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Summary 
Real-time reverse transcription PCR (RT-PCR) is now widely used for quantifying levels of expressed gene 

transcripts. The present study validates the use of a new RT-PCR analysis method, Comparative Quantification, by 

comparing it against the ‘gold standard’ Comparative Threshold Cycle method. The former method calculates 

individual PCR reaction efficiencies, obviating the need for multiple PCRs to generate standard curves from serial 

dilutions of sample. Real-time reverse transcription PCR was used to verify expression of 18 genes suggested by 

microarray analysis of schizophrenia versus control fibroblasts. A high correlation (R=0.853) was observed between 

the two methods, validating Comparative Quantification as a method of RT-PCR data analysis, with the advantage 

that it is also a quicker and cheaper method. Also, RT-PCR compares the relative expression of target genes to the 

expression of a reference or “housekeeping” gene in the sample, which is assumed to have stable expression across 

all samples. Variable expression of the reference gene would reveal itself as a false change in expression in the target 

gene. The present study investigates the expression of “housekeeping” genes in fibroblast cultures from patients 

with schizophrenia and matched healthy controls. The results reveal consistent patient versus control differences in 

expression of commonly used “housekeeping” genes, including GAPDH. We propose that researchers derive 

housekeeping genes from stable expression data in the system studied and disregard previously published 

housekeeping genes when designing their real-time PCR experiments. 

 

 

I. Introduction 
Real-time reverse transcription PCR (RT-PCR) is a 

widely used, semi-automated method for deriving 

quantitative estimates of the expression of a gene of 

interest (i.e. levels of a specific mRNA) compared to a 

reference gene. In RT-PCR, a fluorescent dye binds to the 

double-stranded DNA as it is formed, providing 

continuous monitoring of amplified cDNA levels over the 

course of the PCR (Higuchi et al, 1993). Currently, the 

most accepted method for analysing RT-PCR data is the 

comparative threshold cycle method (Pfaffl, 2001; Pfaffl 

et al, 2002), which requires determining a fractional cycle 

number (the crossing point; Cp, also called the threshold 

cycle; Ct) (Rasmussen, 2001) during the exponential phase 

of DNA amplification to generate a value for the amount 

of gene transcript. One drawback of this method is that the 



McCurdy et al: Validation of the comparative quantitation method 
 

16 

efficiency of the PCR reaction must be calculated for each 

gene of interest by generating a separate standard curve for 

each. This greatly increases the time and cost required for 

RT-PCR verification of multiple genes from microarray 

expression screening. 

Recently a new method was proposed by the 

manufacturers of the Rotor Gene, a real time PCR thermal 

cycler (Rotor Gene 5.0 software, Corbett Research, 

Australia). This method of RT-PCR analysis, 

“Comparative Quantification”, calculates the efficiencies 

of each gene for each individual PCR reaction and is based 

on the second differential maximum method (Rasmussen, 

2001) to calculate single reaction efficiencies. The 

comparative quantification method does not require any 

extra RT-PCR reactions to calculate PCR efficiencies is 

cheaper, less time consuming and uses fewer reagents 

compared to the more commonly used comparative 

threshold cycle method (Pfaffl, 2001; Pfaffl et al, 2002). 

The major aim of this study was to directly compare these 

two methods of RT-PCR analysis and assess their 

concordance using the same cDNA samples. 

PCR-based methods of quantifying gene 

transcription levels depend on the comparison of 

expression of another gene in the same sample against 

which the expression of the target or gene of interest is 

normalised. These reference genes are usually genes 

thought to be expressed equally in all cells and tissues and 

are often known as "housekeeping" genes giving the 

impression that they have the same function in all cells 

under all conditions. The most commonly used 

housekeeping gene is GAPDH (glyceraldehyde-3-

phosphate dehydrogenase). During a microarray study of 

gene expression in fibroblasts derived from participants 

with schizophrenia and from healthy controls we noted 

differences in the expression of GAPDH between 

participant groups (unpublished observations). Similar 

findings were recently reported by an independent group 

in a microarray study of post-mortem prefrontal cortex 

from schizophrenia patients and healthy controls 

(Prabakaran et al, 2004). Furthermore, a review of 

GAPDH expression variability concluded its continued 

use as an internal reference was “a mystery” (Bustin, 

2000; Rajeevan et al, 2001; Rasmussen, 2001). 

Differential expression of reference genes across 

groups can introduce false differences, or obscure true 

differences in the expression of the gene(s) being studied. 

The expression level of reference genes can be modulated 

by several factors including: experimental treatment 

(Zhong and Simons, 1999; Schmittgen and Zakrajsek, 

2000), pathology (Bhatia et al, 1994; Lupberger et al, 

2002), individuality (de Leeuw et al, 1989) and even in 

vitro cell culturing (Hamalainen et al, 2001). Therefore, 

validation of endogenous housekeeping genes must be 

carefully undertaken to ensure they exhibit stable 

expression across all individual samples and groups in the 

experimental system under investigation. A second aim of 

this study was to identify potential housekeeping genes 

with stable expression for use in comparing gene 

expression among control samples and those from persons 

with schizophrenia.  

 

II. Materials and Methods 

A. Human tissue collection, cell culture, 

total RNA extraction and reverse 

transcription 
Seventeen participants (9 with schizophrenia, 8 healthy 

controls) were recruited from consumer groups and through a 

research participant register maintained by the Queensland 

Centre for Mental Health Research. Written informed consent 

was obtained from all participants and the study was approved by 

the West Moreton Hospital Ethics Committee. Skin biopsies 

were collected and skin fibroblast cultures generated as per 

Mahadik and colleagues in 1991. Fibroblasts were harvested and 

cryogenically stored in liquid nitrogen. When needed, fibroblasts 

were thawed and cultured in DMEM, supplemented with 10 % 

foetal bovine serum, penicillin and streptomycin (1 %; 

GibcoBRL) plus 0.2 % Fungizone™ (amphotericin B, 

GibcoBRL) at 37°C under 5% CO2, using 500 cm2 Nunclon™ 

Triple flasks (Nunc). Cultures were grown simultaneously until 

80 % confluency was reached. There were no group differences 

in the time taken to reach 80 % confluency. Cultures were 

harvested by washing 3 times in Hank’s Buffered Saline Solution 

(HBSS, GibcoBRL) followed by a five-minute incubation at 37 

°C in 0.025 % trypsin (GibcoBRL). Trypsin was inactivated by 

suspending the cells in 50 ml of serum-containing media, 

pelleting the cells by centrifugation, aspiration of supernatant and 

resuspension in 50 ml HBSS (GibcoBRL) followed by another 

centrifugation. The supernatant was removed and cells were 

prepared for RNA extraction. 

Cells were homogenized and total RNA extracted using an 

RNeasy® kit (Qiagen; Clifton Hill, Australia) with an on-column 

RNase-Free DNase Set (Qiagen) as per the manufacturer’s 

instructions. Purity of RNA was determined by an optical density 

reading (OD) OD260/280 ratio greater than 1.75 and by 2% agarose 

gel electrophoresis. Integrity of the 18S and 28S ribosomal RNA 

bands was visually verified by ethidium bromide staining. Five 

micrograms RNA was reverse-transcribed by using a SuperScript 

III RNase H- Reverse Transcriptase Kit (300 U; Invitrogen) with 

0.5 U oligo (dT12-18) primers (Invitrogen) for 90 min. at 50 °C. 

Resultant cDNA was treated with 1U RNase H (Invitrogen) for 

30 min. at 37 °C. 

 

B. Selection of reference genes for 

comparison 
Candidate reference genes were selected from those 

represented on the microarray. These included four of the most 

widely used housekeeping genes, tyrosine 3-

monooxygenase/tryptophan 5-monooxygenase activation protein, 

zeta polypeptide (YWHAZ; NM_003406), beta-2-microglobulin 

(!2M; NM_004048), H3 histone, family 3A (H3F3A; 

NM_002107), glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH; NM_002046); and three ‘newly’ suggested 

housekeeping genes not commonly or previously used 

(Warrington et al, 2000; Hsiao et al, 2001; Lee et al, 2002), 

dullard (Xenopus laevis) homolog (DULLARD; NM_015343), 

non-POU domain containing, octamer-binding (NONO; 

NM_007363), DnaJ (Hsp40) homolog, subfamily B member 1 

(DNAJB1; NM_006145). Normalized microarray expression 

data (not shown) demonstrated that two of the four widely used 

housekeeping genes had significantly different group expression 

levels (2-tailed t-test, p< 0.05; see Table 1) supporting the 

contention that stable expression of housekeeping genes must be 

verified in each experimental system. However, with the 

exception of GAPDH, the standard deviation and variance of the 

normalized expression data was small (under 0.5, less than 0.3; 

Table 1). Normalized microarray expression values of the three 

‘new’ housekeeping genes, were not significantly different 
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between patient and control groups and exhibited small standard 

deviation, and low variability (under 0.2; less than 0.03; range 

0.027-0.004; Table 1) across all individuals from both groups. 

The expression levels of these genes as shown by microarray 

analysis of cultured skin fibroblasts from schizophrenia patients 

and healthy controls are displayed in Figure 1. 

 
Table 1. Normalized microarray expression data for housekeeping genes 

 

 
Gene ID 

Standard 

Deviation 
Variance P-Value 

DULLARD 0.0630 0.0040 0.1585 

DNAJB1 0.1349 0.0182 0.0649 "New" HKGs 

NONO 0.1648 0.0272 0.4313 

     

H3F3A 0.2466 0.0608 0.2755 

YWHAZ 0.2844 0.0809 0.0072 

B2M 0.4816 0.2320 0.0534 
Common HKGs 

GAPDH 2.7588 7.6112 0.0034 

 
Standard deviation and variance was calculated using all samples across groups. A two tailed t-test determined any significant difference 

in the expression level of housekeeping genes between schizophrenia patients and healthy controls. HKGs = housekeeping genes. 
 

 
 

Figure 1. Reference genes expression levels from microarray data. Red lines represent the log of normalized expression values for each 

individual participant. Microarray data includes a subpopulation only of subjects included in the RT-PCR experiments. C = healthy 

control, S = schizophrenia patient. 
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C. Primers 
Primers sets (20-21 bases in length) were initially designed 

using Primer3 software (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi/) with the criteria of: product size 

range 85-150 bases, GC-content 45-60 %, primer Tm of 57-61 

°C. Selection of primer sets generated by the software matching 

these criteria was restricted to those that encompassed an 

amplicon spanning known exon boundaries within the gene-

coding domain. Most primer sets had a minimal difference in Tm 

(range 0.01-0.5 °C) between primers. Querying the NCBI 

BLAST database ensured the specificity of primer set sequences. 

Furthermore, primers had insignificant or no complementary 

sequences between them to avoid dimerization. Primer sequences 

are presented in Tables 2 and 3. All primer sets were 

synthesized by Genset Oligos (E@sy OligoTM; Lismore, 

Australia). PCR reactions were performed on a PTC-200 Peltier 

Thermal Cycler (MJ Research) using a HotStarTaq® DNA 

polymerase kit (Qiagen) according the manufacturer’s 

instructions. Annealing temperatures for each primer set were 

optimized by evaluating a temperature gradient of 57-61 °C in 1 

°C increments. An optimal annealing temperature was defined as 

the temperature that gave the largest quantity of specific 

amplified product without accumulation of primer-dimer, 

determined by agarose gel visualization. PCR products were 

visualized by 2 % agarose gel electrophoresis and ethidium 

bromide staining. Product bands of appropriate length were 

excised and extracted using QIAquick® gel extraction kit 

(Qiagen). Purified cDNA was then prepared for sequencing with 

Big Dye® Terminator Cycle Sequencing Kit (Applied 

Biosystems, Foster City, CA). Half-reactions were prepared 

under the following conditions: 12 "l of cDNA template, 4 "l 

Big Dye® Terminator, 4 "l 2.5X sequencing buffer (200 mM 

Tris-HCl, 5 mM MgCl2; pH 9.6) and 0.33 "l each of the 

appropriate forward and reverse primers. The thermal cycler 

sequencing program was as follows: 25 cycles of 30 sec. at 96 

°C, 15 sec. at 50 °C, 4 min. at 60 °C, with 1 °C / sec. ramping 

between each step of the cycle. Sequencing was performed using 

an ABI Model 377 DNA sequencer at the Griffith University 

sequencing facility. Primer sets producing amplified sequences 

with a minimum of 98 % homology to their corresponding DNA 

sequences and without similarities to any other gene, as per the 

NCBI BLAST database, were deemed acceptable for use. 

 

D. Real-time PCR 
RT-PCR was performed using a Rotor-Gene 2000 

fluorometric thermal cycler (Corbett Research; Sydney, 

Australia). Samples of cDNA (5 "l, diluted 1/10) were made up 

into 20 "l reactions using a QuantiTect™ SYBR® Green PCR Kit 

(Qiagen) containing HotStar Taq®, QuantiTect™ SYBR® Green 

PCR buffer, dNTP mix, SYBR Green I, and 5 mM MgCl2. To 

minimize pipetting error and maintain volume consistency 

between samples, master mixes and individual samples were 

aliquotted with a CAS-1200 robotic liquid handling system 

(Corbett Robotics; Brisbane, Australia). The CAS-1200 can 

handle a 1"L - 200"L range of volumes, uses graphite tips with 

automatic liquid level sensing and is highly precise (< 1 % C.V. 

on volumes # 5 "l according to manufacturer). The Rotor-Gene 

RT-PCR program was as follows: 15 min. at 95 °C to activate the 

Taq polymerase and then 40 cycles of 30 sec. at 95 °C, 30 sec. at 

58 °C, and 30 sec. at 72 °C. A melt curve analysis with a 

temperature range of 65 °C to 95 °C ramping at 0.5 °C / 5 sec. 

was performed to determine product specificity for each sample 

(Ririe et al, 1997). PCR reaction efficiency was determined by 

generating relative standard curves with five quadruplicate 10-

fold serial dilutions of control cDNA. 

 

 

E. Comparison of RT-PCR data analysis 

methods 
Eighteen genes were selected from existing microarray data on 

skin fibroblasts that were expressed differently between the 

schizophrenia and control groups (unpublished observations). 

These genes were quantified by RT-PCR using the selected 

stably expressed reference gene (see Table 3). The relative 

amount of each gene product in each sample was determined 

determined using two different quantification methods, the 

comparative threshold cycle method (Pfaffl, 2001) using REST© 

XL (Relative Expression Software Tool) (Pfaffl et al, 2002) and 

the Comparative Quantification (CQ) method supplied as part of 

the Rotor Gene 5.0 software (Corbett Research). The REST© XL 

method used the Pair Wise Fixed Reallocation Randomisation 

Test© and 2000 randomizations were performed as recommended 

by the authors of this method (Pfaffl et al, 2002). 

The comparative threshold cycle method sets an arbitrary 

threshold level subjectively set by the researcher within the 

exponential phase of amplification on a plot of normalized 

fluorescence values to determine a fractional Ct value. While this 

method yields robust results (Rasmussen, 2001) the threshold 

may inadvertently be set outside the exponential phase of product 

amplification. The CQ method differs from this in that it uses the 

second derivative of raw fluorescence values to help calculate the 

point at which the exponential phase of amplification begins. 

This point, termed the Take Off Point (TOP), is used in the 

equivalent manner as the Ct value. The TOP is described as the 

point 80% below the second derivative plot peak (Figure 2). The 

CQ method calculates reaction efficiencies for each individual 

sample, obviating the need for standard curves to generate 

efficiencies and controlling for efficiency differences between 

reactions. RT-PCR correlates the fluorescence levels to levels of 

synthesized product. The increase in fluorescence (R) is 

represented by the exponential growth model during the PCR: 

Rn+1 = Rn * (A), where n is the cycle number and A is the 

measure of the efficiency of the reaction (amplification value). 

 

Table 2. Primer sequences of housekeeping genes investigated. 

 

Gene 

Symbol 

Accession 

Number 
Sense Primer Antisense Primer 

mRNA 

Range 

Product 

Size 

YWHAZ NM_003406 5’-TGAAGCCATTGCTGAACTTG-3’ 5’-CTTCAGCTTCGTCTCCTTGG-3’ 675-799 126 

!2M  NM_004048 5’-TGACTTTGTCACAGCCCAAG-3’ 5’-AGCAAGCAAGCAGAATTTGG-3’ 374-487 114 

H3F3A  NM_002107 5’-ACTGGAGGGGTGAAGAAACC-3’ 5’-AGCAATTTCTCGCACCAGAC-3’ 212-343 132 

GAPDH  NM_002046 5’-TGCACCACCAACTGCTTAGC-3’ 5’-GGCATGGACTGTGGTCATGAG-3’ 529-615 87 

DULLARD  NM_015343 5’-CCGAAACCTTCACCAACATC-3’ 5’-AGGCAGTCCTCACATTGGAC-3’ 1151-1277 127 

NONO  NM_007363 5’-AGATTCGGATGGGTCAGATG-3’ 5’-CATAGTGGCAGGTCCTGGAG-3’ 1313-1428 116 

DNAJB1  NM_006145 5’-TTCCCCAGACATCAAGAACC-3’ 5’-ACCCTCTCATGGTCCACAAC-3’ 1017-1152 136 
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Table 3. Primer sequences of genes found to be differentially expressed by cDNA microarray analysis (unpublished 

observations) and used to evaluate the CQ method of RT-PCR analysis against the comparative threshold cycle method. 

 
Gene 

Symbol 

Accession 

Number 
Sense Primer Antisense Primer 

mRNA 

Range 

Product 

Size 

JAK1 NM_002227 5'-CCAATCAGAGGCCTTTCTTC-3' 5'-AAATGTGTGGGGTCCACTTC-3' 

2534-

2651 
127 

GHR NM_000163  5'-GACTTTTTCATGCCACTGGAC-3' 5'-TCAGGGCATTCTTTCCATTC-3' 229-351 123 

NFKB1 NM_003998 5'-ACTCTGGCGCAGAAATTAGG-3' 5'-TGACTGTACCCCCAGAGACC-3' 

2970-

3078 
109 

CDK6 NM_001259 5'-GCATCGCGATCTAAAACCAC-3' 5'-CTGTACCACAGCGTGACGAC-3' 541-672 132 

CDK4 NM_000075 5'-TCAGCACAGTTCGTGAGGTG-3' 5'-TACCTTGATCTCCCGGTCAG-3' 379-494 116 

CCNB1 BC006510 5'-TGTGGATGCAGAAGATGGAG-3' 5'-GTGACTTCCCGACCCAGTAG-3' 560-688 129 

PCNA NM_002592 5'-CTGAGGGCTTCGACACCTAC-3' 5'-GCGTTATCTTCGGCCCTTAG-3' 400-526 127 

CCND1 BC014078 5'-TCTACACCGACAACTCCATCC-3' 5'-GGCATTTTGGAGAGGAAGTG-3' 520-649 130 

GADD45A NM_001924 5'-GATCACTGTCGGGGTGTACG-3' 5'-TGCAGAGCCACATCTCTGTC-3' 400-510 111 

SSTR3 NM_001051 5'-GTGTCCACGACCTCAGAACC-3' 5'-AGGTAGACCAGGGGGATCAG-3' 27-153 131 

DDX5 NM_004396 5'-CTCCAGAGGGCTAGATGTGG-3' 5'-GTATGCTGTGCCTGTTTTGG-3' 

1373-

1496 
124 

HDAC6 NM_006044 5'-CCCAATCTAGCGGAGGTAAAG-3' 5'-GTGCTTCAGCCTCAAGGTTC-3' 226-340 115 

HDAC4 NM_006037 5'-AGATCCTCATCGTGGACTGG-3' 5'-GAAGTTCCCATCGTCGTAGC-3' 

3290-

3302 
113 

CALM1 NM_006888 5'-AGCTGACCGAAGAACAGATTG-3' 5'-GGTTCTGACCCAGTGACCTC-3' 213-332 120 

ITGAE NM_002208 5'-AGACCCATGCTTTCAAGGTG-3' 5'-CTGGTAGTGAAGGGCGTCTC-3' 

972-

1078 
113 

CCNDBP1 NM_012142 5'-AGGATGCACATGAAGAAATGG-3' 5'-GAAACCCCAACACATCATCC-3' 711-833 123 

VDR NM_000376 5'-GCCCACCATAAGACCTACGA-3' 5'-AGATTGGAGAAGCTGGACGA-3' 526-729 203 

GAPDH NM_002046 5'-TGCACCACCAACTGCTTAGC-3' 

5'-GGCATGGACTGTGGTCATGAG-

3' 529-615 
87 

CAPON NM_014697 5'-ACATCTCCCTGCTGGTCAAG-3' 5'-GAAGGTGATCTCCAGCAAGC-3' 

1463-

1669 
98 

 

 

 

 

 

 
Figure 2. DNAJB1 second 

differential of raw data plot for 

each sample. Fluorescent readings 

were taken from all samples 

(schizophrenia and healthy 

control). The peak is equivalent to 

the maximum rate of exponential 

amplification and the take off point 

(TOP) is defined as 20 % of the 

peak (or 80 % less). The TOP in 

the CQ method is equivalent to Ct 

value in other real time PCR 

analysis methods. 

 

 

 

Background fluorescence was removed by taking the first 

differential of the normalized fluorescence values. Monitoring 

the exponential phase increase in fluorescence was accomplished 

by rearranging the above formula to give an observed 

amplification (An) at each point within the exponential phase of a 

reaction: (An) = Rn+1/Rn. Averaging the amplification over these 

points produced an amplification value for the sample (As). The 

amount of gene product in any given sample relative to a 

designated reference sample was calculated using the formula: 

Relative Quantity (RQ) = (As) ^ (Control TOP – Sample TOP). 

Since each sample was performed in triplicate, the mean RQ of 

the replicates for each sample was determined. The mean RQ 

values for the gene of interest (RQGOI) were then transformed 

into a ratio of the reference gene (RQREF) values for each 

individual sample. Group differences (fold changes) were 

calculated by taking the mean of all RQGOI/RQREF values for 
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schizophrenia and control samples and expressing the 

schizophrenia values as a ratio of the control value. Calculated 

group expression level differences from both the comparative 

threshold cycle and CQ methods were assessed for correlation by 

linear regression analysis using XLSTAT-Pro 7.0 (Addinsoft, 

NY). 

 

F. Reference gene analysis 
RT-PCR was performed on all samples with each primer 

set to determine which of the reference genes was stable across 

control and patient groups. All samples, in triplicate, were 

subjected to RT-PCR as above and the PCR runs were repeated 3 

times. Data (Ct values) were collected and viewed by using 

Rotor Gene 5.0 software (Corbett Research). The statistical 

procedure Proc Mixed in SAS 8.02 (SAS Institute, Cary, NC) 

was used with a nested random effects model for subjects, 

replicate, and run between the two groups, with post-hoc planned 

comparisons (t tests) between the schizophrenia versus healthy 

control groups for each of the seven genes. Statistical tests used 

an ! level of 0.05 and tests were two tailed. Results are 

expressed as Mean ± S.E.M (Table 4). Genes with expression 

levels that were not different between groups (p > 0.05) were 

deemed stably expressed. The gene with the highest p-value was 

selected as the reference gene for the remainder of the study. 

 

III. Results 
A. Specificity and linearity of the RT-

PCR reactions 
Specificity of the RT-PCR reactions for each 

reference gene primer set was analysed on a 2 % agarose 

gel and confirmed by the observation of a single amplified 

band of the correct length. Nucleotide sequencing of these 

products demonstrated a minimum 98 % homology to 

their corresponding DNA sequences, with no significant 

similarity to other gene sequences as per the NCBI 

BLAST database. Melt curve analysis of the RT-PCR 

amplicons, did not detect any non-specific amplification 

products. Serial dilutions (1/10) of human skin fibroblast 

cDNA over a 10 000 fold range were prepared for each 

gene and standard curves were generated using five 

dilutions of this cDNA. The Rotor Gene 5.0 software 

calculated correlation coefficients and reaction efficiencies 

from these curves. The mean correlation coefficient for the 

seven reference genes was 0.998 (SD = 0.001, range 0.996 

- 0.999), and the average efficiency was 93 % (SD = 3.4 

%, range 89 – 99 %). The efficiencies generated by these 

standard curves were used in the comparative threshold 

cycle calculations. 

 

B. Comparative quantification versus 

comparative threshold cycle 
Eighteen genes were analysed for differential 

expression between patient and control groups to provide 

ratios of gene expression between the genes of interest and 

the reference gene. The absolute values of the ratios from 

each analysis method were subjected to linear regression 

analysis. The two methods gave very similar results and 

were strongly correlated (R = 0.853; Figure 3). The 

equation of the fitted line is Comparative Threshold Cycle 

Analysis = (0.101 ± 0.133) + (0.899 ± 0.138)*CQ. The 

fitted line does not differ significantly from a ray through 

the origin with unit slope (i.e. perfect correlation (R=1); F2, 

16 = 0.29, p = 0.75).  
 

C. Differential expression of reference 

genes in schizophrenia 
In order to test the stability of expression in patient 

and control samples of the seven reference genes a total of 

1071 individual RT-PCR reactions were performed (17 

samples, by 3 replicates each, by 3 runs, by 7 genes). Ct 

values were collected and collated by gene and participant 

and then analysed for differences between Ct value within 

and between subjects and between groups. Analysis of 

variance showed significant effects of gene (F6, 960 = 

8450.10, P < 0.001), and participant group (F1, 18 = 9.48, P 

= 0.007), plus a strong gene by participant group 

interaction (F6, 960 = 4.46, P < 0.001). Post-hoc analysis 

revealed significant differences between groups for five of 

the seven genes tested (Table 4). Of the two genes without 

significant differences between groups, DNAJB1 

demonstrated the most stable expression level (highest p-

value) and as such was the reference gene used for 

comparing the quantification methods (Table 4). 

 

IV. Discussion 
Our data show that the Comparative Quantification 

method for calculating RT-PCR ratios provides 

comparable data to that of the well-accepted Comparative 

Threshold Cycle method. This is important because the 

cost of the latter is considerably greater than the former 

when multiple genes of interest are under analysis, such as 

in verifying gene expression microarray data. 
 

Table 4. Mean Ct values (± S.E.M.) for each reference 

gene listed by group. 

 

GENE STATUS MEAN SEM P-VALUE 

Sz 14.34 0.088 
!2M 

HC 14.80 0.088 
< 0.001 

Sz 11.95 0.104 
H3F3A 

HC 12.41 0.104 
0.003 

Sz 15.44 0.087 
YWHAZ 

HC 15.69 0.087 
0.05 

Sz 9.35 0.094 
GAPDH 

HC 9.67 0.094 
0.02 

Sz 16.13 0.102 
DNAJB1 

HC 16.32 0.102 
0.19 

Sz 15.10 0.127 
DULLARD 

HC 15.44 0.127 
> 0.05 

Sz 13.53 0.116 
NONO 

HC 13.97 0.116 
0.008 

 

Differential expression for all but 2 genes, DNAJB1 and 

DULLARD, was observed between schizophrenia patients and 

healthy controls. The gene with the highest p-value (DNAJB1); 

and hence selected as the reference gene for this study is 

highlighted in yellow. (Sz = schizophrenia; HC = healthy 

control). 
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Figure 3. Validation of CQ analysis. A) Relative change in gene expression level (Sz vs HC) of the 18 genes selected from the 

microarray data (unpublished observations) as calculated by the two methods of RT-PCR data analysis. *Genes found to be differentially 

expressed by RT-PCR analysis. B) Linear regression analysis of comparative threshold cycle analysis versus CQ analysis; R = 0.853. 

 

 

The second finding of this study is that some commonly 

used reference genes are differentially expressed among 

individuals with schizophrenia and healthy controls. These 

findings are consistent with the fact that expression levels 

of certain normalizing genes can be modulated in vivo or 

in vitro by treatment or disease state (Thellin et al, 1999; 

Bustin, 2000; Schmittgen and Zakrajsek, 2000; Suzuki et 

al, 2000). This difference in gene expression level 

indicates the necessity to identify a reference gene prior to 

its use as such in RT-PCR. The best reference gene in our 

samples was DNAJB1, recently suggested as a reference 

gene (Eisenberg and Levanon, 2003), but not yet tested for 

its stability of expression in any experimental model. We 

found that in fixed quantities of total RNA from skin 

fibroblast cell lines DNAJB1 had consistent expression 

levels between individuals and across groups. These 

results demonstrate that so-called "housekeeping" genes 

are not always appropriate as reference genes for all 

tissues and suggest that reference gene expression level 

should be confirmed in the samples under investigation. 

 

A. Comparison of RT-PCR data analysis 

methods 
Quantification of PCR products is estimated by 

various methods, all with the assumption that the amount 

of amplified product is a function of the amount of cDNA 

at the start and the efficiency of the PCR amplification. 

Different methods use different ways to estimate the 

amount of amplified product and different ways to 

estimate the efficiency of the PCR reaction. A widely 

accepted method for RT-PCR analysis is the Comparative 

Threshold Cycle method (Pfaffl, 2001; Pfaffl et al, 2002). 

This method uses a fractional cycle number (the threshold 

cycle; Ct) during the exponential phase of DNA 

amplification to generate a value for the amount of PCR 

product. The efficiency of the PCR reaction is estimated 

via a standard curve generated by multiple PCR reactions 

of serial dilutions of starting material with the same 

primers (Saiki et al, 1988). 

The Comparative Threshold Cycle method loses 

accuracy because it assumes that all individual reactions 

have the same rate of amplification (Ramakers et al, 

2003). Since PCR efficiency is estimated from the gradient 

of the line of best fit from multiple separate PCR reactions 

for each primer set, it may not accurately reflect the 

efficiency in the sample of interest because efficiencies 

change between samples due to systematic and random 

effects in their preparation (Freeman et al, 1999; Ramakers 

et al, 2003). This shortcoming is recognised and recently 

two methods have been described in which the same 

sample is used to estimate both the amount of PCR 

product and the efficiency of the PCR reaction (Liu and 

Saint, 2002; Tichopad et al, 2003). Liu and Saint described 

in 2002 a method in which the experimenter subjectively 

determines the PCR efficiency from the slope of a 

regression line fitted to the log of the rate of the PCR 

reaction during the exponential phase. The method 

requires the researcher to determine the exponential phase 

of the PCR reaction. A second method (Tichopad et al, 
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2003), obviates this subjective influence by using 

statistical methods to determine the exponential phase to 

estimate the efficiency. 

The present study describes a third method for 

calculating the amount of PCR product and the efficiency 

of the PCR reaction in a single sample, Comparative 

Quantification (CQ; Rotor Gene 5.0 software, Corbett 

Research) using the second differential maximum method 

(Rasmussen, 2001) to calculate reaction efficiencies and a 

set percentage of the maximum fluorescence value to 

calculate the beginning of the exponential phase. This 

makes the method simpler than described previously and 

less reliant on complex statistical criteria to determine the 

exponential phase. The second differential of raw 

fluorescence values from a RT-PCR reaction describes a 

parabola with peak as the point of maximum exponential 

growth of amplified product. By taking a point 80 % back 

from this maximum the CQ method ensures that our data 

points used for quantity estimation are within the 

exponential phase of amplification yet still well above the 

background noise level. Also, by avoiding the assumption 

of constant reaction efficiency, a more accurate estimate of 

relative quantity of PCR product is obtained (Freeman et 

al, 1999; Rasmussen, 2001; Tichopad et al, 2003). Our 

data show no significant difference in accuracy between 

either the CQ or Comparative Threshold Cycle methods of 

RT-PCR data analysis. The primary advantages of the CQ 

method are that all quantitative information is located 

within the exponential phase (Rasmussen, 2001) and that 

there is no need to run standard curves to estimate 

efficiencies, saving time and reducing costs. Importantly, 

the CQ method also reduces the amount of nucleic acid 

required, a most valuable commodity when the original 

amounts of starting material are restricted, as in the case of 

tissue biopsies. 

 

B. Housekeeping gene selection 
Consistent with the microarray data the real time 

PCR data showed stable expression of DNAJB1 and 

DULLARD and significant group differences in the 

expression of GAPDH and YWHAZ. However, the real-

time PCR data showed significant group differences in 

H3F3A, !2M and NONO in opposition to the microarray 

findings. With the exception of GAPDH, (investigated 

solely based on its ubiquitous use as a housekeeping 

gene), the expression of all genes selected for testing 

varied little (low standard deviation) across all samples 

and groups. These data indicate that, while using the 

criteria of gene expression data with low variance across 

all samples may be supportive for the selection of a 

housekeeping gene, researchers should not rely on 

microarray data exclusively for this purpose. Instead, the 

stability of housekeeping gene expression across all 

samples and groups should be verified using similar 

methods outlined here. Moreover, use of a normalization 

factor derived from multiple housekeeping genes provides 

a more accurate description of gene expression 

(Vandesompele et al, 2002). However, in multi-

housekeeping gene strategies, the stability of each 

housekeeping gene should be validated in the system to be 

tested prior to their use in RT-PCR expression profiling. 

In the present study, DNAJB1 was the most stably 

expressed housekeeping gene across all samples used. 

DNAJB1, a mammalian homologue of bacterial heat 

shock protein 40 (Ohtsuka, 1993), is an ideal candidate as 

a housekeeping gene (Eisenberg and Levanon, 2003) 

because of its constitutive expression (Ohtsuka and 

Suzuki, 2000), compact gene length (Ohtsuka, 1993; Hata 

et al, 1996), and its requirement for cell maintenance 

(Abdul et al, 2002; Farinha et al, 2002). However, 

DNAJB1 expression can be modulated by ischemia 

(Tanaka et al, 2002) and heat treatment (Abdul et al, 

2002). Therefore caution must be taken before using 

DNAJB1 as a housekeeping gene. Potential homeostatic 

effects on DNAJB1 expression were minimized in the 

present culture system because constant levels of oxygen, 

carbon dioxide and temperature were maintained across all 

samples in both groups. 

In conclusion, the stable expression of a reference 

gene must be validated in the system of interest prior to its 

use in RT-PCR. This strategy is being recommended by 

more and more researchers (Aerts et al, 2004; Dheda et al, 

2004) using RT-PCR to investigate gene expression in 

disease. Our study showed DNAJB1 to be a suitable 

reference gene in a cultured skin fibroblast model to study 

gene expression differences in schizophrenia. Also, we 

showed the validity of the more efficient, and inexpensive 

Comparative Quantification method of RT-PCR data 

analysis. 
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