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Dengue virus induced autophagy regulates lipid metabolism

Nicholas S. Heaton and Glenn Randall”
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Summary

Autophagy influences numerous cellular processes, including innate and adaptive immunity
against intracellular pathogens. However, some viruses, including dengue virus (DENV), usurp
autophagy to enhance their replication. The mechanism for a positive role of autophagy in DENV
infection is unclear. We present data that DENV induction of autophagy regulates cellular lipid
metabolism. DENV infection leads to an autophagy-dependent processing of lipid droplets and
triglycerides to release free fatty acids. This results in an increase in cellular p-oxidation, which
generates ATP. These processes are required for efficient DENV replication. Importantly,
exogenous fatty acids can supplant the requirement of autophagy in DENV replication. These
results define a role for autophagy in DENV infection and provide a mechanism by which viruses
can alter cellular lipid metabolism to promote their replication.

Introduction

Autophagy is a cellular process by which cytoplasmic components are sequestered in double
membrane vesicles (DMVs) and degraded to maintain cellular homeostasis (Mizushima,
2007). It has also been implicated as an important component of the innate and adaptive
immune response against a variety of viral and bacterial pathogens, reviewed in (Deretic,
2005; Deretic and Levine,2009;Kirkegaard et al.,2004;Schmid et al.,2006). Intact
autophagocytic machinery has been reported to contribute to defense against infection by
herpes simplex virus-1 (HSV-1) (Orvedahl et al., 2007), vesicular stomatitis virus (VSV)
(Shelly et al., 2009), and Sindbis virus (Liang et al., 1998).

Some viruses, however, require components of the autophagocytic machinery for robust
replication, reviewed in (Deretic and Levine, 2009). In particular, many positive-stranded
RNA viruses require autophagy for efficient replication. Members of the family
Picornaviridae, such as poliovirus (Jackson et al., 2005; Taylor and Kirkegaard, 2007) and
coxsackieviruses B3 (Wong et al., 2008) and B4 (Yoon et al., 2008), have reduced
replication in the presence of autophagy inhibitors. Further, markers of poliovirus replication
and autophagosomes co-localize in infected cells, which has led to the hypothesis that polio
virus replication structures may be at least in part derived from autophagosomes (Jackson et
al., 2005). In addition to the Picornaviridae, members of the Flaviviridae, hepatitis C virus
(HCV) (Dreux et al., 2009; Sir et al., 2008) and dengue virus (DENV), have been shown to
require autophagy (or a component of autophagic machinery)for efficient replication.
Several reports have shown that DENV infection induces autophagy and that the inhibition
of autophagy leads to a significant reduction in DENV replication and the release of viral
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particles (Heaton et al., 2010; Khakpoor et al., 2009; Lee et al., 2008; Panyasrivanit et al.,
2009).

Following virion endocytosis and uncoating, DENV proteins are translated and establish
membranous replication complexes in the cytosol that facilitate efficient viral RNA
replication (Miller and Krijnse-Locker, 2008). A proteolytically processed form of DENV
NS4A protein, termed NS4A-2K, appears to be sufficient for DENV membrane remodeling,
perhaps performing a structural role by inducing membrane curvature (Miller et al., 2007). It
was previously postulated that DENV-2 replicates on amphisomes, which are fused
endosomes and autophagosomes (Khakpoor et al., 2009; Panyasrivanit et al., 2009).
However, this hypothesis is inconsistent with the cryo-EM tomography data, which shows
viral RNA replication complexes are contiguous with the ER and thus are not distinct
structures (Welsch et al., 2009). Therefore, although several groups have characterized
autophagy as an important determinant for DENV replication, the role of autophagy in
DENV infection is unclear.

Recently, autophagy has been show to regulate cellular lipid metabolism by modifying lipid
droplets (Singh et al., 2009), which are cellular stores of triglycerides and cholesterol esters
(Martin and Parton, 2006). The triglycerides are processed by lipases which results in the
release of fatty acids (Haemmerle et al., 2003), which are then imported into mitochondria
via the carnitine carrier system (McGarry and Brown, 1997) where they undergo -oxidation
(Ren and Schulz, 2003) that eventually leads to ATP production (Jormakka et al., 2003).
The role of autophagy in maintaining normal cellular physiology is well established; yeast
deficient in autophagy rapidly die under low nutrient conditions (Tsukada and Ohsumi,
1993) and mice with impaired autophagy have abnormal cellular membrane inclusions and
protein aggregates (Komatsu et al., 2005). In addition, many human diseases are associated
with deregulated autophagosome formation including neurodegenerative diseases,
myopathies, and liver injury (Mizushima et al., 2002; PerImutter, 2002).

In this study, we investigated whether DENV-induced autophagy regulates lipid
metabolism. We found that the induction of autophagy in DENV-infected cells correlates
with decreases in lipid droplet area and triglyceride levels and increases in g-oxidation.
These alterations in lipid metabolism are autophagy-dependent and are required for efficient
DENV replication. Complementation studies demonstrated that although autophagy
regulates many cellular processes, its modulation of lipid metabolism is the requirement for
efficient DENV replication.

Induction and localization of autophagosomes in DENV-infected cells

We first examined the sub-cellular localization of autophagosomes in DENV-infected cells.
In order to visualize autophagosomes, we fused GFP to LC3, which specifically associates
with autophagosomal membranes. Huh-7.5 cells were transfected with GFP-LC3 for 24
hours, then infected with DENV for 6, 24, or 48 hours, fixed, probed with DENV2-specific
monoclonal antibody D1-4G2-4-15 and visualized using confocal microscopy. Consistent
with previous reports, the number of GFP-LC3 puncta per DENV-infected cell significantly
increased at 24 and 48 HPI, as compared with mock-infected cells (p<0.001, Fig. 1A,B).

We then interrogated whether GFP-LC3 co-localizes with markers of DENV replication
complexes using antibodies that recognize NS1, NS3 or dsSRNA, the positive strand RNA
virus replication intermediate. We were unable to identify conditions in which LC3-GFP
positive structures co-localized with markers of dengue virus replication (Fig. S1). In some
cases, the GFP-LC3 localization was reminiscent of lipid droplet distributions in Huh-7.5
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cells. Therefore, we examined co-localization of GFP-LC3 with lipid droplets in DENV-
infected cells. Huh-7.5 cells were transfected with GFP-LC3, infected with DENV for 24
hours, fixed, and stained with oil red O. We observed a subset of GFP-LC3 positive
autophagosomes associating with lipid droplets in DENV-infected cells (Figs. 1F and 5D).
A kinetic analysis of autophagosome association with lipid droplets showed maximal
association 24 hours after DENV infection (Fig. 1G).

DENV-induced autophagy reduces cellular lipid droplet area

We next examined whether lipid droplets were modified in DENV-infected cells. Huh-7.5
cells were infected as before, fixed, probed with antibody to NS1, and stained with oil red O.
Lipid droplet area was reduced by ~70% in DENV-infected cells at 48 hours post infection,
as compared with mock-infected cells (p<0.001, Fig. 1C,D). Despite this decrease in total oil
red O staining area per cell, the total number of oil red O foci per cell remained relatively
unchanged (Fig. 1E). This indicated that lipid droplets were not eliminated in DENV
infection, but that their size, and possibly content, was reduced. The results were reproduced
in BHK, Huh7 and HepG2 cells to confirm that effects were not cell type specific (Fig. S2).

Lipid droplets were generally depleted in cells with high numbers of autophagosomes. To
test for a direct correlation, the number of autophagosomes and lipid droplet area per mock-
and DENV-infected cells were quantified and linear regression analysis was performed.
There was a statistically significant (p<0.05) negative correlation between the number of
autophagosomes and the area of lipid droplets per cell (Fig. 1H).

Since oil red O staining is an indirect measurement of lipid droplet area, we next quantified
the size of lipid droplets in DENV and mock-infected cells following visualization by EM
(Fig. 2A and B). Huh-7.5 cells were mock- or DENV-infected for 48 hours, then fixed and
processed for EM. The lipid droplet diameters in these cells were then measured. DENV
infection was verified by the presence of virally induced membrane structures (Fig. 2B,E).
Lipid droplet diameter in DENV-infected cells was decreased ~35% as compared to mock-
infected cells, which translated to an ~70% reduction in lipid droplet volume (p<0.001, Fig.
2C,D).

Autophagy is required for lipid droplet depletion during DENV infection

We next tested whether autophagy was required for the lipid droplets alterations in DENV-
infected cells. Huh-7.5 cells were infected as before and treated with 3-methyl adenine
(3MA), a well-characterized inhibitor of autophagy. In addition, we inhibited autophagy by
silencing key components of the autophagy pathway (ATG12 and BECN1) as compared to
an irrelevant siRNA (IRR) that targets HCV. In IRR siRNA or vehicle treated cells, lipid
droplet area was again depleted in DENV-infected cells as compared to mock-infected cells
(p<0.001, Fig. 3A,B) with only minor changes to lipid droplet number (Fig. 3C). Inhibition
of autophagy significantly increased the area of lipid droplets in DENV-infected cells (Fig.
3D-F). In parallel, we confirmed that the siRNAs specifically reduced accumulation of the
target gene MRNAs (Table S1) and protein (Fig. S3A), and that treatment with 3MA or
SiRNAs targeting autophagy genes precluded the induction of GFP-LC3 puncta during
DENV infection (Fig. S3B).

Inhibition of autophagy leads to a defect in viral RNA replication

We next investigated the stage of the viral life cycle that requires autophagy. To determine if
autophagy plays a role in viral entry, we transfected IRR or BECN1 siRNAs into Huh-7.5
cells, then infected the cells (MOI=0.5) for 15 hours, fixed and stained cells for dSRNA as a
marker of viral infection (Fig 4. A,B). Approximately 60% of cells (11 random fields of
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view, n>100 cells) in both treatments stained positive for dSRNA, indicating that under the
conditions tested, autophagy has no apparent role in viral entry.

It has been reported that autophagy plays a role in translation of HCV RNA (Dreux et al.,
2009). To determine if this was the case during DENV infection, we introduced a DENV
luciferase reporter replicon construct with a polymerase mutation (GDD—GAA) and
measured luciferase over time. In cells either silenced for BECN1 or treated with 3MA,
there was no significant reduction in RNA translation compared to their respective controls
(Fig. 4C,E). In parallel, we introduced the wild-type replicon and again observed no defect
in the early translation peak but significant inhibition of replication at later time points (p<.
05, Fig. 4D,F). The decreases in DENV replication under conditions of inhibited autophagy
are also reflected in infectious DENV production. Treatment of Huh-7.5 cells with 3MA or
SiRNAs targeting BECNL1 inhibit infectious DENV production, as has been reported
previously (Fig. 4G,H) (Khakpoor et al., 2009; Lee et al., 2008; Panyasrivanit et al., 2009).
3MA inhibition of DENV replication and infectious virus production is consistent in all cell
lines tested, including Huh-7.5, Huh7, HepG2, and BHK cells (Fig. S4). We therefore
conclude that autophagy is primarily required for DENV replication, although a secondary
role in assembly or egress cannot be excluded.

Lipid delivery to the lysosomal compartment is increased during DENV infection

We next characterized autophagosomal maturation during DENV infection. Huh-7.5 cells
were DENV- or mock-infected for 24 hours, fixed and analyzed for GFP-LC3 association
with the late endosomal and lysosomal marker LAMP1. The majority of GFP-LC3 positive
structures are co-positive for LAMPL. (Fig. 5A,B). Autophagosomal acidification was
investigated under the same conditions by examining GFP-LC3 co-localization with
Lysotracker Red, a fluorescent probe that selectively accumulates in low pH compartments.
In mock-and DENV-infected cells, we observed that the majority of GFP-LC3 puncta also
stained positive for Lysotracker Red, indicative of autophagolysosomal acidification (Fig.
5B,C). Thus, DENV does not appear to perturb autophagosomal maturation.

We next interrogated whether lipids were delivered to the lysosomal compartment in an
autophagy-dependent manner. DENV infected cells expressing GFP-LC3 were analyzed for
co-localization of Oil Red O and LC3 (Fig. 4D). As previously observed, there is an
association of lipid droplet markers with autophagosome markers during infection. To test
whether lipids were being delivered to acidified, degradative compartments, Huh-7.5 cells
were mock- or DENV-infected for 24 hours and stained with Lysotracker and Bodipy
493/503 to label acidic compartments and lipid droplets, respectively. DENV infection
increased the number of structures were co-positive for Lysotracker and the Bodipy lipid
droplet marker, without altering the total number of Lysotracker positive structures (Fig.
5E,F). Thus, DENV infection increased the delivery of lipids to acidified lysosomes. To
determine the requirement of autophagy for delivery of lipids to LAMP1 compartments,
Huh-7.5 cells were treated with IRR or BECN1 siRNAs, then mock- or DENV-infected for
24 hours. Cells were then fixed and probed for the association of LAMP1 with oil red O
stained lipids. LAMP1 structures surrounding oil red O lipids were detectable in all samples
(Fig. 5G). DENV-infection increased the accumulation of these LAMP1/oil red O co-
positive structures and this effect was significantly precluded by treatment with Beclinl
SiIRNAS (p<0.05, Fig. 5G,H). Thus, DENV infection enhances the delivery of lipids to the
lysosome in an autophagy-dependent manner.

Triglycerides are specifically depleted in DENV-infected cells

Triglycerides (TGs)are a major component of lipid droplets. Since lipid droplet area
decreases in DENV-infected cells, we investigated whether TG levels were also reduced.
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Huh-7.5 cells were DENV- or mock-infected for 48 hours and total cellular lipids were
extracted and separated via thin layer chromatography (TLC). DENV infection caused a
specific depletion of TGs with minimal effect on other major lipid classes. Cholesterol and
cholesterol esters, which are also components of lipid droplets, are relatively unchanged by
DENV infection at the whole cell level (Fig. 6A). This may reflect a selective processing of
triglycerides; or alternatively, it is possible that decreases in lipid droplet cholesterols are
offset by enhanced cholesterol synthesis at sites of dengue virus replication, as has been
proposed for West Nile virus (Mackenzie et al., 2007). We then quantified TGs in DENV-
infected cells using a colorimetric assay. DENV-infected cells had ~65% less TGs than
mock-infected cells (Fig. 6B). We also tested the requirement of autophagy for triglyceride
reduction using 3MA and siRNAs targeting critical autophagy genes (Fig. 6B,C). As was the
case with lipid droplet degradation, inhibiting autophagy in DENV-infected cells prevented
TG depletion.

B-oxidation is increased by and required for DENV replication

During normal cellular metabolism, lipid droplet TGs are processed by lipases and released
as free fatty acids (FFASs), which are transported into the mitochondria to undergo f3-
oxidation for ATP production. We tested whether the decrease in TGs in DENV-infected
cells was associated with increased cellular B-oxidation. Huh-7.5 cells were DENV- or
mock-infected for 6, 24, or 48 hours, then 3H-labeled palmitic acid was added to the cells
and 3H,0 levels (an end product of B-oxidation) were quantified. Over time, the rate of p-
oxidation was significantly increased in DENV-infected cells (Fig. 6D) as compared to
mock-infected cells (p<0.001), with kinetics similar to the lipid droplet depletion. To
determine if autophagy was contributing to the increase in cellular B-oxidation, we assayed
B-oxidation in the presence of 3MA or siRNAs targeting ATG12 and BECNL1 (Fig. 6E,F).
Inhibition of autophagy by 3MA significantly (p<0.05) reduced the levels of p-oxidation in
DENV-infected cells, although not to the level of mock-infected cells. Silencing components
of the autophagy machinery inhibited the rate of B-oxidation in both mock- and DENV-
infected cells, suggesting that autophagy is required for basal and virally enhanced levels of
cellular B-oxidation.

We tested the dependence of DENV replication on B-oxidation using Etomoxir, which
inhibits p-oxidation by preventing transport of FFAs into the mitochondria. We first verified
that Etomoxir treatment significantly inhibited B-oxidation in our assay (Fig S5A). Huh-7.5
cells were then infected with DENV for four hours and then treated with the indicated
concentrations of Etomoxir to inhibit B-oxidation. 24 hours later, viral titer was determined
using limiting dilution titer and RNA was harvested to measure viral RNA by quantitative
RT-PCR. DENV RNA replication and the release of extracellular virus were inhibited in a
dose-dependent manner, while no significant changes in cellular viability occurred (Fig.
6G,H). Thus, optimal DENV replication requires robust g-oxidation. It was recently
predicted that cellular enzymes involved in B-oxidation may be regulated in HCV infection,
based on cellular proteomic, lipidomic and microarray data (Blackham et al., 2010;Diamond
et al., 2010). Therefore, we also examined the effects of Etomoxir on HCV replication (Fig.
S5B). Although higher concentrations of Etomoxir led to an inhibition of HCV replication,
HCV does not appear to be as sensitive to the inhibition of B-oxidation as is DENV. Thus,
the replication of multiple viruses may be influenced by rates of cellular B-oxidation;
however, their sensitivities to this process appear to differ.

Regulation of lipid metabolism is the critical function of autophagy for DENV replication

Autophagy regulates multiple cellular processes. In order to test whether its regulation of
lipid metabolism was the critical function for DENV replication, we developed a lipid
complementation assay. If DENV replication requires autophagosomal processing of
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triglycerides to release FFAS, then we should be able to complement defects in autophagy by
adding exogenous FFAs to DENV-infected cells. DENV replication was quantified in the
presence of 3MA with an exogenously added fatty acid (oleic acid) conjugated to BSA, as
compared to BSA-only treated control cells, using the DENV luciferase reporter replicon.
We first titrated the levels of BSA-oleic acid to define concentrations that did not alter
DENV replication and then repeated the 3MA inhibition assay in the presence of BSA or
BSA-oleic acid. In the control BSA-treated cells, 3MA inhibited DENV replication in a
dose-dependent manner. In contrast, BSA-oleic acid treated cells maintained wild type
levels of replication in the presence of increasing doses of 3MA (Fig. 7A). The
complementation assay was repeated with infectious DENV and exogenous lipids could
complement autophagy inhibition for both DENV replication and infectious virus
production (Fig. 7B,C) Similarly, inhibiting autophagy with sSiRNAs leads to a decrease in
viral RNA and titer, which can be complemented with the addition of exogenous fatty acid
(Fig. 7D,E). Cellular viability was unaltered in these assays (Fig. S6). Thus, the requirement
of autophagy for DENV replication can be supplanted by the addition of fatty acids.

Treatment with 3MA and Etomoxir led to an additive inhibition of DENV replication, as is
expected of drugs that inhibit different steps of the same pathway (the modulation of lipid
metabolism for energy production) (Fig. 7F). We next tested whether effective
complementation of autophagy inhibitors with exogenous fatty acids required -oxidation.
The complementation assay was repeated in the absence or presence of Etomoxir. We
observe, as before, that we can complement the 3MA DENV replication defect by adding
fatty acids. However, with the addition of Etomoxir prevents complementation of the viral
RNA replication defect (Fig. 7F). We conclude that the complementation of autophagy by
exogenous lipids requires functional B-oxidation. Taken together, the data indicate that the
primary function of autophagy in DENV replication is the regulation of lipid metabolism.

Discussion

Autophagy is critical for the replication of numerous viruses. In many cases,
autophagosomes have been proposed to be sites of viral RNA replication, reviewed by
(Wileman, 2006) and (Deretic and Levine, 2009). In this study, we define a novel function
for autophagy in viral RNA replication: the regulation of lipid metabolism. We show that
DENV infection led to the processing of cellular lipid droplets and triglycerides. The
depletion of lipid droplet area correlates with an increase in autophagosomes. DENV
infection stimulates B-oxidation, which is required for DENV replication. All of these
DENV-induced cellular alterations require autophagy. To confirm that fatty acid release
from lipid droplets is the major role of autophagy in DENV infection, we demonstrated that
the requirement of autophagy for DENV replication could be supplanted by adding
exogenous fatty acids to infected cells. These data suggest a model wherein DENV infection
induces autophagy, which leads to the depletion of lipid droplet triglyceride stores. This
results in the release of free fatty acids, which are imported into the mitochondria where
they undergo B-oxidation, which generates ATP, and facilitates robust viral RNA
replication. Since ATP is the critical molecule for cellular energy and an important
enzymatic cofactor, increased ATP levels would enhance numerous functions in DENV
replication. All mammalian cell types examined thus far have the ability to generate lipid
droplets, reviewed by (Martin and Parton, 2006). Monocytes, which are thought to be a
primary target of DENV, may have additional roles for autophagy including antigen
presentation and innate immunity.

DENV has been proposed to assemble capsids at the ER in membranes directly adjacent to
replication complexes, based on cryo-EM tomography studies (Welsch et al., 2009).
Alternatively, DENV capsid co-localizes with lipid droplets under certain fixation
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conditions, leading to speculation that lipid droplets may be sites of virion assembly (Samsa
et al., 2009). Despite the possibility that DENV may assemble at lipid droplets, it is clear
that the autophagy-dependent lipid droplet modifications do not impede infectious virus
assembly and release. There is a positive correlation between autophagy induction, lipid
droplet depletion, robust DENV replication, and infectious virus release.

It is well established that a variety of intracellular pathogens modulate the metabolic state of
the host cell. There are clear examples of both eukaryotic and bacterial pathogens that
manipulate host lipid metabolism, as reviewed in (van der Meer-Janssen et al.).
Trypanosoma cruzi replication vacuoles are found in close proximity to, attached to, or even
containing lipid droplets (Melo et al., 2006). Similarly, Chlamydia trachomatis recruits and
internalizes lipid droplets into their resident cellular vacuoles for nutrient acquisition
(Kumar et al., 2006).

Other viral infections also manipulate cellular lipid metabolism. Early work on poliovirus
and Semliki Forest virus showed a requirement for phospholipid biosynthesis during viral
infection (Guinea and Carrasco, 1990, 1991; Perez et al., 1991). Brome mosaic virus
replication is dependent on specific localized lipid compositions (Lee and Ahlquist, 2003;
Lee et al., 2001). Cytomegalovirus infection profoundly alters cellular metabolism,
including increases in fatty acid synthesis, glycolysis, the citric acid cycle, and nucleotide
biosynthesis (Munger et al., 2006; Munger et al., 2008). West Nile virus induces cholesterol
biosynthesis and redistributes cholesterol to viral RNA replication membranes (Mackenzie
et al., 2007). Dengue virus RNA replication also requires cholesterol synthesis (Rothwell et
al., 2009) and the DENV non-structural protein 3 recruits and stimulates fatty acid synthase
activity at sites of viral replication (Heaton et al., 2010). Hepatitis B virus induces
accumulation of a specific cholesterol precursor (Rodgers et al., 2009).

HCV globally alters cellular cholesterol synthesis and lipid metabolism, as shown in a recent
proteomic and lipidomic study (Diamond et al., 2010). Following HCV infection, there is an
early increase in host catabolic and biosynthetic activities, later followed by compensatory
metabolic changes. HCV lterations in lipid metabolism appear to be mediated in part by an
inhibition of the AMP-activated protein kinase (Mankouri et al., 2010). In addition to
alterations in lipid metabolism, HCV and some enteroviruses also depend on phospholipid
signaling for replication (Berger et al., 2009; Berger and Randall, 2009; Borawski et al.,
2009; Hsu et al., 2010; Li et al., 2009; Tai et al., 2009; Trotard et al., 2009; Vaillancourt et
al., 2009). HIV-1 infection stimulates similar changes, with alterations in glycolysis, the
tricarboxylic acid (TCA) cycle, and cholesterol synthesis (Chan et al., 2007; Chan et al.,
2009; Ringrose et al., 2008).

Lipids also play an important role in virion secretion and infectivity. HCV assembles virions
at lipid droplets and secretion of infectious virus is dependent upon the very low-density
lipid secretion pathway (Chang et al., 2007; Huang et al., 2007). A number of viruses
manipulate the lipid content of viral envelopes. HCV virions associate with lipids and
apolipoproteins and this is thought to alter the physical properties of virions, in addition to
greatly enhancing infectivity (Andre et al., 2002; Andre et al., 2005). Finally, HIV-1 Nef
alters cellular lipid microdomains and the lipid composition of virions (Rodgers et al.,
2009).

It is clear that many intracellular pathogens have a dependence on cellular lipids. Viruses
appear to have this requirement at multiple stages of the viral life cycle and frequently
manipulate lipid metabolism to enhance viral production. The induction of autophagy is one
mechanism by which viruses can alter cellular lipid metabolism.
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Experimental Procedures

Cells, Virus, Plasmids

Huh-7.5 cells, a subline derived from the hepatocyte Huh7 cell line (Blight et al., 2002) were
primarily used in this study. In addition, the human hepatocyte cell lines Huh-7, HepG2 and
the baby hampster kidney cell line BHK were also used. Cells were maintained in DMEM-
high glucose supplemented with 0.1mM non-essential amino acids, 5% FBS, and penicillin-
streptomycin (Invitrogen). Infectious DENV-2 16681 and a DENV luciferase reporter
replicon containing only the non-structural proteins (Heaton et al., 2010) were used. GFP-
LC3 was constructed by PCR amplification of LC3 from a cDNA clone (Open Biosystems),
which was cloned into a c-terminal monomeric GFP fusion vector, generously provided by
Benjamin Glick (The University of Chicago).

Pharmacological Inhibitor Studies

3-Methyladenine (MP Biomedicals), Etomoxir (US Biological) and BSA-Oleic Acid
(Sigma) were used. Huh-7.5 cells were infected at an MOI of 0.5 for 4 hours, the inoculum
was removed and fresh media containing the inhibitor or vehicle alone were added to the
cells and maintained for indicated times. Virus in cellular supernatants was quantified by
titration, while intra-cellular RNA was isolated at 24 or 48 HPI using an RNeasy kit
(Qiagen) and quantified by real time RT-PCR, as previously described (Heaton et al., 2010),
see supplemental experimental procedures. For lipid complementation assays, 3-
methyladenine or siRNAs were applied as described above with the addition of a 1:100
dilution of BSA-Oleic Acid (Sigma) or the equivalent concentration of BSA alone. For
DENV:-replicon assays, cells were treated with 3MA =+ lipid or BSA control 24 hours after
electroporation. 24 hours after drug addition, DENV replication was determined via use of
the Renilla Luciferase Assay System per the manufacturer’s instruction (Promega). For the
combination drug studies, cells were infected at an MOI1=0.5 for 4 hours, then the inoculum
was replaced with 2.5mM 3MA, 20uM Etomoxir, or a combination of the two. BSA-lipid
was used at a 1:100 dilution as before. RNA was quantified ~24HPI. Cell viability was
assayed using a MTT or CellTiter-Glo assay kit (Promega).

Immunofluorescence

Cells were infected at an MOI of 1-5 for 24-48 hours in DMEM supplemented with either
1% or 5% FBS before methanol or paraformaldehyde plus saponin fixation and antibody
staining. Antibodies used included dsRNA (English and Scientific Consulting Bt.), NS1
(Abcam), LAMP1 (Abcam), NS3 (gift of Richard Kuhn, Purdue University), the DENV2-
specific monoclonal antibody D1-4G2-4-15 (ATCC) and Alexa-fluor 488 or 594 secondary
antibodies (Invitrogen). Stained cover slips were mounted with Prolong Gold with DAPI
(Invitrogen). Qil red O (MP Biomedicals) was used per the manufacturer’s instructions.
50nM Lysotracker and 20ug/mL Bodipy 20 493/503 (Invitrogen) were visualized in live
cells. Images were acquired using an Olympus DSU confocal microscope with a 100X oil
objective or a Leica SP5 tandem scanner two-photon spectral confocal system using a 100X
oil objective with digital zoom. Digital images were taken using Slidebook 4.1 software and
processed using ImageJ (National Institutes of Health) and Adobe Photoshop. Quantification
of images was performed with ImageJ using a set of defined intensity thresholds that were
applied to all images.

Electron Microscopy

Huh-7.5 cells were maintained in 1% DMEM and DENV infected (MOI=5) for 48HPI and
processed for EM using standard procedures (see supplemental experimental procedures).
Images were taken at 300 kV with an FEI Tecnai F30 electron microscope equipped with a
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high-performance Gatan CCD camera. The average diameters of the observed lipid droplets
were calculated by averaging multiple diameter measurements using NIH Image J software.
The volume of the lipid droplets were calculated by using the average diameter in the
equation v=4/3I1r3.

siRNA Inhibition

siRNAs were introduced into cells using RNAiMax (Invitrogen) according to the
manufacturers instructions for optimal periods, depending on gene. The siRNA sequences
and the Tagman assays used to verify knockdown relative to 18S control are described in
Table S1.

Cellular lipid analysis

Huh-7.5 cells in 2% DMEM were DENV- or mock-infected at an MOI of 2 for 48 hours,
washed in PBS, then scraped, pelleted, and resuspended in a glass tube in 400pL of
methanol:chloroform (1:2 v/v). Lipids were extracted via the Folch procedure (Folch et al.,
1957) and processed by standard thin layer chromatography, as described in supplemental
experimental procedures.

B-oxidation assay

Huh-7.5 cells were infected at an MOI of 3 in 2% FBS DMEM. 10mM unlabeled palmitic
acid and 10puCi/mL of 3H-palmitic acid were conjugated to 7.5uM free fatty acid free BSA
(1:450 dilution). At the indicated time point, the DMEM was replaced with 500uL of the
palmitic acid-BSA mixture in Kreb’s buffer (5uCi/6 well), incubated at 37°C for two hours,
the Kreb’s buffer was removed from the cells and added to equal volume 10%
trichloroacetic acid (TCA). After incubation at RT for 5 min, solution was spun at 13,000xg
for 5 minutes, 500uL of the supernatant was removed and added to 100pL 6N NaOH,
mixed, then applied to 90um pore columns (Spectrum Labs) that were packed with a Dowex
1x8 100-200 mesh ion exchange resin (Acros Organics). The 3H,0 was eluted with 1mL
ddH,0 and assayed for 3H using a scintillation counter.

Statistical Analysis

All statistical significance was determined using either a paired or an un-paired student’s T-
test depending on the experimental design. Statistical analysis of microscopy images was
based on ImageJ quantification of randomly selected fields of view or cells (n>5) for each
treatment or time point. Each study shown is representative of at least two independent
experiments. The level of significance is denoted in each figure, *p<0.05, **p=<0.001.

Highlights
¢ DENV-induced autophagosomes partially co-localize with lipid droplets.
* DENV-induced autophagy depletes lipid droplets and triglycerides.

e Autophagy increases cellular B-oxidation, which is required for DENV
replication.

e Exogenous fatty acids supplant the requirement of autophagy for DENV
replication.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lipid droplet area decreases as the number of GFP-LC3 puncta increase in DENV-
infected cells

(A) Huh-7.5 cells were transfected with a GFP-LC3 construct, then DENV- or mock-
infected at an MOI of 2 for the indicated times, fixed, and probed with specific monoclonal
antibody D1-4G2-4-15. Nuclei were visualized by DAPI staining. Scale bar = 30um. (B)
ImageJ quantification of the number of GFP-LC3 puncta per cell in (A) **p<0.001. (C)
Huh-7.5 cells were DENV- or mock-infected at an MOI of 2 for the indicated times and then
stained with oil red O to visualize lipid droplets and antibodies to NS1 were used to verify
cells were infected. Scale bar = 30um. (D) Quantification of the total oil red O positive area
per cell representative of three independent experiments. *p<0.05, **p<0.001. (E)
Quantification of the number of oil red O puncta per cell. (F) Huh-7.5 cells were transfected
with a GFP-LC3 construct and then DENV infected for, a high magnification image of GFP-
LC3 association with lipid droplets is shown. (G) Huh7.5 cells were DENV- or mock-
infected for the indicated times. The association of GFP-LC3 positive structures with oil red
O are quantified, *p<0.05. (H) Scatter plot of the number of lipid droplets and GFP-LC3
puncta in individual DENV- or mock-infected cells from random fields of view, 36HPI. The
trend-line indicates a statistically significant (p<0.05) linear regression showing a negative
correlation between the two variables.
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Figure 2. EM analysis of lipid droplet size during DENV infection

Huh-7.5 cells were DENV- or mock-infected (MOI=2) for 48 hours, fixed, and pelleted for
EM staining and sectioning. Representative images of (A) mock- and (B) DENV-infected
cells. *denotes lipid droplets, N denotes the nucleus, and the black arrowhead denotes
DENV induced membrane structures. (B). Plot of the (C) average diameter and (D)
calculated volume of lipid droplets (n>50) in EM images. **p<0.001. (E) High
magnification image of B showing DENV induced membrane re-organization.
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Figure 3. Inhibition of autophagy prevents depletion of lipid droplets in DENV-infected cells
(A) Huh-7.5 cells were mock- or DENV-infected at an MOI of 2 for two hours, then treated
with 2.5mM 3MA or vehicle control. Cells were fixed 48HPI and stained with Oil Red O to
visualize lipid droplets and an antibody against DENV NS1 (green). (C) Alternatively,
Huh-7.5 cells were treated with siRNAs targeting an irrelevant HCV sequence (IRR),
ATG12, or beclinl (BECNL1) for 24 hours, and then infected with DENV for 48 hours at an
MOI of 2. Respective Image J quantification of total area staining positive for oil red O
(B,E) and the total number of oil red O puncta per cell (C,F). Values represent the average
of at least eight cells per treatment. **p<0.001. Scale bar = 30um.
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Figure 4. DENV replication, but not entry or translation, is dependent upon autophagy

(A) Huh-7.5 cells silenced for BECNL1 or an irrelevant control were infected (MOI=0.5) for
15hrs before fixation and staining for dSRNA and DAPI. Random fields of view were
imaged (A) and quantified for the percentage of cells containing DENV-specific dSRNA.
(B). A polymerase defective DENV-luciferase replicon was electropotated into Huh-7.5
cells silenced for BECNL1 or treated with 3MA to measure input RNA translation (C and E
respectively). In parallel, the wild-type replicon was introduced under the same conditions to
determine the effect on viral RNA replication corresponding to time points after 24hrs (D
and F). HPE is hours post electroporation. Autophagy was inhibited in Huh7.5 cells via
siRNAs targeting BECNL1 (G) or treatment with 3MA (H) and the release of infectious
DENV was quantified. *p<0.05, **p<0.001.
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Figure 5. Increased delivery of lipids to acidified lysosomes in DENV-infected cells

Huh-7.5 cells were transfected with GFP-LC3, then DENV-infected at an MOI of 3-5 for 24
hours, then (A) fixed and probed with antibodies against LAMP1 or (C) stained with
Lysotracker. (B) ImageJ quantitation of co-localization of GFP-LC3 with LAMP1 or
Lysotracker. (D) GFP-LC3 transfected cells were DENV infected for 24 hours and the
association of Oil Red O and GFP-LC3 was visualized. (E) Huh-7.5 cells were DENV
infected (MOI=2) for 24 hours before treatment with Lysotracker and Bodipy 493/503 to
stain lipid droplets. Arrows indicate examples of Lysotracker positive structures containing
lipids and are quantified in (F). The numbers of in (F) are per field of view. (G) Huh-7.5
cells were treated with indicated siRNAs and maintained for 48 hours, then mock- or
DENV-infected at an MOI=2 for 24 hours, then fixed and stained with oil red O and
antibodies against LAMP1. Arrows depict examples of co-positive structures. (H) Image J
quantitation of 10 randomly selected fields of view from part (E), *p<0.05, **p<0.001.
Scale bars = 5pum.
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Figure 6. DENV infection depletes triglycerides and increases p-oxidation in an autophagy-
dependent manner

(A-C) DENV infection depletes triglyceride in an autophagy dependent manner. (A)
DENV- or mock-infected cells (MOI=2) were harvested 48 HPI and total cellular lipids
were extracted. Several major lipid classes were then resolved by TLC in a non-polar mobile
phase. A representative TLC image (n=6) is shown. (B) Huh-7.5 cells were either mock-,
DENV, or DENV+3MA-infected (MOI=2) for 48 hours. Cellular lipids were then extracted
and the amount of triglycerides was quantified (n=3) relative to a protein loading control by
colorimetric assay. *p<0.05. (C) Huh-7.5 cells were maintained for 24 hours after
introduction of irrelevant (IRR), ATG4B, ATG12 or BECN1 siRNAs, then mock- or
DENV-infected (MOI=2) for 48 hours. Triglycerides were quantified as in (B). (D-G)
DENV infection increases and requires -oxidation in an autophagy-dependent manner. (D)
Huh-7.5 cells were DENV- or mock-infected (MOI=2) for the indicated times, then pulsed
for two hours with 3H palmitic acid to determine the rate of B-oxidation by measuring 3H,0
(a byproduct of B-oxidation) via scintillation counting. (E) Huh-7.5 cells were either mock-,
DENV, or DENV+3MA-infected (MOI=2) for 48 hours. B-oxidation was measured as in
(D). (F) Huh-7.5 cells were transfected with the indicated siRNA (or irrelevant control) for
48 hours, then DENV infected for 32 hours. B-oxidation was measured as in (D). Huh-7.5
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cells were DENV-infected for four hours, and then treated with the indicated concentrations

of Etomoxir to inhibit B-oxidation. 24 hours post infection, (G) DENV RNA or (H)
infectious DENV production was quantified. *p<0.05, **p<0.001
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Figure 7. Defects in DENV replication caused by autophagy inhibition can be complimented by

exogenous free fatty acids

(A) Huh-7.5 cells were electroporated with DENV luciferase reporter replicon RNAs. 24

hours post-electroporation, media was repl

aced with 3MA supplemented with oleic acid

conjugated to BSA or BSA alone. 24 hours after addition of the drug, cells were lysed and
the amount of DENV replication was assayed via luciferase assay. (B & C) Huh-7.5 cells
were infected for four hours (MQOI=0.5), then virus was removed and 3MA was applied at
the indicated concentrations. The media was supplemented with an oleic acid-BSA
conjugate or BSA alone. 48 hours post infection, (B) total RNA or (C) infectious DENV

production was quantified. (D & E) Huh-7.
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maintained for 24 hours, then mock- or DENV-infected (MOI=2) for 24 hours, then (D)
DENV RNA or (E) infectious DENV was quantified. (F). Huh-7.5 cells were infected for
four hours (MOI1=0.5), then virus was removed and the indicated inhibitors were applied. 24
hours after addition of the drug, DENV RNA was quantified. *p<0.05.
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