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Abstract

The aim of this study was to characterize the interaction between mTOR and ERK in primary
endothelial cells (EC) following MHC class | and integrin ligation. Ligation of MHC class |
molecules or integrins on the surface of EC leads to phosphorylation of ERK at Thr202/Tyr204. We
utilized small interfering RNA (siRNA) blockade of mTOR and proteins involved inmTOR complex
1 (MTORC1) and mTOR complex 2 (mMTORC?2) to define a relationship between mTOR and ERK
following MHC class I signaling. We found mTORC2 was responsible for MHC class | and integrin
induced phosphorylation of ERK at Thr202/Tyr204. We corroborated these results demonstrating
that long-term exposure to rapamycin also inhibited ERK pathway activation in response to MHC
class I signaling. Our results demonstrate, for the first time, that engagement of either MHC class |
or integrin on the surface of EC leads to ERK activation through an mTORC2-dependent pathway.
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MTOR plays an essential role in integrin and MHC class I-induced cell proliferation and
survival through formation of two distinct multi-protein molecular complexes, mTORCL1 and
MTORC2 [1-4]. mTORC1 consists of mTOR in association with regulatory associated protein
of mTOR (Raptor) and GBL [5]. mTORCL1 phosphorylates p70 S6 Kinase and eukaryotic
initiation factor 4E binding protein 1 which activate translational machinery to increase cell
proliferation [6,7]. mMTORC2 is composed of mTOR binding to rapamycin insensitive
companion of mTOR (Rictor), GBL, stress-activated protein kinase-interacting protein 1 (Sinl)
and the newly discovered associations with PRoline-Rich protein 5 (PRR5) or the synonymous
protein observed with Rictor 1 (Protor-1), and P-REX1 [8-12]. mTORC2 activates Akt at
Ser473, Rac GTPase, cell migration and effects reorganization of the actin cytoskeleton [11-
14]. Recent work utilizing mouse knockout models emphasizes the importance of mTOR for
growth and proliferation in development [15,16]. Homozygous mTOR (—/-) mice have
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arrested embryonic development at E5.5 [17]. Similarly, Raptor null mice die around E5.5 and
exhibit an aberrant cellular phenotype. Rictor and GBL knockout mice live longer (E10.5), yet
display defects in fetal vascular development [17,18]. These data show both mTOR complexes
are involved in signal transduction leading to cell proliferation, however, the mechanism(s) by
which mTORC2 participates in mitogenic signaling remains less well defined.

ERK1/2 are members of a family of serine/threonine kinases activated by a variety of growth
factors, cell surface receptors, integrins and MHC class I, all of which play a critical role in
cell proliferation, differentiation, survival and reorganization of the actin cytoskeleton [19]. In
this study, we identified a novel role for mMTORC2 in MHC class | and integrin mediated
activation of the ERK pathway. We show that MHC class | or integrin stimulation, but not
growth factor, induces phosphorylation of ERK at Thr202/Tyr204 through mTORC2. These
studies identify MHC class | molecules and integrins as upstream signaling pathways that
position the ERK/mitogen-activated protein kinase (MAPK) pathway downstream of
mTORC2. mTORC?2 regulation of the ERK/MAPK pathway may play an important role in
MHC class | and integrin mediated cell proliferation.

L AND METHODS

Antibodies and Chemicals

Cell Culture

Mirus TransI T-TKO® transfection reagent was purchased from Mirus Corporation (Madison,
WI). mAB (HB-95™) W6/32 was purchased from the American Type Culture Collection
(Manassas, VA) and purified by protein A-agarose affinity chromatography. mAb against
Vinculin (V9131), rapamycin, protein A-agarose, bovine fibronectin and poly-L-lysine were
purchased from Sigma-Aldrich (St. Louis, MO). Recombinant human basic fibroblast frowth
factor (bFGF) was purchased from R&D systems (Minneapolis, MN). Soybean trypsin
inhibitor was purchased from Invitrogen (Carlsbad, CA). Rabbit polyclonal antibody against
phospho-ERK Thr202/Tyr204, ERK, mTOR and Raptor were purchased from Cell Signaling
Technology (Beverly, MA). Rabbit polyclonal anti-Rictor antibody was purchased from Novus
Biologicals (Littleton, CO). Goat anti-rabbit HRP antibody was purchased from Santa Cruz
Biotechnologies (Santa Cruz, CA)

Primary human aortic EC were isolated and cultured from the aortic rings of explanted donor
hearts, as previously described [1,20].

siRNA Design and Transfection

We designed an mTOR siRNA duplex corresponding to bases 5309-5327 from the open
reading frame of Human FRAP1 mRNA 5-CCA AAG UGC UGC AGU ACU AUU-3'. The
RNA sequence used as a negative control (GL-2) for siRNA activity was 5’ CGU ACG CGG
AAU ACU UCG A-dT.dT-3'. Human Rictor 5' ACU UGU GAA GAA UCG UAU C-dT.dT
-3’; Human Raptor 5’ GGA CAA CGG CCA CAA GUA C.dT.dT-3’; siRNA duplexes were
purchased from Dharmacon Inc. (Lafayette, CO). The conditions for transfection were
optimized for the efficient and specific transfection of HAEC using siGLO Lamin A/C siRNA
as previously described (Dharmacon Inc, Lafayette, CO) [1].

Western Blot analysis

Serum-starved cultures of EC were treated as described in the individual experiments. Western
blot studies were performed as previously described [1].
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Fibronectin Stimulation

EC were transfected with control GL-2 or Rictor siRNA for 48 h then harvested by brief trypsin/
EDTA treatment (0.05% trypsin, 2mM EDTA) (Invitrogen, Carlsbad, CA) and stimulated with
fibronectin or poly-L-lysine as previously described [21].

RESULTS

MTOR is required for class I-induced phosphorylation of ERK at Thr202/Tyr204

To examine the relationship between mTOR and ERK following MHC class I ligation, EC
were transfected with mTOR or control siRNA for 48 h and treated with anti-MHC class |
antibody for various times. Ligation of MHC class | molecules induced a marked increase in
the phosphorylation of ERK at Thr202/Tyr204 in EC transfected with control siRNA. In
contrast, knockdown of mTOR completely blocked MHC class I-induced ERK activation (Fig.
1A). Asacontrol, mTOR siRNA specifically inhibited mTOR total protein expression whereas;
nontargeting GL-2 siRNA had no effect (Fig. 1B). These results indicate that class | mediated
ERK activation is dependent upon mTOR.

MTORC?2 regulates class I-induced phosphorylation of ERK at Thr202/Tyr204

We next examined whether mTOR complexed with Rictor (MTORC?2) or Raptor (nTORC1)
was required for MHC class I-induced phosphorylation of ERK. siRNA was used to specifically
knock down either Rictor or Raptor expression in EC to identify which of these mTOR
complexes is responsible for MHC class I-induced ERK activation. sSiRNA knockdown of
Rictor inhibited class I-induced phosphorylation of ERK at Thr202/Tyr204 compared to
control siRNA (Fig. 2A). In contrast, knockdown of Raptor failed to block MHC class I-
induced phosphorylation of ERK at Thr202/Tyr204 (Fig. 2B). These results show that class |
mediated ERK activation is dependent on mTORC2.

MTORC2 regulates ERK activation following integrin stimulation

Integrin signaling activates both the mTOR and MAPK pathways in a variety of cell types
increasing cell proliferation, migration and survival through activation of focal adhesion kinase
(FAK), the mTOR/p70S6Kinase and ERK pathways [2—4]. To determine if mMTORC?2 is
required for integrin activation of ERK, EC were transfected with Rictor or GL-2 control
SiRNA for 48 h, placed in suspension for 30 min and then plated onto poly-L-lysine or
fibronectin coated plates to initiate ligation of integrin molecules. In the presence of GL-2
control siRNA, integrin engagement with fibronectin stimulated ERK phosphorylation at
Thr202/Tyr204 at 10 min compared to poly-L-lysine negative controls. In contrast, EC
transfected with Rictor siRNA and plated onto fibronectin did not show any detectable increase
in the phosphoryation of ERK at Thr202/Tyr204 (Fig. 3A). These results demonstrate, for the
first time, that integrin-induced ERK phosphorylation at Thr202/Tyr204 in EC is dependent
on mTORC2, similar to MHC class I ligation.

Growth factor stimulation of ERK does not require mTORC2

Next we determined if mMTORC2-dependent ERK activation is a pathway selectively induced
by MHC class I and integrin ligation or is also triggered by growth factor stimulation. For this,
EC were treated with bFGF to stimulate ERK phosphorylation in the absence of Rictor. EC
were transfected with Rictor SiRNA or control siRNA for 48 h and treated with bFGF for 10
or 30 min. Knockdown of Rictor did not inhibit bFGF induced phosphorylation of ERK at
Thr202/Tyr204 (Fig. 3B). These data support the hypothesis that ERK activation through
mTORC2 is selective for MHC class | and integrin signaling.
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Long-term rapamycin treatment blocks MHC class I-induced activation of ERK

Exposure of cells to the drug rapamycin blocks activation of the mTOR pathway. Short-term
(5-30 min) exposure to rapamycin selectively blocks mTORCL signaling [5,6]. In contrast,
long-term treatment with rapamycin (>2h) inhibits mTOR association with components of the
mTORC2 complex, Rictor and Sin1 [13,22]. To corroborate the results obtained with mTOR,
Rictor and Raptor siRNA knockdown, we determined the effect of short and long-term
exposure to rapamycin on MHC class I-induced phosphorylation of ERK. We observed a
dramatic decrease in MHC class I-induced ERK activation after long-term treatment with
rapamycin which was not apparent after short term exposure (Fig. 4). This result provides an
independent line of evidence supporting the hypothesis that MHC class | activation of the ERK
pathway is regulated via an mTORC2-dependent pathway.

DISCUSSION

Our results reveal for the first time, that ligation of MHC class | molecules on the surface of
EC leads to activation of ERK1/2 through an mTORC2-dependent pathway. siRNA-mediated
knockdown of either mTOR or Rictor, but not Raptor, inhibited MHC class I-induced
phosphorylation of ERK at Thr202/Tyr204. These data provide further evidence for distinct
functions of MTORC1 and mTORC2 in cell signaling.

Recent studies have shown that short-term treatment with rapamycin inhibits nTORC1
function whereas, long-term treatment prevents the association between mTOR and Rictor and
thereby abrogates mTORC2 function [22]. To provide an independent line of evidence linking
ERK activation to mTORC?2 following MHC class | ligation, we treated EC with rapamycin
for various times and found that phosphorylation of ERK at Thr202/Tyr204 in response to
MHC class | ligation was inhibited following long-term (>2h) exposure to rapamycin. These
results substantiate our findings with siRNAs and support the hypothesis that MHC class |
ligation leads to ERK activation through mTORC2. Interestingly, recent data in fission yeast
shows that TOR2 controls entry into mitosis through the MAPK pathway providing a molecular
mechanism for the control of cell size [23]. Thus, the link between mTORC2 and ERK found
in our study might have precedent in lower organisms and represent an evolutionarily
conserved regulatory pathway.

An important question to be investigated is how MHC class | molecules transduce their signals.
Because MHC class | molecules express no signaling motifs in their cytoplasmic domain it is
hypothesized that MHC class | molecules interact with an accessory protein(s) in order to
activate downstream signal transduction. Our data raise the possibility that members of the
integrin family may cooperate with MHC class | molecules to elicit activation of proteins
involved in the MHC class | signaling pathway. Our results show that ligation of integrin
molecules with fibronectin in EC induced mTORC2 dependent phosphorylation of ERK
similar to MHC class I molecules. Numerous reports have shown ligation of integrin molecules
leads to the phosphorylation of ERK in many cell types, including EC [24-26]. However,
fibronectin stimulation of beta-1 or beta-3 integrins in cytotoxic T cells fails to activate ERK
[27]. Rather, integrin ligation facilitated strong ERK activation only in the presence of TCR/
CD3 co-stimulation suggesting that cooperation between the TCR/CD3 and integrins is
required to activate ERK in cytotoxic T lymphocytes [27]. In view of our results and these
considerations, it will be of interest to determine whether class | molecules and integrins
cooperate to transduce signals in response to extracellular matrix components.

In contrast to MHC class | and integrin ligation, EC treated with bFGF stimulates ERK

activation independently of mMTORC2. These results are consistent with recent studies showing
that sSiRNA knockdown of Sin1 failed to inhibit the phosphorylation of ERK in response to a
variety of growth factors including bFGF [28]. In addition, phosphorylation of ERK induced
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by insulin growth factor-1 or platelet derived growth factor did not differ between Rictor null
and control mouse embryonic fibroblasts [18], consistent with the notion that polypeptide
growth factors that act via tyrosine kinase receptors promote ERK activation through an
mTORC2-independent pathway. Collectively, these data underscore a differential role of
mTORC?2 in mediating ERK activation in response to integrins, MHC class I ligation and
polypeptide growth factors.

Numerous studies have shown that development of post-transplant anti-donor HLA antibodies
are a contributing factor to the progression of transplant vasculopathy (TV) [29,30].
Furthermore, passive transfer of anti-donor MHC class | antibodies to experimental heart
transplant recipients lacking T and B lymphocytes induces TV [31]. We reported activation of
the mTOR pathway in capillary and intramyocardial artery and vein endothelium of cardiac
allografts from T and B cell deficient RAG1.KO hosts that were passively transfused with anti-
donor MHC class | antibody [32]. The mTOR pathway has been shown to play a critical role
in the process of vascular intimal proliferation. A 12 month clinical trial study found that
cardiac transplant recipients treated with the mTOR inhibitor everolimus had significantly
reduced intimal thickness compared to the azathioprine treated group [33]. Similarly, a 2-year
study found everolimus treated patients had significantly reduced acute rejection and limited
progression of TV [34]. Our results identify ERK as a new target of mTOR following activation
by anti-MHC antibody and suggest that blocking of both mTORC1 and mTORC2 may be
necessary to inhibit MHC class | mediated cell proliferation.

In summary, our findings reveal that mTORC?2 is required for integrin and MHC class I-induced
ERK activation, but not for growth factor induced ERK activation. This cross-talk between the
mTOR and MAPK pathways emphasizes the importance of mTOR to regulate both
transcriptional and translational initiation machinery. In addition, our data demonstrates signal
transduction pathway similarities between MHC class | and integrin molecules. Determining
the membrane proximal signaling events initiated after class | crosslinking should permit the
identification of molecules such as integrins that interact with MHC to propagate intracellular
signals.
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Fig. 1. Ligation of MHC class | molecules leads to the phosphorylation of ERK at Thr202/Tyr204

through mTOR

A, EC were transfected with 100nM mTOR siRNA or GL-2 control siRNA. After 48 h the EC
were stimulated with 1 pg/mL anti-MHC class | mAb W6/32 for various time points. EC were
lysed and immunoblotted with antibody to ERK Thr202/Tyr204 and ERK total protein. B, To

confirm mTOR knockdown efficiency and equal loading, lysates were immunoblotted with

antibodies to total MTOR and Vinculin. Data represent at least three independent experiments.
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Fig. 2. Knockdown of Rictor blocks MHC class I-induced phosphorylation of ERK at Thr202/

Tyr204

A, EC were transfected with 100 nM Rictor siRNA or GL-2 control siRNA. After 48 h the EC
were stimulated with 1 pg/mL anti-MHC class | mAb W6/32 for various time points. EC were
lysed and immunoblotted with antibodies to Rictor, Vinculin, ERK Thr202/Tyr204 and ERK.
B, EC were transfected with 100 nM Raptor siRNA or GL-2 control siRNA. After 48 h the EC

were stimulated with anti-MHC class | mA at various time points. EC were lysed and

immunoblotted with antibodies to Raptor, Vinculin, ERK Thr202/Tyr204 and ERK.
Densitometry results are expressed as the percentage maximal increase in phosphorylation
above control values (mean £S.E.). Data is representative of three independent experiments.
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Fig. 3. Integrin stimulates ERK phosphorylation through Rictor

A, EC were transfected with 100 nM Rictor siRNA or GL-2 control siRNA. After 48 h EC
were trypsinized, kept in suspension (Suspend) for 30 min and then replated on poly-L-lysine
(Lys) or fibronectin (FN) coated dishes for 10 min. EC were lysed and immunoblotted with
antibody to ERK Thr202/Tyr204, ERK and Rictor. Data is representative of three independent
experiments. B, EC were transfected with 100 nM Rictor siRNA or GL-2 control siRNA for
48 h. EC were stimulated with 1 ng/mL or 20 ng/mL bFGF for 10 or 30 min. EC were lysed
and immunoblotted with antibodies to ERK Thr202/Tyr204, ERK, Rictor and Vinculin. Data
is representative of three independent experiments.
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Fig. 4. Long-term rapamycin treatment blocks MHC class I-induced phosphorylation of ERK at

Thr202/Tyr204

EC were treated with 30nM of rapamycin for various time points and stimulated with 1pg/mL
anti-MHC class | mAb W6/32 for 30 min. EC were lysed and immunoblotted with antibodies
to ERK Thr202/Tyr204 and ERK total protein. Data represent at least three independent

experiments.
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