KSHV dysregulates bulk macroautophagy, mitophagy and UPR to promote endothelial to

mesenchymal transition and CCL2 release, key events in viral-driven sarcomagenesis.

Roberta Santarelli!, Ana Maria Brindusa Arteni!, Maria Saveria Gilardini Montani!, Maria
Anele Romeo?, Aurelia Gaeta?, Roberta Gonnella!, Alberto Faggionit and Mara Cirone®:3

1 Department of Experimental Medicine, La Sapienza University of Rome, Viale Regina Elena 324,
00185, Rome, Italy; Laboratory Affiliated to Istituto Pasteur Italia-Fondazione Cenci Bolognetti,
Rome, Italy.

2 Department of Molecular Medicine, Sapienza University of Rome, Rome, Italy.

3 Corresponding author. Electronic address: mara.cirone@uniromal.it.

What’s New

The oncogenic gammaherpesvirus KSHV is present in almost all 100% of Kaposi Sarcoma (KS)
lesions of all subtypes and is considered the causative agent of KS. Here the authors studied the
KSHV-mediated transformation of HUVEC into spindle cells, which closely resemble KS cells, as
a model of viral-induced sarcomagenesis. They unveiled that autophagy and mitophagy reduction
vy KSHV promoted EndMT and activated ERstress/UPR that in turn induced inflammation and

contributed to EndMT.
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Abstract

Kaposi’s Sarcoma-associated Herpesvirus (KSHV) is the causative agent of KS, an
aggressive neoplasm that mainly occurs in immune-compromised patients. Spindle cells represent
the main feature of this aggressive malignancy and arise from KSHV-infected endothelial cells
undergoing endothelial to mesenchymal transition (EndMT), which changes their cytoskeletal
composition and organization. As in epithelial to mesenchymal transition (EMT), EndMT is driven
by transcription factors such as SNAI1 and ZEB1 and implies a cellular reprogramming mechanism
icgulated by several molecular pathways, particularly PISK/AKT/MTOR. Here we found that
KSHV activated MTOR and its targets 4EBP1 and ULK1 and reduced bulk macroautophagy and
mitophagy to promote EndMT, activate ER stress/ Unfolded Protein Response (UPR), and increase
the release of the pro-angiogenic and pro-inflammatory chemokine CCL2 by HUVEC cells. This

study suggests that the manipulation of macroautophagy, mitophagy, and UPR and the interplay
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between the three could be a promising strategy to counteract EndMT, angiogenesis, and

inflammation, the key events of KSHV-driven sarcomagenesis.

Introduction

Kaposi’s Sarcoma-associated Herpesvirus (KSHV), a virus belonging to gammaherpesvirus
family, is strongly involved in the pathogenesis of Primary Effusion Lymphoma (PEL) and is the
causative agent of Kaposi’s Sarcoma (KS). KS is an angio-proliferative neoplasm that exists in four
different forms that share characteristic features of inflammation, intense angiogenesis, and
abnormal proliferation in KSHV-infected spindle-shaped endothelial cells that arise from line blood
or lymphatic vessels®. All these processes are sustained by pro-inflammatory cytokines such as
interleukin 6 (IL6) and chemokines such as IL8 and CCL2 that also play a role in the recruitment of
an abundant leucocyte infiltrate in the tumor bed of KS lesions?. Although KSHYV in vitro infection
of endothelial cells (HUVEC) does not lead to a full neoplastic transformation, the virus is able to
change them into spindle cells closely resembling KS cells. Therefore, HUVEC transformation
represents an interesting model to study KSHV-driven tumorigenesis to which oncogenic viral
proteins, ROS, and the activation of multiple cellular pathways contribute.

A central role is played by PISBK/AKT/MTOR, which induces angiogenesis and resistance to
apoptosis by increasing the production of the vascular endothelial growth factor (VEGF)? essential
for the survival and growth of KS. MTOR also contributes to vasculogenesis by promoting the
production of ROS, which may increase the permeability of KSHV-infected endothelial cells* and
induce several other pro-tumorigenic effects crucial for viral tumorigenesis and tumor progression,

such as the Warbourg effect®, and endothelial to mesenchymal transition (EndMT)®. As in epithelial
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to mesenchymal transition (EMT), cells undergoing EndMT acquire mesenchymal markers and
properties that cause them to lose polarity and phenotypic/functional characteristics. During such
cellular reprogramming, cells down-regulate the expression of platelet and endothelial cell adhesion
molecule 1 (PECAM1) and vascular endothelial cadherin (VE-cadherin) and up-regulate the
expression of a-smooth muscle actin (a-SMA)’. The most important transcription factors that drive
such cellular reprogramming are SNAI1, TWISTL, and zinc finger E-box binding homeobox 1
(ZEB1), a protein family that may either initiate and maintain EMT or EndMT?,

EMT is strongly inter-connected to macroautophagy, a catabolic route essential for the
maintenance of cellular homeostasis, as both autophagy and EMT play a pivotal role in the control
of carcinogenesis® and are regulated by common molecular pathways including PI3K/AKT/MTOR.
Interestingly, autophagy has been shown to counteract EMT by contributing to the degradation of
SNAI1Y and SNAI1 may be up-regulated by the autophagic protein Sequestosome 1 (SQSTM1)
through the activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)*!.
Although MTOR is the master regulator of macroautophagy, whether its activation by KSHV in
endothelial cells® could lead to bulk or selective macroautophagy reduction and if such effects
promote EndMT or the other features of KS remain to be explored. Additionally, macroautophagy
Is strongly interconnected with endoplasmic reticulum (ER) stress and Unfolded Protein Response
(UPR)? and the latter has been previously reported to promote EMT® or up-regulate SNAI1 by
inducing the Ser-9 de-phosphorylation of GSK3 beta®.

UPR activation is orchestrated by IRE1 alpha, eukaryotic translation initiation factor 2 alpha
kinase 3 (PERK), and activating transcription factor 6 (ATF6) and activates several processes,

including autophagy, in an attempt to relieve cells from ER stress'®. KSHV infection of endothelial
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cells has been reported to up-regulate ATF4, a UPR molecule activated downstream of PERK,
leading to an increased release of CCL2Y, which may inhibit autophagy®® or up-regulate the
expression of SQSTM1 *°. Based on this knowledge, in this study we investigated whether KSHV
could exploit the intricate connections between bulk and selective macroautophagy and UPR to
promote EndMT and angiogenesis in HUVEC cells. We also explored the possibility to counteract
KSHV-driven pro-tumorigenic effects by restoring macroautophagy and mitophagy with Metformin
(Met), an anti-diabetic drug able to stimulate macroautophagy®®, Carbonyl cyanide 3-
chlorophenylhydrazone (CCCP)#, a mitophagy inducer, and GSK2606414, an inhibitor of the

PERK branch of UPR.

MATERIALS AND METHODS

HUVEC cells and viral stock
Primary HUVEC cells (ScienCell, 8000) were cultured in endothelial cell medium (ECM,

ScienCell, 1001) containing endothelial cell growth supplements (ECGS, ScienCell,
0025+1052+0503). For split cultures, HUVEC cells were trypsinized after they reached 80-90%
confluence. Cells were grown at 37°C and 5% COz2 in a humidified incubator. All experiments were

performed with mycoplasma-free HUVEC cells.
Each aliquot of KSHV stock contained ~9 x 10° viral DNA copies/100 ul * in serum-free
ECM, as measured by real-time DNA PCR (Nanogen Advanced Diagnostics, Milan, Italy), using

primers amplifying the KSHV capsid protein gene, as previously described *°.

HUVEC infection and treatments
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HUVEC cells were seeded at 4 x 10%ml in 6 well plates the day before infection and
subsequently infected with ~9 x 10°viral DNA copies/well. After 72hrs, LANA latent gene
expression was used to monitor KSHV infection by western blotting analysis.

HUVEC cells were pretreated for 45 minutes with either metformin (Met, 3mM, Sigma
Aldrich D150659), carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 5uM, Sigma Aldrich
C2759), or PERK inhibitor GSK2606414 (GSK, 100nM, Sigma Aldrich 516535). Bafilomycin A:
(Baf, 15nM, Santa Cruz Biotechnology sc-201550), an inhibitor of vacuolar-H*-ATPase, was added

during the last 4 hours of infection. DMSO was added to untreated cells as a control.

Antibodies

The following antibodies were used as loading controls: rat monoclonal anti-LANA-1
antibody (Advanced Biotechnologies Inc., 13-210-100), rabbit polyclonal anti-LC3B (Novus
Biologicals, NB 100-222055), mouse monoclonal anti-SQSTM1/p62 (BD Transduction
Laboratories, 610833), rabbit monoclonal anti-SNAI1(Cell Signaling, 3879), rabbit polyclonal anti-
RAB7 (1:500; Santa Cruz Biotechnology, sc-10767), rabbit polyclonal anti-phospho-MTOR
(Ser2448) (1:500) (Cell Signaling, 5536), rabbit polyclonal anti-MTOR (Cell Signaling, 2983),
.«)bit polyclonal anti-phospho-4EBP1 (Thr37/46) (Cell Signaling, 2855), rabbit polyclonal anti-
4EBP1 (Cell Signaling, 9452), mouse monoclonal anti-HADHA (Santa Cruz Biotechnology, sc-
3744497), mouse monoclonal anti-MFN2 (Santa Cruz Biotechnology, sc-515647), mouse
monoclonal anti-NRF2/NFE2L2 (Santa Cruz Biotechnology, sc-365949), mouse monoclonal anti-
PECAM-1/CD31 (Santa Cruz Biotechnology, sc-69797), mouse monoclonal anti-VE-cadherin

IVE-cadherin  (Santa Cruz Biotechnology, sc-9989), mouse monoclonal anti-aSMA (Santa Cruz
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Biotechnology, sc-53142), rabbit polyclonal anti-elF2a. (Cell Signaling, 2722), rabbit polyclonal
anti-phospo-elF2a. (S51) (Cell Signaling, 3398), rabbit polyclonal anti-ZEB1 (Novus, NBP1-
05987), rabbit monoclonal anti-GRP78/BiP (Cell Signaling, 3177), mouse monoclonal anti-
GADD153/CHOP (Santa Cruz Biotechnology sc-7351), rabbit polyclonal anti-ULK1 antibody
(Abcam, ab167139), rabbit phospho-ULK1 (Ser757) (Cell Signaling, 6888). Mouse monoclonal
anti-ACTB/actin (SIGMA, A5441), mouse monoclonal anti-tubulin (SIGMA, T6199), goat anti-
lamin B (Santa Cruz Biotechnology, sc-6216), and mouse monoclonal anti-GAPDH (Santa Cruz

Biotechnology, sc-137179).

RAB7 knockdown by small interfering RNA (siRNA)

HUVEC cells were transfected with a specific RAB7 siRNA (Santa Cruz Biotechnology, sc-
29460) by using INTERFERInN transfection reagent (Polyplus transfection, 409-01) according to the
manufacturer's instructions. Briefly, HUVEC cells were seeded at 2x10%ml in 6-well plates in ECM
the day before transfection. Subsequently, 80 pmol of RAB7 siRNA and 12 ul of INTERFERIn
were diluted in Opti-MEM medium (Life Technologies, 31985062) and added to the cells. At 72 h
post-transfection, cells were lysed and protein extract was analyzed by western blotting. Control

sirNA-A (Santa Cruz Biotechnology, sc-37007) was used as scrambled control.

Western blotting

HUVEC cells were washed twice with PBS and lysed in a modified RIPA buffer containing
150 mM NaCl, 1% NP-40 (Calbiochem, 492015), 50 mM Tris-HCI, pH 8, 0.5% deoxycholic acid

(SIGMA, D-6750), 0.1% SDS (SERVA, 39575.02), 1% Triton X-100, and protease and
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phosphatase inhibitors (SIGMA, S8830, S6508 and 450022). 10 ug of each protein extract was
subjected to electrophoresis on 4-12% NuPage Bis-Tris gels (Life Technologies/Novex, NP0323)
and transferred to nitrocellulose membranes (GE Healthcare Life science/Amersham, 10600002
Protran). The membranes were blocked in 1X PBS-0.1% Tween-20 (SIGMA, P1379) containing
3% BSA (SIGMA, A4503) and incubated with specific primary antibodies for 1 hour at RT or
overnight at 4°C. After several washes in 1X PBS-0.1% Tween-20, the membranes were incubated
with either goat anti-mouse, goat anti-rabbit, or goat anti-rat secondary antibodies conjugated to
horseradish peroxidase (Santa Cruz Biotechnology, sc-2005, sc-2004 and 31470 ThermoFisher,
respectively). Finally, specific signals were detected using an enhanced chemiluminescence Kit

(Advansta, K-12045-D20). Densitometric analysis was performed using ImageJ software.

Measurement of intracellular reactive oxygen species production

To measure reactive oxygen species (ROS) production, 2',7'-dichlorofluorescein diacetate
(DCFDA,; Sigma D6883) was used. Briefly, 5x10° HUVEC cells were mock- or KSHV-infected for
72hrs, washed with prewarmed PBS, and incubated at 37°C with 10 uM DCFDA for 15 min in
PBS. Then, cells were washed and analyzed with a FACScalibur flow cytometer (BD, USA), using
CeELLQuest software (BD Biosciences, San Jose, CA, USA) and live cells were gated according to
their forward scatter (FSC) and side scatter (SSC) properties. For each analysis, 10,000 events were

recorded.

Chemiluminescent immunometric assay
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Supernatants from HUVEC were pretreated with GSK2606414 (100nM) for 45 minutes,
mock- or KSHV-infected for 72hrs and collected. CCL2 and IL6 were measured by Magnetic
Luminex assay performed by R&D systems a Bio-Techne brand using a human premixed multi-

analyte kit (R&D systems Bio-Techne, LXSAHM) according to the manufacturer's instructions.

Statistical analyses

All data are represented as the mean + standard error of at least 3 independent experiments.
The Student t test was used for statistical significance of the differences between treatment groups.

Statistical analysis was performed using analysis of variance at 5% (P < 0.05).

Results
KSHV infection induces a time-dependent spindle cell morphology and EndMT
reprogramming in HUVEC cells.

HUVEC cells were exposed to KSHV and, after 72 hours, infection was assessed by
evaluating the expression of the viral protein LANA-1 by western blot analysis (Fig.1A), as this
KSHV latent antigen has been previously reported to be expressed in these cells at this time post
infection??. Next, whether viral infection could lead to the acquirement of a spindle cell phenotype,
including the expression of a molecular pattern associated with EndMT, was evaluated. As shown
in Fig.1B, we observed by optical microscopy that KSHV-infected HUVEC acquired a spindle-like
morphology. Western blot analysis indicated that the expression levels of SNAI and ZEB1,
transcription factors that play a pivotal role in EndMT, were up-regulated in KSHV-infected cells in

comparison to the mock-infected cells (Fig.1C). Similarly, expression of the mesenchymal marker
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a-smooth muscle actin (a-SMA) increased in infected cells (Fig.1C). These effects were observed
72 hours post-infection, while the down-regulation of the endothelial-specific proteins
PECAM1/CD31 and VE-cadherin was observed at 6 days (Fig.1D). Of note, after 6 days post-
infection, we also observed the formation of characteristic tubular vessels in the KSHV-infected
HUVEC culture (Fig.1E). Together, these results suggest that KSHV infection induces a time

dependent EndMT reprogramming in HUVEC cells.

KSHYV infection activates MTOR and its targets 4EBP1 and ULK1 and reduces both bulk
macroautophagy and mitophagy in HUVEC cells.

Reports have shown that the MTOR pathway promotes EndMT reprogramming? and can be
activated by KSHV infection in endothelial cells®. Therefore, we assessed MTOR activation in
KSHV-infected HUVEC cells and found that its phosphorylation, as well as that of its target
4EBP1, increased compared to mock-infected cells (Fig.2A and 2B). As MTOR is the master
negative regulator of autophagy, we further investigated whether its activation is correlated to a
reduction of bulk macroautophagy in these cells. To evaluate the autophagic flux, viral-infected and
mock-infected HUVEC cells were either treated or not treated with Bafilomycin A: (Baf) and
analyzed for the expression level of LC3I/Il by western blot analysis. Baf is an inhibitor of
vacuolar-H*-ATPase that blocks the autophagic flux at the late stage, allowing the formation of the
lapidated form of microtubule associated protein 1 light chain 3 (LC3II) to be evaluated, as it is
either formed or degraded during autophagy activation®*. As shown in Fig.2C, in presence of Baf,
the expression level of LC3Il was lower in infected cells compared to mock-infected cells,

suggesting that KSHV infection reduced the basal macroautophagy in HUVEC cells. This effect
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was then confirmed by the increased expression of SQSTM1 (Fig.2D), a protein degraded in a
complete autophagic flux®*.

Among its targets, MTOR may phosphorylate unc-51-like kinase 1 (ULK1) at Ser757
residue and negatively affect mitophagy in addition to bulk macroautophagy®>?. Therefore, we
evaluated ULK1Ser757 phosphorylation and mitophagy in KSKV- and mock-infected HUVEC. As
shown in Fig.2E, ULK1Ser757 phosphorylation (pULK1) increased in the infected cells and
concomitantly the expression level of the mitochondrial matrix protein hydroxyacyl-CoA
dehydrogenase (HADHA), a protein mainly degraded during mitophagy, accumulated (Fig. 2F).
These results suggest that both bulk macroautophagy and mitophagy were impaired by KSHV,
which correlated to the activation of the MTOR pathway that has been reported to control both
processes?’. Finally, we found that the expression of mitofusin (MFN)2 increased following KSHV
infection (Fig. 2G). MNF2 is a protein regulating mitochondrial fusion that is ubiquinated and
degraded when mitophagy is induced?®, thus its accumulation further suggests that viral infection

can lead to mitophagy dysregulation.

KSHYV increases intracellular ROS and activates ER stress/UPR in infected HUVEC cells.

As bulk macroautophagy and particularly mitophagy play a pivotal role in the elimination of
damaged mitochondria that are the main source of intracellular ROS, we evaluated ROS level in
KSHV-infected HUVEC cells with reduced bulk macroautophagy and mitophagy. As shown in
Fig.3A, intracellular ROS increased following viral infection as well as the expression of the anti-
oxidant transcription factor nuclear factor erythroid 2 like 2 (NRF2) (Fig.3B). Given that ROS

accumulation may trigger ER stress, we next investigated UPR activation in KSHV-infected cells.
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We focused on the activation of PERK, the arm of UPR mainly involved in the regulation of ATF4
expression, as this transcription factor has been previously reported to be up-regulated by KSHVY'.
As shown in Fig.3C, pospho-elF2a (pelF2a) expression increased following viral infection,
suggesting that the PERK/elF2a /ATF4 axis was activated by KSHV. Interestingly, UPR activation
may decide cell death or survival depending on the expression of GADD153/CHOP (CHOP) and
GRP78/BiP (BiP), the pro-death and pro-survival UPR molecules respectively. We assessed the
expression of these molecules and found that CHOP expression was slightly affected by KSHV
while BiP expression was highly increased in infected HUVEC cells (Fig.3D). Considering the pro-
tumorigenic effects of KSHV, it is reasonable to expect the UPR to be skewed towards cell

survival.

Macroautophagy and mitophagy dysregulation contributes to EndMT and UPR activation in
infected HUVEC cells.

To assess the impact of reduced macroautophagy on UPR and EndMT, we performed a
knock down of RAB7 in HUVEC cells. As expected, by inhibiting the last steps of macroautophagy,
RABY silencing led to the accumulation of SQSTM1 and HADHA as well as increased expression
of pelF2a. and SNAIL compared to the scramble-treated control (Fig.4A). These results suggest that
the reduction of macroautophagy contributed to the activation of UPR and promoted EndMT
similarly to EMT?% 3%, Then we explored the possibility of interfering with EndMT reprogramming
induced by KSHV by restoring macroautophagy with Metformin, a protein kinase AMP-activated
catalytic subunit alpha 2 (AMPK) activator able to induce macroautophagy without interfering with

the expression of KSHYV latent proteins®L.
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As shown in Fig. 4B, Metformin restored macroautophagy, as indicated by the reduction of
SQSTML1, and counteracted SNAIL up-regulation induced by KSHV, further suggesting the inter-
connection between macroautophagy reduction and EndMT reprogramming in infected cells. To
assess whether macroautophagy restoration by Metformin could reduce ER stress/UPR activation,
we assessed the phosphorylation status of elF2a. in KSHV-infected cells. We found that Metformin
reduced elF2a. phosphorylation (Fig.4C), confirming interplay between macroautophagy and ER
stress/UPR activation in which macroautophagy helps rid cells of unwanted materials, leading to
the exacerbation of ER stress when macroautophagy is reduced®. Additionally, we found that
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a drug known to stimulate bulk
macroautophagy and trigger mitophagy?!, reduced SQSTM1, SNAIL1, reduced elF2a
phosphorylation and down-regulated HADHA (Fig. 4D), a mitochondrial protein mainly degraded
through mitophagy?’ (Fig. 4E). These results confirm that the restoration of macroautophagy and
mitophagy could help to counteract ER stress and EndMT induced by KSHV in HUVEC cells.
Optical microscopy observations confirmed that both Met and CCCP prevented the infected

HUVEC from acquiring spindle cell morphology (Fig. 4E).

PERK activation promotes the release of CCL2 and contributes to EndMT in KSHV-infected
HUVEC cells.

It has been reported that KSHV-mediated activation of ATF4 promotes the release of the
pro-inflammatory chemokine CCL2'". Based on our finding that KSHV activated the PERK-elF2a.-
ATF4 axis in HUVEC, we assessed the release of CCL2 by the infected cells. Following viral

infection, we observed an increased production of this chemokine that was reduced by inhibiting the
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PERK arm of UPR by GSK2606414 (GSK) (Fig.5A). The production of the pro-inflammatory
cytokine IL6, which increases in KSHV infection, was slightly affected by GSK (Fig.5A),
suggesting that the production of IL6 is regulated by a different mechanism than CCL2. We further
evaluated whether PERK activation could contribute to EndMT, which CCL2 has been reported to
promote33. As shown in Fig.5B, GSK reduced SNAIL expression, suggesting that UPR activation
promoted sarcomagenesis by increasing the release of CCL2 and promoting EndMT

reprogramming.

Discussion

Our results indicate that dysregulation of bulk macroautophagy, mitophagy and UPR by
KSHYV infection contributes to viral-induced EndMT reprogramming and angiogenesis in HUVEC
cells (Fig.6). This may represent a new interesting link between the activation of MTOR and
EndMT or angiogenesis induction by KSHV. The KSHV-mediated activation of MTOR has been
previously reported to induce several pro-tumorigenic effects in endothelial cells, i.e. to sustain cell
survival®, promote the formation of the tumor vasculature typical of KS, and engage a cross-talk
with Rac1, a molecule essential for vascular development 3* that both activates® and is activated by
wviTOR?,

We show for the first time that MTOR activation correlated with bulk macroautophagy and
mitophagy dysregulation and that such effects play an important role in KSHV-driven
sarcomagenesis. The reduction of macroautophagy and particularly of mitophagy is known to
promote tumorigenesis by leading to the accumulation of ROS-producing damaged mitochondria®.

Given the strong interplay between macroautophagy/mitophagy and ER stress/fUPR®? mediated by
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ROS accumulation, we found that in addition to reducing the macroautophagic processes, KSHV
activated the PERK arm of UPR in infected HUVEC, promoting the release of CCL2, a chemokine
strongly involved in angiogenesis in the course of KS®. Interestingly, PERK activation also
promoted EndMT, possibly by increasing the production of CCL2 that may up-regulate SNAI1%
and impair autophagy’®, or because UPR activation may increase SNAI1 expression through the
Ser-9 de-phosphorylation and activation of GSK3 beta®. Our results replicate previous findings that
KSHV up-regulates ATF4 and promotes CCL2 production’ and as well as previous findings that
show ER stress and PERK activation correlate with increased production of CCL2 in other cell
types 3°. Among numerous effects, CCL2 may stimulate the release of Vascular Endothelial Growth
Factor A (VEGFA)*, cytokine that promotes EMT and recruits macrophages in the tumor bed of
KS lesions, polarizing them into M2, alternatively activated macrophages that support cancer* by
contributing to the angiogenic process*. Interestingly, KSHYV is able to infect macrophages* and
their recruitment could facilitate viral infection further promoting M2 polarization, as our recent
studies suggest (Gilardini Montani et al. submitted).

Given that macrophages are the most representative leukocytes in KS lesions, the finding
that KSHV adopts several strategies to skew their polarization into M2 elucidates a crucial event in
viral-induced tumorigenesis. Furthermore, CCL2 may negatively regulate autophagy'® or engage a
cross-talk with SQSTML1 in which CCL2 activates MTOR and reduces autophagy, leading to an
accumulation of SQSTM1 that promotes CCL2 transcription®®, in a positive feed-back loop
essential for the angiogenesis and EndMT reprogramming necessary for KSHV-driven
sarcomagenesis. Also SQSTM1 may up-regulate the expression of SNAI1** 4 and inhibit the

degradation of TWIST1, another transcription factor that drives EMT®. Therefore, it appears that
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vasculogenesis and EndMT are inter-connected processes strictly regulated by macroautophagy and
UPR. Our findings suggest that the manipulation of macroautophagy, mitophagy, and UPR could
represent a promising strategy to counteract KSHV-induced sarcomagenesis, as indicated by the
reversion of viral-induced EndMT reprogramming by Metformin, an AMPK activator that restored
autophagy and reduced ER stress. This anti-diabetes drug displays anticancer properties, including
against KSHV-associated lymphomas*, and has been shown to restrain EMT#’. We also found that
similarly to Metformin, CCCP, an autophagy and mitophagy inducer, partially prevented the
KSHV-induced pro-tumorigenic effects. Previous findings have identified curcumin as a drug able
to inhibit EMT and angiogenesis in lung cancer cells* with minimal toxic effects towards normal
cells such as immune cells*® %0, thus its ability to prevent KS-associated cancers may be interesting
to assess. The restoration of macroautophagy as a strategy to counteract KSHV-driven
tumorigenesis may be further encouraged by our previous findings that KSHV reduces autophagy to
promote its replication 52 and impair immune responses® and that similar effects are induced by

Epstein-Barr virus (EBV) °1 % with which KSHV often cooperates to induce carcinogenesis.
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Figure Legends

Figure 1. KSHV infection of HUVEC cells induces EndMT in a time-dependent manner. (A)
HUVEC cells mock- (CT) or KSHV-infected (V) were analysed by western blotting analysis for the
expression of viral latent protein LANA at 72 hrs post-infection; (B) optical microscopy analysis of
KSHYV infected (V) or mock-infected (CT) HUVEC cells; (C) SNAIL, ZEB1 and aSMA expression

level as assessed by western blotting analysis on mock- (CT) or KSHV-infected (V) HUVEC cells
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after 72 hrs; (D) western blotting showing the VE-cadherin and PECAM1 endothelial-specific
proteins as well as aSMA expression in HUVEC cells mock- or KSHV-infected (V) after 6 days.
(E) representative optical microscopy images of HUVEC cells 6 days post infection (V) or mock-
infected (CT).

In the figure, ACTB, LMNB and GAPDH were used as loading controls and one representative
experiment out of three is shown. The histograms represent the mean plus S.D. of the densitometric
analysis of the ratio of LANA/ACTB, ZEB1/LMNB, SNAIL1/LMNB, aSMA/ACTB, VE-

cadherin/LMNB, PECAM1/LMNB and aSMA/LMNB of three different experiments.

Figure 2. KSHV infection of HUVEC cells leads to MTOR pathway activation and
macroautophagy and mitophagy impairment. Western blotting to assess the expression level of (A)
PMTOR and its target (B) p4EBP1 in HUVEC cells mock- (CT) or KSHV-infected (V), cultured
for 72 hrs; (C) the amount of the lipidated form of LC3 (LC3I1) was determined by western blotting
analysis of HUVEC cells mock- (CT) or KSHV-infected (V) after 72 hrs, in the presence or in the
absence of Bafilomycin A: (Baf), added during the last 4hrs (CT+Baf and V+Baf); (D) SQSTM1
and (E) phospo-ULK1ser757 (pULKZ1) level in KSHV-infected (V) or mock-infected HUVEC cells
after 72 hrs (CT); the effect of KSHV infection on mitophagy as assessed by western blotting
analysis of (F) HADHA and (G) MFN2 proteins.

In the figure, LMNB, ACTB and GAPDH were used as loading controls and one representative
experiment out of three is shown. The bands for the loading control LMNB in (A) and (C) are
identical to those in Fig.1C, since all samples shown originate from the same gel/blot. Furthermore,

the histograms represent the mean plus S.D. of the densitometric analysis of the ratio of
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PMTOR/MTOR, MTOR/LMNB, p4EBP1/4EBP1, 4EBP1/ACTB, LC3I1/GAPDH,
SQSTM1/LMNB, pULK1/ULK1, ULK1/ATCB, HADHA/ATCB, MFN2/ACTB of three different
experiments.

Figure 3. KSHV infection of HUVEC cells gives rise to an increase of intracellular ROS
production and to ER stress/UPR-PERK arm activation. (A) FACS analysis of ROS production by
HUVEC cells mock- (CT) or KSHV-infected (V) for 72 hrs, measured by DCFDA staining. The
mean of fluorescence intensity is indicated. Solid grey peaks represent the isotype controls. One
representative experiment of three is shown; (B) NRF2 level was evaluated in the same cells; (C)
pelF2a. and (D) CHOP and BiP expression level was assayed by western blotting on HUVEC
mock- (CT) or KSHV-infected (V) after 72 hrs.

In the figure, ACTB was used as loading control and one representative experiment out of three is
shown. Furthermore, the histograms represent the mean plus S.D. of the densitometric analysis of
the ratio of NRF2/ATCB, pelF2o/elF2a, elF2a/ATCB, CHOP/ACTB and BiP/ACTB of three

different experiments.

Figure 4. KSHV dysregulates macroautophagy and mitophagy to promote EndMT and UPR-PERK
arm activation. (A) Western blotting to detect RAB7, SQSTM1, HADHA, pelF2a, elF2a and
SNAIllexpression in HUVEC cells transfected for 72hrs with siRNA targeting RAB7 gene or
scramble siRNA (scr); (B) HUVEC cells were pretreated with DMSO or with metformin (Met,
3mM) for 45 min and subsequently KSHV- or mock-infected for further 72 hrs and analyzed by

western blotting for SQSTM1 and SNAIL or (C) pelF2a expression; (D) western blotting showing

HADHA and SQSTM1 and SNAIL or (E) pelF2a expression in HUVEC cells pretreated with
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DMSO or with CCCP (5uM) for 45 min before KSHV-infection and analysed 72 hrs post-infection;
(F) representative optical microscopy images of HUVEC cells pretreated with DMSO or with Met
(3mM) or CCCP (5uM) for 45 min and then KSHV- (V) or mock-infected (CT) for further 72 hrs.

In the figure, ACTB and TUBALA were used as loading control and one representative experiment
out of three is shown. The bands for the loading control TUBA1A in (C) and in (B, right panel) are
identical, since all samples shown originate from the same gel/blot. The histograms represent the
mean plus S.D. of the densitometric analysis of the ratio of RAB7/ATCB, SQSTM1/ACTB,
HADHA/ACTB, pelF2a/elF2a, elF2a/ATCB, SNAIL/ACTB or elF2a/TUBALA and SNAI1/

TUBALA, of three different experiments.

Figure 5. CCL2 release by KSHV-infected HUVEC cells correlates with UPR-PERK arm
activation. (A) CCL2 and IL6 release by KSHV- (V) or mock-infected HUVEC cells (CT) pre-
treated or not with GSK 2606414 (GSK, 100nM) (GSK+V) as measured by Luminex assay. Mean
plus SD of three different experiments is reported. * p value < 0.05; (B) the same samples were
analyzed by western blotting for SNAIlexpression level. ACTB was used as loading control and
one representative experiment out of three is shown. Furthermore, the histograms represent the
mean plus S.D. of the densitometric analysis of the ratio of SNAIL/ACTB of three different

experiments.

Figure 6. Macroautophagy reduction by KSHV affects the interplay between EndMT, UPR and

CCL2 release in infected HUVEC cells.
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