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Identification of PTEN at the ER and MAMs and its
regulation of Ca® " signaling and apoptosis in a protein
phosphatase-dependent manner

A Bononi', M Bonora', S Marchi', S Missiroli', F Poletti', C Giorgi', PP Pandolfi? and P Pinton*"

The tumor suppressor activity of PTEN (phosphatase and tensin homolog deleted on chromosome 10) is thought to be largely
attributable to its lipid phosphatase activity. PTEN dephosphorylates the lipid second messenger phosphatidylinositol 3,4,5-
trisphosphate to directly antagonize the phosphoinositide 3-kinase-Akt pathway and prevent the activating phosphorylation of
Akt. PTEN has also other proposed mechanisms of action, including a poorly characterized protein phosphatase activity,
protein—protein interactions, as well as emerging functions in different compartment of the cells such as nucleus and
mitochondria. We show here that a fraction of PTEN protein localizes to the endoplasmic reticulum (ER) and mitochondria-
associated membranes (MAMs), signaling domains involved in calcium (> ") transfer from the ER to mitochondria and apoptosis
induction. We demonstrate that PTEN silencing impairs ER Ca’ " release, lowers cytosolic and mitochondrial Ca® * transients
and decreases cellular sensitivity to Ca® " -mediated apoptotic stimulation. Specific targeting of PTEN to the ER is sufficient to
enhance ER-to-mitochondria Ca> " transfer and sensitivity to apoptosis. PTEN localization at the ER is further increased during
Ca® " -dependent apoptosis induction. Importantly, PTEN interacts with the inositol 1,4,5-trisphosphate receptors (IP3Rs)
and this correlates with the reduction in their phosphorylation and increased Ca " release. We propose that ER-localized PTEN
regulates Ca®> " release from the ER in a protein phosphatase-dependent manner that counteracts Akt-mediated reduction in
Ca® " release via IP3Rs. These findings provide new insights into the mechanisms and the extent of PTEN tumor-suppressive
functions, highlighting new potential strategies for therapeutic intervention.
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Phosphatase and tensin homolog deleted on chromosome 10
(PTEN) is among the most commonly lost or mutated tumor
suppressors in human cancers," and germline mutations of
PTEN have been found in cancer predisposition syndromes.?

PTEN is a phosphatase that has both a lipid® and a dual-
specificity protein phosphatase activity. Its growth-attenuat-
ing activity has mostly been ascribed to the dephosphorylation
of plasma membrane-localized phosphatidylinositol 3,4,
5-trisphosphate (PIP3). Through this lipid phosphatase activity,
PTEN keeps the levels of PIP3 low and antagonizes the
phosphoinositide 3-kinase (PI3K)-Akt pathway. Akt is
recruited to the plasma membrane by binding of its pleckstrin
homology domain to PIP3, and here Akt is activated by
phosphorylation. Functional inactivation of PTEN leads to
higher basal levels of PIP3® and consequent Akt hyperactiva-
tion, which promotes cell growth, proliferation, survival and
other cellular processes.®

Emerging evidence demonstrates that additional PTEN-
dependent mechanisms are implicated in the regulation of

cellular invasion, gene expression and tumor suppression.
These include a poorly characterized protein phosphatase
activity and proposed nonenzymatic mechanisms such as
interaction with other proteins.”® Recent advances have
also proved the importance of PTEN subcellular localization.
Localized PTEN activity appears to establish PIP3 signal
gradients that regulate cell polarity during motility.’® In
addition, nuclear PTEN has important tumor-suppressive
functions,’'? and mitochondrially localized PTEN contri-
butes to mitochondria-dependent apoptosis under certain
circumstances.'® 14

Mitochondria and endoplasmic reticuum (ER) have
emerged as cellular targets of oncogenes and tumor
suppressors, as they are crucial nodes where significant
remodeling of calcium (Ca® ") signaling occurs in tumor cells
to sustain proliferation and avoid cell death.'™'® Indeed,
despite controlling many processes essential for life, the
ER-to-mitochondria Ca®* transmission can be a potent
death-inducing signal, as the enhancement of mitochondrial
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Ca®* uptake generally correlates with increased sensitivity to
apoptosis. The ER supplies Ca®* directly to mitochondria via
inositol 1,4,5-trisphosphate receptors (IP3Rs) at close con-
tacts between the two organelles, referred to as mitochondria-
associated membranes (MAMs). Ca® " -handling proteins of
both organelles are highly compartmentalized at MAMs,
providing a direct and proper mitochondrial Ca®* signaling.
Recently, numerous other proteins have been characterized
at MAMs, underlying the importance of this subcellular
domain for signaling cell fate choices."”

Here, we provide unprecedented evidence that a fraction of
cellular PTEN is localized at the ER and MAMs. We observed
that during Ca®* -dependent apoptosis the localization of
PTEN to the ER further increase. At the ER, PTEN can
interact with the type 3 IP3R (IP3R3), and this correlates with

a decrease in Akt-mediated phosphorylation of the receptors
and a subsequent increase in Ca®™ transfer from the ER to
mitochondria. We found that PTEN exerts this function
through its protein phosphatase activity. Collectively, our data
reveal that, in addition to its canonical lipid phosphatase
activity at the plasma membrane, a portion of ER-localized
PTEN contributes to the regulation of ER-to-mitochondria
Ca?* transfer and apoptosis in a protein phosphatase-
dependent manner. These findings support a novel mechan-
ism of action of this important tumor suppressor.

Results

Besides the best known cytoplasmic and nuclear pools, it has
been reported that PTEN can accumulate in mitochondria.
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Figure 1 Subcellular localization of PTEN. (a) HEK-293 cells transfected with mtDsRED (mitochondria, red) were immunostained for PTEN (green), PDI (ER, blue) and
loaded with Hoechst (nucleus, cyan). Merge images below show a succession of overlapping signals between: the four channels, PTEN and Hoechst, PTEN and mtDsRED,
PTEN and PDI. Scale bar, 10 um. Insets show magnified images. (b) Protein components of subcellular fractions prepared from HEK-293 cells revealed by western blot (WB)
analysis. PTEN presence was shown using a specific monoclonal antibody. Akt presence was also verified in all fractions. Marker proteins indicate mitochondria (voltage-
dependent anion channel, VDAC), ER (IP3R3), MAMs (Sigma-1R), cytosol (/-tubulin) and nucleus (lamin B1) (to exclude nuclear contamination). All markers were enriched in
their respective compartments. The close apposition between ER and mitochondrial membranes at MAMs explained the presence of both VDAC and IP3R3 in these
microdomains. H: homogenate; Mc: crude mitochondria; Mp: pure mitochondria; ER; MAM; and C: cytosol. (¢) HEK-293 cells were subjected to subcellular fractionation.
Mc fraction was further treated with PK, which can digest only those proteins that are not protected by closed phospholipidic bilayers. Hexokinase | (HK-l) was used as
digestion control. Significant PK digestion of HK-I but not of VDAC was observed. The various fractions were immunoblotted with the indicated antibodies
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Figure 2 Effects of PTEN silencing on intracellular Ca2* homeostasis. (a) Western blot of HEK-293 lysates from mock- (control) or SiRNAs-PTEN-(siPTEN) transfected
cells, probed for PTEN, pAkt>®™” total Akt and actin as loading control. (b) ER Ca®* homeostasis. (bi) [Ca®* ., steady-state levels (321.1 £ 27.30 uM for control n= 10;
286.7 +23.17 uM for SIRNA-PTEN(1049) n= 12; 293.9 + 27.59 uM for SiRNA-PTEN(219) n= 10); (bii) modifications of ER Ca™ release kinetics after PTEN silencing;
(biii) mean rate of ER Ca® ™ release (Vmax: 28.68 % 2.12 uM/s for control n = 10; 21.89 + 1.97 uM/s for SiRNA-PTEN(1049) n= 12, P<0.05; 21.25 + 2.69 uM/s for siRNA-
PTEN(219) n=10, P<0.05). Representative traces of (ci) [Ca® "], (peak values: 1.29 +0.04 uM for control n=31; 1.15 % 0.04 uM for sIRNA-PTEN(1049) n=234,
P<0.05; 1.1640.03 uM for sSIRNA-PTEN(219) n= 34, P<0.05) and (di) mitochondrial Ca®* transients ([Ca®* ], peak values: 2.43 +0.15 uM for control n=14;
1.94+0.12 uM for siRNA-PTEN(1049) n=12, P<0.05; 1.97 +0.10 uM for siRNA-PTEN(219) n=13, P<0.05). Percent of [Ca® "], (c~i) and [Ca®* ], (dii) peaks
normalized to the mean of the control group. Mean = S.E.M. of variation is shown as percentage. Cells were transfected and [Ca® * ] was measured as described in Materials
and Method. Where indicated, cells were challenged with 100 M ATP to induce Ca® " release from the ER. Traces and bar graphs are representatives of > 10 samples from

at least three independent experiments that yielded similar results. *P<0.05

Here, we further investigate the intracellular localization of
PTEN, in particular its presence in the ER, MAMs and
mitochondria. To this end, we performed immunofluores-
cence (IF) and cell fractionation experiments (Figure 1). IF
experiments revealed a typically diffuse, punctate staining
pattern of PTEN that partially colocalizes in the ER, the
mitochondrial network and the nucleus (Figure 1a). In parallel,
we fractionated homogenates of HEK-293 cells (Figure 1b)
and primary mouse embryonic fibroblasts (MEFs)
(Supplementary Figure 1) by ultracentrifugation.'® In addition

to the cytosol, PTEN localized also to the mitochondria, ER
and MAMs fractions. Akt was found in the same fractions.'®
To further discriminate whether PTEN associates with the
outer mitochondrial membrane (OMM) or resides within these
organelles, purified mitochondria were treated with proteinase
K (PK). PTEN was almost completely degraded by PK
treatment, indicating that it can associate with the OMM but
not localize within mitochondria (Figure 1c).

In view of the localization of PTEN at the mitochondria, ER
and MAMs, we investigated whether it has a role in regulating
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Ca?* signaling between the two organelles. We first down-
regulated PTEN expression by RNAI silencing (Figure 2). Two
different small interfering RNAs (siRNAs), siRNA-PTEN(1049)
and siRNA-PTEN(219), were generated and tested for specific
silencing efficiency and the ability to increase the levels of
activated, Ser473-phosphorylated, Akt (pAkt>®™73). As
expected, reduced levels of PTEN lead to increased Akt
phosphorylation and activity (Figure 2a and Supplementary
Figure 2a). We thus tested siRNAs-PTEN effect on intracel-
lular Ca®* homeostasis by co-transfecting them with specific
organelle-targeted chimeras of the Ca®* -sensitive photopro-
tein aequorin.2° PTEN-silenced and control cells showed very
similar loading kinetics and luminal ER Ca®* concentrations
(ICa®*1e) at rest (Figures 2b-i). However, upon agonist
stimulation with ATP, which acts on Gg-coupled plasma
membrane receptors and causes the production of IP3, thus
releasing Ca?* from the ER to mitochondria, the release
kinetics was slower in PTEN-silenced cells (Figure 2b-ii
and iii), reflecting a slower flow of Ca®* through the IP3Rs. In
turn, ATP elicited significantly smaller [Ca® "] transients both in
the cytosol ([Ca®*].) (Figure 2c) and in the mitochondrial
matrix ([Ca®* ], (Figure 2d).

We further investigated whether a particular subcellular
localization of PTEN could differentially affect mitochondrial
Ca®?* handling, the main proximal target of Ca®" signals
arising from the ER. We compared the effects of over-
expressed wild-type PTEN with chimeric PTEN proteins fused
with nuclear localization signal (NLS) or nuclear export signal
(NES) sequences designed to force nuclear (-NLS) or
cytoplasmic (-NES) PTEN localization.?! Further, we gener-
ated specific chimeric proteins that targeted the entire PTEN
protein exclusively to the plasma membrane (snap25-PTEN),
the OMM (AKAP-PTEN) or the cytoplasmic surface of the ER
membrane (ER-PTEN). The intracellular localization of the
different PTEN’s chimeras is shown in Figure 3a. Figure 3b
shows the expression levels of our set of constructs, as well as
their ability to reduce pAkt>®™72 levels in comparison with the
control, with, remarkably, snap25-PTEN displaying the high-
est efficacy (Supplementary Figure 2b).

We then carried out mitochondrial Ca?" measurements
(Figures 3d and e). Upon agonist challenge, PTEN-over-
expressing cells underwent a [Ca®"],, rise comparable to
control cells. Similar results were obtained upon overexpres-
sion of nuclear PTEN, whereas the [Ca® ], rise induced by
the forced cytoplasmic PTEN chimera was markedly higher
than in controls. These results prompted us to focus our
attention on extranuclear compartments. We found that
despite its maximum reduction in Akt phosphorylation and
activity, [Ca® "], values of snap25-PTEN were comparable,
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if anything, slightly lower, to those of control cells. No
differences in [Ca®"]. peaks were observed between
AKAP-PTEN-overexpressing and control cells, whereas in
ER-PTEN-overexpressing cells the [Ca®*],, transient was
increased. Collectively, these data indicate that a subpopula-
tion of cellular PTEN localized to the ER is specifically
involved in the regulation of the agonist-induced Ca®" fluxes
from the ER to mitochondria. If all the different PTEN chimeras
can reduce Akt phosphorylation, but only ER-targeted PTEN
has the specific capability to increase mitochondrial Ca®*
uptake, we assumed that the pAkt>™73 pool relevant for the
modulation of ER-to-mitochondria Ca®* transfer should be
restricted to the ER/MAMSs fractions. To test this hypothesis,
we fractionated PTEN- or ER-PTEN-overexpressing cells and
analyzed Akt phosphorylation in the different cellular compart-
ments (Figure 3c). A significant reduction in Akt activation
(pAktS®"73/Akt ratio) was observed in the ER fraction of cells
overexpressing ER-PTEN compared with PTEN. Akt activa-
tion was slightly lower also in the mitochondria and MAMs
fractions of ER-PTEN-overexpressing cells and higher in the
cytosol (Supplementary Figure 2c).

Ca?* transfer from the ER to mitochondria has been
implicated in multiple models of apoptosis as being directly
responsible for mitochondrial Ca®* overload, OMM permea-
bilization and caspase-mediated cell death.'® Various apop-
totic challenges, for example, C2-ceramide, oxidative stress
(menadione, H>O,) or arachidonic acid (ArA), appear to
induce the movement of Ca®* from the ER to mitochondria,
using Ca® " as an apoptosis-sensitizing cofactor. We inves-
tigated whether PTEN silencing, overexpression or targeting
to the ER differentially influences apoptotic signaling. Cells
were loaded with the Ca®" indicator Fura-2/AM and
monitored during stimulation with ArA. Treatment with ArA
triggers or enhances the release of Ca®* from the ER, thus
directly causing a small, transient [Ca® "], rise followed by a
lower, sustained plateau.??2* After ArA treatment, we
observed a rapid initial elevation of Fura-2-associated
intracellular fluorescence, followed by progressive increase
in intracellular Ca®* over the next 15 min. The ArA-mediated
increase of intracellular [Ca® ™ ] was significantly depressed in
cells preincubated with xestospongin C (XeC), a membrane-
permeable antagonist of IP3Rs previously demonstrated to
block IP3R-dependent Ca® ™ release in various types of cells
and tissues.?® This suggests that IP3Rs are mostly specifi-
cally involved in ArA-induced Ca2* release from the ER
(Supplementary Figure 3a). We found that the cytosolic Ca®*
rise evoked by ArA is markedly blunted in PTEN-silenced cells
(Figure 4ai and ii). Interestingly, the overexpression of ER-
PTEN significantly increased the ArA-induced cytosolic Ca®*

Figure 3 Subcellular targeting of PTEN differentially affects mitochondrial Ca2* uptake. (a) Localization of recombinant wild-type PTEN and targeted PTEN chimeras in
HEK-293 cells co-transfected with mtDSRED (mitochondria, red). Cells were immunostained for PTEN (green), PDI (ER, blue) and loaded with Hoechst (nucleus, cyan). Merge
images show overlap between the four channels (white), and zoomed-in areas are below. Scale bars, 10 um. (b) Western blot of HEK-293 lysates from mock-transfected cells
(control) or cells overexpressing PTEN and targeted PTEN chimeras, probed for PTEN, pAktS®™7 total Akt and actin. (¢) WB analysis of pAktS®™7® and total Akt levels from
Percoll-purified subcellular fractions of HEK-293 cells transfected with recombinant wild-type PTEN or ER-PTEN. Untransfected cell homogenate (ctrl) was used as an
indicator of Akt abundance and phosphorylation levels in physiological conditions. (d) Mitochondrial Ca®* homeostasis modulation after PTEN, forced nuclear (NLS),
cytoplasmic (NES), plasma membrane (snap25), OMM (AKAP) or ER chimeras overexpression (black) compared with control cells (gray); where indicated, cells were
challenged with 100 uM ATP to induce Ca® " release from the ER. (€) Percentage of [Ca® ], peaks normalized to the mean of the control group. Mean + S.E.M. of variation
is shown as percentage. Traces and bar graphs are representatives of > 10 samples from at least three independent experiments that yielded similar results. *P<0.05
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Figure 4 Effect of PTEN silencing, overexpression or targeting the outer surface of the ER on intracellular Ca> mobilization and apoptotic responses induced by ArA.
(a and b) Cells were loaded with the Ca®* indicator Fura-2/AM and untransfected cells in the same sample were used to compare changes in the 340/380 nm ratio.
(a) Cytosolic Ca?* increases induced by 80 uM ArA in PTEN-silenced cells, representative traces (i) and bars graphs (mean + S.E.M.) (i) showing the change in percentage
of cytosolic Ca®* increases normalized as (F40/Fago) over time in comparison with untransfected cells (A%: — 16.6 + 11.0 for control n = 58 cells; — 47.4 % 9.5 for SIRNA-
PTEN(1049) n=55 cells, P<0.05; — 44.8 % 6.1 for sIRNA-PTEN(219) n =59 cells, P<0.05). (b) Cytosolic Ca® * increases induced by 80 M ArA in cells overexpressing
PTEN or ER-PTEN, representative traces (i) and bars graphs (mean + S.E.M.) (ii) showing the change in percentage of cytosolic Ca?* increases normalized as = (Fauo/Faso)
over time in comparison with untransfected cells (A%: — 2.8 + 8.8 for control n=25 cells; 3.1 £ 2.0 for PTEN n =24 cells; 29.8 £ 10.0 for ER-PTEN n= 36 cells, P<0.05).
(c) HEK-293 cells were transfected with siPTEN(1049), PTEN, ER-PTEN or subjected to mock transfection (control). At 36 h post-transfection, cells were treated with 80 M
ArA or vehicle (EtOH) for 60 min, then cytosolic fractions were purified using a digitonin-based subcellular fractionation technique and analyzed by WB for the detection of
cytosolic cytochrome c. As a loading control, S-tubulin was used for the cytosolic fraction, whereas the presence of the mitochondrial protein VDAC was assessed as an
indicator of the purity of fractions. Representative results are reported. Numbers indicate densitometrically determined cytochrome c levels relative to -tubulin. (d) HEK-293
cells transfected as in (c) were treated with 80 uM ArA or vehicle for 120 min, then total cell lysates were prepared and analyzed by WB to compare cleaved caspase-3
(17 kDa) levels. Results are from a single experiment that is representative of four separate experiments. (e) Sensitivity to apoptosis in cells co-transfected with a fluorescent
marker and siPTEN(1049), PTEN or ER-PTEN. After treatment with 80 .M ArA or vehicle for 120 min, the survival of transfected and non-transfected cells was compared. In
these experiments, mock-transfected and PTEN-overexpressing cells show no difference in the percentage of fluorescent cells after ArA treatment (A% — 2.5+ 4.6 and
— 7.1+ 3.2, respectively); therefore they both have the same sensitivity to the apoptotic stimulus and die to the same extent. In the same conditions, an increase in the
apparent transfection efficiency of PTEN-silenced cells was observed (A% 38.5 £ 9.4), indicating a decreased sensitivity to the apoptotic stimulus, whereas the reduced
percentage of ER-PTEN-overexpressing fluorescent cells (A% — 17.6 £2.7) reflected a higher sensitivity to the apoptotic challenge. *P<0.05

responses, whereas PTEN did not cause any differences
(Figure 4bi and ii). We also ascertained the influence of Ca®*
mobilization from the ER on the increase of intracellular Ca®*
induced by ArA. We preformed the same experiment in
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conditions associated with extreme depletion of extracellular
Ca®", and again we observed a significantly higher cytosolic
Ca®" response only in cells overexpressing ER-PTEN
(Supplementary Figure 3b).



We then investigated whether the effects on Ca®"
mobilization of PTEN silencing, overexpression or targeting
to the ER correlate with sensitivity to apoptosis. Western blot
analysis revealed that the amount of cytochrome c released
into the cytosol after ArA treatment was significantly reduced
in PTEN-silenced cells and enhanced in ER-PTEN-trans-
fected cells (Figure 3c). Accordingly, caspase-3 cleavage was
reduced by the siRNA-mediated downregulation of PTEN and
increased in ER-PTEN-overexpressing cells (Figure 4d
and Supplementary Figure 3c). We observed no significant
differences in PTEN-overexpressing cells. These results
were also confirmed by counts of cell viability, revealing that
PTEN-silenced cells were strongly protected from death,
whereas ER-PTEN overexpression enhanced sensitivity to
ArA (Figure 4e). Overall, these data indicate that the absence
of PTEN causes a reduction in the amplitude of Ca®* signals
induced by apoptotic stimuli and protects from apoptosis,
whereas ER-localized PTEN sensitizes cells to death by
stimuli that require Ca®* transfer from ER to mitochondria.

To gain insights into the mechanism by which PTEN
localization at the ER may increase Ca?™ release via IP3Rs
and sensitivity to apoptosis, we first sought to determine
whether ER PTEN accumulation is a phenomenon related to
Ca?*-mediated apoptosis and its physiological significance.
Cells were transfected with green fluorescent protein (GFP)-
PTEN and the subcellular localization of the protein was
followed after ArA treatment by imaging experiments. After
90 min of apoptotic challenge, we observed a substantial
increase in GFP-PTEN colocalization with the ER marker ER-
targeted red fluorescent protein, ER-RFP (Figure 5a,
Supplementary Videos 1 and 2). We quantified the extent of
PTEN overlapping the ER by calculating Manders’ coeffi-
cients. After ArA treatment, the fraction of GFP-PTEN
overlapping ER-RFP (Manders’ green) was more than double,
indicating a strong enrichment of PTEN to the ER (Figure 5a-ii).
In contrast, no significant differences were observed in
control GFP-transfected cells before and after ArA exposure
(Figures 5a and 5a-iii; Supplementary video data,
Supplementary Video 3). To independently confirm the
increased localization of PTEN to the ER during Ca®*-
mediated apoptosis, we repeated the subcellular fractionation
after ArA treatment (Figure 5b), and again detected an
increased localization of PTEN to the ER fraction of
apoptosing cells. Moreover, we observed a concomitant
reduction of Akt presence in the mitochondrial, ER and MAMs
fractions, and a reduction in Akt phosphorylation atthe ER. ER
accumulation was specific for PTEN, as the fractions were
monitored for contamination using markers for the ER,
cytosol, mitochondria and MAMs. Notably, in response to
ArA, we observed a remarkable increase of VDAC at
MAMs, according to previous studies demonstrating
that under apoptosis-inducing conditions a narrowing of the
ER-mitochondria associations occurs, and this is an important
step in the execution of some apoptotic mechanisms.26-2°

To investigate a possible mechanism for ER-PTEN action,
we looked for a physical interaction between PTEN and
IP3R3, as release of the ER Ca®"* through IP3R3 appears to
sensitize cells to apoptotic stimuli.?*3° We performed
co-immunoprecipitation experiments of proteins extracted
from the ER fraction in basal condition or after ArA treatment,
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and found that PTEN co-immunoprecipitated with IP3RS3,
together with Akt, a known iteractor and modulator of IP3R-
mediated Ca?" release from the ER.' Akt-dependent
inhibition of Ca?* transfer from the ER to mitochondria,
through IP3R3 phosphorylation, protects from Ca®*-
mediated apoptosis.?* The increased ER localization of PTEN
in ArA-treated cells resulted in a greater amount of PTEN co-
immunoprecipitating with IP3R3, but strikingly we observed a
reduction of co-precipitated Akt. Moreover, the amount of
phosphorylated-IP3R3 (pIP3R3) was lower in ArA-treated
cells, as well as phosphorylated Akt (pAktS¢™7%) levels co-
precipitated with IP3R3 (Figure 5¢ and Supplementary
Figure 3d). These results suggested that when PTEN
localized to the ER, Ca® " flux through IP3R3 is strengthened
by the inhibition of Akt activity.

Finally, we aimed to dissect the precise contribution of
PTEN's different lipid and protein phosphatase activities in the
regulation of Ca?*" signaling and apoptosis. We generated
ER-targeted chimeras of the PTEN(C124S) mutant, which
lacks both lipid and protein phosphatase activities®
(ER-PTEN(C124S)), and of the PTEN(G129E) mutant,
which displays a greatly reduced lipid phosphatase activity
while retaining full protein phosphatase activity®' (ER-PTEN
(G129E)). ER-PTEN and ER-PTEN(G129E) had indistin-
guishable effects on Akt phosphorylation, whereas ER-
PTEN(C124S) showed enhanced pAktS®™#”®  levels
(Figure 6a and Supplementary Figure 4a). Ca®* signals
evoked by either agonist (Figure 6b) or ArA (Figure 6¢
and Supplementary Figure 4b) were comparable to ER-PTEN
for ER-PTEN(G129E), whereas always lower for
ER-PTEN(C124S). Consequently, in comparison with
ER-PTEN(C124S), ER-PTEN(G129E) retained a greater
capability to enhance cell death induced by ArA, as revealed
by the higher amount of cytochrome creleased into the cytosol
(Figure 6d), increased caspase-3 cleavage (Figure 6e)
and lower cell viability (Figure 6f) in ER-PTEN(G129E)-
overexpressing cells. To distinguish between lipid and protein
phosphatase functions at the molecular level, we investigated
whether the PTEN-IP3R3 interaction was altered in ER-PTEN
mutants. Both ER-PTEN(C124S) and ER-PTEN(G129E)
were co-immunoprecipitate with IP3R3; however, IP3R3 pre-
ferentially interacts with the PTEN mutant that retains protein
phosphatase activity. Moreover, when ER-PTEN(G129E)
was present in the immunoprecipitate, the amount of
co-immunoprecipitated Akt, and in particular pAktS®™72, were
remarkably reduced. Accordingly, we detected a lower
amount of pIP3R3 in ER-PTEN(G129E)-overexpressing cells
(Figure 6g and Supplementary Figure 4c).

In summary, our data support a role of a fraction of
ER-localized PTEN in the modulation of ER Ca®* release and
cellular sensitivity to Ca®*-mediated apoptotic stimulation
through its protein phosphatase activity. This pathway is likely
to act in synergy with the plasma membrane mode of action of
PTEN, thereby amplifying its capability of inducing apoptosis
and tumor-suppressive effect.

Discussion

The regulation of PI3K signaling by the PIP3 lipid phospha-
tase activity of PTEN fulfils many of its cellular roles; however,
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emerging evidence demonstrates that other mechanisms may
account for some of PTEN’s functions, including protein
phosphatase activity’” and noncatalytic actions.® Further,
despite early studies proposing that PTEN was exclusively
cytoplasmic, recent reports have demonstrated that nuclear
PTEN has important tumor-suppressive functions beyond its
lipid phosphatase activity,''"'®®2 and some observations
support the notion that PTEN can also localize to mitochondria
and regulate apoptosis.'®'* These findings highlight the
possibility that different tumor-suppressive mechanisms of
PTEN may occur in well-defined cellular compartments.

In this work, we investigated in greater detail the intracel-
lular distribution of PTEN. Our results showed that a fraction of
PTEN is present at the ER and MAMs. Several studies have
demonstrated the importance of ER Ca?* release and
mitochondrial Ca®* loading for triggering apoptosis.'® Mito-
chondrial Ca? * accumulation favors cell death and this notion
is supported by numerous previous examples of pro- and anti-
apoptotic proteins capable of enhancing or reducing Ca®"
signals, respectively.®® For this reason, the remodeling of the
Ca®* signaling machinery in the ER and mitochondria of
cancer cells seems imminent during oncogenic transforma-
tion, to limit death-inducing Ca®" signals during cancer.'®
Growing evidence indicates that specific proteins residing at
the ER and MAMs are able to regulate mitochondrial Ca®™*
uptake.'”3* We pursued the hypothesis that PTEN could act
as a tumor suppressor, at least in part, by modulating the
transmission of Ca®" from the ER to mitochondria.

Our results confirmed this possibility for PTEN. In PTEN-
silenced cells, a reduction in the kinetics of Ca®* release from
the ER that significantly blunted also the cytosolic and the
mitochondrial Ca®" responses, accounts for reduced sensi-
tivity to apoptosis. However, in agreement with previous
studies,®® global PTEN overexpression did not increase the
mitochondrial Ca®* response after agonist stimulation. We
argued that PTEN’s regulation of Ca®* homeostasis relied
specifically on its localization to ER and MAMs. By using
specific subcellular-targeted PTEN chimeras, we demon-
strated that the effects of PTEN on Ca®* homeostasis could
not be ascribed to its regulation of PIP3 levels and subsequent
Akt activation at the plasma membrane.?32436:37 |ndeed, the
plasma membrane-targeted snap25-PTEN chimera dis-
played the higher reduction in Akt phosphorylation but no
difference in [Ca®*],. We demonstrated that ER-targeted
PTEN markedly increases the [Ca®*], transients, and we
found that this correlate with a more effective reduction of
pAktS®™73 |evels at the ER, in comparison with overexpres-
sion of wild-type PTEN. Unexpectedly, we observed only a
slight, not statistically significant, reduction in pAktS®™73/Akt
ratio in the MAMs fraction. As Akt is known to be present in the
mitochondria in its phosphorylated active state,®® but we were
not able to detect pAkt>®™72 in the pure mitochondria fraction,
we reasoned that the inconsistency of reduced Akt phosphor-
ylation in the MAMs fraction could arise from technical issue
during the Percoll gradient centrifugation necessary to
separate MAMs and pure mitochondria. Despite this, our
data strongly indicate that the presence of PTEN to the ER
correlate with a lower Akt activation in this organelle.
PTEN localization to the ER appears to be part of the
Ca?*-mediated apoptotic process as further accumulation of
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PTEN to the ER is induced during ArA-mediated apoptosis.
ArA induces Ca®" release from the ER through the IP3Rs.
ER-localized PTEN is able to enhance the Ca?*-dependent
apoptotic process by increasing the ER Ca®" release in
response to ER death stimuli like ArA. It is possible that early
events occurring in the ER lead to tightening of the ER-
mitochondrial interface (as demonstrate also by our observa-
tion of VDAC accumulation in the MAMs fraction) and are
responsible for promoting some apoptotic mechan-
isms.?62829 This explains the apparent ineffectiveness
of wild-type PTEN in comparison with ER-PTEN; the
latter, being already at the ER surface, is straightaway
ready for acting on its molecular target. PTEN loss or
mutations resulting in its inability to be targeted to the ER
and MAMs could limit apoptosis-inducing Ca®" signals
during cancer.

Co-immunoprecipitation experiments showed that PTEN
interacts with IP3R3, together with Akt, providing a molecular
route for its modulation of Ca®* signaling. Akt can phosphor-
ylate all IP3R isoforms,®*” and a specific activity of Akt on
IP3R3 leads to diminished ER-to-mitochondria Ca®* transfer
and protection from apoptosis.'®2* The functional importance
of PTEN interaction with IP3R3 is highlighted by the
demonstration that, during apoptotic stimulation, the
enhanced ER localization of PTEN positively correlated with
an increased interaction with IP3R3, whereas Akt amount and
phosphorylation levels as well as IP3R3 phosphorylation were
reduced. The modulation of Akt-dependent phosphorylation
of IP3Rs exerted by ER-localized PTEN could reveal a further
level of PTEN-mediated inhibition of Akt activity, beyond its
plasma membrane lipid phosphatase activity. We concluded
that PTEN’s regulation of Ca® " homeostasis relied specifi-
cally on its ability to counteract Akt-mediated IP3R3 phos-
phorylation, directly from the ER side. This also explain why—
despite the OMM being a fundamental part of the MAMs—we
observed no difference in [Ca® ™ ], with AKAP-PTEN.

To address the relative importance of the lipid and protein
phosphatase activity of PTEN in the regulation of ER-
mitochondria interorganelle Ca®™* signaling, we have targeted
two functional mutants, PTEN C124S (phosphatase dead)
and PTEN G129E (retained protein phosphatase only), to the
outer ER surface. When we overexpressed ER-PTEN
(C1248), Ca®" signaling after agonist- or apoptotic-induced
Ca®" release, and cell sensitivity to the apoptotic stimulus,
was comparable with those in control cells. Conversely, cells
overexpressing ER-PTEN(G129E) retained the same Ca®*
responses and sensitivity to Ca® " -dependent cell death as
ER-PTEN. In comparison with ER-PTEN(C124S), ER-
PTEN(G129E) displayed a more effective interaction with
IP3R3 but reduced Akt and drastically lowered pAktSe”3
levels in the co-immunoprecipitate, in addition to decreased
IP3R3 phosphorylation that explains the enhanced ER
Ca?* release. However, at present, the precise molecular
substrate of PTEN’s protein phosphatase activity remains to
be identified.

Overall, these results reveal that a subpopulation of PTEN
is localized at the ER-MAMs interface with mitochondria,
where it regulates ER-to-mitochondria Ca®?* signaling and
exerts a pro-apoptotic activity. We provide evidence for a
novel mechanism by which the ER pool of PTEN can



counteract Akt activation and thus can inhibit the Akt-
mediated phosphorylation of IP3R3 that protects from
Ca?*-mediated apoptosis. Our findings allow us to conclude
that the novel function of ER-localized PTEN presented herein
specifically relies on its protein phosphatase activity.

Materials and Methods
Cells culture and transfection. HEK-293 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Euroclone, Milan, Italy), supplemented with
10% fetal bovine serum (FBS). MEFs were collected from E13.5 embryos and
maintained in culture in DMEM supplemented with 10% FBS. HEK-293 cells were
seeded 48h before transfection onto round glass coverslips coated with poly-L-
lysine (Sigma, St. Louis, MO, USA), 13mm in diameter for aequorin experiments
or 24mm for Fura-2/AM measurements and IF. For immunoblot and cell death
experiments, cells were seeded on 10-cm petri dishes. Cells were allowed to grow
to 50% confluence, then transfected with a standard calcium phosphate procedure
and used in the experiments 36-h post-transfection.

Treatments with 80-uM ArA were carried out in Krebs-Ringer buffer (KRB:
135mM NaCl, 5mM KCI, 1 mM MgSQ,, 0.4 mM KH,PQ,, 5.5 mM glucose, 20 mM
HEPES, pH 7.4) supplemented with 1 mM CaCl,.

Plasmid cloning. To silence PTEN, specific siRNA was designed by using
Oligoengine RNAi design tool: SiPTEN(1049), nucleotides 1049-1067 of the
corresponding mRNA (5'-AGTAGAGGAGCCGTCAAAT-3'); siPTEN(219), nucleo-
tides 219-237 of the corresponding mRNA (5'-AGACATTATGACACCGCCA-3').
Oligonucleotides containing the selected sequences were purchased from Sigma-
Aldrich and cloned into pSUPER (Oligoengine, Seattle, WA, USA) according to the
manufacturer's instructions.

Human PTEN, GFP-PTEN, GFP-PTENINLS] and GFP-PTEN[NES] have been
described previously." For constructing ER-PTEN, a sequence from UBC6'® was
subcloned (Kpnl/BamHI) to the N-terminus of human PTEN cloned (EcoRI/EcoRl)
into pcDNA3.1. AKAP-PTEN was constructed by fusing the mouse AKAP1
sequence (from OMM-IP3R-LBD,* amplified as Bglll-Hindlll and then subcloned
Hindlll/Hindlll) to the N-terminus of human PTEN. For generating snap25-PTEN,
the SNAP-25 coding sequence was amplified from SNAP-25-aequorin®® and then
subcloned (Kpnl/BamHI) to the N-terminus of human PTEN. ER-PTEN(C124S) and
ER-PTEN(G129E) were obtained by substituting the human PTEN coding
sequence of ER-PTEN with those of human PTEN(C124S) or (G129E) mutants'
(subcloned EcoRI/Xhol).

Subcellular fractionation. Cell fractionation was performed using HEK-293
and MEFs cells as previously described.® Cells (10°) were harvested, washed by
centrifugation at 500 g for 5 min with PBS (supplemented with 2mM NagVO,4 and
2mM NaF when preservation of protein phosphorylation states was required),
resuspended in homogenization buffer (225 mM mannitol, 75 mM sucrose, 30 mM
Tris-HCI pH 7.4, 0.1 mM EGTA and PMSF) and gently disrupted by Dounce
homogenization. The homogenate was centrifuged twice at 600 g for 5min to
remove nuclei and unbroken cells, and then the supernatant was centrifuged at
10300 x g for 10 min to pellet crude mitochondria. The resultant supernatant was
centrifuged at 20 000 x g for 30 min at 4 °C. The pellet consists of lisosomal and
plasma membrane fractions. Further centrifugation of the obtained supernatant at
100000 x g for 90 min (70-Ti rotor; Beckman, Milan, Italy) at 4 °C results in the
isolation of ER (pellet) and cytosolic fraction (supernatant). The crude
mitochondrial fraction, resuspended in isolation buffer (250 mM mannitol, 5 mM
HEPES pH 7.4 and 0.5mM EGTA), was subjected to Percoll gradient
centrifugation (Percoll medium: 225 mM mannitol, 25 mM HEPES pH 7.4, 1 mM
EGTA and 30% vol/vol Percoll) in a 10-ml polycarbonate ultracentrifuge tube. After
centrifugation at 95000 g for 30 min (SW40 rotor), a dense band containing
purified mitochondria was recovered approximately 3/4 down the tube, washed by
centrifugation at 6300 x g for 10min to remove the Percoll and finally
resuspended in isolation medium. The MAMs, containing the structural contacts
between mitochondria and ER, were removed from the Percoll gradient as a
diffuse white band located above the mitochondria, were diluted in isolation buffer
and centrifuged at 6300 x g for 10min; then the supernatant was further
centrifuged at 100 000 x g for 90 min (70-Ti rotor, Beckman) to pellet the MAMs
fraction. When preservation of protein phosphorylation states was required,
immediately after the recovery, 2mM NazVO,4 and 2mM NaF were added to each
fractions.
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For PK assay the crude mitochondrial fraction was isolated in mitochondrial
buffer (10 mM Tris/MOPS, pH 7.4, 0.1 mM EGTA, 250 mM sucrose) and subjected
to 100 uM PK (Sigma) for 30 min on ice.

Co-immunoprecipitation. Co-immunoprecipitations were carried out using
protein G-coated sepharose beads (GE Healthcare, Chalfont St. Giles, UK)
following the manufacturer’s instructions. For whole-cell extracts, cells were lysed
in buffer containing 30 mM Tris-HCI (pH 7.4), 50 mM NaCl, 1% NP-40 and cleared
by centrifugation. Protein extractions in the ER fraction were carried out by adding
50 mM NaCl and 1% NP-40 to the homogenization buffer. All the buffers were
supplemented with proteases and phosphatases inhibitors (2mM NazVO,, 2mM
NaF, 1mM PMSF and protease inhibitor cocktail). Extracted proteins (1000 ug)
were first precleared by incubating lysates with sepharose beads for 1h at 4°C
and the supernatant (referred as Input) was incubated overnight with IP3R3
antibody at 4 °C. Precipitation of the immune complexes was carried for 4 h at
4°C. Afterwards, beads were washed with 50 mM Tris-HCI pH 7.4, 0.1% NP-40
4°C supplemented with phosphatases inhibitors and PMSF. Samples were
proceed by SDS-PAGE and analyzed by standard western blotting technique.

Western blot. Total cell lysates were prepared in RIPA buffer (50 mM Tris-HCI
pH 7.8, 150mM NaCl, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1%
SDS, 1mM DTT) supplemented with proteases and phosphatases inhibitors
(2mM NagVO,, 2mM NaF, 1mM PMSF and protease inhibitor cocktai).
Alternatively, cytosolic extracts were obtained by digitonin permeabilization, as
previously described.“> Proteins were quantified using the Bradford assay
(Bio-Rad Laboratories, Hercules, CA, USA), separated by SDS-PAGE and
transferred to nitrocellulose membranes for standard western blotting. Antibodies
were purchased from the following sources and used at the indicated dilutions:
PTEN (1:1000), Akt (1:1000), pAkt>®™7® (1:500), p-(Ser/Thr) Akt substrate
(1:500) and Caspase-3 (1:500) from Cell Signaling (Danvers, MA, USA); actin
(1:3000), Sigma-1R (1:1000) and p-tubulin (1:3000) from Sigma-Aldrich;
Cytochrome ¢ (1:10000) IP3R3 (1:300) from BD Biosciences (San Jose, CA,
USA); FACL4 (1:250), HK-I (1:1000) and SOD-2 (1:1000) from Santa Cruz
(Santa Cruz, CA, USA); and lamin B1 (1:1000) and VDAC (1 : 3000) from Abcam
(Cambridge, UK). Membranes were incubated with appropriate horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz), followed by chemilu-
minescence detection (Thermo Scientific-Pierce, Waltham, MA, USA).

Immunofluorescence. HEK-293 cells were stained with 0.25 yig/ml Hoechst
for 10min at 37 °C and then fixed in 4% paraformaldehyde in PBS for 15 min.
After three washes with PBS, the cells were permeabilized for 10 min with 0.1%
Triton X-100 in PBS and then blocked in PBS containing 1% BSA for 20 min. Cells
were incubated O/N at 4 °C with the PTEN (A2B1) antibody (1:50, Santa Cruz)
and for double staining with the PDI antibody (1:100, Abcam). Finally, primary
antibodies were revealed by means of appropriate AlexaFluor 488 conjugates for
PTEN or AlexaFluor 633 conjugates for PDI (Life Technologies, Carlsbad, CA,
USA). After each antibody incubation, the cells were washed three times with
0.1% Triton X-100 in PBS. Images were acquired on an Axiovert 220 M
microscope equipped with a x 100 oil immersion Plan-Neofluar objective (NA 1.3,
from Carl Zeiss, Jena, Germany) and a CoolSnap HQ CCD camera. Each field
was acquired over 26 z-planes spaced by 0.4 um. Image sampling was below
resolution limit and calculated according to the Nyquist calculator (available at
http://www.svi.nl/NyquistCalculator). After acquisition, z-stacks were deconvoluted
with the ‘Parallel Iterative Deconvolution’ plugin of the open source Fiji software
(freely available at http://fiji.sc/).

Aequorin measurements. All aequorin measurements were performed as
previously described.® HEK-293 cells grown on 13-mm round glass coverslips
were co-transfected with 1ug of aequorin (endoplasmic reticulum-targeted
mutated aequorin, erAEQmut, cytosolic aequorin, cytAEQ or mitochondria-
targeted aequorin, mtAEQ) and 3 ug of the indicated siRNA or plasmid. After 36 h,
the cells were reconstituted and placed in a perfused thermostated chamber
where the light signal was collected in a purpose-built luminometer and calibrated
into [Ca?™] values. Cells transfected with erAEQmut were reconstituted with
coelenterazine n (Tebu-Bio, Le-Perray-en-Yvelines, France), after ER Ca®*
depletion by incubating cells for 1h at 4°C in KRB supplemented with 100 xM
EGTA and 40 uM tBHQ (2,5-Di-tert-butylhydroquinone) (Sigma); cells were then
washed with KRB supplemented with 2% BSA and 1 mM EGTA. Cells transfected
with cytAEQ and mtAEQ were reconstituted with coelenterazine (Synchem,
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Felsberg/Altenburg, Germany) for 2h in KRB supplemented with 1 mM CaCl,. All
aequorin measurements were carried out in 1mM Ca®* /KRB (cytAEQ and
mtAEQ) or 100 uM EGTA/KRB (erAEQmut). ER refilling was trigger by perfusing
with 1 mM Ca?*/KRB until steady state was reached. Agonist was added to the
same medium, as specified in the figures. The experiments were finish by lysing
the cells with 100 M digitonin in a hypotonic Ca?* -rich solution (10 mM CaCly in
H,0).

Fura-2/AM measurements. Cytosolic Ca®* response was evaluated using
the fluorescent Ca® indicator Fura-2/AM (Life Technologies), as previously
described.2® HEK-293 cells were grown on 24-mm coverslips and co-transfected
with 4 g on the indicated siRNA or plasmid and 4 ;g of mtDSRED in order to
identify transfected cells in single-cell imaging experiments. Untransfected cells in
the same sample were used to compare changes in the 340/380 Fura-2/AM ratio.
After 36h, cells were incubated at 37°C for 30min in 1mM Ca®* /KRB
supplemented with 2.5 uM Fura-2/AM, 0.02% Pluronic F-68 (Sigma), 0.1 mM
Sulfinpyrazone (Sigma). Cells were then washed and supplied with 1 mM Ca®*/
KRB. To determine cytosolic Ca® * response, the cells were placed in an open
Leyden chamber on a 37°C thermostatted stage and exposed to 340/380
wavelength light using the Olympus xcellence multiple wavelength high-resolution
fluorescence microscopy system. The fluorescence data collected were expressed
as emission ratios. To pharmacologically inhibit Ca?*+ release via IP3Rs, the cells
were preincubated in culture medium supplemented with 2 M XeC for 16 h, and
then Fura-2/AM loading and Ca®* release recording upon stimulation with 80 M
ArA were performed in 1mM Ca?*/KRB supplemented with 2 uM XeC. For
experiments in Ca*-free conditions, after Fura-2/AM loading cells were washed
in KRB, and 1mM EGTA was added after 155 of fluorescence data collection
before stimulation with 80 uM ArA.

Quantitative colocalization analysis. HEK-293 cells were seeded on
24-mm coverslips previously coated with poly-L-lysine. At 36 h after plating, cells
were either transfected with GFP or GFP-tagged PTEN (GFP-PTEN) using
calcium phosphate method. At 24 h after transfection, cells were transduced with
CellLight ER-RFP BacMam 2.0 (Life Technologies), according to the manufac-
turer's protocol. Then, time-lapse recording of GFP-PTEN dynamics during 80-uM
ArA treatment for 90 min was performed with a Nikon Swept Field Confocal
equipped with CFl Plan Apo VCB0XH objective (numerical aperture, 1.4) (Nikon
Instruments, Melville, NY, USA) and an Andor DU885 electron multiplying charge-
coupled device (EM-CCD) camera (Andor Technology Ltd, Belfast, Northemn
Ireland), the overall image sampling was below the resolution limit (X and Y pixel
size: 133nm). Coverslips were placed in an incubated chamber with controlled
temperature, CO, and humidity; images were then acquired with a differential
frequency during the experiment: cells were placed in 1mM Ca®* KRB and basal
fluorescence images were acquired for 5 min; then cells were stimulated with ArA
(80 uM final), and fluorescence images were acquired for 1 h and 30 min (in order
to avoid bleaching of the fluorophores, images were acquired each 3min for
30 min, and then each 10 min for the remaining time). Acquired images were then
analyzed by using open source software Fiji. Images were corrected for spectral
bleedthrough using the Spectral Unmixing plugin (available at http:/rsbweb.
nih.gov/ij/plugins/spectral-unmixing.html). Then, single cells were analyzed, and,
for each of those, the Manders’ overlap coefficient were obtained using the
JACOP plugin.*" Cells with a significant increase at the end of the experiment
compared with the beginning were considered translocated (for P<0.001).

Cell death. For assessed cell sensitivity to apoptosis, HEK-293 cells were
co-transfected with H2B-RFP fluorescent marker and the indicated siRNA, plasmid
or empty vector in a 1:1 ratio. The effect on cell fate was evaluated by applying
the apoptotic challenge ArA and comparing the survival of transfected and non-
transfected cells. For induction of apoptosis, growth media was replaced with
1mM Ca®* /KRB containing 80 uM ArA (Santa Cruz). After ArA treatment, the
cells were extensively washed with 1mM Ca?* /KRB and the relative amount of
H2B-RFP-positive cells in the surviving population was calculated using the Tali
Image-Based Cytometer (Life Technologies) (mean transfection efficiency were
roughly 60% for all conditions). As described in previous paper for other genes of
interest,® in mock-transfected cells, although the total number of cells is reduced
after cell death induction, the apparent transfection efficiency was maintained
(ie., transfected and non- transfected cells have the same sensitivity to the
apoptotic stimulus and thus die to the same extent). However, when cells are
transfected with a construct influencing their sensitivity to apoptosis, this will be
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reflected by a change in the fraction of fluorescent cells, that is, in the ‘apparent
transfection efficiency. Thus, protection from apoptosis results into an apparent
increase of transfection, whereas a decrease reflects a higher sensitivity to
apoptosis. Data are reported as the mean percentage change in the
apparent transfection efficiency after apoptotic challenge compared with
vehicle-treated cells.

Statistical analyses. Statistical analyses were performed using Student's
ttest. A P-value <0.05 was considered significant. All data are reported as
mean £ S.E.M..
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