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SUMMARY

FBXL2 targets IP3R3 for ubiquitin-mediated degra-
dation to limit Ca2+ flux to mitochondria and, conse-
quently, apoptosis. Efficient replication of hepatitis C
virus (HCV) requires geranylgeranylation of FBXL2.
Here, we show that the viral protein NS5A forms a
trimeric complex with IP3R3 and FBXL2, unmasking
IP3R3’s degron in the absence of inositol 1,4,5-
trisphosphate (IP3) stimulation. FBXL2 knockdown
or expression of a stable IP3R3 mutant causes
persistent Ca2+ flux and sensitizes cells to apoptosis,
resulting in the inhibition of viral replication. Impor-
tantly, the effect of FBXL2 silencing is rescued by
depleting IP3R3, but not p85b, another established
FBXL2 substrate, indicating that the anti-HCV effect
of FBXL2 knockdown is largely due to IP3R3 stabili-
zation. Finally, disruption of the FBXL2-NS5A-IP3R3
complex using somatic cell genetics or pharmaco-
logic inhibition results in IP3R3 stabilization and
suppression of HCV replication. This study reveals
an IP3-independent molecular mechanism through
which HCV promotes IP3R3 degradation, thereby in-
hibiting virus-induced apoptosis and establishing
chronic infection.

INTRODUCTION

FBXL2 is a member of the family of F-box proteins (Kuchay et al.,

2013, 2017), which are substrate-targeting subunits for SCF

(SKP1, CUL1, F-box protein) ubiquitin ligase complexes (Skaar

et al., 2013). In humans, there are 69 SCF ligases, each utilizing

a different F-box protein subunit (Skaar et al., 2009). FBXL2 con-

tains a COOH-terminal CaaX domain that is required for its ger-

anylgeranylation and localization at cell membranes (Kuchay
Cell
This is an open access article under the CC BY-N
et al., 2013, 2017; Wang et al., 2005). So far, two cellular sub-

strates of FBXL2 have been shown to be localized on cellular

membranes and require FBXL2 geranylgeranylation for their

degradation: p85b (one of the regulatory subunits of PI3K) and

IP3R3 (see below; Kuchay et al., 2013, 2017).

FBXL2, in its geranygeranylated form, is required for efficient

hepatitis C virus (HCV) replication (Wang et al., 2005). HCV is a

plus-stranded RNA virus, whose genome encodes a single

polyprotein that is processed by viral and host proteases to yield

three structural (core, E1, and E2) and seven non-structural

(p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins (Linden-

bach and Rice, 2005). HCV NS3/4A protease, NS5B RNA poly-

merase, and NS5A protein are the major targets of interferon-

free direct-acting antiviral regimens, some of which are showing

remarkable clinical benefits (Bourlière et al., 2017). FBXL2 phys-

ically interacts with NS5A (Wang et al., 2005), the viral protein

that localizes to the cytoplasmic and/or perinuclear cellular

compartment containing the endoplasmic reticulum (ER) and

the Golgi apparatus (Lindenbach and Rice, 2005; Wang et al.,

2005). However, the molecular mechanism that makes FBXL2

critical for viral replication has remained unknown.

Despite lacking any overt enzymatic activity, NS5A is a key

modulator of HCV pathogenesis. NS5A is a phosphoprotein

involved in several HCV functions, ranging from modulating the

host immune response to having a direct role in HCV RNA repli-

cation. Importantly, NS5A prevents apoptosis of infected cells,

permitting longer periods of viral replication and contributing to

virus persistence (Lindenbach and Rice, 2005). However, the

molecular mechanisms by which NS5A inhibits apoptosis are

not completely understood. Furthermore, NS5A is the target of

BMS-790052 (daclatasvir), a DAA approved for interferon-free,

oral regimens in patients with chronic hepatitis C (Rice and

Saeed, 2014).

Inositol 1,4,5-trisphosphate (IP3) receptors (IP3Rs) form tetra-

meric channels that open upon binding to IP3 to release calcium

(Ca2+) from the ER, the major intracellular store of Ca2+ (Kuchay

et al., 2017). The three mammalian IP3Rs display differential
Reports 25, 833–840, October 23, 2018 ª 2018 The Author(s). 833
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:kuchay@uic.edu
mailto:ricec@mail.rockefeller.edu
mailto:michele.pagano@nyumc.org
https://doi.org/10.1016/j.celrep.2018.09.088
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.09.088&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


tissue and developmental expression, and their subcellular

localizations are not completely overlapping. Specifically,

IP3R3 is enriched in the mitochondrial-associated membrane

(MAM) regions, where the ER exchanges Ca2+ ions with mito-

chondria (Giorgi et al., 2009). In response to stimuli that promote

IP3 generation (e.g., growth factors, hormones, and neurotrans-

mitters that activate phospholipase C), IP3R3 induces transient

Ca2+ mobilization from the ER to mitochondria. IP3-induced

mitochondrial uptake of Ca2+ is necessary for oxidative phos-

phorylation and ATP production. However, persistent Ca2+

release results in mitochondrial Ca2+ overload, opening of the

permeability transition pore, release of caspase cofactors, and

apoptosis (Mattson and Chan, 2003; Orrenius et al., 2003).

Thus, the duration and extent of the Ca2+ mobilization deter-

mines whether cells survive or die. IP3R3 appears to be the ma-

jor player in the pro-apoptotic transfer of Ca2+ from the ER to

mitochondria (Giorgi et al., 2012). Accordingly, downregulation

of IP3R3 inhibits Ca2+-mediated apoptosis (Blackshaw et al.,

2000).

We have shown that the SCFFBXL2 ubiquitin ligase targets

IP3R3 for degradation to avoid an excessive and prolonged

flux of Ca2+ and attenuate apoptosis in response to Ca2+-depen-

dent stress (Kuchay et al., 2017). This process requires the pres-

ence of FBXL2 at cell membranes via geranylgeranylation and is

therefore sensitive to geranylgeranylation inhibitors, some of

which have reached clinical trials. Here, we show that N55A,

by unmasking the IP3R3 degron for FBXL2 recognition, pro-

motes FBXL2-mediated degradation of IP3R3 and thereby coun-

teracts HCV-induced apoptosis.

RESULTS

NS5A Unmasks the IP3R3 Degron to Promote FBXL2
Recognition
Inhibition of protein geranylgeranylation prevents HCV RNA

replication (Kapadia and Chisari, 2005; Ye et al., 2003); however,

the absence of canonical prenylation motifs in HCV-encoded

proteins suggests that one or more host geranylgeranylated pro-

teins are required for HCV RNA replication. In a screen to identify

these host cell protein(s), FBXL2 was identified and shown to

physically interact with NS5A (Wang et al., 2005). We confirmed

that FBXL2, but not FBXL2(CaaX/SaaX), a geranylgeranylation-

deficient mutant that does not localize to cell membranes and

does not bind active, neddylated CUL1 (Kuchay et al., 2017;

Wang et al., 2005), binds NS5A protein from all HCV genotypes

tested (genotypes 1a, 1b, 2a, 3a, and 4a; Figure 1A). Accord-

ingly, endogenous FBXL2 interacted with NS5A in HCV-infected

Huh-7.5 cells (Figure S1A).

Addition of serum to serum-starved cells promotes IP3R3

degradation (Kuchay et al., 2017).We usedHepG2, a liver cancer

cell line that is sensitive to serum, and found that the expression

of increasing amounts of NS5A enhanced the serum-stimulated

degradation of IP3R3 (Figure 1B), decreased Ca2+ mobilization

from the ER to the mitochondria (Figure 1C), and protected cells

from apoptosis, as shown by a decrease in cleaved PARP and

cleaved caspase 3 (Figure 1B; see also Figure 3C). NS5A acted

through FBXL2 because FBXL2 silencing abolished NS5A’s ef-

fects on IP3R3 degradation, apoptosis, and cell survival. These
834 Cell Reports 25, 833–840, October 23, 2018
effects were particularly evident when cells were treated with

H202 that induces oxidative stress, leading to Ca2+-mediated

apoptosis (Figures 1D and S1B). Expression of increasing

amounts of NS5A proportionally enhanced the binding of

FBXL2 to IP3R3, and vice versa, exogenous FBXL2 increased

the interaction between NS5A and IP3R3 (Figure 1E). Finally,

infection of Huh7.5 cells with Jc1-HCV virus promoted the ubiq-

uitylation of IP3R3 (Figure S1C). This was observed by express-

ing a FLAG-tagged trypsin-resistant tandem ubiquitin-binding

entity (TR-TUBE), which directly binds poly-ubiquitin chains

and protects them from proteasome-mediated degradation

(Dankert et al., 2016). After immunoprecipitation of FLAG-tagged

TR-TUBE, high-molecular-weight ubiquitylated species of IP3R3

were detected more abundantly in lysates of infected cells than

non-infected cells (Figure S1C).

IP3 binding evokes conformational changes that open the sup-

pressor domain of IP3R3 (Fan et al., 2015). We found that FBXL2

binds IP3R3 upon IP3 production (Kuchay et al., 2017), indicating

that the suppressor domain of IP3R3 (amino acids 1–226) masks

the IP3R3’s degron (i.e., the amino acid region required for bind-

ing to and degradation via FBXL2). To understand the basis for

NS5A-mediated effects, we mapped the NS5A-binding domain

in IP3R3 and found that NS5A binds the first 602 amino acids

(Figure S1D). Because this truncation mutant does not efficiently

bind FBXL2 unless IP3 production is induced (Kuchay et al.,

2017), it appears that FBXL2 is not necessary to bridge IP3R3

to NS5A. Accordingly, IP3R3(Q-FR/A-AA), which does not bind

FBXL2 (Kuchay et al., 2017) is still able to co-immunoprecipitate

with NS5A, although to a lesser extent compared to wild-type

IP3R3 (Figure S1E). This suggests that, although FBXL2 is not

required for NS5A-IP3R3 interaction, its presence may stabilize

the protein complex.

We then expressed tagged constructs of NS5A, FBXL2, and

IP3R3 in HEK293T cells and performed immunoprecipitation

experiments. As expected, FLAG-tagged NS5A co-immuno-

purified both hemagglutinin (HA)-tagged FBXL2 and GFP-

tagged IP3R3 (Figure S1F). When anti-FLAG immunoprecipi-

tates were further precipitated with an anti-GFP antibody and

tested for the presence of NS5A, FBXL2, and IP3R3, all three

proteins could be detected (Figure S1F), indicating formation

of a trimeric complex. Significantly, expression of NS5A in

HEK293T cells strongly increased the binding of IP3R3(1–602)

to FBXL2 (Figure 2A, top panel, lanes 1–4) and increased

IP3R3(1–602) degradation (Figure 2A, third panel from the

top, lanes 1–4). In contrast, IP3R3(227–602), which does not

contain the N-terminal suppressor domain (and therefore binds

FBXL2, even in the absence of IP3 production), was unaffected

by NS5A expression (Figure 2A, lanes 5–8). Finally, expression

of increasing amounts of NS5A decreased the levels of wild-

type IP3R3, but not the levels of the IP3R3(Q-FR/A-AA) stable

mutant (Figure 2B), which does not bind FBXL2 (Kuchay et al.,

2017). Similarly, increasing the expression of NS5A resulted

in a decrease in Ca2+ mobilization from the ER to the mitochon-

dria in cells expressing wild-type IP3R3, but not IP3R3(Q-FR/

A-AA) (Figure 2C).

These results, together with the finding that the N-terminal

suppressor domain masks the IP3R3 degron (Kuchay et al.,

2017), suggest that NS5A promotes the IP3R3-FBXL2
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Figure 1. NS5A Promotes IP3R3-FBXL2 Interaction and IP3R3 Degradation and Inhibits Ca2+ Flux

(A) HEK293T or Huh7.5 cells expressing NS5A from the indicated HCV genotypes were transfected with either empty vector (EV), GFP-FBXL2, or GFP-

FBXL2(CaaX/SaaX) plasmids. Sixteen hours post-transfection, cells were treated with MG132 for three hours prior to harvesting for immunoprecipitations and

immunoblotting as indicated. WCL, whole-cell lysate.

(B) Exponentially growing (EXP) HepG2 cells were transfected with the indicated amounts of NS5A cDNA, serum starved for 24 hr (SS), and then re-stimulated

with serum for one hour (SR) prior to cell lysis and immunoblotting. The asterisk indicates a non-specific band.

(C) The experiment was performed as in (A), except that, after re-stimulation, cells were treatedwith a purinergic G-protein coupled receptor (GPCR) agonist (ATP)

and concentration of mitochondrial Ca2+ was measured. Graphs show quantification from four independent experiments, each performed at least in duplicate.

(D) HepG2 cells were transfectedwith either a small interfering RNA (siRNA) targeting FBXL2 or a non-silencing siRNA (NS) for 48 hr and then an EV or NS5A cDNA

for 16 hr. Cells were treated with vehicle or H2O2 for 10 hr, and cell extracts were processed for immunoblotting. The bar graphs show the quantification of

IP3R3 and cleaved forms of PARP and caspase 3 from three independent experiments, represented as fold change (a.u.) compared to lane 4, which was set as

1.0. p values were calculated by a one-way ANOVA and multiple-comparisons test. Error bars indicate SEM.

(E) HEK293T cells were co-transfected with FLAG-NS5A and increasing amounts of HA-FBXL2 (left panels) or with HA-FBXL2 and increasing amounts of

FLAG-NS5A (right panels). Twenty-four hours post-transfection, cells were treated with MG132 for three hours prior to immunoblotting.
interaction by forming a trimeric complex that displaces the

IP3R3 suppressor domain and unmasks the IP3R3 degron for

FBXL2 recognition, thereby promoting IP3R3 degradation in

the absence of IP3 induction.

FBXL2 Promotes HCV Infection by Targeting IP3R3 for
Degradation
Silencing of FBXL2 inhibits replication of an HCV replicon (geno-

type 1b) in Huh7-HP cells (Wang et al., 2005). We confirmed

these results in Huh7.5-JFH1 and Huh7.5-Con1 cells, two cell

lines harboring persistently replicating HCV subgenomic repli-

cons from genotype 2a (JFH1/SG-Feo) and genotype 1b

(Con1/SG-Feo S2204I), respectively (Figures 3A and S2A).
Knockdown of FBXL2 in the replicon cells led to an approxi-

mately 50% decrease in replication.

To determine whether this effect was dependent on the stabi-

lization of IP3R3, we silenced FBXL2 in combination with either

IP3R3 or p85b, another substrate of FBXL2 (Kuchay et al.,

2013). When IP3R3 and FBXL2 were silenced together, HCV

replication levels returned to those detected in control cells (Fig-

ures 3A and S2A). In contrast, no substantial differences in

replication were observed when either p85b (alone or in combi-

nation with FBXL2) or IP3R3 alone were silenced.

To evaluate whether IP3R3-mediated Ca2+ flux plays a role

in viral replication, we used two different strategies: (1) we

co-depleted MCUa in FBXL2 knockdown cells to inhibit
Cell Reports 25, 833–840, October 23, 2018 835
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Figure 2. NS5A Unmasks the IP3R3 Degron

(A) HEK293T cells were co-transfected with HA-FBXL2 and increasing amounts of NS5A cDNA, together with either FLAG-IP3R3(1–602) or FLAG-

IP3R3(227–602). Twenty-four hours post-transfection, cells were harvested for immunoprecipitations and immunoblotting.

(B) COS-7 cells were co-transfected with FLAG-FBXL2 and increasing amounts of NS5A cDNA, together with either GFP-IP3R3 or GFP-IP3R3(Q-FR/A-AA).

Twenty-four hours post-transfection, cells were harvested for immunoblotting.

(C) The experiment was performed as in (B), except that cells were treated with ATP and concentration of mitochondrial Ca2+wasmeasured and analyzed by two-

way ANOVA multiple-comparisons test in three independent experiments, each performed at least in duplicate.
mitochondrial Ca2+ overload (and, consequently, Ca2+-mediated

apoptosis) and (2) we treated FBXL2 knockdown cells with cy-

closporin A (CsA) to inhibit the opening of the mitochondrial

permeability transition pore and Ca2+-dependent apoptosis.

We observed that both strategies counteracted the inhibition of

HCV replication induced by FBXL2 silencing (Figure S2B).

Accordingly, FBXL2 depletion in Huh7.5-JFH1 and Huh7.5-

Con1 cells increased Ca2+ flux from ER to mitochondria, and

this effect was rescued by co-depletion of IP3R3 (Figure S2C).

Finally, silencing of FBXL2 in Huh7.5-JFH1 cells decreased cell

viability and promoted apoptosis, two phenotypes that were

rescued by co-silencing IP3R3 (Figures S2D and S2E).

In agreement with the above results, expression of IP3R3(Q-

FR/A-AA) or, to a lesser extent, wild-type IP3R3 significantly

reduced viral replication in Huh7.5-JFH1 and Huh7.5-Con1 cells

(Figure 3B, upper panels), with simultaneous induction of

apoptosis, as assessed by the cleavage of caspase 3 and

TUNEL assay (Figure 3B, middle and lower panels), and an in-

crease in [Ca2+]m (Figure S2F).

Together, these results suggest that FBXL2 promotes HCV

replication largely by mediating IP3R3 degradation, thereby pre-

venting mitochondrial Ca2+ overload and subsequent apoptosis.

We further validated these findings in the context of the com-

plete HCV life cycle. HCV infection of Huh-7.5 cells induced
836 Cell Reports 25, 833–840, October 23, 2018
apoptosis, as evidenced by the appearance of cleaved PARP

and caspase 3 (Figures 3C, S2G, and S2H). Depletion of

FBXL2 decreased HCV replication, stabilized IP3R3, and exac-

erbated virus-induced apoptosis (Figures 3C, S2G, and S2H).

Importantly co-silencing of IP3R3 partially reversed the effects

of FBXL2 depletion (Figure 3C).

Disruption of NS5A-FBXL2-IP3R3 Trimeric Complex
Inhibits HCV Replication
FBXL2 has to be geranylgeranylated for its activity (Kuchay et al.,

2013, 2017). Inhibition of FBXL2 geranylgeranylation using a

geranylgeranyl transferase inhibitor causes an increase in

IP3R3 level, mitochondrial Ca2+ overload, and a decrease in

cell viability (Kuchay et al., 2017). Because FBXL2 knockdown

inhibited HCV replication by stabilizing IP3R3 (Figure 3A), we

asked whether geranylgeranylation inhibitors also inhibit HCV

replication by the same mechanism. If this is the case, then

IP3R3 knockdown should overcome the effects of geranylgera-

nylation inhibitors on HCV replication. To this end, we treated

Huh7.5-JFH1 cells with increasing amounts of a geranylgeranyl

transferase inhibitor (GGTi-286). This treatment inhibited HCV

RNA replication in a dose- and time-dependent manner, and

remarkably, IP3R3 silencing significantly counteracted this inhi-

bition (Figure 4A).
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Figure 3. Failure to Degrade IP3R3 Inhibits HCV Replication

(A) Huh7.5-JFH1 and Huh7.5-Con1 cells were transfected twice with the indicated siRNAs and firefly luciferase activity measured 48 hr after to quantify HCV

replication. Plotted are the means ± SEM of three independent experiments. Statistical analysis was performed with t tests and ANOVA using Graphpad prism

software.

(B) Huh7.5-JFH1 and Huh7.5-Con1 cells were transfected with GFP-tagged IP3R3 or IP3R3(Q-FR/A-AA) for 64 hr. Then, luciferase activity was measured to

quantify HCV replication (top graphs), cell lysates analyzed by immunoblotting (middle panels), and TUNEL assay performed to quantify apoptosis (bottom

graphs). Graphs showmeans ± SEM of three independent experiments (top) and two independent experiments (bottom). Statistical analysis was performed with

t tests and ANOVA using Graphpad prism software.

(C) Huh7.5 cells were transfected twice with the indicated siRNAs. Twenty-four hours after, cells were infected with Jc1FLAG2(p7-nsGLuc2A), a highly infectious

HCVcc virus. Four hours post-infection, cells were washed with PBS and fresh medium, collected, and analyzed by immunoblotting. The bar graphs show the

quantification of IP3R3 and cleaved forms of PARP and caspase 3 levels from three independent experiments, represented as fold change (a.u.) compared to

lane 1, which was set as 1.0. p values were calculated by a one-way ANOVA and multiple-comparisons test. Error bars indicate SEM.
We further explored themolecular mechanism bywhich GGTI-

286 affects the FBXL2-NS5A complex and found that GGTI-286

treatment completely inhibited the binding of FBXL2 to NS5A

(Figure 4B, lanes 1 versus 2). Moreover, FBXL2(CaaX/SaaX),

which does not localize to cell membranes (Kuchay et al.,

2013; Wang et al., 2005), did not interact with either IP3R3

(Kuchay et al., 2017) or NS5A (Figure 4B, lane 4). Thus, if

FBXL2 is not properly localized in the cell, it is unable to interact

with NS5A and IP3R3. We reasoned that IP3R3 at cell mem-

branes might help bridging FBXL2 and NS5A. To test this hy-

pothesis, we utilized IP3R3(1–602), an IP3R3 deletion mutant

that cannot be anchored to membranes. Despite the presence

of GGTI-286, expression of IP3R3(1–602) promoted the binding

of both wild-type FBXL2 and FBXL2(CaaX/SaaX) to NS5A (Fig-

ure 4B, lanes 3 and 5). This result indicates that IP3R3 bridges
NS5A and FBXL2, in agreement with its ability to form a trimeric

complex with these proteins (Figure S1F), and suggests that the

trimeric complex requires all three proteins to be in the same

compartment. In the presence of GGTi-286, FBXL2 and NS5A

are not stably anchored to cell membranes where endogenous

IP3R3 is localized, but expression of a ‘‘mobile’’ IP3R3(1–602)

mutant re-allows trimeric complex formation.

Taken together, these results suggest that GGTi-286 sup-

presses HCV infection by inhibiting FBXL2 geranylgeranylation

and localization and, consequently, its interaction with IP3R3.

We then sought to block NS5A membrane localization and

examine its effects on NS5A-FBXL2-IP3R3 interaction. To this

end, we used BMS-790052 (daclatasvir), a powerful anti-HCV

drug that has been shown to change NS5A localization

from ER membranes to lipid droplets (Liu et al., 2015). Thus,
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Figure 4. GGTI-286 and BMS-790052 Inhibit NS5A Binding to FBXL2 and HCV Replication

(A) Huh7.5-JFH1 cells were transfected twice with the indicated siRNAs. Twenty-four hours after, cells were trypsinized and re-plated in fresh medium. The next

day, cells were treated for 24 or 48 hr with either vehicle (DMSO) or the indicated concentrations of GGT1-286, after which cells were lysed and firefly luciferase

activity measured. Graphs showmeans ± SEM of two experiments, each performed in duplicate. Statistical analysis was performed with t tests using Graphpad

prism software.

(B) HEK293T cells were transfected with the indicated cDNAs. Where indicated, 15 mM GGTI-286 was added for 20 hr before harvesting. WCLs were immu-

noprecipitated and immunoblotted.

(C) Huh7.5-JFH1 cells stably expressing HA-FBXL2 were treated with the indicated concentrations of BMS-790052 for 8 hr before harvesting for immunopre-

cipitations and immunoblotting. The graphs show the quantification of IP3R3 levels analyzed by a one-way ANOVA and multiple-comparisons test, represented

as fold change (a.u.) compared to lane 1, which was set as 1.0. Three independent experiments were quantified for whole-cell extracts, and two independent

experiments were quantified for immunoprecipitates. Error bars indicate SEM.

(D) Huh7.5 cells infected with either the wild-type Jc1FLAG2(p7-nsGLuc2A) virus or a BMS-790052-resistant Jc1FLAG2(p7-nsGLuc2A) variant were transfected

with HA-FBXL2 and treated with BMS-790052 for 8 hr before harvesting for immunoprecipitations and immunoblotting. The graphs show the quantification of

IP3R3 and NS5A levels analyzed by a one-way ANOVA and multiple-comparisons test, represented as fold change (a.u.) compared to lane 1, which was set as

1.0. Three independent experiments were quantified for whole-cell extracts, and two independent experiments were quantified for immunoprecipitates.

Error bars indicate SEM.
we examined the effect of BMS-790052 on NS5A binding

to FBXL2 in Huh7.5-JFH1 cells stably expressing FBXL2

under the control of a weak retroviral promoter. BMS-790052

induced IP3R3 accumulation in a dose-dependent manner (Fig-

ure 4C, top panel). Interestingly, despite increased IP3R3

levels, the binding of FBXL2 to IP3R3 as well as to NS5A was

inhibited by BMS-790052 (Figure 4C, bottom panel). Similar

results were obtained in cells transiently expressing FBXL2

(Figure S3).

Finally, we further validated these findings in Huh-7.5 cells in-

fected with either wild-type Jc1FLAG2(p7-nsGLuc2A) or its
838 Cell Reports 25, 833–840, October 23, 2018
BMS-790052-resistant version, containing an F28S substitution

in the NS5A protein (Fridell et al., 2011). In agreement to the

above results, BMS-790052 induced IP3R3 accumulation and

impaired the binding of FBXL2 to both wild-type NS5A and

IP3R3 (Figure 4D). In contrast, neither reduced binding of

NS5A to FBXL2 nor accumulation of IP3R3 was seen in cells in-

fected with the BMS-790052-resistant virus (Figure 4D).

Taken together, these results indicate that delocalization of

NS5A from ER membranes impairs the ability of NS5A to pro-

mote FBXL2 binding to IP3R3 and the consequent IP3R3

degradation.



DISCUSSION

When cells are stimulated to produce IP3, IP3R3 allows rapid

mobilization of Ca2+ from the ER to mitochondria. To avoid

excessive and prolonged flux of Ca2+ and prevent apoptosis,

IP3R3 is degraded via SCFFBXL2 in a process that requires proper

localization of FBXL2 (Kuchay et al., 2017).

HCV infection affects millions of people worldwide (Linden-

bach and Rice, 2005; Rice and Saeed, 2014). HCV primarily in-

fects hepatocytes, where it develops intricate relationships

with a large number of cellular proteins to establish replication.

Perturbation of protein geranylgeranylation results in the inhibi-

tion of HCV replication (Kapadia and Chisari, 2005; Ye et al.,

2003). The absence of prenylation motifs in HCV proteins

suggests that one or more geranylgeranylated host proteins

promote HCV replication. FBXL2 was identified in a screen

of host geranylgeranylated proteins required for efficient

HCV replication and shown to interact with the HCV protein

NS5A (Wang et al., 2005). In the absence of HCV infection,

FBXL2 targets IP3R3 for degradation only after the cell is stim-

ulated to produce IP3, which unmasks the IP3R3 degron for

accessibility to FBXL2 (Kuchay et al., 2017). Here, we show

that NS5A allows IP3R3 recognition by FBXL2 in the absence

of IP3 induction by forming a trimeric complex that unmasks

the degradation motif in IP3R3, resulting in IP3R3 degradation.

Notably, the negative effect of FBXL2 silencing on HCV replica-

tion is rescued by IP3R3 depletion and, accordingly, expression

of an FBXL2-insensitive, stable IP3R3 mutant inhibits HCV

replication. Together, our results suggest that the FBXL2-

NS5A-IP3R3 axis promotes HCV infection by enabling FBXL2

to target IP3R3 for degradation in a constitutive manner

(i.e., in the absence of IP3 stimulation), thus counteracting

cell death.

We also found that the FBXL2(CaaX/SaaX), a geranylgeranyla-

tion-deficient mutant that fails to localize to cellular membranes

(Kuchay et al., 2017; Wang et al., 2005), does not bind NS5A.

Moreover, treatment with GGTI-286 results in the loss of binding

between NS5A and FBXL2. Thus, geranylgeranylation of FBXL2

is necessary for its interaction with both IP3R3 and NS5A and for

its ability to mediate IP3R3 degradation. Importantly, the GGTI-

286-inhibited binding of FBXL2 to NS5A is rescued by express-

ing IP3R3(1–602), a mobile IP3R3 deletion mutant that is not at

cellular membranes. These results suggest that, when FBXL2

and NS5A are delocalized, they do not interact because they

are not in the same compartment with IP3R3. By contrast,

IP3R3(1–602) allows this interaction because it is equally delo-

calized and can help bridging FBXL2 and NS5A. Thus, FBXL2

and NS5A can each independently bind IP3R3 (although this

interaction is stabilized in the context of a trimeric complex). In

contrast, the FBXL2-NS5A interaction appears to rely on the

presence of IP3R3.

We used BMS-790052 as a tool to dislodge NS5A from ER

membranes (Targett-Adams et al., 2011), where it interacts

with FBXL2, and test how it affects the NS5A-FBXL2-IP3R3

complex formation. We show that, in both HCV-infected cells

and HCV subgenomic replicons, BMS-790052 inhibits FBXL2

binding to both NS5A and IP3R3 and induces IP3R3 stabiliza-

tion. Significantly, BMS-790052 has no effect on FBXL2 binding
and IP3R3 stabilization in cells infected with the BMS-790052-

resistant HCVmutant. Thus, inhibiting ERmembrane localization

of either NS5A (by BMS-790052) or FBXL2 (by GGTI-286) inhibits

FBXL2-NS5A-IP3R3 interaction.

We propose a two-step model: in the first step, NS5A binds

IP3R3 and unmasks its degron, and in the second, FBXL2 is re-

cruited to target IP3R3 for degradation. This event prevents an

IP3R3-mediated apoptotic response to HCV infection, allowing

longer periods of viral replication and persistence.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FBXL2 (1: 200 dilution) Michele Pagano Lab

Yenzyme customer ab

N/A

NS5A (1:1000 dilution) Charlie Rice Lab 9E10

IP3R3 (1:1000 dilution) BD Biosciences Cat# 610312; RRID:AB_397704

GFP (1:1000 dilution) Cell Signaling Technology Cat# 2956; RRID:AB_1196615

FLAG (1:1,000 dilution) Sigma-Aldrich Cat# F7425; RRID:AB_439687

HA (1:1,000 dilution) Covance Cat# MMS-101P; RRID:AB_10064068

CUL1 (1:1,000 dilution) Life Technologies Cat# 322400

SKP1 (1:1,000 dilution) Michele Pagano Lab

Yenzyme customer ab

N/A

cleaved PARP (1:1000 dilution) Cell Signaling Technology Cat# 5625S; RRID:AB_10699459

Caspase 3 (1:1,000 dilution) Cell Signaling Technology Cat# 9662S; RRID:AB_10694681

Cleaved caspase-3 (1:1,000 dilution) Cell Signaling Technology Cat# 9661S; RRID:AB_2341188

Actin (1:10,000 dilution) Sigma-Aldrich Cat# A5441; RRID:AB_476744

Tubulin (1:10,000 dilution) Sigma-Aldrich Cat# T6074; RRID:AB_477582

Chemicals, Peptides, and Recombinant Proteins

GGTI-286 Millipore Cat# 345878

BMS-790052, Selleck Chemicals Cat# S1482

MG132 (final concentration, 5 mM) Peptide international Cat# IZL-3175v

Hydrogen peroxide solution Sigma-Aldrich Cat# H1009

VFSNNDEGLINKKC (FBXL2 peptide to generate antibody) Michele Pagano Lab Yenzyme

x-tremeGENE HP transfection Roche Cat# 06366236001

HiPerfectTM QIAGEN Cat# 301704

M2-FLAG Affinity Matrix Sigma-Aldrich Cat # A2220

Anti-HA Affinity Matrix Roche Cat# 11815016001

Anti-GFP (Green Fluorescent Protein) mAb-Agarose MBL International Cat# D153-8

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher Scientific Cat# 13778150

Lipofectamine 3000 Transfection Reagent ThermoFisher Scientific Cat# L3000015

Deposited Data

Raw data this paper https://data.mendeley.com/

datasets/9x346zd8bx/draft?a=

1d6f03e8-7016-437e-a3ef-

34fc00ba474b

Experimental Models: Cell Lines

HEK293T ATCC Cat# CRL-3216

NHF ATCC Cat# CCL-186

HepG2 ATCC Cat# HB-8065

COS-7 ATCC Cat# CRL-1615

HeLa ATCC Cat# CCL-2

Huh7.5 Charlie Rice Lab

(Blight et al., 2002)

N/A

Huh7.5-JFH1 Charlie Rice Lab

(Saeed et al., 2012)

N/A

Huh7.5- Con1 Charlie Rice Lab (Wose Kinge

et al., 2014)

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

TiterTACSTM TUNEL assays TREVIGEN Cat# 4822-96-k

Luciferase Assay System Promega Cat# E1500

Oligonucleotides

siRNAs to FBXL2 Dharmacon (Kuchay et al., 2017) N/A

siRNAs to IP3R3 Dharmacon (Kuchay et al., 2017) N/A

siRNAs to MCU Dharmacon (Kuchay et al., 2017) N/A

siRNAs to p85b Dharmacon (Kuchay et al., 2017) N/A

Non-targeting siRNA (CGUACGCGGAAUACUUCGA) Dharmacon (Kuchay et al., 2017) N/A

RPS11 primer_Forward 50-GCC GAG ACT ATC TGC

ACT AC-30,
Integrated DNA Technology, USA N/A

RPS11 primer_Reverse 50-ATG TCC AGC CTC AGA

ACT TC-30
Integrated DNA Technology, USA N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Request for resources and reagents should be directed to Lead Contact, Michele Pagano (Michele.Pagano@nyulangone.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiments were performed either in cell lines purchased from ATCC (HEK293T, NHF, HepG2, COS-7, HeLa) or in Huh7.5 cells

bearing non-infectious HCV replicons (described in the Key Resource Table). These cell lines were not authenticated.

METHOD DETAILS

Mitochondrial calcium measurements by Aequorin
Cells were grown on 13 mm round glass coverslips at 50% confluence, and were transfected with mtAEQ (a bioluminescent calcium

sensor aequorin chimera which contains a sequence specifically targeting it to mitochondria) either alone or together with constructs

expressing GFP-IP3R3, GFP-IP3R3(Q-FR/A-AA) and FLAG-NS5A as indicated in figure legends. Mitochondrial calcium measure-

ments with mtAEQ were carried out, as previously described (Kuchay et al., 2017), in KRB buffer (125 mM NaCl, 5 mM KCl, 1 mM

MgSO4, 1 mM Na2HPO4, 5.5 mM glucose, 20 mM NaHCO3, 2 mM l-glutamine and 20 mM HEPES pH 7.4, and was supplemented

with 1 mM CaCl2). Agonists and other drugs were added to the same medium, as specified in the figure legends. The experiments

were terminated by lysing cells with 100 mM digitonin in a hypotonic Ca2+-rich solution (10 mM CaCl2 in H2O), thus discharging

the remaining aequorin pool. The light signal was collected and calibrated into [Ca2+] values, as previously described

(Bonora et al., 2013).

Ubiquitylation assay
Huh7.5 cells were transiently transfected with FLAG-tagged trypsin-resistant tandem ubiquitin-binding entity (TR-TUBE), which

directly binds polyubiquitin chains and protects them from proteasome-mediated degradation. Six hours after transfection, cells

were either left uninfected or infected with Jc1FLAG2(p7-nsGLuc2A), a highly infectious HCVcc virus. 48 hours post-infection cells

were harvested and whole cell lysates of infected and uninfected cells were used for immunoprecipitations with anti-FLAG M2

agarose beads (Sigma) as previously described (Dankert et al., 2016; Kuchay et al., 2017). Immunoprecipitated complexes were

boiled for 10 minutes, subjected to SDS-PAGE and western blotting with antibodies specified in the figures. Polyubiquitinated

IP3R3 was detected with an IP3R3 antibody.

HCV replication assay
Huh7.5-JFH1 and Huh7.5-Con1 cells are cell lines harboring persistently replicating HCV subgenomic replicons from genotype 2a

(JFH1/SG-Feo) and genotype 1b (Con1/SG-Feo S2204I), respectively. The replicons express a fusion protein of firefly luciferase

(Fluc) and neomycin phosphotransferase II (NPTII), permitting selection of the replicon carrying cells and measurement of the levels

of HCV replication. For HCV RNA replication assays, cells were seeded in 24 well plates at a density of 0.5-1 x105cells/well. For

knockdown experiments, two rounds of siRNA transfection, one at 24 hours and the other at 48 hours post-cell seeding, were per-

formed using HiPerfect transfection reagent. The final concentration of siRNA in each well was 20 nM. Four hours after second trans-

fection, cells were trypsinized and re-plated in new 24-well plates where they were grown for another 48 hours before measurement
e2 Cell Reports 25, 833–840.e1–e3, October 23, 2018
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of FLuc activity. For gene overexpression, cells were transfected with 1 mg DNA/well for 12-14 hours using x-tremeGENE HP trans-

fection reagent. Cells were trypsinized, and re-plated in fresh 24 well plates where they were grown for additional 48 hours before

lysis and Fluc assay. Cell lysates for FLuc assay were prepared with 1X Cell Culture Lysis Reagent (Promega) and luciferase

activity was measured with the Luciferase Assay System (Promega) using an Infinite� M200 PRO multimode microplate reader

(TECAN). For HCV infection assay, Huh-7.5 cells were seeded in 24-well plates at a density of 7.5X104 cells/well. Two rounds of

siRNA transfection were carried out 24 hours apart, similar to the replicon cells. Twenty four hours after second round of transfection,

cells were infectedwith Jc1FLAG2(p7-nsGLuc2A), a highly infectious HCVcc virus (Marukian et al., 2008). Four hours later, cell mono-

layer was washed 3X with PBS to remove luciferase protein contained in the HCVcc stock and a fresh medium was added to

each well. Cells were grown for 48 hours, before the culture medium was harvested and HCV RNA replication level was monitored

by the measurement of secreted gaussia luciferase. For immunoblotting, infected and non-infected cells were trypsinized, washed

with PBS and cell pellets were frozen on dry ice.Whole cell lysateswere prepared for SDS-PAGE andwestern blottingwith antibodies

specified in figures.

Detection of apoptosis and cell viability
Cells were treated with apoptotic stimuli, as specified in the figure legends, in DMEM supplemented with 10% FBS for cell death

induction, as indicated in the text and figure legends. Apoptosis was determined by (i) by blotting for different cell death markers,

such as cleaved PARP, Caspase 3 and cleaved Caspase-3; (ii) TiterTACSTM TUNEL assays in JFH1 and Con1 cells, transiently trans-

fected with empty vector (EV), GFP-IP3R3, or GFP_IP3R3(Q-FR/A-AA), performed in 96 well format (0.5-13 104cell/well) according

to manufactures protocol (TREVIGEN). Cell viability was evaluated by automated nuclei count analysis from randomly chosen fields,

specified in figure legends, using Zeiss Axiovert 200M microscope as described previously (Kuchay et al., 2017).

Cells culture and transfection
NHFs and cell lines (HEK293T, COS-7, HeLa) were purchased from ATCC and maintained as previously described (Kuchay et al.,

2017). Huh-7.5 cells were grown in DMEM supplemented with 10% fetal bovine serum and 0.1 mM non-essential amino

acids (NEAA). G418was added to themedium at a concentration of 750 mg/mL to select andmaintain Huh7.5-JFH1 andHuh7.5-con1

cells carrying HCV subgenomic replicons from genotype 2a (JFH1/SG-Feo) and genotype 1b (Con1/SG-Feo S2204I), respectively.

JFH1/SG-Feo replicons are described (Saeed et al., 2012). Con1/SG-Feo S2204I replicon was made from full-length Con1 cDNA

following the same method described for JFH1/SG-Feo and a cell culture-adaptive mutation S2204I, a substitution of serine at

position 2204 with isoleucine, was introduced to increase the replication level (Blight et al., 2002). HeLa, HepG2 and COS-7 cells

(African Green Monkey SV40-transformed kidney fibroblasts) were grown in DMEM supplemented with 10% FBS and transfected

with a standard calcium-phosphate procedure. Cells were serum-starved in DMEM 0.1% FBS (HeLa and COS-7 for 20 hours,

NHFs for 48-72 hours) and then serum stimulated with 10% FBS containing DMEM for the indicated times. For gene silencing, cells

were seeded 24 hours before transfection. ON TARGET siRNA oligos from Dharmacon, Inc. for FBXL2, p85b, IP3R3, MCUa and

non-targeting controls (5 nM) were used in serum free medium for 24-48 hours using HiPerfectTM, according to the manufacturer’s

instruction (QIAGEN) as previously described (Kuchay et al., 2017). IP3R3, PIK3R2 and FBXL2 silencing, and FBXL2 mRNA

quantification was carried out as described previously (Kuchay et al., 2017). Details for the RPS11 primer sequences used as

housekeeping control for FBXL2 mRNA quantification are provided in KEY RESOURCES TABLE.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figure legends include the specific statistical details. Statistical data are presented as mean ± SD and ± SEM and significance were

calculated by Student’s t tests, and correlation analysis was done by ANOVA using the Graphpad prism software. All data used for

the statistical analysis in main and supplemental figures are listed in Table S1.

DATA AND SOFTWARE AVAILABILITY

Raw data was deposited in Mendeley at https://data.mendeley.com/datasets/9x346zd8bx/draft?a=1d6f03e8-7016-437e-a3ef-

34fc00ba474b.
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