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Abstract
Kaposi’s sarcoma-associated herpes virus (KSHV) is a gammaherpesvirus associated with Kaposi’s sarcoma and various 
lymphoproliferative diseases. Epithelial-to-mesenchymal transition (EMT) is an important step in the metastasis of cancer 
cells. Previous studies have shown an important role for EMT markers in B-cell malignancies. In the present study, we 
investigated the role of the KSHV latent protein LANA in the progression of EMT. Our data suggest that expression of 
LANA results in an increase in the migration and invasion potential of cancer cells, which is concurrent with modulation of 
transcriptional regulation and protein expression of several cellular genes associated with EMT. LANA expression results in 
upregulation of the cellular intermediate filament protein vimentin and transcription factor TCF8/ZEB1 and downregulation 
of tight junction protein ZO1 and adhesion protein E-cadherin. LANA co-localizes with TCF8/ZEB1, a major contributor in 
EMT, further suggesting an important role for LANA in epithelial-to-mesenchymal transition of KSHV-infected cancer cells.

Introduction

Metastasis is one of the most important causes of cancer-
related deaths [1]. Several studies have shown that epithe-
lial-mesenchymal transition (EMT) of cancer cells, which is 
characterized by a switch from a polarized, epithelial pheno-
type to a highly motile fibroblastoid or mesenchymal pheno-
type is the central mechanism leading to cancer invasiveness 
and metastasis [2]. With currently available cancer treat-
ment, the survival rate for certain cancer types has improved; 
however, there is still a long way to go until a definitive cure 
is found. Recent studies and advancement in our knowledge 
about cancer have suggested that an approach to control the 
metastasis of cancer cells might prove to be more effective 
than pushing to find a cure [3]. To develop such strategies, 
understanding the intricacies of intracellular processes and 

signaling pathways that are important for EMT could prove 
to be a crucial step.

Metastasis is a multi-step process [4]. The transition of 
cancer cells from the epithelial to mesenchymal phenotype 
is followed by their entry into the circulatory system after 
detachment from the primary site. In a later stage, they 
extravasate from the capillaries and establish multiple meta-
static lesions in distant organs [5]. The process of EMT is 
modulated by the activity of many transcriptional factors, 
resulting in change in expression levels and/or reorganiza-
tion of many cytoskeleton proteins [6]. Some of the com-
mon transcriptional factors that play a critical role in EMT 
include β-catenin, Snail, Slug, Twist, and transcription factor 
8/Zinc finger E-box binding homeobox 1(TCF8/ZEB1) [7]. 
Other proteins that are known to play an essential role in 
EMT include N-cadherin, E-cadherin, claudin, and zonula 
occludens-1 (ZO-1) [8]. The changes in expression levels 
and intracellular localization of these molecular markers 
are a defining feature of EMT. Loss of cellular matrix pro-
teins such as E-cadherin and β-catenin and upregulation of 
N-cadherin are commonly observed during EMT [9]. An 
increase in vimentin, an intermediate filament of mesen-
chymal origin, and overexpression of TCF8/ZEB-1, which 
is a transcriptional activator of many mesenchymal genes, 
are also indicators of EMT. Degradation of tight-junction 
proteins including zona occluding (ZO-1) and claudin is one 

Handling Editor: Scott Schmid.

 *	 Rajeev Kaul 
	 rkaul@south.du.ac.in

1	 Department of Microbiology, University of Delhi, South 
Campus, New Delhi, India

2	 Present Address: Hannover Medical School, Hannover, 
Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s00705-018-4060-y&domain=pdf


92	 N. Gaur et al.

1 3

of the initial events in this process. Both Snail and Slug are 
known to repress cellular matrix protein E-cadherin [10, 11], 
as well as transcriptional repression of several cell adhesion 
molecules including integrins by binding to their promoter 
sequences [12]. TCF8/ZEB-1 also downregulates transcrip-
tion of E-cadherin [13]. It has been reported previously that 
upregulation of β-catenin expression and its nuclear locali-
zation are associated with the progression of cancer [14]. 
The β-catenin protein is an important downstream effector 
in the Wnt signaling pathway [15]. β-catenin has also been 
reported to activate Slug (SNAI2), which is a transcriptional 
repressor belonging to the Snail family of zinc finger tran-
scription factors [16]. Slug also functions as a transcriptional 
repressor for E-cadherin, as it binds to E-cadherin’s pro-
moter during early stages of development [17, 18]. Upregu-
lation of β-catenin has been reported to result in an increase 
in levels of Slug and Snail, resulting in downregulation of 
E-cadherin and other cell adhesion molecules, thereby pro-
moting the process of EMT [19].

Many studies have previously shown that viral antigens 
can have an important role in the modulation of metasta-
sis of cancer cells [20–23]. Epstein-Barr virus (EBV) is 
a gammaherpesvirus that is associated with many human 
cancers. In a previous study, we have shown the effect of 
EBV nuclear antigens EBNA1 and EBNA3C on EMT of 
cancer cells. Expression of both of these viral latent proteins 
results in a reduction of expression of intracellular adhe-
sion molecules and increased motility and invasiveness of 
cancer cells [24]. Kaposi’s sarcoma-associated herpesvirus 
(KSHV) is another gammaherpesvirus that is also associated 
with many malignancies and is also referred to as human 
herpesvirus 8 (HHV8). It has been reported to be associated 
as an etiologic agent of Kaposi’s sarcoma (KS), primary 
effusion lymphoma (PEL), and a variety of multicentric Cas-
tleman’s disease (MCD) [25]. KSHV has also been clas-
sified as a direct carcinogen by the International Agency 
for Research on Cancer [26]. Previous studies have shown 
an important role for EMT markers during B-cell malig-
nancies. An EMT-like process has been shown to occur in 
B-cell lymphomas [27]. The EMT activator ZEB1 has been 
shown to promote tumor growth in mantle cell lymphoma, 
which is also a B-cell malignancy [28]. In a separate study, 
it has been shown that KSHV-encoded LANA can mediate 
regulation of Par3, which is a crucial protein in determin-
ing cell polarity, contributing to B-cell proliferation [29]. 
Another previous study has shown that KSHV promotes 
EndMT (endothelial-to-mesenchymal transition) through the 
Notch-dependent signaling pathway [30, 31]. Therefore it is 
important to study various EMT markers in KSHV-induced 
B-cell lymphoma and the role of specific viral proteins in the 
modulation of these EMT markers.

Several KSHV-encoded proteins expressed during latency 
have been found to play a role in the stable persistence of 

its genome, which is tethered to a host chromosome during 
latency. These include latency-associated nuclear antigen 
(LANA1; ORF73), viral cyclin (ORF72), kaposin A, VIRF1, 
IL-1 gamma-converting enzyme inhibitory protein (vFLIP; 
ORF 71), and LANA 2 [32]. Of these, LANA1 or LANA 
(latency-associated nuclear antigen) has been detected in 
the majority of Kaposi’s sarcoma lesions. It is a multifunc-
tional protein that is important for transcription, replica-
tion, and anchoring of the viral genome to host chromatin 
during interphase and is critical for virus persistence in the 
infected host [33]. It has been shown to inhibit p53-mediated 
apoptosis [34, 35] and dysregulation of β-catenin and the 
Wnt signaling pathway [36]. The amino-terminal portion of 
LANA (LANA-N) has many essential domains, including a 
proline-rich domain, an acid-rich domain, a glutamine-rich 
domain, and a potential nuclear localization domain [37]. 
LANA-N binds to host chromatin through nucleosomal his-
tones and tethers the viral genome bound to the carboxy 
terminus of LANA (LANA-C) to the host chromosomes. 
LANA-C is essential for its binding to a latent binding site 
through its DNA-binding domain [38]. In this manuscript, 
we present data that suggest that the KSHV latent antigen 
LANA plays a role in modulation of host cellular proteins 
that are important for the epithelial-to-mesenchymal transi-
tion of cancer cells.

Materials and methods

Plasmids, cells and culturing conditions

The HEK-293T, HeLa, and human breast carcinoma MDA-
MB-231T cell lines (gifted by Prof. Erle S. Robertson, Uni-
versity of Pennsylvania) were used in the present study. Cell 
lines were maintained in DMEM (LONZA, Basel, Switzer-
land) supplemented with 5% fetal bovine serum (Thermo 
Fisher Scientific, Waltham, MA USA). The expression 
constructs pA3F-LANA-Full, pA3F-LANA-N (1-340) and 
pA3F-LANA-C(945-1162) were a gift from Dr. Subhash 
C. Verma (University of Nevada, Reno) and were used to 
transiently overexpress the LANA protein in cancer cells. 
The cells were transfected using polyethylenimine (PEI) 
(Polyscience, Inc. Warrington, PA, USA) as per the protocol 
described earlier [39].

Real‑time PCR analysis of the levels of EMT marker 
cellular gene transcripts

Total cellular RNA was isolated using an RNA isolation kit 
(Invitrogen, Carlsbad, USA), followed by cDNA prepara-
tion using a Superscript First-Strand Reverse Transcription 
Kit (Invitrogen, Carlsbad, USA) as per the manufacturer’s 
instructions. Specific primers (Table 1) described in earlier 
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studies [24] were used for real-time PCR. Three independent 
experiments were performed, and data were analyzed using 
the ΔΔCt method for relative quantification after normaliza-
tion using GAPDH as an internal control.

SDS‑PAGE and Western blot

Whole-cell lysates were obtained by lysing the cells 48 hours 
post-transfection, and the amount of total protein was quanti-
fied using Bio-Rad Protein Assay Dye Reagent Concentrate 
(Bio-Rad Laboratories, USA). Approximately 100 micro-
grams of total cellular protein was resolved by SDS PAGE 
and transferred to a PVDF membrane. LANA-Full, LANA-
N, and LANA-C were expressed as FLAG-tagged proteins 
and were probed using anti-FLAG primary antibody (Sigma, 
Aldrich, St. Louis, Missouri, USA). Cellular EMT mark-
ers were probed using specific primary antibodies against 
each protein (Cell Signaling Technology, Danvers, MA, US). 
GADPH was used as a loading control for normalization. 
Three independent experiments were performed, and images 
were analyzed using ImageJ software for quantification of 
signals [40]. The images presented in all figures are repre-
sentative of three independent experiments.

Immunofluorescence assays

Approximately 1 × 105 MDA-MB-231T cells were seeded 
on coverslips placed in wells in 6-well plates and allowed 
to grow for at least 24 hours. The next day, the cells were 
transfected with LANA expression plasmids (pA3F-LANA-
Full, pA3F-LANA-N and pA3F-LANA-C). About 24 hours 

post-transfection, the culture medium was removed, and 
the coverslips were washed with phosphate-buffered saline 
(PBS). The cells were fixed by dipping the coverslips into 
a 1:1 mixture of methanol and acetone. Subsequently, the 
cells were blocked using 1% fish skin gelatin in PBS for 
1 hour. The cells were then incubated overnight with the 
appropriate primary antibody (approximately 1-2 µg of anti-
body in 100 µl of PBS). The next morning, the coverslips 
were washed three times with PBS and incubated with the 
secondary antibodies Alexa Fluor 488 goat anti-rabbit and 
Alexa Fluor 594 goat anti-mouse (1:1000 dilutions). Slides 
were visualized using a Zeiss LSM 510 scanning fluores-
cence microscope. Three independent experiments were 
performed, and data were analyzed using ZEN software 
(Carl Zeiss AG, Oberkochen, Germany). The bar diagrams 
presented below each figure represent the average amount of 
fluorescence signal detected per cell from three independent 
experiments. On average, about 15-20 cells randomly chosen 
from 5-6 microscopic fields were analyzed for quantitation 
in each experiment.

Scratch assay (wound‑healing assay)

Approximately 1 × 105 231T cells were seeded in each well 
of a 6-well plate and incubated overnight. The next day, 
the cells were transfected with LANA expression plasmids 
(pA3F-LANA-Full, pA3F-LANA-N and pA3F-LANA-C). 
After 24 hours, one or two scratches were made in the cell 
monolayer using a 1-ml micropipette tip, and the cells were 
observed daily for healing of the wound for the next 2 days, 
using a Nikon TS-100F Inverted Trinocular Research Micro-
scope (Nikon Corporation, Minato, Tokyo, Japan). All of 
the experiments were repeated three times. The percentage 
of wounds healed over a period of time was calculated and 
the data plotted.

Transwell cell invasion assay

Approximately 1 × 106 231T cells were transfected 
with LANA expression plasmids (pA3F-LANA-Full, 
pA3F-LANA-N and pA3F-LANA-C) and grown for 24 
hours. The cells were harvested 24 hours post-transfection, 
and 0.5 × 106 cells were then added to the top chamber of 
a transwell suspended in 200 μl of serum-free medium 
(Corning, New York, USA). About 750 µl of medium sup-
plemented with 5% serum was added to the bottom half of 
the well to act as a chemoattractant, and the whole setup was 
further incubated for 24 hours. The transwells were removed 
from 6-well plates, and the cells that migrated in Matrigel 
were visualized by staining with crystal violet dye and 
counted visually under a microscope. The images were cap-
tured using a Nikon TS-100F Inverted Trinocular Research 
Microscope with an attached Nikon scientific-grade CMOS 

Table 1   Primers used for real-time PCR

E-cadherin Forward 5′-GAA​AGC​GGC​TGA​TAC​TGA​CC-3′
Reverse 5′-CGT​ACA​TGT​CAG​CCG​CTT​C-3′

Slug Forward 5′-TTC​GGA​ACA​CAT​TACCT-3′
Reverse 5′-TGA​CCT​GTC​TGC​AAA​TGC​TC-3′

ZO-1 Forward 5′-GAA​TGA​TGG​TTG​GTA​TGG​TGCG-3′
Reverse 5′-TCA​GAA​GTG​TGT​CTA​CTG​TCCG-3′

Vimentin Forward 5′- CCT​TGA​ACG​CAA​AGT​GGA​ATCT-3′
Reverse 5′-CCA​CAT​CGA​TTT​GGA​CAT​GCT-3′

Snail Forward 5′-GAG​GCG​GTG​GCA​GAC​TAG​-3′
Reverse 5′-GAC​ACA​TCG​GTC​AGA​CCA​G-3′

TCF8/ZEB1 Forward 5′-TCC​ATG​CTT​AAG​AGC​GCT​AGCT-3′
Reverse 5′-ACC​GTA​GTT​GAG​TAG​GTG​TAT​GCC​

A-3′
Β-catenin Forward 5′-GAA​ACG​GCT​TTC​AGT​TGA​GC-3′

Reverse 5′-CTG​GCC​ATA​TCC​ACC​AGA​GT-3
Claudin Forward 5′-GCG​CGA​TAT​TTC​TTC​TTG​CAG-3′

Reverse 5′-TTC​GTA​CCT​GGC​ATT​GAC​TGG-3′
N-cadherin Forward 5′-TGT​TTG​ACT​ATG​AAG​GCA​GTG-3′

Reverse 5′-TCA​GTC​ATC​ACC​TCC​ACC​AT-3′
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camera. Three individual experiments were performed with 
appropriate controls.

Results

Expression of KSHV latent antigen LANA results 
in modulation of transcription of cellular genes 
that are critical for epithelial‑to‑mesenchymal 
transition

In this study, we tested the specific role of KSHV latent pro-
tein LANA-Full in the modulation of EMT-specific genes. 
We compared the relative number of mRNA transcript cop-
ies of nine of the EMT marker genes in MDA-MB-231T 
cells expressing LANA-Full to that of empty-vector-trans-
fected control cells. 231T cells are of human breast can-
cer origin and are commonly used in studies in which the 
role of proteins in cellular migration or invasive potential is 
investigated [39]. 231T cells were transiently transfected, 
resulting in expression of LANA-Full in approximately 50% 
of the cells. The transient overexpression of LANA-Full 
resulted in a significant increase (p < 0.01) in the transcript 
levels of Slug (9-fold; Fig. 1A), Snail (15-fold; Fig. 1B), 
and β-catenin (approximately 12-fold; Fig.1C) in compari-
son to empty-vector-transfected control cells. Our data show 
that the expression of LANA-Full resulted in transcriptional 
downregulation of the tight junction proteins ZO-1 and clau-
din. The relative mRNA levels of ZO-1 and claudin were 
decreased by up to 8-fold, which was statistically signifi-
cant (p < 0.01) in comparison to their levels in empty-vector-
transfected control cells (Fig.1E and F). It has been shown 

previously that the disruption or diffusion of tight junction 
proteins is one of the earliest events during EMT of cells 
[41]. Our data clearly indicate that the expression of LANA 
is coincident with changes in the transcription profile of cel-
lular genes, similar to what is characteristic of initiation of 
EMT in cancer cells.

TCF8/ZEB1 is known to play a key role in transcriptional 
downregulation of E-cadherin, either directly or through 
activation of vimentin, a step that is critical for promotion of 
cell migration and increased cellular invasiveness [42]. Our 
data show that LANA-Full expression results in transcrip-
tional upregulation of TCF8/ZEB1 and vimentin (Fig.1H 
and I) by up to 14-fold and 7-fold, respectively, which was 
statistically significant (p < 0.05). The transcript level of the 
cell adhesion molecule E-cadherin was downregulated by 
about 3-fold in LANA-Full-expressing cells (Fig. 1G). The 
loss of E-cadherin in cancer cells renders them more sus-
ceptible to mesenchymal transition and signifies a progres-
sion of cancer [6]. In addition, N-cadherin was upregulated 
by about 9-fold in LANA-Full-expressing cells (Fig. 1D). 
This shift in cadherin expression pattern from E-cadherin to 
N-cadherin is termed ‘cadherin switch’, which is an essential 
indicator of EMT [43]. The switch in cadherin expression 
pattern in the presence of LANA-Full clearly points to an 
important role of LANA in the process of EMT in KSHV-
infected cells.

The LANA N‑ and C‑termini work synergistically 
in LANA‑mediated transcriptional modulation 
of cellular EMT‑associated genes

Our results clearly show that LANA-Full can modulate the 
transcript levels of genes that are essential for EMT. The 
structure of LANA is like a dumbbell with two domains 
separated by a sequence of internal repeats [44]. The car-
boxy-terminal end of LANA binds to viral terminal repeats 
via the DNA-binding domain [38]. It has been shown previ-
ously that a mutation in the chromosome-binding domain at 
the C-terminal end of LANA leads to low mitotic expression 
indices [45]. The amino-terminal end of LANA interacts 
with cellular chromosomes by binding to the nucleosome 
at specific regions of histones H2A-H2B [46]. In order to 
identify which one of the two major domains of LANA is 
important for EMT, the truncated LANA proteins LANA-N 
(1-340) and LANA-C (945-1162) were expressed in MDA-
MB-231T cells, and the relative change in the transcript level 
of EMT markers in these cells was quantified in comparison 
to their levels in empty-vector-transfected control cells.

Our data show that the expression of LANA-N resulted 
in transcriptional upregulation of Slug by 4-fold (Fig. 1A), 
of Snail by 9-fold (Fig. 1B), β-catenin by 5-fold (Fig. 1C), 
vimentin by 2-fold (Fig. 1H) and of ZEB1 by 5-fold (Fig. 1I) 
in comparison to empty-vector-transfected control cells, and 

Fig. 1   Cancer cells expressing KSHV LANA protein differentially 
modulate cellular genes essential for EMT at both the transcriptional 
and protein-expression level. MDA-MB-231T cells were transfected 
with pA3F LANA-Full (L-F), pA3F LANA-N (L-N) and pA3F 
LANA-C (L-C) along with empty vector as a control (C). Cells were 
harvested 24  h post-transfection, and total RNA and total protein 
were extracted separately. The mRNA transcript for Slug (panel A), 
Snail (panel B), β-catenin (panel C), N-cadherin (panel D), vimentin 
(panel H) and TCF8/ZEB (panel I) were found to be upregulated in 
cells expressing full-length or truncated LANA proteins. The mRNA 
transcript levels of ZO1 (panel E), claudin (panel F) and E-cadherin 
(panel G) were downregulated in LANA-expressing cells in compari-
son to control cells. The data were analyzed using the ΔΔCt method 
to estimate the relative number of transcripts. For normalization, 
GAPDH was used as an internal control. Western blot analysis of 
cell lysates showed that protein levels of Slug (panel J), Snail (panel 
K), β-catenin (panel L), vimentin (panel M), TCF8/ZEB1 (panel N), 
and N-cadherin (panel Q) were upregulated in LANA-expressing 
cells; whereas the levels of ZO1 (panel O), claudin (panel R), and 
E-cadherin (panel P) were significantly reduced in LANA-expressing 
cells (L-N, L-C and L-F) as compared to control (C). Expression of 
Flag-tagged LANA-N (panel S), LANA-C (panel T) and LANA-Full 
(panel U) was confirmed, and GAPDH (panel V) was used as internal 
control to confirm equal loading of cell lysates in all lanes

◂
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these differences were statistically significant (p < 0.01). The 
transcript levels of ZO-1 (Fig. 1E) and claudin (Fig. 1F) 
decreased approximately 2-fold (p < 0.05), whereas 

E-cadherin was downregulated approximately 1.2-fold 
(p < 0.05) (Fig. 1G) and N-cadherin (Fig. 1D) was upregu-
lated 4-fold (p < 0.05) in LANA-N-expressing cells. The 
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expression of LANA-C resulted in transcriptional upregu-
lation of Slug by 4-fold (Fig. 1A), Snail by 11-fold (Fig. 1B), 
β-catenin by 7-fold (Fig. 1C), vimentin by 2-fold (Fig. 1H), 
and TCF8/ZEB1 by 8-fold (Fig. 1I). The transcript level of 
E-cadherin was downregulated by approximately 1.3-fold 
(Fig. 1G), whereas that of N-cadherin was upregulated by 
6-fold (Fig. 1D) in LANA-C-expressing cells, and these 
differences were statistically significant (p < 0.01). The 
transcript levels of ZO1 (Fig. 1E) and claudin (Fig. 1F) 
were downregulated by approximately 5-fold in LANA-C-
expressing cells which was also significant (p < 0.01).

Our data show that expression of the C-terminal por-
tion of LANA resulted in transcriptional downregulation of 
ZO-1 and claudin to a much greater extent (5-fold) than in 
LANA-N-expressing cells (2-fold). Slightly higher (6-fold) 
transcriptional upregulation was observed in the transcript 
level of N-cadherin in LANA-C-expressing cells in compari-
son to that observed in LANA-N-expressing cells (4-fold). 
The experiments were also repeated in 293T cells, and simi-
lar results were observed. The overview of results suggests 
that both termini of LANA work synergistically to modulate 
EMT markers.

Cancer cells expressing KSHV LANA differentially 
express EMT‑associated transcription factors

We then tested whether changes in transcript levels of EMT-
associated genes in LANA-expressing cells correlate with 
similar changes in their protein expression levels. MDA-
MB-231T cells expressing LANA-Full, LANA-N or LANA-
C and empty-vector-transfected control cells were harvested 
48 hours after transfection. The cell lysates were resolved by 
SDS-PAGE, transferred to a PVDF membrane, and probed 
using specific primary antibodies to determine the expres-
sion levels of EMT marker proteins. The data are summa-
rized in Fig. 1J to V and show that changes in transcript 
levels of EMT markers were largely reflected in changes in 
protein expression profiles.

Our data show that the transcriptional repressors Snail, 
Slug and β-catenin were significantly upregulated in 
LANA-expressing cells (Fig. 1J, K and L). The expression 
of LANA-Full resulted in a 2-fold increase (p < 0.05) in 
protein levels of Snail and Slug. Expression of LANA-N 
or LANA-C resulted in an approximately 1.5-fold increase 
(p < 0.05) in Snail and Slug. Expression of β-catenin was 
upregulated by approximately 3-fold (p < 0.01) in LANA-
Full-expressing cells (Fig.  2C), whereas no significant 
changes in its protein level were observed in LANA-N-or 
LANA-C expressing cells. Although both LANA-N and 
LANA-C expression resulted in transcriptional upregulation 
of β-catenin (Fig. 1C), increased protein levels of β-catenin 
were observed only in LANA-Full-expressing cells.

In LANA-Full-expressing cells, TCF8/ZEB1 was upregu-
lated more than 5-fold (p < 0.01) whereas the upregulation 
was only 1.8-fold in LANA-N-expressing cells and approx-
imately 2.2-fold in LANA-C-expressing cells (Fig. 1N). 
Our data also show that vimentin, which is an intermediate 
filament of mesenchymal origin, was significantly overex-
pressed in cancer cells expressing LANA-Full. An approxi-
mately 4.3-fold increase (p < 0.01) in the level of vimentin 
was observed when LANA-Full was expressed, and 2.5-
fold and 1.7-fold increases were observed in LANA-N and 
LANA-C expressing cells, respectively (Fig. 1M). Peripheral 
membrane adaptor protein ZO-1, junctional transmembrane 
protein claudin, and E-cadherin, which is an active suppres-
sor of invasion and growth of cancer cells, were also sig-
nificantly downregulated in LANA-expressing cells. ZO-1 
was downregulated by approximately 6-fold, 5-fold and 
3-fold, in LANA-Full-, LANA-C-, and LANA-N-expressing 
cells, respectively (Fig.10). An approximately 5-to-6-fold 
decrease (p < 0.01) in the expression of claudin was detected 
in LANA-Full- and LANA-C-expressing cells. No signifi-
cant change in the expression level of claudin was observed 
in LANA-N-expressing cells (Fig. 1R), suggesting a role for 
the carboxy-terminal portion of LANA in reduced expres-
sion of claudin.

When we analyzed the expression levels of E-cadherin 
and N-cadherin, our data showed that there was a 3.5-
fold increase (p < 0.01) in the N-cadherin expression 
level (Fig. 1Q) and about a 7-fold decrease (p < 0.01) in 
the E-cadherin expression level (Fig. 1P) in LANA-Full-
expressing cells. The change in expression of the cadherin 
isoform from E-cadherin to N-cadherin (cadherin switch) in 
LANA-expressing cells clearly points to the role of LANA 
in EMT. An approximately 1.5-fold increase in the level of 
N-cadherin was observed in LANA-N- or LANA-C-express-
ing cells (Fig. 1P). E-cadherin expression was significantly 
downregulated by about 2- to 3-fold (p < 0.01) in LANA-N- 
or LANA-C-expressing cells. An experiment performed in 
293T cells gave similar results.

Fig. 2   Expression of KSHV LANA results in modification in locali-
zation and organization of Snail, Slug, β-catenin and E-cadherin. An 
immunofluorescence assay was carried out using MDA-MB-231T 
cells expressing LANA-Full, LANA-N and LANA-C using primary 
antibodies against specific EMT markers (green signal) and anti-Flag 
antibody to detect LANA expression (red signal). The expression of 
Snail (panel A), Slug (panel B) and β-catenin (panel C) was found 
to be upregulated. The signal for Slug and β-catenin were detected 
in the nucleus as well as the cytoplasm of LANA-expressing cells, 
whereas it was detected only in the cytoplasm in control cells. The 
cell adhesion molecule E-cadherin (panel D) was downregulated in 
LANA-expressing cells. The images were analyzed using a Zeiss 
LSM 510 scanning fluorescence microscope and ZEN software. The 
mean values and standard error of three independent experiments are 
presented as a bar graph at the bottom of each panel

◂
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Expression of KSHV LANA results in a change 
in localization and/or re‑organization of EMT maker 
proteins

When EMT is initiated, the cell-cell junctions are remod-
eled and the junction proteins are either relocalized and/
or degraded [47]. The intracellular localization of several 
other proteins that are critical for EMT is also affected. We 
therefore decided to investigate if the expression of LANA 
results in any changes in the intracellular localization and 
organization of EMT-associated proteins. The immunoflu-
orescence microscopy images are presented in Figures 2, 
3, 4. The bar diagrams in each figure represent the average 
intensity of the fluorescence signal detected per cell from 
three independent experiments. On average, about 15-20 
cells randomly chosen from 5-6 microscopic views were 
analyzed for quantitation in each experiment. It should be 
emphasized that immunofluorescence microscopy data are 
representative of protein expressed in a limited number of 
cells and may not directly correlate with changes in rela-
tive expression levels observed in western blots, which 
were performed with cell lysates obtained from 10 million 
cells. The immunofluorescence microscopy data are more 
useful for studying changes in intracellular localization or 
organization patterns of proteins and possible co-localiza-
tion with other proteins.

Our data show that the transcriptional repressors Snail 
(Fig.  2A), Slug (Fig.  2B), and TCF8/ZEB1 (Fig.  4A) 
were overexpressed in LANA-Full-expressing MDA-
MB-231T cells. The increased expression of these pro-
teins was mainly in the cytoplasm. β-catenin was observed 
to be significantly upregulated in LANA-Full-expressing 
cells (Fig. 2C), and it was localized mainly around cell 
periphery, with a smaller fraction in the nucleus. Similar 
upregulation of β-catenin was also observed in LANA-N- 
and LANA-C-expressing cells, although the localization 
was more diffuse in LANA-N-expressing cells and mostly 
close to cell membranes in LANA-C-expressing cells. This 
shift in localization of β-catenin is an important regulator 
of cancer progression, as this is commonly observed in 
many cancers [48].

Downregulation of E-cadherin is an important event in 
the process of EMT [49]. E-cadherin and β-catenin form 
a complex that is linked with the actin cytoskeleton. An 
increase in N-cadherin is associated with the migration 
potential and invasion potential of cancer cells [50, 51]. In 
our study, we found that E-cadherin was significantly down-
regulated (Fig. 2D) and N-cadherin was significantly upreg-
ulated (Fig. 3A) in LANA-expressing cells. In LANA-C- and 
LANA-Full-expressing cells, an increase in N-cadherin was 
also detected in the nucleus.

Claudin and occludin proteins form a tight junction with 
cytoskeleton proteins of cells [52]. ZO-1 attaches claudin 

and occludin to the actin cytoskeleton. ZO-1 is a key periph-
eral membrane protein that, if downregulated, leads the cells 
towards the transition to a mesenchymal phenotype. Our data 
show that expression of the LANA protein resulted in sig-
nificantly reduced expression of ZO-1 (Fig. 3B) and claudin 
(Fig. 3C). The effect was more profound when LANA-Full 
or LANA-C were expressed. In LANA-Full- and LANA-
N-expressing cells, vimentin was expressed at significantly 
higher levels (2- to 4-fold) compared to empty-vector-trans-
fected control cells (Fig. 3D).

A significant fraction of transcription factor ZEB1 
co‑localizes with LANA

TCF8/ZEB1 is an important contributor to the process of 
EMT and cancer progression [53]. Several studies have 
shown that upregulation in expression of ZEB1 is a key 
activator of EMT [54–57]. It has been shown to act as a 
transcriptional activator for vimentin [42], to repress the 
E-cadherin promoter, and to be an important regulator of cell 
adhesion molecules [58]. Our data show that ZEB1 was sig-
nificantly upregulated (2- to 5-fold) in LANA-Full-express-
ing cells (Fig. 4A). We also observed that a significant frac-
tion of ZEB1 co-localized with LANA inside cells. A scatter 
plot analysis performed on pixel-by-pixel basis using ZEN 
software (Carl Zeiss AG, Oberkochen, Germany) revealed 
that more than 50% of ZEB1 co-localized in same subcel-
lular localization as LANA-Full or LANA-N (Fig. 4B), 
indicating that LANA might be critical for modulation of 
ZEB1-mediated functions through direct interaction, which 
will need to be investigated further.

KSHV LANA expression results in increased 
migration and invasion potential of cancer cells

We then tested whether LANA-mediated modulation of 
expression of EMT markers results in any changes in cellu-
lar phenotype or properties related to cellular migration and 
invasion potential. We performed a scratch wound healing 
assay to test the migration potential of cells. Our data show 
that LANA expression resulted in healing of a wound at a 
significantly faster rate than what was observed in empty-
vector-transfected control cells (Fig. 4C). The expression 
of LANA-Full resulted in healing of a wound by 78% in 
24 hours (p < 0.05) as compared to 25% healing in empty-
vector-transfected control cells (Fig. 4C). For LANA-N- and 
LANA-C-expressing the cells, the wound healing was 70% 
and 55%, respectively (p < 0.05), after 24 hours (Fig. 4C).

To investigate the invasion potential of cells express-
ing LANA protein, we performed a trans-well invasion 
assay. Our data show that the number of cells expressing 
LANA-N and LANA-C that could invade the matrix was 
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Fig. 3   Expression of KSHV LANA results in modification of the 
location and organization of N-cadherin, ZO-1, claudin and vimentin. 
Expression of N-cadherin (panel A) was significantly upregulated in 
LANA-expressing cells. Both ZO1 (panel B) and claudin (panel C) 
were downregulated in LANA-expressing cells. Vimentin (panel D) 

was upregulated in cells expressing LANA. The images were ana-
lyzed using a Zeiss LSM 510 scanning fluorescence microscope and 
ZEN software. The mean values and standard error of three independ-
ent experiments are presented as a bar graph at the bottom of each 
panel
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approximately 2 times greater than that observed in the 
empty-vector-transfected control (Fig. 4D). The number of 
cells invading the matrix was approximately 3.5-fold higher 
than in the empty-vector-transfected control when LANA-
Full-expressing cells were tested, indicating that LANA 
expression results in a significant increase in the migration 
and invasion potential of cells. Our data clearly show that 
LANA-mediated modulation of transcription, translation, 
and localization of EMT-associated cellular proteins is 
concurrent with changes in cellular migration and invasive 
potential.

Discussion

EMT has been proposed previously to be classified into three 
different biological subtypes [6]. The type I EMT is associ-
ated with early stages of embryogenesis and fetal develop-
ment, and type II EMT is associated with tissue regeneration 
and wound healing. In type III EMT, primary or secondary 
epithelial cells transform into cancerous cells, which ena-
bles them to metastasize and invade other tissues [6]. The 
transition of cancerous cells from epithelial to mesenchymal 
properties is mediated by many transcription factors in cells, 
including, Snail, Slug, Twist, ZEB1 and ZEB2 [7]. Changes 
in the way these proteins function lead to alterations in mor-
phology, reorganization of skeletal proteins and adhesion 
molecules, and an increase in the migration potential of the 
cell. Earlier studies have shown that cancer cells expressing 
EBV nuclear antigens EBNA1 and EBNA3C have higher 

migration potential than empty-vector-transfected control 
cells [59]. In our previous study, we demonstrated the role 
of EBNA1 and EBNA 3C in the modulation of some com-
mon molecular markers that are crucial for EMT [24]. An 
EMT-like process has been shown earlier to occur in B-cell 
lymphomas [27]. Several previous studies have shown an 
important role for EMT markers during B-cell malignancies, 
including in B-cell lymphoma and mantle cell lymphoma, 
and in KSHV-infected B-cells [28–31]. KSHV is associated 
with many malignancies, amongst which Kaposi sarcoma 
(KS) is the most common form of cancer reported in HIV-
infected immune-compromised patients [60, 61]. KS can 
also occur due to reactivation of the virus from its latent 
state. During KSHV latency, a very limited set of genes are 
expressed, which include ORF73 (LANA), ORF72 (vCyc-
lin), ORF71 (vFLIP), ORFK12 (kaposins A, B, C), BCL-2 
and 12 microRNAs. These are responsible for the establish-
ment and persistence of KSHV latent infection [62–64]. 
Amongst these, LANA has been consistently detected in 
KSHV-related diseases. It can promote oncogenesis by 
repressing the tumor suppressor gene p53. LANA also acti-
vates survivin by phosphorylation, which is a major con-
tributing factor to latent replication of KSHV [65]. LANA 
DNA binding domains (carboxyl terminal) also have struc-
tural similarities to EBV EBNA1 and human papillomavirus 
(HPV) E2 protein [66–69]. The carboxyl-terminal portion 
of LANA can also activate EBV latent membrane protein 1 
(LMP1) [70].

In the present study, we tested our hypothesis that LANA 
can have a critical role in promoting EMT of cancer cells. 
We investigated the role of LANA in EMT by testing the 
effect of its expression on some important cellular genes that 
are critical for EMT. These included Snail, Slug, β-catenin, 
TCF8/ZEB1, vimentin, E-cadherin, N-cadherin, ZO1 and 
claudin. Our data show that expression of LANA resulted 
in transcriptional upregulation of transcriptional factors, 
including Snail, Slug, β-catenin, and TCF8/ZEB1. The pro-
tein levels of TCF8/ZEB1 and vimentin were found to be 
high in LANA-expressing cells, and TCF8/ZEB1 mostly 
co-localized with LANA in the same subcellular compart-
ment. The amino-terminal portion of LANA (LANA-N) 
upregulated ZEB1 and vimentin to a higher level compared 
to the carboxyl-terminal portion of LANA (LANA-C), and 
both appeared to work synergistically to modulate EMT 
markers. In LANA-expressing cells, β-catenin was signifi-
cantly upregulated and partially translocated to the nucleus. 
In addition, the expression of LANA also resulted in sig-
nificant downregulation of ZO1, claudin and E-cadherin. 
The expression of the carboxyl-terminal portion of LANA 
resulted in greater downregulation of ZO1 and claudin than 
was observed in cells expressing the amino-terminal portion 
of LANA. LANA expression also resulted in a ‘cadherin 
switch’ in cells, whereby the expression of E-cadherin was 

Fig. 4   (A) Expression of KSHV LANA results in upregulation of 
TCF8/ZEB1 expression. Expression of the full-length LANA protein 
resulted in about 4.5-fold upregulation of protein expression levels 
of TCF8/ZEB1 compared to control cells. The images were analyzed 
using a Zeiss LSM 510 scanning fluorescence microscope and ZEN 
software. The mean values and standard error of three independ-
ent experiments are presented as a bar graph at the bottom of each 
panel. (B) The majority of TCF8/ZEB1 co-localizes with LANA. 
Scatter plot analysis of fluorescence signals show that more than 50% 
of the TCF8/ZEB1 protein co-localized with full-length LANA or 
LANA-N when co-expressed with these proteins. (C) KSHV latent 
protein LANA expression results in increased motility of cancer 
cells. A wound or scratch was made in a monolayer of cells express-
ing LANA-Full, LANA-N or LANA-C. The cells were examined at 
24 h post-transfection, and the percentage of wound healing was cal-
culated. The mean values and standard errors of three independent 
experiments are presented as a bar graph. (D) KSHV latent protein 
LANA expression results in increased invasiveness of cancer cells. A 
trans-well assay was carried out to observe the invasion potential of 
cells expressing LANA-Full or LANA-N or LANA-C. The cells that 
invaded the matrigel were visualized after staining with crystal vio-
let dye and then counted. Images were observed and captured using 
a Nikon TS-100F Inverted Trinocular Research Microscope and a 
Nikon scientific-grade CMOS camera. The mean values and standard 
error of three independent experiments are presented as a bar graph at 
the bottom
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significantly reduced and that of N-cadherin was signifi-
cantly increased.

These changes in expression, organization and localiza-
tion of EMT-associated cellular proteins in LANA-express-
ing cells clearly support a role of LANA in epithelial EMT. 
In a previous genome-wide study that compared the gene 
expression profile of KSHV-infected BCBL-1 and BC-3 
cells with KSHV-negative BJAB and DG75 cells (data 
accessible at NCBI, accession no. GSE1880), the EMT-
associated cellular genes, including E-cadherin, N-cad-
herin, vimentin, tight junction protein 1, claudin 1, claudin 
9, ZEB1 and SNAI2 (Snail 2/ Slug), were reported to be 
similarly modulated in KSHV-infected cells [71, 72]. These 
data can be accessed at the NCBI GEO database with acces-
sion numbers GSM33134, GSM33135, GSM33155, and 
GSM33156. Our limited study now provides evidence for a 
specific role for KSHV latent antigen LANA in the modula-
tion of cellular genes that are important for the epithelial-to-
mesenchymal transition of KSHV-infected cells. It is highly 
probable that other KSHV latency-associated proteins could 
also have a role in KSHV-mediated EMT, and this needs to 
be investigated separately.
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