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Abstract

Kaposi’s sarcoma-associated herpesvirus (KSHV) causes the inflammatory and angiogenic

endothelial cell neoplasm, Kaposi’s sarcoma (KS). We previously demonstrated that the

KSHV Kaposin B (KapB) protein promotes inflammation via the disassembly of cytoplasmic

ribonucleoprotein granules called processing bodies (PBs). PBs modify gene expression by

silencing or degrading labile messenger RNAs (mRNAs), including many transcripts that

encode inflammatory or angiogenic proteins associated with KS disease. Although our work

implicated PB disassembly as one of the causes of inflammation during KSHV infection, the

precise mechanism used by KapB to elicit PB disassembly was unclear. Here we reveal a

new connection between the degradative process of autophagy and PB disassembly. We

show that both latent KSHV infection and KapB expression enhanced autophagic flux via

phosphorylation of the autophagy regulatory protein, Beclin. KapB was necessary for this

effect, as infection with a recombinant virus that does not express the KapB protein did not

induce Beclin phosphorylation or autophagic flux. Moreover, we showed that PB disassem-

bly mediated by KSHV or KapB, depended on autophagy genes and the selective autop-

hagy receptor NDP52/CALCOCO2 and that the PB scaffolding protein, Pat1b, co-

immunoprecipitated with NDP52. These studies reveal a new role for autophagy and the

selective autophagy receptor NDP52 in promoting PB turnover and the concomitant synthe-

sis of inflammatory molecules during KSHV infection.

Author summary

Kaposi’s sarcoma-associated herpesvirus (KSHV) causes several forms of cancer including

Kaposi’s Sarcoma (KS). Multiple KSHV gene products contribute to inflammatory pro-

cesses that sustain cancer cells. Processing bodies (PBs) are poorly characterized cellular
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structures that suppress inflammation by interfering with the mRNAs that encode inflam-

matory mediator proteins. We previously showed that a viral protein known as KapB

caused PBs to disappear in KSHV infected cells. Here, we reveal the mechanism of PB dis-

appearance in infected cells, whereby KapB co-opts the cellular catabolic process of autop-

hagy to direct PB disassembly.

This discovery centers autophagy in viral control of inflammation and provides yet

another striking example of subversion of normal cellular processes by cancer-causing

viruses.

Introduction

Macroautophagy, hereafter referred to as autophagy, is an evolutionarily conserved degrada-

tive process that ensures the continuous recycling of material to maintain cellular homeostasis

[1–3]. Autophagy begins with the formation of a phagophore that elongates and encloses a

portion of the cytoplasm to form a double-membrane organelle, the autophagosome, which

fuses with lysosomes to form autolysosomes, where contents are degraded [4]. Under basal

conditions, autophagic activity ensures the clearance of damaged macromolecular complexes

and organelles, acting as an intracellular quality control system to maintain homeostasis [2].

Various changes to the cellular microenvironment, including nutrient scarcity, hypoxia, and

endoplasmic reticulum (ER) stress can upregulate autophagy, reprioritizing resources. This

provides the cell with the building blocks needed to synthesize macromolecules during adverse

and stressful conditions, thereby promoting cell survival [2,5].

Although previously considered a non-selective bulk degradative pathway of cytoplasmic

recycling, recent work revealed cargo targeting to autophagosomes through a process known as

selective autophagy [6,7]. Selective autophagy can target specific cellular components, including

organelles (e.g mitochondria, peroxisomes, ER) and protein complexes (e.g.ribosomes, focal

adhesion complexes, protein aggregates) for degradation, fine tuning cellular quality and quantity

control in the process [5,6,8]. In selective autophagy, target cargo is either selected directly, by

binding to lipidated microtubule-associated protein 1 light chain 3 (LC3) protein (LC3-II)/Atg8,

or via a receptor that mediates cargo recognition. These molecular bridges are termed selective

autophagy receptors (SARs), and their role is to link the selected cargo to lipidated LC3-II

molecules anchored in the expanding phagophore [9]. Some of the best characterized SARs

include p62/SQSTM1, valosin containing protein (VCP), optineurin (OPTN), neighbor of

BRCA1 gene 1 (NBR1), nuclear dot protein 52 (NDP52/calcium binding and coiled-coil domain

protein, CALCOCO2) and its paralogs Tax1-binding protein 1 (TAX1BP1/CALCOCO3) and

TAX1BP3/CALCOCO1 [6,10–15]. Of these, OPTN, p62, NDP52 and paralogs, and NBR1 are

members of the sequestosome-like family and contain several conserved motifs including a

LC3-interacting region (LIR) and a ubiquitin-binding domain (UBD) to mediate cargo selection

via binding ubiquitin chains present on the cargo surface [7,16–18].

While SARs play important homeostatic roles in maintaining and at times magnifying the

turnover of organelles and aggregates via cargo selection, an emerging function of these recep-

tors is to localize the initiation of autophagy and modulate cellular signalling [19]. SARs p62

and NDP52 both promote autophagosome formation at the cargo site through direct interac-

tions with autophagic initiating complexes [20–22]. SARs also play important roles in fine-tun-

ing innate immune responses by targeting key signaling platforms for degradation [23–28].

For example, NDP52 is required for the autophagic degradation of interferon regulatory factor

3 (IRF3) and mitochondrial antiviral signaling protein (MAVS), which supports the resolution
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phase of type I interferon signaling [25,29,30]. Selective autophagy can also degrade invading

pathogens in a process called xenophagy [31]. During bacterial xenophagy, NDP52 plays a

dual role, targeting bacteria to nascent autophagosomes and promoting autophagosome matu-

ration to destroy the pathogen [32]. However, the precise role for selective autophagy in the

xenophagy of viruses (virophagy) is less clear, as both proviral and antiviral roles have been

attributed to SARs [33–35] and viruses can enhance or limit SAR function accordingly to pro-

mote their replication [36].

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the infectious cause of two B-cell malig-

nancies and the endothelial cell cancer, Kaposi’s sarcoma (KS), which features aberrant angio-

genesis, tortuous leaky blood vessels, and inflammation [37–39]. Infection with KSHV has two

forms, a latent phase and a lytic phase and it is the latent phase that predominates in KS

tumours [40–42]. Like many viruses, KSHV manipulates the autophagic machinery. During

latency, the viral FLICE inhibitory protein (v-FLIP) binds Atg3 to suppress the LC3 lipidation

process during autophagosome biogenesis [43]. Latently infected cells also express a viral

cyclin D homolog (v-cyclin) that triggers DNA damage leading to autophagy and cellular

senescence [44], facilitating the production and non-conventional secretion of pro-inflamma-

tory cytokines/chemokines such as IL-1β, IL-6 and CXCL8 [45]. KSHV manipulation of

autophagic flux prevents xenophagy, limits interferon responses, and enhances inflammatory

cytokine production. Precisely how KSHV fine-tunes autophagy during latency to balance

proviral and antiviral activities and promote inflammation during chronic viral infection is

not clear.

Processing bodies (PBs) are ubiquitous, cytoplasmic, ribonucleoprotein (RNP) granules

that regulate expression of many cytokine RNA transcripts, making PBs important sites of

inflammatory control. PBs contain enzymes involved in mRNA turnover including those that

mediate mRNA decapping (Dcp2; co-factors Dcp1a, Pat1b and Edc4/Hedls), 5’-3’ exonucleo-

lytic degradation (5’-3’ exonuclease Xrn1 and RNA helicase Rck/DDX6) and some compo-

nents of the RNA-induced silencing complex [36,46–52]. mRNAs are routed to PBs for decay

and/or repression by RNA-binding proteins (RBPs) through recognition of common sequence

elements [47]. AU-rich elements (AREs) are destabilizing RNA regulatory elements found in

the 3’ untranslated regions (UTRs) of ~8% of cellular transcripts and are responsible for target-

ing RNAs to PBs [53–55]. When bound by destabilizing RBPs, ARE-containing RNAs are

directed to PBs and suppressed [56–58]. Our group and others showed that PB size and num-

ber correlate with the constitutive decay or translational suppression of ARE-mRNAs; when

PBs are dispersed, this suppression is reversed [59–63]. Because ARE-mRNAs encode potent

regulatory molecules such as inflammatory cytokines, PBs are important post-transcriptional

sites of regulation that fine-tune the production of inflammatory cytokines whose transcripts

contain AREs, including IL-6, CXCL8, IL-1β, and TNF [54,64–70].

PBs are dynamic structures that are continuously assembled and disassembled, yet relatively

little is known about how their activity is regulated. This is despite observations that stimuli

that activate the stress-responsive p38/MAPKAPK2 (MK2) kinase pathway, as well as many

virus infections, elicit PB disassembly and a concomitant reduction in ARE-mRNA suppres-

sion to promote inflammatory molecule production [59,60,63,71–73]. We have previously

shown that KSHV causes PB disassembly during latent infection, and that the viral protein

Kaposin B (KapB) induces PB disassembly while enhancing the production of an ARE-con-

taining reporter [60,71,74]. These data support the notion that PB disassembly is likely an

important contributor to inflammation associated with KS [60,75]. Although we know that

KapB binds and activates the kinase MK2, and that MK2 is an important component of the

mechanism of KapB-mediated PB disassembly and ARE-mRNA stabilization, we do not pre-

cisely understand how PB loss is elicited by KapB [60,76]. The observation that MK2 can
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phosphorylate the autophagy regulatory protein Beclin 1 (hereafter referred to as Beclin) to

increase autophagic flux in response to nutrient scarcity [77] suggested to us that KapB may

drive autophagic flux through MK2. We now show that ectopic expression of the KSHV KapB

protein enhances autophagic flux via the phosphorylation of Beclin. We show that KSHV

infection enhances autophagic flux and Beclin phosphorylation in a KapB-dependent manner,

and that during KSHV latency, MK2 is required for autophagic flux increases. Together these

data reveal an additional layer of complexity in viral regulation of autophagy during KSHV

latency. We show that both KSHV infection and KapB require autophagy proteins, including

the selective autophagy receptor NDP52, to induce PB disassembly and that KapB requires

NDP52 to elevate selected ARE-containing mRNA transcripts. PB turnover is likewise elicited

by potent chemical induction of autophagy and this process is also dependent on autophagy

genes and NDP52, further underscoring the importance of autophagic flux in regulating the

basal turnover of PBs. Finally, we show that NDP52 immunoprecipitates with the PB scaffold-

ing protein, Pat1b, providing a molecular basis for the recognition of a PB component by

NDP52. These data forge a new connection between the selective autophagy receptor NDP52

and cytoplasmic PBs and show that selective autophagy of PBs is promoted by the viral protein

KapB during KSHV infection.

Results

KapB induces autophagic flux

KapB expression activates the MK2 kinase pathway [60,76]. Since MK2 phosphorylates the

essential autophagy inducer Beclin in response to amino acid starvation [77–79], we ques-

tioned whether KapB expression could promote autophagic flux. Essential for autophagosome

expansion is the lipidation of LC3 to form LC3-II, permitting its incorporation into autopha-

gosome membranes where it is degraded along with autophagosomal contents in the final step

of autophagy [80]. Since p62 is a selective autophagy receptor (SAR) that delivers target cargo

to the autophagosome, p62 is also degraded during the final step of autophagy. If autophagic

flux is elevated, blocking autophagic flux with an inhibitor that interferes with autophago-

some-lysosome fusion (e.g. Bafilomycin A1) should result in a greater accumulation of both

p62 and LC3-II than at baseline [80,81]. To measure autophagic flux during KapB expression,

we examined levels of LC3-II and p62 with and without treatment with Bafilomycin A1

(BafA1) compared to controls. Human umbilical vein endothelial cells (HUVECs) were trans-

duced with lentiviral vectors that express KapB or an empty vector control and treated for

increasing times with BafA1. As expected, LC3-II and p62 accumulated in the presence of

BafA1 treatment, and both proteins showed greater accumulation after BafA1 treatment in

KapB-expressing cells than equivalently treated vector controls (Fig 1A). When KapB-express-

ing cells were treated for 4 h with BafA1, the amount of LC3-II and p62 increased two- and

four-fold, respectively (Fig 1A). These data indicate that autophagic flux was enhanced in

KapB-expressing cells compared to vector controls. [80] We also measured the formation of

LC3 puncta as an indicator of autophagic flux by staining KapB-expressing cells treated with

BafA1 for endogenous LC3 [82,83]. Untreated KapB-expressing HUVECs displayed similar

LC3 puncta area to control cells; however, LC3 puncta area significantly increased after BafA1

treatment in KapB-expressing cells and not in control cells, further suggesting that KapB

expression enhanced autophagic flux (Fig 1B).

KapB-mediated PB disassembly requires Atg5 and Atg14

Our group previously described that MK2 activation was an important component of KapB-

mediated PB loss [60]; however, these experiments did not reveal the precise mechanism for
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Fig 1. Kaposin B increases autophagic flux. Primary human umbilical vein endothelial cells (HUVECs) were transduced with recombinant lentiviruses

expressing either Kaposin B (KapB) or an empty vector control and selected with blasticidin (5 μg/mL). A: Cells were treated with Bafilomycin A1 (BafA1, 10

nM) or a vehicle control (DMSO) for the indicated times prior to harvest in 2X Laemmli buffer. Protein lysates were resolved by SDS-PAGE and immunoblot

was performed for p62 and LC3. Samples were quantified using Image Lab (BioRad) software and then normalized, first to total protein and then to their

respective starting time points (0 h). Results were plotted in GraphPad and a linear regression statistical test was performed, ±SEM; n = 3, � = P<0.05, ��� =

P<0.001. B: Cells were treated with BafA1 for 30 min prior to fixation in methanol. Immunofluorescence was performed for LC3 (white) and DAPI (nuclei,

blue). Scale bar = 20 μm. Total LC3 area per field was quantified by identifying LC3-positive puncta using CellProfiler and normalizing to the number of

nuclei and the vector DMSO control. Results were plotted in GraphPad, a 2-way ANOVA was performed with a Šidák’s multiple comparison test, matched

data from each replicate was paired for comparison, ±SEM; n = 3, � = P<0.05. C: HUVECs were transduced with recombinant lentiviruses expressing either
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this loss. Since PBs are dynamic RNP granules, we wanted to determine whether KapB-medi-

ated PB loss was a result of enhanced disassembly of PBs or prevention of their de novo assem-

bly. To do so, we utilized HeLa cells that express a Dox-inducible GFP-tagged version of the

PB-resident protein, Dcp1a [49]. When fixed, GFP-positive puncta co-stain with endogenous

PB proteins such as the RNA helicase DDX6/Rck and the decapping co-factor Hedls/Edc4,

indicating that they represent PBs (S1 Fig). KapB was transfected into these cells either before

or after inducing GFP-Dcp1a granule formation. When KapB was expressed prior to granule

induction, Dcp1a puncta formed, although appearance of GFP-positive puncta was delayed

compared to vector control cells (S1A Fig). In the presence of KapB, de novo PB assembly was

not blocked; however, when KapB was expressed after PB induction, GFP-positive puncta

were lost (S1B Fig), indicating that KapB expression induced PB disassembly. As further evi-

dence that KapB does not prevent PB formation, we treated KapB-expressing HUVECs with

sodium arsenite, a known inducer of PB assembly [84]. Sodium arsenite induced endogenous

PB formation in KapB-expressing HUVECs to a similar extent to equivalently treated control

cells (Fig 1C). Taken together, these results show that KapB expression caused PB disappear-

ance by inducing PB disassembly, but KapB did not block PB assembly. We speculated that

KapB may be utilizing a normal cellular pathway that mediates the turnover of RNPs or their

components, such as autophagy.

To determine if autophagy was required for KapB-mediated PB disassembly, we first inhib-

ited autophagic flux by independently silencing two genes in the macroautophagy pathway,

Atg5 and Atg14 (S2A and S2B Fig). When either Atg5 or Atg14 were silenced in KapB-express-

ing HUVECs, PBs were restored to a level comparable to control cells (Fig 2A and 2B). We

then examined the ability of KapB to mediate PB disassembly in Atg5 -/- mouse embryonic

fibroblasts (MEFs), which [85] lack conversion of LC3-I to LC3-II (S2C Fig). KapB failed to

disassemble PBs in Atg5 -/- MEFs but did disassemble PBs in matched wild-type controls

(S2D Fig). Moreover, KapB expression resulted in a significant increase in Atg5 protein levels

in HUVECs (S2A Fig), an observation that is consistent with other data that show that KapB

promotes autophagy. Additionally, blocking autophagic degradation with BafA1 also restored

PBs in KapB-expressing cells (Fig 2C). Together, these data indicate that KapB mediates PB

disassembly by enhancing autophagy.

Basal autophagy can be upregulated by many different cell stimuli including starvation or

inhibition of mTOR using Torin-1, hereafter referred to as Torin [86]. It was previously

reported that rapamycin, an inhibitor of mTORC1, caused a loss of PBs in mammary epithelial

cells [87]. We reasoned that if we inhibited both mTOR complexes mTORC1 and mTORC2

using Torin [88] to induce autophagy, PBs would disassemble. We observed that the number

of Hedls/Edc4 puncta were significantly reduced after Torin treatment, indicating that chemi-

cal induction of autophagy also resulted in the disappearance of PBs (Fig 3A). To ensure that

Torin treatment was inducing disassembly of PBs and not preventing assembly, HUVECs

were treated with sodium arsenite to induce PB formation; like KapB, Torin treatment did not

prevent the assembly of PBs under these conditions (Fig 3B).

Given these similarities, we wondered if KapB induced autophagy via inhibition of mTOR

complexes mTORC1 and mTORC2. To test this, we performed immunoblotting for the phos-

phorylated form of the ribosomal protein S6 (Serine 235/236) [89] and the phosphorylated

KapB or an empty vector control and selected with blasticidin (5 μg/mL). Cells were treated with sodium arsenite (0.25 mM) or a vehicle control for 30 min

prior to fixation in 4% paraformaldehyde and permeabilization in 0.1% Triton X-100. Scale bar = 20 μm. Hedls puncta were quantified using CellProfiler and

presented as number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a 2-way ANOVA was performed on the

main column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 3, �� = P<0.01, ���� = P<0.0001.

https://doi.org/10.1371/journal.ppat.1011080.g001

PLOS PATHOGENS Selective targeting of processing bodies for autophagy by KSHV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011080 January 12, 2023 6 / 41

https://doi.org/10.1371/journal.ppat.1011080.g001
https://doi.org/10.1371/journal.ppat.1011080


Fig 2. Kaposin B requires Atg5 and Atg14 autophagy to disassemble PBs. A & B: HUVECs were sequentially transduced: first with recombinant lentiviruses

expressing either shRNAs targeting Atg5 (A) or Atg14 (B) (shAtg5, shAtg14) or a non-targeting control (NS) and selected with puromycin (1 μg/mL), and

second with either KapB or an empty vector control and selected with blasticidin (5 μg/mL). Coverslips were fixed in 4% paraformaldehyde, permeabilized in

0.1% Triton X-100, and immunostained for the PB-resident protein Hedls (white) and nuclei (DAPI). Scale bar = 20 μm. Hedls puncta were quantified using

CellProfiler and presented as number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a 2-way ANOVA was

performed on the main column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 4 (A), n = 3 (B), ���� = P<0.0001. C: HUVECs

were transduced with recombinant lentiviruses expressing either KapB or an empty vector control and selected with blasticidin (5 μg/mL). Cells were treated

with BafA1 for 30 min, fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100, and immunostained for the PB-resident protein Hedls (white) and

nuclei (DAPI). Scale bar = 20 μm. Hedls puncta were quantified using CellProfiler and presented as number of Hedls puncta per cell, all cells counted are

displayed. Results were plotted in GraphPad and a 2-way ANOVA was performed on the main column effects with a Tukey’s multiple comparison test, bar

represents the mean; n = 3, �� = P<0.01.

https://doi.org/10.1371/journal.ppat.1011080.g002
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Fig 3. Torin treatment disassembles PBs. A: HUVECs were treated with either Torin (250 nM) or a DMSO control for 2 h

prior to fixation in 4% paraformaldehyde. Samples were permeabilized in 0.1% Triton X-100. Immunofluorescence was

performed for Hedls (PBs, white) and DAPI (nuclei, blue). Scale bar = 20 μm. Hedls puncta were quantified using CellProfiler

and presented as number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a

2-way ANOVA was performed on the main column effects with a Tukey’s multiple comparison test, bar represents the mean;
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forms of the Unc-51 like autophagy activating kinase (ULK1; Serine 757/555) component of

the ULK autophagy initiation complex. Dephosphorylation of both proteins occurs when

mTOR activity is inhibited by Torin and autophagy is initiated [90,91]. Unlike Torin, KapB

expression did not decrease phosphorylation of S6 (Fig 3C) or ULK (Fig 3D). We also

expressed a constitutively active form of MK2 in which two threonine residues that are nor-

mally phosphorylated by the upstream kinase p38, have been substituted with glutamic acid

residues (T205E/T317E, called MK2EE) [92–94] and determined the effect on phospho-S6 and

phospho-ULK. We previously demonstrated that MK2EE caused PB disassembly [60] and oth-

ers showed it increased autophagic flux after starvation [77]. Like KapB, MK2EE expression

did not decrease phosphorylation of S6 (Fig 3C) or ULK (Fig 3D). These data indicate KapB

does not inhibit mTOR activity to induce autophagy. Since KapB can bind and activate MK2,

we next wondered if KapB expression would mediate phosphorylation of Beclin at Serine 90,

as shown by others for MK2EE [68]. Like MK2EE, KapB induced phosphorylation of Beclin at

Serine 90 (Fig 3E), indicating that induction of autophagy via KapB expression is mediated by

activation of Beclin. Taken together, these data show that although both KapB expression and

Torin treatment caused PB disassembly in an autophagy-dependent manner, the mechanism

used to upregulate autophagic flux differed in each case.

Autophagic machinery is required for KapB-mediated increases in ARE-

containing cytokine transcripts

PBs are nodes of post-transcriptional mRNA regulation and microscopically visible PBs are

associated with ARE-mRNA decay or suppression [51,59,60,62,63,95,96]. However, under

basal conditions there is limited transcription of most ARE-containing cytokine or chemokine

transcripts, making their measurement difficult. Rather than using an inflammatory stimulus

such as lipopolysaccharide to activate transcription of ARE-containing cytokines, we chose to

activate their transcription in a biologically relevant manner by mimicking the inflammatory

environment of the KS lesion. KapB-expressing or control HUVECs were treated with

0.22 μm-filtered conditioned media from KSHV latently infected cells, expected to contain

inflammatory cytokines e.g. TNF that would then further activate cytokine gene transcription

[97]. We determined the RNA level of endogenous ARE-containing transcripts in KapB-

expressing cells before and after the conditioned media treatment and compared these to

equivalently treated control HUVECs (Fig 4A). In the context of KapB expression, IL-1β
mRNA was significantly elevated compared to equivalently treated controls before and after

conditioned media treatment (Fig 4A). These data suggest that this ARE-containing transcript

n = 3, ���� = P<0.0001. B: HUVECs were treated with either Torin (250 nM) or a DMSO control for 90 min prior to the

addition of sodium arsenite (0.25 mM) for 30 min. Cells were fixed in 4% paraformaldehyde and permeabilized in 0.1%

Triton X-100. Immunofluorescence was performed for Hedls (PBs, white) and DAPI (nuclei, blue). Scale bar = 20 μm. Hedls

puncta were quantified using CellProfiler and presented as number of Hedls puncta per cell, all cells counted are displayed.

Results were plotted in GraphPad and a 2-way ANOVA was performed on the main column effects with a Tukey’s multiple

comparison test, bar represents the mean; n = 3, � = P<0.05. C: HUVECs were transduced with recombinant lentiviruses

expressing either KapB, constitutively active MK2 (MK2EE), or an empty vector control and selected with blasticidin (5 μg/

mL). Cells were treated with either Torin (250 nM) or a DMSO control for 2 h prior to harvest in 2X Laemmli buffer. Protein

lysates were resolved by SDS-PAGE and immunoblot was performed for phospho-S6 (Ser235/236) and total S6. D: HUVECs

were transduced and treated as in C and harvested in 2X Laemmli buffer. Protein lysates were resolved by SDS-PAGE and

immunoblot was performed for phospho-ULK (Ser757), phospho-ULK (Ser555), and total ULK. E: HUVECs were

transduced as in C and harvested in 2X Laemmli buffer. Protein lysates were resolved by SDS-PAGE and immunoblot was

performed for phospho-Beclin (Ser90) and total Beclin. Samples were quantified by normalizing total and phospho-Beclin

protein levels to the total protein in each lane and then using Image Lab (BioRad), normalizing to the vector control, and then

dividing phospho- over total Beclin. Results were plotted in GraphPad and a one-way ANOVA was performed with a

Dunnett’s test, ±SEM; n = 4, � = P<0.05.

https://doi.org/10.1371/journal.ppat.1011080.g003
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Fig 4. KapB-mediated ARE-mRNA reporter expression requires autophagy. A: HUVECs were transduced with recombinant

lentiviruses expressing either KapB or an empty vector control and selected with blasticidin (5 μg/mL). Conditioned media harvested from

rKSHV.219 latently infected iSLK cells was used to mimic the KS lesion microenvironment and induce the transcription of cytokines for 6

h prior to lysis for total RNA (normal media was used for the 0 h time point). Transcript levels were quantified by qPCR and normalized to

18S as a reference gene. Data is represented as the fold change in target transcript expression relative to the untreated vector control and

was quantified using the ΔΔCq method. Results were plotted in GraphPad, a 2-way ANOVA with a Tukey’s multiple comparisons test was

performed, ±SEM; n = 3, � = P<0.05, �� = P<0.01. B: HUVECs were treated with Torin (250 nM) or a DMSO control for 2 h prior to lysis

for total RNA. Transcript levels were quantified by qPCR and normalized to HPRT as a reference gene. Data is represented as the fold

change in target transcript expression relative to the untreated vector control and was quantified using the ΔΔCq method. An unpaired t-

test was performed, ±SEM; n = 3, � = P<0.05. C: HeLa Tet-Off cells were co-transfected with expression plasmids for an ARE-containing
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is subject to constitutive decay in PBs that is alleviated by KapB. Moreover, it suggests that

KapB-mediated PB disassembly enhances the baseline RNA levels as well as in the context of

inflammatory stimuli typical of the KS microenvironment. IL-6 transcript levels significantly

increased in KapB-expressing cells after but not before conditioned media treatment (Fig 4A).

These data suggest that the IL-6 transcript requires an inflammatory transcriptional stimulus

(e.g. KS microenvironment) combined with KapB-mediated PB disassembly for a significant

increase. RNA transcripts encoding COX-2 and the chemokine CXCL8 were not significantly

elevated by conditioned media treatment alone, nor were they elevated by KapB expression

alone, or by the combination of media treatment and KapB (Fig 4A). These data suggest that

additional factors contribute to elevated RNA levels of these ARE-containing RNA transcripts.

The observation that different cytokine RNA transcripts respond differently to alterations in

PB dynamics was also made by others [98]. Together, these data suggest that some cytokine

transcripts respond to KapB-mediated PB disassembly with elevated levels either at baseline or

upon transcriptional induction, an effect that likely results from reduced transcript decay in

PBs (Fig 4A). In addition to KapB, we also treated HUVECs with Torin. This treatment

enhanced steady-state levels of IL-1β and COX-2 (Fig 4B), suggesting that the induction of

autophagy by an alternative mechanism that also culminated in PB disassembly was sufficient

to elevate certain ARE-mRNA transcripts. This suggests that cytokine mRNAs that shuttle to

PBs are relieved from constitutive turnover by stimuli that upregulate autophagic flux and

cause PB disassembly.

To support these findings and to simplify further studies we utilized a luciferase reporter

assay that we developed, described in [74]. Using this assay, we previously showed that KapB-

mediated PB loss correlated with enhanced luminescence of an ARE-containing firefly lucifer-

ase (FLuc) reporter because its rapid turnover was reversed and FLuc translation was enhanced

[60,74]. Briefly, HeLa cells were co-transfected with a FLuc construct containing the destabiliz-

ing AU-rich element from the CSF2 gene in its 3’UTR and a Renilla luciferase (RLuc) con-

struct with no ARE; transcription of both reporter constructs was then stopped by the addition

of doxycycline. In control (vector transfected) cells, the FLuc-ARE mRNA decayed rapidly and

FLuc luminescence relative to the RLuc transfection control was low. Torin treatment caused a

significant increase in FLuc/RLuc relative luminescence compared to DMSO-treated control

cells, supporting our RT-qPCR findings (Fig 4C) and suggesting that enhanced autophagy

reverses the constitutive turnover/suppression of the ARE-mRNA reporter. Furthermore,

KapB expression also caused a significant increase in FLuc/RLuc relative luminescence com-

pared to empty vector control cells (Fig 4D) as previously shown in [60]. When autophagic

flux was perturbed by either Atg5 or Atg14 silencing (S3A and S3B Fig), KapB-expressing cells

displayed significantly decreased luminescence compared to KapB-expressing controls

(Fig 4D and 4E). Likewise, when KapB-expressing cells were treated with BafA1, relative lumi-

nescence was significantly decreased compared to KapB-expressing untreated control cells

firefly luciferase plasmid (pTRE-FLuc-ARE) and a stable renilla luciferase plasmid (pTRE-RLuc). 36 h post transfection, doxycycline (Dox)

was added to halt reporter gene transcription of both luciferase reporters, at the same time Torin (250 nM) or DMSO were added; 12 h

after Dox addition, lysates were harvested in passive lysis buffer (Promega). Luciferase activity for both FLuc and RLuc was analyzed using

the Dual-Luciferase Reporter Assay (Promega) and normalized (FLuc/RLuc) relative luciferase was calculated in relative light units

(RLUs). Results were plotted using GraphPad, an unpaired t-test was performed, ±SEM; n = 6, ��� = P<0.001. D&E: HeLa Tet-Off cells

were transduced with recombinant lentiviruses expressing either shRNAs targeting Atg5 or Atg14 (shAtg5, shAtg14) or a non-targeting

control (NS) and selected with puromycin (1 μg/mL). After selection, cells were co-transfected and Dox treatment was performed as

described in C, except that co-transfection also included an expression plasmid for KapB or an empty vector control. Results were plotted

using GraphPad, an unpaired t-test was performed, ±SEM; n = 3, � = P<0.05, �� = P<0.01. F: Cells were co-transfected as in E and BafA1

(10 nM) was added at the same time as Dox. Results were plotted in GraphPad and a Student’s t-test was performed, ±SEM; n = 3, � =

P<0.05, �� = P<0.01.

https://doi.org/10.1371/journal.ppat.1011080.g004
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(Fig 4F). Together, these data showed that autophagic pathways are required for KapB-medi-

ated increases in cytokine mRNA levels and the enhanced expression of an ARE-mRNA

reporter.

Dcp1a protein levels are decreased by KapB and Torin treatment

Both KapB and Torin mediated PB disassembly but did not prevent de novo PB formation. We

reasoned that KapB and Torin could have this effect because they cause the autophagic degra-

dation of the entire PB granule. Alternatively, since some PB proteins have important scaffold-

ing roles that hold granules together (EDC4/Hedls, DDX6/Rck, Pat1b, Dcp1a) [99], PB

disassembly could be induced by KapB or Torin if one or more key PB proteins was missing

due to autophagic degradation. To differentiate between these two scenarios, we immuno-

blotted for PB proteins after Torin treatment and in the context of KapB expression (Fig 5).

Immunoblotting revealed that steady-state levels of Dcp1a were reduced in Torin-treated

(Fig 5A) and KapB-expressing cells (Fig 5B); however, steady-state levels of the other PB-resi-

dent proteins we tested were not affected (Fig 5A and 5C). Moreover, KapB-mediated Dcp1a

decreases were reversed by BafA1 treatment (Fig 5B) and steady-state levels of the SAR, p62,

included as a measure of autophagic flux, were likewise restored (Fig 5B). Together, these data

suggest that autophagy induction with Torin or KapB expression promote the loss of the PB-

resident protein Dcp1a, but not all PB proteins. Silencing Atg5 prevented Dcp1a loss in both

KapB and control cells (Fig 5D), suggesting that autophagy is required for the turnover of

Dcp1a and that KapB accelerates this autophagic turnover.

KapB-mediated PB disassembly and ARE-mRNA stabilization require the

selective autophagy receptor NDP52

After establishing a link between KapB expression, autophagy, and PB disassembly, we won-

dered if SARs were involved in PB disassembly. One previous study observed that the NDP52

SAR partially co-localized with some PB proteins [100]. For this reason, we used RNA silenc-

ing to investigate whether NDP52, p62, VCP, NBR1, or OPTN were required for KapB-medi-

ated PB disassembly. Despite trying several different shRNA sequences, our attempts to silence

NBR1 were unsuccessful and shRNAs targeting VCP induced significant HUVEC cell death

(S4A and S4B Fig); therefore, the role of these molecules in KapB-mediated PB disassembly

could not be determined. Knockdown of NDP52, p62, and OPTN was validated in control and

KapB-expressing cells (S4C–S4E Fig). Silencing of p62 or OPTN did not restore PBs in KapB-

expressing cells whereas NDP52 knockdown significantly restored PBs (Figs 6A and S4F).

These data pinpointed an important role for NDP52 and selective autophagy in KapB-medi-

ated PB disassembly. We then tested whether NDP52 silencing could prevent Torin-mediated

PB disassembly and found that PBs could not be disassembled in cells lacking NDP52 (Figs 6B

and S4G). Since steady-state levels of the decapping cofactor, Dcp1a, decreased in response to

KapB infection and Torin treatment (Fig 5), we examined the steady-state level of Dcp1a after

Torin with and without NDP52 silencing (Fig 6C). Although Dcp1a was significantly dimin-

ished after Torin treatment, NDP52 silencing did not restore Dcp1a to control levels. We

decided to consider another PB protein, Pat1b, a decapping cofactor known to interact with

several other PB proteins including Dcp1a, DDX6, and Hedls [52]. Immunoblotting revealed

that Torin treatment significantly diminished steady-state levels of Pat1b, and that this

decrease was restored to control levels when Torin treatment was performed in NDP52-si-

lenced cells (Fig 6C). These data suggest that levels of the PB component proteins Pat1b, and

to a lesser extent, Dcp1a, are regulated by NDP52-mediated autophagic degradation.
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Fig 5. Dcp1a protein levels are decreased by KapB expression and Torin treatment. A: HUVECs were treated with DMSO or Torin (250 nM) for 4 h prior

to harvest. Samples were lysed in 2X Laemmli buffer and resolved by SDS-PAGE before immunoblotting for Xrn1, EDC4/Hedls, Dcp1a, and DDX6. Samples

were quantified by normalizing the PB resident protein levels to the total protein in each lane and then the DMSO control using ImageLab (BioRad). Results

were plotted in GraphPad and a one-way ANOVA was performed ±SEM; n = 3, �� = P<0.01. B: HUVECs were transduced with recombinant lentiviruses

expressing either KapB or an empty vector control and selected with blasticidin (5 μg/mL). Cells were treated with DMSO or Bafilomycin A1 (BafA1, 10 nM)

for 4 h prior to harvest in 2X Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblot was performed for Dcp1a or p62 (autophagy marker).
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We also examined whether these SARs were required for KapB-enhanced relative lumines-

cence in our ARE-mRNA reporter assay. We validated silencing of NDP52, p62, and OPTN in

HeLa cells (S5A–S5C Fig). We found that p62 or OPTN knockdown had no effect on KapB-

mediated ARE-containing reporter luminescence, but NDP52 silencing decreased the signal

compared to non-targeting, KapB-expressing controls (Fig 6D), supporting a role for NDP52

in autophagy-mediated ARE-mRNA reporter increases. We then performed an NDP52 com-

plementation experiment. We first silenced endogenous NDP52 in control or KapB-expressing

HUVECs using shRNAs targeting the 3’UTR of NDP52 and verified its knockdown (S6A Fig).

Next, NDP52 expression was restored by overexpressing a fluorescently tagged NDP52 con-

struct. Complementation of NDP52-silenced HUVECs with NDP52 restored KapB-mediated

PB disassembly compared to vector controls (Figs 6E–6F, S6B and S6C). Notably, complemen-

tation with NDP52 in control cells that lacked KapB failed to induce PB disassembly, suggest-

ing that a KapB- or Torin-mediated autophagy increase is an important component of the PB

disassembly phenotype. Taken together, these data indicate that NDP52 is required for KapB-

and Torin-mediated PB disassembly and KapB-mediated ARE-mRNA stabilization.

KapB is required for enhanced autophagic flux during latent KSHV

infection

Autophagy regulation during KSHV latency is complex as the viral gene products v-FLIP and

v-cyclin also modulate autophagic flux in addition to KapB [43,44]. To simplify our study of

autophagy and PBs, we initially used a reductionist approach, expressing only KapB in

HUVECs. However, to confirm the relevance of our study to KSHV infection, we performed a

study in KSHV-infected HUVECs. We infected HUVECs with rKSHV.219 [101] for 96 hours

to permit latency establishment and then treated the cells with either BafA1 or a vehicle control

for 30 minutes prior to staining infected cells for LC3 puncta as a measure of autophagic flux.

We observed a dramatic increase in LC3 puncta in KSHV infected cells after BafA1 treatment

when compared to mock infection controls (Fig 7A). These data demonstrate that autophagic

flux was upregulated during KSHV latency despite the concurrent expression of vFLIP, an

inhibitor of autophagy, during this infection phase [43]. In parallel, we immunoblotted

infected cell lysates and observed that KSHV increased phosphorylation of Ser90 of Beclin

(Fig 7B), consistent with earlier observations of Ser90 phosphorylation after ectopic expression

of KapB (Fig 3D). To confirm if KapB was necessary for upregulated autophagic flux after

KSHV infection, we used a recombinant KSHV that does not express KapB (delB BAC16) and

matched wild-type control (BAC16 KSHV), described in [102]. We infected HUVECs with

WT BAC16 KSHV or delB BAC16 virus for 96 hours to permit latency establishment. WT

BAC16 KSHV latency also induced LC3 puncta formation and phosphorylation of Ser90 of

Beclin, consistent with our result using the KSHV.219 virus, whereas infection with delB

BAC16 virus failed to enhance autophagic flux or phosphorylation of Beclin at Ser90 (Fig 7C

and 7D). We confirmed these data in iSLKs, a KSHV producer cell line known for tight control

Samples were quantified by normalizing Dcp1a protein levels to the total protein in each lane using Image Lab (BioRad) and then to the vector DMSO control.

Representative blot is from the same membrane, hashed line indicates skipped lanes. Results were plotted in GraphPad and a 2-way ANOVA was performed,

±SEM; n = 3, ��� = P<0.001. C: HUVECs were transduced with recombinant lentiviruses expressing either KapB or an empty vector control and selected with

blasticidin (5 μg/mL). Samples were harvested in 2X Laemmli buffer, resolved by SDS-PAGE and immunoblot was performed for Xrn1, Hedls/EDC4, or

DDX6. Samples were quantified by normalizing PB protein levels to the total protein in each lane using Image Lab (BioRad) and then to the vector control.

Results were plotted in GraphPad. D: HUVECs were sequentially transduced: first with recombinant lentiviruses expressing either shRNAs targeting Atg5

(shAtg5) or a non-targeting control (NS) and selected with puromycin (1 μg/mL), and second with either KapB or an empty vector control and selected with

blasticidin (5 μg/mL). Samples were harvested in 2X Laemmli buffer and resolved by SDS-PAGE. Immunoblot was performed for Dcp1a, Atg5, and KapB.

Samples were quantified by normalizing Dcp1a protein levels to the total protein in each lane using Image Lab (BioRad) and then to the vector NS control.

Results were plotted in GraphPad and a 2-way ANOVA was performed, ±SEM; n = 3, � = P<0.05, ��P =<0.01.

https://doi.org/10.1371/journal.ppat.1011080.g005
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over latency [101]. Naïve iSLKs were infected with WT BAC16 KSHV or delB BAC16 virus for

one week to permit latency establishment. Latency was confirmed by immunoblotting for the

latent protein LANA which was present in all infected cells to a similar extent, and the lytic

protein ORF57 which was absent in the latent iSLK cells one week after infection and present

only after reactivation (S7A Fig). LC3-II showed higher accumulation after BafA1 treatment in

WT KSHV-infected iSLK cells than those infected with delB BAC16 virus (S7B Fig), confirm-

ing that autophagic flux was enhanced in a KapB-dependent manner during KSHV latent

infection of iSLK cells. Together, these data validate a critical role for KapB in KSHV enhance-

ment of autophagic flux and show that during this KSHV infection phase, autophagy proceeds

via an activation mechanism involving the phosphorylation of Ser90 in Beclin [77].

Previous work by us and others showed that KSHV infection and ectopic expression of

KapB activate the stress responsive kinase, MK2 [60,76]. Given our new findings of enhanced

autophagic flux by KSHV latency in a KapB-dependent manner, coupled with the prior obser-

vation that MK2 promotes starvation-induced autophagic flux via phosphorylation of Beclin,

we hypothesized that KapB-mediated MK2 activation may be the mechanism by which autop-

hagic flux is induced our system. We therefore asked the following questions: i) is KapB

required for MK2 activation in the context of KSHV latency and ii) is MK2 required for

enhanced autophagic flux during KSHV latency? To address these questions, we silenced MK2

in HUVECs prior to infection with WT BAC16 KSHV or delB BAC16 virus for 96 hours to

establish latency. Despite trying several different shRNA sequences, our attempts to silence

MK2 without significant toxicity to HUVECs were successful only with shRNA1 (Fig 8A and

8B). As a readout for MK2 activation, we immunoblotted for phosphorylated hsp27 (Ser82)

[60,76] and showed that KSHV-infected cells displayed increased phosphorylation of hsp27

indicating increased MK2 activation (Fig 8C and 8D). As expected, Ser82 phosphorylation of

hsp27 was significantly elevated in latent HUVECs that were infected with WT KSHV, but not

in latent HUVECs infected by delB KSHV (Fig 8C); these data support that KapB activates

MK2 during KSHV latency. However, when MK2 was silenced, neither WT nor delB latently

Fig 6. KapB-mediated PB disassembly and ARE-mRNA reporter expression require the selective autophagy receptor NDP52. A:

HUVECs were sequentially transduced, first with recombinant lentivirus expressing KapB or an empty vector control and selected with

blasticidin (5 μg/mL), and second with recombinant lentivirus expressing shRNAs targeting NDP52 or a non-targeting control (NS) and

selected with puromycin (1 μg/mL). Coverslips were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100 and

immunostained for Hedls (PBs; white), DAPI (nuclei, blue). Scale bar = 20 μm. Hedls puncta were quantified using CellProfiler and

presented as number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a 2-way ANOVA was

performed on the main column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 3, � = P<0.05. B: HUVECs

were transduced with recombinant lentivirus expressing an shRNA targeting NDP52 and selected with puromycin (1 μg/mL). Cells were

treated with Torin (250 nM) or a DMSO control for 2 h prior to fixation in 4% paraformaldehyde and permeabilization in 0.1% Triton

X-100. Samples were immunostained for Hedls (PBs; white), DAPI (nuclei, blue). Scale bar = 20 μm. Hedls puncta were quantified using

CellProfiler and presented as number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a

2-way ANOVA was performed on the main column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 3, ����

= P<0.0001. C: HUVECs were transduced with recombinant lentiviruses expressing either an shRNA targeting NDP52 or a non-

targeting control (NS) and selected with puromycin (1 μg/mL). Cells were treated with DMSO or Torin (250 nM) for 4 h prior to harvest

in 2X Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblot was performed for Dcp1a, Pat1b or DDX6. Samples were

quantified by normalizing Dcp1a or Pat1b protein levels to the total protein in each lane using Image Lab (BioRad) and then to the NS

DMSO control. Results were plotted in GraphPad and a 2-way ANOVA was performed, ±SEM; n = 3 (Dcp1a) n = 4 (Pat1b), � = P<0.05.

D: HeLa Tet-Off cells were transduced with recombinant lentivirus expressing shRNAs targeting NDP52, OPTN, p62 or a NS control

and selected with puromycin (1 μg/mL) then cells were co-transfected, treated with Dox and luciferase activity was recorded and

analyzed as in Fig 4. Data were plotted in GraphPad as the mean fold change in the relative luciferase activity of each condition compared

to vector NS or KapB NS; n = 4. An unpaired t-test was performed; � = P<0.05 �� = P<0.01. E: HUVECs were sequentially transduced

first with recombinant lentivirus expressing shNDP52 targeting the 3’-UTR of NDP52 or a NS control and selected with blasticidin (5 μg/

mL), and second, with recombinant lentivirus expressing KapB and either mCherry control (mCh) or RFP-NDP52. Coverslips were

fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and immunostained with Hedls (PBs, green). Scale

bar = 20 μm. F: Samples from E were quantified; Hedls puncta were quantified using CellProfiler and presented as number of Hedls

puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a 2-way ANOVA was performed on the main

column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 3, ���� = P<0.0001.

https://doi.org/10.1371/journal.ppat.1011080.g006
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Fig 7. KSHV infection induces autophagic flux and phosphorylation of Beclin. A: HUVECs were infected with rKSHV.219 via

spinoculation and infection was allowed to proceed for 96 h prior to treatment with Bafilomycin A1 (10 nM) for 30 min. Coverslips were

fixed in methanol and immunostained for LC3 (autophagosomes; white), viral latency associated nuclear antigen (LANA, not shown), and

DAPI (nuclei, blue). Scale bar = 20 μm. Total LC3 area per field was quantified by identifying LC3 puncta using CellProfiler and

normalizing to the number of nuclei and the Mock DMSO control. Results were plotted in GraphPad and a 2-way ANOVA was performed
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infected cells displayed significantly elevated phospho-hsp27 (Fig 8C and 8D). In delB BAC16

infected or uninfected cells, the reduction in phospho-hsp27 in the context of MK2 silencing

was not significantly different from control cells whereas WT-infected cells showed a signifi-

cant reduction in phospho-hsp27 in the context of MK2 silencing. These data confirm that

KapB activates MK2 in the context of WT KSHV latency.

To connect MK2 activation to autophagic flux during KSHV latent infection, we silenced

MK2 prior to infection and measured autophagic flux by immunoblotting for LC3-II accumu-

lation after BafA1 addition (Fig 8E–8G). LC3-II accumulation was noticeably impaired in both

uninfected and KSHV-infected MK2-silenced cells relative to control cells expressing a non-

targeting shRNA (Fig 8F), indicating that MK2 contributes to autophagic flux in HUVECs

during both uninfected and infected conditions. Because each of these experiments take a sig-

nificant amount of time, we were concerned that silenced cells adapted to MK2 loss, thereby

altering the baseline autophagic flux of silenced cells compared to control cells. To eliminate

the bias that this adaptation would have, we directly compared LC3-II accumulation between

different infection conditions in MK2-silenced cells (Fig 8G). We compared the following

infection conditions: WT-infected vs uninfected, uninfected vs delB infected and WT infected

vs delB infected. LC3-II failed to accumulate in WT MK2-silenced cells, and this was signifi-

cantly different than the rate of accumulation in uninfected MK2-silenced cells (Fig 8G, left

graph). This suggests that during KSHV latency, MK2 is a significant contributor to the

enhanced autophagic flux observed during infection as in its absence, autophagic flux is

impaired. There was no significant difference between LC3-II accumulation in delB infected

HUVECs compared to uninfected cells suggesting that during delB KSHV latency, MK2 acti-

vation does not contribute to autophagic flux (Fig 8G, middle graph). This is consistent with

the failure of delB KSHV infection to promote MK2 activation as evidenced by the lack of

enhanced phosphorylation of hsp27 (Fig 8C). Finally, in the context of MK2 silencing, LC3-II

accumulation during WT latency was reduced compared to LC3-II accumulation during delB

latency, suggesting that KapB activation of MK2 is a major modulator of autophagic flux dur-

ing KSHV latent infection conditions (Fig 8G, right graph). In summary, MK2 is activated

during WT but not delB KSHV latency and using LC3-II accumulation as a measure of autop-

hagic flux, MK2-silenced HUVECs displayed impaired autophagic flux during WT latency

specifically when compared to uninfected or delB infected cells. Together, these data confirm

that KapB induces autophagic flux during KSHV latency using a mechanism that depends, in

large part, on activation of the stress-responsive kinase, MK2.

Atg5 and NDP52 are required for KSHV-mediated PB disassembly

In our previous work, we showed that KapB expression and KSHV infection induced PB disas-

sembly [60] and more recently we confirmed that KapB was not only sufficient but also

with a Šidák’s multiple comparison test, ±SEM n = 5; � = P<0.05. B: HUVECs were infected as in A for 96 h and harvested in 2X Laemmli

buffer. Protein lysates were resolved by SDS-PAGE and immunoblot was performed for phospho-Beclin (S90) and total Beclin. Samples

were quantified using Image Lab (BioRad) software and then normalized, first to total protein and then to the Mock control. Results were

plotted in GraphPad and a Student’s t-test was performed, ±SEM n = 3; � = P<0.05. C: HUVECs were infected with wild-type (WT) or

delete KapB (delB) BAC16 KSHV via spinoculation and infection was allowed to proceed for 96 h prior to treatment with Bafilomycin A1

(10 nM) for 30 min. Coverslips were fixed in methanol and immunostained for LC3 (autophagosomes; white), viral LANA (not shown),

and DAPI (nuclei, blue). Scale bar = 20 μm. Total LC3 area per field was quantified by identifying LC3 puncta using CellProfiler and

normalizing to the number of nuclei and the Mock DMSO control. Results were plotted in GraphPad and a 2-way ANOVA was performed

with a Šidák’s multiple comparison test, ±SEM n = 3; �P<0.05. D: HUVECs were infected as in C for 96 h and harvested in 2X Laemmli

buffer. Protein lysates were resolved by SDS-PAGE and immunoblot was performed for phospho-Beclin (S90) and total Beclin. Samples

were quantified using Image Lab (BioRad) software and then normalized, first to total protein and then to the Mock control. Results were

plotted in GraphPad and a one-way ANOVA was performed, ±SEM n = 3; � = P<0.05.

https://doi.org/10.1371/journal.ppat.1011080.g007
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Fig 8. KSHV-mediated autophagy utilizes MK2. A: HUVECs were transduced with recombinant lentiviruses expressing shRNAs

targeting MK2 or a non-targeting control (NS) and selected with puromycin (1 μg/mL). After selection, transduced cells were

infected with wild-type (WT) or delete KapB (delB) BAC16 KSHV via spinoculation and infection was allowed to proceed for 96 h.

Cells were harvested in 2X Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblot was performed for MK2. B:

Samples from A were quantified for MK2 protein level and normalized to the total protein in each lane using ImageLab software
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necessary for this effect by using the delB BAC16 virus [102]. To determine if autophagic

machinery is required for PB disassembly in the context of KSHV infection, we silenced Atg5

or NDP52 in HUVECs prior to infecting with rKSHV.219 for 96 hours to establish latency,

then stained for PBs. Consistent with our data that showed a requirement for autophagy in

KapB-mediated PB disassembly, blocking autophagic degradation by silencing Atg5 or NDP52

restored PBs in KSHV-infected cells (Fig 9A and 9B). We quantified PBs and compared their

levels between KSHV-infected and mock-infected cells in control cells or in Atg5/NDP52

silenced cells. We did not compare PB counts between KSHV-infected and silenced cells to

infected controls because silencing of autophagy regulatory proteins influences PB homeosta-

sis. In control cells that expressed a non-targeting shRNA, KSHV infection decreased PBs, as

expected from our previous work (Fig 9A). However, when either Atg5 or NDP52 were

silenced, KSHV infection had no effect on PBs relative to the matched uninfected control, and

silencing autophagy regulatory proteins restored PBs to levels observed in the absence of infec-

tion (Fig 9A). These data confirm an essential role for autophagy and the selective autophagy

receptor NDP52 in KSHV-mediated PB disassembly.

To understand more about the molecular mechanism of NDP52-dependent PB disassembly

during KSHV infection, we immunoblotted for steady-state levels of NDP52. KSHV infection

did not significantly alter the amount of NDP52 protein (Fig 9C). We speculated that rather

than influencing NDP52 production, elevated autophagic flux caused by KapB expression,

KSHV infection, or Torin enhanced the interaction of NDP52 with its target cargo. As Torin

treatment decreased Dcp1a and Pat1b protein levels, and Pat1b was restored by NDP52 silenc-

ing (Fig 6C), we tested if either Dcp1a or Pat1b co-immunoprecipitated with NDP52. To

determine this, we overexpressed FLAG-tagged NDP52 with GFP-tagged Dcp1a, GFP-tagged

Pat1b or a GFP control and immunoprecipitated using a FLAG antibody. We verified immu-

noprecipitation of NDP52 and that we could detect the expression of GFP and GFP-tagged

Dcp1a in whole cell lysate; however, neither GFP alone nor GFP-Dcp1a co-immunoprecipi-

tated with NDP52 (Fig 10A). By contrast, we did co-immunoprecipitate GFP-Pat1b with

FLAG-NDP52. These data suggest that NDP52 and Pat1b may interact or reside in the same

complex, which could result in delivery of Pat1b and possibly other PB components by NDP52

to the nascent autophagosome for degradation. We reasoned that if NDP52 and Pat1b indi-

rectly interact, KSHV-mediated autophagy should decrease steady-state levels of Pat1b. Con-

sistent with this, Pat1b protein levels were significantly decreased after KSHV infection

(Fig 10B). KSHV infection also decreased the steady-state levels of Dcp1a, a result consistent

with earlier data that showed Dcp1a decreased in response to KapB expression and Torin

(BioRad). MK2 levels were then graphed by normalizing to the matched NS for each infection condition in GraphPad, and a one-way

repeated measures (RM) ANOVA with a Šidák’s multiple comparison test was performed, ±SEM; n = 3, ��� = P<0.001, ���� =

P<0.0001. C: HUVECs were transduced with shMK2-expressing lentiviruses or NS controls, selected, and infected as in A. Cells

were harvested in 2X Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblot was performed for total hsp27 and

phospho-hsp27 (S82). D: Samples from C were quantified by normalizing phospho- and total hsp27 protein levels to the total protein

in each lane using Image Lab (BioRad) then by dividing phospho-hsp27 over total hsp27 and normalizing to the matched NS for

mock, WT KSHV and delB infection, respectively. Results were plotted in GraphPad, a one-way RM ANOVA with a Šidák’s multiple

comparison test was performed, ±SEM; n = 3, � = P<0.05. E: HUVECs were transduced, selected, and infected as in C. Cells were

treated with Bafilomycin A1 (BafA1, 10 nM) or a vehicle control (DMSO) for the indicated times prior to harvest in 2X Laemmli

buffer. Protein lysates were resolved by SDS-PAGE and immunoblot was performed for LC3. F-G: Samples from E were quantified

using Image Lab (BioRad) software and then normalized, first to total protein and then to their respective starting time points (0 h).

In F, the accumulation of LC3-II in control cells was compared with accumulation in MK2-silenced cells in either uninfected (top) or

WT KSHV infected (bottom) cells. Results were plotted in GraphPad and a linear regression statistical test was performed between

control or silenced cells. ±SEM; n = 3, � = P<0.05. In G, results were plotted in GraphPad to show accumulation of LC3-II in

MK2-silenced cells to compare between the following groups: WT-infected vs uninfected (left), uninfected vs delB infected (middle)

and WT infected vs delB infected (right). A linear regression statistical test was performed between infection conditions in each

group as indicated. ±SEM; n = 3, � = P<0.05.

https://doi.org/10.1371/journal.ppat.1011080.g008
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treatment. From these data, we propose the following model: KSHV infection or KapB expres-

sion enhances autophagic flux via Beclin phosphorylation while Torin dephosphorylates the

ULK complex. In both cases, elevated autophagic flux increases the delivery of Pat1b and some

other PB components that interact with Pat1b (such as Dcp1a) to nascent autophagosomes via

recognition of Pat1b by the selective autophagy receptor, NDP52. This interaction decreases

the abundance of Pat1b, a PB scaffolding protein, resulting in PB disassembly (Fig 10C).

Fig 9. KSHV-mediated PB disassembly requires Atg5 and the selective autophagy receptor NDP52. A: HUVECs were transduced with recombinant

lentivirus expressing shRNAs targeting Atg5, NDP52, or a non-targeting control (NS) and selected with puromycin (1 μg/mL). Cells were infected with

rKSHV.219 via spinoculation and infection was allowed to proceed for 96 h. Coverslips were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-

100 and immunostained for Hedls (PBs; white), LANA (KSHV latency, green), and DAPI (nuclei, blue). Scale bar = 20 μm. Hedls puncta were quantified using

CellProfiler and presented as number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad and a 2-way ANOVA was

performed on the main column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 3, � = P<0.05. B: HUVECs were transduced with

recombinant lentiviruses and infected with rKSHV.219 as in A. Cells were harvested in 2X Laemmli buffer. Protein lysates were resolved by SDS-PAGE and

immunoblot was performed for Atg5 and NDP52. C: HUVECs were infected with rKSHV.219 via spinoculation and infection was allowed to proceed for 96 h.

Cells were harvested in 2X Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblot was performed for NDP52. Samples were quantified by

normalizing NDP52 protein levels to the total protein in each lane using Image Lab (BioRad) and then to Mock. Results were plotted in GraphPad and an

unpaired t-test was performed, ±SEM; n = 3, � = P<0.05.

https://doi.org/10.1371/journal.ppat.1011080.g009
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Fig 10. NDP52 immunoprecipitates with the PB resident protein Pat1b. A: HEK293T cells were transfected with plasmids expressing

pcDNA-FLAG-NDP52 with either pLJM1-GFP (control), pLJM1-GFP-Dcp1a, or pLJM1-GFP-Pat1b for 48 h. Cells were harvested in lysis buffer

and incubated with a FLAG mouse antibody (CST) overnight at 4˚C. Immunoprecipitation was performed and samples were eluted from the

magnetic beads through boiling in 4X Laemmli buffer (BioRad) with 10% v/v beta-mercaptoethanol. Samples were resolved by SDS-PAGE. A

representative blot of three independent experiments is shown. B: HUVECs were infected with rKSHV.219 via spinoculation and infection was
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Discussion

Here, we demonstrated that the KSHV protein, KapB, relies on selective autophagy to cause

PB disassembly and enhance ARE-mRNA stability. Furthermore, we identified NDP52 as the

selective autophagy receptor required for this process. To our knowledge, this is the first report

that provides a molecular basis for NDP52-mediated turnover of endogenous PBs and the first

description of the contribution of NDP52 to immune regulation by altering inflammatory

cytokine RNA turnover/suppression in PBs. We showed that PB disassembly induced by infec-

tion with KSHV required Atg5 and NDP52, suggesting an important role for KapB-mediated

elevated autophagic flux and PB catabolism in regulating KSHV-associated inflammation. Our

major findings are: i) KapB and KSHV latent infection increased autophagic flux by phosphor-

ylation of the autophagy regulatory protein, Beclin, thereby contributing to the complex regu-

lation of autophagic processes during KSHV latent infection and tumourigenesis, ii) KapB

expression was necessary for KSHV-mediated MK2 activation and autophagy increases during

latent infection, and MK2 was required for KSHV-mediated autophagy increases during

latency, iii) KapB- and KSHV-mediated PB disassembly and enhanced translation of an ARE-

containing reporter required autophagy machinery and the selective autophagy receptor,

NDP52, iv) Activation of autophagy by chemical inhibition of mTORC1/2 using Torin caused

PB disassembly using a mechanism that was dependent on autophagic flux and NDP52, sug-

gesting that KapB manipulates an existing cellular pathway that regulates PB catabolism. These

results reveal that PB turnover elicited by the KSHV KapB protein during infection requires

NDP52 to enhance PB catabolism and promote inflammatory molecule production.

MK2 activation promotes autophagy by phosphorylating Beclin [77]; therefore, we hypoth-

esized that the KSHV protein KapB, a known activator of MK2 [76], would utilize autophagy

to promote PB clearance. We tackled this hypothesis using both infection and ectopic expres-

sion models. We showed that during latent infection, KSHV elevated Beclin phosphorylation

and enhanced autophagic flux as measured by an increase in LC3 puncta size and the accumu-

lation of the lipidated form of LC3-II after Bafilomycin treatment and that LC3-II accumula-

tion during KSHV latency required KapB and MK2. Using ectopic expression, our data

showed that both KapB and MK2EE increased autophagic flux via phosphorylation of Beclin

at Serine 90 and that KSHV- and KapB-mediated PB disassembly required the autophagy pro-

teins Atg5 and Atg14, and the selective autophagy receptor NDP52. Our data are supported by

previous work in yeast where PB recycling required autophagy and in mammalian cells where

NDP52 colocalized with an overexpressed GFP-tagged version of the PB protein Dcp1a

[100,103]. We add significantly to these studies by performing our work in primary human

endothelial cells and by staining for endogenous PBs using immunofluorescence for the decap-

ping co-factor Hedls/EDC4. We revealed that when KapB was expressed, endogenous PBs dis-

assemble via an Atg5-, Atg14-, and NDP52-dependent mechanism. We also complemented

allowed to proceed for 96 h. Cells were harvested in 2X Laemmli buffer. Samples were resolved by SDS-PAGE and immunoblot was performed for

Dcp1a or Pat1b. Samples were quantified by normalizing Dcp1a or Pat1b protein levels to the total protein in each lane using Image Lab (BioRad)

and then to Mock. Results were plotted in GraphPad and an unpaired t-test was performed, ±SEM; n = 3, �� = P<0.01. C: Model of PB disassembly

induced by KSHV/KapB. KapB increases the phosphorylation of Beclin at Serine 90 to enhance autophagic flux during KSHV latency while Torin

induces autophagic flux via the inhibition of mTORC1/2 and dephosphorylation of the ULK complex. Enhanced activation of autophagic flux by

either mechanism results in PB disassembly that is dependent on the selective autophagy receptor, NDP52. In our model, we predict that NDP52

recruits a PB component(s) to the nascent autophagosome. Our top candidate for this recruitment is the PB scaffolding protein, Pat1b, as NDP52

co-immunoprecipitated with Pat1b and Pat1b protein level decreases after KSHV infection and Torin treatment. Steady-state levels of Dcp1a also

decreased in response to KapB expression, KSHV infection, or Torin treatment, suggesting that Dcp1a decreases may be mediated by its partial

interaction with Pat1b despite observations that Dcp1a did not co-immunoprecipitate with NDP52. Autophagic degradation of Pat1b and Dcp1a,

both key PB scaffolding proteins, leads to PB disassembly. Figure created with Biorender.

https://doi.org/10.1371/journal.ppat.1011080.g010
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NDP52-silenced cells with an shRNA-resistant NDP52 and observed the restoration of KapB-

mediated PB disassembly. This occurred only in cells that expressed KapB and not in control cells

that overexpressed NDP52, an observation that suggests that KapB-mediated autophagy increases

are required for NDP52-mediated PB disassembly. These data also suggest that NDP52 is

required to select the PB protein cargo for autophagic degradation and this is required for KSHV

and KapB-mediated PB disassembly, akin to that observed in other studies on NDP52 SAR func-

tion [104,105]. Consistent with this, we showed that the PB scaffolding protein, Pat1b, co-immu-

noprecipitated with NDP52, providing a molecular basis for this interaction. In addition to

identifying cargo for clearance, NDP52 has recently been shown to orchestrate autophagosome

biogenesis by recruiting essential autophagic machinery to initiation sites [19,20,106] suggesting

another possible way that NDP52 may promote KapB-mediated PB disassembly.

Immunoelectron microscopy showed that PBs range in size from 150 to 350 nm and pos-

sess an external area of peripheral protrusions that contain the helicase Rck/DDX6 anchored

to a dense central core of decay enzymes, including Dcp1a and Xrn1 [46]. Many PB-localized

enzymes are required for PB stability including Dcp1a and Pat1b; however, three PB proteins

are required for de novo PB formation, DDX6, the translation suppressor, 4E-T, and LSM14a

[52,99]. Our data showed that KapB expression decreased the steady-state levels of Dcp1a,

while the steady-state levels of other PB proteins were unaffected. Inducing autophagy with the

mTORC1/2 inhibitor Torin or KSHV infection also decreased steady-state levels of Dcp1a and

Pat1b; however only Pat1b protein levels were restored to control levels when NDP52 was

silenced in the context of Torin treatment. These data suggest that the entire PB granule is not

degraded by autophagy. Rather, our data support a model wherein PB disassembly is induced

by the selective degradation of NDP52-associated molecules that likely include Pat1b and pos-

sibly the Pat1b-interacting protein, Dcp1a (Fig 10C). Consistent with this, we show that PBs

can still form during KapB expression if we overexpress Dcp1a-GFP or block translation using

sodium arsenite. Dcp1a is a target for other viruses that mediate PB disassembly; for example,

infection with poliovirus caused PB disassembly and the loss of Dcp1a over a time course of

infection [107] and adenovirus infection has been shown to re-localize Pat1b from PBs to cyto-

plasmic aggresomes during infection [108]. We do not yet understand if KSHV infection or

Torin treatment alters Pat1b to promote its interaction with NDP52 and subsequent autopha-

gic degradation and PB disassembly; however, we speculate that post-translational modifica-

tions of NDP52, Pat1b and perhaps Dcp1a may be involved [98,109–118].

Infection with KSHV induces high levels of pro-inflammatory cytokines, chemokines and

angiogenic factors such as TNF, IL-1α, IL-1β, IL-6, CXCL8, IFN-γ, VEGF, COX-2 and

GM-CSF [64–70]. Although several KSHV proteins promote the transcription of these

mRNAs, many harbor AREs in the 3’UTR of their cognate mRNA, meaning their transcripts

are subject to additional post-transcriptional regulation by PBs. We previously showed that

KapB and the lytic KSHV protein, viral G-protein-coupled receptor (vGPCR) enhanced the

translation of an ARE-containing reporter and elevated steady-state levels of inflammatory

products, and that this coincided with the ability of KapB and vGPCR to induce PB disassem-

bly [59,60,74,76]. We now show that KapB expression increased levels of two ARE-containing

transcripts, IL-6 and IL-1β, coincident with PB disassembly. However, KapB expression did

not consistently increase CXCL8 or COX-2 transcript levels, indicating that PB disassembly is

not the sole mechanism of ARE-mRNA decay regulation [119,120]. We also show that the abil-

ity of KapB to induce PB disassembly and enhance an ARE-mRNA reporter required both

Atg5 and NDP52. The RNA transcripts that encode some autophagy proteins in the Atg5-At-

g12-Atg16 complex are also rendered labile by 3’UTR AREs, suggesting that expression of

KapB or vGPCR causes a pro-autophagic positive feedback loop where PB disassembly

enhances the translation of pro-autophagic products [121,122]. This feature may be aided
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further by KapB-mediated upregulation of the ARE-mRNA stabilizing RBP, HuR [123]. This

feed forward loop may contribute to the KapB-mediated increase in Atg5 protein levels and

the induction of autophagic flux. Taken together, our study reveals a novel way that KSHV

infection manipulates autophagic machinery to induce PB turnover and promote inflamma-

tory molecule production. The fact that KSHV encodes more than one protein that reverses

the constitutive repression of inflammatory mRNAs in PBs highlights its central importance.

Viral gene products both enhance and block autophagic flux during latent KSHV infection;

v-cyclin induces oncogene-induced senescence via induction of autophagy, whereas v-FLIP

counteracts v-cyclin, blocking autophagy by binding Atg3 and inhibiting LC3 lipidation

[43,44]. We show herein that KapB also upregulates autophagic flux, and that KapB is neces-

sary for the enhanced autophagic flux we observe after KSHV infection of primary endothelial

cells. Though these data are consistent with autophagy enhancement observed in latent B-lym-

phocytes (BCBL-1 cells) [124], they are discordant with a report that KSHV infection dampens

autophagic flux and mitophagy [125]. It is not unusual for viruses to display such a push/pull

relationship; during coxsackievirus B3 infection, p62 is cleaved by a viral protease to limit its

antiviral action while an NDP52 cleavage product retains proviral activity [36]. Such studies

lend support to the complex manipulation of selective autophagy pathways emerging for

KSHV infection. We considered the possibility that KSHV products may cooperate to promote

autophagy during latency via dysregulation of the cellular transcription factor, Nrf2. Nrf2

activity is upregulated by the viral protein vFLIP after de novo infection of ECs and during

KSHV latency [126,127] and Nrf2 is responsible for the transcriptional activation of several

antioxidant response genes as well as NDP52 [128–130]. However, we did not observe KSHV-

mediated increases in NDP52 protein after infection, making it more likely that KapB-medi-

ated enhancement of NDP52-dependent selective autophagy of PBs proceeds via post-transla-

tional regulation of NDP52 and/or PB components.

In viral cancers like KS, autophagic flux promotes a pro-tumourigenic and pro-inflamma-

tory environment [124,131–133]. The data shown here brings new understanding to this com-

plex relationship during KSHV infection. We show that KapB was both sufficient to induce

autophagic flux and that KapB and MK2 were required for enhanced autophagy during KSHV

latent infection. We confirmed that autophagy machinery and NDP52 were required for PB

disassembly, consistent with our prior work showing that MK2 played an important role in

KapB-mediated PB disassembly [60]. Taken together, these data support a requirement for

KapB in eliciting the pro-inflammatory environment associated with latent KSHV infection

and KS. The manipulation of NDP52 function and autophagic flux by KSHV and KapB is yet

another example of the ingenuity with which viruses usurp cellular processes to reveal a novel

regulatory network that links NDP52 to inflammatory molecule production via PB catabolism.

Materials and methods

Cell culture

All cells were grown at 37˚C with 5% CO2 and 20% O2. HEK293T cells (ATCC), HeLa Tet-Off

cells (Clontech), Atg5 +/+ and -/- MEFs [134], HeLa Flp-In TREx GFP-Dcp1a cells (a generous

gift from Anne-Claude Gingras), and iSLK.219 cells (a generous gift from Don Ganem) [101]

were cultured in DMEM (Thermo Fisher) supplemented with 100 U/mL penicillin, 100 μg/mL

streptomycin, 2 mM L-glutamine (Thermo Fisher) and 10% FBS (Thermo Fisher). iSLK.219 cells

were additionally cultured in the presence of puromycin (10 μg/mL). HUVECs (Lonza) were cul-

tured in endothelial cell growth medium (EGM-2) (Lonza). HUVECs were seeded onto gelatin

(1% w/v in PBS)-coated tissue culture plates or glass coverslips. All drug treatments were per-

formed for the times indicated in each experiment at the concentrations listed in Table 1.
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Cloning

All plasmids used in this study can be found in Table 2. All shRNAs were generated by cloning

shRNA hairpin sequences found in Table 3 into pLKO.1-TRC Puro, pLKO.1-TRC cloning vec-

tor was a gift from David Root (Addgene plasmid # 10878; http://n2t.net/addgene:10878; RRID:

Addgene_10878), or pLKO.1-blast, pLKO.1-blast was a gift from Keith Mostov (Addgene plas-

mid #26655; http://n2t.net/addgene:26655; RRID:Addgene_26655). pcDNA-FLAG-NDP52 was

made by amplifying NDP52 from RFP-NDP52 (a generous gift from Dr. Andreas Till) using

Table 1. Drugs.

Drug Vendor/Catalogue # Concentration

Torin1 Sigma-Aldrich 475991 250 nM

Bafilomycin A1 Sigma-Aldrich B1793 10 nM

Puromycin ThermoFisher A1113803 1 μg/mL (HUVECs) or 10 μg/mL (iSLKs)

Blasticidin ThermoFisher A1113903 5 μg/mL

Polybrene Sigma-Aldrich H9268 5 μg/mL

Sodium Arsenite Sigma-Aldrich 1.06277 0.25 mM

Doxycycline Sigma-Aldrich D9891 1 μg/mL

Hygromycin B ThermoFisher 10687010 500 or 1200 μg/mL

https://doi.org/10.1371/journal.ppat.1011080.t001

Table 2. Plasmids.

Plasmid Use Source Mammalian Selection

RFP-NDP52 Cloning Dr. Andreas Till (University Hospital of Bonn) N/A

pcDNA 3.1 (+) Empty Vector Control Invitrogen V79020 N/A

FLAG-HA-pcDNA Empty Vector Control Co-IP Addgene #52535

[140]

N/A

pcDNA KapB BCBL1 ARE-mRNA stability [60] N/A

pcDNA FLAG-MK2EE ARE-mRNA stability [60] N/A

pLKO.1-TRC shRNA expression Addgene #10878

[141]

Puromycin

pLKO.1-blast shRNA expression Addgene #26655

[142]

Blasticidin

pLJM1 Empty Vector Control [143] Blasticidin/ Puromycin

pLJM1 KapB (pulmonary KS) Overexpression Cloned from pBMNIP-KapB [60] into pLJM1-BSD Blasticidin

pLJM1 mCh Overexpression Control Craig McCormick (Dalhousie University) Blasticidin

pLJM1 FLAG-MK2EE Overexpression Cloned into pLJM1 using BamHI and EcoRI from pBMN FLAG-MK2EE [60] Blasticidin/ Puromycin

pLJM1 RFP-NDP52 Overexpression Cloned into pLJM1 using NheI and BamHI from RFP-NDP52 Puromycin

pcDNA-FLAG-NDP52 Co-IP Cloned using primers listed in Table 4 from RFP-NDP52 N/A

pLJM1-EGFP Co-IP Addgene #19319

[144]

Puromycin

pT7-EGFP-C1-HsDcp1a Cloning Addgene #25030

[145]

N/A

pLJM1-GFP-Dcp1a Co-IP Cloned into pLJM1 using AgeI and EcoRI from pT7-EGFP-C1-HsDcp1a Puromycin

Pat1b-GFP Cloning [146] N/A

pLJM1-GFP-Pat1b Co-IP Cloned into pLJM1 using NheI and BamHI from GFP-Pat1b Puromycin

pMD2.G Lentivirus generation Addgene #12259 N/A

psPAX2 Lentivirus generation Addgene #12260 N/A

pTRE2 Firefly Luciferase-ARE ARE-mRNA stability [74] N/A

pTRE2-Renilla Luciferase ARE-mRNA stability [74] N/A

https://doi.org/10.1371/journal.ppat.1011080.t002
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the primers found in Table 4 and performing a restriction digest with EcoRI and BamHI to

insert into FLAG-HA-pCDNA, FLAG-HA-pcDNA3.1 was a gift from Adam Antebi (Addgene

plasmid # 52535; http://n2t.net/addgene:52535; RRID:Addgene_52535). pLJM1-GFP-Dcp1a

was generated from pT7-EGFP-C1-HsDcp1a, pT7-EGFP-C1-HsDCP1a was a gift from Elisa

Izaurralde (Addgene plasmid # 25030; http://n2t.net/addgene:25030; RRID:Addgene_25030)

through restriction digest with AgeI and EcoRI to insert into pLJM1. pLJM1-GFP-Pat1b was

generated from Pat1b-GFP (a generous gift from Dr. Nancy Standart) through restriction digest

with NheI and BamHI to insert into pLJM1.

Lentivirus production and transduction

All lentiviruses were generated using a second-generation system. Briefly, HEK293T cells were

transfected with psPAX2, pMD2G, and the plasmid containing a gene of interest or hairpin

using polyethylimine (PEI, Polysciences). psPAX2 was a gift from Didier Trono (Addgene

plasmid #12260; http://n2t.net/addgene:12260; RRID:Addgene_12260) and pMD2.G was a gift

from Didier Trono (Addgene plasmid #12259; http://n2t.net/addgene:12259; RRID:

Addgene_12259).

Viral supernatants were harvested 48 h post-transfection, clarified using a 0.45 μm poly-

ethersulfone (PES) filter (VWR), and frozen at -80˚C until use. For transduction, lentiviruses

were thawed at 37˚C and added to target cells in complete media containing 5 μg/mL poly-

brene (Sigma) for 24 h. The media was changed to selection media containing 1 μg/mL puro-

mycin or 5 μg/mL blasticidin (Thermo) and cells were selected for 48 h before proceeding with

experiments.

Table 3. shRNA target sequences.

shRNA target shRNA sequence 5’➔3’ Region

Non-targeting (NS) AGCACAAGCTGGAGTACAACTA

Atg14 GTCTGGCAAATCTTCGACGAT CDS

Atg5 CTTTGATAATGAACAGTGAGA CDS

MK2 AGAAAGAGAAGCATCCGAAAT CDS

NDP52-1 GAGCTGCTTCAACTGAAAGAA CDS

NDP52-2 GACTTGCCTATGGAAACCCAT CDS

NDP52-3 CCCTTTGTGAACTAAGTTCAA 3’-UTR

NDP52-4 CCTGACTTGATACTAAGTGAT 3’-UTR

Optineurin-1 GCACGGCATTGTCTAAATATA CDS

Optineurin-2 GCCATGAAGCTAAATAATCAA CDS

p62 CCGAATCTACATTAAAGAGAA CDS

NBR1-1 GCCAGGAACCAAGTTTATCAA CDS

NBR1-2 CCATCCTACAATATCTGTGAA CDS

VCP-1 ACCGTCCCAATCGGTTAATTG CDS

VCP-2 AGATCCGTCGAGATCACTTTG CDS

https://doi.org/10.1371/journal.ppat.1011080.t003

Table 4. Cloning Primers.

Primer Primer sequence

NDP52-EcoRI-Forward 5’ ACCGGTCCATGGAGGAGACCATCAAA 3’

NDP52-BamHI-Reverse 5’ CCGGTGGATCCTCAGAGAGA 3’

https://doi.org/10.1371/journal.ppat.1011080.t004
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Viral conditioned media treatments

iSLK.219 cells (latently infected with rKSHV.219 virus) were sub-cultured into a 10 cm cell

culture dish and grown without puromycin for 72 h. At 72 h, conditioned media was reserved

and cleared of cellular debris by centrifugation at 500 x g for 5 min. Supernatant was collected

and filtered through a 0.22 μM PES membrane filter (VWR) and stored in aliquots at -80˚C.

Prior to the experiment, conditioned media was thawed at 37˚C and combined 1:1 with fresh

HUVEC EGM-2 media and used to treat vector or KapB-expressing HUVECs for 0 or 6 h

prior to total RNA harvest.

Production of KSHV

Cloning and creation of the iSLK-BAC16 delKapB cell line is described in [102]. iSLK.219 or

iSLK-BAC16 cells were sub-cultured into a 10 cm cell culture dish without puromycin and reacti-

vated from latency with either 1 μg/mL doxycycline (Sigma-Aldrich) alone (iSLK.219) and 1 μg/

mL doxycycline and 1 mM sodium butyrate (Sigma-Aldrich) (iSLK-BAC16). After 72 h, superna-

tants were collected, centrifuged to remove cellular debris, aliquoted, and stored at -80˚C until use.

KSHV infection

Sub-confluent (50–70%) 12-well or 6-well plates of HUVECs or naïve iSLKs [101], respec-

tively, were incubated with either rKSHV.219 or KSHV BAC16 viral inoculum diluted in anti-

biotic and serum free DMEM containing 5 μg/mL polybrene. Plates were centrifuged at 800 x

g for 2 h at room temperature [135], the inoculum was removed and replaced with either

EGM-2 or antibiotic free 10% FBS DMEM. For KSHV BAC16 infections, WT and delKapB

inoculums were normalized empirically prior to infection to circumvent our previously

observed impairment in latency establishment during delKapB infection [102]. To establish

robust and stable latency in Fig 7, de novo infected iSLKs were expanded from a 6-well to a

10cm dish, selected with 500 μg/mL hygromycin B (ThermoFisher), split once, then selected

with 1200 μg/mL hygromycin B for a combined period of one week prior to seeding. Where

indicated, latent iSLKs were induced to reactivate using 1 μg/mL doxycycline for 48 h.

Immunofluorescence

Cells were seeded onto coverslips for immunofluorescence experiments and fixed for 10 min

at 37˚C in 4% (v/v) paraformaldehyde (Electron Microscopy Sciences). Samples were permea-

bilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 10 min at room temperature and

blocked in 1% human AB serum (Sigma-Aldrich) for 1 h at room temperature. For LC3

immunofluorescence cells were fixed for 10 min in ice cold methanol at -20˚C and blocked in

1% human AB serum for 1 h at room temperature. Primary and secondary antibodies were

diluted in 1% human AB serum and used at the concentrations in Table 5. Samples were

mounted with Prolong Gold AntiFade mounting media (Thermo). Image analysis was per-

formed using CellProfiler (cellprofiler.org), an open source platform for image analysis [136];

quantification of puncta was performed as previously described, with the exception that cells

were defined by propagating out a set number of pixels from each nucleus [137].

Co-Immunoprecipitation

HEK293T cells were transfected with plasmids expressing either FLAG-HA-pCDNA (empty

vector) or pcDNA-FLAG-NDP52 with either pLJM1-GFP (control), pLJM1-GFP-Dcp1a, or

pLJM1-GFP-Pat1b for 48 h. Cells were harvested in lysis buffer (150 mM NaCl, 10 mM Tris

pH 7.4, 1 mM EDTA, 1% v/v Triton X-100, 0.5% v/v NP-40, Roche protease inhibitor tablet)
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and incubated with a FLAG mouse antibody (CST) overnight at 4˚C. Protein G magnetic

beads (BioRad) were incubated overnight at 4˚C with 5 mg/mL BSA in lysis buffer without Tri-

ton X-100 or NP-40. Immunoprecipitation was performed and samples were eluted from the

magnetic beads through boiling in 4X Laemmli buffer (BioRad) with 10% v/v beta-

mercaptoethanol.

Immunoblotting and densiometric analysis of steady state protein levels

Cells were lysed in 2X Laemmli buffer and stored at -20˚C until use. The DC Protein Assay

(Bio-Rad) was used to quantify protein concentration as per the manufacturer’s instructions.

10–15 μg of protein lysate was resolved by SDS-PAGE on TGX Stain-Free acrylamide gels

(BioRad). Total protein images were acquired from the PVDF membranes after transfer on the

ChemiDoc Touch Imaging system (BioRad). Membranes were blocked in 5% bovine serum

albumin (BSA) or skim milk in Tris-buffered saline-Tween20 (TBS-T). Primary and secondary

Table 5. Antibodies.

Antibody Species Vendor/Catalogue # Application Dilution

Hedls Mouse Santa Cruz sc-8418 Immunofluorescence

Immunoblot

1:1000

1:1000

KapB Rabbit A generous gift from Don Ganem Immunofluorescence

Immunoblot

1:1000

1:1000

NDP52 Rabbit CST 60732 Immunoblot 1:1000

p62 Rabbit CST 7695 Immunoblot 1:1000

Dcp1a Mouse CST 15365 Immunoblot 1:500

DDX6 Rabbit Bethyl A300-461 Immunoblot 1:1000

Pat1b Rabbit CST 14288 Immunoblot 1:500

LC3B Rabbit CST 2775 Immunofluorescence

Immunoblot

1:200

1:1000

Atg5 Rabbit CST 2630 Immunoblot 1:1000

Atg14 Rabbit CST 96752 Immunoblot 1:1000

OPTN Rabbit Abcam ab23666 Immunoblot 1:1000

Xrn1 Rabbit Abcam ab231197 Immunoblot 1:1000

VCP Rabbit CST 2649 Immunoblot 1:1000

NBR1 Rabbit CST 9891 Immunoblot 1:1000

LANA Rabbit A generous gift from Don Ganem Immunofluorescence

Immunoblot

1:1000

1:1000

Phospho-S6 (Ser235/236) Rabbit CST 4858 Immunoblot 1:1000

Total S6 Rabbit CST 2217 Immunoblot 1:1000

Phospho-Beclin 1 (Ser90) Rabbit CST 86455 Immunoblot 1:500

Total Beclin 1 Mouse CST 4122 Immunoblot 1:1000

Phospho-ULK (Ser555) Rabbit CST 5869 Immunoblot 1:1000

Phospho-ULK (Ser757) Rabbit CST 14202 Immunoblot 1:1000

Total ULK Rabbit CST 8054 Immunoblot 1:1000

FLAG Rabbit CST 14793 Immunoblot 1:1000

FLAG Mouse CST 8146 Immunoprecipitation 1:100

GFP Rabbit CST 2956 Immunoblot 1:1000

MK2 Rabbit CST 12155S Immunoblot 1:1000

Total hsp27 Mouse CST 2401S Immunoblot 1:1000

Phospho-hsp27 (Ser82) Rabbit CST 2401S Immunoblot 1:1000

ORF57 Mouse Santa Cruz sc-135746 Immunoblot 1:1000

https://doi.org/10.1371/journal.ppat.1011080.t005

PLOS PATHOGENS Selective targeting of processing bodies for autophagy by KSHV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011080 January 12, 2023 29 / 41

https://doi.org/10.1371/journal.ppat.1011080.t005
https://doi.org/10.1371/journal.ppat.1011080


antibodies were diluted in 2.5% BSA or skim milk, dilutions can be found in Table 5. Mem-

branes were visualized using Clarity Western ECL substrate and the ChemiDoc Touch Imag-

ing system (BioRad).

Densiometric analysis of protein bands following immunoblotting was performed using

stain-free gel and blot technology using ImageLab software (BioRad). Briefly, a trihalo com-

pound is present in the acrylamide solution that covalently binds to tryptophan residues

within the electrophoresed protein when the acrylamide gel is activated with UV light (Chemi

Doc Touch, BioRad). Activation of the trihalo compound adds 58 Da moieties to available

tryptophan residues which permits detection of total protein transferred to the PVDF mem-

brane with a sensitivity comparable to Coomassie Blue. After images of total protein were

obtained, standard immunoblotting and densiometric quantification was performed, ensuring

that band intensities were in the linear range for both the protein of interest and the total pro-

tein according to published methods [138,139]. In all statistical analysis of densitometry

results, we quantified bands from three (or more) independent experiments.

Luciferase assays

Luciferase assays were performed as previously described [74]. HeLa Tet-Off cells were trans-

duced with recombinant lentivirus expressing different shRNAs and selected. Cells were trans-

fected according to [74] with pTRE2 Firefly Luciferase ARE (FLuc), pTRE2 Renilla Luciferase

(RLuc), and the expression plasmid of interest using Fugene HD (Promega). FLuc and RLuc

activity were quantified using the Dual Luciferase Assay Kit (Promega) and read on a GloMax

multi-detection system (Promega).

Quantitative PCR

RNA was collected using a RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s

instructions and stored at -80˚C until further use. RNA concentration was determined and

was reverse transcribed using Maxima H Minus First Strand cDNA Synthesis Kit (Thermo-

Fisher) using a combination of random and oligo (dT) primers according to the manufactur-

er’s instructions. cDNA was diluted either 1:5 or 1:10 for all qPCR experiments and GoTaq

qPCR Master Mix (Promega) was used to amplify cDNA. The ΔΔquantitation cycle (Cq)

method was used to determine the fold change in expression of target transcripts. qPCR

primer sequences can be found in Table 6.

Table 6. qPCR primers.

Primer Primer Sequence

HPRT-1- Forward 5’ CTTTCCTTGGTCAGGCAGTATAA 3’

HPRT-1—Reverse 5’ AGTCTGGCTTATATCCAACACTTC 3’

18S - Forward 5’ TTCGAACGTCTGCCCTATCAA 3’

18S - Reverse 5’ GATGTGGTAGCCGTTTCTCAGG 3’

IL-6—Forward 5’ GAAGCTCTATCTCGCCTCCA 3’

IL-6—Reverse 5’ TTTTCTGCCAGTGCCTCTTT 3’

CXCL8—Forward 5’ AAATCTGGCAACCCTAGTCTG 3’

CXCL8—Reverse 5’ GTGAGGTAAGATGGTGGCTAAT 3’

IL-1β - Forward 5’ CTCTCACCTCTCCTACTCACTT 3’

IL-1β - Reverse 5’ TCAGAATGTGGGAGCGAATG 3’

COX-2—Forward 5’ CCCTTGGGTGTCAAAGGTAA 3’

COX-2—Reverse 5’ GCCCTCGCTTATGATCTGTC 3’

https://doi.org/10.1371/journal.ppat.1011080.t006
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Statistics

Data shown are the mean ± standard error of the mean (SEM). Statistical significance was deter-

mined using a one-way a 2-way ANOVA (with the applicable post-test indicated in the corre-

sponding figure legend), a Student’s t-test or a simple linear regression analysis to compare

differences between slopes (permits comparison between two best fit lines not comparison between

multiple samples in one statistical test). All statistics were performed using GraphPad Prism v.9.0.

Supporting information

S1 Fig. KapB expression promotes PB disassembly but does not prevent PB assembly.

HeLa cells expressing a doxycycline-inducible GFP-Dcp1a were used to determine whether

KapB expression prevented granule assembly or promoted disassembly. A: HeLa cells were

transfected with either KapB or an empty vector control prior to inducing expression of

GFP-Dcp1a with doxycycline (1 μg/mL). Cells were fixed 12 h post-induction and immunos-

tained for Hedls (PBs, red) and KapB (blue). Scale bar = 20 μm. B: GFP-Dcp1a expression was

induced with doxycycline (1 μg/mL) in HeLa cells prior to transfection with either KapB or an

empty vector control. Cells were fixed 12 h post-transfection and immunostained for Hedls

(PBs, red) and KapB (blue). Scale bar = 20 μm.

(TIFF)

S2 Fig. Loss of Atg5 prevents KapB-mediated PB disassembly. A&B: HUVECs were sequen-

tially transduced: first with recombinant lentiviruses expressing either shRNAs targeting Atg5

or Atg14 (shAtg5, shAtg14) or a non-targeting control (NS) and selected with puromycin

(1 μg/mL), and second with either KapB or an empty vector control and selected with blastici-

din (5 μg/mL). Samples were lysed in 2X Laemmli and resolved by SDS-PAGE. Samples were

immunoblotted for Atg5 (A) or Atg14 (B). For Atg5 (A), representative blot is from the same

membrane, hashed line indicates skipped lanes. For Atg5 (A) samples were quantified by nor-

malizing Atg5 protein levels to the total protein in each lane using Image Lab (BioRad) and

then to Vector NS. Results were plotted in GraphPad, a 2-way ANOVA was performed,

±SEM; n = 3, ��� = P<0.001. C: Atg5 +/+ (WT) and -/- (KO) MEFs were transduced as in A

and harvested in 2X Laemmli buffer before being resolved by SDS-PAGE. Samples were

probed for LC3, a representative blot is shown. D: Atg5 +/+ and -/- MEFs were transduced

with recombinant viruses expressing KapB or an empty vector control and selected with blasti-

cidin (5 μg/mL). Samples were fixed in 4% paraformaldehyde and permeabilized in 0.1% Tri-

ton X-100. Immunofluorescence was performed for Hedls (PBs, white) and DAPI (nuclei,

blue). Scale bar = 20 μm. Hedls puncta were quantified using CellProfiler and presented as

number of Hedls puncta per cell, all cells counted are displayed. Results were plotted in Graph-

Pad and a 2-way ANOVA was performed on the main column effects with a Tukey’s multiple

comparison test, bar represents the mean; n = 3, �� = P<0.01.

(TIFF)

S3 Fig. Autophagy gene silencing in HeLa cells. HeLa cells were transduced with recombi-

nant lentiviruses expressing either shRNAs targeting Atg5 or Atg14 (shAtg5, shAtg14) or a

non-targeting control (NS) and selected with puromycin (1 μg/mL) prior to transfection with

KapB or an empty vector for luciferase assays. Samples were lysed in 2X Laemmli buffer and

resolved by SDS-PAGE before immunoblotting with Atg5 (A) or Atg14 (B). Representative

blots are shown.

(TIFF)
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S4 Fig. Selective autophagy receptor knockdown in HUVECs reveals that OPTN and p62

are not required for KapB-mediated PB disassembly. A&B: HUVECs were transduced with

shRNAs targeting VCP, NBR1, or a non-targeting control (NS) and selected with puromycin

(1 μg/mL), then transduced with an empty vector control or KapB and selected with blasticidin

(5 μg/mL). Samples were lysed in 2X Laemmli buffer, resolved by SDS-PAGE, and immuno-

blotted for NBR1 (A) and VCP (B). Representative blots are shown. Successful VCP knock-

down was lethal while NBR1 knockdown was not successful. C: HUVECs were transduced

with shRNAs targeting NDP52 or a non-targeting control (NS) and selected with puromycin

(1 μg/mL), then transduced with an empty vector control or KapB and selected with blasticidin

(5 μg/mL). Samples were lysed in 2X Laemmli buffer, resolved by SDS-PAGE, and immuno-

blotted for NDP52. D&E: HUVECs were transduced with shRNAs targeting p62, OPTN, or a

non-targeting control (NS) and selected with puromycin (1 μg/mL), then transduced with an

empty vector control or KapB and selected with blasticidin (5 μg/mL). Samples were lysed in

2X Laemmli buffer and resolved by SDS-PAGE, and immunoblotted for p62 (D) or OPTN

(E). Representative blots are shown. F: HUVECs were transduced as in D and E. Coverslips

were fixed in 4% paraformaldehyde, permeabilized in 0.1% Triton X-100 and immunostained

for Hedls (PBs; white), DAPI (nuclei, blue). Scale bar = 20 μm. Hedls puncta were quantified

using CellProfiler and presented as number of Hedls puncta per cell, all cells counted are dis-

played. Results were plotted in GraphPad and a 2-way ANOVA was performed on the main

column effects with a Tukey’s multiple comparison test, bar represents the mean; n = 3, �� =

P<0.01. G: HUVECs were transduced with recombinant lentiviruses targeting NDP52 or a

non-targeting control (NS) and selected with puromycin (1 μg/mL). Samples were lysed in 2X

Laemmli buffer, resolved by SDS-PAGE, and immunoblotted for NDP52 to confirm knock-

down for Torin immunofluorescence experiments performed in parallel.

(TIFF)

S5 Fig. shRNA silencing of selective autophagy receptors in HeLa cells. HeLas were trans-

duced with shRNAs targeting NDP52, OPTN, p62, or a non-targeting control (NS) and

selected with puromycin (1 μg/mL) prior to transfection with KapB or an empty vector for

luciferase assays. Samples were lysed in 2X Laemmli buffer, resolved by SDS-PAGE, and

immunoblotted for NDP52 (A), p62 (B), and OPTN (C). Representative blots are shown.

(TIFF)

S6 Fig. NDP52 shRNA silencing and rescue in control HUVECs. A: Representative western

blot of HUVECs transduced with an shRNA targeting the 3’UTR of NDP52 or a non-targeting

control (NS) and selected with puromycin (1 μg/mL), then co-transduced with an empty vec-

tor control and mCherry (mCh) or KapB and mCh. Samples were lysed in 2X Laemmli,

resolved by SDS-PAGE, and immunoblotted for NDP52. B: HUVECs were sequentially trans-

duced first with recombinant lentivirus expressing shNDP52 targeting the 3’-UTR of NDP52

or a NS control and selected with blasticidin (5 μg/mL), and second, with vector and either an

mCherry control (mCh) or RFP-NDP52. Coverslips were fixed with 4% paraformaldehyde,

permeabilized with 0.1% Triton X-100, and were immunostained with Hedls (PBs, green).

Scale bar = 20 μm. C: Hedls puncta were quantified using CellProfiler and presented as num-

ber of Hedls puncta per cell, all cells counted are displayed. Results were plotted in GraphPad

and a 2-way ANOVA was performed on the main column effects with a Tukey’s multiple com-

parison test, bar represents the mean; n = 3.

(TIFF)

S7 Fig. KapB is required for KSHV-induced autophagic flux in latent iSLK cells. A-B:

Naïve iSLK cells were infected with wild-type (WT) or delete KapB (delB) BAC16 KSHV via
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spinoculation, robust and stable latency was achieved by expanding and selecting cells in

hygromycin B (500 μg/mL and then 1200 μg/mL) for one week before seeding for experiments.

A: After one week, cells were either lysed for immunoblotting or treated with 1 μg/mL Dox to

induce reactivation (WT only) and lysed for immunoblotting 48 h after reactivation. One rep-

resentative immunoblot of three independent experiments is shown. B: Cells were treated with

Bafilomycin A1 (BafA1, 10 nM) or a vehicle control (DMSO) for the indicated times prior to

harvest in 2X Laemmli buffer. Protein lysates were resolved by SDS-PAGE and immunoblot

was performed for p62 and LC3. Samples were quantified using Image Lab (BioRad) software

and then normalized, first to total protein and then to their respective starting time points (0

h). Results were plotted in GraphPad and a linear regression statistical test was performed,

±SEM; n = 3, � = P<0.05.

(TIFF)
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73. Docena G, Rovedatti L, Kruidenier L, Fanning Á, Leakey NAB, Knowles CH, et al. Down-regulation of

p38 mitogen-activated protein kinase activation and proinflammatory cytokine production by mitogen-

activated protein kinase inhibitors in inflammatory bowel disease. Clin Exp Immunol. 2010 Oct; 162

(1):108–15. https://doi.org/10.1111/j.1365-2249.2010.04203.x PMID: 20731675

74. Corcoran JA, Khaperskyy DA, McCormick C. Assays for monitoring viral manipulation of host ARE-

mRNA turnover. Methods. 2011; 55(2):172–81. https://doi.org/10.1016/j.ymeth.2011.08.005 PMID:

21854851

75. Wen KW, Damania B. Kaposi sarcoma-associated herpesvirus (KSHV): molecular biology and onco-

genesis. Cancer Lett. 2010 Mar; 289(2):140–50. https://doi.org/10.1016/j.canlet.2009.07.004 PMID:

19651473

76. McCormick C, Ganem D. The Kaposin B Protein of KSHV Activates the p38/MK2 Pathway and Stabi-

lizes Cytokine mRNAs. Science (1979). 2005; 307(5710):739–41. https://doi.org/10.1126/science.

1105779 PMID: 15692053

77. Wei Y, An Z, Zou Z, Sumpter R, Su M, Zang X, et al. The stress-responsive kinases MAPKAPK2/MAP-

KAPK3 activate starvation-induced autophagy through Beclin 1 phosphorylation. Elife. 2015 Feb; 4.

https://doi.org/10.7554/eLife.05289 PMID: 25693418

78. Shen L, Qi Z, Zhu Y, Song X, Xuan C, Ben P, et al. Phosphorylated heat shock protein 27 promotes

lipid clearance in hepatic cells through interacting with STAT3 and activating autophagy. Cell Signal.

2016 Aug; 28(8):1086–98. https://doi.org/10.1016/j.cellsig.2016.05.008 PMID: 27185187

79. Gurkar AU, Chu K, Raj L, Bouley R, Lee SH, Kim YB, et al. Identification of ROCK1 kinase as a critical

regulator of Beclin1-mediated autophagy during metabolic stress. Nat Commun. 2013; 4:2189. https://

doi.org/10.1038/ncomms3189 PMID: 23877263

80. Klionsky DJ, Abdel-Aziz AK, Abdelfatah S, Abdellatif M, Abdoli A, Abel S, et al. Guidelines for the use

and interpretation of assays for monitoring autophagy (4th edition)1. Vol. 17, Autophagy. 2021.

https://doi.org/10.1080/15548627.2020.1797280 PMID: 33634751

PLOS PATHOGENS Selective targeting of processing bodies for autophagy by KSHV

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011080 January 12, 2023 37 / 41

https://doi.org/10.1016/j.celrep.2017.06.091
http://www.ncbi.nlm.nih.gov/pubmed/28768202
https://doi.org/10.1016/s1359-6101%2897%2900037-3
https://doi.org/10.1016/s1359-6101%2897%2900037-3
http://www.ncbi.nlm.nih.gov/pubmed/9720757
https://doi.org/10.1128/jvi.76.22.11570-11583.2002
http://www.ncbi.nlm.nih.gov/pubmed/12388718
https://doi.org/10.1073/pnas.87.11.4068
http://www.ncbi.nlm.nih.gov/pubmed/1693429
https://doi.org/10.1126/science.2459779
http://www.ncbi.nlm.nih.gov/pubmed/2459779
https://doi.org/10.1111/j.1365-2249.2010.04203.x
http://www.ncbi.nlm.nih.gov/pubmed/20731675
https://doi.org/10.1016/j.ymeth.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21854851
https://doi.org/10.1016/j.canlet.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19651473
https://doi.org/10.1126/science.1105779
https://doi.org/10.1126/science.1105779
http://www.ncbi.nlm.nih.gov/pubmed/15692053
https://doi.org/10.7554/eLife.05289
http://www.ncbi.nlm.nih.gov/pubmed/25693418
https://doi.org/10.1016/j.cellsig.2016.05.008
http://www.ncbi.nlm.nih.gov/pubmed/27185187
https://doi.org/10.1038/ncomms3189
https://doi.org/10.1038/ncomms3189
http://www.ncbi.nlm.nih.gov/pubmed/23877263
https://doi.org/10.1080/15548627.2020.1797280
http://www.ncbi.nlm.nih.gov/pubmed/33634751
https://doi.org/10.1371/journal.ppat.1011080


81. Mizushima N, Murphy LO. Autophagy Assays for Biological Discovery and Therapeutic Development.

Vol. 45, Trends in Biochemical Sciences. 2020. https://doi.org/10.1016/j.tibs.2020.07.006 PMID:

32839099

82. Mizushima N, Yoshimori T, Levine B. Methods in Mammalian Autophagy Research. Vol. 140, Cell.

Cell; 2010. p. 313–26. https://doi.org/10.1016/j.cell.2010.01.028 PMID: 20144757

83. Mauvezin C, Neufeld TP. Bafilomycin A1 disrupts autophagic flux by inhibiting both V-ATPase-depen-

dent acidification and Ca-P60A/SERCA-dependent autophagosome-lysosome fusion. Autophagy.

2015 Jan 1; 11(8):1437–8. https://doi.org/10.1080/15548627.2015.1066957 PMID: 26156798

84. Kedersha N, Anderson P. Mammalian Stress Granules and Processing Bodies. Vol. 431, Methods in

Enzymology. 2007. https://doi.org/10.1016/S0076-6879(07)31005-7 PMID: 17923231

85. Katayama H, Yamamoto A, Mizushima N, Yoshimori T, Miyawaki A. GFP-like proteins stably accumu-

late in lysosomes. Cell Struct Funct. 2008; 33(1):1–12. https://doi.org/10.1247/csf.07011 PMID:

18256512

86. Thoreen CC, Kang SA, Won Chang J, Liu Q, Zhang J, Gao Y, et al. An ATP-competitive Mammalian

Target of Rapamycin Inhibitor Reveals Rapamycin-resistant Functions of mTORC1 * □ S. Journal of

Biological Chemistry. 2009; 284(12):8023–32.

87. Hardy SD, Shinde A, Wang WH, Wendt MK, Geahlen RL. Regulation of epithelial-mesenchymal tran-

sition and metastasis by TGF-β, P-bodies, and autophagy. Oncotarget. 2017 Nov; 8(61):103302–14.

88. Liu Q, Xu C, Kirubakaran S, Zhang X, Hur W, Liu Y, et al. Characterization of Torin2, an ATP-competi-

tive inhibitor of mTOR, ATM, and ATR. Cancer Res. 2013 Apr 15; 73(8):2574–86.

89. Kuang E, Tang Q, Maul GG, Zhu F. Activation of p90 Ribosomal S6 Kinase by ORF45 of Kaposi’s Sar-

coma-Associated Herpesvirus and Its Role in Viral Lytic Replication. J Virol. 2008; 82(4). https://doi.

org/10.1128/JVI.02119-07 PMID: 18057234

90. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy through direct phosphory-

lation of Ulk1. Nat Cell Biol. 2011; 13(2). https://doi.org/10.1038/ncb2152 PMID: 21258367
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