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Kaposi’s sarcoma-associated herpesvirus (KSHV; human herpesvirus 8) is associated with three human
tumors, Kaposi’s sarcoma, primary effusion lymphoma (PEL), and multicentric Castleman’s disease. KSHV en-
codes a number of homologs of cellular proteins involved in the cell cycle, signal transduction, and modulation
of the host immune response. Of the virus complement of over 85 open reading frames (ORFs), the expression
of only a minority has been characterized individually. We have constructed a nylon membrane-based DNA
array which allows the expression of almost every ORF of KSHV to be measured simultaneously. A PEL-
derived cell line, BC-3, was used to study the expression of KSHV during latency and after the induction of lytic
replication. Cluster analysis, which arranges genes according to their expression profile, revealed a correlation
between expression and assigned gene function that is consistent with the known stages of the herpesvirus life
cycle. Furthermore, latent and lytic genes thought to be functionally related cluster into groups. The correla-
tion between gene expression and function also infers possible roles for KSHV genes yet to be characterized.

KSHV (Kaposi’s sarcoma-associated herpesvirus) is the
eighth and most recently identified human herpesvirus (10).
Many studies have causally linked KSHV to the pathogenesis
of Kaposi’s sarcoma (KS) (reviewed in reference 41). KSHV is
also specifically associated with primary effusion lymphoma
(PEL) (7) and a plasmablastic form of multicentric Castle-
man’s disease (16, 42). KSHV is predicted to encode at least 85
open reading frames (ORFs) which include a number of ho-
mologs of cellular genes (30, 35). These cellular homologs may
determine the pathogenicity of KSHV (32).

Like all herpesviruses, KSHV establishes a latent infection
in cells, persisting as episomal DNA (13). During latency, viral
gene expression is restricted to only a few genes (37, 43, 49).
These latent genes are thought to maintain the viral episome
(3), avoid antiviral host immune responses (15), and provide a
growth advantage to infected cells (17, 20, 33). The full reper-
toire of viral gene expression occurs only during lytic replica-
tion, when virus progeny are produced and the host cell is
destroyed (34). The study of KSHV has benefited from the
establishment of cell lines from PEL (2, 8, 34). These cells
harbor the virus in a latent form and can be induced to enter
lytic replication by treatment with sodium butyrate or the phor-
bol ester 12-O-tetradecoylphorbol 13-acetate (TPA) (29, 34).

A number of studies have described KSHV gene expression
in latency and during lytic replication (37, 44, 49, 50). KSHV
transcripts have been categorized into three classes based on
their expression in uninduced and lytically induced PEL
(BC-1) cells: class I (constitutive), class II (present in unin-
duced cells but upregulated with TPA), and class III (only
present after induction) (37). However, only one time point
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after lytic induction was studied, and large probes that were
not specific for individual genes were used. The expression
pattern of most KSHV genes therefore remains largely un-
known.

DNA arrays provide a means to measure the expression of
hundreds or thousands of genes simultaneously as well as al-
lowing high-throughput characterization of samples (reviewed
in reference 26). Comparison of mRNA populations of cells
with a known phenotype under known conditions enables pat-
terns of gene expression to be linked to the status of cell
processes and events. The vast amount of data generated with
these techniques have dictated the development of mathemat-
ical techniques to address the problem of analysis. Clustering
algorithms that arrange data based on the coexpression of
genes (18) are able to group together genes which have com-
mon roles in a cellular process or by the cell type in which they
are expressed (1, 12). This method also accurately distin-
guishes samples from different sources solely by their patterns
of gene expression (1). DNA arrays have recently been applied
to studies of viral infection, including that of human cytomeg-
alovirus (9, 21, 51). Herpesviruses make ideal candidates for
DNA array technology, as every viral gene can be printed onto
a single array. Therefore, the complete gene expression profile
(transcriptome) of an entire genome can be elucidated from
the results of one experiment.

Here, we report on the construction of a DNA array that
allows the measurement of the expression level of almost every
known KSHV ORF. We studied the expression of the viral
genome during latency and during TPA-induced lytic replica-
tion in a PEL cell line and used cluster analysis to arrange
genes according to their expression profile. This method
groups together genes which may be involved in a common
process and arranges genes in a temporal order consistent with
the known stages of herpesvirus replication. This revealed that
K10 has an expression profile similar to that of T0.7 RNA, a
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known latent transcript. The correlation between gene expres-
sion and function also suggests possible roles for genes that
have yet to be characterized. We have made an initial demon-
stration of the feasibility of this approach by the discovery of a
novel transcribed ORF (K10.7) with homology to known in-
terferon regulatory factors (IRFs). Reverse transcription
(RT)-PCR confirms array data suggesting that KSHV encodes
four full-length IRF-related proteins.

MATERIALS AND METHODS

Array elements. Approximately 350 bp of DNA sequence was amplified from
the 5" end of known KSHV ORFs. Similarly, primers were chosen to amplify
sequences from cellular genes and nonhuman/nonviral sequences which were
used as positive and negative hybridization controls. The genes chosen were
those encoding ubiquitin (M26880), tyrosine 3-monooxygenase activation pro-
tein (NM_003404), pyrophosphate phosphoribosyltransferase (V00530), glycer-
aldehyde 3-phosphate dehydrogenase (X01677), a-tubulin (K00558), major his-
tocompatibility complex (MHC) class I HLA-B (X75953), B-actin (X00351),
highly basic protein (X56932), ribosomal protein S9 (U14971), luciferase
(E15166), and tobacco mosaic virus 180-kDa protein (D78608). The primers
used are listed at www.biochem.ucl.ac.uk/bsm/virus_database/KSHVarray.html.
Each array element was cloned into either pBluescript (Stratagene) or pPGEM-T
Easy (Promega), and the sequence was verified (Beckman). Common vector
primers were designed to amplify the cloned array elements. The PCR products
were purified using a Qiagen 96-well PCR purification system and concentrated
by ethanol precipitation. Finally, the DNA was resuspended in water at 400
ng/ul, and approximately 36 ng of DNA was spotted in duplicate on Hybond-N
membrane (Amersham) using a high-density gridder (Eurogentec). The DNA on
the arrays was denatured (in 0.66 M NaCl-0.5 M NaOH), neutralized (in 40 mM
phosphate buffer, pH 7.3), and then UV cross-linked to the membrane.

Quality control of DNA deposition. The quality of array element spotting was
determined by the hybridization of **P-labeled oligonucleotide probes specific
for common primer sequences present at the ends of the PCR products. Oligo-
nucleotide probes were end labeled with [y->*P]ATP (ICN) using T4 polynucle-
otide kinase (Promega). Labeled probes were separated from unincorporated
label by ethanol precipitation with lithium chloride. The arrays were preincu-
bated for 30 min in ExpressHyb hybridization solution (Clontech) with dena-
tured salmon sperm DNA (100 pg/ml; Roche) at 42°C. The labeled oligonucle-
otides were hybridized to the arrays for 18 h at 42°C in 5 ml of ExpressHyb with
salmon sperm DNA (100 pg/ml). The arrays were washed twice at 50°C in 2X
SSC (0.3 M NaCl plus 0.03 M sodium citrate)-0.1% sodium dodecyl sulfate
(SDS), with a final wash in 0.1X SSC-0.1% SDS. Bound probe was detected
using a phosphor screen (Molecular Dynamics), and the signals were quantitated
by phosphorimaging using ArrayVision software (Imaging Research). For quan-
titation, the local background was subtracted from each array element. Only
complete, evenly spotted arrays were used in the subsequent experiments. The
oligonucleotides were stripped from the arrays by the addition of boiling 0.5%
SDS, which was allowed to cool to 22°C with agitation. Stripping efficiency was
assessed by phosphorimaging. The Spearman rank order correlation of probe
bound to each array element for each array compared to all others was found
using the program Statistica (Statsoft).

Cell culture. The cell line BC-3 (2) was grown in RPMI 1640 medium (Gibco
BRL) supplemented with 10% fetal calf serum, penicillin and streptomycin (100
U/ul), and ciprofloxacin (40 wg/ml). The culture was maintained between ap-
proximately 10° and 10° cells per ml. The herpesvirus-negative Burkitt’s lym-
phoma cell line Ramos (24) was grown under the same conditions.

Induction of viral replication and RNA purification. Before induction of virus
replication, dead cells were removed from the cultures by density centrifugation
through Lymphoprep (Nycomed). Cells were then resuspended in fresh medium,
and viral replication was induced by the addition of TPA (Sigma) at 20 ng/pl.
BC-3 cells were harvested after 0, 2, 4, 10, 24, 34, 48, and 72 h, pelleted, and
washed once with phosphate-buffered saline. The cell pellet was frozen imme-
diately at —80°C or lysed in RLT lysis buffer (Qiagen) before freezing. As a
control, the same procedure was followed for BC-3 cells but without the addition
of TPA. RNA was purified using Qiagen’s RNeasy kit and quantitated by UV
spectrophotometry. RNA quality was assessed by denaturing agarose gel elec-
trophoresis. The RNA was DNase I treated (Promega) and repurified by phenol
extraction and ethanol precipitation.

c¢DNA synthesis and array labeling. Between 4 and 24 pg of total RNA was
used in each RT reaction. The cDNA synthesis was primed using a pool of gene-
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and sense-strand-specific 3’ primers (0.2 pmol). [a->>P]dATP-labeled cDNA was
prepared using a Strip-EZ RT kit (Ambion). cDNA was separated from unin-
corporated nucleotides using Microspin SR-400 columns (Amersham). The la-
beled probe was denatured by incubation in 0.1 M NaOH-0.1 mM EDTA at
68°C and then neutralized with 1 M NaH,PO,. Human Cot-1 DNA (Gibco BRL)
was added to the probe to suppress cross-hybridization to repetitive DNA. The
prehybridization and hybridization steps as described above except for a higher
hybridization temperature of 64°C. Washes as described above were performed
at 65°C. The signal was quantitated as before. Labeled cDNA probe was stripped
from the arrays using the Strip-EZ system (Ambion), and the process was
checked by phosphorimaging. Arrays were stored at 4°C on filter paper (What-
man) saturated with 0.1X SSC-0.1% SDS and were rinsed in 0.1X SSC-0.1%
SDS at 68°C before being used again.

Data processing and cluster analysis. Local background for each array ele-
ment was subtracted, and the mean signal from the duplicate spots was calcu-
lated. This gives one data point for each viral gene and two for each cellular gene
to assess hybridization consistency. The complete data set can be viewed at
www.biochem.ucl.ac.uk/bsm/virus_database/KSHVarray.html. The mean unin-
duced expression values were calculated for each viral gene across all uninduced
samples, and from this a median value was generated. This value was then
doubled and used as the divisor to transform the data from absolute expression
values to ratios. The data set was then converted to log base 2, and before the
induced samples were clustered, genes were normalized across the experimental
data set (the sum of the squares set to 1) to equalize the magnitude of the
expression vectors (18). To control for differences in amounts of RNA and
the age of isotope in each experiment, the arrays were mean centered using the
expression of a subset of the cellular genes (those encoding glyceraldehyde
3-phosphate dehydrogenase, a-tubulin, and ribosomal protein S9) which were
deemed nonchanging by their covariance across all arrays. The covarying house-
keeping genes were determined by generating a Pearson correlation matrix for
all the cellular genes using Statistica (Statsoft). The mean centered data set was
then imported into the program Cluster (18), and the genes were ordered using
a self-organizing map algorithm (12) (the number of nodes was set to \/n). The
genes and arrays were clustered by average linkage hierarchical clustering using
the uncentered Pearson correlation as the similarity metric. To cluster the arrays,
each gene was weighted based on the local density of row vectors in its vicinity.
The results were visualized with the software TreeView (18). All viral genes were
clustered except for ORFs 35, 50, 60, 68 and K15 exon 8 due to their cross-
reaction with Ramos cell RNA and ORF 33, whose expression could not be
detected.

RT-PCR. RNA was prepared from BC-3 cells as for array analysis. cDNA was
synthesized from 5 g of total RNA primed with oligo(dT) primers (Stratagene),
using SuperScript II (Gibco BRL) according to the manufacturer’s instructions.
Genomic DNA was purified from BC-3 cells using Qiagen’s QIAamp DNA Mini
kit. PCR was performed on 1/10 volume of cDNA using Tag polymerase (Roche)
or the Expand Long Template PCR system (Roche). The primers used were as
follows: for K9, ATGGACCCAGGCCAAAGACC and TTATTGCATGGCAT
CCCATAACG; for K10/10.1, ATGCCTAAAGCCGGTGGCTC and TCAA
TGTAGACTATCCCAAATGG; for K10.5/10.7, ATGGCGGGACGCAGGCT
TAC and TTAGTCATCACATGTAACTGAACG:; for K11/VIRF-2, ATGCC
TCGCTACACGGAGTC and TTAGTCTCTGTGGTAAAATGGG; and for
K10.1 splice (see Fig. SD), GGACATTTGTCAAAGGAGCTA and CAAATG
TGTCGCTGTACCGT. Splice sites were predicted and verified by software
at the Berkeley Drosophila Genome Project (www.fruitfly.org/seq_tools/splice
.html).

RESULTS

A DNA array for KSHV. To fully represent the coding po-
tential of the KSHV genome on the array, we designed a set of
PCR primers to amplify sequences from 88 known ORFs and
some KSHYV gene-specific exons. Cloned array elements were
checked for the possibility of cross-hybridization both against
each other and against host genes by searching GenBank using
pairwise sequence analysis. No array elements were found to
have significant homology to sequences other than those they
represent. The arrays consist of a total of 288 separate ele-
ments spotted onto nylon membranes. Every KSHV PCR
product was spotted in duplicate, and every cellular PCR prod-
uct was spotted in quadruplicate. The cellular genes were split
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between different parts of the array to assess the consistency of
hybridization.

The spotting of every element on each array was checked by
hybridization of **P-labeled oligonucleotides complementary
to the common PCR primers. Quantitation of these signals
showed the spotting to be very consistent. Within each array,
the average variation in the amount of bound probe detected
between duplicate spots was measured at +5%. Patterns of
spotting between arrays were also found to be almost identical;
the Pearson correlation coefficient of bound probe to array
elements between different arrays was 0.93 or above (data not
shown).

The arrays were used to examine virus gene expression dur-
ing latency and lytic viral replication. Total RNA was extracted
from BC-3 cells at different time points (0 to 72 h) with or
without the addition of TPA, which induces lytic replication.
To confirm the reproducibility of the arrays, we performed
duplicate experiments representing 0, 24, 34, 48, and 72 h after
induction. To control for the sensitivity of the arrays, luciferase
RNA was added to the samples before labeling. This showed
that RNA present at 1:100,000 (wt/wt), approximately equiva-
lent to 10 copies per cell, could be detected at 10-fold above
background. This sensitivity compares well with the known
sensitivity of glass microarrays (40, 51). Tobacco mosaic virus
elements acted as negative controls and on average gave a
signal only 1.3-fold above background (standard deviation of
0.3). To further test the specificity of the arrays, we extracted
RNA from Ramos cells, a KSHV-negative B-cell line, and
hybridized it to an array. Almost all of the virus genes ap-
peared negative, showing that the vast majority of the probes
are specific for KSHV RNA. However, five elements, corre-
sponding to ORFs 35, 50, 60, and 68 and K15 exon 8 exhibited
cross-hybridization with Ramos cellular RNAs and therefore
were not included in further analyses.

Gene expression analysis by KSHV arrays. Examples of
results from the arrays are shown in Fig. 1 and represent genes
expressed during latency and 24 h after the induction of lytic
replication with TPA. Both conditions are represented by the
results from two independent experiments. The signal intensi-
ties are identical between the duplicate sets of cellular genes
on the individual arrays, suggesting consistent hybridization
results. Gene expression values (means and standard errors
from two samples) for uninduced cells show that the genes fall
into two main classes at these time points (Fig. 1A). The signal
from the majority of array elements forms a baseline, while the
expression of a few genes (those encoding v-FLIP [ORF 71],
v-cyclin [ORF 72], LNA-1 [ORF 73], K7, T1.1 [nut-1], T0.7,
K10, and vOx-2 [K14]) is detected at significantly higher levels.
The small standard errors indicate that duplicate samples give
identical gene expression patterns. Even genes expressed at
low levels, such as the LNA-1 gene, are consistently and sig-
nificantly detected above the baseline, as shown by the absence
of significant error bars. Therefore, the arrays are accurate and
highly reproducible.

The array data demonstrate that KSHV is under tight tran-
scriptional control in BC-3 cells and remains in a latent state in
the vast majority of cells (37, 50). The induction of lytic repli-
cation leads to a marked difference in the hybridization pattern
on the array (Fig. 1B and C). This reflects the increase in the
transcriptional activity of the viral genome during lytic repli-
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cation (34, 37). The increase in transcription varies between
regions of the genome and individual genes. Genes markedly
upregulated within 24 h include those encoding nut-1, vOx-2,
K8, and v-Bcl-2, in agreement with previously published data
(37, 38, 44, 50). Other genes for which expression has not
previously been analyzed, for example, ORFs 11 and 58, are
upregulated to similar extents. TPA induction of viral replica-
tion also increases the expression of two of the cellular genes,
encoding ubiquitin and the MHC class I antigen HLA-B. In-
terestingly, the expression of HLA-E was found to be induced
by lytic replication of another human herpesvirus, cytomega-
lovirus (51).

KSHYV gene expression during latency. Although KSHYV is
under tight transcriptional control in uninduced BC-3 cells,
lytic replication can clearly be induced with TPA, leading to
differential KSHV gene expression (Fig. 1C). Lytic replication
also occurs spontaneously in around 1% of uninduced BC-3
cells (52). To order and compare those genes that were being
expressed in latent and lytic cells, we assembled all data from
both uninduced and induced cells at all time points and clus-
tered the viral genes using the software Cluster (18). The
hierarchical clustering algorithm groups genes based on how
their expression varies over all samples. A dendrogram is gen-
erated with genes sharing similar patterns of expression situ-
ated on the same branch. The branch lengths represent the
degree of similarity between the genes. The output of this
algorithm as applied to our data is shown in Fig. 2A. Shades of
red signify detection of expression at levels sufficiently above
the baseline (as defined by the median expression level [Ma-
terials and Methods]) to be judged significant. All genes are
colored green or black in Ramos cells, a B-cell line negative for
KSHYV, as are most genes in all uninduced samples, indicating
that these genes are not detectable (not expressed) in these
samples. The small number of genes expressed in every unin-
duced sample (red) correspond exactly to those shown to be
above the baseline signal (Fig. 1A). After hierarchical cluster-
ing, these genes also form their own branch of the tree, cor-
responding to genes for which expression can consistently be
detected in uninduced cells. The branch splits into two sub-
branches, one corresponding to v-FLIP, v-cyclin, and LNA-1
(ORFs 71, 72, and 73, respectively) and the other containing
vOx-2 (K14), K7, nut-1, T0.7, and K10 (Fig. 2B). Previous work
has shown that transcripts encoding v-FLIP, v-cyclin, and
LNA-1 are present during latent infection of PEL cell lines and
show a slight increase upon the induction of lytic replication
(14, 45). This branch thus represents latent (class I) transcripts.
All three genes are transcribed together from the same initia-
tion site on two overlapping transcripts (14, 39, 45). Their
clustering together due to their similar expression profiles
therefore gives us further confidence that the arrays are able to
represent accurately biological information.

The expression of all genes in the second subbranch in-
creases significantly upon the induction of lytic replication.
These results have previously been shown by Northern blotting
in the cell line BC-1 (37). These genes could either be ex-
pressed in latent cells but increase upon lytic induction or be
expressed at a high level in the small percentage of spontane-
ously lytic cells present in uninduced cultures which form an
increasing proportion of the total population during induction.
To distinguish between these two possibilities, we determined
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FIG. 1. (A) Quantitation of results from two independent uninduced samples. The data from the two arrays were normalized using a subset
of the cellular genes. The signal variation between the two samples is shown by the error bar for each element which represents the mean value.
KSHYV genes are indicated by the open bar and are ordered colinearly with the genome from 5’ to 3’ as indicated. Cellular genes are indicated
by a solid bar and are separated from viral genes by a vertical line. The signal from the majority of array elements forms a baseline, while the
expression of a few genes is detected at levels significantly above this (labeled). MDC, Molecular Dynamics counts. (B) Quantitation of the results
for duplicate samples taken at 24 h after TPA induction. The chart is in the same format as panel A. Array elements showing strong signals are
labeled. (C) Scatter plot comparing the results from panels A and B. The values plotted represent the means from duplicate experiments. KSHV
genes are indicated by open circles; cellular genes are indicated by filled circles. Identities of the points representing those labeled in panels A and

B are shown.

the fold induction over time for each gene (as opposed to
expression relative to the median expression level) (Fig. 2C).
v-FLIP, v-cyclin, and LNA-1 show an increase of less than
twofold by 24 h (also shown in Fig. 1C) and up to fourfold over
72 h, consistent with previous data (14, 45). Although these
increases are significant, they are below that for almost every
other gene on the array (data not shown).

The expression of K7, nut-1 (T1.1), and vOx-2 increases over
100-fold from uninduced cells, and the genes form a further
subbranch from the v-FLIP/v-cyclin/LNA-1 branch (Fig. 2B
and C). The nut-1 signal increases up to a maximum of over
640-fold at 72 h postinduction. This is well above previous
Northern blot analysis, which estimated an increase of 20- to
30-fold (48) or 48-fold (44). Results of experiments in which
known amounts of luciferase mRNA were added to the label-
ing reaction suggest that the expression level of nut-1 reaches
at least 50,000 copies per cell, in close agreement with previous

studies which estimated that there were approximately 25,000
copies per cell in transfected cell lines (48) and at least 10,000
copies per positive cell in a KS biopsy (43). This large amount
of RNA in each cell would account for its detection in the few
spontaneously lytic cells that exist in an otherwise uninduced
cell population (50,000 copies in 1% of cells is the equivalent
of 500 copies per cell). vOx-2 also shows a large (168-fold)
increase in signal during lytic induction. This, and its clustering
with nut-1 and K7, leads us to believe that the positive signal
for vOx-2 during latency is again from a minority of spontane-
ously lytic cells.

The patterns of K10 and T0.7 expression indicate that these
may be expressed as latent transcripts that are upregulated
with TPA (19- and 15-fold, respectively). T0.7 RNA is ex-
pressed in the majority of KS spindle cells (43, 49) and in
uninduced PEL cell lines (34). A longer but overlapping tran-
script is detectable with a T0.7-specific probe in uninduced
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FIG. 2. (A) Hierarchical clustering of gene expression data. Each row represents a separate amplicon on the array; each column represents the
results from one array, hybridized with the sample detailed above. Columns 2 to 8 (—TPA) show untreated cells at successive time points shown
in hours; lanes 9 to 21 (+TPA) show time points after the induction of lytic replication with TPA. Two independent experiments were conducted

for the 24-, 34-, 48-, and 72-h time points for TPA induction. Column

1 (No KSHYV) shows the array results from Ramos cell RNA, a

KSHV-negative B-cell line. Levels of expression are relative to double the median level of expression for all genes averaged over all uninduced
samples. The magnitude of this ratio is color coded according to the scale; shades of red signify detectable expression, and shades of green illustrate
expression below the baseline level. The dendrogram on the left represents similarities of patterns of gene expression. The branch colored green
is discussed in the text. (B) Expanded view of the uppermost cluster (red in panel A), which represents genes whose expression is detectable in
uninduced cells. (C) Fold increase in expression at each time point (relative to time zero) after the induction of lytic replication with TPA. The
genes form the cluster shown in panel B. The values are relative to the mean of the two time zero samples, with the values for 24, 34, 48, and 72 h

being the averages of two experiments.

BC-3 cells and has been shown to be upregulated by TPA
(36). Our results are in agreement with these data. K10
clusters with T0.7 (Fig. 2B) and is induced to a similar extent
(Fig. 2C). Although K10 was previously described as a class
III transcript, it could also be detected in uninduced BC-1
cells (37).

A number of other genes have been described as class 11
(37). These all have low signals on arrays hybridized with
uninduced samples, and cluster analysis places most of them in
the adjacent major branch (dendogram colored green in Fig.
2A). Genes in this branch can be detected only at low levels in

uninduced cells and are the first to be expressed at high levels
after lytic induction. Therefore, it is likely that these genes
were originally classified as class II due to their accumulation
in the minority of lytic cells present in uninduced cultures (37).
Taken together, these data suggest that care must be taken in
assigning KSHV gene expression classes, as genes that are
expressed abundantly in the lytic cycle (K7, nutl, and vOx-2)
will be detected in a latent cell culture where a small fraction
of cells enter the lytic cycle spontaneously.

KSHY gene expression during lytic replication: genes shar-
ing similar functions are coordinately expressed. Most of the
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KSHYV genes are not detectable in latent BC-3 cells. However,
their expression increases over time after the induction of lytic
replication (Fig. 2A). Different genes reach significant levels of
expression at different time points, and cluster analysis ar-
ranges them into three main groups. To determine whether the
timing of gene expression correlated with proposed gene func-
tion, we first ordered the data from the TPA induction time
course with a self-organizing map (12) and then grouped the
Iytic genes by hierarchical clustering (Fig. 3). The order of the
genes reflects the relative time when expression is first de-
tected, from earliest to latest. Hierarchical clustering resulted
in three main branches comprising genes with similar patterns
of expression; we have named these classes primary lytic genes,
secondary lytic genes, and tertiary lytic genes. The mean ex-
pression pattern of genes in each of these classes was deter-
mined, illustrating the time at which each group of genes was
detected at levels greater than double the uninduced median
gene expression level (Fig. 4A). Although expression of the
tertiary lytic genes was not significantly above the uninduced
median expression level until after 48 h, their level of expres-
sion starts to increase prior to this (Fig. 4A). Therefore, the
relative times at which gene expression is detected by any
method is intrinsically linked to the sensitivity of the detection
system used. In addition, to perform extensive cross-compari-
sons, all genes should be measured by the same method at the
same time.

We also used hierarchical clustering to group the samples on
the basis of similarities between patterns of gene expression.
Samples representing repeated conditions are clustered in im-
mediately adjacent columns, indicating that these time points
have individually distinct patterns of expression (1). This also
shows that the effects of experimental noise or artifact are
minimal. Expression of the primary lytic genes becomes de-
tectable within the first 10 h after the induction of lytic repli-
cation. The branching of the sample dendrogram shows that
the largest change in gene expression occurs between 10 and
24 h after the addition of TPA, corresponding to the time of
expression of the secondary lytic genes. A second significant
change occurs between 48 and 72 h and corresponds to expres-
sion of the tertiary lytic genes.

To determine correlation between gene expression and
function, we assigned functional annotations to genes, where
known, from GenBank records. In addition, by comparison
with orthologous sequences in other herpesvirus genomes, we
were able to assign further putative KSHV gene functions.
ORFs were broadly assigned to five functional groups: ho-
mologs of cellular regulatory or signal transduction genes, vi-
rus gene regulation, DNA replication, DNA repair and nucle-
otide metabolism, and virion formation and structure. Genes
that could not be assigned to any of these groups were desig-
nated unknown/other (Fig. 3). Cluster analysis shows that
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genes belonging to the same functional group tend to have
similar expression profiles. For example, viral regulatory genes
are all primary lytic genes, whereas genes involved in virion
formation are almost exclusively secondary and tertiary lytic
genes. Also, the relative time at which the expression of dif-
ferent genes is detected correlates with the stage of the life
cycle in which that gene is thought to act. This is known for
other herpesviruses and can be seen more clearly for KSHV in
Fig. 4B, which shows the mean expression profile for genes in
each functional group. Genes thought to be involved in virus
gene regulation are the first to be detected (at 4 h postinduc-
tion), consistent with their presumed role in activating lytic
gene expression. Genes involved in DNA replication can be
detected at significant levels by 14 h, followed by those pre-
sumed to function in DNA repair and nucleotide metabolism
at 20 h. Genes encoding proteins that form part of the virus
particle (tegument, capsid, and envelope glycoprotein) and
those involved in virus assembly are not expressed until later in
the virus life cycle (average of 34 h). Viral homologs of cellular
genes involved in regulation or signal transduction are ex-
pressed after the viral regulatory genes but before those in-
volved in DNA replication. This time of expression is consis-
tent with the presumed role of these genes to overcome host
responses to viral infection (31, 32), thus allowing replication
to proceed. Thus, this type of classification, based on gene
expression and function, provides insight into the KSHV lytic
replication cycle.

Array analysis can predict the organization and function of
viral genes. It has previously been noted that the coexpression
of uncharacterized genes with those of known function may
provide a means of gaining clues to the functions of these
genes (18). In addition to containing clones of previously iden-
tified ORFs, the array also includes a number of elements that
correspond to presumed noncoding intergenic regions (data
not shown). Preliminary data suggest that some of these may
be transcribed. One such clone corresponds to a sequence
located between K10.5 and K11 (91091 to 91380 in U75698) in
block g (35). This region of the genome encodes two ORFs,
vIRF-1 (ORF K9) (5, 32, 35) and vIRF-2 (6), which have both
sequence and functional homology to cellular IRFs. Block g
also contains a further two putative ORFs which have homol-
ogy to IRFs (35), named K10.1 and K10.5 (GenBank accession
no. U93872, submitted by F. Neipel et al. [6]). The ORF that
we refer to as K10.5 has also been named K10.1 (32). K10,
K10.1, K10.5, K11, and vIRF-2 proteins all share homology
with VIRF-1 by pairwise sequence analysis. The vIRF-1,
vIRF-2, K10.1, and K11 genes are all classified as secondary
lytic genes by cluster analysis (Fig. 4). The array element cor-
responding to the region between K10.5 and K11 is also clus-
tered in this branch [labeled K10.7 (Putative ORF) in Fig. 3].
This information, along with its genomic location, suggested

FIG. 3. Hierarchical clustering of genes and samples after the induction of lytic replication with TPA. The genes are ordered using a
self-organizing map algorithm (18). The normalized log expression ratio is color coded according to the scale at the bottom. ORFs and
corresponding gene names are listed on the right and color coded according to putative function shown by the key above. The dendrogram on the
left represents relatedness of the patterns of gene expression. The three major branches are color coded according to the class of genes they
represent and the times at which expression is first detected: primary lytic genes (0 to 10 h), secondary lytic genes (10 to 24 h), and tertiary lytic
genes (48 to 72 h). Each column represents a sample taken at different times in hours after TPA induction (labeled above). The dendrogram at

the top relates the samples according to the pattern of gene expression.
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FIG. 4. (A) Mean patterns of expression of the genes contained in
each major branch of the tree shown in Fig. 4. The data shown are
identical to those used in the cluster analysis. Values above the liney =
0 are red in Fig. 4; values below are green. The values for 24, 34, 48,
and 72 h represent the averages of two experiments. (B) Mean patterns
of expression of genes grouped by putative function (Fig. 3). The initial
time when significant expression is detected is extrapolated from the
point where the lines cross y = 0 and thus become significantly above
the baseline expression in uninduced cells. The values for 24, 34, 48,
and 72 h represent the averages of two experiments.

that this clone might represent a novel ORF with homology to
the known vIRFs. ORF analysis showed that the array element
formed part of a novel ORF (named K10.7) that corresponds
to nucleotides 91394 to 90936 in KSHV genomic sequence
U75698. Multiple sequence alignment shows that this ORF
shares homology with vIRF-1, vIRF-2, K10.1, and two human
IRFs in part of the N-terminal DNA binding domain (6) (Fig.
5A).

The adjacent clustering of K11 and vIRF-2 on the array (Fig.
3) suggests that these two ORFs may be cotranscribed. K10,
K10.5, and K11 share homology with vVIRF-1 and human IRFs
in the C-terminal region (data not shown). We therefore tested
whether K10 and K10.1, K10.5 and K10.7, and K11 and vIRF-2
were spliced together in pairs to give three longer ORFs en-
coding putative proteins with homology to both the C termini
and N-terminal DNA binding domains of known IRFs. RT-
PCR across the predicted long ORFs showed that the tran-
scripts were indeed spliced (Fig. 5B). Sequencing showed that
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the removal of an intron generated a complete ORF across
each transcript (Fig. 5C). These transcripts encode for three
putative IRF-related proteins, K10/10.1, K10.5/10.7, and K11/
vIRF-2, with predicted molecular masses of 98, 62.5, and 75
kDa, respectively. Therefore, together with vIRF-1, KSHV
encodes four proteins with homology to full-length IRFs.

The array results suggest that K10.1 is not spliced to K10
during latency. To test this hypothesis, we searched for alter-
native splice sites around K10 and K10.1 and found a putative
donor site upstream of K10.1 at 89034. RT-PCR with a primer
complementary to sequence immediately upstream of this site
showed that the first 112 bp of K10.1 are spliced out in latent
cells (Fig. 5D). This splice removes an intron complementary
to the K10.1 probe on the array. This transcript could not be
detected by PCR of the entire K10/10.1 ORF (Fig. 5B) because
the 5’ end of K10.1 lies within this intron. This alternatively
spliced transcript encodes K10, a putative protein of 767 amino
acids (82 kDa) which is missing the DNA binding domain
encoded by K10.1. Transcripts containing this intron and there-
fore encoding the putative DNA binding domain can be de-
tected only in cells undergoing lytic replication by both RT-
PCR and array analysis (Fig. 3 and 5D).

DISCUSSION

We have described the creation of a nylon membrane-based
array for the study of KSHV that has yielded highly consistent
and reproducible results. We have analyzed KSHV gene ex-
pression during latency and lytic replication. The arrays are
able to detect the small number of transcripts that were pre-
viously shown to be expressed during latency. The ordering of
the array data by cluster analysis separates latent and lytic
genes and generates a temporal program of lytic gene expres-
sion. The division of the lytic genes into three main classes
(primary, secondary, and tertiary) gives a simple means of
assessing when the expression of these genes becomes detect-
able.

Analysis of the relative levels of gene expression and pre-
dicted functions of the KSHV genes provides detailed insight
into the biology of this herpesvirus. The array results confirm
previous Northern blot analysis that the v-FLIP, v-cyclin, and
LNA-1 genes are latent genes only marginally upregulated dur-
ing lytic infection and that the T0.7 transcript is also present
during latency (34, 36, 45). Cluster analysis and RT-PCR sug-
gest that K10 may be a latent gene that is induced after the
induction of lytic replication. Array data and RT-PCR show
that K10 is alternatively spliced to give two forms, K10 and
K10/10.1. Only K10/10.1, which is a lytic transcript, encodes a
protein with a putative DNA binding domain. A protein of 100
kDa, closely matching the predicted size of K10/10.1, was pre-
viously found to be induced after TPA treatment of PEL cell
lines (23). Further work is needed to confirm whether K10
protein is present in latent cells and whether the gene is alter-
natively spliced during lytic replication.

The expression patterns of the lytic genes also correlates
well with previously published Northern blot analyses. The
primary lytic genes encoding vIL-6, K12, K5, nut-1, K8, and K4
have previously been shown to be expressed between 8 and
13 h after induction (44). ORF65 (25, 44) and ORF17 (47),
which encode the small viral capsid antigen and the KSHV
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FIG. 5. (A) Alignment of DNA binding domains of the human
IRFs IRF-4 (GI:2497445) and ICSB-1 (GI:4504567) with those of
VvIRF-1 (GI:1718311), vIRF-2 (GI:3152729), K10.1, and a novel puta-
tive ORF, K10.7. The amino acid sequences for K10.1 and K10.7 were
translated from the genomic sequence of KSHV (U75698). The se-
quence shown for each protein is bounded by the amino acid positions
shown on either side. The alignment was performed with ClustalW
(46). (B) RT-PCR products showing transcripts encoding vIRF-1 and
the putative ORFs K10/10.1, K10.5/10.7, and K11/VIRF-2. The primers
used are complementary to either end of the putative long ORFs (see
Materials and Methods). RNA was extracted from BC-3 cells 24 h
after the addition of TPA. RT-negative controls and positive controls
from KSHV genomic DNA are included for each RT-PCR. The RT-
PCR product sizes are predicted to be 1,350 (K9), 2,736 (K10/10.1),
1,701 (K10.5/10.7), and 2,043 (K11~VIRF-2) bp. (C) Positions (relative
to genomic sequence U75698) and organization of the IRF-related
genes of KSHV. The location of the novel putative ORF K10.7 is
shown. Secondary lytic genes are shaded in black. The region of each
ORF whose translated sequence is shown in panel A is indicated by the
grey bars above. Sequenced transcripts shown in panel B are drawn
below the corresponding ORFs. Each transcript encodes a predicted
protein with full-length homology to known IRFs. The predicted size
of the encoded protein is indicated below each transcript. Introns are
located between 88343 and 88443 (K10/10.1), 90846 and 90939 (K10.5/
10.7), and 93519 and 93639 (K11/VIRF-2). (D) Sequenced transcripts
encoding K10/10.1 and K10. The positions of start and stop codons and
introns are shown relative to U75698. RT-PCR products correspond-
ing to the two transcripts are shown on the right. The primers used (see
Materials and Methods) are labeled (small arrows). RNA templates
was taken from BC-3 cells 0 (latent) and 24 (lytic) h after the addition
of TPA. The PCR product from KSHV genomic DNA is shown for size
comparison.
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protease/assembly protein, respectively, are expressed late dur-
ing lytic replication and are both classified as secondary lytic
genes on the array. Similarly, most of the secondary lytic genes
and all of the tertiary lytic genes have been classified as class 111
transcripts (37).

The expression of most of the KSHV genes has not been
analyzed before. The functions of only a few genes have been
shown experimentally, but putative functions have been as-
signed to most of the genes based on their homology to pre-
viously characterized herpesviruses (35). Our analysis shows
that the relative time at which the expression of different genes
is detected correlates well with the stage of the virus life cycle
in which that gene is thought to act. For example, genes which

encode proteins thought to be involved in virus gene regulation
are all expressed early and precede those that form the virus
particle or which are involved in its assembly (Fig. 3 and 4B).
The one exception to this is ORF 67, which is already detect-
able by 4 h postinduction. This gene is thought to encode a
tegument protein due to its homology to the Epstein-Barr virus
gene BFRF1 (35), which is also expressed early in lytic repli-
cation (19). The expression of ORF 67 as a primary lytic gene
suggests functions consistent with those of the other genes
expressed at this time, namely, cell regulation, signal transduc-
tion, and virus gene regulation.

Analysis of functional annotation in the context of gene
expression also shows differences in temporal expression of
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FIG. 6. Map of the KSHV genome (updated from reference 35). Each ORF is color coded according to its expression pattern: latent (class I),
latent/lytic (induced by TPA), primary lytic genes, secondary lytic genes, and tertiary lytic genes. ORFs 35, 50, 60, 67.5, and 68 and K10.5 were not

analyzed due to cross-hybridization or missing probes.

certain functional classes. Genes encoding products involved in
DNA replication such as DNA polymerase (ORF 9), PF-8
processivity factor (ORF 59), single-stranded DNA binding
protein (ORF 6), and the viral primase (ORF 56) are detected
early and show similar patterns of expression (Fig. 3, pink text).
OREFs 40, 41, and 44 are also thought to be involved in DNA
replication but are not detected until later during the life cycle
(Fig. 3, pink text). It is possible that these proteins are not
required for DNA replication from latent episomes but are
packaged by the virus and act to replicate viral DNA after
infection. Similarly, genes involved in DNA repair and nucle-
otide metabolism are also split into two groups (Fig. 3, blue
text); ORFs 2, 46, 61, and 70 are expressed quite early with
genes such as the primase and processivity factor genes, while
OREFs 21, 36, 37, and 54 are expressed later with structural
genes. Therefore, the requirement for genes with functions in
this class may be split between initial DNA replication and
subsequent DNA maturation and packaging. Such data are
consistent with the alkaline exonuclease of herpes simplex vi-
rus type 1, which is dispensable for DNA replication but re-
quired for DNA maturation (28).

Viral homologs of cellular regulatory or signal transduction
proteins are primary or secondary lytic genes (Fig. 3, orange
text). Of these, the secondary lytic genes (encoding vMIP-III,
vIRFs, and complement binding protein) are all thought to
interact with the host immune system. Of particular interest is
the relationship between expression of the three macrophage
inflammatory protein homologs vMIP-I, -II, and -III. vMIP-I
and -II are closely related and are thought to have evolved by
gene duplication within the virus genome (4). vMIP-III is more

distantly related and probably derived independently from an-
other member of the CC chemokine family (32, 35). vMIP-I
and -II are both primary lytic genes, whereas vMIP-III is in the
secondary lytic gene cluster. Thus, the array data suggest that
these genes are also differentially regulated at the level of
transcription and may have distinct functions in the virus life
cycle.

The expression profiles of the many uncharacterized KSHV
genes provide clues to their function by virtue of their associ-
ation with previously characterized genes. The discovery of a
novel ORF, K10.7, by this approach coupled with other tech-
niques shows that KSHV encodes four full-length IRF-related
proteins. K10.5/10.7 has also recently been identified as a novel
lytic gene in another study, where it was named VIRF-3 (27).
Therefore, this kind of analysis should lead to further insights
into KSHV gene function.

Many elements from adjacent genes on the genome also
appear to be clustered near one another on the array. This may
represent overlapping transcriptional units where one ORF
forms the 3’ untranslated region of the transcript from another
upstream ORF. An example of such an event is the extension
of K15 transcripts through K14.1 and ORF75 (22). The arrays
are unable to completely discriminate against presumably non-
coding transcripts such as these. We have tried to minimize
their detection by priming cDNA synthesis with sense-strand-
specific primers. However, this does not completely prevent
the K14.1 probe from detecting K15 transcripts primed by the
ORF75 primer. The correlation between genomic location and
expression could also be due to probes detecting spliced or
polycistronic transcripts or due to coregulation of genes by
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common or related promoters. An example of a polycistronic
transcript whose component genes cluster in terms of expres-
sion are the latent v-FLIP, v-cyclin, and LNA-1 genes. Exam-
ples of spliced ORFs sharing expression profiles are the dif-
ferent exons of K15, ORFs 29a and 29b, and, as shown here,
K11 and vIRF-2. Figure 6 shows the locations of genes belong-
ing to each expression class. The map indicates other areas of
the KSHV genome where more detailed transcript mapping
would help discriminate between noncoding transcriptional
read-through events, polycistronic transcripts, splicing, and
shared promoters.

There are some discrepancies between our results and those
of others. We were unable to confirm detection of K15 expres-
sion in latent cells (11, 22), possibly because of differences in
the cell lines used. However, both studies detected different
banding patterns on Northern blots depending on the K15
probe used, which may be due to cross-hybridization with an
unknown RNA (11). This explanation is consistent with the
array results showing cross-hybridization of K15 exon 8 with
RNA from Ramos cells, which occurred despite the use of
stringent hybridization conditions (64°C). A decrease in the
abundance of early gene transcripts 48 h after induction has
also been reported (44). However, our results indicate that
these transcripts remain constant or continue to accumulate
during lytic replication. RNA loading controls suggest that the
apparent decrease in the expression of KSHV genes may be
due to a progressive reduction in the total amount of RNA
present after induction (44). Consistent with this, we found
that late time points after induction showed a decrease in the
amount of total RNA extracted from equal amounts of cells
and an additional decrease in the absolute amount of all cel-
lular mRNAs hybridizing to the arrays. This is most likely due
to the proapoptotic effect of TPA (53) and virus-induced shut-
down of cellular genes (38). To maintain similar levels of
hybridization on the arrays, we used greater amounts of total
RNA in the cDNA synthesis reaction and discarded data from
any array where the housekeeping gene signal was more than
threefold different from the mean level.

The KSHYV array provides a rapid, accurate, and reproduc-
ible method to analyze the global gene expression that consti-
tutes the virus transcriptome. Such arrays provide a means of
determining the KSHYV transcriptome in the three tumor types
that result from KSHYV infection. The combination of viral and
cellular genes in a single array will also lead to a greater
understanding of the host-pathogen interactions that occur
during KSHV infection. The use of post-genomic research
methods and detailed bioinformatics analysis of such results
will expand our understanding of virus-induced diseases.
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