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1. ABSTRACT 
 
 Kaposi's sarcoma-associated herpesvirus (KSHV) 
ORF57 (MTA, mRNA transcript accumulation) is a 
multifunctional regulator of the expression of viral lytic 
genes. KSHV ORF57 is expressed during viral lytic 
infection and is essential for virus production. Like its 
homologues in the herpesvirus family, ORF57 promotes the 
accumulation (stabilization) and export of viral intronless 
RNA transcripts by a mechanism which remains to be 
defined. The ORF57-Aly/REF interaction plays only a 
small role in viral RNA export. Although other members of 
the family generally inhibit the splicing of cellular RNAs, 
KSHV ORF57 and EBV EB2, in sharp contrast, stimulate 
viral RNA splicing for the expression of viral intron-
containing genes. The functions of KSHV ORF57 are 
independent of transcription and of other viral proteins; 
instead, these functions always rely on cellular components 
and occur in various protein-RNA complexes. ORF57 may 
synergize with KSHV ORF50 to transactivate a subset of 
viral promoters by an unknown mechanism. Thus, some 
functions of ORF57 have been conserved while others have 
diverged from its homologues as ORF57 adapted over 
evolution to KSHV biology and pathogenesis. 

 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
 Kaposi's sarcoma-associated herpesvirus 
(KSHV), also known as human herpesvirus 8 (HHV-8), is a 
human gammaherpesvirus initially discovered in AIDS-
related Kaposi's sarcoma (KS) (1). Epidemiological studies 
later showed that KSHV is indispensable for the 
development of all forms of KS (2) and other lymphotropic 
malignancies, including primary effusion lymphoma (PEL), 
also known as body cavity-based B-cell lymphoma, and 
multicentric Castleman's disease (3,4).  
 
 KSHV, like other herpesviruses, has a large DNA 
genome (about 165 kb) with the capacity to encode up to 
90 different viral products (5). During infection, KSHV 
undergoes two distinguishable viral life cycles. The latent 
infection is characterized by restricted expression of only a 
few virus genes, which play important roles in segregating 
and maintaining the viral episomal genome (6,7). Viral 
lytic infection features a massive, time-regulated cascade of 
lytic gene expression, leading to viral genome replication 
and assembly of infectious virions. The viral lytic cycle can 
be initiated in latently infected cells by various chemicals 
or by exposing the latently infected cells to stress (8-11). 
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Figure 1.  Gene structure and expression of KSHV ORF57. (A) Schematic diagram of ORF57 gene structure in the context of the 
KSHV genome. The KSHV genome consists of a unique long region (UL, heavy line) flanked by a terminal repeat (TR, striped 
boxes) on each end. KSHV ORF57 (grey arrow in the insert) is located between the ORF56 and K9 genes (empty arrows). 
ORF56 and ORF57 are each transcribed independently from separate promoters (arrows with P, designated by the position of the 
transcription start site in the virus genome), but share the same polyadenylation signal (pA) and cleavage site (CS) for 
polyadenylation. The open boxes represent the ORF of each gene. The ORF57 ORF is divided into two exons (numbers in the 
boxes) by a small intron (dashed line). The intron is removed from both monocistronic ORF57 and bicitronic ORF56/57 pre-
mRNAs (heavy lines) by RNA splicing. The numbers are nucleotide positions in the KSHV genome (GenBank accession number 
U75698). (B) Kinetic production of KSHV ORF50 and ORF57 in BCBL-1 cells during lytic induction. ORF50 (also known as 
Rta), a major viral transactivator that functions as a multimer, transactivates ORF57 expression by direct binding to specific DNA 
sequences in the ORF57 promotor (RRE, Rta-response element) in association with cellular recombination signal binding 
protein-Jkappa (RBP-Jkappa). Western blot analysis (lower panel) shows the kinetics of ORF50 and ORF57 expression in KSHV 
latently infected B-cells (BCBL-1) after induction of viral lytic replication by valproic acid. ORF50 appears several hours earlier 
than ORF57 after the lytic induction. Tubulin was used as a loading control.  
 
 Like other herpesviruses, KSHV replicates in the 
nucleus, where a virus-encoded transactivator, ORF50 (Rta, 
replication and transcription activator), initiates 
transcription of viral genes from responsive viral 
promoters. However, viral transcripts have to be processed 
before they can be used for protein translation. This 
includes RNA 5' capping, splicing, polyadenylation, and 
export. Incorrectly processed transcripts are recognized by 
cellular RNA surveillance and eliminated. To facilitate this 
process, the herpesvirus family has evolved specific 
posttranscriptional regulatory proteins. KSHV ORF57 is 
one of these regulatory proteins.  
 
 ORF57 is essential for the expression of many 
KSHV genes (12,13) and affects almost every step of viral 
gene expression. However, the major function of ORF57 is 
regulating RNA processing at the posttranscriptional level. 
ORF57 promotes the expression of KSHV intronless genes, 
independently of transcription, by promoting the 
accumulation and presumably nuclear export of their 
transcripts (14-18). In contrast to its homologues, which 
have an inhibitory effect on RNA splicing, ORF57 
surprisingly stimulates intron removal and the expression 
of several viral intron-containing RNAs (12). Moreover, 
KSHV ORF57 functions as a transcriptional activator or 
co-activator of several viral genes (15,19,20), depending on 
experimental conditions. This review will summarize our 

current knowledge of KSHV ORF57.   
 
3. ORF57 GENE STRUCTURE AND EXPRESSION 
 
3.1. ORF57 gene structure  
 The gene that encodes ORF57 is positioned in a 
unique long region of the KSHV genome and is flanked by 
the ORF56 (primase) and K9 (viral interferon regulatory 
factor [vIRF]) genes (Figure   1A). The ORF56 and ORF57 
ORFs lie side by side in the same orientation on the sense 
strand of the virus genome; each has its own promoter to 
initiate its transcription, but they share the same 
polyadenylation signal downstream of the ORF57 ORF. 
Thus, the ORF57 transcript is monocistronic, whereas the 
ORF56 transcript is bicistronic, with ORF57 as its 3' 
untranslated region. In contrast, the K9 gene is positioned 
in the opposite direction to ORF57 on the antisense strand 
of the KSHV genome.  
 
 KSHV ORF57 is a homologue of herpes simplex 
virus type 1 (HSV-1) ICP27 (21,22) that is highly 
conserved among all members of the herpesvirus family. 
Other members in the family are cytomegalovirus (CMV) 
UL69 (23), varicella-zoster virus (VZV) ORF4 (24), 
Epstein-Barr virus (EBV) EB2 (EB2 or SM) (25,26), and 
herpesvirus saimiri (HVS) ORF57 (27-29). The ORF of 
KSHV ORF57 was initially predicted to encode a protein
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Figure 2. KSHV ORF57 homologues and their 
phylogenetic relationships. The amino acid sequences of 
HSV-1 ICP27, HSV-2 UL54, VZV ORF4, CMV UL69, 
human herpesvirus 6 (HHV6) U42, human herpesvirus 7 
(HHV7) U42, EBV EB2, KSHV ORF57, and HVS ORF57 
proteins were aligned, and the dendrogram was generated 
by Clustal W software (www.ebi.ac.uk/clustalw/). The lines 
represent phylogenetic relationships and evolutionary 
distance among the homologues.  
 
of 275 amino acid (aa) residues, with homology to the EBV 
SM protein (5), in fact, the protein is 51 kDa and is 
composed of 455 aa residues. The ORF of ORF57 spans 
two exons that are interrupted by a small intron (14-16). 
ORF57 initiates its transcription from its promoter with a 
canonical TATA box (15), and its gene transcription 
produces an RNA transcript of ~1.6 kb. The RNA 5' exon 
or exon 1 is relatively small, 114 nts, and has four potential 
initiation codons of which all are in frame. The first ATG, 
which is in an optimal Kozak context in the 5' exon, is used 
for translation of full-length 455-aa ORF57 protein, of 
which the first 17 aa residues are translated from the 5' 
exon. The intron is 109 nt in size and contains consensus 
splice donor and acceptor sites and utilizes two suboptimal 
branch points for splicing (30) due to the suboptimal 
features of the polypyrimidine tract. The 3' exon or exon 2 
is about 1.4 kb long and encodes the remaining 438 aa 
residues of ORF57. ORF57 polyadenylation is governed by 
a consensus polyadenylation signal 64 nts downstream of 
the stop codon, and the transcripts are cleaved at several 
cleavage sites nearby, but mostly at nt 83628. The observed 
heterogeneity in the polyadenylation cleavage site is most 
likely related to the suboptimal content of the downstream 
GU/U-rich region, which binds cellular cleavage 
stimulatory factors (CSF) and defines the efficiency of 
transcript cleavage (30). KSHV ORF57 homologs with a 
similar gene structure have been found in HVS (27), EBV 
(25) and murine gammaherpesvirus 68 (MHV-68) (31), but 
not in other herpesviruses. 
 
3.2. Kinetics of ORF57 expression and localization   
 ORF57 appears in lytically infected cells very 
early (Figure 1B) after virus reactivation from latency 
(19,32,33) and its expression can be blocked by 
cycloheximide. Therefore, KSHV ORF57 is classified as an 
early gene. ORF57 expression is highly dependent on 
KSHV ORF50 (34). KSHV ORF50 or Rta is a viral 
immediate early gene that controls the expression of several 
viral early lytic genes by binding to Rta-responsive 

elements (RRE) in their promoter regions (35-38). 
Although an RRE in the ORF57 promoter is responsible for 
ORF50 binding (38,39), ORF50 itself is unable to bind this 
element and is not sufficient to initiate ORF57 transcription 
(35). Instead, ORF57 transactivation requires ORF50 in 
association with the cellular recombination signal binding 
protein-Jkappa (RBP-Jkappa), a member of the Notch 
signaling pathway (35). 
 
 Expressed ORF57 is found predominantly in the 
nucleus and has a characteristic punctuate pattern that 
resembles splicing speckles and colocalizes with the 
cellular splicing factor SC35 (12,14,17,33). The nuclear 
localization of ORF57 is driven by three independent 
nuclear localization signals (NLSs) that form a cluster in 
the N-terminus (17). Only simultaneous mutation of all 
three NLSs can prevent localization of ORF57 into the 
nucleus, although it is not clear why ORF57 needs three 
NLSs with redundant function. One explanation could be 
that each has different affinity for different members of the 
importin family, as was reported for HVS ORF57 (40). 
This would secure proper localization of ORF57 in the 
nucleus during viral infection. Multiple NLSs also exist in 
other homologous proteins, including EBV EB2 (41) and 
ICP27 (42,43). 
 
 KSHV ORF57 shuttles between the nucleus and 
the cytoplasm (14). The nuclear export of ORF57 
homologues is mediated by a leucine-rich nuclear export 
signal through an interaction with the cellular export factor 
CRM-1 (44,45). Whether a leucine-rich region in the C-
terminus of ORF57 may be responsible for ORF57 export 
from the nucleus remains to be determined. Overexpression 
of CRM-1 does not cause an accumulation of KSHV 
ORF57 in the cytoplasm, as has been observed for other 
homologues (16), indicating that KSHV ORF57 has a 
different mechanism of nuclear export than its homologues.  
 
 KSHV ORF57 may contain a potential nucleolus-
targeting signal (NoLS), KRPR, which overlaps with 
NLS2. Since only very small fraction of ORF57 is 
associated with nucleoli in lytically infected PEL cells, the 
nucleolar localization of ORF57 might be not relevant to 
virus multiplication or pathogenesis (12). NoLSs have been 
identified in ORF57 homologues (42,46). 
 
4. ORF57 PROTEIN STRUCTURE AND PUTATIVE 
MOTIFS 
    
 The individual members of the ICP27 family 
differ in size, and their overall sequence homology is 
relatively low. KSHV ORF57, EBV EB2, and HVS ORF57 
are the three closest members in the family (Figure 2), but 
share only approximately 30% homology/identity of aa 
residues. KSHV ORF57 doesn't have any significant 
sequence homology to other viral or cellular proteins. 
Analyses of the ORF57 aa sequence have revealed several 
putative structural and functional motifs (Figure 3). The N-
terminus of KSHV ORF57 contains a long stretch of 
arginine residues that is similar to arginine or 
arginine/glycine runs found in other homologues. ORF57 
also contains two separate RGG-motifs, which are typical 
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Figure 3. Putative secondary structure and functional motifs of KSHV ORF57. The secondary structure displayed under the 
amino acid sequence of ORF57 was predicted using PSIPRED V2.6 software (http://bioinf.cs.ucl.ac.uk/psipred/) (83). The 
cylinders represent alpha-helixes, empty arrows indicate beta-sheets, and heavy lines are coiled regions. KSHV ORF57 consists 
of two structurally distinct regions: the mostly unstructured N-terminal part and the highly structured C-terminal part containing 
multiple alpha-helixes. Functional motifs (colored) identified or predicted in KSHV ORF57 are serine-arginine and arginine-
serine (SR/RS) dipeptides, three nuclear localization signals (NLSs), arginine-rich region, AT hook, arginine-glycine-glycine 
(RGG) motifs, leucine zipper, zinc finger, and hydrophobic "GLFF" motif. 
 
of RNA-binding proteins, and four serine/arginine or 
arginine/serine dipeptides that are characteristic of SR 
proteins, the major cellular splicing factors. The three 
independent NLSs overlap the arginine-rich region in the 
N-terminus of KSHV ORF57. The regions enriched in 
arginine residues in other members of the family also bear 
nuclear and nucleolar localization signals and are involved 
in RNA-binding (41,47). In KSHV ORF57, each NLS is 
represented by a short stretch of basic amino acids, mostly 
arginine and lysine residues (17). In addition to their 
nuclear localization function, the identified ORF57 NLSs 
are important in other ORF57 functions, as mutation of 
individual NLSs significantly decreases the ability of 
ORF57 to promote the expression of its target gene KSHV 
ORF59 despite its proper localization in the nucleus. These 
mutations in KSHV ORF57 prevent the association of 
ORF57 with ORF59 RNA (17). The N-terminus of KSHV 
ORF57 might contain an A/T hook motif that overlaps 
NLS2 (20); this motif is commonly found in chromosomal 
DNA binding proteins (48). 

 
 The C-terminus of KSHV ORF57 is enriched in 
leucine residues and contains a putative leucine zipper 
motif, a structure typical of cellular transcription factors. 
The putative leucine-zipper motif appears to be unique to 
KSHV ORF57 and is not present in other homologues. 
Although ORF57 has been shown to homodimerize, the 
potential leucine zipper in ORF57 is not required for 
homodimerization and is not critical for ORF57 activity 
(18). It remains to be shown whether a functional leucine 
zipper can be formed in vivo for protein-protein interaction. 
The C-terminal of ORF57 also contains the zinc-finger–like 
motif H-x-C-x-C, which is conserved in all homologues. 
Although in ICP27 this motif binds zinc, it is not clear of 
the relevance of the zinc binding to ICP27 function (49). A 
hydrophobic "GLFF motif", characteristic only of ORF57 
homologues in gammaherpesviruses, is located at the very 
end of the C-terminus of ORF57. This motif in other family 
members is required for transactivation and repression 
activities (28,50-52), but deletion of the C-terminal half of 
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KSHV ORF57 has only a minimal effect on ORF57 
function. In contrast, truncation of KSHV ORF57 from the 
N-terminus reduces the expression of ORF57-dependent 
genes, indicating that the domains important for ORF57 are 
mainly localized at the N-terminal half (17). 
 
 KSHV ORF57 protein is phosphorylated in vivo 
(Majerciak and Zheng, unpublished data). Cellular casein 
kinase II (CK II or CK2) was proposed to phosphorylate 
ORF57, because KSHV ORF57 directly interacts with two 
subunits of CK II (53). However, the phosphorylation site 
(s) of KSHV ORF57, other kinases involved in the 
phosphorylation, and the effect of phosphorylation on 
ORF57 function remain to be determined. ICP27 and EB2 
also interact with and are phosphorylated by CK II (54,55) 
although mutation of several phosphorylation sites in HSV 
ICP27 did not affect the replication of a mutant virus (56), 
CK II phosphorylation of EB2 does regulate the production 
of EBV virus (55).  
 
 There are no structural data available for ORF57 
or any of its homologs. The secondary structure predicted 
by several computer programs for ORF57 consists of two 
distinguishable regions (Figure 3). The N-terminal part 
represents a surprisingly long unstructured region 
(approximately aa 1-220) containing only one alpha-helix 
on the far N- terminus. A large number of cellular proteins 
without any significant structure in a large (>50 aa) region 
have recently been predicted and experimentally 
confirmed. These "intrinsically unstructured proteins" 
function in many cellular processes, including regulation of 
transcription and translation, signal transduction, protein 
phosphorylation, small molecule storage, and assembly of 
large multiprotein complexes. They also function as 
chaperones for other proteins or RNA molecules and their 
defined structure can be obtained only after binding to a 
ligand (57). In contrast, the C-terminus of KSHV ORF57 is 
composed of multiple alpha-helixes (10 to 12, depending 
on the prediction algorithm) and a few beta-sheets. 
Interestingly, all ORF57 homologues exhibit a similar 
predicted secondary structure (Majerciak and Zheng, 
unpublished data). One can speculate that the C-terminal 
region carries out functions highly conserved in all 
homologues, whereas the N-terminus deviates within the 
family to serve the specific needs of each member. One 
example could be the nuclear localization and nuclear 
exports signals that are mostly localized in the unstructured 
region, and whose numbers, positions, and compositions 
vary greatly among the members in the family.  
 
5. ORF57 IN POSTTRANSCRIPTIONAL 
REGULATION OF VIRAL GENE EXPRESSION 
  
5.1. ORF57 in expression of viral intronless genes 
 KSHV ORF57 promotes the expression of KSHV 
intronless genes (Figure 4A). These include several viral 
early and late genes, including KSHV ORF59 (15,17), 
PAN (13,15,58), gB , MPC (18) and others. Other KSHV 
intronless genes, like vGCR or K5, show no dependence on 
ORF57 expression (15), indicating that ORF57's effect on 
the expression of viral intronless genes is selective. 
However, we do not yet have a complete list of intronless 

genes affected by ORF57 expression. The effect of ORF57 
on the expression of intronless genes is posttranscriptional 
and independent of the viral promoter activity and 
polyadenylation (15-17). ORF57 binds the Aly/REF 
protein, which has a major role in RNA export and was 
thought to promote the nuclear export of viral RNAs in a 
CRM1-independent manner (59). Whether ORF57 can 
function to promote viral RNA export remains largely 
unknown. However, RNA export has been proposed as a 
major function of ORF57 by analogy to its homologues 
from other members in the family.  
 
 Early studies suggested that KSHV ORF57 could 
mediate the nuclear export of reporter RNAs. In these 
studies, the chloramphenicol acetyltransferase (CAT) ORF 
was inserted into the intron region of the pCMV 128 
reporter plasmid (59) or downstream of an intron region in 
a CMV-CAT reporter (16). Because the pre-mRNA 
transcribed from the pCMV 128 plasmid was inefficiently 
spliced and a pre-mRNA containing an intron in general 
would not be exported to the cytoplasm, the ORF57-
enhanced CAT activity was interpreted as a result of 
ORF57-mediated mRNA export (59), because ORF57 also 
interacts with Aly/REF. However, recent studies in our lab 
and others indicate that the effect of ORF57 on the 
expression of viral intronless early genes may be 
independent of Aly/REF. KSHV ORF59 is an early gene 
encoding a viral DNA polymerase processivity factor 
involved in viral DNA replication, and its expression 
strongly relies on ORF57. The three NLSs of ORF57 are 
required for ORF59 expression and Aly/REF binding. This 
enhancement of ORF59 expression by ORF57 is due to the 
interaction of ORF57 protein with ORF59 RNA, leading to 
the accumulation of both cytoplasmic and nuclear ORF59 
transcripts, independent of Aly/REF. Deletion of the 
Aly/REF binding domain in ORF57 or knockdown of 
Aly/REF expression with an siRNA has no effect on the 
ORF57 enhancement of ORF59 expression (17), indicating 
that ORF57 possibly stabilizes ORF59 RNA. This 
observation is consistent with the notion that Aly/REF is 
dispensable for RNA export in Caenorhabditis elegans 
(60,61) and Drosophila (62). 
 

Additional evidence of a role for ORF57 in the 
stabilization of ORF59 comes from studies on 
polyadenylated nuclear (PAN) RNA in our laboratory and 
others (13,15,58). KSHV PAN RNA (nut-1, T1.1) is a non-
coding RNA with unknown function. PAN accumulates to 
an unusually high level (~2.5 x 105 copies) in the nucleus 
of lytically infected cells. ORF57 enhancement of PAN 
RNA expression is independent of transcription; it was 
initially noticed following transient cotransfection (15) and 
was subsequently confirmed in the context of the KSHV 
genome (13,58). In either circumstance, the steady-state 
level of PAN RNA was greatly reduced in the absence of 
ORF57 in viral lytic induction. Because PAN RNA is 
exclusively nuclear and cannot be exported to the 
cytoplasm (63), it is not sensitive to mRNA export 
regulation. These data strongly imply that KSHV ORF57 
promotes the expression of viral intronless early genes by 
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Figure 4. Posttranscriptional regulation of viral gene expression by KSHV ORF57. (A) ORF57 upregulates the expression of 
several viral intronless genes. The double line represents the virus genome, P with an arrow indicates a promoter/transcription 
start site, open box is the coding region or open reading frame (ORF), and pA stands for polyadenylation signal. ORF57 binds to 
intronless transcripts with a 5' end cap (open circle) and a 3' end polyadenylated tail by interacting with unknown cellular 
factor(s). ORF57 promotes the nuclear accumulation of regulated transcripts presumably by increasing the RNA stability, and in 
some cases may promote their export from the nucleus. (B) KSHV ORF57 also functions as a viral splicing factor to promote the 
expression of viral intron-containing transcripts. ORF57 stimulates splicing of primary RNA transcripts (heavy line) containing a 
suboptimal intron (dashed line) by interacting with components of the cellular splicing machinery, such as SR proteins 
(serine/arginine-rich proteins) and U snRNPs (uridine-rich small nuclear ribonucleoprotein particles).   

 
preventing the transcripts from degradation mediated by the 
cellular RNA surveillance machinery.  

      
5.2. ORF57 is a viral splicing factor that regulates viral 
RNA splicing  

One of the hallmarks of herpesvirus lytic 
infection is the repression of host gene expression, referred 
as "virus host shut-off" (VHS) (64,65). ICP27 contributes 
to VHS by inhibiting RNA splicing (66,67), leading to 
destabilization of the unspliced cellular RNAs (68,69). A 
similar inhibitory effect on RNA splicing has been reported 
for homologous proteins, including EBV EB2 and HVS 
ORF57 (26,27). However, the suppression of RNA splicing 
by KSHV ORF57 would be harmful for KSHV gene 
expression and virus replication, because the KSHV 
genome encodes more than 30 intron-containing genes that 
require active splicing during their expression (70). 

 
An investigation of whether KSHV ORF57 has 

any effect on the expression of intron-containing genes thus 
resulted in the surprising conclusion that KSHV ORF57 
does not suppress the expression of most intron-containing 
artificial genes (15), a conclusion that contrasts sharply 

with the concept established from many years of work on 
KSHV ORF57 homologs in other members of the family. 
Through systemic analyses of the expression and 
processing of viral tricistronic ORF50, bicistronic K8, and 
monocistronic K8.1 pre-mRNAs, which all contain 
multiple introns, we discovered that KSHV ORF57 
functions as a viral splicing factor that promotes viral K8 
RNA splicing and the production of a K-bZIP (K8alpha) 
protein (Figure 4B) (12). This KSHV ORF57 activity for 
promoting viral K8 RNA splicing is conserved in EBV 
EB2, but absent in HSV ICP27. By disrupting ORF57 in 
the virus genome, we also demonstrated a significant 
reduction of ORF50, K8, and K8.1 expression and 
accumulation of unspliced ORF50 and K8 pre-mRNAs in 
lytically induced cells with stable infection of the ORF57-
null genome, indicating a defect in the viral RNA splicing 
of both ORF50 and K8 pre-mRNAs (12). In KSHV-
infected cells with viral lytic replication, ORF57 
preferentially interacts with intron-containing viral pre-
mRNAs, which are in low abundance relative to their 
corresponding spliced products. This was confirmed by in 
vitro splicing reactions followed by pulldown assays, in 
which ORF57 (most likely its N-terminal NLS2 and NLS3
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Figure 5. Other possible roles of KSHV ORF57 in the 
regulation of viral gene expression. (A) KSHV ORF57 
enhances RNA transcription in synergy with a major viral 
transactivator ORF50 (or Rta). The synergy is dependent 
on ORF50 binding to a regulatory DNA element, RRE (Rta 
response element), in the promotor region of affected viral 
genes. See other details in Figure 4A. (B) Possible 
involvement of ORF57 in protein translation. KSHV 
ORF57 was found in association with cellular poly-rC 
binding protein 1 (PCBP1), which might be involved in 
IRES (internal ribosome entry site)-initiated translation. 

 
regions) selectively interacted with the intron of the pre-
mRNA only in the presence of other cellular proteins. The 
promotion of RNA splicing by ORF57 is independent of 
other viral factors and occurs with other viral and nonviral 
RNAs that undergo inefficient splicing (12). 

 
ORF57 promotes viral RNA splicing by actively 

associating with multiple splicing components in the 
spliceosomal complexes in which RNA splicing takes 
place. KSHV ORF57 associates with the small nuclear 
RNAs (snRNA) U1, U2, U4, U5, and U6, all of which are 
essential components of spliceosomes, in isolated ORF57-
RNA complexes during KSHV lytic infection or when 
ORF57 is overexpressed by transient transfection. This 
association of ORF57 with snRNAs is mediated through an 
ORF57-Sm protein interaction (12). In addition, KSHV 
ORF57 interacts with the cellular splicing factors ASF/SF2 
and U2AF, two essential factors for bridging 5' and 3' 
splice sites over the intron for splice site recognition by U1 
and U2 snRNAs and intron removal. Since ORF57 does not 
behave like a classical SR protein in in vitro splicing 
assays, its role in RNA splicing of mediating protein-

protein interactions with various cellular splicing factors 
would be mainly auxiliary. However, the exact function of 
ORF57 in each step of spliceosome-mediated RNA splicing 
remains to be investigated. 
 
6. POSSIBLE ROLE OF ORF57 IN VIRAL 
TRANSCRIPTION 

 
 KSHV ORF57 may transactivate 

specific viral promoters in synergy with KSHV ORF50, a 
major transactivator in the initiation of viral lytic gene 
expression (15,19,20). This synergistic effect has been 
observed in vitro in analyses of viral promoters for ORF50 
(19), ORF57 (20), PAN/nut-1, Kaposin (15), ori-Lyt (L) 
(20), K-bZIP (20), and TK (15,20), but not in promoters 
that do not respond to ORF50, such as the ISRE and SV40 
promoters (19). Among the promoters examined, promoters 
for PAN/nut-1, ori-Lyt (L), and Kaposin are most 
responsive (20).  

 
Although the expression of KSHV ORF57 is 

activated shortly after ORF50 expression in lytic viral 
induction, the expressed ORF57 may further enhance 
ORF50-mediated gene expression from other RRE-
containing promoters (15). This synergistic effect of 
ORF57 on viral transcription depends on binding of the 
ORF50 transactivation domain to the RRE in the promoter 
(Figure 5A). Interestingly, the co-activation mediated by 
the ORF50/57 interaction appears to be promoter- or cell 
line–specific; not all promoters containing an RRE respond 
to ORF57 co-stimulation at the same level (20). ORF57 
interacts with ORF50 (19,20,71) via its N-terminal region 
(aa 17-215) (19) and the central region (aa 246-484) of 
ORF50 (20). The ORF50/57 complex is associates with the 
target promoter in lytically infected cells (19). Although the 
mechanism by which ORF57 promotes ORF50 activity 
remains largely unknown, the observation that ORF57 
enhanced ORF50 protein levels by 3-fold in a 
cotransfection assay (15) might imply a posttranscriptional 
effect of ORF57 on ORF50 expression. In addition, the 
level of ORF50 expression can be elevated in the presence 
of ORF57 in the context of the virus genome (12). 

 
7. POSSIBLE ROLE OF ORF57 IN PROTEIN 
TRANSLATION  

 
Using a two-hybrid system, Nishimura et al. (33) 

identified poly (rC)-binding protein 1 (PCBP1, also called 
hnRNP E1 or alphaCP1) as a protein that interacts and 
colocalizes with ORF57. This interaction takes place 
through a PCBP1-binding region of ORF57 (aa 179-205) 
and an ORF57-binding site of PCBP1 (aa 48-96). PCBP1 is 
a 356-aa protein and has many functions, possibly 
including the regulation of alpha-globin mRNA stability 
(72,73) and the activation and silencing of protein 
translation (74). Because cotransfection of ORF57 and 
PCBP1 or transfection of ORF57 alone enhances IRES-
mediated translation activity (Figure 5B), and the 
cotransfection also doubled the level of reporter RNAs, 
exactly how the proposed ORF57-PCBP1 interaction 
regulates IRES-mediated protein translation remains to be 
understood. Interestingly, ICP27 was recently found to 
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Figure 6. KSHV ORF57-RNA interaction. (A) Purified recombinant KSHV ORF57 binds nonspecifically to all RNAs analyzed 
by Northwestern analysis. Baculovirus-expressed FLAG-tagged ORF57 protein was separated in a 12% SDS-PAGE gel, 
transferred onto a nitrocellulose membrane, renatured, and probed with 32P-labeled individual RNAs as described (76,84). No 
meaningful difference in RNA binding to ORF57 was observed among those RNAs analyzed, including three ORF57-regulated 
RNAs (ORF59, PAN, and K8) and three ORF57-nonresponsive RNAs (KSHV K5, bovine papillomavirus type 1 (BPV-1) late, 
and luciferase RNAs). Purified bovine serum albumin (BSA), which does not bind any RNA, served as a negative protein 
control. (B) The effect of cellular proteins on the association of KSHV ORF57 with target RNA. The radiolabeled RNA probe 
was prepared by in vitro transcription from a KSHV ORF59 DNA template. The RNA probe was incubated with baculovirus-
expressed ORF57-FLAG protein immobilized on anti-FLAG beads in the presence or absence of HEK-293 cell nuclear extracts. 
After washes, the amount of bound RNAs was measured with a scintillation counter and expressed as counts per minute (CPM). 
The amount of ORF59 RNAs associated with ORF57 proteins dramatically increased in the presence of cellular proteins (nuclear 
extracts) when compared with the RNA-protein binding in the absence of nuclear extracts (Modified with permission from 
reference (17). 

 
associate with polyribosomes and stimulate mRNA 
translation (75). 

 
8. ORF57 AND RNA INTERACTIONS 

 
 KSHV ORF57 is an RNA-binding 

protein and binds RNAs specifically in the presence of 
cellular proteins (17). KSHV ORF57 contains an arginine-
rich region (aa 122-130) that resembles RNA-binding 
motifs (ARMs) described in other members of the family, 
including EBV EB2, CMV UL69, and HVS ORF57 
(41,76). Motifs similar to ARMs are present in other viral 
proteins, such as HIV-1 Tat and Rev or lambda phage N 
protein (77-79). KSHV ORF57, like its homologues, 
interacts with RNAs (17,18), but direct binding of ORF57 
to an RNA lacks substrate specificity in the absence of 
cellular extracts (Figure 6) (17), indicating that specific 
interactions between ORF57 and its RNA targets only 
occurs in the context of protein-RNA complexes. In KSHV 
lytic infection, ORF57 is recruited into at least three forms 
of RNA-protein complexes. For intron-containing viral 
transcripts, ORF57 assembles into spliceosomal complexes 
in preferential association with low-abundance viral pre-
mRNAs and essential splicing components to facilitate 
viral RNA splicing. For intronless viral transcripts, ORF57 
interacts with RNAs to form a protein-RNA complex that 
protects the targets from RNA degradation. ORF57 also 
interacts with RNA export factors and is present in RNA 

export complexes, but its role in RNA export has not been 
well characterized. In all three cases, ORF57 interacts with 
other RNA-binding proteins (see below), some of which 
are present in all three complexes. Although ORF57 is in 
close contact with its targeted RNA and can be cross-linked 
to the bound RNA with ultraviolet light, the RNA sequence 
for ORF57 interaction has not been identified. 

   
The KSHV ORF57 ARM overlaps with well 

characterized NLSs. Point mutations in the NLS sequences 
of ORF57 have a dramatic effect on its RNA binding 
affinity and on the accumulation of targeted transcripts 
(17). This is in contrast with the observation that an 
arginine-rich RNA-binding region of HCMV UL69 is not 
critical for UL69 function (76). 

 
9. PROTEIN PARTNERS OF ORF57 

 
KSHV ORF57 is a “sticky” protein that interacts with 
many other proteins to perform the various functions 
described above. With the exception of the transcriptional 
synergy with ORF50, ORF57 is more dependent on cellular 
factors than on viral proteins for its function. This is not 
surprising, because ORF57 is one of the few viral genes 
expressed at the early phase of the KSHV lytic cycle. A 
genome-wide two-hybrid screening of protein-protein 
interactions between KSHV viral proteins confirmed the 
binding of ORF57 to KSHV ORF50 protein (71). Some
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Table 1. Protein partners of KSHV ORF57 
Protein Function  Reference 
Viral (KSHV)   
ORF57 (self-interaction) (53,71) 
ORF50 viral transactivator  (19,20,71) 
K-bZIP (K8) viral transactivator (71) 
ORF23 tegument protein (71) 
ORF61 ribonucleotide reductase (71) 
ORF68 tegument protein (71) 
Cellular   
Aly/REF RNA export (?) (17,59) 
hnRNP K transcription, RNA processing (53) 
CKII alpha/alpha’ protein kinase (53) 
CK II beta protein kinase (53) 
PCBP1 RNA stability, translation (33) 
SR proteins RNA splicing  (12) 
Sm proteins RNA splicing  (12) 
U snRNPs RNA splicing (12) 
U2AF35  RNA splicing  (12) 
ASF/SF2 RNA splicing (12) 

The proteins on the list directly interacted or were 
associated with KSHV ORF57 in a two-hybrid system or 
protein pull-down and co-immunoprecipitation assays. 
 
additional interactions of ORF57 with KSHV proteins, 
including KSHV K-bZIP and others, were also identified 
(Table 1) (71). Whether these interactions take place in 
infected cells or have any role in ORF57 function remains 
to be determined. 

   
ORF57 binds to many cellular proteins, including 

Aly/REF, CK II, hnRNP K, PCBP1, ASF/SF2, U2AF, Sm, 
and other SR members (Table 1) (12,33,53,59). As 
mentioned above, ORF57 binds Aly/REF directly in vitro 
and forms an ORF57-Aly/REF complex in cells (17,59).  
This interaction was thought to recruit TAP/NFX1, another 
important member of the RNA nuclear export network, for 
the export of viral intronless RNAs (59). However, our lab 
and others recently demonstrated that the ORF57-Aly/REF 
interaction plays a little role in regulating viral gene 
expression (17,18). Both the N- and C-terminal parts of 
ORF57 directly interact with hypophosphorylated hnRNP 
K. A proline-rich motif in the central part of hnRNP K 
binds RNA to regulate RNA transcription, processing, and 
translation. By interacting with various proteins, hnRNP K 
might act as a docking platform to facilitate the interactions 
between these proteins to regulate gene expression and 
signal transduction (80). ORF57–hnRNP K complexes 
from infected cells also contain CK II, which has 
substantial kinase activity (53) ORF57 binds CK II through 
a direct interaction between its C-terminal part and both the 
N- and C-terminal CK II alpha/alpha’ (catalytic) subunits, 
and an interaction between its central region and the C-
terminal CK II beta (regulatory) subunit (53). KSHV 
ORF57 has multiple phosphorylation sites, including a 
cluster of potential CK II phosphorylation sites at the 
ORF57 N-terminus (Majerciak and Zheng, unpublished 
data), and can be phosphorylated by CK II in vitro (53). 
Since ORF57 phosphorylation in infected cells is not very 
sensitive to the CK II–specific inhibitor DRB (53), other 
protein kinases must be also involved in ORF57 
phosphorylation. 

  
Other protein partners of ORF57 and their 

possible roles have been discussed separately in related 

sections. Because ORF57 is a component of various 
complexes in viral lytic infection, it is conceivable that 
many more proteins will be identified in association with 
ORF57 in the near future.    

 
10. REMARKS AND PERSPECTIVES 

 
KSHV ORF57 is a structural and functional 

homologue of other proteins in the herpesvirus family. Like 
its homologues, ORF57 is essential for viral replication and 
retains several evolutionarily conserved functions that 
promote viral gene expression during lytic infection 
(13,18). However, ORF57 differs in many aspects from 
other members in the family. One major difference is its 
enhancement of splicing, which was discovered in our 
laboratory (12). This function is conserved in EBV EB2, 
but deviates greatly from the prototype family member, 
ICP27. The latter exercises a VHS function by suppressing 
cellular RNA splicing. This VHS function in KSHV lytic 
infection is performed by another viral protein, KSHV 
ORF37 (SOX) (65,81); similarly, in EBV it is performed 
by BGLF5 (82). Other important differences are the 
interaction of ORF57 with Aly/REF and the way it binds 
RNA. In contrast to many reports, Aly/REF binding plays 
little role in KSHV ORF57 function (17) and ORF57 does 
not bind its target RNAs specifically in the absence of 
cellular nuclear factors (12,17). KSHV ORF57 and EBV 
EB2 are particularly close members of the family, but 
although KSHV ORF57 functions to stimulate viral K8 
RNA splicing and KSHV ORF59 expression can be 
replaced by EBV EB2 (12,58), the two proteins are unable 
to substitute for each other in rescuing virus production. 

        
Although we have learned a great deal in the past 

10 years about KSHV ORF57 and its functions, the 
molecular mechanisms of KSHV ORF57 and its 
homologues in the regulation of viral gene expression 
remain largely unknown. Further studies should address 
several important questions: First, how many viral genes 
does KSHV ORF57 regulate? There are eight viral genes 
known to be under ORF57 regulation, including 
immediate-early (ORF50), early (ORF56, ORF59, 
PAN/nut-1, and K8), and late (gB, MCP, and K8.1) genes, 
but two viral genes, K5 and vGCR, do not respond to 
ORF57 expression. Thus, construction of a genome-wide 
ORF57 targeting map would definitely clarify how ORF57 
targeting might take place in virus lytic infection. One 
worthwhile notion is that the expression of KHSV latent 
genes is independent of ORF57 during viral latent 
infection, but continues into viral lytic infection. How does 
ORF57 distinguish different transcripts to selectively 
regulate the lytic but not latent transcripts? The same 
question also applies to cellular transcripts during viral lytic 
infection. If ORF57 has no effect on cellular transcripts, 
how do these transcripts escape from ORF57 recognition? 
Second, how many protein partners are involved in ORF57-
mediated gene expression and which of them are key 
players for defining ORF57 function? Although ORF57 
promotes the expression of viral genes independently of 
other viral proteins, its function is facilitated by cellular 
factors. To date, more than 10 cellular proteins (Table 1) 
have been identified as ORF57 partners. How do these 
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factors work with ORF57 and direct an ORF57-RNA 
complex to a specific pathway? Third, what role does 
ORF57 play in viral RNA export? Is ORF57-mediated viral 
RNA export a separate function of ORF57 or a 
consequence of ORF57-mediated RNA stability or RNA 
splicing? A careful study to dissect the individual events could 
be challenging because RNA transcription, processing, and 
export are coupled events for all eukaryotic RNAs. 

 
Although expression of KSHV ORF57 in viral 

lytic infection is activated by KSHV ORF50, ORF57 
expression and function may also be subject to 
autoregulaton (feedback) at the posttranscriptional level. A 
functional ORF57 may require multiple modifications after 
protein translation. For example, KSHV ORF57 is a 
phosphoprotein, and its full function relies on 
phosphorylation. Understanding what controls the 
posttranscriptional and posttranslational regulation of 
KSHV ORF57 will definitely contribute to our 
understanding of the KSHV life cycle. Together, the 
answers to all of the questions raised above will not only 
elucidate the roles of KSHV ORF57 in viral infection and 
carcinogenesis, but could also shed light on the regulation 
of RNA processing and gene expression more generally.  
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