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Summary. The ART (Activator of Replication and Transcription) protein of
Kaposi's sarcoma-associated herpesvirus (KSHV), or human herpesvirus-8
(HHV-8), is encoded by the ORF50 gene. It is expressed as an immediate-early
gene and plays a crucial role in the transition between latency and productive
infection. HHV-8 ART is a transcriptional transactivator which can up-regulate
viral gene expression. Transient expression assays showed that ART strongly
activated ORF57 and K8 promoter-directed gene expression in both CV-1 and
BJAB cells. The ART target site was mapped to a 40-bp region compassing nt
81904 to 81943 on the ORF57 promoter. When linked upstream to a heterologous
SV40 promoter, this region by itself was able to confer ART responsiveness. This
40-bp segment contains a 16-bp consensus sequence which is also found in the
K8 promoter region located between nt 74769 to 74784. Deletion of the frag-
ment including this 16-bp consensus abrogated the ART responsiveness of the
K8 promoter. The role of this 16-bp consensus in ART transactivation was further
supported by site-directed mutagenesis. Mutations of the conserved nucleotides
within the 16-bp consensus in the ORF57 promoter dramatically impaired its re-
sponsiveness to ART. Fusion protein analysis with chimeric proteins containing
the DNA binding domain of yeast transactivator Gal4 (residues 1 to 147) and
different ART segments defined an acidic C-terminal region (amino acids [aa]

*The GenBank accession number for sequences in this paper is KSU 75698.



1416 S. Wang et al.

527 to 634) as a potent activator. Deletions of this activation domain in the ART
protein resulted in a decrease or loss of its ability to activate ORF57 and K8
promoters containing the ART responsive element in transfected cells. How the
ART activation domain activates ORF57 and K8 gene expression through the
16-bp consensus sequence remains to be determined.

*

Kaposi’'s sarcoma-associated herpesvirus (KSHV), also known as human
herpesvirus-8 (HHV-8), is a newly identified human herpesvirus present in more
than 90% of all forms of Kaposi’'s sarcoma (KS) [3-5, 15]. Infection by this virus

is also associated with abnormal lymphoproliferation, including primary effu-
sion lymphoma (PEL) and multicentric Castleman’s disease [2, 21]. Nucleotide
sequence analysis of HHV-8 has classified it into the gamma-herpesvirus subfam-
ily, whose members include Epstein-Barr virus (EBV) and herpesvirus saimiri
(HVS) [19]. Several human B cell lines derived from PEL have been established
for in vitro HHV-8 culture. The virus is latent in these cell lines, but can be in-
duced into lytic replication by treatment with phorbol ester or sodium butyrate
[1, 14, 18, 26]. In the well-studied EBV latency-lytic cycle switch model, the
transactivator Rta (BRLF1), which is activated by the immediate-early (IE) gene
product Zta (ZEBRA or EB1), plays an essential role in the induction of viral
replication [16, 17, 27]. Rta can activate the expression of many EBV promoters,
including that of another transactivator Mta, and lead to activation of viral gene
expression. For both EBV and HVS, specific target DNA sequences termed as
Rta-responsive elements (RRES) are required for activation by Rta [7, 8, 24, 25].
It has been reported that EBV Rta contains a C-terminal activation domain that
consists of three partially overlapping hydrophobic motifs, which is involved in
the activation of promoter elements that contain the RRE sequences [9, 13].

The HHV-8 ORF50 encodes a homolog of the EBV lytic transactivator Rta,
and its gene product has recently been renamed as the Activator of Replication
and Transcription (ART) at the'Binternational workshop on Kaposi sarcoma-
associated herpesvirus and related agents. The ORF50 mRNA is expressed as
early as 1h after induction of viral replication and the ART protein is thought
to act as the molecular switch controlling viral reactivation by up-regulating the
expression of several downstream viral genes [11, 12, 22, 23, 28]. Two of the
potential genes that can be activated by ART are ORF57 (homolog of the EBV
Mta gene) and K8 (homolog of the EBV Zta gene). Both ORF57 and K8 were
demonstrated to express early after induction of viral replication [10, 23, 28],
and ART has been reported to activate the promoters of ORF57 and K8 in a
dose-dependent manner [12, 20].

We have recently cloned a 453-bp ORF57 promoter fragment (nt 81556 to
82008), including the regulatory elements of the HHV-8 ORF57, to the upstream
of the luciferase reporter gene to generate clone p57Plucl (Fig. 1A). In the pres-
ence of an ART expression plasmid pcDNA50, which contains full-length cDNA
of the ORF50, ORF57 promoter-directed luciferase expression was enhanced
about 163-fold in CV-1 cells and 64-fold in BJAB cells [6]. We have further



Kaposi’'s sarcoma-associated herpesvirus/human herpesvirus-8 1417

40-bp NF-kB TATA 1 (82003)
A Ao : ART
< Responsiveness
81556 Oct-1 GATA-1 Oct-1 Oct-1 ~ AP-1 RRE RRE 52008 p
81556 82008 +
pS7Plucl
81904  RRE’ 82008
p57Pluc-B1 S +
81968 82008
p57Pluc-D1 _— -
pS7E/Sacll- 81904 82008
promoter +
pS7E/Mscl- 81904 81959 .
promoter
p57E/Kpnl- 81904 81943 "
promoter
B

B pGL3-promoter
Op57E/Sacll-pro
W p57E/Mscl-pro
p57E/Kpnl-pro

Fold activation

Ong 100 ng 200 ng 500 ng
DNA amount of pcDNAS5(

Fig. 1. Characterization of ART responsive element on the ORF57 promfotechematic
representative of the ORF57 promoter elements and the various clones that were used to map
the ART target site. The various potential cellular factor binding sites as well as the 40-bp
ART target site are indicated. RRE indicates the Rta responsive element-like seghénce;
represents the transcription start site (TSS). Sequences retained in different ORF57 promoter
constructs are represented by solid lines. Responsiveness of each constructto ART is indicated
by + or —. B Activation of the various ORF57-SV40 promoter constructs in the presence of
an increasing amount of ART expression plasmid pcDNA5O. Activation was detected as an
increase in luciferase activity. Each transfection was carried out with 50 ng of reporter plasmid
and the indicated amount of pcDNA50 in CV-1 cells using Lipofectamine (Gibco BRL). Total
DNA amount used in each transfection was equalized to 800 ng by adding pcDNA3.1(
vector (Invitrogen). Transfected CV-1 cells were harvested at 48 h post-transfection, and
luciferase activities were measured using the Luciferase Assay System (Promega). The data
was an average obtained from at least three independent experiments
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generated several deletion clones including p57Pluc-B1 and p57Pluc-D1
(Fig. 1A), and mapped the ART responsive element to a 40-bp region spanning
nt 81904 to 81943 on the ORF57 promoter [6]. A number of transcription factor
binding sites such as Oct-1, AP-1, and NB-can be identified in this region

of the ORF57 promoter. Two RRE consensus sequencesgGGNwvhich were
found to be the target sites of the EBV and HVS ORF50 proteins [7, 8, 24, 25]
can also be found in this region. Interestingly, none of these potential elements
were necessary for ART responsiveness.

The objective of this study is to further characterize the ART target site and
the ART activation domain that is responsible for the activation of its target gene.
To confirm the role of this 40-bp sequence to serve as the target site for ART
activation, we here examined its effect on a heterologous promoter by inserting
this fragmentinto the’®nd of an SV40 promoter vector (Fig. 1A). TBad/Sadl
fragment spanning nt 81904 to 820@&xd/Msd fragment spanning nt 81904 to
81959, and thé&ad/Kpnl fragment spanning nt 81904 to 81943 were inserted
into theKpnl site of pGL3-promoter vector (Promega) to generate pSagl-
promoter, p57BVIsd-promoter, and p57Kipnl-promoter. All three clones were
activated by the ART expression clone pcDNAS5O but not by pcDNA5OR which
contains the ART cDNA in the opposite orientation, and consistent levels of
activation by ART were observed (Fig. 1B). The lower activation levels of the
ORF57-SV40 promoters by ART as compared to the native p57Plucl promoter
construct could be due to the high background luciferase activity of the SV40-
based pGL3-promoter vector, evenin the absence of ART. This result nevertheless
supports our earlier observation that the 40-bp sequence identified in the ORF57
promoter mediates ART responsiveness, and indicates that the presence of this
fragment can confer ART responsiveness to a heterologous promoter such as
SV40 promoter. The exact mechanism by which ART mediates transactivation
via this 40-bp target is not clear; ART might transactivate ORF57 expression by
binding directly to the 40-bp target sequence, or it might function indirectly via
cellular factors. To determine the possibility of direct binding, gel shift assays

<
Fig. 2. Analysis of the 16-bp consensus sequence in the K8 pronmftatignment and
comparison of the HHV-8 ORF57 and K8 promoter sequences. ldentical nucleotides in the
16-bp consensus sequence (boxed) are shadowed. The TATA boxes and RRE-like sequences
are alsoindicatedt 1 represents the transcription start 8&chematic representation of the
various K8 promoter clones. Putative regulatory elements and the 16-bp consensus sequence
are indicated. Sequences retained in different K8 promoter constructs are represented by
solid lines.C ART responsiveness of the various K8 promoter constructs in CV-1 cells.
Transfection was carried out as described for Fig. 1B, using 200 ng of reporter plasmids and
500 ng of pcDNA5OQ. Plasmid pcDNA5OR that contains ART cDNA in reverse orientation
and the pcDNA3.1 vector were used as contrDIART responsiveness of the various K8
promoter constructs in BJAB cells. For each transfection, 1D’ of BJAB cells were mixed

with 5 g of reporter plasmids and 30y of pcDNASO or controls, and electroporated at
250V and 96QuF using GenePulser (BioRad). Luciferase activities were measured at 48 h
post-transfection. Asterisks indicate activities at or below the pcDNAS.1 control level, which
was normalized to 1
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using a®?P-labeled oligonucleotide probe compassing the 40-bp region from nt
81904 to 81943 were performed. The probe was incubated with nuclear extracts
from either TPA-treated or untreated BC-3 cells, and from pcDNA5O-transfected
BJAB cells. However, no specific retarded bands were observed (data not shown).
This could either be due to the low abundance of ART inthese cells, or itis possible
that ART may not be binding directly to this region.

The 40-bp ART responsive region in ORF57 promoter does not exhibit ho-
mology with the EBV/HVS RRE or known transcription factor binding sites.
However, a more extensive analysis revealed that a 16-bp sequence from nt 74769
to 74784 in the HHV-8 K8 promoter has an 87.5% homology with the first 16 bps
of the 40-bp region in the ORF57 promoter. As shown in Fig. 2A, 14 nucleotides
within this 16-bp consensus sequence are identical between the ORF57 and K8
promoter segments. This 16-bp consensus conserved in ORF57 and K8 promoters
can potentially form a palindrome which may act as the ART responsive element
(ARE). Indeed, the K8 promoter was recently shown to be activated in vitro by
ART [12, 20]. To further investigate the responsiveness of this 16-bp sequence
to ART, the K8 promoter region from nt 73851 to 74849 was PCR-cloned into
the pGL3-Basic vector (Promega) to generate the K8 promoter reporter construct
pK8PIluc (Fig. 2B). The K8 promoter region also contains several putative tran-
scription factor binding sites, such as GATA-1, Oct-1, and &8;-n addition
to the 16-bp consensus sequence. Co-transfection of the pK8PIluc and pcDNA50
into CV-1 and BJAB cells showed that the K8 promoter construct was strongly
activated by ART (Fig. 2C and 2D). Over 219-fold activation was observed in
CV-1 cells and over 76-fold was observed in BJAB cells. The lower activation
levels in BJAB cells could be due to the lower transfection efficiencies in these
cells. Two 53-terminal truncated clones were then constructed in order to deter-
mine whether the 16-bp consensus sequence or other elements could act as the
target site for ART. Clone pK8Pluc-1 contains an insert with deletions of the
putative GATA-1 and Oct-1 sites but retains the region from nt 74660 to 74849
which includes the 16-bp sequence. A second clone pK8Pluc-2 has a deletion that
includes the 16-bp sequence (Fig. 2B). Co-transfection experiments of these two
clones with pcDNAS0 indicated that deletion of the upstream transcription factor
binding sites, as represented by clone pK8P-lucl, did not interfere ART respon-
siveness; a 254-fold activation by ART in CV-1 cells and 88-fold in BJAB cells
were observed (Fig. 2C and 2D). However, further deletion including the 16-bp
sequence, as represented by clone pK8Pluc-2, resulted in a complete loss of the
ART responsiveness in both cell types (Fig. 2C and 2D). This result demonstrated
that a fragment containing the 16-bp consensus sequence in K8 promoter is also
involved in conferring ART responsiveness. The conservation of this 16-bp se-
guence between ORF57 and K8 promoters and the requirement for this sequence
to confer ART responsiveness suggest that this sequence contains the ART re-
sponsive element (ARE), and similar mechanism is involved in the activation of
the ORF57 and K8 promoters by ART.

To confirm the role of this consensus sequence and the importance of the
conserved nucleotides in rendering ART responsiveness, three mutants of the
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Fig. 3. Mutations in the 16-bp consensus in the ORF57 promoter impaired ART respon-
sivenessA Schematic representation of the mutations introduced into the 16-bp consensus
sequence in the ORF57 promoter. Clone p57Pluc-B1 (Fig. 1A) which contains truncated
ORF57 promoter was used as the template for two separate PCR reactions. The primers used
in the first reaction consisted of an upstream vector-specific primer and a downstream primer
containing the desired mutations in the 16-bp sequence. The second reaction was performed
with a downstream vector-specific primer and an upstream primer containing the same muta-
tions in the complementary strand. Products of the two PCRs containing the same mutations
in their overlaps were used as the template for the second round PCR, with the two vector-
specific primers. The second-round PCR product was then inserted into the same restriction
enzyme sites in p57Pluc-B1 to replace the wild type ORF57 promoter fragment to generate
mutant plasmids p57P-M1, p57P-M2, and p57P-M3. The shaded nucleotides represent those
that are conserved between the ORF57 and K8 promoters. The nucleotides that were mu-
tated are bolded Activation of the wild type and mutant ORF57 promoter constructs by
ART. Two hundred ng of each mutant plasmid indicated iwas co-transfected into CV-1
cells with 500 ng of pcDNAS5O or control plasmids. Luciferase activities were measured at
48 h post-transfection. Asterisks indicate activities at or below the pcDNAS3.1 control level,
which was normalized to 1

ORF57 promoter reporter plasmid with mutations in the 16-bp consensus were
generated by PCR-based site-directed mutagenesis. These three mutants p57P-
M1, p57P-M2, and p57P-M3, containing substitutions in the different conserved
nucleotides, are shown in Fig. 3A. The ART responsiveness of each mutant was
tested by co-transfecting CV-1 cells with the pcDNA5O. Mutagenesis of differ-
ent conserved nucleotides within this 16-bp consensus sequence all dramatically
affected ORF57 promoter’s responsiveness to ART. Mutations in the p57P-M1
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affected ART transactivation most, losing almost 90% of its responsiveness to
ART, dropping from 216-fold activation to about 23-fold (Fig. 3B). Mutations in
p57P-M2 and p57P-M3 also affected their responsiveness, but not as dramatically
as p57P-M1. Activation by ART dropped from 216-fold to about 98-fold for p57P-
M2 and to about 65-fold for p57P-M3 (Fig. 3B). These results further confirm
the role of this 16-bp consensus sequence in rendering ART responsiveness.

It was reported recently that the activation domain of ART is located in the
carboxyl terminus of the protein [12, 20]. To further study the interaction between
the ART activation domain and ORF57 and K8 promoter elements that contain
the ARE, we decided to further characterized the ART activation domain using
the Gal4 fusion protein analysis (Fig. 4A). Different fragments of ART protein
were fused downstream to the DNA binding domain of the yeast transactivator
Gal4 to generate various Gal4-ART chimeras with overlapping fragments of the
ART C-terminal domain (Fig. 4A). The ability of each fusion protein to activate
transcription was examined in two strains SfcerevisiagY 190 and AH109.
Y190 contains a LacZ reporter gene under the control of a Gal4-regulated up-
stream activating sequence (UAS), whereas AH109 contains a Gal4-controlled
HIS3 reporter gene. Thus, the ability of the ART segments to function as tran-
scriptional activator was determined by the growth of AH109 in the absence of
histidine and by the expression@fgalactosidase in Y190. The full-length ART
clone pGBK-ORF50 and the plasmid pCL-1 (Clontech), which expressed the
wild-type Gal4 protein, were used as positive controls, and the pGBKT7 vector
(Clontech) was used as a negative control. The presence of the full-length ART

>

Fig. 4. ldentification and functional analysis of the activation domain of ART prot#in.
Analysis of transcriptional activation by Gal4-ART fusion proteinSicerevisiagSchematic
representative of the various plasmids directing the expression of fusion proteins containing
ART segments fused to Gal4 DNA binding domain (BD) from aa 1 to 147 are indicated. The
hatched boxes representthe segments of the ART that were included in the fusion proteins. The
activation of Gal4-controlled reporter gene expression was determined by the growth of yeast
strain AH109 in the absence of histidine (His) and the expressifingslactosidasg3-gal)

in strain Y190 3-galactosidase activity was measured by liquid culture assay using ONPG as
substrate. One unit §-galactosidase was defined as the amount needed to hydrqlymell

of ONPG per min per cell. ThB-gal units are the mean of three independent experiments.
pCL-1 that encodes the full-length, wild-type Gal4 protein and the pGBKT7 vector were used
as positive and negative control, respectivBlgchematic representative of the ART protein
and the various constructs containing deletions in the ART activation domain. The putative
nuclear localization signals (NLS-1, NLS-2), leucine zipper, basic region, as well as the
activation domain defined in this paper are indicated. The fragments retained in each construct
are indicated by hatched box€sActivation of different ORF57 promoter constructs by the
ART AD deletion clones. Transfection of CV-1 cells was carried out using 200 ng of reporter
plasmid and 500 ng of ART constructs or pCMV-Tag2A vector contiblActivation of
different K8 promoter constructs by the ART AD deletion clones. Transfection was carried
out using the same amount of plasmid DNA as describecfdruciferase activities were
measured at 48 h post-transfection. Asterisks indicate activities at or below the pCMV-Tag2A
control level, which was normalized to 1
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fused to Gal4 (pGBK-ORF50) activated expression of both LacZ and HIS3 in
Y190 and AH109 (Fig. 4A). The clone pGBK-527/634 that contained 108 aa of
the C-terminus retained the full activation activity, and was consistently found to
be more active than the intact pPGBK-ORF50 clone. This suggests that deletion of
the extreme C-terminal 57-aa segment (aa 635 to 691) has no detrimental effects
on the activation function of ART protein. However, further deletion of 36 aa
from the C-terminus of clone pGBK-527/634, as represented by clone pGBK-
527/598, affected ART function slightly. A drop from 23.38 to 18.87 units of
B-galactosidase activities (clone pGBK-527/634 vs. clone pGBK-527/598) was
observed. Interestingly, a segment containing the extreme C-terminal region, aa
600 to 691, as represented by clone pGBK-600/691, retained partial activity.
These results suggest that more than one sub-domain in the putative activation
domain of ART from aa 527 to 634 could be responsible for the transactivation
function.

To further confirm that the ART C-terminal domain, responsible for acti-
vation in the yeast cells, also mediates the activation of the ORF57 and K8
through the ARE in mammalian cells, several other ART expression clones con-
taining deletions in the C-terminal domain from aa 527 to 634 were generated
(Fig. 4B). Clones pCMV-Tag50, pCMV-TagAD1, pCMV-TagAD2 and pCMV-
TagAD3 were generated by inserting PCR products spanning ART aa 1-
691, 1-589, 1-609 and 1-626 encoding sequences int&¢teV/Sal sites
of pCMV-Tag2A vector (Stratagene) respectively. Activation functions of these
ART expression clones were then tested with the ORF57 and K8 promoter con-
structs by transient transfection assays in CV-1 cells (Fig. 4C and 4D). Clone
pCMV-TagAD1, which contains aa 1-589 did not activate either the intact or
deletion ORF57 and K8 promoters. Clone pCMV-TagAD?2 that contains aa 1—
609 was found to retain partial activity. As expected, this ART deletion clone
was only active with the ORF57 and K8 promoter constructs that contain the
16-bp consensus (p57Plucl & p57PlucBl; pK8Pluc & pK8Pluc-1), but not with
the constructs where this consensus was deleted (p57PlucD1; pK8Pluc-2). Clone
pCMV-TagAD3 that contains aa 1-626 retained almost full activity of the intact
ART protein in activating promoter constructs with the 16-bp consensus. These
results support our analysis in the yeast system (Fig. 4A), but there are some
differences between the activations by ART in yeast and in mammalian cells.
The reduction in activation levels by ART C-terminal deletion clones in yeast
(Fig. 4A) was not as dramatic as in mammalian cells (Fig. 4C and 4D). The
presence of the C-terminal fragment from aa 527 to 598 is sufficient to confer
most of the transactivation activity in yeast (as represented by pGBK-527/598 in
Fig. 4A). However, the ART C-terminal fragment up to aa 609, as represented
by clone pCMV-TagAD2, has very little transactivation activity in CV-1 cells.

Its activation function has been reduced by almost 90% (Fig. 4C and 4D). Our
transfection experiments thus suggest thatin mammalian cells, presence of the ac-
tivation domain of ART, up to aa 626, may be required for its activation function.
The difference in transactivation activities by different regions of ART in yeast
and in mammalian cells could be due to the host cell differences or the differential



Kaposi’'s sarcoma-associated herpesvirus/human herpesvirus-8 1425

stability of the expressed proteins in the two cell types. These differences as well
as how the activation domain of ART mediates the transactivation of ORF57 and
K8 promoters via the 16-bp consensus sequence need to be further characterized.
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