
Abstract. Virally-associated cancers are unique in that their
origin is typically well defined and suitable to genomic analysis
on a smaller scale. We recently reported the transcription
profile of Kaposi’s sarcoma-associated herpesvirus
(KSHV/HHV-8) in Kaposi’s sarcoma (KS) using a real-time
quantitative PCR (QPCR) array. This review explores the
advantages and limitations of such an approach as well as the
possibilities of extending PCR-based profiling to human
cancers. Since real-time QPCR records a truly quantitative
transcription profile, this technology will improve statistical
analysis and solidify clinical decision-making.

One quarter to one third of human cancers are associated

with infectious agents (1). Generally, prolonged exposure of

a particular microorganism leads to chronic inflammation,

tissue remodeling and eventual neoplastic transformation.

Such is the case in Heliobacter pylori-induced ulcers and

gastric carcinoma. Chronic inflammation activates signaling

pathways, such as the p53 pathway, that have traditionally

been associated with spontaneous or virally-induced cancers

(2). In most virally-associated cancers, for instance human

papilloma virus (HPV)-associated cervical cancer,

intracellular expression of the viral oncogenes alters these

cellular signaling pathways (3). Viral gene products interfere

with the host cells’ ability to respond to genotypic or

environmental stress, leading–eventually–to cell autonomous

transformation. During the initial stages of tumor

progression, clearance of virally-infected cells by the immune

system or inhibition of viral oncogenes may stop the

progression to a fully transformed cancer cell. This rationale

drives the development of therapeutic anti-cancer vaccines

and virus-specific, anti-cancer drugs (4). Hence, it is crucial

to identify the viral proteins that are expressed in human

tumors and to determine their mechanism of action.

Cancers of infectious etiology follow characteristic and

statistically recognizable patterns. Figure 1, panel A plots

the annual incidence rates for Kaposi’s Sarcoma (KS) in the

San Francisco/Bay area (USA) as collected in the

Surveillance, Epidemiology and End Results (SEER)

repository of the National Cancer Institute (USA). In the

mid-nineteen eighties, incidence rates for KS showed a

greater than exponential increase while incidence rates for

other human cancers, in this example lung cancer (Figure 1,

panel B), remained largely level. This marked increase in

KS incidences, of course, signified the onset of the AIDS

epidemic in the United States. KS is one of the original

AIDS-defining conditions (5). One important characteristic

for cancers of infectious etiology is that the incidence rate in

any single year depends on the incidence rates in the

preceding years, which correlates with the rate of spread of

the infectious agent. During the observation period of the

SEER study, KS incidence rates changed only in men, not

in women. In contrast, the incidence rate changes over time

for lung cancer were similar in men and women, even

though the overall rate for lung cancer was higher in men.

As seen in Figure 1, panel C, KS incidence rates per age

group follow a bimodal distribution that peaks at ages 30-

36 and increases again at ages >70 years. In contrast,

incidence rates for most spontaneously occurring cancers

increase exponentially with age as the number of

spontaneous mutations accumulates (6). Cancers with a

strong association to one genetically predisposing mutation,
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such as loss of Rb alleles in the case of retinoblastoma (7),

also exhibit a bimodal age distribution. However, in cases of

genetic predisposition, a familial pattern is also present and

the typical age of onset is early childhood. In contrast the

age distribution of many virus-associated cancers correlates

with sexual maturity. In the case of Kaposi’s sarcoma-

associated herpesvirus (KSHV), KS incidence rates

correlated significantly with the lifetime number of male

sexual partners (8), which immediately suggested a sexually-

transmitted agent as the cause of this cancer.

Attempts to culture an infectious agent directly from KS

tumors failed, but in 1994 Chang et al. (9) used

representational difference analysis (RDA) to demonstrate

the presence of a novel human herpesvirus in KS lesion that

was not present in the normal skin of the same patient nor in

KS-negative patients. The new virus was named Kaposi’s

sarcoma-associated herpesvirus (KSHV) or human

herpesvirus 8 (HHV-8). The cloning of KSHV established a

new paradigm for the discovery of uncultivatable agents (10,

11). Traditionally, infectious causes of diseases had to fulfill

Koch’s postulates: (a) to be found exclusively in the affected

patients (cases), but not in unaffected control individuals

(controls); (b) to be isolated and grown clonally in the

laboratory and (c) the pure isolate should also be able to

induce disease in the original or an experimental host. These

rules have to be relaxed for the discovery of infectious causes

or co-factors of cancer to succeed due to the long latency

period between initial infection and clinically recognized

malignancy. In contrast to acute infections, such as influenza

or tuberculosis, people may carry an oncogenic virus for

years prior to disease manifestation, although the KSHV

viral load typically rises in the months that precede lesion

formation (12, 13). We still require all cases of virally-

induced cancers to contain the infectious agent, though more

often at the early stages of tumor progression. At advanced

stages, mutations in cellular genes may substitute for the

viral oncoprotein, as for instance in EBV-negative Burkitt’s

lymphoma. KSHV was never successfully isolated from KS

lesions and tumor explants routinely lose the virus after

passage in culture, since ex vivo conditions select for

aneuploid, highly neoplastic clones that no longer depend on

viral oncogenes (14). Coincidentally, lymphoproliferative

diseases, such as primary effusion lymphoma (PEL) or

multicentric Castleman’s disease (MCD) (5, 15), often

accompany KS in AIDS patients. The lymphatic effusions

harbor KSHV and maintain the virus upon continuous

growth in culture (16-18). 

The development of experimental models of cancers is

essential for diagnostic, exploratory and drug-related research

(19), yet few research endeavors are more time-consuming

and less predictable. With some exceptions, human tumor

viruses have homologous viruses in non-human primates (20,

21). Sometimes smaller experimental animals can be

developed into a suitable model as well (22-24). Similar to

transgenic mouse models of genetic alterations in human

cancer (25), extensive validation is needed to establish animal

models for virus-associated cancers.

High-throughput genomic profiling offers the chance to

accelerate our investigations into viral-associated cancers as

much as it has benefited research into cancers of hereditary
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Figure 1. A. Incidence rates of Kaposi’s sarcoma in the US; B. Incidence
rates of lung cancer in the US; C. Age-specific incidence rates of Kaposi’s
sarcoma in the US.



or spontaneous origin (26). When a virus (e.g. KSHV) has

been established as a causative agent of a particular cancer

(e.g. KS), the viral genome presents a well-defined target for

genomic explorations. Since viral genomes are orders of

magnitude smaller than the human genome, we have

developed whole genome arrays based upon real-time

quantitative PCR (QPCR) rather than hybridization to probes

on solid support matrixes (27, 28). Instead of using real-time

quantitative RT-PCR only as a means to confirm selected

"hits" from large-scale cDNA-based array, oligonucleotide-

based array, or Serial Analysis of Gene Expression- (SAGE)

based screens, viral real-time quantitative PCR arrays
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Figure 2. Schematic of real-time QPCR set-up and array analysis.



combine whole genome screening with truly quantitative

determination of individual mRNA levels. This novel

technique resulted in spectacular increases in throughput,

sensitivity and specificity, which we detail here.

Many technological platforms are in use to measure

changes in mRNA levels (reviewed in (29)). Most were

developed with the long-term goal of assessing the

transcription pattern of every gene for a particular

organism. This, of course, is of utmost importance for

cancer research where, in particular, changes in hitherto

uncharacterized human genes or ESTs may identify novel

biological pathways and novel targets for cancer therapy (26,

30, 31). Real-time quantitative PCR (QPCR) arrays, as we

developed for KSHV, compress conventional array

methodology into a technologically robust, rapid and

inexpensive system for routine profiling. Today even smaller

clinical and research centers have extensive experience in

real-time QPCR, which has become routine for viral

diagnostics and they are in a position to use QPCR-based

expression arrays (32).

Performance parameters of real-time quantitative PCR arrays.
The primary achievement of real-time QPCR is that, for the

first time, PCR delivers reliable quantitative information

without the need for dilution series or internal competitors,

etc. The quantitative information can be extracted since the

QPCR reaction is monitored in real-time. The reaction

product is quantified at every cycle and only data points

during exponential amplification are used to compute the

initial target concentration (33). 

Generally, transcriptional profiling by real-time QPCR

proceeds as follows (see Figure 2): Real-time quantitative

PCR measures the amount of PCR product at each cycle of

the reaction either by binding of a fluorescent, double

strand-specific dye (SYBRgreenì) or by hybridization to a

third sequence-specific, dual-labeled fluorogenic

oligonucleotide (molecular Beacon, TaqManì). Since the

introduction of real-time QPCR, many applications have

arisen using this technology. Its kinetics and chemistries of

real-time QPCR are covered in detail by Mackay et al. (32).

The first step in setting up the reaction is creating the

primer mix. The primer mix consists of both the forward

and reverse primers at a concentration of 1pmol/Ìl. This

primer mix is then combined with the SYBR Green 2xPCR

mix (Applied Biosystems, CA, USA) to create the master

mix. Often a final volume of 15Ìl will be sufficient and we

have previously demonstrated its efficacy (27, 28).

Depending on the individual equipment, smaller volumes

may be possible, but we found that without automation the

pipetting error becomes substantial. In comparison to the

volume originally recommended by many manufacturers a

smaller volume lowers the cost of QPCR per reaction by

70%. A single set of universal cycling conditions is used for

all primers in the real-time QPCR array. 10 minutes at

95.0ÆC, is used to activate the polymerase within the PCR

mix (hot-start PCR). Phase two is the cycling or

amplification phase of the reaction. During this phase the

first step is a denaturing phase, 15 seconds at 95.0ÆC and

the sec step is a combined annealing and elongation phase,

1 min at 60.0ÆC. This second phase is iterated for 40 cycles.

In adopting real-time QPCR to comparative transcription

profiling for KSHV, we realized that we could feed the real-

time QPCR output (the so-called "CT value") for all primers

in the array directly into existing cluster analysis programs

(34). In fact, the initial step in hybridization-based analysis

is to compute the logarithm of the signal intensity in order

to improve statistical performance. The real-time QPCR

output (CT) already represents a logarithmic measure of the

target concentration and can therefore be used directly. 

In conventional PCR, different primer pairs perform with

different amplification efficiencies and require different

annealing temperatures for successful target amplification.

In contrast, real-time QPCR primers are designed to fit very

narrow performance criteria. This eliminates the need for

computing actual mRNA levels or for recording an external

standard curve for each primer pair. The primers in the

KSHV-specific real-time QPCR arrays exhibited an average

amplification efficiency (E) for each primer pair of

E=1.94±0.12 (n=91), which is very close to the ideal

amplification efficiency of E=2. The associated standard

error across primers that are directed against the same

target (purified viral linear genomic DNA) was 6%

(unpublished observation). By contrast, cellular mRNA

levels typically change several fold in response to specific

stimuli. Hence, we conclude that for any target in the array,

the biological variation associated with clinical specimens is

well above the experimental error for this technology. In

sum, real-time QPCR is a truly quantitative assay with a

linear range of quantification over six orders of magnitude.

PCR is the most sensitive DNA and RNA detection

method available today. It is inherently more sensitive than

hybridization-based RNA detection methods. Thus far, we

have been able to quantify 96 different viral mRNAs from a

2x2 mm fine-needle KS biopsy (28) or from as little as 5000

FACS-sorted cells (22). Real-time QPCR from a single cell

or oocyte has been reported (35) and this technology has

emerged as the assay of choice for single cell analyses after

laser capture microscopy (36). Non-specific amplification

methods are in use for conventional arrays (37).

Conceivably, these genome-wide pre-amplification steps will

boost the sensitivity of real-time QPCR arrays even higher.

When using fluorescent hybridization probes (TaqManì or

Beacon technology) to quantify real-time QPCR products

non-specific signals were rarely encountered (22). Recent

developments have further increased the signal-to-noise

ratio of real-time QPCR (38-41). Another feature of real-
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time QPCR lies in the ability to select primers that can

detect splice-site-specific isoforms (22, 42). This is

important, for instance, in evaluating the profile of VEGF

in human cancer since different VEGF isoforms correspond

to different malignant phenotypes (43-45). 

It is unclear how many markers are needed to predict

cancer phenotypes. For example, a single event–loss of p53–is

sufficient to predict Li-Fraumini-Syndrome or in the case of

MDR resistance to chemotherapy. In human lymphomas,

changes in 10-60 mRNAs can predict long-term survival (for

examples see (30, 46)). For most common cancers, changes

in the expression of multiple genes are responsible for the

cancer phenotype. Real-time QPCR arrays are easily scalable

to analyze any number of mRNAs in parallel or multiples

thereof per sample. This is in contrast to printed arrays,

which always analyze the fixed number of genes in the array

regardless of the experimental need. Real-time QPCR arrays

can be used to investigate specific hypotheses with regard to

the relevant predictors on study, rather than canvassing one

standardized set of genes in all instances.

Application of real-time quantitative PCR arrays. The relatively

small genome size (≤100 open reading frames) of most cancer-

associated viruses implies that the entire genome can be

queried by real-time QPCR arrays. We have conducted such

an inquiry with regard to KS and KSHV (27, 28) to address the

same questions that others investigated in KSHV-associated

lymphomas using hybridization-based cDNA arrays (47, 48) or

Northern blots (49, 50): Which genes are actively transcribed in

the tumor? How much do they vary between individuals? Can

molecular profiling identify subclasses among tumors that are

grouped based upon pathology review? What is the

transcriptional response to a particular drug?

Because KS is characterized by high levels of

inflammation and angiogenesis, prior attempts by us and

others to extract enough RNA from KS biopsies for

conventional analysis had failed. We were, however, able to

extract sufficient RNA quantities from KS biopsies for real-

time QPCR, since only minute amounts of input samples

(<1 ng) are required and since 100-nucleotide amplification

targets generally do not require long intact RNA molecules.

Thus, we were able to successfully transfer real-time QPCR

technology from the laboratory setting, which is

characterized by unlimited sampled material, to the analysis

of clinical biopsies (28). After analyzing 21 frozen 2x2-mm

KS biopsies using our viral real-time QPCR arrays and

public-domain cluster software (35), we were able to group

otherwise identical KS tumors into molecularly distinct

clusters based upon the degree of viral lytic gene expression.

The application of real-time QPCR array technology is not

limited to small viral genomes but can be extended to the

transcriptional profiling of human cancers; not as a primary,

comprehensive tool for screening, but for follow-up and rapid

diagnosis. A cursory review of existing micro-array studies

revealed that <0.1 to 1% of genes in any given array exhibit

>2 fold variation and were able to predict disease outcome,

such as responder vs. non-responder or low-grade vs. high-

grade tumor. For instance, Bohen et al. (52) evaluated 24

patients with follicular lymphoma with regard to their response

to rituximab. After examining >30,000 mRNAs, they focused

on 2037 mRNAs which showed >2-fold variation. Further

comparison to normal spleen and tonsil tissue revealed that

most mRNAs were, as expected, lymphoid-specific. In the end,

only 98 genes showed a significant (p≤0.005 by Wilcox sum-

rank test) correlation with clinical outcome. In this study the

response to rituximab was determined by the gene expression

profile at time of initial diagnosis, suggesting how array analysis

can be incorporated in treatment decisions or in the

assignment of patients to a particular clinical trial. Such small

sets of "informative" mRNA markers are clearly different for

each tumor type. No one would expect that the same genes

that affect tumor progression in follicular lymphoma would

necessarily be crucial to the development of breast cancer.

However, we can envision custom-tailored real-time QPCR

arrays (e.g. a "rituxomab array") in routine clinical diagnosis or

for large-scale, multicenter phase III studies where

comprehensive microarray analysis may not be economically

feasible and, as exemplified above, may not yield any more

statistically significant information.
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