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Abstract

Kaposi's sarcoma (K S) is the signature pathology of AIDS. K S-associ-
ated herpesvirus (KSHV/HHV-8) iscausally linked to KS. Here, wereport
the first complete profile of KSHV transcription in primary KS lesions
using anovel, real-time PCR array. The KSHV latency | mMRNAs [latency-
associated nuclear antigen (LANA)/orf73, v-cyclin/orf72, and v-FLIP/
orf71] wereinvariably present in all biopsies. Yet, viral lytic mRNAswere
detectablein only a subset of tumors. Interestingly, there was a difference
in the expression pattern of the viral IFN-regulatory factors (VIRFs)
encoded by KSHV. The vIRF-I/K9 clustered with LANA in KS, in con-
trast to its homologue, vIRF-3/LANA-2, which is transcribed only in
K SHV-associated lymphomas. This suggests that the various vIRFs en-
coded by KSHV are important for KSHV latency as well as KS tumori-
genesis and that their redundancy may be explained in part by a tissue-
specific regulation. Clinical KSHV transcriptional profiling as described
here will prove useful for the identification of KS tumor markers for
diagnosis and as potential drug targets. Stratification by KSHV lytic
transcription can identify lesions with a high percentage of Iytically in-
fected cells, which may respond to antiviral drugs.

Introduction

In 1981, KS® was recognized as the signature pathology for AIDS
(reviewed in Ref. 1). Although highly active antiretroviral therapy led
to adecline of AIDS-related KSin the United States, mounting failure
rates in patients on highly active antiretroviral therapy (primarily due
to noncompliance) suggest that KS will represent a health problem for
years to come. Classic KS predates the HIV/AIDS epidemic and was
first described in 1872 as a disseminated sarcoma of the skin. KSis
endemic in sub-Saharan Africa. Here, transmission of KSHV pro-
ceeds from mother to child before puberty, and KSis fatal. Today’s
widespread HIV-1 coinfection has dramatically increased KS inci-
dence rates in this area. Prevalence levels for anti-KSHV antibodies
reach 30% in some South African HIV patients, and childhood KS has
become the most common neoplasm in many parts of the African
continent. Lastly, KS has been documented in organ transplant recip-
ients, in whom it comprises an estimated 3% of tumors, particularly in
regions of high KSHV prevalence, such as Southern Italy, Turkey, and
Saudi Arabia.

KSHV/HHV-8 DNA can be found in every KS lesion. Every KS
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tumor cell expresses at least one vira protein: the LANA/orf73 (2).
Antibodies to LANA exist in virtually al HIV-infected as well as
non-HIV-infected KS patients, and other viral antigens have also been
identified as the targets of this response. Prospective, longitudinal
studies found that increases in peripheral blood viral load as well as
KSHV-specific antibody titers precede the onset of disease and cor-
relate with increased risk for KS. In addition, two lymphoproliferative
disorders, primary effusion lymphoma (PEL) and multicentric Castle-
man'’s disease (MCD), are associated with KSHV (3, 4). These ob-
servations imply (a) that KSHV viral oncogenes are required for KS
development and (b) that the identification of these viral genes may
provide highly specific tumor markers and/or rational intervention
targets for KS therapy.

We and others previously analyzed KSHV transcription in PEL-
derived cell lines (5-7). By and large, these experiments confirmed
the transcriptional patterns that were previously assembled for indi-
vidual KSHV latent and lytic genesin KS and KSHV -associated PEL,
but it is conceivable that viral gene expression differs between KSHV-
associated B-cell lymphoma and KS, a KSHV-associated sarcoma of
endothelial cell lineage. Thus far, however, the scarcity of material
has prevented the genome-wide transcriptional analysis of KSHV in
primary KS lesions. By applying a novel, real-time quantitative RT-
PCR array (5), we were able to query the transcription profile of viral
genes across the entire KSHV genomein 21 primary KS biopsies. The
KSHV latency locus, encompassing LANA/orf73, the v-cyclin/orf72,
and v-FLIP/orf71, was consistently transcribed in all 21 KStumors, as
was the VIRF K9/VIRF-1.

Materials and Methods

Tumor Samples. Twenty-four specimens were obtained from the ACSB.*
Written consent was obtained from all patients before submission of material
to the bank. Use of the samples was reviewed and approved by the institutional
review board of the University of Oklahoma Health Sciences Center. The
specimen cohort reflects historical submissions to the ACSB. The mean age of
patients was 48 * 9 years, 2 individuals were female, and 21 were mae.
Seventy-four percent were HIV positive, 4% were HIV negative, and HIV
status was not available for 22%. Three biopsies did not yield a signa for
GAPDH, a housekeeping mRNA, and were excluded from the analysis.

RNA Extraction and Real-Time, QPCR. RNA was isolated as described
previously (5) using RNazol (Tel-Test, Inc., Friendswood, TX). Polyadeny-
lated MRNA was prepared using dT-beads (Qiagen Inc., Vaencia, CA) and
reverse-transcribed using Superscript-11 reverse transcriptase (Life Technolo-
gies, Inc., Rockville, MD), according to the manufacturers' recommendations.
The KSHYV real-time QPCR array has been described previously (5). The final
PCR reaction contained 2.5 ul of primer mix (final concentration, 166 nm), 7.5
wul of 2X SYBR PCR mix (Applied Biosystems, Foster City, CA), and 5 ul of
sample. To guard against contamination and handling errors, al rea-time
QPCR reactions were assembled in a segregated clean room using a CAS-2000
robot (Phoenix Inc., Hayward, CA) with 0.1 ul accuracy, liquid level sensing,
and filtered pipette tips. Rea-time PCR was performed using an ABI
PRIZM5700 machine (Applied Biosystems) and universal cycle conditions.

4 http://acsb.ucsf.edu/.
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Statistical Analysis. Hierarchical clustering was performed as described
previously (8). All samples were normalized to GAPDH, centered by median
of gene, normalized to =1, and ordered by hierarchica clustering (prior
k-tuple sort or self-organizing maps did not change the outcome). Calculations
were performed using Excel (Microsoft Inc., Redwood, WA) and SPSS (SPSS
Science, Chicago, IL). Two types of normalization were applied: type |
normalization relative to median for each gene yielded 8CT (henceforth
abbreviated 8); and type Il normalization relative to the reference gene
GAPDH vyielded ACT (henceforth abbreviated A). The latter eliminates dif-
ferences due to variation of the overall input cDNA concentration. During type
| normalization, only CT values of asingle primer pair are compared with each
other. Hence, amplification efficient differences between primer pairs do not
enter the calculation. In contrast, type |1 normalization compares two different
primers pairs, such as those for gene A and gene GAPDH, with associated,
possibly different, amplification efficiencies k, and kgappy. After both nor-
malizations were applied successively, we obtained SACT (unfortunately,
current literature uses ACT for type Il and AACT to denote the outcome after
both normalizations,® which masks the different properties of the two opera-
tions). Because we performed clustering in log-space on the initial CT values
rather than interpolated mRNA levels, only a linear term is subtracted from
each sample, which did not impact the rank order between tumor samples.
Furthermore, we determined the amplification efficiency for each primer pair
in the array (data not shown). The mean amplification efficiency E was
1.94 = 0.12 (n = 91) for the entire array, and the associated SE was 6%, which
iswell below the biological variation that is associated with clinical specimens.

Results

Real-Time, Quantitative RT-PCR Arrays. Real-time QPCR has
been established as a powerful, specific, and extremely sensitive tool
to quantify DNA, such as encountered in viral load assays, or—after
reverse transcription—RNA. Real-time QPCR measures the amount
of product at each cycle of PCR. Hence, the exponential phase of the
amplification reaction can be visualized and used for quantification.
The standard readout of various instruments and chemistries, which
are currently in use for rea-time QPCR, is expressed as CT (aso
written as C). The CT value denotes the cycle number at which
sufficient PCR product has accumulated to cross a user-defined
threshold. Lower CT values indicate higher target concentrations. CT
values can be related to absolute or relative target concentrations by
using an external standard curve or generally accepted approximations
(9-11). The analysis presented here relies on hierarchical clustering
(8) of theinitial CT data rather than interpolated mMRNA levels. This
excludes any potential bias, which might be introduced by different
amplification rates for different primer pairs. Rather than quantifying
any one particular mRNA at atime, we used a real-time quantitative
RT-PCR array, which queries the entire KSHV transcriptome (5).
This QPCR array delivers the same information as comparable hy-
bridization-based DNA arrays (data not shown) but uses only a
fraction of input material, which allowed us to sample clinical, pri-
mary KS hiopsies. Because of the inherent sensitivity of PCR, no
generalized enhancement step (such as T7 amplification or primer
switching) was necessary before PCR with gene-specific primers.
This eliminated any bias against rare mMRNAS, which may otherwise
be inappropriately amplified during enhancement and skew our inter-
pretation of the data. In summary, our assay is both quantitative and
qualitative.

To explore the KSHV transcription profile in primary KS tumors,
we obtained 24 KS biopsies from the ACSB. However, we excluded
three of these samples from further analysis because the GAPDH
control could not be amplified from these three samples. The panel of
21 sampleswas collected at different institutions from a number of KS
patients before their enrollment into clinical trials. At the time, these
samples represented all cryopreserved KS samples that were available

5 ABI user bulletin P/N4303859.

to the wider research community. Cryopreserved samples are still the
optimal source for reliable MRNA extraction. The small sample size
(2 X 2-mm punch biopsies) and substantial RNase activity in the
highly vascularized KS lesions thwarted prior attempts to investigate
KSHV transcription using hybridization-based arrays but presented no
obstacle for the RT-PCR-based array described here.

TheTotal Levelsof LANA mRNA Correlateand Arelndicative
of the Amount of KS Tumor Cellsin a Biopsy. Clinica biopsies
can vary considerably with regard to how many tumor cells and how
many nontumor cells are present. To identify the most sensitive and
specific probe in our array, which could identify the presence of
KSHV-infected tumor cells, we compared tumor with NTC control.
None of the PCR primers yielded any specific product when analyzed
by agarose gel electrophoresis (data not shown). However, SYBR-
green-based real-time QPCR is much more sensitive compared with
gel-based analysis, and nonspecific products (such as primer dimers)
may yield asignal at late cycles. Fig. 1A plots the mean CT values of
21 KS biopsies for each primer pair in the KSHV array over the CT
value of the NTC reactions. None of the primer pairs in the array
yielded any signal of the NTC prior to 30 cycles, which is the upper
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Fig. 1. A, the mean CT value for each primer pair obtained after amplification of KS
tumor-derived cDNA pools (n = 21) is plotted on the vertical axis, and the CT of NTC
is plotted on the horizontal axis. Cellular mRNAs are highlighted by @, mRNAs with a
mean CT > 1*SD above NTC are highlighted in gray. Also shown isthe 45° equivalency
line (solid line) as well as the SD for GAPDH in al KS tumors (dashed lin€). B, the SD
for each primer pair is plotted on the vertical axis, and the mean CT is plotted on the
horizontal axis. Cellular mMRNAs are highlighted by ®, mRNAswith amean CT > 1*SD
above NTC are highlighted in gray. Also shown are the mean SD and the average mean
CT for al KS tumors.
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limit for conventional PCR. Eighty-eight of 91primer pairs (97%) did
not yield asignal from the NTC prior to 35 cycles, and 74 of 91 primer
pairs (81%) yielded no signal in the NTC reaction even after 40 cycles
of PCR. However, rather than choosing a single cutoff value across
the entire array, Fig. 1A allowed us to establish significance and
sensitivity limits for each primer pair based on the individual NTC
reaction. Primer pairs below the 45° equivalency line (Fig. 1A)
showed no amplification in the NTC reaction (horizontal axis) but
showed a significant signal for KS samples (vertical axis). For exam-
ple, the mRNA for GAPDH was present at the highest level (mean
CTys = 27 = 6 compared with mean CT < = 48) in al samples
(Fig. 1A, @). Based on the GAPDH SD for KS tumors (SD = *6),
GAPDH mRNA was 3X the SD more abundant in KS samples
compared with the NTC reaction, demonstrating the range of our
RT-PCR assay. Assuming ideal amplification efficiency, GAPDH
mRNA levels were 22 * 17 = 10*-fold above background. Three KS
samples that did not yield appreciable GAPDH mRNA levels were
excluded from further analysis. Other cellular mRNAs e.g., actin and
myc (Fig. 1A, @), exhibited similarly high levels (as indicated by low
mean CT values) because these are also transcribed in every cell.

KSHV -specific MRNASs were also detected in the KS tumor biop-
sies at significant levels (Fig. 1A, gray circles). Primers specific for
LANA/orf73 mRNA vyielded significant amplification in all tumors.
The levels for LANA mRNA were calculated to be 2'-° * 7 = 1000~
fold above background of the NTC reaction. This is consistent with
prior in situ analysis for LANA, which showed that LANA protein is
expressed in every KS tumor cell (2, 12). LANA mRNA was less
abundant than GAPDH mRNA for two reasons: firstly, not all cellsin
the KS biopsy are KS tumor cells. KSHV-negative infiltrating lym-
phocytes as well as surrounding normal tissue are also present in the
biopsy. Secondly, on a per cell basiss, GAPDH mRNA is more
abundant than LANA mRNA, as shown by real-time QPCR analysis
in BCBL-1 cells (5, 13).

Many KSHV gene-specific PCRs did not differ significantly in
their mean CT for the KS samples as compared with the NTC (Fig.
1A, O). This could be because a particular primer pair was not
sensitive enough or because the corresponding mRNA was not present
at high enough levels to be detected. The latter possibility is more
likely because this real-time QPCR is capable of detecting all KSHV
mRNAs in aslittle as 5000 KSHV-infected BCBL-1 cells undergoing
Iytic reactivation (5). In BCBL-1 and other PEL cell lines, every
single cell is infected with KSHV, whereas only the endothelial cells
in the KS lesion are infected with KSHV. The result for the KSHV
lytic mMRNA orf26 illustrates this observation (Fig. 1A, O). Based on
in situ hybridization assays, 1% of KS tumor cells transcribe lytic
mMRNAs (12). This percentage, however, varies widely between indi-
vidual samples, and with KS stage (nodular, plaque, patch). Hence,
the mean CT 5 values for orf29 and other lytic mRNAs did not differ
significantly from the CT ¢ of the control reaction. Importantly, this
does not imply that lytic KSHV viral mRNAS are not transcribed in
KS tumor samples or that their expression is not required for the
development of KS but rather that the detection of these lytic mMRNASs
is below the sensitivity of an analysis of means. Thisis illustrated in
Fig. 1B. Here, the SD g, an indicator of variability within our sample
collection, is compared with the mean CT ¢ for all samples. GAPDH
and myc exhibit alow SD and are highly abundant (low mean CTg;
Fig. 1B, @) because these cellular MRNAS are transcribed in al cells.
LANA and v-FLIP aso exhibit alow SD because they are transcribed
in each KS sample, but at a lower level (high mean CT g, Fig. 1B,
gray circles) compared with GAPDH. The other KSHV mRNAs fall
into two classes: (a) mMRNAs that were present at such low levels that
their mean CT g did not differ significantly from the NTC (O); and

(b) MRNASs that were present at alevel significantly above NTC (gray
circles), but at very different levels in different samples (high SD).

Differential Transcription Profiles of KSHV Latent and Lytic
MRNAsin KS. To gain amore detailed view of KSHV transcription
in individual KS tumors and to increase the power of our investiga-
tion, we performed cluster analysis of the individual real-time QPCR
data (see “Materiadls and Methods’ for details). The three cellular
genesin thearray, GAPDH, actin, and c-myc, group together (see Fig.
2, yellow highlight). This is expected because these three genes
signify the amount of total mRNA in each sample. Because of our
normalization algorithm (see “Materials and Methods’), the differ-
ence Al ana = CTiana — CToapon Signifiesthe fraction of KSHV-
infected cells in each biopsy. It varies widely from biopsy to biopsy
with mean (A ana) = 7.75 £ 7.40, indicative of the fact that
individual biopsies contain more or less tumor cells. Hence, the
amount of LANA mRNA serves as a marker for KSHV-positive cells
and can be used to quantify the amount of KSHV-infected tumor cells
in abiopsy. The LANA mRNA level provides an important yardstick
for further analysis because the levels of other KSHV latent mMRNAs
or of cellular MRNAS that are regulated by LANA should correlate
with the level of LANA mRNA, whereas levels of lytic mRNAs
should not. KSHV lytic mRNAs correlate with the fraction of KS
tumor cells undergoing lytic replication, rather than the total fraction
of KSHV-infected cells that is measured by LANA. This idea is
described in more detail in below.

KSHV mRNAs were divided into two clusters: an upper group and
a lower group. The KSHV latency | mRNAs encoding LANA, v-
cyclin, and v-FLIP were queried by multiple primers across the locus:
lat273F, 73-5'-UTR, 71primer2, Tag-F4, orf72f1 (5). These primers
al grouped together [mean of all pairwise Pearson correlations,
0.6 = 0.1 (n = 10); Fig. 2, red highlight]. This is consistent with in
situ observations, which show LANA and v-cyclin to be expressed in
al KS tumor cells as well as in al PEL cells (2, 12). Other KSHV
mMRNAs clustered with LANA as well. However, close inspection
revealed that the corresponding primers did not yield a signal above
NTC in any of the KS samples. Hence, their transcription pattern is
uniform, namely background, across the panel, which led to their
grouping with the uniform highly transcribed latency cluster. Only
K9/VIRF-1 mRNA was present at significant levelsin al KS tumors,
which is evidenced by its clustering with LANA (see Fig. 2, blue
highlights). This establishes K9/VIRF-1 as latent mRNA in KS tu-
mors. It extends an earlier report, which mapped a latency-specific
start site for K9/VIRF-3 in PEL 84 bp upstream of a second, lytic
cycle-specific start site (14). By comparison, LANA-2/vIRF-3 (15,
16) did not cluster with this group, even though LANA-2/VIRF-3
groups with LANA in terms of its nonresponsiveness to 12-O-tetra-
decanoylphorbol-13-acetate induction in PEL (5). Thus, the vIRFs
represent a group of homologous, redundant KSHV latent genes that
are differentially regulated between different KSHV-associated tumor
types.

What unites the other KSHV genes (Fig. 2, top panel)? These
(mostly lytic) mRNAs were not present in al tumors. Here, the
median (Fig. 2, bottom panel, black) indicates the absence of any
MRNA. The apparent less than median levels (Fig. 2, bottom panel,
red shades) result from normalization to varying GAPDH levels for
each tumor samples. Only tumor samples that showed increased
mRNA levels (Fig. 2, bottom panel, blue shades), as compared with
the median, transcribe detectable levels of lytic mMRNAs. KSHV lytic
mMRNASs could be amplified from these tumor samples because the
fraction of KS tumor cells undergoing lytic replication was substan-
tia. Thisis best illustrated by pairwise comparison. Fig. 3 plots CT
values for individual genes relative to GAPDH. As shown in Fig. 3A,
the level of c-myc mRNA correlated highly with the level of GAPDH
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Fig. 2. Treeview representation of hierarchical cluster analysis. Red shading indicates
decreased levelsrelative to the median (black), and blue shading indicates increased levels
relative to the median on a logarithmic scale.

mRNA for each tumor sample (R> = 0.7834, m = 0.85). Actin levels
did so much less (R = 0.1357, m = 0.55), which is consistent with
published reports that discredit actin as a uniform standard for mMRNA
normalization (17). Fig. 3B compares the data for orf71/v-FLIP and
orf72/v-cyclin to GAPDH. The mRNA levels for both latent mMRNAS
were highly correlated with GAPDH (R? = 0.5855 and m = 1.14 for
orf72/v-cyclin; R? = 0.5755 and m = 0.71 for orf71/v-FLIP), con-
sistent with the idea that all KS tumor cells transcribe KSHV latent
mMRNAs and that the majority of cellsin an individual KS biopsy are
KSHYV infected. By contrast, Fig. 3C plots the CT values for K14 and
orf22, two KSHV lytic mRNAS, relative to GAPDH. Here, it was not
possible to calculate a regression line. Rather two populations of data
could be discerned, those with considerable amounts of KSHV lytic
mRNAs and those with no detectable level of KSHV lytic mMRNAs
(CT = 50). This outcome suggests that KS tumors can be stratified
according to the degree of lytic reactivation in the tumor.

Discussion

Transcriptional profiling of human tumors yields crucia insights
with regard to pathological classification, oncogene discovery, and
therapy selection. Its application to routine clinical diagnostics has
been limited chiefly by the scarcity of high-quality and high-quantity
biopsy material, which is required for hybridization-based arrays. To
circumvent this bottleneck in assay sensitivity, we developed a real-
time, quantitative, RT-PCR-based array, which covers the entire
KSHV genome (5). Here, we applied this methodology to the identi-
fication of KSHV mRNAs that are consistently transcribed in primary
KS lesions. To date, no cell line that maintains KSHV has been
derived from KS lesions, and our study represents the first compre-
hensive evaluation of KSHV transcription in primary KS lesions, as
opposed to culture-adopted PEL cell lines, which may or may not
conserve the transcription program of the primary tumor.

Extending earlier observations (2, 12), we found that KSHV
LANA, v-cyclin, and v-FLIP mRNAs were present in al KS tumors.
The ratio of LANA mRNA to GAPDH mRNA can be used to obtain
a quantitative measure of KS tumor cells, rather than surrounding
normal stroma, in a given biopsy. Such a measure is important
because it will allow us to relate changes in cellular transcription to
the degree of latent KSHV infection. Because the LANA protein is
required for KSHV episome persistence and proper genome segrega-
tion (18-21), its expression is aso required in al latently infected
cells (KS, PEL, and MCD). Furthermore, LANA exhibits transform-
ing properties (22). KSHV v-cyclin and v-FLIP may also aid KSHV
tumorigenesis by inducing aberrant S-phase progression and inhibit-
ing apoptosis, respectively. The mRNAs that encode all three proteins
originate from acommon, latent viral promoter (12, 13, 23) and in this
array are queried by multiple independent primers. Our analysis of
primary KS lesions reaffirms LANA as an obligate tumor marker for
K SHV-associated malignancies.

A comparison of the KSHV latent gene expression profile in KS
(this study) with prior data obtained from PEL cells using the same
array (5) expands prior classifications of KSHV latent and lytic genes
(57, 23, 24): type | latency genes (such as LANA, v-cyclin, and
v-FLIP) are transcribed in al KSHV-associated tumors (KS, PEL, and
MCD) and are not induced upon KSHV lytic replication. Type I-B
latency genes (such as LANA-2/VIRF-3) are transcribed only in
KSHV-associated B-cell malignancies and not in endothelial-derived
K'S tumors and are not induced upon KSHYV lytic replication. Type |1
latency genes (such as K12/kaposin or K9/VIRF-1) are transcribed in
KSHV-associated tumors, but their transcription is further enhanced
during viral lytic replication. Those genes most likely have a dual
function during latent and lytic replication. Finaly, type |11 comprises

2013



KAPOSI'S SARCOMA ARRAY

50

CTcellular

50 g—Bg 7

CTlatent
w
wn

20 35 50
CTgapdh

50 mEcEEgEe
]

o ® |

| Mg, |

o o
Op

CTlytic
w
1]

20

20 35 50
CTgapdh
Fig. 3. Regression analysis of individual KSHV mRNAs. Plotted on the vertical axis
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KSHV latent mRNAs (B; boxes for v-FLIP/orf71, circles for cyclin/orf72), and two
KSHV lytic mRNAs (C; boxes for orf45, circles for K14) relative to the CT value for
GAPDH mRNA for each KS sample.

exclusively lytic mMRNAS («, B, and y-2), which are required for virus
propagation.

It is intriguing that the relative levels of KSHV lytic mRNAs
segregate KS tumors into two groups (with or without discernable
Iytic viral transcription) because it implies the possibility that KSHV
transcription changes during stages of KS tumor progression. At this
point, our collection of KS tumors is too limited to assign a mecha
nistic role for any one KSHV lytic gene in KS tumor development.
Clearly, additional studies are needed, in particular to determine
whether specific KSHV lytic mMRNAs can predict clinical outcomes or
the susceptibility of individual KS lesions to antiviral therapy (25).

The mRNA for KSHV IFN-regulatory factor K9/VIRF-1 was also
present in every KS sample, and its transcription profile clustered with
the KSHV latency | mRNAs, LANA, v-cyclin, and v-FLIP. K9/
VIRF-1 was initialy identified because of its sequence homology to
cellular IFN-regulatory factors (26—28). It inhibits IFN-mediated sig-
nal transduction pathways and transforms NIH3T3 cells in culture,
presumably by interfering with p53 function and/or induction of
c-myc. Two transcription start sites have been identified for K9/v-
IRF-1: asitedistal to the AUG, which is active during latency in PEL;
and a second, more proximal site, which is induced upon lytic reac-
tivation (14). The data presented here establish the presence of K9/

v-IRF-1in al KS tumors. This strengthens the role of K9/v-IRF-1 in
KS tumorigenesis. The homologous LANA-2/vIRF-3 did not cluster
with LANA, consistent with earlier reports that showed LANA2/
VIRF-3 to be expressed significantly only in PEL and MCD (15). This
suggests that the different, redundant, vIRFs are needed in different
target cells and/or during different stages of viral infection.

In summary, this study represents the first transcriptome anaysis
for KSHV in primary KS biopsies. It validates the genera applica-
bility of real-time QPCR-based arrays to clinical samples. Real-time
QPCR-based arrays for other tumor-associated herpesviruses or select
cellular real-time QPCR arrays should have similar sensitivities and
utilities. Genome-wide PCR uncovered vira latent genes that were
commonly transcribed in al KSHV-associated tumors (LANA, v-
cyclin, and v-FLIP). These vira proteins represent highly tumor-
specific targets for drug-based or vaccine-based KS therapy. Our
analysis also identified two sequence-related and functionally over-
lapping genes, which were preferentially transcribed during latent
infection of either endothelial/mesenchymal lineage cells (K9/VIRF-1
in KS) or lymphoid lineage cells (LANA-2/VIRF-3 in PEL). This
points to an essential role for VIRFs in KSHV pathogenesis. Our
clustering based on lytic mRNA transcription should be of clinical
importance with regard to differential tumor therapy using antiviral
drugs.
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