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Autophagy is a conserved cellular process involving intracel-
lular membrane trafficking and degradation. Pathogens, includ-
ing hepatitis C virus (HCV), often exploit this process to pro-
mote their own survival. The aim of this study was to determine
the mechanism by which HCV increases steady-state autopha-
gosome numbers while simultaneously inhibiting flux through
the autophagic pathway. Using the lysosomal inhibitor bafilo-
mycin A1, we showed that HCV-induced alterations in
autophagy result from a blockage of autophagosome degrada-
tion rather than an increase in autophagosome generation. In
HCV-infected cells, lysosome function was normal, but a tan-
dem RFP–GFP–LC3 failed to reach the lysosome even under
conditions that activate autophagy. Autophagosomes and lyso-
somes isolated from HCV-infected cells were able to fuse with
each other normally in vitro, suggesting that the cellular fusion
defect resulted from trafficking rather than an inability of vesi-
cles to fuse. Arl8b is an Arf-like GTPase that specifically local-
izes to lysosomes and plays a role in autophagic flux through its
effect on lysosomal positioning. At basal levels, Arl8b was pri-
marily found in a perinuclear localization and co-localized with
LC3-positive autophagosomes. HCV infection increased the
level of Arl8b 3-fold and redistributed Arl8b to a more diffuse,
peripheral pattern that failed to co-localize with LC3. Knock-
down of Arl8b in HCV-infected cells restored autophagosome–
lysosome fusion and autophagic flux to levels seen in control
cells. Thus, HCV suppresses autophagic flux and increases the
steady-state levels of autophagosomes by increasing the expres-
sion of Arl8b, which repositions lysosomes and prevents their
fusion with autophagosomes.

Macroautophagy (hereafter autophagy) is a process by which
organelles, intracellular proteins, or microorganisms are envel-
oped in a double membrane autophagosome and degraded by

fusion with a lysosome (1). Autophagy functions to maintain
cellular homeostasis and is especially important during cellular
stress. Changes in autophagy pathways frequently result from
infection with microorganisms and may serve either to protect
the host or to promote the pathogen’s life cycle (2).

Hepatitis C virus (HCV)3 is a positive-strand RNA virus with
a purely cytosolic life cycle. Numerous studies have shown that
HCV modulates autophagy, with the most consistent observa-
tion being an induction of LC3-II protein levels and a subse-
quent increase in the number of autophagosomes present in
infected cells (3–8). LC3-II represents the lipidated form of the
protein that decorates both sides of the autophagosomal mem-
brane and is used as a marker for active autophagy. It has been
suggested that this increase in autophagosome number serves
the virus by evading innate immune clearance (6, 9), regulating
RNA replication (4, 10-12), or playing a role in virion secretion
(5, 13). Increased autophagy might also aid host cell persistence
(14, 15). There is still not consensus regarding whether
autophagy proceeds to completion with the autophagosome
fusing with a lysosome during HCV infection. Long-lived pro-
tein degradation, which is a measure of autophagic degrada-
tion, was shown to be impaired in JFH-1–infected cells (3).
Additionally, GFP-LC3 puncta did not co-localize with Lyso-
Tracker, a dye that stains acidic organelles, in JFH-1–infected
cells, whereas autophagy induced by nutrient starvation
showed a high degree of co-localization between GFP-LC3 and
LysoTracker in control cells (3).

The mechanisms by which HCV modulates autophagy are
also not fully understood. Endoplasmic reticulum stress acti-
vates the unfolded protein response, which in turn activates
various autophagy-related genes (8, 11, 16, 17), but the precise
steps responsible for autophagosome accumulation are un-
known. Other potential mechanisms proposed are that HCV
up-regulates Beclin1 to induce initiation of autophagy (18) and
then temporally regulates the expression of Rubicon and
UVRAG at different time points in infection to control
autophagic maturation (19).

Rab and Arf-like GTPases add an additional layer of regula-
tion and play important roles in autophagy, ensuring the appro-
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priate maturation and eventual fusion of autophagosomes,
amphisomes, and lysosomes. These GTPases are small guanine
nucleotide-binding proteins that control various aspects of
intracellular trafficking. In this study, we explore the role of an
Arf-like GTPase, Arl8b, during HCV infection. Arl8b (ADP
ribosylation factor–like protein 8b) localizes to lysosomes and
plays a prominent role in lysosomal positioning (20). Arl8b
binds to the kinesin-1 motor protein through its effector SKIP
and moves lysosomes in an anterograde fashion toward the cell
periphery (21). Lysosomal positioning plays an important role
in the final steps of autophagy by governing autophagosome–
lysosome fusion. Autophagosomes and lysosomes fuse primar-
ily in the perinuclear region of the cell, and when lysosomes
move to the periphery there is a decrease in autophagosome–
lysosome fusion (22, 23). These events can be coordinated by
Arl8b expression. Korolchuk et al. (24) demonstrated that over-
expressing Arl8b could decrease autophagosome–lysosome
fusion, whereas knocking down Arl8b had the opposite effect,
increasing autophagic flux.

Previous studies have implicated Arl8b in the pathogenesis of
microbes, in particular Salmonella typhimurium, by altering
intracellular trafficking. During S. typhimurium infection, sal-
monella-containing vacuoles acquire Arl8b to recruit kinesin
and allow for migration of salmonella-containing vacuoles to
the periphery for efficient cell-to-cell transfer of the bacteria
(25).

In this study, we explore the impact of HCV infection on
autophagy, demonstrating that autophagic flux is impaired
through failure of autophagosome and lysosome fusion. We
determined that the inhibition of fusion was due to a trafficking

defect, and we implicated HCV-induced changes in Arl8b
expression and localization as part of the mechanism. Overall,
we demonstrate that organelle positioning through alteration
of GTPases plays a role in viral-induced changes in autophagy
and may contribute to the viral life cycle.

Results

HCV infection inhibits autophagic flux

To better understand the effect of HCV on autophagy, we
assessed autophagic flux using the inhibitor bafilomycin A1,
which prevents the degradation of the autophagosome by
inhibiting the vacuolar type H�-ATPase (26). In control cells,
treatment with bafilomycin A1 resulted in an �4-fold increase
in LC3-II levels compared with cells treated with DMSO only
(Fig. 1, A and B). In cells bearing the genotype 1 full-length HCV
replicon, H77c, the amount of autophagosomes as indicated by
the LC3-II level was increased at baseline but did not further
increase after bafilomycin A1 treatment (Fig. 1A). We further
investigated autophagy flux using direct infection of Huh-7.5
cells with infectious JFH-1 virus. Similar to the replicon cells,
JFH-1 infection alone also increased the basal level of LC3-II
compared with the uninfected control, and treating infected
cells with bafilomycin A1 also did not further increase the levels
of LC3-II (Fig. 1, B and C). These data suggest that viral infec-
tion prevents lysosomal degradation of the autophagosome. To
test this, we treated cells with bafilomycin A1 at different time
points up to 8 h. In control cells, there was a statistically signif-
icant time-dependent increase in LC3-II levels with the slope of
the line reflecting the autophagy initiation rate (Fig. 1D). In

Figure 1. HCV infection inhibits autophagic flux. A, Huh-7.5 cells stably bearing the full-length HCV genotype 1a replicon H77c, or these same cells after the
replicon was eliminated by interferon treatment (control), were treated with or without 100 nM bafilomycin A1 (BafA) for 4 h prior to SDS-PAGE analysis. B,
Huh-7.5 cells were infected with JFH-1 and treated with or without 100 nM BafA for 4 h prior to SDS-PAGE analysis. C, densitometry analysis of the changes in
LC3-II levels, normalized to GAPDH levels, as determined from Western blotting. Quantification of Western blots (n � 5) was done using ImageJ software. The
difference between control (Cont) and JFH1 was statistically significant (p � 0.029) as indicated by the Mann–Whitney rank sum test. D, Huh-7.5 cells were
treated with 100 nM BafA for the indicated time points, and LC3-II levels were determined by immunoblotting. The plots represent the quantification (n � 5) of
the fold increase of LC3-II levels, normalized to GAPDH levels. For control samples, there is a positive correlation between LC3-II levels and length of treatment
time by the Spearman rank order correlation test (correlation coefficient � 0.368 and p � 0.0494). There is no significant correlation for the JFH1 samples.
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JFH-1–infected cells, there was no time-dependent accumula-
tion of LC3-II under the same conditions. Using analysis of
variance, there was a significant difference (p � 0.029) between
the accumulation of LC3-II in control cells compared with JFH-
1–infected cells. This analysis suggests that the viral-induced
increase in autophagosomes observed in a cell culture model of
HCV infection is likely due to a suppression of autophagosome
degradation and not from an increase in autophagy initiation.

JFH-1 infection does not alter global lysosomal proteolytic
activity

We next asked whether the block in degradation demon-
strated by the autophagic flux assay was due to decreased lyso-
somal integrity and/or function. To measure lysosomal activity,
we monitored the proteolytic function of cathepsins during
HCV infection. Cathepsin B, a cysteine protease, localizes to
lysosomes in its mature form (27). Cathepsin B activity was
measured using a substrate, Magic Red (z-arginine-arginine)2,
that generates a fluorochrome upon enzymatic cleavage (28).
Huh-7.5 cells stably transduced with pEGFP-IPS (MAVS, mito-
chondrial antiviral-signaling protein) were used to identify
HCV-infected cells (29). Under basal conditions, IPS localizes
to the mitochondria. After infection, the HCV NS3/4A protease
cleaves the EGFP-IPS off the mitochondria, allowing it to
appear diffuse throughout the cytoplasm. Using live-cell imag-
ing, uninfected cells displayed red fluorescence, indicating the
cleavage of the Magic Red substrate by active cathepsin B (Fig.
2A). Bafilomycin A1 treatment inhibited the generation of the
red fluorescence by alkalinizing the lysosome. JFH-1–infected

cells showed normal Magic Red cleavage, illustrating that HCV
infection does not inhibit cathepsin B activity (Fig. 2, A and B).

We also measured the activity of another lysosomal enzyme,
cathepsin D. The maturation of this enzyme from its prepro-
cathepsin form to procathepsin D to its mature form is highly
dependent on the acidic environment of the lysosome (30). The
28-kDa mature form of cathepsin D was present in equivalent
amounts when comparing uninfected and JFH-1–infected cells,
indicating efficient enzyme maturation under both conditions
(Fig. 2C). Treatment of the cells with bafilomycin A1 reduced
the appearance of the mature form of cathepsin D in both unin-
fected and infected cells. The data thus suggest that altered
autophagic flux seen during HCV infection is not due to
impaired lysosomal function.

Defects in autophagosome fusion during HCV infection are
due to trafficking

Because HCV infection does not alter global lysosomal pro-
teolytic activity, we reasoned that the HCV-induced defect in
autophagosome degradation might be due to a lack of fusion
between autophagosomes and lysosomes. A defect in fusion
could be due to 1) an altered composition of the autophago-
some preventing fusion even if the organelles encounter each
other or 2) a defect in trafficking within HCV-infected cells
preventing the autophagosomes from contacting lysosomes.
To differentiate between these two possibilities, we first
assessed the inherent ability of the autophagosome and lyso-
some to fuse in vitro using a previously established assay (31).
Autophagosomes and lysosomes were isolated from Huh-7.5

Figure 2. HCV does not alter global lysosomal proteolytic activity. A, hUH-7.5–GFP–IPS cells were treated with 25 nM bafilomycin A1 (BafA) overnight and
subsequently exposed to Magic Red cathepsin B. Scale bars represent 20 �m. B, cell lysate cathepsin assay. Huh-7.5 cells were incubated as described for A, and
fluorescence measurements were taken as described under “Experimental procedures.” *, p � 0.001 by the Mann–Whitney rank sum test. C, Huh-7.5 cells were
treated with 25 nM bafilomycin A1 overnight, and a 3000 � g pellet was assessed by SDS-PAGE.

HCV infection alters autophagosome stability via Arl8b

J. Biol. Chem. (2019) 294(39) 14257–14266 14259



cells, and the identities of the fractions were confirmed by
Western blotting for organelle markers (Fig. 3A). Those same
vesicle fractions were separately labeled with fluorescent anti-
bodies for the lysosome (LAMP2-APC) and the autophago-
some (LC3-PE) (Fig. 3B) and used for an in vitro fusion assay.
The labeled vesicles were incubated at 37 °C to allow fusion to
occur (Fig. 3C). Although both the autophagosome and lyso-
some fractions contain LAMP-2, only the lysosome fraction
was labeled with the LAMP2-APC antibody, and thus dually
positive vesicles for both APC and PE, upper right quadrant,

indicate that fusion had occurred. As a control for no fusion,
organelles were either fixed with paraformaldehyde immedi-
ately or were held at 4 °C without ATP or GTP in the fusion
buffer. Under these circumstances, there were very few dually
positive vesicles (Fig. 3C). At 37 °C in the presence of ATP and
GTP considerable fusion occurred. There was no difference in
autophagosome–lysosome fusion in isolated vesicles from
either control or JFH-1–infected cells (Fig. 3, C and D). This
suggests that HCV infection does not alter the intrinsic ability
of autophagosomes and lysosomes to fuse with each other.

Figure 3. Defects in autophagosome–lysosome fusion during HCV are due to trafficking. A, organelle fractions isolated from a discontinues Nycodenz
gradient were collected and subjected to SDS-PAGE analysis. B, flow cytometry of individual vesicle fractions. Autophagosomes were incubated with anti-
LC3-PE antibody, whereas lysosomes were incubated separately with anti-LAMP-2-APC. C, isolated autophagosomes and lysosomes from B were combined,
and fusion was assessed as stated under “Experimental procedures.” Fusion is indicated by organelles that are both PE- and APC-positive. Controls for “no
fusion” were incubated at 4 °C and had no ATP or GTP added to the reaction. D, the bar graph illustrates the amount of fusion of autophagosomes and
lysosomes from control and JFH1-infected cells when compared with their “no fusion” controls. This graph is representative of three independent preparations
and flow cytometry experiments. Differences between control and JFH1 were not significant. E, Huh-7.5 cells were transfected with RFP–GFP–LC3 plasmid and
treated with either bafilomycin A1 (BafA) or EBSS. Fusion was determined by the loss of GFP fluorescence as indicated under “Experimental procedures.” Scale
bars represent 10 �m. F, analysis of E showing the quantification (n � 64 –107 cells in three individual experiments) of both yellow and red puncta in each
treatment. Cont, control.
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To explore whether the fusion defects observed result from
alterations in intracellular trafficking, we used the tandem
reporter plasmid, RFP–GFP–LC3 (32). Autophagosome for-
mation is marked by yellow fluorescence because of the co-lo-
calization of the RFP and GFP signals on the autophagosomal
membrane. Autophagosome fusion with a lysosome to form an
autophagolysosome causes quenching of the GFP fluorescence,
and only the RFP fluorescence is visible because it is more
resistant to the acidic environment of the lysosome. If fusion
does not occur, autophagosomes will remain yellow. In con-
trol, untreated cells, autophagosomes displayed a mixture of
red and yellow fluorescence, indicating some basal level of
autophagosome–lysosome fusion (Fig. 3E). Nutrient starvation
of uninfected cells by incubation in Earle’s balanced salt solu-
tion (EBSS) activates autophagy and resulted in an increase in
red puncta indicating a high degree of autophagosome–
lysosome fusion. Treatment with bafilomycin A1, which alka-
linizes lysosomes and prevents the quenching of the green fluo-
rescence, caused the puncta to remain yellow (Fig. 3, E and F).
Similar to bafilomycin A1 treatment alone, HCV-infected cells
displayed more yellow puncta both at baseline and even after
cells were treated with EBSS (Fig. 3, E and F). Also of note is that
under uninfected conditions, autophagosome–lysosome fusion

occurs in a perinuclear location near the mitotic center,
whereas in JFH-1–infected cells, the autophagosomes do not
localize toward the perinuclear region and are instead periph-
erally distributed. Collectively, our data indicate that the HCV-
induced defect in autophagosome degradation is not due to
altered integrity of the autophagosome or the lysosome but is
instead a direct result of altered intracellular trafficking.

HCV infection alters the lysosomal Arf-like GTPase, Arl8b

In trying to identify potential proteins involved in auto-
phagosome–lysosome fusion, we examined expression of a
number of proteins that had been reported to be involved in
lysosomal positioning and autophagic flux. One such protein is
the Arf-like GTPase, Arl8b. We found that during HCV infec-
tion, both Arl8b protein and mRNA levels are elevated �3-fold
(Fig. 4, A–C). Next, we examined the localization of Arl8b-
positive organelles during infection. We used another Huh-
7.5– based reporter cell line that stably expresses an RFP–NLS–
IPS fusion protein that is cleavable by HCV NS3 protease.
Under basal conditions, the IPS anchor localizes RFP to the
mitochondria. After infection, the IPS anchor is cleaved, and
RFP–NLS translocates to the nucleus (29). Uninfected and
HCV-infected Huh-7.5-RFP–NLS–IPS cells were transfected

Figure 4. JFH-1 infection alters the lysosomal Arf-like GTPase, Arl8b. A, Huh-7.5 cells were infected with JFH-1 and assessed for Arl8b expression by
Western blotting. B, densitometry analysis of the changes in Arl8b levels, normalized to GAPDH levels, as determined from Western blotting (n � 3). C,
quantification of Arl8b mRNA levels normalized to GAPDH. D, Huh-7.5–RFP–IPS cells were transfected with Arl8b–GFP and stained with phalloidin to define cell
boundaries. E, overexpression of Arl8b–GFP in Huh-7.5–RFP–IPS cells. The cells were then immunostained for LAMP-2 to identify lysosomes. F, Huh-7.5 cells
were transfected with Arl8b–GFP, treated with EBSS, and immunostained for LC3 to identify autophagosomes. Scale bars represent 10 �m. Cont, control.
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with a GFP–Arl8b plasmid. Cell boundaries were determined
by staining for phalloidin. In uninfected cells, Arl8b localized
near the perinuclear region in large, circular structures (Fig.
4D). HCV-infected cells displayed a dramatically altered local-
ization of Arl8b-positive vesicles that were smaller and dis-
persed throughout the cell periphery (Fig. 4D).

Arl8b-positive vesicles were located near the perinuclear
region and co-localized with LAMP-2, indicating that Arl8b
was indeed decorating lysosomes (Fig. 4E). HCV infection did
not alter the identity of the Arl8b-positive vesicles because they
still co-localized with LAMP-2 (Fig. 4E); however, these Arl8b/
LAMP-2 vesicles now distributed throughout the cytoplasm,
suggesting that HCV infection resulted in a redistribution of
Arl8b-positive lysosomes.

We next assessed the effect of Arl8b on autophagosome posi-
tioning. Uninfected and HCV-infected Huh-7.5 cells were
transfected with GFP-Arl8b, and the cells were stained for the
presence of LC3. In uninfected Huh-7.5 cells, Arl8b-positive
vesicles once again were found primarily in the perinuclear
region in large puncta and co-localized with LC3-positive ves-
icles, indicating that the LC3� autophagosome is fusing with
the Arl8b� lysosome (Fig. 4F). In HCV-infected cells, Arl8b-
positive vesicles dispersed into the cellular periphery, and the
amount of co-localization with LC3-positive puncta drastically
decreased, indicating a complete lack of fusion between
autophagosomes and lysosomes. This inhibition of fusion
between autophagosomes and lysosomes in HCV-infected cells
could not even be overcome by stimulating autophagy with
EBSS treatment to simulate starvation. These findings suggest
that HCV infection causes Arl8b to be overexpressed within
cells, resulting in a repositioning of lysosomes toward the cel-
lular periphery that blocks autophagosome–lysosome fusion.

Impaired autophagic flux in HCV infection is due to an
Arl8b-dependent mechanism

We next determined whether the HCV-induced alteration in
autophagosome–lysosome fusion was a consequence of Arl8b-

mediated lysosomal repositioning. We first asked whether
knocking down Arl8b in HCV-infected cells could alter
autophagic flux. By transducing Huh-7.5 cells with a lentivirus
expressing an Arl8b shRNA and selecting cells with puromycin,
we obtained cells that had a greater than 80% knockdown of
Arl8b protein levels (Fig. 5A). Autophagic flux in HCV-infected
Arl8b knockdown cells was then measured by treating cells
with bafilomycin A1 to block lysosomal clearance of autopha-
gosomes as in Fig. 1. In agreement with our hypothesis, knock-
ing down Arl8b in HCV-infected cells restored autophagic flux
to similar levels seen in uninfected cells with almost a 6-fold
increase in LC3-II levels after bafilomycin treatment (Fig. 5, B
and C). Autophagic flux remained impaired in HCV-infected
nontarget shRNA-expressing cells when compared with unin-
fected cells as was previously shown.

Next, we examined the effect of Arl8b knockdown on
autophagosome–lysosome fusion using the RFP–GFP–LC3
plasmid. As previously seen, JFH-1–infected cells failed to dis-
play the normal red puncta after EBSS treatment, and instead
the puncta remained yellow, indicating a block in fusion (Figs.
3E and 5D). Arl8b knockdown, however, restored normal
fusion in HCV-infected cells as indicated by the presence of red
puncta after EBSS treatment (Fig. 5D).

Finally, we assessed the effect of Arl8b knockdown on
HCV virus production using a luciferase reporter version of
the chimeric JC-1 virus (33). When Arl8b expression was
reduced by shRNA, virus secretion decreased 3-fold with no
effect on viral replication (Fig. 5, E and F). Taken together,
the data suggest that Arl8b up-regulation plays a key role in
the HCV-induced autophagic block and is required for effi-
cient virion secretion.

Discussion

It is widely accepted that the autophagy pathway is dramati-
cally altered during HCV infection. HCV infection has been
proposed to induce the autophagic response, as measured by
increases in LC3-II levels (3–5, 7). However, HCV infection has

Figure 5. Impaired autophagic flux in HCV infection is due to an Arl8b-dependent mechanism. A, Huh-7.5 cells stably expressing nontarget shRNA
(Scram) or an shRNA to Arl8b assessed by Western blotting. B, cells were infected with JFH-1 and treated with 100 nM bafilomycin A1 (BafA) for 4 h as in Fig. 1.
C, densitometry analysis of the changes in LC3 levels after bafilomycin treatment (n � 3). D, nontarget (Scram) or shArl8b Huh-7.5 cells were transfected with
RFP–GFP–LC3 plasmid, infected with JFH-1, and treated with EBSS. Fusion was assessed as stated previously. Scale bars represent 10 �m. E, Huh-7.5 cells stably
expressing nontarget shRNA (Scram) or shArl8b were infected with the JC1-Luc strain of HCV. Viral replication was assessed in total lysates 3 days postinfection
using the Dual-Glo luciferase assay system (n � 4). F, the secretion of infectious virus is decreased when Arl8b is silenced. The cells were infected as in E, and 3
days postinfection, the presence of infectious virus in the culture medium was measured by inoculating virus naïve cells as described under “Experimental
procedures” (n � 4). Cont, control.
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also been shown to decrease autophagic protein degradation
(19, 34). This observation that HCV can increase the number of
autophagosomes while simultaneously suppressing autophagic
degradation has led to a general confusion regarding whether
autophagy goes to completion during HCV infection. In this
study, we show that HCV alters the autophagic pathway by
suppressing the fusion, and ultimate degradation, of autopha-
gosomes with lysosomes. This finding was seen in both replicon
and infection models and with two different HCV genotypes, 2a
and 1a.

Through the use of autophagic flux assays as well as vesicular
fusion and trafficking assays, we found that the lack of autopha-
gosome degradation in HCV-infected cells was due to a traf-
ficking defect caused by changes in expression of the Arf-like
GTPase Arl8b. Effects of Arl8b knockdown were observed for
both the JFH-1 strain of the genotype 2a virus as well as the JC-1
strain, a chimeric genotype 2a virus. During infection, Arl8b-
dependent repositioning of lysosomes to the periphery serves
to impede autophagosome–lysosome fusion, which would nor-
mally occur near the perinuclear region.

The data suggest that the main role of Arl8b in the context
of HCV infection may be to inhibit autophagy by creating a
more peripheral distribution of lysosomes so that autopha-
gosomes and lysosomes do not physically contact each other.
However, Arl8b overexpression alone was not sufficient to
induce lysosomal repositioning (Fig. 4E, control), indicating
that during JFH-1 infection a secondary/additional event
must occur to fully reposition the lysosomes. Our lab has also
studied the opposing effector protein RILP (Rab-interacting
lysosomal protein). RILP links Rab7-containing vesicles to
the dynein motor complexes to drive microtubule minus-
end-directed transport toward the mitotic center and is thus
a key regulator in late endocytic trafficking and the retro-
grade movement of lysosomes toward the perinuclear region
(35, 36). We previously showed that RILP is cleaved specifi-
cally during viral infection. This uncouples the Rab7 com-
plex from dynein and promotes outward, kinesin-based traf-
ficking of Rab7-containing vesicles, including lysosomes and
multivesicular bodies, toward the cellular periphery (37, 38).
Therefore, the peripheral lysosomal repositioning and
decreased autophagosome–lysosome fusion observed in the
present study likely represent a combination of these two
phenomena: the simultaneous loss of dynein binding via
RILP cleavage and increased kinesin binding caused by the
up-regulation of Arl8b expression.

Multiple reasons exist as to why it might be advantageous for
HCV to alter the autophagic pathway. First, autophagy has been
shown to play a role in HCV propagation, during both RNA
replication as well as protein translation (4, 10, 39, 40).
Although there is a consensus that autophagy is important for
HCV replication, it is not clear how the autophagic pathway
may help HCV replication. If HCV utilizes autophagosomal
membranes as part of the replication complexes, then causing
stabilization and accumulation of autophagosomes by inhibit-
ing their degradation would provide a source of membranes on
which to replicate. Furthermore, if HCV uses the autophago-
somal compartments for viral replication and/or assembly,
then inhibiting autophagy by repositioning lysosomes and

blocking fusion with the autophagosome may also prevent the
degradation of not just autophagosomal membranes but also
components of the replication complex or viral particles.
Another potential advantage for HCV-induced autophagic
deregulation would be to increase secretory events ultimately
leading to enhanced virion secretion. The simultaneous
increase in autophagosome numbers and up-regulation of
Arl8b may be a mechanism by which these virion-containing
cargo vesicles move toward the cellular membrane.

Pathogens frequently alter various cellular trafficking events
as part of their life cycle, whether it be to prevent their destruc-
tion by evading contact with lysosomes or to promote their
replication by hijacking host organelles. In many cases, cellular
GTPases are often targeted. S. typhimurium is a pathogen that
bears many similarities to HCV regarding alterations to
GTPases. S. typhimurium replicates within vacuoles, which
must be prevented from fusing with lysosomes. These vacuoles
must also move to the cell periphery as to enable efficient
spread of the bacteria. To accomplish this, S. typhimurium not
only prevents RILP from binding to Rab7 (41) but also pro-
motes cell-to-cell spread in an Arl8b-dependent manner (25).
Viral effects on lysosomal positioning have also been reported.
Adenovirus promotes its lifecycle through a direct interaction
with dynein. This interaction displaces RILP from the Rab7–
dyenin complex, moving the viral components toward the
perinuclear region of the cell where viral replication takes place
in the nucleus while simultaneously dispersing lysosomes
throughout the cell (42).

In conclusion, we have confirmed a role for Arl8b in defective
autophagic flux caused by HCV infection. This study adds to
our knowledge of how viral infection can modulate GTPases to
support their pathogenesis and provides some insight into the
importance of organelle positioning in cellular function.

Experimental procedures

Cells and culture conditions

Huh-7.5, Huh-7.5–GFP–IPS, and Huh-7.5–RFP–NLS–IPS
cells were obtained from Dr. Charles Rice, Rockefeller Institute.
All cell lines were cultured in Dulbecco’s modified Eagle’s
medium containing 4.5 g/liter glucose, L-glutamine, and
sodium pyruvate, 10% fetal bovine serum, and 1% nonessential
amino acids. The cells were maintained at 37 °C with 5% CO2.
The H77c genotype 1a HCV replicon cell lines were a gift from
Minkyung Yi (University of Texas-Medical Branch) and
described previously (43). They were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 IU/ml penicillin, 100 �g/ml streptomycin, 2 �g/ml
blasticidin (Invitrogen), and 200 �g/ml Geneticin. Full-length
replicon cells were “cured” by culturing with interferon-� (200
units/ml for 4 weeks). The medium used for the culture of cured
replicon cell lines contained no Geneticin. The cured cells were
used as controls.

Western blotting

Western blotting was performed using anti-LC3B, 1:1000
(Cell Signaling, Beverley, MA); anti-cathepsin D, 1:500 (Santa
Cruz Biotechnology, Santa Cruz, CA); anti-GAPDH, 1:1000
(Santa Cruz Biotechnology); anti-core, clone C7-50, 1:1000
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(Thermo Scientific); anti-LAMP2 H4B4, 1:2000 (DSHB, Uni-
versity of Iowa); and anti-Arl8b, 1:1000 (Proteintech, Rose-
mont, IL). Horseradish peroxidase– conjugated secondary anti-
bodies were from Thermo Scientific, and IR-Dye– conjugated
secondary antibodies were from LI-COR Biosciences (Lincoln,
NE).

HCV infection

JFH-1, a genotype 2a strain, was obtained from Dr. Takaji
Wakita (Tokyo, Japan). Huh-7.5 cells were infected with super-
natant containing JFH-1 virus at a multiplicity of infection of
1.0 for 24 h. The cells were passaged as necessary, and infection
was monitored by immunofluorescence for staining of HCV
core protein. JFH-1–infected cells were used in experiments
when greater than 70% of the cells were infected.

When indicated, Huh-7.5 cells stably expressing shRNA to
Arl8b or nontarget TRC2 were infected with the JC1-Luc strain
of HCV (33) (Charles Rice, Rockefeller University) at an multi-
plicity of infection of 1. After 3 days, extracellular virus was
isolated from cell culture supernatants, which were collected
and centrifuged at 3,000 � g for 10 min to remove cell debris.
The quantification of luciferase reporter activity was used to
assay viral titers. 100-�l aliquots of 4-fold dilutions of clarified
supernatant cell culture fluids were inoculated onto naïve Huh-
7.5 cells seeded 24 h previously in a 96-well plate. After 3 days,
the infected cells were washed in PBS, lysed with 20 �l of pas-
sive lysis buffer (Promega), and subjected to three rounds of
freeze/thaw. The lysates were resuspended by pipetting, and
luciferase activity was measured using the Dual-Glo luciferase
assay system (Promega) according to the manufacturer’s
instructions. All luciferase assays were done in triplicate
measurements.

Immunofluorescence

Huh-7.5 cells were plated on glass coverslips in 4-well plates.
The cells were transfected with Lipofectamine LTX (Thermo
Fisher) or Lipofectamine 3000 (Thermo Fisher). ptfLC3 was a
gift from Dr. Tamotsu Yoshimori (32) (Addgene, catalog no.
21074), and GFP-Arl8bwt (20) was a gift from Dr. Don J.
Mahuran (University of Toronto). For ptfLC3 (RFP–GFP–
LC3) experiments, 24 h post-transfection, the cells were treated
with either bafilomycin A1 or EBSS for 30 min. The cells were
fixed with 3% paraformaldehyde and permeabilized with ace-
tone. For staining with anti-LC3B, the cells were fixed and per-
meabilized with ice-cold methanol for 10 min. The cells were
blocked for 1 h in 1� PBS containing 1% BSA and 1% EDTA at
room temperature before being incubated with antibodies. Pri-
mary antibodies used were rabbit anti-LC3B, 1:400 (Cell Signal-
ing), mouse anti-LAMP2 H4B4, 1:500 (DSHB), and mouse anti-
core clone C7-50, 1:300 (Thermo Fisher). Secondary antibodies
used were Alexa Fluor– conjugated donkey anti-mouse or anti-
rabbit (Thermo Fisher). Phalloidin-647 (Abcam) was also used.
Coverslips were mounted onto slides using Prolong containing
DAPI (Thermo Fisher). Images were taken with a Nikon eclipse
Ti PFS quantitative fluorescence live-cell and multidimensional
imaging system equipped with a digital monochrome Coolsnap
HQ2 camera (Roper Scientific, Tucson, AZ) using the Meta-
Morph software. Confocal images were taken on a Leica TCS

SPE confocal configured with a Leica DM550 Q upright
microscope.

Autophagy flux assay

The cells were treated with 100 nM bafilomycin A1 for 4 h
before being lysed with cell lysis buffer (20 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton
X-100) containing protease inhibitors. The cells treated with
0.1% DMSO were used as a negative control.

Lysosomal enzyme assays

For live-cell imaging, Huh-7.5–GFP–IPS cells were plated on
glass-bottomed Microwell dishes (Maktek) at 15,000 cells/dish.
Bafilomycin A1 treatment was done at a concentration of 25 nM

overnight at 37 °C/5%CO2. The cells were treated with Magic
Red cathepsin B reagent (Immunochemistry) at a 1� concen-
tration in HEPES buffer (10 mM HEPES, 133.5 mM NaCl, 2.0 mM

CaCl2, 4.0 mM KCl, 1.2 mM MgSO4, 1.2 mM NaH2PO4, 11 mM

glucose, pH 7.4) for 1 h at 37 °C with 5%CO2. The nuclei were
stained with 1 �g/ml Hoechst stain in HEPES buffer for 20 min
at 37 °C with 5% CO2. Live-cell imaging was done using a Nikon
eclipse Ti PFS quantitative fluorescence live-cell and multidi-
mensional imaging system equipped with a digital mono-
chrome Coolsnap HQ2 camera (Roper Scientific). Fluores-
cence images were collected using Metamorph software at
wavelengths of 560-nm excitation/607-nm emission for the
cathepsin B substrate.

For plate reader assay, Huh-7.5 cells were plated in 96-well
plates at 10,000 cells/well with clear bottoms (Grenier Bio-one).
The cells were then treated with Magic Red cathepsin B reagent
(Immunochemistry) for 2 h at 37 °C/5%CO2. The cells were
washed twice with HEPES buffer and lysed with radioimmune
precipitation assay buffer for 5 min at 4 °C. Fluorescence mea-
surements were taken at room temperature in a Fluostar
Optima plate reader (BMG Labtech, Durham, NC) at excita-
tion/emission wavelengths of 584/620 nm.

To assess cathepsin D processing, Huh-7.5 cells were treated
with bafilomycin A1 at a concentration of 25 nM overnight at
37 °C/5% CO2. Cells were trypsinized, washed, and resus-
pended in 2 ml of homogenization buffer (0.25 M sucrose, 6 mM

EDTA, 20 mM HEPES-NaOH, pH 7.4) and homogenized with a
Dounce homogenizer with loose-fitting pestle. Homogenate
was centrifuged at 3000 � g for 10 min at 4 °C to collect the
heavy membrane pellet. The 3000 � g pellet was resuspended in
100 �l of homogenization buffer with protease inhibitors for
use in Western blotting.

Subcellular fractionation

Fractionation was carried out as described (31). Briefly, �200
million Huh-7.5 cells were collected and ruptured by nitrogen
cavitation in a nitrogen bomb (Parr catalog no. 4639) for 7 min
at a final pressure of 35 p.s.i. in a volume of 1 ml of 0.25 M

sucrose. Disrupted cells were centrifuged at 2000 � g for 5 min
at 4 °C to remove intact cells and nuclei. Supernatant contain-
ing organelles was centrifuged at 17,000 � g for 12 min at 4 °C to
separate organelles (pellet) from cytosol and endoplasmic retic-
ulum fractions (supernatant). The pellet was resuspended in
0.25 M sucrose and mixed with 85.6% Nycodenz (Accurate
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Chemical) and placed in the bottom of an ultracentrifuge tube.
On top of the homogenate, 26% Nycodenz, 24% Nycodenz, 20%
Nycodenz, and 15% Nycodenz was layered. Gradients were
spun at 104,333 � g for 3 h at 4 °C in a SW41Ti swinging bucket
rotor. Autophagosomes were collected from the interface
between 15 and 20% Nycodenz, and lysosomes were collected
between 24 and 26% Nycodenz. The fractions were washed with
0.25 M sucrose, and autophagosomes and lysosomes were resus-
pended in 100 �l of 0.25 M sucrose with protease inhibitors for
use in the in vitro fusion assay.

In vitro fusion assay and flow cytometry

In vitro fusion assay carried out as described (31). Briefly,
isolated autophagosomes were incubated with anti-LC3-PE
antibody (Cell Signaling) at a 1:50 dilution, and isolated lyso-
somes were separately incubated with anti–LAMP2-APC (BD
Biosciences) at a 1:20 dilution in 0.25 M sucrose. Antibodies
were incubated with organelles for 30 min at room tempera-
ture. Organelles were washed with 0.25 M sucrose to remove
any unbound antibody. Organelles were resuspended in 5 �l of
fusion buffer (10 mM HEPES, pH 7.3, 10 mM KCl, 1.5 mM MgCl2,
1 mM DTT, 0.25 M sucrose) per reaction, and 5 �l of autopha-
gosomes were combined with 5 �l of lysosomes. 5 �l of reaction
buffer (0.25 M sucrose, 3 mM ATP, 3 mM GTP, 0.16 mg/ml
creatine phosphokinase, 8 mM phosphocreatine, protease
inhibitor (Sigma P8340 at 1:100 dilution)) was added to the
autophagosome–lysosome mixture, and the fusion reaction
was carried out at 37 °C for 30 min. The total volume of the
reaction was brought up to 100 �l with 0.25 M sucrose, and 100
�l of 2% paraformaldehyde was added for fixation. Fixed sam-
ples were subjected to flow cytometry using a LSR II instrument
(BD Biosciences).

Real-time quantitative PCR

RNA was isolated from Huh-7.5 cells using TRI reagent
(Ambion) followed by cDNA synthesis using a high-capacity
cDNA reverse-transcription kit (Life Technologies). Quantita-
tive PCRs were done using iQ SYBR Green (Bio-Rad) on a
CFX96 real-time system on a C1000 Thermal Cycler (Bio-Rad).
The following primers were used: 5�-GCGGTATTGCAGAG-
GAGTCA-3� (forward primer) and 5�-CCAAGCACTAGCAC-
TGGAA-3� (reverse primer) for Arl8b and 5�-GGAGCGAGA-
TCCCTCCAAAAT-3� (forward primer) and 5�-GGCTGTTG-
TCATACTTCTCATGG-3� (reverse primer) for GAPDH.

shRNA-mediated knockdown of Arl8b

MISSION Arl8b shRNA (clone ID NM_018184.2– 671s21c1)
and TRC2 nontarget shRNA (SHC216) were obtained from
Sigma–Aldrich. 293FT cells were transfected with MISSION
plasmids, psPax2, and pMDG.2 vectors to produce lentivirus
using X-tremeGENE HP transfection reagent (Roche). Lentivi-
rus was collected after 24 – 48 h. Huh-7.5 cells were transduced
with lentivirus and 8 �g/ml Polybrene. The cells were selected
with 3 �g/ml puromycin and maintained with 1 �g/ml
puromycin.

Statistics

All statistics were performed as stated in the figure legends.
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