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PTEN counteracts FBXL2 to promote IP3R3- and 
Ca2+-mediated apoptosis limiting tumour growth
Shafi Kuchay1,2,3*, Carlotta Giorgi1,2,4*, Daniele Simoneschi1,2, julia Pagan1,2,3, Sonia Missiroli4, Anita Saraf5, Laurence Florens5, 
Michael P. Washburn5,6, Ana Collazo-Lorduy7,8, Mireia Castillo-Martin7,9, Carlos Cordon-Cardo7, Said M. Sebti10, Paolo Pinton4 &  
Michele Pagano1,2,3

In response to environmental cues that promote IP3 (inositol 
1,4,5-trisphosphate) generation, IP3 receptors (IP3Rs) located 
on the endoplasmic reticulum allow the ‘quasisynaptical’ 
feeding of calcium to the mitochondria to promote oxidative 
phosphorylation1. However, persistent Ca2+ release results 
in mitochondrial Ca2+ overload and consequent apoptosis2. 
Among the three mammalian IP3Rs, IP3R3 appears to be 
the major player in Ca2+-dependent apoptosis. Here we show 
that the F-box protein FBXL2 (the receptor subunit of one of 
69 human SCF (SKP1, CUL1, F-box protein) ubiquitin ligase 
complexes3) binds IP3R3 and targets it for ubiquitin-, p97- and 
proteasome-mediated degradation to limit Ca2+ influx into 
mitochondria. FBXL2-knockdown cells and FBXL2-insensitive 
IP3R3 mutant knock-in clones display increased cytosolic Ca2+ 
release from the endoplasmic reticulum and sensitization to 
Ca2+-dependent apoptotic stimuli. The phosphatase and tensin 
homologue (PTEN) gene is frequently mutated or lost in human 
tumours and syndromes that predispose individuals to cancer4. 
We found that PTEN competes with FBXL2 for IP3R3 binding, 
and the FBXL2-dependent degradation of IP3R3 is accelerated in 
Pten−/− mouse embryonic fibroblasts and PTEN-null cancer cells. 
Reconstitution of PTEN-null cells with either wild-type PTEN or a 
catalytically dead mutant stabilizes IP3R3 and induces persistent 
Ca2+ mobilization and apoptosis. IP3R3 and PTEN protein levels 
directly correlate in human prostate cancer. Both in cell culture 
and xenograft models, a non-degradable IP3R3 mutant sensitizes 
tumour cells with low or no PTEN expression to photodynamic 
therapy, which is based on the ability of photosensitizer drugs 
to cause Ca2+-dependent cytotoxicity after irradiation with 
visible light5,6. Similarly, disruption of FBXL2 localization with 
GGTi-2418, a geranylgeranyl transferase inhibitor7, sensitizes 
xenotransplanted tumours to photodynamic therapy. In summary, 
we identify a novel molecular mechanism that limits mitochondrial 
Ca2+ overload to prevent cell death. Notably, we provide proof-of-
principle that inhibiting IP3R3 degradation in PTEN-deregulated 
cancers represents a valid therapeutic strategy.

To identify FBXL2 substrates, FBXL2 was expressed in HEK293T 
cells, immunopurified and analysed for co-purifying proteins by 
mass spectrometry, which revealed the presence of two unique pep-
tides corresponding to IP3R3. To confirm these results, we screened 
a panel of human F-box proteins and found that the only F-box pro-
tein that co-immunoprecipitated IP3R3 was FBXL2 (Extended Data 
Fig. 1a). FBXL2 co-immunoprecipitated SKP1, CUL1 and IP3R3 from 

the membrane fraction (Extended Data Fig. 1b). FBXL2 contains a 
C-terminal CaaX domain that is required for its geranylgeranylation 
and localization at cell membranes8. In contrast to wild-type FBXL2, 
FBXL2(CaaX/SaaX), a geranylgeranylation-deficient mutant in which 
a cysteine in the CaaX domain has been mutated to serine9, did not 
fractionate with cellular membranes and did not interact with IP3R3 
and neddylated CUL1 (Extended Data Fig. 1c, d).

We also observed that expression of wild-type FBXL2, but not 
FBXL2(ΔF-box), an inactive mutant, induced a decrease in the lev-
els of IP3R3 (this decrease was rescued by MG132 treatment) and 
FBXL2(ΔF-box) bound more IP3R3 than wild-type FBXL2 (this dif-
ference was abolished by MG132 treatment) (Extended Data Fig. 1d, e).

Since IP3-mediated Ca2+ release is stimulated by mitogens, we 
examined the impact of serum on IP3R3 levels. The growth of normal 
human fibroblasts (NHFs) was arrested by serum deprivation after 
which serum was reintroduced. The levels of IP3R3 decreased in con-
trol cells, but much less in cells treated with MG132 or lactacystin, or in 
which FBXL2 was silenced (Extended Data Fig. 1f–i). In hTERT RPE-1 
cells, elimination of one FBXL2 allele resulted in IP3R3 stabilization 
(Extended Data Fig. 1j–l). GGTi-2418 treatment delocalized FBXL2 
and stabilized IP3R3 (Extended Data Fig. 2a–c). Eer1, an inhibitor of  
p97 (also known as VCP or Cdc48), a segregase that extracts ubi-
quitinated proteins from the cellular membranes to facilitate their pro-
teasomal degradation10, blocked IP3R3 degradation (Extended Data 
Fig. 2d). Silencing of p97 inhibited the serum-mediated degradation 
of IP3R3, and both FBXL2 and IP3R3 co-immunoprecipitated with 
p97 (Extended Data Fig. 2e, f). Finally, immunopurified FBXL2, but 
not FBXL2(ΔF-box), promoted the in vitro ubiquitination of IP3R3 
(Extended Data Fig. 2g, h).

To investigate the role of FBXL2 in Ca2+ homeostasis, we measured 
the changes in Ca2+ concentration in both the cytosol and mitochon-
dria of NHFs in response to ATP, a purinergic GPCR agonist that 
induces IP3 production and rapid flow of Ca2+ from the endoplasmic 
reticulum to the mitochondria11. Serum starvation caused an increase 
and serum re-addition induced a decrease in Ca2+ mobilization (Fig. 1a  
and Extended Data Fig. 3a). FBXL2 silencing or treatment with MG132 
or GGTi-2418 inhibited the serum-mediated decrease in Ca2+ mobi-
lization (Fig. 1a and Extended Data Fig. 3b, c). Conversely, cells engi-
neered to express FBXL2, but not FBXL2(CaaX/SaaX), displayed  
low IP3R3 levels and a decrease in Ca2+ mobilization (Extended Data 
Figs 1c and 3d, e).

Serum starvation sensitized NHFs to treatment with H2O2, an oxidi-
zing agent that induces persistent release of Ca2+ from the endoplasmic 
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reticulum and consequent apoptosis, but serum re-addition alleviated 
this sensitivity (Fig. 1b). Compared to cells re-stimulated with serum, 
serum-starved cells displayed an increase in cleaved PARP, cleaved 
caspase-3, and cytochrome c release (Fig. 1c, d), all signatures of apop-
tosis. In cells re-stimulated with serum, FBXL2 knockdown caused 
IP3R3 accumulation (Extended Data Fig. 1h, i), sensitization to H2O2, 
and an increase in the apoptotic signature and in mitochondrial Ca2+ 
uptake (Fig. 1b–d and Extended Data Fig. 3f). Conversely, expression 
of wild-type FBXL2, but not FBXL2(CaaX/SaaX), induced resistance to 
H2O2, but not to etoposide (Extended Data Fig. 3g). Inhibition of mito-
chondrial Ca2+ overload by silencing MCUA (mitochondrial calcium 
uniporter, isoform a) or preventing the PTP opening using cyclosporin- 
A abolished the sensitization to H2O2 by FBXL2 silencing (Fig. 1b).

Next, we mapped the FBXL2 binding domain (that is, the degron) in 
IP3R3 and narrowed it to a region located between amino acids 436–
587 (Extended Data Fig. 4a, b). Fragments encoding IP3R3(436–587) 
and IP3R3(227–602) interacted with FBXL2 more stably than IP3R3 
(1–602), suggesting that the N-terminal suppressor domain of IP3R3 

inhibits the FBXL2–IP3R3 interaction. Treatment of cells with ATP, 
which induces IP3 production and repositioning of the N-terminal 
suppressor domain11, increased the binding between FBXL2 and IP3R3, 
particularly upon proteasome inhibition (Extended Data Fig. 4c, d). 
This suggests that once IP3 unmasks the IP3R3 degron, FBXL2 binds 
IP3R3 and this interaction is maintained, particularly if the degrada-
tion of IP3R3 is inhibited. Finally, ATP promoted the degradation of 
IP3R3 in cells cultured in the presence, but not in the absence, of serum 
(Extended Data Fig. 4e).

We then fine-mapped the degron to a region between amino acids 
545 and 566 and found that Phe553 (which is highly conserved in 
IP3R3 orthologues, but not in its paralogues), and to a lesser extent 
Gln550 and Arg554, were necessary for efficient binding of IP3R3 to 
FBXL2 (Extended Data Fig. 4f–i). IP3R3(Q-FR/A-AA), a mutant in 
which Gln550, Phe553 and Arg554 were mutated to Ala, displayed 
a longer half-life than wild-type IP3R3, and it was not degraded 
when serum-starved cells were re-stimulated with serum (Fig. 1e, f). 
Expression of FBXL2 resulted in increased ubiquitination of IP3R3, 
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Figure 1 | FBXL2-mediated degradation of IP3R3 controls Ca2+ flux 
and sensitivity to apoptosis. a, Concentrations of cytosolic Ca2+ ([Ca2+]c) 
were measured with aequorin in response to agonist stimulation (ATP) in 
NHFs (passage 2 and 3) exponentially growing (Exp), serum-starved (SS), 
or re-stimulated with serum (SR), which were transfected with an siRNA 
targeting FBXL2 or a non-silencing (NS) siRNA. Left, two representative 
traces. Right, quantification of three independent experiments. P values 
were calculated by one-way ANOVA and multiple-comparisons test. Error 
bars indicate s.e.m. b-d, Apoptosis was evaluated after treatment with 
H2O2 using automated nuclei count analysis of twenty randomly chosen 
fields following a 16 h treatment (b), immunoblot detection of cleaved 
PARP and cleaved caspase-3 following a 3 h treatment (c), and automated 
analysis of cells with released cytochrome c (Cyt c) from 80 randomly 
chosen fields following a 3 h treatment (d). NHFs were transfected with 
the indicated siRNAs. Where indicated, cells were pre-treated for 30 min 
with cyclosporin A (CsA). P values were calculated by one-way ANOVA 
and multiple-comparisons test. Error bars indicate s.e.m. e, COS-7 
cells were transfected with either GFP-tagged IP3R3 or GFP-tagged 
IP3R3(Q-FR/A-AA). 16 h post-transfection, cells were serum-starved 

for 48 h, and then re-stimulated with serum for the indicated times. Cells 
were harvested, and whole-cell lysates (WCLs) were immunoblotted as 
indicated. The graph shows the quantification of IP3R3 levels from two 
independent experiments. f, COS-7 cells transfected with the indicated 
constructs were serum-starved for 20 h and then re-stimulated with serum 
for 4 h. WCLs were immunoblotted as indicated. g, COS-7 cells transfected 
with the indicated constructs were serum-starved for 20 h, re-stimulated 
for 4 h with or without MG132, and treated with ATP. Left, representative 
traces show concentrations of cytosolic Ca2+ measured with aequorin. 
Right, quantification of three independent experiments. P values were 
calculated by one-way ANOVA and multiple-comparisons test. Error bars 
indicate s.e.m. h, i, COS-7 cells transfected with the indicated constructs 
were serum-starved for 20 h, re-stimulated with serum for 4 h, and then 
treated with H2O2. Apoptosis shown in h was evaluated as in b, except that 
H2O2 treatment was for 5 h. Analysis of cytochrome c release shown in i 
was evaluated as in d. P values were calculated by unpaired t-test. Error 
bars indicate s.e.m. Unless otherwise noted, experiments were performed 
at least three times. For gel source data, see Supplementary Fig. 1.
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Figure 2 | PTEN loss promotes IP3R3 degradation via FBXL2, and the 
expression of IP3R3 and PTEN directly correlate in human prostate 
cancer. a, During 72 h of serum starvation, Pten+/+ and Pten−/− MEFs 
were transfected with the indicated siRNAs, then re-stimulated with 
serum, and harvested at the indicated times for immunoblotting. l.e., 
long exposure; s.e., short exposure. The graph shows the quantification 
of IP3R3 levels from three independent experiments. Error bars indicate 
s.e.m. b, Pten−/− MEFs were transfected with the indicated siRNAs and, 
after 48 h, with the indicated constructs. After 24 h, cells were harvested 
and WCLs were immunoblotted as indicated. c, Pten−/− MEFs were 

transfected with the indicated siRNAs and, after 48 h, with the indicated 
constructs. Concentrations of cytosolic Ca2+ were measured with aequorin 
in response to ATP. Left, representative traces. Right, quantification 
of three independent experiments. P values were calculated by one-
way ANOVA and multiple-comparisons test. Error bars indicate s.e.m. 
d, The graph shows the percentage of prostate tumours with no, low or 
high PTEN expression that have low or high IP3R3 expression. Linear 
regression was determined using χ2 test r2 = 0.04041, P = 0.0136. Unless 
otherwise noted, experiments were performed at least three times. For gel 
source data, see Supplementary Fig. 1.
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Figure 3 | Failure to degrade IP3R3 results in 
sensitization to PDT-induced apoptosis. a, A549 
cells were transfected with the indicated siRNAs 
and, after 48 h, treated with phthalocyanine, a 
photosensitizer used for PDT in patients with 
cancer. Top, cytosolic Ca2+ concentrations 
measured with Fura-2. Bottom (left and middle 
panels), mitochondrial Ca2+ mobilization in cells 
expressing the Ca2+-sensitive probe 4mtD3cpv. Left 
panels show representative traces, and panels on 
their right show quantifications of areas under the 
curve represented as percentage change compared 
to empty-vector-transfected cells, which were set 
as 100%. Bottom (right panel), immunoblots of a 
representative experiment. P values were calculated 
by one-way ANOVA and multiple-comparisons 
test. Error bars indicate s.e.m. b, Parental A459 
and two IP3R3(Q-FR/A-AA) A549 knock-in 
clones (1 and 3) were processed and analysed as 
in a. Unless otherwise noted, experiments were 
performed at least three times. For gel source data, 
see Supplementary Fig. 1.
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but IP3R3(Q-FR/A-AA) remained poorly ubiquitinated (Extended 
Data Fig. 4j).

Importantly, expression of IP3R3(Q-FR/A-AA) recapitulated the 
phenotypes observed upon FBXL2 silencing: enhanced Ca2+ release 
from the endoplasmic reticulum following serum treatment and agonist 
stimulation, and sensitization to H2O2 (Fig. 1g–i and Extended Data 
Fig. 3h, i). Moreover, in cells expressing IP3R3(Q-FR/A-AA), MG132 
did not produce an increase of the Ca2+ response (Fig. 1g and Extended 
Data Fig. 3h).

Certain tumour suppressors and oncoproteins with roles in Ca2+ 
homeostasis localize to the endoplasmic reticulum (for example, 
AKT1, BCL2, p53, PML4, PTEN and KRAS4B)12. When these six 
proteins were expressed in HEK293T cells, PTEN was the only one 
able to robustly interact with endogenous IP3R3, and the interaction 
between PTEN and IP3R3 was confirmed at the endogenous level 
(Extended Data Fig. 5a–c). Compared to Pten+/+ mouse embryonic 
fibroblasts (MEFs)13, the steady-state levels of IP3R3 were lower and 
its half-life was shorter in Pten−/− MEFs (Extended Data Fig. 5d, e). 
Importantly, in response to mitogens, IP3R3 was degraded faster in 
Pten−/− than in Pten+/+ MEFs, and this phenotype was reverted by 
silencing FBXL2 (Fig. 2a). Finally, after serum re-addition, IP3R3 was 
ubiquitinated to a greater extent in Pten−/− than in Pten+/+ MEFs 
(Extended Data Fig. 5f).

PTEN reconstitution in Pten−/− MEFs and cell lines expressing no or 
low levels of PTEN induced an increase in the levels of IP3R3 (Fig. 2b  
and Extended Data Fig. 5g). PTEN(C124S), a catalytically dead 

mutant4, was also able to enhance IP3R3 levels and induce apoptotic 
cleavage of caspase-3, although not as efficiently as wild-type PTEN, 
(Fig. 2b and Extended Data Fig. 5g). Silencing of IP3R3 counteracted 
the apoptotic cleavage of caspase-3 induced by PTEN(C124S) (Fig. 2b).  
Expression of wild-type PTEN or, to a lesser extent, PTEN(C124S) 
in Pten−/− MEFs augmented Ca2+ mobilization from the endoplas-
mic reticulum in an IP3R3-dependent manner (Fig. 2c and Extended 
Data Fig. 5h). PTEN(G129E), a mutant displaying a greatly reduced 
lipid phosphatase activity, but retaining protein phosphatase activity4, 
induced an increase in the Ca2+ response identical to that induced by 
wild-type PTEN (Fig. 2c and Extended Data Fig. 5h). Finally, PTEN, 
PTEN(C124S) and PTEN(G129E) bound comparable amounts of 
IP3R3 (Extended Data Fig. 5i).

Like FBXL2, PTEN interacted more stably with IP3R3(436–587) 
and accordingly IP3R3(Q-FR/A-AA), which is impaired in its bind-
ing to FBXL2, interacted less with PTEN (Extended Data Fig. 6a, b),  
suggesting that PTEN and FBXL2 compete for the same region in 
IP3R3. Indeed, increasing amounts of FBXL2 interfered with the 
binding between PTEN and IP3R3, and increasing amounts of PTEN 
interfered with the binding between FBXL2 and IP3R3 (Extended Data  
Fig. 6c–e). Conversely, PTEN silencing, in addition to reducing IP3R3 
levels, resulted in an increased interaction between IP3R3 and FBXL2 
(Extended Data Fig. 6f).

Compared to cells expressing PTEN, IP3R3 levels were significantly 
lower in cell lines expressing no or low levels of PTEN, although all  
cell lines expressed similar levels of FBXL2 mRNA (Extended Data  
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Figure 4 | Both a non-degradable IP3R3 mutant and GGTi-
2418 sensitize tumours to PDT. a, NOD/SCID gamma mice were 
subcutaneously inoculated with 2 × 106 A549 cells stably transfected 
with either an empty vector or IP3R3(Q-FR/A-AA). Implanted 
xenotransplanted mice, chosen randomly, were subjected to two rounds 
of PDT (see arrows) or left untreated (UT); n = 4–6 mice per group. 
Left panel, tumour growth kinetics at the indicated time points. Middle 
panel, representative tumours imaged with IRDye 2-DG at the end of the 
experiment. Top right panel, representative excised tumours imaged 60 
days post-injection. Bottom right panel, quantification of tumour weights. 
P values for the tumour volume and weight at day 60 were calculated by 
one-way ANOVA and multiple-comparisons test. Error bars indicate 
s.e.m. Scale bar, 1 cm. b, Left panel, representative images of tumour 
sections from mice, which were injected with SR-FLIVO fluorescent 
probes to measure apoptosis. Middle panel, quantification of apoptosis. 
Right panel, corresponding immunoblots from homogenized tumours. 
AFU, arbitrary fluorescence units. P values were calculated by one-way 
ANOVA and multiple-comparisons test. Error bars indicate s.e.m. Scale 
bar, 50 µm. c, NOD/SCID gamma mice were subcutaneously injected 
with A549 cells. Implanted xenotransplanted mice, chosen randomly, 
were treated with GGTi-2418 alone or in combination with PDT; n = 5–6 
mice per group. Left panel, tumour growth kinetics for the indicated time 
points. Middle panel, quantification of tumour weights.  Right panel, 
representative excised tumours imaged 60 days post-injection. P values 
for the tumour volume and weight at day 60 were calculated by one-way 
ANOVA and multiple-comparisons test. Error bars indicate s.e.m. Scale 
bar, 1 cm. d, Left panel, PDT-induced apoptosis detected by NIR-FLIVO 
fluorescently labelled probes in the subcutaneous tumour masses of 
mice treated with or without GGTi-2418. Middle panel, quantification of 
apoptosis. Right panel, corresponding immunoblots from homogenized 
tumours. P values were calculated by one-way ANOVA and multiple-
comparisons test. Error bars indicate s.e.m. Unless otherwise noted, 
experiments were performed at least three times. For gel source data, see 
Supplementary Fig. 1.
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Fig. 6g, h). The half-life of IP3R3 was significantly shorter in A549 
cells compared to H460 (the former expressing low PTEN levels), and 
IP3R3 levels increased in U87 and A549 cells after reconstitution of 
PTEN expression or upon FBXL2 inhibition by GGTi-2418 (Extended 
Data Figs 5g and 6i, j). We also assessed the expression of PTEN and 
IP3R3 in tissue microarrays generated from human prostate adeno-
carcinomas and found that there was a significant, direct correlation 
between IP3R3 and PTEN expression levels (Fig. 2d and Extended 
Data Fig. 6k).

PDT-induced Ca2+ mobilization was significantly reduced when 
PTEN or IP3R3 were depleted, and, compared to cell lines express-
ing PTEN and high levels of IP3R3, cancer cell lines expressing no 
or low levels of PTEN and low levels of IP3R3 displayed less Ca2+ 
mobilization and less apoptotic markers upon photodynamic ther-
apy (PDT) treatment (Extended Data Fig. 7a, b). Re-expression of 
either wild-type PTEN or PTEN(C124S) increased PDT-induced 
Ca2+ mobilization and apoptotic cleavage of caspase-3 and PARP 
(Extended Data Fig. 7c, d). Depletion of FBXL2 resulted in increased 
PDT-induced Ca2+ mobilization and apoptosis in cells with no or  
low levels of PTEN, which depended on the presence of IP3R3 (Fig. 3a and  
Extended Data Fig. 8a). Similarly, expression of IP3R3(Q-FR/A-AA)  
increased PDT-induced Ca2+ mobilization and apoptosis (Extended 
Data Fig. 8b). We also generated A549 and PC3 knock-in clones 
expressing IP3R3(Q-FR/A-AA) (Extended Data Fig. 9a–c). Compared 
to parental cells, these clones displayed the stabilization of IP3R3, 
released more Ca2+ from the endoplasmic reticulum, and were more 
prone to apoptosis when treated with PDT (Fig. 3b and Extended 
Data Fig. 9d–g).

We then stably transfected A549 and PC3 cells with either an empty 
vector or IP3R3(Q-FR/A-AA) for xenograft transplantation experi-
ments in NOD/SCID gamma mice. These xenografts did not show 
any significant difference in growth curves (Fig. 4a and Extended Data 
Fig. 10a). However, PDT significantly reduced the tumour weight and 
growth rate of IP3R3(Q-FR/A-AA) expressing xenografts, whereas 
empty vector xenografts were unaffected (Fig. 4a and Extended Data 
Fig. 10a). Accordingly, in response to PDT, increased apoptosis was 
detected in IP3R3(Q-FR/A-AA) xenografts compared to empty vector 
xenografts (Fig. 4b and Extended Data Fig. 10b). Virtually identical 
results were obtained using a A549 knock-in clone expressing endo-
genous IP3R3(Q-FR/A-AA) (Extended Data Fig. 10c, d).

We also administered intratumoural injections of GGTi-2418, which 
has reached phase I clinical trial7, delocalizes FBXL2 from membranes, 
and stabilizes IP3R3 (see above). GGTi-2418, by itself, only modestly 
affected the growth rate of xenografts. However, GGTi-2418 signifi-
cantly sensitized tumour xenografts to PDT (Fig. 4c, d).

Recent studies suggest that non-catalytic activities of PTEN contrib-
ute to its tumour suppressor function through poorly defined mecha-
nisms. Our study reveals a phosphatase-independent mechanism by 
which PTEN functions as a tumour suppressor (Extended Data Fig. 10e).  
Moreover, we show that when IP3R3 degradation is inhibited, tumours 
with no or low levels of PTEN expression become sensitive to PDT. We 
propose that such tumours should not only be treated with inhibitors 
targeting the PI3K signalling cascade (which is hyperactive in these 
cancers), but also with drugs that result in IP3R3 stabilization, thereby 
abrogating both arms of PTEN function.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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MethOdS
No statistical methods were used to predetermine sample size and the investiga-
tors were not blinded to allocation during experiments and outcome assessment.
Antibodies, reagents, and biochemical methods. Immunoprecipitation and 
immunoblotting experiments were performed as previously described9,14,15. In 
some experiments, 2–4% of whole-cell lysate inputs (depending on the protein of 
interest) were run together with immunoprecipitates. The following antibodies 
were used: IP3R1(Bethyl no. A302-157A), IP3R-2(Millipore no. AB3000), IP3R3 
(BD-Pharmingen no. 610312), PTEN (Cell Signaling Technology no. 9559S), 
calnexin (Santa Cruz no. sc11397), cleaved PARP (Cell Signaling Technology 
no. 5625S), cleaved caspase-3 (Cell Signaling Technology #9661S), cytochrome 
c (BD no. 556433), AKT (Cell Signaling Technology no. 2920S), pAKT-S473 
(Cell Signaling Technology no. 4058S), p97 (Thermo Scientific no. PA5-22257), 
p85β (AbCam no. ab28356), GFP (Cell Signaling Technology no. 2956S), CUL1 
(Invitrogen no. 718700), SKP1 (generated in-house), Flag (Sigma), HA (Covance), 
α-tubulin (Sigma), and β-actin (Sigma). Isotype-specific horseradish peroxidase 
conjugated secondary antibodies were used for detection by enhanced chemilu-
minescence (Pierce). All cDNA constructs were N-terminally tagged either with 
Flag, HA, GFP or GST (specific details provided on request).
Cell culture and transfections. Cell lines and primary fibroblasts were purchased 
from ATCC, except where indicated. All cell lines were treated with Plasmocin and 
tested with Universal Mycoplasma Detection Kit from ATCC. NHFs were grown in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS. MEFs 
(Pten+/+ and Pten−/−, provided by R. Parsons’ laboratory)13, HeLa, and COS-7 
cells (African Green Monkey SV40-transformed kidney fibroblasts) were grown in 
DMEM supplemented with 10% FBS and transfected as described9. All cells grown 
in culture were periodically monitored for mycoplasma contamination. Cells were 
starved for the indicated time periods in 0.1% FBS. Cells were serum-stimulated  
with DMEM supplemented with 10% FBS. Where indicated, cells were treated  
with 10 µM MG132 (Peptides International), 100 µM cycloheximide (Sigma), 
10–15 µM GGTi-2418 (Moffit Cancer Center), 10 µM Eeyarestatin 1 (Eer1, 
TOCRIS bioscience), 100 µM histamine (Sigma), 10 µM MRS2578 (Sigma), 100 µM 
ATP (Sigma), and 1 µM cyclosporin-A (Sigma).
Tandem affinity purification and mass spectrometry. HEK293T cells were tran-
siently transfected with Flag–HA-tagged FBXL2 or control plasmids using poly-
ethylenimine (PEI). Twenty-four hours after transfection, cells were treated with 
MG132 (10 µM) for 3 h before harvesting. Immunoprecipitation and subsequent 
mass spectrometry was carried out as previously described9,14,15. The original mass 
spectrometry data can be accessed through the Stowers Original Data Repository 
at ftp://odr.stowers.org/LIBPB-484.
Gene silencing. For gene silencing, cells were seeded approximately 24 h before 
transfection. The following ON-TARGETplus siRNA oligos from Dharmacon 
were transfected (5–15 nM) with HiPerfect for 24–48 h, according to the manu-
facturer’s instructions (Qiagen): ON-TARGETplus human FBXL2 (oligo 1 
GCACAGAACUGCCGAAACA, oligo 2 GCUCGGAAUUGCCACGAAU, oligo 
3 J-0113562-07-0005); ON-TARGETplus human ITPR3 (L-006209-00-0005); 
ON-TARGETplus mouse ITPR3 (L-065715-01-0005) siRNA, ON-TARGETplus 
mouse PTEN (L-040700-02-0005); ON-TARGETplus human PTEN (L-003023-
00-0005); and ON-TARGET non-targeting siRNA 1 (D-001810-01-05). To validate  
gene silencing by RT–PCR, total RNA was isolated using Qiagen’s RNeasy kit  
(cat. no. 74104). The reverse transcription reaction was carried out in triplicate 
using 5 µg of total RNA using Oligo-dT primers with Superscript III RT polymerase  
(Invitrogen) according to the manufacturer’s instructions. The real-time qPCR 
reaction was carried out using 250 ng cDNA using SYBR Green method with 
Roche Light Cycler 480II machine in a 96-well format. Data were analysed using 
2nd derivative maximum with high confidence software for RT values accord-
ing to the manufacturer’s guidelines (Roche). Bar graphs represent the relative 
ratio of FBXL2 to GAPDH values. The following RT-primers were used: human  
FBXL2, forward: 5′-ATTTGACTGACGCAGGTTT-3′, reverse: 5′-GAGCTG 
GATGAGTGTGCTGT-3′; human GAPDH, forward: 5′-TGCACCACCAACT 
GCTTAGC-3′, reverse: 5′-GGCATGGACTGTGGTCATGAG-3′.
Ubiquitination assays. Briefly, HEK-293T cells were co-transfected with HA- or 
GFP-tagged IP3R3 (either wild-type or an N-terminal fragment) and either Flag-
tagged FBXL2 or an FBXL2(ΔF-box) mutant. Twenty-four hours after transfec-
tion, cells were incubated with MG132 for three hours before harvesting. FBXL2 
(wild-type and mutant) was immunoprecipitated with anti-Flag M2 agarose 
beads (Sigma) and in vitro ubiquitination assays were carried out as previously 
described9,16. Flag-tagged trypsin-resistant tandem ubiquitin-binding entity 
(TR-TUBE), which directly binds polyubiquitin chains and protects them from 
proteasome-mediated degradation was used for cell-based assays, as previously 
described17,18.
Fura-2 measurements. The cytosolic Ca2+ response was evaluated using the  
fluorescent Ca2+ indicator Fura-2/AM (Thermo Fischer Scientific). In brief, cells 

were grown on 24-mm coverslips and incubated at 37 °C for 30 min in 1 mM Ca2+ 
in Krebs–Ringer buffer (KRB: 135 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.4 mM 
K2HPO4, 5.5 mM glucose, 20 mM HEPES) supplemented with 2.5 mM Fura-2/AM,  
0.02% Pluronic F-68 (Sigma-Aldrich), and 0.1 mM sulfinpyrazone (Sigma-
Aldrich). Cells were then washed and supplied with 1 mM Ca2+/KRB. Next, cells 
were placed in an open Leyden chamber on a 37 °C thermostated stage and exposed 
to 340/380 nm wavelength light using the Olympus xcellence (Olympus) multi-
ple wavelength high-resolution fluorescence microscopy system equipped with 
an Hamamatsu ORCA ER CCD camera (Hamamatsu Photonics) and a Upl FLN  
40× oil objective (Olympus) to determine the cytosolic Ca2+ response. The photo- 
activation of aluminium phthalocyanine chloride was obtained using an excitation 
filter ET576/25 (Semrock), with 500 ms of excitation every cycle. Cytosolic Ca2+ 
concentration was calculated as previously described19,20.
FRET-based measurements of mitochondrial Ca2+. Single-cell measurements 
of mitochondrial Ca2+ were performed in A549 cells or A549 knock-in clones 
transfected with 4mtD3cpv (ref. 6). After 36 h, cells were imaged using a Zeiss 
Axiovert 200 M microscope with a cooled CCD camera (Photometrics), which 
was equipped with a C-apochromatic 40×/1.2 W CORR objective and controlled 
by MetaFluor 7.0 software (Universal Imaging). Emission ratio imaging of the  
4mtD3cpv was achieved using a 436DF20 excitation filter, a 450 nm dichroic mirror,  
and two emission filters (475/40 for ECFP and 535/25 for citrine) that were  
controlled by a Lambda 10-2 filter changer (Sutter Instruments). The acquired 
fluorescence images were corrected for the background. The exposure times were 
typically 100–200 ms, and images were collected every second per wavelength. The 
photo-activation of aluminium phthalocyanine chloride was achieved using an 
excitation filter ET650/50 (Chroma Technology) with 500 ms of excitation every 
FRET ratio cycle.
Aequorin measurements. Cells were transfected with the mtAEQ chimaera alone 
or together with constructs expressing FBXL2 or IP3R3. All aequorin measure-
ments were carried out in KRB buffer 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 µM digitonin 
in a hypotonic Ca2+-rich solution (10 mM CaCl2), thus discharging the remaining 
aequorin pool. The light signal was collected and calibrated into [Ca2+] values, as 
previously described21.
Experimental animals. Procedures involving animals and their care conformed 
with institutional guidelines, and all experimental protocols were approved by the 
animal ethics committee. NOD/SCID gamma (NSG) mice were housed in sterile 
conditions within high-efficiency particulate arrestance filtered micro-isolators, 
and fed with irradiated food and acidified water. Six-week-old male NSG mice 
were injected subcutaneously (s.c.) with 2 × 106 cells. When tumour mass became 
palpable in successfully engrafted mice (around 36 days after the injection of A549 
cells and around 70 days after the injection of PC3 cells), animals were randomly 
divided into different groups and subjected to various treatments as indicated in 
the figures. Where indicated, mice were subject to two rounds of GGTi-2418 treat-
ment (50 mg kg−1) by intratumoural injection for five consecutive days. Tumour 
growth was monitored daily, and tumour diameters were measured with callipers 
every other day. The tumour volume was calculated using the following equation: 
volume = π/6 × (a × b2), where a is the major diameter and b is the minor diameter.  
At the end of the experiment, tumour progression was confirmed by either  
retro-orbital or intravenous injection of fluorescently labelled IRDye 2-deoxyglucose  
(2-DG), which was detected 24 h after injection using a Pearl Trilogy Imaging 
System (Li-Cor). All mice that reached the endpoint of the experiment (60 days 
for A549 or 92 days for PC3 cells) were euthanized and, subsequently, tumours 
were excised, weighted, and either immunoblotted or sectioned for immunoflu-
orescence.
Detection of cell death in cell systems. For cell death induction, cells were 
treated with different apoptotic stimuli as indicated in the text and figure  
legends. Apoptosis was determined by three different methods: (i) by blotting for 
different cell death markers, such as cleaved PARP and cleaved CASPASE-3; (ii) 
by analysing cytochrome c release; and (iii) by automated nuclei count analysis. 
For analysis of cytochrome c release, cells were fixed with 4% paraformaldehyde 
in PBS for 20 min, washed three times with PBS and then incubated for 10 min 
in PBS. Cells were then permeabilized with 0.1% Triton X-100 in PBS, followed 
by a 1-h wash with 2% milk in PBS. Cells were then incubated overnight at 4 °C 
in a wet chamber with a mouse anti-cytochrome c antibody followed by incu-
bation with an Alexa 594 goat anti-mouse antibody and DAPI for 1 h at room 
temperature. After antibody incubation, cells were washed three times with PBS. 
Images were acquired on an Olympus Scan^R station using a laser based autofocus 
and an image-based autofocus. Eighty fields were acquired for each well using a  
20× magnification objective, NA 0.75. The different fluorophores were excited 
by an MT20 illumination system with 377/50, 595/30 excitation filters. Images 
were collected using an Orca-R2 CCD camera (Hamamatsu Photonics), without 
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binning. The mean fluorescence intensities and standard deviations of nuclear 
cytochrome c were evaluated in comparison to corresponding controls. Automated 
nuclei count analysis was performed by seeding 50,000 cells on a 25-mm covers-
lip. Cells were grown for 48 h before treatment with H2O2 (1–2 mM for 4–16 h as 
indicated in figure legends) or etoposide (50 µM for 5 h). Coverslips were stained 
with Hoechst 10 µM, placed in an incubated chamber with controlled temperature, 
and mounted on a Zeiss Axiovert 200 M microscope equipped with a motorized 
stage. Images of nuclei (ranging in size from 5–25 µm) were acquired with a 10× 
Fluor objective (Zeiss) and a CoolSnap HQ CCD camera. Twenty random fields 
were acquired using the random stage scan tools in MetaMorph and analysed with 
the nuclei count application.
Detection of cell death in vivo. After a retro orbital injection of 100 µl of CAS-
MAP NIR probe (Vergent Bioscience), the reagent was allowed to circulate in 
mice for 30 min before analysis. Fluorescent in vivo images were acquired 
using a Pearl Trilogy Imaging System (Li-Cor). For the analysis of apoptosis in 
tumour tissue sections, after a retro orbital injection of 100 µl of SR-FLIVO probe 
(Immunochemistry Technology), the reagent was allowed to circulate in mice 
for 30 min. Tumours were excised, frozen, sectioned, and stained for nuclei using 
DRAQ5, according to the manufacturer’s protocol (Cell Signaling Technology). 
After staining, the samples were mounted on coverslips and analysed using a Zeiss 
LSM 510 confocal microscope equipped with a Fluor 40×/1.30 NA oil-immersion 
objective. The acquired images were background corrected, and signals were ana-
lysed using Fiji software (available at http://fiji.sc/Fiji).
Sub-cellular fractionation. Cells (approximately 109) were harvested, washed in 
phosphate-buffered saline medium, pelleted by centrifugation at 500g for 5 min, 
re-suspended in homogenization buffer (0.25 M sucrose and 10 mM HEPES 
pH 7.4) and gently disrupted by dounce homogenization. The homogenate was 
centrifuged twice at 600g for 5 min to remove cellular debris and nuclei, and the 
supernatant was centrifuged at 10,300g for 10 min to pellet crude mitochondria. 
The resultant supernatant was centrifuged at 100,000g for 1 h in a Beckman 70 Ti 
rotor at 4 °C to pellet microsomes, which were re-suspended in homogenization 
buffer22. The quality of the preparation was confirmed by immunoblot analysis 
using different markers for the fractions obtained (that is, calnexin as endoplasmic 
reticulum marker, and β-actin as cytosolic markers).
Immunohistochemistry in human tissue specimens. Expression of PTEN 
and IP3R3 was assessed by immunohistochemistry using eight available tissue 
microarrays (TMAs) and one commercially available TMA. The eight TMAs 
were built generating triplicate cores from radical prostatectomy cases as previ-
ously described23, and included 89 prostate adenocarcinomas. The commercially 
available TMA was from USBiomax and included 60 prostate adenocarcinomas. 
Five-micrometre sections were deparaffinized and subjected to standard avidin–
biotin-based immunohistochemistry procedures as reported in ref. 24. Primary 
antibodies were anti-PTEN (rabbit monoclonal, Cell Signaling Technology, no. 
9559, 1:200 dilution) and anti-IP3R3 (rabbit polyclonal, Bethyl Laboratories, Inc., 
no. IHC-00639, 1:500 dilution). TMAs were scored by determining the percentage 
of epithelial prostate cells with immunoreactivity (0 = no expression, 1 = mild/
moderate expression, 2 = high and very high expression) for the protein of inter-
est per tissue core. A score was generated for each tissue core by multiplying the 
percentage of expression by the intensity of expression. The average values of the 
representative cores from each patient sample were obtained and the median was 
used as a cut-off to transform protein expression into a qualitative variable. Cases 
were classified into three categories: ‘negative’ when score was 0, ‘low expres-
sion’ when score was lower than the median and ‘high expression’ when score 
was higher than the median. Linear regression analysis was performed with the 
GraphPad Prism 7.02 software with χ2 test. Original data are presented in Source 
Data for Fig. 2d.
Live-cell imaging. HeLa cells were grown in dishes with a glass base (Thermo 
Scientific no. 150682) in DMEM medium supplemented with 10% FBS. Cells 
were transfected with GFP-FBXL2 cDNA using Lipofactemine 3000 reagent. 
Two hours post-transfection, cells were incubated in fresh medium containing 
GGTi-2418 (15 µM) for 16 h at 37 °C supplemented with 5% CO2. Live-cell imag-
ing was carried out with a Zeiss LSM-510 META confocal microscope using a  
63× oil-based objective in an incubation chamber at 37 °C supplemented with 
5% CO2. Images were captured and processed with ZEN/ZEN lite imaging soft-
ware from Zeiss.
CRISPR genome editing. To generate ITPR3 Q550A;F553A;R554A, an optimal 
gRNA target sequence closest to the genomic target site and a 2 kb homologous 
recombination (HR) donor template were designed using the Benchling CRISPR 
Genome Engineering tool. The HR donor template was designed to introduce 
alanine substitutions at position Q550, F553 and R554, silent base-pair mutations 
to disrupt the PAM site, and an XhoI restriction site for bulk population screening, 
and was purchased as a synthetic gene from IDT. ITPR3 gRNA target sequence 

(see Extended Data Fig. 7a) was cloned into pSpCas9(BB)-2A-GFP (PX458), a 
gift from F. Zhang (Addgene plasmid no. 48138). Similarly, to generate FBXL2 
deletions, two optimal gRNA target sequences (see Extended Data Fig. 1f) closest 
to the genomic target sites in either exon 2 or exon 3 were designed using the 
Benchling CRISPR Genome Engineering tool and cloned into the pSpCas9(BB)- 
2A-GFP (PX458) (ref. 25). RPE-1, A549 and PC3 cells were seeded into 10-cm  
dishes at approximately 70% confluency, and transfected with 5 µg of gRNA- 
containing PX458 plasmid and HR donor template, using lipofectamine 3000 (Life 
Technologies). The transfection was performed according to the manufacturer’s 
recommended protocol, using a 2:1 ratio of lipofectamine:DNA. Two days after 
transfection, GFP-positive cells were sorted using the Beckman Coulter MoFlo 
XDP cell sorter (100 µm nozzle), and 15,000 cells were plated on a 15 cm dish. For 
ITPR3 Q550A;F553A;R554A knock-in, a GFP-sorted population sample was also 
collected for subsequent bulk population genotyping by amplification of the target 
region and digestion with XhoI. 8–10 days later, single cell clones were picked, 
trypsinized in 0.25% Trypsin-EDTA for 5 min, and plated into individual wells of 
a 96-well plate for genotyping. Genomic DNA was collected using QuickExtract 
(Epicentre). Genotyping PCRs were performed with MangoTaq DNA Polymerase 
(Bioline), using primers surrounding the genomic target sites (see Extended Data 
Fig. 1f and Extended Data Fig. 7a). The resulting PCR products were then purified. 
For ITPR3 Q550A;F553A;R554A knock-in, PCR products were also digested with 
XhoI. Positive clones were sequenced to determine the presence of a indel event 
(FBXL2 knockout) or complete recombination event (ITPR3 Q550A;F553A;R554A 
knock-in). To further validate the mutational status of candidate clones, the PCR 
products were subjected to TOPO-TA Cloning (Invitrogen), and sequenced  
in order to distinguish the amplified products of distinct alleles. Fifty bacterial 
colonies for each TOPO-TA cloning reaction were sequenced and aligned to the 
corresponding wild-type template in Benchling to confirm that all alleles were 
correctly targeted.
Statistics analyses. All data were analysed by Prism 6 (GraphPad). Unless other-
wise noted in figure legends, data are representative of at least three biologically 
independent experiments. Two-group datasets were analysed by Student’s unpaired 
t-test. For three or more group analysis, one-way ANOVA Tukey’s multiple com-
parison test was used. Linear regression analysis was performed with the GraphPad 
Prism 7.02 software χ2 test. One asterisk was used for P < 0.05, two asterisks for 
P < 0.01, three asterisks for P < 0.001, and four asterisks for P < 0.0001. Statistical 
analyses from independent experiments are reported in the Source Data files and 
in Supplementary Table 1.
Data availability. Most data generated or analysed during this study are included 
in this published article and its supplementary information files. Additional  
datasets generated during and/or analysed during the current study and rele-
vant information are available from the corresponding authors upon reasonable  
request.
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Extended Data Figure 1 | IP3R3 is targeted for proteasomal  
degradation by FBXL2. a, HEK293T cells were transfected with the 
indicated Flag-tagged F-box proteins (FBPs). 24 h post-transfection, 
cells were treated with MG132 for 3 h before harvesting for 
immunoprecipitation and immunoblotting as indicated. WCL, whole-cell 
lysate from untransfected cells. b, Flag-tagged FBXL2 was stably expressed 
in HeLa cells. After harvesting, cells were lysed, and cell membranes 
(CM) were isolated and immunoprecipitated with either a normal mouse 
IgG or an anti-Flag antibody. Subsequently, immunoprecipitates were 
analysed by immunoblotting as indicated. The results of these experiments 
(n = 2) indicate that FBXL2 is incorporated into a complete SCF ligase 
that binds its substrate(s) at cellular membranes. c, Flag-tagged FBXL2 
or Flag-tagged FBXL2(CaaX/SaaX) were transiently expressed in HeLa 
cells. After harvesting, cells were lysed and cytoplasmic (CYTO) and cell 
membrane (CM) fractions were isolated and analysed by immunoblotting 
as indicated. Actin and calnexin are used as markers for cytoplasmic and 
cell membrane fractions, respectively. This experiment was performed 
twice. d, HEK293T cells were transfected with either an empty vector 
(EV) or the indicated Flag-tagged proteins. 24 h post-transfection, where 
indicated, cells were treated with MG132 for 3 h before harvesting for 
immunoprecipitation and immunoblotting. Ned. CUL1, neddylated 
CUL1. This experiment shows that FBXL2, but not FBXL2(CaaX/SaaX), 
interacts with endogenous, neddylated CUL1. Since the covalent linkage 
of NEDD8 to CUL1 stimulates the ubiquitin ligase activity of SCFs and 
is promoted by the binding of the substrate to the F-box protein subunit, 
this result suggests that FBXL2 localization to cell membranes is required 
for substrate binding, which in turn stimulates CUL1 neddylation and 
SCF activation. Moreover, FBXL2(ΔF-box) bound more IP3R3 than 
wild-type FBXL2, and this difference could be abolished by treatment 
with MG132, supporting the hypothesis that FBXL2(ΔF-box) cannot 
mediate the degradation of IP3R3 since it does not form an active SCF 
complex. e, HEK293T cells were transfected with either an empty vector 
or the indicated Flag-tagged proteins. The experiment was performed 
in the presence or absence of MG132 as indicated. Whole-cell lysates 
were immunoblotted as indicated. The asterisk indicates a non-specific 
band. This experiment was performed twice. The fact that proteasome 
inhibitors prevented the decrease of IP3R3 levels upon re-addition of 
serum suggests that IP3R3 is degraded by the proteasome in response 
to mitogens, in agreement with previous studies reporting IP3Rs as 

substrates of the proteasome26,27. f, Normal, non-transformed, non-
immortalized, human diploid fibroblasts (NHFs) (passage 2) were serum-
starved for 72 h and then re-stimulated with serum (SR) for 30 min in 
the absence or presence of either MG132 (a proteasome inhibitor) or 
lactacystin (another proteasome inhibitor) as indicated. The graph on the 
right shows the quantification of IP3R3 levels from three independent 
experiments. P values were calculated by one-way ANOVA. Error bars 
indicate s.e.m. g, NHFs (passage 2) were transfected with either three 
different siRNAs targeting FBXL2 (each independently) or a non-silencing 
siRNA (NS). The graph shows FBXL2 mRNA levels analysed using real-
time PCR in triplicate measurements. Error bars indicate s.e.m. The values 
represent the ratios between FBXL2 and GAPDH mRNAs. h, During 
a 72 h serum starvation, NHFs (passage 2 or 3) were transfected with 
either an siRNA targeting FBXL2 (#1) or a non-silencing siRNA (NS). 
Cells were subsequently stimulated with medium containing serum and 
harvested at the indicated times for immunoblotting. The graph shows the 
quantification of IP3R3 levels from three independent experiments. Error 
bars indicate s.e.m. i, During a 72 h serum starvation, NHFs (passage 3  
or 4) were transfected with either siRNAs targeting FBXL2 (oligo #2 or #3) 
or a non-silencing siRNA (NS). Cells were subsequently stimulated with 
medium containing serum and harvested at the indicated time points for 
immunoblotting. The graph shows the quantification of IP3R3 levels from 
three independent experiments. Error bars indicate s.e.m. j, Schematic 
representation of the FBXL2 genomic locus and gRNAs target location. 
Exon 2 and exon 3 refer to the human FBXL2 gene in NC_000003.12 
(GRCh38.p7 (Gene Bank ID: 3129728)). k, Schematic representation of 
FBXL2 CRISPR–Cas9 mutagenesis outcomes. A first round of CRISPR–
Cas9 gene editing yielded no homozygous FBXL2-knockout clones. 
A secondary round of CRISPR–Cas9 gene editing was carried out in three 
FBXL2+/− hTERT RPE-1 clones, which resulted in cell death, suggesting 
that FBXL2 is required for cell fitness and it is not possible to generate 
FBXL2-knockout cells. Similar results were obtained in A549 cells (data 
not shown). l, FBXL2+/+ and FBXL2+/− RPE-1-hTERT cells (clones 2 and 
3) were serum-starved for 72 h and subsequently stimulated with medium 
containing serum for 90 min, after which cell extracts were immunoblotted 
for the indicated proteins. The graph shows the quantification of IP3R3 
levels from three independent experiments. Unless otherwise noted, 
experiments were performed at least three times. For gel source data, see 
Supplementary Fig. 1.
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Extended Data Figure 2 | See next page for caption.
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Extended Data Figure 2 | The degradation of IP3R3 is dependent on 
FBXL2 localization to cell membranes and on the segregase activity 
of p97. a, HeLa cells were transfected with GFP-tagged FBXL2 and then 
treated with either DMSO or GGTI-2418 for 16 h. Live cell imaging was 
carried out with an LSM510 confocal microscope using a 63× objective. 
Scale bars, 10 µm. b, NHFs were incubated with GGTi-2418 for 30 h 
and then with cycloheximide (CHX) and ATP. Cells were subsequently 
harvested at the indicated times for immunoblotting. The graph shows 
the quantification of IP3R3 levels from two independent experiments. 
c, NHFs (passage 3), HeLa and HEK293T cells were incubated with 
GGTi-2418 for the indicated times. Cells were subsequently harvested 
for immunoblotting. This experiment was performed once. d, NHFs 
(passage 3) were serum-starved for 72 h, treated with either DMSO or 
Eer1, and then re-stimulated with serum (SR) for the indicated times. The 
graph shows the quantification of IP3R3 levels from two independent 
experiments. The bracket on the right marks a ladder of bands which, 
presumably, are ubiquitinated species of IP3R3 that are not degraded 
when p97 is inhibited. e, During a 72 h serum starvation, NHFs (passage 
3 and 4) were transfected with either an siRNA targeting p97 or a 
non-silencing siRNA (NS). Cells were subsequently stimulated with 
medium containing serum and harvested at the indicated time points 
for immunoblotting. The graph shows the quantification of IP3R3 levels 
from three independent experiments. Error bars indicate s.e.m. These 
results, together with those shown in d, are in agreement with the findings 

that IP3Rs are ubiquitinated while they are membrane-associated, and 
those showing that p97 promotes the degradation of IP3Rs27,28. Thus, we 
propose that, after its FBXL2-mediated ubiquitination, IP3R3 is extracted 
from cell membranes by the segregase activity of p97 to be degraded by 
the proteasome. f, HEK293T cells were transfected with either an empty 
vector (EV) or the indicated GFP-tagged and HA-tagged proteins. 24 h 
post-transfection, cells were treated with MG132 for 3 h before harvesting 
for immunoprecipitation and immunoblotting as indicated. This 
experiment was performed twice. g, h, HEK293T cells were transfected 
with Flag-tagged FBXL2 and the indicated versions of tagged IP3R3. 
After immunopurification with an anti-Flag resin, in vitro ubiquitination 
of IP3R3 was performed in the presence of UAE1, Ubch3, Ubch5 and 
ubiquitin (Ub). Where indicated, an excess of methylated ubiquitin 
(methyl-Ub), which blocks chain extension, was added to the in vitro 
reactions. The presence of methyl-Ub resulted in the disappearance of 
the highest molecular weight forms of IP3R3, demonstrating that the 
high molecular weight forms of IP3R3 are indeed polyubiquitinated 
species of the protein. Samples were analysed by immunoblotting with 
the indicated antibodies. The bracket on the right marks a ladder of 
bands corresponding to ubiquitinated IP3R3. Immunoblots of whole-
cell lysates (WCL) are shown at the bottom. Unless otherwise noted, 
experiments were performed at least three times. For gel source data, see 
Supplementary Fig. 1.
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Extended Data Figure 3 | See next page for caption.
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Extended Data Figure 3 | FBXL2 controls Ca2+ mobilization and 
Ca2+-mediated apoptosis. a, Concentrations of mitochondrial Ca2+ 
were measured with mitochondria-targeted aequorin in response to 
agonist stimulation (ATP, a purinergic GPCR (G-protein-coupled 
receptor) agonist) in exponentially growing (EXP), serum-starved (SS), 
and serum re-stimulated (SR) NHFs (passage 4 or 5). Quantification of 
three independent experiments is shown and represented as percentage 
change compared to EXP cells, which were set as 100%. P values were 
calculated by one-way ANOVA and multiple-comparisons test. Error 
bars indicate s.e.m. b, Concentrations of mitochondrial Ca2+ were 
measured as in a in exponentially growing (EXP), serum-starved (SS), 
and serum re-stimulated for one hour (SR) NHFs (passage 5) transfected 
with either an siRNA targeting FBXL2 (#1) or a non-silencing siRNA 
(NS). Quantifications and P value analyses was performed as in a. 
c, Concentrations of cytosolic Ca2+ were measured with aequorin in 
response to agonist stimulation (ATP) in NHFs (passage 2) re-stimulated 
with serum for one hour (SR) in the absence or presence of MG132 or 
GGTi2418. On the left, representative traces. On the right, quantification 
of three independent experiments. P values were calculated by a one-
way ANOVA and multiple-comparisons test. Error bars indicate s.e.m. 
d, e, HeLa cells were transfected with either an empty vector (EV), FBXL2 
or FBXL2(CaaX/SaaX). Concentrations of cytosolic (d) and mitochondrial 
(e) Ca2+ were measured with the appropriate aequorin in response to 
agonist stimulation (ATP). On the left, representative traces. On the 
right, quantifications of three independent experiments. P values were 
calculated by one-way ANOVA and multiple-comparisons test. Error bars 
indicate s.e.m. f, Concentrations of mitochondrial Ca2+ were measured 
with mitochondrial targeted aequorin upon treatment with H2O2 in 
NHFs (passage 2) transfected with either an siRNA targeting FBXL2 (#1) 

or a non-silencing siRNA (NS). On the left, representative traces. On the 
right, quantifications of areas under the curve (AUC) are represented as 
percentage increase compared to NS-transfected cells, which were set 
as 100%. P values were calculated by unpaired t-test. Error bars indicate 
s.e.m. At the bottom, immunoblots of cell lysates of a representative 
experiment upon treatment with H2O2 for 3 h. g, HeLa cells transfected 
with either an empty vector (EV), FBXL2 or FBXL2(CaaX/SaaX)  
were treated with either H2O2 (for 5 h) or etoposide (for 5 h). Induction of 
cell death was evaluated using automated nuclei count analysis of twenty 
randomly chosen fields. P values were calculated by one-way ANOVA  
and multiple-comparisons test. Error bars indicate s.e.m. h, COS-7  
cells expressing either IP3R3 or IP3R3(Q-FR/A-AA) in combination  
with Flag-tagged FBXL2 were serum-starved for 20 h, re-stimulated  
with serum (SR) for 4 h with or without MG132, as indicated, and 
treated with ATP. Left, representative traces showing concentrations of 
mitochondrial Ca2+ measured with mitochondrial targeted aequorin.  
Right, quantification of three independent experiments. P values were 
calculated by one-way ANOVA and multiple-comparisons test. Error bars 
indicate s.e.m. i, Concentrations of mitochondrial Ca2+ were measured 
with mitochondria-targeted aequorin upon treatment with H2O2 in COS-7 
cells expressing either IP3R3 or IP3R3(Q-FR/A-AA) in combination with 
Flag-tagged FBXL2. Left, representative traces. Middle, quantifications of 
areas under the curve represented as percentage increase compared to  
NS-transfected cells, which were set as 100%. P values were calculated 
using an unpaired t-test. Error bars indicate s.e.m. Right, immunoblots of 
cell lysates of a representative experiment upon treatment with H2O2 for 
3 h. Unless otherwise noted, experiments were performed at least three 
times. For gel source data, see Supplementary Fig. 1.
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Extended Data Figure 4 | See next page for caption.
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Extended Data Figure 4 | Mapping of the FBXL2-binding domain in 
IP3R3, and evidence that the N-terminal suppressor domain inhibits 
the IP3R3–FBXL2 interaction. a, Schematic representation of IP3R3 
mutants. Binding of IP3R3 to FBXL2 is indicated with the symbol (+). 
b, HEK293T cells were transfected with GFP-tagged FBXL2 and the 
indicated Flag-tagged IP3R3 truncated mutants. Whole-cell lysates (WCL) 
were immunoprecipitated (IP) with anti-Flag resin and proteins were 
immunoblotted as indicated. This experiment was performed twice. c, 
HEK293T cells were transfected with GFP-tagged FBXL2 and HA-tagged 
In IP3R3(1–602) constructs. Sixteen hours after transfection, cells were 
incubated with MG132 for 3 h before stimulation with ATP for 30 min. 
Whole-cell lysates were immunoprecipitated (IP) with an anti-HA resin 
and proteins were immunoblotted as indicated. This experiment was 
performed twice. d, HeLa cells stably transfected with Flag-tagged FBXL2 
under the control of a doxycycline-inducible promoter were treated 
with doxycycline (0.4 µg ml−1) for 16 h and incubated with or without 
MG132 (during the last 3 h), in the presence or absence of MRS 2578, an 
antagonist of P2Y6 receptor (during the last 90 min), as indicated. Cells 
were subsequently treated with or without ATP for 30 min. Whole-cell 
lysates were immunoprecipitated (IP) with an anti-Flag resin and proteins 
were immunoblotted as indicated. Right panel shows quantifications of 
IP3R3 levels compared to untreated cells (UT), which were set as 100%. 
P values were calculated by one-way ANOVA and multiple-comparisons 
test. Error bars indicate s.e.m. The fact (shown in b) that fragments 
encoding IP3R3(436–587) and IP3R3(227–602) interact with FBXL2 
better than the IP3R3(1–602) fragment suggests that the N terminus of 
IP3R3 inhibits the interaction between FBXL2 and IP3R3. It has been 
shown that removal of the N-terminal suppressor domain (amino acids 
1–226) increases the binding of IP3 to the IP3 binding core domain 
(amino acids 227–579), and IP3 binding evokes conformational changes 
that open the suppressor domain29–32. These conformational changes may 
allow FBXL2 to access the degron of IP3R3 (that is, the amino acid region 

required for binding to FBXL2). Thus, in agreement with previous data 
indicating that IP3 causes the ubiquitination and downregulation of IP3Rs 
(ref. 27), our results suggest that IP3 promotes the binding of FBXL2 to 
IP3R3 and that FBXL2 preferentially binds IP3R3 in its open conformation 
(upon IP3 binding). Accordingly, treatment of cells with ATP, which 
induces IP3 production and repositioning of the N-terminal suppressor 
domain, increased the binding between FBXL2 and IP3R3, particularly 
if proteasomal degradation was inhibited by MG132. This suggests that 
once IP3 (produced after ATP stimulation) unmasks the IP3R3 degron, 
FBXL2 binds IP3R3 and this interaction is preserved when FBXL2-
mediated degradation of IP3R3 is inhibited. So, ATP and MG132 appear to 
synergize with each other in promoting and preserving the FBXL2–IP3R3 
interaction, respectively. e, Serum-starved (SS) and exponentially (EXP) 
growing NHFs (passage 2 and 3) were treated with or without ATP as 
indicated. Cells were subsequently harvested at the indicated time points 
for immunoblotting. The graph shows the quantification of IP3R3 levels. 
Error bars indicate s.e.m. f, HEK293T cells were transfected with GFP-
tagged FBXL2 and the indicated Flag-tagged IP3R3 deletion mutants (in 
the context of the 436–587 domain of IP3R3). Whole-cell lysates (WCL) 
were immunoprecipitated (IP) with anti-Flag resin, and proteins were 
immunoblotted as indicated. This experiment was performed twice. 
g, The experiment was performed twice as in f, except that different IP3R3 
mutants were used. h, Alignment of the amino acid regions containing the 
FBXL2-binding motif in IP3R3 orthologues. i, Alignment of the amino 
acid regions containing the FBXL2-binding motif in human IP3R3 with 
the corresponding region in IP3R1 and IP3R2. j, HEK293T cells were 
transfected with the indicated constructs. Whole-cell lysates (WCL) were 
immunoprecipitated (IP) with anti-Flag resin and immunoblotted as 
indicated. The bracket on the right marks a ladder of bands corresponding 
to polyubiquitinated IP3R3. This experiment was performed twice. Unless 
otherwise noted, experiments were performed at least three times. For gel 
source data, see Supplementary Fig. 1.
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Extended Data Figure 5 | See next page for caption.
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Extended Data Figure 5 | IP3R3 degradation is prevented by 
PTEN, independently of its phosphatase activity. a, HEK293T cells 
were transfected with the indicated Flag-tagged constructs encoding 
tumour suppressors and oncoproteins with established roles in 
Ca2+ homeostasis and that are known to localize to the endoplasmic 
reticulum–mitochondria interface (AKT1, BCL2, p53, PML4, PTEN 
and KRAS4B). Of those, AKT1, BCL2, PML4 and PTEN are known 
IP3R3 interactors33–39. Twenty-four hours post-transfection, cells were 
harvested for anti-Flag immunoprecipitations and immunoblotting as 
indicated. Asterisks denote Flag-tagged proteins. This experiment was 
performed twice. b, c, Whole-cell lysates (WCL) from HEK293T cells were 
immunoprecipitated with the indicated antibodies and immunoblotted as 
indicated. This experiment was performed twice. d, Pten+/+ and Pten−/− 
MEFs were incubated with cycloheximide (CHX) for the indicated times. 
Cells were subsequently harvested for immunoblotting as indicated. The 
graph on the right shows the quantification of IP3R3 levels from two 
independent experiments. e, FBXL2 mRNA levels in Pten+/+ and Pten−/− 
MEFs analysed using real-time PCR in triplicate measurements (± s.e.m.). 
The values represent the ratios between FBXL2 and GAPDH mRNAs. 
This experiment was performed twice. f, Pten+/+ and Pten−/− MEFs were 
transfected for 48 h with either an siRNA targeting FBXL2 (#1) or a non-

silencing siRNA (NS). Subsequently, MEFs were transfected with Flag-
TR-TUBE cDNA. Whole-cell lysates (WCL) were immunoprecipitated 
(IP) with anti-Flag resin and immunoblotted as indicated. The bracket 
on the right marks a ladder of bands corresponding to polyubiquitinated 
IP3R3. This experiment was performed twice. g, U87 and A549 cells were 
transfected with either GFP-tagged PTEN, GFP-tagged PTEN(C124S), or 
an empty vector (EV) as indicated. Cells were subsequently harvested and 
whole-cell lysates were immunoblotted as indicated. Long (l.e.) and short 
(s.e.) exposures are shown for IP3R3. h, Pten−/− MEFs were processed as 
in (Fig. 2c). Concentrations of mitochondrial Ca2+ were measured with 
mitochondria-targeted aequorin in response to agonist stimulation (ATP). 
Top, representative traces. Bottom, quantification of three independent 
experiments. P values were calculated by one-way ANOVA and multiple 
comparisons test. Error bars indicate s.e.m. i, HEK293T cells were 
transfected with either GFP-tagged wild-type PTEN or the indicated 
GFP-tagged cancer-associated PTEN mutants. Whole-cell lysates (WCL) 
were immunoprecipitated (IP) with anti-GFP resin and proteins were 
immunoblotted as indicated. This experiment was performed twice. 
Unless otherwise noted, experiments were performed at least three times. 
For gel source data, see Supplementary Fig. 1.
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | PTEN competes with FBXL2 for the binding  
to IP3R3, and the levels of IP3R3 and PTEN directly correlate in  
cancer cell lines and human prostate tumours. a, Left, schematic  
representation of IP3R3 mutants used for binding site mapping. Binding 
of IP3R3 to FBXL2 and PTEN is indicated with the symbol (+). Right, 
HEK293T cells were transfected with GFP-tagged PTEN and the  
indicated HA-tagged IP3R3 truncated mutants. Whole-cell lysates 
(WCL) were immunoprecipitated (IP) with anti-HA resin and 
immunocomplexes were probed with antibodies to the indicated 
proteins. This experiment was performed twice. b, HEK293T cells were 
transfected with GFP-tagged IP3R3 or IP3R3(Q-FR/A-AA). Whole-
cell lysates were immunoprecipitated (IP) with an anti-GFP resin and 
proteins were immunoblotted as indicated. c, HEK293T cells were co-
transfected, as indicated, with GFP-tagged PTEN, HA-IP3R3(436–587), 
and increasing amounts of Flag-tagged FBXL2. Whole-cell lysates (WCL) 
were immunoprecipitated (IP) with anti-HA resin and proteins were 
immunoblotted as indicated. This experiment was performed twice. 
d, HEK293T cells were co-transfected, as indicated, with GST-tagged 
PTEN, GFP-tagged IP3R3, and increasing amounts of Flag-tagged FBXL2. 
Whole-cell lysates were immunoprecipitated (IP) with anti-GFP resin 
and proteins were immunoblotted as indicated. This experiment was 
performed twice. e, HEK293T cells were co-transfected, as indicated, 
with Flag-tagged FBXL2, HA-tagged IP3R3(436–587), and increasing 
amounts of either GFP-tagged PTEN or the indicated GFP-tagged cancer-
associated PTEN mutants. Whole-cell lysates were immunoprecipitated 

(IP) with anti-HA resin and proteins were immunoblotted as indicated. 
This experiment was performed twice. f, HEK293T cells were transfected 
with either an siRNA targeting PTEN or a non-silencing siRNA (NS), 
as indicated. After 48 h, cells were transfected with Flag-tagged FBXL2. 
Sixteen hours after the second transfection, whole-cell lysates were 
immunoprecipitated (IP) with anti-Flag resin. Immunocomplexes and 
WCLs were immunoblotted as indicated. g, Whole-cell lysates from 
the indicated cancer cell lines were immunoblotted as indicated. This 
experiment was performed twice. h, FBXL2 mRNA levels in the indicated 
cell lines analysed using real-time PCR in triplicate measurements  
(± s.e.m.). The values represent the ratios between FBXL2 and GAPDH 
mRNAs. This experiment was performed once. i, H460 and A549 cells 
were incubated with cycloheximide (CHX) for the indicated times. 
Cells were subsequently harvested and processed for immunoblotting 
as indicated. Long (l.e.) and short (s.e.) exposures are shown for 
IP3R3. The graph shows the quantification of IP3R3 levels from three 
independent experiments. Error bars indicate s.e.m. j, U87 and A549 
cells were treated with GGTi-2418 for 16 h where indicated. Cells were 
subsequently harvested and whole-cell lysates were immunoblotted 
as indicated. This experiment was performed twice. k, Representative 
immunohistochemistry staining images of human prostate tumour 
specimens with no, low or high levels of PTEN protein. Levels of IP3R3 in 
consecutive tissue slides are shown. Scale bars correspond to 50 µm. Unless 
otherwise noted, experiments were performed at least three times. For gel 
source data, see Supplementary Fig. 1.
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Extended Data Figure 7 | See next page for caption.
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Extended Data Figure 7 | Both wild-type PTEN and a phosphatase dead 
PTEN mutant sensitize cells to photodynamic therapy. a, MEFs were 
transfected for 48 h with either a non-silencing siRNA (NS) or siRNAs 
targeting PTEN or IP3R3 as indicated. Cells were loaded with Fura-2 dye 
for Ca2+ mobilization analysis upon treatment with PDT. Representative 
traces (left panel) show cytosolic calcium mobilization. Quantifications are 
shown in the right panel. P values were calculated by one-way ANOVA and 
multiple-comparisons test. ΔRmax, maximum variation in peak values 
of 340/380 ratiometric analysis. Error bars indicate s.e.m. b, Matched-
pair cell lines expressing wild-type PTEN or displaying low or no PTEN 
expression (that is, DU145 and PC3 (prostate cancer cell lines); H460 and 
A549 (lung cancer cell lines); 451-LU and Wm493b (melanoma cell lines), 
respectively) were loaded with Fura-2 dye for Ca2+ mobilization analysis 
upon PDT treatment. Representative traces (left panels) show cytosolic 
calcium mobilization. Bar graphs (middle panels) show the quantification 
of three independent experiments. Right panels show corresponding 
whole cell extracts immunoblotted as indicated. P values were calculated 
by unpaired t-test. Error bars indicate s.e.m. c, A549 cells were transiently 
transfected with either GFP-tagged PTEN, GFP-tagged PTEN(C124S), or 
an empty vector (EV) as indicated. Cells were treated with phthalocyanine, 

a photosensitizer used for PDT in patients with cancer. Top panels show 
cytosolic Ca2+ concentrations measured with Fura-2. Bottom (left and 
middle panels), mitochondrial Ca2+ mobilization in cells expressing the 
Ca2+ sensitive probe 4mtD3cpv. Left panels show representative traces, 
and panels on their right show quantifications of areas under the curve 
represented as percentage increase compared to empty-vector-transfected 
cells, which were set as 100%. Right bottom panel shows immunoblots of 
cell lysates of a representative experiment. P values were calculated by one-
way ANOVA and multiple-comparisons test. Error bars indicate s.e.m. 
d, PC3 cells were transiently transfected with either GFP-tagged PTEN, 
GFP-tagged PTEN(C124S), or an empty vector (EV) as indicated. Cells 
were loaded with Fura-2 dye for Ca2+ mobilization analysis upon PDT 
treatment. Representative traces show cytosolic calcium mobilization. Bar 
graphs show the quantification of three independent experiments. Right 
panel shows immunoblots of cell lysates of a representative experiment. 
P values were calculated by one-way ANOVA and multiple-comparisons 
test. Error bars indicate s.e.m. Unless otherwise noted, experiments were 
performed at least three times. For gel source data, see Supplementary  
Fig. 1.
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Extended Data Figure 8 | See next page for caption.
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Extended Data Figure 8 | Stabilization of IP3R3 sensitizes cells to 
photodynamic therapy. a, PC3 cells (top panels) and Wm493b cells 
(bottom panels) were transfected with a non-silencing siRNA (NS) or 
siRNAs targeting either FBXL2, IP3R3 or both FBXL2 and IP3R3. Cells 
were loaded with Fura-2 dye for Ca2+ mobilization analysis upon PDT 
treatment. Representative traces show cytosolic calcium mobilization. 
Bar graphs show the quantification of three independent experiments. 
ΔRmax, maximum variation in peak values of 340/380 ratiometric 
analysis. P values were calculated by one-way ANOVA and multiple-
comparisons test. Error bars indicate s.e.m. b, PC3 cells (left panels), 

Wm493b cells (middle panels) and A549 cells (right panels) expressing 
either GFP-tagged IP3R3(Q-FR/A-AA) or an empty vector (EV) were 
loaded with Fura-2 dye for Ca2+ mobilization analysis upon PDT 
treatment. Representative traces show cytosolic calcium mobilization. 
Bar graphs show the quantification of three independent experiments. 
Statistical analysis was performed with unpaired t-tests. Error bars indicate 
s.e.m. Bottom panels show corresponding immunoblots of cell lysates of 
representative experiments. Unless otherwise noted, experiments were 
performed at least three times. For gel source data, see Supplementary  
Fig. 1.
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Extended Data Figure 9 | A non-degradable IP3R3 mutant sensitizes 
tumour cells to photodynamic therapy. a, Schematic representation 
of the ITPR3 genomic locus and gRNA target location. Exon 15 refers 
to human ITPR3 gene (GRCh38.p7 (Gene Bank ID: 31297280)). Silent 
mutations are shown as lower case letters and indicated by asterisks. 
b, Wild-type genomic DNA template and knock-in mutant sequences 
identified by TOPO-TA cloning of ITPR3 PCR from three independent 
A549 and PC3 clones are depicted. c, Schematic representation of the 
ITPR3 CRISPR–Cas9 mutagenesis outcomes for A549 and PC3 cells. 
d, Whole-cell lysates from A549 parental cells and three independent 
IP3R3(Q-FR/A-AA) knock-in clones were immunobloted as indicated. 
e, A549 parental cells and IP3R3(Q-FR/A-AA) knock-in cells (clones 
1 and 3) were incubated with cycloheximide (CHX) for the indicated 
times. Cells were subsequently harvested for immunoblotting as 

indicated. The graph shows the quantification of IP3R3 levels from three 
independent experiments. Error bars indicate s.e.m. f, Whole-cell lysates 
from PC3 parental cells and an IP3R3(Q-FR/A-AA) knock-in clone (#1) 
were immunoblotted as indicated. g, PC3 parental cells and the IP3R3(Q-
FR/A-AA) knock-in PC3 clone 1 were treated with phthalocyanine, a 
photosensitizer used for PDT in patients with cancer. Left panel, cytosolic 
Ca2+ concentrations measured with Fura-2. Middle panel, quantifications 
of areas under the curve represented as percentage increase compared 
to empty-vector-transfected cells, which were set as 100%. Right panel, 
immunoblots of cell lysates from a representative experiment. The P value 
was calculated by unpaired t-test. Error bars indicate s.e.m. Unless 
otherwise noted, experiments were performed at least three times. For gel 
source data, see Supplementary Fig. 1.
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Extended Data Figure 10 | See next page for caption.
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Extended Data Figure 10 | A non-degradable IP3R3 mutant and 
GGTi-2418 sensitize tumours to photodynamic therapy. a, Tumour 
growth of PC3 cell xenografts analysed as in (Fig. 4a). Error bars indicate 
s.e.m. b, Apoptosis of PC3 cell xenografts analysed as in (Fig. 4b). Error 
bars indicate s.e.m. c, A549 parental cells and IP3R3(Q-FR/A-AA) 
knock-in clone no. 3 were processed as in (Fig. 4a). d, A549 parental 
cells and IP3R3(Q-FR/A-AA) knock-in clone no. 3 were processed as in 
(Fig. 4b). e, A model of the FBXL2- and PTEN-dependent regulation of 
IP3R3 function in energy production and cell death. In response to IP3 
production, IP3R3 releases calcium from the endoplasmic reticulum (ER) 
to mitochondria, stimulating oxidative phosphorylation and ATP 
production. To avoid persistent calcium flux and consequent cell death, 
IP3R3 is degraded via FBXL2. PTEN competes with FBXL2 for IP3R3 
binding, thus increasing the stability of IP3R3 and promoting apoptosis. 
The fact that PTEN(C124S), a catalytically dead mutant, binds IP3R3, 
competes with FBXL2 for IP3R3 binding, and stabilizes IP3R3 in a manner 
that is identical to wild-type PTEN, strongly indicates that neither the 
lipid phosphatase activity nor the protein phosphatase activity of PTEN 
are required to positively affect IP3R3 stability. PTEN(G129E), a mutant 
displaying a greatly reduced lipid phosphatase activity, but retaining 
protein phosphatase activity, also binds IP3R3 and competes with FBXL2 
in a manner that is indistinguishable from wild-type PTEN. However, 

PTEN(C124S) induces an effect on Ca2+ mobilization that is significant, 
but not as high as that evoked by wild-type PTEN and PTEN(G129E). 
This suggests that, in addition to its phosphatase-independent ability to 
stabilize IP3R3,the protein phosphatase activity of PTEN may contribute 
to Ca2+ flux, as suggested by Bononi et al.40. Our findings reveal the 
molecular basis (that is, the competition with FBXL2 for IP3R3 binding) 
by which PTEN(C124S) is able to promote both a mitochondrial Ca2+ 
response and apoptosis. Importantly, according to this model, FBXL2 is 
a pro-survival factor, which complements its known role in the efficient 
activation of the PI3K cascade9. Finally, our results show that both 
FBXL2 and PTEN do not affect the levels and stability of IP3R1 and 
IP3R2. We note that one peptide corresponding to IP3R2 was identified 
in the original purification of the FBXL2 complex (ftp://odr.stowers.org/
LIBPB-484). Moreover, the FBXL2 complex purified by the Harper group 
contained one peptide corresponding to IP3R1 (ref. 41). FBXL2 binds both 
p85α and p85β; but it targets only p85β for degradation9. We speculate 
that the binding to p85α is indirect and occurs because of the presence 
in the cell of p85α-p85β heterodimers. Since IP3R1, IP3R2, and IP3R3 
also form heteromers42–44, it is possible that FBXL2 indirectly binds one 
or both IP3R3 paralogues, but only targets IP3R3 for degradation. Unless 
otherwise noted, experiments were performed at least three times. For gel 
source data, see Supplementary Fig. 1.
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FBXL2- and PTPL1-mediated degradation of p110-free
p85β regulatory subunit controls the PI(3)K
signalling cascade
Shafi Kuchay1,2, Shanshan Duan1, Emily Schenkein1, Angelo Peschiaroli1,5, Anita Saraf3, Laurence Florens3,
Michael P. Washburn3,4 and Michele Pagano1,2,6

F-box proteins are the substrate-recognition subunits of SCF (Skp1/Cul1/F-box protein) ubiquitin ligase complexes. Purification of
the F-box protein FBXL2 identified the PI(3)K regulatory subunit p85β and tyrosine phosphatase PTPL1 as interacting proteins.
FBXL2 interacts with the pool of p85β that is free of p110 PI(3)K catalytic subunits and targets this pool for ubiquitylation and
subsequent proteasomal degradation. FBXL2-mediated degradation of p85β is dependent on the integrity of its CaaX motif.
Whereas most SCF substrates require phosphorylation to interact with their F-box proteins, phosphorylation of p85β on Tyr 655,
which is adjacent to the degron, inhibits p85β binding to FBXL2. Dephosphorylation of phospho-Tyr-655 by PTPL1 stimulates
p85β binding to and degradation through FBXL2. Finally, defects in the FBXL2-mediated degradation of p85β inhibit the binding
of p110 subunits to IRS1, attenuate the PI(3)K signalling cascade and promote autophagy. We propose that FBXL2 and PTPL1
suppress p85β levels, preventing the inhibition of PI(3)K by an excess of free p85 that could compete with p85–p110
heterodimers for IRS1.

Degradation of regulatory proteins by the ubiquitin–proteasome
system is an important controlmechanism to ensure that a cell’s molec-
ular machines are turned off or on at the right time and in the proper
subcellular compartment. The specificity of the ubiquitin–proteasome
system relies on a large number of ubiquitin ligases, which can be
subdivided into single-subunit andmulti-subunit ligases1.
SCFs are multimeric ubiquitin ligase complexes composed of four

main subunits: SKP1, CUL1, RBX1 and one of many F-box proteins,
the substrate receptors that define the specificity of each SCF ligase2,3.
The F-box motif is a stretch of∼40 amino acids that is necessary for
F-box proteins to bind SKP1 and, therefore, the other SCF subunits.
The human genome encodes 69 F-box proteins, of which only a few
are well characterized. FBXL2 (F-box and LLR (leucine-rich repeats)
containing protein 2), also known as FBL2, is a highly conserved F-box
protein that was originally identified in a screen for proteins required
for the replication of the hepatitis C virus4–6. Interestingly, FBXL2 has
a unique CaaX motif that is required for its geranylgeranylation and
membrane localization, and the requirement for both the F-box and
CaaX domains in hepatitis C virus replication suggested that SCFFBXL2

1Department of Pathology, NYU Cancer Institute, New York University School of Medicine, 522 First Avenue, SRB 1107, New York, New York 10016, USA. 2Howard
Hughes Medical Institute, USA. 3The Stowers Institute for Medical Research, 1000 East 50th Street, Kansas City, Missouri 64110, USA. 4Department of Pathology
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6Correspondence should be addressed to M.P. (e-mail: michele.pagano@nyumc.org)

Received 23 August 2012; accepted 13 March 2013; published online 21 April 2013; DOI: 10.1038/ncb2731

targets its substrates at the cell membranes. However, no membrane-
associated substrates have been identified for FBXL2. To this end, we
coupled FBXL2 tandem affinity purification with multidimensional
protein identification technology (MudPIT) analysis and identified
the p85αand p85β regulatory subunits of phosphatidylinositol-3-OH
kinases (PI(3)Ks) as FBXL2 interacting proteins.
PI(3)Ks are conserved intracellular enzymes that modify lipids

at membranes7–9. On the basis of their homology and substrate
specificity, PI(3)Ks are grouped into three classes. Class I PI(3)K
activity on phosphatidylinositol-4-5-biphosphate (PtdIns(4,5)P2)
generates phosphatidylinositol-3-4-5-triphosphate (PtdIns(3,4,5)P3),
which acts as a docking site to recruit downstream targets, such as the
PDK1, AKT and mTOR kinases, to the cell membrane to regulate cell
growth, proliferation, survival andmotility10–14. Class I is divided in two
subclasses (IA and IB) and, of these, class IA PI(3)Ks are heterodimeric
lipid kinases composed of a p110 catalytic subunit and a p85 regulatory
subunit. In vertebrates, there are three catalytic p110 subunits (encoded
by PIK3CA, PIK3CB and PIK3CD) and three regulatory subunits
(encoded by PIK3R1, PIK3R2 and PIK3R3). The mechanism(s) by
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Figure 1 FBXL2 binds p110-free p85 regulatory subunits. (a) FBXL2 binds
p85α and p85β. HEK293T cells were transfected with either an empty
vector (EV) or the indicated FLAG-tagged F-box proteins (FBPs). 24 h
post-transfection, cells were treated with MG132 for 3 h before collection for
immunoprecipitation (IP) and immunoblotting as indicated. WCL, whole-cell
lysate. (b) FBXL2 does not bind p110α and p110β. HEK293T and NIH3T3
cells were transfected with either an empty vector (EV) or the indicated

FLAG-tagged proteins. The experiment was performed as described in a.
(c) The CaaX motif of FBXL2 is required to bind p85α and p85β. HEK293T
cells were transfected with either an empty vector (EV) or the indicated
FLAG-tagged F-box proteins. The experiment was performed as described in
a. (d) Table summarizing the results presented in a–c and Supplementary Fig.
S1a. NT, not tested. Uncropped images of blots are shown in Supplementary
Fig. S8.
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Figure 2 p85β is targeted for ubiquitylation and degradation by SCFFBXL2.
(a) HEK293T cells were transfected with an empty vector (EV) or the
indicated FLAG-tagged constructs. 24 h after transfection, cells were treated
with either MG132 or solvent for 3 h before collection for immunoblotting
as indicated. (b) HeLa cells stably expressing FLAG–HA-tagged FBXL2
were transfected with either siRNAs targeting FBXL2 (four different
siRNAs) or a non-silencing siRNA (NS). Cells were lysed, and proteins
were immunoblotted as indicated. NT, non-transfected. (c) During a 72-h
serum starvation, NHFs were transfected with either an siRNA targeting
FBXL2 (no. 1) or a non-silencing siRNA (NS). Cells were subsequently
stimulated with media containing serum and collected at the indicated time
points for immunoblotting. The graph shows FBXL2 mRNA levels in the

different samples analysed using real-time PCR in triplicate measurements.
The values represent the ratios between FBXL2 and GAPDH mRNAs. SR,
serum re-addition. (d) HEK293T cells were transfected with HA-tagged
p85β, FLAG-tagged FBXL2, FLAG-tagged FBXL2(1F-box) or an empty
vector (EV) as indicated. After immunopurification with anti-FLAG resin,
in vitro ubiquitylation of p85β was performed in the presence of E1, E2s
and ubiquitin (Ub). Where indicated, an excess of methylated ubiquitin
(MeUb) was also added. Samples were analysed by immunoblotting with the
indicated antibodies. The ladder of bands with a relative molecular mass
of >85,000 (lane 3) corresponds to ubiquitylated p85β. Immunoblots of
whole-cell lysates (WCL) are shown at the bottom. Uncropped images of
blots are shown in Supplementary Fig. S8
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Figure 3 Identification of p85β degron. (a) Schematic representation
of p85β mutants. Binding of p85β to FBXL2 and p110α is indicated
with the symbol +; NT, not tested. ‘++’ denotes enhanced binding.
(b) HEK293T cells were transfected with GFP-tagged FBXL2 and the
indicated FLAG-tagged p85β mutants. Whole-cell lysates (WCL) were
immunoprecipitated (IP) with anti-FLAG resin, and immunocomplexes were
probed with antibodies against the indicated proteins. (c) p85β(1SH2C)
is more stable than wild-type p85β. RPE1-hTERT cells were infected with
either a retrovirus expressing wild-type p85β or p85β (1SH2C). Cells were
incubated with cycloheximide (CHX) for the indicated times, collected and
analysed by immunoblotting as indicated. In the graph, the amount of

p85β (wild-type or mutant) is represented relative to the amount at time
0. (d) p85β (QR/AA) is more stable than wild-type p85β. HEK293T cells
were infected with either a retrovirus expressing wild-type p85β or p85β
(QR/AA). Cells were incubated with cycloheximide (CHX) for the indicated
times, collected and analysed by immunoblotting as indicated. In the graph,
the amount of p85β (wild-type or mutant) is represented relative to the
amount at time 0. (e) p85β (Y655A) is less stable than wild-type p85β. The
experiment was performed as described in c except that p85β(Y655A) was
used. In the graph, the amount of p85β (wild-type or mutant) is represented
relative to the amount at time 0. Uncropped images of blots are shown in
Supplementary Fig. S8.

which the regulatory subunits (p85α, p85β and p55γ), which lack
intrinsic kinase activity, modulate PI(3)K activity are not completely
understood. In particular, genetic and biochemical studies suggest that,
whereas a stoichiometric amount of p85 is necessary for PI(3)K to
bind phospho-Tyr (p-Tyr) docking sites at the cell membrane, excess
free p85 could compete with p85–p110 heterodimers for these sites,
resulting in PI(3)K inhibition15–19.
This study provides an FBXL2-dependent molecular mechanism to

maintain the balance between free p85β and p110–p85 heterodimers,
to regulate PI(3)K signalling on stimulation withmitogens.

RESULTS
FBXL2 specifically binds p85α and p85β, but not p110α
and p110β
To identify FBXL2 interactors, FLAG–HA-tagged FBXL2 was
transiently expressed in HeLa or HEK293T cells and immunopurified

for analysis by MudPIT (ref. 20). Purifications of FLAG–HA–FBXO1, a
different F-box protein, were used as a control. Peptides corresponding
to p85α and p85β were specifically identified in FBXL2, but not in
FBXO1 immunoprecipitates (Supplementary Table S1). To investigate
whether the binding between p85 proteins and FBXL2 is specific, we
screened a panel of F-box proteins for interactions with endogenous
p85α and p85β by transient expression in HEK293T cells and
immunoprecipitations. We found that only FBXL2 was able to co-
immunoprecipitate endogenous p85α and p85β (Fig. 1a). Interestingly,
the catalytic subunits of PI(3)K (p110α and p110β) were not present
in the FBXL2 complex, as detected by immunoblotting or mass
spectrometry (Fig. 1b and Supplementary Fig. S1a and Table S1). We
also found that the interaction with p85α and p85β depends on the
integrity of the CaaX motif in FBXL2 because FBXL2(CaaX/SaaX), a
mutant in which Cys 420 of the CaaX motif is mutated to serine, did
not interact with either p85α or p85β (Fig. 1c–d). Moreover, FBXL2,
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but not FBXL2(CaaX/SaaX), interacted with endogenous, neddylated
CUL1 (Fig. 1c–d), the active form of CUL1 that is covalently linked to
Nedd8, whose formation is promoted by the binding of the substrate
to an SCF (ref. 21). This result suggests that FBXL2 localization to
cell membranes facilitates substrate binding, which in turn stimulates
CUL1 neddylation and activation of ubiquitin ligase activity.

p85β is targeted for degradation by SCFFBXL2

Next, we investigated whether p85α and p85β are targeted for
proteolysis by FBXL2. Expression of wild-type FBXL2, but not
FBXL2(CaaX/SaaX), resulted in a reduction of endogenous p85β levels,
as detected using immunoblotting or immunofluorescence microscopy
(Fig. 2a and Supplementary Fig. S1b). This reduction in protein levels
was rescued by the addition of the proteasome inhibitor MG132,
demonstrating that the decrease in p85β levels was due to enhanced
proteolysis (Fig. 2a). In contrast, p85α levels remained unchanged
despite expression of FBXL2 (Fig. 2a).
Two other mutants of FBXL2 that disrupt binding to SKP1 (and

through SKP1, CUL1) also suggested that p85β is a substrate for
FBXL2-mediated degradation. FBXL2(LPK-W/AAA-A) (in which the
first three amino acids and the conserved tryptophan in position 28
of the F-box domain were mutated to alanine) and FBXL2(1F-box)
(in which the entire F-box domain was deleted) bound less SKP1 and
more p85β than wild-type FBXL2 (Supplementary Fig. S2a). As these
mutants are unable to form an active SCF ubiquitin ligase, they should
sequester FBXL2 substrates, as observed for p85β.
To further confirm that FBXL2 regulates the degradation of p85β,

we used four different short interfering RNAs (siRNAs) to reduce its ex-
pression in cells (Fig. 2b). As PI(3)K activity is stimulated by mitogens,
we examined the impact of FBXL2 silencing on the abundance of p85β.
Normal human fibroblasts (NHFs) were deprived of serum for 72 h
and then reactivated by addition of serum. In mitogen-deprived cells,
the overall amount of p85β increased, but after mitogen stimulation, it
rapidly decreased (Fig. 2c). Depletion of FBXL2 with four different siR-
NAs (used individually) inhibited the degradation of p85β after serum
addition, with no effects on p85α (Fig. 2c and Supplementary Fig. S2b).
Finally, we reconstituted the ubiquitylation of p85β in vitro.

Immunopurified FBXL2, but not FBXL2(1F-box), promoted the in
vitro ubiquitylation of p85β (Fig. 2d). Notably, methylated ubiquitin
inhibited the formation of the highest-molecular-weight forms of
p85β, demonstrating that the high-molecular-weight forms of p85β
are indeed polyubiquitylated. These results support the hypothesis that
FBXL2 directly controls the ubiquitin-mediated degradation of p85β.
Together, the results shown in Figs 1 and 2 and Supplementary

Figs S1 and S2 demonstrate that FBXL2 mediates the ubiquitylation
and degradation of p85β on cell membranes. The binding of p85α to
FBXL2 is probably indirect and may be due to the fact that p85β forms
heterodimers with p85α (Supplementary Fig. S1a and ref. 22).

Phosphorylation of p85β on Tyr 655 inhibits its binding
to FBXL2
Subsequently, we mapped the FBXL2-binding motif in p85β using
deletionmutants, which identified a bindingmotif in the SH2C domain
of p85β that was necessary and sufficient to interact with FBXL2
(Supplementary Fig. S3 and Fig. 3a). Interestingly, the SH3 and GAP
domains of p85β seemed to inhibit binding to FBXL2, as shown by
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Figure 4 p85β interaction with FBXL2 is negatively regulated by Tyr
phosphorylation. (a) Lysates from cells expressing the indicated FLAG-tagged
F-box proteins (FBPs) were used in binding reactions with beads coupled
to either a peptide or a phospho-peptide (sequences shown on top of the
panel). Beads were washed with lysis buffer, and bound proteins were eluted
and subjected to SDS–PAGE and immunoblotting. (b) Denatured extracts
from HEK293T cells stably expressing either FLAG-tagged wild-type p85β
or FLAG-tagged p85β(Y655A) were immunoprecipitated (IP) with either
an anti-FLAG resin or a 4G10 platinum resin and immunoblotted (IB) as
indicated. Immunoblots of whole-cell lysates (WCL) are also shown in the
last two lanes. (c) Denatured extracts from HEK293T cells expressing either
FLAG-tagged wild-type p85β or the indicated FLAG-tagged p85β mutants
were immunoprecipitated (IP) with an anti-FLAG resin and immunoblotted
as indicated. Uncropped images of blots are shown in Supplementary
Fig. S8.

the increase in the amount of FBXL2 co-immunoprecipitated with
p85β mutants lacking these domains (Supplementary Fig. S3 and
Fig. 3a). Further deletion mutants within the SH2C domain mapped
the FBXL2-binding motif to a region between amino acids 640 and 660
of human p85β (Fig. 3a–b). Finally, we performed alanine scanning
mutagenesis of this region and found that Gln 651 and Arg 652 are
necessary for efficient binding of p85β to FBXL2 (Supplementary
Fig. S4a). The Gln-Arg motif and surrounding amino acids may
represent a degron for FBXL2 substrates. This region is highly conserved
in p85β orthologues (Supplementary Fig. S4b), but it is not present in
p85α and p55γ (Supplementary Fig. S4c). Significantly, a p85βmutant
missing the SH2C domain and p85β (QR/AA), a mutant in which
Gln 651 and Arg 652 are mutated to alanine, exhibited a longer half-life
than wild-type p85β (Fig. 3c–d).
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Figure 5 PTPL1 dephosphorylates p85β, promoting its binding to FBXL2
and degradation. (a) The CaaX motif of FBXL2 is not required to bind
PTPL1. HEK293T cells were transfected with either FLAG-tagged wild-type
FBXL2 or FLAG-tagged FBXL2(CaaX/SaaX). 24 h post-transfection, cells
were collected and whole-cell lysates (WCL) were immunoprecipitated (IP)
and immunoblotted as indicated. (b) Schematic representation of p85β
mutants. Binding of p85β to PTPL1 and p110α is indicated with the
symbol +. (c) PTPL1 stimulates the binding of FBXL2 to wild-type p85β,
but not p85β(Y655A). HEK293T cells were transfected with GFP-tagged
FBXL2 and either FLAG-tagged p85β or FLAG-tagged p85β(Y655A).
Where indicated, HA-tagged PTPL1 or HA-tagged PTPL1(C/S) were
also transfected. The experiment was performed as described in a.
(d) PTPL1 silencing inhibits the FBXL2–p85β interaction. HeLa cells
stably expressing FLAG-tagged FBXL2 were transfected with either an
siRNA targeting PTPL1 or a non-silencing siRNA (NS). Forty-eight hours
post-transfection, cells were collected and whole-cell lysates (WCL) were
immunoprecipitated (IP) and immunoblotted as indicated. (e) During a

72-h serum starvation, NHFs were transfected twice with either siRNAs
targeting FBXL2 or PTPL1, or a non-silencing siRNA (NS). Cells were
subsequently re-stimulated with media containing serum and collected
at the indicated time points for immunoblotting. SR, serum re-addition.
(f) HEK293T cells were transfected twice with either siRNAs targeting
FBXL2 or PTPL1, or a non-silencing siRNA (NS). Cells were transfected
with p85β(Y655A) and 16h after cells were incubated with cycloheximide
(CHX) for the indicated times, collected and analysed by immunoblotting
as indicated. (g) During a 48-h serum starvation, U2OS cells stably
transfected with a doxycycline-inducible p85β construct were transfected
twice with either an siRNA targeting PTPL1 or a non-silencing siRNA (NS).
During the last 16 h before collection, p85β expression was stimulated
with doxycycline. Cells were subsequently re-stimulated with media
containing serum and collected 30min later. Denatured cell lysates
were immunoprecipitated with an anti-FLAG resin and immunoblotted as
indicated. The asterisk indicates a non-specific band. Uncropped images
of blots are shown in Supplementary Fig. S8.

Interestingly, in contrast to mutations in Gln 651 and Arg 652,
mutation of Tyr 655 to alanine (both in the context of full-length p85β
and p85β-deletion mutants) stabilized the p85β–FBXL2 interaction
(Supplementary Fig. S5). Moreover, the half-life of p85β(Y655A) was
shorter than the half-life of wild-type p85β (Fig. 3e). These two results
suggest that phosphorylation of this residue may inhibit binding
between these two proteins. To investigate whether phosphorylation of
Tyr 655 affects this interaction, we used immobilized, synthetic peptides
containing the candidate binding sequence (amino acids 640–660
in human) to test binding to FBXL2. Whereas non-phosphorylated
peptide was able to bind FBXL2 (but not FBXL1 or FBXL3), the

corresponding peptide containing phosphorylated Tyr 655 did not
bind FBXL2 efficiently (Fig. 4a).
We also verified that Tyr 655 was phosphorylated in vivo. First,

FLAG-tagged p85β and p85β (Y655A)were expressed inHEK293T cells,
immunopurified under denaturing conditions with an anti-FLAG an-
tibody or a mix of anti-p-Tyr antibodies, and immunoblotted. In both
cases, the experiments showed that the level of phosphorylation on Tyr
was decreased in p85β (Y655A) when compared with wild-type p85β
(Fig. 4b). Moreover, we generated a phospho-specific antibody against
a peptide containing p-Tyr at position 655. This antibody recognized
wild-type p85β, as well as p85βmutants on Tyr 605 and Tyr 671, but it
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Figure 6 Failure to degrade p85β results in PI(3)K activation defects.
(a) During a 72-h serum starvation, NHFs were transfected with either
siRNAs targeting FBXL2, p85β, both FBXL2 and p85β, or a non-silencing
siRNA (NS). Cells were subsequently stimulated with media containing
serum and collected at the indicated time points for immunoblotting. The
graph at the right shows FBXL2 mRNA levels in the different samples
analysed using real-time PCR in triplicate measurements. The values
represent the ratios between FBXL2 and GAPDH mRNAs. SR, serum
re-addition. (b) Cells were treated as in a, except that 3 h after serum
re-addition, cells were lysed, immunoprecipitated (IP) with an anti-IRS1
antibody and immunoblotted as indicated. Uncropped images of blots are
shown in Supplementary Fig. S8.

did not recognize a p85βmutant in which Tyr 655 was substituted to
alanine (Fig. 4c), demonstrating that Tyr 655 is phosphorylated in vivo.

PTPL1 promotes the degradation of p85β
The role of Tyr 655 prompted us to search for Tyr kinases and/or
p-Tyr phosphatases in the list of FBXL2 interactors that we identified.

Peptides corresponding to PTPL1 (protein Tyr phosphatase L1; also
known as PTPN13, FAP-1, PTP-BAS and PTP1E) were specifically
identified in the FBXL2 immunoprecipitates, but not in control
purifications (Supplementary Table S1). PTPL1 is a non-receptor
type p-Tyr phosphatase23 (PTP). In addition to confirming that
FBXL2 was able to bind endogenous PTPL1 (Fig. 5a), we observed
that p85β was able to co-immunoprecipitate both exogenous and
endogenous PTPL1 and that, vice versa, PTPL1 co-immunoprecipitated
both exogenous and endogenous p85β (Supplementary Fig. S6a–d).
Like FBXL2, PTPL1 interacted with amino acids 640–660 of p85β,
and the SH2C domain of p85β was necessary and sufficient for
the interaction with PTPL1 (Supplementary Fig. S6e–g and Fig. 5b).
Moreover, both FBXL2 and PTPL1 interacted with p85β, but not
p110α (Supplementary Fig. S6d and Fig. 1b). We then expressed
tagged constructs of PTPL1, FBXL2 and p85β in HEK293T cells in
different combinations. As expected, FLAG–p85β co-immunopurified
both HA-tagged PTPL1 and GFP-tagged FBXL2 (Supplementary
Fig. S7a). Parallel anti-FLAG immunoprecipitates were also eluted
with FLAG peptide and re-precipitated with an anti-GFP antibody.
Again, all three proteins were detected by immunoblotting of the
second immunoprecipitation (Supplementary Fig. S7a), indicating
that PTPL1, FBXL2 and p85β form a trimeric complex. However,
PTPL1 could also bind FBXL2 independently of p85β, because
the CaaX domain of FBXL2 was necessary to bind p85β, but not
PTPL1 (Fig. 5a and Fig. 1c). These results suggest that FBXL2 brings
PTPL1 to the membrane to ensure p85β dephosphorylation. In
agreement with this interpretation, expression of increasing amounts
of FBXL2 promoted the interaction between PTPL1 and p85β
(Supplementary Fig. S7b).
As phosphorylation of p85β on Tyr 655 inhibited its binding to

FBXL2, we examined whether PTPL1 could regulate this interaction.
We found that the expression of wild-type PTPL1, but not an inactive
PTPL1(C/S) mutant, increased the binding of FBXL2 to wild-type
p85β, whereas binding to the p85β(Tyr 655) mutant was unaffected
(Fig. 5c). Similarly, PTPL1 silencing inhibited FBXL2–p85β interaction
(Fig. 5d). These results suggest that PTPL1 dephosphorylates p-
Tyr-655 in p85β, promoting its interaction with and degradation
through FBXL2. Accordingly, PTPL1 silencing inhibited the serum-
induced degradation of p85β in a manner similar to FBXL2
knockdown (Fig. 5e and Supplementary Fig. S7c). Moreover, FBXL2
silencing did not alter PTPL1 levels, indicating that FBXL2 does
not control the abundance of PTPL1. Significantly, p85β(Y655A)
was stabilized by FBXL2 knockdown, but not PTPL1 depletion
(Fig. 5f), further indicating that PTPL1 de-phosphorylates p-Tyr-
655. In agreement with this hypothesis, PTPL1 silencing resulted
in an increased level of phosphorylation of p85β on Tyr 655
(Fig. 5g).

Inhibition of the FBXL2-mediated degradation of p85β leads to
a decrease in the interaction of p110 with IRS1 and attenuation
of the PI(3)K signalling
To investigate the biological significance of the FBXL2–p85β interac-
tion, NHFs were transfected with a non-silencing siRNA or an FBXL2
siRNA and serum starved. Following stimulation with serum, p85β
levels decreased in control cells, but in the FBXL2 siRNA cells, they were
elevated at time 0 and remained elevated even after serum stimulation
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Figure 7 p85β degradation regulates cell autophagy. (a) During a 72-h
serum starvation, NHFs were transfected with either siRNAs targeting
FBXL2 (no. 1 or 2) or a non-silencing siRNA (NS). Cells were subsequently
stimulated with media containing serum and collected at the indicated
time points for immunoblotting. SR, serum re-addition. (b) During a 72-h
serum starvation, NHFs were transfected with either siRNAs targeting
FBXL2, both FBXL2 and p85β, or a non-silencing siRNA (NS). Cells
were subsequently stimulated with media containing serum and collected
at the indicated time points for immunoblotting. SR, serum re-addition.
(c) U2OS cells stably transfected with a doxycycline-inducible p85β

construct were serum starved for 48h. During the last 16 h before
collection, p85β expression was stimulated with doxycycline. Cells were
subsequently stimulated with media containing serum and collected at the
indicated time points for immunoblotting. SR, serum re-addition. (d) Cells
constitutively expressing GFP–LC3 were transfected with HA-tagged p85β,
fixed and incubated with an anti-HA p85β antibody (red). Arrows in the
top panels point to the enhanced autophagic response (LC3-II vesicles)
in cells expressing high levels of p85β, as shown in the bottom panels.
Uncropped images of blots are shown in Supplementary Fig. S8. Scale
bars, 10 µm.

(Fig. 6a). In parallel, we observed that the induction of phosphorylated
AKT (on Thr 308 and Ser 473), S6K1 (on Thr 389), GSK3α (on Ser 21)
and GSK3β (on Ser 9) was severely blunted in the FBXL2-knockdown
samples (Fig. 6a). Similar results were obtained using a different siRNA
to FBXL2 (Supplementary Fig. S7d) or when cells were stimulated with
insulin rather than serum (Supplementary Fig. S7e).
To determine whether the effects of FBXL2 knockdown on the

PI(3)K signalling cascade are dependent on the stabilization of p85β,
we silenced p85β expression either by itself or in combination with
FBXL2. No substantial differences in phosphorylation of AKT, S6K1
and GSK3 were observed in the double p85β/FBXL2 knockdown NHFs
(Fig. 6a and Supplementary Fig. S7d). Significantly, when p85β was
silenced (either alone or in combination with FBXL2), the levels of AKT
phosphorylation on Thr 308 and S6K phosphorylation on Thr 389 were
higher than controls, particularly one hour after serum stimulation.
In activated cells, p85 subunits bind p-Tyr residues of receptor

Tyr kinases (for example, PDGFR) and associated binding proteins
(for example, IRS1 (insulin receptor substrate 1)), recruiting p110

subunits to the membrane, where PI(3)K can phosphorylate its lipid
substrates. As downregulation of FBXL2 results in the accumulation
of p85β, but not p110α and p110β, we investigated the binding
of PI(3)K subunits to IRS1 and PDGFR. We found that, when
FBXL2 expression was silenced in NHFs, endogenous IRS1 bound
more endogenous p85β, but less p110α and p110β (Fig. 6b). These
results suggested that the attenuation of PI(3)K signalling observed
in FBXL2-knockdown NHFs (Fig. 6a and Supplementary Fig. S7d)
may be due, at least partially, to increased membrane localization of
p85β monomers and/or p85β–p85β homodimers at the expense of
p85–p110 complexes. (Notably, in contrast to other cell types, IRS
did not co-immunoprecipitate with p85α in NHF lysates (Fig. 6b and
Supplementary Fig. S7f).)

FBXL2-mediated degradation of p85β inhibits autophagy
The PI(3)K–AKT–mTOR signalling pathway negatively regulates
autophagy24–27. We found that, when FBXL2 was downregulated (using
two different siRNAs) in serum-starved NHFs, more autophagy was
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Figure 8 A model of the FBXL2- and PTPL1-dependent regulation
of the PI(3)K pathway. SCFFBXL2 interacts with and promotes the
proteasome-mediated degradation of a pool of p85β that is free of p110
subunits. Phosphorylation of p85β on Tyr 655 inhibits its interaction with
FBXL2 and is counteracted by the phosphatase PTPL1. Together, SCFFBXL2

and PTPL1 ensure that free p85β does not accumulate, which would result
in the inhibition of the catalytic activity of p110 and/or competition with
p85–p110 heterodimers for p-Tyr docking sites (for example, in IRS1).

induced than in control cells, as indicated by the increased levels of
the fast-migrating, lipidated species of the LC3 autophagy marker
(referred to as LC3-II) and a concomitant decrease in p62 levels
(Fig. 7a). Depletion of FBXL2 resulted in increased LC3-II levels even
in favourable nutrient conditions (that is, three hours after reactivation
of NHFs with serum; Fig. 7a). Importantly, co-depletion of p85β
almost completely rescued the autophagy phenotype, as indicated by a
reduction in the level of LC3-II and an increase in p62, compared
with cells in which only FBXL2 was silenced (Fig. 7b). To further
confirm that autophagy was induced by the accumulation of p85β,
we engineered U2OS cells to express p85β in an inducible fashion at
levels slightly higher than endogenous and just enough to overwhelm
p85β degradation. Cells were serum starved for 48 h and reactivated
with serum for various times. Expression of p85β during the last 16 h
in culture led to an increase in the level of LC3-II and a decrease in
p62 both in serum-starved and reactivated cells (Fig. 7c). Moreover,
inducible expression of p85β resulted in a decrease of AKT, S6K
and GSK3 phosphorylation in response to serum, in line with the
effects of FBXL2 knockdown. Finally, forced expression of p85β led
to an increase in GFP–LC3-II vesicles (Fig. 7d), consistent with an
activation of autophagy.

DISCUSSION
The SH2 domains of p85 subunits bind p-Tyr residues in pYxxMmotifs
of IRS1 and receptor tyrosine kinases to mediate the recruitment of
active p110–p85 heterodimers to cell membranes28. However, many
studies suggest that the SH2 domains of p85 subunits form direct
inhibitory contacts with the catalytic site of p110 subunits, leading
to attenuation of PI(3)K activity29–32, and these observations are in
agreement with the increase of insulin-mediated PI(3)K signalling in
mice lacking various p85 regulatory isoforms16,18,33–35. Biochemical
and structural studies suggest that, in resting cells, p85 subunits

have a closed conformation, in which their SH2 domains bind and
inhibit PI(3)K (refs 31,32,36). On mitogenic stimuli, p-Tyr-containing
proteins favour an open, non-inhibitory conformation, in which SH2
domains bind to p-Tyr docking sites and no longer inhibit PI(3)K.
Moreover, it has been suggested that the outcome of PI(3)K signalling
also depends on the equilibrium between p110-free p85 monomers
(or p110-free p85–p85 homodimers) and p85–p110 heterodimers. In
this model, excess p85 would directly inhibit p110 catalytic activity
and/or compete with p85–p110 heterodimers for p-Tyr docking
sites15,19. However, there is no consensus about the existence of
p110-free p85 subunits, and how this p85 pool may be regulated is
not understood17,37,38. We have shown that SCFFBXL2 interacts with and
promotes the proteasome-mediated degradation of a pool of p85β that
is free of p110 subunits. Accumulation of p85β due to the inhibition
of its degradation causes a decrease in the level of binding of p110
subunits to IRS1, attenuation of the PI(3)K signalling cascade (that is,
phosphorylation of AKT, S6K and GSK3) and persistent autophagy
under favourable nutrient conditions (see the model in Fig. 8). These
results are in agreement with experiments in which expression of
p85 subunits in skeletal muscle cells resulted in the inhibition of
AKT phosphorylation39,40.
Our results underscore the differential molecular mechanism

of regulation of p85α and p85β subunits. Moreover, as both the
SH2N and SH2C domains of p85β are able to bind p-Tyr residues,
it has been proposed that the presence of two SH2 domains in
p85 subunits increases their affinity for IRS1 and receptor Tyr
kinases28,41,42. Whereas previous studies do not distinguish between
the functions of the SH2N and SH2C domains, we found that FBXL2
specifically binds the SH2C domain of p85β, making it possible that
FBXL2 targets p85β homodimers in which one p85β subunit binds
FBXL2 and the other subunit binds IRS1 or a receptor. However,
it is also possible that FBXL2 binds the SH2C domains of p85β
monomers, which in turn bind IRS1 or receptor Tyr kinases through
their SH2N domains.
Recent studies suggest that the SH2C domain of p85α in complex

with p110β is not exposed because in quiescent cells SH2C binds
p110β and in activated cells binds p-Tyr docking sites32,36. If this
model is confirmed for p85β, it may explain why FBXL2 targets
only p110-free p85β.
Most of the known substrates of SCF ubiquitin ligases are recognized

by the F-box protein subunit only when they are phosphorylated on
threonines or serines in their degrons. Therefore, it is unique that
FBXL2 binding to p85β is inhibited by phosphorylation and that this
regulation occurs through tyrosine phosphorylation. Indeed, whereas
other SCF ligases cooperate with Ser/Thr kinases to target substrates,
SCFFBXL2 requires the p-Tyr phosphatase PTPL1. Interestingly, PTPL1
levels increase 2–3-fold on mitogenic stimulation of serum-starved
cells and inversely correlate with p85β levels (Fig. 5f), suggesting that
increased PTPL1 expression may be at least partially responsible for
enhanced degradation of p85β. However, PTPL1 silencing results
in only a slight decrease in AKT phosphorylation (Supplementary
Fig. S7c), probably because the combined actions of PTPL1 on p85β
and IRS1 (ref. 43) balance themselves, resulting in only a minor
effect on AKT activity.
PI(3)K signalling is important for cell growth, proliferation and

survival, and when improperly regulated, the pathway contributes
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to a variety of diseases. A further understanding of the regulation of
this pathway could lead to new therapies. Our study suggests that
small-molecule inhibitors of FBXL2 or PTPL1 could inhibit the PI(3)K
signalling cascade, impeding the growth of cancer cells that are addicted
to PI(3)K pathway activity. �

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Tandem affinity purification and mass spectrometry. HEK293T cells were
transiently transfected with FLAG–HA-tagged FBXL2 and control plasmids using
polyethylenimine, and 24 h after transfection cells were treated with MG132
for 3 h before collection. Lysis of cell pellets was carried out with lysis buffer
(50mM Tris, at pH 8.0, 150mM NaCl, glycerol 10%, 1mM EDTA, 5mM MgCl2,
50mM NaF and NP-40 0.1%) supplemented with protease and phosphatase
inhibitors. The first immunoprecipitation of the soluble fraction was carried out
with anti-FLAG antibodies (2 h at 4 ◦C, rocking) conjugated with agarose resin.
FLAG-immunoprecipitates were incubated with 3X-FLAG-peptide (50 µgml−1) for
30min at room temperature to elute the immunoprecipitated proteins that were
then subjected to a second immunoprecipitation with anti-HA antibodies (1 h at
4 ◦C, rocking) conjugated to agarose resin. HA-immunoprecipitates were eluted
with HA-peptide (50 µgml−1) for 30min at room temperature. Two independent
affinity purificationswere performed. Both single and double immunoprecipitations
were analysed by MudPIT. Eluted fractions were TCA precipitated and the pellets
were solubilized in Tris–HCl at pH 8.5 and 8M urea; TCEP (tris-(2-carboxylethyl)-
phosphine hydrochloride, Pierce) and CAM (chloroacetamide, Sigma) were added
to a final concentration of 5 and 10mM, respectively. Protein suspensions
were digested overnight at 37 ◦C using endoproteinase Lys-C at 1:50 wt/wt
(Roche). Samples were brought to a final concentration of 2M urea and 2mM
CaCl2 before performing a second overnight digestion at 37 ◦C using trypsin
(Promega) at 1:100 wt/wt. Formic acid (5% final) was added to stop the
reactions. Samples were loaded on split-triple-phase fused-silica micro-capillary
columns44 and placed in-line with linear ion trap mass spectrometers (LTQ,
ThermoScientific), coupled with quaternary Agilent 1100 or 1200 series HPLCs.
A fully automated 10-step chromatography run (for a total of 20 h) was carried
out for each sample, as described in ref. 20, enabling dynamic exclusion for
120 s. The MS/MS data sets were searched using SEQUEST (ref. 45) against a
database of 58,614 sequences, consisting of 29,147 Homo sapiens non-redundant
proteins (downloaded from NCBI on 16 June 2011), 177 usual contaminants
(such as human keratins, IgGs and proteolytic enzymes), and, to estimate false-
discovery rates, 29,307 randomized amino-acid sequences derived from each
non-redundant protein entry. Peptide/spectrum matches were sorted, selected and
compared using DTASelect/CONTRAST (ref. 46). Combining all runs, proteins
had to be detected by at least 2 peptides, leading to false-discovery rates at
the protein and spectral levels of 1.02 and 0.16%, respectively. To estimate
relative protein levels, normalized spectral abundance factors were calculated as
described47.

Antibodies and plasmids. Antibodies used were: p85β (1:1,000, Abcam cat.
no. ab28356 and GeneTex cat. no. GTX11593), p85α (1:1,000, Abcam cat. no.
ab22653 and Cell Signaling cat. no. 4257S), FLAG (1:5,000, Sigma cat. no. A2220,
F7425), PTPL1 (1:1,000, Santa Cruz Biotechnology cat. no. SC-15,356), SKP1
(1:1,000, home generated), AKT and p-AKT (1:1,000, Cell Signaling cat. nos
2,920, 4058S and 9275S), S6K and p-S6K (1:1,000, Cell Signaling cat. nos 9202S
and 9206S), p-GSK3α/β (1:1,000, Cell Signaling cat. no. 8566S), p110α (1:1,000,
Cell Signaling cat. no. 4249S), p110β (1:1,000, Cell Signaling cat. no. 3011S),
PDGFR (1:1,000, Cell Signaling cat. no. 3166S), IRS1 (1:1,000, Cell Signaling
cat. no. 2,383), p62 (1:5,000, MBL cat. no. PM045), LC3B (1:7,000, Invitrogen
cat. no. L10382), HA (1:3,000, Covance cat. no. MMS-101R), CUL1 (1:1,000,
Invitrogen cat. no. 32-2,400), GFP (1:1,000, Cell Signaling cat. no. 2956S), β-actin
(1:10,000, Sigma cat. no. A5441) and tubulin (1:5,000, Sigma cat. no. T5168). FBXL2
polyclonal rabbit antibody was generated using a peptide to the amino terminus
of FBXL2. Polyclonal rabbit phospho-specific antibody against p85β was generated
using the KFLIRESSQRGCpYACSVVVDGD phosphopetide. FBXL2, p85β and
PTPL1 complementary DNAs were inserted into pcDNA3 either by sub-cloning or
site-directed mutagenesis48,49. Where specified, we also used pEGFPC1, retroviral
(pBabe) and lentiviral (pTRIPz) vectors. Specific details will be provided on request.

Retro and lentivirus-mediated gene transfer. GP-293 (Clontech) packaging
cells were transiently co-transfected with retro viral(pBabe) vectors containing
VSVG and the gene of interest using calcium phosphate. Lentiviruses for
doxycycline-inducible p85β were prepared in HEK293 cells by co-transfecting the
pTRIPz vector (p85β) and vectors containing VSVG and p18.2 using calcium
phosphate. Retro- or lentivirus-containing medium, 48 h after transfection, was
collected and supplemented with 8mgml−1 Polybrene (Sigma). RPE, U2OS,
HEK293T andHeLa cells were infected by replacing the cell culturemediumwith the
viral supernatant for 5 h. Selection of stable clones was carried out using puromycin.

Immunoprecipitation and immunoblotting. HEK293T cells were transiently
transfected using polyethylenimine. Sixteen hours after transfection HEK293T cells
were incubated with or without MG132 for 3 h before collection. NHFs, NIH3T3,
RPE and U2OS cells were subjected to experimental conditions (serum-starvation
before re-addition of serum or siRNA) for various times before collection. Cell lysis
was carried out with lysis buffer (50mM Tris, at pH 8.0, 150mM NaCl, glycerol
10%, 1mM EDTA, 50mM NaF and NP-40 0.1%) supplemented with protease and
phosphatase inhibitors. For denaturating conditions, cells were lysed in lysis buffer
containing 1% SDS, 5mM dithiothreitol, 1mM sodium vanadate and 50mM Tris
at pH 7.4 and boiled for 10min before immunoprecipitation. Immunoprecipitation
and immunoblotting were performed as previously described49,50.

Gene silencing with siRNA and real-time quantitative PCR. ON TARGET
siRNA oligonucleotides (Dharmacon) against various messenger RNAs were
used at 5 nM final concentration in serum-free medium for 24–48 h using
HiPerfect (Qiagen). For real-time quantitative PCR, total RNA was isolated
using Qiagen’s RNeasy kit. Reverse transcription reaction was carried out for
5.0 µg total RNA using Oligo-dT primers with Superscript III RT polymerase
(Invitrogen) according to the manufacturer’s instructions. Real-time quantitative
PCR was carried out for 250 ng cDNA with FBXL2 and GAPDH primers
using the SYBR Green method with a Roche Light Cycler 480II machine
in a 96-well format. Data were analysed using second-derivative Max with
high-confidence software for RT values according to the manufacturer’s guidelines
(Roche). ON-TARGETplus p85β siRNA pool: 5′-GGAAAGGCGGGAACAAUAA-
3′, 5′-GGACAAGAGCCGCGAGUAU-3′, 5′-GGAACGCACUUGGUACGUG-3′,
5′-GCGCCCAGCUUAAGGUCUA-3′. ON-TARGETplus FBXL2 siRNA: 5′-
GCACAGAACUGCCGAAACA-3′, 5′-GCUCGGAAUUGCCACGAAU-3′, ON-
TARGETplus PTPL1 siRNA (L-008065-00-0005, ON-TARGETNon-targeting
siRNA #1 (D-001810-01-05). RT-primers for FBXL2 (forward: 5′-AT TTG
ACT GAC GCA GGT TT-3′, reverse: 5′-GAGCTGGATGAGTGTGCTGT-3′)
and human GAPDH (forward: 5′-TGCACCACCAACTGCTTAGC-3′, reverse:
5′-GGCATGGACTGTGGTCATGAG-3′).

In vitro ubiquitylation assay. In vitro ubiquitylation assays were preformed as
described previously51. Briefly, HA-tagged p85β was co-transfected with either
FLAG-tagged FBXL2 or an F-box-deleted FBXL2 mutant into HEK293T cells. 24 h
after transfection, cells were incubated withMG132 for 3 h before collection. FBXL2
(wild-type or mutant) was immunoprecipitated with anti-FLAG M2 agarose beads.
The beads were washed four times in lysis buffer and twice in ubiquitylation reaction
buffer (10mM Tris–HCl, at pH 7.5, 100mM NaCl and 0.5mM dithiothreitol).
In vitro ubiquitylation assays were performed on immunoprecipitated beads in a
volume of 30 µl, containing 0.1 µME1 (Boston Biochem), 0.25 µMUbch3, 0.25 µM
Ubch5c, 1 µM ubiquitin aldehyde, 2.5 µg µl−1 ubiquitin and 1× magnesium/ATP
cocktail. Samples were incubated for 2 h at 30 ◦C and analysed by immunoblotting.

Autophagy. NHFs and U20S (expressing inducible p85β) were cultured in serum-
free medium for 48–72 h to monitor the autophagic response. Recovery from the
autophagic response was studied by replacing the serum-free mediumwith medium
containing 10% fetal bovine serum for up to 3 h. Cell lysates were the subjected to
SDS–PAGE and western blotting using antibodies against LC3-II and p62. U2OS
cells stably expressing GFP–LC3-II were grown in serum-free medium for 1–3 h to
monitor GFP–LC3-II using an inverted microscope, as described below.

Immunofluorescence microscopy. Cells were cultured on glass coverslips in
24-well plates and transiently transfected using Xtremegene transfection reagent
(Roche). Cells were fixed with 4% paraformaldehyde (wt/vol) for 30min, washed
3 times in PBS-T (PBS-Tween 0.1%) and permeabilized with 0.1% Triton X-100
in PBS before blocking with 10% normal goat serum (NGS) in PBS-T for 30min.
Primary antibodies were incubated for 1 h, and secondary antibody conjugated
to Alexa-Fluor 555 was incubated for 30min at room temperature in 10% NGS.
DAPI staining was carried out for 10min in PBS. After washing, coverslips were
dried and mounted on glass slides. Fluorescence microscopy was carried out using
an Axiovert 200M-ZEISS fluorescence inverted microscope. Images were acquired
using the CCD (charge-coupled device) camera (RETIGA 2000R FAST) attached to
the microscope with MetaMorph 6.2r6 software.

In vitro peptide binding assay. Phosphorylated and non-phosphorylated pep-
tides of p85β (amino acids 644–664) were synthesized (YenZyme) and analysed
by mass spectroscopy. Five milligrams of each peptides was coupled to Sepharose
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beads using an N-terminal lysine linker. Lysates from HEK293T cells expressing
FLAG-tagged proteins were prepared in lysis buffer supplemented with protease
and phosphatase inhibitors. Lysates were incubated for 1 h at 4 ◦C with either
phosphorylated or non-phosphorylated peptides conjugated to Sepharose 4B beads.
After five washes, pulldown was carried out at 1,000 r.p.m. Bound proteins were
subjected to SDS–PAGE and western blotting.
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Figure S1 The CaaX motif of FBXL2 is necessary to induce the degradation of 
p85b. (a) FBXL2 does not bind p110a and p110b.  U2OS cells were stably 
transfected with either an empty vector (EV) or the indicated FLAG-tagged 
proteins.  Cells were treated with MG132 for three hours prior to harvesting 
for immunoprecipitations and immunoblotting as indicated.  (WCL, whole 
cell lysate). (b)  HeLa cells were transfected with either GFP-tagged FBXL2 
or GFP-tagged FBXL2(Caax/SaaX) constructs.  Twenty-four hours after 
transfection, cells were fixed and incubated with an anti-FLAG antibody 

(green) and anti-p85b antibody (red).  In merged images, yellow shows 
colocalization of FBXL2(Caax/SaaX) and p85b.   Arrows in the middle panels 
point to the position of GFP-positive cells shown in the top panels.  The 
graphs show the comparison of mean fluorescence between FBXL2-positive 
and FBXL2-negative cells (top), FBXL2(Caax/SaaX)-positive and FBXL2(Caax/
SaaX)-negative cells (middle), and FBXL2-positive and FBXL2(Caax/SaaX)-
positive cells (bottom).  Fluorescence intensity was measured by a Nikon 
Eclipse TE2000-E fluorescence microscope using Metamorph software.
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Figure S2  p85b is targeted by FBXL2 for degradation. (a) FBXL2 mutants 
impaired in their binding to SKP1 form more stable complexes with p85b.  
HEK-293T cells were transfected with either an empty vector (EV) or 
the indicated FLAG-tagged FBXL2 constructs (wild type and mutants).  
Twenty-four hours post-transfection, cells were treated with either MG132 
or solvent for three hours prior to harvesting for immunoprecipitations 

and immunoblotting as indicated. (b) During a 72-hour serum starvation, 
NHFs were transfected with either an siRNA targeting FBXL2 (#2) or 
a non-silencing siRNA (NS).  Cells were subsequently stimulated with 
media containing serum and harvested at the indicated time points 
for immunoblotting.  (AS, asynchronous growing cells; SR, serum re-
addition).
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} }
Figure S3  Mapping of the FBXL2 binding domain on p85b. (a-e) 
HEK-293T cells were transfected with GFP-tagged FBXL2 and the 
indicated FLAG-tagged p85b mutants.  Whole cell extracts (WCL) were 

immunoprecipitated (IP) with either anti-FLAG resin or anti-GFP resin 
as indicated, and immunocomplexes were probed with antibodies to the 
indicated proteins.
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Figure S4  Identification of p85b degron. (a) HEK-293T cells were 
transfected with GFP-tagged FBXL2 and the indicated FLAG-tagged p85b 
mutants.  Whole cell lysates (WCL) were immunoprecipitated (IP) with 
anti-FLAG resin, and immunocomplexes were probed with antibodies to 

the indicated proteins. (b) Alignment of the amino acid regions containing 
the FBXL2 binding motif in p85b  orthologs. (c) Alignment of the amino 
acid regions containing the FBXL2 binding motif in human p85b  with 
corresponding region in p85a  and p85g  from different species.
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Figure S5  Tyr655 inhibits p85b binding to FBXL2. (a-b) HEK-293T cells 
were transfected with GFP-tagged FBXL2 and the indicated FLAG-tagged 
p85b mutants.  Whole cell lysates (WCL) were immunoprecipitated (IP) with 

anti-FLAG resin, and immunocomplexes were probed with antibodies to the 
indicated proteins. (c) Schematic representation of p85b mutants used in (a-
b).  Binding of p85b to FBXL2 is indicated with symbol (+).
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BINDING TO:
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+
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Figure S6  The binding domain on p85b for PTPL1 and FBXL2 overlap. (a) 
HEK-293T cells were transfected with HA-tagged PTPL1 in combination 
with an empty vector (EV) or FLAG-tagged p85b.  Whole cell lysates (WCL) 
were immunoprecipitated (IP) with anti-FLAG resin, and immunocomplexes 
were probed with antibodies to the indicated proteins. (b) The experiment 
was performed as in (a), except that the IP was performed with an 
anti-HA antibody. (c) HEK-293T cells were transfected with an empty 
vector (EV), FLAG-tagged p85b, or FLAG-tagged p85b(DSH2C).   Whole 
cell lysates (WCL) were immunoprecipitated (IP) with anti-FLAG resin, 
and immunocomplexes were probed with antibodies to the indicated 
proteins. (d) HEK-293T cells were transfected with GFP-tagged FBXL2 in 
combination with an empty vector (EV), HA-tagged PTPL1, or HA-tagged 

p85b.  Whole cell lysates (WCL) were immunoprecipitated (IP) with 
anti-HA antibody, and immunocomplexes were probed with antibodies to 
the indicated proteins. (e) HEK-293T cells were transfected with GFP-
tagged FBXL2 together with either wild type p85b or the indicated FLAG-
tagged p85b mutants.  Whole cell lysates (WCL) were immunoprecipitated 
(IP) with anti-FLAG resin, and immunocomplexes were probed with 
antibodies to the indicated proteins. (f) HEK-293T cells were transfected 
with wild type p85b or the indicated FLAG-tagged p85b mutants.  Whole 
cell lysates (WCL) were immunoprecipitated (IP) with anti-FLAG resin, and 
immunocomplexes were probed with antibodies to the indicated proteins. 
(g) Table summarizing the results presented in (a-f) and Fig. 4a.  (NT, not 
tested). 
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Figure S7 FBXL2, p85b and PTPL1 form a trimeric complex. (a) HEK-
293T cells were transfected with different combinations of HA-tagged 
PTPL1, FLAG-tagged p85b, and GFP-tagged FBXL2 constructs.  Whole 
cell lysates (WCL) were immunoprecipitated (IP) with anti-FLAG resin, 
and immunocomplexes were split in two.  One fraction was probed with 
antibodies to the indicated proteins.  The second was subjected to elution 
with an excess of FLAG peptide and re-immunoprecipitated with an anti-
GFP antibody followed by immunoblotting as indicated. (b) HEK-293T 
cells were transfected with HA-tagged p85b  and increasing amounts of 
a plasmid encoding FLAG-tagged FBXL2.  Whole cell lysates (WCL) were 
immunoprecipitated (IP) with an anti-HA resin, and immunoblotting was 
performed as indicated.  The first lane shows cells transfected with an empty 
vector (EV). (c) During a 72-hour serum starvation, NHFs were transfected 
twice with either an siRNA targeting PTPL1 or a non-silencing siRNA (NS).  

Cells were subsequently re-stimulated with media containing serum for 
30 minutes and harvested for immunoblotting.  (SR, serum re-addition). 
(d) During a 72-hour serum starvation, NHFs were transfected with either 
siRNAs targeting FBXL2, both FBXL2 and p85b, or a non-silencing siRNA 
(NS).  Cells were subsequently stimulated with media containing serum 
and harvested at the indicated time points for immunoblotting.  The graph 
in the bottom shows FBXL2 mRNA levels in the different samples analyzed 
using real-time PCR in triplicate measurements.  The values represent the 
ratios between FBXL2 and GAPDH mRNAs. (SR, serum re-addition). (e) 
Cells were treated as in (d), except that cells were stimulated with media 
containing only insulin. (f) Cells (different lines as indicated) were serum 
starved for 48 hours, then, one hour after serum re-addition, cells were 
lysed, immunoprecipitated with an anti-IRS1 antibody, and immunoblotted 
as indicated. 
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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
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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
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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
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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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