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Abstract

Renal cancer metastasis may result from oncogenic forces that contribute to the primary tumor.

We have recently identified microRNA-21 as an oncogenic driver of renal cancer cells. The

mechanism by which miR-21 controls renal cancer cell invasion is poorly understood. We show

that miR-21 directly downregulates the proapoptotic protein PDCD4 to increase migration and

invasion of ACHN and 786-O renal cancer cells as a result of phosphorylation/activation of Akt

and IKKβ, which activate NFκB-dependent transcription. Constitutively active (CA) Akt or CA

IKKβ blocks PDCD4-mediated inhibition and restores renal cancer cell migration and invasion.

PDCD4 inhibits mTORC1 activity, which was reversed by CA IKKβ. Moreover, CA mTORC1

restores cell migration and invasion inhibited by PDCD4- and dominant negative IKKβ.

Moreover, PDCD4 negatively regulates mTORC2-dependent Akt phosphorylation upstream of

this cascade. We show that PDCD4 forms a complex with rictor, an exclusive component of

mTORC2, and that this complex formation is reduced in renal cancer cells due to increased

miR-21 expression resulting in enhanced phosphorylation of Akt. Thus our results identify a

previously unrecognized signaling node where high miR-21 levels reduce rictor-PDCD4

interaction to increase phosphorylation of Akt and contribute to metastatic fitness of renal cancer

cells.
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INTRODUCTION

Kidney cancer represents one of 10 most common cancers in men and women and is often

resistant to chemotherapy. About 70% of patients with renal cancer fall into the subgroup of

clear cell renal cell carcinoma [1]. A quarter of these patients have metastatic disease at

presentation. The VHL gene product acts as a gatekeeper to prevent clear cell renal cell

carcinoma by mediating degradation of Hif2α [2]. Often VHL mutation is not sufficient to

cause renal cell carcinoma. However, VHL deletion alone does not cause renal cell

carcinoma [3]. Apart from VHL, alteration in PBRM1, a component of PBAF SWI/SNF

complex, histone methyl transferase SETD2 and histone deubiquitinase BAP1 have been

shown to contribute to development of renal cell carcinoma and its metastasis [4–6].

The short noncoding microRNAs (19 –25 nucleotides) suppress protein expression by

predominantly binding with imperfect complementarity to the 3′ untranslated region of

mRNAs to either repress translation or induce mRNA degradation [7]. About one third of

the total protein coding transcriptome is targeted by miRNAs [8]. A firm role for multiple

miRNAs has been established in renal carcinogenesis. Expression profiling of renal tumors

has shown that more miRNAs are decreased than those that are increased [9–13]. In a study

using normal and renal tumor tissues, among 847 miRNAs that were found to be

differentially expressed, miR-21 expression was decreased [14]. Increased expression of

miR-21 was recently demonstrated in a study that utilized 31 different solid tumors,

suggesting a significant role of this miRNA in carcinogenesis [15]. We also detected

increased miR-21 expression in renal tumor tissue and in VHL positive as well as negative

renal cancer cells [16, 17]. More recently, using more than 500 clear cell renal cell

carcinoma tissues for genomic analysis, expression of miR-21 was found to be increased due

to altered promoter methylation [13]. While the role for miR-21 in cancer formation and

progression appears to be firmly established, recent evidence suggest that this miRNA may

also contribute to cancer metastasis [18–21].

miR-21 is produced as a primary transcript from the intron 11 of TMEM49 gene [22]. The

pri-miR-21 is quickly processed to form 72 nucleotides long pre-miR-21 in the nucleus,

which is transported to the cytoplasm and undergoes dicer-mediated cleavage to yield 22

nucleotides long mature miR-21. Although gene amplification has been proposed as a

mechanism of increased miR-21 expression, transcriptional regulations by a number of

transcription factors (STAT3, AP-1, SRF, p53, Ets/PU.1, Hif1α and NFκB) are established

[22–29]. However, inducible expression of miR-21 has also been shown to be regulated by

posttranscriptional mechanism. For example, TGFβ and BMP-specific Smads are recruited

to pri-miR-21 along with the p68, a component of Drosha microprocessor complex, leading

to processing to pre-miR-21 and finally mature miR-21 [30, 31]. We have recently reported

a transcriptional mechanism for miR-21 expression in renal cancer cells [17]. More recently

an epigenetic mechanism has been shown as a cause of miR-21 upregulation in renal tumors
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[13]. Although many mRNAs have been identified to be the targets of miR-21, very few

have been ascribed to play specific role in tumorigenesis especially in renal cancer. The

expression of one such target, PDCD4 (programmed cell death 4), is decreased in many

cancers, including renal cancer [21, 26, 32–38].

PDCD4 is upregulated during apoptosis [39]. PDCD4 binds to the mRNA translation

initiation factors eIF4A and eIF4G to inhibit helicase activity [40, 41]. Expression of

PDCD4 is frequently inhibited in many cancers including lung, breast, hepatoma, glial,

tongue and skin tumors [39]. Also inhibition of PDCD4 expression in renal tumors and in

renal cancer-derived cell lines is reported albeit with discrepancy between transcript and

protein levels suggesting a posttranscriptional regulation of PDCD4 expression [33, 42]. In

many cancers, PDCD4 expression is regulated by different miRNAs. In the present study,

we demonstrate decreased expression of PDCD4 due to direct targeting of its 3′UTR by

miR-21. miR-21 increases migration and invasion of renal cancer cells by reducing PDCD4

and enhancing Akt and IKKβ phosphorylation. We also show that IKKβ downstream of

PDCD4 regulates mTORC1 to control migration and invasion of renal cancer cells. Finally,

we demonstrate that miR-21 reduces the association between PDCD4 and rictor, the

exclusive component of mTORC2, to increase Akt phosphorylation in renal cancer cells.

MATERIALS AND METHODS

Reagents

Tissue culture materials were purchased from Invitrogen. Phospho-Akt (Ser-473), Akt,

phospho-S6 kinase (Thr-389), phospho-IKKβ (Ser-180/181), IKKβ, phospho-IκBα (Ser-32),

phospho-p65 (Ser-536) and rictor antibodies were obtained from Cell Signaling. Anti-HA

antibody was purchased from Covance. PDCD4, IκBα, p65 and Myc antibody was from

Santa Cruz Biotechnology. Nonidate P-40, Na3VO4 and FLAG and actin antibodies were

obtained from Sigma. Detailed information about the antibodies is presented in

Supplementary Table 1. Recombinant inactive Akt was purchased from Millipore, FuGENE

HD transfection reagent was purchased from Promega Inc. HA-tagged PDCD4 expression

vector was a kind gift from Dr. Kimitoshi Kohno (Department of Molecular Biology,

Kyushu University, Japan) [43]. The plasmid containing PDCD4 3′UTR sequence fused to

the 3′ end of firefly luciferase gene (PDCD 3′UTR-Luc) was provided by Dr. Kenneth Kosik

(University of California at Santa Barbara [44]. The expression plasmids miR-21 Sponge,

constitutively active Myr-Akt, constitutively active IKKβ, constitutively active mTORC1

and Myc-tagged rictor plasmids were described previously [16, 45, 46]. Pool of three

siRNAs against PDCD4 was purchased from Santa Cruz Biotechnology.

Cell Culture

HK2 proximal tubular epithelial cells, VHL positive ACHN and VHL negative 786-O renal

carcinoma cells were described previously and were grown as described [16, 17].

Migration and invasion assays

The migration and invasion of renal cancer cells were determined using essentially as

described previously [17, 47]. Briefly, transwell chambers were used for both migration and
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invasion assays with 8 mm membrane. In the case of invasion assays, these filter membranes

were embedded with collagen (Millipore). 2.5×104 ACHN or 786-O renal carcinoma cells

were plated in trans-well chambers on the membrane. These chambers were placed in a 24-

well plate and incubated for 14 hours at 37°C. The migrated/invaded cells through the

membrane were stained with the reagent using a kit. The stained cells were photographed

using a computer-assisted camera. After taking pictures, the stain from the membrane was

eluted using a kit according to vendor’s instruction. The absorbance of the eluted stain was

measured in a spectrophotometer at 590 nm. This measurement was used arbitrarily as an

indicator of number of cells migrated or invaded.

Immunoblotting and immunoprecipitation

For each experiment, cells were lysed in RIPA buffer (20 mM Tris-HCl, pH 7.5, 5 mM

EDTA, 150 mM NaCl, 1 mM Na3VO4, 1 mM NP-40, 1 mM PMSF and 0.1% protease

inhibitor cocktail) at 4°C for 30 minutes as described previously [16, 17, 45]. The cell

extracts were centrifuged at 10,000xg for 20 minutes at 4°C. The protein was estimated in

the supernatant. Equal amounts of cell lysates were separated by SDS polyacrylamide gel

electrophoresis. Separated proteins were transferred to the PVDF membrane. The transferred

proteins were immunoblotted with the indicated antibodies as described previously [16, 17,

45]. The protein signals were developed using enhanced chemiluminiscence reagent. Where

indicated in the figure legends independent membrane containing the same samples was

used to immunoblot with different antibodies. For immunoprecipitation, the cells were lysed

in IP buffer (40 mM HEPES, pH 7.5, 1 mM EDTA, 120 mM NaCl, 10 mM Pyrophosphate,

10 mM glycerophosphate, 1.5 mM Na3VO4, 50 mM NaF, 0.3% CHAPS and EDTA free

protease inhibitor cocktail). The cell lysates were used to incubate with indicated antibodies.

The immunoprecipitation was performed using protein G-sepharose beads essentially as

described [48]. The immunoprecipitates were dissolved in SDS sample buffer followed by

immunoblotting as described above. For immunecomplex kinase assay, the indicated

immunoprecipitates were washed 3 times with IP buffer at 4°C. Subsequently, the

immunoprecipitates were washed twice with the mTORC2immunecomplex kinase (IK)

assay buffer (25 mM HEPES, pH 7.4, 100 mM potassium acetate and 1 mM MgCl2). For the

kinase assay reaction, immunecomplexes were resuspended in 20 μl IK assay buffer

containing 100 ng of recombinant inactive Akt as substrate and 500 μM ATP. The reaction

mixture was incubated for 30 min at 37°C. The kinase reaction was terminated by adding 4X

SDS sample buffer followed by immunoblot analysis with phospho-Akt (Ser-473) antibody.

For control, one forth of the input recombinant inactive Akt (25 ng) was run in a separate gel

and immunoblotted with Akt antibody.

Transfection

The cells were transfected with indicated expression vectors or siRNAs using FuGENE HD

as described previously [16, 17, 45].

Luciferase assay

The renal cancer cells were transfected with PDCD4 3′UTR-Luc or NFκB promoter-Luc

plasmids. The cell lysates were used to assay luciferase activity using an assay kit as
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described previously [16, 17, 45]. Mean ± SE of 6 measurements is shown. *p = 0.001 vs

vector alone.

Statistics

The significance of the data was analyzed by paired t-test. For the results presented in the

Supplementary Figures, the significance of the data was determined by ANOVA followed

by Student-Newman-Keuls analysis as described previously [16, 17, 45]. A p value less than

0.05 was considered as significant change.

RESULTS

miR-21 regulates PDCD4 expression for migration and invasion of renal cancer cell

We and others have recently shown that the expression of miR-21 is significantly increased

in patient-derived renal tumors and in cultured renal cancer cells [13, 17]. Bioinformatic

analysis and experimental evidence in various cancers demonstrated PDCD4 as a functional

target of miR-21 [49]. Therefore, we determined the levels of PDCD4 in VHL positive

ACHN and negative 786-O renal cancer cells. Fig. 1A shows reduced levels of PDCD4 in

both these renal carcinoma cells as compared to normal renal proximal tubular epithelial cell

HK2 (Supplementary Fig. S1A) [33]. To test the role of miR-21 in targeting PDCD4, we

used a reporter plasmid containing 3′UTR of PDCD4 mRNA. This reporter plasmid was

cotransfected with a vector overexpressing miR-21 into renal cancer cells. Expression of

miR-21 significantly decreased the reporter activity (Supplementary Fig. S1B). To confirm

this observation, we used a miR-21 Sponge construct, which quenches the levels of

endogenous miR-21[16, 17, 50, 51]. Expression of miR-21 Sponge significantly increased

the PDCD4 3′UTR reporter activity in both ACHN and 786-O renal cancer cells (Fig. 1B

and Supplementary Fig. S1C). Concomitantly, miR-21 Sponge increased the levels of

PDCD4 protein in these cells (Fig. 1C and Supplementary Fig. S1D).

Next, we determined the role of PDCD4 in regulating miR-21-induced migration of renal

cancer cells using transwell chamber assay. Expression of miR-21 Sponge inhibited the

migration of both ACHN and 786-O renal cancer cells (Fig. 1D). Interestingly, expression of

siRNAs against PDCD4 along with miR-21 Sponge reversed the miR-21 Sponge-induced

inhibition of migration (Fig. 1D). Quantification of these results demonstrated significant

changes in cell migration with miR-21 Sponge and siPDCD4 (Supplementary Fig. S2A).

Since the initial step in metastasis consists of intravasation (local invasion), we next used

invasion assay using collagen embedded membranes in transwell chambers. Vector-

transfected ACHN and 786-O cells showed marked invasion (Fig. 1E). miR-21 Sponge

blocked this invasion, which was prevented by co-expression of siPDCD4 with miR-21

Sponge (Fig. 1E). Quantification of these results showed significant changes in invasion

(Supplementary Fig. S2B). Together these results demonstrate that miR-21 inhibits PDCD4

to facilitate invasion of VHL positive and negative renal cancer cells.

miR-21 regulates PDCD4-mediated Akt phosphorylation and activation of IKKβ

In renal cancer cells, we have recently shown that phosphorylation of Akt is significantly

increased, which contributes to their proliferation and invasion [17]. Therefore, to examine
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the mechanism of Akt activation, we determined the effect of PDCD4 on phosphorylation of

Akt. Expression of PDCD4 in ACHN and 786-O renal cancer cells inhibited

phosphorylation of Akt (Fig. 2A and Supplementary Fig. S3A). These results suggest that

PDCD4 may block the signal transduction pathway downstream of Akt kinase. We have

recently shown activation of IKKβ in renal cancer cells downstream of Akt [16]. We

examined the role of PDCD4 in phosphorylation of IKKβ. Expression of PDCD4 attenuated

phosphorylation of IKKβ in renal cancer cells, resulting in inhibition of phosphorylation of

its substrate IκBα, suggesting that PDCD4 inhibits IKKβ activity (Figs 2B, 2C and

Supplementary Fig. S3B, S3C). As phosphorylation of p65 subunit of NFκB is also

downstream of IKKβ, we found decreased phosphorylation of p65 in response to PDCD4

(Fig. 2D and Supplementary Fig. S3D). Also, expression of PDCD4 inhibited NFκB-

dependent reporter transcription, which is dependent upon IKKβ activation and p65

phosphorylation in renal cancer cells (Supplementary Fig. S4 and data not shown) [16].

Above data demonstrate a role of PDCD4 in the phosphorylation of Akt and activation of

IKKβ signaling in renal cancer cells. We have recently reported a role for miR-21 in

regulating phosphorylation/activation of Akt [17]. We investigated the role of PDCD4 in

miR-21-regulated Akt phosphorylation. As expected, expression of miR-21 Sponge

inhibited Akt phosphorylation in both ACHN and 786-O renal cancer cells (Fig. 3A). Note

that miR-21 Sponge increased the expression of PDCD4 (lane 2 in third part from top of Fig.

3A). siRNAs against PDCD4 reversed the inhibition of Akt phosphorylation induced by

miR-21 Sponge (Fig. 3A and Supplementary Fig. S5A). Concomitantly, siPDCD4 decreased

the PDCD4 to normal level (Fig. 3A, compare lane 3 with 2 in third part from top and

Supplementary Figs. S5A).

Next, we determined the involvement of PDCD4 in miR-21 regulation of IKKβ signaling in

ACHN and 786-O renal cancer cells. Transfection of siPDCD4 markedly prevented the

miR-21 Sponge-induced inhibition of phosphorylation of IKKβ and its substrate IκBα

phosphorylation (Figs. 3B, 3C and Supplementary Figs. S5B and S5C). Concomitantly, the

reduced phosphorylation of p65 by miR-21 Sponge was reversed by siPDCD4 (Fig. 3D and

Supplementary Fig. S5D). siPDCD4 also blocked the inhibition of NFκB-dependent

transcription by miR-21 Sponge (Supplementary Fig. S6). Collectively, these results suggest

a role of PDCD4 in regulation of Akt and IKKβ activation downstream of miR-21 in renal

cancer cells.

Akt kinase and IKKβ mediate PDCD4-induced inhibition of renal cancer cell migration and
invasion

We have shown above that PDCD4 regulates phosphorylation/activation of Akt and IKKβ

(Fig. 2). To investigate the role of these kinases in renal cancer cell migration and invasion,

we first determined the effect of PDCD4 on these parameters in ACHN and 786-O renal

cancer cells. Expression of PDCD4 inhibited both migration and invasion of these cells (Fig.

4). To determine the contribution of Akt in these processes, we used constitutively active

Myr-Akt. Expression of Myr-Akt along with PDCD4 prevented PDCD4-induced inhibition

of migration of renal cancer cells (Fig. 4A). Similarly, Myr-Akt reversed PDCD4-mediated

attenuation of invasion of these cells (Fig. 4B). Quantification of migrated and invaded renal
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cancer cells showed significant changes (Supplementary Figs. S7A and S7B). Next, we

determined the role of IKKβ. Expression of constitutively active IKKβ significantly blocked

the inhibition of migration and invasion induced by PDCD4 (Figs. 4C and 4D and

Supplementary Figs. S7C and S7D). Together these data indicate that Akt/IKKβ signaling

contributes to PDCD4-mediated migration/invasion of renal cancer cells.

mTORC1 controls PDCD4-mediated migration and invasion of renal cancer cells

A role for mTOR, especially complex1 (mTORC1), has been established in progression of

different cancers including renal cell carcinoma [17, 52]. We have recently shown that

mTORC1 regulates migration and invasion of renal cancer cells [17]. Our results above

demonstrate a requirement for inhibition of PDCD4 in the migration/invasion of ACHN and

786-O renal cancer cells (Fig. 4). We postulated a role of PDCD4 in regulating mTORC1

activity. To address this possibility, we assessed the phosphorylation of S6 kinase, a direct

substrate of mTORC1 and an indicator of mTORC1 activation [52]. Expression of PDCD4

in ACHN and 786-O renal cancer cells inhibited phosphorylation of S6 kinase (Fig. 5A and

Supplementary Fig. S8). Next, we examined the role of mTORC1 in PDCD4-induced

inhibition of migration and invasion. We used a mutant mTOR with specific substitutions of

four aminoacids at the C-terminus (mTOR I2017T/V2198A/L2216H/L2260P). This mutant

mTOR constitutively increases mTORC1 activity (Supplemental Fig. S9) [53]. As expected,

expression of PDCD4 inhibited migration as well as invasion of ACHN and 786-O renal

carcinoma cells (Figs. 5B and 5C). Co-expression of constitutively active mTOR blocked

the PDCD4-induced inhibition and restored renal cancer cell migration and invasion to

normal levels (Figs. 5B and 5C). Quantification of these results demonstrated that the

changes were significant (Supplementary Figs. S10A and S10B). These results demonstrate

a role of mTORC1 in PDCD4 regulation of migration and invasion of renal carcinoma cells.

IKKβ regulates mTORC1 activity to increase migration and invasion of renal cancer cells

Our results above show a negative regulation of mTORC1 by PDCD4 (Fig. 5A). We have

also shown that IKKβ acts downstream of miR-21-PDCD4 axis in regulating migration and

invasion of renal cancer cells (Figs. 4C and 4D). Therefore, we determined the role of IKKβ

in PDCD4-inhibited mTORC1 activity. As expected the expression of PDCD4 markedly

blocked phosphorylation of S6 kinase in ACHN and 786-O renal cancer cells (Fig. 6A).

Expression of constitutively active IKKβ, however, prevented the PDCD4-induced

inhibition of phosphorylation of S6 kinase in both renal cancer cells (Fig. 6A and

Supplementary Fig. S11A). As mTORC1 regulates migration and invasion of renal cancer

cells (Figs. 5B and 5C), we examined the connection between IKKβ and mTORC1 in these

processes. Expression of kinase dead IKKβ, which confers dominant negative effect,

abrogated migration and invasion of ACHN and 786-O renal cancer cells (Figs. 6B and 6C).

Interestingly, expression of constitutively active mTORC1 significantly reversed the

inhibition of migration and invasion of renal cancer cells induced by dominant negative

IKKβ (Figs. 6B, 6C and Supplementary Figs. S11B and S11C). These results suggest a role

of IKKβ and mTORC1 downstream of miR-21-targeted PDCD4 in renal carcinoma cell

invasion. To confirm this hypothesis, we directly examined the involvement of IKKβ in

miR-21-mediated migration and invasion. As expected, quenching of endogenous miR-21

by miR-21 Sponge blocked migration and invasion of ACHN and 786-O cells. This
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inhibition was restored to the normal levels by expression of constitutively active IKKβ

(Figs. 6D, 6E and Supplementary Figs. S11D and S11E). We have also shown above a role

for Akt in PDCD4-regulated migration and invasion of renal cancer cells (Fig. 4A).

Interestingly, constitutively active Myr-Akt significantly prevented miR-21 Sponge-induced

inhibition of migration and invasion of ACHN and 786-O renal cancer cells (Fig. 6F, 6G and

Supplementary Fig. S11F and S11G). Similarly, constitutively active mTORC1 reversed

miR-21 Sponge-inhibited migration and invasion of these cells (Fig. 6H, 6I and

Supplementary Fig. S11H and S11I). Together our data support a role of miR-21 target

PDCD4 in regulating renal cancer cell migration/invasion via Akt, IKKβ and mTORC1.

miR-21 controls association of rictor with PDCD4 as a mechanism of renal cancer cell
migration and invasion

Our results above provide evidence for miR-21-inititated activation of Akt via

downregulation of PDCD4, which controls IKKβ-mediated mTORC1 activation leading to

renal cancer cell migration and invasion. It should be noted that mTORC2 phosphorylates

Akt at Ser-473 for its full activation, [54]. These results indicate that PDCD4 may regulate

mTORC2 activity. To address this hypothesis, we considered association of the mTORC2

component rictor with PDCD4 that inhibits mTORC2 kinase activity towards Akt Ser-473

residue [54]. HK2 proximal tubular epithelial cells were transfected with vectors expressing

HA-PDCD4 and Myc-Rictor. Immunoprecipitation of the cell lysates with HA antibody

followed by immunoblotting with anti-Myc showed association of PDCD4 with rictor (Fig.

7A and Supplementary Fig. S12A). Reciprocal immunoprecipitation and immunoblotting

confirmed complex formation between rictor and PDCD4 (Fig. 7B and Supplementary Fig.

S12B). Since our results demonstrate that PDCD4 regulates Akt Ser-473 phosphorylation

and it is associated with rictor, we determined the mTORC2 activity in HK2 proximal

tubular epithelial cells in PDCD4 immunoprecipitates using immunecomplex kinase assay

with recombinant inactive Akt as substrate. We could not detect any Akt Ser-473

phosphorylation (Supplementary Fig. S13) as we hypothesized that PDCD4 association with

rictor inhibits mTORC2 activity. To demonstrate mTORC2 activity in these cells, we used

the supernatant after PDCD4 immunoprecipitation. This supernatant was

immunoprecipitated with rictor antibody. The immunoprecipitates were used in

immunecomplex kinase assay using recombinant inactive Akt as substrate. Fig. 7C shows

significantly reduced mTORC2 activity in the supernatant from PDCD4 overexpressing

HK2 cells (Supplementary Fig. S14A). These results indicate that due to association of rictor

with PDCD4, less rictor-bound mTORC2 is available in the supernatant to exhibit reduced

kinase activity. Next, we compared the association PDCD4 with rictor between normal

proximal tubular epithelial cells and renal cancer cells. Coimmunoprecipitation experiments

revealed decreased association of PDCD4 with rictor in ACHN and 786-O renal cancer cells

than in HK2 proximal tubular epithelial cells (Fig. 7D and Supplementary Fig. S14B).

Reciprocally, immunoprecipitation of rictor from these cells showed increased association of

rictor with PDCD4 in HK2 cells compared to renal cancer cells (Fig. 7E and Supplementary

Fig. S14C). These data suggest that association of PDCD4 with rictor may constitutively

inhibit mTORC2 activity. This was confirmed by reduced phosphorylation of Akt at Ser-473

in normal proximal tubular epithelial cells relative to that in the renal cancer cells (Fig. 7F

and Supplementary Fig. S14D). Similarly, the mTORC2 activity as determined by
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immunecomplex kinase assay of rictor immunoprecipitates was significantly increased in

the renal cancer cells as compared to that in normal HK2 proximal tubular epithelial cells

(Fig. 7G and Supplementary Fig. S14E)

We have shown above that increased expression of miR-21 in renal cancer cells

downregulates PDCD4 levels to regulate Akt phosphorylation (Fig. 3A). Therefore, we

examined the role of miR-21 in regulating association of PDCD4 with rictor. miR-21

Sponge was transfected into ACHN and 786-O renal cancer cells. Coimmunoprecipitation

experiments showed increased association of PDCD4 with rictor in miR-21 Sponge-

transfected renal cancer cells (Fig. 8A and Supplemental Fig. S15A). Reciprocal experiment

showed similar results (Fig. 8B and Supplemental Fig. S15B). These data conclusively

demonstrate miR-21 regulation of the association between PDCD4 and Rictor, which

contributes to regulation of Akt phosphorylation and hence downstream signal transduction,

leading to renal cancer cell invasion.

DISCUSSION

PDCD4 was originally identified as a proapoptotic protein in mouse cell line and latter

isolated from human glioma [55, 56]. Its role in cancer is established. For example, PDCD4-

deficient mice develop lymphoid tumors [57] and mice overexpressing PDCD4 display

resistance to tumorigenesis [58]. Interestingly, delivery of PDCD4 inhibits cell proliferation

and angiogenesis and induces apoptosis of tumor cells in a mouse model of non-small-cell

lung cancer [59]. Also, its role in invasion of several solid tumors has been reported [21, 34,

38, 39, 49, 60–62]. More recently, decreased expression of PDCD4 has been reported in

renal tumors [33]. Transcriptional and epigenetic regulations represent major mechanisms

for PDCD4 expression [63–65]. Recent reports also indicate that downregulation of PDCD4

in many cancers is due to upregulation of different miRNAs including miR-21 [39, 49, 66,

67]. However, their relationship has not been examined in renal cancer. In the present study,

we demonstrate decreased expression of PDCD4 in renal cancer cells irrespective of the

VHL status. In these cells, and in renal tumors, we and others have shown recently increased

expression of miR-21 [13, 17]. Thus a reciprocal relationship exists between miR-21 and

PDCD4 levels in renal cancer cells. Our results demonstrate that PDCD4 regulates Akt and

IKKβ activation, which contribute to activation of mTORC1 necessary for renal cancer cell

migration and invasion. We show that IKKβ, downstream of miR-21 and Akt, regulates

migration and invasion of renal cancer cells. Finally, we provide the first evidence for

decreased association between PDCD4 and rictor, the exclusive mTORC2 component, in

renal cancer cells as a mechanism of increased Akt activity. These results are summarized in

Fig. 9.

miR-21 is abundantly expressed in the renal proximal tubular epithelial cells and its

expression is significantly increased in fibrotic diseases of kidney [50, 51, 68–74].

Moreover, profiling studies demonstrated increased miR-21 expression in both clear cell and

papillary renal carcinomas [10, 75, 76]. These results support the notion of miR-21 as an

oncomiR as suggested by its upregulation in many other cancers [15, 77]. In fact, mice

overexpressing miR-21 show increased lung tumorigenesis while ablation of this

overexpression protects against tumor formation [78]. miR-21 deficient mice show normal
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development but decreased eosinophil progenitors [78, 79]. Also, deletion of miR-21 results

in reduced tumorigenesis in a mouse skin carcinogenesis model [80]. In a separate study, it

was shown that overexpression of miR-21 in a transgenic mouse model leads to

hematological malignancies with lymphoma, which completely regressed after inactivating

the miR-21 expression, indicating a single gene effect of miR-21 in development of the

tumor [81]. Interestingly, PDCD4 deletion in mice also shows lymphoma formation,

suggesting a possible concerted role of miR-21 and PDCD4 in tumorigenesis [57]. These

studies provide evidence for the phenomena of oncomiR addiction in which overexpression

of miR-21 maintains the tumor phenotype possibly through downregulation of PDCD4. In

renal cancer, we and others have shown expression of miR-21, which inhibits PDCD4

expression (Fig. 1) [17].

Although miR-21 was identified as an inhibitor of apoptosis in various cell lines, its role in

stem cell fate determination is established [82]. miR-21 regulates self-renewal of mouse

spermatogonial stem cells [83]. A recent study identified increased miR-21 expression to

regulate stem cells during embryonic brain development [84]. This expression of miR-21

correlates with Sox2 expression. Along with its role in regulation of embryonic stem cells,

miR-21 regulates invasion of breast, hepatocellular and glioblastoma stem-like cells [85–

88]. Furthermore, miR-21-mediated Sox2 expression was observed in human glioma cells,

indicating a role of this miRNA in determining cancer cell stemness, which regulate tumor

invasion. We have recently shown involvement of miR-21 in renal cancer cell migration and

invasion [17]. In the present report, we identify PDCD4 as a target of miR-21, which

contributes to renal cancer cell migration and invasion (Fig. 1).

Role of PI 3 kinase/Akt signaling in cancer cell proliferation and invasion is established.

Activating mutations are found in both these enzymes in many cancers [89, 90]. Alteration

in both PI 3 kinase and Akt genes was observed in a recent rigorous study on 417 renal

tumor samples [13]. We have recently shown a role of Akt in migration and invasion of

renal cancer cells [17]. But, in the absence of direct mutation in this pathway, activation of

Akt can occur due to altered expression of the tumor suppressor protein PTEN, which

contributes to the regulation of Akt kinase activity [91]. In fact, we have shown the

involvement of PTEN in renal cancer cell proliferation [17]. Interestingly, ACHN renal

cancer cells contain wild type PTEN. On the other hand, 786-O cells are PTEN negative

[92]. Therefore, PTEN may not completely regulate Akt phosphorylation in these renal

cancer cell lines. Interestingly, we find PDCD4 negatively regulates phosphorylation of Akt

and migration and invasion in VHL positive and VHL negative renal cancer cells (Figs. 2A,

4A and 4B). Also, our data show that miR-21-mediated downregulation of PDCD4

contributes to phosphorylation of Akt (Fig. 3A). Furthermore, we identify Akt kinase as a

negative regulatory target for PDCD4-induced inhibition of migration and invasion of renal

cancer cells (Figs. 4A and 4B).

Phosphorylation of IKKβ upstream of canonical NFκB activation contributes to all steps of

tumorigenesis including metastasis [93–96]. 70% of renal tumors contain activated NFκB

[97]. Furthermore, NFκB has been shown to correlate with renal tumor grade and metastasis

[98]. In renal cancer cells, we identified a positive correlation between increased miR-21

and NFκB activation due to increased phosphorylation of IKKβ [16]. We showed that
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phosphorylated IKKβ and NFκB, and expression of miR-21 constitute a positive feedback

loop in renal cancer cells [16, 17]. Previously, Yang et al reported that the PDCD4 activates

NFκB [99]. Although PDCD4 is a proapoptotic protein that activates NFκB, the latter either

acts as a survival or apoptotic transcription factor in a context dependent manner [100–103].

Using PDCD4 deficient mice, Sheedy et al demonstrated the requirement of NFκB for

resistance to death of these mice in response to lipopolysaccharide [104]. These authors

highlighted the requirement of PDCD4 for activation of NFκB independent of IKKβ. In

contrast to these results, we demonstrate a negative regulatory role of PDCD4 on

phosphorylation of IKKβ and NFκB activation (Figs 2B –2D). Also, we conclusively show a

negative role of PDCD4 in miR-21-induced phosphorylation of IKKβ and NFκB activation

(Figs. 3B – 3D). Furthermore, our data provide the first evidence for involvement of IKKβ

in PDCD4 regulation of renal cancer cell migration and invasion (Figs. 4C and 4D).

Due to alteration in PI 3 kinase, Akt and loss/downregulation of PTEN and p53 mutation,

mTOR signaling is deregulated in many cancers including renal cell carcinoma [52, 105–

107]. Two complexes of mTOR (mTORC1 and mTORC2) exist. An exclusive set of

associated proteins defines each complex. For example, raptor is only present in mTORC1

while rictor and Sin1 are present in mTORC2. mTORC1 increases biosynthesis of

macromolecules including, lipids and nucleic acids by regulating transcription factors

SREBPs, PPARγ, STAT3, YY1-PGC1α, TFEB, STAT3 and RNA polymerases 1 and III to

promote tumor cell proliferation [108, 109]. Furthermore, mTORC1 also regulates 4EBP/

eIF4E axis to increase translation of specific mRNAs coding for oncogenic proteins that

regulate cell cycle, metabolism, cell survival, angiogenesis and metastasis [110]. Also a

significant role of mTORC2 in cancer cells via activation of PI 3 kinase is reported.

mTORC2 contributes to proliferation, survival and invasion of various cancer cells mainly

by phosphorylation of Akt at Ser-473 [52]. For example, the positive regulatory component

of mTORC2, rictor, has been shown to be upregulated in glioma and specific activation of

mTORC2 increased cancer cell proliferation and invasion [111, 112]. Rapamycin and its

analogs which predominantly block mTORC1 activity showed some success against many

cancers including patients with renal cell carcinoma; however, they show only modest

efficacy due to rapamycin resistant kinase activity of mTORC1 and for the presence of

negative feedback action of this kinase to the phosphorylation of Akt [110, 113–118].

Inhibitors that block both mTORC1 and mTORC2 activities towards phosphorylation of all

known downstream targets of these kinase attenuate cell growth in vitro and in vivo with

much greater efficiency than rapalogs [52, 110]. This may be due to lack of mTORC2-

mediated phosphorylation of Akt at Ser-473, which is necessary for proliferation and

invasion as well as inhibition of rapamycin resistant functions of mTORC1 [54, 110].

Signaling mechanism by which mTORC1 is activated involves Akt-mediated

phosphorylation of PRAS40 and tuberin [119–121]. mTORC2 downstream of PI 3 kinase

phosphorylates Akt at Ser-473 for its full activation [54, 122]. We showed that mTORC2

regulates mTORC1 activity in renal epithelial cells [45]. mTORC1 inhibition attenuates

cancer cell invasion and metastasis of tumor cells in mouse models, including lung

metastasis of human renal cancer cells [123, 124]. More recently, we have shown a role of

miR-21 in the activation of Akt and mTORC1, which regulate migration and invasion of
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renal cancer cells [17]. Our results in this paper now provide evidence for a role of PDCD4

downstream of miR-21 to activate mTORC1 (Fig. 5A). Also, we demonstrate that mTORC1

regulates PDCD4-induced migration and invasion of renal cancer cells (Figs. 5B and 5C).

Alternative to those mechanisms described above has also been described for activation of

mTORC1. For example, Dan et al showed an Akt-dependent association of IKKα with

mTOR to increase the activity of both these kinases for transcriptional activation of NFκB

[125]. In contrast to these results, Akt kinase independent requirement of IKKβ was shown

to be required for mTORC1 activation. This was mediated by direct phosphorylation/

inactivation of TSC1 [126, 127]. Contrary to these results, our data indicate a requirement of

miR-21-dependent Akt downstream of reduced levels of PDCD4 in activation of mTORC1

in renal cancer cells (Fig. 5A) [17]. We provide evidence that IKKβ contributes to PDCD4

regulation of mTORC1 in the renal cancer cells (Fig. 6A). Moreover, our data demonstrate a

conclusive role for the miR-21-IKKβ-mTORC1 axis in renal cancer cell migration and

invasion (Figs. 6B – 6I).

Regulation PDCD4 is complex. PDCD4 protein contains one RNA binding domain in its C-

terminus followed by two MA-3 domains. It also has two nuclear localization signals at N-

and C-terminus. MA-3 domains present in eIF4Gs interact with eIF4A RNA helicase to

facilitate the initiation phase of mRNA translation [128]. PDCD4 binds to eIF4A through

high affinity binding of its two MA-3 domains to inhibit the function of eIF4A [39].

Additionally, phosphorylation of PDCD4 has been reported. In fact, in cancer cells, it is

shown that S6 kinase downstream of Akt/mTORC1 phosphorylates PDCD4 at Ser-67 to

induce its degradation by βTrCP pathway [129]. We have shown that in renal cancer cells,

mTORC1 activity is significantly increased [17]. Therefore, we cannot rule out the

possibility of reduced expression of PDCD4 in renal cancer cells by mTORC1-activated S6

kinase-dependent phosphorylation/degradation of this protein. However, our results show a

preference for miR-21-dependent mechanism for decrease in PDCD4 levels that regulate

phosphorylation of Akt and increase IKKβ-dependent activation of mTORC1. We detected

complex formation between rictor, the exclusive component of mTORC2, and PDCD4,

which may block mTORC2 activity (Figs. 7A and 7B). Moreover, the abundance of this

complex in renal cancer cells is less than in normal proximal tubular epithelial cells (Figs.

7D and 7E). These results indicate a possible interference of mTORC2 activity in the

presence of PDCD4 to regulate phosphorylation of Akt at Ser-473. These data may explain

the increased phosphorylation of Akt and mTORC2 activity in the renal cancer cells (Figs.

7F and 7G). Furthermore, inhibition of miR-21 increases association of PDCD4 with rictor

(Figs. 8A and 8B). We propose hyperactivation of mTORC2 due to increased miR-21 and

decreased PDCD4 resulting in reduced complex formation with rictor, leading to activation

of Akt, IKKβ and mTORC1 for induction of invasion of renal cancer cells (Fig. 9).

Collectively, our observations suggest that by identifying rictor as an effector of PDCD4

downstream of miR-21, it may be possible to develop therapy for prevention of mTORC2

activity and renal cancer cell invasion by targeting this axis.
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Highlights

• iR-21 targets PDCD4 to activate Akt and IKKβ for renal cancer cell invasion.

• PDCD4 inhibits mTORC1 to prevent renal cancer cell migration and invasion.

• IKKβ acts downstream of PDCD4 to activate mTORC1.

• miR-21 regulates IKKβ to increase migration and invasion of renal cancer cells.

• PDCD4 associates with rictor to inhibit mTORC2 activity.
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Figure 1.
miR-21 Sponge inhibits migration and invasion of renal cancer cells by modulating PDCD4

levels. (A) Expression of PDCD4 in normal and renal cancer cells. Lysates of normal

proximal tubular epithelial cell HK2 and, ACHN and 786-O renal cancer cells were

immunoblotted with PDCD4 and actin antibodies. Quantification of these results is shown in

Supplementary Fig. S1A. (B) Effect of miR-21 Sponge on the reporter activity of PDCD4

3′UTR-Luc. The reporter plasmid was cotransfected with vector or miR-21 Sponge

constructs. The luciferase activity was measured in the cell lysates. Mean ± SE of 6

measurements is shown. *p = 0.001 vs vector alone. (C) miR-21 Sponge increases PDCD4

protein levels in renal cancer cells. miR-21 Sponge was transfected into ACHN or 786-O
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renal cancer cells. The cell lysates were immunoblotted with PDCD4 and actin antibodies

respectively. Quantification of these results is shown in Supplementary Fig. S1D. (D)

miR-21-targered PDCD4 regulates renal cancer cell migration. ACHN as well as 786-O

renal carcinoma cells were transfected with miR-21 Sponge and siRNAs against PDCD4 as

indicated. The cell migration was examined using Boyden chamber assays as described in

the Materials and Methods [17]. Quantification of these results is shown in Supplementary

Fig. S2A. (E) miR-21 increases renal cancer cell invasion via downregulating PDCD4.

ACHN and 786-O renal carcinoma cells were separately transfected with miR-21 Sponge

and siRNAs against PDCD4 as indicated. The invasion of renal cancer cells was examined

using collagen-coated membrane in Boyden chambers as described in the Materials and

Methods [17]. The quantification of the invasion data is shown in Supplementary Fig. S2B.

Representative expression of miR-21 Sponge and PDCD4 for panels D and E is shown in

Supplementary Fig. S2A and S2B.
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Figure 2.
PDCD4 regulates phosphorylation of Akt and its downstream effectors IKKβ, IκB and p65

subunit of NFκB. ACHN and 786-O renal cancer cells were transfected with a vector

plasmid expressing HA-PDCD4 as indicated. The cell lysates were immunoblotted with

phospho-Akt (Ser-473), Akt (panel A), phospho-IKKβ (Ser-180/181), IKKβ (panel B),

phospho-IκBα (Ser-32), IκBα (panel C), phospho-p65 (Ser-536), p65 (panel D) and

indicated antibodies. For panel A, same blot was used to probe with phospho-Akt, Akt and

actin antibodies. Same lysates were run in parallel to probe with HA antibody to detect HA-

tagged PDCD4. Quantification of these blots is shown in Supplementary Fig. S3A. For

panel B, same blot was used to probe with phospho-IKKβ, IKKβ and actin antibodies. Same
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lysates were run in parallel to probe with HA antibody to detect HA-tagged PDCD4.

Quantification of these blots is shown in Supplementary Fig. S3B. For panel C, same blot

was used to probe with phospho-IκBα and actin antibodies. Same lysates were run in

parallel to probe with IκBα and HA antibodies to detect IκBα and HA-tagged PDCD4.

Quantification of these blots is shown in Supplementary Fig. S3A. In panel D for ACHN

cells, same blot was used to probe with phospho-p65 and actin antibodies. Same lysates

were run in parallel to probe with p65 and HA antibodies to detect p65 and HA-tagged

PDCD4. In panel D for 786-O cells, same blot was used to probe with phospho-p65 and p65

antibodies. Same lysates were run in parallel to probe with actin and HA antibodies to detect

actin and HA-tagged PDCD4. Quantification of these blots is shown in Supplementary Fig.

S3D.
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Figure 3.
miR-21 increases phosphorylation of Akt and its downstream effectors by targeting PDCD4.

ACHN as well as 786-O renal cancer cells were transfected with miR-21 Sponge along with

siRNAs against PDCD4. The cell lysates were immunoblotted with indicated phospho-

specific antibodies and other antibodies as described in the legends of Fig. 2. In panels A

and C, same membranes for each panel were immunoblotted with phospho-antibodies, total

antibodies of the same protein and actin antibody as indicated. Same samples for each panel

were run in parallel to immunoblot with PDCD4 antibody. For panel B, same blot was used

to probe with phospho-IKKβ and PDCD4 antibodies. Same lysates were run in parallel to

probe with IKKβ and actin antibodies. In panel D for ACHN cells, same blot was used to

probe with phospho-p65 and p65 antibodies. Same lysates were run in parallel to probe with

PDCD4 and actin antibodies. For 786-O cells, same blot was used to probe with p65,

PDCD4 and actin antibodies. Same lysates were run in parallel to probe with phospho-p65.

Quantifications of the results and are shown in Supplementary Fig. S5. Expression of

miR-21 Sponge for these results was determined in parallel experiments and is shown in

Supplementary Fig. S5.
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Figure 4.
PDCD4 regulates migration and invasion of renal cancer cells via Akt kinase and its

downstream effector IKKβ. ACHN and 786-O renal carcinoma cells were transfected with

plasmid vectors expressing HA-tagged PDCD4 and HA-tagged constitutively active (CA)

HA-Myr-Akt (panels A and B) or CA FLAG-IKKβ (panels C and D) as indicated. (A and C)

Migration of ACHN and 786-O renal cancer cells was determined using Boyden chamber

assay as described in the Materials and Methods [17]. (B and D) Invasion of the renal cancer

cells was determined using collagen-coated membrane as described in the Materials and

Methods. Quantification of these results and expression of PDCD4, Myr-Akt and CA IKKβ

is shown in the Supplementary Figs. S7A, S7B, S7C and S7D, respectively.
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Figure 5.
PDCD4 regulates mTORC1 activity to control migration and invasion of renal cancer cells.

(A) Expression of PDCD4 inhibits mTORC1 activity in renal cancer cells. ACHN and 786-

O cells were transfected with PDCD4 expression vector. The cell lysates were

immunoblotted with phospho-S6 kinase (Thr-389), S6 kinase and actin antibodies. Same

lysates were run in parallel to immunoblot with HA antibody. Quantification of these results

is shown in Supplementary Fig. S8. (B and C) Expression of CA mTORC1 reverses

PDCD4-induced inhibition of migration (panel B) and invasion (panel C) of renal cancer

cells. Both ACHN and 786-O renal cancer cells were separately transfected with PDCD4

and CA mTORC1 expression plasmids as indicated. Migration (panel B) and invasion (panel

C) of these cells were measured as described in the Materials and Methods. The

quantification of the migration and invasion data and expression of PDCD4 and CA

mTORC1 shown in panels B and C is shown in Supplementary Figs. S10A and S10B,

respectively.
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Figure 6.
IKKβ and mTORC1 downstream of miR-21 regulate migration and invasion of renal

carcinoma cells. (A) Expression of CA IKKβ prevents PDCD4-inhibited mTORC1 activity

in renal cancer cells. ACHN and 786-O renal carcinoma cells were transfected with PDCD4

and CA IKKβ as indicated. The cell lysates were immunoblotted with phospho-S6 kinase

(Thr-389), S6 kinase and actin antibodies. Same lysates were run in parallel to immunoblot

with HA and FLAG antibodies. Quantification of these results is shown in Supplementary

Fig. S11A. (B and C) Expression of CA mTORC1 reverses dominant negative IKKβ-

induced inhibition of migration (panel B) and invasion (panel C) of renal cancer cells.

ACHN and 786-O cells were transfected with dominant negative (DN) IKKβ and CA

mTORC1 as indicated. Migration (panel B) and invasion (panel C) of these cells were

determined as described in the Materials and Methods. Expression of DN IKKβ, CA

mTORC1 and quantification of these results is shown in Supplementary Fig. S11B and

S11C. (D and E) IKKβ regulates miR-21-induced migration and invasion of renal cancer

cells. ACHN and 786-O cells were transfected with miR-21 Sponge and CA IKKβ as

indicated. Migration (panel D) and invasion (panel E) of these cells were determined as

described in the Materials and Methods. Expression of CA IKKβ and miR-21 Sponge for

panels D and E was examined in parallel experiments and shown in Supplemental Figs.

S11D – S11E. Quantification of migration and invasion for panels D and E is shown in

Supplementary Fig. S11D – S11E. (F and G) Expression of Myr-Akt prevents miR-21

Sponge-induced inhibition of migration and invasion of renal cancer cells. ACHN and 786-
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O cells were transfected with miR-21 Sponge and Myr-Akt as indicated. Migration (panel F)

and invasion (panel G) of these cells were determined as described in the Materials and

Methods. Quantification of these results, expression of Myr-Akt and expression of miR-21

Sponge are shown in Supplementary Fig. S11F and S11G. (H and I) Expression of CA

mTORC1 reverses miR-21 Sponge-induced inhibition of migration (panel H) and invasion

(panel I) of renal cancer cells. ACHN and 786-O cells were transfected with miR-21 Sponge

and CA mTOR as indicated. Migration (panel H) and invasion (panel I) of these cells were

determined as described in the Materials and Methods. Quantification of these results,

expression of CA mTOR and expression of miR-21 Sponge are shown in Supplementary

Fig. S11H and S11I.
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Figure 7.
miR-21 regulates association of PDCD4 with the mTORC2 component rictor to regulate

phosphorylation of Akt. (A and B) Association of rictor with PDCD4 in HK2 normal

proximal tubular epithelial cells. HK2 cells were transfected with HA-PDCD4 and Myc-

Rictor or vector plasmids. The cell lysates were immunoprecipitated with IgG or anti-HA

(panel A) or anti-Myc (panel B) antibodies. The immunoprecipitates were immunoblotted

with anti-Myc and anti-HA as indicated. The bottom panels show immunoblot analysis with

indicated antibodies using cell lysates. Quantification of these results is shown in

Supplementary Fig. S12. (C) Measurement of mTORC2 activity in rictor

immunoprecipitates from the supernatant after PDCD4 was immunoprecipitated. HK2

normal proximal tubular epithelial cells were transfected with HA-tagged PDCD4. The cell

lysates were immunoprecipitated with PDCD4 antibody. The supernatants were then

immunoprecipitated with IgG or rictor antibody. The immunoprecipitates were assayed for

mTORC2 activity using 100 ng/ml recombinant inactive Akt as substrate. For Akt blot, 20

ng recombinant Akt was run in parallel. Bottom panels show immunoblots of the indicated

proteins in the cell lysates. Quantification of these results is shown in Supplementary Fig.

S14A. (D and E) Association of endogenous PDCD4 with rictor in renal cancer cells. Equal

amounts of proteins from HK2 normal proximal tubular epithelial and, ACHN and 786-O

renal cancer cells were immunoprecipitated with IgG or PDCD4 antibody followed by

immunoblotting with rictor antibody (panel D) or immunoprecipitated with rictor antibody

followed by immunoblotting with PDCD4 antibody (panel E). Bottom panels show

immunoblotting of indicated proteins in the cell lysates. Quantification of these results is
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shown in Supplementary Fig. S14B and S14C. (F) Comparison of phosphorylation of Akt at

Ser-473 among HK2, ACHN and 786-O cells. The lysates of these cells were

immunoblotted with phospho-Akt (Ser-473) and Akt antibodies, respectively. Quantification

of these results is shown in Supplementary Fig. S14D. (G) Comparison of in vitro mTORC2

activity among HK2, ACHN and 786-O cells. Cell lysates were immunoprecipitated with

rictor antibody. The immunoprecipitates were used in immunecomplex kinase assay using

100 ng/ml recombinant inactive Akt as substrate. For Akt blot, 20 ng recombinant Akt was

run in parallel. Quantification of these results is shown in Supplementary Fig. S14E.
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Figure 8.
Inhibition of miR-21 increases association of rictor with PDCD4 in renal cancer cells.

ACHN and 786-O cells were transfected with miR-21 Sponge. The cell lysates were

immunoprecipitated with IgG or PDCD4 antibody followed by immunoblotting with rictor

and PDCD4 antibodies (panel A). In panel B, reciprocal immunoprecipitation and

immunoblotting were performed. The bottom panels show immunoblotting of the indicated

proteins in the cell lysates. Quantification of these results and expression of miR-21 Sponge

is shown in Supplementary Fig. S15A and S15B.
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Figure 9.
Schema describing the results presented in this paper.
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