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Formalin-fixed paraffin-embedded (FFPE) tissues are invaluable sources of biological material for research and
diagnostic purposes. In this study, we aimed to identify biological and technical variability in RT-qPCR TaqMan®
assays performedwith FFPE-RNA from lymph nodes of classical Hodgkin lymphoma samples. An ANOVA-nested
6-level design was employed to evaluate BCL2, CASP3, IRF4, LYZ and STAT1 gene expression. The most variable
genes were CASP3 (low expression) and LYZ (high expression). Total variability decreased after normalization
for all genes, except by LYZ. Genes with moderate and low expression were identified and suffered more the
effects of the technical manipulation than high-expression genes. Pre-amplification was shown to introduce sig-
nificant technical variability, whichwas partially alleviated by lowering to a half the amount of input RNA. Ct and
Cy0 quantification methods, based on cycle-threshold and the kinetic of amplification curves, respectively, were
compared. Cy0 method resulted in higher quantification values, leading to the decrease of total variability in
CASP3 and LYZ genes. Themean individual noise was 0.45 (0.31 to 0.61 SD), indicating a variation of gene expres-
sion over ~1.5 folds from one case to another. We showed that total variability in RT-qPCR from FFPE-RNA is not
higher than that reported for fresh complex tissues, and identified gene-, and expression level-sources of biolog-
ical and technical variability, which can allow better strategies for designing RT-qPCR assays from highly degrad-
ed and inhibited samples.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Formalin-fixed and paraffin-embedded (FFPE) tissues are invaluable
sources of biological material for pathologic analysis and molecular
diagnosis (Fairley et al., 2012). However, in this type of sample, recovery
of RNA appropriate formolecular analysis is complicated bydegradation
and the cross-link between RNA and proteins after formaldehyde fixa-
tion (Masuda et al., 1999).
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Reverse transcription quantitative real-time PCR (RT-qPCR) is the
gold standard technique for gene expression analysis, however, in
FFPE samples amplification is affected by both, degradation and the
presence of co-extracted inhibitors, leading to amplification at high
values of cycles of quantification (Cq) (Godfrey et al., 2000; Koch et al.,
2006), hence associated with increased variability and loss of linearity.

Besides the technical restrictions imposed by the nature of the RNA-
FFPE samples, there is anunderscored aspect of gene expression studies,
which is the complexity of the tissue investigated. This factor imposes
the amount of biological variability to be surpassed in order to detect
a meaningful biological difference (Kitchen et al., 2010). In this respect,
classical Hodgkin lymphoma (cHL) is one of the most complex cancers
known; where tumor cells account for only 0.5–2% of tumor mass and
are surrounded by variable numbers and types of inflammatory cells
(Steidl et al., 2011). Gene expression profiles (GEP) corresponding to
both, tumor andmicroenvironment compartments have been identified
in this disease and have shown to carry useful prognostic information
(Chetaille et al., 2009; Sánchez-Aguilera et al., 2006). This has lead to
an ongoing interest in the development of sets of qPCR assays based
on FFPE-RNA (Sanchez-Espiridion et al., 2010; Scott et al., 2013;
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Venkataraman et al., 2014) to be used for clinical prediction in cHL, but
no study has yet evaluated the sources of variability in RT-qPCR assays
from FFPE-RNA.

Different approaches have been proposed for evaluating the vari-
ability in RT-qPCR assays (Bengtsson et al., 2008; Tichopad et al.,
2009; Weaver et al., 2010). Among them, the nested-ANOVA design is
a hierarchical approach suited to quantify the biological differences
among subjects and the technical noise introduced by sample process-
ing; each subject receives one treatment condition, and errors are line-
arly accumulative in each level (Fisher, 1935; Quinn and Keough, 2002).

In this work, we applied experimental designs as well as quantifica-
tion approaches to evaluate specific RT-qPCR assays from FFPE-samples
from cHL lymph nodes, in order to obtain useful information for diag-
nostic and prognostic test development.

2. Material and methods

Minimum Information for Publication of Quantitative Real-time PCR
Experiments (MIQE) is listed in Appendix A.

2.1. Ethics statement

This study has been approved by the Instituto Nacional de Câncer
(INCA) Ethics Committee, and has been performed in accordance with
the ethical standards of the Declaration of Helsinki. Samples from
patients were used after signed informed consent.

2.2. Samples

FFPE lymph nodes (LN) from 25 cHL diagnosed at the INCA, Brazil
were included in the initial phase of this study. For the ANOVA-nested
PCR assay, three subjects with cHL of the nodular sclerosis histological
subtype were selected from the initial group by an experienced pathol-
ogist (MHMB), based on extensive immunohistochemistry characteri-
zation (Barros et al., 2010; Barros et al., 2012), and availability of two
different FFPE-blocks from the same LN with similar tumor/stroma
proportions.

2.3. Extraction of total RNA from FFPE lymph nodes

Total RNA was obtained from five microtomized sections using a
Master Pure™ RNA purification Kit, Epicentre, following the supplier
instructions except by the use of 480 μl tissue-and-cell-lysis solution
with 60 μl of 60 mg/ml proteinase K (Invitrogen) and incubation at
65 °C for 20 h (Chen et al., 2007), followed by a treatment with 5 U/μl
DNaseI at 37 °C for 30 min. RNA was resuspended in 12 μl of RNase-
free water (Appendix A).

2.4. Reverse transcription

Reverse transcription (RT) was performed with the High-capacity
cDNA Archive kit (Applied Biosystems, Life Technologies) from 1 μg of
total RNA in 20 μl final volume (10 μl of diluted RNA and 10 μl RT
mix). The reaction was incubated at 25 °C for 10 min and at 37 °C for
120 min in a Veriti™ Thermal Cycler (Applied Biosystems).

2.5. Pre-amplification step

Pre-amplification (Pre-Amp) was performed with the TaqMan®
PreAmpMaster Mix (Applied Biosystems) in a 10 μl-multiplex reaction
which included primers and probes for all assays. According to the sup-
plier, multiplex assays were designed to include up to 100 primers/
probe sets, without introducing significant variability (Applied, 2010).
Pre-Amp products were diluted 1:20 in RNase/DNase-free water and
used for qPCR analysis.
2.6. qPCR assays

PCR quantifications were performed in an ABI7000 (Applied
Biosystems) using TaqMan® chemistry, in duplicate, using cycle thresh-
old (Ct) with fixed thresholds. The mean qPCR accepted standard devi-
ation (SD)was 0.15 cycles. Additionally, kinetic parameters of the curve
were used to calculated the Cy0 as described (Guescini et al., 2008),
based on Richards' equation with five parameters. This method does
not require the assumption of similar efficiency in amplification of the
genes of interest (GOI) and reference genes.

GOI were selected based on previous descriptions of clinically rele-
vant genes in cHL (Sánchez-Espiridión et al., 2009) (Appendix A), and
GUSB and HMBS were used as reference genes (REFG). RT-qPCR assay
efficiencies ranged from 94.9 to 100.8% (Appendix B, Fig. B.1). All values
of relative expression were expressed as 2−ΔCq.

2.7. Performance of RNA extractions

RNA quantity and quality were evaluated by spectrophotometry
(Nanodrop®, ND-1000 Spectrophotometer) at OD 260 and OD 260/
280/230 ratios; and bymicrofluidics technology for RNA integrity num-
ber (RIN) algorithm (2100 Bioanalyzer, Agilent Technologies). Ct-
values b 35 cycles of both REFG amplifications defined an “amplifiable”
sample.

2.8. Nested assay

A nested 6-level design (3 × 2 × 2 × 2 × 2 × 2) was used to inves-
tigate the source of variability (biological and technical), in which
two different FFPE blocks from the same LN from 3 cHL cases were
analyzed, with duplicated RNA extractions, followed by duplicated
retrotranscriptions, Pre-Amp and qPCR steps (Fig. 1).

2.9. Statistical analyses

Mann–Whitney's test was used to analyze associations between
dichotomous and continuous non-normal variables, Wilcoxon
signed-rank test was used to test the relation between paired sam-
ples and Spearman's test was used for correlating continuous vari-
ables. The linear model of the biological and technical processing
effects was calculated as described by Tichopad et al. (2009) as:
Cqijklmn = μ + ai + bj(i) + ck(ji) + dl(kji) + em(lkji) + fn(mlkji).

Analyses were performed by nested-ANOVA of 6 factors with ran-
dom effects. Variance partition was calculated as: 100 × σ2

x/σ2
Cq′,

being x = i, j, k, l, m, n; as described in Kitchen et al. (2010). Statistical
analyses were carried out with GENEX enterprise (MultiD), SPC (BPI
Consulting, LLC) and Statistical Package for the Social Sciences 20.0
(SPSS) software. Figures were constructed with the GraphPad Prism 6
and Photoshop CC software.

3. Results

3.1. RNA extraction and GOI expression

From the 25 selected cHL LN, RNA mean yield was 696.3 ng/μl ±
578.4 SD. DNA purity was acceptable, with means 260/280 OD ratio of
1.81 ± 0.16, and 260/230 OD ratio of 1.75 ± 0.36. RIN values ranged
from 2.2 to 4.8 (mean 2.46).

Pre-Amp procedure resulted in a significant gain of sensitivity, the
inclusion of this step leading to an average increase of 10.1 ± 1.5 Ct in
GUSB amplifications.

Expression levels of GOI are shown in Table 1 and Fig. 2. Means var-
ied from2−ΔCt 4.300 to−3.911, allowing genes to be classified in highly
expressed (LYZ, STAT1 and IRF4), moderately expressed (BCL2), and low
expressed genes (CASP3).



Fig. 1. Nested-ANOVA design of experiment.
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3.2. Identification of sources of variability by a nested-ANOVA assay

The first experiment aimed to evaluate the performance of REFG,
showing that GUSB performed better than HMBS (Ct means 23.085
SD ± 0.120 vs. 24.017 SD ± 0.139 for HMBS). Subjects #1 and #2 con-
sistently crossed threshold at 2 Ct-values before subject #3 in REFG
and the 5 analyzed GOI (Appendix B, Fig. B.2). This variability might
have been caused by the presence of inhibitors in subject #3, or by un-
recognized technical issues. Since the observed inter-subject variability
may reflect the actual conditionswhenworkingwith biological samples
we decided to analyze the three subjects together.

GUSB Ct values were evaluated in 5 independent plates, and the as-
says were considered reproducible, with inter-assay variation of 2.07%
CV for subject #1, 1.71% CV for subject #2, and 2.03% CV for subject #3
(mean CV 1.94%).
Table 1
Relative expression levels and variability of genes of interest (GOI) in a group of 25 Hodg-
kin lymphoma samples.

GOI Median
2−ΔCt

Mean
2−ΔCt

SD 95% CI

LYZ 4.300 4.328 ±1.270 4.020–4.637
STAT1 3.181 3.267 ±0.902 3.004–3.530
IRF4 1.100 1.243 ±1.240 0.989–1.497
BCL2 −1.860 −1.922 ±1.547 −(2.230–1.615)
CASP3 −3.911 −3.889 ±2.066 −(4.182–3.595)

SD: standard deviation; CI: confidence interval.
GOI mean expression recorded in the nested-ANOVA assays fell into
the 95% coefficient interval of the whole group means (Table 1), and
total variability values, calculated as the sum of biological and technical
variability in the nested-assay, agreed with the SD of the whole group,
for each of the analyzed GOI, as can be concluded by a comparison of
means and total SDs in Tables 1 and 2.
3.3. Partition of variability (Ct-values)

The biological variability was N80% for all genes (Fig. 3A; Table C.1).
Significant technical variability arose in the LN (LYZ); RNA (1.3% LYZ to
7.1% CASP3) and Pre-Amp stages (0.6% IRF4 to 6.0% CASP3) (Fig. 3A;
Appendix C, Table C.1). Analysis of the cumulative SD of Ct-values
showed that LYZ was the gene with the highest total variability, while
IRF4 and STAT1 exhibited the lowest total variability (Fig. 3B; Appendix
C, Table C.2).
3.4. Effect of normalization on variability

Normalization allows referring expression levels to the amount of
nucleic acid input (Bustin et al., 2009; Pfaffl, 2006; Vandesompele
et al., 2002) but not necessarily leading to a decrease of variability
(Kitchen et al., 2010). In our assays, after normalization, the total vari-
ability decreased for all GOI (mean SD ± 0.65), except for LYZ
(Table 2; Fig. 4A). Regarding biological variability, LYZ showed the
highest (SD ± 0.832) and STAT1, the lowest variability (SD ± 0.090)
(Table 2). Variability in the RNA step decreased, while the technical

image of Fig.�1


Fig. 2.Classification of genes by expression levels in 3 cases of classical Hodgkin lymphoma
evaluated in the Nested design. In the box plot, the bar inside the box represents the me-
dian expression for each gene, the variation around the bar represents the values between
25 and 75quartiles and thewhiskers represent deminimumandmaximumquantification
value. Each value was expressed in 2−ΔCt after normalization with a reference gene
(GUSB).
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variability introduced by the Pre-Amp step persisted significant for all
genes.
Fig. 3. Total variation attributed to each level of the nested-ANOVA assay in Ct values for
reference genes and genes of interest. A: Percent partition; B: total standard deviation.
3.5. Sources of variability according to gene expression level

Variability was analyzed in respect of expression levels, since previ-
ouswork showed the effect of the gene expression level in theway that
variability affects a given gene (Tichopad et al., 2009). Genes of moder-
ate and lower expression suffered more the effects of the technical ma-
nipulation than genes of higher expression (average SD ± 0.930 vs.
±0.541, respectively). STAT1 and IRF4 were less affected by the techni-
cal variability, while CASP3 exhibited a profound technical effect
(Table 2).
3.6. Modifications of the pre-amplification step to reduce variability

A new set of five-level nested-ANOVA assays were designed (LN,
RNA, RT, Pre-Amp and qPCR), aiming to evaluate the impact of assay
modifications in variability. For this purpose, subject #2 (less variability
and lower Ct values) was chosen, and CASP3 (low expression and
Table 2
Nested-ANOVA assay-estimation of variability in subjects and sample processing steps in 2−ΔC

ΔCt genes of interest

LYZ STAT1 IRF4 B

Means 4.218 3.029 1.422 −
Biological variability

Inter-subjects (SD) 0.832 0.090 0.491
Technical variability

Lymph nodes (SD) 0.601* 0.154 0.248*
RNA (SD) 0.208 0.000 0.066
RT (SD) 0.000 0.139 0.145
Pre-Amp (SD) 0.485** 0.346** 0.194**
qPCR (SD) 0.106 0.103 0.090

Total technical variability (sum SD) 1.400 0.742 0.743
Total variability (sum SD biological and technical) 2.232 0.832 1.234
Total noise (SD) 1.024 0.388 0.533
Individual noise (SD) 0.601 0.346 0.306

* P-value b 0.05; ** P-value b 0.01.
Ct: threshold cycle; Cy0: Cy0 quantification; SD: standard deviation. RT: retrotranscription; Pre-A
accumulative variation expressed in SD values of all quantifications in 2−ΔCq values for the 3 sub
for each ΔCq by subjects/number of subjects, being Cq values expressed either as Ct or Cy0. P-v
highest technical variability) and STAT1 (high expression and lowest
technical variability) were tested as GOI.

The initial Pre-Amp protocol (14 cycles and 1:20 final dilution) was
changed to (i) 14 cycles, 1:10 dilution; and (ii) 10 cycles, 1:10 dilution,
with no improvement in the technical variability introduced for each
gene. Modification in the input RNA (1.0 to 0.5 μg, maintaining 14 cy-
cles, 1:20 dilution), leads to a decrease of the biological and technical
variability in Ct-values (CASP3 and STAT1) and ΔCt-values (STAT1)
t and 2−ΔCy0 values.

ΔCy0 genes of interest

CL2 CASP3 LYZ STAT1 IRF4 BCL2 CASP3

1.679 −4.340 4.322 4.537 1.832 −2.004 −3.412

0.548* 0.318 1.163** 0.314 0.516 0.567* 0.000

0.000 0.170 0.000 0.229 0.224* 0.163* 0.346
0.120 0.280 0.000 0.104 0.042 0.000 0.207
0.173 0.134 0.264 0.000 0.130 0.217 0.000
0.362** 0.547** 0.430** 0.235** 0.201** 0.295** 0.666**
0.124 0.120 0.136 0.177 0.184 0.352 0.112
0.779 1.251 0.830 0.745 0.781 1.027 1.331
1.327 1.569 1.993 1.059 1.297 1.594 1.331
0.624 0.702 1.070 0.454 0.560 0.669 0.712
0.405 0.610 0.448 0.342 0.334 0.460 0.651

mp: pre-amplification; qPCR: quantitative real-time PCR. Total noise was calculated as the
jects as if they had been obtained independently. Individual noise was calculated as∑SD
alues obtained from nested ANOVA analyses.

image of Fig.�2
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Fig. 4. Distribution of the cumulative standard deviation by biological and technical steps
after normalization. A: ΔCt values. B: ΔCy0 values.
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(Appendix B, Fig. B.3). Reducing to half (2.5 to 1.25 μl) the amount of
cDNA in Pre-Amp reactions did not lead to additional variability
decrease.

3.7. Evaluation of quantification methods: Cy0 vs. Ct

The nested-ANOVA results were re-evaluated with Cy0-values,
aiming to identify a putative effect of inhibitors in PCR reactions. Signif-
icantly higher expression values in Cy0 quantifications were observed
(96 qPCR) for all genes (P b 0.001, Wilcoxon test), except for LYZ
(P = 0.120).

In general, variability in each of the ANOVA-levels was similar
regardless of the quantification method (Ct or Cy0). However, with the
last method, the total biological variability decreased for LYZ and
CASP3, whereas technical variability was not affected. The Pre-Amp var-
iability was unaffected by the quantification method or gene analyzed,
indicating that the error introduced in this stage is specific of this tech-
nical step and not gene- or inhibitor-dependent (Table 2 and Fig. 4B).

4. Discussion

Nowadays, much emphasis is being placed on the collection of pre-
cise information about pre-analytical and analytical qPCR conditions
to contribute to science repeatability and technical reproducibility,
which is led by initiatives such as the MIQE proposal (Bustin et al.,
2009). In the gene-expression biomarker validation setting, where
qPCR methodologies have a consolidated place, reproducibility is in-
deed a great concern; however, migrating from discovery technologies
to routine RT-qPCR assays has not yet reached the optimal validation
and analysis tools observed in other areas of molecular diagnosis
(Murphy and Bustin, 2009).
Tichopad et al. (2009)were thefirst to apply a nested ANOVAdesign
to investigate the extent of the variability included in each experimental
stage, and showed that the biological variability increases along with
the complexity of tissues, being higher in the solid tissues than in pe-
ripheral blood and cell lines. They also described a not-yet-understood
gene-specific component that affects variability. This approach has not
been applied for the evaluation of FFPE-RNA; thus, we sought to expand
the design for its application in this troublesome type of samples.

In our study, the total noise observed for the REFG (SD mean,
23.55 + 1.45 cycles) was similar to those reported for ACTB expression
in fresh solid tissue (liver) (Kitchen et al., 2010). The GOI mean total
noise (1.57 cycles ± 1.17–1.68, excluding LYZ) was also similar to that
published for fresh tissues (mean 1.3; SD ± 1.0–1.7), indicating that
using RNA-FFPE does not lead to a significant increase of variability in
RT-qPCR assays.

The technical variability was higher in our study than in the refer-
ence work (Tichopad et al., 2009) (SD mean ± 0.86 vs. ±0.67), which
is justified by our 5-level design vs. only two (RT and qPCR)
(Tichopad et al., 2009). Nevertheless, the geneswith the highest techni-
cal variability in both studies exhibited comparable SD values (CASP3 vs.
FGF7, ±1.23 and ±1.29, respectively).

In respect to sources of technical variability, pre-amplification is a
strategy that has increasingly been used to improve the amplification of
mRNA from FFPE tissues, and to increase the sensitivity of qPCR for low
expression genes (Denning et al., 2007; Li et al., 2008; Noutsias et al.,
2008). In line with this, we showed that a significant number of samples
considered not amplifiable (Ct ≥ 35), were recovered by the Pre-Amp
technical application. However, thiswas obtained at the expense of intro-
ducing significant technical variability in all genes. Decreasing the
amount of input RNApartially alleviated the effect of Pre-Ampon the var-
iability, suggesting the inhibitors present in FFPE-RNA affected the effi-
ciency of the retrotranscription step (Tichopad et al., 2004), effect that
may have been dragged into the next, Pre-Amp level.

The presence of inhibitors is an unavoidable issue in FFPE-RNA sam-
ples, which effects are neither well captured by the ANOVA design since
they do not propagate linearly from the superior to the inferior levels in
the hierarchical model (Bar et al., 2012; Godfrey et al., 2000; Tichopad
et al., 2004), nor, ultimately by the Ct quantification method. The last
is duemainly because inhibitors in biological samples can alter the effi-
ciency of qPCR reactions (Bar, 2003; Tichopad et al., 2004; Tichopad
et al., 2010), violating the similar efficiency principle that has to be as-
sumed for using the Ct method (Livak and Schmittgen, 2001; Pfaffl,
2001). Different approaches have been described for studying qPCR ki-
netics to avoid the utilization of external curves (Bar et al., 2012; Ruijter
et al., 2013), among them, the Cy0 quantification method has been pre-
viously used to disclose the effects of inhibition on the kinetic of the am-
plification curve applying a mathematical algorithm based on Richard's
equation (Guescini et al., 2008). Then, we decided to compare the per-
formance of Ct and Cy0 quantification methods in decreasing variability
of TaqMan®-based RT-qPCR assays from FFPE-samples.

The use of Cy0-quantified values in the ANOVA-nested design
allowed to observe a decrease in total variability in genes such as LYZ
and CASP3 (highest total and technical variability, respectively). Impor-
tantly, the decrease in variability was evident in the upper (biological)
levels, which can be interpreted as the effect of inhibitor dilution from
the upper to the lower steps (Bar et al., 2012; Tichopad et al., 2009).
These data clearly demonstrated, for the first time, that Cy0 algorithm
can effectively account for slight curve shifting due to small variations
in PCR efficiency present in very complex biological tissues as FFPE-
samples.

In the field of cHL clinical research, there is an ongoing interest in
the development of sets of qPCR assays based on FFPE-RNA
(Sanchez-Espiridion et al., 2010; Scott et al., 2013; Venkataraman
et al., 2014), to be used for clinical prediction, a goal that has been ac-
complishedwith certain success in other neoplasms such as breast can-
cer (van de Vijver et al., 2002; Wang et al., 2005). In this respect, the

image of Fig.�4
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variability detected in this study, quantified for instance by the individ-
ual noise, ranged between 0.31 and 0.61 SD (mean 0.45) showing that
expression levels would vary over ~1.5 folds from one case to another.
This indicates a high threshold for a given gene to achieve,which should
be taken into account when defining any cutoff value to allocate
patients in molecular risk groups for clinical purposes.

The results of this study raise attention to several practical issues. In
respect to the statistical power of the experimental design, our results
point to an increase in biological replicates, and no impact of evaluating
more than one lymphnode, or RNA aliquots/RT-reactions.Wealso iden-
tified a precise requirement to optimize the Pre-Amp step as the more
sensitive technical source of variability, and draw attention to the
need of using Pre-AMP step in all samples, and not only in the ones
that amplify at high Cq levels of REFG, in order to homogenization of in-
troduced errors.

In sum, we showed that the use of RNA-FFPE does not lead to an
increase in variability in RT-qPCR assays than that reported for fresh tis-
sues; and identified gene-, and expression level-sources of biological
and technical variability, which can allow better strategies for RT-
qPCR designs from highly degraded and inhibited samples.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yexmp.2014.09.014.
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