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Abstract 

Background  Although GqPCR activation often leads to cell survival by activating the PI3K/AKT pathway, it was previ‑
ously shown that in several cell types AKT activity is reduced and leads to JNK activation and apoptosis. The mecha‑
nism of AKT inactivation in these cells involves an IGBP1-coupled PP2Ac switch that induces the dephosphorylation 
and inactivation of both PI3K and AKT. However, the machinery involved in the initiation of PP2A switch is not known.

Methods  We used phospho-mass spectrometry to identify the phosphorylation site of PP2Ac, and raised specific 
antibodies to follow the regulation of this phosphorylation. Other phosphorylations were monitored by commercial 
antibodies. In addition, we used coimmunoprecipitation and proximity ligation assays to follow protein–protein inter‑
actions. Apoptosis was detected by a TUNEL assay as well as PARP1 cleavage using SDS-PAGE and Western blotting.

Results  We identified Ser24 as a phosphorylation site in PP2Ac. The phosphorylation is mediated mainly by clas‑
sical PKCs (PKCα and PKCβ) but not by novel PKCs (PKCδ and PKCε). By replacing the phosphorylated residue 
with either unphosphorylatable or phosphomimetic residues (S24A and S24E), we found that this phosphorylation 
event is necessary and sufficient to mediate the PP2A switch, which ultimately induces AKT inactivation, and a robust 
JNK-dependent apoptosis.

Conclusion  Our results show that the PP2A switch is induced by PKC-mediated phosphorylation of Ser24-PP2Ac 
and that this phosphorylation leads to apoptosis upon GqPCR induction of various cells. We propose that this mecha‑
nism may provide an unexpected way to treat some cancer types or problems in the endocrine machinery.
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Background
Protein phosphorylation is an important post-transla-
tional modification that plays a role in the regulation of 
cellular processes, either without or after stimulation 
[1, 2]. This is a reversible mechanism that is mediated 
by protein kinases [3] and protein phosphatases [4] that 
collectively maintain the dynamic phospho-proteome 
in all cells and under all conditions. Among other pro-
cesses, phosphorylation is known to regulate most parts 
of cellular signaling, in which protein kinases usually 
mediate the “on” signal, while protein phosphatases, 
which are usually negative regulators, silence it and 
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maintain low basal phosphorylation in non-stimulated 
cells [5]. However, in some cases, the phosphatases play 
important roles in enhancing  cell-signaling and their 
downstream effects [6]. These type of “on” activities by 
phosphatases are generally ill-studied and more infor-
mation on their nature is still required.

One of the main phosphatases that regulates cellu-
lar signaling is protein phosphatase 2A (PP2A), which 
dephosphorylates many signaling components and tran-
scription factors [7, 8]. This is a protein Ser/Thr phos-
phatase that plays a role in the regulation of many cellular 
processes. It usually operates as a heterotrimer consist-
ing of a scaffold (A subunit, PP2Aa), regulatory subunit 
(B) and catalytic subunit (C subunit, PP2Ac) [9, 10]. In 
humans, there are two distinct although very similar A 
subunits, two very similar C subunit, and 17 different B 
subunits, which determine the phosphatase specificity. In 
some cases, PP2A can also act as heterodimers either of 
PP2Ac and PP2Aa subunits without B subunit [7, 11], or 
PP2Ac with B subunits [12]. In addition, PP2Ac forms a 
dimer with other non-canonical subunits that may regu-
late their specificity and stability (e.g. IGBP1; also known 
as α4 [13, 14], and PTPA [15]). These distinct complexes 
usually demonstrate different substrate specificity and 
stability, and therefore have variable effects on cell fates 
in divergent cell types and conditions. Notably, certain 
compositions of PP2A were shown to take part in sev-
eral pathologies. Particularly, it was shown that some of 
its complexes can act as tumor suppressors in some cells, 
while the dysregulation of this complexes leads to onco-
genesis as well as other diseases [16–19].

In previous studies we showed that PP2A plays a piv-
otal role in the induction of apoptosis upon stimulation 
of Gq protein coupled receptors (GqPCRs) that act via 
PKCs, both in cancer and non-transformed cells [20–22]. 
The resulted apoptosis is mediated by PP2A-dependent 
reduction in the activity of the survival signaling media-
tor, AKT [23–25]. Indeed, it was previously shown that 
PP2A dephosphorylates both activatory p-Ser473 and 
p-Thr308 of AKT, to induce its full inactivation [23]. The 
B subunits that direct PP2A to AKT in mammals are 
usually PR56β and PR56γ [26], as well as B55 [27, 28], 
which can determine the proper and timely inactivation 
of AKT. However, we noticed that these B subunits are 
not involved in the GqPCR or PKC induced AKT inacti-
vation in our system [22].

In order to further study the mechanism of GqPCR-
induced inactivation of AKT, we have previously 
screened 21 cell lines and found a stimulated reduction 
in AKT phosphorylation in 10 of them [21]. This effect 
was PKC-dependent, correlated with reduced AKT 
activity, JNK activation, and in some cases led to apop-
tosis. We showed that the apoptosis is mediated by two 

signaling branches, converging at the level of MLK3, 
upstream of JNK. One branch consists of c-Src activa-
tion of MLK3, and the second includes reduction in AKT 
activity that alleviates its inhibitory effect on MLK3. We 
further identified the non-canonical B subunit, IGBP1 
(α4), as a main regulator of this process [22]. In resting 
cells, an IGBP1-PP2Ac dimer binds to PI3K and dephos-
phorylates the inhibitory pSer608-p85 subunit of PI3K to 
maintain its high basal activity. Upon GqPCR activation, 
the PP2Ac-IGBP1 dimer detaches from PI3K and thus 
allows the inhibitory autophosphorylation of PI3K. Then, 
a PP2Ac-IGBP1-PP2Aa trimer binds to AKT, and causes 
its dephosphorylation and inactivation, acting as a PP2A 
switch. Thus, we delineated a general mechanism that 
mediates a GqPCR-induced, death receptors-independ-
ent, apoptosis that is mediated by  a  stimulated shift of 
PP2Ac from PI3K to AKT.

In the current manuscript we studied the molecular 
mechanism that induces the PP2A switch. Using Mass 
spectrometry (MS), we found a novel phosphorylation 
site at Ser 24 residue of PP2A catalytic subunit induced 
by GqPCR activation or by TPA stimulation. We raised 
specific antibodies (Abs) against the phosphorylated 
residue and generated  phosphomimetic and unphos-
phorylatable mutations of this site  to study the role of 
this phosphorylation in the PP2A switch. We found that 
phosphorylation of PP2Ac on Ser 24 is essential to regu-
late detachment of the PP2Ac from PI3K. We further 
found that the phosphorylation is mediated directly by 
PKCα/PKCβ phosphorylation and is necessary and suf-
ficient to induce apoptosis. Our results show that the 
GqPCR-activated PP2A switch is regulated by PKC-
mediated phosphorylation of Ser24 in PP2Ac, that ulti-
mately leads to JNK-mediated apoptosis.

Methods
The aim, design and setting of the study
The aim of this study was to elucidate the mechanism 
by which the AKT-inactivating PP2A switch is initiated 
and regulated. In order to do so, we used phospho-MS 
to identify Ser24 as a phosphorylation site on PP2Ac. We 
further found that this site is phosphorylated by classical 
PKCs upon GqPCR stimulation. Finally, we used phos-
phomimetic and unphosphorylatable mutants of PP2Ac 
to show the importance of the phosphorylation in induc-
ing AKT inactivation, JNK activation and apoptosis.

Reagents and antibodies
GnRH analog (GnRH-a), Tetradecanoylphorbol acetate 
(TPA), Polyethylenimine (PEI), 4′6-diamino-2-phe-
nylindole (DAPI) and PLA kit were obtained from 
Sigma (Rehovot, Israel). GF109203x (GFx) was obtained 
from Calbiochem (Darmstadt, Germany). Protein A/G 
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beads were obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Dharmafect was obtained from 
Thermo Scientific (Lafayette, CO, USA). 8-iso PGF2α 
was purchased from Cayman Chemical (Ann Arbor, 
MI, USA). Monoclonal anti-PP2Ac Ab was obtained 
from BD Transduction Laboratories (New Jersey, USA; 
catalog # 610,556, Lot 0149933). Anti-IGBP1 (catalog # 
ab70545), Tubulin (catalog # ab21057) and monoclonal 
anti-p85-PI3K (catalog # ab86714) Abs were obtained 
from Abcam (Cambridge, UK). Anti-HA (catalog # 
11,867,423,001) and GFP (catalog # 11,814,460,001) Abs 
were obtained from Roche Diagnostics (Mannheim, 
Germany). PKCα (catalog # sc80) and PP2Aa (catalog 
# sc13600, Lot L1319) were obtained from Santa Cruz 
Biotechnology (CA, USA). Abs to phosphorylated JNK 
(pJNK) (catalog # J4750, Lot 123M4892), general JNK1/2 
(gJNK) (PT48, catalog # FXO11038 Lot 21,070,625), and 
pFOXO1 (catalog # PA5, Lot 38,132) were obtained from 
Sigma (Rehovot, Israel). Anti-phospho AKT (pS473AKT) 
(D9E, catalog # 4060), Pan AKT (catalog # 4691, Lot 28) 
and PARP1 (catalog # 9542, Lot15) were obtained from 
Cell Signaling Technology (Boston, MA, USA). The 
anti-phosphorylated PP2A (S24) and anti-phosphoryl-
ated PI3K (S608) Abs were prepared by the Ab unit of 
the Weizmann Institute of Science (Rehovot Israel) as 
described [22]. Secondary Ab were from Jackson Immu-
noresearch (West Grove, PA, USA). IgG Ab (catalog # 
sc69786, Lot K0521) was obtained from Santa Cruz Bio-
technology (CA, USA).

Buffers
Buffer A: 50  mM β-glycerophosphate (pH 7.3), 1.5  mM 
EGTA, 1  mM EDTA, 1  mM dithiothreitol, and 0.1  mM 
sodium vanadate. Buffer H: 50 mM β-glycerophosphate, 
pH 7.3, 1.5  mM EGTA, 1  mM EDTA, 1  mM DTT, 
0.1 mM sodium vanadate, 1 mM benzamidine, 10 µg/ml 
aprotinin, 10 µg/ml leupeptin, and 2 µg/ml pepstatin A. 
Coimmunoprecipitation (CoIP) buffer: 20  mM HEPES 
pH 7.4, 2 mM MgCl2, 2 mM EGTA, 150 mM NaCl and 
0.1% Triton.

Cell culture and transfection
αT3 cells were obtained and cultured as previously 
described in [29]. Briefly, the cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented 
with 2 mM L-glutamine, 1% pen/strep and 10% fetal calf 
serum (FCS). SVOG4 cells from N. Auersperg (University 
of British Columbia, Vancouver, Canada) were cultured 
in the same medium combination with the addition of 
hydrocortisone (0.5 mg/ml), and Gentamycin Hydrochlo-
ride. PC3 cells from ATCC were cultured in RPMI sup-
plemented with 2  mM L-glutamine, 1% pen/strep and 
10% FCS. αT3-1 or PC3 cells were transfected by adding 

polyethylenimine (Sigma; Rehovot Israel [30]) and the 
examined plasmid and the cells were grown in a starva-
tion medium (0.1% FCS 16 h). The simultaneous trans-
fection and starvation was used to save time to avoid the 
apoptotic effects that start ~ 30 h after transfection when 
the S24E plasmid is expressed. SiRNAs were transfected 
using Dharmafect (Dharmacon) according to the manu-
facturer’s instructions.

Plasmids
PP2Ac plasmid was cloned from mRNA from HeLa cells 
into HA-pCDNA3 between the HindIII and BamHI sites. 
PP2Aa cDNA in pMIG was obtained from Addgene, 
and transferred into pEGFPC1 between EcoRI and KpnI 
with FLAG preserved. The mutants were prepared using 
Quickchange method Agilent (Santa Clara CA, USA).

Cell extraction and Western blotting
Cells were grown to subconfluency and then serum-
starved (0.1% FCS for 16 h, as described in [31]). After 
stimulation or other treatments, cells were rinsed 
twice with ice-cold phosphate buffered saline (PBS), 
which was replaced with Buffer H. The cells were then 
scraped into Buffer H (0.5 ml/plate), sonicated (50 W, 
2 × 7 s), and centrifuged (15,000 × g, 15 min). Aliquots 
of cellular extracts were subjected to SDS-PAGE and 
transferred onto nitrocellulose membranes (Tamar, 
Jerusalem, Israel) by electroblotting. Membranes were 
incubated with the corresponding primary Ab (60 min, 
23 °C), followed by washes and incubation with horse-
radish peroxidase conjugated secondary Ab. Blots were 
developed using the ChemiDoc (BioRad, Hercules, CA 
USA). Each experiment was performed at least three 
times to obtain significant data. Quantification of the 
band intensities was performed using BioRad analysis 
tool (Madison WI, USA).

Coimmunoprecipitation
Cells were grown to sub-confluence, serum-starved 
as above, and treated as indicated. Cell extracts were 
produced as previously described [32] and incubated 
for 2 h at 4  °C with Protein A/G-agarose beads (Santa 
Cruz Biotechnology, CA, USA) pre-linked with specific 
Abs (1  h, 23  °C). The bound A/G beads were washed 
three times with ice-cold washing buffer containing 
10  mM Tris, pH 7.4, 1  mM EDTA, 1  mM EGTA, pH 
8.0, 150 mM NaCl, and 0.5% Triton X-100. Beads were 
then resuspended with 1.5X sample buffer and boiled; 
the resolved proteins were analyzed by Western blot-
ting with the indicated Abs.



Page 4 of 19Nadel et al. Cell Communication and Signaling          (2024) 22:154 

Mass spectrometry
Serum-starved PC3 cells were stimulated with TPA 
(250  nM, 10  min), and then lysed. PP2A was immuno-
precipitated (IPed) with anti-PP2Ac Ab and then further 
purified using SDS-PAGE. The PP2A components were 
then in-gel trypsinized and extracted from the proper 
region of the gel and were then subjected to LC–MS-MS 
analysis as follows: The proteins in the gel were reduced 
(3  mM DTT), modified with 12  mM iodoacetamide 
and trypsinized with modified trypsin (Promega, Madi-
son WI, USA) at a 1:10 enzyme-to-substrate ratio, all in 
10  mm ammonium bicarbonate and 10% acetonitrile. 
The resulting tryptic peptides were resolved by reversed-
phase chromatography on 0.075 mm ID and about 20 cm 
long fused silica capillaries (J&W) packed with Repro-
sil-Aqua-C18, 3 µm beads (Dr Maisch GmbH, Germany). 
MS was performed with Q-Exactive-plus mass spec-
trometer (Thermo Fisher Scientific) in a positive mode 
using repetitively full MS scan followed by high collision 
induced dissociation (HCD) of the 10 most dominant 
ions selected from the full MS scan. The peptides were 
eluted with linear 60  min gradient of 5% to 28% ace-
tonitrile with 0.1% formic acid in water 15  min gradi-
ent of 28% to 95% acetonitrile with 0.1% formic acid in 
water and min at 95% acetonitrile with 0.1% formic acid 
in water at flow rates of 0.15 μl/min. The MS data were 
analyzed using Proteome Discoverer 1.4 software using 
Sequest (Thermo Fisher Scientific) algorithm search-
ing against the human Uniprot database and specific 
sequences. Minimal peptide length was set to six amino 
acids and a maximum of two miscleavages was allowed. 
Peptide- and protein-level false discovery rates (FDRs) 
were filtered to 1% using the target-decoy strategy. Semi 
quantitation was done by calculating the peak area of 
each peptide, based on its extracted ion currents (XICs).

Proximity ligation assay
Protein–protein interactions were detected with Duolink 
PLA Kit (Olink Bioscience), according to the manu-
facturer’s protocol as described [33]. Briefly, cells were 
plated on glass coverslips, in 12 well plates fixed and 
permeabilized as described for immunofluorescence 
staining. The samples were then incubated with primary 
Abs against two proteins suspected to interact (60  min, 
23 °C), and then incubated with specific probes according 
to manufacturer’s protocol, followed by DAPI staining to 
allow visualization of nuclei. The signal was visualized 
as distinct fluorescent spots by fluorescence microscopy 
(Olympus BX51, or spinning disc confocal Zeiss micro-
scope both at × 40 magnification). Background correc-
tion, contrast adjustment and the quantification of the 
fluorescence signal were performed using Photoshop 
(Adobe) and ImageJ.

TUNEL
To analyze apoptosis, sub-confluent PC3 and αT3-1 cells 
were plated on glass coverslips in 12 well plates under the 
standard culture conditions as described above. Twenty-
four h after the initial seeding, cells were serum-starved 
and then treated. At different times after treatment the 
cells were fixed with paraformaldehyde solution (4% 
in PBS (pH 7.4) for 1  h at 15–25  °C), washed with PBS 
and then incubated with 0.1% Triton X- 100 in 0.1% 
sodium citrate (2 min, 4 °C), washed again with PBS, and 
incubated with terminal deoxynucleotidyltransferase-
mediated nick end labeling (TUNEL) reaction mixture 
containing fluorescein-dUTP and terminal deoxynucle-
otidyltransferase (Roche Molecular Biochemicals Man-
nheim Germany) for 30 min at 37 °C. Preparations were 
analyzed by fluorescence microscopy.

Statistical analysis
“Experiments with treatments and inhibitors: Values 
were compared using ANOVA, accounting for treatment, 
inhibitor, treatment-inhibitor interaction and repeat 
(batch). Time experiments: Values were compared using 
ANOVA, accounting for time and repeat. Pairwise com-
parisons were done using Tukey’s post-hoc test. All sta-
tistics were done using the program R, v. 4.3.1.”

Results
The PP2A switch is regulated by PKC
In the previous study [21], we found that stimulation of 
GqPCR results in inactivation of AKT downstream of 
PKC in certain cell lines. We have further shown that 
this is mediated by a PP2A switch which is mediated by 
changes in interactions of IGBP1, PP2Ac and PP2Aa with 
PI3K and AKT, resulting in the inactivation of the latter. 
Here we undertook to study the mechanism of regula-
tion of the PP2A switch, and for this purpose, we used 
the αT3-1 and PC3 cell lines, that were previously identi-
fied as the best responders to the PP2A switch. First, it 
was important to confirm that the PP2A switch is indeed 
regulated by the activated PKC. For this purpose, we 
used the PKC inhibitor GF109203x (GFx) on several key 
players of the PP2A switch, and found that this inhibitor 
prevents the switch-related detachment of PP2Ac from 
PI3K, and the increased interaction of PP2Ac with AKT 
(Fig. 1A, B). As expected, the inhibitor did not affect the 
interaction of PP2Ac with IGBP1, supporting our previ-
ous hypothesis that this binding is persistent both before 
and after stimulation. We then examined the upstream 
inhibitory autophosphorylation of S608-p85-PI3K, which 
is antagonized by the bound PP2Ac. As expected by the 
inhibition of PP2Ac release from PI3K by GFx, the stim-
ulated phosphate accumulation at this site was indeed 
prevented, inhibiting the downstream switch effect and 
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finally preventing JNK phosphorylation (Fig.  1C, D). 
Taken together, these results show that PKC is indeed an 
upstream component, regulating the PP2A switch upon 
stimulation.

PP2Ac is phosphorylated on Ser24‑PP2Ac upon TPA 
stimulation
The involvement of PKC in the induction of PP2A switch 
raised the possibility that this process is regulated by 
phosphorylation of PP2Ac. In order to address this point, 
we resorted to phospho-protein MS analysis using IPed 
PP2Ac from TPA-stimulated PC3 cells. Interestingly, sev-
eral potential phosphorylation sites were identified, one 
in the A subunit (α isoform, either Ser403 or, in a lower 
probability, Ser401 (, and one in PP2Ac (α isoform, Ser24; 
Fig.  2). We then mutated the three phosphorylation 
sites to either the non-phosphorylatable Ala or to the 
phosphomimetic Glu residues. Only the Ser24-PP2Ac 
mutants presented changes in AKT dephosphorylation 
when expressed in PC3 cells, while the other mutants 
had no effect (data not shown). Next, we undertook to 
characterize this phosphorylation and study its role in 
the PP2A switch. For this purpose, we first raised anti-
phospho-Ser24-PP2Ac Ab (Fig. S1), which recognized a 
35 kDa band corresponding to that of PP2Ac upon TPA 
stimulation, but not when the cells were treated with 
GFx (Fig. S1A). Moreover, no band was detected when 
the blotting was done in the presence of the antigenic 
peptide, but not in the presence of non-phosphorylated 
peptide, supporting the specificity of the Ab. The qual-
ity of the Ab was confirmed also by its lack of recogni-
tion of the exogenously expressed PP2Ac from TPA 
treated cells (Fig. S1B). Interestingly, the Ab did recog-
nize to some extent the phosphomimetic S24E-PP2Ac 
mutant, indicating that the recognition relies on the 
acidity of the site. Using this specific Ab, we found that 
in both αT3-1 and PC3 cells, Ser24-PP2Ac is phosphoryl-
ated already 5  min after stimulation (Fig.  3A, B), peaks 
at 30 min and remains high up to 90 min after stimula-
tion. We also found that the phosphorylation was signifi-
cantly inhibited by the PKC inhibitor GFx (Fig.  3C, D), 

indicating again that this phosphorylation is regulated 
by PKC. Having demonstrated the role of IGBP1 in the 
switch [22], we examined the role of this regulator in the 
phosphorylation of Ser24, and found that knockdown of 
IGBP1 indeed inhibited this phosphorylation (Fig. 3E, F). 
This result indicates that the phosphorylation requires 
IGBP1 and therefore is related to the regulation of the 
PP2A switch. This could be due to the inability of IGBP1-
lacking PP2Ac to attach to PI3K at the membrane [22], 
thus limiting the access of the Ser24-PP2Ac to the kinase. 
Taken together, these results confirm that Ser24-PP2Ac is 
being rapidly phosphorylated upon TPA treatment, and 
this phosphorylation affects the PP2A switch, so it may 
affect PP2A functions shortly after stimulation.

Ser24‑PP2Ac is phosphorylated by PKC
The results above clearly indicate that S24-PP2Ac is 
phosphorylated upon PKC activation. However, it was 
not clear whether this phosphorylation is mediated 
directly by one of the PKCs or by another downstream 
kinase. This question is particularly important, since the 
sequence surrounding the phosphorylation site (ECK-
QLSESQVKS) does not exactly fit the consensus phos-
phorylation site of PKCs or any other known kinases, 
although the two lysins in the sequence may serve 
to some extent a recognition site for basic residues-
directed kinases such as PKC. To study whether the 
phosphorylating kinase is indeed PKC, we first exam-
ined whether PKC can phosphorylate PP2Ac. For this 
purpose, we IPed active and inactive PKCα from PC3 
cells and subjected it to in  vitro phosphorylation with 
IPed PP2Ac as a substrate. Using the anti phospho-Ser 
24 Ab we found that indeed PKCα from stimulated, but 
not from unstimulated cells, phosphorylates PP2Ac, 
indicating that the phosphorylated kinase may be PKCα 
(Fig. S2A). To further confirm it, we examined whether 
PKCα can interact with PP2Ac under the conditions 
used. As seen in Fig.  4 and S2B,C, the interaction of 
PP2Ac with endogenous PKC was low, but signifi-
cantly increased shortly after stimulation of αT3-1 and 
PC3 cells with TPA (Fig. 4), or with GqPCR activating 

Fig. 1  The PP2A switch-related interactions and phosphorylations are modulated by PKC inhibition. A, B Effect of PKC inhibition on PP2A 
switch-induced interactions. αT3-1 (A) or PC3 (B) cells were transfected with HA-PP2Ac (in PCDNA3) in serum-starvation medium (0.1% FCS, 16 h). 
The cells were then pretreated with PKC inhibitor GFx (3 µM, 20 min) or DMSO (control) and then were either stimulated with TPA (250 nM, 30 min) 
or left untreated. The cells were then harvested, and PP2Ac was IPed with anti-HA Ab. The Co-IPed PI3K, AKT and IGBP1 as well as the IPed HA-PP2Ac 
were detected by Western blotting with the relevant Abs. The bar-graphs in the lower panels represent means ± standard deviation (SD) of three 
experiments. Significance of change from DMSO, non-stimulated (-) control is calculated. * p < 0.01, ** p < 0.05. C, D Effect of PKC inhibitors on PP2A 
switch-induced phosphorylations. αT3-1 (C) or PC3 (D) cells were serum-starved (0.1% FCS, 16 h). The cells were then pretreated with PKC inhibitor 
GFx (3 µM, 20 min) or DMSO (control) and then either stimulated with TPA (250 nM, 30 min) or left untreated. Cells were harvested and the extracts 
were analyzed by Western blotting with the indicated Abs. The bar-graphs in the lower panels represent means ± SD of 3 experiments. Significance 
of change from DMSO, non-stimulated control (-) is calculated. * p < 0.01, ** p < 0.05

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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ligands (GnRH-a and PGF2α, Fig. S2 B,C). The interac-
tion presented was confirmed using proximity ligation 
assay (PLA; Fig. 4C). We also examined whether other 
PKC isoforms expressed in αT3-1 cells [34] can interact 
with PP2Ac and participate in the phosphorylation, and 

found that PKCβ1 slightly interacted with PP2Ac upon 
stimulation, but PKCδ and PKCε did not (Fig. S2D). 
Since the other PKCs are not significantly expressed 
in the cells examined, there was no point to test their 
involvement. Our results suggest a role of classical 

Fig. 2  Identification of phosphorylation sites on PP2Aa and PP2Ac by MS. PC3 cells were serum-starved (0.1% FCS, 16 h). The cells were stimulated 
with TPA (250 nM, 30 min), and then endogenous PP2Ac was IPed using monoclonal anti-PP2Ac Ab (BD Transduction Laboratories), and subjected 
to LC–MS analysis. A HCD spectrum of the doubly charged ion (M/Z-499.72) interpreted as QLS(p)ESQVK phosphorylated S24 of PPP2Ac. B HCD 
spectrum of the triply charged ion (M/Z-669.013) interpreted as QLSQS(p)LLPAIVELAEDAK phosphorylated S403 of PPP2R1A. b ions are marked 
in red, y ion in blue, and the precursor in green

Fig. 3  Ser24-PP2Ac is phosphorylated upon stimulation in a PKC and IGBP1-depndent manner. A, B Time course of S24-PP2Ac phosphorylation 
upon TPA stimulation. αT3-1 (A) or PC3 (B) cells were serum starved (0.1% FCS, 16 h), followed by stimulation with TPA (250 nM) for the indicated 
times. Then, the cells were harvested and subjected to Western blot analysis using an anti-phospho Ser24-PP2Ac raised for this study (see Methods). 
The lower graphs represent means ± SD of three experiments. Significance of change from non-stimulated (time 0) control is calculated. * p < 0.01, 
** p < 0.05. C, D PKC is involved in Ser24-PP2Ac phosphorylation upon stimulation. Serum starved (0.1% FCS, 16 h) αT3-1 (C) or PC3 (D) cells were 
pretreated with PKC inhibitor GFx (3 µM, 20 min) or DMSO control and then either stimulated with TPA (250 nM, 30 min) or left untreated. Cells 
were harvested, followed by analysis of the cell extracts by Western Blotting with the indicated Abs. The bar-graphs in the lower panels represent 
means ± SD of 3 experiments. Significance of change from DMSO, non-stimulated (-) control is calculated. * p < 0.01, ** p < 0.05. E, F IGBP1 is involved 
in the TPA-induced Ser24-PP2Ac phosphorylation. αT3-1 (E) or PC3 (F) cells, were treated with SiRNA of IGBP1 or SiRNA control, serum starved (0.1% 
FCS, 16 h) and either stimulated with TPA (250 nM, 30 min) or left untreated. The cells were harvested, and extracts were analyzed with the indicated 
Abs. The lower bar-graphs are means ± SD of three experiments. Significance of change between non-stimulated SiRNA control (-) and the other 
stimulated and non-stimulated cells is calculated. * p < 0.01, ** p < 0.05

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Fig. 4   PKC directly interacts with PP2Ac. Determining PP2Ac-PKC interaction using CoIP. A, B αT3-1 (A) or PC3 (B) cells were transfected 
with HA-PP2Ac (in PCDNA3) in serum starvation medium (0.1% FCS, 16 h). The cells were then stimulated with TPA (250 nM) for the indicated 
times, harvested, and PP2Ac was IPed using anti-HA Ab. The CoIPed PKC, as well as the IPed HA-PP2Ac were detected by Western blotting 
with the relevant Abs. IgG was used as a CoIP negative control. The graphs in the lower panels represent means ± SD of 3 experiments. Significance 
of change from non-stimulated control (time 0) is calculated. * p < 0.01, ** p < 0.05. C. Proximity ligation assay (PLA) verifies PP2Aa interaction 
with PKC. αT3-1 (upper panel) and PC3 (lower panel) cells were cultured on cover slips, and were transfected with HA-PP2Ac (in PCDNA3) in serum 
starvation medium (0.1% FCS, 16 h). The cells were then either stimulated with TPA (250 nM, 5 or 15 min) or left untreated (both panels of αT3-1 
cells and TPA 0 in PC3 cells) followed by fixation. Interactions of HA-PP2Ac and PKC were detected using PLA with their cognate Abs as described 
under Methods. The bar-graphs in the lower panels represent means ± SD of 3 experiments. Significance of change from non-stimulated control 
(NT) is calculated. * p < 0.01, ** p < 0.05
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PKCs in the phosphorylation of Ser24-PP2Ac, although 
we cannot rule out some involvement of other PKC-
downstream kinases.

Ser24‑PP2Ac phosphorylation regulates AKT as well 
as PI3K phosphorylation
Next, we undertook to study the role of Ser24-PP2Ac 
phosphorylation in the regulation of PP2A switch and 
its downstream effects. For this purpose, we prepared 
phosphorylation-site mutants of S24-PP2Ac, including 
unphosphorylatable Ser24Ala (S24A) and the phospho-
mimetic Ser24Glu (S24E) mutations. The wild type (WT) 
HA-PP2Ac (HA-PP2Ac) and the two mutants were exog-
enously expressed in αT3-1 and PC3 cells. The constructs 
were reproducibly expressed in ~ 40% of the cell and the 
ratio of exogenously expressed protein level was about 
80%-100% of the endogenous PP2Ac in the expressing 
cells (detected as ~ 40% in Western blots). The expres-
sion of the exogenous proteins was usually equal among 
the constructs. Importantly, the catalytic activity of the 
expressed mutants was similar to that of WT-PP2Ac as 
determined by in-vitro dephosphorylation of both AKT 
and para-nitrophenylphosphate (pNPP), both with and 
without TPA stimulation (Fig. S3). This result suggests 
that the putative effect of S24 phosphorylation is catalytic 
activity independent-and may be mediated by changes in 
protein–protein interactions with PP2Ac regulators such 
as B subunits or substrates.

We then followed the effect of the transfected pro-
teins on PP2Ac switch-related phosphorylations. As 
expected [21, 22], the phosphorylation of S473-AKT 
was significantly reduced upon TPA treatment in both 
cell lines (Fig.  5A, B). However, expression of S24A-
PP2Ac abolished this reduction, while the expression 
of S24E-PP2Ac induced AKT dephosphorylation both 
before and after stimulation. These mutants affected 
not only pS473-AKT, but also the PP2A switch-related 
inhibitory autophosphorylation of Ser608 of PI3K. 
When HA-PP2Ac was expressed, there was a low S608 
phosphorylation before stimulation (basal state), which 
was increased 30  min after stimulation. Expression of 
S24A-PP2Ac reduced the stimulated phosphorylation, 
while expression of S24E-PP2Ac elevated the basal 

phosphorylation, and this was not further elevated 
upon stimulation. Moreover, S24 phosphorylation 
nicely correlated with the phosphorylation of S608-
p85-PI3K (Fig.  5A, B), suggesting that the effect on 
p85 might be downstream of Ser24 phosphorylation. 
Taken together, these results suggest that phosphoryla-
tion of Ser24-PP2Ac lies upstream of the Ser608-p85-
PI3K phosphorylation, which may indicate that Ser24 
phosphorylation is important for releasing PP2Ac from 
PI3K, an essential prerequisite step for the phosphate 
accumulation on Ser608 of P85-PI3K. Therefore, Ser24-
PP2Ac phosphorylation is an essential step in the regu-
lation of the PP2A switch.

Aside the significant effects of pSer24-PP2A muta-
tions on the PP2A switch-related phosphorylations, we 
examined their effects on the switch-related interac-
tions. As expected [22], the interaction of PP2Ac with 
PI3K was reduced upon stimulation, while the interac-
tion with AKT was increased (Fig.  5C, D). Expressed 
S24A-PP2Ac did not significantly changed the interac-
tion of the mutant with PI3K in basal state, and this was 
not significantly changed upon stimulation. Expression of 
S24E-PP2Ac resulted in a lower interaction of the mutant 
with PI3K and elevated interaction with AKT both before 
and after stimulation. The interaction results were con-
firmed using PLA in αT3-1 cells (Fig.  6) and PC3 cells 
(Fig. S4). Thus, expression of HA-PP2Ac in αT3-1 cells 
and applying anti PP2Ac plus anti-AKT Abs resulted in 
no PLA signal that did appear upon TPA stimulation. 
PI3K with HA-PP2Ac gave a strong signal in basal state, 
which disappeared upon stimulation. Moreover, similar 
to the CoIP results above, the PLA-detected interaction 
of PP2Ac with AKT was markedly reduced by the S24A 
mutation and elevated by the S24E mutations. The PLA-
detected interaction of PP2Ac with PI3K was elevated by 
the S24A mutation and abolished by the S24E mutation. 
In these experiments (Figs. 6 and S4), we also examined 
the effects of the mutations on IGBP1-PP2Ac interaction. 
As expected [22], interaction between these proteins was 
readily detected without any change upon stimulation. 
Interestingly, the two mutants did not induce a significant 
change in the IGBP1-PP2Ac interaction, neither before 
or after stimulation. This result shows that Ser24-PP2Ac 

Fig. 5  Ser24-PP2Ac phosphorylation regulates the PP2A switch through binding to PI3K and AKT but not IGBP1. A, B Ser24-PP2Ac phosphorylation 
regulates the PP2A switch related phosphorylation on AKT and PI3K inactivation. αT3-1 (A) or PC3 (B) cells were transfected with either HA-PP2Ac 
or PP2Ac mutants (S24A, S24E) in PCDNA3 in serum starvation medium (0.1% FCS 16 h). The cells were then either stimulated with TPA (250 
nM, 30 min) or left untreated, harvested and analyzed using Western blot with the indicated Abs. The bar-graphs represent means ± SD of three 
experiments. Significance of change from non-stimulated control (time 0) is calculated. * p < 0.01, ** p < 0.05. C, D Ser24-PP2Ac phosphorylation 
regulates binding of PP2Ac to AKT and PI3K. αT3-1 (C) or PC3 (BD) cells were treated as described in panels A, B and PP2Ac was IPed using Ab 
against the HA tag. The CoIPed proteins were analyzed using the indicated Abs. IgG was used as a CoIP negative control. The bar-graphs represent 
means ± SD of three experiments. Significance of change from non-stimulated control (time 0) is calculated. * p < 0.01, ** p < 0.05

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  Using PLA to follow PP2Ac interaction with AKT, PI3K and IGBP1. A αT3-1 cells were cultured on cover slips. The cells were transfected 
with either HA-PP2Ac or PP2Ac mutants (S24A, S24E) in PCDNA3 in serum starvation medium (0.1% FCS 16 h). The cells were then either stimulated 
with TPA (250 nM, 30 min) or left untreated (NT) and fixed. Interactions were detected and quantified using the PLA kit, with anti HA for PP2Ac 
isoforms together with each of the other specific Abs (AKT, p85-PI3K and IGBP1) as described in the Method section. B The bar graphs represent 
means ± SD of a representative experiment that was reproduced 3 times. Significance of change from non-stimulated control (NT) is calculated. * 
p < 0.01, ** p < 0.05
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phosphorylation is important for PP2Ac detachment 
from PI3K but not for the IGBP1-induced interaction.

Another point that we addressed was the involvement 
of S24-PP2Ac phosphorylation in the  interaction of 
PP2Ac-IGBP complex with PP2Aa when binding to AKT 
[22]. For this purpose, PC3 cells were transfected with 
GFP-IGBP1 and HA-PP2Ac constructs, grown in serum 
starvation medium and then were either stimulated 
with TPA or left untreated (0). IGBP1 was IPed from the 
extracts by anti GFP AB (precipitating mainly IGBP1-
PP2Ac dimer), and the interaction of the endogenous 
PP2Aa was followed with Ab to this protein. The results 
(Fig. S5) indicate that there is no PP2Aa interaction with 
the IPed GFP-IGBP1, while TPA stimulation did cause 
such an interaction. Since IGBP1 cannot bind directly to 
PP2Aa, the most likely interpretation is that the observed 
interaction is not direct, and occurs via the PP2Ac. This 
conclusion is strengthened by the results with cells 
expressing the non-phosphorylated S24A-PP2Ac mutant 
that did not show any interaction with or without stimu-
lation. Interestingly, the S24E-PP2Ac mutant did cause 
some interaction that was not changed after stimulation, 
indicating that the phosphomimetic residue allowed the 
(indirect, via PP2Ac) IGBP1-PP2Aa interaction. As dis-
cussed in our previous publication, there is a controversy 
in the literature regarding the feasibility of such an inter-
action, as these two proteins use a similar interaction 
site [22]. Our result here supports the notion that such 
a dual interaction does exist upon S24-PP2Ac phospho-
rylation. It is possible that this phosphorylation changes 
PP2Ac conformation to expose both sites in an angel that 
allows such a binding. Taken together, the CoIP as well 
as PLA results clearly indicate that the PP2A switch is 
significantly influenced by the phosphorylation of Ser24 
residue of PP2Ac to allow detachment from PI3K and 
formation of a PP2Ac, IGBP1 and PP2Aa complex that 
binds to AKT.

Phosphorylation of Ser24‑PP2Ac is essential for JNK 
activation and apoptosis
We then studied whether the PKC-mediated Ser24 
phosphorylation is essential and sufficient to promote 

the downstream effects of PP2A switch, primarily apop-
tosis. For this purpose, we used again the HA-PP2Ac 
as well as the S24A- and S24E-PP2Ac mutants in the 
examined αT3-1 and PC3 cells. We then examined the 
S24-PP2Ac dependent phosphorylation of Foxo1 that is 
a known AKT target upon stimulation [33, 35]. In agree-
ment to AKT phosphorylation, the relatively high basal 
phosphorylation of Foxo1 was reduced upon stimula-
tion in cells expressing HA-PP2Ac (Fig. S6). The S24A-
PP2Ac mutant abolish this reduced phosphorylation, 
while the S24E-PP2Ac mutant increased FOXO1 phos-
phorylation in both non-stimulated and stimulated cells. 
Thus, this result show that the effect of pSer24-PP2Ac 
on AKT phosphorylation is transduced downstream to 
regulate the AKT-dependent pathway. We further exam-
ined JNK phosphorylation in both αT3-1 and PC3 cells 
exogenously expressing HA-PP2Ac and its mutants. In 
both cell lines, the S24A-PP2Ac mutant inhibited the 
phosphorylation of JNK, while the S24E-PP2Ac elevated 
it even in non-stimulated cells (Fig.  7A). Correspond-
ing effects in the same cells were found for apoptosis 
detected 48  h post stimulation in both cells by detec-
tion of cleaved PARP1, a canonical marker of apoptosis 
(Fig. 7B), or using TUNEL assay (Fig. 7C,D). As expected 
from the JNK activation results, expression of S24A-
PP2Ac abolished this induction of apoptosis, while S24E-
PP2Ac induced a strong apoptosis signal even without 
stimulation. The results clearly indicate that S24E-PP2Ac 
expression by its own is sufficient to induce a significant 
apoptosis of the cell lines examined. Therefore, this phos-
phorylation is the first and most important regulatory 
step in regulating PP2A switch. This is done by induc-
ing PKC-dependent signaling downstream the PP2A 
switch, depicting a necessary and sufficient role for PKC 
phosphorylation of PP2Ac in the induction of GqPCR-
induced apoptosis.

Discussion
The serine/threonine protein phosphatase PP2A het-
erotrimer complex regulates many cellular processes by 
dephosphorylation of a large number of regulatory pro-
teins [7, 8]. In our previous studies we have shown that 

Fig. 7  Ser24–PP2Ac phosphorylation induces JNK phosphorylation and apoptosis. A Ser24-PP2Ac phosphorylation is required for the PP2Ac 
switch-related JNK activatory phosphorylations. αT3-1 or PC3 cells were transfected with either HA-PP2Ac or PP2Ac mutants (S24A, S24E) 
in PCDNA3 in serum strvation medium (0.1% FCS 16 h). The cells were then either stimulated with TPA (250 nM, 30 min) or left untreated. 
Next, the cells were  harvested, and cell extracts were analyzed by Western blotting with the indicated Abs. The bar-graphs in the lower 
panels represent means ± SD, of 3 experiments. Significance of change from non-stimulated HA-PP2Ac control (time 0) is calculated. * p < 0.01, 
** p < 0.05. B, C Ser24-PP2Ac phosphorylation is required for the PP2Ac switch-induced apoptosis. Serum starved αT3-1 or PC3 expressing 
HA-PP2Ac or mutated PP2Ac as described in panel (A), were TPA (250 nM, 48 h) stimulated or left untreated. TPA-induced cell death was detected 
by cleaved PARP1 (B) or TUNEL (C). The results shown represent means ± SD. Significance of change from HA-PP2Ac, non-stimulated control (NT) 
was calculated. * p < 0.01, ** p < 0.05

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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in 11 out of 21 cell lines examined, GqPCRs induces 
dephosphorylation and inactivation of AKT [21]. A com-
mon denominator of the responsive cells was high basal 
AKT phosphorylation/activity, which could be mediated 
by PTEN loss or mutations (e.g. PC3 cells [36]), lack of 
inhibitory dephosphorylation of PI3K (e.g. HEK293 [37]), 
expression of IGBP1 (e.g. αT3-1 [21] or other regulatory 
mechanisms that still need clarification. We then stud-
ied the mechanism that induces the immediate AKT 
dephosphorylation, and found that it is mediated pri-
marily by PP2A without effects of PTEN or other phos-
phatases [22]. We further found that the mechanism by 
which PP2A reduces AKT activity in these cells involves 
the non-canonical regulatory subunit IGBP1 [22]. In rest-
ing cells, IGBP1 binds to PP2Ac, and this dimer interacts 
with the regulatory subunit of PI3K and dephospho-
rylates the auto-inhibitory pSer608-p85 subunit. This 
dephosphorylation maintains high basal activity of the 
PI3K, and the phosphoinositide molecules produced 
recruit AKT to the plasma membrane where it is phos-
phorylated and activated. Upon GqPCR activation or 
by a direct activation of PKC, the PP2Ac-IGBP1 dimer 
is detached from p85-PI3K. The lack of attached phos-
phatase allows accumulation of the phosphate at that 

location and therefore inhibition of PI3K [22], leading to 
reduced levels of phosphoinositide. This is followed by 
detachment of pAKT from the plasma membrane and its 
accumulation in the cytoplasm, a process that may lead 
to dephosphorylation of the kinase [38]. In parallel, the 
IGBP direct both PP2Ac and PP2Aa to the cytoplasmic 
pAKT and causes dephosphorylation and inactivation 
of the latter. As mentioned above, other B subunits can 
direct PP2Ac to AKT in the cytoplasm, but IGBP1 is the 
major component playing a role in our system [22]. This 
mechanism mediates an inhibitory action on both com-
ponents of the cascade, PI3K and AKT, and this transfer 
from PI3K to AKT was termed: “PP2A switch”.

The question that was still unsolved by the two previ-
ous reports was the mechanism that induces the PP2A 
switch upon stimulation. Here we found that this is medi-
ated by phosphorylation of Ser 24 of PP2Ac by PKCα and 
to some extent also PKCβ. Our results best fit a model 
(depicted in Fig. 8) in which PP2Ac-IGBP1 heterodimer 
constitutively interacts with PI3K and dephosphoryl-
ates its inhibitory site (pSer608) in resting cells. Upon 
stimulation, PKC is recruited to the plasma membrane 
where it comes to close proximity with the PI3K-bound 
PP2Ac and phosphorylates it on Ser24-PP2Ac residue. 

Fig. 8  Schematic representation of the PKC-induced PP2Ac phosphorylation in the induction of the PP2A switch. In resting cells (first 
panel), the PP2Ac-IGBP1 dimer binds PI3K, dephosphorylating its inhibitory phosphorylation site (Ser608-p85-PI3K), leading to its activation 
and consequently cell survival. Upon GqPCR stimulation, PKC phosphorylates PP2Ac on Ser24 residue (second panel). This leads to the release 
of the IGBP1-PP2Ac dimer form PI3K (third panel), leading to autophosphorylation of PI3K, its inactivation and the detachment of AKT 
from the plasma membrane. The free PP2Ac-IGBP1 dimer together with PP2Aa bind to the cytoplasmic AKT leading to AKT dephosphorylation, 
inactivation and consequently cell death (Fourth panel)
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This phosphorylation then induces the detachment of 
the IGBP1-PP2Ac dimer from PI3K and thereby ena-
bles the autophosphorylation of the inhibitory Ser608 of 
p85-PI3K, which result in the PI3K inactivation. Thereaf-
ter, the PP2Ac-IGBP1 dimer, forms a heterotrimer with 
PP2Aa, which interacts with AKT, and reduces the phos-
phorylation and activity of this kinase as well. This inac-
tivation consequently results in the activation of JNK1/2 
which in turn, leads to apoptosis. Interestingly, we found 
here that expression of S24E-PP2Ac (mimicking con-
stitutive phosphorylation) is able to induce a constant 
and robust apoptosis of the cell lines examined, indicat-
ing that ser24-PP2Ac phosphorylation by classical PKCs 
is probably necessary and sufficient to induce the PP2A 
switch upon GqPCR stimulation in various cell lines.

Here we identified the primary step in the induction 
of the PP2A switch as the phosphorylation of PP2Ac by 
PKC that eventually leads to apoptosis by inhibiting AKT 
phosphorylation. PP2A regulates numerous cellular sign-
aling pathways that lead to development, cell cycle, pro-
liferation, apoptosis and more. The involvement of PP2A 
in apoptosis is relatively well studied [9] although the 
mechanisms identified thus far are clearly distinct from 
the PP2A-switch that we identified. Our findings show 
that the PP2A catalytic subunit, PP2Ac is phosphorylated 
on Ser24 in order to induce the PP2A switch that leads 
eventually to AKT inactivation. This is the first identifi-
cation of this particular modification, although several 
other post-translational modifications such as methyla-
tion, degradation and phosphorylation have already been 
shown to regulate PP2Ac activity, stability, and holoen-
zyme biogenesis such as methylation and phosphoryla-
tion [39].

Our results clearly present a unique regulation of PP2A 
by phosphorylation. However, PP2Ac was previously 
shown to be regulated by other post-translational modi-
fications. One of the first modification identified was 
methylation at Leu 309 in the C terminus of PP2Ac which 
is mediated by LCMT1 [40] and PME1, that activates 
PP2Ac, and enhances trimeric holoenzyme assembly 
[41, 42]. This methylation is essential for the formation 
in some (e.g. B55, B56 and B72; [43]) B subunits. On the 
other hand, in the case of PP2A/PR55a, the methylation 
was shown to be important for PP2A holoenzyme disas-
sembly that leads to tau hyperphosphorylation and cell 
death in neurodegenerative diseases [44, 45].

As for phosphorylation, it was initially thought that 
due to the very efficient phosphatase activity of PP2A, 
this enzyme could not be stably phosphorylated, as it 
removes any phosphate incorporated. However, over 
the years it was shown that the different subunits of the 
PP2A do undergo regulatory phosphorylations that affect 
their activity. The C-terminal tail of PP2Ac was shown to 

be a substrate for post-translational modifications that 
modulate its interaction with specific B subunits and thus 
affect holoenzyme assembly and PP2A specificity [46]. 
Although the identity of the protein kinases has remained 
unknown, phosphorylation of Thr304 [47–50] regulates 
PP2A inactivation, mainly by inhibiting holoenzyme 
assembly. It was shown that binding of PP2Ac to B55 is 
dependent on Tyr 304 phosphorylation by CDK1, result-
ing in decreased dephosphorylation of PP2A/B55 sub-
strates that promote mitotic entry [46]. Phosphorylation 
of Tyr 307 of PP2Ac disrupted its binding to PP2A regu-
latory subunit PR61/B’ [51, 52]. This phosphorylation 
also indirectly affects the assembly of PP2A with PR55/ B 
by preventing Leu309 methylation due to impaired access 
to the LCMT1 cavity [47, 51–53]. Thus, all these modifi-
cations in the C terminus of PP2Ac impair PP2A activity 
via disruption of PP2Ac binding to a regulatory PP2A B 
subunit. Other tyrosine phosphorylation of PP2A have 
been reported as well (http://​www.​phosp​honet.​ca/​defau​
lt.​aspx#​InfoB​ox), but the role of these phosphorylation is 
not entirely understood yet. In addition, various B subu-
nits are regulated by phosphorylation as well. For exam-
ple, it has been demonstrated that most of the B56 family 
members are phosphoproteins [54]. Interestingly, one of 
the protein kinases that induces such phosphorylations is 
PKC, which phosphorylates B56α on Ser41 [55]. All these 
modifications are distinct from our findings that show 
that phosphorylation of Ser24 residue of PP2Ac indeed 
dissociated it from its substrate (PI3K) albeit does not 
affect its activity but rather initiate the PP2A switch by 
rendering it accessible for AKT binding.

Our results here indicate that the PP2A switch-induced 
apoptosis is initiated by PKC phosphorylation of PP2Ac. 
PKC is a group of nine gene products that encode simi-
lar protein kinases, which can be devided into conven-
tional (α, β, γ) novel (δ, ε, η, θ) and atypical (ζ,ι) isoforms 
[56, 57]. Although PKCs are better known for their abil-
ity to induce survial/proliferation or, when dysregulated, 
promote cancer [58], they were shown to participate in 
some growth inhibition, apoptosis, and tumor suppress-
ing processes [59, 60]. In the current study we show 
that PKC may induce apoptosis of some cells by inhibit-
ing AKT phosphorylation via PP2Ac. To the best of our 
knowledge, similar activity of PKC has not been reported 
in other system. However, induction of apoptosis by 
PKC via other mechanism has been reported in various 
cell line by several mechanisms. Interestingly, the main 
PKC suggested to be involved the induction of apop-
tosis is PKCδ [61], but we have shown that this PKC is 
not involved in the PP2A switch (Fig. S2). Interestingly, 
PKCα and PKCβ  that do play a role in the induction of 
the PP2Ac switch are ususally involved in cell survival, 
and proliferation [60, 62]. Nonetheless these isoforms 

http://www.phosphonet.ca/default.aspx#InfoBox
http://www.phosphonet.ca/default.aspx#InfoBox
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are still able to induce apoptosis in some cell lines follow-
ing stimulation [62, 63]. For example, PKCα and PKCβII 
were shown to contribute to ROS-induced apoptosis of 
VSMCs [64] and PKCα was shown to induce apoptosis 
by downregulating the prosurvival mitochondrial pro-
tein Bcl2 [65]. Importantly, it was shown that PKCα can 
act as a tumor suppressor in PI3K/AKT-induced endo-
metrial cancer, operating via PP2A [66]. Although the 
exact mechanism was not studied in that report, it is 
possible that it is similar to the system identified here. 
It is likely that this number of systems in which PKCα/β 
are involved in apoptosis will increase because Gq was 
shown to play a role in apoptosis in some cell types 
https://​doi.​org/​10.​3390/​ijms2​41713​527, but these are 
still limited as in a screen that we made, such system was 
identified in less then 15% of the cells examined [21].

Conclusions
Our data support a mechanism depicted in Fig.  8 in 
which binding of GqPCR to its ligand in several cell 
types activates PKCα/β, which in turn bind and phos-
phorylate PI3K-bound PP2Ac on its serine 24 residue. 
This event induces release of the PP2Ac-IGBP1 dimer 
from PI3K, resulting in PI3K autophosphorylation on its 
inhibitory serine 608 of the p85 subunit. The free dimer 
forms a trimer with PP2Aa, binds and inactivates AKT 
via dephosphorylation. Since serine 24 phosphorylation 
is necessary and sufficient for conferring cellular apopto-
sis even in non-stimulated prostate cancer cells, further 
study on its possible use as a potential antitumor drug is 
needed.
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