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SUMMARY

The mechanistic target of rapamycin complex 2
(mTORC2) coordinates cell proliferation, survival,
and metabolism with environmental inputs, yet how
extracellular stimuli such as growth factors (GFs)
activate mTORC2 remains enigmatic. Here we
demonstrate that in human endothelial cells,
activation of mTORC2 signaling by GFs is mediated
by transmembrane cell adhesion protein CD146.
Upon GF stimulation, the cytoplasmic tail of CD146
is phosphorylated, which permits its positively
charged, juxtamembrane KKGK motif to interact
with Rictor, the defining subunit of mTORC2. The for-
mation of the CD146-Rictor/mTORC2 complex
protects Rictor from ubiquitin-proteasome-medi-
ated degradation, thereby specifically upregulating
mTORC2 activity with no intervention of the
PI3K and mTORC1 pathways. This CD146-mediated
mTORC2 activation in response to GF stimulation
promotes cell proliferation and survival. Therefore,
our findings identify a molecular mechanism by
which extracellular stimuli regulate mTORC2 activity,
linking environmental cues with mTORC2 regulation.

INTRODUCTION

The mechanistic target of rapamycin (mTOR) is an evolutionarily

conserved Ser/Thr protein kinase that integrates various

environmental stimuli and intracellular signals to regulate many

fundamental cell processes, thereby acting as a central

controller of cell growth and metabolism (Saxton and Sabatini,

2017; Shimobayashi and Hall, 2014). The mTOR protein exists

as a catalytic subunit in two structurally and functionally distinct

multi-protein complexes, mTORC1 and mTORC2 (Aylett et al.,

2016; Betz and Hall, 2013; Stuttfeld et al., 2018). Raptor (regula-

tory-associated protein of TOR) represents the defining addi-
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tional subunit of mTORC1, while Rictor (rapamycin-insensitive

companion of mTOR) and mSin1 (mammalian SAPK-interacting

protein 1) are mTORC2-specific components (Frias et al., 2006;

Hara et al., 2002; Kim et al., 2002; Sarbassov et al., 2004). In

recent decades, most research has been on mTORC1, while

mTORC2 has been understudied. However, emerging evidence

indicates that mTORC2 also plays an important role in cellular

homeostasis in response to intracellular and environmental

changes and regulates many essential cellular functions, such

as cell proliferation, survival, migration, and metabolism. Dysre-

gulation of the mTORC2 pathway is closely associated with

many human diseases, including type 2 diabetes mellitus, can-

cer, and aging (Luo et al., 2018; Moloughney et al., 2016; Tang

et al., 2016). Therefore, deciphering the regulatory mechanisms

governing mTORC2 activation is vital for improving our under-

standing of many fundamental pathophysiological processes

and for developing new therapeutic strategies.

Activation of mTORC2 is thought to be primarily through exog-

enous growth factors (GFs), yet the exact mechanisms remain

contentious (Kim and Guan, 2019). It has long been suspected

that GFs activate mTORC2 through the receptor-mediated

phosphoinositide 3-kinase (PI3K) pathways (Andjelkovi�c et al.,

1997; Burgering and Coffer, 1995), which signal through phos-

phorylation of the plasma membrane (PM) phospholipid

phosphatidylinositol (4,5)-bisphosphate (PIP2) to yield phospha-

tidylinositol (3,4,5)-trisphosphate (PIP3). The resulting PIP3 has

been proposed to interact with the pleckstrin homology (PH)

domain of mSin1, thereby simultaneously recruiting mTORC2

to the PM and relieving the mTOR kinase domain from the pro-

posed inhibitory effects of mSin1-PH. These subsequently lead

to the activation of mTORC2 (Liu et al., 2015). However, this

mechanism has been challenged by a recent study (Ebner

et al., 2017) demonstrating that neither the PM localization of

mSin1-PH nor that of mTORC2 requires PI3K-induced PIP3.

This new report suggests that the recruitment of Akt, an

mTORC2 substrate, represents the PI3K-dependent aspect

of the pathway, while mTORC2 at the PM is constitutively

active and independent of GF stimulation (Ebner et al., 2017).

Therefore, further studies are necessary to examine whether
orts 29, 1311–1322, October 29, 2019 ª 2019 The Author(s). 1311
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extracellular cues have an effect on the activity of mTORC2 itself

or whether GF stimulation is exclusively responsible for the co-

localization of mTORC2 and its substrates.

CD146, also known as melanoma cell adhesion molecule

(MCAM), is a transmembrane glycoprotein and a well-recog-

nized endothelial marker, encoded by theMCAM gene in human

(Wang and Yan, 2013; Yan et al., 2003). CD146 plays a crucial

role in vascular development and angiogenesis, acting as a co-

receptor of VEGFR2 in endothelial cells (Jiang et al., 2012).

Notably, VEGF-induced Akt1 (hereafter referred to as Akt)

signaling via phosphorylation of Akt-S473, a well-established

mTORC2 phosphorylation event, is an important component in

this process (Li et al., 2003; Nodomi et al., 2016; Xu et al.,

2003). Elimination of CD146 reduces Akt activity, resulting in

decreased proliferation and cell survival (Kang et al., 2006;

Zeng et al., 2014). Furthermore, strong CD146 expression has

also been detected in a variety of malignancies, particularly in

metastatic lesions and high-grade tumors, including melanoma,

breast cancer, and hepatocellular carcinoma (Wang and Yan,

2013). This elevated CD146 level is often associated with poor

prognosis and low survival rate, which is probably, at least partly,

attributable to its capability to promote mTORC2-targeted Akt-

pS473 phosphorylation in a broad spectrum of cancers. How-

ever, it has remained unclear exactly how CD146 regulates

mTORC2 activity.

In this study, we demonstrate that CD146 functions as an

important regulator of mTORC2 signaling, transmitting GF-

induced proliferation not only via VEGF but also other GFs,

including insulin, IGF1, and bFGF. Upon GF stimulation,

CD146 becomes phosphorylated at Tyr-641 at the cytoplasmic

tail (CYT) region, enabling its interactionwith Rictor and therefore

mTORC2. The formation of CD146-Rictor/mTORC2 complex

prevents the ubiquitin-proteasome-medicated degradation of

Rictor and activates mTORC2. Therefore, our studies have es-

tablished a PI3K-independent regulatory mechanism by which

GFs specifically stimulate mTORC2 activity.

RESULTS

CD146 Enhances mTORC2 Activity by Specifically
Increasing Rictor Protein Levels
In order to elucidate the mechanisms underlying the effects of

CD146 on mTORC2 signaling, we generated CD146-knockout

(KO) and CD146-knockdown (KD) cell lines by either disrupting

the MCAM gene with single guide RNA (sgRNA)-CRISPR-Cas9

system or using CD146-specific short hairpin RNAs (shRNAs),

respectively. In all CD146-deficient cells, including human

endothelial cells (human umbilical vein endothelial cells

[HUVECs] and human brain microvascular endothelial cells

[HBMEC]), HEK293T, HepG2, and HeLa cells, no clear morpho-

logical change was observed, but there was a clear reduction in

the phosphorylation of Akt-S473, PKCa-S657, and SGK1-S422,

indicating that mTORC2 activity was considerably diminished

(Figures 1A and S1A–S1C). In contrast, no changes were de-

tected in other components of PI3K/Akt/mTOR signaling, such

as mTORC1 and PI3K/PDK1, as phosphorylation of S6K-T389/

T412 and Akt-T308 remained unaffected (Figures 1A and S1A–

S1C). Further analysis in CD146-KO HUVECs revealed a signifi-
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cant reduction in cell proliferation (Figure 1B) and a decreased

expression of cell proliferation markers, while the expression of

cell apoptosis markers was increased (Figure 1C). These data

corroborate the notion that one of themain functions ofmTORC2

in mammalian cells is to promote cell proliferation and survival

(Gaubitz et al., 2016).

Conversely, overexpression of CD146 in these same cell lines

resulted in increased mTORC2 activity, according to the same

markers that were used for the KO and KD experiments, with

the activities of mTORC1 and PI3K/PDK1 also being unchanged

(Figures 1D and S1D). These results indicate that CD146 has a

specific role in the regulation of mTORC2 activity without

affecting other, closely related and interlinked pathways, at least

within the PI3K/Akt/mTOR signaling axis.

Inspecting the expression levels of the core components of the

mTOR complexes, we observed no differences between control

and CD146-KO/KD cells at either the mRNA or the protein level,

with the exception of Rictor (Figures 1E, 1F, and S1E–S1H).

Although Rictor transcript levels remained stable in both control

and CD146-KO/KD cells, Rictor protein levels were greatly

reduced in the CD146-deficient cells. Correspondingly, CD146

overexpression increased Rictor protein levels without altering

its mRNA expression (Figures 1G, 1H, S1I, and S1J). However,

disruption of RICTOR by CRISPR/Cas9 revealed no effect on

CD146 protein levels, even though it reduced cell proliferation

and increased cell apoptosis in amanner essentially indistinguish-

able from the CD146-KO cells (Figures 1I–1K and S1K). Taken

together, these data suggest that CD146 functions as a positive

upstream regulator that sustains Rictor protein levels, which

may account for the specific enhancement of mTORC2 activity.

Inhibition of Ubiquitin-Proteasome-Mediated Rictor
Degradation by CD146
Because CD146 deficiency only reduced Rictor protein levels,

without affecting its mRNA, it is plausible that CD146might func-

tion to stabilize Rictor protein from degradation. Indeed, Rictor

protein exhibited a notably shorter lifespan and a substantially

higher level of ubiquitination in CD146-KD/KO cells than in the

controls (Figures 2A, 2B, and S2A). This reduction in Rictor pro-

tein levels was alleviated when we inhibited the proteasome with

MG132, implying that CD146 might have a role in suppressing

Rictor degradation by the ubiquitin-proteasome degradation

pathway (Figures 2C and S2B). Furthermore, immunoprecipita-

tion (IP) of endogenous Rictor detected CD146 in the immuno-

precipitates and vice versa (Figures 2D and S2C). In fact, all

the mTORC2 core components, mTOR, mLST8, and mSin1,

but not the mTORC1-specific proteins, Raptor and PRAS40,

were also detected in the immunoprecipitates of Rictor or

CD146. However, in the absence of Rictor, CD146 IP failed to

recover any of the mTORC2 components (Figure 2E). These re-

sults strongly suggest that CD146 acts to stabilize Rictor, pro-

tecting it from ubiquitin-proteasome-mediated degradation

through a yet to be uncovered protein complex.

CD146 Stabilizes Rictor via Its Juxtamembrane KKGK
Motif
Given these interesting observations, we set out to identify the

domains required for this interaction within CD146 and Rictor.



Figure 1. CD146 Positively Regulates mTORC2 Activity by Increasing Rictor Protein Expression

(A) Immunoblots of lysates from CD146-knockout (KO) and control HUVEC clones with the indicated antibodies.

(B) CCK-8 assay in CD146-KO and control clones.

(C) Immunoblot of the lysates from (B) with the indicated antibodies.

(D) Immunoblots of lysates from CD146-OE and control HUVECs with the indicated antibodies.

(E–H) Analysis of mRNA and protein expression of mTOR complexes in CD146-KO (E and F) and overexpressing (OE) (G and H) HUVECs by qRT-PCR (E and G)

and immunoblotting (F and H). qRT-PCR data are presented as mean ± SD over three independent experiments. ***p < 0.001, two-tailed Student’s t test.

(I) Immunoblots of lysates from Rictor-KO HUVECs with the indicated antibodies.

(J) CCK-8 assay in Rictor-KO and control HUVEC clones.

(K) Immunoblot of the lysates from (J) with the indicated antibodies.

All data of CCK-8 assays are presented as mean ± SD; n = 5–8. **p < 0.01, two-tailed Student’s t test. The immunoblots were performed with cell lysates from

three independent transfections (D and H) or two different passages (A, C, F, I, and K) and all had similar results, thus representative blots are shown.

See also Figure S1.
CD146 is a well-characterized cell adhesionmolecule composed

of an extracellular region comprising five Ig-like domains (80–110

aa each), a small transmembrane (TM) region (23 aa), and a short

CYT (63 aa) (Figure 3A) (Wang and Yan, 2013). Because Rictor

and mTORC2 are cytoplasmic proteins, it is more likely that

the CYTmight be the CD146 region involved in stabilizing Rictor,
particularly the juxtamembrane KKGK motif, which is conserved

across multiple species and has been shown to play an impor-

tant role in CD146-associated downstream signaling (Figure 3A)

(Jiang et al., 2012; Luo et al., 2012). We found that deletion (DK)

or charge reversal mutation (QQGQ, 3Q) of the KKGK motif

clearly reduced the CD146-Rictor/mTORC2 association as
Cell Reports 29, 1311–1322, October 29, 2019 1313



Figure 2. CD146 Interacts with Rictor to Suppress Its Proteasome-Mediated Degradation

(A) Analysis of Rictor stability with CHX chase assay in control and CD146-KD HUVECs by two different shRNAs. Left panel: immunoblot images; right panel:

quantitative analysis of Rictor in the left image. Similar results were also obtained in HBMECs and 293T cells (see also Figure S2A).

(B) Control and CD146-KO 293T cells were transfected with the indicated vectors and treated with MG132. The cell lysates were then subjected to IP and

immunoblotting as indicated.

(C) Immunoblots with the indicated antibodies on lysates from control and CD146-KD cells treated with MG132 for 4 h. The images and their quantifications are

presented in the upper and lower panels, respectively. Similar results were also obtained in HBMECs and 293T cells (see also Figure S2B).

(D) CD146 and Rictor immunoprecipitates fromHUVECswere analyzed with the indicated antibodies by immunoblotting. Rabbit (Rb) or mouse (Ms) IgGwas used

as the IP negative control.

(E) CD146 immunoprecipitates from Rictor-KO cells were analyzed with the indicated antibodies by immunoblotting.

The experiments in (B), (D), and (E) were performed twice with similar results.

See also Figure S2.
detected by co-IP (Figure 3B). Furthermore, ectopic expression

of CD146-wild-type (WT), but not CD146-DK, extended the life-

span of Rictor in both control (Figure 3C) and CD146-KD (Fig-

ure S3) cells, demonstrating that the KKGK motif is essential

for the CD146-mediated stabilization of Rictor.

There is less information about domain structure of Rictor,

except for a few conserved regions (Sarbassov et al., 2004).

We therefore deleted each conserved region of Rictor individu-

ally (Figure 3D) and all the mutants, except the C-terminal region

deletion (DC), retained their detection in the CD146 co-IP (Fig-

ure 3E), indicating that Rictor binds to CD146 through its C-ter-

minal region. This was further supported by Rictor IP, in which

CD146 could be detected in the immunoprecipitates of Rictor

mutants that possess the C-terminal region, similarly to Rictor

(Figure 3F). In addition, Rictor-DC exhibited a similar lifespan in

CD146-WT as in CD146-KO cells, which was much shorter

than the full-length Rictor (Rictor-FL) in CD146-WT cells but

was similar to that in CD146-KO cells (Figure 3G). Therefore,

our results revealed that CD146 interacts with the Rictor C-termi-

nal region through its KKGK motif, which enhances Rictor

stability.

CD146 Promotes Cell Proliferation and mTORC2
Signaling by Stabilizing Rictor
Although elimination of CD146 significantly diminished cell

proliferation in cells with a WT RICTOR gene (Figures 1B and

1C), altering CD146 levels in RICTOR-KO cells had no effect
1314 Cell Reports 29, 1311–1322, October 29, 2019
on cell proliferation or the expression of proliferative and

apoptotic markers (Figures 4A–4D). These results suggest that

the effect of CD146 on cell proliferation is attributed largely to

its regulation of Rictor and thereby mTORC2 activity. Further-

more, expression of CD146-WT in CD146-KO cells rescued the

defect in cell proliferation and survival, corroborating this pro-

posal, whereas expression of CD146-DK or CD146-3Q failed

to have the same effects (Figures 4E and 4F). Correspondingly,

expression of CD146-WT increased Rictor protein levels and

mTORC2 activity in these cells, whereas neither CD146-DK nor

CD146-3Q could do so (Figures 4G, 4H, and S4). Overexpres-

sion of Rictor in CD146-KO cells also rescued the cell prolifera-

tive defect and reduced apoptosis, even though CD146 was still

defective (Figures 4I and 4J). These results strongly support

a role for CD146 as an upstream regulator of mTORC2 and

imply that CD146 promotes cell proliferation by stabilizing and

increasing Rictor protein levels and therefore mTORC2 activity.

VEGF Induces CD146-Rictor Interaction, mTORC2
Activity, and Cell Proliferation
CD146 has been identified as a co-receptor for VEGFR2 and is

required for VEGF-induced activation of Akt and cell proliferation

of endothelial cells (Ferrara and Adamis, 2016; Jiang et al., 2012).

Moreover, VEGF stimulation activates mTORC2 signaling (Fig-

ure S5A). As such, we attempted to understand whether

CD146 plays a role inmediating VEGF-inducedmTORC2 activity

and cell proliferation. In the absence of CD146, HUVECs showed



Figure 3. CD146-Rictor Co-IP Requires CD146-KKGK Motif and Rictor C-Terminal Region

(A) Schematics of three Flag-tagged CD146 expression vectors: the KKGK motif, its deletion (DK), and the mutant QQGQ (3Q) are indicated. CYT, cytoplasmic

tail; Ig, Ig-like domain; TM, transmembrane domain.

(B) Flag-CD146 or Rictor immunoprecipitates from 293T cells transfected with the indicated Flag-CD146 vectors were analyzed with the indicated antibodies by

immunoblotting.

(C) CHX chase assay of Rictor in HUVECs transfected with the indicated CD146 vectors.

(D) Graphic illustrating the various HA-Rictor mutant expression vectors and a summary of the results in (E) and (F). N-CS, C-CS, C-CS5, N-terminal and central

conserved segments; PS, phosphorylation sites; REM, Ras exchange-like domain.

(E and F) CD146 (E) and HA-Rictor (F) immunoprecipitates from 293T cells transfected with the indicated HA-Rictor vectors were analyzed with the indicated

antibodies. Red asterisks mark the indicated HA-Rictor protein bands. The Rictor antibody is against the C-terminal region and thus shows no signal with

Rictor-DC.

(G) CHX chase assay for Rictor in control and CD146-KO cells transfected with either full-length (FL) or C-terminally truncated (DC) Rictor.

All experiments were performed twice with similar results.

See also Figure S3.
no proliferative response to VEGF stimulation (Figures S5B and

S5C), possibly because of the failure of VEGF to activate multiple

downstream signaling pathways without its co-receptor CD146

(Jiang et al., 2012). Importantly, this lack of cell proliferation in

response to VEGF was rescued by the introduction of CD146-

WT into the cells, but not the introduction of CD146-DK (Figures

5A and 5B). Furthermore, expression of CD146-DK or CD146-3Q

in the CD146-KO cells restored the activation of the PI3K/PDK1,

p38MAPK, and NF-kB pathways by VEGF, but not the mTORC2

pathway (Figure 5C), indicating that the KKGK motif is specif-

ically involved in the regulation of the mTORC2 pathway and

that VEGF-CD146-mediated cell proliferation is probably

through activation of mTORC2 signaling. Indeed, in the absence

of Rictor, CD146 had no effect on cell proliferation regardless of
VEGF stimulation (Figures 5D–5G, S5D, and S5E), whereas

restoring Rictor expression in these cells rescued VEGF-induced

cell proliferation (Figure 5H and 5I). Conversely, overexpression

of Rictor in CD146-KO HUVECs increased cell proliferation irre-

spective of VEGF stimulation (Figures S5F and S5G). These re-

sults strongly suggest that the KKGK domain of CD146 is not

required for its VEGF-co-receptor role but is necessary for the

activation of Rictor/mTORC2 signaling and that the mTORC2

pathway is essential for VEGF-elicited cell proliferation.

Because VEGF has been shown to activate mTORC2 only

in the presence of CD146 bearing a KKGK motif, which is

essential for CD146-Rictor co-IP and Rictor stability (Figures 3

and 4), we next addressed whether VEGF stimulates the forma-

tion of CD146-Rictor/mTORC2 complex. To address this,
Cell Reports 29, 1311–1322, October 29, 2019 1315



Figure 4. CD146-WT, but Not Its KKGK Mutants, Promotes Cell Proliferation by Stabilizing Rictor and Enhancing mTORC2 Activity

(A) CCK-8 proliferation assay in Rictor-KO HUVECs transfected with CD146 or empty vector.

(B) Immunoblot of lysates from the cells of (A) with the indicated antibodies.

(C) CCK-8 assay in Rictor-KO HUVECs transfected with CD146-shRNAs or scrambled shRNAs.

(D) Immunoblot of lysates from the cells of (C) with the indicated antibodies.

(E) CCK-8 proliferation assay in CD146-KO HUVECs transfected with the indicated CD146 expression vectors.

(F) Immunoblot of lysates from the cells of (E) with the indicated antibodies.

(G) Cell lysates from HUVECs transfected with the indicated CD146 vectors were immunoblotted with the indicated antibodies.

(H) CD146-KD HUVECs were transfected with either CD146-WT or CD146-DK and then analyzed by immunoblotting with the indicated antibodies.

(I) CCK-8 proliferation assay in CD146-KO HUVECs transfected with HA-Rictor or empty vector.

(J) Immunoblot for the indicated proteins in the cells of (I).

All data of CCK-8 assays are presented as mean ± SD; n = 5–8. A two-tailed Student’s t test was used for statistical analysis. **p < 0.01 and ***p < 0.001. ns, not

significant. Representative images are shown for immunoblots on cells lysates from three (G and H) or two (B, D, F, and J) independent transfections with similar

results.

See also Figure S4.
CD146-Rictor co-IP was assessed in serum-starved HUVECs

that were treated with VEGF, which showed that the CD146-Ric-

tor co-IPs were dramatically reduced after serum starvation

(Figure 6A) but re-established by VEGF stimulation (Figure 6B).
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These imply that the CD146-Rictor complex does indeed require

VEGF stimulation. We reasoned that the VEGF-receptor tyrosine

kinase (RTK) might phosphorylate CD146-CYT, leading to

conformational changes to expose the KKGK motif that is



Figure 5. CD146 Mediates VEGF-Induced Cell Proliferation through Activation of mTORC2

(A) CCK-8 proliferation assay in CD146-KO HUVECs transfected with the indicated CD146 expression vectors and stimulated by VEGF.

(B) Immunoblot of the cell lysates from (A) with the indicated antibodies.

(C) Representative immunoblots with the indicated antibodies on cell lysates isolated from CD146-KO cells transfected with either CD146 or its mutants in

response to VEGF stimulation.

(D) CCK-8 proliferation assay in Rictor-KO HUVECs transfected with CD146 or empty vector and then treated with VEGF.

(E) Immunoblot of the cell lysates from (D) with the indicated antibodies.

(F) CCK-8 proliferation assay in Rictor-KO HUVECs transfected with either CD146-shRNA or control shRNA and then stimulated by VEGF.

(G) Immunoblot of the cell lysates from (F) with the indicated antibodies.

(H) CCK-8 proliferation assay in Rictor-KO HUVECs transfected with either with either HA-Rictor or empty vector, then stimulated by VEGF.

(legend continued on next page)

Cell Reports 29, 1311–1322, October 29, 2019 1317



Figure 6. CD146-pY641 Is Required for CD146-Rictor Co-IP and mTORC2 Activation

(A and B) HUVECs were either serum-starved overnight (A) or re-stimulated with VEGF for 30 min (B) before being analyzed using co-IP with the indicated

antibodies.

(C) Diagram depicting human CD146 and its CYT sequence with the alignment of the indicated species. Y641 and its mutants Y641D/F are indicated.

(D) Flag-CD146 immunoprecipitates from HUVECs transfected with the indicated Flag-CD146 (WT or Y641F mutants) followed by treatment as in (B) were

immunoblotted with pan-phospho-tyrosine antibody.

(E) Flag-CD146 immunoprecipitates from HUVECs transfected with the indicated form of CD146 were immunoblotted with the indicated antibodies.

(F) Cell lysates from HUVECs transfected with the indicated form of CD146 were immunoblotted with the indicated antibodies.

All experiments were performed twice with similar results.

See also Figure S6.
necessary for Rictor interaction. The human CD146-CYT region

contains only a single tyrosine residue (Y641) (Figure 6C), which

is well conserved in mice, rats, pigs, dogs, and chickens and is

the predominant phosphorylation site on CD146 identified by

phosphoproteomic studies (Hornbeck et al., 2015). Computa-

tional analysis of the CD146-CYT structure shows that Y641 is

in close proximity to the KKGK motif, which is rendered non-

phosphorylatable by Y641F mutagenesis. However, its phos-

phomimetic counterpart D641 adopts a position further away

from the KKGK motif (Figure S6), suggesting that phosphoryla-

tion of Y641 in CD146 may unmask the KKGK motif, enabling

different interactions in the phosphorylated state.

To investigate whether CD146-Y641 is phosphorylated in

response to VEGF, tyrosine phosphorylation was examined in

both WT CD146 and non-phosphorylatable CD146-Y641F

upon VEGF stimulation by co-IP experiments. Phospho-tyrosine

antibody was able to detect a clear signal in CD146 only after

VEGF stimulation, while no signals were identified in the absence
(I) Immunoblot of the cell lysates from (H) with the indicated antibodies.

Data of the CCK8 proliferation assays are presented as mean ± SD; n = 5–8. A tw

significant. Representative images are shown for immunoblots on cells lysates fro

See also Figure S5.
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of VEGF, nor in CD146-Y641F, even in the presence of VEGF

(Figure 6D), confirming that the phosphorylation of CD146-

Y641 occurs in response to VEGF. Furthermore, the phosphomi-

metic mutant CD146-Y641D was also shown to increase

CD146-Rictor co-IP, whereas CD146-Y641F did not (Figure 6E).

Consistently, expression of CD146-Y641D enhanced mTORC2

activity, which was not observed after the expression of

CD146-Y641F (Figure 6F).

Collectively, these data demonstrate that VEGF-induced RTK

activation phosphorylates CD146 at Y461, which enables its

KKGK motif to stabilize Rictor and ultimately increase mTORC2

activity and cell proliferation.

The CD146-Rictor Relationship: A Mechanism Beyond
VEGF-Induced mTORC2 Activation
We noticed that in CD146-KO cells, the mTORC2 pathway ex-

hibited no response to both VEGF and serum stimulation,

whereas the other signaling pathways, including PI3K/PDK1,
o-tailed Student’s t test was used for statistical analysis. ***p < 0.001. ns, not

m three (C) or two (B, E, G, and I) independent transfections with similar results.



Figure 7. The CD146-Rictor Complex Also

Accounts for GF-Induced mTORC2 Activity

(A) Cell lysates from CD146-KO HUVECs that have

been transfected with the indicated CD146 and

serum-starved overnight, before being stimulated

with insulin for 30 min, were analyzed by immuno-

blotting with the indicated antibodies.

(B) Immunoblot with the indicated antibodies in

CD146-KO HUVEC that have been transfected with

CD146-C452A and stimulated by the indicated GFs

as for insulin in (A).

(C) Flag-immunoprecipitates of HUVECs that were

transfected with either Flag-CD146-WT or Flag-

CD146-Y641F and stimulated with the indicated

GFs as indicated above were analyzed by immu-

noblotting with a pan-phospho-tyrosine antibody.

(D) Graphical illustration of the working model.

All experiments were repeated two times with

similar results.

See also Figure S7.
were not responsive to VEGF but were activated by serum (Fig-

ure 5C versus Figure 1A). This response pattern to serum in

CD146-KO cells was similar to the response of cells containing

CD146-DK/3Q to VEGF. This implies that the regulation of

mTORC2 by CD146 might not only be limited to the VEGF-

VEGFR2 receptor complex and that the CD146-Rictor/mTORC2

complex might also be promoted by other GFs, independent of

CD146 co-receptor function for VEGF. Indeed, stimulation of

CD146-KO cells by insulin or IGF1 or bFGF, all failed to activate

mTORC2 signaling in comparison with control cells, while the

PI3K/PDK1, p38 MAPK, and NF-kB pathways were successfully

activated under these conditions (Figures 7A, S7A, and S7B).

Furthermore, the lack of mTORC2 activation to these GFs in

the CD146-KO cells could be rescued by either CD146-WT or

CD146-C452A, a CD146 mutant that abolishes its dimerization

and co-receptor function, but not by CD146-DK or CD146-3Q

(Figures 7A, 7B, S7A, and S7B). This indicates that dimerization

of CD146 as a co-receptor is essential only for VEGF-induced

mTORC2 activity but is dispensable for other GF-induced

mTORC2 activation, while the KKGK motif of CD146 is neces-

sarily required and specifically involved for mTORC2 activation

by all GFs tested. In agreement with the signaling data, all three

GFs were able to stimulate the phosphorylation of CD146-Y641

to a similar level as VEGF (Figure 7C).

Previously, CD146 was shown to interact with ezrin-radixin-

moesin (ERM) family protein, affecting actin cytoskeleton, which

might lead to the Akt phosphorylation (Jiang et al., 2012; Luo

et al., 2012). To address whether activation of mTORC2 by

CD146 is mediated through the ERM molecules or via actin re-

modeling, we reducedmoesin expression by specific small inter-

fering RNA (siRNA) KD or inhibited actin polymerization with

cytochalasin B in HUVECs. None of these showed clear effects

on Rictor expression or mTORC2 activity (Figures S7C and

S7D). In addition, CD146 was reported to stimulate a Src family

kinase, Fyn, which might result in mTORC2 activation (Anfosso

et al., 1998). However, treating HUVECswith either the Fyn inhib-

itor PP2 or the Src family inhibitor saracatinib exhibited no effect

on Rictor expression or mTORC2 activity (Figure S7E). These re-

sults indicate that neither actin cytoskeleton nor Fyn/Src kinases
are involved in the CD146-mediated Rictor/mTORC2 regulation

and, altogether, suggest that CD146-associated activation of

mTORC2 might be a more generic regulatory mechanism, at

least in HUVECs, by which GF-stimulated mTORC2 activity is

mediated.

DISCUSSION

Although it has been suspected for more than a decade that

mTORC2 signaling is regulated by GFs, the exact molecular

mechanisms have remained elusive (Sarbassov et al., 2004;

Saxton and Sabatini, 2017). Here we show that the intracellular

domain of the TM cell adhesion molecule CD146 functions as

a crucial adaptor that mediates GF-induced mTORC2 activity

and cell proliferation in human endothelial cells (Figure 7D).

Upon GF binding to their receptors, RTKs are activated, leading

to the phosphorylation of CD146-Y641, which subsequently en-

ables the formation of CD146-Rictor/mTORC2 complex via the

juxtamembrane KKGK motif of CD146. The formation of

CD146-Rictor/mTORC2 complex protects Rictor from protea-

some-mediated degradation and promotes mTORC2 activity

and cell proliferation.

This identified function of CD146 differs greatly from its func-

tion as a co-receptor to VEGFR2 in endothelial cells. First,

CD146 interacts with VEGFR2 through its extracellular Ig-like do-

mains, which does not require VEGF stimulation (Jiang et al.,

2012), whereas CD146 regulates mTORC2 through its intracel-

lular domain, more specifically the juxtamembrane KKGK motif.

Furthermore, this KKGK-mediated CD146-Rictor/mTORC2

complex entails the activation of RTKs by GFs to phosphorylate

CD146-Y641 and activating the KKGK motif. Second, CD146-

VEGFR2 interaction is required for VEGF-induced activation of

multiple downstream signaling pathways, including PI3K/Akt,

p38 MAPK, and NF-kB. In contrast, the KKGK-mediated

CD146-Rictor/mTORC2 complex appears to specifically affect

GF-induced mTORC2 signaling without interfering GF-stimu-

lated other pathways. Third, it is interesting to note that the

CD146-Rictor/mTORC2 complex and its associated mTORC2

activation can be induced by multiple GFs, including insulin,
Cell Reports 29, 1311–1322, October 29, 2019 1319



IGF1, and bFGF. Although the exact mechanisms by which GFs

stimulate phosphorylation of CD146-Y641 remain to be re-

vealed, it is possible that CD146 might be localized in microdo-

mains of the PM, which are in close proximity with the RTK

clusters (Casaletto and McClatchey, 2012). Furthermore, this

CD146-mediated Rictor/mTORC2 regulation appears to func-

tion in many cell types, as KO/KD of CD146 in several cell lines

exhibited reduced mTORC2 activity.

Notably, in the CD146-deficient or mutant cells, although the

phosphorylation of Akt-S473 by mTORC2 was significantly

diminished, no change was observed in the phosphorylation of

Akt-T450, another substrate of mTORC2, and also no change

was detected in mSin1 levels. By contrast, in Rictor-deficient

cells, both Akt-pT450 andmSin1 levels revealed dramatic reduc-

tion (Ikenoue et al., 2008). This difference might be because the

phosphorylation of Akt-T450 and the maintenance of mSin1 only

require a lower level of Rictor than does phosphorylation of Akt-

S473, while CD146 deficiencymainly affects Rictor stability, thus

diminishing Rictor levels rather than completely eliminating its

expression. Alternatively, mTORC2 has more than one mecha-

nism to target its substrates, depending on the individual sub-

strates and the sub-cellular localization where they are targeted

by mTORC2 (Betz and Hall, 2013; Boulbés et al., 2011; Colombi

et al., 2011; Ikenoue et al., 2008). For example, it has been re-

ported that mTORC2 phosphorylates Akt-T450 by a co-transla-

tional phosphorylation mechanism, involving ribosomes but

independent of GF stimulation. This differs greatly from the

Akt-S473 phosphorylation by mTORC2, a classical post-transla-

tional mechanism, mainly involving the PM and requiring GF

stimulation (Oh et al., 2010; Zinzalla et al., 2011).

One important finding of this work is that CD146-mediated

regulation on mTORC2 is independent of PI3K signaling.

Although inhibition of PI3K also affects phosphorylation of

some mTORC2 substrates, such as Akt, it does not affect Rictor

expression (Figure S7F) and thus differs from CD146-mediated

mTORC2 regulation. In the absence of the CD146-KKGK motif,

the GF-induced phosphorylation of Akt-pT308 was not altered,

whereas the phosphorylation of Akt-pS473 was significantly

reduced. This indicates that the PI3K/PDK1 pathways are not

disturbed by the elimination of CD146-KKGK, and therefore,

the reduction in Akt-pS473 is not due to the failure of Akt recruit-

ment to the PM (Manning and Toker, 2017; Vanhaesebroeck

et al., 2010). In addition, this CD146-mediated regulatory pro-

cess does not affect mTORC1 signaling, as it targets the

mTORC2-specific subunit Rictor. As such, it might provide a po-

tential route to specifically intervene mTORC2 signaling. More-

over, our data demonstrate that one of the major mechanisms

by which GFs regulate mTORC2 is through direct control of the

turnover of its subunits, such as Rictor.

Another interesting finding is that the positively charged amino

acid cluster KKGK motif at the juxtamembrane region of CD146

is essential for CD146-mediated mTORC2 activation by GFs,

although direct visualization of the PM-associated CD146-Rictor

is not applicable, because of unavailability of suitable antibodies.

Recently, it has been identified that oncogenic active Ras binds

and stimulatesmTORC2 (Kovalski et al., 2019). Given that all Ras

proteins contain similar positively charged amino acid clusters in

their hypervariable region, which is in a close vicinity to the PM
1320 Cell Reports 29, 1311–1322, October 29, 2019
anchor site (Simanshu et al., 2017), it is plausible that oncogenic

Ras stimulates mTORC2 by binding to Rictor through these

clusters. This is supported by the evidence that KD of Rictor

dramatically reduced the binding between Ras and mTORC2

components, such as mTOR and mSin1 (Kovalski et al., 2019).

This might also explain the constitutive activation of mTORC2

observed in the reporter LocaTOR2 system, which fuses the re-

porter with C-terminal 30 aa of KRas4B containing similar posi-

tively charged amino acid clusters (Ebner et al., 2017). Therefore,

our identified mTORC2 activation mechanism is likely to be an

important machinery for the regulation of mTORC2 activity.

A growing body of evidence suggests that dysregulation of

mTORC2 is often linked to uncontrolled cell proliferation and

associatedwith a variety of human diseases, includingmetabolic

disorders and cancer (Guri et al., 2017; Kim et al., 2017; Saxton

and Sabatini, 2017). Targeting mTORC2 signaling is becoming a

clinically attractive strategy (Hisamatsu et al., 2013; Sparks and

Guertin, 2010; Werfel et al., 2018). However, specific mTORC2

inhibitors for therapeutics are not available yet, for which an

incomplete understanding of mTORC2 regulation is a consider-

able limiting factor (Gaubitz et al., 2016). Our finding on the

mechanism that specifically regulates mTORC2 without interfer-

ence of PI3K or mTORC1 may provide a rationale for the

development of strategies that specifically targets mTORC2.

Furthermore, a main function of TOC2 in budding yeast is to

regulate actin polarization and cytoskeleton, hence affecting

cell growth (Loewith et al., 2002). However, whether mTORC2

also regulates cytoskeleton in mammalian cells remains contro-

versial. Given that CD146 has been shown to play an active role

in the regulation of actin cytoskeleton, tumor cell migration, and

metastasis (Luo et al., 2012; Zeng et al., 2014), and now we

demonstrate here that CD146 has also been identified as a key

regulator of Rictor/mTORC2, it is anticipated that mTORC2

might be potentially involved in CD146-regulated cell migration

in mammalian cells. Further investigation is awaited to verify

this interesting conjecture.

Taken together, our study has identified a regulatory mecha-

nism of mTORC2, which is controlled by GF-induced stabiliza-

tion of Rictor through the PM-associated positively charged

amino acid cluster. This work presents strong evidence of a mo-

lecular mechanism by which mTORC2 activity can be regulated

by extracellular environmental input and provides another

avenue for further investigation and possible therapeutic exploi-

tation of mTORC2 activity and function.
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Myc Sino Biological Cat# 100029-MM07;
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CHX Sigma-Aldrich Cat# 01810
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Deposited Data
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Experimental Models: Cell Lines

Human: HUVEC cells ATCC Cat# CRL-1730; RID: CVCL_2959

Human: HBMEC cells ATCC Cat# CRL-3245; RRID: CVCL_4D10

Human: 293T cells ATCC Cat# CRL-3216; RRID: CVCL_0063

Human: HepG2 cells ATCC Cat# HB-8065.1; RRID: CVCL_AS98

Human: HeLa cells ATCC Cat# CCL-2; RRID: CVCL_0030

Oligonucleotides

qRT-PCR primers are shown in Table S1 This paper N/A

CD146 sgRNA1, CCCTCCGGCCGGGAAGCATG This paper N/A

CD146 sgRNA2, CTGCTGCTGTCCTCGCGTCG This paper N/A

Rictor sgRNA1, GGCCACAGTGAAGAAAAACT This paper N/A

Rictor sgRNA2, AGACTCCAGTATTCTCCAGA This paper N/A

CD146 shRNA1, GATGGCATTCAA-GGAGAGGAA This paper N/A

CD146 shRNA2, GGGAGAGAAATACATCGATCT This paper N/A

CD146 shRNA3, GGCAAGTG-AACAAGACCAAGA This paper N/A
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scrambled shRNA, CGGCAAGCUGACCCUGAAG This paper N/A

Moesin siRNA1, GGAUCUUGGCCUUGUGCAUTT This paper N/A

Moesin siRNA2, GGGCUGAUGCUAUGGCCAATT This paper N/A

Recombinant DNA

pCMV3-Flag-CD146 Sino Biological Cat# HG10115-CF

pCMV3-Flag-CD146-DKKGK This paper N/A

pCMV3-Flag-CD146-QQGQ This paper N/A

pCMV3-Flag-CD146-Y641D This paper N/A

pCMV3-Flag-CD146-Y641F This paper N/A

pRK-myc-Rictor Addgene Cat# 11367; RRID: Addgene_11367

pCAG-puro-2A-HA-Rictor This paper N/A

pCAG-puro-2A-HA-Rictor-DN-CS This paper N/A

pCAG-puro-2A-HA-Rictor-DC-CS This paper N/A

pCAG-puro-2A-HA-Rictor-DCS5 This paper N/A

pCAG-puro-2A-HA-Rictor-DPS This paper N/A

pCAG-puro-2A-HA-Rictor-DC This paper N/A

pCAG-puro-2A-HA-Rictor-C This paper N/A

pSpeCas9(1.1)-2A-Puro This paper N/A

pSpCas9(BB)-2A-Puro Addgene Cat# 62988; RRID: Addgene_62988

eSpCas9(1.1) Addgene Cat# 71814; RRID: Addgene_71814

pcDNA-Myc-Ubiquitin Dr. Tianxia Jiang N/A

Software and Algorithms

ImageJ N/A

GraphPad Prism 7 N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Wei Cui (wei.cui@

imperial.ac.uk). Plasmids generated in this study are available on request without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
All cell lines were purchased from ATCC as indicated in the Key Resources Table and routinely examined to be free of mycoplasma

contamination. HUVEC, HBMEC, and 293T cell lines were cultured in RPMI 1640 medium, endothelial cell medium (ECM) and Dul-

becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, respectively at 37�C with 5% CO2. HepG2

and HeLa cells were maintained in DMEM (10% fetal bovine serum). CD146 and Rictor knockout cell lines were generated by

CRISPR/Cas9 technology. Gene knockdown cell lines were obtained by shRNA lentiviral transduction.

METHOD DETAILS

DNA Constructs and Cloning
Construction CD146 and Rictor expression plasmids

Themutant CD146 expression vectors (CD146-DKKGK, CD146-QQGQ (CD146-3Q), CD146-Y641D and CD146-Y641F) were gener-

ated by site-directed mutagenesis using pCMV3-Flag-CD146 plasmid as a template. The Rictor expression vector (pCAG-puro-2A-

HA-Rictor) and its truncatedmutants were generated by PCR-based subcloning fromRictor in the pRK-myc-Rictor (Sarbassov et al.,

2004). The Rictor-C-terminal fragment expression vector was generated by subcloning Rictor-C fragment into PCS2 expression vec-

tor via a PCR based approach.

Design and construction of sgRNA plasmids

Two single guide RNAs (sgRNA) were designed and selected for each gene using the online design tools (http://crispr.mit.edu/ and

https://www.deskgen.com/landing/) to target adjacent exons. CD146 sgRNAs were designed to target exon 3 and exon 4; RICTOR

sgRNAs target exon 4 and exon 5. These sgRNA were synthesized and cloned into the plasmid pSpeCas9(1.1)-2A-Puro, which was
Cell Reports 29, 1311–1322.e1–e5, October 29, 2019 e3
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generated by replacing Cas9(BB) in pSpCas9(BB)-2A-Puro with eCas9(1.1) (Ran et al., 2013; Slaymaker et al., 2016). All sgRNA se-

quences are provided in the Key Resources Table.

Construction of lentiviral shRNA plasmids

DNA oligonucleotides encoding CD146-specific shRNAs were inserted into the pGMLV-SC5 lentiviral vector. All shRNA sequences

are provided in the Key Resources Table.

Generation of gene-knockout or knockdown cell lines
Generation of CD146 and RICTOR knockout cell lines

The CD146 or RICTOR gene knockout was performed by CRISPR/Cas9 technology. The sgRNA containing pSpeCas9(1.1)-2A-Puro

plasmids were introduced into HUVEC and 293T cells by Lipofectamine 2000 and calcium phosphate transfection. The transfected

cells were selected for 4 dayswith puromycin (2 mg/mL) 24–48 h post-transfection and the surviving clones were picked using cloning

discs and tested for gene-knockout by immunoblotting. The targeted cloneswere subjected to second round cloning and selection to

eliminate any partially targeted cells.

Generation of CD146- or MSN (moesin)-knockdown cells

The pGMLV-SC5 lentiviral vector containing CD146-specific shRNAs were packaged in 293T cells with pCMVD8.91 helper and

pVSV-G envelope plasmids to generate lentiviral particles. Cells were selected 48 h post-lentiviral infection with puromycin

(2 mg/ml) for at least a week and surviving cells were assessed for CD146 expression by immunoblotting and qRT-PCR. For knock-

down of MSN expression, two pairs of human MSN-specific siRNAs were individually transfected into HUVEC cells using Lipofect-

amine 2000. 24 h post transfection, cells were collected and assessed for protein expression by immunoblotting. All si/shRNA

sequences are provided in the Key Resources Table.

CD146 and Rictor overexpression/rescue experiments
All CD146 and Rictor expression was performed by transient transfection with indicated CD146 or Rictor expression vectors using

Lipofactamine 2000 into the desired cells. 24 h post-transfection, cells were treated as indicated or collected for immunoblotting or

qRT-PCR.

Growth factor or inhibitor treatment of cells
Cells were serum-starved overnight before being stimulated for 30 min with indicated growth factors, VEGF (100 ng/ml), insulin

(2.5 mg/ml), IGF1 (100 ng/ml) and bFGF (50 ng/ml). Cells were then collected for further analysis. CHX chasing assay was performed

by treating cells with CHX (100 mg/ml) and harvesting them at indicated time points for immunoblotting analysis. Inhibitors were

added into culture media for 1, 3 or 6 h before cells were harvested for immunoblotting. The inhibitors used in these experiments

are: Fyn inhibitor PP2 (10 mM), Src inhibitor saracatinib (10 mM), or PI3K inhibitors LY294002 (20 mM), AS-605420 (20 mM) or

ZSTK474 (10 mM). For inhibition of actin polymerization and cytoskeleton remodeling experiments, actin polymerization inhibitor

cytochalasin B (20 mM) was added into HUVEC culture for 0.5, 1 or 3 h. Cells were then collected for immunoblotting or stained

with phalloidin-Alexa Fluor 594.

Cell proliferation assay
Cell proliferation was measured using the CCK-8 Cell Counting Kit according to the manufacturer’s instructions.

RNA Isolation and qPCR Analyses
Total RNAwas extracted with Trizol reagent and cDNAwas synthesized from 2 mg RNAwith randomprimers by reverse transcription.

qRT-PCR reactions were performed with SYBR Green PCR mix in a StepOnePlus real-time PCR system (Applied Biosystems).

Threshold cycle (Ct) values of b-actin were subtracted fromCt values of the genes of interest (DCt) and then normalizedwith indicated

controls. All primer sequences are provided in the Key Resources Table.

Immunoblotting and co-immunoprecipitation
Immunoblotting

Proteins were resolved in 8%–10% SDS-polyacrylamide gel by electrophoresis and then transferred to a polyvinylidene difluoride

(PVDF) membrane. Themembranes were blocked with 5%non-fat milk in Tris-buffered saline with 0.1% Tween-20 for 1 h, incubated

with primary antibodies at 4�Covernight and then probedwith horseradish peroxidase-conjugated anti-mouse or anti-rabbit second-

ary antibodies. The signals are visualized using chemiluminescence imaging system (Amersham Imager 600, GE Healthcare Life

Sciences). The intensities of blots were quantified by the ImageJ software.

Immunoprecipitation

Cells were lysed on ice for 30 min in immunoprecipitation buffer (40 mM HEPEs, 120 mM NaCl, 1 mM EDTA, 0.3% CHAPS, pH 7.4)

supplemented with protease inhibitor cocktails. After centrifugation, supernatants were pre-cleared with protein A/G PLUS-Agarose

and then immunoprecipitated with indicated antibodies at 4�C overnight with rotation. Immunoprecipitation of Flag/HA-tagged pro-

tein was performed with M2 beads or agarose beads conjugated with anti-HA primary antibody and the immunoprecipitates were

then analyzed by immunoblotting.
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Ubiquitination assay
The CD146-WT and CD146-KO 293T cells were co-transfected with HA-Rictor and Myc-Ubiquitin expression vectors and were

treated with MG132 (10 mM) for 4 h before harvesting. The cells were then lysed in lysis buffer (20 mM Tris-HCl, 150 mM NaCl,

1 mM EDTA, pH 8.0, 1 mM EGTA, and 0.5% NP-40 and protease inhibitor cocktails) supplemented with ubiquitin aldehyde

(2mM) to inhibit the deubiquitinating enzymes. After centrifugation, the supernatants were immunoprecipitated with anti-HA antibody

as described above and the immunoprecipitates were assessed by immunoblotting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
All experiments were performed independently at least three times otherwise indicated. Statistical analysis were performed using

GraphPad Prism 7 software. The results are shown as mean ± SD (standard deviation). An unpaired two-tailed Student’s t test

was used for statistical analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.

DATA AND CODE AVAILABILITY

This study did not generate custom code. Original data for all the figures in the paper are available in the Mendeley Data (https://doi.

org/10.17632/rzc6mt4zww.2).
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