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Abstract

Purpose Malignant rhabdoid tumors (MRT), although rare,
are one of the most aggressive pediatric malignancies. Loss
of INI1, a tumor suppressor gene and member of the SWI/
SNF chromatin remodeling complex, is a recurrent genetic
characteristic of these tumors and an important diagnostic
marker. We have previously demonstrated a novel interac-
tion between the serine/threonine kinase Akt and INI1, as
well as other SWI/SNF subunits. This, coupled with experi-
ments in the literature suggesting that the PI3K/Akt pathway
is dysregulated in MRT cells, caused us to investigate the
activation and importance of this pathway in this tumor type.
Methods In this study, we used MTT assays to evaluate
the sensitivity of MRT cell lines to PI3K inhibition. West-
ern blot analysis and Raf pulldown assays were used to
examine potential mechanisms of PI3K/Akt dysregulation.

Results  Inhibition of the PI3K/Akt pathway caused a sig-
nificant reduction in the survival of the four MRT cell lines
tested, and three cell lines demonstrated constitutively
active Akt. Two of these constitutively active Akt cell lines
abundantly expressed IGF-1R and an inhibitor of IGF-1R,
NVP-AEW541, reduced Akt phosphorylation in one of
them. The third constitutively active Akt cell line appeared
to express a mutant IGF-1R.

Conclusions Our data suggests that the PI3K/Akt pathway
is a crucial means of maintaining the survival and growth of
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MRT cells. The cells therefore employ various mechanisms
to stimulate this pathway, and growth factor receptor dysreg-
ulation appears to be a common method. Drugs that inhibit
the PI3K pathway or interfere with IGF autocrine loops may
be of great value in treating MRT, which is largely resistant
to conventional chemotherapeutic approaches.
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Introduction

Malignant rhaboid tumor (MRT) is a rare and aggressive
pediatric cancer, often occurring in children less than 2 years
of age. It is most often reported in the kidney, but can also
occur in the brain, referred to as atypical teratoid/rhabdoid
tumor (AT/RT), or in soft tissues. MRT has a high incidence
of early metastases, as well as a high resistance to chemother-
apy, resulting in a survival rate of only approximately 20%.

Although originally thought to be related to Wilm’s
tumor, rhabdoid tumors were later shown to be character-
ized by monosomy 22 or a partial deletion of chromosome
band 22q11.2 [1-3]. This region was further narrowed to
the INI1 gene locus, now a known tumor suppressor gene
and a member of the SWI/SNF chromatin remodeling com-
plex [4-6]. Heterozygous loss of INI1 in mouse knockout
experiments has been shown to predispose mice to tumors
consistent with MRT [7-9]. Further, reintroduction of INI1
into MRT cells has been shown to cause cell cycle arrest at
the GO-G1 stage, flat cell formation, and expression of
senescence-associated markers [10-13].

As a member of the SWI/SNF complex, INI1 may play
an important role in cell cycle regulation through interac-
tion with the retinoblastoma protein (pRb). SWI/SNF
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subunits, Brg and hBrm, have been shown to interact with
pRb, and pRb is unable to suppress growth in their absence
[14, 15]. Betz et al. [10], however, argue that INI1 is not
required for Rb-mediated cell cycle arrest because the
growth of MRT cell lines can be suppressed by transient
transfection with pl6™* or constitutively active Rb.
They, and others, suggest that INI1 functions upstream of
Rb by activating p16™%*2, Chromatin immunoprecipitation
(ChIP) assays support this hypothesis by localizing INII to
the p16™5%4 promoter, where its presence correlates with
transcriptional activation [16]. ChIPs have also demon-
strated that the presence of INI1 is correlated with
increased transcription of p21VAYC™" and decreased tran-
scription of cyclin D [12, 17-19]. Although the number of
genes regulated by the SWI/SNF complex in mammals is
unclear, the complex appears to be responsible for the regu-
lation of approximately 5% of yeast genes [20, 21] and
therefore loss of INI1 has the potential to affect many other
targets.

We have previously demonstrated an interaction
between SWI/SNF subunits, including INI1, and the serine/
threonine kinase Akt [22]. Akt is known to be dysregulated
in many types of cancer including breast, ovarian, pancre-
atic, prostate, and non-small cell lung cancer [23-28] and
we sought to characterize Akt signaling in MRT cells. Akt
is a downstream effector of phosphoinositol-3-kinase
(PI3K). PI3K is activated by various growth factor receptor
signaling cascades and generates lipid products, which
recruit Akt to the plasma membrane, where it is phosphory-
lated and activated. Akt then targets many proteins
involved in cell survival, cell growth, and the cell cycle.
For example, activated Akt protects cells from apoptosis by
phosphorylating substrates such as pro-apoptotic enzymes,
caspase-9 and BAD, resulting in their inactivation, as well
as phosphorylating forkhead-related transcription factors,
preventing the transcription of pro-apoptotic genes [29-31].
Akt is also able to phosphorylate cyclin-dependent kinase
inhibitors, p27 and p21, causing cytoplasmic retention and
inhibiting their role in G1 arrest [32-34].

Here we first investigated the effect of PI3K/Akt inhibi-
tion on MRT cells, and upon finding them sensitive, next
addressed Akt activation. In the majority of cell lines
tested, Akt appeared to be dysregulated and possible causes
for dysregulation were investigated. Our results suggest
that MRT cells depend on Akt for survival and that one
mechanism for its activation may be through aberrant acti-
vation of the IGF-1R pathway. Signaling through IGF-1R
has been shown to play a role in promoting the malignant
phenotype of many human neoplasias (see [35] and refer-
ences therein). Furthermore, studies have shown that IGF-1
is capable of stimulating the PI3K/Akt pathway in cancer
cell lines and that this effect is blocked by the IGF-1R
inhibitor, NVP-AEWS541 [36]. Studies in MRT cell lines
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demonstrated that, in at least one cell line, treatment with
NVP-AEW541 could reduce constitutive Akt phosphoryla-
tion. Taken together, these results indicate that drugs target-
ing the PI3K/Akt pathway or that block IGF-1R, may be of
therapeutic value in cases of MRT, and help to improve the
prognosis for this aggressive tumor type.

Materials and methods
Cell culture and treatments

Four malignant rhabdoid tumor cell lines; TMS87-16,
TTC549, STM91-01, and RT4E, were used in this work.
TMS87-16, STM91-01, TTC549 (kind gifts from Dr. Timo-
thy Triche, Los Angeles Children’s Hospital), and RT4E
(established by the MUSC tumor bank) were established
and maintained as previously described [37, 38]. Cells were
grown in RPMI 1640 medium (Gibco, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco).
Control cell lines, HeLa and MCF7, were grown in mini-
mum essential medium (MEM) (Gibco, Carlsbad, CA) sup-
plemented with 10% FBS. For various assays, cells were
treated with LY294002 (Calbiochem, San Diego, CA,
USA), rapamycin (Sigma, St Louis, MO, USA), and NVP-
AEW541 (kind gift from Dr. Steve Rosenzweig, MUSC).

MTT assay

Mitochondrial function was determined by the reduction of
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide. MRT cells were plated in rows (6 replicates per
cell line) of a 96-well plate at a density of 1 x 10* cells per
well and cultured for 24 h in routine culture media. The cells
were then incubated in media with serum containing vehicle
(DMSO) or LY294002 at concentrations of 5, 10, 15, or
20 puM for 48 h. The media and drug were removed from the
cells, replaced with 200 pl drug-free media and 50 pl of a
MTT solution (100ng MTT, 20 ml phosphate-buffered
saline (PBS) [140 mM NaCl, 2.7 mM KCIl, 10 mM
NA,HPO,, 1.8 mM KH,PO,, pH 7.4]), and incubated for
4 h. This solution was then removed and cells were incu-
bated overnight with 100 pl lysing buffer (125 ml DMF,
125 ml water, 50 g SDS, 5 ml 80% acetic acid, 5ml 1 M
HCI). The plate was read at a wavelength of 570 nm by a
uQuant Microplate Spectrophotometer (BioTek Instruments,
Winooski, VT, USA). The entire experiment was performed
independently twice for a total of 12 readings per cell line.

Western blot analysis

Cells were rinsed in cold PBS and scraped into PBS conta-
inng 1 mM sodium orthovanadate and incubated for 20 min
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on ice. Cells were then pelleted and whole cell extracts
were prepared by incubating the cell pellet in cell lysis
buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA,
I mM EGTA, 1% Triton-X-100, 2.5 mM sodium pyrophos-
phate, 1 mM f-glycerolphosphate), plus 0.5 mM phenyl-
methylsulphonylfluoride (PMSF) and 1 mM sodium
orthovanadate, on ice for 30 min. The resulting lysate was
clarified by centrifugation at 11,000 rpm for 10 min using a
JA-18.1 rotor and a Beckman J2-MI centrifuge at 4°C.
Extracts were fractionated on SDS-polyacrylamide gels and
electroblotted onto Immobilon PVDF membranes (Milli-
pore, Billerica, MA, USA). Western blots were performed
using the following antibodies: anti-Akt 1,2 (H-136, Santa
Cruz, Santa Cruz, CA), anti-phospho Akt (S473, Cell Sig-
naling #9271, Beverly, MA, USA), anti-Akt (Cell Signal-
ing #9272), anti-f-actin (Figs. 2, 3, 4, A5441, Sigma, St
Louis, MO, USA), goat anti-actin (Fig. 5, Santa Cruz #sc-
1615), anti-EGF Receptor (Cell Signaling, #2232), anti-
phospho-Erk (Cell Signaling, #3371), anti-p44/42 MAP
Kinase (total Erk, Cell Signaling #9102), anti-IGF-I Recep-
tor f (Cell Signaling, #3027), anti-PTEN (Cell Signaling
#9552), anti-pan-Ras (Ab-3, Oncogene Research Products,
Calbiochem #OP40), and anti-phospho-S6 Ribosomal Pro-
tein (ser235/236, Cell Signaling, #4856). Secondary anti-
bodies were horseradish peroxidase-conjugated anti-rabbit
(#172-1019, Bio-Rad, Hercules, CA, USA) or anti-mouse
(#NA9310 V, Amersham Biosciences, Piscataway, NI,
USA) and were detected using chemiluminescence (ECL:
Amersham Biosciences) and exposure of blots to X-ray
film. For stripping, blots were incubated with RestoreTM
Western Blot Stripping Buffer (#21059, Pierce Biotechnol-
ogy, Inc., Rockford, IL, USA).

RAF pull-down assay

Cells were cultured for 24 h in routine culture media or
serum-free media. A 50% slurry of glutathione sepharose
(GSH) beads (Amersham Biosciences) in PBS was pre-
pared. Whole cell extracts of 200 pg were then diluted with
100 mM 1P Buffer (100 mM KCI, 50 mM Tris, pH 7.5,
5 mM MgCl,, 0.1% NP-40), plus 0.5 mM PMSF and 1 mM
sodium orthovanadate, and precleared with 10 pl of empty
GSH beads in 250 pl total volume by rolling for 30 min at
4°C. After the beads were pelleted, 10 ul of Raf-1 RBD
agarose beads (#14-278, Upstate, Millipore, Billerica, MA,
USA) were incubated with the supernatants at 4°C rolling
for two hours. Beads were washed 3 times for 2 min with
100 mM IP buffer, containing 0.5 mM PMSF and 1 mM
sodium orthovanadate. Proteins were boiled off the beads in
Laemmli sample buffer, fractionated on 10% SDS-poly-
acrylamide gels and Western blotted with a pan-Ras anti-
body.

Ras sequencing

DNA was extracted from STM91-01, TM87-16, TTC549,
and RT4E cells to fragments of the Ras genes were gener-
ated in 25 pl PCR reactions containing 300 ng DNA,
1.5 mM MgCl,, 0.1 mM dNTPs, PCR Buffer (Roche, India-
napolis, IN, USA), 0.15 uM each of forward and reverse
oligos, and 1 U of AmpliTaq Gold (Roche). Primers were
used to amplify codons 12 and 13 of H-Ras (forward 5'-
GAG GAG CGA TGA CGG AAT-3’ and reverse 5'-CTG
CAG CCA GCC CTA TCC T-3'), K-Ras (forward 5'-GAC
TGA ATA TAA ACT TGT GG-3' and reverse 5'-CTG
TAT CAA AGA ATG GTC CT-3’), and N-Ras (forward
5'-GAC TGA GTA CAA ACT GGT GG-3' and reverse 5'-
TGC ATA ACT GAA TGT ATA CCC-3’). Primers were
also used to amplify codon 61 of H-Ras (forward 5'-CTG
TCT CCT GCT TCC TCT AGA-3' and reverse 5'-GTA
CTG GTG GAT GTC CTC AA-3'), K-Ras (forward 5'-
GAC TGT GTT TCT CCC TTC T-3' and reverse 5'-TGG
CAA ATA CAC AAA GAA AG-3'), and N-Ras (forward
5'-CAA GTG GTT ATA GAT GGT GAA ACC-3' and
reverse 5'-AAG ATC ATC CTT TCA GAG AAA ATA
AT-3"). Amplification was performed using the following
cycling parameters: 10 min at 94°C; 40 cycles of 94°, 65°,
and 72°C for 30 s each; and a single final extension at 72°C
for 7 min. Products were then run on a 1% agarose gel and
extracted using a Marligen Matrix Gel Extraction System
(Marligen Biosciences, [jamsville, MD, USA). Sequencing
was performed by the MUSC Nucleic Acids Analysis and
Molecular Biology Core Facility.

Results

PI3K inhibition. Previous experiments have suggested that
the PI3K/Akt pathway may play a significant role and pos-
sibly be dysregulated in MRT cells. For example, inhibition
of the PI3K pathway has been shown to sensitize MRT cell
lines to apoptosis induced by radiation, vinblastine, and
TRAIL [39, 40]. Also, although treatment with Gefitinib,
an EGFR-tyrosine kinase inhibitor, has been shown to
inhibit the phosphorylation of Akt in some cell lines, it is
unable to do so in MRT cell lines [41]. We therefore sought
to investigate the importance of the PI3K/Akt pathway in
MRT cells using the methylthiazolyldiphenyl-tetrazolium
bromide (MTT) assay. Cells growing in the presence of
serum were assayed alone or treated with increasing con-
centrations of 1.Y294002, a PI3K inhibitor, for 48 h. All
cell lines tested exhibited a significant and dose-dependent
reduction in cell survival after the treatment (Fig. 1). These
experiments were repeated on serum-starved cells and the
results were similar except for the TM87-16 cell line,
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Fig. 1 PI3K inhibition results in significant and dose-dependent
reduction of cell survival in all MRT cell lines tested. MRT cell lines
were incubated in media with vehicle (DMSO) or with LY294002 at 5,
10, 15, or 20 uM for 48 h. The MTT activity was determined by the
optical density at 570 nm and results are expressed as the mean of six
determinations =+ standard deviation of the mean. The experiment was
repeated independently twice

which was resistant to doses of LY294002 above 10 uM
(data not shown).

Akt pathway in MRT cell lines. Due to the sensitivity of
the MRT cell lines to LY294002, we next investigated Akt
activation in these cells. In these experiments, we also
examined HeLa cells as an unrelated cell line known to
have supraphysiologic expression levels of IGF-1R (see
below). In agreement with Charboneau et al. [42], we found
that all MRT cell lines examined expressed Akt and vary-
ing levels of P-Akt (Fig. 2). To address whether Akt may
be constitutively active, Akt phosphorylation was deter-
mined after serum-starvation overnight. Although Akt
phosphorylation did drop in TM87-16 cells upon serum
starvation, the remaining three cell lines; TTC549, RT4E,
and STMO91-01, showed no or only slight reduction in

TTC-549 RT4E STM91-01

levels of Akt phosphorylation (Fig. 2). This suggested that
the PI3K/Akt pathway may be constitutively active in these
cells. Treatment with LY294002, however, was able to sig-
nificantly reduce Akt phosphorylation in all cell lines, sug-
gesting that the mechanisms regulating Akt deactivation
remained functional. In the TM87-16 and HeLa cell lines
treatment with LY294002 and rapamycin resulted in loss of
total Akt through unknown mechanisms. Loss of expres-
sion of the PTEN tumor suppressor gene, which dephos-
phorylates the phosphatidylinositol polyphosphates that
recruit Akt to the plasma membrane, is a common cause for
dysregulation of the PI3K/Akt pathway. Therefore, western
blot analysis was used to examine its presence. PTEN was
expressed in all MRT cell lines tested (Fig. 3), which con-
firms the work of Charboneau et al. [42].

In order to examine other components of the PI3K/Akt
pathway, mTOR activity was inhibited by treating the cells
with rapamycin. This resulted in lowered phosphorylation
of S6 ribosomal protein, a downstream target of mTOR, in
all cell lines (Fig. 2). Rapamycin treatment also reduced
phosphorylation of Akt. mTOR, complexed with rictor, is
thought to be the previously elusive PDK2, responsible for
phosphorylating Akt on serine 473 [43, 44]. Long-term rap-
amycin treatment may inhibit rictor-mTOR activity by
sequestering newly synthesized mTOR molecules, thus
interfering with rictor-mTOR complex formation [43] and
preventing Akt phosphorylation. Taken together, these
experiments all suggest that the components of the PI3K/
Akt pathway downstream of, and including PI3K, function
as expected.

Growth factor receptor expression in MRT cell lines.
Overexpression of growth factor receptors was then exam-
ined as another possible means for dysregulation of the

Hela TM87-16
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Fig. 2 Three out of four MRT cell lines have constitutively active Akt
that can be modulated by LY294002 or rapamycin. Cells were grown
to sub-confluency and then incubated in media in the presence of serum
(RC for randomly cycling), in serum-free media (SS), or in serum-free
media with either 20 pM LY294002 (LY) or 150 ng/ml rapamycin
(RA) for 24 h. Duplicate aliquots from cell lysates harvested from each
sample containing 30 pg of protein were separated by 10% sodium
dodecyl sulfate (SDS)-PAGE. Western blotting was performed and the
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resulting membranes cut into strips. For one membrane, the top portion
was probed with antibodies to Aktl,2 and the bottom was probed with
antibodies to phosphorylated S6 Ribosomal Protein (P-S6). The top
portion of the other membrane was probed with anti-phospho-Akt
(Akt-P) antibodies and the bottom with anti-actin antibodies. Cell lines
are designated above the panels. The experiment was performed inde-
pendently multiple times for each cell line
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Fig.3 PTEN expression in MRT cell lines. 30 pg of protein from
TM87-16 (TM), STM91-01 (STM), TTC549 (549), RT4E (4E) and
HeLa (HL) cell lines were separated by 10% sodium dodecyl sulfate
(SDS)-PAGE. Western blotting was performed using an anti-PTEN
antibody and reprobed with an anti-actin antibody to confirm equal
loading. The positions of molecular mass markers run in parallel are
indicated to the left of the panels

PI3K/Akt pathway. None of the cell lines tested appeared
to express epidermal growth factor receptor (EGFR) at ele-
vated levels (Fig. 4). Interestingly, the TM87-16 cell line
had a prominent EGFR band that migrated more rapidly
than the signal for full-length EGFR found in most of the
cell lines. It is intriguing to speculate that this may repre-
sent the previously characterized 110 kDA EGFR isoform;
a membrane associated protein produced by alternative
splicing and thought to be involved in mediating EGFR
function [45]. We next examined insulin-like growth factor
1 receptor (IGF-1R) expression. In accordance with Char-
boneau et al. [42], we found that TTC549 expressed high
levels of mature IGF-1R and also found the same to be true
of RT4E, which had not been previously examined. Expres-
sion levels in these cell lines are comparable to, if not
higher than, in HeLa cells, which have been shown to
express IGF-1R at levels that are threefold to fourfold
higher than normal ectocervical epithelial cells [46]. Inter-
estingly, the signal for IGF-1R in the STM91-01 lane ran in
between the immature and mature IGF-1R bands, perhaps
indicating a truncation mutation that is not fully processed
to the mature form. Charboneau et al. [42] saw a similar
band in the TTC709 cell line.

Inhibition of IGF-1R. Since the TTC549 and RT4E cells
potentially overexpressed IGF-1R, and STM91-01 cells had
an aberrantly migrating band for IGF-1R by Western bot
analysis, it was tempting to speculate that IGF-I/IGF-
ILIGF-1R autocrine loops may play a role in promoting
growth in these cell lines. Therefore, cells were treated with

Fig. 4 Growth factor receptor expression varies between MRT cell
lines. Duplicate aliquots of 30 pg of protein from TM87-16 (TM),
STM91-01 (STM), TTC549 (549), RT4E (4E), MCF7, and HeLa (HL)
cell lines were separated by 8% sodium dodecyl sulfate (SDS)-PAGE.
Western blotting was then performed. One membrane was probed with
anti-EGFR antibodies followed by antibodies to actin, the other was
probed with anti-IGF-1R antibodies

NVP-AEW541, a compound that has been shown to selec-
tively inhibit the IGF-1R in vivo [47]. Figure 5 shows that
Akt phosphorylation in the TTC549 cell line was dramati-
cally reduced by treatment with NVP-AEW541 (lanes 7-9).
Visually, the treated cells also detached from the plates and
were floating in the media. As seen for Fig. 2, serum starva-
tion slightly reduced Akt phosphorylation in the RT4E
cell line, but this was not further reduced by treatment
with NVP-AEW541 (lanes 4-6). Akt phosphorylation in
STMO1-01 cells was constitutive in the absence of serum in
the absence or presence of NVP-AEW541 (lanes 1-3).

Ras activation in MRT cell lines. Because Ras signaling
can activate the PI3K pathway through direct interaction
with the PI3K catalytic subunit, and Ras mutations occur in
approximately 20% of all tumors [48], we also investigated
whether aberrant Ras activation in the MRT cell lines could
contribute to Akt activation. Western blot analysis demon-
strated that all cells lines expressed Ras isoforms and that
expression levels were unaffected by serum starvation
(Fig. 6). Phosphorylation of Erk, a downstream effector of
Ras, was examined using a phospho-specific Erk antibody.
Serum starvation significantly dropped Erk phosphoryla-
tion in the STM91-01 and TTC549 cell lines, slightly in the
TM87-16 cell line, and not at all in the RT4E cells. This
suggested that the RT4E, and perhaps TM87-16, cells may
have constitutively active Ras.

A Raf pulldown assay was employed to more directly
address Ras activation. Because Raf binds to active GTP-
bound Ras, but not inactive GDP-bound Ras, agarose beads
containing the Ras binding domain of Raf were used to spe-
cifically immunoprecipitate active Ras. In this assay, serum
starvation decreased the amount of active Ras in the
STMO91-01 and TTC549 cell lines, which correlated with
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Fig. 5 Akt phosphorylation can be modulated by NVP-AEW541 in
one MRT cell line. Cells were grown to sub-confluency and then incu-
bated in media in the presence of serum (RC), in serum-free media (SS)
or in serum-free media containing 0.5 uM NVP-AEW541 (NV) for
24 h. Aliquots from cell lysates harvested from each sample containing
50 pg of protein were separated by 10% SDS-PAGE. Western blotting
was performed by probing with anti-phospho-Akt (Akt-P) antibodies;
the blot was then stripped and probed with anti-actin antibodies and,
lastly, with antibodies to total Akt. Cell lines are designated above the
panels

RT4E STM 549 ™

RC S8S RC SS RC SS RC SS

T . = W, — - =~ Pan-Ras
46 ——— — — — — P-Erk

EESe=a— = S=Sa= — . TotalErk

P4 [ R — e we s RAF pull-down

Fig. 6 Rasis constitutively activated in 2 MRT cell lines. 30 pg of cell
lysates from randomly cycling (RC) and serum-starved (SS) RT4E,
STMI1-01 (STM), TTC549 (549), and TM87-16 (TM) cell lines were
separated by 10% SDS-PAGE. Western blotting was performed by
cutting the membrane in half and probing the bottom half with a pan-
Ras antibody (fop panel) and the top half with an antibody to phosphor-
ylated Erk (P-Erk) (second panel) followed by antibody to total Erk
(third panel). Cell lysates of 200 png were also immunoprecipitated
using Raf-1 RBD agarose beads. SDS-PAGE of 10% was used to
separate immunoprecipitation reactions and Western blotting was
performed with a pan-Ras antibody (bottom panel)

the decreased phosphorylation of Erk. Levels of active Ras
actually appeared to increase in both the RT4E and TM87-
16 cell lines. In RT4E cells, constitutively activated Ras
may therefore be responsible for the observed constitutive
activation of Akt. However, in the TM87-16 cell line, Akt
does not appear to be constitutively active, despite apparent
Ras activation.

Point mutations that occur in codons 12, 13 and 61 are
frequently the cause of mutant constitutively active Ras.
We therefore sequenced these areas of the H-Ras, K-Ras,
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and N-Ras genes in the four MRT cell lines examined here,
but no mutations were found.

Discussion

Loss of INI1 is a recurrent genetic characteristic of malig-
nant rhabdoid tumor, but because cancer is a multistep pro-
cess, one would expect to find additional contributing
mutations. Here we have demonstrated the importance of
the PI3K/Akt pathway in the survival of MRT cells and
present it as an example of oncogene addiction. Inhibition
of this pathway using LY294002, caused a significant and
dose-dependent reduction in survival of all MRT cell lines
tested. We further demonstrated that in three of four cell
lines tested, Akt was constitutively active. Charboneau
et al. [42] suggest that high P-Akt expression in a subset of
MRT cell lines and their resultant decreased response to
p21, differentiates this group from other MRTs and may be
useful in determining a treatment strategy. Indeed, addic-
tion to oncogenes was proposed to be a cancer’s Achilles’
heal [49] and, in at least a subset of MRT cases, depen-
dence on the PI3K/Akt pathway may lead to more effective
therapies.

A variety of potential mechanisms were examined to
explain the apparent constitutive Akt activation in three of
the four MRT cell lines. PTEN loss was first ruled out as a
causative factor by Western blot analysis. Overexpression
of growth factor receptors was then examined as a means of
aberrant activation of the PI3K/Akt pathway. EGFR is able
to activate PI3K through a series of reactions: active EGFR
binds adaptor protein Grb2, which recruits the docking pro-
tein Gabl, which contains pYXXM motifs to which SH2
domains on the regulatory subunit of PI3K (p85) bind,
thereby bringing the catalytic subunit of PI3K (p110) in
proximity to its membrane-bound lipid substrates [50].
IGF-1R phosphorylates insulin receptor substrate 1 (IRS-
1), which also contains pYXXM motifs that bind the SH2
domains of p85 [51].

None of the MRT cell lines examined appeared to over-
express EGFR, however, an IGF-1R variant may be con-
tributing to Akt activation in the STM91-01 cell line.
Interestingly, these cells were not responsive to treatment
with NVP-AEW541; one reason may be that this putative
mutated receptor is not recognized by the drug. TTC549
cells expressed high levels of IGF-1R, which may be
directly causing constitutive PI3K/Akt activation as evi-
denced by the reduction in Akt phosphorylation upon treat-
ment with NVP-AEWS541. Both the RT4E and TM87-16
cell lines contained constitutively activated Ras, but as in
all of the MRT cell lines, did not contain the common acti-
vating mutations in any of the Ras isoforms. The mecha-
nism of Ras activation in these cell lines is therefore
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unknown, but in the RT4E cells Ras may be responsible for
activation of the PI3K/Akt pathway through direct activa-
tion of PI3K [52].

The functions of INI1 in the cell and the mechanisms by
which INII loss promotes tumorigenesis are a bit perplex-
ing. Although mice heterozygous for INI1 are predisposed
to tumor development, homozygous deletions of INI1 result
in peri-implantation lethality. INI1 is therefore known to be
essential for embryonic development. It also appears to
play a vital role in the survival of normal adult cells. Inacti-
vation of INI1 using a conditional allele in mice has been
shown to cause bone marrow aplasia and death, while use
of a reversible inverting conditional allele of INI1 demon-
strated its necessity for the survival of non-malignant cells
[53]. Roberts et al. [53] hypothesized that loss of INI1 may
lead to cell death, except in cells that contain additional
mutations, which contribute to cancer development. Klo-
chendler-Yeivin et al. [8] have also reported that inactiva-
tion of INI1 in mouse embryonic fibroblasts in culture leads
to increased sensitivity to DNA damage, growth inhibition,
and an increased incidence of apoptosis. Activation of the
PI3K/Akt pathway, such as we have reported, may there-
fore have been necessary for the establishment of these
malignant rhabdoid tumors.

Previous work in our lab has demonstrated that SWI/
SNF subunits can be immunoprecipitated in a complex with
Akt and that at least one subunit, BAF155, can be phos-
phorylated by Akt [22]. According to Doan et al. [54], loss
of INII does not affect the expression or assembly of other
members of the SWI/SNF complex, which may therefore
retain functionality in MRT cells. However, we were
unable to identify an interaction between Akt and SWI/SNF
components in MRT cells, suggesting an important role for
INI1 in this interaction [22]. It is possible that this interac-
tion may still occur, albeit with potentially reduced stabil-
ity, making it harder to visualize by immunoprecipitation.
Therefore, Akt activation in this cell type, and especially in
cancers that retain SWI/SNF composition, may cause fur-
ther dysregulation of SWI/SNF.

The SWI/SNF complex affects the transcription of many
genes that impact tumorigenesis. These include cell cycle
regulators such as cyclin D [12], p16™&4 and p21WAF/CIP
[16-19]. SWI/SNF is also involved in the regulation of
CD44 and E-cadherin [55, 56] and dysregulation of the
transcription of these genes is associated with tumor pro-
gression and metastasis formation. SWI/SNF subunits have
also been found on steroid receptor targets [57-61]. Akt
dysregulation could affect SWI/SNF activity at these pro-
moters and may help explain why malignant rhabdoid
tumors are so aggressive and prone to metastasis. Further,
given the frequency with which Akt dysregulation occurs in
other cancer types, its effects on SWI/SNF activity likely
contribute to tumorigenesis in those cases.

Chemotherapy is used in the treatment of MRT after
removal of the primary tumor, but there is no accepted stan-
dard therapy for the disease. Patients with metastatic MRT
are commonly treated with a regimen of ifosfamide-carbo-
platin-etoposide (ICE) alternating with vincristine-doxoru-
bicin-cyclophosphamide (VDC), but the prognosis remains
poor. Our results suggest that inhibition of the PI3K/Akt
pathway may be of therapeutic value in this cancer type.
Advances are being made in this direction as SF1126 (Sem-
afore Pharmaceuticals) has recently become the first PI3K
inhibitor to enter clinical trials, and perifosine (Keryx Bio-
pharmaceuticals), the most clinically advanced AKT inhib-
itor, is currently in phase II trials. In addition, a subset of
MRT cases may be responsive to therapies that block sig-
naling through IGF-1R. NVP-AEW541 has been shown to
be readily bioavailable and capable of dose-dependent inhi-
bition of tumor growth in mice [47]. MRT may respond
favorably to treatment with these new drugs.
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