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Abstract: As obligate intracellular pathogens, viruses depend on the host cell machinery to 

complete their life cycle. Kaposi’s sarcoma-associated herpesvirus (KSHV) is an 

oncogenic
 
virus causally linked to the development of Kaposi’s sarcoma and several other 

lymphoproliferative malignancies. KSHV entry into cells is tightly regulated by diverse viral 

and cellular factors. In particular, KSHV actively engages cellular integrins and ubiquitination 

pathways for successful infection. Emerging evidence suggests that KSHV hijacks both 

actin and microtubule cytoskeletons at different phases during entry into cells. Here, we review 

recent findings on the early events during primary infection of KSHV and its closely 

related primate homolog rhesus rhadinovirus with highlights on the regulation of cellular 

cytoskeletons and signaling pathways that are important for this phase of virus life cycle. 

Keywords: Kaposi’s Sarcoma-Associated Herpesvirus (KSHV); Rhesus Rhadinovirus (RRV); 

virus entry; endocytosis; actin; microtubule; integrin; cellular signaling; ubiquitination 

 

1. Introduction 

Entry into cells is the first step in a successful viral infection [1]. A myriad of dynamic interactions 

between the virus and cell occurs during this complex process [2]. It is not surprising that viruses have 
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evolved diverse strategies to usurp cellular structures and functions to ensure their successful 

infections. Kaposi’s sarcoma-associated herpesvirus (KSHV) is a gammaherpesvirus associated with 

several human malignancies primarily found in immunocompromised subjects including Kaposi’s 

sarcoma (KS), primary effusion lymphoma (PEL), and a subset of multicentric Castleman’s disease 

(MCD) [3]. Studies in the last decade have illustrated the pathways of KSHV entry into different cells, 

and identified viral and cellular factors that regulate this process. Some of these events have been 

discussed in previous reviews [4,5]. Recent advances indicate that cellular cytoskeletons and their 

associated signaling pathways regulate different phases of the viral life cycle, including those of 

herpesviruses [6–8].  

Cytoskeletons are essential cellular components, which are involved in the formation of cellular 

structures, cargo transport and many other cellular functions [9]. Viruses subvert cytoskeleton barriers 

and dynamics to promote their internalization through plasma membrane fusion or endocytosis [6–8]. 

There is emerging evidence that KSHV actively modulates and engages cytoskeletons during its entry 

into cells, and these dynamic virus–cell interactions are essential for KSHV infection. In this review, 

we first outline the nature of cellular cytoskeletons and early events of KSHV entry including a newly 

identified cellular receptor ephrin receptor tyrosine kinase A2 (EphA2) [10]. We then focus on the role 

of cellular cytoskeletons, particularly actin, in the early events of KSHV infection, and discuss the 

latest updates on the involvement of cellular cytoskeletons and related signaling pathways in these 

processes. Finally, we make comparison of the early events of infection of KSHV with those of other 

viruses, particularly rhesus rhadinovirus (RRV), a KSHV closely related primate gammaherpesvirus. 

2. Cytoskeletons 

Cytoskeletons are intracellular fiber networks that fill the space between organelles within the 

cytoplasm. The cytoskeleton not only serves as the structure to cells but also plays important roles in 

many cellular functions, including mechanical support, cell division and intracellular transport [9,11,12]. 

Eukaryotic cytoskeletal filaments are composed of microtubules, actin filaments (also known as 

microfilaments), and intermediate filaments. These highly dynamic components, which constantly 

undergo cycles of polymerization/depolymerization, have different sizes and shapes, and contribute to 

various aspects of cellular functions [11,13].  

2.1. Microtubules 

Microtubules are hollow cylinders composed of α- and β-tubulin heterodimers [14]. Microtubules 

facilitate intracellular transport of vesicles, organelles and chromosomes. The relative stable 

microtubule “minus-end” is tethered to the microtubule organization center (MTOC) primarily 

composed of another type of tubulin, γ-tubulin, while the highly dynamic microtubule “plus-end” is 

anchored at cell membrane [15]. The function and dynamics of cellular microtubules are regulated by 

Rho GTPases and posttranslational modifications of tubulin subunits [16]. By switching between  

GTP-bound and GDP-bound form, Rho GTPases transduce diverse signals from cell membrane 

receptors to cytoskeletons [13,17,18]. The activities of Rho GTPases are mainly regulated by GTPase 

activating proteins (GAPs) and guanine nucleotide-exchange factors (GEFs) [19]. The best 

characterized Rho GTPases are RhoA, Cdc42 and Rac1 [20]. In addition to GTPases, microtubules are 
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also regulated by posttranslational modifications, such as phosphorylation, acetylation and 

polyglycylation [21,22]. Although acetylation of tubulin subunits is involved in cell motility, the 

functions of these posttranslational modifications of tubulin subunits are not well understood [23,24]. 

Dynein and kinesin are two motor proteins responsible for the transport of cargos along microtubules. 

Both motors are ATPases but have distinct enzymatic activities and directional functions [25–28]. 

Transport from cell membrane to MTOC is mediated by dynein while kinesin moves cargos from 

minus-end toward plus-end. Many viruses rely on microtubules for their directional transport in 

cytoplasm [29–37]. 

2.2. Actin Filaments 

Actin is one of the most abundant proteins in eukaryotic cells [38]. Actin is highly conserved across 

species and involved in many cellular functions, including maintenance of cell structures, cell motility, 

cytokinesis, and movement of cargos [39]. Actin filament (F-actin), which consists of two subunits of 

monomeric globular actin (G-actin), displays polarized plus (barbed) and minus (pointed) ends [40]. 

The actin plus end, which generally faces plasma membrane, grows rapidly to elongate the actin 

filament, while the minus end is relatively stable [39,40]. The continuous and reversible transition 

between G-actin and F-actin, which is regulated by Rho GTPases, sustains the dynamics of actin 

cytoskeletons [17]. 

Activation of specific GTPases, which leads to the activation of actin induction factors including 

Rho-associated kinases (ROCKs), formins, Wiskott-Aldrich syndrome protein (WASP), WASP-family 

verprolin homologues (WAVEs), actin-related protein 2/3 complex (Arp2/3) and other actin-binding 

proteins (ABPs), promotes actin polymerization and formation of actin structures such as filopodia, 

lamellopodia, and stress fibers [41]. RhoA regulates the formation of stress fibers while the 

reorganization of filopodia and lamellopodia requires Rac1 and Cdc42, respectively [41]. It has been 

reported that serum response factor (SRF) and its cofactor myocardin-related transcription factors 

(MRTFs) complex regulate the actin cytoskeleton remodeling [42]. In resting cells, G-actin sequesters 

MRTFs into the cytoplasm, resulting in the downregulation of SRF-targeting genes. Upon stimulation, 

Rho GTPases promote actin assembly. The reduced level of cytoplasmic G-actin leads to the release of 

MRTFs. Translocation of MRTFs into nucleus permits their interactions with SRF, resulting in the 

induction of cytoskeletal genes. These target genes, including actin and actin modulators, further 

enhance the polymerization of actin in the cytoplasm. 

The movement of cargo along actin cytoskeletons is assisted by the myosin motor family. Myosin 

family members are ATPases, which provide energy for generating force and movement by 

hydrolyzing ATP [43,44]. All myosins bind to actin through their N-terminal motor domain and exert 

their cargo binding specificities via their diverse tail regions [45]. Most myosins move cargos in the 

direction of actin plus-end, but myosin VI and other members walk towards minus-end [46]. 

Numerous viruses have evolved mechanisms to disrupt or hijack actin for their successful 

infection [47–49]. KSHV also hijacks actin cytoskeletons for its entry and trafficking, which will be 

discussed in the following sections. 
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2.3. Intermediate Filaments 

The third group of cytoskeletons is intermediate filaments, which are abundant in cytoplasm and 

nuclear membrane, and are essential parts for cell integrity [50]. Intermediate filaments are coiled-coil 

dimers composed of a variety of different fibrous proteins. Intermediate filaments are considered as the 

most stable and firm element of the cytoskeletons [51]. Therefore, it is not surprising that they are 

abundant in strong organizations such as hair and fingernails [52]. However, intermediate filaments are 

not responsible for cargo transport in mammalian cells because of their lack of polarity and associated 

motor proteins [53]. 

3. Kaposi’s Sarcoma-Associated Herpesvirus and Rhesus Rhadinovirus 

Herpesvirus virions have four structural components. The relatively large double-stranded, linear 

DNA genomes are enclosed within icosahedral capsids of approximately 100 nm in diameter [54]. The 

nucleocapsids are wrapped with lipid bilayer envelopes containing viral glycoproteins. The amorphous 

space between the envelopes and nucleocapsids is filled by teguments, most of which have unknown 

functions [55,56].  

Based on biological properties and sequence similarities, the herpesviruses family is divided into 

three subfamilies: the alphaherpesvirus, betaherpesvirus, and gammaherpesvirus [56,57]. Human 

gammaherpesviruses include Epstein-Barr virus (EBV) and KSHV, which have the narrowest cell and 

host range among all eight human herpesviruses identified so far [58,59]. 

KSHV, a gamma-2 herpesvirus (rhadinovirus), is one of the seven human tumor viruses identified 

so far [60]. KSHV has latent and lytic replication phases [61]. KSHV establishes persistent latent 

infection in the host following primary infection. During latency, the viral genome is maintained as 

multiple copies of circular episome in host cell nucleus, which replicates and persists with expression 

of a handful of latent genes. The viral episome can be reactivated into lytic replication, resulting in the 

expression of cascade of viral lytic genes, replication of linear viral genome, and production of 

infectious virions [61]. Full viral lytic replication often results in cell death.  

KSHV has a large genome encoding about 90 open-reading-frames (ORFs) and a cluster of 12 

precursor microRNAs [62]. In addition to structural proteins and proteins involved in viral replication, 

KSHV encodes a number of proteins that regulate diverse cellular functions, including gene 

transcription, immune response, apoptosis, and cell cycle [3,62]. In immunocompetent hosts, infection 

by KSHV is generally asymptomatic; however, KSHV is associated with KS, PEL and MCD in 

immunocompromised subjects [63,64]. Of note, KS is the most common neoplasm in HIV-infected 

subjects [65]. 

RRV is closely related to KSHV [66]. Two RRV isolates (RRV 26–95 and RRV 17577) were 

independently identified [66,67]. Analyses of DNA sequences indicate that the RRV genome is aligned 

with, and shares a high degree of sequence similarity to KSHV [66,67]. In culture, RRV replicates 

more efficiently than KSHV. Furthermore, RRV infects rhesus macaques and induces MCD and  

non-Hodgkin’s lymphoma-like diseases in immunodeficient rhesus macaques, which is similar to 

KSHV-associated malignancies in individuals coinfected by HIV and KSHV [68,69]. Thus, there are 

attempts to develop an infection model of RRV for KSHV study [70].  
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4. Early Events in KSHV and RRV Infection 

During primary infection, herpesviruses deliver their DNA into a nucleus through a series of well-

organized entry events, involving many viral and cellular factors [56]. To gain access to the cell 

interior, herpesviruses attach and bind to specific entry receptor(s) through viral glycoproteins. The 

interactions of viral glycoproteins with their cellular receptors dictate subsequent internalization, 

membrane fusion and trafficking of the virus. Herpesviruses subvert diverse cellular pathways to 

facilitate their entry; however, it is often cell type-dependent [56,71]. Herpesviruses use both 

endocytosis and plasma membrane fusion to enter the cells. Following internalization and fusion, the 

nucleocapsids or nucleocapsids-containing vesicles are transported to a perinuclear space for the 

delivery of viral DNA into nucleus. Both actin and microtubule cytoskeletons are involved in multiple 

steps in herpesvirus entry and trafficking, and they may cooperate with each other to deliver viral 

genomes [6]. 

Similar to other herpesviruses, both KSHV and RRV use receptor-mediated endocytic pathway, 

and hijack cytoskeletons for their entry and trafficking. In the following sections, we will discuss the 

critical steps including attachment, receptor binding, internalization, fusion, and trafficking during 

KSHV and RRV entry of cells. We will also compare their behaviors with other viruses, particularly 

herpesviruses. The cellular pathways and factors that are involved in KSHV and RRV entry are 

summarized in Table 1. 

Table 1. Cellular factors and pathways involved in early events of KSHV and RRV 

infection in different target cells. 

Virus Cell type Attachment 

receptor 

Binding 

receptor 

Entry pathway Regulation by 

cytoskeleton 

Reference 

KSHV HUVEC Heparan sulfate-

gH/gL 

EphA2-gH/gL Clathrin-mediated 

endocytosis 

Actin [10,92, 

136,140] 

KSHV HMVEC-d Heparan sulfate-

gH/gL 

α3β1-gB, 

EphA2-gH/gL 

Macropinocytosis Actin and 

microtubule 

[92,94,111, 

125,137,144] 

KSHV HFF Heparan sulfate-

gB, gpK8.1A, gH 

α3β1-gB, 

αVβ3, αVβ5 

Clathrin-mediated 

endocytosis 

Microtubule [91,93, 

111,135] 

KSHV B cells Heparan sulfate-

gB, gpK8.1A 

DC-SIGN Endocytosis Unknown [104-106] 

KSHV THP-1 monocytes Unknown DC-SIGN Clathrin- and caveolae- 

mediated endocytosis 

Unknown [104-106] 

KSHV 293T cells Heparan sulfate-

gB, gpK8.1A 

 Unknown pH-dependent,  

non-clathrin-,  

non- caveolae-

dependent pathway 

Unknown [91,94,116] 

KSHV Non-permissive cells 

transfected with xCT 

Unknown xCT Membrane fusion Unknown [129] 

KSHV HT1080 fibrosarcoma Unknown αVβ3-gB Unknown Unknown [118] 

RRV Rhesus fibroblast Heparan  

sulfate-gB 

Unknown Clathrin-mediated 

endocytosis 

Microtubule [96,141] 
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4.1. Viral Glycoproteins 

Several herpesvirus glycoproteins play important roles in different stages of primary infection, 

including attachment, binding, fusion, and trafficking [72]. Herpesvirus glycoprotein B (gB) usually 

presents at the surface of virion envelope as a homodimer, and mediates attachment, binding and 

fusion [56,72]. Glycoprotein L (gL) and glycoprotein H (gH) form heterodimers that mediate fusion, 

and gL functions as a chaperon to assist in the proper folding, process and transport of gH [56,73]. 

Transient expression of KSHV gB, gH and gL is sufficient to trigger cell–cell fusion, suggesting that 

these three glycoproteins are members of the KSHV core fusion machinery [74]. KSHV encodes 

several unique glycoproteins including glycoprotein K8.1A (gpK8.1A) and glycoprotein K8.1B 

(gpK8.1B) that do not have any sequence homology with proteins of other human herpesviruses [75]. 

gpK8.1A and gpK8.1B are derived from alternative splicing of the same transcript, and gpK8.1A is the 

predominant one [76]. 

Several homologs of RRV glycoproteins including gB, gH and gL have been identified [66,67]. 

Although RRV gB shows high sequence similarity and identity with KSHV gB, the function of RRV 

gB has not yet been examined. RRV gH and gL are virion proteins, and their expression is enhanced 

by codon optimization and expression of ORF57 [77,78]. Examination of RRV glycoproteins from 

different isolates identified two discrete groups of gH, gL, and gB sequences, but the other four 

glycoproteins showed minimal divergences [67,79,80]. Because glycoproteins of gammaherpesviruses 

are involved in attachment, receptor binding and membrane fusion, these sequence variations suggest 

possible differential entry pathways and receptor usages by these isolates during RRV primary 

infection of different cell types. 

The cell type specific entry pathway of herpesviruses is best illustrated by the fact that EBV entry 

into different cell lines requires distinct glycoprotein complex [81,82]. EBV glycoproteins gH, gL, and 

gp42 form a tripartite complex, which is required for entry of B cells while a bipartite complex that 

contains only gH and gL is used for infection of epithelial cells [81]. 

4.2. Attachment 

Heparan sulfate, a sulfated polysaccharide, is ubiquitously expressed on the surfaces and in the 

extracellular matrix of cells [83,84]. By interacting with viral structural components, heparan sulfate 

and its derivatives serve as attachment factors or entry receptors for many types of viruses, including 

herpesviruses [2,56,85–89]. Heparan sulfate is also involved in KSHV attachment mediated by gB, 

gH, and gpK8.1A [90–94]. However, not all of these glycoproteins are required for KSHV entry, and 

they can compensate each other for attachment. For example, gpK8.1 is not required for KSHV entry 

in 293 cells albeit it is involved in attachment through interaction with heparan sulfate [95]. RRV 

infectivity is also inhibited by heparin, a molecule with structure similar to heparan sulfate, in rhesus 

fibroblasts (RFs) [96]. Based on the putative heparan binding domain on RRV gB, it is highly possible 

that RRV gB interacts with heparan sulfate for the initial attachment. 
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4.3. Receptor Binding and Fusion 

Following attachment, herpesviruses bind to specific entry receptors, and activate downstream 

signaling pathways, some of which, in return, modulate the virus entry and trafficking pathway in a 

series of programmed events [56]. The virus entry pathway is mainly determined by the interaction of 

the viral glycoprotein(s) with the cellular receptor(s), which triggers the fusion of the viral envelope 

with plasma membrane or membrane of intracellular vesicles following endocytosis [97]. An example 

is the retrovirus avian sarcoma and leukosis virus (ASLV) envelope glycoprotein (EnvA), which binds 

to cell membrane receptor TVA for infection. Binding of ASLV to two isoforms of TVA, the 

transmembrane receptor TVA950 and the glycophosphatidylinositol (GPI)-anchored receptor 

TVA800, leads to variable entry and fusion kinetics [98]. Unlike TVA950, TVA800 lacks the 

transmembrane domain, suggesting that these two receptors may activate different signaling pathways 

leading to distinct entry kinetics. Herpesviruses use several receptors for successful infection in 

different cell types. Multiple receptors including DC-SIGN, integrins, EphA2 and xCT are involved in 

KSHV entry and fusion, which might result in the activation of distinct signaling pathways and entry 

kinetics depending on the cell types. 

4.3.1. DC-SIGN 

Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) serves 

as an attachment factor or entry receptor for several viruses [99–103]. DC-SIGN facilitates KSHV 

entry in human acute monocytic leukemia cell line THP-1, activated primary B lymphocytes, myeloid 

dendritic cells, and macrophages [104–106]. Although B cells are the main reservoirs of KSHV in vivo, 

they are usually refractory to KSHV infection in vitro, which may be due to the low cell surface 

expression of heparan sulfate [107]. Activated B lymphocytes, which have a higher DC-SIGN 

expression level, are more accessible for KSHV infection than resting B cells [105]. Transfection of 

DC-SIGN into cells that were resistant to KSHV infection also converted them to permissive cells. 

Furthermore, blocking DC-SIGN in THP-1 cells reduced KSHV entry without affecting virus binding, 

suggesting that DC-SIGN may serve as the KSHV receptor in these cells [104]. These results are 

highly relevant to KSHV-associated PEL and MCD. However, it is unclear whether DC-SIGN is 

expressed in endothelial cells and KS tumors. Thus, the role of DC-SIGN in KSHV entry in relation to 

KS development remains to be determined.  

4.3.2. Integrins 

Integrins are a family of receptors that mediate cell migration, adhesion and many other cellular 

functions by integrating extracellular stimuli with the intracellular cytoskeletons [108]. Integrins are 

widely expressed in different types of cells including endothelial cells and B-cells. Integrins are 

composed of α and β transmembrane glycoprotein subunits. The diverse combinations of α/β integrins 

provide distinct binding specificities and signaling properties [109]. Integrins serve as receptors for 

many viruses [2,110]. KSHV is the first herpesvirus demonstrated to use integrins as the cellular 

receptors for infection [111]. RGD motif (arginine-glycine-aspartic acid) in multiple ligands is a 

recognition motif that mediates interaction with different integrins, including αV integrins, and α3β1, 
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α5β1, α8β1 and αIIbβ3 integrins [112,113]. Integrin α3β1 interacts with the RGD motif of KSHV gB 

and serves as an entry receptor in human foreskin fibroblasts (HFF) and human dermal microvascular 

endothelial cells (HMVEC-d) [111]. The specificity of integrin α3β1 in mediating KSHV infection was 

demonstrated by using anti-integrin antibodies and soluble integrins. Furthermore, transfection of  

nonpermissive CHO cells with human α3 rendered them susceptible to KSHV infection. KSHV gB 

mediates cell adhesion through the interaction of its RGD motif on the extracellular domain with cell 

surface integrins [114]. However, subsequent studies demonstrated that αVβ3 and αVβ5 were as 

important as α3β1 for KSHV infection in HFF and HMVEC-d [115]. 

Inoue et al have reported that KSHV entry in 293T cells is α3β1 independent [116]. KSHV 

infection is insensitive to the treatment of RGD-motif-containing molecules. Pretreating KSHV 

inoculums with either integrin α3β1 or α5β1 does not significantly reduce KSHV infectivity, indicating 

that other molecules may serve as the KSHV entry receptor in 293T cells [116]. KSHV infection is 

also independent of integrin α3β1 in DC-SIGN-expressing cells [106]. Furthermore, there is a lack of 

correlation between KSHV permissive cell lines and the expression level of integrin α3β1, suggesting 

α3β1 is not the only receptor for KSHV infection [117]. 

KSHV entry into human fibrosarcoma HT1080 cells depends on integrin αVβ3 but not α3β1 [118]. 

KSHV gB has sequence similarity with ligands of integrin αVβ3. The RGD peptide of gB mediates 

adhesion of αVβ3-CHO but not α3β1-CHO cells. Anti-αVβ3 antibodies but not anti-α3β1 antibodies 

specifically block HT1080 adhesion to the gB RGD peptide. KSHV infection in HT1080 is blocked by 

an anti-αVβ3 antibody or a cyclic RGD peptide [118]. Furthermore, αVβ3 interacts with both the gB 

RGD peptide and KSHV virion. However, for coupling purposes, the authors used a gB RGD peptide 

with additional “GCG” amino acids at the C-terminal. The amino acids flanking RGD motifs have the 

potential to influence receptor specificity [119]. Although “GCG” are several amino acids away from 

RGD motif, it remains important to rule out the effect of “GCG” on the recognition specificity. 

4.3.3. EphA2 

The ephrin subfamily is the largest in the receptor tyrosine kinases (RTK) superfamily with at least 

16 receptors [120]. EphA2 is a receptor for its membrane-bound ligands, the Ephrin-A family 

members. The interactions of Ephrins and EphA receptors lead to bidirectional signaling into both 

cells, and are important for regulating cell adhesion and cell migration. EphA2 is one of the most 

commonly dysregulated Eph kinases receptor in human cancers [120–122]. EphA2 is expressed in 

both endothelium and lymphoid tissues [123]. Hahn et al have demonstrated that EphA2 serves as a 

KSHV entry receptor and directly interacts with gH/gL complex [10]. Disruption of EphA2 and gH/gL 

interaction impairs KSHV infection. EphA2 is expressed in KS tumors, and its expression level is 

positively correlated with KSHV infection in vitro. Furthermore, KSHV infection is reduced in mouse 

endothelial cells with both Epha2 alleles knocked-out. However, the exact stage(s) of KSHV entry 

mediated by EphA2 and gH/gL interaction remains to be further explored. An earlier study has shown 

that KSHV infectivity is neutralized by both anti-gH and anti-gL antibodies in a post-binding step [124]. A 

separate study has also shown that EphA2 is essential for macropinocytosis and trafficking of KSHV 

but not attachment [125]. EphA2 is associated with KSHV as well as integrin α3β1 and αVβ3 early 

during infection, suggesting one role of EphA2 as a scaffold protein for recruiting entry and signaling 
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complex for a successful infection. A recent study has shown that Ephrin-B2 mediates KSHV induced-

angiogenesis through EZH2 (Enhancer of Zeste homolog 2) [126]. It remains to be determined if 

gH/gL-EphA2 signaling in KSHV primary infection could also contribute to KSHV-induced angiogenesis. 

4.3.4. xCT 

Human cystine/glutamate exchange transporter system x
–

c (xCT) is a multipass membrane protein 

that protects cells against stress by transporting amino acids [127,128]. It is widely expressed in 

different cell types. Kaleeba et al have demonstrated that xCT mediates cell fusion in the presence of 

KSHV glycoproteins [129]. Expression of xCT on KSHV nonpermissive cells renders them 

susceptible to KSHV infection. Furthermore, xCT neutralizing antibodies block cell fusion and KSHV 

infection into host cells. However, virus entry was measured using a recombinant KSHV containing a 

GFP cassette at 7 days post infection. At this time point, the expression of GFP could be influenced by 

factors other than virus entry, and thus might not represent the accurate virus entry event. Furthermore, 

although cell fusion is widely used for virus entry study, it fails to mimic the virus–host interaction in 

the context of virus infection. A later study has demonstrated the importance of xCT in KSHV viral 

gene expression rather than entry in an unclear mechanism [115]. Therefore, it is possible that xCT 

functions as a cofactor/fusion receptor to assist KSHV entry or the interaction between KSHV and 

xCT might trigger downstream signaling events essential for viral gene expression. 

In summary, although there are some controversial data on the functions of integrin α3β1 and xCT 

during KSHV entry into cells, certain integrins, EphA2, and DC-SIGN are likely genuine cellular 

receptors for KSHV entry in specific cell types. 

4.3.5. RRV Receptors and Fusion 

The receptor(s) mediating RRV entry has not been identified. RRV gB shares high sequence 

homology with KSHV gB. It has been speculated that RRV might use integrins as receptors for 

infection. However, RRV interacts with neither integrin α3β1 nor αVβ3 [118]. Our unpublished data 

also suggests that integrins do not serve as entry receptors for RRV in RFs.  

4.4. Internalization 

Herpesvirus internalization occurs through either pH-independent plasma membrane fusion or 

endocytosis, which usually requires a low pH [56,130]. Herpesviruses exploit various internalization 

pathways for successful infection in different cell types. For example, EBV infects most B cells  

through endocytosis, while in epithelial cells, EBV internalization occurs by plasma membrane  

fusion [81,131–133]. Interestingly, EBV entry into some B-lymphoblastoid cells such as Raji cells 

occurs through plasma membrane fusion [131,132,134].  

KSHV infects most cell types through endocytic pathways. For example, KSHV enters HFF and 

human umbilical vein endothelial cells (HUVEC) via clathrin-mediated endocytosis [135,136]. The 

impaired KSHV entry in both cell types by inhibitors of endosomal acidification suggests a  

pH-dependent endocytic pathway. Electron microscopy revealed the presence of KSHV particles in the 

endocytic vesicles in HFF cells [135]. KSHV entry is sensitive to inhibitors for clathrin- but not 
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caveolae-mediated endocytosis, demonstrating that clathrin-mediated endocytosis is the main pathway 

for KSHV infection in fibroblasts and endothelial cells [135,136]. Furthermore, KSHV particles are 

colocalized with markers of clathrin-mediated endocytosis during infection of HUVEC [136]. KSHV 

particles are also colocalized with early endosome antigen 1 (EEA1) and late endosome/lysosome 

marker LAMP-1, indicating that KSHV may fuse its envelope membrane with lysosome to release 

nucleocapsid [136]. Importantly, the inhibitors described in these studies are commonly used for 

investigating virus entry and endocytosis of other viruses. In these KSHV studies, cytotoxicity assays such 

as by propidium iodide staining did not reveal any toxicity under the experimental conditions [135,136]. 

Furthermore, a number of assays were used to demonstrate the specificity of the inhibitors. 

KSHV infects HMVEC-d cells through macropinocytosis, another endocytic pathway [137]. 

Inhibitors of macropinocytosis but not other endocytic pathways reduced the expression of KSHV 

genes without affecting virus binding. Most but not all gpK8.1A+ KSHV particles were colocalized 

with a marker of macropinocytosis [137]. Orf65+ KSHV particles were colocalized with a late 

endosome/lysosome marker LAMP-1 but not an early endosome marker EEA1. This study suggests 

that KSHV infection in endothelial cells might occur through macropinocytosis, which contradicts our 

observation that KSHV infection in HUVEC is mainly through clathrin-mediated endocytosis [136]. 

Several explanations might account for these differences. First of all, only one inhibitor of each 

endocytic pathway and a low concentration of each inhibitor were used in this study [137]. In contrast, 

clathrin-mediated endocytosis and KSHV entry were strongly inhibited by two different inhibitors of 

clathrin-mediated endocytosis at higher but nontoxic concentrations without affecting other endocytic 

pathways [136]. Secondly, direct visualization of virus particles by fluorescence microscopy or electron 

microscopy is a better method to track virus entry than assays relying on gene expression [138]. Finally, 

viral glycoproteins and tegument proteins are not suitable for tracking virus entry and trafficking [56,139] 

while visualization of single viral particle by staining capsid protein Orf65 is a more direct and sensitive 

way to measure the early events during primary infection of gammaherpesviruses [96,136,140,141].  

Studies in other cell types show that KSHV entry into B cells is related to DC-SIGN-mediated 

endocytosis [105]. KSHV enters THP-1 cells via clathrin- and caveolae-mediated endocytosis which 

requires the endosomal acidification but does not utilize macropinocytosis [104]. KSHV also infects 

293T cells by a pH-dependent, non-clathrin- or caveolae-dependent endocytic pathway [116]. 

Therefore, KSHV entry into permissive cells is cell type-dependent, but clathrin-mediated endocytosis 

is the major pathway for most cell types. 

RRV entry into RFs also occurs through clathrin-mediated endocytosis [96]. Inhibitors of 

endosomal acidification reduce RRV infectivity in RFs, indicating a pH sensitive route of RRV entry. 

Furthermore, inhibitors of clathrin-mediated endocytosis but not those of caveolae-mediated 

endocytosis reduce RRV infectivity in RFs, suggesting that clathrin-mediated endocytosis serves as the 

major pathway for RRV entry. RRV particles are colocalized with a maker of clathrin-mediated 

endocytosis, clathrin subunits and EEA1, but not that of caveolae-mediated endocytosis, indicating that 

RRV is internalized via a route involving clathrin-coated vesicle and early endosome. Consistent with 

these results, RRV entry is blocked by overexpression of a dominant-negative construct epidermal 

growth factor receptor pathway substrate 15 (EPS15) [96], which is an essential component of clathrin-

coated pits [142,143]. Together these results show that RRV entry into RFs is mediated by clathrin-

mediated endocytosis. 
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4.5. Trafficking 

Following virus internalization, the nucleocapsids-containing vesicles or free nucleocapsids are 

transported in the cytoplasm toward nucleus. Free diffusion of molecules or organelles to specific 

cellular destination is a slow and inefficient process in the highly crowded cytoplasm [6,17,47,138]. 

Therefore, many viruses employ active, energy-consuming strategies for their transport. Cytoskeletons, 

especially microtubule and actin cytoskeletons, are involved in many steps, including, but not limited 

to, serving as super highways for the incoming virus particles to reach the nuclei, during the early 

stages of virus infection [47]. 

KSHV trafficking in endothelial cells depends on cytoskeletons [136]. KSHV primary infection 

remodels actin dynamics, and KSHV particles are associated with actin at different infection stages in 

HUVEC. Furthermore, disruption of actin dynamics reduces total number of KSHV particles reaching 

each nucleus. The incomplete inhibitory effect of actin-depolymerizing agent, and the colocalization of 

Orf65+ viral capsids with microtubules suggest that KSHV might also take advantages of the 

microtubule networks for nuclear targeting [136]. 

KSHV infection induces the polymerization of microtubules and the formation of thick bundles. 

Disruption of microtubule but not actin cytoskeletons strongly inhibits KSHV trafficking in HFF  

cells [144]. To move along the microtubules, virus particles interact with the microtubule motor protein 

dynein–dynactin complex to gain access to nucleus. Overexpression of dynamitin, one of the subunit 

of dynactin, impairs dynein-mediated retrograde microtubule transport [145]. KSHV trafficking is 

strongly reduced following treatment with an inhibitor of dynein indicating that a functional 

microtubule motor complex is required for KSHV infection [144]. However, it is unclear whether there 

is a direct interaction between the viral component and the dynein complex during trafficking.  

The role of microtubule networks in RRV trafficking in RFs has also been investigated [141]. 

Modulations of microtubules with either depolymerizing or stabilization drugs inhibit RRV nuclear 

trafficking, suggesting that both intact microtubules and microtubule dynamics are required for RRV 

trafficking to the perinuclear regions. Furthermore, RRV nuclear targeting is reduced by an inhibitor of 

the dynein motor or by overexpression of dynamitin, indicating that this process is dynein-dependent. 

Furthermore, RRV particles are colocalized with microtubules and the microtubule-based motor 

protein dynein. Together, these data demonstrate that both microtubule and dynein–dynactin complex are 

involved in the transport of incoming RRV particles to perinuclear regions during RRV primary infection. 

5. Involvement of Cytoskeletons in Gammaherpesvirus Infection  

5.1. The Role of Actin Cytoskeletons in Herpesvirus Attachment and Binding 

Many viruses actively regulate actin cytoskeletons through a series of signaling events at different 

stages of their life cycle, particularly during de novo infection [17,47]. Adenovirus attaches to the GPI-

anchored complete decay-accelerating factor (DAF) for the initial attachment, and reorganizes 

cytoskeletons by activating tyrosine kinase ABL and GTPases. The actin motor myosin II promotes 

adenovirus movement by regulating cell projections such as filopodia, a process called “virus surfing”, 

to reach the coxsackie and adenovirus receptor (CAR), which is located at tight junctions between 

epithelial cells, and thus hidden from the incoming virions [17,146]. Most herpesviruses, such as 
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herpes simplex virus 1 (HSV-1), attach to cell membrane or filopodia through the interactions of viral 

glycoproteins with cell surface heparan sulfate [85]. This process is reversible but helps the 

herpesviruses to concentrate on cell surface. Herpesvirus surfing is also mediated by myosin in the 

filopodia or cortical actin. Actin drags the virion to search for receptors and to the site of entry on the 

cell membrane [17,147]. For example, HSV-1 modulates filopodia to promote the virion surfing along 

the cell membrane through Cdc42 activation, probably mediated by myosin [148]. A recent study 

demonstrates that nonmuscle myosin IIA serves as the HSV-1 receptor by interacting with gB, further 

suggesting a role of actin and myosin motor protein during the binding step of HSV-1 infection [149]. 

Because of the diverse attachment and binding receptors, gammaherpesviruses might also utilize cell 

membrane surfing as a mechanism to search for their entry receptor(s) and move to the region with 

high endocytic activities in some cell types. 

5.2. The Role of Actin Cytoskeleton in Herpesvirus Internalization 

Although the role of actin in plasma membrane fusion is still under debate, results of recent studies 

have indicated the involvement of actin during endocytosis of many virus families [7]. Actin plays an 

important role in HSV-1 internalization in some cell types. In human corneal fibroblasts and nectin-1-CHO 

cells, HSV-1 infection activates RhoA and Cdc42 through its receptor nectin-1, followed by 

cytoskeleton remodeling, which is required for HSV-1 endocytosis [150]. Similarly, HSV-1 activates 

Rac1 and Cdc42 to promote entry into MDCKII cells and keratinocytes, probably by modulating actin 

cytoskeletons [151,152]. However, HSV-1 entry into Vero cells, which occurs through pH-independent 

plasma membrane fusion, is actin-independent [153]. 

Actin cytoskeletons are also involved in EBV infection. Inhibition of actin remodeling decreases the 

efficiency of EBV entry into B cells but surprisingly enhances the internalization of EBV in epithelial 

cells [154]. EBV infects B cells through endocytosis while enters epithelial cells via plasma membrane 

fusion [81]. Therefore, the disruption of actin under cell membrane might promote the internalization 

and infection of EBV in epithelial cells. Human cytomegalovirus (HCMV) also disrupts actin during 

primary infection to enhance its infectivity [155]. 

KSHV modulates cytoskeletons and associated signaling pathways during entry. Integrins play an 

important role in the reorganization of actin cytoskeletons [42]. KSHV induces outside–in integrin 

signaling pathway through focal adhesion kinase (FAK) for successful infection in HFF [111,156]. 

FAK is localized at focal adhesion (FA) with other molecules, including Src and actin [157]. KSHV 

infection induces FAK-Src-PI3K pathway to activate RhoA and Cdc42, which prompts rapid 

polymerization of actin, leading to increased stress fiber and filopodia in HFF [158,159]. RhoA 

activates diaphanous-2 to modulate cytoskeleton dynamics and promotes KSHV infection [144]. 

Diaphanous-2 in turn activates Src, thus generating a positive feedback loop resulting in constitutive 

activation of Src, which is essential for KSHV infection [160]. Src also regulates the translocation of 

clathrin subunits to facilitate the formation of the clathrin-coated pits [161]. In addition, treatment with 

genistein, a tyrosine kinase inhibitor targeting FAK, Src and PI3K, strongly inhibits KSHV 

internalization, indicating that actin remodeling mediated by Rho GTPases is required for KSHV 

endocytosis in HFF [135,159]. 
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The role of actin in KSHV entry and trafficking has also been studied in endothelial cells [136,137,144]. 

Actin-depolymerizing agent inhibits KSHV gene expression and prevents KSHV entry in HMVEC-d, 

suggesting the potential involvement of actin in endocytosis during KSHV entry into endothelial  

cells [137,144]. Similar to HFF, KSHV infection induces actin remodeling and formation of stress 

fiber, filopodia and lamellipodia in endothelial cells [136,137,158,159]. 

5.3. The Differential Role of Actin Cytoskeletons and Related Signaling in KSHV Entry through 

Clathrin-Mediated Endocytosis and Macropinocytosis 

KSHV infects most cell types through clathrin-mediated endocytosis. The role of actin 

cytoskeletons in regulating clathrin-mediated endocytosis is known in yeast but it is less clear in 

mammalian cells [162]. In mammalian cells, the formation of a clathrin-coated vesicle requires the 

following steps: cell surface accumulation of clathrin-coated subunit; initial invagination of coated pit; 

elongation of coated pits to form a necked bud; scission of clathrin-coated vesicle from the neck; and 

the departure of clathrin-coated vesicle from plasma membrane [163,164]. Whether any of these stages 

are involved with actin in clathrin-mediated endocytosis of mammalian cells is still in debate [165]. 

Actin has been shown to form a “collar” structure along the neck of coated pits to elongate the bud, 

and facilitate the departure from plasma membrane after neck scission [12]. Thus, actin might be 

involved in the late stage of formation of clathrin-coated vesicles. Adenovirus has been shown to 

activate Rac and CDC42 through PI3K, and stimulate actin remodeling and the formation of 

lamellipodia to facilitate its endocytosis [49]. However, the exact stage of actin remodeling during 

clathrin-mediated endocytosis of KSHV is not known. Therefore, the role of FAK signaling in actin 

remodeling of KSHV endocytosis through individual Rho GTPase need to be further explored. 

In mammalian cells, Cbl (Casitas B-lineage lymphoma), including c-Cbl, Cbl-b and Cbl-c, is a 

family of E3 ligases implicated in signal transduction [166]. During KSHV macropinocytosis in 

HMVEC-d cells, c-Cbl is phosphorylated, which is then associated with PI3K to promote the formation 

of bleb, one type of actin protrusion formed during macropinocytosis, at the cell membrane [167,168]. 

KSHV infection of HUVEC also activates c-Cbl, which is dependent on Src activation and is required 

for KSHV entry [140]. KSHV particles are localized with c-Cbl during entry of HUVEC. EphA2 also 

interacts with c-Cbl and myosin IIA to facilitate the formation of bleb, further suggesting the 

involvement of actin in KSHV macropinocytosis [169]. 

5.4. The Role of Cytoskeletons in Herpesvirus Endosomal Sorting and Trafficking 

Cytoskeletons play a significant role in intracellular movement of viruses toward nucleus. Microtubules 

and the associated motor protein dynein have been shown to mediate intracellular trafficking of many 

viruses. For example, Adenovirus-2 and -5 attach to microtubule for trafficking [15]. KSHV infection 

of HFF activates RhoA and Rac1, and modulates the microtubule dynamics in part by acetylation, 

which is likely mediated by signaling pathways induced during virus entry [144]. Although dynein-

dynactin complex is essential for retrograde movement of many herpesviruses along microtubules, no 

herpesvirus protein has been shown to interact with the dynein complex, indicating that herpesviruses 

may move within intracellular vesicles along microtubules to reach perinuclear region. 
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Of interest, actin has been shown to regulate herpesvirus intracellular transport. Treatment of 

HUVEC with inhibitors of Rho GTPases or actin regulators leads to the disruption of actin filaments 

and inhibition of KSHV entry and trafficking, suggesting the important role of Rho GTPases and 

proper regulation of actin assembly during KSHV primary infection [136]. The observation that KSHV 

particles are colocalized actin cytoskeletons and intracellular vesicles suggests that they might be 

transported within early endosome, multivesicular bodies (MVBs), late endosome and lysosome before 

membrane fusion [136]. The involvement of actin in endosomal sorting is supported by the observed 

colocalization of KSHV particles with transferrin, actin and endosome/lysosome markers [136]. Actin 

and its associated proteins have also been shown to provide mechanical force for endosomal 

maturation [170]. In fact, KSHV particles are colocalized with both actin and microtubule 

cytoskeletons during entry and trafficking [136]. Thus, actin and microtubule cytoskeletons could 

cooperate with each other to move virion-containing intracellular vesicles toward nucleus by 

promoting endosomal maturation and long-distance transport, respectively. Although membrane fusion 

of viruses may occur at distinct stages where fusion machinery is activated, fusion with late endosome 

or lysosome appears to have several advantages. Firstly, viruses could be protected in the intracellular 

vesicles to pass the crowded cytoplasm and to be efficiently transported to specific locations before 

their release from endosomes. Secondly, during endocytosis, the low pH of endosome/lysosome 

triggers the conformational changes of the fusion proteins, resulting in membrane fusion between the 

viral envelope and the intracellular vesicle membrane through stepwise confirmation changes. Lastly, 

for viruses that have a small genome, it provides a convenient way for their transport to the perinuclear 

spaces before fusion, avoiding the need to encode protein(s) required for interaction with the dynein–

dynactin complex or other components of the transportation machinery. 

6. Regulation of Gammaherpesvirus Infection by Cellular Signaling Pathways 

Ubiquitination is involved in many important cellular pathways, including transport of molecules 

through endocytosis and signal transduction in cells [171]. Poly-ubiquitination usually mediates the 

degradation of targeted proteins by proteasome, while mono-ubiquitination alters their function and 

cellular distribution. For example, mono-ubiquitination of transmembrane proteins such as receptors 

triggers signal transduction to facilitate the internalization and endocytic sorting of proteins [172]. 

Treatment with proteasome inhibitors significantly reduces KSHV infection in HUVEC, and traps the 

incoming virus particles in early endosomes [140]. KSHV particles are colocalized with ubiquitin-

binding proteins, and ubiquitination regulates the internalization of KSHV and integrin β1. KSHV 

entry and trafficking, as well as KSHV-induced ubiquitination of one of its receptors integrin β1, is 

sensitive to inhibitor of E1-activating enzyme [140]. As stated above, KSHV activates c-Cbl in 

HUVEC, and KSHV productive infection requires c-Cbl. These data suggest that ubiquitination and E3 

ligase c-Cbl play important roles in KSHV entry and trafficking, including sorting of KSHV-containing 

endosomes. c-Cbl mediates the ubiquitination of KSHV receptors α3β1 and αVβ3 for productive 

infection [140,169]. 

KSHV modulates multiple signaling pathways during primary infection. KSHV activation of ERK, 

JNK, and p38 multiple mitogen-activated protein kinase (MAPK) pathways are essential for virus 

entry, expression of viral genes, and an early stage of productive viral replication [173–175]. While the 
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mechanism by which MAPK pathways regulate KSHV entry is unclear, we have shown that they 

mediate the activation of activator protein 1 (AP-1) during KSHV entry, which is required for viral 

gene expression, genome replication, and productive replication [173,175]. Activation of AP-1 also leads 

to induction of several proinflammatory and angiogenic cytokines, including matrix metalloproteinase 

(MMP)-1, MMP-2, MMP-9, IL-6 and angiopoietin-2, which promote the progression of KSHV-induced 

malignancies, and possibly dissemination of infectious viruses in vivo [173,175–177]. Interestingly, 

KSHV entry induces VE-cadherin degradation and increases vascular permeability [178]. While 

increased vascular permeability and induction of MMPs might promote virus transmission, it is unclear 

whether they could enhance KSHV entry in the effector cells. Nevertheless, it has been shown that 

disruption of adherens junction liberates the entry receptor nectin-1, facilitating cell entry of HSV-1 and 

pseudorabies virus [179].  

7. Conclusions 

Successful virus infection requires the proper delivery of the viral genome into the infected cells in 

an orchestrated manner. Herpesvirus entry is a complicated cell type-dependent process involving viral 

glycoproteins, cellular factors, and diverse signaling pathways. Besides serving as transportation 

systems for the delivery of herpesvirus nucleocapsids to a nucleus during primary infection, 

accumulated evidence suggests that cytoskeletons, particularly actin, also play other important roles in 

different stages of herpesvirus infection, including internalization, endosome sorting, and endosome 

trafficking. The regulation of cytoskeletons is determined by signals transduced from the interactions 

between viral glycoproteins and receptors at the cell membrane. KSHV entry regulates actin and 

microtubule dynamics, in part through the integrin-signaling cascade, to facilitate endocytosis, 

endosomal sorting and trafficking, and possibly virion surfing. Nevertheless, the exact roles of 

cytoskeletons in these processes during KSHV primary infection remain unclear. Whether similar 

events are involved in the RRV entry and trafficking remain to be determined. Further understanding 

of the involvement of microtubule and actin cytoskeletons, as well as other cellular factors in the entry 

and trafficking of KSHV, could facilitate the development of inhibitors and vaccines for preventing 

infection by this oncogenic virus. 
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