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Abstract

Kaposi’s sarcoma (KS), a highly disseminated tumor of hyperproliferative spindle endothe-

lial cells, is the most common AIDS-associated malignancy caused by infection of Kaposi’s

sarcoma-associated herpesvirus (KSHV). KSHV-encoded viral interferon regulatory factor

1 (vIRF1) is a viral oncogene but its role in KSHV-induced tumor invasiveness and motility

remains unknown. Here, we report that vIRF1 promotes endothelial cell migration, invasion

and proliferation by down-regulating miR-218-5p to relieve its suppression of downstream

targets high mobility group box 2 (HMGB2) and cytidine/uridine monophosphate kinase 1

(CMPK1). Mechanistically, vIRF1 inhibits p53 function to increase the expression of DNA

methyltransferase 1 (DNMT1) and DNA methylation of the promoter of pre-miR-218-1, a

precursor of miR-218-5p, and increases the expression of a long non-coding RNA OIP5

antisense RNA 1 (lnc-OIP5-AS1), which acts as a competing endogenous RNA (ceRNA) of

miR-218-5p to inhibit its function and reduce its stability. Moreover, lnc-OIP5-AS1 increases

DNA methylation of the pre-miR-218-1 promoter. Finally, deletion of vIRF1 from the KSHV

genome reduces the level of lnc-OIP5-AS1, increases the level of miR-218-5p, and inhibits

KSHV-induced invasion. Together, these results define a novel complex lnc-OIP5-AS1/

miR-218-5p network hijacked by vIRF1 to promote invasiveness and motility of KSHV-

induced tumors.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 1 / 26

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Li W, Wang Q, Feng Q, Wang F, Yan Q,

Gao S-J, et al. (2019) Oncogenic KSHV-encoded

interferon regulatory factor upregulates HMGB2

and CMPK1 expression to promote cell invasion by

disrupting a complex lncRNA-OIP5-AS1/miR-218-

5p network. PLoS Pathog 15(1): e1007578. https://

doi.org/10.1371/journal.ppat.1007578

Editor: Paul M. Lieberman, Wistar Institute,

UNITED STATES

Received: April 19, 2018

Accepted: January 14, 2019

Published: January 30, 2019

Copyright: © 2019 Li et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by grants from

National Natural Science Foundation of China

(81730062, 81761128003, 31800148 and

81871642), grants from NIH (R01CA213275,

R01CA177377 and R01CA132637), Natural

Science Foundation of Jiangsu Higher Education

Institutions of China (18KJB310004), Natural

http://orcid.org/0000-0002-6078-9352
https://doi.org/10.1371/journal.ppat.1007578
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007578&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007578&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007578&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007578&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007578&domain=pdf&date_stamp=2019-02-11
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1007578&domain=pdf&date_stamp=2019-02-11
https://doi.org/10.1371/journal.ppat.1007578
https://doi.org/10.1371/journal.ppat.1007578
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Author summary

Kaposi’s sarcoma-associated herpesvirus (KSHV) infection caused Kaposi’s sarcoma (KS),

a highly disseminated tumor that frequently occurs in patients with AIDS. KSHV-

encoded viral interferon regulatory factor 1 (vIRF1) is an oncogenic protein, which has

been shown to be vital in KSHV evasion of innate antiviral response and induction of

tumorigenesis but its role in KS tumor invasiveness and motility remains unclear. A grow-

ing volume of literatures has proposed that lncRNAs could function as tumor suppressors

or oncogenes, and numerous lncRNAs might act as competing endogenous RNAs (ceR-

NAs) that competitively bind to microRNAs (miRNAs), hence exerting influence on post-

transcriptional regulation. However, whether cellular lncRNAs are involved in the

progression of KS is still unknown. Here, we revealed a previously undefined role of

vIRF1 in cell motility and proliferation, and described the cross-regulatory network of cel-

lular lncRNAs and miRNAs involved in the pathogenesis of KS. We found that the cross-

talk between miR-218-5p and lnc-OIP5-AS1 contributed to vIRF1-induced cell motility

and proliferation via increasing HMGB2 and CMPK1 expression. In summary, this study

constitutes an important discovery related to KS pathogenesis, particularly in the invasive-

ness and motility of KS tumors.

Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV-

8), is a double-stranded DNA virus, which belongs to γ-herpesvirus. KSHV was initially identi-

fied in an AIDS-associated Kaposi’s sarcoma (AIDS-KS) lesion, and has since been strongly

linked to Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL), a subset of multicentric

Castleman’s disease (MCD), and KSHV-associated inflammatory cytokine syndrome (KICS)

[1]. Like other herpesviruses, the life cycle of KSHV consists of two phases, latent and lytic

phases, both of which contribute to KSHV-induced pathogenesis, tumorigenesis and angio-

genesis [2, 3]. KSHV genome contains over 90 open reading frames [4], some of which are

homologous to human genes. To establish a successful persistent infection, KSHV encodes

these homologous proteins to regulate cell growth, immune response, inflammatory response

and apoptosis, and thus escape the immune antiviral response of host cells [5]. Moreover,

these homologous proteins are also in favor of KSHV-induced tumorigenesis. For examples

viral interferon regulatory factors (vIRFs) [6], viral interleukin-6 (vIL-6) [7], viral G protein-

coupled receptor (vGPCR) [8], viral Bcl-2 (vBcl-2) [9], viral FLICE inhibitory protein (vFLIP)

[10] and viral cyclin (vCyclin) [11] have been shown to be pro-oncogenic or promote

tumorigenesis.

The cellular IRFs (IRFs 1~9) are a family of cellular transcription proteins that regulate the

expression of interferon and interferon-stimulating genes (ISGs) in innate immune response,

among which IRF3 and IRF7 play key roles in the induction and secretion of type I interferon

[12]. vIRF1 (449 amino acids), as one of the KSHV vIRFs (vIRF1 to vIRF4), is encoded by

KSHV ORF-K9, which has 26.6% and 26.2% of protein homology to cellular IRF3 and IRF7,

respectively [13]. vIRF1 has been shown to compete with IRF3 to interact with CBP/p300 coac-

tivators by blocking the formation of CBP/p300-IRF3 complexes, thereby inhibiting IRF3-me-

diated transcription and signal transduction of type I interferon [14]. However, vIRF1 could

not block IRF-7-mediated transactivation [14]. In the other hand, vIRF1 represses tumor sup-

pressor gene p53 phosphorylation, leading to an increase of p53 ubiquitination by reducing

ATM kinase activity [15]; vIRF1 could also directly bind to p53 and effectively inhibit
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p53-mediated apoptosis by reducing its acetylation and inhibiting the transcription of p53 acti-

vation [16, 17]. In addition, vIRF1 restrains TGF-beta signaling via direct interaction with

Smads (Smad3 and Smad4) to disturb Smad3/Smad4 complexes from binding to DNA and

suppresses IRF-1-induced CD95/CD95L signaling-mediated apoptosis [18, 19]. As the first

identified oncogenic protein encoded by KSHV, vIRF1 has been reported to transform mouse

embryonic fibroblasts (NIH3T3) cells [6], however, its role in KSHV-induced tumor invasive-

ness and motility and its underlying mechanism remains totally unclear.

Less than 2% of the human genome encodes protein-coding genes, while the vast majority

of the genome is transcribed as non-coding RNAs [20]. Based on the size, non-coding RNAs

could be vaguely divided into three groups: microRNAs (miRNAs), long non-coding RNAs

(lncRNAs), and circular RNAs (circRNAs) [21]. Many miRNAs (~22 nucleotides in length)

have been well-characterized and shown to repress gene expression by inhibiting the transla-

tion or destabilization of mRNA transcript via binding to mRNA sequences [22]. LncRNAs

(>200 nucleotides in length) have indispensable roles in diverse biological processes, including

chromatin remodeling, X chromosome inactivation, genomic imprinting, nuclear transport,

transcription, RNA splicing and translation [23–25]. A growing volume of literatures support

the notion that both lncRNAs and miRNAs could function as tumor suppressors or oncogenes

involved in the regulation of cell proliferation, metastasis, apoptosis, and invasion [24, 26, 27].

More interestingly, emerging evidence indicates that numerous lncRNAs might act as compet-

ing endogenous RNAs (ceRNAs) that competitively bind miRNAs, hence exerting influence

on posttranscriptional regulation [28].

Recently, several oncogenic viruses have been shown to encode lncRNAs and are thought

to participate in enhancing viral replication, promoting oncogenesis and contributing to path-

ogenesis [29–31]. KSHV encodes an lncRNA, known as polyadenylated nuclear RNA (PAN

RNA). PAN is multifunctional, regulating KSHV replication, viral and host gene expression,

and immune responses [32–35]. However, whether cellular lncRNAs are involved in the pro-

gression of KS is still unknown.

In the present work, we aimed to elucidate the role of vIRF1 in cell migration, invasion and

proliferation. We found that vIRF1 promoted cell migration, invasion and proliferation by epi-

genetically silencing miR-218-5p and activating lncRNA-OIP5-AS1 transcription. Further, we

uncovered that the crosstalk between miR-218-5p and lnc-OIP5-AS1 contributed to vIRF1-in-

duced cell motility and proliferation via increasing HMGB2 and CMPK1 expression. Our

novel findings illustrated a critical role of vIRF1 in the invasiveness, motility and development

of KS tumor.

Results

Exogenous vIRF1 accelerates endothelial cell motility and proliferation

Previous works showed that vIRF1, as a homologue of cellular IRFs, disrupted immune antivi-

ral response of host cells and contributed to KSHV-induced tumorigenesis [5]. However, its

role on tumor invasiveness and motility remains unclear. To determine whether vIRF1 had a

role in cell motility, we transduced HUVECs with lentiviral vIRF1 at a MOI of 2. vIRF1-trans-

duced HUVECs showed a vIRF1 mRNA expression level similar to that of KSHV-infected

HUVECs (S1 Fig, Fig 1A and 1B). We then examined the effect of vIRF1 on cell migration and

invasion. In transwell migration and Matrigel invasion assays, overexpression of vIRF1

enhanced cell migration and invasion (Fig 1C, 1D and 1E). In plate colony formation assay,

vIRF1 clearly enhanced cell proliferation (Fig 1F and 1G).

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion
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Exogenous vIRF1 expression promotes endothelial cell motility, and

proliferation by negatively regulating miR-218-5p expression

To assess the mechanism mediating vIRF1 promotion of cell motility and proliferation, we

performed microarray-based miRNA expression profiling and identified a set of miRNAs that

were differentially expressed between vIRF1- and pHAGE-transduced HUVECs (GEO

Fig 1. Overexpression of vIRF1 negatively regulates miR-218-5p expression and enhances endothelial cell motility, invasion and proliferation. (A).

Representational images of HUVECs transduced with vIRF1 (vIRF1) or control lentivirus (pHAGE). Magnification, ×100. (B). Western blotting analysis for vIRF1

protein in HUVECs infected with vIRF1 (vIRF1) or control lentivirus (pHAGE) for 48 h and 72 h, respectively. The antibody against the Flag-tag was used to detect

vIRF1. GAPDH was used as loading control. (C). Migration and invasion analysis of HUVECs expressing vIRF1 (vIRF1) or control lentivirus (pHAGE) at 6 h and 12 h.

(D) and (E). Quantification of cell migration and invasion described in (C), respectively. Results are from three independent experiments, each with quintuple technical

replicates, were performed. (F). Plate colony formation assay of HUVECs transduced with vIRF1 (vIRF1) or control lentivirus (pHAGE). (G). Quantification of cell

colony formation described in (F). Results are from three independent experiments, each with cubic technical replicates, were performed. (H) and (I). qPCR showing

miR-218-5p expression in vIRF1-transduced and KSHV-infected cells, respectively. (J). Migration analysis of vIRF1-infected HUVECs transfected with miR-218-5p

mimic for 48 h. (K). Invasion analysis of vIRF1-expressing HUVECs treated as in (J). (L). Colony formation assay of HUVECs treated as in (J). The quantified results

represent mean ± SD. � P< 0.05, �� P< 0.01, and ��� P< 0.001, Student’s t-test.

https://doi.org/10.1371/journal.ppat.1007578.g001
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accession number GSE119034). As a known tumor suppressor [36], miR-218-5p was signifi-

cantly down-regulated in vIRF1- transduced cells, and hence was selected for further valida-

tion by qRT-PCR. As shown in Fig 1H and 1I, downregulation of miR-218-5p was observed in

both vIRF1-transduced and KSHV-infected HUVECs. Then, we sought to determine whether

the downregulation of miR-218-5p might contribute to vIRF1 promotion of cell motility, and

proliferation. As expected, overexpression of miR-218-5p in vIRF1-transduced HUVECs

reversed vIRF1-enhanced cell migration and invasion (S2 Fig, Fig 1J and 1K) as well as cell

proliferation (Fig 1L).

vIRF1 enhances cell motility and proliferation by inhibiting miR-218-5p to

increase the expression of its direct targets HMGB2 and CMPK1

Next, we conducted mass spectrometry analysis to investigate the direct targets of miR-218-5p.

As shown in Table 1, there were a series of proteins that were up-regulated by > 1.5 folds in

cells overexpressing vIRF1. Using bioinformatics analysis, we predicted four proteins that

might be the potential targets of miR-218-5p, and hence chose them for further luciferase

reporter assay. We confirmed that miR-218-5p decreased the 3’UTR reporter activities of both

high mobility group box 2 (HMGB2) and cytidine/uridine monophosphate kinase 1 (CMPK1)

(Fig 2A), which was further shown in a dose-dependent fashion (Fig 2B). Indeed, overexpres-

sion of miR-218-5p suppressed the levels of HMGB2 and CMPK1 proteins in a dose-depen-

dent manner (Fig 2C). Conversely, blocking the miR-218-5p function with a specific inhibitor

elevated the expression levels of HMGB2 and CMPK1 proteins in a dose-dependent manner

(Fig 2D). To further confirm that miR-218-5p directly targeted HMGB2 and CMPK1, we per-

formed mutagenesis with miR-218-5p (Fig 2E and 2F). The mutant mimic did not have any

effect on the 3’UTR reporter activities of HMGB2 and CMPK1 (Fig 2G), and the levels of

HMGB2 and CMPK1 proteins (Fig 2H). Moreover, the mRNA and protein levels of HMGB2

and CMPK1 were significantly up-regulated in cells expressing vIRF1 or infected by KSHV

(Fig 3A–3D). In IHC staining, there were more HMGB2- and CMPK1-postive cells in KS

lesions than in normal skin tissues (S3 Fig and Fig 3E).

Previous studies have shown that HMGB2 and CMPK1 are abundantly up-regulated in var-

ious malignant tumors, and are closely associated with tumor development and poor progno-

sis [37–46]. To determine if upregulation of HMGB2 and CMPK1 was necessary for

vIRF1-induced cell motility, and proliferation, we silenced HMGB2 and CMPK1 expression in

vIRF1-transduced HUVECs with a mixture of siRNAs, respectively (S4 Fig), and observed

diminished vIRF1-induced cell migration, invasion and proliferation (Fig 4A–4I). Moreover,

knock-down of HMGB2 and CMPK1 also inhibited KSHV-induced cell migration and inva-

sion (Fig 4J–4L).

Table 1. The partial cellular proteins upregulated >1.5 folds in HUVECs expressing vIRF1.

Protein name Fold Protein name Fold

NAP1L1 3.44 ± 0.05 HMGB2 1.76 ± 0.01

HMGB1 2.45 ± 0.13 PPA1 1.76 ± 0.12

CAST 2.35 ± 0.09 TOP1 1.71 ± 0.09

PTMS 2.21 ± 0.03 CMPK1 1.70 ± 0.09

CROCC 1.94 ± 0.35 DR1 1.68 ± 0.09

PGAM1 1.85 ± 0.01 FASN 1.63 ± 0.06

H1F0 1.81 ± 0.13 DNMT1 1.62 ± 0.22

ST13 1.78 ± 0.01 TXNL1 1.58 ± 0.08

https://doi.org/10.1371/journal.ppat.1007578.t001
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vIRF1 suppresses miR-218-5p by inhibiting p53 to increase DNMT1

expression and hypermethylation of the pre-miR-218-1 promoter

MiR-218-5p is expressed from two separate loci, pre-miR-218-1 and pre-miR-218-2, which are

co-expressed with their host genes SLIT2 and SLIT3, respectively [47]. The expression of miR-

218-5p depends on the promoter activity of its host genes, and hypermethylation of the pro-

moter inhibits miR-218-5p expression [48]. Therefore, we examined the expression of SLIT2

and SLIT3. The expression of SLIT2 mRNA was low in both vIRF1-transduced and KSHV-

Fig 2. miR-218-5p directly targets HMGB2 and CMPK1 3’UTR. (A). Luciferase activity in HEK293T cells cotransfected with miR-218-5p mimic (miR-218-5p; 10

nM) or its control (NC of mimic; 10 nM) and the reporter constructs for 48 h. (B). Luciferase activity in HEK293T cells cotransfected with increasing amounts of miR-

218-5p mimic (miR-218-5p; 5, 10, and 15 nM) or its control (NC of mimic), and the pGL-3-HMGB2 3’UTR reporter or pGL-3-CMPK1 3’UTR reporter for 48 h. (C).

Western blotting of HMGB2 and CMPK1 expression in HUVECs transfected with increasing amounts of miR-218-5p mimic (10, 20 and 40 nM) or its control for 48 h.

(D). Western blotting of HMGB2 and CMPK1 expression in HUVECs transfected with a miR-218-5p inhibitor for 48 h. (E). Putative binding site of miR-218-5p in the

3’UTR region of HMGB2 and mutagenesis of target site in miR-218-5p. (F). Putative binding site of miR-218-5p in the 3’UTR region of CMPK1 and mutagenesis of

target site in miR-218-5p. (G). Luciferase activity in HEK293T cells cotransfected with miR-218-5p mimic (miR-218-5p; 10 nM), miR-218-5p mutant mimic (miR-218-

5p mut 1; 10 nM) or a negative control (NC of mimic; 10 nM), and the HMGB2 3’UTR or CMPK1 3’UTR reporter construct for 48 h. (H). Western-blotting of

HMGB2 and CMPK1 expression in HUVECs transfected with a negative control mimic (NC of mimic; 20 nM), miR-218-5p mimic (miR-218-5p mimic; 20 nM) or

miR-218-5p mutant mimic (miR-218-5p mut 1; 20 nM) for 48 h, respectively. The quantified results represent mean ± SD. Results are from three independent

experiments, each with quadruple technical replicates, were performed. � P<0.05, �� P<0.01, ��� P< 0.001, and ### P< 0.001, Student’s t-test. n.s, not significant.

https://doi.org/10.1371/journal.ppat.1007578.g002
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infected cells while no expression of SLIT3 was detected in HUVECs (Fig 5A and 5B). These

results indicated that vIRF1 might suppress miR-218-5p by reducing the expression of primary

form pre-miR-218-1 and its host gene SLIT2 by epigenetically silencing their promoter.

Indeed, the expression of pre-miR-218-1 was significantly suppressed by both vIRF1 and

KSHV infection (Fig 5C and 5D). Consistent with these results, methylation-specific PCR

showed that the promoter of pre-miR-218-1 was more hypermethylated in vIRF1-expressing

cells and KSHV-infected cells than normal cells (Fig 5E and 5F). Moreover, treatment with a

potent inhibitor of DNA methylation, 5-aza, not only blocked vIRF1 suppression of miR-218-

5p (Fig 5G), but also decreased the expression of its targets HMGB2 and CMPK1 (Fig 5H).

These results revealed that vIRF1 silencing of miR-218-5p expression was due to DNA methyl-

ation on its promoter.

Fig 3. HMGB2 and CMPK1 expression is increased in vIRF1-transduced and KSHV-infected HUVECs, and KS lesion samples.

(A). Western-blotting of HMGB2 and CMPK1 expression in vIRF1-transduced HUVECs. (B). qPCR showing HMGB2 and CMPK1

mRNA transcription in vIRF1-transduced HUVECs. (C). Western-blotting of HMGB2 and CMPK1 expression in KSHV-infected

HUVECs. (D). qPCR showing HMGB2 and CMPK1 mRNA transcription in KSHV-infected HUVECs. (E). H&E staining, and

immunohistochemical staining of KSHV LANA, HMGB2 and CMPK1 in normal skin, skin KS of patient #1 (Skin KS1), skin KS of

patient #2 (Skin KS2), skin KS of patient #3 (Skin KS3) and skin KS patient #4 (Skin KS4). Magnification, ×200, ×400. The quantified

results represent mean ± SD. Results are from three independent experiments, each with quadruple technical replicates, were performed.
� P< 0.05, �� P< 0.01, and ��� P< 0.001, Student’s t-test.

https://doi.org/10.1371/journal.ppat.1007578.g003
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DNA methyltransferase 1 (DNMT1) mediates DNA methylation and has been reported to

cause miR-218-5p silencing [49]. We found that DNMT1 was up-regulated by 1.62-fold in

vIRF1-transduced HUVECs (Table 1). Moreover, Western-blotting confirmed that DNMT1

protein was up-regulated in vIRF1-expressing cells and KSHV-infected cells (Fig 6A and 6B).

Knock-down of DNMT1 expression with specific siRNAs (siDNMT1) reduced the hyper-

methylation of the promoter of pre-miR-218-1 in vIRF1 expressing cells (Fig 6C), and

enhanced the expression of SLIT2, pre-miR-218-1 and miR-218-5p (Fig 6D). Meanwhile,

vIRF1 induced expression of HMGB2 and CMPK1 was also abolished following DNMT1 inhi-

bition (Fig 6E).

vIRF1 binds to p53 and represses p53-dependent transcription and apoptosis [16]. p53

transcriptionally suppresses the DNMT1 promoter by interacting with specificity protein 1

(Sp1) and forma complex [50]. Based on these studies, we sought to elucidate whether vIRF1

inhibition of p53-dependent transcription was responsible for vIRF1-induced DNMT1 up-

regulation and therefore was involved in the inhibition of miR-218-5p. Indeed, overexpression

of p53 in vIRF1-transduced HUVECs reduced the expression levels of DNMT1, HMGB2 and

CMPK1 (Fig 6F), as well as hypermethylation of the promoter of pre-miR-218-1 in vIRF1-ex-

pressing cells (Fig 6G), hence causing an increase of both pre-miR-218-1 and miR-218-5p

expression in vIRF1-infected HUVECs (Fig 6H).

These results indicated that vIRF1-induced miR-218-5p inhibition via aberrant DNA meth-

ylation at the pre-miR-218-1 promoter by inhibiting p53 to cause DNMT1 upregulation.

The crosstalk between miR-218-5p and lncRNA-OIP5-AS1 contributes to

vIRF1-induced cell motility, and proliferation

Numerous studies have shown that lncRNAs can act as ceRNAs to regulate the functions of

miRNAs. To identify lncRNAs which may serve as ceRNAs and interact with miR-218-5p,

we utilized online software programs starbase v2.0 (http://starbase.sysu.edu.cn/) and LncBase

Predicted v.2 (http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=

lncbasev2%2Findex-predicted) to search for lncRNAs that have complementary base pairing

with miR-218-5p. Considering the abundance in the cytoplasm, and high score of predicted

binding sites, we identified lncRNA OIP5 antisense RNA 1 (lncRNA-OIP5-AS1) as a potential

candidate. We found that there were four putative miR-218-5p-binding sites in lnc-OIP5-AS1

(Fig 7A) and that lnc-OIP5-AS1 was indeed up-regulated in both vIRF1-transduced and

KSHV-infected HUVECs (Fig 7B and 7C). We also found that vIRF1 was capable of activating

the luciferase activity of lnc-OIP5-AS1 promoter (S5 Fig). We generated four luciferase

reporter constructs, each of which contains only one putative miR-218-5p-binding site. Of

these, miRNA-218-5p mimics reduced the luciferase activities of lnc-OIP5-AS1 (S3) and lnc-

Fig 4. miR-218-5p directly targets HMGB2 and CMPK1 to mediate vIRF1-induced cell motility, invasion and

proliferation. (A). Western-blotting of HMGB2 and CMPK1 expression in vIRF1-infected HUVECs transfected with

a negative control mimic (NC of mimic; 20 nM), miR-218-5p mimic (miR-218-5p; 20 nM). (B). Western-blotting of

HMGB2 expression in vIRF1-expressing HUVECs transfected with a mixture of siRNAs targeting HMGB2

(siHMGB2). (C). Plate colony formation assay of HUVECs treated as in (B). (D). Migration analysis of HUVECs

treated as in (B). (E). Invasion analysis of HUVECs treated as in (B). (F). Western-blotting of CMPK1 expression in

vIRF1-expressing HUVECs transfected with a mixture of siRNAs targeting CMPK1 (siCMPK1). (G). Plate colony

formation assay of HUVECs treated as in (F). (H). Migration analysis of HUVECs treated as in (F). (I). Invasion

analysis of HUVECs treated as in (F). (J). Western-blotting of HMGB2 expression in KSHV-infected HUVECs

transfected with a mixture of siRNAs targeting HMGB2 (siHMGB2). (K). Western-blotting of CMPK1 expression in

KSHV-infected HUVECs transfected with a mixture of siRNAs targeting CMPK1 (siCMPK1). (L). Migration and

invasion analyses of HUVECs treated as in (J) and (K) at 6 h. The quantified results represent mean ± SD. Results are

from three independent experiments, each with cubic (colony formation) or quadruple (migration and invasion)

technical replicates, were performed. � P< 0.05, �� P< 0.01, and ��� P< 0.001, Student’s t-test.

https://doi.org/10.1371/journal.ppat.1007578.g004
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OIP5-AS1 (S4) reporters (Fig 7D) in a dose-dependent fashion (S6 Fig). In contrast, the miR-

218-5p mutant mimic lacking the seed sequence did not reduce the luciferase activities of both

lnc-OIP5-AS1 (S3) and lnc-OIP5-AS1 (S4) reporters (Fig 7E). To confirm the physical interac-

tion between miR-218-5p and lnc-OIP5-AS1, we performed RNA pull-down experiments.

Biotin-labeled mimics were incubated with HUVECs lysates, isolated with streptavidin agarose

beads and then analyzed by RT-qPCR. We observed that lnc-OIP5-AS1 enriched miR-218-5p

but not the miR-218 mutant (Fig 7F). These results indicated that lnc-OIP5-AS1 could directly

bind miR-218-5p.

Fig 5. vIRF1 suppresses miR-218-5p via hypermethylation of the pre-miR-218-1 promoter. (A). qPCR showing SLIT2 and SLIT3 expression in

vIRF1-transduced HUVECs. (B). qPCR showing SLIT2 and SLIT3 expression in KSHV-infected HUVECs. (C). qPCR showing pre-miR-218-1

expression in vIRF1-transduced HUVECs. (D). qPCR showing pre-miR-218-1 expression in KSHV-infected HUVECs (E). Methylation-specific PCR

showing DNA methylation of in the pre-miR-218-1 promoter in vIRF1-transduced HUVECs. (F). Methylation-specific PCR showing DNA methylation

of the pre-miR-218-1 promoter in KSHV-infected cells. (G). qPCR showing miR-218-5p expression in vIRF1-transduced HUVECs treated with 5-aza.

(H). Western-blotting of HMGB2 and CMPK1 expression in vIRF1-transduced HUVECs treated with 5-aza. The Western blots were ran with the same

samples but in two different gels, with each of them calibrated by independent GAPDH panels. The quantified results represent mean ± SD. ���

P< 0.001, Student’s t-test. undet., undetermined.

https://doi.org/10.1371/journal.ppat.1007578.g005
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Fig 6. vIRF1 suppresses miR-218-5p via hypermethylation of the pre-miR-218-1 promoter by inhibiting p53 to increase

DNMT1 expression. (A). Western-blotting of DNMT1 expression in vIRF1-transduced HUVECs. (B). Western-blotting of

DNMT1 in KSHV-infected HUVECs. (C). Methylation-specific PCR showing DNA methylation of the pre-miR-218-1
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To determine whether lnc-OIP5-AS1 could act as a ceRNA to abrogate the function of

miR-218-5p by releasing its binding to the targeted transcripts, we knocked down lnc-

OIP5-AS1 with specific Smart Silencer in HUVECs and performed an RNA immunoprecipita-

tion (RIP) assay on Ago2 (S7 Fig). We found that silencing of lnc-OIP5-AS1 in HUVECs

increased the HMGB2 and CMPK1 transcripts in the Ago2 complex (Fig 7G). Furthermore,

overexpression of lnc-OIP5-AS1 (S3) and lnc-OIP5-AS1 (S4) fragments abolished the inhibi-

tion of HMGB2 and CMPK1 3’UTR reporter activities by miR-218-5p (Fig 7H). These results

demonstrated the sequestration of miR-218-5p by lnc-OIP5-AS1, which relieved the inhibition

of the HMGB2/CMPK1 transcripts by miR-218-5p.

Intriguingly, overexpression of miR-218-5p significantly reduced the level of vIRF1-in-

duced lnc-OIP5-AS1 (Fig 7I). Conversely, inhibition of lnc-OIP5-AS1 reversed vIRF1 inhibi-

tion of the expression of both pre-miR-218-1 and miR-218-5p (Fig 7J). We further performed

knock down of Dicer to prevent maturation of miR-218-5p from pre-miR-218-1 and then

examined the effect of silencing lnc-OIP5-AS1 on miR-218-5p stability (S8 Fig). We found

that suppression of lnc-OIP5-AS1 reduced the degradation of miR-218-5p (Fig 7K). As a

result, silencing of lnc-OIP5-AS1 attenuated vIRF1-induced DNMT1, HMGB2 and CMPK1

expression (Fig 7L). These results indicated that lnc-OIP5-AS1 could not only inhibit the func-

tion of miR-218-5p by acting as a ceRNA but also reduce the level of miR-218-5p by direct

binding to induce miR-218-5p degradation. Consistent with these results, silencing of lnc-

OIP5-AS1 inhibited vIRF1-induced cell migration, invasion and proliferation (Fig 7M and

7N).

Loss of vIRF1 reduces KSHV-induced cell motility

To further dissect the functions of vIRF1 in the context of KSHV genome, we constructed a

KSHV mutant with ORF-K9 deleted using a two-step red recombination system as previously

described [51–53]. Positive colonies were screened and verified by PCR (S9A and S9B Fig).

Restriction analysis showed that the RGB-K9-mutant had a band shift of about 1.3 kb com-

pared to the wild-type RGB-BAC16, indicating that the K9 mutant bacmid was successfully

generated (S9C Fig). The RGB-K9-mutant was transfected into iSLK cells and selected to

obtain stable producer iSLK cells. As expected, we did not detect the expression of vIRF1 in

iSLK-RGB-K9 mutant cells, while the levels of vIRF4 and ORF57 had minimal changes (S9D

Fig). Similarly, HUVECs infected by the mutant virus had no vIRF1 expression (S9E Fig) but

had minimal changes in the levels of vIRF4 and ORF57 (S9F Fig). As expected, expression lev-

els of phosphorylated p53, acetylated p53, and p21 were increased in vIRF1_mutant cells com-

pared to those of KSHV_WT virus-infected HUVECs (S9G Fig). Because HUVECs

transduced with lentiviral vIRF1 at a MOI of 2 showed a vIRF1 mRNA expression level similar

to that of wild type KSHV-infected HUVECs (S1 Fig), we transduced vIRF1_mutant cells with

2 MOI of lentiviral vIRF1. We found that loss of vIRF1 not only reduced cell migration and

invasion (Fig 8A) but also decreased the level of hypermethylation in the pre-miR-218-1

promoter in vIRF1-expressing HUVECs transfected with a mixture of siRNAs targeting DNMT1 (siDNMT1). (D). qPCR

showing DNMT1, SLIT2, pre-miR-218-1 and miR-218-5p expression in vIRF1-expressing HUVECs transfected with a mixture

of siRNAs targeting DNMT1 (siDNMT1). (E). Western-blotting of DNMT1, HMGB2 and CMPK1 expression in

vIRF1-expressing HUVECs transfected with a mixture of siRNAs targeting DNMT1 (siDNMT1). (F). Western-blotting of

DNMT1, HMGB2 and CMPK1 expression in vIRF1-expressing HUVECs transfected with pCMV6-Entry-C-Myc-p53

construct. The Western blots were ran with the same samples but in two different gels, with each of them calibrated by

independent GAPDH panels. (G). Methylation-specific PCR showing DNA methylation of the pre-miR-218-1 promoter in

vIRF1-expressing HUVECs transfected with pCMV6-Entry-C-Myc-p53 construct. (H). qPCR showing pre-miR-218-1 and

miR-218-5p expression in vIRF1-expressing HUVECs transfected with pCMV6-Entry-C-Myc-p53 construct. The quantified

results represent mean ± SD. � P< 0.05, �� P< 0.01, and ��� P< 0.001, Student’s t-test.

https://doi.org/10.1371/journal.ppat.1007578.g006

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 12 / 26

https://doi.org/10.1371/journal.ppat.1007578.g006
https://doi.org/10.1371/journal.ppat.1007578


vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 13 / 26

https://doi.org/10.1371/journal.ppat.1007578


promoter (Fig 8B). Importantly, complementation with vIRF1 in vIRF1_mut-infected

HUVECs was sufficient to rescue cell migration and invasion induced by KSHV (Fig 8A), and

reverse the level of hypermethylation in the pre-miR-218-1 promoter induced by KSHV (Fig

8B). We also observed a significant decrease of lnc-OIP5-AS1 expression, and an increase of

miR-218-5p and pre-miR-218-1 expression in the mutant cells compared to both KSHV_wild-

type infected cells and vIRF1-transduced mutant cells (Fig 8C). Furthermore, deletion of

vIRF1 reduced the expression of DNMT1, HMGB2 and CMPK1 while complementation with

vIRF1 was sufficient to rescue the expression levels of these proteins (Fig 8D). Meanwhile,

inhibition of miR-218-5p with a specific inhibitor in both mutant cells and vIRF1-transduced

mutant cells increased cell migration and invasion (Fig 8E). Similar increase in cell migration

and invasion was also observed in the mutant and vIRF1-transduced mutant cells following

overexpression of lnc-OIP5-AS1 (S3) and lnc-OIP5-AS1 (S4) fragments (Fig 8F). Taken

together, these results demonstrated that vIRF1 mediated KSHV-induced cell migration, and

invasion by down-regulating miR-218-5p and up-regulating lnc-OIP5-AS1.

Discussion

KSHV K9/vIRF1 was initially characterized as an early lytic gene. However, subsequent studies

have shown that it is also expressed during viral latency. vIRF1 has two transcription start

sites, one is distal to the AUG, which is active during latency in PEL, and another is a more

proximal site, which is induced upon lytic reactivation [54]. Hence, vIRF1 might have a dual

modes of expression during latent and lytic replication [55–57]. Furthermore, K9/vIRF1

mRNA is expressed in all KS tumors (total 21 KS clinical biopsies) and preferentially tran-

scribed during latent infection of either endothelial/mesenchymal lineage cells, which

strengthens the role of K9/vIRF1 in KS tumorigenesis [58]. In the current study, we found that

vIRF1 promoted endothelial cell migration and invasion, as well as proliferation. Further, dele-

tion of vIRF1 from the KSHV genome reduced KSHV-induced cell migration, invasion and

proliferation. However, we could not assess the expression level of the endogenous vIRF1 pro-

tein because there is currently no vIRF1 antibody available. Despite the limitation, this work

still revealed a novel role of vIRF1 in cell migration, invasion and proliferation, which is an

important part of KS pathogenesis, particularly in the invasiveness and dissemination of KS

tumors.

MiR-218-5p, a vertebrate-specific intronic miRNA co-regulated with its host genes SLIT2/

SLIT3, functions as a tumor suppressor by modulating multiple pathways [36]. It is downregu-

lated in numerous human cancers, such as colorectal, prostate, pancreatic, gastric, and thyroid

Fig 7. The crosstalk between miR-218-5p and lncRNA-OIP5-AS1 contributes to vIRF1-induced cell motility, invasion and proliferation. (A). Putative

binding site of miR-218-5p in lnc-OIP5-AS1 and mutagenesis of target sites in miR-218-5p. (B). qPCR showing lncRNA-OIP5-AS1 expression in

vIRF1-transduced HUVECs. (C). qPCR showing lnc-OIP5-AS1 expression in KSHV-infected HUVECs. (D). Luciferase activity in HEK293T cells

cotransfected with miR-218-5p mimic (miR-218-5p; 20 nM) or a negative control (NC of mimic; 20 nM), together with the pGL-3-OIP5-AS1(S1), pGL-

3-OIP5-AS1(S2), pGL-3-OIP5-AS1(S3) or pGL-3-OIP5-AS1(S4) reporter construct for 48 h. (E). Luciferase activity in HEK293T cells cotransfected with the

miR-218-5p mimic (miR-218-5p; 20 nM), miR-218-5p mutant mimic (miR-218-5p mut 2; 20 nM) or a negative control (NC of mimic; 20 nM) together with

the pGL-3-OIP5-AS1(S3), or pGL-3-OIP5-AS1(S4) reporter construct for 48 h. (F). RNA pull-down analysis was performed with biotin-labeled miRNA and its

control including bio-Neg. Ctrl., bio-miR-218-5p and bio-miR-218-5p mut 2. Specific primers were used to detect the enrichment of lnc-OIP5-AS1. (G). RIP

results showing the enrichment of binding of lnc-OIP5-AS1, HMGB2 and CMPK1 with miR-218-5p based on Ago2 pull down assay. (H). Luciferase activity in

HEK293T cells cotransfected with miR-218-5p mimic (miR-218-5p; 20 nM) or a negative control (NC of mimic; 20 nM) together with pGL3-HMGB2 3’UTR

reporter or pGL3-CMPK1 3’UTR reporter with and without lnc-OIP5-AS1(S3) or lnc-OIP5-AS1(S4) fragment. (I). qPCR showing lnc-OIP5-AS1 expression in

vIRF1-expressing HUVECs transfected with miR-218-5p mimic. (J). qPCR showing lnc-OIP5-AS1, pre-miR-218-1 and miR-218-5p expression in

vIRF1-expressing HUVECs with lnc-OIP5-AS1 silencing. (K). qPCR showing miR-218-5p expression in lnc-OIP5-AS1 silenced HUVECs with Dicer

knockdown. (L). Western-blotting of DNMT1, HMGB2 and CMPK1 expression in vIRF1 cells with lnc-OIP5-AS1 silencing. (M). Migration and invasion

analyses of vIRF1 cells with lnc-OIP5-AS1 silencing at 6 h. (N). Plate colony formation assay of vIRF1-transduced HUVECs with lnc-OIP5-AS1 silencing. The

quantified results represent mean ± SD. � P< 0.05, �� P< 0.01, ��� P< 0.001, and ### P< 0.001, Student’s t-test.

https://doi.org/10.1371/journal.ppat.1007578.g007
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Fig 8. Loss of vIRF1 reduces cell motility, invasion and proliferation induced by KSHV. (A). Migration and invasion analyses of HUVECs treated with PBS (PBS) or

infected with wild-type KSHV (KSHV_WT) or vIRF1 mutant virus (vIRF1_mut) followed by transduction with lentiviral vIRF1 at MOI 2 at 6 hpi. (B). Methylation-
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cancers [47, 49, 59–63]. The mechanism of silencing miR-218-5p and its host genes, SLIT2/

SLIT3 is through promoter hypermethylation. For instance, human papillomavirus type 16

oncogene E6 reduces the level of miR-218-5p and SLIT2 through promoter hypermethylation

[64]. However, significance of miR-218-5p in the development of KS remains undefined. In this

study, we revealed that both KSHV infection and vIRF1 expression reduced the level of miR-

218-5p at least in part by silencing of pre-miR-218-1/SLIT2 via promoter hypermethylation.

Further, we demonstrated that vIRF1 increased DNMT1 expression by inhibiting p53 transcrip-

tional activity, leading to a higher level of DNA methylation of the pre-miR-218-1 promoter.

Lnc-OIP5-AS1 located at chromosome 15q15.1, known as cyrano, is ~8,000 nucleotides in

length and abundant in the cytoplasm. It was originally characterized in zebrafish and dis-

played crucial effects in embryonic nervous system development [65]. It was also reported to

play a vital role in embryonic stem cells (ESCs) self-renewal maintenance [66]. With regard to

its role in cancer, lnc-OIP5-AS1 exhibits multifaceted and complex features. For example, lnc-

OIP5-AS1 is shown to be a tumor suppressor and inhibit HeLa cells proliferation by interact-

ing with the RBP HuR to reduce HuR’s availability for binding target mRNAs, or associating

with GAK mRNA to impair GAK mRNA stability [67, 68]. On the contrary, lnc-OIP5-AS1

can exert oncogenic functions in several other cancers. It was consistently up-regulated in

renal cell carcinoma, glioblastoma, and gastric cancer [69–71]. Silencing of lnc-OIP5-AS1

repressed YAP-Notch signaling pathway activity leading to decrease of glioma cells’ prolifera-

tion, migration in vitro and tumor formation in vivo [72]. Moreover, lnc-OIP5-AS1 was highly

expressed in lung adenocarcinoma tissues and cells, and the loss of lnc-OIP5-AS1 inhibited

lung adenocarcinoma cell proliferation, migration and invasion [73]. In our report, we found

that both KSHV infection and vIRF1 expression increased the expression of lnc-OIP5-AS1 in

endothelial cells. Silencing of lnc-OIP5-AS1 suppressed cell migration, invasion and prolifera-

tion. Intriguingly, we found that vIRF1 activated the transcription of lnc-OIP5-AS1, however,

the precise mechanism remains unknown.

The cross-regulatory interactions between lncRNAs and miRNAs have been recognized to

regulate their downstream targets of either lncRNAs or miRNAs [74, 75]. Several miRNAs

including miR-7 [66], miR-410 [76], miR-424 [67], and miR-448 [73] have been identified to

interact with lnc-OIP5-AS1. On the other hand, miR-218-5p has been reported to interact

with lnc-MALAT1, participating in choriocarcinoma growth [77]. In the current study, we

revealed the crosstalk between miR-218-5p and lnc-OIP5-AS1, confirmed a direct interaction

between miR-218-5p and lnc-OIP5-AS1, and unearthed the fateful consequences of this inter-

action. We showed that lnc-OIP5-AS1 functioned as a ceRNA and sequestered miR-218-5p to

relieve its binding and targeting of HMGB2 and CMPK1 transcripts. Further, lnc-OIP5-AS1

could inhibit miR-218-5p expression through regulating miR-218-5p stability. Once entering

the RNA-induced silencing complex (RISC), miRNAs become extremely stable due to the pro-

tection of both ends of miRNAs by AGO proteins from 3ʹ–5ʹ exoribonucleases-mediated deg-

radation. Therefore, we speculated that lnc-OIP5-AS1 might block miR-218-5p from loading

onto AGO proteins, and hence accelerate its degradation. Interestingly, by an unclear mecha-

nism, lnc-OIP5-AS1 also increased DNMT1 expression to promote DNA methylation of the

specific PCR showing DNA methylation of HUVECs treated as in (A). (C). Expression of lnc-OIP5-AS1, pre-miR-218-1 and miR-218-5p expression detected by qPCR

in HUVECs treated as in (A). (D). Western-blotting of DNMT1, HMGB2 and CMPK1 expression in HUVECs treated as in (A). (E). Migration and invasion analyses of

wild-type KSHV (KSHV_WT) cells, vIRF1 mutant cells (vIRF1_mut) or vIRF1-transduced mutant cells followed by transduction with a specific miR-218-5p inhibitor

at 6 hpi. (F). Migration and invasion analyses of wild-type KSHV (KSHV_WT) cells, vIRF1 mutant cells (vIRF1_mut) or vIRF1-transduced mutant cells followed by

transduction with lentiviral lnc-OIP5-AS1 (S3) construct and lentiviral lnc-OIP5-AS1 (S4) construct at 6 h. (G). A hypothetical model of the mechanism of how vIRF1

facilitates endothelial cell motility, invasion and proliferation. The quantified results represent mean ± SD. � P< 0.05, �� P< 0.01, and ��� P< 0.001, Student’s t-test. n.

s, not significant.

https://doi.org/10.1371/journal.ppat.1007578.g008
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pre-miR-218-1 promoter, leading to decreased level of miR-218-1. On other hand, the lnc-

OIP5-AS1/miR-218-5p interaction also resulted in miR-218-5p suppression of lnc-OIP5-AS1

expression albeit the precise mechanism is unknown.

In conclusion, our study revealed that vIRF1 promoted cell migration, invasion and prolif-

eration by a p53- and lnc-OIP5-AS1-mediated down-regulation of miR-218-5p, leading to

increased expression levels of its target genes HMGB2 and CMPK1 (Fig 8G). This process was

mediated by the complex crosstalk between miR-218-5p and lnc-OIP5-AS1. These novel find-

ings extend the cross-regulatory network of cellular lncRNAs and miRNAs involved in the

pathogenesis of KS.

Materials and methods

Ethics statement

The clinical section of the research was reviewed and ethically approved by the Institutional

Ethics Committee of the First Affiliated Hospital of Nanjing Medical University (Nanjing,

China; Study protocol # 2015-SR-116). Written informed consent was obtained from all par-

ticipants, and all samples were anonymized. All participants were adults.

Cell culture and plasmids

The iSLK cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 1% penicillin-streptomycin, 1 μg/ml puromycin and 250 μg/ml G418. The established

iSLK-RGB-BAC16 and iSLK-RGB-K9 mutant cells were cultivated in DMEM supplemented

with 10% fetal bovine serum (FBS), 1 μg/ml puromycin, 250 μg/ml G418, and 1.2 mg/ml

hygromycin B [53]. HEK293T and continuous cell lines human umbilical vein endothelial

cells (catalog #CRL-1730, ATCC, Manassas, VA, USA) were maintained as previously

described [78]. The latter were only used for plate colony formation assay to evaluate the abil-

ity of cell proliferation. Primary human umbilical vein endothelial cells (HUVECs), which

were used for all assays except for luciferase and plate colony formation assays, were isolated

and cultured as previously delineated [79].

Flag-vIRF1 was cloned by inserting the coding sequences into plasmid pHAGE-CMV-MC-

SIzsGreen as previously described [78, 80]. The respective sequences of HMGB2 3’UTR,

CMPK1 3’UTR and lncRNA-OIP5-AS1 fragments containing putative miR-218-5p binding

sites (S1: 365–1167; S2: 3078–3539; S3: 4293–4701 and S4: 7775–8169) were amplified by PCR

and inserted into the pGL3-Control plasmid (Promega, Madison, WI, USA), respectively. The

pCMV6-Entry-C-Myc-p53 construct and pCMV6-Entry-C-Myc construct were provided by

ORIGENE (Beijing, China). The DNA fragment of lnc-OIP5-AS1 covering –1500 bp to 0 bp

of the transcription start site was amplified and subcloned into pGL3-Basic plasmid (Promega,

Madison, WI, USA).

Transfection, Reagents, Antibodies, and Western-Blotting

HUVECs were transfected using the Effectence transfection reagent (Qiagen, Suzhou, Jiangsu,

China), while HEK293T cells were transfected using the Lipofectamine 2000 Reagent (Invitro-

gen, Carlsbad, CA, USA). 5-aza (Decitabine), a potent inhibitor of DNA methylation, was

from Selleck Chemicals (Shanghai, China). siRNAs were synthesized from Genepharma

(Suzhou, China), the sequences of siRNAs are listed in S1 Table. LncRNA Smart Silencer was

obtained from RiboBio (Guangzhou, China). Antibodies against KSHV LANA, HMGB2,

CMPK1, DNMT1 and Dicer were from Abcam (Cambridge, MA, USA). Anti-Flag was

obtained from Cell Signaling Technologies (Beijing, China). Anti-Myc, anti-α-Tubulin, and
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anti-GAPDH were from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-rabbit immuno-

globulin G (IgG), anti-mouse IgG, anti-phosphorylated p53, anti-acetylated p53, anti-p53, and

anti-p21 were purchased from Beyotime Institute of Biotechnology (Nantong, Jiangsu, China).

Western-blotting analysis was conducted as previously described [81, 82]. In this study, all

Western blotting results were independently repeated at least three times unless otherwise

stated.

Cell migration, invasion and plate colony formation assays

Cell migration, invasion and colony formation assays were executed as previously described

[83–85].

Luciferase reporter assay

Luciferase reporter assay was conducted using the Promega dual-luciferase reporter assay sys-

tem according to the previous study [86].

Methylation-Specific PCR (MS-PCR)

Methylation-specific PCR (MS-PCR) was adopted using DNA Bisulfite conversion kit (TIAN-

GEN BIOTECH, Beijing, China) and Methylation-specific PCR kit (TIANGEN BIOTECH,

Beijing, China) according to the manufacturer’s instructions. MS-PCR primers were designed

as previously described [87].

RNA pull-down assay

HUVECs were collected, washed, and re-suspended with lysis buffer (Thermo Fisher Scien-

tific, Waltham, America). After incubating for 5 min, the lysates were precleared by centrifuga-

tion at 14,000 rpm for 10 minutes, and then were added to streptaviden magnetic beads

(Thermo Fisher Scientific, Waltham, America), which were incubated with Biotin-labeled

miR-218-5p, miR-218-5p mut 2, or Neg. Ctrl (Genepharma, Suzhou, China) for 4 hours. The

bound RNAs in the pull-down material were quantified by qRT-PCR.

RNA Immunoprecipitation (RIP) assay

HUVECs were transfected with lnc-OIP5-AS1 Smart Silencer or its Neg. Ctrl for 48 h, and

used for RIP experiments with an anti-Ago2 antibody (MERCK, Darmstadt, Germany) and

the Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (MERCK, Darmstadt,

Germany), according to the manufacturer’s instructions. The levels of lnc-OIP5 AS1, HMGB2

or CMPK1 were examined by qRT-PCR.

Construction and identification of KSHV ORF K9 Mutant

A KSHV mutant with ORF K9 deleted was constructed as described in previous studies [52,

88]. In brief, using the bacterial artificial chromosome (BAC) technology and the Escherichia
coli Red recombination system, together with PCR, restriction digestion, and sequencing for

strict quality control, a KSHV ORF K9 mutant (called RGB-K9-mutant) was constructed by

removing K9 coding sequence (CDS) from the wild-type recombinant KSHV RGB-BAC16

[53]. RGB-BAC16 and RGB-K9 mutant DNA were transfected into iSLK cells and selected

using 1 μg/ml puromycin, 250 μg/ml G418, and 1.2 mg/ml hygromycin B for 3 weeks to estab-

lish stable viral producer cell lines, iSLK-RGB-BAC16 and iSLK-RGB-K9 mutant cells. To pro-

duce virus stocks for infection, iSLK-RGB-BAC16 and iSLK-RGB-K9 mutant cells were plated

at 30 to 40% confluence and induced with both Doxycycline (Dox) (1 μg/ml) and sodium
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butyrate (NaB) (1 mM). After induction for 4 or 5 d, the supernatant was harvested, centri-

fuged, filtered, and concentrated by ultracentrifugation (25, 000 g at 4˚C for 3 h) using SW32

Ti rotor (Beckman Coulter Inc, USA). The pellet was resuspended, supplemented with 8 μg/

mL polybrene and then incubated with 105 HUVECs in a 6-well plate for 4 h. The primers for

construction and identification of K9 mutant bacmid were designed as previously described

[89] and the sequences of the primers could be found in S2 Table.

Reverse transcription and real time quantity PCR

RNA was extracted using RNA Isolator Total RNA Extraction Reagent (Vazyme Biotech Co.,

Ltd, Nanjing, China) from cells. Total RNA was reverse transcription by HiScript Q RT Super-

Mix (Vazyme Biotech Co., Ltd, Nanjing, China). Real time quantity PCR was performed by

AceQ qPCR SYBR Green Master Mix (Vazyme Biotech Co., Ltd, Nanjing, China). The

sequences of the primers for PCR could be found in S3 Table.

The extraction of genome DNA

The extraction of genome DNA was performed by using TIANamp Genomic DNA Kit

(TIANGEN BIOTECH, Beijing, China) according to the user’s guide. Briefly, cells were trypsi-

nized, and neutralized by 20% FBS DMEM. The suspension was centrifuged and the superna-

tant was discarded.

Mass spectrometry analysis

Mass spectrometry analysis was adopted according to the previous study [86].

Immunohistochemistry (IHC)

The KS clinical specimens were kindly offered by Jiangsu Province Hospital. All samples were

anonymized and all participants are provided with informed consent. IHC was carried out as

previously described with specific antibodies [85, 90].

Statistical analysis

All data are appeared as the means ± SD with at least three replications. Statistical analysis was

on account of Student’s t-test and the criterion for statistical significance was adopted as P val-

ues of< 0.05.

Accession numbers

Microarray data have been submitted and can be accessed by GEO accession number

GSE119034.

Supporting information

S1 Table. A list of sequences of the siRNAs mentioned in the text.

(DOCX)

S2 Table. A list of sequences of primers for deletion and test of ORF-K9 mutagenesis men-

tioned in the text.

(DOCX)

S3 Table. A list of sequences of specific primers for qPCR mentioned in the text.

(DOCX)
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S1 Fig. Determination of transduction efficiency of lentivirus-mediated vIRF1 in endothe-

lial cells. qPCR results showing vIRF1 mRNA expression in HUVECs infected with KSHV or

transduced with different MOI of lentiviral vIRF1. The level of vIRF1 mRNA in KSHV cells

was set as ‘‘1” for comparison. The quantified results represent the mean ± SD.

(TIF)

S2 Fig. miR-218-5p overexpression reduces cell migration and invasion. Representative

images of migration and invasion analysis of vIRF1-infected HUVECs transfected with mimics

of miR-218-5p for 48 h. Original magnification, ×100.

(TIF)

S3 Fig. Immunohistochemical staining of KS lesion and normal skin. Immunohistochemi-

cal staining of isotype control immunoglobulin G (IgG) for HMGB2 (Isotype IgG of

HMGB2) and CMPK1 (Isotype IgG of CMPK1) in normal skin, and skin KS of patient #2

(Skin KS2). Magnification, ×200, ×400.

(TIF)

S4 Fig. Knockdown of HMGB2 and CMPK1 with siRNAs. (A). Western-blotting of HMGB2

in HUVECs transfected with No.1 (si1HMGB2), No. 2 (si2HMGB2), No. 3 (si3HMGB2), and

a mixture of No. 1, 2 and 3 (siHMGB2 Mix) siRNAs targeting HMGB2.

(B). Western-blotting of CMPK1 in HUVECs transfected with No.1 (si1CMPK1), No. 2

(siCMPK1), No. 3 (si3CMPK1), and a mixture of No. 1, 2 and 3 (siCMPK1 Mix) siRNAs tar-

geting CMPK1.

(TIF)

S5 Fig. vIRF1 increases the luciferase activity of the lnc-OIP5-AS1 promoter reporter.

Luciferase activity in HEK293T cells cotransfected with vIRF1 and the lnc-OIP5-AS1 pro-

moter reporter for 4 h, 6 h, 12 h and 24 h, respectively. The quantified results represent

mean ± SD. � P< 0.05, ��� P< 0.001, Student’s t-test. n.s, not significant.

(TIF)

S6 Fig. miR-218-5p reduces the luciferase activities of lnc-OIP5-AS1 (S3) and lnc-OIP5-AS1

(S4) reporters in a dose-dependent fashion. Luciferase activity in HEK293T cells cotransfected

with an incremental amount of miR-218-5p mimic (miR-218-5p) (5, 10, and 15 nM) or its con-

trol (NC of mimic) together with pGL-3-OIP5-AS1(S3) or pGL-3-OIP5-AS1(S4) reporter for 48

h. The quantified results represent mean ± SD. � P< 0.05, �� P< 0.01, Student’s t-test.

(TIF)

S7 Fig. Knockdown of lnc-OIP5-AS1 with specific lncRNA Smart Silencer. qPCR showing

lnc-OIP5-AS1 expression in HUVECs transfected with an incremental amount of lncRNA

Smart Silencer targeting lnc-OIP5-AS1 (OIP5-AS1-si) (50 and 200 nM) for 48 h. Three spe-

cific primers of lnc-OIP5-AS1 were used. The quantified results represent mean ± SD. ���

P< 0.001, Student’s t-test.

(TIF)

S8 Fig. Knockdown of Dicer with siRNAs. Western-blotting of Dicer in HUVECs transfected

with No.1 (si1Dicer), No. 2 (si2Dicer), No. 3 (si3Dicer), and a mixture of No. 1, 2 and 3 (siDi-

cer Mix) siRNAs targeting Dicer.

(TIF)

S9 Fig. Construction and identification of KSHV ORF K9 mutant. (A). The primers

designed to test the mutation span the KSHV ORF-K9. K9 CDS in RGB-BAC16 is 1,998 bp;

the size is reduced to 1,683 bp in K9 mutant contained PSM while that of K9 mutant without
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PSM is 648 bp.

(B). Gel electrophoresis analysis of PCR product amplified with primers listed in S2 Table.

(C). The RGB-BAC16 and RGB-K9 Mutant bacmids were digested by Kpn I, and then ana-

lyzed by gel electrophoresis. The band of RGB-K9-mutant presented a shift of about 1.3 kb.

(D). qPCR showing vIRF1, vIRF4 and ORF 57 mRNA expressed in iSLK-RGB-BAC16 and

iSLK-RGB-K9 mutant cells.

(E). DNA was extracted from HUVECs infected with wild-type virus and mutant virus, ampli-

fied with primers listed in S2 Table by PCR, and then analyzed by gel electrophoresis.

(F). qPCR showing vIRF4 and ORF 57 mRNA expressed in HUVECs infected with wild-type

KSHV (KSHV_WT) or vIRF1 mutant virus (vIRF1_mut).

(G). Western-blotting of phosphorylated p53, acetylated p53, and p21 in HUVECs infected

with wild-type KSHV (KSHV_WT) or vIRF1 mutant virus (vIRF1_mut). The quantified

results represent the mean ± SD. ��� P< 0.001, Student’s t-test. undet., undetermined.

(TIF)

Acknowledgments

We appreciate Drs. Ke Lan (State Key Laboratory of Virology, Wuhan University) and Fanxiu

Zhu (Department of Biological Science, Florida State University) for their generous providing

E. coli GS1783, iSLK cells, pEPkhan-s and technical advice. We are also grateful to members

from Dr. Lu laboratory for helpful discussions.

Author Contributions

Conceptualization: Chun Lu.

Formal analysis: Wan Li, Qin Yan.

Investigation: Wan Li, Qingxia Wang, Qi Feng, Fei Wang.

Project administration: Chun Lu.

Supervision: Shou-Jiang Gao, Chun Lu.

Writing – original draft: Wan Li, Chun Lu.

Writing – review & editing: Shou-Jiang Gao, Chun Lu.

References
1. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, et al. Identification of herpesvi-

rus-like DNA sequences in AIDS-associated Kaposi’s sarcoma. Science. 1994; 266(5192):1865–9.

Epub 1994/12/16. PMID: 7997879.

2. Moore PS, Chang Y. Molecular virology of Kaposi’s sarcoma-associated herpesvirus. Philos Trans R

Soc Lond B Biol Sci. 2001; 356(1408):499–516. Epub 2001/04/21. https://doi.org/10.1098/rstb.2000.

0777 PMID: 11313008; PubMed Central PMCID: PMCPmc1088441.

3. Grundhoff A, Ganem D. Inefficient establishment of KSHV latency suggests an additional role for contin-

ued lytic replication in Kaposi sarcoma pathogenesis. J Clin Invest. 2004; 113(1):124–36. Epub 2004/

01/01. https://doi.org/10.1172/JCI200417803 PMID: 14702116; PubMed Central PMCID:

PMCPmc300762.

4. Mesri EA, Cesarman E, Boshoff C. Kaposi’s sarcoma and its associated herpesvirus. Nat Rev Cancer.

2010; 10(10):707–19. https://doi.org/10.1038/nrc2888 PMID: 20865011; PubMed Central PMCID:

PMC4721662.

5. Baresova P, Pitha PM, Lubyova B. Distinct roles of Kaposi’s sarcoma-associated herpesvirus-encoded

viral interferon regulatory factors in inflammatory response and cancer. J Virol. 2013; 87(17):9398–410.

https://doi.org/10.1128/JVI.03315-12 PMID: 23785197; PubMed Central PMCID: PMC3754142.

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 21 / 26

http://www.ncbi.nlm.nih.gov/pubmed/7997879
https://doi.org/10.1098/rstb.2000.0777
https://doi.org/10.1098/rstb.2000.0777
http://www.ncbi.nlm.nih.gov/pubmed/11313008
https://doi.org/10.1172/JCI200417803
http://www.ncbi.nlm.nih.gov/pubmed/14702116
https://doi.org/10.1038/nrc2888
http://www.ncbi.nlm.nih.gov/pubmed/20865011
https://doi.org/10.1128/JVI.03315-12
http://www.ncbi.nlm.nih.gov/pubmed/23785197
https://doi.org/10.1371/journal.ppat.1007578


6. Gao SJ, Boshoff C, Jayachandra S, Weiss RA, Chang Y, Moore PS. KSHV ORF K9 (vIRF) is an onco-

gene which inhibits the interferon signaling pathway. Oncogene. 1997; 15(16):1979–85. https://doi.org/

10.1038/sj.onc.1201571 PMID: 9365244.

7. Uldrick TS, Wang V, O’Mahony D, Aleman K, Wyvill KM, Marshall V, et al. An interleukin-6-related sys-

temic inflammatory syndrome in patients co-infected with Kaposi sarcoma-associated herpesvirus and

HIV but without Multicentric Castleman disease. Clin Infect Dis. 2010; 51(3):350–8. https://doi.org/10.

1086/654798 PMID: 20583924; PubMed Central PMCID: PMC2946207.

8. Abere B, Schulz TF. KSHV non-structural membrane proteins involved in the activation of intracellular

signaling pathways and the pathogenesis of Kaposi’s sarcoma. Curr Opin Virol. 2016; 20:11–9. https://

doi.org/10.1016/j.coviro.2016.07.008 PMID: 27518127.

9. Liang Q, Chang B, Lee P, Brulois KF, Ge J, Shi M, et al. Identification of the Essential Role of Viral Bcl-2

for Kaposi’s Sarcoma-Associated Herpesvirus Lytic Replication. J Virol. 2015; 89(10):5308–17. https://

doi.org/10.1128/JVI.00102-15 PMID: 25740994; PubMed Central PMCID: PMC4442505.

10. Jang GH, Lee J, Kim NY, Kim JH, Yeh JY, Han M, et al. Suppression of lytic replication of Kaposi’s sar-

coma-associated herpesvirus by autophagy during initial infection in NIH 3T3 fibroblasts. Arch Virol.

2016; 161(3):595–604. https://doi.org/10.1007/s00705-015-2698-2 PMID: 26620587.

11. Zhi H, Zahoor MA, Shudofsky AM, Giam CZ. KSHV vCyclin counters the senescence/G1 arrest

response triggered by NF-kappaB hyperactivation. Oncogene. 2015; 34(4):496–505. https://doi.org/10.

1038/onc.2013.567 PMID: 24469036; PubMed Central PMCID: PMC4112183.

12. Solis M, Goubau D, Romieu-Mourez R, Genin P, Civas A, Hiscott J. Distinct functions of IRF-3 and IRF-

7 in IFN-alpha gene regulation and control of anti-tumor activity in primary macrophages. Biochem

Pharmacol. 2006; 72(11):1469–76. https://doi.org/10.1016/j.bcp.2006.06.002 PMID: 16846591.

13. Hew K, Dahlroth SL, Venkatachalam R, Nasertorabi F, Lim BT, Cornvik T, et al. The crystal structure of

the DNA-binding domain of vIRF-1 from the oncogenic KSHV reveals a conserved fold for DNA binding

and reinforces its role as a transcription factor. Nucleic Acids Res. 2013; 41(7):4295–306. https://doi.

org/10.1093/nar/gkt082 PMID: 23435230; PubMed Central PMCID: PMC3627575.

14. Lin R, Genin P, Mamane Y, Sgarbanti M, Battistini A, Harrington WJ Jr., et al. HHV-8 encoded vIRF-1

represses the interferon antiviral response by blocking IRF-3 recruitment of the CBP/p300 coactivators.

Oncogene. 2001; 20(7):800–11. https://doi.org/10.1038/sj.onc.1204163 PMID: 11314014.

15. Shin YC, Nakamura H, Liang X, Feng P, Chang H, Kowalik TF, et al. Inhibition of the ATM/p53 signal

transduction pathway by Kaposi’s sarcoma-associated herpesvirus interferon regulatory factor 1. J

Virol. 2006; 80(5):2257–66. https://doi.org/10.1128/JVI.80.5.2257-2266.2006 PMID: 16474133;

PubMed Central PMCID: PMC1395370.

16. Seo T, Park J, Lee D, Hwang SG, Choe J. Viral interferon regulatory factor 1 of Kaposi’s sarcoma-asso-

ciated herpesvirus binds to p53 and represses p53-dependent transcription and apoptosis. J Virol.

2001; 75(13):6193–8. https://doi.org/10.1128/JVI.75.13.6193-6198.2001 PMID: 11390621; PubMed

Central PMCID: PMC114335.

17. Nakamura H, Li M, Zarycki J, Jung JU. Inhibition of p53 tumor suppressor by viral interferon regulatory

factor. J Virol. 2001; 75(16):7572–82. https://doi.org/10.1128/JVI.75.16.7572-7582.2001 PMID:

11462029; PubMed Central PMCID: PMC114992.

18. Kirchhoff S, Sebens T, Baumann S, Krueger A, Zawatzky R, Li-Weber M, et al. Viral IFN-regulatory fac-

tors inhibit activation-induced cell death via two positive regulatory IFN-regulatory factor 1-dependent

domains in the CD95 ligand promoter. J Immunol. 2002; 168(3):1226–34. PMID: 11801659.

19. Seo T, Park J, Choe J. Kaposi’s sarcoma-associated herpesvirus viral IFN regulatory factor 1 inhibits

transforming growth factor-beta signaling. Cancer Res. 2005; 65(5):1738–47. https://doi.org/10.1158/

0008-5472.CAN-04-2374 PMID: 15753369.

20. Holoch D, Moazed D. RNA-mediated epigenetic regulation of gene expression. Nat Rev Genet. 2015;

16(2):71–84. https://doi.org/10.1038/nrg3863 PMID: 25554358; PubMed Central PMCID:

PMC4376354.

21. Chen X, Fan S, Song E. Noncoding RNAs: New Players in Cancers. Adv Exp Med Biol. 2016; 927:1–

47. https://doi.org/10.1007/978-981-10-1498-7_1 PMID: 27376730.

22. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136(2):215–33. https://

doi.org/10.1016/j.cell.2009.01.002 PMID: 19167326; PubMed Central PMCID: PMC3794896.

23. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into functions. Nat Rev Genet.

2009; 10(3):155–9. https://doi.org/10.1038/nrg2521 PMID: 19188922.

24. Huarte M. The emerging role of lncRNAs in cancer. Nat Med. 2015; 21(11):1253–61. https://doi.org/10.

1038/nm.3981 PMID: 26540387.

25. Wilusz JE, Sunwoo H, Spector DL. Long noncoding RNAs: functional surprises from the RNA world.

Genes Dev. 2009; 23(13):1494–504. https://doi.org/10.1101/gad.1800909 PMID: 19571179; PubMed

Central PMCID: PMC3152381.

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 22 / 26

https://doi.org/10.1038/sj.onc.1201571
https://doi.org/10.1038/sj.onc.1201571
http://www.ncbi.nlm.nih.gov/pubmed/9365244
https://doi.org/10.1086/654798
https://doi.org/10.1086/654798
http://www.ncbi.nlm.nih.gov/pubmed/20583924
https://doi.org/10.1016/j.coviro.2016.07.008
https://doi.org/10.1016/j.coviro.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27518127
https://doi.org/10.1128/JVI.00102-15
https://doi.org/10.1128/JVI.00102-15
http://www.ncbi.nlm.nih.gov/pubmed/25740994
https://doi.org/10.1007/s00705-015-2698-2
http://www.ncbi.nlm.nih.gov/pubmed/26620587
https://doi.org/10.1038/onc.2013.567
https://doi.org/10.1038/onc.2013.567
http://www.ncbi.nlm.nih.gov/pubmed/24469036
https://doi.org/10.1016/j.bcp.2006.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16846591
https://doi.org/10.1093/nar/gkt082
https://doi.org/10.1093/nar/gkt082
http://www.ncbi.nlm.nih.gov/pubmed/23435230
https://doi.org/10.1038/sj.onc.1204163
http://www.ncbi.nlm.nih.gov/pubmed/11314014
https://doi.org/10.1128/JVI.80.5.2257-2266.2006
http://www.ncbi.nlm.nih.gov/pubmed/16474133
https://doi.org/10.1128/JVI.75.13.6193-6198.2001
http://www.ncbi.nlm.nih.gov/pubmed/11390621
https://doi.org/10.1128/JVI.75.16.7572-7582.2001
http://www.ncbi.nlm.nih.gov/pubmed/11462029
http://www.ncbi.nlm.nih.gov/pubmed/11801659
https://doi.org/10.1158/0008-5472.CAN-04-2374
https://doi.org/10.1158/0008-5472.CAN-04-2374
http://www.ncbi.nlm.nih.gov/pubmed/15753369
https://doi.org/10.1038/nrg3863
http://www.ncbi.nlm.nih.gov/pubmed/25554358
https://doi.org/10.1007/978-981-10-1498-7_1
http://www.ncbi.nlm.nih.gov/pubmed/27376730
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
https://doi.org/10.1038/nrg2521
http://www.ncbi.nlm.nih.gov/pubmed/19188922
https://doi.org/10.1038/nm.3981
https://doi.org/10.1038/nm.3981
http://www.ncbi.nlm.nih.gov/pubmed/26540387
https://doi.org/10.1101/gad.1800909
http://www.ncbi.nlm.nih.gov/pubmed/19571179
https://doi.org/10.1371/journal.ppat.1007578


26. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004; 116(2):281–97.

PMID: 14744438.

27. Kapranov P, Cheng J, Dike S, Nix DA, Duttagupta R, Willingham AT, et al. RNA maps reveal new RNA

classes and a possible function for pervasive transcription. Science. 2007; 316(5830):1484–8. https://

doi.org/10.1126/science.1138341 PMID: 17510325.

28. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of ceRNA crosstalk and competition. Nature.

2014; 505(7483):344–52. https://doi.org/10.1038/nature12986 PMID: 24429633; PubMed Central

PMCID: PMC4113481.

29. Saayman S, Ackley A, Turner AW, Famiglietti M, Bosque A, Clemson M, et al. An HIV-encoded anti-

sense long noncoding RNA epigenetically regulates viral transcription. Mol Ther. 2014; 22(6):1164–75.

https://doi.org/10.1038/mt.2014.29 PMID: 24576854; PubMed Central PMCID: PMC4048891.

30. Zheng ZM. Viral oncogenes, noncoding RNAs, and RNA splicing in human tumor viruses. Int J Biol Sci.

2010; 6(7):730–55. PMID: 21152115; PubMed Central PMCID: PMC2999850.

31. Li Z, Fu S, Sun LQ. Viral Noncoding RNAs in Cancer Biology. Adv Exp Med Biol. 2016; 927:367–89.

https://doi.org/10.1007/978-981-10-1498-7_14 PMID: 27376743.

32. Rossetto CC, Tarrant-Elorza M, Verma S, Purushothaman P, Pari GS. Regulation of viral and cellular

gene expression by Kaposi’s sarcoma-associated herpesvirus polyadenylated nuclear RNA. J Virol.

2013; 87(10):5540–53. https://doi.org/10.1128/JVI.03111-12 PMID: 23468496; PubMed Central

PMCID: PMC3648157.

33. Borah S, Darricarrere N, Darnell A, Myoung J, Steitz JA. A viral nuclear noncoding RNA binds re-local-

ized poly(A) binding protein and is required for late KSHV gene expression. PLoS Pathog. 2011; 7(10):

e1002300. https://doi.org/10.1371/journal.ppat.1002300 PMID: 22022268; PubMed Central PMCID:

PMC3192849.

34. Rossetto CC, Pari GS. Kaposi’s sarcoma-associated herpesvirus noncoding polyadenylated nuclear

RNA interacts with virus- and host cell-encoded proteins and suppresses expression of genes involved

in immune modulation. J Virol. 2011; 85(24):13290–7. https://doi.org/10.1128/JVI.05886-11 PMID:

21957289; PubMed Central PMCID: PMC3233155.

35. Rossetto CC, Pari G. KSHV PAN RNA associates with demethylases UTX and JMJD3 to activate lytic

replication through a physical interaction with the virus genome. PLoS Pathog. 2012; 8(5):e1002680.

https://doi.org/10.1371/journal.ppat.1002680 PMID: 22589717; PubMed Central PMCID:

PMC3349751.

36. Lu YF, Zhang L, Waye MM, Fu WM, Zhang JF. MiR-218 mediates tumorigenesis and metastasis: Per-

spectives and implications. Exp Cell Res. 2015; 334(1):173–82. https://doi.org/10.1016/j.yexcr.2015.

03.027 PMID: 25857406.

37. Wu ZB, Cai L, Lin SJ, Xiong ZK, Lu JL, Mao Y, et al. High-mobility group box 2 is associated with prog-

nosis of glioblastoma by promoting cell viability, invasion, and chemotherapeutic resistance. Neuro

Oncol. 2013; 15(9):1264–75. https://doi.org/10.1093/neuonc/not078 PubMed Central PMCID:

PMC3748920. PMID: 23828241

38. Kwon JH, Kim J, Park JY, Hong SM, Park CW, Hong SJ, et al. Overexpression of high-mobility group

box 2 is associated with tumor aggressiveness and prognosis of hepatocellular carcinoma. Clin Cancer

Res. 2010; 16(22):5511–21. https://doi.org/10.1158/1078-0432.CCR-10-0825 PMID: 20851854.

39. Liu NQ, De Marchi T, Timmermans A, Trapman-Jansen AM, Foekens R, Look MP, et al. Prognostic sig-

nificance of nuclear expression of UMP-CMP kinase in triple negative breast cancer patients. Sci Rep.

2016; 6:32027. https://doi.org/10.1038/srep32027 PMID: 27558661; PubMed Central PMCID:

PMC4997324.

40. Zhou D, Zhang L, Sun W, Guan W, Lin Q, Ren W, et al. Cytidine monophosphate kinase is inhibited by

the TGF-beta signalling pathway through the upregulation of miR-130b-3p in human epithelial ovarian

cancer. Cell Signal. 2017; 35:197–207. https://doi.org/10.1016/j.cellsig.2017.04.009 PMID: 28414100.

41. Cai X, Ding H, Liu Y, Pan G, Li Q, Yang Z, et al. Expression of HMGB2 indicates worse survival of

patients and is required for the maintenance of Warburg effect in pancreatic cancer. Acta Biochim Bio-

phys Sin (Shanghai). 2017; 49(2):119–27. https://doi.org/10.1093/abbs/gmw124 PMID: 28069585.

42. Zhao Y, Yang Z, Wu J, Wu R, Keshipeddy SK, Wright D, et al. High-mobility-group protein 2 regulated

by microRNA-127 and small heterodimer partner modulates pluripotency of mouse embryonic stem

cells and liver tumor initiating cells. Hepatol Commun. 2017; 1(8):816–30. https://doi.org/10.1002/hep4.

1086 PMID: 29218329; PubMed Central PMCID: PMC5678910.

43. Zhou D, Zhang L, Lin Q, Ren W, Xu G. Data on the association of CMPK1 with clinicopathological fea-

tures and biological effect in human epithelial ovarian cancer. Data Brief. 2017; 13:77–84. https://doi.

org/10.1016/j.dib.2017.05.022 PMID: 28560285; PubMed Central PMCID: PMC5443893.

44. Syed N, Chavan S, Sahasrabuddhe NA, Renuse S, Sathe G, Nanjappa V, et al. Silencing of high-mobil-

ity group box 2 (HMGB2) modulates cisplatin and 5-fluorouracil sensitivity in head and neck squamous

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 23 / 26

http://www.ncbi.nlm.nih.gov/pubmed/14744438
https://doi.org/10.1126/science.1138341
https://doi.org/10.1126/science.1138341
http://www.ncbi.nlm.nih.gov/pubmed/17510325
https://doi.org/10.1038/nature12986
http://www.ncbi.nlm.nih.gov/pubmed/24429633
https://doi.org/10.1038/mt.2014.29
http://www.ncbi.nlm.nih.gov/pubmed/24576854
http://www.ncbi.nlm.nih.gov/pubmed/21152115
https://doi.org/10.1007/978-981-10-1498-7_14
http://www.ncbi.nlm.nih.gov/pubmed/27376743
https://doi.org/10.1128/JVI.03111-12
http://www.ncbi.nlm.nih.gov/pubmed/23468496
https://doi.org/10.1371/journal.ppat.1002300
http://www.ncbi.nlm.nih.gov/pubmed/22022268
https://doi.org/10.1128/JVI.05886-11
http://www.ncbi.nlm.nih.gov/pubmed/21957289
https://doi.org/10.1371/journal.ppat.1002680
http://www.ncbi.nlm.nih.gov/pubmed/22589717
https://doi.org/10.1016/j.yexcr.2015.03.027
https://doi.org/10.1016/j.yexcr.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/25857406
https://doi.org/10.1093/neuonc/not078
http://www.ncbi.nlm.nih.gov/pubmed/23828241
https://doi.org/10.1158/1078-0432.CCR-10-0825
http://www.ncbi.nlm.nih.gov/pubmed/20851854
https://doi.org/10.1038/srep32027
http://www.ncbi.nlm.nih.gov/pubmed/27558661
https://doi.org/10.1016/j.cellsig.2017.04.009
http://www.ncbi.nlm.nih.gov/pubmed/28414100
https://doi.org/10.1093/abbs/gmw124
http://www.ncbi.nlm.nih.gov/pubmed/28069585
https://doi.org/10.1002/hep4.1086
https://doi.org/10.1002/hep4.1086
http://www.ncbi.nlm.nih.gov/pubmed/29218329
https://doi.org/10.1016/j.dib.2017.05.022
https://doi.org/10.1016/j.dib.2017.05.022
http://www.ncbi.nlm.nih.gov/pubmed/28560285
https://doi.org/10.1371/journal.ppat.1007578


cell carcinoma. Proteomics. 2015; 15(2–3):383–93. https://doi.org/10.1002/pmic.201400338 PMID:

25327479; PubMed Central PMCID: PMC4528963.

45. Ryu JS, Shin ES, Nam HS, Yi HG, Cho JH, Kim CS, et al. Differential effect of polymorphisms of

CMPK1 and RRM1 on survival in advanced non-small cell lung cancer patients treated with gemcitabine

or taxane/cisplatinum. J Thorac Oncol. 2011; 6(8):1320–9. https://doi.org/10.1097/JTO.

0b013e3182208e26 PMID: 21642870.

46. Ohmine K, Kawaguchi K, Ohtsuki S, Motoi F, Ohtsuka H, Kamiie J, et al. Quantitative Targeted Proteo-

mics of Pancreatic Cancer: Deoxycytidine Kinase Protein Level Correlates to Progression-Free Survival

of Patients Receiving Gemcitabine Treatment. Mol Pharm. 2015; 12(9):3282–91. https://doi.org/10.

1021/acs.molpharmaceut.5b00282 PMID: 26280109.

47. Tie J, Pan Y, Zhao L, Wu K, Liu J, Sun S, et al. MiR-218 inhibits invasion and metastasis of gastric can-

cer by targeting the Robo1 receptor. PLoS Genet. 2010; 6(3):e1000879. https://doi.org/10.1371/

journal.pgen.1000879 PMID: 20300657; PubMed Central PMCID: PMC2837402.

48. Alajez NM, Lenarduzzi M, Ito E, Hui AB, Shi W, Bruce J, et al. MiR-218 suppresses nasopharyngeal

cancer progression through downregulation of survivin and the SLIT2-ROBO1 pathway. Cancer Res.

2011; 71(6):2381–91. https://doi.org/10.1158/0008-5472.CAN-10-2754 PMID: 21385904.

49. Li CH, To KF, Tong JH, Xiao Z, Xia T, Lai PB, et al. Enhancer of zeste homolog 2 silences microRNA-

218 in human pancreatic ductal adenocarcinoma cells by inducing formation of heterochromatin. Gastro-

enterology. 2013; 144(5):1086–97 e9. https://doi.org/10.1053/j.gastro.2013.01.058 PMID: 23395645.

50. Lin RK, Wu CY, Chang JW, Juan LJ, Hsu HS, Chen CY, et al. Dysregulation of p53/Sp1 control leads to

DNA methyltransferase-1 overexpression in lung cancer. Cancer Res. 2010; 70(14):5807–17. https://

doi.org/10.1158/0008-5472.CAN-09-4161 PMID: 20570896.

51. Brulois KF, Chang H, Lee AS, Ensser A, Wong LY, Toth Z, et al. Construction and manipulation of a

new Kaposi’s sarcoma-associated herpesvirus bacterial artificial chromosome clone. J Virol. 2012; 86

(18):9708–20. https://doi.org/10.1128/JVI.01019-12 PMID: 22740391; PubMed Central PMCID:

PMC3446615.

52. Tischer BK, von Einem J, Kaufer B, Osterrieder N. Two-step red-mediated recombination for versatile

high-efficiency markerless DNA manipulation in Escherichia coli. Biotechniques. 2006; 40(2):191–7.

Epub 2006/03/11. https://doi.org/10.2144/000112096 PMID: 16526409.

53. Brulois K, Toth Z, Wong LY, Feng P, Gao SJ, Ensser A, et al. Kaposi’s sarcoma-associated herpesvirus

K3 and K5 ubiquitin E3 ligases have stage-specific immune evasion roles during lytic replication. J Virol.

2014; 88(16):9335–49. https://doi.org/10.1128/JVI.00873-14 PMID: 24899205; PubMed Central

PMCID: PMC4136276.

54. Chen J, Ueda K, Sakakibara S, Okuno T, Yamanishi K. Transcriptional regulation of the Kaposi’s sar-

coma-associated herpesvirus viral interferon regulatory factor gene. J Virol. 2000; 74(18):8623–34.

PMID: 10954564; PubMed Central PMCID: PMC116375.

55. Fakhari FD, Dittmer DP. Charting latency transcripts in Kaposi’s sarcoma-associated herpesvirus by

whole-genome real-time quantitative PCR. J Virol. 2002; 76(12):6213–23. https://doi.org/10.1128/JVI.

76.12.6213-6223.2002 PMID: 12021355; PubMed Central PMCID: PMC136228.

56. Paulose-Murphy M, Ha NK, Xiang C, Chen Y, Gillim L, Yarchoan R, et al. Transcription program of

human herpesvirus 8 (kaposi’s sarcoma-associated herpesvirus). J Virol. 2001; 75(10):4843–53.

https://doi.org/10.1128/JVI.75.10.4843-4853.2001 PMID: 11312356; PubMed Central PMCID:

PMC114239.

57. Zhong W, Wang H, Herndier B, Ganem D. Restricted expression of Kaposi sarcoma-associated her-

pesvirus (human herpesvirus 8) genes in Kaposi sarcoma. Proc Natl Acad Sci U S A. 1996; 93

(13):6641–6. PMID: 8692871; PubMed Central PMCID: PMC39079.

58. Dittmer DP. Transcription profile of Kaposi’s sarcoma-associated herpesvirus in primary Kaposi’s sar-

coma lesions as determined by real-time PCR arrays. Cancer Res. 2003; 63(9):2010–5. PMID:

12727810.

59. Guan H, Wei G, Wu J, Fang D, Liao Z, Xiao H, et al. Down-regulation of miR-218-2 and its host gene

SLIT3 cooperate to promote invasion and progression of thyroid cancer. J Clin Endocrinol Metab. 2013;

98(8):E1334–44. https://doi.org/10.1210/jc.2013-1053 PMID: 23720784.

60. Han G, Fan M, Zhang X. microRNA-218 inhibits prostate cancer cell growth and promotes apoptosis by

repressing TPD52 expression. Biochem Biophys Res Commun. 2015; 456(3):804–9. https://doi.org/10.

1016/j.bbrc.2014.12.026 PMID: 25511701.

61. Gao X, Jin W. The emerging role of tumor-suppressive microRNA-218 in targeting glioblastoma stem-

ness. Cancer Lett. 2014; 353(1):25–31. https://doi.org/10.1016/j.canlet.2014.07.011 PMID: 25042866.

62. Wu DW, Chuang CY, Lin WL, Sung WW, Cheng YW, Lee H. Paxillin promotes tumor progression and

predicts survival and relapse in oral cavity squamous cell carcinoma by microRNA-218 targeting. Carci-

nogenesis. 2014; 35(8):1823–9. https://doi.org/10.1093/carcin/bgu102 PMID: 24894864.

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 24 / 26

https://doi.org/10.1002/pmic.201400338
http://www.ncbi.nlm.nih.gov/pubmed/25327479
https://doi.org/10.1097/JTO.0b013e3182208e26
https://doi.org/10.1097/JTO.0b013e3182208e26
http://www.ncbi.nlm.nih.gov/pubmed/21642870
https://doi.org/10.1021/acs.molpharmaceut.5b00282
https://doi.org/10.1021/acs.molpharmaceut.5b00282
http://www.ncbi.nlm.nih.gov/pubmed/26280109
https://doi.org/10.1371/journal.pgen.1000879
https://doi.org/10.1371/journal.pgen.1000879
http://www.ncbi.nlm.nih.gov/pubmed/20300657
https://doi.org/10.1158/0008-5472.CAN-10-2754
http://www.ncbi.nlm.nih.gov/pubmed/21385904
https://doi.org/10.1053/j.gastro.2013.01.058
http://www.ncbi.nlm.nih.gov/pubmed/23395645
https://doi.org/10.1158/0008-5472.CAN-09-4161
https://doi.org/10.1158/0008-5472.CAN-09-4161
http://www.ncbi.nlm.nih.gov/pubmed/20570896
https://doi.org/10.1128/JVI.01019-12
http://www.ncbi.nlm.nih.gov/pubmed/22740391
https://doi.org/10.2144/000112096
http://www.ncbi.nlm.nih.gov/pubmed/16526409
https://doi.org/10.1128/JVI.00873-14
http://www.ncbi.nlm.nih.gov/pubmed/24899205
http://www.ncbi.nlm.nih.gov/pubmed/10954564
https://doi.org/10.1128/JVI.76.12.6213-6223.2002
https://doi.org/10.1128/JVI.76.12.6213-6223.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021355
https://doi.org/10.1128/JVI.75.10.4843-4853.2001
http://www.ncbi.nlm.nih.gov/pubmed/11312356
http://www.ncbi.nlm.nih.gov/pubmed/8692871
http://www.ncbi.nlm.nih.gov/pubmed/12727810
https://doi.org/10.1210/jc.2013-1053
http://www.ncbi.nlm.nih.gov/pubmed/23720784
https://doi.org/10.1016/j.bbrc.2014.12.026
https://doi.org/10.1016/j.bbrc.2014.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25511701
https://doi.org/10.1016/j.canlet.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25042866
https://doi.org/10.1093/carcin/bgu102
http://www.ncbi.nlm.nih.gov/pubmed/24894864
https://doi.org/10.1371/journal.ppat.1007578


63. He X, Dong Y, Wu CW, Zhao Z, Ng SS, Chan FK, et al. MicroRNA-218 inhibits cell cycle progression

and promotes apoptosis in colon cancer by downregulating BMI1 polycomb ring finger oncogene. Mol

Med. 2013; 18:1491–8. https://doi.org/10.2119/molmed.2012.00304 PMID: 23255074; PubMed Central

PMCID: PMC3576472.

64. Martinez I, Gardiner AS, Board KF, Monzon FA, Edwards RP, Khan SA. Human papillomavirus type 16

reduces the expression of microRNA-218 in cervical carcinoma cells. Oncogene. 2008; 27(18):2575–

82. https://doi.org/10.1038/sj.onc.1210919 PMID: 17998940; PubMed Central PMCID: PMC2447163.

65. Ulitsky I, Shkumatava A, Jan CH, Sive H, Bartel DP. Conserved function of lincRNAs in vertebrate

embryonic development despite rapid sequence evolution. Cell. 2011; 147(7):1537–50. https://doi.org/

10.1016/j.cell.2011.11.055 PMID: 22196729; PubMed Central PMCID: PMC3376356.

66. Smith KN, Starmer J, Miller SC, Sethupathy P, Magnuson T. Long Noncoding RNA Moderates Micro-

RNA Activity to Maintain Self-Renewal in Embryonic Stem Cells. Stem Cell Reports. 2017; 9(1):108–

21. https://doi.org/10.1016/j.stemcr.2017.05.005 PMID: 28579393; PubMed Central PMCID:

PMC5511051.

67. Kim J, Abdelmohsen K, Yang X, De S, Grammatikakis I, Noh JH, et al. LncRNA OIP5-AS1/cyrano

sponges RNA-binding protein HuR. Nucleic Acids Res. 2016; 44(5):2378–92. https://doi.org/10.1093/

nar/gkw017 PMID: 26819413; PubMed Central PMCID: PMC4797289.

68. Kim J, Noh JH, Lee SK, Munk R, Sharov A, Lehrmann E, et al. LncRNA OIP5-AS1/cyrano suppresses

GAK expression to control mitosis. Oncotarget. 2017; 8(30):49409–20. https://doi.org/10.18632/

oncotarget.17219 PMID: 28472763; PubMed Central PMCID: PMC5564778.

69. Freitas M, Malheiros S, Stavale JN, Biassi TP, Zamuner FT, de Souza Begnami M, et al. Expression of

cancer/testis antigens is correlated with improved survival in glioblastoma. Oncotarget. 2013; 4(4):636–

46. https://doi.org/10.18632/oncotarget.950 PMID: 23592437; PubMed Central PMCID: PMC3720610.

70. Gong M, Xu Y, Dong W, Guo G, Ni W, Wang Y, et al. Expression of Opa interacting protein 5 (OIP5) is

associated with tumor stage and prognosis of clear cell renal cell carcinoma. Acta Histochem. 2013;

115(8):810–5. https://doi.org/10.1016/j.acthis.2013.03.008 PMID: 23664661.

71. Nakamura Y, Tanaka F, Nagahara H, Ieta K, Haraguchi N, Mimori K, et al. Opa interacting protein 5

(OIP5) is a novel cancer-testis specific gene in gastric cancer. Ann Surg Oncol. 2007; 14(2):885–92.

https://doi.org/10.1245/s10434-006-9121-x PMID: 17151793.

72. Hu GW, Wu L, Kuang W, Chen Y, Zhu XG, Guo H, et al. Knockdown of linc-OIP5 inhibits proliferation

and migration of glioma cells through down-regulation of YAP-NOTCH signaling pathway. Gene. 2017;

610:24–31. https://doi.org/10.1016/j.gene.2017.02.006 PMID: 28189759.

73. Deng J, Deng H, Liu C, Liang Y, Wang S. Long non-coding RNA OIP5-AS1 functions as an oncogene in

lung adenocarcinoma through targeting miR-448/Bcl-2. Biomed Pharmacother. 2017; 98:102–10.

https://doi.org/10.1016/j.biopha.2017.12.031 PMID: 29247949.

74. Jeggari A, Marks DS, Larsson E. miRcode: a map of putative microRNA target sites in the long non-cod-

ing transcriptome. Bioinformatics. 2012; 28(15):2062–3. https://doi.org/10.1093/bioinformatics/bts344

PMID: 22718787; PubMed Central PMCID: PMC3400968.

75. Paraskevopoulou MD, Georgakilas G, Kostoulas N, Reczko M, Maragkakis M, Dalamagas TM, et al.

DIANA-LncBase: experimentally verified and computationally predicted microRNA targets on long non-

coding RNAs. Nucleic Acids Res. 2013; 41(Database issue):D239–45. https://doi.org/10.1093/nar/

gks1246 PMID: 23193281; PubMed Central PMCID: PMC3531175.

76. Yang N, Chen J, Zhang H, Wang X, Yao H, Peng Y, et al. LncRNA OIP5-AS1 loss-induced microRNA-

410 accumulation regulates cell proliferation and apoptosis by targeting KLF10 via activating PTEN/

PI3K/AKT pathway in multiple myeloma. Cell Death Dis. 2017; 8(8):e2975. https://doi.org/10.1038/

cddis.2017.358 PMID: 28796257; PubMed Central PMCID: PMC5596549.

77. Shi D, Zhang Y, Lu R, Zhang Y. The long non-coding RNA MALAT1 interacted with miR-218 modulates

choriocarcinoma growth by targeting Fbxw8. Biomed Pharmacother. 2018; 97:543–50. https://doi.org/

10.1016/j.biopha.2017.10.083 PMID: 29096355.

78. Zhu X, Guo Y, Yao S, Yan Q, Xue M, Hao T, et al. Synergy between Kaposi’s sarcoma-associated her-

pesvirus (KSHV) vIL-6 and HIV-1 Nef protein in promotion of angiogenesis and oncogenesis: role of the

AKT signaling pathway. Oncogene. 2014; 33(15):1986–96. https://doi.org/10.1038/onc.2013.136

PMID: 23604117.

79. Poon M, Zhang X, Dunsky KG, Taubman MB, Harpel PC. Apolipoprotein(a) induces monocyte chemo-

tactic activity in human vascular endothelial cells. Circulation. 1997; 96(8):2514–9. PMID: 9355887.

80. Zhou F, Xue M, Qin D, Zhu X, Wang C, Zhu J, et al. HIV-1 Tat Promotes Kaposi’s Sarcoma-Associated

Herpesvirus (KSHV) vIL-6-Induced Angiogenesis and Tumorigenesis by Regulating PI3K/PTEN/AKT/

GSK-3beta Signaling Pathway. PLoS One. 2013; 8(1):e53145. Epub 2013/01/10. https://doi.org/10.

1371/journal.pone.0053145 PMID: 23301033; PubMed Central PMCID: PMC3534639.

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 25 / 26

https://doi.org/10.2119/molmed.2012.00304
http://www.ncbi.nlm.nih.gov/pubmed/23255074
https://doi.org/10.1038/sj.onc.1210919
http://www.ncbi.nlm.nih.gov/pubmed/17998940
https://doi.org/10.1016/j.cell.2011.11.055
https://doi.org/10.1016/j.cell.2011.11.055
http://www.ncbi.nlm.nih.gov/pubmed/22196729
https://doi.org/10.1016/j.stemcr.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28579393
https://doi.org/10.1093/nar/gkw017
https://doi.org/10.1093/nar/gkw017
http://www.ncbi.nlm.nih.gov/pubmed/26819413
https://doi.org/10.18632/oncotarget.17219
https://doi.org/10.18632/oncotarget.17219
http://www.ncbi.nlm.nih.gov/pubmed/28472763
https://doi.org/10.18632/oncotarget.950
http://www.ncbi.nlm.nih.gov/pubmed/23592437
https://doi.org/10.1016/j.acthis.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23664661
https://doi.org/10.1245/s10434-006-9121-x
http://www.ncbi.nlm.nih.gov/pubmed/17151793
https://doi.org/10.1016/j.gene.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28189759
https://doi.org/10.1016/j.biopha.2017.12.031
http://www.ncbi.nlm.nih.gov/pubmed/29247949
https://doi.org/10.1093/bioinformatics/bts344
http://www.ncbi.nlm.nih.gov/pubmed/22718787
https://doi.org/10.1093/nar/gks1246
https://doi.org/10.1093/nar/gks1246
http://www.ncbi.nlm.nih.gov/pubmed/23193281
https://doi.org/10.1038/cddis.2017.358
https://doi.org/10.1038/cddis.2017.358
http://www.ncbi.nlm.nih.gov/pubmed/28796257
https://doi.org/10.1016/j.biopha.2017.10.083
https://doi.org/10.1016/j.biopha.2017.10.083
http://www.ncbi.nlm.nih.gov/pubmed/29096355
https://doi.org/10.1038/onc.2013.136
http://www.ncbi.nlm.nih.gov/pubmed/23604117
http://www.ncbi.nlm.nih.gov/pubmed/9355887
https://doi.org/10.1371/journal.pone.0053145
https://doi.org/10.1371/journal.pone.0053145
http://www.ncbi.nlm.nih.gov/pubmed/23301033
https://doi.org/10.1371/journal.ppat.1007578


81. Zeng Y, Zhang X, Huang Z, Cheng L, Yao S, Qin D, et al. Intracellular Tat of human immunodeficiency

virus type 1 activates lytic cycle replication of Kaposi’s sarcoma-associated herpesvirus: role of JAK/

STAT signaling. J Virol. 2007; 81(5):2401–17. https://doi.org/10.1128/JVI.02024-06 PMID: 17151125.

82. Qin D, Zeng Y, Qian C, Huang Z, Lv Z, Cheng L, et al. Induction of lytic cycle replication of Kaposi’s sar-

coma-associated herpesvirus by herpes simplex virus type 1: involvement of IL-10 and IL-4. Cell Micro-

biol. 2008; 10(3):713–28. https://doi.org/10.1111/j.1462-5822.2007.01079.x PMID: 18042256.

83. Li W, Hu M, Wang C, Lu H, Chen F, Xu J, et al. A viral microRNA downregulates metastasis suppressor

CD82 and induces cell invasion and angiogenesis by activating the c-Met signaling. Oncogene. 2017;

36(38):5407–20. https://doi.org/10.1038/onc.2017.139 PMID: 28534512; PubMed Central PMCID:

PMC5608636.

84. Yao S, Hu M, Hao T, Li W, Xue X, Xue M, et al. MiRNA-891a-5p mediates HIV-1 Tat and KSHV Orf-K1

synergistic induction of angiogenesis by activating NF-kappaB signaling. Nucleic Acids Res. 2015; 43

(19):9362–78. https://doi.org/10.1093/nar/gkv988 PMID: 26446987; PubMed Central PMCID:

PMC4627096.

85. Xue M, Yao S, Hu M, Li W, Hao T, Zhou F, et al. HIV-1 Nef and KSHV oncogene K1 synergistically pro-

mote angiogenesis by inducing cellular miR-718 to regulate the PTEN/AKT/mTOR signaling pathway.

Nucleic Acids Res. 2014; 42(15):9862–79. https://doi.org/10.1093/nar/gku583 PMID: 25104021.

86. Li W, Yan Q, Ding X, Shen C, Hu M, Zhu Y, et al. The SH3BGR/STAT3 Pathway Regulates Cell Migra-

tion and Angiogenesis Induced by a Gammaherpesvirus MicroRNA. PLoS Pathog. 2016; 12(4):

e1005605. https://doi.org/10.1371/journal.ppat.1005605 PMID: 27128969; PubMed Central PMCID:

PMC4851422.

87. Beggs AD, Jones A, Shepherd N, Arnaout A, Finlayson C, Abulafi AM, et al. Loss of expression and pro-

moter methylation of SLIT2 are associated with sessile serrated adenoma formation. PLoS Genet.

2013; 9(5):e1003488. https://doi.org/10.1371/journal.pgen.1003488 PMID: 23671423; PubMed Central

PMCID: PMC3649993.

88. Wang F, Guo Y, Li W, Lu C, Yan Q. Generation of a KSHV K13 Deletion Mutant for vFLIP Function

Study. J Med Virol. 2017. https://doi.org/10.1002/jmv.25009 PMID: 29244209.

89. Jain V, Plaisance-Bonstaff K, Sangani R, Lanier C, Dolce A, Hu J, et al. A Toolbox for Herpesvirus

miRNA Research: Construction of a Complete Set of KSHV miRNA Deletion Mutants. Viruses. 2016; 8

(2). https://doi.org/10.3390/v8020054 PMID: 26907327; PubMed Central PMCID: PMC4776209.

90. Hu M, Wang C, Li W, Lu W, Bai Z, Qin D, et al. A KSHV microRNA Directly Targets G Protein-Coupled

Receptor Kinase 2 to Promote the Migration and Invasion of Endothelial Cells by Inducing CXCR2 and

Activating AKT Signaling. PLoS Pathog. 2015; 11(9):e1005171. https://doi.org/10.1371/journal.ppat.

1005171 PMID: 26402907.

vIRF1 targets lncRNA-OIP5-AS1/miR-218-5p network to promote cell invasion

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007578 January 30, 2019 26 / 26

https://doi.org/10.1128/JVI.02024-06
http://www.ncbi.nlm.nih.gov/pubmed/17151125
https://doi.org/10.1111/j.1462-5822.2007.01079.x
http://www.ncbi.nlm.nih.gov/pubmed/18042256
https://doi.org/10.1038/onc.2017.139
http://www.ncbi.nlm.nih.gov/pubmed/28534512
https://doi.org/10.1093/nar/gkv988
http://www.ncbi.nlm.nih.gov/pubmed/26446987
https://doi.org/10.1093/nar/gku583
http://www.ncbi.nlm.nih.gov/pubmed/25104021
https://doi.org/10.1371/journal.ppat.1005605
http://www.ncbi.nlm.nih.gov/pubmed/27128969
https://doi.org/10.1371/journal.pgen.1003488
http://www.ncbi.nlm.nih.gov/pubmed/23671423
https://doi.org/10.1002/jmv.25009
http://www.ncbi.nlm.nih.gov/pubmed/29244209
https://doi.org/10.3390/v8020054
http://www.ncbi.nlm.nih.gov/pubmed/26907327
https://doi.org/10.1371/journal.ppat.1005171
https://doi.org/10.1371/journal.ppat.1005171
http://www.ncbi.nlm.nih.gov/pubmed/26402907
https://doi.org/10.1371/journal.ppat.1007578

