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Abstract: Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human gammaher-
pesvirus 8 (HHV-8), contains oncogenes and proteins that modulate various cellular functions,
including proliferation, differentiation, survival, and apoptosis, and is integral to KSHV infection
and oncogenicity. In this review, we describe the most important KSHV genes [ORF 73 (LANA), ORF
72 (vCyclin), ORF 71 or ORFK13 (vFLIP), ORF 74 (vGPCR), ORF 16 (vBcl-2), ORF K2 (vIL-6), ORF K9
(vIRF 1)/ORF K10.5, ORF K10.6 (vIRF 3), ORF K1 (K1), ORF K15 (K15), and ORF 36 (vPK)] that have
the potential to induce malignant phenotypic characteristics of Kaposi’s sarcoma. These oncogenes
can be explored in prospective studies as future therapeutic targets of Kaposi’s sarcoma.
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1. Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human gammaher-
pesvirus 8 (HHV-8), is the causative agent of several malignancies, including Kaposi’s
sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman’s disease
(MCD) [1]. KS is a multifocal malignancy that mainly affects endothelial cells and is re-
sponsible for remarkable morbidity and mortality worldwide, with 34,270 new cases and
15,086 deaths reported in 2020 [2]. In 2020, the highest KS incidence rates were found in
countries from Europe (Italy and Portugal), America (Paraguay, Colombia, and Peru), and
Africa (such as Mozambique, Zambia, Kanya, Angola, Guinea, Mali, Liberia) Global Cancer
Observatory, WHO) [2]. KS is the most common neoplasia in human immunodeficiency
virus-infected individuals [3] and in children from endemic regions such as Central, Eastern,
and Southern Africa [4].

KSHYV can establish either latent or lytic infections. The latent phase aims to enhance
KSHYV persistence in the host by transcription of a limited number of latent transcripts
required for episomal maintenance of KSHYV in dividing cells and limiting host immune
responses [5]. During lytic infection, KSHV replication proteins are transcribed to produce
new virions and aid the spread of KSHV to other cells [6,7].

KSHYV has a double-stranded linear DNA genome with a length of approximately
165-170 kb. The genome comprises a unique central coding region of approximately 145 kb,
and both sides of the region comprise highly GC-rich terminal repeats (TRs) of approxi-
mately 30 kb [8,9]. The KSHV genome contains some highly conserved genes from ORFs
4 to 75, which, such as other herpesvirus members, typically encode proteins associated
with viral replication and structural virion components. In addition, KSHV encodes a
unique set of genes, designated with the prefix K (K1-K15), that have multiple functions
in viral infection and virus-induced diseases, a set of viral microRNAs, and several long
non-coding RNAs [8].
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Several of these genes are viral oncogenes and are host homologs or unique to KSHV.
These oncogenes and proteins modulate a variety of cellular functions, including prolif-
eration, differentiation, survival, and apoptosis, and are integral in KSHV infection and
oncogenicity [7]. In this review, we show that some of these KSHV genes have the potential
to induce malignant phenotypic characteristics of KS. These oncogenes should be explored
in prospective studies as future therapeutic targets for KS.

2. Kaposi Sarcoma

Kaposi sarcoma (KS) is an angioproliferative neoplasm, firstly described by Moritz
Kaposi, an Austro-Hungarian dermatologist in 1872 [10]. KS is typically cutaneous but can
involve mucosa or viscera. There are four main epidemiological forms broadly recognized:
the first one, originally described by Kaposi, is the classic or sporadic form that affects
mostly elderly Mediterranean or Eastern European ancestry men, usually indolent and
present almost exclusively on the lower limbs. The second one is the Endemic African form,
known for lymphadenopathy occurring in children. The third one emerged from the AIDS
epidemic that brought over a particular highly aggressive KS, called Epidemic or AIDS-
associated form. KS also has an iatrogenic form, characterized by post organ transplant
occurrence, induced by the immunosuppression protocol aiming to reduce organ rejection
rates [11].

KS varies from an indolent to an aggressive presentation. Classic and latrogenic KS
usually present progressive, multicentric, or even ulcerated violaceous, reddish or brown-
ish macules, patches, plaques or nodules on the skin, but possible mucosa involvement
following its development stages. Nodular lesions can bleed or become hyperkeratotic as
well as polychromatic color change, collarette signs, white lines, among other dermoscopic
findings that suggest KS. Usually, these lesions are not invasive and are localized on the
lower extremities, with head and trunk, oral or upper limbs possibilities. latrogenic KS
aggressivity depends on immunosuppression levels and period, being potentially fatal if
not regressed [12,13].

Endemic and AIDS-associated KS are more aggressive. Endemic form typically has
a lymph node involvement with more diffuse presentation on the body surface, such as
the trunk, besides the lower limbs. This form can be divided into four subgroups: nodular,
florid, infiltrative, and lymphadenopathic. Nodular African KS is limited to cutaneous
lesions. Florid and Infiltrative African KS are aggressive infiltrative local lesions, being
deep and extensive cutaneous lesions with bone involvement. Lymphadenopathic African
KS s a particular fatal form, affecting children and has a rapid development with viscera
involvement [14-16].

AlDS-associated KS has a predilection for viscera involvement, especially gastroin-
testinal tract, and pulmonary systems. Usually, oral mucosa is affected, as well as upper
limbs, neck and head, besides lower limbs. Due to immunodeficiency in these HIV-patients,
AlDS-associated KS has high morbidity and mortality with organ commitment. Patients
treated with highly active antiretroviral therapy (HAART) tend to improve immunodefi-
ciency, leading to regression of size and reduction of aggressivity of cancer, resembling a
classic KS form [14-16].

In men who have sex with men (MSM), the epidemiological and clinical features
are quite different from the AIDS-associated KS, resembling more the Classic KS clinic,
with particular epidemiology and increasing incidence over the last years, despite the
popularization of HIV therapies. There is a proposition of a fifth KS form specifically to
this group, called nonepidemic KS [11,17,18].

Staging is not common for Kaposi Sarcoma. However, there is the validated staging
classification for only AIDS-associated KS, created in 1980’s pre-HAART era, including
the measurement of disease as localized or disseminated (T), immunodeficiency levels by
measuring CD4 count as high or low (I) and the presence of systemic symptoms (S), just to
classify a poor or good diagnosis. For the other KS forms, there is no universally accepted
staging classification [19].
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Thus, KS negatively influences the quality of life of patients causing many physical
and psychosocial problems. Some gastrointestinal KS lesions, for example, may cause
pain, bleeding, difficulty with feeding, diarrhea, intestinal obstruction, malabsorption,
and weight loss. Pain, severe edema, and cellulitis can also accompany ulcerated skin
lesions, and edema can also be present in the absence of skin lesions. Edema of the external
genitalia may also obstruct urination. Pulmonary lesions and effusions may be associated
with dyspnea, cough, hemoptysis, and restricted activity. Facial and periorbital edema is
disfiguring and, in extreme cases, may obstruct vision. Skin lesions, particularly those on
the face that are hard to camouflage but also those on the torso and extremities, may lead
to self-imposed social isolation, exclusion by others and psychological distress. Many of
these problems have most commonly been associated with AIDS-related KS, but they may
also occur with all epidemiological forms of the disease [20].

3. KSHV Encoded Oncogenes

Oncogenes are genes that have the ability to cause cancer and the activation of these
is a major driver of cancer [21,22]. Oncogenes are involved in abnormal cellular-growth
control, transformation, and oncogenesis [23].

Viral oncogenes play a central role in KSHV infection and oncogenicity cancer [21,22].
During the latency phase, KSHYV is able to encode viral oncoproteins, including LANA,
vCyclin, and vFLIP. Moreover, during the lytic phase, KSHV encodes viral oncoproteins
including vGPCR, vBcl-2, vIL-6, vIRF 1/vIRF 3, K1, K15, and vPK.

3.1. Latent Oncogenes
3.1.1. ORF 73 (LANA)

ORF73 measures approximately 4437 kb (Table 1). This oncogene encodes the latency-
associated nuclear antigen (LANA) protein, as described in 1997 by Kedes et al. [6,24,25].
LANA, a multifunctional nuclear protein with a length of 1162 amino acids and 220-230 kDa
in size, is among the most abundantly expressed proteins during latency. LANA is required
for various nuclear functions, including the recruitment of cellular machinery for viral
DNA replication and segregation of the replicated genomes to the daughter cells. To carry
out this function, LANA binds directly to the conserved TR sequences of the KSHV genome
through the protein’s C-terminal domain and docks onto the host chromosome through the
N-terminal chromatin-binding domain, which enables the KSHV genome to hitch a ride
on the host chromosome during mitosis and maintain a stable copy number in the latently
infected cells [5,26].

LANA was found to bind and interact with multiple cellular proteins, including tumor
suppressors p53, pRb, and von Hippel Lindau (VHL), transcription factors- ATF4/CREB2
and STAT3, chromatin-binding proteins HP1, H2A /H2B, MeCP2, and Brd4, as well as signal
transducer GSK-3, in order to inhibit apoptosis and stimulate spindle cell proliferation.
LANA has also been proposed to bind to several viral promoters and suppress viral lytic
gene transcription, thereby influencing latency maintenance. Therefore, LANA is a highly
versatile oncogenic protein that plays a central role in the pathogenesis of KSHV [5].
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Table 1. KSHV oncogenes involved in KS conditions.
Oncogenes KSHV
ORF 71/ORF ORF
ORF 73 ORF 72 K13 ORF 74 ORF 16 ORF K2 ORF K9 K10.5/K10.6 ORF K1 ORF K15 ORF 36
First description Kedes et al., Chang et al., Thome et al., Cesarman Sarid et al., Neipel et al., Zimring Lubyovaetal,, Lee et al.. 1998 Nicholas et al., Park et al.,
v 1997 1996 1997 etal., 1996 1997 1997 etal., 1998 1998 M 1998 2000
Latency- Latency- Latency- L.y te L.y te L.ytlc. L.y te Lytic replication L.ytlc. L.y te L.ytlc.
. . . . . replication replication replication replication . replication replication replication
Genomic location associated associated associated . : ) . associated ) . .
. . . associated associated associated associated . associated associated associated
region region region . . . . region . . .
region region region region region region region
Length (~bp) 4437 1700 566 1025 525 676 1529 2040 1080 6245 2900
Oncoprotein LANA vCyclin vFLIP vGPCR vBcl-2 vIL-6 vIRF 1 vIRF 3 K1 K15 vPK
Viral DNA Cellular signal
replication Survival, . transduction;
. . . . Deregulation . . .
and proliferation Viral survival cellular viral Viral lytic
segregation Acceleration and cell dif- and responses to reactivation; replication;
of the ferentiation; replication; Inhibition of . Inhibition of resp . endothelial inhibition of
. of the G1/S . L . Induction . viral infections; . . Cell
replicated cytokine activation of apoptosis and . . apoptosis 1 cell immortal- apoptosis; . .
. phase . . angiogenesis inhibition of N R proliferation
Function genomes to e secretion; pro- autophagy, and .. ization; host activation pro- . .
transition; KS . . : and . . apoptosis; . . and induction
the daughter oncogenic inflammatory, viral . induction tu- - . immune inflammatory . -
cell S hematopoiesis . . induction . angiogenesis
cells; . . transforma- and replication morigenesis . . recognition; and
L proliferation . . . tumorigenesis; L9 . .
inhibition tion; angiogenic . activation of angiogenic
. s deregulation cell .
apoptosis; KS inhibition of pathways death tyrosine pathways
cell apoptosis immunorecep-
proliferation tors
Note: bp, base pairs.
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3.1.2. ORF 72 (vCyclin)

In 1996, Chang et al. identified that KSHV ORF 72 encodes a protein, similar to the
human cellular D-type cyclin, called KSHV-Cyclin (vCyclin). In 1997, the length and size of
the protein (257 amino acids in length and 29 to 30 kDa in size) and a 53% similarity with
human D2 cyclins was discovered [27,28]. ORF 72 measures approximately 1.7 kb and is
bicistronic, encoded with another latency-associated gene, viral FLICE-inhibitory protein
(VFLIP) [6,25,29] (Table 1).

In human cyclins, vCyclin interacts with cyclin-dependent kinase (CDK)2, CDK4, and
CDKS, as well as phosphorylates the cyclin/CDK inhibitory proteins p21 and p27, mediating
and inducing the acceleration of the G1/S phase transition. However, unlike D-type human
cyclins, whose expression is cell cycle-dependent, the level of vCyclin remains stable
throughout the cell cycle and the constitutive activation of vCyclin/CDK complexes in
KSHY infected cells appears to result from the extended half-life of vCyclin, which may
explain its role in the deregulated proliferation of Kaposi’s sarcoma [30,31].

On the other hand, the ectopic expression of vCyclin in cells with elevated levels of
CDKG6 has demonstrably proven to lead to apoptotic cell death after the cells enter the S
phase, called oncogene-induced senescence [32]. However, this kind of senescence can be
relieved by co-expression with vFLIP. In fact, the ratio of vCyclin to vFLIP seems to be
important for regulating cell survival and proliferation because vCyclin expression can
counteract senescence induced by vFLIP through the activation of the nuclear factor kappa
light chain enhancer of activated B cells (NF-«B) [32]. In addition, KSHV-encoded vCyclin
can modulate hypoxia-inducible factor 1-o (HIF1x) levels to promote DNA replication
during hypoxia [33].

3.1.3. ORF 71 or ORFK13 (VFLIP)

ORF 71 (also called K13) measures approximately 566 bp (Table 1). This oncogene
encodes VFLIP, a viral homolog of cellular FLICE inhibitory protein, 189 amino acids in
length, discovered in 1997 by Thome et al. [6,25,29,34]. FLIPs contain death effector domains
that interact with the adapter protein FAS-associated death domain (FADD), inhibiting
the recruitment and subsequent activation of the protease FLICE by the CD95 (Fas) death
receptor [34].

The best-characterized function of KSHV vFLIP is the utilization of the NF-«B pathway
by directly binding to the IkB kinase y (IKKy) complex to initiate an extensive range of
cellular processes that promote survival, proliferation, differentiation, cytokine secretion,
and oncogenic transformation. VFLIP protects cells against growth factor withdrawal-
induced apoptosis and plays a very important role in KS infection [35]. vFLIPs from other
gamma-herpesviruses were found to protect cells from the Fas protein, tumor necrosis
factor receptor (TNFR)-1, translocating chain-association membrane protein (TRAMP),
and TNF-related apoptosis-inducing ligand receptor (TRIALR)-mediated apoptosis. KSHV
VFLIP protects cells from Fas-mediated apoptosis and permits clonal growth in the presence
of the Fas ligand. KS cells were shown to be resistant to Fas-mediated apoptosis before
the identification of vFLIP. VFLIP is directly implicated in the pathogenesis of KS because
the expression of VFLIP transcripts increases in late-stage KS lesions, which show reduced
apoptosis. In addition, VFLIP is likely to be expressed from an internal ribosome entry site
(IRES) located within the vCyclin ORF, implicating the relationship in their co-expressing
in KS cells and contributing to the emergence and maintenance of this cancer [8,36,37].

3.2. Lytic Oncogenes
3.2.1. ORF 74 (vGPCR)

OREF 74 measures approximately 1025 bp (Table 1). This oncogene encodes the viral
G protein-coupled receptor (vGPCR) discovered in 1996 by Cesarman et al. [38]. The
vGPCR contains 342 amino acids and is a homolog of human interleukin 8 (IL-8) receptors
such as CXCR1 and CXCR?2 [6,38,39]. This viral oncoprotein, expressed during the lytic
cycle, contains seven hydrophobic regions that theoretically correspond to transmembrane
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domains. The protein also shares other features with members of this class of receptors,
including glycosylation sites in the most N-terminal extracellular fragment and two cysteine
residues, in the putative second and third extracellular loops, which are conserved in all
GPCRs [38].

Although ORF 74 is constitutively active, it is also activated by several human CXC
chemokines. Hence, both constitutive and chemokine-induced vGPCR mediated functions
may be used by KSHV to promote survival and replication of the virus, while the host
immune system also uses the same functions to keep viral survival and replication under
control. The transgenic expression of ORF 74 in mice was sufficient for the development
of vascular KS-like lesions, indicating that vGPCR plays a critical role in the initiation
of KS [40]. The vGPCR-induced onset of Kaposi’s sarcoma involves the stimulation of a
complex network of signaling pathways that involve the autocrine and paracrine activation
of proliferative, pro-inflammatory, and angiogenic pathways. vGPCR also activates the
transcriptional regulator NF-«kB, which is involved in the onset of the KS phenotype,
including the development of spindle cell-like morphology and the paracrine stimulation
of T-cell and monocyte chemotaxis [39].

3.2.2. ORF 16 (vBcl-2)

ORF 16 measures 525 bp [6,41] (Table 1). This oncogene encoded vBcl-2, a viral
homolog of the human proto-oncogene Bcl-2, and was described in 1997 by Sarid et al.
vBcl-2 is 175 amino acids in length and 19.4 kDa in size [42].

Cellular Bcl-2 was originally discovered as an oncogenic protein in B-cell lymphomas.
Since then, a number of proteins belonging to the Bcl-2 family have been identified, each
possessing the signature Bcl-2 homology (BH) domain. The Bcl-2 family consists of both
anti-apoptotic (e.g., Bcl-2, Bcl-Xy, and Bcl-w) and pro-apoptotic (e.g., Bax, Bak, Bid, and
Bad) proteins, which cooperate by forming homodimers or heterodimers to regulate the
commitment of cells to apoptosis. Besides Bcl-2, which has the ability to interact with and
inhibit pro-apoptotic family members such as Bax and BH3-only proteins, the hydrophobic
pocket of Bcl-2 also binds Beclin 1 (the mammalian ortholog of the yeast protein Atg6),
which is part of class III PI3 kinase complex, required for the initiation of autophagosome
membrane. In addition, the dual roles of Bcl-2 in apoptosis and autophagy suggest that a
coordinated regulation may exist for Bcl-2 to conduct these two activities [43].

Given the important role of Bcl-2 in cell survival, many viruses have evolved to encode
structural and functional orthologs of Bcl-2 (vBcl-2) to prevent the premature death of
infected cells from sustained viral replication and associated diseases [43]. vBcl-2 has the
same anti-apoptotic function as cellular Bcl-2. In addition, vBcl-2, in cooperation with Bcl-2,
plays a critical role in promoting the development of KS lesions. vBcl-2 interacts directly
with cellular proteins to delay apoptosis and autophagy in KSHV-infected cells. Thus, this
oncoprotein supports the establishment of KSHYV latency and reactivation. However, the
regulatory functions of vBcl-2 are not limited to its anti-apoptotic activity [44]. Thus, Liang
et al. showed that vBcl-2 plays an important role in KSHYV lytic replication, independent
of the protein’s anti-apoptotic and anti-autophagic activities [41]. vBcl-2 controls cellular
apoptosis and autophagy in the 84WGR86 region, consistent with the findings of previous
studies, but controls KSHV lytic replication through the E14 residue, and these functions
are genetically separable. Overall, these results identify the novel essential function of
vBcl-2 for KSHYV lytic replication, which relies on the 14th glutamic acid residue, but not
the anti-apoptotic or anti-autophagic activity of vBcl-2 [41]. Other studies showed that
the KSHV vBcl2 binds ORF 55 during lytic replication, and this interaction appears to
be required for nuclear localization and virion incorporation. In fact, disruption of the
vBcl2-ORF 55 interaction by the vBcl2 peptide reduced KSHYV virion assembly in the nucleus.
As KSHYV vBcl2 localizes to the mitochondria and nuclei of infected cells, this vBcl2-ORF55
interaction appears to be necessary for their nuclear translocation [45].
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3.2.3. ORF K2 (VIL-6)

ORF K2 measures approximately 676 bp [46] (Table 1). This oncogene encodes the
viral interleukin 6 (vIL-6) [47], a viral homolog of the human homolog of interleukin-6
(hIL-6) [48], and was described in 1997 by Neipel et al. [48]. The expression of vIL-6 is
highly upregulated during the KSHYV lytic phase, but this oncoprotein is also detected
during the latent phase [49,50]. vIL-6 has 204 amino acids in length [51] and activates
multiple signaling pathways using the hIL-6 receptor complex [49].

vIL-6 is an oncoprotein responsible for the development of Kaposi’s sarcoma [51]
and induces angiogenesis and hematopoiesis by upregulating VEGF [52]. In addition,
the HIV-encoded Nef protein-enhanced vIL-6-induced angiogenesis and tumorigenesis
both in vitro and in vivo [53]. Thus, coinfection with HIV remarkably contributes to KSHV
infection and further enhances KS tumor pathogenesis.

3.2.4. ORF K9 (VIRF 1)/ORF K10.5 and ORF K10.6 (vIRF 3)

The KSHV genome encodes two viral interferon regulatory factor oncoproteins (vIRF1
and vIRF3) and is a viral homolog of the cellular IRF transcription factor family [54]. ORF
K9 measures approximately 1529 bp [46] (Table 1). vIRF 1 is encoded by this oncogenic
gene [55] and was described in 1998 by Zimring et al. [56]. This oncoprotein has a length of
449 amino acids [46] and is expressed in both KSHV phases, with low levels during latency
and higher levels during lytic replication [57].

The ORFs K10.5 and K10.6 measure around 2040 bp [46]. The vIRF 3 is an oncopro-
tein [55] encoded by these genes, which was described in 1998 by Lubyova et al. [58]. This
oncoprotein has 566 amino acids in length [46] and is expressed during KSHV latency [59].

vIRFs are known to interfere with cellular responses to viral infections [60,61]. By
disrupting p53 signals, vIRF1 and vIRF3 inhibit apoptosis and induce tumorigenesis in
KSHV-infected cells [62]. VIRF3 deregulates IFNs and cell death [63] and can also inhibit
apoptosis in the PKR pathway [55].

3.2.5. ORF K1 (K1)

ORF K1 measures approximately 1080 bp [46] (Table 1). The K1 transmembrane protein
is an oncoprotein [64] encoded by this gene, described in 1998 by Lee et al. [65]. K1 is 279
amino acids in length [46] and is primarily expressed during KSHYV lytic replication [66].

The K1 protein has multiple roles in cellular signal transduction, viral reactivation,
endothelial cell immortalization, and host immune recognition [67]. K1 has been reported
to bind the c subunit of 5'adenosine monophosphate-activated protein kinase (AMPKc1),
which is important for K1 to enhance cell survival [68]. K1 demonstrated the ability to trans-
form rodent fibroblasts [65] and immortalize primary human umbilical vein endothelial
cells in vitro [69]. In addition, K1 transgenic mice develop spindle cell sarcomatoid tumors
and plasmablastic lymphoma, thought to be mediated by the activation of NF-kB and
the B-cell transcription factor, Oct2 [70,71]. K1 is thought to be involved in the activation
of tyrosine immunoreceptors that also activate a cascade linked to the tumorigenesis of
KS [64].

3.2.6. ORF K15 (K15)

ORF K15 measures approximately 6245 bp [72] (Table 1). This oncogene was described
in 1998 by Nicholas et al. [73] and encoded the K15 protein, with approximately 488 amino
acids in length [46].

K15 is a transmembrane viral protein with structural similarity of LMP2A of the virus
Epstein Barr, and like LMP2A, K15 can block BCR signaling [72,74]. K15 activates the mitogen-
activated protein kinase (MAPK) pathway, NF-kB pathway, and PLCc1 through tumor necrosis
factor receptor-associated factor 2 (TRAF2)’s interaction with its SH2-binding site leading
to the expression of proangiogenic and proinflammatory factors [75-77]. K15 has also been
shown to interact with the anti-apoptotic protein HAX1 and induce the expression of several
anti-apoptotic genes, which can provide a survival advantage to the infected cell [75,78].
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K15 has been shown to be important for viral lytic replication and this protein is expressed
in a substantial proportion of KSHV-infected endothelial spindle cells in KS lesions [75].

3.2.7. ORF 36 (vPK)

ORF 36 measures approximately 2900 bp [46] (Table 1) and was firstly described in
2000 by Park et al. [79]. This oncogene encodes a serine/threonine viral protein kinase
(vPK) and, although there are differences in location and function, vPK has homology with
other herpesviruses kinases [79-81]. Protein kinases phosphorylate cellular proteins and
alter substrate localization, enzymatic activity, and protein interactions, affecting signal
transduction and global cellular function [82]. vPK has 444 amino acids of length [46] and
can enhance host cellular protein synthesis by phosphorylating ribosomal protein S6, and
to promote of cell replications [81,83]. The vPK protein mimics S6KB1 protein, phosphory-
lating S6 [82], and the acetyltransferase TIP60, a regulator of chromatin remodeling. The
DNA damage response is phosphorylated by this protein, activating it and promoting
cell replication [81]. vPK can also be expressed by hypoxic environments [82]. In fact,
Anders et al. demonstrated that viral protein kinase could promote B cell activation and
proliferation and augment lymphomagenesis in vivo [81]. Therefore, vPK contributes to
the development of KSHV cancers, including KS. KS biopsies from KS-afflicted patients
show detectable vPK transcripts [81,82,84].

4. Challenges of Current KS Therapies and Potential KSHV Viral Oncogene as
Therapeutics Targets

Standard Kaposi’s sarcoma therapy has not changed in the last years and as KS
manifests in many forms, therapies should also be divided into multiple application
scenarios [85]. Thus, the therapeutic management is based on an individual approach
analyzing the criteria of disease extension, the localized or disseminated character of the
lesions, predictors of disease evolution, immunovirological status of the patients, and
patient’s comorbidities [19]. Different therapies can be used for KS, such as immune
restoration, radiotherapy, and chemotherapy [85].

Several therapies have been developed for localized lesions but without randomized
trial comparisons. Radiotherapy is one of the most efficient treatments for this KS type.
However, higher doses per fractions and concomitant administration of systemic therapies
should be avoided to reduce the risk of sequelae. The possible risks are out-of-field
recurrence, and radiotherapy-induced skin toxicity (telangiectasia, hyperpigmentation,
skin atrophy, and fibrosis) [19]. Surgical excision has a high recurrence rate and can
cause severe functional impairment [19,86]. CO,-laser and superficial cryotherapy can be
temporarily efficient in superficial lesions [19,86,87]. Intralesional chemotherapies have
good response rates. Vinblastine (the most used) [88] and vincristine [89] are examples of
this therapy type [19]. Electrochemotherapy combines intralesional chemotherapy, usually
bleomycin, with electroporation, enhancing drug uptake into tumoral cells and response
rates. Topical treatments-imiquimod [90] or topical 9-cis-retinoid acid (alitretinoin gel
0.1%) [91] can also be used [19].

Systemic treatments are performed for locally aggressive extensive and disseminated
KS. The most recommended therapies are pegylated liposomal doxorubicin (PLD) and
paclitaxel (PCT) chemotherapies [19]. The PLD safety profile is good, with around 5%
grade IV neutropenia and 5% hand and feet syndrome [19,92,93]. PCT has more grade
toxicity compared to PDL, particularly more grade IV neutropenia and mild-to-moderate
alopecia [19,94]. Other chemotherapies, such as vinblastine [95], etoposide [96,97], and
bleomycin [98], can be considered as therapy alternatives but are not used /recommended
as first-line therapies [19].

In classic KS, PLD or low-dose interferon-alfa is the recommended first-line agents in
younger patients. In AIDS KS, combination antiretroviral therapy is the first treatment op-
tion, but specific systemic treatment is recommended in case of extensive disease. Systemic
treatment is also used in the prevention and treatment of immune reconstitution inflam-
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matory syndrome in these patients [19]. PLD is approved as first-line therapy, and PCT is
approved as the second-line for AIDS KS [19,94,99]. In post-transplant KS, tapering down
immunosuppressive therapy and switching to mammalian target of rapamycin (m-TOR)
inhibitors are used [19].

The use of KSHYV oncoproteins as therapeutic targets has been gradually becoming
more in focus as a novel strategy to treat and prevent the KS lesions growth. However,
these studies are preliminary [75,100-106].

LANA binds in the terminal repeat region of the KSHV genome and, after this, docks
onto the host chromosome, which ensures the viral genome replication and segregation
during cell mitosis [5,26] (Figure 1). Kirsch and colleagues discovered and optimized new
small compounds able to inhibit the binding of LANA to KSHV DNA in the low micromolar
range [107-110]. In addition, Mubritinib (TAK165), protein kinase inhibitor, was identified
as a potent inhibitor of LANA-DNA binding and strongly reduced living KSHV PEL cells
in vitro and in vivo [110,111] (Figure 1). The decreasing LANA expression in PEL cells with
shRNA [112], by treatment with glycyrrhizic acid [113] (Figure 1) or HSP90 inhibitors [114]
induces cell death [110].

T Mimetic of NEMO @ o R‘n;;scin
N Q (il\u\'rrh?jc acid L T — o ’ °
TAK165 s : KSHYV virions LY 294002
Bay 11-7082
Viral @ | @ Viral Litic
Latency | Replication
| vLIp | -
® L l : VGPCR Ny
Y
d .
PI3K pathway .
IKKy/NEMO l X

| NF-kp pathway. H - f = &

l TSC2 AKT mTOR
(proliferation)

Apoptosis Tumor supression
inhibition l inhibited

chromosome
Nucleus

_ » » Transcription factors ATF4/CREB2 and STAT3; Chromatin
' Cellular proteins such as: p53, pRb, VHL - intcracts with ‘ binding proteins HP1, H2A/H2B, Brd4; Signal transducer GSK-3
fUmor supressors. f - inhibit apoptosis and stimulates spindle cell proliferation.

Figure 1. Therapeutics targets in signaling pathways modulated by Kaposi sarcoma-associated virus
(KSHYV) oncoproteins. The pathways shown include PI3K/Akt/mTOR associated with vGPCR (lytic
oncoprotein), NF-kB associated with vFLIP (latency oncoprotein), and different pathways associated
with LANA (latency oncoprotein). A total of 5 therapies are represented outside the cell and their
respective targets are indicated with the letter “X” in red color.

Another potential target is the vFLID, a potent activator of the NF-kB pathway and
neutralizer apoptosis [35] (Figure 1). Silencing vFLIP using NF-kB inhibitors such as
Bay 11-7082, induces PEL cell apoptosis [110,115-118]. In order to activate the NF-kB
pathway, vFLIP directly interacts with IKKy/NEMO. A tertiary protein structure mimic
of the vFLIP interaction site in the IKKy/NEMO helix was able to induce cell death in
PEL cells and to delay tumor growth in a PEL xenograft mouse model [110,118] (Figure 1).
Additionally, a conformationally constrained, stapled IKKy peptide derived from the IKKy—
vFLIP interaction site interferes with the binding of IKKy to vFLIP and enhances apoptosis
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in PEL cell lines [119]. Thus, it may be feasible to develop small molecule inhibitors
targeting the vFLIP-IKKy/NEMO interaction [110].

vGPCR develops angioproliferative tumors in multiple organs, such as KS. This
tumorigenesis is mediated through numerous pathways, the most important of which
appears to be the phosphatidylinositol 3-kinase (PI3K) pathway ([100,120-124]) (Figure 1).
PI3K is a lipid kinase that activates Akt, a serine-threonine kinase that has multiple targets,
including the mammalian target of rapamycin (mTOR), a kinase that is associated with
cell proliferation and survival in KS ([100,124,125]). In vitro, cells expressing constitutively
active vGPCR have high levels of activated Akt, inactivated TSC2 (a tumor suppressor
which is inactivated by Akt), and activated mTOR ([124,126,127]). This has been reversed
with LY 294002, a PI3K inhibitor, or rapamycin, an mTOR inhibitor, in vitro and in vivo
murine models; the latter was also associated with decreased tumor growth ([124,127])
(Figure 1).

Other therapies and their respective therapeutic targets in signaling pathways modu-
lated by KSHV oncoproteins, such as vIL-6 [128], have been described. Oroxylin A inhibits
vIL-6-mediated lymphatic reprogramming of vascular endothelial cells through modulat-
ing PPARy /Prox1 axis. Thus, this therapy may serve as a candidate for the treatment of
KS [128].

5. Conclusions

KSHYV encodes many viral oncogenes. The information on KSHV oncogenes associated
with Kaposi’s sarcoma reported here has provided a basis for molecular studies of KS
tumorigenesis. The development of inhibitors of proteins associated with these oncogenes
would be a novel possibility for anticancer therapy of Kaposi’s sarcoma.

Author Contributions: A.d.O.L.: conceptualization, formal analysis, funding acquisition, project
administration, writing—original draft, review, and editing. P.d.N.M.: writing and editing the
original draft. L.d.d.S.M.: writing—original draft. V.5.d.P.: conceptualization, formal analysis,
funding acquisition, project administration, supervision, writing—review and editing. All the
authors have approved the submitted version and agree to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or integrity of any part of the
work, even those in which the author was not personally involved, are appropriately investigated,
resolved, and documented in the literature. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Council of Scientific and Technological Develop-
ment (CNPq), Coordination for the Improvement of Higher Education Personnel (CAPES), State of
Rio de Janeiro Research Support Foundation (FAPER]), and INOVA FIOCRUZ.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank CNPq (National Council of Scientific and Technological Development),
CAPES (Coordination for the Improvement of Higher Education Personnel, Brazil), FAPER] (State of
Rio de Janeiro Research Support Foundation), and INOVA FIOCRUZ for the financial support, and
Shape-Esquemas didaticos company for assisting us with the Figure 1 generated in this study.

Conflicts of Interest: The authors declare no conflict of interest.

1.  de Oliveira Lopes, A.; Spitz, N.; Martinelli, K.G.; de Paula, A.V.; de Castro Conde Toscano, A.L.; Braz-Silva, P.H.; Dos Santos
Barbosa Netto, J.; Tozetto-Mendoza, T.R.; de Paula, V.S. Introduction of human gammaherpesvirus 8 genotypes A, B, and C into
Brazil from multiple geographic regions. Virus Res. 2020, 276, 197828. [CrossRef] [PubMed]

2. Cancer Today. Available online: https://gco.iarc.fr/today/home (accessed on 16 December 2021).


http://doi.org/10.1016/j.virusres.2019.197828
http://www.ncbi.nlm.nih.gov/pubmed/31794796
https://gco.iarc.fr/today/home

Int. J. Mol. Sci. 2022, 23, 7203 11 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

Pérez, C.L.; Tous, M.I. Diversity of human herpesvirus 8 genotypes in patients with AIDS and non-AIDS associated Kaposi’s
sarcoma, Castleman’s disease and primary effusion lymphoma in Argentina. J. Med. Virol. 2017, 89, 2020-2028. [CrossRef]
[PubMed]

Dalla Pria, A.; Pinato, D.J.; Bracchi, M.; Bower, M. Recent advances in HIV-associated Kaposi sarcoma. F1000Research 2019, 8, 1-9.
[CrossRef]

Uppal, T.; Banerjee, S.; Sun, Z.; Verma, S.C.; Robertson, E.S. KSHV LANA—The master regulator of KSHV latency. Viruses 2014, 6,
4961-4998. [CrossRef] [PubMed]

Mesri, E.A.; Cesarman, E.; Boshoff, C. Kaposi’s sarcoma and its associated herpesvirus. Nat. Rev. Cancer 2010, 10, 707-719.
[CrossRef] [PubMed]

Cavallin, L.E.; Goldschmidt-Clermont, P.; Mesri, E.A. Molecular and cellular mechanisms of KSHV oncogenesis of Kaposi’s
sarcoma associated with HIV/AIDS. PLoS Pathog. 2014, 10, e1004154. [CrossRef]

Yan, L.; Majerciak, V.; Zheng, ZM.; Lan, K. Towards Better Understanding of KSHV Life Cycle: From Transcription and
Posttranscriptional Regulations to Pathogenesis. Virol. Sin. 2019, 34, 135-161. [CrossRef]

Russo, J.J.; Bohenzky, R.A.; Chien, M.C.; Chen, J.; Yan, M.; Maddalena, D.; Parry, ].P.; Peruzzi, D.; Edelman, 1.S.; Chang, Y.; et al.
Nucleotide sequence of the Kaposi sarcoma-associated herpesvirus (HHVS). Proc. Natl. Acad. Sci. USA 1996, 93, 14862-14867.
[CrossRef]

Sternbach, G.; Varon, J. Moritz Kaposi: Idiopathic pigmented sarcoma of the skin. J. Emerg. Med. 1995, 13, 671-674. [CrossRef]
Vangipuram, R.; Tyring, S.K. Epidemiology of Kaposi sarcoma: Review and description of the nonepidemic variant. Int. J.
Dermatol. 2019, 58, 538-542. [CrossRef]

Brambilla, L.; Genovese, G.; Berti, E.; Peris, K.; Rongioletti, F.; Micali, G.; Ayala, F; Della Bella, S.; Mancuso, R.; Calzavara Pinton,
P; et al. Diagnosis and treatment of classic and iatrogenic Kaposi’s sarcoma: Italian recommendations. Ital. J. Dermatol. Venerol.
2021, 156, 356-365. [CrossRef] [PubMed]

Ertiirk Yilmaz, T.; Akay, B.N.; Ok¢u Heper, A. Dermoscopic findings of Kaposi sarcoma and dermatopathological correlations.
Australas. |. Dermatol. 2020, 61, e46—e53. [CrossRef] [PubMed]

Etemad, S.A.; Dewan, A K. Kaposi Sarcoma Updates. Dermatol. Clin. 2019, 37, 505-517. [CrossRef] [PubMed]

Marcoval, J.; Bonfill-Orti, M.; Martinez-Molina, L.; Valenti-Medina, F.; Penin, R.M.; Servitje, O. Evolution of Kaposi sarcoma in
the past 30 years in a tertiary hospital of the European Mediterranean basin. Clin. Exp. Dermatol. 2019, 44, 32-39. [CrossRef]
[PubMed]

Séverin, D.; Bessaoud, F.; Meftah, N.; Du Thanh, A.; Tretarre, B.; Guillot, B.; Makinson, A. A comparative study of classic and
HIV-viremic and aviremic AIDS Kaposi sarcoma. AIDS 2021, 35, 399-405. [CrossRef]

Jary, A.; Leducq, V.; Desire, N.; Petit, H.; Palich, R.; Joly, V.; Canestri, A.; Gothland, A.; Lambert-Niclot, S.; Surgers, L.; et al. New
Kaposi’s sarcoma-associated herpesvirus variant in men who have sex with men associated with severe pathologies. J. Infect. Dis.
2020, 222, 1320-1328. [CrossRef]

Denis, D.; Seta, V.; Regnier-Rosencher, E.; Kramkimel, N.; Chanal, J.; Avril, M.E; Dupin, N. A fifth subtype of Kaposi’s sarcoma,
classic Kaposi’s sarcoma in men who have sex with men: A cohort study in Paris. J. Eur. Acad. Dermatol. Venereol. 2018, 32,
1377-1384. [CrossRef]

Lebbe, C.; Garbe, C.; Stratigos, A.].; Harwood, C.; Peris, K.; Marmol, V.D.; Malvehy, J.; Zalaudek, I.; Hoeller, C.; Dummer, R.; et al.
Diagnosis and treatment of Kaposi’s sarcoma: European consensus-based interdisciplinary guideline (EDF/EADO/EORTC).
Eur. J. Cancer 2019, 114, 117-127. [CrossRef]

Cesarman, E.; Damania, B.; Krown, S.E.; Martin, J.; Bower, M.; Whitby, D. Kaposi sarcoma. Nat. Rev. Dis. Primers 2019, 5, 9.
[CrossRef]

Croce, C.M. Oncogenes and cancer. N. Engl. ]. Med. 2008, 358, 502-511. [CrossRef]

Ajiro, M.; Zheng, Z.M. Oncogenes and RNA splicing of human tumor viruses. Emerg. Microbes Infect. 2014, 3, e63. [CrossRef]
[PubMed]

Frixa, T.; Donzelli, S.; Blandino, G. Oncogenic MicroRNAs: Key Players in Malignant Transformation. Cancers 2015, 7, 2466-2485.
[CrossRef] [PubMed]

Kedes, D.H.; Lagunoff, M.; Renne, R.; Ganem, D. Identification of the gene encoding the major latency-associated nuclear antigen
of the Kaposi’s sarcoma-associated herpesvirus. J. Clin. Investig. 1997, 100, 2606-2610. [CrossRef] [PubMed]

Dittmer, D.; Lagunoff, M.; Renne, R.; Staskus, K.; Haase, A.; Ganem, D. A cluster of latently expressed genes in Kaposi’s
sarcoma-associated herpesvirus. J. Virol. 1998, 72, 8309-8315. [CrossRef] [PubMed]

De Leén Vazquez, E.; Kaye, K.M. The internal Kaposi’s sarcoma-associated herpesvirus LANA regions exert a critical role on
episome persistence. J. Virol. 2011, 85, 7622-7633. [CrossRef]

Chang, Y.; Cesarman, E.; Pessin, M.S.; Lee, F.; Culpepper, J.; Knowles, D.M.; Moore, P.S. Identification of herpesvirus-like DNA
sequences in AIDS-associated Kaposi’s sarcoma. Science 1994, 266, 1865-1869. [CrossRef] [PubMed]

Li, M.; Lee, H.; Yoon, D.W.; Albrecht, J.C.; Fleckenstein, B.; Neipel, F; Jung, ].U. Kaposi’s sarcoma-associated herpesvirus encodes
a functional cyclin. J. Virol. 1997, 71, 1984-1991. [CrossRef] [PubMed]

Bieleski, L.; Talbot, S.J. Kaposi’s sarcoma-associated herpesvirus vCyclin open reading frame contains an internal ribosome entry
site. J. Virol. 2001, 75, 1864-1869. [CrossRef]


http://doi.org/10.1002/jmv.24876
http://www.ncbi.nlm.nih.gov/pubmed/28617968
http://doi.org/10.12688/f1000research.17401.1
http://doi.org/10.3390/v6124961
http://www.ncbi.nlm.nih.gov/pubmed/25514370
http://doi.org/10.1038/nrc2888
http://www.ncbi.nlm.nih.gov/pubmed/20865011
http://doi.org/10.1371/journal.ppat.1004154
http://doi.org/10.1007/s12250-019-00114-3
http://doi.org/10.1073/pnas.93.25.14862
http://doi.org/10.1016/0736-4679(95)00077-N
http://doi.org/10.1111/ijd.14080
http://doi.org/10.23736/S2784-8671.20.06703-6
http://www.ncbi.nlm.nih.gov/pubmed/33179877
http://doi.org/10.1111/ajd.13150
http://www.ncbi.nlm.nih.gov/pubmed/31495914
http://doi.org/10.1016/j.det.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31466590
http://doi.org/10.1111/ced.13605
http://www.ncbi.nlm.nih.gov/pubmed/29934954
http://doi.org/10.1097/QAD.0000000000002744
http://doi.org/10.1093/infdis/jiaa180
http://doi.org/10.1111/jdv.14831
http://doi.org/10.1016/j.ejca.2018.12.036
http://doi.org/10.1038/s41572-019-0060-9
http://doi.org/10.1056/NEJMra072367
http://doi.org/10.1038/emi.2014.62
http://www.ncbi.nlm.nih.gov/pubmed/26038756
http://doi.org/10.3390/cancers7040904
http://www.ncbi.nlm.nih.gov/pubmed/26694467
http://doi.org/10.1172/JCI119804
http://www.ncbi.nlm.nih.gov/pubmed/9366576
http://doi.org/10.1128/JVI.72.10.8309-8315.1998
http://www.ncbi.nlm.nih.gov/pubmed/9733875
http://doi.org/10.1128/JVI.00304-11
http://doi.org/10.1126/science.7997879
http://www.ncbi.nlm.nih.gov/pubmed/7997879
http://doi.org/10.1128/jvi.71.3.1984-1991.1997
http://www.ncbi.nlm.nih.gov/pubmed/9032330
http://doi.org/10.1128/JVI.75.4.1864-1869.2001

Int. J. Mol. Sci. 2022, 23, 7203 12 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Van Dross, R.; Yao, S.; Asad, S.; Westlake, G.; Mays, D.J.; Barquero, L.; Duell, S.; Pietenpol, J.A.; Browning, PJ. Constitutively active
K-cyclin/cdké kinase in Kaposi sarcoma-associated herpesvirus-infected cells. J. Natl. Cancer Inst. 2005, 97, 656—666. [CrossRef]
Verschuren, E.W.; Jones, N.; Evan, G.I. The cell cycle and how it is steered by Kaposi’s sarcoma-associated herpesvirus cyclin.
J. Gen. Virol. 2004, 85 Pt 6, 1347-1361. [CrossRef]

DiMaio, T.A.; Vogt, D.T.; Lagunoff, M. KSHV requires vCyclin to overcome replicative senescence in primary human lymphatic
endothelial cells. PLoS Pathog. 2020, 16, €1008634. [CrossRef] [PubMed]

Kumar Singh, R; Pei, Y; Bose, D.; Lamplugh, Z.L.; Sun, K.; Yuan, Y.; Lieberman, P.; You, J.; Robertson, E.S. KSHV-encoded
vCyclin can modulate HIF1«x levels to promote DNA replication in hypoxia. Elife 2021, 10, e57436. [CrossRef] [PubMed]
Thome, M.; Schneider, P.; Hofmann, K.; Fickenscher, H.; Meinl, E.; Neipel, F.; Mattmann, C.; Burns, K.; Bodmer, J.L.; Schroter, M.;
et al. Viral FLICE-inhibitory proteins (FLIPs) prevent apoptosis induced by death receptors. Nature 1997, 386, 517-521. [CrossRef]
[PubMed]

Graham, C.; Matta, H.; Yang, Y.; Yi, H.; Suo, Y.; Tolani, B.; Chaudhary, PM. Kaposi’s sarcoma-associated herpesvirus oncoprotein
K13 protects against B cell receptor-induced growth arrest and apoptosis through NF-kB activation. J. Virol. 2013, 87, 2242-2252.
[CrossRef]

Jenner, R.G.; Boshoff, C. The molecular pathology of Kaposi’s sarcoma-associated herpesvirus. Biochim. Biophys. Acta 2002, 1602, 1-22.
[CrossRef]

Krueger, A.; Baumann, S.; Krammer, PH.; Kirchhoff, S. FLICE-inhibitory proteins: Regulators of death receptor-mediated
apoptosis. Mol. Cell Biol. 2001, 21, 8247-8254. [CrossRef]

Cesarman, E.; Nador, R.G.; Bai, F.; Bohenzky, R.A.; Russo, ].J.; Moore, P.S.; Chang, Y.; Knowles, D.M. Kaposi’s sarcoma-associated
herpesvirus contains G protein-coupled receptor and cyclin D homologs which are expressed in Kaposi’s sarcoma and malignant
lymphoma. J. Virol. 1996, 70, 8218-8223. [CrossRef]

Vischer, H.E; Siderius, M.; Leurs, R.; Smit, M.]. Herpesvirus-encoded GPCRs: Neglected players in inflammatory and proliferative
diseases? Nat. Rev. Drug Discov. 2014, 13, 123-139. [CrossRef]

de Munnik, S.M.; Smit, M.].; Leurs, R.; Vischer, H.F. Modulation of cellular signaling by herpesvirus-encoded G protein-coupled
receptors. Front. Pharmacol. 2015, 6, 40. [CrossRef]

Liang, Q.; Chang, B.; Lee, P; Brulois, K.E,; Ge, J.; Shi, M.; Rodgers, M.A; Feng, P; Oh, B.H.; Liang, C.; et al. Identification of
the Essential Role of Viral Bcl-2 for Kaposi’s Sarcoma-Associated Herpesvirus Lytic Replication. J. Virol. 2015, 89, 5308-5317.
[CrossRef]

Sarid, R.; Sato, T.; Bohenzky, R.A.; Russo, J.J.; Chang, Y. Kaposi’'s sarcoma-associated herpesvirus encodes a functional bcl-2
homologue. Nat. Med. 1997, 3, 293-298. [CrossRef] [PubMed]

Hwang, S.; Oh, S,; Lee, ].S.; Jeong, ].H.; Gwack, Y.; Kowalik, T.F; Sun, R.; Jung, J.U.; Liang, C. Viral Bcl-2-mediated evasion of
autophagy aids chronic infection of gammaherpesvirus 68. PLoS Pathog. 2009, 5, €1000609. [CrossRef]

Gelgor, A.; Kalt, I; Bergson, S.; Brulois, K.E; Jung, ]J.U.; Sarid, R. Viral Bcl-2 Encoded by the Kaposi’s Sarcoma-Associated
Herpesvirus Is Vital for Virus Reactivation. J. Virol. 2015, 89, 5298-5307. [CrossRef] [PubMed]

Liang, Q.; Wei, D.; Chung, B.; Brulois, K.E; Guo, C.; Dong, S.; Gao, S.J.; Feng, P; Liang, C.; Jung, ].U. Novel Role of vBcl2 in the
Virion Assembly of Kaposi’s Sarcoma-Associated Herpesvirus. J. Virol. 2018, 92, €00914-17. [CrossRef]

National Center for Biotechnology Information (U.S.). NCBI Genbank: Genetic Sequence Databank; National Center for Biotechnology
Information: Bethesda, MD, USA, 1992; p. 7.

Wu, J.; Xu, Y.; Mo, D.; Huang, P; Sun, R.; Huang, L.; Pan, S.; Xu, J. Kaposi’s sarcoma-associated herpesvirus (KSHV) vIL-6
promotes cell proliferation and migration by upregulating DNMT1 via STAT3 activation. PLoS ONE 2014, 9, €93478. [CrossRef]
Neipel, F.; Albrecht, ].C.; Ensser, A.; Huang, Y.Q.; Li, ].J.; Friedman-Kien, A.E.; Fleckenstein, B. Human herpesvirus 8 encodes a
homolog of interleukin-6. J. Virol. 1997, 71, 839-842. [CrossRef]

Giffin, L.; West, ].A.; Damania, B. Kaposi’s Sarcoma-Associated Herpesvirus Interleukin-6 Modulates Endothelial Cell Movement
by Upregulating Cellular Genes Involved in Migration. mBio 2015, 6, €01499-15. [CrossRef]

Purushothaman, P.; Uppal, T.; Sarkar, R.; Verma, S.C. KSHV-Mediated Angiogenesis in Tumor Progression. Viruses 2016, 8, 198.
[CrossRef]

Rivera-Soto, R.; Dissinger, N.J.; Damania, B. Kaposi’s Sarcoma-Associated Herpesvirus Viral Interleukin-6 Signaling Upregulates
Integrin 33 Levels and Is Dependent on STATS3. |. Virol. 2020, 94, e01384-19. [CrossRef]

Aoki, Y,; Jaffe, E.S.; Chang, Y.; Jones, K.; Teruya-Feldstein, J.; Moore, P.S.; Tosato, G. Angiogenesis and hematopoiesis induced by
Kaposi’s sarcoma-associated herpesvirus-encoded interleukin-6. Blood 1999, 93, 4034-4043. [CrossRef]

Zhu, X.; Guo, Y;; Yao, S.; Yan, Q.; Xue, M.; Hao, T.; Zhou, E; Zhu, J.; Qin, D.; Lu, C. Synergy between Kaposi’s sarcoma-associated
herpesvirus (KSHV) vIL-6 and HIV-1 Nef protein in promotion of angiogenesis and oncogenesis: Role of the AKT signaling
pathway. Oncogene 2014, 33, 1986-1996. [CrossRef] [PubMed]

Hwang, S.W.; Kim, D.; Jung, J.U.; Lee, H.R. KSHV-encoded viral interferon regulatory factor 4 (vIRF4) interacts with IRF7 and
inhibits interferon alpha production. Biochem. Biophys. Res. Commun. 2017, 486, 700-705. [CrossRef] [PubMed]

Lubyova, B.; Kellum, M.J.; Frisancho, A.J.; Pitha, PM. Kaposi’s sarcoma-associated herpesvirus-encoded vIRF-3 stimulates the
transcriptional activity of cellular IRF-3 and IRF-7. J. Biol. Chem. 2004, 279, 7643-7654. [CrossRef] [PubMed]

Zimring, ].C.; Goodbourn, S.; Offermann, M.K. Human herpesvirus 8 encodes an interferon regulatory factor (IRF) homolog that
represses IRF-1-mediated transcription. J. Virol. 1998, 72, 701-707. [CrossRef] [PubMed]


http://doi.org/10.1093/jnci/dji113
http://doi.org/10.1099/vir.0.79812-0
http://doi.org/10.1371/journal.ppat.1008634
http://www.ncbi.nlm.nih.gov/pubmed/32555637
http://doi.org/10.7554/eLife.57436
http://www.ncbi.nlm.nih.gov/pubmed/34279223
http://doi.org/10.1038/386517a0
http://www.ncbi.nlm.nih.gov/pubmed/9087414
http://doi.org/10.1128/JVI.01393-12
http://doi.org/10.1016/S0304-419X(01)00040-3
http://doi.org/10.1128/MCB.21.24.8247-8254.2001
http://doi.org/10.1128/jvi.70.11.8218-8223.1996
http://doi.org/10.1038/nrd4189
http://doi.org/10.3389/fphar.2015.00040
http://doi.org/10.1128/JVI.00102-15
http://doi.org/10.1038/nm0397-293
http://www.ncbi.nlm.nih.gov/pubmed/9055856
http://doi.org/10.1371/journal.ppat.1000609
http://doi.org/10.1128/JVI.00098-15
http://www.ncbi.nlm.nih.gov/pubmed/25740992
http://doi.org/10.1128/JVI.00914-17
http://doi.org/10.1371/journal.pone.0093478
http://doi.org/10.1128/jvi.71.1.839-842.1997
http://doi.org/10.1128/mBio.01499-15
http://doi.org/10.3390/v8070198
http://doi.org/10.1128/JVI.01384-19
http://doi.org/10.1182/blood.V93.12.4034.412k38_4034_4043
http://doi.org/10.1038/onc.2013.136
http://www.ncbi.nlm.nih.gov/pubmed/23604117
http://doi.org/10.1016/j.bbrc.2017.03.101
http://www.ncbi.nlm.nih.gov/pubmed/28342865
http://doi.org/10.1074/jbc.M309485200
http://www.ncbi.nlm.nih.gov/pubmed/14668346
http://doi.org/10.1128/JVI.72.1.701-707.1998
http://www.ncbi.nlm.nih.gov/pubmed/9420276

Int. J. Mol. Sci. 2022, 23, 7203 13 of 15

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Pozharskaya, V.P.; Weakland, L.L.; Zimring, J.C.; Krug, L.T.; Unger, E.R.; Neisch, A.; Joshi, H.; Inoue, N.; Offermann, M.K.
Short duration of elevated VIRF-1 expression during lytic replication of human herpesvirus 8 limits its ability to block antiviral
responses induced by alpha interferon in BCBL-1 cells. ]. Virol. 2004, 78, 6621-6635. [CrossRef] [PubMed]

Lubyova, B.; Pitha, PM. Characterization of a novel human herpesvirus 8-encoded protein, vIRF-3, that shows homology to viral
and cellular interferon regulatory factors. J. Virol. 2000, 74, 8194-8201. [CrossRef] [PubMed]

Jacobs, S.R.; Damania, B. The viral interferon regulatory factors of KSHV: Immunosuppressors or oncogenes? Front. Immunol.
2011, 2, 19. [CrossRef]

Cunningham, C.; Barnard, S.; Blackbourn, D.J.; Davison, A.]. Transcription mapping of human herpesvirus 8 genes encoding
viral interferon regulatory factors. J. Gen. Virol. 2003, 84 Pt 6, 1471-1483. [CrossRef]

Tamura, T.; Yanai, H.; Savitsky, D.; Taniguchi, T. The IRF family transcription factors in immunity and oncogenesis. Annu. Rev.
Immunol. 2008, 26, 535-584. [CrossRef]

Shin, Y.C.; Nakamura, H.; Liang, X.; Feng, P.; Chang, H.; Kowalik, T.E; Jung, ].U. Inhibition of the ATM/p53 signal transduction
pathway by Kaposi’s sarcoma-associated herpesvirus interferon regulatory factor 1. J. Virol. 2006, 80, 2257-2266. [CrossRef]
Baresova, P; Pitha, PM.; Lubyova, B. Distinct roles of Kaposi’s sarcoma-associated herpesvirus-encoded viral interferon regulatory
factors in inflammatory response and cancer. J. Virol. 2013, 87, 9398-9410. [CrossRef] [PubMed]

Tamanaha-Nakasone, A.; Uehara, K.; Tanabe, Y.; Ishikawa, H.; Yamakawa, N.; Toyoda, Z.; Kurima, K.; Kina, S.; Tsuneki, M.;
Okubo, Y.; et al. K1 gene transformation activities in AIDS-related and classic type Kaposi’s sarcoma: Correlation with clinical
presentation. Sci. Rep. 2019, 9, 6416. [CrossRef] [PubMed]

Lee, H.; Veazey, R.; Williams, K.; Li, M.; Guo, J.; Neipel, E; Fleckenstein, B.; Lackner, A.; Desrosiers, R.C.; Jung, ].U. Deregulation
of cell growth by the K1 gene of Kaposi’s sarcoma-associated herpesvirus. Nat. Med. 1998, 4, 435-440. [CrossRef] [PubMed]
Chandriani, S.; Ganem, D. Array-based transcript profiling and limiting-dilution reverse transcription-PCR analysis identify
additional latent genes in Kaposi’s sarcoma-associated herpesvirus. J. Virol. 2010, 84, 5565-5573. [CrossRef] [PubMed]

Lopes, A.O.; Spitz, N.; Reis, C.R.S.; de Paula, V.S. Update of the global distribution of human gammaherpesvirus 8 genotypes. Sci.
Rep. 2021, 11, 7640. [CrossRef] [PubMed]

Anders, PM.; Zhang, Z.; Bhende, PM.; Giffin, L.; Damania, B. The KSHV K1 Protein Modulates AMPK Function to Enhance Cell
Survival. PLoS Pathog. 2016, 12, €1005985. [CrossRef]

Wang, L.; Dittmer, D.P.; Tomlinson, C.C.; Fakhari, ED.; Damania, B. Immortalization of primary endothelial cells by the K1
protein of Kaposi’'s sarcoma-associated herpesvirus. Cancer Res. 2006, 66, 3658-3666. [CrossRef]

Prakash, O.; Tang, Z.Y.; Peng, X.; Coleman, R.; Gill, J.; Farr, G.; Samaniego, F. Tumorigenesis and aberrant signaling in transgenic
mice expressing the human herpesvirus-8 K1 gene. J. Natl. Cancer Inst. 2002, 94, 926-935. [CrossRef]

Berkova, Z.; Wang, S.; Sehgal, L.; Patel, K.P.; Prakash, O.; Samaniego, F. Lymphoid hyperplasia and lymphoma in KSHV K1
transgenic mice. Histol. Histopathol. 2015, 30, 559-568. [CrossRef]

Steinbriick, L.; Gustems, M.; Medele, S.; Schulz, T.E; Lutter, D.; Hammerschmidt, W. K1 and K15 of Kaposi’s Sarcoma-Associated
Herpesvirus Are Partial Functional Homologues of Latent Membrane Protein 2A of Epstein-Barr Virus. |. Virol. 2015, 89,
7248-7261. [CrossRef]

Nicholas, J.; Zong, J.C.; Alcendor, D.J.; Ciufo, D.M.; Poole, L.J.; Sarisky, R.T.; Chiou, C.J.; Zhang, X.; Wan, X.; Guo, H.G; et al.
Novel organizational features, captured cellular genes, and strain variability within the genome of KSHV/HHVS. J. Natl. Cancer
Inst. Monogr. 1998, 1998, 79-88. [CrossRef] [PubMed]

Choi, ].K.; Lee, B.S.; Shim, S.N.; Li, M.; Jung, J.U. Identification of the novel K15 gene at the rightmost end of the Kaposi’s
sarcoma-associated herpesvirus genome. J. Virol. 2000, 74, 436—446. [CrossRef] [PubMed]

Abere, B.; Mamo, T.M.; Hartmann, S.; Samarina, N.; Hage, E.; Riickert, J.; Hotop, S.K.; Biische, G.; Schulz, T.F. The Kaposi’s
sarcoma-associated herpesvirus (KSHV) non-structural membrane protein K15 is required for viral lytic replication and may
represent a therapeutic target. PLoS Pathog. 2017, 13, €1006639. [CrossRef] [PubMed]

Brinkmann, M.M.; Glenn, M.; Rainbow, L.; Kieser, A.; Henke-Gendo, C.; Schulz, T.F. Activation of mitogen-activated protein
kinase and NF-kappaB pathways by a Kaposi’s sarcoma-associated herpesvirus K15 membrane protein. J. Virol. 2003, 77,
9346-9358. [CrossRef] [PubMed]

Gramolelli, S.; Weidner-Glunde, M.; Abere, B.; Viejo-Borbolla, A.; Bala, K.; Riickert, J.; Kremmer, E.; Schulz, T.F. Inhibiting the
Recruitment of PLCy1 to Kaposi’s Sarcoma Herpesvirus K15 Protein Reduces the Invasiveness and Angiogenesis of Infected
Endothelial Cells. PLoS Pathog. 2015, 11, e1005105. [CrossRef]

Sharp, T.V.; Wang, HW.; Koumi, A.; Hollyman, D.; Endo, Y.; Ye, H.; Du, M.Q.; Boshoff, C. K15 protein of Kaposi's sarcoma-
associated herpesvirus is latently expressed and binds to HAX-1, a protein with antiapoptotic function. J. Virol. 2002, 76, 802-816.
[CrossRef]

Park, J.; Lee, D.; Seo, T.; Chung, J.; Choe, J. Kaposi’s sarcoma-associated herpesvirus (human herpesvirus-8) open reading frame
36 protein is a serine protein kinase. J. Gen. Virol. 2000, 81 Pt 4, 1067-1071. [CrossRef]

Park, J.; Lee, M.S.; Yoo, S.M.; Seo, T. A novel protein encoded by Kaposi’s sarcoma-associated herpesvirus open reading frame 36
inhibits cell spreading and focal adhesion kinase activation. Intervirology 2007, 50, 426—432. [CrossRef]

Anders, PM.; Montgomery, N.D.; Montgomery, S.A.; Bhatt, A.P.; Dittmer, D.P.; Damania, B. Human herpesvirus-encoded kinase
induces B cell lymphomas in vivo. |. Clin. Investig. 2018, 128, 2519-2534. [CrossRef]


http://doi.org/10.1128/JVI.78.12.6621-6635.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163753
http://doi.org/10.1128/JVI.74.17.8194-8201.2000
http://www.ncbi.nlm.nih.gov/pubmed/10933732
http://doi.org/10.3389/fimmu.2011.00019
http://doi.org/10.1099/vir.0.19015-0
http://doi.org/10.1146/annurev.immunol.26.021607.090400
http://doi.org/10.1128/JVI.80.5.2257-2266.2006
http://doi.org/10.1128/JVI.03315-12
http://www.ncbi.nlm.nih.gov/pubmed/23785197
http://doi.org/10.1038/s41598-019-42763-0
http://www.ncbi.nlm.nih.gov/pubmed/31015491
http://doi.org/10.1038/nm0498-435
http://www.ncbi.nlm.nih.gov/pubmed/9546789
http://doi.org/10.1128/JVI.02723-09
http://www.ncbi.nlm.nih.gov/pubmed/20219929
http://doi.org/10.1038/s41598-021-87038-9
http://www.ncbi.nlm.nih.gov/pubmed/33828146
http://doi.org/10.1371/journal.ppat.1005985
http://doi.org/10.1158/0008-5472.CAN-05-3680
http://doi.org/10.1093/jnci/94.12.926
http://doi.org/10.14670/HH-30.559
http://doi.org/10.1128/JVI.00839-15
http://doi.org/10.1093/oxfordjournals.jncimonographs.a024179
http://www.ncbi.nlm.nih.gov/pubmed/9709308
http://doi.org/10.1128/JVI.74.1.436-446.2000
http://www.ncbi.nlm.nih.gov/pubmed/10590133
http://doi.org/10.1371/journal.ppat.1006639
http://www.ncbi.nlm.nih.gov/pubmed/28938025
http://doi.org/10.1128/JVI.77.17.9346-9358.2003
http://www.ncbi.nlm.nih.gov/pubmed/12915550
http://doi.org/10.1371/journal.ppat.1005105
http://doi.org/10.1128/JVI.76.2.802-816.2002
http://doi.org/10.1099/0022-1317-81-4-1067
http://doi.org/10.1159/000112949
http://doi.org/10.1172/JCI97053

Int. J. Mol. Sci. 2022, 23, 7203 14 of 15

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

106.

Bhatt, A.P.; Wong, ].P.; Weinberg, M.S.; Host, K.M.; Giffin, L.C.; Buijnink, J.; van Dijk, E.; Izumiya, Y.; Kung, H.].; Temple, B.R.;
et al. A viral kinase mimics S6 kinase to enhance cell proliferation. Proc. Natl. Acad. Sci. USA 2016, 113, 7876-7881. [CrossRef]
Kim, H,; Jang, ]. H.; Song, Y.E.; Seo, T. Kaposi’s sarcoma-associated herpesvirus viral protein kinase phosphorylates extracellular
signal-regulated kinase and activates MAPK/ERK signaling pathway. Biochem. Biophys. Res. Commun. 2020, 521, 1083-1088.
[CrossRef] [PubMed]

Hosseinipour, M.C.; Sweet, KM.; Xiong, J.; Namarika, D.; Mwafongo, A.; Nyirenda, M.; Chiwoko, L.; Kamwendo, D.; Hoffman,
I; Lee, J.; et al. Viral profiling identifies multiple subtypes of Kaposi’s sarcoma. mBio 2014, 5, e01633-14. [CrossRef] [PubMed]
Schneider, ].W.; Dittmer, D.P. Diagnosis and Treatment of Kaposi Sarcoma. Am. J. Clin. Dermatol. 2017, 18, 529-539. [CrossRef]
[PubMed]

Saiag, P.; Brunet, H.; Fortier-Beaulieu, M. Local treatments of AIDS-related Kaposi disease. Ann Dermatol. Venereol 1995, 122,
551-557. [PubMed]

Tappero, ].W.; Berger, T.G.; Kaplan, L.D.; Volberding, P.A.; Kahn, J.O. Cryotherapy for cutaneous Kaposi’'s sarcoma (KS) associated
with acquired immune deficiency syndrome (AIDS): A phase II trial. J. Acquir. Immune. Defic. Syndr. 1991, 4, 839-846. [CrossRef]
Boudreaux, A.A.; Smith, L.L.; Cosby, C.D.; Bason, M.M.; Tappero, ].W.; Berger, T.G. Intralesional vinblastine for cutaneous
Kaposi’s sarcoma associated with acquired immunodeficiency syndrome. A clinical trial to evaluate efficacy and discomfort
associated with infection. J. Am. Acad. Dermatol. 1993, 28, 61-65. [CrossRef]

Brambilla, L.; Bellinvia, M.; Tourlaki, A.; Scoppio, B.; Gaiani, E.; Boneschi, V. Intralesional vincristine as first-line therapy for
nodular lesions in classic Kaposi sarcoma: A prospective study in 151 patients. Br. . Dermatol. 2010, 162, 854-859. [CrossRef]
Célestin Schartz, N.E.; Chevret, S.; Paz, C.; Kerob, D.; Verola, O.; Morel, P.; Lebbé, C. Imiquimod 5% cream for treatment of
HIV-negative Kaposi’s sarcoma skin lesions: A phase I to II, open-label trial in 17 patients. J. Am. Acad. Dermatol. 2008, 58,
585-591. [CrossRef]

Bodsworth, N.J.; Bloch, M.; Bower, M.; Donnell, D.; Yocum, R.; Group, I.P.G.K.S. Phase III vehicle-controlled, multi-centered study
of topical alitretinoin gel 0.1% in cutaneous AIDS-related Kaposi’s sarcoma. Am. |. Clin. Dermatol. 2001, 2, 77-87. [CrossRef]
Martin-Carbonero, L.; Barrios, A.; Saballs, P.; Sirera, G.; Santos, J.; Palacios, R.; Valencia, M.E.; Alegre, M.; Podzamczer, D.;
Gonzalez-Lahoz, J.; et al. Pegylated liposomal doxorubicin plus highly active antiretroviral therapy versus highly active
antiretroviral therapy alone in HIV patients with Kaposi’s sarcoma. AIDS 2004, 18, 1737-1740. [CrossRef]

Kreuter, A.; Rasokat, H.; Klouche, M.; Esser, S.; Bader, A.; Gambichler, T.; Altmeyer, P.; Brockmeyer, N.H. Liposomal pegylated
doxorubicin versus low-dose recombinant interferon Alfa-2a in the treatment of advanced classic Kaposi’s sarcoma; retrospective
analysis of three German centers. Cancer Investig. 2005, 23, 653-659. [CrossRef] [PubMed]

Cianfrocca, M.; Lee, S.; Von Roenn, J.; Tulpule, A.; Dezube, B.].; Aboulafia, D.M.; Ambinder, R.E; Lee, ].Y.; Krown, S.E.; Sparano,
J.A. Randomized trial of paclitaxel versus pegylated liposomal doxorubicin for advanced human immunodeficiency virus-
associated Kaposi sarcoma: Evidence of symptom palliation from chemotherapy. Cancer 2010, 116, 3969-3977. [CrossRef]
[PubMed]

Brambilla, L.; Labianca, R.; Boneschi, V.; Fossati, S.; Dallavalle, G.; Finzi, A.E; Luporini, G. Mediterranean Kaposi’s sarcoma in the
elderly. A randomized study of oral etoposide versus vinblastine. Cancer 1994, 74, 2873-2878. [CrossRef]

Brambilla, L.; Boneschi, V.; Fossati, S.; Melotti, E.; Clerici, M. Oral etoposide for Kaposi’s Mediterranean sarcoma. Dermatologica
1988, 177, 365-369. [CrossRef] [PubMed]

Tas, E; Sen, F; Keskin, S.; Kilic, L. Oral etoposide as first-line therapy in the treatment of patients with advanced classic Kaposi’s
sarcoma (CKS): A single-arm trial (oral etoposide in CKS). . Eur. Acad. Dermatol. Venereol. 2013, 27, 789-792. [CrossRef] [PubMed]
Hernandez, D.E.; Pérez, ].R. Advanced epidemic Kaposi’s sarcoma: Treatment with bleomycin or combination of doxorubicin,
bleomycin, and vincristine. Int. J. Dermatol. 1996, 35, 831-833. [CrossRef] [PubMed]

Fardet, L.; Stoebner, P.E.; Bachelez, H.; Descamps, V.; Kerob, D.; Meunier, L.; Dandurand, M.; Morel, P.; Lebbe, C. Treatment with
taxanes of refractory or life-threatening Kaposi sarcoma not associated with human immunodeficiency virus infection. Cancer
2006, 106, 1785-1789. [CrossRef]

Montaner, S.; Sodhi, A.; Ramsdell, A.K.; Martin, D.; Hu, J.; Sawai, E.T.; Gutkind, ]J.S. The Kaposi’s sarcoma-associated herpesvirus
G protein-coupled receptor as a therapeutic target for the treatment of Kaposi’s sarcoma. Carncer Res. 2006, 66, 168-174. [CrossRef]
[PubMed]

Arav-Boger, R. Treatment for Kaposi sarcoma herpesvirus: Great challenges with promising accomplishments. Virus Genes 2009,
38, 195-203. [CrossRef] [PubMed]

Alomari, N.; Totonchy, J. Cytokine-Targeted Therapeutics for KSHV-Associated Disease. Viruses 2020, 12, 1097. [CrossRef]

Li, W,; Wang, Q.; Qi, X,; Lu, H.; Chen, Y.; Shi, J.; Wang, F.; Wang, Z.; Lu, Y.; Lu, Z.; et al. An oncogenic viral interferon
regulatory factor upregulates CUB domain-containing protein 1 to promote angiogenesis by hijacking transcription factor
lymphoid enhancer-binding factor 1 and metastasis suppressor CD82. Cell Death Differ. 2020, 27, 3289-3306. [CrossRef] [PubMed]
Andrei, G.; Trompet, E.; Snoeck, R. Novel Therapeutics for Epstein—Barr Virus. Molecules 2019, 24, 997. [CrossRef] [PubMed]
Yao, S.; Jia, X.; Wang, E; Sheng, L.; Song, P.; Cao, Y.; Shi, H.; Fan, W.; Ding, X.; Gao, S.J.; et al. CircRNA ARFGEF1 functions as a
ceRNA to promote oncogenic KSHV-encoded viral interferon regulatory factor induction of cell invasion and angiogenesis by
upregulating glutaredoxin 3. PLoS Pathog. 2021, 17, €1009294. [CrossRef] [PubMed]

Rahman, A.; Gupta, S.D.; Rahman, M.A_; Tamanna, S. An in-silico approach to design potential siRNAs against the ORF57 of
Kaposi’s sarcoma-associated herpesvirus. Genom. Inform. 2021, 19, e47. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.1600587113
http://doi.org/10.1016/j.bbrc.2019.11.038
http://www.ncbi.nlm.nih.gov/pubmed/31733836
http://doi.org/10.1128/mBio.01633-14
http://www.ncbi.nlm.nih.gov/pubmed/25249280
http://doi.org/10.1007/s40257-017-0270-4
http://www.ncbi.nlm.nih.gov/pubmed/28324233
http://www.ncbi.nlm.nih.gov/pubmed/8572501
http://doi.org/10.1097/00126334-199109000-00002
http://doi.org/10.1016/0190-9622(93)70010-Q
http://doi.org/10.1111/j.1365-2133.2009.09601.x
http://doi.org/10.1016/j.jaad.2007.11.005
http://doi.org/10.2165/00128071-200102020-00004
http://doi.org/10.1097/01.aids.0000131385.60974.b9
http://doi.org/10.1080/07357900500358259
http://www.ncbi.nlm.nih.gov/pubmed/16377582
http://doi.org/10.1002/cncr.25362
http://www.ncbi.nlm.nih.gov/pubmed/20564162
http://doi.org/10.1002/1097-0142(19941115)74:10&lt;2873::AID-CNCR2820741021&gt;3.0.CO;2-1
http://doi.org/10.1159/000248608
http://www.ncbi.nlm.nih.gov/pubmed/2466707
http://doi.org/10.1111/j.1468-3083.2011.04404.x
http://www.ncbi.nlm.nih.gov/pubmed/22188463
http://doi.org/10.1111/j.1365-4362.1996.tb02990.x
http://www.ncbi.nlm.nih.gov/pubmed/8915746
http://doi.org/10.1002/cncr.21791
http://doi.org/10.1158/0008-5472.CAN-05-1026
http://www.ncbi.nlm.nih.gov/pubmed/16397229
http://doi.org/10.1007/s11262-008-0325-y
http://www.ncbi.nlm.nih.gov/pubmed/19139983
http://doi.org/10.3390/v12101097
http://doi.org/10.1038/s41418-020-0578-0
http://www.ncbi.nlm.nih.gov/pubmed/32555380
http://doi.org/10.3390/molecules24050997
http://www.ncbi.nlm.nih.gov/pubmed/30871092
http://doi.org/10.1371/journal.ppat.1009294
http://www.ncbi.nlm.nih.gov/pubmed/33539420
http://doi.org/10.5808/gi.21057
http://www.ncbi.nlm.nih.gov/pubmed/35012290

Int. J. Mol. Sci. 2022, 23, 7203 15 of 15

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Kirsch, P.; Jakob, V.; Oberhausen, K.; Stein, S.C.; Cucarro, I.; Schulz, T.E.; Empting, M. Fragment-Based Discovery of a Qualified
Hit Targeting the Latency-Associated Nuclear Antigen of the Oncogenic Kaposi’s Sarcoma-Associated Herpesvirus/Human
Herpesvirus 8. J. Med. Chem. 2019, 62, 3924-3939. [CrossRef] [PubMed]

Kirsch, P; Stein, S.C.; Berwanger, A.; Rinkes, ].; Jakob, V.; Schulz, T.E; Empting, M. Hit-to-lead optimization of a latency-associated
nuclear antigen inhibitor against Kaposi’s sarcoma-associated herpesvirus infections. Eur. J. Med. Chem. 2020, 202, 112525.
[CrossRef]

Kirsch, P; Jakob, V.; Elgaher, W.A.M.; Walt, C.; Oberhausen, K.; Schulz, T.F.; Empting, M. Discovery of Novel Latency-Associated
Nuclear Antigen Inhibitors as Antiviral Agents Against Kaposi’s Sarcoma-Associated Herpesvirus. ACS Chem. Biol. 2020, 15,
388-395. [CrossRef]

Naimo, E.; Zischke, ].; Schulz, T.F. Recent Advances in Developing Treatments of Kaposi’s Sarcoma Herpesvirus-Related Diseases.
Viruses 2021, 13, 1797. [CrossRef]

Calderon, A.; Soldan, S.S.; De Leo, A.; Deng, Z.; Frase, D.M.; Anderson, E.M.; Zhang, Y.; Vladimirova, O.; Lu, F,; Leung, ].C,;
et al. Identification of Mubritinib (TAK 165) as an inhibitor of KSHV driven primary effusion lymphoma via disruption of
mitochondrial OXPHOS metabolism. Oncotarget 2020, 11, 4224-4242. [CrossRef]

Godfrey, A.; Anderson, J.; Papanastasiou, A.; Takeuchi, Y.; Boshoff, C. Inhibiting primary effusion lymphoma by lentiviral vectors
encoding short hairpin RNA. Blood 2005, 105, 2510-2518. [CrossRef]

Curreli, F; Friedman-Kien, A.E.; Flore, O. Glycyrrhizic acid alters Kaposi sarcoma-associated herpesvirus latency, triggering
p53-mediated apoptosis in transformed B lymphocytes. J. Clin. Investig. 2005, 115, 642—652. [CrossRef] [PubMed]

Chen, W,; Sin, S.H.; Wen, K.W.; Damania, B.; Dittmer, D.P. Hsp90 inhibitors are efficacious against Kaposi Sarcoma by enhancing
the degradation of the essential viral gene LANA, of the viral co-receptor EphA2 as well as other client proteins. PLoS Pathog.
2012, 8, €1003048. [CrossRef] [PubMed]

Keller, S.A.; Schattner, E.J.; Cesarman, E. Inhibition of NF-kappaB induces apoptosis of KSHV-infected primary effusion lymphoma
cells. Blood 2000, 96, 2537-2542. [CrossRef] [PubMed]

Keller, S.A.; Hernandez-Hopkins, D.; Vider, J.; Ponomarev, V.; Hyjek, E.; Schattner, E.J.; Cesarman, E. NF-kappaB is essential for
the progression of KSHV- and EBV-infected lymphomas in vivo. Blood 2006, 107, 3295-3302. [CrossRef]

Ballon, G.; Chen, K,; Perez, R.; Tam, W.; Cesarman, E. Kaposi sarcoma herpesvirus (KSHV) vFLIP oncoprotein induces B cell
transdifferentiation and tumorigenesis in mice. J. Clin. Investig. 2011, 121, 1141-1153. [CrossRef]

Sadek, J.; Wuo, M.G.; Rooklin, D.; Hauenstein, A.; Hong, S.H.; Gautam, A.; Wu, H.; Zhang, Y.; Cesarman, E.; Arora, P.S.
Modulation of virus-induced NF-«B signaling by NEMO coiled coil mimics. Nat Commun. 2020, 11, 1786. [CrossRef]

Briggs, L.C.; Chan, AW.E; Davis, C.A.; Whitelock, N.; Hotiana, H.A.; Baratchian, M.; Bagnéris, C.; Selwood, D.L.; Collins, M.K,;
Barrett, T.E. IKKy-Mimetic Peptides Block the Resistance to Apoptosis Associated with Kaposi’s Sarcoma-Associated Herpesvirus
Infection. J. Virol. 2017, 91, e01170-17. [CrossRef]

Arvanitakis, L.; Geras-Raaka, E.; Varma, A.; Gershengorn, M.C.; Cesarman, E. Human herpesvirus KSHV encodes a constitutively
active G-protein-coupled receptor linked to cell proliferation. Nature 1997, 385, 347-350. [CrossRef]

Bais, C.; Santomasso, B.; Coso, O.; Arvanitakis, L.; Raaka, E.G.; Gutkind, J.S.; Asch, A.S.; Cesarman, E.; Gershengorn, M.C.; Mesri,
E.A; et al. G-protein-coupled receptor of Kaposi’s sarcoma-associated herpesvirus is a viral oncogene and angiogenesis activator.
Nature 1998, 391, 86-89. [CrossRef]

Dadke, D.; Fryer, B.H.; Golemis, E.A ; Field, ]. Activation of p21-activated kinase 1-nuclear factor kappaB signaling by Kaposi’s
sarcoma-associated herpes virus G protein-coupled receptor during cellular transformation. Cancer Res. 2003, 63, 8837-8847.
Geras-Raaka, E.; Arvanitakis, L.; Bais, C.; Cesarman, E.; Mesri, E.A.; Gershengorn, M.C. Inhibition of constitutive signaling of
Kaposi’s sarcoma-associated herpesvirus G protein-coupled receptor by protein kinases in mammalian cells in culture. J. Exp.
Med. 1998, 187, 801-806. [CrossRef] [PubMed]

Sullivan, R.J.; Pantanowitz, L.; Dezube, B.]. Targeted therapy for Kaposi sarcoma. BioDrugs 2009, 23, 69-75. [CrossRef] [PubMed]
Couty, ].P,; Geras-Raaka, E.; Weksler, B.B.; Gershengorn, M.C. Kaposi’s sarcoma-associated herpesvirus G protein-coupled
receptor signals through multiple pathways in endothelial cells. J. Biol. Chem. 2001, 276, 33805-33811. [CrossRef] [PubMed]
Sodhi, A.; Chaisuparat, R.; Hu, J.; Ramsdell, A.K.; Manning, B.D.; Sausville, E.A.; Sawai, E.T.; Molinolo, A.; Gutkind, J.S.;
Montaner, S. The TSC2/mTOR pathway drives endothelial cell transformation induced by the Kaposi’s sarcoma-associated
herpesvirus G protein-coupled receptor. Cancer Cell 2006, 10, 133-143. [CrossRef] [PubMed]

Montaner, S. Akt/TSC/mTOR activation by the KSHV G protein-coupled receptor: Emerging insights into the molecular
oncogenesis and treatment of Kaposi’s sarcoma. Cell Cycle 2007, 6, 438-443. [CrossRef] [PubMed]

Zhu, X; Chen, Y.; Zhu, W,; Ji, M; Xu, J.; Guo, Y.; Gao, E; Gu, W,; Yang, X.; Zhang, C. Oroxylin A inhibits Kaposi’s sarcoma-
associated herpes virus (KSHV) vIL-6-mediated lymphatic reprogramming of vascular endothelial cells through modulating
PPARY/Prox1 axis. J. Med. Virol. 2019, 91, 463-472. [CrossRef]


http://doi.org/10.1021/acs.jmedchem.8b01827
http://www.ncbi.nlm.nih.gov/pubmed/30888817
http://doi.org/10.1016/j.ejmech.2020.112525
http://doi.org/10.1021/acschembio.9b00845
http://doi.org/10.3390/v13091797
http://doi.org/10.18632/oncotarget.27815
http://doi.org/10.1182/blood-2004-08-3052
http://doi.org/10.1172/JCI200523334
http://www.ncbi.nlm.nih.gov/pubmed/15765147
http://doi.org/10.1371/journal.ppat.1003048
http://www.ncbi.nlm.nih.gov/pubmed/23209418
http://doi.org/10.1182/blood.V96.7.2537.h8002537_2537_2542
http://www.ncbi.nlm.nih.gov/pubmed/11001908
http://doi.org/10.1182/blood-2005-07-2730
http://doi.org/10.1172/JCI44417
http://doi.org/10.1038/s41467-020-15576-3
http://doi.org/10.1128/JVI.01170-17
http://doi.org/10.1038/385347a0
http://doi.org/10.1038/34193
http://doi.org/10.1084/jem.187.5.801
http://www.ncbi.nlm.nih.gov/pubmed/9480990
http://doi.org/10.2165/00063030-200923020-00001
http://www.ncbi.nlm.nih.gov/pubmed/19489649
http://doi.org/10.1074/jbc.M104631200
http://www.ncbi.nlm.nih.gov/pubmed/11448967
http://doi.org/10.1016/j.ccr.2006.05.026
http://www.ncbi.nlm.nih.gov/pubmed/16904612
http://doi.org/10.4161/cc.6.4.3843
http://www.ncbi.nlm.nih.gov/pubmed/17329974
http://doi.org/10.1002/jmv.25337

	Introduction 
	Kaposi Sarcoma 
	KSHV Encoded Oncogenes 
	Latent Oncogenes 
	ORF 73 (LANA) 
	ORF 72 (vCyclin) 
	ORF 71 or ORFK13 (vFLIP) 

	Lytic Oncogenes 
	ORF 74 (vGPCR) 
	ORF 16 (vBcl-2) 
	ORF K2 (vIL-6) 
	ORF K9 (vIRF 1)/ORF K10.5 and ORF K10.6 (vIRF 3) 
	ORF K1 (K1) 
	ORF K15 (K15) 
	ORF 36 (vPK) 


	Challenges of Current KS Therapies and Potential KSHV Viral Oncogene as Therapeutics Targets 
	Conclusions 
	References

