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The real-time, reverse transcription (RT), 
quantitative (q)PCR enables rapid identifica-
tion, screening, classification and monitor-
ing of RNA targets and is established as the 
current method of choice for the accurate 
detection of RNA [1]. Its ability to quantify 
cellular mRNA [2] and miRNA [3], as well as 
genomic RNA from viral pathogens has made 
it the ideal technology for the development of 
assays that address important clinical issues; 
for example, early diagnosis of cancers [4,5], 
graft rejection and side effects of nonspecific 
immunosuppression in transplant biology [6], 
accurate pathogen detection [7], therapeutic 
molecular intervention [8] and many others [9]. 
RT-qPCR assays are well suited to the clini-
cal environment, given their speed, which is 
typically measured in tens of minutes; con-
venience, especially the elimination of post
amplification processing; high throughput; 
and potential for reliable target quantification, 
typically over a huge dynamic range down to 
single copy numbers [10]. 

A comparison with other technologies used 
in routine diagnostic pathology practice sug-
gests that RT-qPCR is as reliable as legacy 
techniques and is frequently more cost effec-
tive and less time consuming [11]. In addition, 
continuous improvement and enhancement of 
the technology is resulting in a stream of novel 
applications [12,13] and there is no doubt that the 
awareness of its diagnostic potential is becoming 
ever more widespread (Figure 1). Conversely, two 
of the main obstacles impeding a more exten-
sive adoption of RT-qPCR assays for clinical use 
are concerns over assay quality assessment and 
standardization, both of which affect reprodu
cibility. This is of particular importance when 
monitoring viral load; for example, HIV patients 
are tested over long periods of time at, potentially, 
many different laboratories. Measurements must 
therefore be consistent and assay results have to 
be directly comparable with previous tests.

The combination of molecular diagnostics 
with therapeutics constitutes a key component 
of integrated healthcare. The recent past has seen 
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significant contributions of RT-qPCR technology in three particu-
lar areas of clinical interest: diagnostic and prognostic applications 
in cancers, transplant biology and pathogen detection. 

This review aims to place this progress into the context of 
a mounting realization that the practical implementation of 
RT-qPCR technology requires considerable changes to the way 
such assays are carried out and reported. 

Diagnostic & prognostic applications
The RT-qPCR assays are widely used to corroborate disease-
associated expression signatures derived from microassays [14]. 
Furthermore, qPCR technology is well suited to translating 
microarray-derived profiles into accurate and quantitative, clini-
cally useful assays. Such applications hold immense promise and 
are expanding all the time [15–18]. Cancer is one of the most sig-
nificant diseases in modern society; hence it is not surprising that 
RT-qPCR technology is being applied at every stage of the treat-
ment process, ranging from early detection through molecular 
staging and monitoring of targeted oncology therapies. 

Leukemias
The usefulness of RT-qPCR assays is arguably most evident 
when it is utilized for prognostication of hematological malig-
nancies. These are caused by characteristic, recurrent chromo-
somal translocations and rearrangements that generate oncogene 
fusion transcripts. Such aberrations determine the biological 
behavior of the leukemia subtypes, hence their detection and 
quantification by RT-qPCR is clinically relevant. However, 
RT-qPCR is not only useful for diagnosis and prognostication, 
since the exquisite specificity of the assay may assist with the 
selection of the appropriate therapy and help monitor response 
during therapy.

A recent RT-qPCR assay involving a 17-gene predictor can 
stratify adult acute myeloid leukemia patients into favorable 
versus intermediate/unfavorable cytogenetic groups with 95% 
specificity [19]. A SYBR Green I multiplex assay has identified 
a distinct expression signature that enables accurate treatment 
stratification and prognostication of childhood acute lymphob-
lastic leukemia patients  [20]. By contrast, quantification of a 
single marker, cyclin  D1 mRNA, discriminates mantle cell 
lymphoma from other B-cell lymphoproliferative disorders [21]. 
Treatment monitoring by RT-qPCR can also provide clinically 
relevant information: some chronic myeloid leukemia patients do 
not respond to imatinib, whereas others lose an initial response. 
High pretreatment expression of imatinib uptake transporter 
mRNA is directly correlated with chronic myeloid leukemia 
progression-free and overall survival [22].

Solid cancers
In comparison with leukemia, the impact of RT-qPCR assays on 
the assessment of prognosis in solid tumors has been compara-
tively modest [23–27]. There are at least two explanations for this: 
the complexity and multiplicity of alterations underlying both 
tumorigenesis and metastasis; and the related lack of appropriate 
tumor-specific diagnostic biomarkers. 

Early detection is essential for reducing cancer mortality and 
RT-qPCR could be extremely useful in providing an effective 
early diagnostic assay. A recent report describes the feasibility of 
expression profiling colorectal cancer cells isolated from feces, 
and demonstrates that several genes, including MMP7, MYBL2, 
PTGS2 and TP53, are expressed at significantly higher levels by 
colorectal cancer patients than healthy volunteers [28]. The main 
drawback with this approach is that the meaning of significantly 
higher or lower must be clearly defined and standardized, since 
technical variability (see later) can distort interpatient, interassay 
and interlaboratory comparisons.

The usefulness of using RT-qPCR assays for prognostic pur-
poses following diagnosis of a solid cancer remains unclear [24]. 
There continues to be a constant flow of publications utilizing 
RT-qPCR assays to describe individual molecular markers with 
supposed prognostic significance in a variety of tumors (e.g., 
pituitary [5], thyroid [29], breast [30], brain [31] and colorectal [32] 
cancers, as well as melanomas [33]). Leaving aside the question of 
whether a single marker can be predictive for such complex sets 
of diseases as solid cancers, the poor understanding of the proc-
ess of their malignant transformation, progression and metastasis 
remains a serious problem, even if predictive expression signatures 
have been identified. 

One example of this challenge is melanoma, whose incidence is 
increasing at a rate faster than any other cancer. The technique of 
sentinel lymph node biopsy, which is the first lymph node reached 
by metastasizing cancer cells, is a highly efficient method of stag-
ing this cancer, and the presence or absence of metastases in the 
sentinel lymph node is an important prognostic factor. However, 
the incidence of false negativity is a considerable problem and 
has a major impact on patient survival outcome [34]. A recently 
described multimarker RT-qPCR analysis detected occult meta-
static melanoma in sentinal nodes that were identified as negative 
by histopathological and immunohistochemistry analysis, result-
ing in the upstaging of four of 33 such patients [35]. Nevertheless, 
the clinical and biological significance of this molecular upstaging 
is not clear and it is important to remember that the clinical signif-
icance of melanoma cells detected by RT-qPCR has not been vali-
dated. It may be that melanoma cells identified by RT-qPCR may 
not be capable of growing into viable metastases or, alternatively, 
the metastases may be viable but undergo regression. Indeed, two 
recent studies, one of which was a prospective multi-institutional 
study involving 1446 patients with 30 months median follow-up, 
detected no difference in disease-free survival, distant disease-
free survival and overall survival between RT-qPCR positive and 
negative patients [36,37]. 

The value of detecting mRNAs in other solid cancers remains 
unclear, mainly because the relevance of the mRNAs being 
selected as targets for the assays is in doubt. In colorectal can-
cer, huge efforts have been made to identify biomarkers useful 
for its molecular staging and treatment monitoring. The validity 
of reports ascribing prognostic significance to altered expression 
levels of genes specifying proteins such as β2 microglobulin [38], 
activator protein-4 [39], PDGF-BB [40], MMP-2 [41] and many 
others remain, at best, unconfirmed. An important reason for 
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this uncertainty is that none of these markers are tumor specific; 
instead they are described as tissue specific, which leaves their 
detection open to illegitimate transcription and other problems, 
discussed previously [42]. 

In prostate cancer, RT-qPCR assays offer the potential for non-
invasive screening, again assuming that appropriate biomarkers can 
be identified. The current method, screening for serum prostate-
specific antigen (PSA), has significant drawbacks since PSA is often 
elevated in benign conditions and biopsy-detectable prostate cancers 
occur even in patients with low PSA levels. This equivalence is 
confirmed by RT-qPCR assays that reveal a low frequency of posi-
tive results in patients with prostatic cancer and a high frequency 
of positive results in those with benign prostatic hyperplasia [43]. 
However, four promising prostate cancer biomarkers present in 
urine that provide a specificity and positive predictive value of 
greater than 75% have been identified recently [44]. This combi-
nation, which includes PCA3, is more accurate than PCA3 on its 
own, probably because the use of multiple markers addresses the 

problem of heterogeneity of tumor evolution. Even more exciting 
is the discovery of recurrent gene fusions in a majority of prostate 
cancers [45], not least because it raises the possibility that similar 
genomic aberrations occur in other solid cancers. At a stroke, this 
would replace the uncertainty of detecting and quantifying tis-
sue-specific markers with ones that identify specific and recurrent 
genetic alterations, especially for solid tumors that are amenable to 
noninvasive procedures, for example, colorectal cancer.

Whilst many studies report novel biomarkers, few independently 
validate them. This makes a recent study of non-small-cell lung can-
cer stand out: it compared the expression of a number of mRNAs 
as predictors of disease outcome in chemonaive non-small-cell lung 
cancer patients who had undergone surgical resection [46]. This 
study showed that, together with disease stage, high levels of BRCA1 
mRNA expression was significantly correlated with overall survival. 
Importantly, this was corroborated using an independent cohort of 
58 patients. Clinically, this could be very significant since BRCA1 
expression is associated with differential sensitivity to cisplatin and 
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Figure 1. Complexity of molecular diagnostic assays. Numerous targets are available for a wide range of molecular assays. 
Real‑time, reverse transcription, quantitative PCR is useful for applications associated with biological warfare, pathogen (especially RNA 
virus) detection, expression analysis (cellular nucleic acids) and forensic medicine. Expression analysis covers a wide range of uses, ranging 
from prophylactic and diagnostic assays to prognostic applications in cancers.
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antimicrotubule drugs. Hence, BRCA1 mRNA expression may ena-
ble more targeted administration of adjuvant antimicrotubule-based 
chemotherapy, especially in stage IB, where the role of adjuvant 
chemotherapy has not been clearly demonstrated.

miRNA
Micro-RNAs provide another explanation for the uncertain use-
fulness of current mRNA targets as prognostic biomarkers. These 
form a class of small noncoding RNAs with post-transcriptional 
regulatory functions that reduce or silence the expression of par-
ticular genes by interfering with their mRNA. Recent evidence 
from translational studies has provided an increasingly detailed 
portrait of the involvement of these small regulatory molecules in 
human cancers [47]. Many miRNAs are aberrantly expressed [48] 
and thus appear to play a significant role in carcinogenesis [49]. 
A recent landmark study compared miRNA expression profiles 
in colon tumor and adjacent normal tissue and identified five 
miRNAs that were present in much greater amounts in colon can-
cer tumors than in normal tissues [50]. One miRNA in particular, 
miR-21, appears to be highly informative: comparisons of tumor 
stage, miR-21 expression and clinical outcome in patients with 
stage II or III colon cancer revealed associations between high lev-
els of miR-21 and poor survival, poor therapeutic outcome and, in 
patients who experienced a disease relapse, more rapid recurrence. 
These data suggest that miRNAs may be useful as prognostic 
tools in colon cancer as well as serving as useful drug development 
targets. In breast cancer, overexpression of the same miRNA is 
correlated with advanced tumor stage, lymph node metastasis and 
poor survival of the patients [51], while miRNAs 221/222 play a 
role in the development of resistance to tamoxifen [52]. Conversely, 
expression of specific miRNAs may be lost as cancer cells develop 
metastatic potential. In an elegant set of experiments utilizing 
RT-qPCR, the authors showed that restoring the expression of 
miR-126 reduces overall tumor growth and proliferation, whereas 
miR-335, which regulates a set of genes whose collective expression 
in a large cohort of human tumors is associated with risk of distal 
metastasis, inhibits metastatic cell invasion. Therefore, it is likely 
that both miR-126 and -335 miRNAs are metastasis suppres-
sors in human breast cancer [52]. In lung cancer, high hsa-mir-155 
and low hsa-let-7a-2 expression correlates with poor survival [53], 
whereas in gastric cancer let-7 miRNA is a negative regulator of 
the high mobility group A2 (HMGA2) nonhistone chromosomal 
protein, whose expression correlates with tumor invasiveness and 
is an independent prognostic factor [54]. Let-7 miRNA is down-
regulated in a number of cancers, including colorectal cancer [55]. 
Other reports suggest that specific miRNA expression patterns 
exist in some leukemias [56] and that some miRNAs are correlated 
with survival [57,58]. The behavior of cancers cannot be accurately 
predicted based on mRNA signatures alone, as discussed earlier. 
It is therefore interesting to speculate that the additional comple-
mentary information provided by miRNA profiling is critical for 
the accurate prognostic expression profiling of cancers. 

As a further step, the potential usefulness of a miRNA-based 
therapy in cancer is now being investigated since miRNAs 
involved in specific networks, such as the apoptotic pathway, the 

human epidermal growth factor (HER) family-driven or estrogen 
receptor-mediated signaling influence the response to chemother-
apy or to targeted therapies [59]. Consequently, prospective studies 
must now determine if a particular miRNA or a small number of 
miRNAs can also predict a patient’s response to specific therapies. 
It is also important to note that the question of appropriate nor-
malization for the interpretation of miRNA quantification data 
remains to be addressed in an acceptable manner.

Transplant biology
Graft rejection
A major challenge in transplantation medicine is controlling 
the very strong immune responses to foreign antigens that are 
responsible for graft rejection. Although contemporary immuno-
suppressive drugs are efficient inhibitors of acute graft rejection, 
this process continues to be a common complication of solid-
organ transplantation. Successful treatment of graft acute cel-
lular rejection (ACR) depends on an accurate early diagnosis. 
The current gold-standard method for establishing a diagnosis 
of ACR is histological examination of biopsy samples. This may 
be complemented by RT-qPCR assays that target mRNAs associ-
ated with graft rejection and allograft vasculopathy. For example, 
increased VEGF expression is strongly associated with severe ACR 
and cardiac-related death [60]. Interestingly, proinflammatory 
cytokine expression that might be expected to have an adverse 
effect appears not to correlate with cellular rejection [61]. However, 
histological or transcript analysis of biopsies requires invasive pro-
cedures to obtain adequate tissue samples. Importantly, RT-qPCR 
analysis promises to provide new noninvasive strategies to moni-
tor graft rejection among transplant recipients. Acute rejection 
following lung transplantation is currently diagnosed with the 
use of invasive transbronchial lung biopsies. Recently, an acute 
rejection-associated signature characterized by increased T-cell, 
CD8 cytotoxic cell and neutrophil gene expression has been iden-
tified in bronchoalveolar lavage cells. If confirmed, this signature 
may enable the development of rapid PCR-based assays of gene 
expression for clinical acute rejection diagnosis [62].

Infections
The use of increasingly potent immunosuppressive agents has 
increased patients’ susceptibility to opportunistic infections and 
the monitoring of systemic infection in transplant recipients 
remains a challenge. Human cytomegalovirus (HCMV) infec-
tion remains one of the most exigent infectious complications 
in solid organ transplant recipients, as it is associated with an 
increased predisposition to allograft rejection, accelerated hepa-
titis C recurrence and other opportunistic infections, as well as 
reduced overall patient and allograft survival [63]. Unfortunately, 
HCMV diagnostic tests are not well standardized and, to date, 
there is no gold-standard test to detect HCMV disease [64]. The 
use of RT-qPCR assays to detect viral mRNAs may be useful for 
monitoring the dynamics of HCMV infection, since the detec-
tion of late transcripts may better reflect active HCMV replica-
tion, dissemination and disease in vivo. A RT-qPCR assay that 
detects the HCMV has been described [65], but it appears to be 
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less sensitive than qPCR assays targeting viral DNA and less 
useful at detecting drug resistance mutations [66]. Nevertheless, 
these limitations can be tackled using improved assay design and 
modification of experimental protocols. 

Other viral pathogens have been associated with infections 
in transplant patients. The pathogenic role of the Epstein–Barr 
virus (EBV) is poorly understood but appears to be the cause of a 
productive infection resulting in EBV-associated post-transplant 
lymphoproliferative disorder. A recent RT-qPCR assay did not 
find any difference in broncheoalveolar lavages from transplant 
recipients and controls [67], and increased viral load in transplant 
recipients is not necessarily predictive of post-transplant lympho-
proliferative disorder [68]. This issue is being addressed by the 
development of a RT-qPCR assay that provides additional infor-
mation by differentiating between latent and productive EBV 
infection [69]. Another virus, human polyomavirus BK, causes 
nephropathy and hemorrhagic cystitis in kidney and bone mar-
row transplant patients, respectively. Successful treatment with 
the anitiviral cidofovir has been reported, although the relevance 
of this intervention is unclear since polyomaviruses do not encode 
a viral DNA polymerase. It has now been shown that while treat-
ment with cidofovir inhibits viral replication, viral inhibition is 
only partial, with some cells being completely refractory [70]. This 
finding raises important issues with respect to current treatment 
strategies and the development of future drugs. 

The utility of RT-qPCR technology for monitoring transplant 
patients has also been demonstrated by the development of assays 
identifying the four genetic lineages of human metapneumovirus, 
a recently discovered paramyxovirus that is known to cause respira-
tory tract infections in immunocompromized individuals. Human 
metapneumovirus was detected in 4.3% of immunosuppressed 
lung transplant recipients, making it the most prevalent etiologic 
agent detected in patients with respiratory symptoms [71]. 

Invasive fungal infections (IFIs) are a major problem affecting 
up to 50% of bone marrow transplant patients and 5–20% of 
solid organ transplant recipients. Early identification of IFIs in 
transplant patients is therefore essential, as a delayed or missed 
diagnosis of IFI results in increased rates of respiratory morbid-
ity and mortality. However, diagnosis of most IFIs, especially 
invasive aspergillosis, is difficult because classic tests have low 
sensitivity and specificity, and radiology often provides nonspe-
cific and transient results. Although a range of RT-qPCR assays 
has been described that provide greater diagnostic sensitivity and 
specificity [72], they have not yet been standardized and hence 
have not been introduced into clinical practice. 

Pathogen detection
The previous section demonstrates that RT-qPCR technology 
is ideally suited to rapid and accurate quantification of patho-
gens. Consequently, it has become widely used for their detec-
tion, both in research and diagnostic settings, and the past year 
has seen some important developments. Nevertheless, RT-qPCR 
assays cannot detect novel or unexpected viruses. Furthermore, 
the diversity of potential pathogens that elicit similar clinical 
symptoms and diseases can make the application of individual 

RNA-based diagnostic assays both complex and expensive. Even 
multiplex qPCRs are limited to tens of candidate pathogens and 
may be confounded if viral evolution results in mutations at the 
primer binding site.

Viruses
RNA viruses make up the most abundant group of human 
pathogens in man. A recently described multiplex RT-qPCR 
assay enables the simultaneous identification and quantifica-
tion of HIV type 1, and hepatitis B and C viruses in donor 
plasma specimens [73]. This innovative method consists of 
target-specific forward primers separately immobilized inside 
individual polyacrylamide gel pads, while reverse primers are 
free in the surrounding solution. The complete spacial isolation 
of the primers makes it possible to use a single nonspecific DNA 
binding dye to detect all of the multiplex qPCR reaction prod-
ucts simultaneously and independently. Both the sensitivity and 
specificity of the assay, based on 132 blood specimens analyzed, 
were 100% and the dynamic range of the quantitative analysis 
covered a six-order interval ranging from 102 to 106 genome 
equivalents per assay. Another approach utilizes locked nucleic 
acids to identify all subtypes of HIV-1 in a single assay [74]. 
These advances simplify treatment monitoring and minimize 
the need for invasive procedures. Similarly, improved assays 
for the SARS-coronavirus [75] and influenza virus [76,77] have 
appeared in anticipation of future pandemics. 

Bacteria
Although most bacterial assays target DNA, there are a few reports 
of RT-qPCR assays targeting bacterial pathogens. One is designed 
to address improved food safety by measuring the responses and 
adaptations of Escherichia coli O157:H7 to antimicrobial agents. 
By quantifying the expression of the pathogen’s multiple antibi-
otic resistance operon, the RT-qPCR enables investigations into 
increased antimicrobial resistance in bacterial pathogens [78]. 
However, the complexity of RNA extraction, combined with the 
difficulties in maintaining RNA quality makes it unlikely that 
RNA-based PCR assays will be useful for the routine diagnostic 
detection of bacterial pathogens. Instead they will find their niche 
in complementary studies investigating molecular mechanisms 
underlying bacterial pathology. 

Problems
Despite the huge number of reports endorsing the use of RT-qPCR 
in clinical settings and describing significant advances to the under-
standing of a whole range of diseases, it has become increasingly 
clear that there are significant biological as well as technical limita-
tions that make the use such a sensitive and, potentially, easily con-
taminated assay challenging in clinical settings [23]. It is therefore 
essential that RT-qPCR assays target appropriate biomarkers, use 
suitably validated assay conditions and are properly analyzed. 

As discussed later and in previous publications [1,9, 23–25,79], 
the reality is that RT-qPCR results are frequently derived from 
experimental designs characterized by badly chosen target choice, 
inappropriate tissue compartments and data analyses.
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Biological variability 
This is of particular significance for experiments designed to 
assess cellular mRNA levels, for example in response to treat-
ment. Cellular mRNA levels are meant to be variable: mRNA 
is synthesized, spliced, localized, translated and degraded in 
response to extracellular signals. This in vivo degradation con-
stitutes baseline variability and results in significant natural 
variation of mRNA levels between genes expressed in different 
tissues or at different times, even within the same individual. 
It is sample specific and outside the investigator’s control, but 
must be taken into account when interpreting changes in mRNA 
copy numbers. 

Another biological variable concerns gene splicing, a post-
transcriptional modification in which a single gene can specify 
multiple proteins, enabling the synthesis of protein isoforms 
that are structurally and functionally distinct. This affects most 
human genes [80], plays an important role in human pathologies, 
including cancer [81], and generates significant problems with the 
interpretation of RT-qPCR and microarray data, since the rela-
tive abundance of splice variants can change without any change 
in overall mRNA expression levels, signifying cell-, tissue- or 
treatment-specific adjustments between different isoforms. This 
issue is addressed by very few publications and is likely to be the 
cause of many discordant results obtained using assays that target 
different variants of the same gene.

The interpretation of mRNA quantification data is further com-
plicated by the widespread differences in allelic expression among 
autosomal nonimprinted genes in animals [82] as well as in plants 
[83]. Since allelic imbalance and allele-specific expression patterns 
are associated with disease risk [84,85], it is no longer sufficient to 
quantify mRNA expression, but it is necessary to determine pre-
cisely which allele is being expressed. One implication of this is 
that, rather than avoiding SNPs when designing primers, it may 
be necessary to include them as part of an overall assay design 
strategy in order to be able to quantify allele-specific expression 
accurately [23]. 

It is now clear that there are significant differences in gene 
expression patterns between individual cells [86], even within 
apparently homogenous cell cultures. Gene expression is stocha
stic [87], hence the contribution of individual cells to an overall 
expression profile is variable and can be significantly different 
from it. This raises a whole range of new questions, which are out-
side the scope of this review. However, it is clear that appropriate 
analysis and interpretation of expression profiles from single cells 
requires the development of dedicated experimental protocols and 
analytical procedures [88]. 

Technical variability 
Technical limitations are exemplified by inappropriate experi-
mental design, poor assay efficiency, invalid controls or improper 
data analysis. These problems are clearly illustrated by the 
retraction of a paper with Science Magazine ‘Breakthrough of 
the Year’ status [89] because of incorrect RT-qPCR data ana
lysis [90]. Other publications report impossibly high amplifica-
tion efficiencies and apply incorrect statistical analyses that call 

into question the reliability and relevance of any the conclu-
sions based upon these assays [91]. One of the most astonishing 
examples of the enormous implications for the health and lives 
of individuals that result from inappropriate use of this tech-
nology is provided by the controversy surrounding the triple 
MMR virus vaccine. RT-qPCR data appeared to demonstrate 
the presence of measles virus RNA in children with develop-
mental disorders, which was interpreted as providing hard 
scientific evidence for a link between MMR, gut pathology 
and autism [92]. However, a detailed analysis of the raw data 
underlying that report carried out by one of the authors acting 
as an expert witness to the UK High Court and the US Vaccine 
Court, revealed a catalogue of mistakes, inaccuracies and inap-
propriate analysis methods as well as contamination and poor 
assay performance [93]. The assay had been detecting DNA and 
since the measles virus is an RNA-only virus, the RT-qPCR 
data had been erroneously interpreted. Interestingly, a recent 
paper that included two of the authors from the initial report, 
was unable to reproduce the original findings and concluded 
that there was no link between autism and enteropathy [94]. 
Astonishingly, despite this and other evidence [95,96], the authors 
of the 2002 report have not retracted their original findings, 
in spite of the immense repercussions their original report has 
had on public health. 

Fortunately, unlike biological variability, technical limitations 
can be addressed by the use of appropriate standard operating 
procedures, optimized assays and appropriate data analysis. The 
most immediate causes for technical inadequacy are inconsist-
ent sample selection, handling and RNA isolation. For example, 
a comparison of RNA levels between cancer samples must take 
into account the complexity and heterogeneity of tissue biopsies 
and may require the use of microdissected samples for maximum 
accuracy. Crucially, the accuracy of gene-expression profiling is 
highly dependent on RNA quality, both in terms of its integ-
rity as well as in terms of the lack of inhibitors copurified dur-
ing extraction procedures [97–99]. The instability of RNA and 
its sensitivity to degradation introduced during storage or the 
extraction of the RNA are well known. Whilst these comments 
may seem obvious, their implications have never been explored 
in detail. Unfortunately, insufficient attention is paid to the 
analysis of RNA quality: a recent survey of papers published in 
2007–2008 revealed that more than 60% of papers do not even 
mention mRNA quality [23]. This area requires urgent attention 
and proposals for adequate RNA integrity testing have been put 
forward [98].

The conversion of mRNA to cDNA is a highly variable step 
in the quantification process. RT-qPCR gene expression meas-
urements are comparable only when the same priming strategy 
and reaction conditions are used in all experiments and the sam-
ples contain the same total amount of RNA [100]. Furthermore, 
reverse transcription yields vary considerably with the choice of 
reverse transcriptase and variation is target gene-dependent [101]. 
Similarly, the mechanism of cDNA priming has a significant 
effect upon the outcome of any quantification experiment, 
since gene-specific priming, random priming and oligo-dT all 
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produce diverse results that are distinct for different mRNA 
targets. The choice of primer location on the target mRNA 
can also yield significantly different results, as mRNA adopts 
a tight secondary structure that is characterized by extensive 
intrastrand base pairing, resulting in stem-loop structures [102]. 
If reverse transcription primers are designed to target stems 
rather than loops, or if the amplicon can adopt secondary 
structures, the efficiency of the RT step can be significantly 
compromised. Characteristically, this results in nonquantitative 
and nonreproducible results.

Proper normalization of gene expression data between different 
samples generated in the same laboratory, or generated in dif-
ferent geographical regions using a single platform or multiple 
platforms is essential for obtaining accurate gene expression data 
[103,104]. Unfortunately, although there is an increased awareness 
of the importance of systematic validation and the potentially 
highly misleading effects of using inappropriate reference genes 
(RG) for normalization, this issue continues to be widely disre-
garded [105]. Consequently, qPCR data are still poorly normalized 
in many molecular analyses. Normalization involves reporting 
the concentration ratios of genes of interest to RG mRNAs. 
RG mRNAs should be stably expressed, with their abundance 
strongly correlated to the total amounts of mRNA present in 
each sample. Unfortunately there are no universal RGs. The 
optimal number and choice of RG must be experimentally deter-
mined and the method reported [106]; normalization against a 
single RG is not acceptable. This issue is equally relevant, but all 
too frequently unappreciated, when assessing miRNA levels [107]. 
Inappropriate experimental designs, improper analyses, subjec-
tive interpretation of RT-qPCR data, variability of microarray 
results depending on the choice of analysis algorithms all com-
bine to compromise the interpretation and confident application 
of quantitative, mRNA-targeted data [9].

The more widespread acknowledgement of these problems 
has resulted in an initiative aimed at improving the reliabil-
ity of qPCR data. Specifically, proposals have been submitted 
that draw up specifications for the minimum information for 
the publication of quantitative PCR experiments (MIQE) [106]. 
MIQE is modeled on similar guidelines drawn up for DNA 
microarray analysis [108], proteomics experiments [109], genome 
sequence specification [110], and those under discussion for RNAi 
work [111,112] and metabolomics [113], initiatives coordinated 
under the umbrella of Minimum Information for Biological 
and Biomedical Investigations (MIBBI) [114,201]. These guide-
lines will improve the relevance, accuracy, correct interpretation 
and repeatability of qPCR data, and thus help ensure the integ-
rity of the scientific literature, promote consistency between 
laboratories and increase experimental transparency.

Conclusions & expert commentary
Technological advances mean that there is an ever-increasing 
choice of platforms, chemistries, protocols as well as applications 
and targets for qPCR analysis. This is exciting and is generating 
a vast amount of data in basic research, medical, agricultural, 
microbiological and forensic applications. However, there is 

increasing concern that many publications utilizing RT-qPCR 
technology and especially those aiming to profile cellular RNA 
levels, report poorly designed, executed and interpreted experi-
ments and results. Considerations of mRNA transcription, 
in vivo stability, regulation by miRNAs, tissue specificity of 
splice variants, allele-specific differences in expression, the lack 
of concordance between most mRNAs and their specified pro-
teins, the critical importance of post-translational modifications 
and questions of tissue heterogeneity all describe serious issues 
that are not being addressed in an adequate manner. Trust in the 
accuracy and integrity of the scientific literature is an essential 
prerequisite for maintaining scientific excellence and advancing 
knowledge. This calls for urgent action by researchers, reviewers 
and editors who need to agree a basic set of quality criteria and 
adhere to elementary procedures that result in the publication 
of reliable and reproducible data. Such a list must include a 
delineation of minimum quality standards for template prepara-
tion, validation and consistent use of cDNA priming methods, 
enzymes, protocols and, equally critical, appropriate analysis 
of data. Furthermore, it is entirely unacceptable that most 
publications do not address the critical issue of RNA quality 
assessment. The increasing use of automated RNA preparation 
procedures coupled to its amplification and detection minimizes 
the risk of contamination, but does not necessarily address the 
issue of RNA quality control. It is equally unacceptable that 
data are not normalized in an appropriate manner. In addition, 
it is vital that data acquisition, analysis and reporting become 
more transparent. Consequently, it is necessary for the editors 
of scientific and biomedical publications to issue prescriptive 
checklists specifying the key information to be included when 
reporting experimental data and a proposed standard, MIQE, 
will be published shortly [106]. Ultimately, these approaches 
need to be combined with basic biological considerations, so 
that results are not a reflection of technical inadequacies and 
biological artifacts, but truly start to describe actual differ-
ences in expression profiles between cells, tissues, individuals, 
disease states and treatment responses. Unfortunately, we are 
still far removed from this state, with a lot of intellectual and 
capital investment in technological development that drives 
research whose results can be fundamentally flawed. It will 
require a significant amount of courage as well as a significant 
change in attitude from the research community to deal with 
this problem.

Five-year view
Increased adherence to standardized protocols and rigorous 
enforcement of minimum reporting standards will improve the 
quality of RT-qPCR assays. A combination of robust RT-qPCR 
assays and more relevant biomarkers in solid cancers based on 
genomic rearrangement will revolutionize our ability to iden-
tify cancers accurately and, it is hoped, at an earlier stage. 
Furthermore, an association between oncogene fusion and tumor 
behavior will extend the assay’s utility to rational therapeutic tar-
geting. Whilst improved assay quality will also make RT-qPCR 
assays more consistent and reliable for the detection of pathogens, 
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