079, 0.1085) (�0.1797, �0.1785) (0.3135, 0.3147)
Tumor 1 �0.0792 0.0777 �0.5056 0.6388
Duplicate 2 (�0.0794, �0.0791) (0.0775, 0.0779) (�0.5070, �0.5042) (0.6374, 0.6402)
Tumor 2 �0.0924 0.0577 �0.0705 0.0885

(�0.0926, �0.0922) (0.0576, 0.0579) (�0.0707, �0.0703) (0.0883, 0.0887)
Tumor 3 �0.1428 0.1346 �0.1721 0.1887

(�0.1431, �0.1425) (0.1343, 0.1349) (�0.1725, �0.1716) (0.1882, 0.1891)
Tumor 4 �0.1113 0.0989 – –

(�0.1115, �0.1111) (0.0987, 0.0992)
Tumor 5 �0.1255 0.1130 �0.2392 0.1938

(�0.1258, �0.1252) (0.1127, 0.1133) (�0.2398, �0.2387) (0.1933, 0.1943)
Tumor 6 �0.0801 0.0527 �0.1275 0.0824

(�0.0803, �0.0800) (0.0525, 0.0529) (�0.1277, �0.1272) (0.0822, 0.0827)
Tumor 7 �0.1386 0.1068 �0.1966 0.2177

(�0.1389, �0.1383) (0.1065, 0.1071) (�0.1972, �0.1961) (0.2172, 0.2182)
Tumor 8 �0.1111 0.0828 �0.1318 0.1237

(�0.1113, �0.1108) (0.0826, 0.0830) (�0.1321, �0.1315) (0.1234, 0.1240)
Tumor 9 �0.0787 0.0764 �0.1005 0.1216

(�0.0789, �0.0785) (0.0762, 0.0766) (�0.1008, �0.1002) (0.1214, 0.1219)
Tumor 10 �0.1925 0.1891 �0.1473 0.1659

(�0.1929, �0.1920) (0.1886, 0.1896) (�0.1477, �0.1469) (0.1655, 0.1663)
Normal 1 �0.1097 0.1524 �0.1143 0.2090
Duplicate 1 (�0.1100, �0.1094) (0.1521, 0.1527) (�0.1147, �0.1139) (0.2086, 0.2094)
Normal 1 �0.0936 0.1030 �0.1344 0.2013
Duplicate 2 (�0.0938, �0.0933) (0.1028, 0.1032) (�0.1348, �0.1340) (0.2010, 0.2018)
Normal 2 �0.1061 0.0908 �0.0828 0.1069

(�0.1064, �0.1059) (0.0906, 0.0911) (�0.0831, �0.0826) (0.1066, 0.1071)
Normal 3 �0.0878 0.0620 �0.0738 0.0776

(�0.0880, �0.0876) (0.0618, 0.0622) (�0.0740, �0.0736) (0.0774, 0.0778)
Normal 4 �0.0995 0.1012 �0.0907 0.1143

(�0.0998, �0.0992) (0.1009, 0.1014) (�0.0910, �0.0905) (0.1141, 0.1146)

Note. Numbers in bold indicate the limit of agreement closest to fresh frozen single probe methylation. The CI for each lower and higher limit of agreement is reported in
parentheses. CI, confidence interval.
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Fig.5. Venn diagram of the probes detected with more than 30% methylation
difference and a P value less than 0.05 between lung tumors and normal lung tissue
in fresh frozen, PAXgene, and FFPE tissues.
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from FFPE samples, which would have allowed an unbiased assess-
ment of the performance and comparative analysis of the three
studies, and that analysis was restricted to a subset of the probes
present on the array, in contrast to our study.

Even though PAXgene preserved DNA, RNA, and proteins are of
considerable higher quality compared with those purified from
FFPE tissue, the change from formalin to PAXgene fixation in the
daily clinic would require a major restructuring. In addition, it
should not be neglected that PAXgene fixation has some draw-
backs compared with FFPE fixation. First, the consumables are
more expensive compared with formalin fixation. However, when
fixating small samples, only 2 to 4 h of fixation is needed for PAX-
gene treatment compared with 24 to 48 h for formalin, improving
the efficiency in the laboratory. Second, fixation is limited to small
sample sizes with a limit of 4 � 10 � 10 mm. Third, and most
important, PAXgene blocks need to be stored at 4 �C [12]. In addi-
tion, long-term storage (e.g., 15 years) still needs to be assessed for
PAXgene fixation to see how this affects both the biomolecules and
the morphology. Nonetheless, it might prove valuable, especially if
biological samples are collected with the aim of comprehensive
analyses as, for example, in clinical trials.

For the genome-wide analysis of DNA methylation patterns
using the Infinium 450K array, we showed in this study that DNA
from PAXgene preserved clinical specimens performs considerably
better compared with restored FFPE DNA. Furthermore, FFPE DNA
needs to be restored prior to the array analysis. This restoration is
time-consuming and expensive, and it largely outweighs the extra
expenses associated with PAXgene fixation, which can be directly
used on the array. Furthermore, despite an initial quality control
step, 1 sample failed restoration and was not usable for down-
stream analysis. The high performance of the DNA from PAX-
gene-fixed tissue on the Infinium 450K Methylation BeadChip
also suggests that the PAXgene preserved DNA may also be directly
used on many other array-based hybridization analyses, for which
FFPE DNA performs inadequately.
Conclusions

We have demonstrated the excellent quality of DNA from PAX-
gene preserved tissue for DNA methylation analysis and that, for
genome-wide DNA methylation analysis, it performs better com-
pared with restored FFPE DNA. In addition, DNA from PAXgene
can be directly used on the array without prior restoration, render-
ing the analytical process significantly more time- and cost-effec-
tive. Our results also suggest that PAXgene preserved DNA may
also be suitable for other genome-wide analyses.
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