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Plk1 has been essentially described as a critical regulator of many mitotic events. However, increasing evidence
supports the notion that its molecular functions are not restricted to the cell cycle. In particular, recent reports suggest
the existence of a molecular and functional link between Plk1 and the mammalian target of rapamycin (mTOR)
pathway, which controls cell growth and proliferation via the raptor-mTOR (TORC1) and rictor-mTOR (TORC2) protein
complexes. Herein, we have identified rapamycin-insensitive companion of mTOR (Rictor), a core component of
mTORC2, as a new Plk1 substrate and have shown that Plk1 phosphorylates Rictor at Ser1162 in vitro and in vivo.
Surprisingly, cells expressing the unphosphorylatable mutant (S1162A) of Rictor did not show any effect on well
characterized canonical PI3K-mTOR pathway. However, we found that cells expressing the unphosphorylatable form of
Rictor have an elevated level of mSin1 isoform (mSin1.5). Considering that mSin1.5-containing mTORC2 was reported to
associate with stress signaling, we propose that phosphorylation of Rictor at Ser1162 by Plk1 might be involved in a
novel signaling pathway by regulating the mSin1.5-defined mTORC2.

Introduction

It has been well documented that expression of Polo-like
kinase 1 (Plk1), a serine/threonine kinase, is cell cycle regulated,
rising from a low level during S phase to a maximal level during
G,/M phase.” Plkl plays pivotal roles in mitotic progression,
with established functions during G2/M transition and G2 DNA
damage checkpoint recovery, and during various mitotic events,
such as bipolar spindle assembly and cytokinesis.”® However,
accumulating evidence suggests that Plk1 is also involved in inter-
phase events and other non-canonical cell cycle events. For
instance, the implication of Plk1 in DNA replication during nor-
mal or stressful condition of S phase progression,4‘8 as well as the
role of protection against apoptosis has been reported.”'® Plk1
was also described as a regulator of cancer cell invasiveness as can-
cer cells were apparently much more sensitive to Plkl deletion
than normal ones.'"'? Intriguingly, Plkl was also proposed to
have a potential tumor suppressor function under certain condi-
tions and to be essential for early embryonic development.'
Very recently, the existence of molecular and functional link
between Plkl and the mammalian target-of-rapamycin (mTOR)
pathway was discussed.'*
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mTOR is the catalytic subunit of 2 distinct complexes called
mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). Unique accessory proteins distinguish these 2 com-
plexes; regulatory-associated protein of mTOR (raptor) or rapa-
mycin-insensitive companion of mTOR (rictor) defines
mTORCI or mTORC2, respectively.'>"” The mTOR signaling
pathway couples energy and nutrient abundance to the execution
of cell growth and division. mTORCI and mTORC2 exert their
functions by regulating other important kinases, such as AKT
and S6 Kinase (S6K).'"® The mTORCI substrates S6 Kinase 1
(S6K1) and elF4E-binding protein 1 (4E-BP1) associate with
mRNAs and regulate mRNA translation initiation and progres-
sion, thus controlling the rate of protein synthesis."” mTORC2
was identified as a mediator of actin cytoskeletal organization
and cell polarization.'”***' The key finding of mTORC2 is that
it can phosphorylate AKT at Ser473 located in the hydrophobic
motif and, thus priming AKT for further phosphorylation at
Thr308 in the catalytic domain by 3-phophoinositide-dependent
protein kinase 1 (PDK1). These two phosphorylation events lead
to full activation of AKT.?*?4

In this paper, we show that Plkl interacts with and directly
phosphorylates Rictor 7 vitro and in vivo at Ser1162. Moreover,
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inhibition of this phosphorylation event leads to an elevated
expression of mSinl.5, suggesting that Plk1 phosphorylation of
Rictor might be involved in stress signaling.

Materials and Methods

Cell culture and synchronization. HelLa, HEK293T, PC3,
DU145 and PANCI cells were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% (v/v) fetal bovine
serum, 100 units ml™" penicillin, and 100 units ml~" streptomy-
cin at 37°C in 6% CQO,. Cells were treated with 0.3 mM mimo-
sine for 20 h, 4 mM hydroxyurea for 24 h, or 200 ng ml™!
nocodazole for 12h to arrest at G1, S, or M phase, respectively.

Antibodies. The phospho-specific antibody against S1162 of
Rictor was generated by Proteintech (Chicago, IL). Briefly, a pep-
tide containing phospho-51162 (QKTLQLETSFMGNKHIEC)
was synthesized and used to immunize rabbits. After the antibody
was affinity purified, a series of control experiments were per-
formed to confirm the specificity of the antibody. The following
antibodies were also used: anti-Plk1 (Santa Cruz Biotechnology),
anti-Myc, anti-FLAG and anti-B-actin (Sigma), anti-Sin1 (Milli-
pore), anti-Rictor, anti-phospho-AKT, anti-phospho-S6 (Cell
Signaling).

Recombinant protein purification and DNA transfection.
Various domains of Rictor were amplified by PCR, subcloned into
pGEX-KG vector, expressed in Escherichia coli, and purified. Point
mutations were generated with the QuickChange site-directed
matagenesis kit (Stratagene). Plasmid DNA was transfected with
MegaTran (Origene) according to the manufacturer’s protocols.

Kinase assay. [z vitro kinase assays were performed in TBMD
buffer (50 mM Tris [PH 7.5], 10 mM MgCl,, 5 mM dithio-
threitol, 2 mM EGTA, 0.5 mM sodium vanadate, 20 mM p-
nitrophenyl phosphate) supplemented with 125 wuM ATP and
10 pCi of [y-*P]JATP at 30°C for 30 min in the presence of
GST-Rictor proteins and purified Plkl. After the reaction mix-
tures were resolved by SDS-PAGE, the gels were stained with
Coomassie brilliant blue, dried and subjected to autoradiography.

Immunoprecipitation (IP) and immunoblotting (IB). Cell
lysates were incubated with anti-Myc or anti-phospho-S1162-
Rictor antibodies overnight at 4°C, followed by 2h of incubation
with protein A/G Plus-Agarose beads (Santa Cruz, sc-2003).
Immunocomplexes were resolved by SDS-PAGE, and coimmu-
noprecipitated proteins were detected by IB with different andi-
bodies, as indicated in specific experiments.

Vector construction and RNAi. To specifically deplete Plk1,
plasmid pLKO.1-Plkl was constructed with the targeting
sequence AGATCACCCTCCTTAAATATT and lentivirus was
generated. Lentivirus depletion was performed in the presence of
Polybrene (10 pg/ml) and HEPES (10 mM).

Results
Rictor interacts with Plk1 in cells. Proteomic studies suggest

that Rictor is a potential Plkl target.25 To ask whether Rictor
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interacts with Plk1, we treated HEK293T cells with nocodazole
for 12 h to arrest cells at prometaphase. The interaction between
endogenous Rictor and Plk1 was detected in the co-immunopre-
cipitation experiment (Fig. 1A), suggesting that Rictor associates
with Plk1 in cells. Interaction between endogenous Plk1 and Ric-
tor can also be detected in asynchronous cells (Fig. 1B), suggest-
ing that the Plkl/Rictor interaction is cell-cycle independent.
Moreover, reciprocal IP was performed to confirm the physical
interaction between Plk1 and Rictor (Fig. 1C).

Plkl phosphorylates rictor at Ser1162. We next asked
whether Rictor is a substrate of Plk1. In the 7 vitro kinase assay,
Rictor-amino acids 901-1200 (C1) was indeed phosphorylated
by Plk1 (Fig. 2A). After virtually every single serine or threonine
within Rictor-Cl1 was mutated into alanine by site-directed
mutagenesis, we mapped Ser1162 as the Plkl phosphorylation
site in vitro (Fig. 2B). Rictor-S1162 is apparently conserved
between murine and human sequences (Fig. 2C). To test whether
Ser1162 of Rictor is phosphorylated by Plk1 in cells, a polyclonal
antibody directed against a peptide containing phospho-Ser1162
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Figure 1. Rictor interacts with Plk1. HEK 293T cells were treated with (A)
or not (B) nocodazole for 12 h and harvested for anti-Plk1 immunopre-
cipitation (IP), followed by immunoblotting (IB). IgG IP was used as a
non-specific binding control. (C€) 293T cells were co-transfected with
Flag-Plk1 and Myc-Rictor and harvested for anti-myc IP, followed by anti-
Plk1 IB.
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Figure 2. Plk1 phosphorylates Rictor-S1162 in
vitro. (A) Recombinant PIk1 was incubated with
6 purified GST-Rictor regions [amino acids®? 1-
300, 301-600, 601-900, 901-1200, 1201-1500,
1501-1709] in the presence of [y->’PJATP. The
reaction mixtures were resolved by SDS-PAGE,
stained with Coomassie brilliant blue (Coom.),
and detected by autoradiography. (B) Plk1 was
incubated with the indicated forms of GST-Rictor
fragment (aa 901-1200, C1). (C) Alignment of
Rictor protein sequences containing Ser1162 in
different species.
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(pS1162) was generated. Upon incubation
with Plkl, only wild-type Rictor (Rictor-
C1), but not Rictor-S1162A, was recognized
by the pS1162-Rictor antibody, suggesting
that the antibody specifically recognizes phos-
phorylated Rictor at S1162 caused by Plk1-
associated activity (Fig. 3A). Next, PC3 pros-
tate cancer cells were treated with mimosine,
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hydroxyurea or nocodazole to block at Gy, S,
or M phase, respectively. The phosphoryla-
tion of Rictor at Ser1162 could be detected
by direct Western blotting when most cells
were in M phase and Plkl was maximally
expressed (Fig. 3B). The similar result also
could be obtained in Pancl pancreatic cancer

cells (Fig. 3C). Thus, phosphorylation of
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Figure 3. Plk1 phosphorylates Rictor-
S1162 in variety of human cancer cell
lines. (A) Plk1 was incubated with GST-Ric-
tor-aa 901-1200 (WT or S1162A) in the
presence of unlabelled ATP, followed by
anti-pS1162-Rictor 1B. (B and C) PC3 (B)
and Pancl (C) cells were treated with
mimosine  (Mimo), hydroxyurea,®® or
nocodazole (Noc) to arrest cells at G1, S or

p-S1162

Rictor

Plk1

Beta-Actin

Con. Mimo HU Noc

p-S1162 IP

ajesf| j190

M phase, respectively, and harvested for
IB. (D) DU145 cells were treated with
nocodazole, BI2536 or combination of
these 2 drugs and harvested for anti-
pS1162-Rictor IP, followed by anti-Rictor
IB. (E) HelLa cells were depleted of Plk1
with dsRNA, treated with nocodazole and
immunoblotted. (F) Cos7 cells were trans-
fected with Myc-Rictor and harvested for
IB.

p-S1162

Rictor

Plk1

Beta-Actin

K

%,
Y00
o,

%,

Rictor

p-S1162

CyclinB1

www.tandfonline.com

Cell Cycle

757



shown in Figure 3D, the phosphorylation level of Rictor at
Ser1162 was decreased after Plkl activity was inhibited with
BI2536, indicating that Ser1162 of Rictor is phosphorylated
directly by Plkl-associated kinase activity in cells. Moreover,
anti-pS1162-Rictor identified the phosphorylated Rictor in the
cell lysates from HeLa cervical cancer cells treated with nocoda-
zole, but not from PlkI-deleted cells (Fig. 3E), confirming that
endogenous Rictor is phosphorylated at Ser1162 in a Plkl-
dependent manner. The enriched Rictor phosphorylation upon
nocodazole treatment is unlikely due to a possible function of
this phosphorylation event during the mitotic stage as simple
overexpression of Myc-Rictor in Cos7 cells also leads to increased
phospho-S1162 signal and the levels of Cyclin Bl suggest the
same stage of cell cycle (Fig. 3F).

Phosphorylation of Rictor-S1162 by Plk1 does not affect the
PI3K/AKT/mTOR pathway. Because mTORC2 phosphorylates
the hydrophobic motif site $473 of AKT and because Rictor is
one of the core components of mTORC2, we asked whether
Plkl phosphorylation of Rictor-S1162 is involved in AKT-S473
phosphorylation. Accordingly, HEK 293T cells were transfected
with various forms of Rictor (WT, S1162A, S1162E) constructs
and harvested for IB. As indicated in Figure 4A, cells expressing
different forms of Rictor show similar levels of pS473-AKT and
pT389-S6K1, a major downstream target of mTOR, indicating
that phosphorylation of Rictor-S1162 by Plk1 does not affect the
activity of mTORC2. We next examined several effectors regu-
lated by mTORC2, including pT450-AKT, p-PKCo and
GSK3pB. Again, Plk1 phosphorylation of Rictor-S1162 does not
affect the status of pT450-AKT, p-PKCa and GSK3p (Fig. 4B).
Considering that 2 complexes of mTOR affect each other, we
speculated that phosphorylation of Rictor-S1162 might contrib-
ute to phosphorylation of AKT-S473 upon inhibition of
mTORCI. For that purpose, cells expressing different forms of
Rictor constructs were treated with LY294002 and rapamycin,
respectively. Here, rapamycin can only disrupt Raptor-mTOR as
LY294002 serves as an mTOR kinase inhibitor. We analyzed the
levels of pS473-AKT and pS235/6-S6 under this condition.
(Ser235/246) were then analyzed by Western Blotting. As indi-
cated in Figure 4C, LY294002 blocked the phosphorylation of
AKT-S473 in cells expressing both WT and S1162A-Rictor.
Upon rapamycin-induced inhibition of Raptor-mTOR indicated
by pS235/6-S6 (Ser235/246), expression of Rictor-S1162A did
not affect the phosphorylation of AKT-§473 either. In addition,
overexpression of different Rictor constructs in Cos7 cells did
not lead to any detectable change of phosphorylation levels of
AKT and S6, ecither (Fig. 4D). These results suggest that phos-
phorylation of Rictor-S1162 is not essential for AKT-S473 phos-
phorylation and activation of the canonical mTOR pathway.

Rictor-S1162 phosphorylation is involved in Sinl.5-defined
mTORC2 pathway. Mammalian stress-activated map kinase-
interacting protein 1 (mSin1) has been identified as a crucial sub-
unit of the mTORC2 protein complex.”® In support, Rictor
knockdown can dramatically decrease hSin1 protein level.”” We
can achieve the same result in PC3 cells (data not shown).
Herein, we intend to investigate the effect on hSinl expression
by changing phosphorylation status of Rictor-S1162. After
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Figure 4. Plk1 phosphorylation of Rictor at S1162 does not regulate the
mTOR pathway. (A) HEK 293T cells were transfected with various Myc-
Rictor constructs (WT, S1162A or S1162E) and subjected to IB with anti-
bodies against pS473-AKT and pT389-S6K1. (B) HEK 293T cells expressing
various forms of Myc-Rictor were harvested for IB with indicated antibod-
ies. (C) HEK 293T cells were transfected with Myc-Rictor (WT or S1162A),
treated with LY294002 or rapamysin, and harvested for IB. A, S1162A; E,
S1162E. (D) Cos7 cells were transfected with Myc-Rictor constructs and
harvested for IB.
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introducing different forms of Rictor (WT, S1162A, S1162E)
into HEK 293T cells, we examined Sinl protein levels by West-
ern Blot. As indicated in Figure 5, expression of Rictor-S1162A
led to an elevated protein level of one isoform of Sinl (1.5), but
not the 2 other isoforms (1.1 and 1.2), suggesting that Plkl
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Figure 5. Phosphorylation of Rictor by Plk1 regulates the expression
level of mSin1.5, but not other isoforms of mSin. HEK-293T cells were
transfected with Myc-Rictor constructs (WT, S1162A or S1162E), and har-
vested for anti-mSin1 IB.

phosphorylation of Rictor-S1162 might be involved in regulating
a specific Sinl.5-containing mTORC2.

Discussion

The critical role of Plkl during mitosis has been well estab-
lished.? However, increasing evidence suggests that Plkl might
have additional functions outside of cell cycle. Because Plk1 is
overexpressed in several kinds of cancers, Plk1 has been proposed
as a potential therapeutic target during the last few years.”® The
mTOR kinase, involved in cell growth and proliferation via regu-
lating protein translation, is activated by various stimuli includ-
ing nutrients or growth factors and functions as a nutritional and
energetic sensor.>”" Depending on their unique component
Raptor or Rictor, 2 functionally different complexes mTORC1
and mTORC2 were identified.”® Recent studies indicate that
there might be a functional link between Plk1 and mTOR path-
way, as inhibition of Plkl activity by BI2536 or knowdown of
Plkl led to reduction of the phosphorylation of mTOR sub-
strates.'* In this study, we identified Rictor as a new Plk1 sub-
strate and showed that Plkl phosphorylates Rictor-S1162 in
vitro and in vivo. To our knowledge, this is the first time a direct
link between Plk1 and mTOR components has been established.
Previous reports demonstrated that the Rictor-mTOR complex
directly phosphorylates AKT-S473.>* However, phosphorylation
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