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ABSTRACT

Kaposi’s sarcoma (KS) is a highly-vascularized tumor characterized by 
inflammation and extensive neo-angiogenesis. The KS tumor microenvironment is rich 
in inflammatory and pro-angiogenic cytokines. Here, we report that the expression of 
Epidermal growth factor-like domain 7 (EGFL7) is upregulated in Kaposi’s sarcoma-
associated herpes virus (KSHV) infected cells. EGFL7 is a secreted pro-angiogenic 
cytokine that has been implicated in angiogenesis and the proliferation of endothelial 
cells during many pathological conditions. Our data show that KS tumors as well as 
primary effusion lymphoma cells have increased levels of EGFL7 compared to the 
uninfected cells. We determined that the expression of a KSHV latent protein, LANA 
(latency-associated nuclear antigen), is the main viral factor responsible for this 
upregulation. The modulation of EGFL7 expression by LANA involves sequestration 
of death domain-associated protein 6 (Daxx) from the EGFL7 promoter. Daxx acts as 
a suppressor of promoter activity by binding to the avian erythroblastosis virus E26 
oncogene homolog 1 (Ets-1), which is the core transcription factor required for the 
expression of EGFL7. We additionally show that the upregulation of EGFL7 by LANA 
contributes to the promotion of angiogenesis since siRNA-mediated knockdown of 
EGFL7 reduced in vitro tubulogenesis in LANA-expressing HUVEC cells. EGFL7 promotes 
angiogenesis through autocrine as well as paracrine mechanisms as the supernatant 
from LANA expressing cells depleted of EGFL7 showed reduced tubulogenesis. This 
study for the first time demonstrates EGFL7 to be an important angiogenic molecule 
secreted during KSHV infection that could be exploited for blocking KSHV associated 
malignancies in conjugation with other anti-angiogenic therapies.

INTRODUCTION

Kaposi’s sarcoma-associated herpes virus (KSHV) 
is an oncogenic virus responsible for multiple human 
malignancies including Kaposi’s sarcoma (KS) and two-
lymphoproliferative diseases- primary effusion lymphoma 
(PEL or BCBL) and multicentric Castleman’s disease [1–
3]. KS is the most common cancer associated with HIV 
infection and remains a leading cause of morbidity and 
mortality in AIDS patients. It is a highly vascular tumor of 

endothelial origin that develops due to a complex interplay 
of immune evasion, inflammation and angiogenesis. 
Angiogenesis, the process of growing new blood vessels 
from preexisting ones, is a hallmark of KS tumors. The 
significance of angiogenesis in KS tumors is highlighted 
by the fact that KS tumors are highly vascularized even 
in early stages of development [4]. Multiple angiogenic 
cytokines including vascular endothelial growth factor 
(VEGF), basic fibroblast growth factor (b-FGF), 
angiopoietin-2, angiogenin and cycloxigenase-2 (COX-2) 
are induced during KSHV infection [5–13].
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EGFL7, also known as a vascular endothelial 
(VE) statin, belongs to the epidermal growth factor-
like domain family of growth factors. This angiogenic 
factor is secreted by the endothelial cells and highly 
upregulated in epithelial and endothelial tumors [14]. In 
addition to its role in promoting angiogenesis, EGFL7 
has also been implicated in the growth and metastasis of 
many solid tumors [15–21]. The expression of EGFL7 is 
primarily restricted to endothelial cells with a very limited 
expression in most other human tissues; however, under 
pathological conditions such as cancer, many tumors 
cells are known to secrete EGFL7 in order to promote 
angiogenesis [19–21]. Interestingly, hypoxic conditions 
such as KS tumors are known to induce the expression of 
EGFL7, further indicating that EGFL7 plays an important 
role in angiogenesis [14, 22]. KS tumors, which show 
extensive neo-angiogenesis, are latently infected with 
KSHV and express latent proteins crucial for maintaining 
viral latency. Here, we explored the role of one of the 
predominant latent proteins, LANA in promoting cell 
growth and angiogenesis.

Latency-associated nuclear antigen [23] is one 
of the highly expressed latent proteins detected in all 
the infected cells [24–26]. LANA is a multifunctional 
protein that is essential for establishing and maintaining 
a successful latency [27]. LANA has been shown to 
promote angiogenesis and endothelial cell proliferation 
through the manipulation of multiple signaling pathways 
[28–30]. For example, LANA can promote angiogenesis 
by inducing the expression of VEGF A, an important 
angiogenic cytokine by stabilizing hypoxia-induced 
factor 1ɑ (HIF 1ɑ), a transcription factor that upregulates 
VEGF A expression [4, 11, 31, 32]. LANA also promotes 
angiogenesis by inhibiting the degradation of Hey1, a 
key component of the Notch signaling pathway with 
pronounced angiogenic activities [33]. LANA regulates 
the expression of many viral and cellular genes through 
its interactions with multiple host and viral proteins 
[1, 34, 35]. One such host protein that LANA interacts 
with is death domain-associated protein 6 (Daxx), a 
repressor of avian erythroblastosis virus E26 oncogene 
homolog 1 (Ets-1) [36]. Ets-1 is a transcription factor 
that positively regulates the expression of EGFL7 [14, 
37]. Daxx is known to inhibit the transcriptional activity 
of several Ets-1 responsive promoters through direct 
protein-protein interactions [36, 38]. Here, we show 
that LANA expressing cells induce the expression of 
multiple growth and angiogenesis promoting genes 
including EGFL7. We identified the minimal promoter 
region of EGFL7, modulated by LANA, which contains 
the Ets-1 binding site. The upregulation of EGFL7 was 
attributed to LANA’s ability in sequestering Daxx and the 
subsequent removal of inhibition posed on Ets-1 bound 
to EGFL7 promoter. The role of EGFL7 in angiogenesis 
was confirmed by depleting the levels of EGFL7 using 

anti-EGFL7 siRNA in LANA expressing cells, which 
showed reduced in vitro tubule formation. Furthermore, 
scavenging the secreted EGFL7 from the supernatants of 
LANA expressing cells exhibited reduced tubulogenesis 
confirming EGFL7’s role in angiogenesis. Overall, 
KSHV infected cells have higher levels of EGFL7, which 
is upregulated by LANA to promote cell growth and 
angiogenesis.

RESULTS

EGFL7 was identified as one of the LANA 
regulated genes

Considering the pleiotropic effects of LANA 
during KSHV latency, we wished to identify the host 
genes that were directly or indirectly regulated by 
LANA using a sensitive and unbiased approach of next-
generation RNA sequencing. In order to identify the 
genes that were differentially regulated in response to 
LANA expression, we generated a LANA-expressing 
stable cell line (BJAB-L-YFP) and its matching control 
(BJAB-YFP) by transducing a KSHV-negative B cell 
line, BJAB with the lentivirus particles expressing 
the gene of interest. The expression of LANA was 
confirmed at mRNA (RT-PCR) and proteins levels 
(Western blotting) in these stably selected BJAB-L-
YFP cells. These cells were used for the identification 
of LANA regulated genes through the steps shown in 
a schematic (Figure 1A). Briefly, total RNA extracted 
from these cells were used for preparing the cDNA 
libraries for RNA sequencing using Illumina HiSeq. 
The sequenced data was mapped to the reference human 
genome (hg19) for relative expression of cellular genes 
using CLC Workbench. We identified a  large number, 
both positively and negatively regulated, genes in BJAB 
cells expressing LANA. A list of genes modulated 
(both up and down regulated) by more than 5 folds is 
presented as Supplementary Table 1. A representation 
of differential gene expression in LANA expressing 
cells is shown as a heatmap (Figure 1B). The lists of 
significantly upregulated and down regulated genes are 
presented in Figure 1C and 1D, respectively. Analysis 
of these genes using a pathway analysis tool, Ingenuity, 
showed that the majority of LANA modulated genes are 
involved in cancer related pathways (Figure 2A). To 
determine the effect of these genes on specific pathways, 
we analyzed these molecules for their combined effect, 
which identified ‘generation of cells’ as an important 
upregulated pathway in LANA expressing cells (Figure 
2B). Among these significantly upregulated genes, 
EGFL7 was selected for further study considering its role 
in cell growth and angiogenesis, which are considered 
important in KSHV induced malignancies.
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Figure 1: LANA expression modulates cellular gene expression. (A) Experimental design for the RNAseq analysis of the LANA-
expressing BJAB cells. The lentiviral particles expressing LANA, pLVx-AcYFP-C1-LANA-Flag and a control vector, pLVx-AcYFP-
C1-Flag were used for transducing KSHV-negative BJAB cells. These cells were selected with puromycin to obtain a pure population of 
cells expressing target protein. The total RNA was extracted and used for RNAseq analysis on Illumina Hiseq. The sequence reads were 
analyzed for differential gene expression profile using CLC Workbench. LANA modulated genes were analyzed for pathways analysis 
using Ingenuity software (Qiagen, Inc.). (B) Heat-map to show differential gene expression. Genes with >5-fold changes (+) were used in 
this heat-map analysis by CLC Workbench. (C) List of upregulated genes (top 73) with EGFL7 encircled in red. (D) List of downregulated 
genes (top 73).
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EGFL7 was upregulated in KSHV infected cells 
and tissues

Following the identification of EGFL7 as a LANA 
upregulated gene in RNAseq analysis, we wanted 
to confirm the levels of EGFL7 using independent 
approaches including RT-PCR and Western blot detection. 
As expected, the relative mRNA levels of EGFL7 were 
considerably higher in the LANA-expressing BJAB 
(B-L-YFP) cells as compared with the control BJAB 
(B-YFP) cells (Figure 3A). Immune detection of proteins 

levels in BJAB expressing LANA (B-L-YFP) showed an 
upregulation in EGFL7 compared to the control (B-YFP) 
cells (Figure 3B). Expression of YFP-fused-LANA tagged 
with flag epitope was detected using anti-flag antibody. 
GAPDH served as a loading control. Consistent with 
the observed increase in EGFL7 transcript level, EGFL7 
protein was also increased in LANA-expressing cells 
compared with the control cells (Figure 3B).

RNAseq and RT PCR data confirmed that the 
expression of LANA was sufficient to induce the 
expression of EGFL7, next we wanted to determine 

Figure 2: LANA modulated genes are involved in cancer, cell growth and angiogenesis. (A) List of major disease pathways 
regulated by LANA in BJAB cells. (B) 630 molecules (cellular proteins) with >5-fold changes in LANA expressing cells were analyzed 
using Ingenuity pathways analysis tool for determining the global pathways affected by LANA. Among these pathways ‘generation of cells’ 
was highly activated by LANA. The upregulated genes are shown in red and the downregulated are in green. Genes activating the pathway 
are connected with orange color lines.
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Figure 3: EGFL7 was upregulated in LANA expressing BJAB and KSHV infected PELs and KS-tissues. (A) BJAB cells 
stably expressing LANA (B-L-YFP) were analyzed for relative mRNA levels of EGFL7, which showed a significantly higher level as 
compared to the control BJAB (B-YFP) cells. The mRNA levels were quantified using RT-PCR and the expression levels were normalized 
against the GAPDH gene. The error bars represent standard deviations from the mean of at least three experimental replicates. ** Indicates 
P < 0.005. (B) Immune detection of EGFL7 protein in LANA expressing (B-L-YFP) and control (B-YFP) BJAB cells, which showed 
relatively higher levels of EGFL7 in LANA expressing cells. Expression of LANA was detected using anti-Flag and GAPDH was used as a 
loading control. (C) KSHV infected cells, BC3 and BCBL1 showed a higher level of EGFL7 mRNA as compared to KSHV negative, BJAB 
cells. The mRNA levels were quantified using RT-PCR and the expression levels were normalized against the GAPDH gene. The error bars 
represent standard deviations from the mean of at least three experimental replicates. * Indicates P < 0.05. (D) KSHV infected cells, BC3 
and BCBL1 have higher levels of EGFL7 proteins detected in a western blot. LANA was detected using rabbit anti-LANA antibody and 
GAPDH was used as loading control. (E) LANA depleted KSHV infected, BCBL1 and BC3 cells were analyzed for EGFL7 levels. The 
shLANA transduced BCBL1 and BC3 cells showed a significantly reduced level of EGFL7 as compared to the control, shCtrl cells. LANA 
immunoblot was used for the detection of LANA levels in these shRNA transduced cells, which showed a significantly reduced levels 
in LANA specific shRNA (shLANA) cells as compared to the control, shCtrl cells. GAPDH was used as loading control. (F) HUVECs 
were infected with purified KSHV virions to detect the levels of EGFL7 during de novo infection. Cell lysates from the KSHV infected 
HUVECs (72hpi) showed an increase in the levels of EGFL7 as compared to the mock infected cells. LANA was detected in immunoblot 
as expected. GAPDH was used as a loading control. (G) Higher levels of EGFL7 correlated with LANA expression in KS tissue detected 
in immunohistochemistry (IHC). Red arrows indicate corresponding cells in both panels.
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whether KSHV infected cells have an elevated level of 
EGFL7. To this end, we analyzed the EGFL7 mRNA 
levels in KSHV-infected primary effusion lymphoma 
cell lines, BCBL1 and BC3 and compared with a KSHV 
negative cells line, BJAB. The relative abundance of the 
EGFL7 transcript was significantly higher in both the 
KSHV-positive cell lines (BC3 and BCBL1) compared 
to the KSHV-negative BJAB cells (Figure 3C). The 
upregulation of EGFL7 protein was also detected in 
KSHV infected primary effusion lymphoma cells (BC3 
and BCBL1) compared to the control, BJAB cells (Figure 
3D). Significant upregulation of EGFL7 in primary 
effusion lymphoma cell lines suggest that EGFL7 likely 
plays an important role in KSHV induced malignancies.

To ensure whether LANA was contributing in 
increasing the levels of EGFL7, we depleted LANA 
from the KSHV infected BCBL1 and BC3 using shRNA 
as described previously [39]. Our data showed a partial 
depletion of LANA in shLANA BCBL1 and BC3 cells 
when compared to the control shRNA (shCtrl) cells 
(Figure 3E). Importantly, the levels of EGFL7 in these 
cell lysates were significantly reduced in LANA depleted 
cells as compared to the control (shCtrl) cells (Figure 
3E), confirming the role of LANA in regulating EGFL7 
expression. We also tested the levels of EGFL7 during 
de novo infection of KSHV into the target cells, HUVEC 
(human unbilical vein endothelial cells). Purified KSHV 
virions were used for infecting the HUVECs as described 
previously [40] and the cells from 72 hours post-infection 
(hpi) and mock infection were collected for the detection 
of EGFL7 levels. Our data showed a detectable level 
of LANA and significantly increased levels of EGFL7 
in KSHV infected HUVECs as compared to the mock 
infected HUVECs (Figure 3F). These data confirmed that 
the KSHV infected cells have a higher level of EGFL7 due 
to LANA expression.

Analysis of multiple KS biopsy samples including 
skin and lymph nodes showed strong correlation of high 
levels of EGFL7 expression with LANA detection. A 
representative image of skin biopsy sample is shown in 
Figure 3G. These data confirmed that KSHV infected cells 
have higher levels of EGFL7, which may contribute to an 
enhanced cellular progression and angiogenesis.

LANA upregulates EGFL7 promoter activity

LANA has been shown to modulate the activities of 
many cellular and viral promoters. Hence, we examined 
whether LANA enhances the expression of EGFL7 by 
activating the EGFL7 promoter. To this end, we performed 
promoter reporter assays using a full-length EGFL7 
promoter luciferase construct [41]. The EGFL7 promoter 
contains the binding sites of multiple transcription factors 
depicted as schematic (Figure 4A). The reporter assays 
performed in two different cell lines, HEK293L cells 
(Figure 4B) and endothelial, HUVEC cells (Figure 4C) 

showed LANA mediated upregulation of full-length 
EGFL7 promoter (-1670 to +100), presented as relative 
luciferase units, in a dose-dependent manner (Figure 4B 
and 4C). These results confirmed that LANA induces 
the expression of EGFL7 by activating its promoter. 
Expression of LANA-Flag in these reporter assays was 
detected using anti-Flag antibody in the lysates used for 
the luciferase assay. GAPDH served as loading control.

LANA upregulates EGFL7 expression by 
sequestering Daxx

LANA can potentially activate promoters in multiple 
potential ways such as: increasing the expressions of 
one or more transcription factors necessary for EGFL7 
expression, recruitment of activators, or the removal of 
repressors of the EGFL7 promoter. Since previous studies 
have demonstrated that LANA sequesters Daxx, which 
acts as a repressor of the promoter activity by inhibiting 
Ets-1, and the EGFL7 promoter has the Ets-1 binding site, 
we speculated that this mechanism might be contributing 
to the activation of EGFL7 promoter by LANA. In order 
to test this hypothesis, we performed a series of reporter 
assays in HUVEC cells transfected with Daxx and/or 
LANA (Figure 5). As expected, the overexpression of 
Daxx reduced the activity of EGFL7 promoter (Figure 
5, compare lanes containing 1 and 2 μg of Daxx to 
lane without Daxx), confirming that Daxx represses the 
EGFL7 promoter. Increasing amounts of Daxx were 
unable to repress the promoter activity in a dose dependent 
manner although this may be due to the saturating levels 
of repression by endogenous Daxx. However, consistent 
with our hypothesis, expression of LANA alleviated the 
repressive effects of Daxx mediated repression in a dose 
dependent manner (Figure 5 lanes with 1.0, 2.0 and 3.0 
μg of LANA). The increase in the promoter activity with 
3.0 μg of LANA was higher than the cells without Daxx 
suggesting that the excess expression of LANA not only 
sequestered overexpressed Daxx but also sequestered 
the endogenous Daxx. This confirmed that sequestration 
of Daxx is the primary mechanism responsible for the 
upregulation of EGFL7 promoter activity by LANA. 
Cellular lysates of these samples were used for the 
detection of overexpressed Daxx and LANA with anti-
flag antibody (Figure 5). GAPDH was used as a loading 
control among these samples.

In the absence of LANA, Daxx associates with 
Ets-1 in order to repress its activity but LANA’s 
binding with Daxx disrupts its association with Ets-1 by 
sequestering Daxx away from the promoter [36]. Using 
co-immunoprecipitation assays, we confirmed that the 
association of Ets-1 with Daxx was indeed reduced in 
the presence of LANA (Figure 6A). Immunoprecipitation 
of Daxx from BJAB cells expressing LANA showed 
considerably lower amounts of co-precipitating Ets-
1 as compared to the control BJAB cells (B-YFP). 
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Co-precipitated LANA was also detected in LANA 
expressing BJAB cells (Figure 6A, B-L-YFP lane). There 
was comparable amount of Daxx precipitating with anti-
Daxx antibody in both, LANA expressing and control, 
cell lines. LANA mediated disruption of Daxx binding to 
Ets-1 was also confirmed in KSHV infected cells (Figure 
6B). Immunoprecipitation of Daxx from BC3 cells showed 
significantly reduced amounts of co-precipitating Ets-1 
as compared to the KSHV negative, BJAB cells (Figure 
6B). Binding of LANA to Daxx was also confirmed by 
the detection of LANA in Daxx immunoprecipitated 
samples from BC3 cells. Comparable amounts of Daxx 
were detected in the input and IP samples of BJAB and 
BC3 cells.

Furthermore, LANA-mediated removal of Daxx 
from the EGFL7 promoter was confirmed using ChIP assay 
(Figure 6C and 6D). Immunoprecipitation of chromatin 
with anti-Daxx antibody from LANA-expressing BJAB 
(B-L-YFP) and the control cells (B-YFP) showed specific 
binding of Daxx to the EGFL7 promoter, which was 
significantly reduced in cells expressing LANA (Figure 6C). 
Matched IgG control was used in the ChIP assay, which 
showed minimal binding thus confirming the specificity 
of Daxx binding to the EGFL7 promoter (Figure 6C). 
The levels of Daxx binding to the EGFL7 promoter were 
also compared in KSHV infected cells, BC3 and BCBL1 
cells with a KSHV negative, BJAB cells (Figure 6D). 
The data showed reduced binding of Daxx to the EGFL7 

Figure 4: LANA activates EGFL7 promoter. (A) Schematic of full-length EGFL7 promoter-luciferase construct showing a map of 
the transcription factor binding sites. The dual luciferase reporter assay results show a dose-dependent increase in EGFL7 luciferase activity 
in response to an increasing expression of LANA. (B) HEK293L cells and (C) HUVEC cells. The cells were transfected with 0.5 μg, 1.0 μg 
or 2.0 μg of Flag-tagged LANA-expressing plasmid pA3F-LANA. RLU were calculated relative to the promoter activity of 0 μg LANA. 
The error bars represent the standard deviations from the mean of at least three replicates. * Indicates P < 0.05 and ** Indicates P < 0.001. 
Lysate were used for the detection of LANA using anti-Flag antibody and GAPDH was used as control for equal lysates used in the assay.



Oncotarget1217www.impactjournals.com/oncotarget

promoter in KSHV infected cells (Figure 6D) suggesting 
that LANA efficiently removes Daxx from the EGFL7 
promoter. IgG control antibody showed minimal binding 
confirming a specific association of Daxx to the EGFL7 
promoter (Figure 6D). Collectively, these data suggested 
towards the sequestration of Daxx by LANA as a primary 
mechanism behind LANA-mediated transactivation of the 
EGFL7 promoter. In order to ensure that the reduction in 
Daxx binding to the EGFL7 promoter was due to a lower 
level of Daxx in LANA expressing cells, we analyzed the 
lysates of control (B-YFP) and LANA expressing BJABs 
(B-L-YFP) for Daxx and Ets-1 (Figure 6E). Comparable 
levels of both Daxx and Ets-1 supported LANA mediated 
sequestration of Daxx from the EGFL7 promoter. Similarly, 
the levels of Daxx and Ets-1 were also comparable between 
KSHV negative, BJAB and positive, BC3 and BCBL1 cells 
(Figure 6F).

The Ets-1 binding region of the EGFL7 
promoter is responsible for LANA-mediated 
induction of EGFL7

To further confirm that Daxx sequestration is the 
primary mechanism responsible for the transactivation of 
the EGFL7 promoter by LANA, we studied the regulation 
of EGFL7 promoter in response to LANA using deletion 
analysis of the EGFL7 promoter. The EGFL7 promoter 

contains potential binding sites for several transcription 
factors including the binding sites for GATA1, GATA2, 
Ets-1 and Ets-2 (Figure 4A) [41]. Of these, the EGFL7 
promoter region -150 to + 100 contains binding sites for 
Ets-1 and 2, as well as for GATA 1 and 2; and the region 
-71 to + 100 contains binding sites for GATA 1 and 2 only. 
We generated these two deletion constructs of the EGFL7 
promoter (-150 to +100 and -71 to +100) for deciphering 
the role of Ets-1 binding site regulating EGFL7 promoter 
(Figure 7A).

Reporter vector with these two truncations was 
transfected into 293L (Figure 7B) and HUVEC (Figure 
7C) cells with and without LANA. The data of these 
experiments revealed that the region -150 to +100 of 
EGFL7 promoter was transactivated with LANA in 
a dose-dependent manner (black bars, Figure 7B and 
7C) but not the-71 to +100 region (white bars, Figure 
6B and 6C) in both, HEK293L and HUVEC cells 
(Figure 7). The promoter region (-150 to +100), which 
responded to the LANA expression, contains Ets-1 
binding site confirming its role in promoter activation. 
The specificity of Daxx in repressing the EGFL7 
promoter through Ets-1 binding was demonstrated by 
determining the responsiveness of -150 to +100 and 
-71 to +100 promoter regions due to overexpression 
of Daxx and LANA together (Figure 7D). Expression 
of Daxx inhibited the activity of the -150 to +100 

Figure 5: LANA upregulates EGFL7 promoter by sequestering Daxx. Dual luciferase reporter assay in HUVEC cells in 
presence of Daxx and LANA. Relative Luciferase Units were calculated relative to the promoter only activity. HUVEC cells transfected 
with 1.0 μg or 2.0 μg of Daxx showed repression in the EGFL7’s promoter activity as compared to the promoter only lane. Expression of 
1.0 μg of Daxx repressed EGFL7 activity but a co-expression of LANA rescued the promoter activity in a dose dependent manner. The error 
bars represent standard deviations from the mean of at least three replicates. * Indicates P < 0.05 and ** Indicates P < 0.001. Expression of 
Daxx and LANA was detected using anti-Flag antibody and GAPDH was used a control for equal loading of the lysates.
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promoter reporter vector containing the Ets-1 binding 
site (Figure 7D, lane 2, black bar) but not the -71 to 
+100 promoter reporter vector, which lacks the Ets-1 
binding site (Figure 7D, lane 2, grey bar). Furthermore, 
LANA expression significantly increased the promoter 
activity of -150 to +100 construct but not the -71 to 

100 construct, indicating that LANA cannot activate 
the EGFL7 promoter without the Ets-1 binding site 
(Figure 7D, lane 3). Taken together, these results clearly 
demonstrate that a sequestration of Daxx is the primary 
mechanism by which LANA upregulates EGFL7 
transcription.

Figure 6: LANA reduced the binding of Daxx to Ets-1 and EGFL7 promoter. (A) Immunoprecipitation of Daxx from LANA 
expressing (B-L-YFP) and control (B-YFP) BJAB cells. Detection of Ets-1 shows significantly lower amounts of co-precipitating Ets-1 
from BJAB with LANA (B-L-YFP). Input showed comparable levels of Ets-1 in both, LANA and control BJAB cells. Co-precipitating 
LANA was also detected with Daxx in LANA expressing BJAB confirming their interactions. (B) KSHV infected BC3 and KSHV negative 
BJABs were subjected for Daxx immunoprecipitation for the detection of co-precipitating Ets-1, which showed lower levels in BC3 as 
compared to the BJAB cells. LANA was also detected co-precipitating with Daxx confirming their interaction. (C) Binding of Daxx to 
the chromatin of EGFL7 promoter was reduced in LANA expressing cells. Chromatin immunoprecipitation (ChIP) performed with anti-
Daxx antibody and the detection of EGFL7 promoter in a real-time PCR assay. Relative binding of Daxx to the EGFL7 promoter was 
determined in LANA expressing (B-L-YFP) and control BJAB (B-YFP) cells and are presented as a percentage of the respective input 
samples. Binding of Daxx to the promoter in LANA expressing cells (B-L-YFP) was significantly reduced as compared to the control cells. 
Enrichment of EGFL7 compared to the matched IgG control confirmed the specificity of this ChIP assay. (D) Relative binding of Daxx to 
the EGFL7 promoter was determined in KSHV infected cells, BC3 and BCBL1 as compared to the KSHV negative, BJAB cells. The data 
presented, as the percentage of respective inputs, showed a significantly reduced binding of Daxx in BC3 and BCBL1 cells as compared to 
the BJAB. Enrichment of EGFL7 compared to the matched IgG control confirmed the specificity of this assay. * Indicates P < 0.05 and ** 
Indicates P < 0.001. (E) Immune detection of Daxx and Ets-1 in the lysates of LANA expressing (B-L-YFP) and control (B-YFP) BJABs. 
Expression of LANA was detected by flag epitope tag of LANA-YFP. GAPDH was detected for loading control. (F) Immune detection of 
Daxx and Ets-1 in the lysates of BJAB, BC3 and BCBL1 using specific antibodies. LANA was detected using anti-LANA antibody in BC3 
and BCBL1 cells. GAPDH was used as a loading control.
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Figure 7: Ets-1 binding site is important for the transactivation of EGFL7 promoter by LANA. (A) Schematic showing 
deletion constructs used in the dual luciferase assays in response to an increasing concentration of LANA. EGFL7p (-150) truncation 
contains the Ets-1 binding site but not the EGFL7p (-71) (B) HEK293L cells and (C) HUVEC cells. The concentrations of LANA expressing 
plasmids (Flag epitope tagged LANA) transfected in these cells are indicated below each bar. Increasing amounts of LANA enhanced the 
EGFL7 promoter activity in truncation with Ets-1 site (EGFL7p (-150) (black bars) but not in the truncation lacking Ets-1 site (EGFL7p 
(-71) (grey bars). LANA in corresponding lanes showed increasing expression detected by anti-Flag antibody. GAPDH was used as loading 
control. (D) Truncation of EGFL7p lacking Ets-1 binding site, EGFL7p (-71) did respond to Daxx or LANA expression confirming that 
LANA modulates EGFL7 promoter through Ets-1. The black bars represent relative luciferase activities of the (-150 to +100) construct 
and the grey bars represent the relative luciferase activities of the (-71 to +100) construct. RLU were calculated relative to the promoter 
only cells. The error bars represent the standard deviations from the mean of at least three replicates. * Indicates P < 0.05 and ** Indicates 
P < 0.001. Expressions of LANA and Daxx were detected using anti-Flag antibody. GAPDH was used as a control for equal amounts of 
lysates used in the assay.
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EGFL7 contributes to LANA-induced angiogenic 
phenotype in vitro

LANA has been demonstrated to promote 
angiogenesis through a variety of mechanisms [29, 33, 
36, 42, 43]. EGFL7 also has been shown to promote 
angiogenesis in a variety of cancers [14]. We therefore 
investigated whether EGFL7 contributes to LANA-
induced angiogenesis. To this end, we analyzed the 
angiogenesis of HUVEC cells expressing LANA and 
compared it with the control cells using an in vitro 
endothelial tube formation assay (Figure 8). The role of 
EGFL7 was determined by depleting the EGFL7 levels 
using siRNA in the HUVEC cells stably expressing 
LANA. EGFL7 depleted LANA expressing HUVEC cells 
showed decreased tubule formation (determined by the 
number of branches) as compared to the cells with control 

siRNA (Figure 8B). Importantly, HUVEC with LANA-
YFP showed higher levels of tubulogenesis as compared 
to the vector, YFP cells (Figure 8B). Protein expressions 
showed enhanced EGFL7 expression in LANA-YFP cells 
and reduced levels in siEGFL7-depleted cells, as expected 
(Figure 8A), confirming that enhanced tubulogenesis 
was due to LANA-mediated upregulation of EGFL7 
expression. We were further interested in determining 
whether the secreted EGFL7 plays an important role 
in enhancing angiogenesis on surrounding cells in a 
paracrine mechanism. To this end, we collected the 
supernatants from HUVEC cells expressing LANA (H-L-
YFP) and scavenged the EGFL7 from the supernatant by 
immunoprecipitating with EGFL7 specific or isogenic 
control antibody (Figure 8C). Immunoprecipitation of 
secreted EGFL7 was confirmed in a Western blot and 
the levels of remaining EGFL7 were detected using 

Figure 8: EGFL7 contributes to the LANA-induced in vitro endothelial tubule formation. (A) HUVEC cells stably 
expressing LANA-YFP (H-L-YFP) or YFP (H-YFP) were used for the detection of EGFL7 levels, which was significantly higher in LANA 
expressing cells (H-L-YFP si Con) as compared to the YFP expressing cells (H-YFP). Cells with siCon were used as a LANA expressing 
cells as the control siRNA did not have any effect on EGFL7 expression. EGFL7 siRNA significantly depleted the levels of EGFL7. LANA 
was detected in HUVECs with LANA-YFP and GAPDH was used as a loading control. (B) These cells were plated on Geltrex Matrix-
coated plates and imaged after 24 h of plating. Representative images of tubule formation in control HUVECs (H-YFP), LANA expressing 
siCon HUVECs (H-L-YFP siCon) and LANA expressing siEGFL7 HUVECs (H-L-YFP siEGFL7). EGFL7 depleted HUVECs (H-L-YFP 
siEGFL7) showed a reduced tubulogenesis as compared to the siCon HUVECs. (C) Culture supernatants (5ml) from LANA expressing 
HUVECs were collected and subjected to the depletion of EGFL7 using anti-EGFL7 antibody or control, IgG antibody. Immunoprecipiated 
EGFL7 from the supernatants was detected by Western blot. (D) The residual levels of EGFL7 were detected in the supernatant treated 
with anti-EGFL7 or control, IgG antibody using an ELISA assay. (E) Supernatants treated with anti-EGFL7 or control antibody (IgG) were 
used on HUVEC cells for tubulogenesis assay. Representative image show that EGFL7 depleted supernatants had significantly reduced 
tubule formation as compared to the control antibody (IgG) treated supernatants. This confirmed the role secreted EGFL7 in tubulogenesis.
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ELISA assay (Figure 8C), which showed a significantly 
reduced level in α-EGFL7 supernatants as compared to 
the control IgG sample (Figure 8D). The antibody stripped 
supernatants were used on HUVEC cells for tubulogenesis 
assay. Culture supernatant with depleted EGFL7 showed 
limited tubule formation as compared to the control 
antibody depleted supernatant confirming that EGFL7 
acts in a paracrine mechanism to enhance angiogenesis 
(Figure 8E). This confirmed that LANA upregulated 
EGFL7 contributes to tubulogenesis through autocrine and 
paracrine mechanisms.

DISCUSSION

KSHV LANA is the most abundantly expressed 
protein during latency, which regulates multiple cellular 
pathways by modulating promoter activities and protein-
protein interactions [1, 27]. Expression of LANA in 
KSHV and EBV negative B cells, BJAB altered the 
expression of multiple cellular proteins. A large number of 
these molecules were related to cancer inducing or cancer 
maintenance genes, confirming LANA is an oncogenic 
protein. Global effects of these modulations led us to 
identify multiple pathways important in the progression 
of cellular growth, generation of cells, and angiogenesis. 
EGFL7 was identified as one of the upregulated genes in 
our screen designed to identify differentially regulated 
LANA responsive cellular genes using next-generation 
RNA sequencing analysis. EGFL7 activates pathways 
involved in generation of cells and angiogenesis. 
Angiogenesis is a critical process for the survival of tumor 
cells since it fulfills the increased demands of oxygen and 
nutrients required by the rapidly dividing tumor cells. 
As a result, many solid tumors induce the expression of 
pro-angiogenic cytokines. EGFL7 is one such angiogenic 
cytokine overexpressed in multiple malignancies such as 
malignant glioma, colorectal cancer, renal cell carcinoma 
and hepatocellular carcinoma [15–21]. In these tumors, 

EGFL7 has been found to be positively associated 
with angiogenesis, growth and invasiveness. Extensive 
angiogenesis is an important feature of KS tumors. In 
light of the role EGFL7 has in other tumors that require 
extensive angiogenesis, it most likely plays an important 
role in the progression of KS tumors as well.

Hypoxia has also been shown to induce expression 
of EGFL7 [44]. The KS tumor environment is also highly 
hypoxic; KS tumors frequently arise in locations with 
low oxygen levels such as the lower extremities [22, 45, 
46]. Based on these findings, we further investigated 
the role of EGFL7 during KSHV infection and the 
underlying mechanism in this study. Our results revealed 
that EGFL7 transcript and protein expression were 
significantly elevated in latently KSHV-infected primary 
effusion lymphoma cells, BC3 and BCBL1, compared to 
the KSHV-negative BJAB cells. The fact that LANA is 
responsible for this upregulation was highlighted from the 
next generation sequencing data, which showed elevated 
levels of EGFL7 transcripts in B cells expressing LANA 
as the sole KSHV protein. An intriguing aspect of these 
findings is the elevated expression of EGFL7 in B cells. 
Normally, B cells do not participate in angiogenesis; 
therefore, the significance of EGFL7 overexpression in B 
cells during KSHV infection points toward the possible 
involvement of the paracrine mechanism inducing 
angiogenesis in the spindle cells of KS lesions. EGFL7 
expression is highly restricted to the endothelial cells but 
can express under certain physiological conditions that 
require angiogenesis such as embryogenesis and wound 
healing. This restricted pattern of EGFL7 expression 
could be at least part due to the inhibitory effects of Daxx 
protein on the Ets-1-dependent transactivation of the 
EGFL7 promoter [38]. The interaction of Daxx with Ets-
1 has been previously reported to repress transcriptional 
activation of at least three genes involved in the promotion 
of angiogenic phenotypes (MMP1, Bcl2 and Flt-1/VEGF 
receptor 1) [36, 38]. Interestingly, LANA has been 

Figure 9: LANA upregulates EGFL7 expression by sequestering Daxx bound with Ets-1 at the promoter. Normal cells 
exhibit binding of Daxx to the Ets-1 promoter to repress the expression of EGFL7. However, KSHV infected cells expresses LANA, which 
binds to Daxx and sequesters it from the Ets-1 bound to the EGFL7 promoter. This alleviates the repressive effects caused by Daxx leading 
to an enhanced expression of EGFL7. EGFL7 can modulate various cellular pathways to promote cell proliferation, cell migration and 
sprouting of blood vessels important for angiogenesis.
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shown to sequester Daxx and consequently relieve Daxx-
mediated inhibition on Ets-1-dependent VEGF receptor 1 
promoter [36]. Because the EGFL7 promoter also contains 
binding sites for Ets-1, we investigated whether LANA 
could activate the EGFL7 promoter by sequestering Daxx 
in a similar fashion. Our results showed that LANA could 
indeed activate EGFL7 promoter even in the presence 
of Daxx, by displacing Daxx from the EGFL7 promoter. 
A deletion analysis of the EGFL7 promoter revealed 
that LANA could activate EGFL7 promoter only when 
an Ets-1 biding site was present. Irrespective of Daxx 
overexpression, LANA had no effect on the EGFL7 
promoter truncation without the Ets-1 binding site. 
Additionally, the association of Daxx with Ets-1 and the 
association of Daxx on the EGFL7 promoter were reduced 
in the presence of LANA. Collectively, these results 
suggest that the sequestration of Daxx is the primary 
mechanism behind the LANA-mediated transactivation 
of the EGFL7 promoter. Further evidence to support this 
hypothesis arose after comparing the ability of LANA to 
transactivate the EGFL7 promoter constructs containing 
binding sites for all of the transcription factors (-1670 
to +100), with a promoter construct containing Ets-1 
and GATA binding sites (-150 to +100) and a promoter 
construct with only GATA binding sites (without the 
Ets-1 binding site) (-71 to +100). LANA-mediated 
transactivation of the full-length EGFL7 promoter and 
the promoter containing Ets/GATA binding sites (-150 to 
+100) was fairly similar. However, the promoter construct 
lacking Ets-1 binding sites, but intact GATA binding 
sites, was unaffected by LANA, suggesting that LANA 
contributes to the activation of EGFL7 promoter through 
Ets-1. Schematic of how LANA disrupts the binding of 
Daxx from Ets-1 to release the repressive effects of Daxx 
is presented in Figure 9.

While the sequestration of Daxx appears to be 
the primary mechanism behind the upregulation of the 
EGFL7 promoter by LANA, the possibility of LANA 
transactivating the EGFL7 promoter through additional 
mechanisms still remains. LANA has been previously 
shown to activate hypoxia inducible factor (HIF)-ɑ [30, 
31, 46, 47]. Recently, EGFL7 has been identified as a 
gene induced in response to HIF-1ɑ. Several studies have 
suggested that the expression of HIF-1ɑ potentiates the 
expression of Ets-1, although the underlying mechanism 
is not clear [48–50]. The possibility of higher EGFL7 
expression due to a high level of Ets-1 through HIF-ɑ 
was also considered but the LANA expressing BJABs and 
the KSHV infected cells exhibited almost similar levels 
of Ets-1, confirming the displacement of Daxx from the 
EGFL7 promoter is the most likely mechanism of LANA 
mediated upregulation of EGFL7.

The functional significance of EGFL7 upregulation 
by LANA was demonstrated by comparing the in vitro 
tubulogenic potential of HUVEC cells that did not 
express LANA, the cells that expressed LANA, and the 

cells that expressed LANA but had reduced levels of 
EGFL7 achieved by RNA interference. LANA-expressing 
cells showed higher tubulogenesis compared with the 
control cells. However, when the EGFL7 was depleted 
from these LANA-expressing cells, tubulogenesis was 
compromised. Although LANA has been demonstrated to 
induce angiogenesis through multiple mechanisms [8, 29, 
30, 42], the knockdown of EGFL7 in LANA-expressing 
cells compromises tubulogenesis highlights the significant 
contribution of EGFL7 in LANA-mediated angiogenesis.

In summary, we have identified EGFL7 as an 
angiogenic cytokine induced during KSHV infection 
and have explored the mechanism by which a viral latent 
protein regulates the expression during KSHV infection. 
EGFL7 controls blood vessel development by promoting 
endothelial cell proliferation, migration and sprouting 
during angiogenesis (Figure 9) therefore anti-angiogenic 
therapy is a promising avenue for the treatment of KS 
[14, 51]. Targeting EGFL7 in combination with the other 
currently available anti-angiogenic therapies may increase 
the efficacy of the currently available anti-angiogenic 
regimen available for KS treatment. Furthermore, because 
of the highly-restricted pattern of EGFL7 expression 
during normal physiological conditions, one can expect 
anti-EGFL7 therapy to be relatively safer than other anti-
angiogenic therapies that target molecules with broader 
expression profiles and pleiotropic effects. This study 
lays the foundation for future research focusing on the 
evaluation of EGFL7 as a potential anti-angiogenic target 
for the treatment of KS.

MATERIALS AND METHODS

Cell culture

The EBV- and KSHV-negative Burkitt lymphoma 
cell line, BJAB and the KSHV-positive but EBV-negative 
primary effusion lymphoma cell lines, BC3 and BCBL-1 
were cultured in RPMI 1640 medium supplemented with 
10% fetal bovine serum, 2mM L-glutamine and penicillin-
streptomycin (5 U/ml and 5 ug/ml, respectively). The 
HUVEC cells were cultured in Medium 200 supplemented 
(Gibco, USA) with low serum-growth supplement (Gibco), 
5 U/ml penicillin and 5 g/ml streptomycin. HUVECs with 
fewer than 8 passages were used. Human embryonic 
kidney cells HEK293L were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum, 2mM L-glutamine and penicillin-
streptomycin (5 U/ml and 5 g/ml, respectively). All 
cell lines were grown at 37°C in a humidified chamber 
supplemented with 5% CO2.

Plasmids

Myc-tagged full-length LANA (pA3M-LANA), or 
Flag-tagged full-length LANA (pA3F-LANA), lentiviral-
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constructs, pLVxAcYFP-C1-LANA-Flag and the control 
vector, pLVxAcYFP-C1-Flag, have been described 
previously [52]. Flag-Daxx/PRK5 was obtained from 
Addgene (USA) (Cat#. 27974). Full-length (-1670 to 
+100) EGFL7 promoter-luciferase reporter construct was 
purchased from Addgene (Cat# 32244). The truncations 
mutants of EGFL7 promoter (-150 to +100 and -71 to 
+100) were further subcloned into PGL3basic vector 
using an In-Fusion cloning kit (Takara/Clontech, USA) 
according to the manufacturer’s instructions. The primers 
sequences used for this cloning were:

(-71 to +100) EGFL7 promoter-luciferase Forward:
5’-AGCTCTTACGCGTGCTAGCATCCCAATCC

CGATTACCCA-3’,
(-150 to +100) EGFL7 promoter-luciferase 

Forward:
5’-AGCTCTTACGCGTGCTAGCCTCAGCCTCC

TGTTTGTCCGA-3’,
(+100) EGFL7 promoter-luciferase Reverse:
5’-AGTACCGGAATGCCAAGCTTTGGACCCTA

GCCCTTGCTGG-3’.

Antibodies

The following commercial antibodies were used: 
Mouse anti-EGFL7 (sc-373898, Santa Cruz, USA), 
Rabbit anti-EGFL7 antibody (ab115786, Abcam), mouse 
anti-Daxx (sc-8043, Santa Cruz), rabbit anti-Ets1 (sc-350, 
Santa Cruz), mouse anti-GAPDH (US Biological, USA), 
mouse anti-Flag M2 (Sigma Aldrich, USA) and mouse 
anti-Myc 9E10 (Sigma-Aldrich). Mouse anti-LANA 
monoclonal antibody was generated at Genscript (USA).

Immunohistochemistry

Sections of KS biopsy specimen were obtained 
from the AIDS and Cancer Specimen Resource (ACSR). 
Tissue sections were subjected to deparaffinization with 
Histochoice clearing reagent and hydrated with water. 
The slides were treated with 10mM citrate buffer, pH 
3.0, for 30min at 37°C for antigen retrieval then blocked 
with blocking solution (2% Normal Goat Serum and 
0.2% Triton X-100 in PBS). Slides were incubated with 
primary antibodies, anti-EGFL7 (Abcam Inc.) and anti-
LANA (generated at Genscript) separately at 37°C for 
1h in a staining chamber followed by treating with HRP-
conjugated respective secondary antibodies at 37°C for 1h 
and developing using DAB reagent (DAKO). The slides 
were counter-stained with hematoxylin and examined 
under microscope (Nikon, Inc.) and photographed.

Lentivirus production

LANA-expressing (YFP-LANA-Flag) and control 
(YFP-Flag) lentiviral particles were produced using 
Vesicular stomatitis virus-G envelope-pseudotyped 
lentiviral virions by co-transfecting 20 μg lentiviral 

constructs (pLVx-AcYFP-C1-LANA-Flag or pLVx-
AcYFP-C1-Flag), along with pseudotyped lentiviral 
packaging vectors 6.0 μg REV, 10.0 μg GP and 3.0 μg 
VSV-G into a 10 cm dish of ~85% confluent HEK293T 
cells using polyethylenimine as described previously [52]. 
Eight h post-transfection, the medium was changed and 
the cells were induced using 10 mM Sodium Butyrate 
in DMEM supplemented with 10% fetal bovine serum, 
2 mM L-glutamine and penicillin-streptomycin (5 U/ml 
and 5 g/ml, respectively) buffered with 10 mM HEPES 
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). The 
media was changed 24 h after transfection to remove the 
Sodium Butyrate. The supernatant containing the lentiviral 
particles was collected, passed through a 0.45 μm filter 
and concentrated to 1/120 of its original volume. The 
target cells (BJAB) were pre-incubated with polybrene 
(Hexadimethrine bromide) at the final concentration of 
8 μg/ml for 5 minutes before adding the concentrated 
lentiviral particles. Cells were incubated for 6-8h with 
the virions followed by changing the medium to remove 
polybrene. The transduced cells were selected with 2 
μg/ml puromycin to obtain a pure population of cells 
expressing LANA.

RNA sequencing

The RNA-seq of BJAB cells stably expressing 
LANA (BJAB-L-YFP) and the control cells (BJAB-YFP) 
was performed on a HiSeq next-generation sequencer 
(Illumina, Inc., USA) as described previously [40]. The 
total RNA was isolated with TRIzol reagent following the 
manufacturer’s instructions (Life Technologies, USA). 
The concentration and purity of the extracted RNA was 
determined using a Nano Drop 2000c spectrophotometer 
(Nano Drop Technologies, USA). A TrueSeq RNA 
sample preparation kit v2 (Illumina, Inc.) was used to 
prepare the cDNA libraries for RNA-seq according to the 
manufacturer’s instructions. The fragment sizes and purity 
of the mature libraries were confirmed using a Bioanalyzer 
2100 (Agilent Technologies, USA). The quantities of 
the libraries required for RNA-seq were determined by 
real-time qPCR using a KAPA library quantification 
kit for the Illumina platform (Kapa Biosystems, USA). 
Equal amounts of libraries were sequenced using HiSeq 
(Illumina, Inc.), and the sequences were mapped to 
reference human genome (hg19) using the RNA-Seq 
Analysis tool of CLC Genomic Workbench 9 (CLC 
Bio, Denmark) software. Relative gene expressions 
were determined as RPKM (Reads Per Kilobase of 
transcript per Million mapped reads) using CLC Genomic 
Workbench 9 (CLC Bio, Denmark). The modulated genes 
analyzed for pathways using Ingenuity pathways analysis 
software (Qiagen Inc.)

The RNAseq data from BJAB expressing LANA 
and control cells are submitted to Gene Expression 
Omnibus with the accession number GSE82184.
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Chromatin immunoprecipitation assays

Chromatin immunoprecipitation was performed 
as described previously [52]. Nearly 20 million cells 
(LANA expressing BJAB and control) were fixed with 1% 
formaldehyde for 10 minutes at room temperature followed 
by the addition of glycine at a final concentration of 
125mM for 5 minutes to stop cross-linking. The cells were 
rinsed three times with ice-cold phosphate buffered saline 
(PBS) and lysed in cell lysis buffer (5mM PIPES (pH 
8.0), 85mM KCl and 0.5mM NP-40) supplemented with 
protease inhibitors for 10 minutes on ice. The nuclei were 
enriched by low-speed centrifugation and resuspended 
in protease inhibitor-supplemented nuclear lysis buffer 
containing 50mM Tris-HCl, pH 8.1, 10 mM EDTA and 
1% SDS. Chromatin was sonicated to an average length 
of 500–800 bp and centrifuged for 10 minutes at 13,000 
rpm to remove the cell debris. The resulting supernatant 
was diluted 5-fold with a ChIP dilution buffer containing 
16.7mM Tris-HCl, pH 8.1, 167mM NaCl, 1.2mM EDTA, 
0.01% SDS, 1.1% Triton X-100 and protease inhibitors. 
The diluted chromatin was pre-cleared with Protein A and 
G sepharose beads pretreated with 1 mg/ml BSA and 1 
mg/ml sheared salmon sperm DNA for 30 minutes at 4°C 
with rotation followed by incubation overnight with either 
control or specific antibodies at 4°C with rotation. The 
immune complexes were collected via incubation with 
Protein A and G sepharose beads for 1–2 h at 4°C. The 
beads were collected and washed subsequently with a low-
salt buffer (0.1% SDS, 1.0% Triton X-100, 2mM EDTA, 
20mM Tris [pH 8.1], 150mM NaCl), a high-salt buffer 
(0.1% SDS, 1.0% Triton X-100, 2mM EDTA, 20mM Tris 
[pH 8.1], 500mM NaCl), and a LiCl wash buffer (0.25M 
LiCl, 1.0% NP-40, 1% deoxycholate, 1mM EDTA, 10mM 
Tris [pH 8.0]). The beads were then washed twice with 
Tris-EDTA buffer and the chromatin was eluted using 
an elution buffer (1% SDS, 0.1M NaHCO3) and reverse 
cross-linked by adding 0.3M NaCl at 65°C overnight. The 
eluted DNA was precipitated, treated with RNAse and 
proteinase K at 45°C for 2h and purified using a Min-Elute 
PCR purification kit (Qiagen, USA). The purified DNA 
was analyzed by RT-PCR for the presence of the EGFL7 
promoter region. Relative binding of Daxx to the EGFL7 
promoter was calculated based on the percentage of input 
samples. Following primer set was for the detection of 
EGFL7 promoter in a real-time PCR:

Forward: 5’-CCA GCA GGG TCC AGC CCT GGT-3’
Reverse: 5’-TGG GTA ATC GGG ATT GGG ATG-3’

Low-cell chromatin immunoprecipitation assay:

We performed LowCell ChIP for Daxx from BJAB, 
BC3, BCBL1 using the LowCell ChIP Kit (Diagenode 
Inc.). Briefly, 1 million cells were fixed as described above 
and following a PBS wash cells were re-suspended in the 
kit-provided chromatin-shearing buffer. Chromatin was 

sonicated to an average size of 500bp using the Bioruptor 
Pico (Diagenode Inc.) and chromatin was precipitated as 
described above.

Dual luciferase reporter assays

5×105 HEK293L cells or 0.5×105 HUVEC cells 
were seeded into 6-well plates the day before transfection. 
0.5 μg of either wild-type EGFL7 promoter, (-150 to 
+100) EGFL7 promoter-luciferase, or (-71 to +100) 
EGFL7 promoter-luciferase plasmids were co-transfected 
with either variable amounts of Flag-Daxx or pA3F-
LANA or both, as indicated in specific experiments. 
Empty-vector, pA3F was used as a filler plasmid. The 
transfection efficiencies were monitored by a transfecting 
green fluorescent protein (GFP) containing vector, pEGFP. 
Renilla luciferase-expressing plasmid (pRRLSV40) 
was transfected at 40 ng/well for data normalization. 
All of the transfections were done using Metafectene 
(Biontex Laboratories GmbH, Germany) according to the 
manufacturer’s protocol. Twenty-four h post-transfection 
the cells were lysed in cell lysis buffer (Promega) and 50 
μl of the cell lysate was used for the reporter assay using 
a dual luciferase reporter assay kit (Promega, USA). The 
EGFL7 promoter-luciferase readings were normalized 
against Renilla luciferase to account for the transfection 
efficiencies and are reported as relative luciferase units. A 
portion of the cell lysates was used for Western blotting to 
detect LANA, Daxx and GAPDH. All of the experiments 
were repeated at least three times and the data shown are 
the means of three independent experiments.

Co-immunoprecipitation assays and western 
blotting analysis

Approximately 10 million cells expressing the 
proteins of interest were washed with PBS (10mM NaPO4, 
137mM NaCl, 2.5mM KCl, pH 7.5) and lysed in RIPA 
cell lysis buffer (50mM Tris-HCl, pH 7.5, 150mM NaCl, 
1mM EDTA and 1% NP-40) supplemented with protease 
inhibitors (1mM phenylmethylsulfonyl fluoride, 10μg/
ml pepstatin, 10μg/ml leupeptin and 10μg/ml aprotinin). 
The cellular lysates were then sonicated to shear the DNA 
and centrifuged at 12,000 rpm for 10 minutes at 4°C to 
remove cellular debris. The supernatants were pre-cleared 
with protein A and G sepharose beads (GE Healthcare, 
USA) for 30 minutes at 4°C and gently rotated overnight 
at 4°C with specific antibodies. The resulting immune 
complexes were captured by the addition of protein A and 
G conjugated sepharose beads and rotating the lysates 
for 2 h at 4°C. The immune complexes were collected 
by centrifuging at 2000 rpm for 2 minutes at 4°C. The 
beads were washed three times with ice-cold RIPA buffer 
supplemented with protease inhibitors and boiled in 50 μl 
of SDS PAGE sample loading buffer for 5 minutes. The 
cellular lysates and immunoprecipitated proteins were 
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separated on SDS-PAGE gels and transferred onto 0.45 
μm nitrocellulose membranes (GE Healthcare, USA) at 
100 V for 75 minutes. The blots were then blocked with 
5% non-fat milk in TBST buffer (10mM Tris-HCl, pH 
7.5, 150mM NaCl, 0.05% Tween 20) and washed three 
times with TBST buffer before incubating with specific 
primary antibodies overnight at 4°C. The blots were 
washed three times with TBST and were then incubated 
with appropriate secondary antibodies conjugated with 
Alexa Fluor 680 or Alexa Fluor 800 (Molecular Probes, 
USA) at 1:10,000 dilutions. The membranes were scanned 
with an Odyssey scanner (LI-COR, USA).

EGFL7 ELISA

EGFL7 protein levels in culture supernatant from 
HUVEC-L-YFP were depleted by immunoprecipitation 
similarly to the above described methods. Briefly, culture 
supernatant from HUVEC-L-YFP cells was incubated 
with control IgG or mouse-anti-EGFL7 (Abnova, Taiwan) 
at 4°C overnight and EGFL7 protein was collected 
the following day by the protein A and G conjugated 
sepharose beads. The resulting supernatants (control-IgG 
IP’d or EGFL7 depleted-EGFL7 IP’d) were then assessed 
for the residual levels of EGFL7. To this end, a human 
EGFL7 protein ELISA specific matched antibody pair 
(Abnova, Taiwan) was used in sandwich ELISA assay 
according to the manufacturer’s instructions. ELISA 
results were read using the EMax Absorbance Microplate 
Reader (Molecular Devices, USA) with SoftMax Pro v. 
6.4 software at an absorbance of 450.

Quantitative real-time PCR

For quantitative Reverse-Transcriptase PCR assays, 
we extracted the total mRNA from the cells using an 
illustra RNAspin Mini kit (GE Healthcare) according 
to the manufacturer’s instructions. Extracted RNA was 
subjected to cDNA synthesis using a High-Capacity cDNA 
reverse transcription kit (Applied Biosystems, USA). 
Each PCR reaction consisted of 10 μl of 2X SYBR PCR 
master mix (Applied Biosystems), 1μM of each forward 
and reverse primers and 2μl of the cDNA. The cDNA was 
amplified on an ABI StepOne plus real-time PCR machine 
(Applied Biosystems), and the relative gene copies or the 
transcripts were calculated with the ΔΔCT method. Each 
experiment included duplicate samples and the data shown 
represent the mean of three independent experiments. We 
calculated P values using two-tailed t-tests with Graphpad 
(Prism 6, USA) software.

Endothelial tube formation assay

We performed the endothelial tube formation assay 
using an angiogenesis starter kit (Life Technologies, USA) 
according to the manufacturer’s instructions. Briefly, 
the assay was performed using a 24-well micro-titer 

plate coated with 100 μl of Geltrex Matrix followed by 
incubating it at 37°C for 30 minutes. The HUVEC cells 
were re-suspended in Medium 200 and plated on the 
Geltrex Matrix coated wells at a density of approximately 
0.8 × 105 cells per well. The cells were incubated for 24h 
at 37°C in a humidified chamber before taking the images 
with a Nikon microscope equipped with camera (Nikon 
Inc.).

Statistical analysis

All statistical analyses were performed using Prism 
6.0 software (GraphPad Software, Inc., CA, USA) and the 
statistical significance is indicated on each figure.
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