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Abstract In forensic molecular pathology, quantitative
real-time polymerase chain reaction (RT-qPCR) provides
a rapid and sensitive method to investigate functional
changes in the death process. Accurate and reliable
relative RT-qPCR requires ideal amplification efficien-
cies of target and reference genes. However, the ampli-
fication efficiency, changing during PCR, may be
overestimated by the traditional standard curve method.
No single gene meets the criteria of an ideal endoge-
nous reference. Therefore, it is necessary to select suitable
reference genes for specific requirements. The present
study evaluated 32 potential reference genes in the human
brain of 15 forensic autopsy cases using three different statis-
tical algorithms, geNorm, NormFinder, and BestKeeper. On
RT-gPCR data analyses using a completely objective and
noise-resistant algorithm (Real-time PCR Miner), 24 genes
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met standard efficiency criteria. Validation of their stability
and suitability as reference genes using geNorm suggested
IPO8 and POLR2A as the most stable ones, and NormFinder
indicated that IPO8 and POP4 had the highest expression
stabilities, while BestKeeper highlighted ABL1 and
ELF1 as reference genes with the least overall variation.
Combining these three algorithms suggested the genes
IPO8, POLR2A, and PESI as stable endogenous refer-
ences in RT-qPCR analysis of human brain samples,
with YWHAZ, PPIA, HPRTI1, and TBP being the least
stable ones. These findings are inconsistent with those of
previous studies. Moreover, the relative stability of target and
reference genes remains unknown. These observations sug-
gest that suitable reference genes should be selected on the
basis of specific requirements, experiment conditions, and the
characteristics of target genes in practical applications.

Keywords Quantitative real-time PCR - Endogenous
reference genes - geNorm - NormFinder - BestKeeper -
Human postmortem brain material

Introduction

Quantitative real-time reverse transcriptase polymerase
chain reaction (RT-qPCR) is a sensitive, efficient, and
reliable molecular technique to determine changes in
mRNA expressions [1, 2] and has also been used in
the field of forensic sciences, including DNA technolo-
gy for the criminal justice process as well as postmor-
tem gene expression analysis [3, 4]. RT-qPCR can
detect the systemic pathophysiological changes involved
in the death process that cannot be detected by morphol-
ogy [5-8]. This procedure may be useful in investigating
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functional alterations in the brain after insults in forensic
neuropathology [9].

The most common procedures in RT-qPCR are rela-
tive measurements of gene expressions of interest after
normalization using endogenous reference gene(s). Ac-
curate and reliable relative RT-qPCR requires ideal am-
plification efficiencies of target and reference genes
[10]; selection of adequate reference genes is essential.
Previous studies suggested successful application of
conventional reference genes for the myocardium, lungs,
kidneys, and skeletal muscle [7, 11-14]. For estimating
the amplification efficiency, however, conventional stan-
dard curve method is time consuming, requiring the
production of repeatable and reliable standards [15,
16]. Furthermore, the amplification efficiency changes
during PCR, being relatively stable in the early expo-
nential phase and gradually declining in later cycles [,
17]; it may be overestimated by the standard curve
method [18]. There are several alternative methods for
calculating the amplification efficiency on the basis of
raw data collected during PCR [17-24], which has been
reported to be more accurate than that derived from the stan-
dard curve method [1, 18, 25]. Furthermore, expressions of
several conventional housekeeping genes have been shown to
vary due to nutritional or hormonal factors, biological pro-
cesses, and/or tissue or cell types; a single housekeeping gene
may not meet the criteria of an ideal reference gene [26]. The
influence of prolonged agony on RT-qPCR data of the post-
mortem human brain has also been reported [27].

Since 2002, several statistical algorithms, such as
geNorm [28], NormFinder [29], and BestKeeper [30],
have been developed to select stably expressed reference
genes, and the use of multiple reference genes for
accurate normalization in RT-qPCR was proposed. GeN-
orm determines the expression stability of candidate
reference genes by gene stability measure (M), selecting
an optimal number of reference genes out of a larger group
of candidate genes. NormFinder evaluates the expression
stability of each single reference gene and takes into
account intra- and intergroup variations for normaliza-
tion. BestKeeper analyzes variabilities in the expression of
candidate reference genes by calculation of cycle threshold
(Ct) data variations.

In the present study, amplification efficiencies in RT-
gPCR were calculated for 32 potential reference genes
in postmortem human brain tissues using a completely
objective and noise-resistant algorithm (Real-time PCR
Miner) [24] to select candidate reference genes; then,
the stability and suitability in RT-qPCR were evaluated
using three different statistical algorithms, geNorm,
NormFinder, and BestKeeper, to examine the efficacy
of candidates for possible practical application in post-
mortem investigations.
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Material and methods
Sample collection

Human brains of forensic autopsy cases (n=15) at our
institute, including blunt brain injury (z=12) and sudden
cardiac death (SCD, n=3), were examined. A thorough
neuropathological analysis was performed as part of our
routine investigation and cases with any preexisting neuro-
logical pathologies were excluded in the present study. SCD
cases included those due to acute ischemic heart disease
with or without apparent focal myocardial necrosis
(infarction) without any evidence of cause of death other
than a cardiac attack [31]. Details are shown in Table 1.
Postmortem interval was defined as the estimated time from
death to autopsy and survival time was the estimated period
from the onset of fatal insult to death; these were estimated
on the basis of autopsy findings and circumstantial evidence
in autopsy documents. Sample collections and analyses
described below were performed within the framework of
our routine casework, following the Autopsy Guidelines
(2009) and Ethical Guidelines (1997 and 2003) of the Jap-
anese Society of Legal Medicine, approved by our Institu-
tional Ethics Committee.

Brain tissue samples were taken from consistent sites in
the parietal lobe of left cerebral hemispheres at autopsy as
part of our routine work. In blunt brain injury cases, tissue

Table 1 Case profiles (n=15)

Gender ST PMI AreolArgo  RIN
(hours) (hours)  ratio

Case Age
number  (years)

Blunt brain injury

Case 1 29 F 0.1 13 1.98 5.5
Case 2 54 F 2.5 20 1.86 5.1
Case 3 31 M 3 11 1.97 52
Case 4 44 M 6 26 1.99 5.5
Case 5 57 M 6 15 1.94 6.4
Case 6 35 M 12 22 1.86 5.0
Case 7 53 M 20 43 1.87 5.7
Case 8 67 M 36 33 1.93 5.7
Case 9 78 M 72 30 1.93 4.5
Case 10 59 M 192 27 1.96 4.2
Case 11 65 M 312 34 1.96 43
Case 12 79 M 384 31 1.81 1.4
SCD

Case 13 62 F <0.5 14 2.03 6.3
Case 14 72 M <0.5 22 1.96 6.9
Case 15 16 M <0.5 20 2.00 6.7

ST survival time, PMI postmortem interval, RIN RNA integrity num-
ber, F female, M male, SCD sudden cardiac death
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specimens distant from primary lesions were selected [32].
All samples were immediately submerged in 1 ml of RNA
stabilization solution (RNAlaterTM, Ambion, Austin) and
stored at —80 °C until use.

Extraction of total RNA and cDNA synthesis

Total RNA was isolated from 100 mg of sample using
ISOGEN (Nippon Gene, Toyama) according to the ISO-
GEN RNA Extraction Protocol Procedure provided by the
manufacturer. After extraction, the RNA concentration was
estimated by spectrophotometric analysis using NanoDrop
1000 (Thermo Scientific, Wilmington, USA). cDNA copies
of total RNA were obtained using a High Capacity RNA-to-
cDNA kit (Applied Biosystems Japan, Ltd.) then were ad-
justed to a concentration equivalent to 5 ng/pl of total RNA
using nuclease-free water.

Evaluation of the quality and integrity of RNA samples

RNA purity was determined using 260/280 absorbance
(A260/A280) ratios. The RNA integrity number (RIN) was
determined using an RNA 6000 Nano Labchip kit in an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
USA) following the manufacturer’s protocol.

Reference genes selection

TagMan Express Human Endogenous Control Plates
(Applied Biosystems, Foster City, USA) were used,
which contained 32 candidate genes selected from liter-
ature searches [33]. Applied Biosystems declared that
all these assays have been designed using the same design
algorithm and have been extensively tested (details shown in
Supplementary Material 1).

RT-qPCR

RT-qPCR reactions were run in 96-well reaction plates with
a StepOnePlus Real-Time PCR System (Applied Biosys-
tems, Foster City, USA). RT-qPCR was performed with
10 ul cDNA (corresponding to the cDNA reverse tran-
scribed from approximately 50 ng RNA) in 20 ul reaction
mix containing 10 ul TagMan Gene Expression Master Mix
(2x) and the above-mentioned TagMan Gene Expression
Assays (lyophiled powder). Thermal cycling conditions in-
cluded 1 cycle at 50 °C for 2 min, 1 cycle at 95 °C for
10 min, followed by 40 cycles of amplification at 95 °C for
15 s, and 60 °C for 1 min. The threshold cycle (Ct) was
calculated by the instrument software automatically (thresh-
old value at 0.2). Raw fluorescent data (normalized reporter
values, Rn values) were also exported.

Statistical analysis

Amplification efficiencies were calculated from raw fluores-
cent data (Rn values), using the Real-time PCR Miner
program [24]; the arithmetic mean values of amplification
efficiencies were used for further relative quantification.
Correlation analyses between pairs of parameters were per-
formed arbitrarily using linear regression (Pearson correla-
tion) with XLSTAT 2012 (Addinsoft, Paris, France).

To compare gene expression stability and rank, geNorm
[28], NormFinder [29], and BestKeeper [30] algorithms
were used. For geNorm, raw Ct values were transformed
to relative non-normalized quantities (Q), according to geN-
orm manual (http://medgen.ugent.be/~jvdesomp/genorm/
geNorm_ manual.pdf), with regard to the specific amplifica-
tion efficiency calculated by Real-time PCR Miner program,
by the equation Q=EAC‘, where E is the exponential ampli-
fication and ACt=min Ct—sample Ct, where min Ct is the
lowest Ct value of each gene and sample Ct is the Ct value
of the sample being transformed [34, 35]. The highest
relative quantities for each gene were set to 1. NormFinder
was performed by GenEx Standard software (bioMCC, Fre-
ising, Germany), which can indicate the optimal number of
reference genes by calculating the Accumulated Standard
Deviation (Acc.S.D.). BestKeeper was performed by Ref-
Finder, which is a user-friendly web-based comprehensive
tool developed for evaluating and screening reference genes
from extensive experimental data sets (www.leonxie.com/
referencegene.php). Since RefFinder uses 2 as the default
exponential amplification value, Ct values corrected by their
respective calculated amplification efficiencies (from Real-
time PCR Miner) using GenEx were used as input data.
Rank orders of gene stability values from the most stable
to least stable ones were calculated by each algorithm.
Comprehensive ranking orders of these candidate genes
were available from the three methods.

Results
RNA purity and integrity

RNA purity, determined using 260/280 absorbance (A,40/
A»sgo) ratios, ranged from 1.81 to 2.03. There were no age,
survival time, or postmortem interval dependences on Pear-
son correlation analysis (p>0.05) (Table 1).

RIN varied largely among samples, ranging from 1.4 to
6.9, and showed no age or postmortem interval-dependent
changes; however, significant survival time-dependent
decreases were detected (R*=0.72, p<0.05) (Table 1). There
was no difference between brain injury and SCD groups
when short survival cases (survival time <6 h) were com-
pared, despite a small case number for SCD.
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Amplification efficiency

RT-qPCR reactions were performed successfully for all can-
didate reference genes in each sample with PCR amplifica-
tion efficiencies (mean values) ranging from 70 % (18S) to
109 % (RPLPO). Calculated amplification efficiencies
showed small interindividual variations (standard deviation,
SD<5 %) except for CDKN1B (SD=7 %) (Table 2). Eight
out of 32 candidate reference genes, 18S, GAPDH, ACTB,
CDKNI1A, GADD45A, PSMC4, MT-ATP6, and MRPL19,
did not meet standard efficiency criteria (90-110 % of
efficiency), but another 24 genes met the criteria require-
ments; these genes were used for further analyses on geN-
orm, NormFinder, and BestKeeper.

Expression levels of candidate reference genes

Mean Ct values presented a wide range of expression levels.
ELF1 showed the least interindividual variation (SD=0.67),
while YWHAZ had the largest variation (SD=3.05). The
most abundant transcript was 18S with the lowest mean Ct
value of 12.11. HMBS showed the least expression with the
highest mean Ct value of 29.74, as shown in Table 2.

Relative non-normalized quantity analysis
When relative non-normalized quantities, transformed from

raw Ct values, were used, p values, coefficients of determi-
nation (R?), and equation of the model (y=b0+b1xx) could

Table 2 Amplification efficien-

cy and Ct values of candidate Gene symbol Amplification efficiency Ct value
reference genes
Max Min Mean SD Max Min Mean SD

18S 0.74 0.64 0.70 0.03 15.48 10.53 12.11 1.19
GAPDH 0.88 0.81 0.83 0.02 27.08 21.34 22.79 1.47
HPRTI 1.04 0.97 1.00 0.02 30.93 23.51 26.30 2.23
GUSB 1.04 0.95 0.99 0.03 30.58 26.48 27.54 1.15
ACTB 0.85 0.77 0.80 0.02 2791 21.81 23.12 1.53
B2M 1.08 0.97 1.03 0.03 24.72 20.69 22.99 0.88
HMBS 1.10 0.98 1.03 0.03 32.68 28.19 29.74 1.16
1POS 1.07 0.97 1.02 0.02 30.28 26.95 28.06 0.89
PGK1 1.01 0.94 0.98 0.02 27.41 22.58 24.17 1.32
RPLPO 1.12 1.04 1.09 0.02 26.76 23.78 24.61 0.87
TBP 1.11 1.03 1.06 0.02 33.67 27.38 29.44 1.71
TFRC 1.07 0.99 1.03 0.03 28.96 25.20 26.62 0.99
UBC 1.12 0.99 1.08 0.03 26.63 21.84 23.65 1.25
YWHAZ 1.02 0.93 0.98 0.02 33.27 20.40 29.32 3.05
PPIA 1.05 0.94 0.98 0.03 28.35 20.25 22.28 2.22
POLR2A 1.03 0.97 1.00 0.02 29.06 26.11 27.08 0.90
CASC3 0.99 0.92 0.96 0.02 26.71 24.62 25.59 0.75
CDKNIA 0.93 0.84 0.89 0.03 31.18 25.00 28.46 1.95
CDKNIB 1.26 1.02 1.07 0.07 27.32 2391 25.29 0.89
GADD45A 0.92 0.88 0.89 0.01 31.15 25.81 28.16 1.36
PUMI 1.01 0.98 1.00 0.01 28.53 24.77 25.98 1.16
PSMC4 0.97 0.83 0.87 0.03 31.36 26.04 27.82 1.40
EIF2B1 1.08 0.97 1.04 0.03 31.24 26.92 28.63 1.18
PES1 0.99 0.92 0.95 0.02 28.64 25.93 26.98 0.75
ABLI1 1.00 0.93 0.96 0.02 29.76 27.09 28.10 0.69
ELF1 1.01 0.92 0.97 0.03 29.37 26.83 28.29 0.67
MT-ATP6 0.89 0.80 0.83 0.02 17.62 14.67 15.66 0.86
MRPL19 0.93 0.84 0.89 0.03 29.02 25.76 26.89 0.93
POP4 1.00 0.94 0.96 0.01 30.52 25.87 27.28 1.25
RPL37A 1.01 0.92 0.96 0.03 23.57 19.94 20.85 0.98
RPL30 1.03 0.94 0.97 0.02 26.53 22.44 23.21 1.02

Ct cycle threshold, SD standard ~ Rpg17 0.98 0.91 0.94 0.02 26.11 22.54 23.27 0.93

deviation
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be calculated based on linear regression (Pearson correla-
tion). The relative non-normalized quantities of 21 out of 32
genes showed RIN-dependent increases (R*=0.32-0.76, p<
0.05, b1=0.1009-0.1652); however, no correlation to post-
mortem interval was detected (details shown in Supplemen-
tary Material 2). There was no difference in amplicon length
between genes with and without correlation of mRNA ex-
pression to RIN (=21 and n=11, respectively; ¢ test, p>
0.05). Substantial variations of relative non-normalized
quantities were detected among these 32 genes on Pearson
correlation analysis, ranging from insignificant to very
strong correlations (between POLR2A and PUMI, R*=
0.93) (details shown in Supplementary Material 3).

GeNorm analysis

GeNorm ranked the 24 candidate reference genes that met
standard efficiency criteria (Fig. 1a). The most stable ones
were IPO8 and POLR2A, with an M value of 0.26, followed

Fig. 1 Average expression
stability values (M) and pairwise
variation of candidate reference
genes using geNorm analysis. a
Expression stability of genes
from the least stable (/eff) to most
stable (right). b Pairwise
variation analysis to determine
the optimal number of reference
genes for normalization

Average expression stability M

by PES1 and CDKNIB (M values, 0.30 and 0.31, respec-
tively). The least stable ones were YWHAZ, PPIA, HPRTI,
and TBP. Pairwise variation (V) was calculated based on
normalization factor values (NF, and NF . ,) after the inclu-
sion of the least stable reference gene and indicated if the
extra reference gene added to the stability of the normaliza-
tion factor: V2/3 showed a V value of 0.095, below the
threshold of 0.15. The V value was the lowest when the
15th most stable gene (RPLPO) was added (V14/15, 0.039),
but further addition of other genes increased the V" values
(Fig. 1b).

NormFinder analysis

Analyzed on NormFinder, the most stable gene was IOPS,
followed by POP4, POLR2A, and PUMI, while the least
stable ones were YWHAZ, PPIA, HPRTI1, and TBP
(Fig. 2a). Taking advantage of NormFinder, the Acc.S.D.,
as an indicator of the optimal number of reference genes
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Fig. 2 Gene expression
stability values and
accumulated standard deviation

(a) Norm Finder

Gene expression stability values of selectedreference genes
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[36], could also be calculated by GenEx Standard software
and showed that the Acc.S.D. (0.092) was the lowest when
eight reference genes were used (Fig. 2b).

BestKeeper analysis

Analyzed on BestKeeper, the most stable gene that showed
the least overall variation was ABL1 (SD=0.516), followed
by ELF1, PESI1, and B2M, while the least stable ones were
YWHAZ and HPRT1, followed by PPIA and TBP (Fig. 3).
According to BestKeeper, in addition, 19 out of 24 genes
were considered to display stable expressions (Ct value, SD
<1.0), while the expressions of YWHAZ, HPRT1, PPIA,
TBP, and PGK1 were unstable (Ct value, SD>1.0).

Comprehensive ranking order
Each gene was ranked according to the three methods,

respectively, from rank 1 (most stable) to 24 (least stable),
the arithmetic mean ranking value of each gene was

@ Springer
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calculated, and the comprehensive gene stability ranking
order could be obtained (Table 3). The three most stable
reference genes were IPOS, PES1, and POLR2A, while the
least stable reference genes were YWHAZ, PPIA, HPRTI,
and TBP. Results were consistent with those of geNorm
analysis, only differing in the ranking orders of the most
stable genes.

Correlations of relative mRNA quantities among the afore-
mentioned selected genes IPO8, PES1, and POLR2A, ana-
lyzed by regression equation analysis, were high and almost
equivalent (R*=0.73-0.84, p<0.05). In addition, GAPDH
showed a high correlation with IPO8 (R*=0.66, p<0.05), while
correlations were lower or insignificant for ACTB and B2M
(R*=0.49, p<0.05 and R*<0.0001, p<0.05, respectively).

Discussion

The accuracy of gene expression analysis using RT-qPCR
can be influenced by the quality of RNA; it is preferable to
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Fig. 3 Gene expression
stability values of genes from
the least stable (leff) to most
stable (right), by calculation of
cycle threshold (Ct) data varia-
tion, using BestKeeper

BestKeeper
Gene expression stability values of selectedreference genes

Standard deviation of the Ct values
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use high-quality intact RNA [37]. However, unlike animal
experimentation, in which the condition of sample collec-
tion can be controlled, RNA degradation is inevitable and
unpredictable for human tissues collected at autopsy [38,

Table 3 Comprehensive ranking order

Ranking geNorm  NormFinder BestKeeper Comprehensive

order ranking (mean
rank value)

1 POLR2A 1PO8 ABLI1 IPOS (4.00)

2 IPOS8 POP4 ELF1 PESI (5.00)

3 PESI POLR2A PESI1 POLR2A (5.67)

4 CDKNIB PUMI B2M CDKNI1B (6.33)

5 PUMI1 CDKNIB RPS17 RPS17 (6.67)

6 POP4 RPL37A RPL30 RPL37A (7.00)

7 RPL37A RPS17 CASC3 ABL1 (7.33)

8 RPS17 PGK1 RPL37A  POP4 (8.33)

9 ABLI1 PES1 IPO8 RPL30 (8.67)

10 RPL30 RPL30 CDKNIB PUMI (9.00)

11 PGK1 GUSB TFRC CASC3 (12.00)

12 GUSB ABLI1 RPLPO GUSB (12.33)

13 HMBS HMBS POLR2A  ELF1 (12.67)

14 CASC3  RPLPO GUSB PGKI1 (13)

15 RPLP0O  CASC3 EIF2B1 RPLPO (13.67)

16 EIF2B1  EIF2BI HMBS HMBS (14.00)

17 ELFI UBC POP4 B2M (14.67)

18 UBC TFRC PUMI EIF2B1 (15.67)

19 TFRC ELF1 UBC TFRC (16.00)

20 B2M B2M PGK1 UBC (18.00)

21 TBP TBP TBP TBP (21.00)

22 HPRT1 HPRT1 PPIA HPRT1 (22.33)

23 PPIA PPIA HPRT1 PPIA (22.67)

24 YWHAZ YWHAZ YWHAZ  YWHAZ (24.00)

A NS M
%é\ TP SR PN L DS )
FKS @@ R &‘Zoﬁ S FLE T EE

Increasmg expression stability >

39]. In general, the RNA integrity of autopsy material is
affected by two major factors, the influence of agony and
postmortem interference [27]. In the present study of the
human brain, RIN, as an indicator of RNA integrity, showed
no postmortem interval-dependent changes in reference
gene expressions; however, significant decreases depending
on survival time indicated that RNA integrity was more
strongly affected by deterioration of the brain during pro-
longed agony before death. These findings are consistent
with those in previous studies, which suggested the influ-
ence of brain acidosis on gene transcription and mRNA
stability in prolonged death, including those of reference
genes [27, 35]. These observations suggest that whole gene
expressions, including reference genes, may be deteriorated
in prolonged death processes. In such cases, careful evalu-
ation of RT-qPCR data is needed for the interpretation of
specific alterations in target gene expressions.

With regard to the relative non-normalized quantity, large
variations were detected among reference genes: 21 out of
32 candidate reference genes showed RIN-dependent
increases in the relative non-normalized quantity; however,
none of them correlated to postmortem interval. Previous
investigation of the effect of RNA integrity, also using RIN,
suggested that short amplicons (70-250 bp) had fewer chan-
ces to break than longer ones (>400 bp), independent of RIN
[37]. In the present study, using a commercial kit containing
reference genes with short amplicons (56—187 bp), the cor-
relation between relative non-normalized quantity and RIN
were independent of amplicon lengths. Furthermore, genes
that showed RIN-dependent relative non-normalized quan-
tities presented only slight tendencies toward increases (b1=
0.1009-0.1652), although the coefficients of determination
varied largely (R?=0.32-0.76). These findings suggest a
minor influence of RNA integrity on mRNA quantification
that can be reduced to a minimum by means of relative
quantification. Previous studies using forensic autopsy
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materials also demonstrated that reference genes degraded
gradually and in parallel with target genes; relative quanti-
ties changed little up to 48 h postmortem [12]. Degradation
characteristics in human postmortem tissues still need to be
documented in individual studies.

Relative quantification methods assume that the amplifi-
cation efficiency of the reaction is ideal (100 %) and con-
stant for each sample [1, 40], which can rarely be achieved
or verified [24]. Real-time PCR Miner can provide the best
precision in estimating the amplification efficiency indepen-
dent of the PCR instrument [41, 42]. In the present study,
most calculated amplification efficiencies showed small in-
terindividual variations; however, 8 out of 32 candidate
reference genes did not meet standard efficiency criteria
(100+10 % of efficiency) and were excluded in further
analyses. It has to be stated that calculated amplification
efficiencies were partly different from those estimated by
the standard curve method in previous studies [33-35], in
which ¢cDNA samples were derived from either a random
pool [33, 34] or even a commercial product [35]. Aside from
the efficacy of algorithms, comparative studies using differ-
ent tissue materials are needed.

With the help of geNorm, NormFinder, and BestKeeper,
gene expression stabilities of individual reference genes
were identified as follows. GeNorm suggested IPO8 and
POLR2A as the most stable ones. A threshold V" value of
0.15 is recommended as a cutoff value by geNorm to deter-
mine the optimal number of reference genes [28]. In the
present study, only two reference genes (IPO8 and
POLR2A, V2/3=0.0905) were needed to be below the
threshold value, although the lowest V' value was achieved
when the 15th most stable gene (RPLPO) was added. Fur-
ther addition of genes increased V values, indicating a
negative impact on the normalization process. These find-
ings were different from those described in a previous study,
which found HMBS, SDHA (succinate dehydrogenase com-
plex, subunit A), and GAPDH as the most stable ones
among ten potential reference genes examined [35], sug-
gesting fluctuations owing to analytical conditions, includ-
ing instruments and reagents.

NormFinder [29], which is less sensitive to co-regulation
of reference genes [43], identified that [PO8 and POP4 had
the highest expression stabilities, which partly supported the
geNorm analysis. This method showed that the optimal
number of reference genes was 8§, as indicated by the lowest
Acc.S.D. (0.092); however, the setting of such a large num-
ber of reference genes is not practical [44]. Considering that
Acc.S.D. approximated the optimal level when the third
most stable gene (POLR2A) was added (Acc.S.D, 0.113),
the first three most stable reference genes (IPOS, POP4, and
POLR2A) may be used to save on cost and time.

BestKeeper identified ABL1, ELF1, PESI, and B2M as
reference genes with the least overall variation, which was
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different from the results of geNorm and NormFinder anal-
yses mentioned above. Both geNorm and NormFinder use
relative quantities transformed from Ct values for stability
calculation, while BestKeeper uses Ct values directly. This
may explain the different output among these three methods
[45]; however, there were only small differences in the SD
of Ct values between highest rank genes in BestKeeper
(ABL1, ELF1, PES1, and B2M; SD, 0.516-0.576 Ct) and
geNorm (POLR2A, IPOS, and PES1; SD 0.573-0.775 Ct)
or NormFinder (IPO8, POP4, and POLR2A; SD, 0.702—
0.928 Ct), showing stable expressions (SD<1.0 Ct).

To evaluate the results from the three algorithms together,
a comprehensive ranking order of each reference gene was
calculated: the three most stable reference genes were IPOS8,
PES1, and POLR2A, while the least stable reference genes
were YWHAZ, PPIA, HPRT1, and TBP. These results were
consistent with those of geNorm analysis, only differing in
the ranking orders of the most stable genes. Therefore, three
reference genes, IPOS, PES1, and POLR2A, may be recom-
mended for normalization in postmortem human brain tis-
sues. These three genes showed high and equivalent
correlations in the relative non-normalized quantities of
respective mRNAs. In addition, one of the conventional
reference genes, GAPDH, showed a high correlation with
IPOS8. This result is consistent with that of a previous study
[35]; however, the efficacy of the other conventional refer-
ences, ACTB and B2M, could not be established. In fact,
there is a lack of consensus about the determination of
optimal reference genes in postmortem human tissues [35,
36, 46, 47], although most experiments were performed
under MIQE Guidelines [48, 49]. The different results may
owe to varied requirements and conditions in individual
studies. Further programs are needed for standardizing RT-
gPCR using postmortem materials.

In conclusion, the present study analyzed 32 potential
reference genes in postmortem human brains and identified
IPO8, POLR2A, and PESI as the most suitable references,
using three different statistical algorithms, geNorm, Norm-
Finder, and BestKeeper. These findings were partly incon-
sistent with those of previous studies. Moreover, the relative
stability of target and reference genes remains unknown;
simultaneous validation of target and reference genes of
interest should be considered. These observations suggest
that suitable reference genes should be selected on the basis
of specific requirements and experiment conditions as well
as in consideration of the characteristics of target genes in
practical applications.
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