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Human herpesvirus 8 (HHV-8) is the etiologic agent of Kaposi’s sarcoma and primary effusion lymphoma.
Activation of the cellular transcription factor nuclear factor-kappa B (NF-�B) is essential for latent persistence
of HHV-8, survival of HHV-8-infected cells, and disease progression. We used reverse-transfected cell microar-
rays (RTCM) as an unbiased systems biology approach to systematically analyze the effects of HHV-8 genes on
the NF-�B signaling pathway. All HHV-8 genes individually (n � 86) and, additionally, all K and latent genes
in pairwise combinations (n � 231) were investigated. Statistical analyses of more than 14,000 transfections
identified ORF75 as a novel and confirmed K13 as a known HHV-8 activator of NF-�B. K13 and ORF75 showed
cooperative NF-�B activation. Small interfering RNA-mediated knockdown of ORF75 expression demonstrated
that this gene contributes significantly to NF-�B activation in HHV-8-infected cells. Furthermore, our ap-
proach confirmed K10.5 as an NF-�B inhibitor and newly identified K1 as an inhibitor of both K13- and
ORF75-mediated NF-�B activation. All results obtained with RTCM were confirmed with classical transfection
experiments. Our work describes the first successful application of RTCM for the systematic analysis of
pathofunctions of genes of an infectious agent. With this approach, ORF75 and K1 were identified as novel
HHV-8 regulatory molecules on the NF-�B signal transduction pathway. The genes identified may be involved
in fine-tuning of the balance between latency and lytic replication, since this depends critically on the state of
NF-�B activity.

Human herpesvirus 8 (HHV-8), also called Kaposi’s sar-
coma-associated herpesvirus, is the causative agent of Kaposi’s
sarcoma, an endothelial-cell-derived tumor which is character-
ized by neoangiogenesis and infiltration of inflammatory cells,
and of the lymphoproliferative diseases primary effusion lym-
phoma (PEL) and multicentric Castleman’s disease (6–8, 12,
14, 23, 34, 47, 54). The HHV-8 genome is approximately 170
kbp in length and contains more than 80 genes (40). Open
reading frames with homology to genes of herpesvirus saimiri
(HVS) were numbered according to their position on the HVS
genome. HHV-8 genes without homologous counterparts in
HVS were numbered separately and given the prefix “K” (“K
genes”) (16, 36, 40, 43).

Infection with HHV-8 constitutively activates the transcrip-
tion factor nuclear factor-kappa B (NF-�B) in endothelial cells

and lymphocytes (25, 44). The activation of NF-�B is crucial
for the development and progression of HHV-8-associated
diseases. It protects HHV-8-infected cells against spontaneous
apoptosis (25) and maintains the latent viral life cycle (5, 67).
The latter is mandatory for the establishment of viral persis-
tence. In agreement with this, the inhibition of NF-�B signal-
ing delays the growth of HHV-8-associated lymphomas in a
mouse model (24) and regulates the production of infectious
HHV-8 virions (5, 50).

Only a few HHV-8 genes have been studied for their impact
on NF-�B signaling. The genes K13 (9), K15 (4), and ORF74
(48) were described as activators and K10.5 (49) as an inhibitor
of NF-�B, whereas conflicting results were obtained on the
activity of K1 (28, 39). Presently, it is not known whether these
genes are the only HHV-8 genes which act on NF-�B or
whether different HHV-8 genes cooperate positively or nega-
tively in the regulation of this important signaling pathway.
Systematic analyses of all HHV-8 genes for the effects of single
genes and gene combinations on NF-�B activity are not avail-
able due to the large genome of HHV-8, containing at least 86
genes (36, 43). Systematic analyses of all single-gene and pair-
wise-combination effects of HHV-8 genes on NF-�B require
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almost 4,000 transfection experiments. Therefore, this ap-
proach demands high-throughput transfection technology,
which has only recently become available.

In 2001, Ziauddin and Sabatini succeeded in scaling down
high-throughput gene function analysis to the microarray level
(70). Different cDNA expression plasmids are spotted onto
slides by using a microarray robot. The dried slides are exposed
to a transfection reagent, placed in a culture dish, and covered
with adherent mammalian cells in medium. Alternatively,
DNA and transfection reagent can be mixed at once and ap-
plied to the slide (70). Both methods of application create
microarrays of cell clusters simultaneously transfected with
different plasmids in distinct and defined areas in a lawn of
cells. The procedure creating a microarray of clusters of trans-
fected cells was called transfected cell microarray. The trans-
fection method was named reverse transfection, because, in
contrast to conventional transfection protocols, DNA was
“seeded” first and the cells were added subsequently. Reverse-
transfected cell microarrays (RTCM), also called “cell chip
analyses,” allow the carrying out of several hundred to several
thousand transfection experiments in parallel using eukaryotic
cells on a single glass slide. Cotransfections of appropriate
reporter plasmids can be used to establish quantitative mea-
sures of gene effects on signaling pathways (for a review, see
reference 53).

For the work reported herein, we used the RTCM technol-
ogy as an unbiased systems biology approach to determine the
effects of all HHV-8 genes and of selected combinations of
genes (all K and latent genes) on NF-�B activation in HEK
293T cells. Through the performance of more than 14,000
transfections and the subsequent biostatistical analyses, K13
and ORF75 were identified as the major activators of NF-�B.
Both genes cooperated in the activation of NF-�B in HHV-8-
infected cells. In addition, K1 was demonstrated to be a novel
inhibitor of K13- and ORF75-induced NF-�B activation.

MATERIALS AND METHODS

Plasmids and small interfering RNA (siRNA). The cloning of 85 HHV-8 genes
has been previously described (45). Additionally, the following open reading
frames and/or splice variants (GenBank nucleotide sequence accession numbers
are given in parentheses) were cloned in pcDNA4-Myc/His, with a Myc/His tag
at the 3� end (pcDNA; Invitrogen, Karlsruhe, Germany): K8 (U93872), K11
(U75698), genomic K11 (AF148805, with introns), ORF29b (U93872), ORF40
(U93872), ORF41 (U93872), and ORF57 (U75698). All cloned constructs were
confirmed by full-length sequencing. The sequences were aligned with GenBank
sequences U75698 (43), U93872 (36), and AF148805 (16, 40). The reporter
plasmids pNF-�B-EGFP and NF-�B-Luc were previously described (35, 45).
Both reporter plasmids contain four consecutive repeats of consensus NF-�B
binding sites (5�-GGG AAT TTC C-3�) linked to a thymidine kinase minimal
promoter and enhanced green fluorescent protein (GFP) gene or luciferase gene
as the reporter. The reporter plasmid EF-1�-Luc was obtained by inserting the
HindIII fragment of the elongation factor 1� (EF-1�) promoter from the plas-
mid pEF1/Myc-His (Invitrogen) into the plasmid pGL3-Basic (Promega, Mann-
heim, Germany). Superrepressor I�B� S32/36A, the kinase-dead NF-�B-induc-
ing kinase (KD-NIK) (K429/430A), and KD-TGF-�-activated kinase I (TAK1)
(K63W) plasmids were previously described (30, 37, 61). Expression plasmids
containing p65 or p50 under the control of a cytomegalovirus promoter were gifts
from J. Hiscott (McGill University, Quebec, Canada) (1). A plasmid constitu-
tively expressing GFP (pFRED) and an expression plasmid for latent membrane
protein 1 (LMP-1) from Epstein-Barr virus (EBV) under the control of a simian
virus 40 promoter were previously described (17). Plasmids encoding red fluo-
rescent protein (RFP) (pDsRed1-N1; Clontech, BD Biosciences, Heidelberg,
Germany) and Myc-tagged LacZ (pcDNA4-Myc/His-LacZ, Invitrogen) were
obtained commercially and used as controls.

A synthetic siRNA molecule (5�-ACG UAA AGG UCG AAG GCA A dTdT-
3�) targeting ORF75 mRNA was selected by using the siRNA design tool
siDESIGN Center (Dharmacon, Inc., Chicago, IL). A nonsense siRNA (5�-GAC
UAC CGU UGU AUA GUA G dTdT-3�), which showed no homology to any
known human or HHV-8 gene, was used as a control. Both siRNA molecules
were purchased from IBA (Göttingen, Germany).

Cell culture. HEK 293T cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM; PAA Laboratories, Pasching, Austria) supplemented with
10% fetal calf serum (FCS; Biochrom, Berlin, Germany) at 37°C and 8.5% CO2.
For reverse transfection, 100 U/ml penicillin and 100 �g/ml streptomycin (both
from PAA Laboratories) were added to the medium.

RTCM. (i) Sample preparation and printing. The method of RTCM was
initially described by Ziauddin and Sabatini (70). Our protocol differed in the
following steps: 0.5 �g of pNF-�B-EGFP was mixed with two different HHV-8
gene expression plasmids (0.5 �g each; for combinatory gene approach) or one
HHV-8 gene expression plasmid and the empty vector (0.5 �g each; for single-
gene approach), resulting in 1.5 �g total DNA. The volume was adjusted to 5 �l
with double-distilled water. Three microliters Opti-MEM (Invitrogen) contain-
ing 0.4 M sucrose (Merck, Darmstadt, Germany) and 3.5 �l Lipofectamine 2000
(Invitrogen) were added and mixed. After 20 min of incubation at room tem-
perature, 7.25 �l gelatin (0.2% in double-distilled water; Sigma-Aldrich, Seelze,
Germany) was added to the transfection mixture. The final concentration of the
18.75-�l transfection mixture used for spotting contained 80 ng/�l DNA, 0.077%
gelatin, and 18.7% Lipofectamine 2000. The mixture was transferred into a well
of a 384-well plate that served as the source plate for slide printing (gamma
aminopropyl silane II-coated slides; Corning, Schiphol-Rijk, The Netherlands).
Samples were printed with a VersArray ChipWriter Pro (Bio-Rad, Munich,
Germany) and PTS600 pins (600-�m diameter; Point Technologies, Boulder,
CO) with a center-to-center distance of 1,120 �m. The source plate was cooled
to 12°C, and the relative humidity was set to 65%. Slides were stored after
printing in a desiccator with drying pearls. The slides were dried for at least 12 h
prior to being overlaid with cells.

(ii) Cell seeding and RTCM processing. The slides were placed printed side up
in a sterile dish and were gently overlaid with HEK 293T cells (1 � 105 cells/cm2)
in DMEM containing 10% FCS, 100 U/ml penicillin, and 100 �g/ml streptomy-
cin. The cells were grown at 37°C and 8.5% CO2 for 48 h. After the medium was
removed, the slides were carefully taken out of the dishes and washed gently with
phosphate-buffered saline (PBS; Biochrom), incubated for 15 min with 4%
paraformaldehyde (Sigma-Aldrich), and washed again with PBS. The slides were
dried for 5 min and then mounted with fluorescence mounting medium (Dako,
Hamburg, Germany) and a coverslip.

(iii) Scanning and quantification of the signal intensities. The reverse-trans-
fected slides were scanned with a Fuji FLA-5000 laser scanner (Fujifilm, Düs-
seldorf, Germany) using a 473-nm excitation laser (blue) and a Y510 filter (long
pass blue) at a resolution of 25 �m. The fluorescence intensity of every spot was
quantified with the AIDA software package (version 4.15; raytest, Strauben-
hardt, Germany). Circular measurement areas of identical size were placed over
each spot, and the fluorescence intensities were quantified and compared.

Luciferase gene reporter assay. Twenty-four hours prior to transfection, 3 �
105 HEK 293T cells were seeded in 2 ml DMEM with 10% FCS per 6-well dish.
Calcium phosphate [Ca3(PO4)2] transfection was performed with 3 �g DNA
(amounts of different plasmids are indicated in the figures or figure legends) for
each well. At 6 h posttransfection, the cells were washed once with PBS and fresh
medium was added. At 48 h after transfection, the cells were washed again with
PBS, harvested, and lysed with 200 �l passive lysis buffer (Promega) according to
the manufacturer’s instructions. The samples were centrifuged at 18,000 � g and
4°C for 1 min. The firefly luciferase activity of the supernatant was measured with
a luciferase assay system (Promega), using a Luminoskan Ascent instrument
(Thermo Scientific, Langenselbold, Germany). The values obtained were nor-
malized according to their protein content as determined by a DC protein assay
(Bio-Rad). The luciferase activities obtained in the experiments, in which the
plain vector was added to the indicator plasmid, were set to 1. Student’s t test and
SPSS (version 15.0; SPSS, Inc., Chicago, IL) software for Windows were used to
determine statistical differences, which were regarded as significant at a P value
of �0.05.

Transfection of HHV-8-infected HEK 293 cells. Recombinant Kaposi’s sarco-
ma-associated herpesvirus rKSHV.219 (kindly provided by J. Vieira, Department
of Laboratory Medicine, University of Washington, Seattle, WA) (60, 62) was
latently propagated in HEK 293 cells in DMEM supplemented with 10% FCS
and 1 �g/ml puromycin (Roth, Karlsruhe, Germany). Infected cells were seeded
24 h prior to transfection in 1 ml medium at a density of 1 � 105 cells per 12-well
dish. Reporter plasmid NF-�B-Luc (0.2 �g) and siRNA (2.6 �g) were mixed with
50 �l of Opti-MEM and 2 �l of PLUS reagent (Invitrogen) and incubated for 15

2564 KONRAD ET AL. J. VIROL.



min at room temperature. Amounts of 50 �l of Opti-MEM and 2 �l of Lipo-
fectamine (Invitrogen) were added and incubated for another 15 min at room
temperature. The addition of 300 �l Opti-MEM completed the transfection
mixture. Cells were washed once with Opti-MEM prior to the addition of the
transfection mixture. A 400-�l amount of DMEM supplemented with 20% FCS
was added 4 h after transfection. Cells were harvested after 48 h with 150 �l
passive lysis buffer, and the luciferase assay was performed as described above.

RNA isolation and reverse transcription-PCR. RNA isolation was carried out
with a NucleoSpin RNA isolation kit (Macherey-Nagel, Düren, Germany) ac-
cording to the manufacturer’s protocol. Reverse transcription was carried out in
a total reaction mixture volume of 20 �l, with 1.1 �g of total RNA, 100 U
Superscript III reverse transcriptase (Invitrogen), and 50 ng of random hexamer
primer (Bioline, Luckenwalde, Germany). PCR was carried out in a total reac-
tion mixture volume of 20 �l in 1� PCR buffer with 1 �l cDNA, 0.25 U platinum
Taq DNA polymerase (Invitrogen), 1.5 mM MgCl2, 0.25 mM of each de-
oxynucleoside triphosphate, and 0.5 �M oligonucleotide primers for amplifica-
tion of a specific fragment of ORF75 (forward, 5�-AGG TCC TTC CCT TCA
ACT CGG T-3�, and reverse, 5�-AAC AAG CAT GAA CAG GCT GGC-3�) and
�-actin (forward, 5�-CCA TCT ACG AGG GGT ATG C-3�, and reverse, 5�-
CGT GGC CAT CTC TTG CTC-3�). The cycle parameters were initial dena-
turation at 94°C for 2 min and 25 cycles for �-actin and 38 cycles for ORF75 of
94°C for 15 s, 60°C for 30 s, and 72°C for 40 s.

Immunocytochemistry of reverse-transfected cells. Reverse-transfected cells
were treated as described above (see “Cell seeding and RTCM processing”),
including paraformaldehyde fixation. Afterwards, the slides were washed with
Tris-buffered saline (TBS). Cells were permeabilized with 0.1% saponin in TBS
for 20 min. After the permeabilization, unspecific binding sites were blocked with
10% goat normal serum (GNS; Dianova, Hamburg, Germany) in TBS for 10
min, and then the cells were incubated for 3 h at room temperature with a mouse
anti-Myc tag monoclonal antibody (9B11; Cell Signaling, Danvers, MA) diluted
1:5,000 in 5% GNS in TBS or a rat anti-ORF73/LANA-1 antibody (Tebu-bio,
Offenbach, Germany) diluted 1:500. Subsequently, the slides were washed two
times with TBS and incubated for 45 min with the secondary antibody (Alexa
Fluor 488-conjugated goat anti-mouse or goat anti-rat immunoglobulin G; In-
vitrogen) diluted 1:500 in 5% GNS. After the slides were washed two times with
TBS, the nuclei were counterstained with 4�,6-diamidino-2-phenylindole (DAPI)
(1 �g/ml; Invitrogen) for 10 min. Finally, the slides were washed two times with
TBS and mounted with fluorescence mounting medium (Dako) and a coverslip.
The covered and dried slides were scanned with a Fuji FLA-5000 laser scanner
(Fujifilm). A 473-nm excitation laser (blue) with a Y510 filter (long pass blue)
was used to measure the GFP and Alexa Fluor 488 signals, and a 532-nm
excitation laser (green) with a BPG1 filter (green; 570DF20) was used to mea-
sure the RFP signals.

Statistical analyses. The preprocessing of the GFP signals was done in three
steps: (i) the natural logarithm (ln) of the signal was taken; (ii) replications were
standardized [the ln(GFP signals) of each replication were centered by the
median and divided by the ratio of the interquartile ranges and the mean
interquartile range]; and (iii) when two replications were on one slide, the
average of the two values of the standardized ln(GFP) signals was computed.

Two comparisons were done. First, the results for all HHV-8 genes and gene
combinations were compared to those for the empty vector controls. Second, the
results for all gene combinations with LMP-1 were compared to those for empty
vector (pcDNA) plus LMP-1 as a control. The differences between the prepro-
cessed signals and the median of the preprocessed signals for the empty vector
controls and the empty vector plus the LMP-1 gene as a control were analyzed
by using one-sided and two-sided tests, respectively, for the one-sample Wilcoxon
rank sum statistic. The results for multiple testing of 339 or 22 single tests for the
empty vector controls or the empty vector-plus-LMP-1 gene control, respectively,
were adjusted by the Bonferroni method.

Statistically significant test results were defined as adjusted P values smaller
than (i) 0.001 and (ii) 0.01. All computations for the screening of HHV-8 genes
and gene combinations in NF-�B activation were done by using R version 2.6.1.
(R is a language and environment for statistical computing; R Development
Core Team, R Foundation for Statistical Computing, Vienna, Austria, 2007,
ISBN 3-900051-07-0, http://www.R-project.org).

RESULTS

Detection of NF-�B activation by using RTCM. The RTCM
was optimized with a plasmid (pFRED) constitutively express-
ing enhanced GFP. Increasing concentrations of pFRED
(from 0.05 �g to 5.5 �g in 18.75 �l transfection mixture),

gelatin (from 0.02% to 0.31%), and Lipofectamine 2000 (9.3%
and 18.7%) were used. The optimal transfection efficiency was
determined according to the maximal GFP signal intensity of
the different transfection spots. The highest transfection effi-
ciency was observed using 80 ng/�l DNA, 0.077% gelatin, and
18.7% Lipofectamine 2000 (data not shown).

In order to detect activation of NF-�B, the reporter plasmid
pNF-�B-EGFP, containing four consecutive NF-�B sites up-
stream of GFP, was used. It has been previously shown that the
GFP fluorescence intensity is directly proportional to the
abundance of GFP mRNA (51). As the first step, transfection
parameters were established which allowed the most sensitive
detection of NF-�B activation. For this purpose, three different
concentrations of the reporter plasmid pNF-�B-EGFP (13.3
ng/�l, 26.6 ng/�l, and 40.0 ng/�l) were cotransfected with con-
stant concentrations (13.3 ng/�l) of plasmids encoding LMP-1
of EBV and the p65 subunit of NF-�B, both of which strongly
activate NF-�B (1, 17). The empty vector (pcDNA) and the
p50 subunit of NF-�B (35) were used as negative controls (Fig.
1A). GFP expression in consequence of NF-�B activation was
clearly increased in the presence of the two activators (Fig. 1A)
compared to its levels in transfections with the negative con-
trols at all concentrations of the reporter plasmid (Fig. 1A).
However, the relative increase of promoter activity in the pres-
ence of the activators was highest with 26.6 ng/�l of the re-
porter plasmid. Therefore, 26.6 ng/�l of the reporter plasmid
were used in all further approaches. Next, constant concentra-
tions of the reporter plasmid (pNF-�B-EGFP; 26.6 ng/�l) were
combined with increasing concentrations of the LMP-1-ex-
pressing activator plasmid (2.7 ng/�l to 53.3 ng/�l). Promoter
activity peaked at a concentration of 26.6 ng/�l of the activator
plasmid (Fig. 1B). Thus, in the following experiments this
concentration was used for all plasmids carrying HHV-8 genes.

Expression of HHV-8 genes using RTCM. The coding se-
quences of all HHV-8 genes and known splice variants with the
exception of ORF73/LANA-1 were cloned in expression plas-
mids with a 3�-end Myc tag sequence for immunochemical
detection of the respective proteins (n � 91) (see Material and
Methods). LANA-1 was expressed without a Myc tag due to
difficulties with cloning. These 92 plasmids were transfected
into HEK 293T cells by using RTCM. In addition, a plasmid
encoding a Myc-tagged LacZ, the empty vector (pcDNA),
and a mixture of plasmids for constitutive expression of GFP
and RFP (positive controls and positional markers) was ap-
plied. The application pattern on the chip is shown in Fig. 2C.
RTCM were subjected to immunocytochemical staining with
an anti-Myc antibody. Fluorescence signals were detected with
a laser scanner and quantified with the AIDA software (Fig.
2A). Another RTCM chip was stained in parallel with an
anti-ORF73/LANA-1 antibody (Fig. 2B). Signal evaluation of
different reverse-transfected slides showed that 83% (76 of 92)
of the transfected HHV-8 gene-carrying plasmids were ro-
bustly expressed in the RTCM (Fig. 2). Only 17% (16 of 92) of
the transfected HHV-8 gene-carrying plasmids were not ex-
pressed at detectable levels using this technique (signal inten-
sity equal to or lower than that of pcDNA) (Fig. 2A and C).
However, the expression of all of these 16 plasmids could be
confirmed by immunocytochemical staining of classical trans-
fected HeLa cells (45) or by Western blot analyses of total cell
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lysates obtained from classical transfected HEK 293T cells
(data not shown).

Single-gene and combination effects of HHV-8 genes on
NF-�B activation. The effects of 86 individual HHV-8 genes on
NF-�B activation were investigated with RTCM. Recently
identified splice variants (Fig. 2C) were not included in this
screen but were investigated in a supplementary separate
screen (data not shown). In addition, the effects of selected
HHV-8 genes in combination were examined. This selection
included all K genes (n � 19), which have been originally
regarded to be specifically present in the HHV-8 genome and
not in other herpesviruses, and all latently expressed genes.
Besides various K genes (K2, K10, K10.5, K11, K12, K13, and
K15), only ORF72 and ORF73 are classified as latent genes of
HHV-8 (13, 23, 38, 47). Therefore, these two “open reading

frame” genes were included in our combinatory approach.
Accordingly, 21 genes (19 K genes, ORF72, and ORF73) were
expressed in all possible pairwise combinations in the RTCM
(n � 231) to screen for NF-�B modulators (Fig. 3A). In order
to detect potential inhibitors of NF-�B, the LMP-1 gene of
EBV was used as an activator of NF-�B (Fig. 3A) and was
combined with the K genes, ORF72, and ORF73 (n � 21).
Transfections with pcDNA were used as negative controls (n �
10) (Fig. 3A). In addition, pFRED was randomly spotted at
different positions on the slide as a positional marker and in
order to determine the variability of the transfection procedure
(n � 22) (Fig. 3A). Altogether, every RTCM experiment con-
sisted of 371 transfection areas (single HHV-8 genes [n � 86];
combinations of K genes, ORF72, and ORF73 [n � 231]; the
LMP-1 gene combined with K genes, ORF72, and ORF73 [n �
21]; GFP positional controls [n � 22]; negative control pcDNA
[n � 10]; and the positive-control LMP-1 gene [n � 1]). All of
these samples were spotted in duplicate, resulting in 742 trans-
fections overall on one slide (Fig. 3A, compare left and right).

Three independent series of slides (Fig. 3B, series A, B, and
C) were spotted, and reverse transfection was performed at
least six times with each series of slides. Overall, 21 RTCM
slides (resulting in 42 replications) were used (Fig. 3B). Four
replications were excluded because of partial detachment of
the cell layer. Altogether, 38 replications with over 14,000
transfections were carried out (Fig. 3B). GFP fluorescence as
a readout of NF-�B activity was determined with a laser scan-
ner, and the signals were quantified with the AIDA software.
The signals of constitutive GFP expression due to transfection
with pFRED were omitted. All other GFP signals, indicating
NF-�B activation of all RTCM, are shown in a heat map (Fig.
3B). The median value of GFP signals obtained in transfec-
tions with the empty vector control (pcDNA) was calculated
and set to 1. High GFP signal intensities are shown in red, and
low signal intensities in green (Fig. 3B). The relative levels of
activation observed in the different replications were highly
reproducible, except for replications 25 and 26 (both on the
same slide), which showed overall low NF-�B activation, pos-
sibly due to lower transfection efficiencies in these two exper-
iments (Fig. 3B).

In order to reveal HHV-8 genes that are NF-�B activators,
the median intensities of all GFP signals shown in Fig. 3B
(except for combinations of HHV-8 genes with the LMP-1
gene) were calculated and compared to those of transfections
with the empty vector controls (Fig. 3C), and the results are
given as the factor of change (fc), sorted decreasingly (Fig. 3C).
All genes and gene combinations with greater-than-twofold
(fc � 2.0) and highly significant (P � 0.001) average induction
of NF-�B are shown in the inset in Fig. 3C and in Table 1. K13
was the gene which best fulfilled this criterion. It was present
individually (pcDNA plus K13) and in eight pairwise combi-
nations with different HHV-8 genes (Fig. 3C, inset, and Table
1). Only the combination of K13 with ORF73 had a level of
activation higher than that observed for K13 alone (pcDNA
plus K13) in most of the RTCM. However, this difference
(pcDNA plus K13 compared to K13 plus ORF73) was not
statistically significant (Fig. 3C, inset, and Table 1). Therefore,
the combination of K13 and ORF73 was not further investi-
gated.

K13 has been previously described as an NF-�B activator (9,

FIG. 1. Detection of NF-�B activation in RTCM. (A) An NF-�B-
inducible GFP reporter plasmid (pNF-�B-EGFP) in three different
concentrations (as shown) and constant amounts (13.3 ng/�l) of plas-
mids encoding two different activators of NF-�B (LMP-1 and p65) or
control plasmids (pcDNA and p50) were cotransfected into HEK 293T
cells by using RTCM. (B) The reporter plasmid pNF-�B-EGFP (26.6
ng/�l) was cotransfected with increasing amounts (as shown) of an
LMP-1-encoding plasmid into HEK 293T cells by using RTCM. As a
negative control, cells were transfected with empty vector (pcDNA).
(A, B) In all transfections, the total amount of plasmid DNA was
adjusted to 80.0 ng/�l by the addition of pcDNA. Experiments were
carried out in quadruplicate (A) or duplicate (B). GFP fluorescence
intensities of the transfection spots were determined with a laser scan-
ner (473 nm) and were quantified with the AIDA software package.
Mean values and standard deviations of the absolute fluorescent in-
tensities (Abs. FI) are depicted. The fc values compared to the results
for the empty-vector control (pcDNA) are indicated in panel A.
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FIG. 2. Expression of HHV-8 genes in RTCM. (A) All HHV-8 gene-encoded proteins (except the ORF73-encoded LANA-1) were expressed
with a Myc tag in HEK 293T cells by using RTCM and were detected by immunocytochemistry with an antibody against the Myc tag. Myc
immunofluorescence is green. The pattern of application of plasmids on the chip is shown in panel C. (B) Expression of ORF73-encoded LANA-1
was detected with a specific antibody against ORF73-encoded LANA-1 (green). The relevant part of the slide is enlarged on the right side of panel
B and positioned underneath the corresponding area in panel A. (C) Application pattern of transfected plasmids in RTCM shown in panels A and
B. Each plasmid was spotted in quadruplicate (see upper left, dashed circles). As a negative control, cells were transfected with empty vector
(pcDNA). A mix of constitutively GFP- and RFP-expressing plasmids was spotted at several different positions in order to evaluate transfection
efficiency on the chip and to provide positional markers (yellow in panels A, B, and C). A plasmid expressing a Myc-tagged LacZ protein was used
as a positive control. The secondary antibody used in immunofluorescence analyses was conjugated with Alexa Fluor 488. Fluorescence signals were
determined with a laser scanner (473 nm for Alexa Fluor 488 and GFP signals and 532 nm for RFP signals; overlays of the two scans are depicted
in panels A and B) and quantitatively analyzed with the AIDA software package. Proteins with fluorescence intensities equal to or lower than that
of the empty vector control (pcDNA) were defined as not detectable on RTCM (shaded gray; white squares show proteins that were robustly
expressed). Transfection mixtures contained 80.0 ng/�l of each plasmid (except for GFP and RFP, used at 40 ng/�l each). Recently reported splice
variants of HHV-8 genes (indicated by asterisks) were included in the immunocytochemical analysis but not in the RTCM screen of NF-�B
activation (see Fig. 3).
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FIG. 3. Single-gene and combination effects of HHV-8 genes on NF-�B activation. (A) Image of a representative RTCM chip with 371
transfections in duplicate (left and right). Expression plasmids for all HHV-8 genes individually (n � 86) and, additionally, all K and latent genes
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11, 19, 57, 60). The data shown here confirmed that K13 is the
strongest NF-�B activator of all HHV-8 genes, with an average
fc of 3.9 (Fig. 3C, inset, and Table 1). The only HHV-8 gene in
addition to K13 which showed strong and highly significant
(P � 0.001) activation of NF-�B when applied alone was
ORF75 (Fig. 3C, inset). The activation of NF-�B by ORF75
was consistently greater than twofold in this experimental
setup (average fc, 2.6) (Fig. 3C, inset, and Table 1). LMP-1 was
used as a positive control for NF-�B activation (Fig. 3C,
inset, and Table 1). Evaluation of a separate screen revealed
that none of the recently described splice variants (Fig. 2C)
activated NF-�B more highly than K13 or ORF75 (data not
shown).

Identification of HHV-8 genes that are NF-�B inhibitors
with RTCM. In order to identify inhibitors of NF-�B activa-
tion, the GFP signals corresponding to NF-�B activities of the
transfections with LMP-1 alone (positive control) and of all
combinations of this activator with the K genes, ORF72, and
ORF73 were determined. The median fc values from these
experiments were calculated in comparison to the values ob-
tained with the positive control (set to 1). Transfections with
highly significant (P � 0.01) and 	50%-decreased (fc � 0.5)
NF-�B activation are shown in Table 2. Four genes (K1, K9,
K10.5, and K14) inhibited LMP-1-induced NF-�B activation

(Table 2). Of these genes, only K10.5 has been previously
described as an inhibitor of NF-�B activation (49).

ORF75 and K13 are the major activators of NF-�B encoded
by HHV-8. NF-�B activation by K13 and ORF75 was con-
firmed in classical transfection experiments (Fig. 4A). Small
(1.0 �g) and large amounts (2.5 �g) of K13 or ORF75 were
cotransfected with a reporter plasmid encoding luciferase un-
der the control of an NF-�B-responsive promoter (NF-�B-
Luc). K13 and ORF75 plasmids in both concentrations signif-
icantly (P � 0.05) activated NF-�B in HEK 293T cells
compared to the activity in the cells transfected with empty
vector (pcDNA; negative control, set to 1) (Fig. 4A). NF-�B
activation by K13 was quantitatively higher (fc � 4.6 and fc �
9.4 for 1.0 �g and 2.5 �g plasmid, respectively) than NF-�B
activation by ORF75 (fc � 3.7 and fc � 5.8 for 1.0 �g and 2.5
�g plasmid, respectively) (Fig. 4A), which was in clear agree-
ment with the results obtained using RTCM (Fig. 3C).

As described above, 16 plasmids consistently showed only a
low level of expression in the RTCM (Fig. 2A). In order to
investigate whether the low level of expression in RTCM may
have averted the detection of additional NF-�B activators, 15

(19 K genes, ORF72, and ORF73) in all possible pairwise combinations (n � 231) were spotted onto the slide. A plasmid encoding LMP-1 was
used as a positive control (gray circle; n � 1) and empty-vector pcDNA (red circles; n � 10) as a negative control. Moreover, the LMP-1 gene was
combined with the K genes, ORF72, and ORF73 (n � 21). The reporter plasmid pNF-�B-EGFP was added to all of the described settings. A
constitutively GFP-expressing plasmid (pFRED) was spotted at several different positions in order to control transfection efficiency on the chip
and to provide a positional marker (yellow circles; n � 22). HEK 293T cells were seeded on RTCM chips. GFP fluorescence was determined with
a laser scanner (473 nm) after 48 h. (B) Heat map of 38 replications of RTCM analyses. The natural logarithms of the fluorescence intensity values
(corresponding to NF-�B activation) are depicted. The median value of GFP signals obtained with the empty-vector control (pcDNA) for each
RTCM replication was set to 1 (black). Signals were sorted according to decreasing average fc. The color scheme from red to black to green
corresponds to the fluorescence intensity values from high [ln(fc) � 3] to low [ln(fc) � 
1.18]. The numbers in the bottom line (1 to 38) indicate
the different replications. Replications with the same underlining were carried out on one slide. Three different preparations of spotted slides
(screen series A to C) were used. (C) GFP signals corresponding to NF-�B activity were determined for all 38 replications by using a laser scanner
(473 nm) and analyzed with the AIDA software package. Median values of relative fluorescence intensities (Rel. FI) compared to that of the
empty-vector control pcDNA (set to 1; shaded gray) were calculated and are arranged in decreasing order (except for constitutive GFP signals and
combinations of HHV-8 genes with the LMP-1 gene). Values obtained with certain genes which are of relevance in this report are indicated. Genes
and gene combinations which resulted in more-than-twofold (fc � 2.0) and highly significant (P � 0.001) activation of NF-�B are given in the inset.

TABLE 1. NF-�B activation by HHV-8 genes/gene combinations

Genes
NF-�B activation Adjusted P

valueFca Rangeb

K13 � ORF73 6.2 2.8–14.8 0.0002
pcDNA � K13 3.9 0.6–13.2 0.0003
K13 � K13 3.8 1.9–10.1 0.0002
pcDNA � LMP-1c 3.8 1.2–6.2 0.0002
K13 � K3 3.0 0.9–3.8 0.0003
K13 � K11 3.0 1.6–5.8 0.0002
K13 � K5 2.9 1.5–5.2 0.0002
K13 � K15 2.9 1.5–4.7 0.0002
pcDNA � ORF75 2.6 1.5–4.7 0.0002
K13 � K4 2.5 0.8–4.3 0.0005
K13 � K2 2.4 0.9–6.3 0.0003
K13 � ORF72 2.3 1.4–7.5 0.0002

a The fc values were determined in comparison to the results for transfections
with pcDNA alone.

b RTCM results were obtained for 38 replications.
c The LMP-1 gene was used as a positive control for NF-�B activation.

TABLE 2. NF-�B inhibition by HHV-8 genes

Analytical
method

Gene NF-�B inhibition
P value

Activating Inhibitory Fca Rangeb

RTCM LMP-1 K14 0.50 0.22–1.62 0.01
K10.5 0.48 0.28–1.39 0.01
K9 0.41 0.18–2.09 0.01
K1 0.38 0.26–1.25 0.01

Classical
transfection

LMP-1 K14 0.41 0.35–0.49 0.001
K1 0.35 0.32–0.39 0.001
K9 0.27 0.21–0.31 0.001
K10.5 0.17 0.14–0.20 0.001

K13 K9 0.65 0.61–0.69 0.001
K14 0.62 0.58–0.65 0.001
K10.5 0.48 0.44–0.50 0.001
K1 0.40 0.37–0.43 0.001

a The fc values were determined in comparison to those for transfections with
the activator (the LMP-1 gene or K13) alone. The threshold for significant
inhibition of LMP-1 gene- or K13-induced NF-�B activation was set to an fc
of �0.50 and a P value of �0.05.

b RTCM results were obtained for 38 replications.
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of these plasmids were subjected to the luciferase assay with
classical transfection in two different concentrations (1.0 �g
and 2.5 �g) (Fig. 4A). The plasmid “genomic K11” was omit-
ted because “K11 cDNA” encodes the identical protein but
was expressed at higher levels (Fig. 2A). In this screen, K15

and ORF7 also activated NF-�B significantly (for K15, fc � 6.1
and for ORF7, fc � 3.2; P � 0.05). In agreement with these
results, it has been shown previously that K15 can activate
NF-�B (4). However, both K15 and ORF7 only activated
NF-�B when larger amounts of plasmid DNA (2.5 �g) were
used (Fig. 4A). None of the 15 plasmids induced significant
activation above the threshold level (twofold above back-
ground) (Fig. 4A) when used in smaller (1.0 �g) amounts,
which clearly differentiated them from K13 and ORF75 (Fig.
4A). Therefore, we concentrated on ORF75 in the following
experiments.

ORF75 and K13 cooperate in the activation of NF-�B in
HHV-8-infected cells. In order to characterize the effect of
ORF75 on NF-�B activation in more detail, we investigated
whether it may act through the classical/canonical or the alter-
native/noncanonical pathway. To this end, three different in-
hibitors of the NF-�B pathway were used in increasing
amounts (0.1, 1.0, and 1.5 �g): (i) a KD mutant of TAK1 which
inhibits the classical pathway (10, 37, 63); (ii) a KD mutant of
NIK which inhibits the alternative pathway (10, 30, 66); and
(iii) inhibitor of NF-�B� S32/36A (I�B� S32/36A), a constitu-
tively active I�B� mutant, which acts downstream of TAK1
(61). Both p65-induced (a control of the classical pathway) and
ORF75-induced NF-�B activation were potently inhibited by
KD-TAK1 (Fig. 4B) and only slightly inhibited by KD-NIK
(Fig. 4B). We found that, as a control of KD-NIK activity,
LMP-1-induced NF-�B activation was potently inhibited
(�90%) (data not shown), as has been described previously by
others (58). These results suggested that ORF75 activates
NF-�B through the classical pathway.

Interestingly, ORF75-mediated activation was only slightly
inhibited (�30%) even with large amounts (1.5 �g) of the
I�B� S32/36A plasmid (Fig. 4B, right panel). In contrast, p65-
induced (Fig. 4B, left panel) and K13-induced (data not shown;
also described by others [56]) NF-�B activation was efficiently
inhibited already at very small amounts (0.1 �g) of transfected
I�B� S32/36A plasmid (90% and 70% inhibition, respectively).
These results indicated that ORF75 and K13 may use partly
different routes of the classical pathway downstream of TAK-1.

Interestingly, the combination of K13 and ORF75 resulted
in a level of activation of NF-�B that was significantly higher
than the levels of activation by the single genes (Fig. 4C). This
indicated that both genes could cooperate in the activation of
NF-�B. Accordingly, we investigated the impact of ORF75-
mediated NF-�B activation in HHV-8-infected cells using an
siRNA approach. To this end, HHV-8-infected HEK 293 cells
(62) were transfected with the NF-�B luciferase reporter plas-
mid and either a control siRNA or a specific siRNA against
ORF75 mRNA. Due to the lack of a specific antibody, the
expression of ORF75 was investigated with reverse transcrip-
tion-PCR. ORF75 mRNA was found to be expressed in HHV-
8-infected HEK 293 cells in the absence of lytic stimulation
(control siRNA) (Fig. 4D), and its expression was found to be
efficiently (95%) inhibited by the ORF75 siRNA (Fig. 4D). Of
note, NF-�B activity was significantly lower (�40%; P � 0.05)
in cells transfected with the ORF75 siRNA than in cells trans-
fected with the control siRNA (Fig. 4E). These results show
that ORF75 significantly contributes to the NF-�B activation
in HHV-8-infected cells. The residual NF-�B activity was most
likely due to K13, which has been shown to be expressed and

FIG. 4. ORF75 and K13 are the major activators of NF-�B in HHV-8
infected cells. (A) Luciferase activity in HEK 293T cells cotransfected
with reporter plasmid NF-�B-Luc (0.5 �g) and two different amounts (1.0
�g and 2.5 �g) of the indicated plasmids. Transfection with NF-�B-Luc
(0.5 �g) and the empty vector (pcDNA; 2.5 �g) served as a negative
control. The dashed line shows the threshold level. (B) HEK 293T cells
were cotransfected with reporter plasmid NF-�B-Luc (0.5 �g) and p65
(0.1 �g) or ORF75 (1.0 �g) either alone (hatched bars) or in combination
with increasing amounts (0.1 �g, 1.0 �g, and 1.5 �g) of the indicated
inhibitors (I�B� S32/36A, KD-NIK, and KD-TAK1). All inhibitions were
significant (P � 0.05) except those indicated with the symbol #. (C) HEK
293 cells were cotransfected with reporter plasmid NF-�B-Luc (0.5 �g)
and K13 (1 �g), ORF75 (1 �g), or both combined (1 �g each). Trans-
fection of the empty vector (pcDNA) served as a negative control. (A to
C) The total amount of plasmid was adjusted to 3.0 �g by the addition of
pcDNA. (D, E) HHV-8-infected HEK 293 cells were cotransfected with
reporter plasmid NF-�B-Luc (0.2 �g) and siRNA against ORF75
(ORF75-si) or control siRNA (Ctrl.-si) (2.6 �g each). Cells were divided
in two parts. One part was used for reverse transcription-PCR to control
the downregulation of ORF75 (D), and the other was subjected to the
luciferase assay (E). (D) Reverse transcription-PCR analysis of ORF75
and �-actin. Equal amounts of cDNA were subjected to PCR after reverse
transcription of mRNA isolated from the samples described above. Den-
siometric analysis (values obtained were normalized according to the
respective �-actin signal) revealed a 95% downregulation of ORF75 in
the ORF75 siRNA-transfected cells. (E) Luciferase activity in siRNA-
treated HHV-8-infected cells. (A to C, E) In all luciferase studies, NF-�B
promoter activation was analyzed by measurement of luciferase 48 h after
transfection. Values obtained were normalized according to protein con-
tent, and the results are expressed as either fc (A, C, and E) or percent
(B) in comparison to the results for the control (pcDNA, set to 1, in panels
A and C; p65 and ORF75 [hatched bars], set to 100%, in panel B; and
Ctrl.-siRNA, set to 1, in panel E). Luciferase assays were performed at
least three times; mean values and standard deviations of relative light
units (RLU) are shown. �, P � 0.05.
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to contribute to increased NF-�B activation in HHV-8-in-
fected cells (2, 9, 19, 60).

K1 is an inhibitor of NF-�B activation. As described for the
activators, the putative inhibitors of NF-�B activation identi-
fied by RTCM were also subjected to confirmation experi-
ments using classical transfection methodology. The effects of
K1, K9, K10.5, and K14 on LMP-1-induced NF-�B activation
were examined. In this study, all four HHV-8 genes that were
inhibitors (K1, K9, K10.5, and K14) repressed LMP-1-induced
NF-�B activation (fc � 0.5; P � 0.05), confirming the results of
the RTCM analysis (Table 2). The switch to the major HHV-8
NF-�B activator revealed that all four of these genes also
significantly inhibited K13-induced NF-�B activation, but the
results for K9 and K14 did not reach the threshold level (fc �
0.5) (Table 2). Therefore, K9 and K14 were not evaluated in
further studies. Next, the effects of K1 and K10.5 on NF-�B
activation by K13, ORF75, and p65 were investigated. NF-�B
activation induced by all of the three activators was signifi-
cantly (P � 0.05) inhibited by K1 in a dose-dependent manner
(Fig. 5A, B, and C). K10.5, which has been previously shown to
inhibit NF-�B activation (49), repressed NF-�B activation by
K13 but had only slight, nonsignificant effects on NF-�B acti-
vation by ORF75 and p65 (Fig. 5A, B, and C). Under these
conditions, neither of the two inhibitors (K1 and K10.5) had an
impact on the activity of the EF-1� promoter (Fig. 5D).

DISCUSSION

RTCM is a novel method which can be used for high-
throughput analyses of gene functions by either overexpressing
or silencing genes of interest. Despite numerous advances
achieved in this technology since its first description in 2001
(70), the number of published studies using RTCM is still quite
limited (for a review, see reference 53). Most of the published
studies addressed proof-of-concept topics. A major advantage
of RTCM studies in comparison to classical high-throughput
studies is that several slides can be printed with the same
experimental setup, and slides can be stored for several months
to reconfirm the obtained results at a later date. Ambitious
studies performing genome-wide overexpression analyses of
single-gene effects on NF-�B activation in HEK 293T cells with
classical luciferase reporter assays in 96- or 384-well format
were published recently (20, 31). We hypothesized that the
analysis of the combination effects of a limited number of
genes extracted from biologically meaningful samples, such as
infectious agents (viruses and bacteria), or from pathogeneti-
cally relevant gene clusters found by transcriptome analysis to
be coexpressed might be an interesting approach for the ap-
plication of RTCM.

Based on these considerations, RTCM was used here for the
first time to analyze combinatory gene effects of an infectious

FIG. 5. K1 is an inhibitor of NF-�B activation. Luciferase assays of NF-�B promoter activation in HEK 293T cells. (A to C) NF-�B-Luc (0.5
�g) was cotransfected with different activators of NF-�B (K13, ORF75, and p65) and K1 or K10.5 in the indicated amounts. (D) In an additional
control experiment, a reporter plasmid (EF-1�-Luc; 0.5 �g) expressing luciferase under the control of the constitutively active promoter of EF-1�
was used in the absence or presence of K1 and K10.5 under identical conditions. (A to D) In all studies, the total amount of plasmid in each
transfection mix was adjusted to 3.0 �g by the addition of pcDNA. NF-�B promoter activation was analyzed by measurement of luciferase 48 h
after transfection. Values obtained were normalized according to protein content, and the results are expressed in terms of the fc in comparison
to the results for the negative control (pcDNA only, left bar in each panel; set to 1). The luciferase assays were performed at least three times;
mean values and standard deviations of relative light units (RLU) are shown. 
, absent; �, P � 0.05; n.s., not significant.
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agent. We investigated NF-�B activation by all HHV-8 genes
individually and by pairwise combinations of a selected set of
genes. The NF-�B signal transduction pathway is considered to
be a prime candidate triggering the pathogenesis of Kaposi’s
sarcoma and PEL (11, 24, 25, 44). Inhibition of NF-�B leads to
lytic-protein synthesis and virus reactivation in infected B lym-
phocytes (5). This indicates that NF-�B plays an important role
in the regulation of the balance between the latent and lytic life
cycle phases of HHV-8.

We established a reporter gene approach to detect NF-�B
activation in RTCM. This method was highly reproducible, as
demonstrated in 38 replications with more than 14,000 trans-
fections (Fig. 2B). Most importantly, the validity of the results
obtained with RTCM was clearly demonstrated by the fact that
two previously known activators (K13 and the LMP-1 gene
[positive control]) and an inhibitor of NF-�B (K10.5) were
confirmed in the screening.

The HHV-8 genes K13 and ORF75 were found to be the
major activators of the NF-�B signaling pathway in the RTCM
analysis. The sequence accuracy and successful expression of
all HHV-8 genes used in our study were demonstrated recently
(45). However, in the RTCM, 17% of the transfected HHV-8
gene-carrying plasmids were too weakly expressed to be de-
tected by immunocytochemistry. Of note, K13 was also only
weakly expressed (Fig. 2A), but it robustly activated NF-�B in
RTCM. Nevertheless, we investigated in classical transfection
experiments whether additional activators of NF-�B might
have escaped our detection in the RTCM study. In fact, two
further genes, K15 and ORF7, significantly (P � 0.05) acti-
vated NF-�B when large amounts of plasmid DNA (2.5 �g)
were transfected. K15 encodes a latency-associated membrane
protein and has been previously described as an activator of
NF-�B (4). ORF7 encodes a homologue of a processing and
transport protein and as yet has not been associated with
activation of NF-�B. In contrast to ORF75 and K13, both
genes (K15 and ORF7) had no effect on NF-�B activation
when smaller amounts (1.0 �g) of plasmid DNA were used.
Therefore, it has to be determined whether the expression of
K15 and ORF7 in HHV-8-infected cells may be sufficiently
high to contribute to NF-�B activation. ORF74 has been de-
scribed as an activator of NF-�B (48). However, we did not
observe ORF74-mediated NF-�B activation in the RTCM
analysis or in classical transfection experiments (data not
shown). The reason for the negative result with ORF74 needs
to be determined, as this gene was strongly expressed in the
RTCM.

The HHV-8 gene K13 was the strongest NF-�B activator.
K13 encodes a viral FLICE-inhibitory protein (FLIP) (18, 21,
52, 59) and was well established as an NF-�B activator before
(9, 32, 56). We were the first to show that K13-encoded viral
FLIP is localized, exceptionally, both in the cytoplasm and the
nucleus of the cell, whereas cellular FLIP molecules are exclu-
sively cytoplasmic (45). This has subsequently been confirmed
by others (33). NF-�B activation by K13 is involved in its
antiapoptotic functions (15, 55, 60) and mediates the inhibition
of lytic viral replication (67, 68). The fact that none of the
pairwise HHV-8 gene combinations showed a statistically sig-
nificant higher level of NF-�B activation than K13 alone in
RTCM (Fig. 3C and Table 1) underlines the dominant role of
K13 in NF-�B activation.

The HHV-8 gene ORF75 was identified by RTCM as a
novel NF-�B activator. ORF75 encodes a homologue of phos-
phoribosylformylglycineamide amidotransferase (FGARAT),
which is part of the viral tegument (3, 22, 42, 43, 69). The
combination effect of K13 and ORF75 on NF-�B activation
was not investigated in the RTCM analysis; therefore, the
cooperation of the two genes was tested in classical transfec-
tion experiments using luciferase as a reporter. Both proteins
cooperated more than additively in the activation of NF-�B
(for K13, fc � 3.4; for ORF75, fc � 2.1; and for K13 plus
ORF75, fc � 7.5) and, consequently, may cooperate in the
establishment of NF-�B-mediated effects in infected cells.

The specific activation pathways used by ORF75 were ana-
lyzed by using different inhibitors of the classical (KD-TAK1
and I�B� S32/36A) and alternative (KD-NIK) NF-�B path-
ways. These experiments indicated that ORF75 activates
NF-�B preferentially through the classical pathway, because it
was strongly and selectively inhibited by KD-TAK1. Interest-
ingly, I�B� S32/36A, which acts downstream of TAK1, only
slightly inhibited the effects of ORF75 (Fig. 4B) but efficiently
blocked NF-�B activation by K13 (56; data not shown). This
suggested that ORF75 and K13 may use partly different routes
of the classical pathway downstream of TAK-1, which may
maintain NF-�B activation in different cellular and environ-
mental conditions. ORF75 may deactivate other I�B mole-
cules, compared to K13, or may deactivate I�B� S32/36A by
phosphorylation of amino acids other than S32 and S36. In
fact, it has been shown that phosphorylation of Y42 and Y305
can also lead to deactivation of I�B� (64).

In order to support the relevance of our findings, we inves-
tigated the impact of ORF75 on NF-�B activation in HHV-8-
infected cells. It is a subject of controversy whether ORF75 is
a latently or lytically expressed gene (22, 38, 46). However, we
detected robust expression of ORF75 mRNA in HHV-8-in-
fected HEK 293 cells in the absence of lytic stimulation (Fig.
4D), indicating that ORF75 is latently expressed. ORF75 ex-
pression in these cells could be efficiently inhibited (95%) with
a specific siRNA. Most importantly, this resulted in signifi-
cantly reduced NF-�B activation (�40%) (Fig. 4E). On con-
sideration of the results shown here and by others, the residual
NF-�B activity most likely has to be attributed to K13 (2, 9, 19,
60). Altogether, these results showed that ORF75 contributes
significantly to NF-�B activation in HHV-8-infected cells. This
may be biologically meaningful, as the product of ORF75 is a
viral tegument protein (3, 42, 43, 69). Accordingly, the ORF75
protein may activate NF-�B directly after viral entry without de
novo protein synthesis and may regulate the early phases in the
establishment of the latent infection. It is well in agreement
with this hypothesis that K13 expression can only be detected
after 2 h (26), whereas NF-�B activation is already observed 5
to 15 min after de novo infection of cells by HHV-8 (44).

K10.5 and K1 were identified as inhibitors of NF-�B in the
RTCM. K10.5 encodes viral interferon regulatory factor 3. It is
expressed in the latent phase of the viral life cycle (22, 41, 46)
and has been shown to be required for the survival of HHV-
8-infected PEL cells (65). Inhibition of NF-�B activation by
K10.5 has also been observed by others (49), supporting the
validity of the RTCM results. Certainly, it is contradictory that
both NF-�B activation and K10.5 (an inhibitor of NF-�B) are
required for the survival of PEL cells (24, 25, 49, 65). However,
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the detection of constitutively active NF-�B in HHV-8-in-
fected PEL cells suggests that the inhibitory function of K10.5
is overruled by the cooperative activity of K13 and ORF75 in
latently infected cells. This is further supported by our finding
that K10.5 did not significantly inhibit NF-�B activation by
ORF75.

K1 encodes a transmembrane glycoprotein with a functional
immunoreceptor tyrosine-based activation motif (29). A con-
sensus has not yet been reached in the literature about the
effect of K1 on NF-�B activation. K1-mediated NF-�B activa-
tion (39), as well as inhibition of tetradecanoyl phorbol ace-
tate-induced NF-�B activation (28), has been described. This
indicates that the impact of K1 on NF-�B activation may de-
pend on the kind of activation (tetradecanoyl phorbol acetate
induced versus uninduced). We are the first to demonstrate
that K1 inhibits both HHV-8 genes that are major activators of
NF-�B (K13 and ORF75). The specificity of this activity was
demonstrated by the fact that p65-induced promoter activity
was also inhibited, while the activity of a control promoter
(EF-1�) remained unaffected. An NF-�B-inhibitory function
of K1 is in agreement with the biology of HHV-8. It has been
shown that K1 is a lytic gene (54), augmenting lytic replication
(27). On consideration that inhibition of NF-�B in latently
infected cells is sufficient to induce the lytic cycle (5), K1 may
significantly promote the lytic replication of HHV-8. Alto-
gether, these results suggest that HHV-8 genes encode differ-
ent molecules, such as the products of K1, K10.5, K13, and
ORF75, which may contribute to the switch from latency to
lytic replication by modulating NF-�B activity.

In summary, we have described the first successful applica-
tion of RTCM for the systematic analysis of pathofunctions of
an infectious agent. With this approach, two novel viral mole-
cules (encoded by ORF75 and K1) that are regulators of the
NF-�B signaling pathway were identified. Our findings under-
score the strength of systems biology to provide new insights
into pathogenesis and new molecular targets for the treatment
of infectious diseases.
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