
Cell Death & Differentiation (2019) 26:1970–1986
https://doi.org/10.1038/s41418-018-0268-3

ARTICLE

Suppression of the SAP18/HDAC1 complex by targeting TRIM56
and Nanog is essential for oncogenic viral FLICE-inhibitory
protein-induced acetylation of p65/RelA, NF-κB activation,
and promotion of cell invasion and angiogenesis

Xiangya Ding 1,2,3
● Jingyun Xu3

● Cong Wang4
● Qi Feng3

● Qingxia Wang3
● Yue Yang3

● Hongmei Lu5
● Fei Wang3

●

Kaixiang Zhu3
● Wan Li3 ● Qin Yan3

● Shou-Jiang Gao3,6
● Chun Lu1,2,3

Received: 28 July 2018 / Revised: 14 December 2018 / Accepted: 18 December 2018 / Published online: 22 January 2019
© ADMC Associazione Differenziamento e Morte Cellulare 2019

Abstract
Kaposi’s sarcoma (KS), a highly invasive and angiogenic tumor of endothelial spindle-shaped cells, is the most common
AIDS-associated cancer caused by KS-associated herpesvirus (KSHV) infection. KSHV-encoded viral FLICE-inhibitory
protein (vFLIP) is a viral oncogenic protein, but its role in the dissemination and angiogenesis of KSHV-induced cancers
remains unknown. Here, we report that vFLIP facilitates cell migration, invasion, and angiogenesis by downregulating the
SAP18-HDAC1 complex. vFLIP degrades SAP18 through a ubiquitin–proteasome pathway by recruiting E3 ubiquitin ligase
TRIM56. Further, vFLIP represses HDAC1, a protein partner of SAP18, by inhibiting Nanog occupancy on the HDAC1
promoter. Notably, vFLIP impairs the interaction between the SAP18/HDAC1 complex and p65 subunit, leading to
enhancement of p65 acetylation and NF-κB activation. Our data suggest a novel mechanism of vFLIP activation of the NF-
κB by decreasing the SAP18/HDAC1 complex to promote the acetylation of p65 subunit, which contributes to vFLIP-
induced activation of the NF-κB pathway, cell invasion, and angiogenesis. These findings advance our understanding of the
mechanism of KSHV-induced pathogenesis, and providing a rationale for therapeutic targeting of the vFLIP/SAP18/HDAC1
complex as a novel strategy of AIDS-KS.

Introduction

Approximately 12% of all human cancers worldwide are
caused by infections of oncogenic viruses. Kaposi’s
sarcoma-associated herpesvirus (KSHV) is one of the
oncogenic viruses, and is etiologically associated with
Kaposi's sarcoma (KS), primary effusion lymphoma (PEL),
and multicentric Castleman's disease (MCD) [1]. As a

multifocal angiosarcoma of spindle endothelial cells, KS is
histologically characterized by vast aberrant proliferation of
small vessels, lack of the basement membrane, and extra-
vasation of erythrocytes and vast infiltration of the inflam-
matory cells [2]. KS contains four clinical forms: classic
KS, African endemic KS, Iatrogenic KS (post-transplant
KS), and AIDS-associated KS (AIDS-KS). AIDS-KS is the
most common and aggressive form and frequently occurs
throughout the body. Prominently, distal dissemination is
often observed in KS and AIDS-KS patients, which causes
diffuse lung disease, such as pulmonary KS [3]. Therefore,
understanding of the molecular basis underlying KS tumor
dissemination and angiogenesis could shed light on the
mechanism of KS pathogenesis.

The nuclear factor (NF)-κB signaling pathway is pivotal
for immune system function. During infection, pathogenic
microorganisms have developed strategies to subvert it for
gene expression and cell growth, differentiation, activation,
and survival [4]. KSHV modulation of NF-κB signaling is
not only important for viral infection and evading the host
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immune response, but also contributes to the development
of malignant neoplasia. So far, six KSHV proteins and one
KSHV microRNA (miRNA) have been shown to regulate
the NF-κB pathway [5]. KSHV-encoded non-structural
membrane proteins vGPCR, K1 and K15 activate the NF-
κB pathway, inducing the expression of a range of potent
proangiogenic and proinflammatory cytokines and chemo-
kines including VEGF, Cox2, Gro-g, IL-6, and IL-8, which
are involved in growth, proliferation, inflammation, and
aberrant angiogenesis [6]. Viral IRF3 encoded by KSHV
K10.5 and K10.6 inhibits NF-κB transactivation and DNA-
binding in response to TNFα treatment through vIRF3-
mediated reduction of IKKβ kinase activity and reduced
phosphorylation of IκB, resulting in inhibition of antiviral
immune response [7]. By manipulating the host survival
pathway, KSHV encoded a viral miRNA, miR-K1, controls
viral replication and latency by directly targeting IκB and
activating the NF-κB pathway [8]. In addition, tegument
protein/FGARAT encoded by KSHV ORF75 cooperates
in vitro with viral FADD-like interleukin (IL)-1-β-convert-
ing enzyme (FLICE/caspase-8) inhibitory protein (vFLIP)
for NF-κB activation [9].

As a major NF-κB activator, vFLIP encoded by KSHV
K13 is a latently expressed gene with high homology to
cellular FLIP (cFLIP). vFLIP harbors two critical domains
including the death effector domains (DED) and the TRAF-
binding motif, which inhibits Fas-mediated apoptosis or
accelerates NF-κB activation, respectively [10, 11]. vFLIP
can associate with IKKα, IKKβ, and IKKγ/NEMO com-
plex, which destruct IκBα through the ubiquitin–protea-
some-dependent pathway following phosphorylation [12].
We have recently confirmed that deletion of K13 gene from
KSHV genome partially offsets KSHV-induced NF-κB
activity [13]. Membrane lipid raft-associated cell adhesion
molecule 1 (CADM1) interaction with vFLIP is critical for
the initiation of IKK kinase complex and NF-κB activation
in the PEL cells [14]. The vFLIP-activated NF-κB pathway
regulates cell survival, growth, B-cell receptor-mediated
apoptosis, proinflammatory cytokines production, along
with KSHV lifecycle [10, 15–18]. However, whether vFLIP
regulates endothelial cell migration, invasion, and angio-
genesis remains unclear. Although vFLIP is known to
associate with IKK complex to activate the NF-κB pathway,
it is possible that vFLIP may activate the NF-κB pathway
by other means.

In this study, we report that vFLIP promotes endothelial
cell migration, invasion, and angiogenesis. Mechanically,
vFLIP functions as a scaffolding protein to enhance the
interaction between E3 ubiquitin ligase TRIM56 and
Sin3A-associated protein 18 (SAP18), resulting in ubiqui-
tination and degradation of SAP18. Further, vFLIP inhibits
the expression level of histone deacetylase 1 (HDAC1)
by negatively regulating the transcription factor Nanog.

Subsequently, the reduction of SAP18/HDAC1 complex is
responsible for enhancement of p65 acetylation and NF-κB
activation. Our results elucidate a novel mechanism of
vFLIP activation of the NF-κB pathway, providing better
understanding of KSHV pathogenesis and identifying a
potential therapeutic target of KSHV-related malignancies.

Results

vFLIP promotes endothelial cell migration, invasion,
and angiogenesis

We and others have previously shown that numerous
KSHV-encoded proteins and miRNAs promote the migra-
tion, invasion, and angiogenesis of endothelial cells [19–
26]. However, it is unclear whether KSHV vFLIP regulates
these phenotypes. To address this, we transduced HUVECs
with lentiviral vFLIP. At day 3 post-transduction, over 95%
cells were GFP-positive, and the transduced cells became
elongated and acquired a spindle-shape (Fig. 1a), which is
in line with a previous report [27]. Western blotting further
confirmed the ectopic expression of vFLIP in HUVECs
(Fig. 1b). Transwell migration and Matrigel invasion assays
revealed that vFLIP significantly increased cell migration
and invasion (Fig. 1c–e).

We performed microtubule formation assay to examine
the effect of vFLIP on angiogenesis in vitro. We observed
that vFLIP promoted the formation of capillary tubes when
compared with the control group (Fig. 1f, g). Consistently,
ectopic expression of vFLIP increased the angiogenic index
in an in vivo chick chorioallantoic membrane (CAM) model
(Fig. 1h, i). In another in vivo angiogenesis model of
Matrigel plug assay in mice, vFLIP also promoted angio-
genesis with the increased hemoglobin content compared
with the control group (Fig. 1j, k). Hematoxylin and eosin
(H&E) staining of the plugs exhibited abnormal neovascular
distribution along with erythrocyte infiltration in the vFLIP-
expressing group (Figure S1). The proangiogenic factors
including smooth muscle actin (SMA), VEGFA, and basic
fibroblast growth factor (b-FGF) were further examined by
immunohistochemistry (IHC). There were indeed more
SMA-, VEGFA-, and b-FGF-positive cells in the vFLIP
plugs than the control group (Figure S1). These results
indicated that vFLIP promoted endothelial cell motility,
invasion, and angiogenesis.

vFLIP enhances cell migration, invasion, and
angiogenesis by downregulating SAP18

To elucidate the underlying mechanism of vFLIP promotion
of endothelial cell motility, invasion, and angiogenesis, we
examined vFLIP-induced differential expression of proteins
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by mass spectrometry analysis. Among the altered cellular
proteins, we observed that SAP18, the component of his-
tone deacetylase complex, was prominently downregulated
(Table S1). We further validated the expression levels of
SAP18 in vFLIP-transduced and KSHV-infected HUVECs
by western blotting. We found that both ectopic expression
of vFLIP and KSHV infection strongly inhibited the
expression of SAP18 (Fig. 2a, b). Consistent with these
observations, there were less SAP18-postive cells in KS

lesion compared with the normal skin tissue as shown by
IHC staining (Fig. 2c, d).

We next transduced vFLIP-expressing HUVECs with
lentiviral SAP18 to determine whether downregulation of
SAP18 was required for vFLIP promotion of endothelial
cell motility, invasion, and angiogenesis. Overexpression of
SAP18 significantly inhibited vFLIP-induced endothelial
cell migration and invasion (Fig. 2e–g, Figure S2). Con-
sistently, overexpression of SAP18 impeded vFLIP-induced
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angiogenesis both in vitro (Fig. 2h; Figure S3) and in vivo
(Fig. 2i, j).

Taken together, these results indicated that down-
regulation of SAP18 is required for vFLIP promotion of
endothelial cell motility, invasion, and angiogenesis.

vFLIP recruits E3 ubiquitin ligase TRIM56 to degrade
SAP18

To explore the molecular mechanism by which vFLIP
downregulated SAP18 expression, we examined SAP18
mRNA level in vFLIP-expressing HUVECs. We found that
ectopic expression of vFLIP did not alter SAP18 mRNA
level (Fig. 3a). We further determined whether vFLIP might
reduce SAP18 protein level by promoting its degradation.
We examined SAP18 degradation in the presence of
cycloheximide (CHX), a de novo protein biosynthesis
inhibitor. vFLIP-expressing HUVECs exhibited an
increased SAP18 degradation rate than the control group in
the presence of CHX (Fig. 3b), indicating that vFLIP
accelerated SAP18 protein degradation. Since the ubiqui-
tin–proteasome pathway is the most ubiquitous way for
protein degradation, we treated the cells with the ubiquitin–

proteasome pathway inhibitor MG132. We found that
MG132 inhibited vFLIP induction of SAP18 degradation
(Fig. 3c), indicating that vFLIP mediated SAP18 degrada-
tion via the proteasome-dependent pathway. Furthermore,
we detected more polyubiquitinated SAP18 with and
without overexpressing exogenous ubiquitin and K48-
linked ubiquitin in vFLIP-overexpressing cells than the
control cells (Fig. 3d, Figure S4a). We generated SAP18
mutants by replacing Lys with Arg and then examined their
expression and ubiquitination by transfecting these mutants
together with vFLIP, respectively. We found that over-
expression of vFLIP did not induce the degradation
of SAP18_102KR (Figure S4b), and the ubiquitination of
SAP18_102KR was attenuated compared with that
of wild type SAP18 (Figure S4c). Co-immunoprecipitation
assay showed that vFLIP directly interacted with SAP18
(Fig. 3e, f).

The critical step in the ubiquitin–proteasome pathway is
the specific binding of E3 ubiquitin ligase to the substrate.
Therefore, we performed Co-IP combined with mass
spectrometry (MS) analysis to screen for the E3 ubiquitin
ligase that might bind to SAP18. The E3 ubiquitin ligase
TRIM56 was revealed to bind to SAP18 in three inde-
pendent IP-MS experiments (Table S2). Ectopic expression
of vFLIP led to increased levels of TRIM56 mRNA and
protein (Fig. 4a, Figure S5a). KSHV infection also upre-
gulated TRIM56 protein and mRNA (Fig. 4b, Figure S5b).
Together, these results suggest that TRIM56 is a potential
candidate that mediates vFLIP-induced degradation of
SAP18. Co-IP assays indeed confirmed the interaction
between SAP18 and TRIM56 (Fig. 4c, d). Importantly,
there were more TRIM56-postive cells in KS lesions
compared with the normal skin tissues as shown by IHC
staining (Fig. 4e).

Next, we investigate the effect of TRIM56 on SAP18
expression in HUVECs, and found that overexpression of
TRIM56 effectively downregulated SAP18 protein level
(Fig. 4f), while knockdown of TRIM56 by using shRNAs
increased the protein level of SAP18 (Fig. 4g, Figure S6).
To verify TRIM56 modulation of SAP18 ubiquitination, we
immunoprecipitated Flag-SAP18 in TRIM56-overexpressed
and TRIM56-knocked down cells. The results revealed that
TRIM56 promoted SAP18 ubiquitination (Fig. 4h, i). We
further investigated whether vFLIP regulated the interaction
between TRIM56 and SAP18. We found that vFLIP
enhanced the interaction of TRIM56 and SAP18 by Co-IP
assay (Fig. 4j). This observation might explain why vFLIP
facilitated TRIM56-mediated degradation of SAP18. It is
known that the RING-finger domain of E3 ligase transfer
ubiquitin directly from E2 to the substrate. Since TRIM56 is
a RING-type E3 ubiquitin transferase and the RING finger
is located at 8-214 aa according to NCBI annotation, we
constructed the TRIM56-N (1–250 aa) and TRIM56-C

Fig. 1 vFLIP enhances endothelial cell migration, invasion, and
angiogenesis. a HUVECs were transduced with lentiviral vFLIP and
control pHAGE, respectively. Cells were photographed in phase and
GFP modes under fluorescence microscope 3 days post-transduction
(×100). b Exogenous expression of vFLIP taq was determined by
western blotting in HUVECs treated as in (a) with the indicated
antibodies. c Transwell migration and Matrigel invasion assays were
employed to evaluate cell motility. The representative images of
migrated and invaded HUVECs treated as in (a) were collected at 6 h
and 12 h post-seeding (×100). Scar bars, 40 μm. d Quantification of
transwell migration assay in (c). Mean ± s.d. is adopted to quantify the
results. Three independent experiments, each with sextic technical
replicates, were performed. e Quantification of Matrigel invasion assay
in (c). Mean ± s.d. is adopted to quantify the results. Three independent
experiments, each with sextic technical replicates, were performed.
f Cells treated as in (a) were subjected to microtubule-formation assay.
The GFP-labeled cells indicated higher than 95% of lentivirus trans-
duction efficiency. The images were captured 2 h and 6 h post-seeding
to reflect in vitro angiogenesis capability by counting sprouted cells,
connected cells, and polygonal cells (×100). Scar bars, 40 μm.
g Quantification of microtubule-formation assay in (f). Data are shown
as mean ± s.d. Three independent experiments, each with quintic
technical replicates, were performed. h Cells treated as in (a) were
mixed with the high concentration Matrigel, and further inoculated
onto CAMs to examine in vivo angiogenesis capability. The CAMs
were separated and examined under stereomicroscope. Representa-
tional graphs of angiogenesis are shown. Black arrows indicate vessels
and their branches. Scar bars, 1 cm. i Quantification of the angiogen-
esis index on CAM model in (h). Data are represented as mean ± s.d.
Each group with at least five tumors. j The mixture containing high
concentration Matrigel and cells treated as in (a) was injected into
nude mice. Representational photographs of plugs are exhibited. Scar
bars, 1 cm. k The level of hemoglobin in plug tissues treated in (j) was
measured by comparing the standard curve. Mean ± s.d. is adopted to
quantify the results, with five tumors for each group
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(251–755 aa) plasmids to verify whether the TRIM56 RING
domain is responsible for SAP18 interaction. We co-
transfected SAP18 with TRIM56_WT or TRIM56_N or
TRIM56_C in 293T cells. As expected TRIM56_N bound
to SAP18 (Fig. 4k), indicating that TRIM56 RING domain
was critical for SAP18-binding. These results collectively
indicated that vFLIP increased the expression of TRIM56
and further recruited TRIM56 to SAP18 to promote its
degradation via the ubiquitin–proteasome pathway.

vFLIP decreases HDAC1 by downregulating
transcript factor Nanog

It has been reported that SAP18 interacts with histone dea-
cetylases HDAC1 and the mammalian transcriptional
repressor Sin3 (mSin3) to form a complex, which regulates
gene transcription [28]. Co-immunoprecipitation assay
showed that SAP18 could interact with HDAC1 in vFLIP-
expressing HUVECs (Fig. 5a). Intriguingly, ectopic
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expression of vFLIP not only downregulated SAP18 but also
inhibited the expression of HDAC1 at both mRNA and
protein levels (Fig. 5a, b). KSHV infection also down-
regulated HDAC1 expression (Fig. 5c, d). Furthermore, there
were less HDAC1-postive cells in KS lesions compared with
the normal skin tissues (Fig. 5e). In line with these observa-
tions, we found that the activity of HDAC1 promoter was
dramatically repressed by vFLIP (Fig. 5f). Nanog has been
reported as a transcription factor that promotes HDAC1
transcription via promoter occupancy [29]. We speculated that
vFLIP might inhibit HDAC1 transcription through regulating
Nanog. As expected, ectopic expression of vFLIP decreased
Nanog mRNA and protein (Fig. 5g, h). ChIP-qPCR results
revealed that vFLIP suppressed HDAC1 transcription by
releasing Nanog from HDAC1 promoter (Fig. 5i). Over-
expression of Nanog attenuated vFLIP suppression of
HDAC1 (Fig. 5j). Together these data suggested that vFLIP
downregulated HDAC1 transcription by inhibiting the
expression of its transcriptional activator Nanog.

vFLIP decreases SAP18 and HDAC1 complex
resulting in enhancement of acetylation of
p65 subunit and NF-κB activation

It has been reported that HDAC1 can directly interact with
the Rel/p65 subunit of NF-κB to exert its corepressor

function [30, 31]. We performed Co-IP assay to examine
whether SAP18/HDAC1 complex is associated with the p65
of NF-κB. We found that the p65 subunit could indeed
interact with SAP18/HDAC1 complex and vFLIP markedly
suppressed the interaction of p65 with SAP18 and HDAC1
(Fig. 6a). Because HDAC1 bound to p65 to deacetylate its
lysine K310, resulting in suppression of p65 transcriptional
activity [30–35], we examined the acetylation level of p65.
Indeed, the K310 acetylation level of p65 subunit was
dramatically increased by vFLIP transduction (Fig. 6a).
Meanwhile, overexpression of vFLIP facilitated endogen-
ous association of TRIM56 and SAP18-HDAC1 complex in
the presence of MG132 (Figure S7). Overexpression of
SAP18 not only downregulated acetylated p65, but also
inhibited NF-κB reporter activity in vFLIP-expressing
HUVECs (Fig. 6b, c). Furthermore, knockdown of SAP18
enhanced vFLIP-induced p65 acetylation and NF-κB
activity (Fig. 6d, e, Figure S8a), thus promoting endothe-
lial cell motility, invasion, and angiogenesis in vFLIP-
transduced HUVECs (Fig. 6f, Figures S8b and 8c).
However, SAP18 had no effect on p65 phosphorylation
(Fig. 6b, d). Treatment with HDAC1 inhibitor trichostatin A
(TSA) not only increased p65 acetylation and activated NF-
κB activity (Fig. 6g, h) but also increased the vFLIP-
induced cell migration, invasion, and angiogenesis (Fig. 6i,
Figure S9a and S9b).

Taken together, these results collectively demonstrated
that vFLIP promoted acetylation of p65 subunit and acti-
vated NF-κB signaling by suppressing the SAP18 and
HDAC1 complex, resulting in enhanced endothelial cell
motility, invasion, and angiogenesis.

Deletion of vFLIP gene attenuates cell motility,
invasion, and angiogenesis induced by KSHV

To further confirm that vFLIP induced endothelial cell
motility, invasion, and angiogenesis during KSHV infec-
tion, we infected HUVECs with a BAC16 vFLIP_mut virus
with K13 deleted from the KSHV genome [13]. We found
that KSHV infection downregulated SAP18, HDAC1, and
IκBα, and upregulated TRIM56 and acetylated p65
(Fig. 7a), which were consistent with the results of single
gene expression (Figs. 2b, 4b, and 5d). As expected,
infection of vFLIP_mut virus increased the levels of
SAP18, HDAC1, and IκBα, and decreased the levels of
TRIM56 and acetylated p65 compared with KSHV_WT
infection (Fig. 7a). More importantly, deletion of vFLIP
attenuated KSHV-induced cell migration, invasion, and
angiogenesis (Fig. 7b–e). To examine whether over-
expression vFLIP could rescue the reduced cell motility,
invasion, and angiogenesis of the K13 mutant, we trans-
duced vFLIP into vFLIP_mut virus-infected cells. Ectopic
vFLIP significantly rescued vFLIP_mut virus-mediated cell

Fig. 2 vFLIP downregulates SAP18 expression to promote cell motility
and angiogenesis. a Western blotting analysis of SAP18 in HUVECs
transduced with lentiviral vFLIP or its control pHAGE with the indi-
cated antibodies. b Western blotting analysis of SAP18 in KSHV-
infected or PBS-treated (Mock) HUVECs with the indicated antibodies.
c Histologic features of KS lesion tissues (lower) and normal skin
tissues (upper) were presented by hematoxylin and eosin (H&E)
staining (×200), the expression levels of KSHV LANA and SAP18 in
the tissues were examined by immunohistochemistry (IHC) assay
(×200). d Results were quantified in (c) (***P < 0.001). e Western
blotting analysis of SAP18 in lentiviral vFLIP- or control pHAGE-
transduced HUVECs infected with lentiviral SAP18 (HA-SAP18) or its
control pCDH (pCDH), respectively, with the indicated antibodies.
f Cells treated as in (e) were subjected to transwell migration assay.
Mean ± s.d. is adopted to quantify the results. Three independent
experiments, each with quantic technical replicates, were performed.
*P < 0.05, **P < 0.01, and ***P < 0.001. g Cells treated as in (e) were
subjected to Matrigel invasion assay. Mean ± s.d. is adopted to quantify
the results. Three independent experiments, each with quantic technical
replicates, were performed. *P < 0.05, **P < 0.01, and ***P < 0.001.
h Cells treated as in (e) were subjected to microtubule-formation assay.
Mean ± s.d. is adopted to quantify the results. Three independent
experiments, each with quantic technical replicates, were performed.
*P < 0.05 and **P < 0.01. i Cells treated as in (e) were mixed with the
high concentration Matrigel, and further inoculated onto CAMs to
examine in vivo angiogenesis capability. The angiogenesis index on
CAM model was quantified, and data are represented as mean ± s.d.
Each group with at least five tumors. j The mixture containing high
concentration Matrigel and cells treated as in (e) was injected into nude
mice. The level of hemoglobin in plug tissues treated was measured by
comparing the standard curve. Mean ± s.d. is adopted to quantify the
results, with at least five tumors for each group
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motility, invasion, and angiogenesis both in vitro and
in vivo (Fig. 7f–h).

Discussion

SAP18 was first identified by immunopurification of
mammalian Sin3 (mSin3)-associated proteins; it was further
demonstrated to be a component of the Sin3-HDAC1
complex, which enhanced Sin3-mediated repression of
transcription [28]. It is now well-recognized that the

SAP18/Sin3/HDAC1 complex acts as a transcriptional
repressor and that its function is regulated by several pro-
teins. For instance, tribbles homolog 1 (TRIB1) recruits
mSin3A to microsomal TG transfer protein (MTTP) reg-
ulatory elements through associating with SAP18, and
promotes MTTP expression to further regulate blood lipid
levels [36]. Furthermore, SAP18 utilizes its ubiquitin-like
domain to assemble RNA splicing regulatory proteins,
including RNPS1 (RNA-binding protein prevalent during
the S phase) and acinus, forming apoptosis and splicing-
associated protein (ASAP) complex, which is involved in
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the regulation of both RNA splicing and apoptosis [37, 38].
Finally, SAP18 in ASAP complex cooperates with HDAC1
to inhibit transcriptional activity and has a potent effect on
splicing regulation [39].

Previous studies have shown that KSHV vFLIP acti-
vates the canonical and noncononical NF-κB pathways. In

this study, we have shown that vFLIP markedly down-
regulates SAP18 to promote endothelial cell migration,
invasion, and angiogenesis. Mechanically, vFLIP repres-
ses SAP18 via the TRIM56-dependent ubiquitin–protea-
some pathway. TRIM56 termed as tripartite-motif-
containing protein 56, predominantly participated in the
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process of antiviral immunity and tumorigenesis using its
RING domain and C-terminal structure [40, 41]. The
RING domain conferred TRIM56 the E3 ligase activity,
while its C-terminal structure affected the interaction
between TRIM56 and multiproteins. In terms of antiviral
immunity, TRIM56 bound TLR3 ligands TRIF, cGAS,
and STING, respectively, activating the TLR3 and cGAS-
STING signaling pathway to promote IFN response
[42–45]. TRIM56 bound substrate proteins such as
NEMO and vimentin for ubiquitin-mediated degradation,
regulating NF-κB activation and tumor progression
[46, 47]. Herein, our study has demonstrated that, by
serving as a scaffold protein, vFLIP upregulates TRIM56
and promotes TRIM56 to bind substrate protein SAP18.
TRIM56 subsequently exerts its function as an E3 ligase
for SAP18 degradation, resulting in activation of the NF-
κB pathway. Importantly, besides in lentiviral vFLIP-
transduced HUVECs, TRIM56 is also increased in
KSHV-infected HUVECs and KS tissues, however, the
precise mechanism remains unknown.

Nanog is a transcription factor involved in the self-
renewal of embryonic stem cells (ES) and a critical factor
for the maintenance of the undifferentiated state of plur-
ipotent cells, such as cancer stem cells (CSCs) and ES.
Nanog can function as an epigenetic regulator to promote
transcription activity of HDAC1 via promoter occupancy
[29]. In line with this report, we have revealed that vFLIP

impairs the occupancy of Nanog to HDAC1 promoter
through downregulating Nanog. It is worth mentioning that
Nanog is expressed at a lower level in the native cells of
adult organisms [48], therefore, we have examined its
protein using immunoprecipitation rather than western
blotting (Fig. 5h).

As an epigenetic modifier, HDAC1 exerts transcriptional
repression by regulating the deacetylation of histones [49].
HDAC1 presented in several multiprotein repressor com-
plexes including Sin3, NuRD, and N-CoR/SMRT, of which
the Sin3-HDAC1 complex is the most common repressor
complex. For instance, HIV-1 integrase and host factor
INI1/hSNF5 associate with SAP18 and selectively recruit
Sin3-HDAC1 complex to facilitate the infection and repli-
cation of HIV-1 [50]. Inhibition of deacetylase activity of
HDAC1 impairs the phosphorylation of STAT1 and the
expression of IFITM3 and ISG15, thus repressing
influenza A virus (IAV) infection [51]. In this study, we
revealed that the expression of HDAC1 was suppressed by
ectopic expression of vFLIP and KSHV infection. We
also detected a lower level of HDAC1 in KS lesions com-
pared with normal control tissues. vFLIP inhibited the
promoter activity of HDAC1 indicating a transcriptional
regulation. HDAC1 is considered as an oncogenic protein
and HDAC inhibitors exert anticancer activity [52]. How-
ever, it has been reported that IAV and human papilloma-
virus virus 16 (HPV16) negatively regulate HDAC1
expression [53, 54], which are in line with our current
study. These results suggest that HDAC1 may play a dif-
ferent role in the pathogenesis of virus-induced cancers and
other cancers.

vFLIP is known to interact with IKKγ/NEMO to phos-
phorylate IκBa, leading to translocation of phosphorylated
p65 to the nucleus and activation of the NF-κB pathway
[12]. HDAC1 has been reported to inactivate NF-κB sig-
naling by binding and deacetylating p65 [30, 31]. Acet-
ylation of p65, like its phosphorylation, is important for the
nuclear function of NF-κB [32–35]. In fact, the acetylation
of lysine(K) 310 of the p65 subunit is required for full
transactivation by NF-κB complex [32]. The effect of
HDAC1 on p65 could be enlarged by co-repressors, such as
LZAP and BRMS1, respectively [55, 56]. In this study, our
results have revealed another mechanism by which vFLIP
activates the NF-κB pathway. By suppressing the SAP18/
HDAC1 complex, vFLIP attenuates the associations
between p65 and SAP18/HDAC1 complex, resulting in
enhancement of the p65 acetylation and NF-κB activation.

In conclusion, following KSHV infection, vFLIP is
constitutively expressed during latency and might serve as a
scaffold protein to assemble E3 ubiquitin ligase TRIM56 to
SAP18. Meanwhile, vFLIP downregulates HDAC1, a pro-
tein partner of SAP18, by suppressing Nanog for HDAC1

Fig. 5 vFLIP decreases HDAC1 by downregulating Nanog. a The
interaction between HDAC1 and SAP18 was examined by immuno-
precipitating with anti-HDAC1 antibody in vFLIP and pHAGE-
transduced HUVECs. Western blotting was adopted to detect HDAC1
and SAP18 with indicated antibodies. b RT-qPCR was performed to
examine HDAC1 mRNA in vFLIP and pHAGE-transduced HUVECs.
Data are shown as mean ± s.d. (***P < 0.001). c RT-qPCR was per-
formed to examine HDAC1 mRNA in HUVECs infected with KSHV
and its control PBS (Mock). Data are shown as mean ± s.d. (***P <
0.001). d Western blotting analysis of HDAC1 in KSHV-infected
HUVECs. e The expression levels of HDAC1 in KS lesion and normal
tissues were examined by immunohistochemistry assay (×200).
f HEK293T cells were transfected with vFLIP or its control pHAGE,
together with pGL-Basic-HDAC1 promoter. pRL-TK plasmids were
also transfected into HEK293T cells to normalize the values of luci-
ferase activity. Data are shown as mean ± s.d. (n.s., not significant,
***P < 0.001). g RT-qPCR was employed to examine Nanog mRNA
level in vFLIP and pHAGE-transduced HUVECs. Data are shown as
mean ± s.d. (***P < 0.001). h Western blotting and immunoprecipi-
tation analysis with indicated antibodies were performed to analyze the
protein level of Nanog in HUVECs transduced with lentiviral vFLIP
and its control pHAGE. i ChIP assays were performed in vFLIP- and
pHAGE-transfected HUVECs. HDAC1 promoter fragments which
bind to Nanog were immunoprecipitated with anti-Nanog antibodies.
Immunoprecipitated DNA was purified and amplified for HDAC1
promoter with specific primers which are listed in the Table S4. j The
expression of HDAC1 was examined by RT-qPCR analysis in vFLIP
and Nanog co-overexpressed HUVECs. Data are shown as mean ± s.d.
(*P < 0.05, ***P < 0.001)
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formation assay in cells treated as in (g). Data are represented as mean
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promoter occupancy. The impaired SAP18 and HDAC1
further mediates vFLIP-induced NF-κB activation by
enhancing p65 acetylation (Fig. 7i). Our findings illustrate a
novel mechanism of vFLIP activation of the NF-κB

pathway, hence demonstrating the significance of vFLIP
and its regulatory proteins and pathways in the pathogenesis
of KSHV-associated cancers, and providing potential ther-
apeutic targets for KSHV-induced cancers.
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Materials and methods

Cell lines and reagents

Primary human umbilical vein endothelial cells (HUVECs)
were isolated from the umbilical cord of healthy newborn
fetuses delivered by cesarean section and isolated under
aseptic conditions [57]. The isolated HUVECs were cul-
tured in complete EBM-2 media (LONZA, USA). The
HUVECs used in this study ranged from passage 3 to
passage 6. The culture conditions of HEK293T were pre-
viously described [58]. Effectence transfection reagent
(Qiagen) and LipofectamineTM 2000 (Invitrogen) were used
for transfection of HUVECs and HEK293T cells, respec-
tively. Cycloheximide (CHX) and HDAC inhibitor TSA
were purchased from Sigma-Aldrich, while MG132, a
proteasome inhibitor was obtained from Selleck Chemicals.
Anti-flag affinity gel, protein A/G, anti-HA, and anti-myc
Immunomagnetic beads were from Bimake.

Lentivirus packaging and infection

The packaging plasmid, psPAX2, together with the envel-
ope plasmid, pMD2.G, and the lentivirus plasmids were co-
transfected into pre-inoculated HEK293T cells as

previously described [20]. Lentivirus was collected and
used to infect HUVECs. The infection efficiency was
monitored at 48 to 72 h post infection, and the infected cells
were collected at the indicated time points for further
analyses.

Generation of KSHV_WT and K13_mutant
recombinant virus

KSHV_WT and vFLIP_mutant constructs were previously
described [13, 59]. The production of KSHV_WT virus and
vFLIP_mutant virus were induced by sodium butyrate and
doxycycline as previously described [59].

Cycloheximide (CHX) and MG132 treatments

To monitor the protein stability, each group of cells were
treated with 20 μg/ml CHX for 0 h, 4 h, and 8 h. The pro-
teasome inhibitor MG132 was also incubated with cells at
20 μM for 6 h. Cells were collected for further validation
after CHX and MG132 treatments.

Knockdown of SAP18 and TRIM56

The short hairpin RNAs (shRNA) targeting SAP18 and
TRIM56 were designed and then inserted into lentiviral
vector mpCDH, which was modified according to pCDH-
CMV-MCS-EF1-copGFP plasmid [22]. SAP18 and
TRIM56 silenced plasmids were subjected to lentivirus
packaging and infection. The complementary sequences of
shRNA were shown in Table S3.

Western blotting and antibodies

Western blotting was performed as previously described
[60]. Briefly, cellular protein was extracted and separated by
SDS-PAGE, and transferred to the PVDF membrane. The
membranes were blocked and incubated with specific pri-
mary antibodies to examine each protein. Anti-GAPDH,
anti-HA, anti-Flag, anti-IκBα, anti-Ub, anti-VEGF, and
anti-basic FGF (b-FGF) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against
SAP18, HDAC1, NF-κB p65 (acetylation K310), TRIM56,
and Nanog were supplied by Abcam. Anti-NF-κB p65
antibody and anti-K48-Ub was from Cell Signaling Tech-
nology. Anti-KSHV LANA rat antibody was purchased
from Advanced Biotechnologies Inc. (Columbia, MD,
USA). Anti-His and anti-GST antibodies were from Beyo-
time Institute of Biotechnology (Nantong, Jiangsu, China).
Anti-smooth muscle actin (SMA) rabbit antibody was pur-
chased from Abbiotec TM (San Diego, CA, USA). The blots
incubated with secondary antibodies were further developed
by ECL.

Fig. 7 Lack of vFLIP restrains cell invasion and angiogenesis induced
by KSHV. aWestern blotting was performed with indicated antibodies
to detect SAP18, TRIM56, HDAC1, IκBα, and acetylated p65
HUVECs treated with PBS (PBS), infected with wild-type KSHV
(KSHV_WT) or vFLIP mutant virus (vFLIP-Mut). b Cells treated as in
(a) were subjected to transwell migration assay. Mean ± s.d. is adopted
to quantify the results (*P < 0.05, **P < 0.01, and ***P < 0.001).
c Cells treated as in (a) were subjected to Matrigel invasion assay.
Mean ± s.d. is adopted to quantify the results (*P < 0.05, **P < 0.01,
and ***P < 0.001). d Cells treated as in (a) were subjected to
microtubule-formation assay. Mean ± s.d. is adopted to quantify the
results. (**P < 0.01 and ***P < 0.001). e Cells treated as in (a) were
adopted to Matrigel plug assay in mice. The level of hemoglobin in
plug tissues treated was measured by comparing the standard curve.
Mean ± s.d. is adopted to quantify the results, with six tumors for each
group. f Transwell migration and Matrigel invasion assays were per-
formed in HUVECs infected with wild-type KSHV or vFLIP mutant
virus, followed by transduction of lentiviral vFLIP at 12 h post-
seeding. Mean ± s.d. is adopted to quantify the results (n.s., not sig-
nificant, **P < 0.01 and ***P < 0.001). g Cells treated as in (f) were
subjected to microtubule-formation assay. Mean ± s.d. is adopted to
quantify the results (n.s., not significant, *P < 0.05 and ***P < 0.001).
h Cells treated as in (f) were adopted to Matrigel plug assay in mice.
The level of hemoglobin in plug tissues treated in (f) was measured by
comparing the standard curve. Mean ± s.d. is adopted to quantify the
results, with five tumors for each group. i Schematic illustration for the
mechanism of vFLIP-induced endothelial cell motility and angiogen-
esis. During KSHV latent infection, vFLIP recruits E3 ubiquitin ligase
TRIM56, leading to the ubiquitination and degradation of SAP18.
Meanwhile, vFLIP inhibits HDAC1 promoter by suppressing tran-
scription factor Nanog, resulting in downregulation of HDAC1. The
decreased SAP18/HDAC1 complex enhances acetylation of
p65 subunit and activates the NF-κB signal pathway
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RNA extraction and RT-qPCR analysis

Total RNA was extracted with TRIzol (Invitrogen) followed
by the manufacturer's instructions, and subsequently was
reverse-transcribed (RT) into cDNA. RT-qPCR analysis
was performed to detect the expression level of mRNA as
previously described [61]. qPCR primers for specific gene
amplification were listed in Table S4. HiScript II Q RT
SuperMix for qPCR and AceQ qPCR SYBR Green Master
Mix were purchased from Vazyme Biotech Co., Ltd.

Luciferase reporter assay and transfection

The HEK293T cells were transfected with HDAC1 pro-
moter reporter or NF-κB reporter. To normalize transfection
efficiency, renilla vector pRL-TK was co-transfected into
HEK293T cells using LipofectamineTM 2000 transfection
regent. Relative luciferase activity of firefly and Renilla was
measured through the dual-luciferase reporter assay
according to the manufacturer’s instructions. Dual-
Luciferase® Reporter Assay System was purchased from
Promega.

IHC analysis

The KS lesion tissues and normal skin tissues adopted in
this study were offered by The First Affiliated Hospital of
Nanjing Medical University. The application of the clinical
specimens for H&E staining and IHC analysis was
approved by the Ethics Committee of The First Affiliated
Hospital of Nanjing Medical University. All the paraffin-
embedded histological sections were deparaffinized, and
incubated with specific antibodies following standard
methodology.

Transwell migration and Matrigel invasion assays

Transwell migration and Matrigel invasion assays were
performed as previous described [21–23]. The chambers
were coated with 60 μL of diluted Matrigel. Cells were
seeded into upper chambers, and placed in culture incu-
bators under the condition of 37℃ and 5% CO2. At 6 h
and 12 h post-seeding, cells which migrated to underside
of the chamber were fixed with methanol, stained with
crystal violet, and counted following double-blinded
principle.

Microtubule-formation assay

Microtubule-formation assay was performed as previously
described [20, 24]. A total of 15 μL of Matrigel was spread
on the ibiTreat plate (ibidi). After the Matrigel was coa-
gulated, 7 × 103 cells were plated on the Matrigel. The

number of sprouted cells, connected cells, and polygonal
cells were counted by Image J.

Chicken chorioallantoic membranes (CAMs) assay

The specific pathogen-free chick embryos were used for
CAM assay as previously described [25, 26]. Briefly, arti-
ficial gas chambers were created avoiding blood vessels on
chicken eggs. The cells were mixed with a high con-
centration of Matrigel and further injected onto CAMs of 9-
day-old embryos via the artificial gas chambers. The CAMs
were harvested, photographed, and counted to monitor
blood vessels at 4 days post-implantation. All statistical
processes followed the double-blinded principle.

Matrigel plug assay

Male BALB/c nude mice (4-week-old) were chosen for
Matrigel plug assay as previously described [20]. All animal
studies were performed in accordance with Laboratory
Animal Management Regulations, and were approved by
Nanjing Medical University Experimental Animal Welfare
Ethics Committee. The cells containing a high concentra-
tion of Matrigel were then subcutaneously injected into the
flanks of mice. The Matrigel plug tissues were harvested
and photographed after 10 days. The hemoglobin content in
the plug tissues was detected with Drabkin's reagent kit.

Co-immunoprecipitation (Co-IP) and mass
spectrometry (MS)

Co-IP assay was executed according to the standard pro-
tocol for detecting protein–protein interactions. The IP lysis/
wash buffer containing protein inhibitor cocktail was
employed to collect protein lysates, which were then cen-
trifuged and incubated with 10 μL of anti-HA or anti-myc
immunomagnetic beads, or anti-Flag gel for overnight at 4
℃. To identify binding proteins, the beads were washed and
eluted for MS analysis (Shanghai Applied Protein Tech-
nology Co., Ltd.) on Q Exactive mass spectrometer
(Thermo Fisher Scientific) or western blotting.

Chromosome immunoprecipitation (ChIP)

ChIP assay was performed following the manufacturer's
instructions. Briefly, the anti-Nanog antibody immunopre-
cipitated DNA was obtained by eluting the magnetic beads
with ChIP elution buffer, and was purified for analysis
using the HDAC1 promoter-specific primers through RT-
qPCR. Meanwhile, anti-RNA polymerase II antibody,
served as positive control, were applied into ChIP assay and
detected by GAPDH promoter primers. The sequences of
HDAC1 promoter primers were provided in Table S4.
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Statistical analysis

All statistical results are presented as mean ± s.d. Two-tailed
Student’s t test was adopted to analyze differences and
associations among varied groups. P-value < 0.05 repre-
sented statistically significant. All the experiments were
repeated at least for three times, unless otherwise stated.
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