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Abstract

Chromosome instability contributes to the multistep oncogenesis of cancer cells. Kaposi’s sarcoma 

(KS), an angiogenic vascular spindle cancer of endothelial cells, displays stage advancement with 

lesions at early stage being hyperproliferative, whereas lesions at late stage are clonal or 

multiclonal and can exhibit a neoplastic nature and chromosome instability. Although infection 

with KS-associated herpesvirus (KSHV) has been associated with the initiation and promotion of 

KS, the mechanism of KS neoplastic transformation remains unclear. We show that KSHV 

infection of primary human umbilical vein endothelial cells induces abnormal mitotic spindles and 

centrosome duplication. As a result, KSHV-infected cells manifest chromosome instability, 

including chromosomal misalignments and laggings, mitotic bridges, and formation of 

micronuclei and multinucleation. Our results indicate that KSHV infection could predispose cells 

to malignant transformation through induction of genomic instability and contributes to the 

development of KS.

Introduction

Genetic alterations as a result of chromosome instability play a pivotal role in the 

pathogenesis of a variety of human cancers. Alterations such as chromosome deletions, 

translocations, inversions, and microsatellite instability often lead to the activation of a 

proto-oncogene(s) and/or inactivation of a tumor suppressor gene(s), contributing to cellular 

transformation and subsequent tumorigenesis (1). It is generally believed that environmental 

clastogens, fragile site induction, or telomere dysfunction could lead to chromosome 
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instability. Besides these factors, viral infection and subsequent integration of viral genetic 

materials into cellular chromosomes have been implicated in the initiation of structural and 

numerical chromosome instability (2, 3).

A number of viruses, including DNA and RNA viruses, have been found to induce either 

random or specific chromosome aberrations (2, 3). For example, adenoviruses type 2 and 7 

cause random aberrations, whereas type 17 causes chromosome 17 uncoiling (4). Among 

her-pesviruses, human cytomegalovirus causes a variety of chromosome alterations, most of 

which are chromatid breaks and chromosome pulverizations resembling prematurely 

condensed S-phase chromatin (5, 6). Herpes simplex virus also induces similar chromosome 

aberrations early in an infection (7).

Kaposi’s sarcoma (KS) is an angiogenic vascular spindle tumor of endothelial cells 

associated with infection by a γ-2 herpesvirus, KS-associated herpesvirus (KSHV). KSHV 

is also etiologically associated with several other lymphoproliferative malignancies, 

including primary effusion lymphoma and multicentric Castleman’s disease (8). Although 

some early studies have described KS as a cytokine-driven hyperplasia, more recent studies 

have shown that KS lesions are clonal or multiclonal, thus manifest a neoplastic-

transforming nature, and they have various genomic abnormalities, including chromosome 

instability (9). For example, cells of primary cultures derived from KS biopsies contained a 

number of chromosome rearrangements and deletions (10–12). Structural chromosome 

rearrangements were also found in blood lymphocytes and fibroblasts from patients with KS 

(13). Chromosome instability such as microsatellite instability has also been described in 

primary effusion lymphoma (14). Besides gross chromosomal abnormalities, genetic 

alterations have been found in some specific genes or gene loci in KSHV-related 

malignancies and KSHV-infected primary effusion lymphoma cell lines. Amplification of 

FGF4 and INT2 oncogenes and mutations in p53 was observed in KS lesions (15, 16), 

whereas loss of another tumor suppressor gene, p16INK4a, was commonly found in primary 

effusion lymphoma (17). Together, these studies suggest that genetic alterations, including 

chromosomal abnormalities, may be involved in the pathogenesis of KS and other KSHV-

related malignancies. Nevertheless, it has not been determined whether KSHV-induced 

genetic alterations contribute to KSHV-induced neoplastic transformation. In this study, we 

directly assessed whether KSHV induced chromosome instability in a highly efficient 

KSHV infection model involving primary human umbilical vein endothelial cells 

(HUVECs). We found that KSHV induced chromosome instability and aberrant mitosis such 

as chromosome misalignments and laggings, mitotic bridges, micronucleus, multipolar 

mitotic spindles, and multinucleation. These results provide direct evidence to support an 

essential role for KSHV in the neoplastic transformation of cells into KS tumors.

Materials and Methods

KSHV Infection of HUVECs

HUVECs obtained from Clonetics (San Diego, CA) were cultured in Endothelial Cell 

Growth Medium Bullet Kit (Clonetics), containing human epidermal growth factor, human 

fibroblast growth factor B, vascular endothelial growth factor, ascorbic acid, hydrocortisone, 

long R3 insulin-like growth factor I, and heparin, as instructed by the manufacturer, and 
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infected with KSHV as described previously (18, 19). The virus stock used for the study 

infected ~50% of HUVECs.

Detection of Chromosome Instability

Micronuclei were detected by staining cells with the DNA dye 4′,6-diamidino-2-

phenylindole (DAPI). Cells grown on chamber slides were fixed with freshly prepared 2% 

paraformaldehyde for 10 min at room temperature and permeabilized with 1% Triton X-100 

in 3% BSA for 20 min at 65°C. The cells were stained with DAPI at 1 µg/ml for 1 min at 

room temperature and analyzed with a fluorescence microscope. Chromosomal 

misalignments and laggings, and mitotic bridges were similarly examined after DAPI 

staining of mitotic cells.

Detection of Mitotic Spindles

Mitotic spindles were detected by staining α-tubulin. Cells, prepared as described 

previously, were blocked with 3% BSA for 20 min at room temperature. A monoclonal 

antibody against α-tubulin (Sigma-Aldrich, St. Louis, MO) was incubated with the cells at a 

1:500 dilution in 3% BSA for 1 h at room temperature. After washing, the cells were 

incubated with a rabbit antimouse secondary antibody conjugated with TRITC (DAKO, 

Glostrup, Denmark) at a 1:40 dilution in 3% BSA for 45 min. Cells then were washed in 

PBS, counterstained with DAPI, and analyzed using a fluorescence microscope.

Detection of Centrosomes

Centrosomes were detected by staining γ-tubulin with a monoclonal antibody against γ-

tubulin (GTU-88, Sigma-Aldrich) at a 1:200 dilution for 45 min at room temperature, 

washing, and incubating with a TRITC-conjugated rabbit antimouse secondary antibody 

before preparation for examination, as described previously.

Results

During normal cell mitosis, bipolar metaphase spindles are formed to ensure proper 

alignment of chromosomes in the central equator plate in metaphase, followed by 

segregation into two daughter cells in anaphase and telophase (Fig. 1A, a). The disruption of 

normal mitotic spindles results in chromosome instability (20). To determine whether a 

KSHV infection induced chromosome instability, we first examined whether KSHV 

infection disrupted normal mitotic spindles. HUVECs were infected with an infectious 

recombinant KSHV BAC36 (18). This cell model recapitulates KSHV infection in KS tumor 

cells (19). KSHV infection induced abnormal spindles, including multipolar and monopolar 

spindles (Fig. 1A, b–d). Abnormal mitotic spindles were observed in 7.5% of the mitotic 

cells, a rate that was 8.3-fold higher than that of control mock-infected cells (Fig. 1C; χ2 = 

4.2; P < 0.05). There were more infected cells with multipolar spindles than those with 

monopolar spindles (95% versus 5%).

Mitotic spindle is formed by the dynamic nucleation of centrosomes, whose number in each 

cell is under tight control by the cell cycle machinery (21). A defect in centrosome 

amplification could lead to an abnormal number of mitotic spindle poles. As expected, 
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KSHV infection induced abnormal centrosome duplication. We observed multiple (Fig. 1B, 
a and b) and single centrosomes (Fig. 1B, c) in KSHV-infected cells with abnormal mitotic 

spindles.

The disruption of mitotic spindles could result in chromosomal misalignments in metaphase 

(22). Chromosomal misalignments in KSHV-infected cells with abnormal mitotic spindles 

(Fig. 1A, b–d) and abnormal centrosome numbers (Fig. 1B) were observed. Misaligned 

chromosomes were frequently delocalized from the metaphase plate with some connecting 

to the plate but not aligning with it (misaligned), whereas others were totally separating from 

the plate (unaligned).

Chromosomal laggings and formation of mitotic bridges in telophase and anaphase 

commonly are seen in cells with chromosome instability, alterations that could lead to 

chromosomal deletions and formation of aneuploidy cells (22). KSHV infection induced 

chromosomal laggings in anaphase and telophase with some connecting to, whereas others 

were separating from, the main aligned chromosomes (Fig. 2A, b and c). Some KSHV-

infected cells with chromosomal lagging had also other mitotic aberrations such as mitotic 

bridges (Fig. 2A, c). Interestingly, chromosomal misalignments were also observed in 

KSHV-infected cells with normal mitotic spindles (Fig. 2A, b and c) and normal centrosome 

numbers (data not shown), indicating that the induction of abnormal mitotic spindles is not 

the sole mechanism underlining these chromosomal aberrations. Overall, chromosomal 

laggings were significantly higher in KSHV-infected cells than in control mock-infected 

cells (14% versus 2.1%; P < 0.05; Fig. 2B).

The formation of mitotic bridges is another indicator of chromosomal aberrations (22). We 

observed mitotic bridges in KSHV-infected cells (Fig. 2A, c–f). The majority of the bridges 

were observed in telophase and anaphase; however, postmitotic bridges between two 

daughter cells that had finished cytokinesis (Fig. 2A, f) also were observed. The thin 

connection between the two nuclei of daughter cells was obvious even when the 

chromosomes were under-going decondensation. The percentage of cells with mitotic 

bridges was fivefold higher in KSHV-infected cells than in control mock-infected cells 

(8.4% versus 1.6% χ2 = 3.9; P < 0.05; Fig. 2C). Mitotic bridges in KSHV-infected cells with 

normal mitotic spindles again were observed, indicating that, similar to chromosomal 

laggings, induction of abnormal mitotic spindles was not the sole mechanism underlining 

development of this particular type of chromosomal aberration.

One of the consequences of mitotic chromosomal abnormalities is the loss of whole or 

partial chromosomes, which can be monitored by measuring the formation of micronuclei 

(20). KSHV infection of HUVECs induced micronuclei, which either were in the cytoplasm 

or as buds attached to the nuclei (Fig. 3A, b). We observed micronuclei in as many as 29% 

of KSHV-infected cells, a rate that was 15-fold greater than that of control mock-infected 

cells (χ2 = 25.7; P < 0.001; Fig. 3B). Because cells having micronuclei were in greater 

proportion than cells having mitotic chromosomal abnormalities and/or cells with abnormal 

mitotic spindles, it appears that the former cells had accumulated micronuclei, or some other 

mechanism(s) must be involved in the increased formation of micronuclei.
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Abnormalities in mitosis could result in aneuploidy and multinucleation. KSHV infection 

induced multinucleation (Fig. 4A, b). The percentage of cells with multiple nuclei was 

significantly higher in KSHV-infected cells than that of control mock-infected cells (1.28% 

versus 0.41% χ2 = 23.23; P < 0.001; Fig. 4B). KSHV-infected cells with abnormal numbers 

of nuclei often exhibited other atypias, such as enlargement and irregular shape of the nuclei, 

and enlargement of the entire cells (Fig. 4A, b). Furthermore, cells with multinucleation had 

abnormal centrosome numbers with either one or multiple centrosomes (Fig. 4C), indicating 

that abnormal centrosome duplication is associated with KSHV-induced multinucleation.

Discussion

Despite the link between KSHV infection and development of KS, direct cellular 

transformation by KSHV in cell culture has only been rarely observed, suggesting that other 

cellular genetic alterations are required for the oncogenesis of KS lesions (23). The 

development of KS resembles a multistep oncogenesis model with early-stage KS lesions 

often being hyperproliferative and late-stage KS lesions progressing to neoplastic cancers 

that contain various genomic abnormalities (9). We have shown that KSHV infection of 

HUVECs induces multiple chromosomal abnormalities, including chromosomal 

misalignments and laggings, mitotic bridges, micronuclei, and multinucleation, any of which 

could predispose the cells to malignant transformation.

The fidelity of segregation of genetic materials during mitosis highly depends on tight cell 

cycle control of centrosome duplication and spindle formation (21). In a normal cell, there is 

one centromere in each sister chromatid, which is bound by the spindle thread to ensure 

proper segregation of the two sister chromatids in cytokinesis. If each sister chromatid is 

associated with more than one centromere, the chromatid would be attached by two or more 

spindles in the opposite direction. The outcomes would be abnormal chromosome behaviors, 

such as those that we have observed in this study, which could lead to chromosomal 

deletions, translocations, inversions, and even losses of whole chromosomes and cell 

aneuploidy. KSHV infection induces mitotic spindle and centrosome abnormalities, which 

could be a mechanism underlining some of the observed chromosomal abnormalities.

Activation of mitogen-activated protein kinase has been implicated in uncontrolled 

centrosome duplication leading to abnormal mitotic spindles and chromosomal 

abnormalities (24). KSHV infection activates mitogen-activated protein kinase pathways 

through binding of its glycoprotein B to integrin receptors (25). Various KSHV-encoded 

proteins can also activate mitogenic pathways (8). Inhibition of tumor suppressor genes, 

such as p53 (26), BRCA1 (27), BRCA2 (28), or GADD45 (29), could disrupt the mitotic 

checkpoints that normally ensure the proper attachment of kinetochores to microtubules of 

the mitotic spindles and alignment of chromosomes at the metaphase plate, thus leading to 

induction and/or accumulation of abnormal mitotic spindles and centrosomes that could 

result in chromosome instability (30). Several KSHV genes are known to inhibit tumor 

suppressor pathways, among which latent nuclear antigen 1 encoded by orf73 is a 

multifunction major latent antigen and inhibits p53 and pRb tumor suppressor pathways (31, 

32). Latent nuclear antigen 1 also tethers KSHV episomes to cellular chromosomes, which 

could further contribute to chromosomal abnormalities (33). Therefore, initial viral entry and 
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subsequent expression of viral proteins could lead to the induction of chromosome 

instability.

We have shown previously that KSHV infection of HUVECs induces cellular proliferation, 

followed by an early crisis phase with many cells dying, an outcome that has been attributed 

to active viral replication (19). Induction of chromosome instability by KSHV infection 

could certainly trigger cell cycle checkpoints and contribute to the observed cell death in the 

crisis phase. Nevertheless, a few of the KSHV-infected cells overcome the crisis, continue to 

proliferate, and establish a latent viral infection with a life span substantially longer than that 

of mock-infected cells, which generally undergo senescence after 4–5 weeks of culture (19). 

These hyperproliferative cells, which are reminiscent of early-stage KS tumor cells, would 

need to over-come controls at cell cycle checkpoints to survive KSHV-induced chromosome 

instability. KSHV-encoded genes with inhibitory activities toward tumor suppressor 

pathways should have important roles in disrupting cell cycle checkpoints, therefore 

facilitating KSHV-induced oncogenesis (8).

KSHV induction of KS fits a multistep oncogenesis model (Fig. 5). KSHV infection leads to 

an activation of mitogenic pathways and an inhibition of tumor suppressor pathways via 

binding to virus receptor(s) and activation of viral oncogenes to result in the induction of 

chromosome instability. The majority of the cells undergo cell death crisis because of the 

activation of cell cycle checkpoints. However, several KSHV genes could disrupt the cell 

cycle checkpoints via the inhibition of tumor suppressor pathways. In addition, a number of 

KSHV genes can also activate cell survival signals. A few cells consequently survive, 

continue to proliferate, and accumulate genomic alterations that eventually lead to the 

development of neoplastic tumors.
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Figure 1. 
Induction of abnormal mitotic spindles and centrosome numbers and chromosomal 

misalignments during Kaposi’s sarcoma-associated herpesvirus (KSHV) infection of human 

umbilical vein endothelial cells (HUVECs). A, 4′,6-diamidino-2-phenylindole (DAPI) and 

α-tubulin staining shows normal mitotic spindles and chromosomal alignments in mock-

infected HUVECs (a) and abnormal mitotic spindles and chromosomal misalignments in 

three different representative fields of KSHV-infected HUVECs (b– d). B, DAPI and γ-

tubulin staining shows abnormal centrosome numbers and chromosomal misalignments in 
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three different representative fields of KSHV-infected HUVECs. C, quantification of 

abnormal mitotic spindles in mock- or KSHV-infected mitotic cells.
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Fig. 2. 
Induction of chromosomal laggings and mitotic bridges during Kaposi’s sarcoma-associated 

herpesvirus (KSHV) infection of human umbilical vein endothelial cells (HUVECs). A, 4′,
6-diamidino-2-phenylindole (DAPI) and α-tubulin staining shows chromosomal laggings (b 
and c) and mitotic bridges (c–f) in KSHV-infected cells. Some cells have chromosomal 

laggings and mitotic bridges (c). Mock-infected cells have neither chromosomal laggings 

nor mitotic bridges (a). B, quantification of chromosomal laggings in mock- or KSHV-
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infected mitotic cells. C, quantification of mitotic bridges in mock- or KSHV-infected 

mitotic cells.
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Fig. 3. 
Induction of micronuclei during Kaposi’s sarcoma-associated herpesvirus (KSHV) infection 

of human umbilical vein endothelial cells (HUVECs). A, micronuclei detected by 4′,6-

diamidino-2-phenylindole staining of mock-infected HUVECs (a) or HUVECs infected by 

KSHV (b). B, quantification of micronuclei in mock- or KSHV-infected cells.
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Fig. 4. 
Induction of multinucleation during Kaposi’s sarcoma-associated herpesvirus (KSHV) 

infection of human umbilical vein endothelial cells (HUVECs). A, 4′,6-diamidino-2-

phenylindole (DAPI) and α-tubulin staining shows multinucleation in KSHV-infected cells 

(b) but not in mock-infected cells (a). B, quantification of multinucleation in mock- or 

KSHV-infected cells. C, DAPI and γ-tubulin staining shows abnormal centrosome numbers 

in cells with multinucleation (a–d represent four different fields).
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Fig. 5. 
Multistep oncogenesis model for Kaposi’s sarcoma-associated herpesvirus (KSHV) 

induction of Kaposi’s sarcoma.
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