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Suppression of the invasive
potential of Glioblastoma cells
by mTOR inhibitors involves
e modulation of NFKB and PKC-«
e signaling

Goparaju Chandrika!, Kumar Natesh?, Deepak Ranade?, Ashish Chugh?® & Padma Shastry?!

. Glioblastoma (GBM) is the most aggressive type of brain tumors in adults with survival period <1.5

. years of patients. The role of mTOR pathway is documented in invasion and migration, the features

. associated with aggressive phenotype in human GBM. However, most of the preclinical and clinical
studies with mTOR inhibitors are focused on antiproliferative and cytotoxic activity in GBM. In this
study, we demonstrate that mTOR inhibitors-rapamycin (RAP), temisirolimus (TEM), torin-1 (TOR)
and PP242 suppress invasion and migration induced by Tumor Necrosis Factor-o. (TNFa) and tumor
promoter, Phorbol 12-myristate 13-acetate (PMA) and also reduce the expression of the TNFa and IL13

. suggesting their potential to regulate factors in microenvironment that support tumor progression.

. The mTOR inhibitors significantly decreased MMP-2 and MMP-9 mRNA, protein and activity that was

. enhanced by TNFa and PMA. The effect was mediated through reduction of Protein kinase C alpha
(PKC-v) activity and downregulation of NFkB. TNFa- induced transcripts of NF«.B targets -VEGF,

. pentraxin-3, cathepsin-B and paxillin, crucial in invasion were restored to basal level by these inhibitors.

. With limited therapeutic interventions currently available for GBM, our findings are significant and

. suggest that mTOR inhibitors may be explored as anti-invasive drugs for GBM treatment.

Glioblastoma (GBM) is the highly predominant form of life threatening primary malignant gliomas and astro-
cytomas. It is primarily characterized by genetic instability, intra-tumoral histopathological variability and
. unpredictable patient survival probability’? The clinical hallmarks of GBM include aggressive proliferation and
. persistent recurrence due to invasive infiltration into the surrounding brain tissue despite multimodal therapy
© that comprises surgery accompanied by radiation and chemotherapy>*. GBM (Grade IV astrocytoma) shows
extremely poor prognosis with survival period of less than 1.5 years in patients. Conventional therapy for GBM
is treatment with temozolomide (TMZ) in combination with radiation therapy>®. However, in most cases, this is
followed by intrinsic or acquired resistance to TMZ resulting in complications and failure of treatment”?.
Extensive aberrations of gene expression profiles found among GBMs greatly affect cellular invasion potential,
angiogenesis, immune cell infiltration, and extracellular matrix remodelling related to cell migration. Occurrence
of highly deregulated tumor genome with opportunistic deletion of tumor suppressor genes, amplification and/
or mutational hyper-activation of Receptor Tyrosine Kinase receptors result in augmented survival, proliferation
and invasion pathways*'°.
The mammalian Target of Rapamycin (mTOR) signaling network downstream in EGFR/PI3K/Akt pathway
. regulates cell growth, proliferation, and survival''. The central component of the pathway, the mTOR protein
: kinase, nucleates two distinct multi-protein complexes that regulate different branches of the mTOR network.
¢ The mTOR complex 1 (mTORC1) consists of mTOR, raptor and mLST8. It regulates cell growth translational
machinery through effectors such as Ribosomal protein S6 kinase beta-1 (S6K1) and eukaryotic initiation factor
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4E-binding protein 1 (4EBP1). The mTOR complex 2 (mTORC2) contains mTOR, rictor, Sin-1 and mLST8
and modulates the actin cytoskeletal functioning (RhoA, Racl) through Protein kinase C alpha (PKC-a) and
pro-survival Protein kinase B (Akt/PKB) by phosphorylating it on $473'2

The mTOR pathway is highly activated in GBMs and one of the most studied inhibitors of mTOR is
Rapamycin (RAP), an FDA approved drug that works through a gain-of-function allosteric mechanism. RAP
binds to the intracellular protein FKBP12 to generate a drug-receptor complex that binds to and inhibits the
kinase activity of mTORC1'%. Subsequent reports demonstrated that prolonged treatment with RAP in various
cell types suppressed the assembly and function of mTORC2 to inhibit Akt/PKB!*. Rapamycin and its analogs
have been used in combination with radiation, PI3K and ERK inhibitors to demonstrate its effectiveness to treat
GBM patients'®. An improved version of RAP, Temisirolimus (TEM), a water-soluble ester derivative of RAP is
approved by FDA. Since TEM crosses Blood Brain Barrier, it is presently under phase II clinical trials individually
as well as in combination with other drugs to treat GBM'®!”. The general anticancer activity shown by original
mTOR allosteric inhibitors, RAP and its analogs (rapalogs) in most cancers, has supported the development of
novel mTOR kinase inhibitors (TORKinibs) that inhibit mTORC1 and mTORC2 more effectively's. TORKinibs
such as Torin-1 (TOR) and PP-242 are potent and selective small molecule inhibitors that bind to ATP binding
site of mMTOR molecule and efficiently inhibit, mnTORC1 as well as MTORC2 complexes. The mechanism of action
of TORKIinibs is different from that of rapalogs as they can prevent cap dependent translational process!>°.

Invasiveness of GBM tumors is one of the characteristic hallmarks that contributes to tumor recur-
rence. Therefore in-depth studies aiming to further understand this process are crucial to develop improved
therapies?"?2. Targeted inhibition of mTOR pathway has been studied extensively to control tumor growth and
sustenance but not sufficiently understood to explore its implications to control tumor invasion and recurrence.
In this study, we investigated the anti-invasive and -migration potential of mTOR inhibitors (RAP, TEM, TOR
and PP242) in human GBM cells. We show that the mTOR inhibitors suppressed invasion and migration in GBM
cells in the presence of TNFa and tumor promoter PMA mediated by reduction of PKC-« activity and downreg-
ulation of NFkB.

Results

Effect of mTOR inhibitors on cell viability and mTOR signaling in GBM cells. Dose and time
dependent effect of mTOR inhibitors on cell survival and proliferation was assessed in LN-18 cell line and pri-
mary cultures G-1 by MTT assay. In LN-18 cells, the viable cell count was reduced by ~20-25% on treatment for
72h with mTOR inhibitors except for PP242 (Fig. 1a). In G-1 cells, the mTOR inhibitors except for RAP reduced
the viable cell count by ~20-25% at 72 h of treatment (Supplementary Fig. S1). To examine if the effect of inhib-
itors was sustained, “washout” experiments were performed. Cells were treated with inhibitors for 24h or 48h
followed by change of medium using fresh medium without inhibitors and incubated further for 24h and 48h
respectively. As depicted in Supplementary Fig. S2, the viable cell count in “washout” samples were comparable
to samples treated with inhibitors for 72 h, suggesting sustained antiproliferative activity of the mTOR inhibitors.

Previous path-breaking reports on mTOR pathway emphasized phospho p70-s6kinase and phospho Akt
(Ser473) as standard readout proteins for kinase activity of mTORC1 and mTORC?2 respectively'?. In accordance,
we found that the inhibitors - RAP, TEM, TOR and PP242 significantly depleted phosphorylated- mTOR, -S6K
and -Akt (Ser473) in LN-18 cells confirming that the activity of both m-TOR complexes was effectively down
regulated by the mTOR inhibitors (Fig. 1b,c). The inhibitors reduced the level of phospho Akt (Ser 473) more
effectively than phospho S6K levels suggesting that the effect of the inhibitors on mMTORC1 and mTORC2 may
not be to the same extent in LN-18 cells.

A recent report suggested that mTOR-inhibitors differentially influence mitochondrial dynamics in cancer
cells which might affect therapeutic efficiency of mTOR-targeted therapy?. To this end, we observed that treat-
ment with RAP and TEM reduced the mitochondrial membrane potential (MMP) in GBM cells, but Torin and
PP242 had no effect (Supplementary Fig. S3).

Inhibition of the invasive potential by mTOR inhibitors. We further evaluated the influence of mMTOR
inhibitors on more aggressive traits that cause recurrence and invasion into surrounding tissues. Considering that
TNFa and PMA trigger signaling pathways that are crucial in inducing enhanced aggressiveness, we exposed
LN-18 and G1 cells to TNFa or PMA followed by treatment with inhibitors. Cellular invasion, an important
function was assessed by matrigel matrix invasion assay. In LN-18 cells, TNFa and PMA enhanced the invasive
potential to 1.5 and 2 fold respectively (p < 0.05). All the four mTOR inhibitors significantly reduced the inva-
sion induced by TNFa and PMA (Fig. 2a-d). The effect of TNFa and PMA was more robust in primary culture
(G-1) with the increase in invasive potential up to 2 and 2.25 fold (p < 0.05) respectively and treatment with the
inhibitors restored the basal level (Fig. 3a-d). Another feature of resilient tumors- cell migration was monitored
by scratch wound healing assay. TNFo and PMA enhanced cell migration in LN-18 cells to 2.25 and 2.4 fold
(p <0.05) respectively (Fig. 2e,f) and in G-1 cells to 2.4 and 2.6 fold (p < 0.05) respectively (Fig. 3e,f). In LN-18
and G-1 cells, all the mTOR inhibitors limited the migration induced by TNFa and PMA. There was no signifi-
cant difference in the effectiveness between the mTOR inhibitors. Collectively, these results confirmed that mTOR
inhibitors can restrain diverse cellular responses related to aggressiveness in GBM cells.

mTOR inhibitors reduce the induced- gelatinolytic MMPs.  The matrix metalloproteinases (MMPs)
play a key role in tumor cell invasion, metastasis and angiogenesis by promoting ECM degradation and pro-
cessing of cytokines, growth factors, hormones and cell receptors*#?°. Further experiments were performed to
examine the effect of mTOR inhibitors on the expression and activity of MMP-2 and MMP-9 that are highly
expressed in GBM?. Consistent with earlier reports?’, Real time PCR analysis revealed that TNFa« drastically
elevated MMP-9 mRNA to 50 £ 4 fold (p < 0.05) in LN-18 cells. This finding is not surprising as MMP-9 is a
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Figure 1. Effect of mTOR inhibitors on cell viability and mTOR signaling in GBM cells. (a) LN-18 cells were
treated with serial concentrations of rapamycin-RAP, temisirolimus-TEM, torin-TOR and PP-242 for 24 h, 48 h
and 72 h and percentage of viable cell count was assessed by MTT assay. Viable count of untreated cells was
assumed as 100%. The graphs represent % viable cell count +/— SEM of three similar experiments performed
in triplicates. ®p-value < 0.05 Untreated vs. inhibitor treatment for 24 h; *p-value < 0.05 Untreated vs. inhibitor
treatment for 48 h; *p-value < 0.05 Untreated vs. inhibitor treatment for 72h. (b) Protein levels of phospho S6K
(Thr 389) and total S6K were measured by immunoblotting of total cell lysates of LN-18 cells treated with two
concentrations of RAP (5uM, 10 uM), TEM (2.5 uM, 5puM), TOR (50nM, 100 nM) or PP-242 (50 nM, 100 nM)
for 24 h. Representative cropped images of two independent experiments. (¢) Protein levels of phospho Akt

(Ser 473), total Akt, phospho mTOR (Ser2448) and total mTOR were measured by immunoblotting of total

cell lysates of LN-18 cells treated with RAP (10 uM), TEM (5 uM), TOR (100 nM) or PP-242 (100 nM) for 24 h.
Representative cropped images of three independent experiments. Images show fold change of treated phospho-
S6K or -Akt or -mTOR protein expression (normalised with respect to total-S6K or -Akt or -mTOR ) relative

to untreated samples obtained by densitometry through Image] analysis. Full length blots are included in
supplementary Fig. S10.

target of NFxB and TNFa is a classical activator of this signaling pathway. This induced MMP-9 was effectively
reduced by 35 + 2 fold by RAP and 45 + 1 fold by TEM (p < 0.05) (Fig. 4a). Western blot analysis of supernatants
revealed that TNFa- induced MMP-9 protein level (1.5 fold) was decreased by 0.7 fold by RAP and 0.6 fold by
TEM (Fig. 4c). Constitutively expressed MMP-2 mRNA was reduced by 0.6 and 0.5 fold by RAP and TEM respec-
tively (Fig. 4b). Estimation of MMP-2 protein which is regulated by PKC-a?® was performed by ELISA. Results
indicated that reduction in the level of MMP-2 by TEM was more effective compared to RAP in the absence and
presence of TNFa (Fig. 4d). Additionally, immunofluorescence experiments revealed that RAP and TEM effec-
tively restored basal level of MMP-9 and MMP-2 induced by TNFa and PMA in G-1 cells (Fig. 4e).

Matrix metalloproteinases (MMPs) are regulated at multiple stages such as transcriptional, translational,
post-translational and most importantly at the functional activity*. The activity of secretory MMPs was meas-
ured in the supernatants of cells treated with inhibitors by gelatinolytic zymography. The results corroborated
with mRNA and protein level data. In LN-18 cells, TNFa induced- MMP-9 activity of 4.5 fold was reduced to 2.6
(RAP), 2.2 (TEM), 2.4 (TOR), 2.7 (PP242) fold (p < 0.05) while the constitutive MMP-2 activity was reduced by
~0.5 fold by the mTOR inhibitors (p < 0.05) (Fig. 5a,e). In G-1 cells, TNFa- induced MMP-9 activity of 2.6 fold
was reduced to ~1.6 fold by the mTOR inhibitors (p < 0.05) while constitutive MMP-2 activity was reduced by
~0.25 fold by the mTOR inhibitors (p < 0.05) (Fig. 5b,f). In LN-18 cells, PMA induced- MMP-9 (3.2 fold) was
restored to ~1 fold by the mTOR inhibitors (p < 0.05) while MMP-2 activity was not significantly affected in the
presence of PMA (Fig. 5¢,g). In G-1 cells, PMA induced- MMP-9 activity (2.4 fold) was reduced significantly
(p<0.05) to 1.5 fold (RAP and TEM) and ~1 fold (TOR and PP242) and PMA induced- MMP-2 activity (1.75
fold) was reduced by ~0.3 fold by the mTOR inhibitors (p < 0.05) (Fig. 5d,h). In G-1 cells, distinct pro-active and
active bands of MMP-2% were observed and both the bands were considerably reduced by the inhibitors.
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Figure 2. mTOR inhibitors inhibit invasion and migration potential in GBM. LN-18 cells treated with
TNFa (10ng/ml) or PMA (100 ng/ml) alone or in combination with inhibitors- rapamycin-RAP (10 uM),
temisirolimus-TEM (5 uM), torin-TOR (100 nM) or PP-242 (100 nM) for 24 h were used to perform matrigel
invasion assay and scratch wound healing assay. Representative images of invasion in LN-18 cells treated with
(a) TNFa and (c) PMA. (b) and (d) The graphs represent fold change in invasive cell number +/— SEM of
two similar experiments performed in duplicates. “p-value < 0.05 Untreated vs. TNFo or PMA treatment;
*p-value < 0.05 TNFa or PMA treatment alone vs. TNFa or PMA in combination with inhibitor treatment.
(e) Representative images of wound closure in LN-18 cells exposed to TNFa or PMA alone or in combination
with inhibitors. (f) The graph represents fold change in width of wound closure +/— SEM of three similar
experiments performed in duplicates. ®p-value < 0.05 Untreated vs. TNFo or PMA treatment; *p-value < 0.05
TNFa treatment vs. TNFa in combination with inhibitors; “p-value < 0.05 PMA treatment vs. PMA in
combination with inhibitors.

IL13, an inflammatory cytokine is an activator of NFx B pathway and is abundantly present in the tumor
microenvironment of many solid tumors including gliomas®. It was therefore of interest to validate the impact of
mTOR inhibitors on MMP-9 and MMP-2 activity stimulated by IL13. Exposure to IL13 resulted in 4.8 and 3 fold
increase of MMP-9 levels in LN-18 and G-1 cells that were reduced effectively by ~1.2 and ~1.5 fold respectively
by the mTOR inhibitors (Supplementary Fig. S4a,b). Constitutively active MMP-2 and IL13- induced MMP-2
were decreased by ~0.3 fold by the mTOR inhibitors in LN-18 cells. In G-1 cells, induced- MMP-2 activity (2 fold)
was decreased by 50% by the mTOR inhibitors. Interestingly, in spite of heterogeneity between various primary
cultures, experiments conducted with another primary culture GBM (G-16) ascertained that MMP-9 and MMP-2
activity levels were diminished by the mTOR inhibitors (Supplementary Fig. S5a—c), thus underscoring the effec-
tiveness of the mTOR inhibitors for controlling invasion in GBM cells.

Tissue inhibitors of metalloproteases (TIMPs) regulate MMP activity at various levels. TIMP-1 inhibits MMP-9
by direct binding- physically at 1:1 ratio?.To examine whether the MMP-9 activity affected by the inhibitors
was regulated by TIMP-1, m-RNA and protein levels were monitored. The data revealed that TIMP-1 remained
unaltered in cells exposed to RAP and TEM in the presence or absence of TNFa (Supplementary Fig. S6a,b).
Taken together, these findings strengthened the data that inhibiting mTOR pathway in GBM cells significantly
reduced the induced- gelatinolytic MMP activity that was independent of TIMP-1 regulation.

mTOR inhibitors inhibit invasion by regulating NFkB and PKC-o..  We next sought to examine the
mechanism involved in the action of mTOR inhibitors. NFx B is a major transcription factor that induces /ele-
vates invasion in various cancer cells including GBM?'. NFx B is regulated by Akt/PKB which is downstream to
mTORC2%. In this study, immunoblotting experiments revealed that the level of constitutively expressed phos-
pho p65 (Fig. 6a), TNFa- induced phospho p65 (Fig. 6b) were inhibited by the mTOR inhibitors. The mTOR
inhibitors except for RAP reduced PMA- induced phospho p65 (Fig. 6¢). Furthermore, immunofluorescence
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Figure 3. mTOR inhibitors inhibit invasion and migration potential in GBM primary cell culture. G-1 cells
treated with TNFa (10 ng/ml) or PMA (100 ng/ml) alone or in combination with inhibitors- rapamycin-RAP
(10 uM), temisirolimus-TEM (5 uM), torin-TOR (100 nM) or PP-242 (100 nM) for 24 h were used to perform
matrigel invasion assay and scratch wound healing assay. Representative images of invasion in G-1 cells treated
with (a) TNFa and (c) PMA. (b,d) The graphs represent fold change in invasive cell number +/— SEM of

two similar experiments performed in duplicates. “p-value < 0.05 Untreated vs. TNFo or PMA treatment;
*p-value < 0.05 TNFa or PMA treatment vs. TNFa or PMA in combination with inhibitors. (e) Representative
images of wound closure in primary culture G-1 cells exposed to TNFa or PMA alone or in combination

with inhibitors. (f) The graph represents fold change in width of wound closure +/— SEM of three similar
experiments performed in duplicates. ®p-value < 0.05 Untreated vs. TNFa or PMA treatment; *p-value < 0.05
TNFa treatment vs. TNFa in combination with inhibitors; *p-value < 0.05 PMA treatment vs. PMA in
combination with inhibitors.

analysis supported the data demonstrating a decrease in nuclear phospho p65 by inhibitors in the presence of
TNFo and PMA (Supplementary Fig. S7).

To further substantiate this data, NFxB targets which act as distinctive invasive factors were assessed. Vascular
Endothelial Growth Factor (VEGF) promotes angiogenesis, pentraxin-3 is a pattern recognition molecule medi-
ating inflammatory responses, cathepsin-B protease is often linked to tumor invasion and metastasis while Nitric
oxide synthase 2 (inducible NOS-2) causes inflammation by synthesis of reactive free radical Nitric Oxide (NO).
As expected, TNFa enhanced the mRNA levels of NFk B targets: VEGF (2 fold), pentraxin-3 (10 fold), TNFa
(15 fold), IL-1( (23.5 fold), cathepsin-B (3.5 fold) and NOS-2 (2 fold) and the mTOR inhibitors significantly
decreased the expression to <1 fold (p < 0.05) in all targets except cathepsin-B and NOS-2 which were marginally
reduced (Fig. 6d).

Another factor that is strongly associated with GBM is hyperactivation of protein kinase C alpha (PKC-a),
a serine/threonine kinase and a member of the conventional (classical) PKCs. PKC-« is a target of mMTORC2%
and plays a role in actin cytoskeleton alterations and positively regulates MMP-2. Western blotting experiments
showed that mTOR inhibitors except RAP downregulated the basal levels of phospho PKC-« (Fig. 7a), as well
as PKC-a activated by TNFa (Fig. 7b) and PMA (Fig. 7¢). These results were confirmed by measuring pan-PKC
activity in total cell lysates. PMA treatment increased the protein activity to 1.4 fold in LN-18 cells (Fig. 7d) and
1.3 fold in G-1 cells (Fig. 7e) which was restored to basal level by all the mTOR inhibitors (p < 0.05).

To ascertain the role of NF«B and PKC-a during GBM invasive potential, experiments were performed to
assess the effect of NFkB and PKC inhibitors on MMPs activity. 5- Aminosalicylic acid (ASA) and BAY-11 (BAY)
are anti-inflammatory agents which irreversibly inhibit inducible Ix B and disrupt cytokine stimulated NFxB
activation.UCN-01 (UCN) and staurosporin (STS) are ATP site binding non-selective pan PKC inhibitors. TNFo
and PMA- induced MMP-9, constitutively expressed MMP-2 and PMA induced- MMP-2 were remarkably
reduced by NFxB and PKC inhibitors in LN-18 (Supplementary Fig. S8a,c). In G-1 cells, TNFo induced- MMP-9
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Figure 4. mTOR inhibitors regress induced-gelatinolytic MMPs. LN-18 cells were treated with rapamycin-
RAP (10 uM) or temisirolimus-TEM (5 uM) for 24 h alone and in combination with TNFa (10 ng/ml) for

12h and transcript level of (a) MMP-9 and (b) MMP-2 was measured by real-time PCR. GAPDH was used

as constitutionally active internal control. The graph represents fold change in relative m-RNA expression

+/— SEM of two similar experiments performed in triplicates. *p-value < 0.05 Untreated vs. TNFa or inhibitor
treated; *p-value < 0.05 TNF« treatment vs. TNFa in combination with inhibitor treatment. Conditioned
media of LN-18 cells treated with RAP (10 uM) or TEM (5 uM) for 24 h alone and in combination with TNFa
(10ng/ml) for 12 h before termination of time point were used to measure protein expression of MMP-9 by
immunoblotting and MMP-2 by ELISA. (c) Representative cropped image showing fold change of MMP-9
protein expression relative to untreated samples obtained by densitometry through Image] analysis. Full

length blot is included in supplementary Fig. S11. (d) The graph represents values of protein concentrations
(Y-axis) +/— SEM of two similar experiments performed in triplicates. *p-value < 0.05 Untreated vs. TNFa or
inhibitor or combination treatment. (e) Immunofluorescence staining for MMP-9 and MMP-2 protein intensity
performed on G-1 cells treated using RAP (10 uM) or TEM (5 uM) alone and in combination with TNFo
(10ng/ml) for 12h before termination of time point or PMA (100 ng/ml) for 24 h. Nuclear staining with DAPL
Representative images of three independent experiments. Scale: 20 um.

was decreased by NFk B inhibitors (Supplementary Fig. S8b) and PMA induced- MMP-2 and -MMP-9 was
decreased by PKC inhibitors (Supplementary Fig. S8d). The outcome from these experiments clearly suggests the
involvement of NF«B and PKC-« in the action of mTOR inhibitors to reduce the invasive potential of GBM cells.
The effect of these inhibitors on cell survival was measured by MTT test. UCN showed 30% cytotoxicity at 500 nM
and ST'S showed 50% cytotoxicity at concentration as low as 6.25nM. ASA and BAY showed 30% cytotoxicity at
25uM and 5 pM respectively (Supplementary Fig. S9).

mTOR inhibitors decrease cell motility by regulating paxillin and F-actin levels. Paxillin is a
member of focal adhesion proteins which occurs at low levels in brain tissue. Cross-talk between paxillin and
actin fibers causes reorganization of cytoskeletal networks®*. To examine whether paxillin associated with actin is
regulated by mTOR inhibitors, dual immunofluorescence staining was performed. As depicted in Fig. 8, mTOR
inhibitors reduced constitutive, as well as TNFa and PMA -induced paxillin levels effectively. Actin cytoskeletal
regulation was also observed in accordance with paxillin levels.
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Figure 5. mTOR inhibitors revert induced-gelatinolytic MMP activity. Gelatinases-MMP-9 (92 KDa) and
MMP-2 (72 KDa) functional activity was assessed by gelatin zymography in conditioned media of cells treated
using rapamycin-RAP (10 uM), temisirolimus-TEM (5 uM), torin-TOR (100 nM), PP-242 (100 nM) alone and
in combination with TNFa (10 ng/ml) for 12 h before termination of time point or PMA (100 ng/ml) for 24 h.
Representative images of zymograms in (a) LN-18 and (b) G-1 cells treated by TNFa alone or in combination
with inhibitors; (c) LN-18 and (d) G-1 cells treated by PMA alone or in combination with inhibitors. The graphs
represent fold change in gelatinolytic enzyme activity +/— SEM of five independent experiments obtained by
densitometry through ImageJ analysis for LN-18 cells treated with -TNFa« (e), -PMA (g) and for G-1 cells with
-TNFa (f), -PMA (h). *p-value < 0.05 Untreated vs. TNFa or PMA or inhibitor treated; *p-value < 0.05 TNFa
or PMA treatment vs. TNFa or PMA in combination with inhibitors.

Discussion

PI3K/Akt and Ras-ERK pathways are aberrantly activated pathways in GBM. Though activated by different stim-
uli, both these pathways mutually regulate one another and modulate downstream targets which also include
mTOR signaling. Hyperactivation of mTOR signaling is reported in glioblastoma thus making it an interesting
target for therapeutic intervention®. Preclinical and clinical studies with mTOR inhibitors such as RAP and TEM
have provided encouraging results that are largely limited to survival, cytotoxicity and antiproliferative activities®.
However, the impact of these inhibitors in the presence of factors that contribute to invasiveness of tumors remain
to be unravelled.

The microenvironment of solid tumors comprises of hyper-reactive stroma abundant in inflammatory media-
tors and leukocytes, dysregulated vessels and proteolytic enzymes. Also, the tumor associated macrophages (TAM)
contribute to tumor progression by interaction with tumor cells and through secretion of various factors that
affect angiogenesis, matrix turn over, which ultimately promote tumor invasion®. Together, various multiple
factors activate different signaling pathways that drive the tumor cells towards more invasive and aggressive phe-
notypes that lead to drug resistance and recurrence resulting in poor prognosis in GBM.

TNFq, an inflammatory cytokine causes hyperactivation of the NF« B signaling pathway which results in acti-
vation of pro-survival pathway and promotes aggressive phenotype in tumor cells*®. NFx B is a master regulator
of cancer-related inflammation in TAMs and neoplastic cells. Constitutive activation of NFkB in tumors may be
the result of stimulation by cytokines such as IL13, IL-6 secreted by TAMs and other activated cells in the tumor
environment® or by environmental cues (e.g. hypoxia and ROI) or by genetic aberrations. NFx B induces several
cellular modifications associated with tumorigenesis and more aggressive phenotypes, including self-sufficiency
in growth signals, insensitivity to growth inhibition, and resistance to apoptotic signals, angiogenesis, migration
and tissue invasion*. Phorbol-12-myristate-13-acetate (PMA) is a specific agonist of the protein kinase C (PKC)
isoenzymes and a potent tumor promoter?!. Several studies have reported high PKC activity in high grade glio-
mas and also provided evidence for a close relationship between PKC-« expression and invasion and migration of
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Figure 6. mTOR inhibitors regulate invasion by involvement of NF«xB. Protein levels of phospho p65

and total p65 were measured by immunoblotting of total cell lysates of LN-18 cells treated with rapamycin-
RAP (10 uM), temisirolimus-TEM (5 uM), torin-TOR (100 nM), PP-242 (100 nM) for 24 h alone and in
combination with TNFa (10 ng/ml) for 12h or PMA (100 ng/ml) for 24 h before termination of time point.
Representative cropped images of three independent experiments of treatments (a) inhibitors alone (b) TNFa
in combination with inhibitors (c) PMA in combination with inhibitors. Images show fold change of treated
phospho p65 protein expression (normalised with respect to total p65) relative to untreated samples obtained
by densitometry through ImageJ analysis. Full length blots are included in supplementary Fig. S12. LN-18 cells
treated using RAP (10 uM) or TEM (5 uM) for 24 h alone and in combination with TNFa (10 ng/ml) for 12h
before termination of time point and real-time PCR were performed for NFx B targets VEGEF, pentraxin-3,
TNFa, IL13, cathepsin-B and NOS-2. GAPDH was used as constitutionally active internal control. (d) The
graphs represent fold change in m-RNA level of treated cells relative to untreated cells. m-RNA expression mean
+/— SEM of two similar experiments performed in triplicates. *p-value < 0.05 Untreated vs. TNFa or inhibitor
treated; *p-value < 0.05 TNFa treatment vs. TNFa in combination with inhibitors.

malignant glioma cells*2. Recent studies demonstrated that PMA stimulated formation of invadopodia in cancer
associated fibroblasts that was mediated by PKC*. TNFa and PMA have been used in in vitro experiments to
study signaling pathways crucial in inducing aggressive phenotype with enhanced invasiveness. In this premise,
the present study aimed to evaluate the effect of mTOR inhibitors in human GBM cells exposed to TNFa and
PMA. Our results showed that despite the specificity of action, the inhibitors significantly reduced invasion and
migration enhanced by TNFa and PMA in human GBM cell line and primary cultures derived from GBM tumor.

The matrix metalloproteinases, MMP-9 and MMP-2 function as key mediators of basement membrane deg-
radation, angiogenesis, tumor invasion in GBM. Elevated level of MMP-9 is documented in glioblastoma and
silencing of MMP-9 inhibits tumor invasion**. TNFa modulates MMP-9 expression through the classical NFkB
activation and also through Ras/ERK signaling pathway by activating the NFxB and AP-1cis-elements of gene
promoter binding regulatory sites?”. MMP-9 expression is also strongly stimulated by PMA via PKC-o upstream
to Ras/ERK signaling in several systems*. We earlier reported that silencing of rictor reduced Akt (Ser473) phos-
phorylation, which in turn activated Raf 1-MEK-ERK pathway leading to enhanced MMP-9 expression and
activity in GBM cells*®. Other studies demonstrated that IGF-I causes upregulation of MMP-2 synthesis via PI
3-kinase/Akt/mTOR signaling while simultaneously regulating the Raf/ERK pathway negatively*’. PKC-« reg-
ulates many targets including MMP-9 of Ras/ ERK1/2 pathway involved in invasion of various cancers* includ-
ing GBM®. In the current study, we found that mTOR inhibitors effectively reduced the transcript and protein
level of MMP-9 and MMP-2. More importantly, the functional activity of these gelatinases that was robustly
induced/ enhanced by TNFa and PMA was inhibited by the mTOR inhibitors. The delicate balance between the
activities of MMPs and Tissue inhibitor of metalloproteases (TIMPs) is critical to limit deleterious outcomes of
uncontrolled degradation which is manifested in tumor cell invasion and angiogenesis mediated by inflammatory
cytokines®*’. Some reports suggest a correlation between reduced expression of TIMP-1 and -2 with increasing
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Figure 7. mTOR inhibitors lower PKC-a activity. Protein levels of phospho PKC-« and total PKC-o

were measured by immunoblotting of total cell lysates of LN-18 cells treated with rapamycin-RAP (10 uM),
temisirolimus-TEM (5 uM), torin-TOR (100 nM), PP-242 (100 nM) for 24 h alone and in combination with
TNFa (10 ng/ml) for 12h or PMA (100 ng/ml) for 24 h before termination of time point. Representative
cropped images of three independent experiments of treatments (a) inhibitors alone (b) TNF« in combination
with inhibitors (c) PMA in combination with inhibitors. Images show fold change of treated phospho PKC-a
protein expression (normalised with respect to total PKC-a) relative to untreated samples obtained by
densitometry through Image]J analysis. Full length blots are included in supplementary Fig. S13. PKC Kinase
activity assay was performed on whole cell lysates from cells treated with RAP (10 uM), TEM (5 uM), TOR
(100nM), PP-242 (100 nM) for 24 h in combination with PMA (100 ng/ml) of (d) LN-18 and (e) G-1 cells. The
graphs represent fold change in PKC activity +/— SEM of two similar experiments performed in triplicates.
*p-value < 0.05 Untreated vs. PMA treated; *p-value < 0.05 PMA treatment vs. PMA in combination with
inhibitors.
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Figure 8. mTOR inhibitors decrease cell motility through regulating paxillin and F-actin levels. LN-18 cells
seeded on coverslips were exposed to temisirolimus-TEM (5 uM) and torin-TOR (100 nM) for 24 h alone and in
combination with TNFo (10 ng/ml) for 12h or PMA (100 ng/ml) for 24 h before termination of time point were
used for immunofluorescence staining of paxillin (Cy3, red) and F-actin (phalloidin, green). The merged images
depict nuclear staining as blue (DAPI). Representative images of two independent experiments. Scale: 20 pm.
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glioma grade predicting that a lack of inhibitor expression may contribute to a more aggressive glioma pheno-
type®! while other studies reported upregulation of TIMP-1 or -2 expressions in invasive malignant tumors>2. Our
results revealed that MMP-9 activity reduced by mTOR inhibitors was independent of TIMP1. Collectively, the
findings suggest that the inhibitors targeting predominantly mTORC1 (RAP and TEM) as well as inhibitors to
both C1 and C2 (TOR and PP242) were effective in reducing the invasion, migration and MMP activity induced
by TNFa and PMA.

To decipher the mechanism involved in inhibiting the invasiveness and modulating the MMP activity, we
examined the impact of the mTOR inhibitors on NF«B and PKC-o -mediated signaling. The mTOR inhibi-
tors - TEM and TOR restored the level of phospho p65 and PKC-« activity induced by TNFa and PMA. The
transcripts of VEGE, pentraxin-3, genes associated with invasion and migration were greatly reduced by mTOR
inhibitors. In this context, it is noteworthy that interaction between VEGF and growth factor receptors lead to
evasive anti-angiogenic drug resistance and currently studies involving combination therapy using anti-VEGF
and PI3K/Akt/mTOR inhibitors are being pursued as therapeutic options®>**. A recent report underscores the
role of mMTORC?2, that is independent of Akt/mTORCI during regulation of angiogenesis through regulation
of Extra Cellular focal adhesion kinase activity, matrix adhesion, and cytoskeletal remodelling®. Pentraxin-3
is positively correlated with tumor grade and severity and is emerging as a novel bio-marker for cancer-related
inflammation in various cancers including glioma®.

Cell migration and motility is regulated by integration and dissemination of signals from integrins and growth
factor receptors. Paxillin is regarded as critical downstream target of integrins and modulates the proper for-
mation of focal adhesion complex involved in PMA-stimulated migration®. Paxillin is present in low levels in
normal brain tissue and elevated in many cancers with the levels correlating with higher invasive potential and
migration. Paxillin is regarded as a potential biomarker as it negatively correlates with patient survival. A recent
report suggested that IGF-I-induced F-actin reorganization and phosphorylation of focal adhesion proteins were
inhibited by disruption of mMTOR-raptor complex by RAP%%. A recent study showed that in GBM, mTORC?2 plays
important role in cell motility and invasion by association with Filamin A (FLNA) which is a widely expressed
protein that regulates reorganization of the actin cytoskeleton®. On these lines, it is interesting to note that TEM
and TOR reduced the expression of paxillin strengthening the impact of these inhibitors as effective anti-invasive
treatments.

Since our findings demonstrated that mTOR inhibitors targeted both NFxB and PKC-«, we con-
firmed the role of NFxkB and PKC-o downstream signaling during tumor invasion. We showed that NFxB
inhibitors-5-Aminosalicylic acid (ASA) and BAY-11 (BAY) and PKC inhibitors-UCN-01 (UCN) and stauros-
porin (STS) effectively reduced MMP activity in LN-18 and G-1 cells confirming the role of NFxB and PKC-«
signaling during tumor invasion. UCN-01 is a pan-PMA inhibitor used in combination therapies during prelim-
inary phases of clinical trials for various cancers®. These inhibitors reduced MMP activity; however the concen-
trations at which they were effective were toxic to the cells suggesting that the effect could be due to cell death. In
contrast, mTOR inhibitors -TEM and TOR were non-toxic at concentrations that were effective in reducing inva-
siveness suggesting their targeted action in glioma cells. Though these results point to the involvement of NF«B
and PKC-a, we cannot rule out the possibility of the mTOR inhibitors modulating invasion via other signaling
pathways stimulated by TNFa and PMA.

New concepts are underway for designing novel therapeutic approaches to improve prognosis in recurrent
glioblastoma. These approaches involve development of a regime with a combination of drugs not traditionally
thought of as cytotoxic chemotherapy agents but that have a robust history of being well-tolerated and are already
marketed and used for other non-cancer indications®’. Based on these evolving concepts, our study suggests that
mTOR inhibitors such as TEM have a high therapeutic value in treatment of malignant gliomas for the follow-
ing reasons: i) TEM and TOR control tumor progression by reducing invasion, migration and MMP activity,
ii) inhibitors are effective by inhibiting NFxB and PKC-« signaling pathways that are crucial for tumor pro-
gression, iii) TEM is already in use for treatment of various cancers in combination with other drugs and has
the advantage of being able to cross the blood brain barrier, iv) as TMZ (first drug of choice) improves GBM
patient survival only by ~11% and patients develop resistance to TMZ, TEM is a reasonable option for reducing
aggressiveness and improving susceptibility to chemotherapy. Lastly, considering that low grade gliomas have a
propensity to be driven to a more aggressive phenotype through signaling from the microenvironment, TEM and
other mTOR inhibitors can be explored in combination with other drugs for better and effective treatment regime
in such tumors.

Materials and Methods

Cell Lines and Primary Cell Cultures. The Human Glioblastoma Cell line LN-18 was obtained from
American Type Culture Collection (ATCC Rockville, USA). The Human Glioblastoma tumor tissue samples were
collected from surgeries performed at Sasoon hospital, DY Patil Hospital and Inamdar hospital, Pune. Informed
consent was obtained from patients for tissue procurement in accordance with the protocol approved by the
institutional ethics committee of NCCS and graded by pathologist. Primary Cultures were obtained by processing
GBM tumor samples using Accutase (Himedia) and Zymefree (Himedia) to obtain adherent cell cultures which
were passaged to 3-10 passages. We have previously reported the expression of neuronal markers in primary
cultures-G1%2. Cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) with 4 mM L-glutamine,
1.5g/L sodium bicarbonate and 4.5 g/L glucose, supplemented with 5% heat inactivated fetal calf serum (Gibco)
in a humidified incubator at 37 °C with 5% CO,. Cells were dislodged using trypsin (0.125%) - EDTA (0.02%)
solution.

Treatment. Cells were treated with mTOR inhibitors- Rapamycin (RAP) (10 uM) (Calbiochem) or
Temisirolimus (TEM) (5uM) (Santacruz biotechnology) or Torin-1 (TOR) (100 nM) (Tocris) or PP242 (100 nM)
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(Tocris) and cytokines- Tumor Necrosis Factor-a (TNFa) (10 ng/ml) (Peprotech), Interleukinl@ (IL13)
(10 ng/ml) (Peprotech) and tumor promoting compound Phorbol 12- myristate 13-acetate (PMA) (100 ng/ml)
(Sigma Aldrich). Staurosporin (STS) (50nM) and UCNO1 (500nM) (Sigma Aldrich) are pan-inhibitors of PKC
kinases. Amino salicylic acid (ASA) (20 uM) and BAY11 (10 uM) (Sigma Aldrich) are specific NF«B inhibitors.
Experiments were performed on cells treated in complete medium except for gelatinolytic zymography, invasion
and migration assays where serum-free medium was used.

Cell Viability Assay. Dose and time dependent cell viability assay was carried out with LN-18 cells and G1
cells using MTT (3-(4, 5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium bromide) (Sigma Aldrich). 5 x 10° cells
were grown in 96 well plates for 24 h to obtain 80% confluency and then treated using fresh medium with serial
concentrations of RAP, TEM, TOR and PP242 for 24 h, 48 h or 72 h time periods. The effect of mTOR inhibitors
in “washout” experiments was assessed in G-1 cells treated with RAP (10 uM), TEM (5 puM), TOR (100 nM) or
PP-242 (100 nM) for 24 or 48 h .The media containing inhibitor was aspirated and cells were washed with media
and replenished with inhibitor-free fresh complete media and the cells were further incubated for 24 h or 48h
respectively. Another set of treated cells was maintained without “washout” for 72h time period and was regarded
as control set. To terminate the experiments, control and test samples were incubated with 0.5 mg/ml of MTT
in PBS for 4h. The formazan crystals formed were dissolved using 10% SDS and absorbance was measured at
570-640 nm using microplate reader (Spectromax 250, Molecular Devices). The percentage of viable cell count
was calculated assuming control viable cell count as 100%.

RNA Isolation, Semi-quantitative PCR and Real-Time PCR Analysis. RNA isolation from cells was
performed using Trizol reagent (Invitrogen) and c-DNA was synthesized by Improm II reverse transcriptase
system (Promega). The absorbance at 260 and 280 nm was measured using NanoDrop ND-1000 UV-Visible
Spectrophotometer. A260/A280 ratio of 1.9 to 2.1 indicated good quality of RNA and c-DNA.

Quantitative real time PCR was performed using SYBR Green Supermix (Biorad) in Realplex Real-Time
Thermal Cycler (Eppendorf). The profile of thermal cycling consisted of initial denaturation at 95 °C for 2 min,
and 40 cycles at 95°C for 15s and 60 °C for 45 for primer annealing and extension. Melting curve analysis was
used to determine the specific PCR products. The changes in the threshold cycle (Cy) values were calculated by
the equation: - A Cr = Cr (urget gene) — Cr (endogenous control gene) 201 fold difference was calculated as 2 (BAC), Cy values
and melting curves were analyzed on Eppendorf Realplex 2.2 software. GAPDH was used as an internal control
to normalize gene expression. Fold change for each treated sample was calculated in comparison with constitutive
m-RNA levels of the specific gene and graphs were plotted. Sequences of primers used in the study are listed in the
Supplemental Table 1.

Western blotting. Cells were harvested and lysed using RIPA lysis buffer [120 mM NacCl, 1.0% Triton
X-100, 20 mM Tris-HCI, pH 7.5, 100% glycerol, 2mM EDTA and protease inhibitor cocktail, (Roche). Bradford
method (Biorad) was used to estimate total protein concentration. Total protein (35 pg) of each sample was
electrophoresed on 10% SDS polyacrylamide gels at constant voltage of 65V and electro-blotted onto PVDF
membrane (Millipore) using Bio-Rad mini-blot module (120 mA per gel, 3h, and 4°C). After blocking with
5% BSA in TBS-T buffer for 1h at room temperature, the blots were probed with specific primary antibodies
for 2h at room temperature or overnight at 4 °C. Phospho p65 (Ser276) (1:2000), total p65 (1:2000), Phospho
Akt (Ser473) (1:2000), total Akt (1:2000) and total PKC-« (1:2000) primary antibodies were from Santacruz
Biotechnology. Phospho PKC-a (Ser657 +Tyr658) (1:1000) was from Abcam and Phospho mTOR (Ser2448)
(1:1000), total mMTOR (1:1000), S6kinase (Thr389) (1:1000) and total Sékinase (1:1000) were from Cell signaling
technology. HRP-labelled secondary antibodies anti-rabbit or anti-goat (1:8000) (Biorad) were probed for 1h at
room temperature. The bands were visualized by chemiluminescence using Super Signal West Femto Maximum
Sensitivity Substrate (Pierce) and images were acquired on Amersham Imager 600 instrument (General Electric,
GE). GAPDH (Sigma Aldrich, 1:10,000) was used as loading controls. For analysis of relative intensities of pro-
tein, densitometry was performed using the Image] software.

Enzyme Linked Immunosorbent Assay (ELISA). Amersham Human MMP-2 Biotrak ELISA system
(GE Health Care) was used according to manufactures protocol to quantify protein concentrations of MMP-2 in
conditioned media. Absorbance was measured at 450 nm using micro-plate reader (Spectromax 250, Molecular
Devices). Unknown protein concentrations of samples were calculated from linear regression equation of stand-
ard graph.

PKC kinase activity assay. PKC kinase activity was determined using colorimetric assay kit according to
the manufacturer’s instructions (Enzo life sciences). Sample lysates, standards were added onto substrate coated
assay plate along with ATP and incubated for 90 min at 30 °C (Reaction initiation). Wells were emptied (Reaction
termination), Phospho specific substrate antibody was added and incubated for 60 min at room temperature.
After incubation for 30 min with anti-IgG:HRP conjugate and appropriate washes TMB substrate was added and
incubated for 30 min at room temperature. Stop solution was added and absorbance was measured immediately
at 450 nm.

Gelatin Zymography. Non-denatured conditional media (serum-free) were mixed with 4x sample
buffer without reducing agents and resolved on 7.5% SDS-PAGE gels impregnated with 0.1% gelatin (USB).
Electrophoresis was performed at 65 volts (constant voltage) and gels were washed twice (30 min/wash) with
washing buffer (50 mM Tris-Cl, pH 7.5 and 2.5% Triton X-100). Degrading enzymatic activity after overnight
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incubation in renaturation buffer (50 mM Tris-Cl, pH 7.6, 10 mM CaCl,, 150 mM NaCl, and 0.05% NaNj)
was checked by band intensity on staining with 0.2% Coomassie Brilliant Blue R-250 in 40% isopropanol and
destained using 7% glacial acetic acid. Zymograms were acquired in Biorad gel documentation system and ana-
lysed using Syngene software.

Immunofluorescence staining. LN-18 and G-1 cells (5 x 10* cells) grown on 22 x 22 square cover slips
(Thermo Esco) in complete medium for 24 h were treated using mTOR inhibitors in the presence or absence of
TNFa and PMA for specific periods. Cells were washed twice using cold 1 x PBS and fixed in 3.7% paraform-
aldehyde for 10 min at room temperature. Cells were then permeabilized for 10 min with freshly prepared 0.2%
Triton-X 100 in PBS, blocked using 1% BSA in PBS for 1h. The cells were incubated with optimal dilutions of
primary antibodies - MMP-2 (1:200) (Alexis), MMP-9 (1:200) (Alexis), phospho p65 (1:200) (Santacruz biotech-
nology), TIMP-1 (1:100) (Santacruz biotechnology), paxillin (1:200) (Santacruz biotechnology), actin-phalloidin
(1:100) (Molecular probes) for 2 h, followed by fluorescence Cy3 conjugated secondary antibodies anti-rabbit
(1:250) (Chemicon) for 1 h. Nuclear staining was done using DAPI (0.5 pg/ml) (Invitrogen) for 30 min and cover
slips were mounted using mounting media. Images were acquired using LEICA confocal microscope.

Matrigel Invasion assay. BioCoat Matrigel Transwell chambers (8-um polycarbonate Nucleopore filters,
BD Biosciences) were used as an in vitro model for assessment of invasive property. Cells seeded in 6 well plates
were cultured for 24h in complete media to obtain 80% confluency and pre-treated with TNFa or PMA in com-
bination with mTOR inhibitors for 6 h prior to adding the cells into the inserts. Invasion chambers were filled
with 500 ul of serum-free DMEM containing bicarbonate and incubated in humidified incubator, 37°C, 5% CO,
atmosphere for 2 h for rehydration. Conditioned complete medium, in which cells were grown for 24h, was added
to the wells (500 pl/well). TNFa or PMA was added to the conditioned medium to act as chemo-attractant to the
cells. Cell suspension of each treatment, containing 2.5 x 10* cells was prepared in 500 pl of serum-free medium
which was added to the inserts and chambers were incubated for 22h in humidified CO, incubator. The wells and
inserts were washed with 1x PBS and fixed using 4% paraformaldehyde (PFA) for 15min at room temperature.
The non-invasive cells from the inside surface of the insert were scrubbed using cotton buds and washed with 1 x
PBS. The invaded cells adhered to the outer surface of the insert were stained with 0.2% crystal violet in 2% etha-
nol for 20 min. The images were acquired using phase- contrast microscope (Nikon). Each experiment was done
in duplicates and fold change was calculated from cell count per field (5 fields per treatment). Graphs and images
indicate the invasive potential of the cells. Number of invasive cells were counted (5 fields) by Image] software,
normalized and represented as the fold change (Mean + SD).

Migration assay. Cells (2.5 x 10*) were seeded in 12 well plates and 80% confluency was obtained. The mon-
olayer of cells was pre-treated with drug actinomycin D (100 ng/ml) (Sigma Aldrich) for 3h and then scratched
with a pipette tip held at an angle of 45° to simulate wound. The medium was removed and cells were washed
using fresh medium. The cells were treated with TNFa or PMA in combination with mTOR inhibitors for 16 h
was performed in serum-free medium. Randomly chosen fields (n = 5) were used to capture the images at identi-
cal locations at time 0 h and 16 h using phase-contrast microscope (Nikon) under bright light. The wound closure
widths were measured by Image]J software, normalized [(width at 0h-width at 16 h)/width at 0h] and represented
as the fold change of wound closure calculated as width of treated/width of untreated (Mean £ SD).

Mitochondrial membrane potential. G-1 cells (2.5 x 10*) were seeded in 12 well plates and 80% con-
fluency was obtained. Cells were treated with mTOR inhibitors in the presence or absence of TNFo or PMA for
16 h. Cells were dislodged using TPVG, washed in 1x PBS and incubated in JC-1 dye (2 uM) (ThermoFisher
scientific) for 15min at 37 °C in CO, incubator. Stained cells were resuspended in 1 x PBS and acquired using BD
FACSCalibur flow cytometer. Analysis was done on Cell Quest Pro software and shift in depolarization of mem-
brane potential (green fluorescence of JC-1 monomers) was plotted as overlay histograms.

Statistical Analysis. Quantitative data was represented as mean + standard error of the mean (SEM) for var-
ious experimental groups. The statistical significance between groups was analysed using an unpaired Student’s t
test to obtain p-value. P < 0.05 was considered significant.

References
1. Liang, Y. et al. Gene expression profiling reveals molecularly and clinically distinct subtypes of glioblastoma multiforme. Proc. Natl.
Acad. Sci. USA 102, 5814-5819 (2005).
2. Kleihues, P. et al. The WHO classification of tumors of the nervous system. J. Neuropathol. Exp. Neurol. 61, 215-225 (2002).
3. Dunn, G. P. et al. Emerging insights into the molecular and cellular basis of glioblastoma. Genes Dev. 26, 756-784 (2012).
4. Carlsson, S. K., Brothers, S. P. & Wahlestedt, C. Emerging treatment strategies for glioblastoma multiforme. EMBO Mol. Med. 6,
1359-1370 (2014).
5. Cohen, M. H,, Johnson, ]. R. & Pazdur, R. Food and Drug Administration Drug approval summary: temozolomide plus radiation
therapy for the treatment of newly diagnosed glioblastoma multiforme. Clin. Cancer Res. 11, 67676771 (2005).
6. Stupp, R. et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 352, 987-996 (2005).
7. Hegi, M. E. et al. Clinical trial substantiates the predictive value of O-6-methylguanine-DNA methyltransferase promoter
methylation in glioblastoma patients treated with temozolomide. Clin. Cancer Res. 10, 1871-1874 (2004).
8. Auger, N. et al. Genetic alterations associated with acquired temozolomide resistance in SNB-19, a human glioma cell line. Mol.
Cancer Ther. 5,2182-2192 (2006).
9. Kanu, O. O. et al. Glioblastoma Multiforme Oncogenomics and Signaling Pathways. Clin. Med. Oncol. 3, 39-52 (2009).
10. Rao, S. K., Edwards, J., Joshi, A. D., Siu, I. M. & Riggins, G. J. A survey of glioblastoma genomic amplifications and deletions.
J. Neurooncol. 96, 169-179 (2010).
11. Krakstad, C. & Chekenya, M. Survival signalling and apoptosis resistance in glioblastomas: opportunities for targeted therapeutics.
Mol. Cancer. 9,135 (2010).

SCIENTIFIC REPORTS | 6:22455 | DOI: 10.1038/srep22455 12



www.nature.com/scientificreports/

12.
13.

14.
15.

16.
. Galanis, E. et al. Phase II trial of temsirolimus (CCI-779) in recurrent glioblastoma multiforme: a North Central Cancer Treatment

18.
19.

20.

21.
22.

23.
24.
25.
26.

27.

28.
29.
30.
31.
32.
33.

34.
35.

36.
37.
38.
39.

40.
. Lin, C. W. et al. 12-O-tetradecanoylphorbol-13-acetate-induced invasion/migration of glioblastoma cells through activating

42.
43.
44.
45.
46.

47.

48.

49.
. Ikenaka, Y. et al. Tissue inhibitor of metalloproteinases-1 (TIMP-1) inhibits tumor growth and angiogenesis in the TIMP-1

51.
52.
53.
54.

55.

Sarbassov, D. D., Ali, S. M. & Sabatini, D. M. Growing roles for the mTOR pathway. Curr. Opin. Cell Biol. 17, 596-603 (2005).
Tsang, C. K., Qi, H,, Liu, L. E. & Zheng, X. F. Targeting mammalian target of rapamycin (mTOR) for health and diseases. Drug Discov.
Today. 12, 112-124 (2007).

Sarbassov, D. D. et al. Prolonged rapamycin treatment inhibits mTORC2 assembly and Akt/PKB. Mol. Cell. 22, 159-168 (2006).
Dobherty, L. et al. Pilot study of the combination of EGFR and mTOR inhibitors in recurrent malignant gliomas. Neurology. 67,
156-158 (2006).

Reardon, D. A. et al. Phase 2 trial of erlotinib plus sirolimus in adults with recurrent glioblastoma. J. Neurooncol. 96, 219-230 (2010).

Group Study. J. Clin. Oncol. 23, 5294-5304 (2005).

Sun, S. Y. mTOR kinase inhibitors as potential cancer therapeutic drugs. Cancer Lett. 340, 1-8 (2013).

Thoreen, C. C. et al. An ATP-competitive mammalian target of rapamycin inhibitor reveals rapamycin-resistant functions of
mTORCI. J. Biol Chem. 284, 8023-8032 (2009).

Feldman, M. E. et al. Active-site inhibitors of mMTOR target rapamycin-resistant outputs of MTORC1 and mTORC2. PLoS Biol. 7, €38
(2009).

Paw, L, Carpenter, R. C., Watabe, K., Debinski, W. & Lo, H. W. Mechanisms regulating glioma invasion. Cancer Lett. 362, 1-7 (2015).
Hoelzinger, D. B. et al. Gene expression profile of glioblastoma multiforme invasive phenotype points to new therapeutic targets.
Neoplasia. 7, 7-16 (2005).

Kim, J. E.,, He, Q, Chen, Y., Shi, C. & Yu, K. mTOR-targeted therapy: Differential perturbation to mitochondrial membrane potential
and permeability transition pore plays a role in therapeutic response. Biochem. Biophys. Res. Commun. 447, 184-191 (2014).
Brown, G. T. & Murray, G. I. Current mechanistic insights into the roles of matrix metalloproteinases in tumour invasion and
metastasis. J. Pathol.(2015).

Visse, R. & Nagase, H. Matrix metalloproteinases and tissue inhibitors of metalloproteinases: structure, function, and biochemistry.
Circ. Res. 92, 827-839 (2003).

Hagemann, C., Anacker, ., Ernestus, R. I. & Vince, G. H. A complete compilation of matrix metalloproteinase expression in human
malignant gliomas. World J. Clin. Oncol. 3, 67-79 (2012).

Moon, S. K., Cha, B. Y. & Kim, C. H. ERK1/2 mediates TNF-alpha-induced matrix metalloproteinase-9 expression in human
vascular smooth muscle cells via the regulation of NF-kappaB and AP-1: Involvement of the ras dependent pathway. J. Cell Physiol .
198, 417-427 (2004).

Sariahmetoglu, M. et al. Regulation of matrix metalloproteinase-2 (MMP-2) activity by phosphorylation. FASEB J. 21, 2486-2495
(2007).

Sawicki, G., Matsuzaki, A. & Janowska-Wieczorek, A. Expression of the active form of MMP-2 on the surface of leukemic cells
accounts for their in vitro invasion. J. Cancer Res Clin. Oncol. 124, 245-252 (1998).

Yokoo, T. & Kitamura, M. Dual regulation of IL-1 beta-mediated matrix metalloproteinase-9 expression in mesangial cells by NF-
kappa B and AP-1. Am. J. Physiol. 270, F123-F130 (1996).

Dolcet, X., Llobet, D., Pallares, ]. & Matias-Guiu, X. NF-kB in development and progression of human cancer. Virchows Arch. 446,
475-482 (2005).

Tanaka, K. et al. Oncogenic EGFR signaling activates an mTORC2-NF-kappaB pathway that promotes chemotherapy resistance.
Cancer Discov. 1, 524-538 (2011).

Guertin, D. A. et al. Ablation in mice of the mTORC components raptor, rictor, or mLST8 reveals that mTORC?2 is required for
signaling to Akt-FOXO and PKCalpha, but not S6K1. Dev. Cell. 11, 859-871 (2006).

Schaller, M. D. Paxillin: a focal adhesion-associated adaptor protein. Oncogene. 20, 6459-6472 (2001).

Gini, B. et al. The mTOR kinase inhibitors, CC214-1 and CC214-2, preferentially block the growth of EGFRvIII-activated
glioblastomas. Clin. Cancer. Res. 19, 5722-5732 (2013).

Chheda, M. G. et al. Vandetanib plus sirolimus in adults with recurrent glioblastoma: results of a phase I and dose expansion cohort
study. J. Neurooncol. 121, 627-634 (2015).

Charles, N. A., Holland, E. C., Gilbertson, R., Glass, R. & Kettenmann, H. The brain tumor microenvironment. Glia. 59, 1169-1180
(2011).

Nogueira, L., Ruiz-Ontanon, P., Vazquez-Barquero, A., Moris, F. & Fernandez-Luna, J. L. The NFkappaB pathway: a therapeutic
target in glioblastoma. Oncotarget. 2, 646-653 (2011).

Solinas, G., Germano, G., Mantovani, A. & Allavena, P. Tumor-associated macrophages (TAM) as major players of the cancer-related
inflammation. J. Leukoc. Biol. 86, 1065-1073 (2009).

Sun, Z. & Andersson, R. NF-kappaB activation and inhibition: a review. Shock. 18, 99-106 (2002).

PKCalpha/ERK/NF-kappaB-dependent MMP-9 expression. J. Cell Physiol. 225, 472-481 (2010).

do, C. A., Balca-Silva, J., Matias, D. & Lopes, M. C. PKC signaling in glioblastoma. Cancer Biol Ther. 14, 287-294 (2013).

Garg, R. et al. Protein kinase C and cancer: what we know and what we do not. Oncogene. 33, 5225-5237 (2014).

Kondraganti, S. et al. Selective suppression of matrix metalloproteinase-9 in human glioblastoma cells by antisense gene transfer
impairs glioblastoma cell invasion. Cancer Res. 60, 6851-6855 (2000).

Arnott, C. H. ef al. Tumour necrosis factor-alpha mediates tumour promotion via a PKC alpha- and AP-1-dependent pathway.
Oncogene. 21, 4728-4738 (2002).

Das, G., Shiras, A., Shanmuganandam, K. & Shastry, P. Rictor regulates MMP-9 activity and invasion through Raf-1-MEK-ERK
signaling pathway in glioma cells. Mol. Carcinog. 50, 412-423 (2011).

Zhang, D., Bar-Eli, M., Meloche, S. & Brodt, P. Dual regulation of MMP-2 expression by the type 1 insulin-like growth factor
receptor: the phosphatidylinositol 3-kinase/Akt and Raf/ERK pathways transmit opposing signals. J. Biol Chem. 279, 19683-19690
(2004).

Cheng, X. et al. Astragaloside IV inhibits migration and invasion in human lung cancer A549 cells via regulating PKC-alpha-
ERK1/2-NF-kappaB pathway. Int. Immunopharmacol. 23, 304-313 (2014).

Hu, J. G. et al. Activation of PKC-alpha is required for migration of C6 glioma cells. Acta Neurobiol. Exp. (Wars.) 70, 239-245 (2010).

transgenic mouse model. Int. J. Cancer. 105, 340-346 (2003).

Mohanam, S. et al. Expression of tissue inhibitors of metalloproteinases: negative regulators of human glioblastoma invasion in vivo.
Clin. Exp. Metastasis. 13, 57-62 (1995).

Aaberg-Jessen, C. et al. Low expression of tissue inhibitor of metalloproteinases-1 (TIMP-1) in glioblastoma predicts longer patient
survival. J. Neurooncol. 95, 117-128 (2009).

McCarty, J. H. Glioblastoma Resistance to Anti-VEGF Therapy: Has the Challenge Been MET? Clin. Cancer Res. 19, 1631-1633
(2013).

Popescu, A. M. et al. Targeting the VEGF and PDGF signaling pathway in glioblastoma treatment. Int. J. Clin. Exp. Pathol. 8,
7825-7837 (2015).

Farhan, M. A., Carmine-Simmen, K., Lewis, J. D., Moore, R. B. & Murray, A. G. Endothelial Cell n-TOR Complex-2 Regulates
Sprouting Angiogenesis. PLoS One. 10, 0135245 (2015).

SCIENTIFIC REPORTS | 6:22455 | DOI: 10.1038/srep22455 13



www.nature.com/scientificreports/

56. Locatelli, M. et al. The long pentraxin PTX3 as a correlate of cancer-related inflammation and prognosis of malignancy in gliomas.
J. Neuroimmunol. 260, 99-106 (2013).

57. Nomura, N., Nomura, M., Mizuki, N. & Hamada, J. Racl mediates phorbol 12-myristate 13-acetate-induced migration of
glioblastoma cells via paxillin. Oncol. Rep. 20, 705-711 (2008).

58. Liu, L., Chen, L., Chung, J. & Huang, S. Rapamycin inhibits F-actin reorganization and phosphorylation of focal adhesion proteins.
Oncogene. 27,4998-5010 (2008).

59. Chantaravisoot, N., Wongkongkathep, P, Loo, J. A., Mischel, P. S. & Tamanoi, E Significance of filamin A in mTORC2 function in
glioblastoma. Mol Cancer. 14, 127 (2015).

60. Li, T. et al. A phase II study of cell cycle inhibitor UCN-01 in patients with metastatic melanoma: a California Cancer Consortium
trial. Invest New Drugs. 30, 741-748 (2012).

61. Kast, R. E. et al. A conceptually new treatment approach for relapsed glioblastoma: coordinated undermining of survival paths with
nine repurposed drugs (CUSP9) by the international initiative for accelerated improvement of glioblastoma care. Oncotarget. 4,
502-530 (2013).

62. Jagtap, J. C. et al. Expression and regulation of prostate apoptosis response-4 (Par-4) in human glioma stem cells in drug-induced
apoptosis. PLoS One. 9(2), e88505 (2014).

Acknowledgements

The work was funded by intramural funding of the National Centre for Cell Science (NCCS), Pune, India.
Goparaju Chandrika and Kumar Natesh are senior research fellows funded by Council of Scientific and Industrial
Research (CSIR), New Delhi, India. The authors thank Jayashree C Jagtap and Abhispa Sahu for their support.

Author Contributions
G.C. & K.N. performed the biological experimental work. P.S. coordinated the project. P.S. and G.C. analysed the
data and wrote the main manuscript text. D.R. and A.C. are neurosurgeons who provided the tumor samples.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chandrika, G. et al. Suppression of the invasive potential of Glioblastoma cells by
mTOR inhibitors involves modulation of NFxB and PKC-a signaling. Sci. Rep. 6, 22455; doi: 10.1038/srep22455
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
M o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:22455 | DOI: 10.1038/srep22455 14


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Suppression of the invasive potential of Glioblastoma cells by mTOR inhibitors involves modulation of NFκB and PKC-α signaling
	Introduction
	Results
	Effect of mTOR inhibitors on cell viability and mTOR signaling in GBM cells
	Inhibition of the invasive potential by mTOR inhibitors
	mTOR inhibitors reduce the induced- gelatinolytic MMPs
	mTOR inhibitors inhibit invasion by regulating NFκB and PKC-α
	mTOR inhibitors decrease cell motility by regulating paxillin and F-actin levels

	Discussion
	Materials and Methods
	Cell Lines and Primary Cell Cultures
	Treatment
	Cell Viability Assay
	RNA Isolation, Semi-quantitative PCR and Real-Time PCR Analysis
	Western blotting
	Enzyme Linked Immunosorbent Assay (ELISA)
	PKC kinase activity assay
	Gelatin Zymography
	Immunofluorescence staining
	Matrigel Invasion assay
	Migration assay
	Mitochondrial membrane potential
	Statistical Analysis

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Suppression of the invasive potential of Glioblastoma cells by mTOR inhibitors involves modulation of NFκB and PKC-α signaling
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22455
            
         
          
             
                Goparaju Chandrika
                Kumar Natesh
                Deepak Ranade
                Ashish Chugh
                Padma Shastry
            
         
          doi:10.1038/srep22455
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep22455
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep22455
            
         
      
       
          
          
          
             
                doi:10.1038/srep22455
            
         
          
             
                srep ,  (2016). doi:10.1038/srep22455
            
         
          
          
      
       
       
          True
      
   




