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The complete sequence of retroperitoneal fibromatosis-associated herpesvirus Macaca nemestrina (RFHVMn), the pig-tailed
macaque homolog of Kaposi’s sarcoma-associated herpesvirus (KSHV), was determined by next-generation sequence analysis of
a Kaposi’s sarcoma (KS)-like macaque tumor. Colinearity of genes was observed with the KSHV genome, and the core herpesvi-
rus genes had strong sequence homology to the corresponding KSHV genes. RFHVMn lacked homologs of open reading frame
11 (ORF11) and KSHV ORFs K5 and K6, which appear to have been generated by duplication of ORFs K3 and K4 after the diver-
gence of KSHV and RFHV. RFHVMn contained positional homologs of all other unique KSHV genes, although some showed
limited sequence similarity. RFHVMn contained a number of candidate microRNA genes. Although there was little sequence
similarity with KSHV microRNAs, one candidate contained the same seed sequence as the positional homolog, kshv-miR-K12-
10a, suggesting functional overlap. RNA transcript splicing was highly conserved between RFHVMn and KSHV, and strong se-
quence conservation was noted in specific promoters and putative origins of replication, predicting important functional simi-
larities. Sequence comparisons indicated that RFHVMn and KSHV developed in long-term synchrony with the evolution of their
hosts, and both viruses phylogenetically group within the RV1 lineage of Old World primate rhadinoviruses. RFHVMn is the
closest homolog of KSHV to be completely sequenced and the first sequenced RV1 rhadinovirus homolog of KSHV from a non-
human Old World primate. The strong genetic and sequence similarity between RFHVMn and KSHV, coupled with similarities
in biology and pathology, demonstrate that RFHVMn infection in macaques offers an important and relevant model for the
study of KSHV in humans.

Kaposi’s sarcoma (KS) continues to be the world’s most common
AIDS-associated malignancy despite the strong research effort

over the past 30 years to study its cause and to develop effective ther-
apies (1). KS presents as a highly vascularized neoplasm containing
characteristic elongated, spindle-shaped tumor cells expressing en-
dothelial cell markers (2). Kaposi’s sarcoma-associated herpesvirus
(KSHV)/human herpesvirus 8 (HHV8) was discovered in 1994 (3)
and is now known to be the causative agent of all forms of KS, includ-
ing both classical (non-HIV) and HIV-associated KS (4). KS tumors
are uniformly infected with KSHV (5), and tumor cells express a
number of KSHV genes associated with viral latency, including the
open reading frame 73 (ORF73) latency-associated nuclear antigen
(LANA) (6). Subsequent studies have shown that KSHV also plays an
etiological role in AIDS-associated pleural effusion B-cell lymphoma
and multicentric Castleman’s disease, two lymphoproliferative disor-
ders (7).

Sequence analysis of the KSHV genome revealed strong simi-
larities with the New World primate rhadinovirus herpesvirus sai-
miri (HVS), which infects the squirrel monkey and causes T-cell
lymphomas in heterologous hosts (8). The linear arrangement of
genes in the KSHV genome was so similar to that in the HVS
genome that the gene nomenclature for KSHV was patterned after
that of HVS, with KSHV ORF designations ranging from 2 to 75
and 15 novel KSHV genes given a KSHV-specific “K” designation
(K1 to K15). Many of these KSHV-specific genes are captured
cellular genes that endow the virus with important immune eva-
sion and pathogenic properties that are important to the biology
and life cycle of the virus and play roles in tumorigenesis (9).

KSHV is more distantly related to Epstein-Barr virus (EBV),
which also causes lymphoproliferative disorders, placing KSHV,
along with EBV, in the gammaherpesvirus subfamily of tumori-
genic herpesviruses. KSHV is formally grouped with HVS within
the genus Rhadinovirus, while EBV and related nonhuman pri-
mate viruses group together in the genus Lymphocryptovirus of
gammaherpesviruses.

An epidemic of KS-like tumors occurred in several different
macaque species at the Washington National Primate Research
Center (WaNPRC) in the early 1980s (10, 11). This syndrome,
called retroperitoneal fibromatosis (RF), was characterized by
multifocal subcutaneous and systemic lesions involving retroper-
itoneal tissues that progressively expanded, forming large masses
in the abdominal cavity, resulting in 10% mortality in colony-
born juveniles and 1% in all colony macaques at the WaNPRC.
The epidemic of RF was associated with a form of simian AIDS
(SAIDS) caused by infection with a simian D-type retrovirus (sim-
ian retrovirus type 2 [SRV-2]) (11). Morphological and histo-
chemical analysis of the characteristic RF tumors revealed many
similarities with KS, including the presence of proliferating spin-
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dle-shaped mesenchymal tumor cells and neoangiogenesis (12).
The multifocal nature of the tumor and the association with a
form of AIDS caused by retroviral infection suggested a common
etiology with KS.

Using the consensus-degenerate hybrid oligonucleotide primer
(CODEHOP) approach (13), we detected DNA sequences of two
closely related novel viruses in RF tumors from different macaque
species and designated these viruses retroperitoneal fibromatosis-
associated herpesvirus Macaca mulatta (RFHVMm) from rhesus
macaques and retroperitoneal fibromatosis-associated herpesvi-
rus Macaca nemestrina (RFHVMn) from pig-tailed macaques
(14). Using additional PCR-based approaches, 10-kb flanking re-
gions of the RFHVMm and RFHVMn genomes were sequenced,
which showed a high level of sequence conservation with KSHV
and a strong conservation of genomic structure, including ho-
mologs of several KSHV-specific ORFs (15). Based on these se-
quence and genetic similarities, RFHV was grouped with KSHV
within the genus Rhadinovirus of gammaherpesviruses. Using
quantitative-PCR (qPCR) techniques, high levels of RFHV
genomic DNA were detected in RF tumors from different ma-
caque species, with viral loads reaching several viral genomes per
cell (16, 17), corresponding to the viral load of latent KSHV in KS
tumors (3). Furthermore, immunohistochemical studies revealed
high levels of the RFHV ORF73 LANA homolog in the nuclei of
the RF spindloid tumor cells, detected with a monoclonal anti-
body to KSHV LANA (16, 18). These findings suggested that
RFHV had an etiological association with RF tumors in macaques.

Subsequent to the discovery of RFHV, another macaque rhadi-
novirus was identified at the New England National Primate Re-
search Center (NENPRC). This virus, called rhesus rhadinovirus
(RRV), was cultured from blood cells of an infected macaque, viral
DNA was isolated, and a 10-kb fragment was cloned and se-
quenced (19). A closely related rhadinovirus, MneRV2/PRV, was
also identified in pig-tailed macaques (20, 21). The full genome
sequence of RRV was obtained from purified viral DNA from the
original New England strain (H26-95) (22) and another RRV
strain (17577) from a rhesus macaque at the Oregon National
Primate Research Center (ONPRC) (23). Sequence analysis re-
vealed strong conservation of genomic structure between RRV,
KSHV, and HVS, and RRV was also grouped within the genus
Rhadinovirus of gammaherpesviruses. However, both RRV strains
lacked homologs of most of the KSHV-specific ORFs, suggesting
important biological differences between RRV and KSHV.

Phylogenetic analysis of available sequences revealed that the
members of the genus Rhadinovirus in primates segregated into two
phylogenetic groups, the New World and Old World primate rhadi-
noviruses, and that the Old World rhadinoviruses further segregated
into two distinct rhadinovirus lineages. The Rhadinovirus-1 (RV1)
lineage consisted of KSHV and close homologs from other nonhu-
man Old World primates, including RFHV strains from different
macaque species, while the Rhadinovirus-2 (RV2) lineage consisted
of RRV, MneRV2, and homologs from other nonhuman Old World
primate species (21, 24). Whereas members of both RV1 and RV2
rhadinovirus lineages have been identified in numerous Old World
primate species, including chimpanzees, gorillas, macaques, and dif-
ferent monkey species (14, 19, 21, 24–30), only the RV1 rhadinovirus
KSHV has been identified in humans.

While the full genome of RRV was sequenced from highly pu-
rified viral DNA obtained from primary lytic infection of cultured
cells, it has not been possible to purify RFHV DNA for genomic

sequence analysis due to the lack of a permissive infection system.
Previously, fragments of the RFHV genome were laboriously se-
quenced from PCR products or cloned genome fragments (15, 18,
21, 31). With the reduced cost of high-throughput next-genera-
tion (Next-Gen) sequencing techniques, we have now obtained
the complete genome sequence of RFHVMn from an archived
frozen RF tumor carrying �3 RFHV genomes per cell by Illu-
mina-based sequencing of the complete complement of DNA
present in the tumor, reducing the DNA reads from the macaque
genome bioinformatically, and performing a de novo assembly of
the RFHV genome sequence. This is the first sequence from a
clinical isolate of an RV1 rhadinovirus genome determined by
Next-Gen approaches. Comparison of the RFHVMn genome with
the KSHV genome revealed close genetic and genomic similarities
between the macaque and human RV1 rhadinoviruses, suggesting
a common biology, life cycle, and pathology. These similarities
demonstrate that RFHV infection in macaques is a close animal
model of KSHV infection in humans.

MATERIALS AND METHODS
Tissue and DNA preparation. A subcutaneous fibromatosis tumor from
a female pig-tailed macaque, M78114, was removed at necropsy (age, 5.8
years) and stored frozen at �70°C (animal 2) (12). DNA was isolated from
a portion of the tumor by digestion with proteinase K, followed by phe-
nol-chloroform extraction and ethanol precipitation. This DNA was
found to contain 3.4 copies of the RFHVMn genome per cellular genome
by real-time PCR (17). A library was constructed from the tumor DNA
using the Illumina Genomic Sample DNA Preparation Kit according to
the manufacturer’s instructions.

Next-Gen sequence analysis. The library was clonally amplified on a
cluster generation station using Illumina version 4 cluster generation re-
agents to achieve a target density of approximately 700,000/mm2 in a
single channel of a flow cell. The resulting library was then sequenced on
a Genome Analyzer IIx using Illumina version 5.0 sequencing reagents,
which generated non-paired-end reads of 50 nucleotides. Image analysis,
base calling, and error estimation were performed using Illumina Analysis
Pipeline (version 2.8). A similar analysis was performed on the Illumina
HiSeq instrument with a single lane of 100-bp reads. The sequence reads
were first mapped onto the human and rhesus macaque genomes using
Bowtie (32). The unmapped sequences were assembled into contigs
using the de novo assembler Trinity (33). The contigs were analyzed
using BLASTX to identify matches in a library of all KSHV proteins.
The contigs with homology to KSHV proteins and the known RFHV
sequences were assembled onto a KSHV genome sequence template
using Sequencher (Gene Codes), and the gaps were filled in by PCR
and Sanger sequencing. The sequence reads were mapped onto the
resulting RFHVMn genome and visualized using Tablet (34). Any dis-
crepancies in the mapped sequences were resolved by PCR and Sanger
sequencing.

Gene annotations. The annotation of the RFHVMn genome was ini-
tially performed using the Gene Annotation Transfer Utility (GATU) pro-
vided at the Viral Bioinformatics Resource Center (35) based on the ref-
erence sequence for KSHV, NC_009333. Additional open reading frames
were identified using BLASTX (NCBI).

Dot plot alignments. Alignments of the complete genome sequences
of RFHVMn and KSHV were performed using the Java Dot Plot Align-
ment program (JDotter) provided at the Viral Bioinformatics Resource
Center (36). Dot plot alignments of smaller DNA regions were performed
using GenePro software (Riverside Scientific).

Comparative and phylogenetic analyses. Sequence alignments were
performed using GenePro software (Riverside Scientific) or Muscle (37).
Phylogenetic analyses were performed using the protein distance (Prot-
Dist), neighbor-joining (Neighbor), or protein maximum-likelihood
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with molecular clock (Promlk) algorithms implemented in Phylip (Seat-
tle, WA) 3.62.

MicroRNA prediction. Ab initio prediction of pre-microRNA (miRNA)
hairpin structures was carried out as described previously (38–40) using the
VMir software package with default settings.

Nucleotide sequence accession number. The RFHVMn genome was
submitted to GenBank under accession number KF703446.

RESULTS AND DISCUSSION
Next-Gen sequence analysis of the RFHVMn genome. We pre-
viously reported that macaque RF tumors are latently infected
with RFHV, with several viral genomes per cell (17). This level of
virus infection is similar to that seen in latent KSHV infections in
KS tumor biopsy specimens and constitutes the highest level of
RFHV that has been identified in infected macaque tissue. Total
DNA was extracted from a subcutaneous RF tumor, obtained
from pig-tailed macaque M78114 at necropsy, that had been
stored frozen at �70°C. This animal had multiple nodular cuta-
neous lesions that were aggressively enlarging (12). At necropsy,
tumors were found in the lower abdomen wall, groins, thighs,
lung, kidney, adrenal, and liver. There was moderate enlargement
of the spleen and lymph nodes. The small subcutaneous nodules
were composed of fibrous tissue with abundant spindle-shaped
fibroblasts, compressed capillary structures, and focal hemosid-
erin deposits. Occasionally, two or three endothelial cells formed
slit-like lumen structures. Electron microscopy showed evidence
of type D retrovirus particles within the tumor nodules, and sub-
sequent PCR sequence analysis identified this as SRV-2 strain 2B
(41). Real-time qPCR analysis of the tumor DNA sample revealed
3.4 RFHVMn genomes per cell and 0.02 MneRV2 genome per cell
(macaque RF2 in reference 17). This RF tumor DNA had previ-
ously been used to generate a lambda library from which several
RFHVMn genomic fragments had been isolated (18).

To attempt Next-Gen sequence analysis of the RFHVMn ge-
nome, total DNA from this tumor was used to prepare an Illumina
non-paired-end library and was sequenced on an Illumina Ge-
nome Analyzer II with two lanes of 50-bp reads. This resulted in 66
million reads, or approximately 3.3 � 109 bases, which was not
sufficient to allow de novo assembly in the presence of the remain-
ing nonviral genomic sequences.

The same Illumina library was used for a single-lane 100-bp
analysis on the Illumina HiSeq, which gave 9.5 � 107 reads, or
approximately 9.5 � 109 bases. These reads were mapped onto the
human and rhesus macaque genomes using Bowtie. The un-
mapped sequence reads were assembled into contigs with the de
novo assembler Trinity. The contigs were analyzed with BLASTX
to determine which ones had homology to KSHV proteins in a
local database. One hundred twelve contigs with homology to
KSHV proteins were identified and aligned based on the genomic

structure of KSHV. There were 46 contigs longer than 1 kb, with
the largest contig having 6.7 kb of sequence. A BLASTN search of
the subtracted read library using the 3= 25 nucleotides of each
contig as the query identified sequence reads that bridged several
of the gaps between the contigs. Twenty gaps remained in the
sequence, which were targeted for PCR amplification using posi-
tional information derived from the KSHV genome. PCR primers
derived from adjacent contigs were used to amplify the DNA re-
gion spanning the contig gaps in the RFHVMn sequence. Sanger
sequencing provided sequences bridging these 20 gaps with gap
sizes ranging from 4 to 1,325 bp, with an average of 206 bp. The
largest gaps occurred within direct- and inverted-repeat regions of
the genome. To verify the final sequence, the reads from both the
50-bp runs and the 100-bp run were combined into a single read
library and mapped using Bowtie onto the final sequence derived
from the Illumina-generated contigs and the Sanger-generated
gap sequences. Visualization of the mapped Illumina reads with
Tablet revealed coverage of 99%, with an average depth of 7.4
reads per nucleotide. With the additional Sanger-sequencing
reads, the sequence coverage reached 100%.

The RFHVMn genome is colinear with the KSHV genome.
The final sequence of the RFHVMn genome contained 127,320 bp
and included all of the unique sequence and a portion of the ter-
minal-repeat region. The G�C content was 53.2%, which is sim-
ilar to that of the KSHV genome at 53.5%. The RFHVMn genome
sequence was annotated based on the KSHV genome, as shown in
Fig. 1, using the KSHV ORF nomenclature with positional/struc-
tural homologs of the KSHV-specific “K” ORFs designated “RF”
ORFs. The sequence starts at the left end of the RFHV genome,
405 bp upstream of ORF RF1, a structural and positional homolog
of the KSHV ORF K1, and ends 438 bp upstream of the initiation
codon of ORF RF15, a structural and positional homolog of the
KSHV ORF K15. Initially, the protein-coding ORFs were identi-
fied, and BLASTX was used to determine homology to other pro-
teins in the nonredundant protein database. In cases of more than
one possible initiating ATG codon, homology with KSHV and
Kozak’s consensus rules for codon initiation (42) were used to
predict a protein initiation sequence. The ORFs predicted from
the RFHVMn genome sequence are shown in Table 1, and the size
and sequence homology to the corresponding ORFs from the
KSHV and RRV genomes are indicated.

Homologs of all of the major KSHV ORFs, except ORF11,
K5/MIR2, and K6/vCCL-1, were identified in the RFHVMn ge-
nome. The sequence homology with KSHV ranged from 14%
(RF4.2/K4.2) to 82% (ORF25 major capsid protein), while the
homology with RRV ranged from 12% (RF8.1/R8.1) to 75%
(ORF25 major capsid protein). In all cases, the RFHV ORFs were
more similar to the corresponding KSHV ORFs than they were to

FIG 1 Comparative map of the rhadinovirus and lymphocryptovirus genomes. The positions and transcription directions of the ORFs identified in the
RFHVMn genome (KF703446; this study) are compared to the corresponding ORFs in KSHV (NC_009333), RRV (AF210726 and NC_003401), and EBV
(NC_007605), as identified in the NCBI accession records (the basic design of this map was patterned after Fig. 1 of reference 22). The numbering of the KSHV,
RFHVMn, and RRV ORFs is patterned after the genome structure of the prototype rhadinovirus, HVS, with KSHV–specific ORFs designated K1 to K15 and their
homologs in RFHVMn and RRV designated RF1 to RF15 and R1 to R15, respectively. The EBV ORFs are indicated, using the typical EBV nomenclature above
the ORF and the corresponding rhadinovirus designation below. The approximate positions of the ORFs are shown with regard to their positions within the
KSHV genome (i.e., 1 to 140 kb). The sizes of the ORF markers are approximately consistent with the sizes of the actual encoded proteins. Vertical black lines
within an ORF indicate splicing events or internal initiations, while longer–range splices of protein– coding exons are indicated with bars. The ORFs are color
coded with regard to their conservation in other herpesvirus genomes, showing core HV genes conserved in most herpesvirus families, genes conserved in beta–
and gammaherpesviruses, gammherpesviruses only, gamma–2– herpesviruses, RV1 and RV2 rhadinoviruses, RV1 rhadinoviruses only, KSHV only, and EBV
only, as indicated. The RRV nomenclature from AF210726 was used for consistency.
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TABLE 1 ORFs predicted from the RFHVMn genome sequence, with size and sequence homology to the corresponding ORFs from the KSHV and
RRV genomes

ORF Function or homolog RFHVa size (aa)

KSHVb RRVc

Size (aa) % Identityd Size (aa) % Identity

RF1 ITAM-containing signal transducing membrane protein; K1 528 289 22.6 423 16.1
4 Complement control protein; membrane protein; KCP 515 558 33.6 395 30.4
6 Single-stranded DNA binding protein (ssDBP); UL29 1,132 1,133 70.9 1,132 60.5
7 Subunit of terminase; UL28 688 695 56.9 686 51.3
8 Glycoprotein B; UL27 847 845 70.6 829 62.8
9 DNA polymerase; UL30 1,013 1,012 75.7 1,014 67.5
10 Derived from dUTPase; CMV UL82/83/84 411 418 44.0 416 30.1
- (ORF 11; derived from dUTPase; CMV UL82/83/84)f - 407 409
RF2 vIL-6; K2 209 204 32.4 207 15.1
2 Dihydrofolate reductase (vDHFR) 208 210 54.1 188 40.7
RF3 E3 ubiquitin ligase membrane protein; K3; MIR1; ORF12 232 333 38.7 -
70 Thymidylate synthase (vTS) 344 337 64.6 333 61.6
RF4 Interleukin 8-like CC chemokine; K4; vMIP-II; vCCL-2 94 94 59.6 118 32.3
RF4.1 Interleukin 8-like CC chemokine; K4.1; vMIP-Ibeta; vCCL-3 102 114 48.2 -
RF4.2 Contains hydrophobic domains; K4.2 125 182 14.5 -
- (E3 ubiquitin ligase membrane protein; K5; MIR2)f - 256 -
- (Interleukin 8-like CC chemokine; vMIP-I; vCCL-1)f - 95 -
RF7 IAP-like inhibitor of apoptosis; K7; vIAP 171 126 17.3 -
16 Bcl-2-like inhibitor of apoptosis; vBcl-2 178 175 42.3 187 39.4
17 Minor capsid scaffold protein; UL26 546 553 47.7 536 41.1
17.5 Major capsid scaffold protein; UL26.5 300 288 35.0 291 32.2
18 Related to CMV UL79 255 257 66.1 257 54.9
19 Putative portal-capping protein; UL25 547 549 59.0 547 47.3
20 Nuclear protein; UL24 287 320 51.0 350 39.5
21 Thymidine kinase; UL23 564 580 55.5 557 38.2
22 Glycoprotein H; UL22 713 730 47.9 726 35.6
23 Tegument protein;UL21 411 404 53.1 402 46.1
24 Related to CMV UL87 752 752 64.1 732 54.4
25 Major capsid protein; UL19 1,378 1,376 82.1 1,378 74.5
26 Capsid triplex protein; UL18 305 305 78.0 305 63.3
27 Related to EBV BDLF2 293 290 41.7 269 28.0
28 Membrane protein 92 102 50.5 91 32.1
29 Putative ATPase subunit of terminase; UL15 685 687 72.1 690 52.7
30 Related to CMV UL91 96 77 62.3 76 31.7
31 Related to CMV UL92 202 224 64.9 217 46.3
32 Tegument protein; DNA packaging; UL17 451 454 44.0 464 36.3
33 Tegument protein; UL16 335 312 57.8 336 42.3
34 Related to CMV UL95 329 327 60.3 327 48.5
35 Tegument protein; UL14 150 151 56.0 149 32.0
36 Serine-threonine protein kinase; UL13 444 444 67.1 435 44.3
37 SOX; host shutoff; DNase; UL12 487 486 71.7 472 65.9
38 alkaline exonuclease; UL11 63 61 52.4 69 36.4
39 Glycoprotein M;UL10 393 400 64.3 378 60.3
40 Subunit of helicase-primase complex; UL8 642 669 38.2 654 31.2
42 Tegument protein; UL7 277 278 59.9 272 45.7
43 Portal protein; UL6 575 605 75.1 576 60.5
44 Helicase subunit of helicase-primase complex; UL5 782 788 74.4 790 66.0
45 Inhibition of IRF-7; virion phosphoprotein; 362 407 27.5 353 24.0
46 Uracil-DNA glycosylase; UL2 254 255 68.5 230 54.2
47 Glycoprotein gL; UL1 166 167 38.0 163 28.3
48 Unknown function; related to BRRF2 EBV 433 402 30.4 389 28.4
49 Unknown function; related to BRRF1 EBV 302 302 63.9 301 52.8
50 RTA; transactivator; related to BRLF1 EBV 665 631 48.3 577 36.7
RF8� bZIP transcription factor; K8� 238 237 34.3 234 22.7
RF8.1 ORF51; K8.1; related to gp42 EBV 300 228 18.5 275 12.0
52 Related to BLRF2 EBV 133 131 51.9 139 44.6
53 Glycoprotein N; UL49A 104 108 43.5 104 42.3
54 Deoxyuridine triphosphatase; UL50 309 318 50.3 290 38.5
55 Tegument protein; UL51 222 227 66.7 210 51.1

(Continued on following page)
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the RRV ORFs. Most of the core herpesvirus genes were highly
conserved between RFHVMn and KSHV (Table 1 and Fig. 1). Ten
core genes encoded proteins nearly identical in size to the KSHV
homolog, with sequence identities ranging from 70 to 82%. For
example, the ORF25 major capsid protein homolog of RFHVMn
was 1,376 amino acids (aa) in length compared to 1,378 aa for the
KSHV homolog, with 82% identity. An additional 37 herpesvirus
core genes in RFHVMn encoded proteins that had 50 to 70%
identity to the corresponding KSHV-encoded proteins.

The complete RFHVMn genomic DNA sequence was aligned
with the complete KSHV genomic DNA sequence using the Java Dot
Plot alignment program (JDotter), which generates dot plot align-
ments of large DNA and protein sequences (36). The RFHVMn and
KSHV genomes were colinear and showed a high degree of nucleo-
tide sequence conservation that was evident throughout the genomes
(Fig. 2). Five divergent loci with regions of lower DNA sequence sim-
ilarity were identified.

Divergent locus A. Divergent locus A corresponds to the left
end of the genomic region of RFHVMn and KSHV, containing the
junction of the terminal-repeat region with the beginning of
the unique genomic sequence (Fig. 1 and 2). The first 206 bp of the
RFHVMn genomic sequence contained a repeating pattern of the
hexanucleotide sequence AACCTT and closely related motifs. At
bp 405, the ORF RF1, which encoded a structural and positional

homolog of KSHV ORF K1, was identified (43) (Fig. 1 and 2). Like
ORF K1, the ORF RF1 protein contained a strongly conserved
N-terminal domain related to the immunoglobulin receptor fam-
ily (44), with a C-terminal hydrophobic transmembrane domain
and a conserved immunoglobulin receptor tyrosine-based activa-
tion motif (ITAM) (Fig. 3). Unlike K1, the RF1 transmembrane
domain was flanked by two protein repeat regions. The upstream
region (repeat 1) encoded 9 repeating units of the peptide se-
quence QAPTTRETTTTSGHTT, whereas the downstream region
(repeat 2) encoded large numbers of glutamine residues inter-
spersed with either histidines or prolines (Fig. 3).

The KSHV K1 gene exhibits high sequence variability among
virus subtypes and variants, with changes concentrated within two
40-amino-acid extracellular-domain variable regions (45). The
first variable region (VR1) of K1 contains two N-linked glycosy-
lation sites (Asn53 and Asn73) and a highly conserved cysteine
residue (Cys76) in common with RF1 (Fig. 3). Surprisingly, RF1
lacks two cysteine residues (Cys52/Cys72) (Fig. 3) that flank a
hypervariable region in K1, which was postulated to form a 23-
amino-acid hypervariable loop with a disulfide bridge between
Cys52 and Cys76 (45). The absence of homologs of Cys52 and
Cys72 in RF1 suggests that the hypervariable loop in K1 is actually
19 amino acids, with a disulfide bridge between Cys52 and Cys72.
The unique repeat region (repeat 1) present in RF1 is positioned in

TABLE 1 (Continued)

ORF Function RFHVa size (aa)

KSHVb RRVc

Size (aa) % Identityd Size (aa) % Identity

56 Primase subunit of helicase-primase complex; UL52 838 843 57.8 828 50.5
57 Posttranscriptional regulator; UL54 462 455 53.5 442 42.0
RF9 vIRF-1; K9 466 449 35.6 415e 16.9e

RF10 vIRF-4; K10 773 911 20.3 - -
RF10.5 vIRF-3; K10.5 601 566 22.0 - -
RF11 vIRF-2; K11 424 467 27.5 - -
58 Multiple transmembrane protein; UL43 358 357 51.8 360 38.2
59 DNA polymerase processivity factor; UL42 400 396 57.8 394 50.3
60 Ribonucleotide reductase small subunit; UL40 305 305 79.7 304 69.5
61 Ribonucleotide reductase large subunit; UL39 790 792 44.3 788 61.5
62 Capsid triplex protein; UL38 328 331 66.5 331 51.8
63 Tegument protein; UL37 926 928 44.5 939 36.8
64 Large tegument protein; UL36 2,604 2,635 45.8 2,548 16.2
65 Small capsid protein on hexon tips; UL35 187 170 42.8 169 38.3
66 BFRF2 EBV homolog; related to CMV UL49 427 429 57.3 448 43.4
67 Capsid docking protein on nuclear lamina; UL34 269 271 63.8 222 61.7
67A DNA packaging; UL33 84 80 56.8 86 51.2
68 Nuclear localization of capsids and DNA packaging; UL32 462 467 60.2 457 47.6
69 Egress of capsids from nucleus; UL31 296 302 65.9 296 59.7
RF12 Related to Kaposin A; K12 212 60 19.0 -
RF13 FLIP-like inhibitor of apoptosis; vFLIP; K13 267 188 48.4 174 35.2
72 Cyclin D-like protein; vCyc 265 257 46.3 254 34.7
73 Latency-associated nuclear antigen; LANA 1,071 1,162 24.3 448 20.4
RF14 vOX2; contains two Ig domains; K14 300 314 33.3 253 32.0
74 vGPCR; G protein coupled receptor; similar to interleukin 8 receptor 336 342 56.4 342 43.1
75 Tegument protein; related to FGARAT 1,303 1,296 62.2 1,298 42.4
RF15 Signal transducing membrane protein; K15; LAMP 487 489 21.5 531 20.0
a RFHV, RFHVMn genome (KF703446).
b KSHV, KSHV genome (NC_009333).
c RRV, RRV-26-95 (AF10726); KSHV-specific ORFs missing in RRV are indicated with hyphens.
d Percent identity to the corresponding ORF from the RFHVMn genome.
e Eightfold amplification of the RF9/K9 gene homolog—RRV ORF9-1 to ORF9-8.
f KSHV-specific ORFs missing in RFHVMn are indicated in parentheses, and their relative positions within the RFHVMn genome are indicated by hyphens.
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the middle of the second variable region (VR2) of K1. The amino
acid blocks conserved between RF1 and K1 flank these variable
regions. It is unknown whether the RF1 gene displays the same
high sequence variability seen in K1 in different subtypes or
RFHVMn variants.

Divergent locus B. Divergent locus B (Fig. 1) (15 to 30 kb)
corresponds to the KSHV genomic region containing a number of
viral homologs of cellular genes, including ORF K2, the viral in-
terleukin 6 (vIL-6) homolog; ORF2, the viral dihydrofolate reduc-
tase (vDHFR) homolog; ORF K3, the viral modulator of immune
response (vMIR1) homolog; ORF70, the viral thymidylate syn-
thase (vTS) homolog; ORF K4, the viral CC chemokine homolog
(vCCL2); ORF K4.1, the viral CC chemokine homolog (vCCL3);
and ORF16, the viral BCL-2 homolog (vBCL-2). The viral ho-
mologs present in divergent locus B of KSHV are lacking in the
more distantly related EBV genome (8) (Fig. 1), suggesting that
they were acquired from an ancestral primate host genome after
the divergence of the Rhadinovirus and Lymphocryptovirus gam-
maherpesvirus lineages.

We have previously shown, using PCR-based approaches, that
the divergent locus B of the RFHV genome contained conserved
homologs of ORF K2 vIL-6, ORF2 vDHFR, ORF K3 vMIR1, and
ORF70 vTS (15). The localizations of the vDHFR genes in RFHV
and KSHV (Fig. 1; position. �18 kb,) are identical and different
from those seen in RRV and HVS (Fig. 1; position, �2 kb), sug-
gesting a different capture event for the ancestral RV1 vDHFR
gene (15). As we have reported previously, the RFHV genome
lacks a homolog of ORF11, a gene of unknown function that is
present in all other known gammaherpesviruses (15). The ORF11
homologs of KSHV, RRV, and EBV (LF2) are distantly related to
the ORF10 homologs in KSHV, RFHVMn, RRV, and EBV (LF1)
(15), and both appear to have evolved through duplication of a
dUTPase captured from an ancestral host genome (46). This sug-
gests that the lack of an ORF11 homolog in RFHV may be com-
pensated for by ORF10.

The Next-Gen sequence analysis revealed that the RFHVMn
genome also contained homologs of vCCL2 (ORF RF4), vCCL3
(ORF RF4.1), and vBCL2 (ORF16), which were highly conserved
with the corresponding KSHV genes (Fig. 4A, B, and D, respec-

FIG 2 Nucleotide dot plot alignment of the complete RFHVMn and KSHV
genomes. The nucleotide sequence of the RFHVMn genome (KF703446) was
compared to the sequence of the KSHV genome (NC_009333) using the Java
Dot Plot alignment program (JDotter). The positions of specific ORFs and the
divergent loci are indicated.

FIG 3 Comparison of the KSHV ORF K1 and the RFHVMn ORF RF1 protein sequences. The sequences of KSHV ORF K1 (YP_001129350) and the RFHVMn
ORF RF1 (AGY30683) positional homolog were aligned. Identical residues are highlighted in black. The regions conserved with the immunoglobulin (Ig)
superfamily and the immunoglobulin receptor tyrosine– based activation motif (ITAM) are indicated, and the variable regions (VR1 and VR2) identified in the
KSHV subtypes (45) are shown. The residues predicted to form a hydrophobic transmembrane (TM) domain and the positions of two repeat domains present
in the RF1 sequence are indicated. Potential N-linked glycosylation sites are underlined, and sites conserved between K1 and RF1 are indicated with asterisks.
Dashed lines represent gaps in the sequence, while solid lines represent continuations of the left and right brackets.
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tively). However, the RFHVMn genome was missing homologs of
vMIR2 (K5) and vCCL-1 (K6) (Fig. 1; positions, �25 to 28 kb).
The KSHV ORF K5 is a close homolog of ORF K3, while ORF K6
is a close homolog of ORF K4. The pairing of ORFs K3 and K4 and
the pairing of ORFs K5 and K6, coupled with the absence of the
ORF K5 and K6 pair in RFHVMn, suggests that ORF K5 and K6
resulted from a duplication of the ancestral K3 and K4 genes after
the divergence of RFHVMn and KSHV, supporting previous con-
clusions (47). An ori-Lyt-associated transcript has been identified
in KSHV immediately adjacent to K5 (48). No evidence for a ho-
mologous sequence was identified in the RFHVMn genome, sug-
gesting that this gene evolved after the divergence of RFHVMn
and KSHV, possibly associated with the duplication event that
generated the K5 and K6 genes.

The RFHVMn genome included ORF RF4.2 and ORF RF7,
positional homologs of KSHV ORFs K4.2 and K7. While K4.2

contains two potential membrane-spanning domains at the C ter-
minus, RF4.2 contains only a single membrane-spanning domain
in the middle of the protein (Fig. 4C). Only minimal sequence
similarity was evident between K4.2 and RF4.2, and the functions
are unknown. ORF K7 has been identified as an inhibitor of apop-
tosis with an unknown mechanism (49). Previously, sequence
similarity was detected between K7 and a splice variant of human
survivin (50). Analysis of ORF RF7 revealed the presence of an
N-terminal hydrophobic domain similar to that seen in ORF K7,
which is predicted to function as a membrane-spanning domain
(Fig. 5, underlined). Alignment of the RF7 and K7 sequences re-
vealed a low level of sequence similarity (Fig. 5, highlighted in
green). However, alignment of RF7, K7, and human survivin re-
vealed clear sequence homology between RF7 and survivin (Fig. 5,
highlighted in red), which was even more pronounced than the
homology between K7 and survivin (Fig. 5, highlighted in blue).

FIG 4 Amino acid alignments of the KSHV ORFs K4, K4.1, K4.2, and vBCL2 with the corresponding RFHVMn homologs. The amino acid alignments of ORFs
K4 (YP_001129362) and RF4 (AGY30694) (A), K4.1 (YP_001129363) and RF4.1 (AGY30695), (B), K4.2 (YP_001129364) and RF4.2 (AGY30696) (C), and
KvBCL2 (YP_001129368) and RFvBCL2 (AGY30698) (D) are shown. Putative hydrophobic TM domains and N-terminal signal sequences with predicted
cleavage sites are underlined, and cysteine residues are highlighted. BLAST analysis revealed that the K4/RF4 and K4.1/RF4.1 ORFs are conserved members of the
family of interleukin 8-like CC cytokines. The K4.2 and RF4.2 ORFs both contained putative transmembrane domains (two in K4.2 and one in RF4.2). *, identical
residue; :, conservative substitution; ., semiconservative substitution.
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While some sequence motifs were conserved across the three se-
quences (Fig. 5, highlighted in black), most of the amino acids
conserved between RF7 and survivin were not those conserved
between K7 and survivin. However, the overall similarity between
RF7, K7, and survivin adds support to the hypothesis that both
RF7 and K7 have evolved from an ancestral survivin-like gene that
had been captured from an ancestral host genome. The similari-
ties detected between the antiapoptotic functions of K7 and sur-
vivin (50, 51) suggest that RF7 would also function as an inhibitor
of apoptosis.

Divergent locus C. The third divergent locus identified in the
DNA dot plot (Fig. 2) contained a region of duplicated viral ho-
mologs of the interferon regulatory factor (vIRF) (Fig. 1; posi-
tions, �84 to 94 kb). In the KSHV genome, the vIRF homologs
include ORF K9, a nonspliced gene, and ORFs K10, K10.5, and 11,
which all encode gene products with a spliced mRNA transcript.
The analogous region within the related RRV genome contains
eight duplicated, unspliced vIRF homologs (Fig. 1). The RFHV
genome contained four vIRF homologs that correspond directly
to the KSHV vIRF genes (Fig. 1): RF9, a nonspliced homolog of
K9; RF10, a spliced homolog of K10; RF10.5, a spliced homolog of
K10.5; and RF11, a spliced homolog of K11. Alignment of the
RFHV vIRF sequences revealed strong sequence conservation
with the corresponding KSHV vIRF sequences, and the phasing
and positions of the splice sites were conserved (data not shown).
Phylogenetic analysis revealed that the K9-RF9, K10-RF10, K10.5-
RF10.5, and K11-RF11 gene pairs clustered, indicating that the
four genes evolved from an ancestral RV1 rhadinovirus before the
divergence of RFHV and KSHV (Fig. 6). The nonspliced K9-RF9
proteins clustered more closely with the vIRF homologs in RRV
and the macaque and human homologs of the cellular interferon
regulatory factor 8 (IRF8) (Fig. 6), suggesting functional homol-
ogy. The spliced genes K10/RF10, K10.5/RF10.5, and K11/RF11 all
clustered together, suggesting that they had evolved from a com-
mon spliced ancestral gene, and the long branch lengths in the
maximum-likelihood tree were evidence of significant divergence
of these vIRF proteins.

Divergent locus D. Divergent locus D is located between
ORF69 and ORF71 within the latency locus of KSHV. The K12
Kaposin A ORF (60 aa) is located between ORF69 and the long
inverted repeat 1 (LIR1) in the KSHV genome and initiates with
an ATG codon just downstream of the DR5 and DR6 direct re-

peats flanking LIR1 (Fig. 7A). No repeat regions homologous to
DR5 or DR6 were identified in the RFHVMn genome in this re-
gion; however, a large RF12 ORF (212 aa) was identified as a po-
sitional homolog of K12 Kaposin A (Fig. 7A). Alignment of the
K12 Kaposin A protein sequence and RF12 revealed N-terminal
sequence homology with an interesting conserved motif CX(6)V
PPSX(1,2)RGP [where X(6) means any 6 amino acids and X(1,2)
means either 1 or 2 amino acids] (Fig. 7B), suggesting that the two
ORFs were evolutionarily related and that this motif was function-
ally important. While Kaposin A terminated 12 aa after this motif,
the RF12 ORF continued with a large proline-rich sequence with
an unusual domain of 12 basic arginine and lysine residues near
the C terminus (Fig. 7B). Additional ORFs initiating with CUG/
GUG within the DR5/6 repeat region have been identified in the

FIG 5 Comparison of the KSHV ORF K7 and RFHV ORF RF7 protein sequences. The sequences of KSHV ORF K7 (YP_001129367) and the RFHVMn ORF RF7
(AGY30697) positional homolog were aligned. Since the K7 sequence was previously shown to have sequence similarity to human survivin, the sequence of
survivin/baculoviral IAP repeat containing protein 5 isoform 2 (NP_001012270) from aa 7 to aa 94 was aligned to the RF7 and K7 sequences. Amino acid residues
conserved among all three sequences are highlighted in black, those conserved between RF7 and K7 are highlighted in green, those conserved between RF7 and
survivin are highlighted in red, and those conserved between K7 and survivin are highlighted in blue. Putative N-terminal hydrophobic transmembrane domains
are underlined.

FIG 6 Phylogenetic analysis of the vIRF homologs. The encoded amino acid
sequences of the vIRF homologs of KSHV (K9 [YP_001129411], K10
[YP_001129414], K10.5 [YP_001129413], and K11 [YP_001129412]), RFHVMn
(RF9-11 [AGY30740-43; this study]), and RRV (R9.1 [AAF60036], R9.2
[AAF60037], R9.3 [AAF60038], R9.4 [AAF60039], R9.5 [AAF60040], R9.6
[AAF60041], R9.7 [AAF60042], and R9.8 [AAF60043]) were aligned using
MUSCLE, and phylogeny was determined by protein maximum likelihood. The
human (NP_002154) and rhesus macaque (NP_001252887) cellular interferon
regulatory factor 8 sequences were used as an outgroup. The lineage divisions of
the RV1 and RV2 rhadinovirus proteins and the cellular proteins are indicated
with dashed lines, and the presence of spliced transcripts is noted. The numbers of
substitutions per site are indicated.
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KSHV genome, including Kaposin B and C (52). Homologous
ORFs were not detected in the RFHVMn genome due to the lack
of similar direct repeats.

Further analysis of the divergent locus D of RFHVMn using com-
bined structure/sequence alignment methods, as described in Mate-
rials and Methods, revealed a cluster of nine high-scoring hairpins
located in the region between ORF69 and ORF71 (Fig. 7A), a
genomic position that is analogous to those of miRNA clusters in
other rhadinovirus genomes (53). Although most of the miRNA can-
didates did not exhibit sequence homology to KSHV pre-miRNAs,
the predicted mature 3p miRNA of rfhvmn-miRc-RF9 shared its seed
sequence with kshv-miR-K12-10a (Fig. 7C), suggesting that these
two miRNAs may target overlapping sets of host transcripts. Interest-
ingly, kshv-miR-K12-10a and rfhvmn-miRc-RF9 are both analo-
gously positioned at the end of the homologous Kaposin A-like
ORFs, K12 and RF12 (Fig. 7A). kshv-miR-K12-10a has been found to
repress expression of the tumor necrosis factor-like weak inducer of
apoptosis receptor (TWEAK-R) via seed-dependent targeting of two
sites in the 3=-untranslated region (UTR) of the TWEAK-R transcript
(54). Both sites are perfectly conserved in the rhesus macaque ge-
nome, suggesting that rfhvmn-miRc-RF9-3p may share the ability to
suppress TWEAK-induced apoptosis and inflammatory cytokine ex-
pression.

Divergent loci B and D contain conserved sequence motifs in
the left- and right-end long inverted repeats. The left origin of

lytic replication (Ori-L) of KSHV (Fig. 1; position, �23 to 24 kb,)
is positioned within a long (�1-kb) inverted repeat (LIR1) of a
region at the right end of the KSHV genome containing the right
origin of lytic replication (Ori-R) (Fig. 1; position, � 119 to 120
kb) (55). A dot plot alignment of the KSHV Ori-L and Ori-R
(inverted) revealed strong nucleotide conservation, interrupted
only by the position of the kshv-miR-K12-9 microRNA gene in
the Ori-R region (Fig. 8A). The sequence similarity between the
left and right regions averaged 90% identity across the 1-kb repeat,
with 500 bp of identical nucleotides (55, 56). A dot plot alignment
of the analogous regions within the RFHVMn genome revealed
little nucleotide conservation between the left and right regions of
the genome, except for a small sequence located between bp
22,271 and 22,319 on the left and bp 111,405 and 111,517 on the
right (Fig. 8B, TATATA repeat). Alignment of the two nucleotide
sequences from the left and right (inverted) regions of RFHVMn
revealed the presence of a highly conserved TATATA repeat ele-
ment (Fig. 8C, 18-bp AT, highlighted in blue) flanked by addi-
tional sequences (CR4 and CR5, highlighted in yellow) conserved
between the two regions. Alignment of the RFHVMn left and right
sequences with the nucleotide sequences of the KSHV Ori-L and
Ori-R, which were identical in this region, revealed that the TA
TATA repeat element and flanking elements were also conserved
in the KSHV Ori-L and Ori-R regions (Fig. 8C). The KSHV TA
TATA element was previously identified as an 18-bp AT palin-

FIG 7 Comparison of the divergent D loci of RFHVMn and KSHV. (A) Graphical representation of the structure of the Ori-Lyt-R regions of KSHV
(NC_009333) and RFHVMn (KF703446) between ORF69 and ORF71; the presence of encoded proteins and microRNAs is shown. The position of the 18-bp
TATA repeat (red box) and C/EBP palindromic motifs (stars) are indicated. The known KSHV microRNA genes (purple) and the predicted RFHVMn candidate
microRNAs with bona fide pre-microRNA hairpins (blue) are shown. (B) Alignment of ORF K12 (YP_001129428) and the positional ORF RF12 (AGY30757)
homolog. Identical residues and the basic domain of RF12 are highlighted. (C) Alignment of the kshv-miR-K12-10a-3p and rfhvmn-miRc-RF9-3p pre-miRNAs.
The predicted hairpin structures are indicated by parentheses. Boldface and underlined letters denote sequences of the mature kshv-miR-K12-10a-3p RNA (74)
and the mature rfhvmn-miRc-RF9-3p, as predicted (pred) according to the guidelines of Zeng et al. (75). The conserved seed sequences are highlighted.
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FIG 8 Comparison of the long-inverted-repeat regions of Ori-Lyt-R and Ori-Lyt-L of KSHV and RFHVMn. (A and B) Dot plot of the nucleotide sequence alignment
of the inverted-repeat regions of Ori-Lyt-L and Ori-Lyt-R for KSHV (A) and RFHVMn (B), with the approximate positions of the C/EBP palindromes (M1/2, M5/6,
M7/8, and M9/10), the 18-bp TATATA repeat, and adjacent microRNA genes, illustrated in panel C. (C) Alignment of the nucleotide sequences of KSHV (U75698)
containing the Ori-Lyt-L (bp 23223 to 23685) (KSL), the inverted sequence of KSHV containing the Ori-Lyt-R region bp (119245 to 119782) (KSRi), the nucleotide
sequences of RFHVMn (KF703446; this study) containing the putative Ori-Lyt-L (bp 21937 to 22462) (RFL), and the inverted sequence of RFHVMn containing the
putative Ori-Lyt-R (bp 111254 to 111800) (RFRi). The conserved AT-rich motifs (blue) and C/EBP motifs (red) are indicated (see the text). Other conserved regions
(CR1 to CR6) are highlighted in yellow or gray. The kshv-miR-K12-K9 microRNA with the mature microRNA (purple) and stem-loops (green) and the predicted
rfhvmn-miRc-RF6 are shown.
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drome critical for lytic DNA replication (48, 56), suggesting that
the conserved RFHV TATATA elements correspond to the left
(Ori-L) and right (Ori-R) origins of lytic replication of RFHV. An
additional 16-bp AT-rich region identified as critical for KSHV
lytic DNA replication (57) was only partially conserved in the
RFHV Ori-L region (Fig. 8C, 16-bp AT, highlighted in blue).

Further examination of the aligned nucleotide sequences of the
RFHVMn and KSHV Ori-L and Ori-R regions revealed complete
conservation of the four CCAAT/enhancer binding protein (C/
EBP) motifs that have been identified in the KSHV Ori-L and
Ori-R regions as critical for binding the ORF K8/bZIP homolog of
KSHV and lytic DNA replication (48, 58) (Fig. 8C, M1/2, M5/6,
M7/8, and M9/10, highlighted in red). An additional C/EBP bind-
ing motif (Fig. 8C, M3/4, highlighted in red) that was partially
conserved in the RFHV Ori-R and the KSHV Ori-R and Ori-L was
identified in the RFHVMn Ori-L. Furthermore, an additional dis-
tal C/EBP binding motif was identified in the RFHVMn Ori-R
(Fig. 8C, M11/12, highlighted in red). While the KSHV Ori-R and
Ori-L inverted repeats had identical DNA sequences across the
C/EBP binding domain and the AT palindrome, extending for
more than 1 kb, the RFHV Ori-R and Ori-L nucleotide sequences
were conserved only at the C/EBP binding sites and the AT palin-
drome and flanking region. This limited sequence homology be-
tween the Ori-R and Ori-L regions is unusual, as other gammaher-
pesviruses, including KSHV and EBV, contain identical or nearly
identical inverted repeats in the left- and right-hand ends of their
genomes. The conservation of the C/EBP motifs and the TATATATA
functional elements in the RFHV Ori-L and Ori-R regions strongly
indicates that the regulation of lytic DNA replication in RFHV and
KSHV is analogous. It is also interesting that the nucleotide alignment
of the RFHVMn and KSHV Ori-R and Ori-L sequences revealed the
presence of conserved nucleotide motifs that have not been function-
ally assessed (Fig. 8C, CR1 to -6, highlighted in yellow). The conser-
vation of these sequences suggests that they play additional roles in
the regulation of lytic DNA replication.

As shown in the dot plot in Fig. 8A, the KSHV Ori-L and Ori-R
inverted repeats were interrupted by the presence of the kshv-
miR-K12-9 microRNA gene in Ori-R (Fig. 8C, highlighted in
green and purple). The sequence of the 5= end of the primary
kshv-miR-K12-9 transcript (Fig. 8C, highlighted in green) was
highly conserved in the Ori-L of KSHV (twice) and RFHV (once)
(Fig. 8C, highlighted in gray). A candidate microRNA (rfhvmn-
miRc-RF6) was identified in the RFHVMn Ori-R sequence (Fig.
8C) as a near-positional homolog of kshv-miR-K12-9; however,
no seed sequence similarity was obvious. An additional TATATA
motif was detected within the rfhvmn-miRc-RF6 sequence in
RFHVMn Ori-R that was conserved in RFHVMn Ori-L (Fig. 8C,
highlighted in blue).

The RFHVMn and KSHV LANA promoters are conserved.
We previously cloned and sequenced the ORF73 major LANA
from RFHVMn and identified functional and structural domains
conserved with KSHV LANA (18). Previous analysis of the KSHV
LANA transcripts and promoter region revealed the presence of
two alternate promoters. The constitutive promoter, LANApc, is
located in the upstream K14-coding sequence and generates a la-
tency-associated spliced LANA transcript containing a 5=noncod-
ing exon and a 3= exon encoding the complete LANA protein (59)
(Fig. 9A and B). In addition, an alternate promoter, LANApi, lo-
cated within the intron region that is removed from the spliced
transcript, generates a nonspliced transcript encoding the com-

plete LANA protein (Fig. 9A and B). This alternate promoter is
induced by ORF50, the viral replication and transactivator protein
(Rta), to produce LANA transcripts during the early stages of
KSHV infection (60). An RBP-J� binding site adjacent to a TATA
promoter element was found to be critical for LANApi function
(61) (Fig. 9A and B).

Using a series of primers derived from the region upstream of
the RFHVMn LANA coding sequence, we detected a spliced
LANA transcript in RNA obtained from an RFHV-infected RF
tumor (unpublished observations). Sequence analysis of the
spliced RFHVMn LANA transcript revealed splice donor and ac-
ceptor sites that were conserved with the donor and acceptor sites
determined for the major spliced transcript of KSHV LANA (59,
62) (Fig. 9A, SA and SD, and B). Furthermore, comparison of the
sequences upstream of the LANA-coding region revealed strong
conservation of the KSHV K14p, LANApc, and LANApi promoter
elements within the RFHVMn sequence (Fig. 9A and B), includ-
ing the presence of an RBP-J� element immediately upstream of
the putative LANApi promoter (Fig. 9A, B, and C). This suggests
that RFHVMn contains a bidirectional promoter for the RF14 and
LANA genes, as shown for KSHV (63), although the RFHVMn
sequence lacked an obvious homolog of the KSHV Rta response
element (RRE) and the second RBP-J� binding site proximal to
ORF K14.

RF8.1, K8.1, and EBV gp42 are positional homologs with a
conserved promoter element. Alignment of the RFHVMn ge-
nome sequence with the genome sequences of KSHV and EBV
revealed positional homology between ORF RF8.1 (RFHVMn),
ORF K8.1 (KSHV), and gp42 (EBV) (Fig. 1) that had previously
been unrecognized. All three coding sequences initiated at an ATG
codon 94 to 124 bp downstream of the termination of the bZIP
homologs (RF8, K8, and bZIP, respectively) (Fig. 10). A compar-
ison of the corresponding sequences of the three viruses revealed
complete conservation of AATATTAA, a TATA-like element pre-
viously identified in the promoter of the EBV gp42 gene. Imme-
diately downstream (29 bp) of the TATA-like element in KSHV is
a transcriptional start site for K8.1 (64) (Fig. 10), suggesting that
the AATATTAA sequence also functions as a promoter for both
KSHV K8.1 and RFHVMn RF8.1. Interestingly, integral to the
TATA-like motif in EBV gp42 is a polyadenylation site, AATATT
AATAAA (underlined), for the upstream bicistronic EBV Rta/
bZIP transcript. The KSHV Rta/K8 transcripts do not terminate in
this region and instead terminate after the K8.1 C-terminal spliced
exon with a polyadenylation signal (AATAAA) that is conserved
in the KSHV and RFHVMn sequences (bp 76,813 to 76,818 and bp
71,222 to 71,227, respectively).

Conservation of spliced gene transcripts. A number of genes
with spliced protein-coding transcripts have been described for
KSHV, including ORFs 29, 40, 50, K8, K8.1, 57, K10, K10.5, K11,
and K15 (Fig. 1, vertical black bars in coding regions). Analogs of
the splice junctions generating these spliced transcripts were de-
tected in the RFHVMn sequence for all of these genes except
ORF RF8.1, the homolog of ORF K8.1. Alternate spliced tran-
scripts of ORF K8.1 generate three different proteins, K8.1�
(228 aa), K8.1� (167 aa), and K8.1	 (197 aa) (65) (Fig. 11A).
K8.1� is generated by read-through of exons 1 and 2A with a
splice to exon 3, encoding the hydrophobic transmembrane
domain, which is in an alternate reading frame (Fig. 11A).
K8.1� is generated by a cryptic splice site that joins exon 1
directly with exon 3, while K8.1	 is generated by read-through
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of exons 1, 2A, and 2B with no splices (Fig. 11A). In contrast,
the RF8.1 gene has a continuous open reading frame that en-
codes a sequence homologous to that of K8.1� with a C-termi-
nal hydrophobic transmembrane domain in a single non-
spliced open reading frame (Fig. 11B). An additional domain in

RF8.1 (Fig. 11B, orange) is located between the domains con-
served with exons 2A and 3 of KSHV. It is unknown whether
the RF8.1 gene has a spliced transcript generating a homolog of
K8.1�.

RNA transcripts for the K8 gene that encode three different alter-

FIG 9 Conservation of the bidirectional ORF73 LANA and K14/RF14 promoter structure of KSHV and RFHVMn. (A and B) Diagrammatic rendering (A) and
sequence alignment (B) of the promoter region of the KSHV LANA/K14 genes (NC_009333) and the RFHV LANA/RF14 genes, showing the initiating codons
and the positions of the conserved splice donor (SD) and splice acceptor (SA) sites generating the latent spliced LANA transcript from the constitutive promoter
(LANApc). The Rta-inducible LANApi promoter of KSHV LANA is indicated, with its associated RBP-J� binding sites and Rta response element (RRE) located
within the intron region spliced out of the LANApc transcript (see the text). The position of a putative LANApi promoter for RFHV LANA is shown. (C)
Alignment of the RBP-J� binding motifs of KSHV and RFHV indicated in panels A and B. Nucleotide numbers are based on the LANA translational initiation
codon.

FIG 10 Conservation of the junctional regions of the K8 and K8.1 genes and their homologs in RFHVMn and EBV. The nucleotide sequences of KSHV
(NC_009333), RFHV (this study), and EBV (NC_007605) from the junctional regions of K8/K8.1, RF8/RF8.1, and bZIP/GP42 were aligned, and the translational
stop and initiation codons are highlighted. The transcriptional start site of the K8.1 mRNA is indicated, and the polyadenylation signal for EBV bZIP is marked
with asterisks (see the text). The conserved AATATTAA motif within the promoters for K8.1, RF8.1, and GP42 is highlighted.
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nately spliced K8-related proteins (K8�, 237 aa; K8�, 190 aa; and
K8	, 239 aa) have been previously identified (66, 67) (Fig. 12A).
While the K8� transcript is generated by two splice events and
contains three separate exons, K8� and K8	 are derived by differ-
ential read-through of the splice sites utilized for generating K8�.
RFHV encodes RF8� (242 aa), a homolog of K8�, which would
also be generated by two splice events (Fig. 12B). In addition,
RFHV could generate RF8� (205 aa), homologous to K8�, via a
similar splicing strategy (Fig. 12B). KSHV also generates a non-
spliced K8 transcript, K8	 (239 aa), containing both exons 1 and 2
with a read-through of the intron that is spliced out in K8� and
K8� and a read-through of the second splice junction terminating
immediately after a valine codon (Fig. 12A). In RF8, however,
exons 1 and 2 are not in the same reading frame, as is found in K8,
so that a nonspliced transcript would yield a truncated protein,
RF8	 (208 aa), lacking exon 2 (Fig. 12B). Interestingly, the EBV
bZIP homolog of K8 has a gene structure similar to that of RF8, in
which exons 1 and 2 are not in the same reading frame (Fig. 12C).
A doubly spliced bZIP mRNA encoding bZIP (246 aa) that corre-
sponds to K8�/RF8�, containing all three exons, has been identi-
fied (68). In addition, a truncated form of bZIP, bZIP
 (210 aa),
containing only exons 1 and 3, has been detected (69) (Fig. 12C).
Whether RFHVMn or EBV generates read-through transcripts
encoding RF8�/bZIP� or RF8	/bZIP	 spliced variants, similar to
what is seen in KSHV K8, has not been determined.

In all other cases of putative spliced transcripts in RFHVMn,
the splice donor and acceptor sites were conserved with those
found in KSHV (Fig. 1; splice junctions are indicated with black
vertical bars in the ORFs), and the splice phasing and coding se-
quences across the splice junctions were highly conserved. Like
KSHV ORF K15, ORF RF15 is generated from a transcript with
seven introns, and the locations and phasing are conserved (data
not shown). The splice junctions and phasing for the viral IRF
homologs, RF10, RF10.5, and RF11, are conserved, as discussed
above. Current studies using transcriptome-sequencing (RNA-
seq) approaches in macaque tumor and normal tissue samples are

ongoing to identify and confirm the presence of these and addi-
tional spliced transcripts in RFHVMn.

RFHV phylogenetically clusters with KSHV within an RV1
rhadinovirus lineage distinct from RRV. To examine the evolu-
tionary relationship between RFHV, RRV, and KSHV, multiple
alignments and phylogenetic analyses were performed on a subset
of conserved core herpesvirus genes, including ORF8 (glycopro-
tein B; UL27 family), ORF9 (DNA polymerase; UL30 family),
ORF37 (SOX shutoff exonuclease; UL12 family), and ORF64
(large tegument protein; UL36 family). In all cases, the RFHVMn
homolog of these core genes clustered with the encoded KSHV
homolog (Fig. 13A). The core gene homologs of RRV (rhesus
macaque) were more distantly related and clustered separately,
as shown earlier with a partial ORF9 DNA polymerase se-
quence (21) and the full-length ORF59 DNA polymerase pro-
cessivity factor (31). These data confirm the separation of the
macaque and human rhadinoviruses into two distinct RV1 and
RV2 lineages (21, 24). Additional phylogenetic analyses per-

FIG 11 Comparison of the transcripts of KSHV ORF K8.1 and its homolog
RFHVMn ORF RF8.1. (A) Gene structure of KSHV ORF K8.1 with the
exons color coded and amino acids at the junctions indicated. Exons 2 and
3 are in different reading frames, as indicated, and exon 2B indicates a
read-through of a cryptic splice site. Alternate splice variants that have
been detected are labeled with red stars (see the text). NCBI accession
numbers: K8.1�, AAC63270; K8.1�, AAC63271; K8.1	, AAB62630. The
N-terminal signal peptide (SP) and C-terminal hydrophobic TM are
shown. (B) Gene structure of RFHV ORF RF8.1, with regions homologous
to the K8.1 exons color coded and labeled. The entire RF8.1 ORF
(AGY30733) is in the same reading frame, unlike K8.1.

FIG 12 Comparison of the spliced transcripts of KSHV ORF K8, RFHVMn
ORF RF8, and EBV bZIP. (A) Gene structure of KSHV ORF K8, with the exons
color coded and amino acids at the junctions indicated. Exons 1 and 2 are in
the same reading frame, and exons 2 and 3 are separated by an intron sequence.
Transcript K8	 is generated by a read-through of cryptic splice junctions be-
tween exons 1A and 1B and between exons 2A and 2B (accession no.
AAD25322). Transcript K8� is generated by splicing exons 1A, 2A, and 3
(accession no. AAD25316). Transcript K8� is generated by splicing exons 1A
and 2A with read-through of the cryptic splice junction between exons 2A and
2B (accession no. AAD25319). (B) Gene structure of RFHVMn ORF RF8.
Exons 1 and 2 are in different reading frames, while exons 2 and 3 are separated
by an intron sequence. Possible transcripts corresponding to the K8 transcripts
are shown (RF8�; accession no. AGY30732). (C) Gene structure of EBV bZIP,
revealing close similarity to the gene structure of RF8. Possible transcripts
corresponding to the K8 transcripts are shown, and detected transcripts are
indicated with red stars. The bZIP accession no. is NC_007605; for more in-
formation regarding bZIP
, see reference 69.
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formed on the rhadinovirus-specific genes, including ORFK2
(vIL-6), ORF2 (DHFR), ORFK3 (MIR1), ORF70 (TS), and
ORFK4 (vCCL-2), mirrored the phylogenetic relationship de-
termined with the core herpesvirus genes for these viruses (ref-
erence 15 and data not shown).

Divergence of the macaque and human lymphocryptovirus
and rhadinovirus species. In the phylogenetic analysis of the
rhadinovirus core herpesvirus genes above, the homologous lym-
phocryptovirus genes from EBV and its macaque homolog
(RhLCV) were included as an outgroup. Examination of the trees
revealed that the branch lengths between the human (EBV) and
macaque (RhLCV) lymphocryptovirus proteins were 2- to 6-fold
shorter than those between the human (KSHV) and macaque
(RFHV) rhadinovirus proteins (Fig. 13A). This low rate of change
in the lymphocryptovirus lineage has been detected previously
(70). In the previous study, the phylogenetic trees for the New
World and Old World lymphocryptovirus lineages were com-
pared to those of their primate hosts, using available protein se-
quences encoded by the conserved DNA polymerase and glyco-
protein B genes (946 aa concatenated) with imposition of a global
molecular clock. A tentative evolutionary time scale was deter-
mined based on the divergence of the New and Old World primate
hosts. Two lineages of hominoid lymphocryptovirus lineages were
identified, with different divergence characteristics. One homi-
noid lineage showed divergence levels between macaque RhLCV1
and other Old World monkey lymphocryptoviruses that were
characteristic of long-term synchronous evolution with their host
species. In contrast, the other hominoid lineage, containing hu-
man EBV and chimpanzee PtroLCV-1, showed much smaller di-
vergence with the monkey lymphocryptoviruses, suggesting that
the hominoid lineage containing EBV and PtroLCV-1 arose by
interspecies transfer from a lineage of Old World monkey viruses
around 12 million years ago (70).

To compare the evolution of the human and macaque rhadi-
noviruses, we performed a protein maximum-likelihood analysis
of the available macaque and human lymphocryptovirus (gam-
ma-1-herpesvirus) and rhadinovirus (gamma-2-herpesvirus)
species using a 1,313-aa concatenated DNA polymerase and a gly-
coprotein B sequence similar to that employed in the Ehlers study
(70), with imposition of a molecular clock. Sequences of the ma-
caque and human cytomegaloviruses (betaherpesvirus) were in-
cluded for comparison. In addition, the sequences from the lym-
phocryptovirus, rhadinovirus, and cytomegalovirus homologs of
the New World squirrel monkey (Saimiri sciureus) virus were in-
cluded to position the time scale for the New World-Old World
divergence. As observed previously, the sequence divergence of
the rhadinovirus lineage after the New World-Old World split was
much greater than the divergence seen in the lymphocryptovirus
lineage during the same time frame (Fig. 13B, open triangles).
Similarly, the divergence of the macaque RFHV and human
KSHV RV1 rhadinoviruses was significantly greater than the di-
vergence of the macaque RhLCV and human EBV (Fig. 13B, solid
triangles). This indicates that RFHV and KSHV have developed in
long-term synchrony with the evolution of their host species, un-
like the macaque RhLCV and human EBV. The divergence of the
CMV lineage after the New World-Old World split was interme-
diate to that seen with the RV and LCV lineages.

DNA polymerase and glycoprotein B sequences were available
for two macaque RV1 species (RFHVMn and RFHVMm) and two
macaque RV2 species (MneRV2 and RRV) from pig-tailed and
rhesus macaques, respectively. Phylogenetic analysis revealed that
the macaque RV2 sequences clustered distinct from the macaque
and human RV1 lineage. The divergence of the RV2 and RV1
lineages mapped to a time point after the New World-Old World
split (approximately 50 million years ago [mya]) but before the

FIG 13 Phylogenetic comparison of KSHV and EBV and their macaque ho-
mologs. (A) The amino acid sequences for the homologs of glycoprotein B (gB),
ORF64/BPLF1, DNA polymerase (DNA Pol), and ORF37/BGLF5 from KSHV,
RFHVMn (this study), RRV, EBV, and rhesus macaque RhLCV were aligned us-
ing ClustalW, and a distance tree was generated for each gene using neighbor
joining as implemented in Phylip 3.2. The numbers of substitutions per site
are indicated, and the ratios of branch lengths between the human and
macaque RV1 rhadinoviruses (KSHV and RFHVMn) and human and ma-
caque lymphocryptoviruses (LCV) are shown. (B) Protein maximum-like-
lihood analysis with a molecular clock of a 1,313-aa concatenated sequence
from the DNA polymerase and glycoprotein B of the Old World primate
rhadinoviruses, lymphocryptoviruses, and cytomegaloviruses from hu-
mans (KSHV, EBV, and hCMV) and rhesus macaques (RFHVMm, RRV,
RhLCV, and RhCMV) and New World primate rhadinovirus, lymphocryp-
tovirus, and cytomegalovirus from the squirrel monkey (HVS, SsciLCV,
and SsciCMV). Rhadinovirus sequences from the pig-tailed macaque (RF-
HVMn and MneRV2) were also analyzed. The betaherpesvirus (�), gam-
ma-1-herpesvirus (	1)/lymphocryptovirus, and gamma-2-herpesvirus
(	2)/rhadinovirus branches are indicated. The tentative evolutionary time
scale in millions of years before the present) is positioned on each branch
based on the same date for separation of the Old and New World herpes-
virus lineages as for separation of the Old and New World primate lineages
(76) (open triangles). The separation of the macaque and human herpes-
virus lineages is indicated with solid triangles. Protein sequences were ob-
tained from the complete genome sequences of KSHV (NC_009333),
RFHVMn (KF703446; this study), RRV (NC_003401), HVS (NC_001350),
EBV (NC_007605), RhLCV (AY037858), hCMV (X17403), RhCMV
(NC_006150), and SsciCMV (FJ483967) and partial sequences of SsciLCV
(AY139024), RFHVMm (AF005479), and MneRV2 (unpublished data).
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divergence of the human and macaque lineages (approximately 35
mya). Interestingly, the branch lengths between the RV1 rhadino-
viruses from rhesus and pig-tailed macaques were much greater
than the branch lengths between the RV2 rhadinoviruses from the
same macaque species, indicating substantially different evolu-
tionary rates between these two Old World primate rhadinovirus
lineages. Phylogenetic analysis of other viral genes from these
rhadinoviruses supports this conclusion (15, 31).

RF tumor infectome. As indicated above, the Illumina reads
from the combined 50-bp and 100-bp runs from the RF tumor
sample were mapped onto the de novo-assembled RFHVMn ge-
nome sequence using Tablet, yielding an average depth of 7.4
reads per nucleotide. The Illumina reads were also mapped onto
the pig-tailed macaque oncostatin M gene as a marker for the
macaque genome. This yielded an average depth of 3.3 reads per
nucleotide. Since the oncostatin M gene and the macaque genome
are diploid in each cell, the Illumina read data indicated that
RFHV was present at 4.5 copies per cell, strongly correlating with
our previous qPCR quantitation of 3.4 viral genomes per cell (17).
We also mapped the Illumina reads onto the complete genome
sequence of SRV-2, which we had detected previously in the RF
tumor sample by PCR (41). Our analysis revealed coverage of 6.3
reads per nucleotide, indicating that the SRV2 DNA levels were
very similar to the RFHV levels in the tumor sample.

We had previously shown by qPCR that this RF tumor con-
tained 0.021 genome per cell of MneRV2, the pig-tailed macaque
RV2 rhadinovirus homolog of RRV (17). This indicated that the
RV2 virus was not present uniformly in the tumor cells and was
probably present in infected lymphocytes infiltrating the tumor.
Mapping the Illumina reads onto the complete genome sequence
of MneRV2, which we had recently determined (unpublished ob-
servations), revealed coverage of 0.04 read per nucleotide, yielding
a prevalence of 0.02 MneRV2 genome per cell in the RF tumor
sample, confirming our previous qPCR data. The level of MneRV2
in the pig-tailed macaque RF tumors correlates closely with the
level of RRV in the rhesus macaque RF tumors (17). To determine
whether the pig-tailed macaque lymphocryptovirus (MnLCV)
was present in the RF tumor sample, the Illumina reads were
mapped onto a segment of the DNA polymerase gene of MnLCV
that we had previously determined (unpublished results), since
the complete MnLCV genome sequence has not been determined.
No Illumina reads mapped to the MnLCV sequence, indicating
the absence of LCV in this RF tumor sample.

Summary. Our analysis revealed that the RFHMn genome is the
closest homolog of the human tumor virus KSHV to be completely
sequenced. In addition, the RFHVMn genome is the first rhadinovi-
rus genome to be sequenced directly from a clinical tumor sample
using next-generation sequencing techniques. The RFHVMn ge-
nome contained close homologs of all of the core rhadinovirus genes,
as well as the majority of the unique genes present in the KSHV ge-
nome that play critical roles in the biology of KSHV and its induced
pathology. Of the KSHV-specific genes, RFHVMn notably lacked
homologs of the KSHV ORF K5 (MIR2) and K6 (vCCL-1) genes,
which appear to have been generated by a duplication event of the
ancestral gene homologs of the ORF K3/RF3 (MIR1) and ORF K4/
RF4 (vCCL-2) genes after the divergence of KSHV and RFHVMn.
Members of both the K3/RF3 and K4/RF4 gene families have been
shown to play important roles in the modulation of the immune
response during virus infection. The related ORF K3 and K5 proteins
of KSHV mediate the downregulation of a number of immuno-

modulatory proteins from the surfaces of virus-infected cells (71).
Although the RF3 homolog in RFHVMn can modulate immune pro-
teins targeted by both K3 and K5 (72), the presence of the duplicated
K5 gene in KSHV presumably provides additional functionality for
immune modulation in the hominoid RV1 rhadinovirus lineage.
KSHV encodes three chemokine homologs of macrophage inflam-
matory protein 1� (MIP-1�) that can function to polarize the adap-
tive immune response, potentially altering the efficacy of the antiviral
response (73). While RFHVMn lacks ORF K6 (vCCL-1), it contains
homologs of both ORF K4 (vCCL-2) and ORF K4.1 (vCCL-3). As K4
and K6 are closely related, it appears that K6 arose by a duplication of
the ancestral K4 gene after the divergence of KSHV and RFHVMn.

The exact functional outcome of the addition of the K5 and K6
genes to the hominoid RV1 rhadinovirus genome is unclear.
However, it appears that there was strong selective advantage to
increasing the immunomodulatory capabilities of KSHV com-
pared to RFHVMn during virus evolution. Few differences were
noted within the core herpesvirus genes between RFHVMn and
KSHV, suggesting strong similarities in virus biology. While the
RNA transcript splicing was predicted to be very similar between
RFHVMn and KSHV based on conservation of splice junctions, it
is not clear how well alternate splicing of specific genes, such as
RF8 and RF8.1, generates similar viral protein species. High levels
of sequence conservation were noted in specific promoter se-
quences and within the putative origins of replication, suggesting
similar transcriptional and replication processes in KSHV and
RFHV. Sequence comparisons indicated that RFHV and KSHV
cluster within the RV1 lineage of Old World primate rhadinovi-
ruses and have developed in long-term synchrony with the evolu-
tion of their hosts. The overall strong genetic and sequence simi-
larity between RFHVMn and KSHV, coupled with the apparent
similarities in biology and pathology of the viruses, suggest that
RFHVMn infections in macaques offer important and relevant
models for the study of KSHV infections in humans.
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