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Abstract

Protein kinase C (PKC) has been shown to activate the mammalian target of rapamycin
complex 1 (MTORC1) signaling pathway, a central hub in the regulation of cell metabolism,
growth and proliferation. However, the mechanisms by which PKCs activate mMTORC1 are
still ambiguous. Our previous study revealed that activation of classical PKCs (cPKC)
results in the perinuclear accumulation of cPKC and phospholipase D2 (PLD2) in recycling
endosomes in a PLD2-dependent manner. Here, we report that mTORC1 activation by
phorbol 12,13-myristate acetate (PMA) requires both classic, cPKC, and novel PKC (nPKC)
isoforms, specifically PKCn, acting through distinct pathways. The translocation of mTOR to
perinuclear lysosomes was detected after treatment of PKC activators, which was not colo-
calized with PKCa- or RAB11-positive endosomes and was not inhibited by PLD inhibitors.
We found that PKCn inhibition by siRNA or bisindolylmaleimide | effectively decreased
mTOR accumulation in lysosomes and its activity. Also, we identified that PKCn plays a role
upstream of the v-ATPase/Ragulator/Rag pathway in response to PMA. These data pro-
vides a spatial aspect to the regulation of MTORC1 by sustained activation of PKC, requiring
co-ordinated activation of two distinct elements, the perinuclear accumulation of cPKC- and
PLD-containing endosomes and the nPKC-dependent translation of of mTOR in the peri-
nuclear lysosomes. The close proximity of these two distinct compartments shown in this
study suggests the possibility that transcompartment signaling may be a factor in the regula-
tion of MTORC1 activity and also underscores the importance of PKCn as a potential thera-
peutic target of mTORC-related disorders.

Introduction

The mammalian target of rapamycin (mTOR) is a crucial signaling hub in eukaryotes, func-
tioning to sense and integrate environmental changes such as alterations in nutrients, growth
factors, energy stress and oxygen levels into cellular responses [1]. Currently, mTOR is known
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to exist in two distinct complexes, mTOR complex 1 (mMTORC1) and mTOR complex 2
(mTORC2) through interaction with different protein partners. Of these, n”TORCI is the
most studied and regulates translation, proliferation, cell size and autophagy through its down-
stream effectors including ribosomal S6 kinase (S6K), 4E-BP1 and ULK [2].

Given this central position, the regulation of mTORCI1 is understandably complex and
involves a variety of factors depending on the stimulus. Thus, amino acids regulate mMTORCI
through the RAG GTPases [3] that recruit mTOR to the lysosomal surface and in proximity to
its activator, the small G-protein Rheb [4, 5] with subsequent studies identifying the Ragulator
complex [4] GATOR complexes, vacuolar H"-ATPase (v-ATPase) [6], folliculin, and sestrins
as upstream regulators of the Rag pathway [4, 6-8]. More recently, studies have also identified
amino acid regulation of mTORCI through Rag-independent pathways involving the class III
phosphinositide 3-kinase Vps34 and phospholipase D (PLD) [9]. By contrast, growth factors
and glucose promote mTORCI primarily through the Rheb pathway. In this pathway, the
tuberin-hamartin (TSC1/2) complex functions as a GAP for Rheb, and considerable research
has shown that multiple signals converge on TSC1/2 to suppress or promote mTORCI activity
[10]. For example, phosphorylation by AMP kinase (in the glucose pathway) or glycogen
synthase kinase-3B (GSK3B) (in the Wnt pathway) activates TSC1/2 and inhibits mTORCI1
[11, 12]. In contrast, phosphorylation by Akt (in the growth factor pathway) inhibits TSC1/2,
thereby activating mTORC1 [13]. More recently, translocation of TSC1/2 on and off the lyso-
somal surface (where it colocalizes with RHEB) was identified as a primary regulatory mecha-
nism in response to growth factors [14], thus defining a spatial aspect to regulation through
the TSC1/2-Rheb arm of the pathway.

Protein kinase C (PKC) is a family of 10 isoforms grouped into 3 subfamilies (classical,
novel, and atypical) based on their structures and activators [15]. Classical isoenzymes of
PKCs (cPKCs: o, BI, BIT and y), are activated by diacylglycerol (DAG) and calcium whereas
novel PKCs (nPKCs: §, €, 1 and 0) are DAG-dependent but calcium-independent [15]. In con-
trast, the atypical PKCs (£ and v/A) are independent of both DAG and calcium. Additionally,
both ¢cPKC and nPKC isoforms are activated by tumor promoting phorbol esters such as phor-
bol-12-myristate-13-acetate (PMA)-which function by mimicking DAG [16]. Acute activation
of cPKCs occurs in response to stimulation of phospholipase C by growth factor receptors or
G-protein coupled receptors (GPCRs) and generation of DAG, resulting in the rapid translo-
cation of cPKCs from the cytosol to the plasma membrane [17]. This allows PKC to phos-
phorylate local substrates and activate downstream signaling but is relatively short lived and,
following metabolism of DAG, PKC returns to the cytosol in a mechanism requiring autopho-
sphorylation [18, 19].

In contrast to this well-established paradigm, we have previously reported that sustained
activation of cPKCs by PMA or GPCRs results in internalization and translocation of cPKCs
to a perinuclear subset of RAB11-positive recycling endosomes (which we termed the ‘pericen-
trion’) [20-22]. Notably, the perinuclear accumulation of PKC required sustained activities of
cPKCs and PLD and was dependent on caveolae- and clathrin-mediated endocytosis [23].
Functionally, in addition to PKC itself, the pericentrion also contained PLD, lipids and some
receptors (e.g. serotonin receptor, epidermal growth factor receptor) and was important for
heterologous desensitization of growth factor receptors [20]. More intriguingly, we found that
the majority of PKC-dependent phosphorylation in response to sustained PKC activation was
temporally concurrent with perinuclear PKC accumulation and required endocytosis, PKC
and PLD activity. Importantly, one such downstream effector of PKC was S6K- the best char-
acterized substrate of mMTORCI [24].

Considerable evidence has implicated the mTOR pathway as a downstream effector of PKC
signaling in various cell lines. For example, in adult cardiac muscle cells, PKCe and PKCS are
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required for ET-1 induced mTORC]1 activation, and PKCS3 is involved in insulin-stimulated acti-
vation of mTORCI [25]. In glioma cells, increases in EGFR protein levels correlated with ele-
vated activity of PKC and mTORCI1, and signals from EGFR to mTORCI were through PKCa
and independent of AKT [26], while in glioblastoma cells, PKCn was involved in mTOR activa-
tion and proliferation [27]. Our own recent study found that high PKCRII levels were associated
with increased mTORCI activity in lung cancer cells and overexpression of PKCII in HEK293
cells was sufficient to activate mTORCI. Notably, this increased mTORCI activity and subse-
quent increased proliferation and invasion were all PLD-dependent [28]. Finally, PKCE, an
atypical PKC, was implicated in abnormal mTOR regulation in follicular lymphoma cells in a
MAPK-dependent manner [29]. In addition to these, numerous studies have shown that PMA
activates mTORCI in a PKC-dependent manner and have further explored the underlying
mechanisms. To date, this has heavily focused on the MAPK pathway and it was reported that
PMA activates mTOR through ERK regulation of 90-kDa ribosomal S6 kinases (RSK) [30].
However, a more recent study found that RSK was dispensable for PMA-induced mTORCI1 acti-
vation, and the requirement of MEK/ERK in this process is variable across cell lines [31] suggest-
ing alternative mechanisms by which PMA and, by extension, PKC regulates mTORCI.

In this study, we have investigated the mechanisms by which sustained PMA treatment reg-
ulates the activation of mMTORCI. We find that PMA activation of mTORC1 involves dual
pathways and mechanisms. The first pathway requires the formation of the cPKC-containing
endosomes through activation of PLD as we have described previously. The second, previously
unknown pathway requires translocation of mTORCI to the lysosomal surface through activa-
tion of the novel PKCn). These data identified a hitherto unknown regulator of mTORCI.
Given the tendency of this pathway to be hyperactivated in many cancers, the possibility of tar-
geting PKCn as a means to disrupt this activity warrants further investigation.

Materials and methods
Materials

All cell lines were purchased from American Tissue Culture Collection (Manassas, VA, USA).
Lipofectamine RNAIMAX were from Life Technologies (Grand Island, NY). X-treme GENE 9
were from Roche (Indianapolis, IN). PLD2 inhibitor, VU 0364739 was a kind gift from Dr.
Alex Brown (Vanderbilt University, Nashville, TN, USA). PMA, G6 6976, Bisindolylmaleimide
I and U0126 were from EMD Millipore (Billerica, MA). Anti-phospho-p70S6K (Thr389), S6K,
mTOR, phospho-ERK1/2 (Thr202/Tyr204), ERK1/2, EGFR, HA antibodies were from Cell
Signaling Technology (Danvers, MA) and anti-Actin antibody was purchased from Sigma
Aldrich (St. Louis, MO). Anti-LAMP1, LAMP2, PKCS and PKCe antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-EEA1 antibody was from BD Biosciences (San
Jose, CA). siRNA for PKCn, PKC8, PKCe, RAGB, LAMTOR 1, and LAMTOR 3 were from
Qiagen (Valencia, CA).

Cell culture

HEK293 cells were maintained in MEM supplemented with 10% (V/V) fetal bovine serum.
HeLa cells were grown in DMEM supplemented with 10% (V/V) fetal bovine serum. All cells
were grown at 37°C in a humidified atmosphere with 5% CO2.

Plasmid construction and siRNA transfection

The wild type pBK-CMV-GFP-PKCo: was described previously [32] and was transfected into
cells using Xtremegene 9 (Roche) according to the manufacturers protocol. siRNAs were
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transfected into HEK293 or HeLa cells with Lipofectamine RNAiMAX following the manufac-
turers protocol. Transfected cells were grown in the growth medium for 72 hours prior to
treatment.

Immunoblotting

Protein samples were collected in LDS sample buffer (Invitrogen) and boiled for 10 min. Pro-
teins were separated on 4-20% polyacrylamide gels (BioRad), transferred to nitrocellulose
membranes (BioRad), which were blocked in PBS-T with 5% non-fat dried milk for 1 hour at
room temperature. After three washes with PBS-T, membranes incubated with primary anti-
body overnight at 4°C. Primary antibody solutions were prepared according to manufacturer’s
recommendations. On the following day, blots were washed three times (PBS-T) and incu-
bated with HRP-conjugated secondary antibodies in blocking solution for 1 hour. After three
washes, proteins were detected with enhanced chemiluminescence reagent (Pierce).

Indirect immunofluorescence and confocal microscopy

Cells were plated on 35-mm confocal dishes (MatTek) at a density 3 to 5 x10° cells/dish. After
24 hours, cells were transfected as described above. After transfection, cells were grown in for
24 to 48 hours before serum starvation for 5 hours prior to treatment. Cells transfected with
green fluorescence protein (GFP) were fixed with 3.7% paraformaldehyde and nuclei were
stained with DAPI. Indirect immunofluorescence was performed as described before [20]. All
images were taken by Leica TCS SP8, and pictures are representative of at least five fields taken
from three independent experiments. To quantify colocalization, the images were analyzed
using Image J coloc2.

Proximity ligation assay

HelLa cells were plated on 35-mm confocal dishes at a density 3-5 x10° cells/dish. After 24 to
48 hours, cells were starved for 5 hours followed by treatment with vehicle or PMA as shown.
Cells were then fixed and permeabilized as described before. After incubation with primary
antibodies (LAMP1 and mTOR), the proximity ligation assay (PLA) was performed as de-
scribed previously [28]. The signal from each detected pair of PLA probes was acquired with a
Leica TCS SP8 microscope and the quantifications were performed from at least 3 images.
PLA signals were counted by Image ] and normalized by the cell number.

Statistical analysis

Statistical significance was calculated with student’s t-test or by two-way ANOVA with Bonfer-
roni Post test where appropriate. A p-level below 0.05 was considered to be statistically
significant.

Results
PMA induces mTOR accumulation in perinuclear lysosomes

Considerable research has implicated mTORCI as a downstream effector of PKC signaling
[25-29]. Previously, we reported that sustained activation of cPKCs by PMA induced
mTORCI activation-as assessed by S6K phosphorylation-with delayed kinetics, requiring
endocytosis and PLD2 activity [24, 28]. Here, we have explored the underlying mechanisms of
this regulatory axis further. To confirm the kinetics of S6K phosphorylation by sustained acti-
vation of cPKCs, a detailed time course of PMA treatment was performed. HEK293 cells were
treated with PMA for 5, 10, 15, 20, 30, 60 and 120 min, and phosphorylation status of S6K at
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Fig 1. PMA activates mTOR and induces its accumulation in perinuclear lysosomes. (A) Time dependent
changes of phosphorylated and total S6K in HEK293 cells treated with 100 nM PMA 5 hours after serum starvation.
(B) The levels of S6K, ERK, and GSK3p were evaluated in HEK293 cells pretreated with MEK inhibitor (U0126),
RSK inhibitor (BI-D1870) or rapamycin for 1 hour at the indicated concentrations, prior to treatment with 100 nM
PMA for 1 hour. (C) Confocal microscope images of immunofluorescence labeling of mTOR and LAMP1 in HEK293
cells treated with 100 nM PMA for 30 or 60 min 5 hours after serum starvation. Scale bar, 10 um (D) PLA to evaluate
the proximity of mTOR and LAMP1 in HeLa cells treated with 100 nM PMA 5 hours after serum starvation. Bar graph
in (D) represents the number of dots per cell obtained from three independent experiments. *** P < 0.001; Student
T-Test). Scale bar, 10 um. (E) Confocal microscope images of immunofluorescence labeling of mTOR and LAMP1,
and (F) the levels of phosphorylated and total S6K in HEK293 cells treated with 100 nM PMA or 500 nM 10-methyl-
aplog-1 for 1 hour following serum starvation for 5 hours. Scale bar in (E), 20 um. Images are representative of three
fields examined from three independent experiments. Western blots are representative of at least three independent
experiments.

https://doi.org/10.1371/journal.pone.0184818.9001

Thr389 was analyzed (Fig 1A). As can be seen, the phosphorylation of S6K started 15 min and
achieved a maximum at 60 min after PMA treatment. To confirm that the observed increase in
S6K phosphorylation was mediated by mTORCI, cells were pre-treated with rapamycin prior
to PMA stimulation (Fig 1B). As can be seen, there was complete inhibition of PMA-induced
S6K phosphorylation by rapamycin confirming this phosphorylation was mediated by
mTORCI.

While early research implicated the MEK/ERK pathway in PMA activation of mTORC1
through activation of RSK [30], a more recent study reported that the role of MEK/ERK for
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mTORCI activation is variable among different cell lines and that RSK was not required for
PMA-induced mTORCI activation [31]. To clarify the role of MEK/ERK and RSK in our
experimental system, cells were pre-treated with the MEK inhibitor U0126 or the RSK inhibi-
tor BI-D1870 prior to PMA treatment. Results showed that while 1 uM U0126 was able to
inhibit PMA-induced ERK phosphorylation by more than 70%, this concentration had minor
effects on S6K phosphorylation (Fig 1B). Similarly, 10uM BI-D1870 decreased PMA-induced
GSK3p phosphorylation by more than 75% with no effect on S6K phosphorylation (Fig 1B).
Taken together, these results confirmed that MEK/ERK and RSK are largely dispensable for
activation of mTORCI induced by PMA in our system.

Accumulating evidence has suggested that the lysosomal localization of mMTORCI is essen-
tial for its full activation by bringing mTORCI1 in close proximity to its upstream activator
Rheb [3]. Despite this, the effects of PMA on mTORCI translocation have not been deter-
mined. Analysis of mTOR and LAMP1 by confocal microscopy found some basal colocaliza-
tion was present, consistent with previous studies [33]. More strikingly, following prolonged
PMA treatment, mTOR clustered in the perinuclear region where it strongly colocalized with
LAMPI (Fig 1C). Moreover, the degree of colocalization of mTOR and LAMP1 increased
with longer PMA treatment (Fig 1C). To consolidate these results in a more quantifiable man-
ner, PLA were performed to evaluate the interaction of mTOR with LAMP1. PMA signifi-
cantly increased the proximity of mTOR and Lamp1 compared to the vehicle treatment (Fig
1D) suggesting that PMA increased localization of mTORCI to the lysosomal surface.

In addition, we confirmed these results using another PKC activator, 10-methyl-aplog-1
[34] to prove the activation and translocation of mTOR are dependent on PKC, not specific to
PMA. 10-Methyl-aplog-1 also induced both translocation of mTOR to perinuclear lysosomes
and S6K phosphorylation to the same extent as PMA (Fig 1E and 1F). Taken together, these
results suggested that the sustained activation of PKCs induces mTORCI1 translocation to
lysosomes.

Lysosomal mTOR is adjacent to, but distinct from, the perinuclear cPKC-
containing endosomes

We have reported that sustained stimulation of PKC with PMA leads to sequestration of recy-
cling endosomes and cPKCs into a RAB11-positive juxtanuclear compartment [21]. We specu-
lated that cPKC and mTORC1 may colocalize in the perinuclear region following PMA
treatment, and this may be functionally important for mTORCI activation by PMA. Consis-
tent with our previous observations, PMA treatment induced translocation of PKCa-GFP
from the cytoplasm to the perinuclear region where it co-localized with RAB11-positive endo-
somes (Fig 2A and 2A’). Strikingly, upon PMA treatment, both PKCo-GFP and mTOR local-
ized to the perinuclear region (Fig 2B) with some overlap between the two proteins indicated
(Fig 2B’). Similar overlap was observed with PKCa-GFP and LAMP1 upon PMA treatment
(Fig 2C and 2C’). This raised the possiblity that, while the mTOR-containing lysosomes and
cPKC-containing endosomes are both in the perinuclear region, they are distinct compart-
ments. To confirm this, we examined the localization of mTOR and EEA1 at earlier time
points as we had previously observed the trafficking of PKCo-GFP through the early endo-
somes en route to the perinuclear region [20, 35]. As we anticipated, mTOR did not colocalize
with EEA1 at any of the time points investigated (Fig 2D and 2D’), further supporting the
hypothesis that mTOR and PKCo: are present in distinct compartments.

To consolidate these data, we took advantage of our previous observations that the forma-
tion of the perinuclear cPKC-containing endosomes requires endocytosis, as well as PKC and
PLD activity. Accordingly, cells were pre-treated with a cPKC inhibitor (G6 6976), PLD
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Fig 2. Lysosomal mTOR is adjacent to, but distinct from, the perinuclear cPKC-containing endosomes. Confocal
microscopy images of immunofluorescence labeling of (A) GFP and RAB11, (B) GFP and mTOR, (C) GFP and LAMP1, and
(D) mTOR and EEA1 in HEK293 cells were transfected with PKCa-GFP and starved for 5 hours prior to treatment with 100
nM PMA for 30 or 60 min. Images are representative of three fields examined from three independent experiments. Scale
bar, 20 pmin (A-B), 10 ymin enlarged images in (C and D).

https://doi.org/10.1371/journal.pone.0184818.9002

inhibitor (1-butanol), PLD2 inhibitor (VU 0364739), or endocytosis inhibitor (hypertonic
sucrose) prior to stimulation with PMA. Notably, none of these inhibitors affected PMA-
induced perinuclear translocation of mTOR and its colocalization with lysosome markers (Fig
3A-3C and 3A’-3C’), despite preventing perinuclear translocation of PKCo.-GFP (Fig 3A).
Importantly, we have previously shown that these inhibitors blocked PMA-induced S6K
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Fig 3. Formation of the perinuclear cPKC-containing endosomes, but not perinuclear mTOR-
containing lysosomes, requires endocytosis, cPKC, and PLD activity. (A) Confocal microscopy images
of immunofluorescence labeling of GFP and mTOR in PKCa-GFP-overexpressing HEK293 cells pretreated
with 3uM G6 6976 for 1 hour followed by treatment with 100nM PMA for 1 hour. Confocal microscope images
of immunofluorescence labeling of MTOR and lysosomal markers (LAMP1 or LAMP2) in HEK293 cells
pretreated with (B) 3 uM PLD2 inhibitor, VU 0364739 for 1 hour or (C) 400 mM sucrose for 30 min followed by
treatment with 100nM PMA for 1 hour. Images are representative of three fields examined from three
independent experiments. Scale bar, 10 um in (A-C). (A’-C’) Quantification of co-localization for the respective
experiments.

https://doi.org/10.1371/journal.pone.0184818.9003
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phosphorylation [24, 28]. Collectively, these results indicated that upon PMA stimulation, mTOR
accumulates in the perinuclear lysosomes coincident with the formation of cPKC-containing
endosomes. These data suggested that perinuclear localization of cPKC-containing endosomes is
important for full activation of mTORCI in response to sustained PKC activation.

Novel PKCeta is required for mTORC1 activation through regulating
mTOR localization

The lack of effect of the cPKC inhibitor G6 6976 (Fig 3A) on PMA-induced accumulation of
mTOR in the perinuclear lysosomes raised the possibility that other members of the PKC fam-
ily are regulators of mTOR translocation. As only the subtypes of classical and novel PKC are
PMA sensitive, we examined the effect of bisindolylmaleimide I (Bis), an inhibitor of both
cPKC and nPKC, on the mTOR localization. Bis strongly inhibited the perinuclear accumula-
tion and colocalization of mTOR in the lysosomes and S6K phosphorylation induced by PMA
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https://doi.org/10.1371/journal.pone.0184818.9004
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To define the specific nPKC isoform involved in mTORCI1 translocation, an siRNA approach
was employed. Transfection of siRNAs for PKCn, PKC3, PKCe and PKC-theta significantly
reduced the levels of their respective isoforms. Strikingly, while knockdown of PKC8, PKCe, and
PKC-theta had little or no effect, PKCn siRNA significantly inhibited PMA-induced S6K phos-
phorylation suggesting this may be the relevant isoform required for lysosomal translocation of
mTOR (Fig 4C). Indeed, PMA could not induce the lysosomal accumulation of mTOR in the
cells transfected with PKCn siRNA (Fig 4D and 4D”). Taken together, these data suggest that
PKCn plays a major role in the accumulation of mTOR induced by PMA.

PMA-induced translocation of mTOR to the lysosomes requires RAG,
the Ragulator complex, and v-ATPase

Research into the mechanisms underlying mTORCI localization to the lysosomal surface has
identified a number of regulatory mechanisms. While the RAG GTPases function as key pro-
teins that recruit mTORCI to the lysosome through interacting with RAPTOR, a number of
upstream regulators of RAGs have been reported including the Ragulator complex, v-ATPase,
GATOR2 complex and Sestrins (as positive regulators) with Folliculin and GATORI as nega-
tive regulators [4, 6-9]. Having observed the PKCn-dependent translocation of mTORCI to
the lysosomes, it was important to explore which downstream regulators might be involved.
Investigating the RAGs as the most proximal regulators, RAGB was knocked down with
siRNA-as verified by qRT-PCR (Fig 5A) and the effects on S6K phosphorylation and mTOR
translocation were determined. Consistent with the essential role for RAGs in localizing
mTORCI to the lysosome, the treatment of RAGB siRNA inhibited both PMA-induced S6K
phosphorylation (Fig 5A) and mTOR translocation to the lysosome (Fig 5B) while having no
effect on PMA-induced translocation of PKCa to the perinuclear region (Fig 5B). Moving fur-
ther upstream, two components of the Ragulator complex~-LAMTOR1 and LAMTOR 3—were
knocked down by siRNAs. As can be seen, each siRNA reduced the levels of their respective
targets. Moreover, as with RAGB knockdown, effects of PMA on S6K phosphorylation were
inhibited in the absence of LAMTORI or LAMTORS3 (Fig 5C). Finally, concanamycin A-an
inhibitor of the v-ATPase-was utilized and, again, PMA-induced S6K phosphorylation were
inhibited (Fig 5D). Collectively, these results place PKCs upstream of the v-ATPase/Ragulator/
RAGB in regulating mTORCI translocation to the lysosome.

Discussion

Research to date has established the mTOR pathway as a downstream effector of PKC signal-
ing both in vitro and in vivo yet the mechanisms by which PKCs activate mTORCI1 remain
unclear. In our previous study, we found that sustained activation of PKC with PMA treatment
activated mTORCI in a temporally delayed manner. Here, we have further explored the mech-
anisms underlying this regulation. We found that PMA-induced activation of mMTORCI
requires two distinct signaling pathways through the concurrent activation of two specific clas-
ses of PKC as summarized schematically (Fig 6). Importantly, these results reveal a hitherto
unknown role for PKCn in regulating lysosomal translocation and activity of mTORC1. More-
over, it is further confirmed that PMA activation of mTORCI is largely independent of ERK
and RSK. Collectively, these findings define novel mechanisms by which PKCs regulate
mTORCI activity and show, for the first time, that PKCs are involved in the spatial regulation
of mTORCI.

The mTOR pathway is a central integrator of environmental cues and is highly regulated by
multiple pathways and inputs. In recent years, the spatial regulation of mMTORCI has become
appreciated beginning with the discovery that mTORCI can cycle on and off the late endosome/
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analysis of the level of phosphorylated and total S6K and (B) Confocal microscope images of immunofluorescence labeling of
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10 pm. (C) The level of phosphorylated and total S6K in HEK293 cells transfected with control, LAMTOR 1, or LAMTOR 3 siRNA
and treated with 100 nM PMA for 1 hour after serum starvation. Right panels show efficiency of each siRNA on their targets by
the protein level. (D) The level of phosphorylated and total S6K in HEK293 cells pretreated with 1 uM concanamycin A (Con A) for
1 hour followed by 100 nM PMA for 1 hour. Images are representative of three fields examined from three independent
experiments. Western blots are representative of at least three independent experiments.

https://doi.org/10.1371/journal.pone.0184818.g005

lysosome surface through interactions with the RAG proteins [4]. Subsequently, numerous studies
have concluded that the lysosomal localization of mTORCI is essential for full activity in response
to serum, growth factors, glucose and amino acids [36] although some reports have suggested this
is cell type specific [37, 38]. Nonetheless, a primary finding of our current study identifies the
nPKC isoform PKCn as an essential regulator for mTORCI translocation to the lysosomal surface,
confirmed by the use of both pharmacological inhibitors and siRNA. Importantly, our PLA results
suggest that this is an increased translocation of mTORCI to the lysosomes rather than a reflec-
tion of the clustering of lysosomes in the perinuclear region. The functional importance of this
isoform in mTORCI signaling was confirmed with siRNA against PKCn, but not PKC3 or PKCe,
strongly inhibiting S6K phosphorylation.

Considerable research has defined multiple upstream pathways that converge on the Rag
proteins to regulate lysosomal mTOR localization including the Ragulator complex, v-ATPase,
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Fig 6. Co-ordinated activation of classical and novel PKC isoforms is required for full nTORC1 activation by PMA. A
schematic summarizing the major findings of the study. PMA activation of mMTORC1 requires activation of two separate pathways:
a cPKC-dependent pathway that culminates in perinuclear PLD2 accumulation, and a nPKC-dependent pathway acting through
PKCn that promotes mTORCH1 translocation to perinuclear lysosomes.

https://doi.org/10.1371/journal.pone.0184818.9006

folliculin, and the GATOR complexes amongst others [6, 8, 9, 38, 39]. Mechanistically, our
results place PKCn in the v-ATPase/Ragulator pathway as PMA-induced translocation of
mTORCI to the lysosomes was inhibited by knockdown of RAGB, a component of the Ragula-
tor complexes and the v-ATPase inhibitor, concanamycin A. Consistent with this hypothesis,
previous research has shown that PMA is able to increase v-ATPase activity [40, 41] although
it should be noted that, to date, no specific PKC isoforms have been implicated in this process.
To expand our findings, it would be determined that PKCn is implicated in the activation of
mTORC1 by amino acids and in the general regulatory upstream of mTORCI axis in the
future study.

In addition to the finding of the unappreciated effect of PMA on localization of mTORC1,
we further observed that lysosomal translocation of mTORCI alone is insufficient for full
mTORCI activity. Instead, PMA activation of mMTORCI required the co-ordinated activation of
two separate pathways—the nPKC-dependent arm that induced lysosomal mTOR translocation
and perinuclear accumulation of the lysosomes discussed above and a cPKC-dependent arm
that results in accumulation of PKC and PLD2 in a perinuclear subset of recycling endosomes.
Notably, this agrees with a number of reports suggesting that glucose, amino acids and growth
factors all influence mTORCI activity through multiple pathways [42, 43]. Importantly, these
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pathways were clearly mechanistically distinct as perinuclear accumulation of cPKC and PLD2
was unaffected by loss of PKCn or RAGB, while mTORCI1 translocation to the lysosome was
not prevented by inhibitors of classical PKC, PLD2 or endocytosis. With the growing number
of stimuli reported to modulate mTORCI activity, it would be of interest to determine their
dependence on these pathways—particularly if they act independently of the classical upstream
regulators of mTORCI -as this may have therapeutic relevance. Indeed, in our previous study,
we observed that increased expression of PKCBII in lung cancer cells directly engaged the PLD2
pathway to hyperactive mTORC1 [28].

A number of previous studies have defined PLD and its downstream product, phosphatidic
acid as important players in the regulation of mTORCI1 activity in response to serum, growth
factors and amino acids. Together with our earlier study, we now extend these findings to
implicate PLD activity in PMA activation of mTORC1 which strengthens the idea that PLD is
a central hub of the non-lysosomal translocation arm of mTORCI regulation. Interestingly,
studies on the role of PLD in mTORCI1 activation have primarily implicated the PLD1 isoform
[43, 44]. In contrast, this study and our previous work [28] clearly implicate PLD2 suggesting
that there may be some functional redundancy. Indeed, studies have shown that overexpres-
sion of both PLD1 and PLD2 can increase mTOR activity [44, 45]. However, there do appear
to be differences in isoform localization with PLD2 in the recycling endosomes whereas PLD1
was reported to translocate on and off the lysosomes in a RAG-independent fashion [46, 47]. It
is possible that this may position each isoform to promote mTORCI activation through dis-
tinct mechanisms. Indeed, a number of mechanisms for phosphatidic acid-dependent activa-
tion of mTORCI have been proposed including promoting assembly and stability of mTOR
complexes [48], binding to mTOR and disrupting the interaction with inhibitory proteins
such as DEPTOR and FKBP38 [46, 49], or modulating upstream pathways. Given this, it
seems plausible to conclude that endosomal PLD2 directly influences mTORCI in the lyso-
some, presumably by one of the above mechanisms although our studies also add an extra
layer to this regulation as, in the context of the PMA response, PLD activity is required to
bring PLD2 in close proximity to mTOR. While we have not defined how PLD2 directly influ-
ences mTORCI activity, the current study suggests that PMA provides an additional tool with
which to explore these mechanisms.

In conclusion, this study has explored the mechanisms underlying PMA activation of
mTORCI. We show for the first time that there is a spatial aspect to the regulation of
mTORCI by PMA, requiring concurrent activation of cPKCs and nPKCs that serves to bring
endosomal PLD2 and lysosomal mTOR in close proximity to elicit full activation. We also
identify a novel upstream regulator of mTOR translocation to the lysosomes. Given that the
mTORCI1 pathway is often hyperactivated in many cancers and other pathologies, this opens
up the targeting of PKCs, particularly the novel PKCn, as a potential avenue for therapeutic
intervention.
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