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Summary
Therapeutic inhibition of mTOR in cancer is complicated by the existence of a negative feedback
loop linking mTOR to the PI3K-Akt pathway. Thus, mTOR inhibition by Rapamycin or TSC1/2
results in increased PI3K-Akt activation. The death domain kinase receptor interacting protein 1
(RIP, RIP1), plays a key role in NF-κB activation and also activates the PI3K-Akt pathway through
unknown mechanisms. RIP1 has recently been found to be overexpressed in glioblastoma (GBM),
the most common adult primary malignant brain tumor, but not in Grade II-III glioma. Our data
suggest that RIP1 activates PI3K-Akt using dual mechanisms by removing the two major brakes on
PI3K-Akt activity. Firstly, increased expression of RIP1 activates PI3K-Akt by interrupting the
mTOR negative feedback loop. However, unlike other signals which regulate mTOR activity without
affecting its level, RIP1 negatively regulates mTOR transcription via a NF-κB dependent mechanism.
The second mechanism used by RIP1 to activate PI3K-Akt is downregulation of cellular PTEN levels
which appears to be independent of NF-κB activation. The clinical relevance of these findings is
highlighted by the demonstration that RIP1 levels correlate with activation of Akt in GBM. Thus,
our study shows that RIP1 regulates key components of the PTEN-PI3K-Akt-mTOR pathway and
elucidates a novel negative regulation of mTOR signaling at the transcriptional level by the NF-κB
pathway. Our data suggest that the RIP1-NF-κB status of tumors may influence response to
treatments targeting the PTEN-PI3K-mTOR signaling axis.
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Introduction
Activation of mammalian target of rapamycin (mTOR) may play an important role in cancer
(1). The PI3K-Akt signaling pathway plays an essential role in the activation of mTOR. PTEN
is a lipid phosphatase that is commonly mutated in human cancer and is the key negative
regulator of PI3K-Akt activity upstream of Akt (2). mTOR is also involved in a negative
feedback regulation of PI3K-Akt (3). Thus, exposure of cells to rapamycin or silencing mTOR
with siRNA leads to PI3K-Akt activation (3,4). An important mechanism mediating this
negative feedback loop is via p70S6K-IRS1 (3,5). Increased activation of mTOR results in
activation of p70S6K, which phosphorylates IRS1 resulting in inhibition of IRS1. The IGF/
Insulin and IRS-1 signaling pathways are major activators of the PI3K-Akt pathway. Thus,
mTOR-p70S6K mediated inhibition of IRS1 results in decreased PI3K-Akt activation.
Aberrant activation of the PI3K-Akt-mTOR axis is well documented in cancer and has led to
efforts to target mTOR. This feedback loop may explain the limited efficacy of mTOR
inhibition in certain cancers (6), since increased activation of PI3K-Akt could activate mTOR
independent oncogenic signaling pathways downstream of Akt.

The receptor interacting protein (RIP, RIP1) is involved in the activation of two key pro-
survival pathways, the NF-κB (7,8) and PI3K-Akt pathways (9,10). The mechanism used by
RIP1 to activate PI3K-Akt is unknown. RIP1 is widely expressed and is a member of a kinase
family that mediates cellular response to inflammation and stress (7,11,12). RIP1 is expressed
both constitutively and inducibly in response to inflammatory cytokines (7,11,13-15). We have
recently shown that RIP1 levels are increased in about 30% of patients with glioblastoma
(GBM), the most common primary brain tumor in adults, and confers a worse prognosis in this
disease (16).

In this study, we show that RIP1 negatively activated PI3K-Alt by regulating two key inhibitors
of the PI3K-Akt pathway, upstream and downstream of Akt, and show that RIP1 links NF-
κB activation to the mTOR-PI3K-Akt negative feedback loop.

Materials and Methods
Antibodies

IκBα antibodies were obtained from Santa Cruz Biotechnology, RIP antibody from BD
Biosciences for both WB and IHC, FLAG, mTOR, pAkt S473 (#9271) for both Western blot
and IHC, PTEN, pp70S6K Thr 389, p70S6K, phospho-IRS-1 Ser636/639 from Cell Signaling
Technology, IRS-1 antibodies from Upstate/Millipore, and Actin antibodies were from Sigma.

Plasmids
Genomic DNA was extracted from U87MG cell line and a part of the promoter region of human
mTOR (from − 2450 to − 495) was amplified by PCR and cloned into pGL3 basic vector to
generate the wild type mTOR-LUC construct. Two putative NF-κB binding sites in the
promoter region of human mTOR located at −1450 to −1440 (GGGATTTTCC) and −748 to
− 740 (GGGAATTT) were disrupted by converting GGGATTTCC to AAATATTCC and
GGGGAATTT to GAATAATTT using by QuikChange Multi-site directed mutagenesis kit
(Stratagene). PTEN-LUC wild type and NF-κB mutant have been described previously (17).
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Quantitative real-time PCR
After extracting RNA, complementary DNA was synthesized and PCR reactions were
performed using a SYBR PCR master kit (AB Biosystems, Inc.). GADPH was used as an
internal control between samples. The PCR reactions were performed in triplicates for each
gene being validated. Primer sequences will be provided upon request.

Luciferase assays
Were conducted as we have described previously (9).

Production of Adenovirus expressing RIP
Preparation of adenovirus expressing RIP1 has been described previously (9). Adenovirus-null
or Adenovirus-IκBαM were obtained from Vector Biolabs.

RIP1 siRNA knockdown
RIP1 siRNA were obtained from Dharmacon. Three sequences directed against the RIP1
mRNA were used. A negative control siRNA (non sequence) was obtained from Ambion.
siRNA was performed according to the manufacterer's protocol using Lipofectamine 2000
reagent (Invitrogen).

Immunohistochemistry
All studies were conducted according to IRB approved protocols. Paraffin-embedded GBM
sections were exposed to the mouse monoclonal RIP antibody or rabbit polyclonal pAkt
antibodies. Semiquantitative evaluation of immunohistochemical signal was performed on
coded slides in a blinded fashion by a neuropathologist (KJH). We used a previously described
semiquantitative method to evaluate pAkt staining (18). In this grading scheme, 0−1 is
considered negative and 2−3 is positive. RIP1 was graded we have previously described (16).
Briefly, the IHC staining intensity for RIP1 was scored semiquantitatively as 0, + (1), ++ (2),
and +++ (3) with 0 representing lack of RIP1 staining and +++ (3) the strongest staining.

Results and Discussion
RIP1 regulates PTEN levels

Since NF-κB activation can negatively regulate PTEN at a transcriptional level (17), we sought
to determine whether RIP1 influences PTEN levels to activate Akt. Introduction of an
adenoviral RIP1 into LN229 cells (wild type PTEN), resulted in a downregulation of PTEN
control adenovirus null had no effect (Figure 1A). As expected, RIP1 mediated downregulation
of PTEN is accompanied by activation of Akt. We confirmed the effect of RIP1 on PTEN in
LN18 cells (Supplemental Figure 1A). RIP1 mediated activation of Akt is blocked by the PI3K
inhibitor LY290042 (Supplemental Figure 1B) and by tetracycline induced expression of
PTEN in U251MG cells (PTEN null) as shown in Figure 1B, supporting regulation at the level
of PI3K.

Since previous studies have shown a role for NF-κB activation in regulation of PTEN (17) and
RIP1 expression is sufficient for NF-κB activation, we investigated whether a dominant
negative IKBα mutant (IKBαM, S32/S36 super repressor) would inhibit RIP1 mediated PI3K-
Akt activation. Surprisingly, introduction of IKBαM fails to block RIP1 mediated PTEN
downregulation (Figure 1C), suggesting an NF-κB independent effect. Activation of NF-κB
by RIP1 is demonstrated by downregulation of endogenous IKBα (Figure 1C). siRNA
knockdown of RIP1 in LN229 cells resulted in increased levels of PTEN (Figure 1D).
Quantitative PCR analysis of RIP1 mRNA levels in LN229 cells demonstrates that increased
RIP1 expression downregulates PTEN mRNA (Supplemental Figure 1C). Furthermore, RIP1
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inhibits activity of both a wild type and a NF-κB deleted PTEN-LUC reporter in LN229 cells
(Supplemental Figure 2A and B). These experiments demonstrate that increased RIP1 levels
downregulate PTEN through NF-κB independent pathways, while loss of RIP1 induces an
increase in PTEN levels.

RIP1 regulates mTOR levels
Expression of RIP1 in U87MG cells (PTEN null) also results in Akt activation (Figure 2A).
We also find that RIP1 expression downregulates mTOR levels in both PTEN null (U87MG)
and PTEN wt (LN229) cells resulting in a decreased phosphorylation of p70S6K on Thr 389
(Figure 2 A and B). mTOR is a component of both mTORC1 and mTORC2. While mTORC1
activity inhibits the activation of PI3K-Akt, mTORC2 has the opposite effect and
phosphorylates Akt on serine 473. In the glioma cell lines studied here RIP1 mediated mTOR
downregulation is associated with increased PI3K-Akt activation suggesting that the inhibitory
effect on mTORC1 dominates.

RIP1 interrupts the mTOR-p70S6K-IRS1 negative feedback loop
Increased expression of RIP1 results in a decrease in inhibitory phosphorylation of IRS-1
(Figure 2A and B) in both LN229 and U87MG cells. These experiments demonstrate an
interruption of the mTOR-S6-IRS1 inhibitory loop by RIP1 in glioma cells regardless of PTEN
status. Quantitative PCR analysis of mTOR levels in U87MG and LN229 cells shows that RIP1
downregulates mTOR mRNA levels (Supplemental Figure 3A and B). Importantly, siRNA
knockdown of RIP1 results in an increase in mTOR levels in LN229 and U87MG cells (Figure
2C and D).

RIP1 regulates mTOR via a NF-κB dependent pathway
An extensive cross-talk has been described between the PI3K-Akt and NF-κB signaling
networks (19,20). Next, we investigated if NF-κB activation is required for RIP1 mediated
downregulation of mTOR. We introduced adenoviral IKBαM or adenovirus null along with
RIP1 into glioma cell lines and examined the level of mTOR. Inhibition of NF-κB blocks RIP1
mediated downregulation of mTOR in U87MG and U251MG cells (Figure 3 A and B) but not
in LN229 cells (Supplemental Figure 4). This result suggests that depending on the cell type
RIP1 downregulates mTOR via NF-κB dependent or independent mechanisms.

RIP1 inhibits mTOR transcription
Introduction of RIP1 into U87MG cells resulted in decreased activity of a mTOR-LUC reporter
construct, suggesting that RIP1 affects mTOR transcription (Figure 3C). Mutation of two
putative NF-κB binding sites in the mTOR promoter reverses the effect of RIP1 in reporter
assays (Figure 3D). Indeed RIP1 seems to have a stimulatory effect on the mutant mTOR
promoter through unknown mechanisms.

RIP1 level correlates with phosphorylation of Akt in GBM
Next, we examined whether RIP1 expression correlated with activation of Akt in GBM. We
performed immunohistochemistry for RIP1 and pAkt in a set of 10 GBM tumors. IHC grading
for RIP1 and pAkt is described in the methods section. As can be seen in Figure 4, the RIP1
expression correlates with pAkt and the correlation is statistically significant (p=0.006 by
Spearman's rho statistic), suggesting that increased RIP1 may activate Akt in GBM.

Concluding Remarks
In this study, we demonstrate that RIP1 regulates the PI3K-Akt pathway at two key nodes in
the pathway. Supplemental Figure 5 shows a schematic of our model. RIP1 downregulates
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PTEN and also suppresses the mTOR-PI3K inhibitory feedback loop to activate PI3K-Akt.
Such dual regulation may lead to a synergistic and potent activation of the PI3K-Akt pathway.
Aberrant activity of the PTEN-PI3K-Akt-mTOR axis is common in glioblastoma (GBM). RIP1
level is commonly increased in GBM and correlates with pAkt in GBMs (16), suggesting RIP1
may drive the PI3K-akt pathway in GBM.

Our study also highlights a novel regulation of mTOR at the transcriptional level by RIP1
mediated, at least in part, by an activation of NF-κB. The effect of RIP1 is in contrast to other
components of the NF-κB signaling network such as IKKα and IKKβ, which tend to activate
mTOR by phosphorylating and inactivating TSC1/2. Regulation of the PTEN-PI3K-Akt-
mTOR by RIP1- NF-κB may impact treatments targeting the PI3K pathway in cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RIP1 regulates PTEN levels
LN229 cells were infected with RIP1 adenovirus (MOI 50) or adenovirus null followed by
preparation of lysates after 24h. Increased RIP1 downregulates PTEN levels and activates Akt
as detected by phosphorylation of Akt at S473. B. U251MG cells (which are PTEN null)
transfected with a tet inducible PTEN were exposed to tetracycline for 24h, followed by
infection with RIP1 adenovirus. C. Inhibition of NF-κB using an IKBαM fails to inhibit RIP1
mediated downregulation of PTEN. LN229 cells were infected with adenovirus null or
adenovirus IKBαM for 24h, followed by infection with RIP1 adenovirus for an additional 24h.
D. Silencing RIP1 in LN229 cells results in an upregulation of PTEN levels. LN229 cells were
transfected with RIP1 siRNA or control siRNA followed by preparation of lysates after 72h.
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Figure 2.
RIP1 regulates mTOR levels in GBM cells. A. Ad-RIP1 or adenovirus null were introduced
into cells for 24h followed by lysate preparation and Western blotting for mTOR, phospho-
p70S6K, p70S6K, pAkt, Akt, phospho-IRS-1m IRS-1, RIP1 and Actin. B. a similar experiment
was conducted in LN229 cells. C and D. Western blots showing that siRNA knockdown of
RIP1 results in an increase in mTOR levels in U87MG and LN229 cells compared to control
(non sequence) siRNA.
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Figure 3.
A dominant-negative IκBα super-repressor mutant blocks the effect of RIP1 on mTOR. A.
U87MG cells were infected with Ad-RIP1+Ad-null or Ad RIP1+ Ad- IκBαM for 24h. B. shows
the same experiment in U251MG cells. C. U87 cells were transfected with the putative mTOR
promoter linked to luciferase (mTOR-LUC) and co-transfected with FLAG-RIP1 plasmid or
empty vector. Introduction of RIP1 results in a significant suppression of mTOR-LUC.
Expression of FLAG-RIP1 was confirmed by Western blot with FLAG antibodies. D. this
experiment is similar to C except that a mTOR-LUC reporter with mutated NF-κB binding
sites was used.
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Figure 4. Correlation between RIP1 and pAkt in GBM
A. The table shows shows the immunohistochemistry (IHC) results for pAkt and RIP1 proteins
in tumor cells. The pAkt (s473) was scored from 1 to 3 and the RIP1 was scored from 0 to 3.
Spearman correlation between pAkt and RIP1 equaled 0.80 with p-value 0.006 (by Spearman's
rho statistic), indicating significant correlation between pAkt and RIP1 intensities.
B. Immunohistochemistry (IHC) shows RIP1 level correlates with pAkt in GBM. IHC of a
high RIP1 and high pAkt (S473) staining GBM (R224) and a low RIP1 and low pAkt GBM
(RS-16).
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