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Abstract

PTEN is a tumor suppressor gene whose loss of function is observed in �40–50% of human cancers. Although insulin-like growth
factor binding protein-2 (IGFBP-2) was classically described as a growth inhibitor, multiple recent reports have shown an association
of overexpression and/or high serum levels of IGFBP-2 with poor prognosis of several malignancies, including gliomas. Using an induc-
ible PTEN expression system in the PTEN-null glioma cell line U251, we demonstrate that PTEN-induction is associated with reduced
proliferation, increased apoptosis, and a substantial reduction of the high levels of IGFBP-2 expression. The PTEN-induced decrease in
IGFBP-2 expression could be mimicked with the PI3-kinase inhibitor LY294002, indicating that the lipid phosphatase activity of PTEN
is responsible for the observed effect. However, the rapamycin analog CCI-779 did not affect IGFBP-2 expression, suggesting that the
PTEN-induced decrease in IGFBP-2 expression is not attributable to decreased mTOR signalling. Recombinant human IGFBP-2 was
unable to rescue U251-PTEN cells from the antiproliferative effects of PTEN, and IGFBP-2 siRNA did not affect the IGF-dependent or -
independent growth of this cell line. These results suggest that the clinical data linking IGFBP-2 expression to poor prognosis may arise,
at least in part, because high levels of IGFBP-2 expression correlate with loss of function of PTEN, which is well known to lead to aggres-
sive behavior of gliomas. Our results motivate translational research regarding the relationship between IGFBP-2 expression and loss of
function of PTEN.
� 2005 Elsevier Inc. All rights reserved.
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Insulin-like growth factor binding protein-2 (IGFBP-2)
is the second most abundant IGFBP in the circulation
and is found in a variety of human fluids and tissues [1].
Classically, IGFBP-2 was considered to be a growth inhib-
itor, as it had a well-defined role in sequestering the mito-
gens insulin-like growth factor (IGF)-I and IGF-II,
therefore preventing binding and subsequent activation of
mitogenic and anti-apoptotic pathways downstream of
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the IGF-I receptor (IGF-IR) [1]. However, increasing evi-
dence indicates that under certain conditions, IGFBP-2
can act as a growth stimulator, and both IGF-dependent
and -independent mechanisms have been proposed (for a
review, see [2]). For example, transfection of an IGFBP-2
expression vector into the androgen-dependent prostate
cancer cell line LNCaP resulted in faster progression to
androgen-independence after androgen withdrawal [3].
Furthermore, IGFBP-2 has been shown to act as an
IGF-independent mitogen for prostate [4] and adrenocorti-
cal tumors [5]. Clinical evidence that high levels of IGFBP-
2 expression are associated with neoplastic growth is
provided by studies which show that serum levels of
IGFBP-2 are elevated in individuals with various types of

mailto:michael.pollak@mcgill.ca
rlim
Rectangle

rlim
Rectangle

rlim
Rectangle

rlim
Rectangle



R.J. Levitt et al. / Biochemical and Biophysical Research Communications 336 (2005) 1056–1061 1057
cancers including central nervous system [6], ovarian [7],
lung [8], colon [9], and prostate [10,11]. As well, several re-
ports have associated higher expression levels of IGFBP-2
within tumors with worse prognosis, including 4 indepen-
dent reports showing a positive correlation between
IGFBP-2 expression and grade of gliomas [12–15].

The tumor suppressor gene PTEN encodes a 403-amino
acid phosphatase which has two distinct activities. First, it
acts as a lipid phosphatase which dephosphorylates posi-
tion 3 of the second messenger phosphatidylinosi-
tol(3,4,5)triphosphate (PIP3) and therefore inhibits the
phosphatidylinositol (PI)-3 kinase signalling pathway
[16]. Second, PTEN is a dual-specificity protein phospha-
tase, capable of dephosphorylating serine, threonine, and
tyrosine residues [16]. The PTEN gene is deleted or mutat-
ed in �40–50% of human cancers [17–19], and loss of func-
tion of PTEN is known to be correlated with the aggressive
neoplastic behavior of gliomas [25,26]. However, there
have been no published reports examining the relationship
between IGFBP-2 expression and PTEN status.

We wished to determine if IGFBP-2 expression is mod-
ulated by PTEN expression in an inducible PTEN expres-
sion vector system and investigate whether IGFBP-2 acts
as a growth promoter and/or anti-apoptotic agent for
PTEN-null tumors.

Materials and methods

Cell culture. The PTEN-null human glioma cell line U251 cells trans-
fected with a tetracycline-inducible PTEN expression vector system were
obtained from Dr. M.M. Georgescu (University of Texas) and cultured in
DMEM (Invitrogen) supplemented with 10% FBS, 0.5 mg/ml G418, and
10 lg/ml blasticidin. Under these conditions, the expression of PTEN had
been previously shown to be non-leaky [20]. PTEN expression was induced
by the addition of 1 lg/ml doxycycline (Sigma Chemical, St. Louis, MO).

IGF-I and recombinant human IGFBP-2 were obtained from Protigen
Incorporation (Mountain View, CA) and R&D Systems (Minneapolis,
MN), respectively. The rapamycin analog CCI-779 was obtained from
Wyeth (Pearl River, NY).

siRNA treatment. IGFBP-2 SMARTpool siRNA (four pooled siRNA
duplexes) and a negative control lamin siRNA were purchased from
Dharmacon (Lafayette, CO). U251 cells were plated at 100,000 cells/well
in 6-well plates in regular growth media and were allowed to attach
overnight. The following day, the appropriate siRNA was diluted in ser-
um-free DMEM and was added to pre-diluted oligofectamine (Invitrogen)
according to the manufacturer�s protocol. After formation of oligofecta-
mine:siRNA complexes, cells were washed twice with PBS and 1 ml
serum-free DMEM was added to each well along with 250 ll of the oli-
gofectamine:siRNA complex. Cells were incubated for up to 72 h and then
assayed for growth effects and protein expression changes.

Cell proliferation assay. We used a 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) assay to determine cell proliferation
(cell viability). Cells (1.0 · 105/well) were plated in 6-well plates in regular
growth media. After the appropriate treatment time (as indicated in figure
legends), MTT (Sigma Chemical, St. Louis, MO) was added to a final
concentration of 1 mg/ml, and the reaction mixture was incubated for 3 h
at 37 �C. The resulting crystals were dissolved in 0.04% HCl in isopro-
panol and the absorbance was read at 562 nm. The data are presented in
bar graphs as means plus or minus standard error of the mean. Each
experiment was performed in triplicate. To assess the statistical signifi-
cance of observed differences, we used Student�s t test. All tests were two-
sided, and P values less than 0.05 were considered to be statistically
significant.
Western blotting. After each treatment, whole cell lysates were ob-
tained using RIPA buffer (0.1 mM dibasic sodium phosphate, 1.7 mM
monobasic phosphate, 150 mM NaCl, 1% Nonidet P-40, 0.1% sodium
dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 0.2 mM sodium van-
adate, 0.2 mM phenylmethylsulfonyl fluoride, and apoprotin at 0.2 U/ml).
Conditioned media were collected and concentrated �20-fold using
Centricons (Millipore, Bedford, MA).

Fifty micrograms of protein from cell lysates or concentrated condi-
tioned media was resolved electrophoretically on denaturing 10–12%
SDS–polyacrylamide gel and transferred to a nitrocellulose membrane.
Membranes were probed with antibodies specific for cleaved PARP
(Biosource, Camarillo, CA), phospho-Akt (New England Biolabs, Bev-
erly, MA), PTEN (Santa Cruz, San Diego, CA), phospho-p70s6k (Santa
Cruz, San Diego, CA), or IGFBP-2 (Upstate, Lake Placid, NY). The
position of protein was visualized with horseradish peroxidase-conjugated
secondary antibodies (Santa Cruz, San Diego, CA). To confirm equal
loading, membranes with cell lysates were stripped and re-probed using an
antibody specific for a-tubulin (Santa Cruz, San Diego, CA), and mem-
branes with concentrated conditioned media were stained with Ponceau
Red solution (Sigma Chemical, St. Louis, MO) directly after the gel was
transferred to the membrane.

Flow cytometry to assay cell cycle distribution and apoptosis. The
treatment conditions for cell cycle analysis were similar to those used for
the MTT assay. After the appropriate treatment period (as listed in the
figure legends), adherent cells were collected using trypsin–EDTA and
floating cells were collected by centrifugation. The cells were combined
and washed twice with ice-cold phosphate-buffered saline (PBS) and fixed
in 70% ethanol at �20 �C overnight. For cell cycle analysis, the cells were
washed twice with ice-cold PBS and resuspended in propidium iodide
buffer (PBS, 0.1% Triton X-100, 0.1 mM EDTA, 0.05 mg/ml ribonuclease
A, and 50 lM propidium iodide). After 30 min at room temperature, the
cell cycle distribution was determined by flow cytometry with a FAC-
SCalibur (Becton–Dickinson, Franklin Lakes, NJ). The proportion of
cells in the hypodiploid (sub-G1) area was considered to be apoptotic.
Results and discussion

In order to determine if IGFBP-2 expression is influ-
enced by the functional status of PTEN, we utilized the
U251-PTEN cell line, which was created by Radu
et al.[20] by introducing a tetracycline-inducible PTEN
expression vector into the PTEN-null human glioma cell
line U251. As seen in Fig. 1A, addition of doxycycline to
U251-PTEN cells resulted in the strong induction of PTEN
expression at all time points assayed (19, 24, and 48 h).
Furthermore, the induction of PTEN resulted in a signifi-
cant decrease in the expression of IGFBP-2 (Fig. 1A). Wes-
tern blot analysis of concentrated conditioned media
confirmed our observed decrease in the expression of
IGFBP-2 after the addition of doxycycline to U251-PTEN
cells (Fig. 1B). This result provides new evidence that
IGFBP-2 expression is regulated by PTEN. To verify that
the decrease in IGFBP-2 expression in our system was an
effect of PTEN-induction and not due to doxycycline
alone, we treated parental (untransfected) U251 cells with
1 lg/ml doxycycline and did not observe any change in
IGFBP-2 expression (Fig. 1B).

Since PTEN has both lipid and protein phosphatase
activities, we wished to clarify the mechanism by which
PTEN downregulates IGFBP-2 expression. The lipid phos-
phatase activity of PTEN is responsible for inhibiting acti-
vation of the PI-kinase/Akt pathway [16], and in our
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Fig. 1. PTEN-induction decreases IGFBP-2 expression in U251-PTEN cells. (A) Western blots on U251-PTEN whole cell lysates treated with or without
1 lg/ml doxycycline (dox) for 48 h in serum-free DMEM. (B) Western blot on U251-PTEN or U251 concentrated conditioned media and whole cell
lysates treated with dox or the PI3-kinase inhibitor LY294002 in serum-free DMEM for 48 h. (C) MTT assay for U251-PTEN cell proliferation after 48 h
with identical treatments as (B). All changes in cell viability were statistically significant when compared to control (P < 0.05). (D) Western blots on U251-
PTEN whole cell lysates treated with the mTOR inhibitor CCI-779 or DMSO control, in the absence of doxycycline, for 48 h in serum-free DMEM.
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system, PTEN-induction resulted in decreased levels of
activated (phosphorylated) Akt (P-Akt) (Fig. 1B). There-
fore, we wished to verify if the lipid phosphatase activity
of PTEN is responsible for inhibiting IGFBP-2 expression.
An indirect method to determine this was to investigate the
effect of the PI3-kinase inhibitor LY294002 on IGFBP-2
expression. As seen in Fig. 1B, treatment with LY294002
resulted in decreased IGFBP-2 expression in both U251
and U251-PTEN cells, suggesting that PTEN downregu-
lates IGFBP-2 expression via its lipid phosphatase activity.
As expected, both PTEN-induction and LY294002-treat-
ment reduced the proliferation of the U251-PTEN cell line
(Fig. 1C). In order to determine if inhibition of mTOR sig-
nalling, which is downstream in the Akt pathway, can de-
crease IGFBP-2 expression, U251-PTEN cells were
treated with the rapamycin analog CCI-779 [21] in the ab-
sence of doxycycline and IGFBP-2 expression was assayed
after 48 h. As seen in Fig. 1D, although CCI-779 treatment
resulted in decreased levels of phospho-p70s6k (p-p70s6k),
the downstream phosphorylation target of mTOR, it had
no effect on IGFBP-2 expression, suggesting that the
mTOR pathway is not involved in the regulation of
IGFBP-2 expression.
Classically, IGFBP-2 was considered to be a growth
inhibitor, as it had a well-defined role in sequestering the
mitogens IGF-I and IGF-II, therefore preventing binding
and subsequent activation of mitogenic and anti-apoptotic
pathways downstream of the IGF-IR [1]. However,
increasing evidence indicates that under certain conditions,
IGFBP-2 can act as a growth stimulator, and both IGF-de-
pendent and -independent mechanisms have been pro-
posed. Hypothesized mechanisms for IGF-dependent
growth stimulatory effects include IGFBP-2 acting as a
chaperone, presenting the IGFs to the IGF-IR, or
IGFBP-2 acting by binding to and increasing the half-life
of the IGFs. Several proposed mechanisms have been sug-
gested for the IGF-independent growth effects of IGFBP-2,
and for a review, see [2].

To determine if IGFBP-2 acts as a growth promoter
and/or anti-apoptotic agent in U251-PTEN cells, we
attempted to rescue cells from PTEN-induced growth inhi-
bition with recombinant human IGFBP-2 (rhBP-2). Due to
the presence of IGFBP-2 in FBS, we wished to perform
these experiments under serum-free conditions. Radu
et al. [20] have previously shown that PTEN induction in
U251-PTEN cells is associated with G1 arrest, however

rlim
Rectangle



R.J. Levitt et al. / Biochemical and Biophysical Research Communications 336 (2005) 1056–1061 1059
we found that under serum-free conditions, PTEN expres-
sion results in the induction of apoptosis, as evident by pro-
pidium iodide staining (Fig. 2A) and PARP cleavage
(Fig. 2B). Treatment with 0.5 lg/ml rhBP-2 did not protect
U251-PTEN cells from PTEN-induced apoptosis (Fig. 2B)
or growth inhibition (Fig. 2C), which suggests that the clin-
ical data linking IGFBP-2 expression to poor prognosis
may arise, at least in part, because high levels of IGFBP-
2 expression are simply correlated with loss of function
of PTEN. Our observation that 0.5 lg/ml rhBP-2 did not
increase proliferation under control (no doxycycline) con-
ditions is consistent with this hypothesis (Fig. 2C). Alterna-
tively, since rhBP-2 did not spontaneously enter the
cytoplasm (Fig. 2B, comparing lane 1 to lane 3 and lane
2 to lane 4), these results did not rule out an anti-apoptotic
role for intracellular IGFBP-2. A role for intracellular
IGFBP-2 in various biological processes has been suggest-
ed [2,22] and recently, an intracellular binding partner of
IGFBP-2 named IIp45 has been isolated in glioma cells
[23], but its physiological role requires further clarification.
Therefore, we wished to investigate if intracellular IGFBP-
2 may have an anti-apoptotic role in our system.

To determine if downregulating intracellular IGFBP-2
expression effects U251-PTEN cell proliferation, cells in
serum-free media were treated with 50 nM IGFBP-2
SMARTpool siRNA, which is composed of 4 siRNA
duplexes targeting various regions of the IGFBP-2 mRNA.
A lamin A/C siRNA was used a negative control, as lamin
A/C is an endogenous housekeeping gene whose expression
is non-essential over the short duration of silencing exper-
Fig. 2. Recombinant IGFBP-2 does not protect U251-PTEN cells from PTEN
PTEN cells treated with or without dox for 48 h in serum-free DMEM (as
considered to be apoptotic. (B) Western blots on U251-PTEN whole cell lys
addition of 0.5 lg/ml recombinant human IGFBP-2 (rhBP-2) in serum-free D
identical treatments as (B). All changes in cell viability were statistically signifi
iments (Dharmacon, Lafayette, CO). As seen in Fig. 3A,
treatment of U251-PTEN cells with 50 nM IGFBP-2
siRNA resulted in a significant decrease in IGFBP-2 pro-
tein expression in cell lysates after 48 h. A similar decrease
in IGFBP-2 expression was observed in the conditioned
media (Fig. 3B). However, despite the ability of the
IGFBP-2 siRNA to potently decrease IGFBP-2 expression,
it had no effect on cell viability, as determined by the MTT
assay after 72 h treatment (Fig. 3C). These results suggest
that IGFBP-2 does not contribute to the viability of
U251-PTEN cells. However, since our experiments were
performed in serum-free media and U251 cells do not pro-
duce autocrine IGF-I and IGF-II [24], we wished to deter-
mine if downregulating IGFBP-2 expression may effect
IGF-dependent growth in this system. U251-PTEN cells
were treated in serum-free media with 50 nM IGFBP-2 siR-
NA for 24 h, and then 50 ng/ml recombinant human IGF-I
was added to the culture media for an additional 48 h. As
seen in Fig. 3C, addition of IGF-I to lamin siRNA treated
cells resulted in a �25% increase in cell viability. A similar
increase in viability was observed when IGF-I was added to
IGFBP-2 siRNA treated cells, indicating that the lower lev-
els of IGFBP-2 did not effect the sensitivity of the cells to
IGF-I. Therefore, decreasing IGFBP-2 expression with
siRNA did not effect the IGF-dependent or -independent
growth of U251-PTEN cells.

In summary, we have shown that IGFBP-2 expression in
U251 glioma cells is regulated by PTEN functional status,
but IGFBP-2 does not effect the IGF-dependent or -inde-
pendent growth of this cell line. These results justify further
-induced growth inhibition and apoptosis. (A) Cell cycle analysis of U251-
described under Materials and methods). Cells in the sub-G1 peak were
ates treated for 48 h with 1 lg/ml doxycycline (dox) with or without the
MEM. (C) MTT assay for U251-PTEN cell proliferation after 48 h with
cant when compared to control (P < 0.05).
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Fig. 3. IGFBP-2 siRNA does not effect the IGF-dependent or -independent growth of U251-PTEN cells. (A) Western blots on U251-PTEN whole cell
lysates treated for 48 h with 50 nM IGFBP-2 siRNA or 50 nM lamin siRNA as a negative control in serum-free DMEM. (B) Western blot on U251-PTEN
concentrated conditioned media treated for 48 h with 50 nM IGFBP-2 siRNA or 50 nM lamin siRNA as a negative control. (C) MTT assay for U251-
PTEN cells treated for 72 h with 50 nM IGFBP-2 or lamin siRNA. After 24 h, 50 ng/ml IGF-I was added to some wells for the remaining 48 h. No
statistically significant change in cell viability was observed between cells exposed to IGFBP-2 siRNA and cells exposed to lamin siRNA control. Addition
of IGF-I to lamin siRNA and IGFBP-2 siRNA treated cells caused in each case a �25% increase in cell viability compared to the viability in the presence
of the siRNA and the absence of IGF-I (P < 0.05).
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research to determine PTEN status of IGFBP-2 over-
expressing human cancers. They suggest that the well-docu-
mented positive correlation of glioma grade with IGFBP-2
expression [12–15] may be at least partly accounted for by
the association of IGFBP-2 overexpression with loss of
function of the tumor suppressor PTEN, which is well
known to lead to aggressive neoplastic behavior of gliomas
[25,26].
References

[1] V. Hwa, Y. Oh, R.G. Rosenfeld, The insulin-like growth factor-
binding protein (IGFBP superfamily, Endocr. Rev. 20 (1999) 761–
787.

[2] A. Hoeflich, R. Reisinger, H. Lahm, W. Kiess, W.F. Blum, H.J. Kolb,
M.M. Weber, E. Olf, Insulin-like growth factor-binding protein 2 in
tumorigenesis: protector or promoter? Cancer Res. 61 (2001) 8601–
8610.

[3] S. Kiyama, K. Morrison, T. Zellweger, M. Akbari, M. Cox, D. Yu,
H. Miyake, M.E. Gleave, Castration-induced increases in insulin-like
growth factor-binding protein 2 promotes proliferation of androgen-
independent human prostate LNCaP tumors, Cancer Res. 63 (2003)
3575–3584.

[4] M.G. Moore, L.A. Wetterau, M.J. Francis, D.M. Peehl, P. Cohen,
Novel stimulatory role for insulin-like growth factor binding protein-
2 in prostate cancer cells, Int. J. Cancer 105 (2003) 14–19.

[5] A. Hoeflich, O. Fettscher, H. Lahm, W.F. Blum, H.J. Kolb, D.
Engelhardt, E. Wolf, M.M. Weber, Overexpression of insulin-like
growth factor-binding protein-2 results in increased tumorigenic
potential in Y-1 adrenocortical tumor cells, Cancer Res. 60 (2000)
834–838.

[6] H.L. Muller, Y. Oh, T. Lehrnbecher, W.F. Blum, R.G. Rosenfeld,
Insulin-like growth factor-binding protein-2 concentrations in cere-
brospinal fluid and serum of children with malignant solid tumors or
acute leukemia, J. Clin. Endocrinol. Metab. 79 (1994) 428–434.

[7] S. Baron-Hay, F. Boyle, A. Ferrier, C. Scott, Elevated serum insulin-
like growth factor binding protein-2 as a prognostic marker in
patients with ovarian cancer, Clin. Cancer Res. 10 (2004) 1796–1806.
[8] D.Y. Lee, S.J. Kim, Y.C Lee, Serum insulin-like growth factor (IGF)-
I and IGF-binding proteins in lung cancer patients, J. Korean Med.
Sci. 14 (1999) 401–404.

[9] F. el Atiq, F. Garrouste, M. Remacle-Bonnet, B. Sastre, G. Pommier,
Alterations in serum levels of insulin-like growth factors and insulin-
like growth-factor-binding proteins in patients with colorectal cancer,
Int. J. Cancer 57 (1994) 491–497.

[10] E. Richardsen, T. Ukkonen, T. Bjornsen, E. Mortensen, L. Egevad,
C. Busch, Overexpression of IGBFB2 is a marker for malignant
transformation in prostate epithelium, Virchows Arch. 442 (2003)
329–335.

[11] J.A. Figueroa, S. DeRaad, L. Tadlock, V.O. Speights, J.J. Rinehart,
Differential expression of insulin-like growth factor binding proteins
in high versus low Gleason score prostate cancer, J. Urol. 159 (1998)
1379–1383.

[12] G.N. Fuller, C.H. Rhee, K.R. Hess, L.S. Caskey, R. Wang, J.M.
Bruner, W.K.A. Yung, W. Zhang, Reactivation of insulin-like growth
factor binding protein 2 expression in glioblastoma multiforme: a
revelation by parallel gene expression profiling, Cancer Res. 13 (1999)
4228–4232.

[13] S.-L. Sallinen, P.K. Sallinen, H.K. Haapasalo, H.J. Helin, P.T. Helen,
P. Schraml, O.P. Kallioniemi, J. Kononen, Identification of differen-
tially expressed genes in human gliomas by DNA microarray and
tissue chip techniques, Cancer Res. 60 (2000) 6617–6622.

[14] D.S. Rickman, M.P. Bobek, D.E. Misek, R. Kuick, M. Blaivas, D.M.
Kurnit, J. Taylor, S.M. Hanash, Distinctive molecular profiles of
high-grade and low-grade gliomas based on oligoncleotide microarray
analysis, Cancer Res. 61 (2001) 6885–6891.

[15] S. Godard, G. Getz, M. Delorenzi, P. Farmer, H. Kobayashi, I.
Desbaillets, M. Nozaki, A.-C. Diserens, M.-F. Hamou, P.-Y.
Dietrich, L. Regli, R.C. Janzer, P. Bucher, R. Stupp, N. de Tribolet,
E. Domany, M.E. Hegi, Classification of human astrocytic gliomas
on the basis of gene expression: a correlated group of genes with
angiogenic activity emerges as a strong predictor of subtypes, Cancer
Res. 63 (2003) 6613–6625.

[16] F. Vazquez, W.R. Sellers, The PTEN tumor suppressor protein: an
antagonist of phosphoinositide 3-kinase signaling, Biochim. Biophys.
Acta. 1470 (2000) M21–M35.

[17] J. Li, C. Yen, D. Liaw, K. Podsypanina, S. Bose, S.I. Wang, J. Puc, C.
Miliaresis, L. Rodgers, R. McCombie, S.H. Bigner, B.C. Giovanella,
M. Ittmann, B. Tycko, H. Hibshoosh, M.H. Wigler, R. Parsons,

rlim
Rectangle



R.J. Levitt et al. / Biochemical and Biophysical Research Communications 336 (2005) 1056–1061 1061
PTEN, a putative protein tyrosine phosphatase gene mutated in
human brain, breast, and prostate cancer, Science 275 (1998) 1943–
1947.

[18] P.A. Steck, M.A. Pershouse, S.A. Jasser, W.K. Yung, H. Lin, A.H.
Ligon, L.A. Langford, M.L. Baumgard, T. Hattier, T. Davis, C. Frye,
R. Hu, B. Swedlund, D.H. Teng, S.V. Tavtigian, Identification of a
candidate tumour suppressor gene, MMAC1, at chromosome 10q23.3
that is mutated in multiple advanced cancers, Nat. Genet. 15 (1997)
362.

[19] D. Maier, Z. Zhang, E. Taylor, M.F. Hamou, O. Gratzl, E.G. Van
Meir, R.J. Scott, A. Merlo, Somatic deletion mapping on chromo-
some 10 and sequence analysis of PTEN/MMAC1 point to the 10q25-
26 region as the primary target in low-grade and high-grade gliomas,
Oncogene 16 (1998) 3331–3335.

[20] A. Radu, V. Neubauer, T. Akagi, H. Hanafusa, M.M. Georgescu,
PTEN induces cell cycle arrest by decreasing the level and
nuclear localization of cyclin D1, Mol. Cell Biol. 23 (2003) 6139–6149.

[21] L. Dudkin, M.B. Dilling, P.J. Cheshire, F.C. Harwood, M. Hollings-
head, S.G. Arbuck, R. Travis, E.A. Sausville, P.J. Houghton,
Biochemical correlates of mTOR inhibition by the rapamycin ester
CCI-779 and tumor growth inhibition, Clin. Cancer Res. 7 (2001)
1758–1764.
[22] V. Besnard, S. Corroyer, G. Trugnan, K. Chadelat, E. Nabeyrat, V.
Cazals, A. Clement, Distinct patterns of insulin-like growth factor
binding protein (IGFBP)-2 and IGFBP-3 expression in oxidant
exposed lung epithelial cells, Biochim. Biophys. Acta 1538 (2001) 47–
58.

[23] S.W. Song, G.N. Fuller, A. Khan, S. Kong, W. Shen, E. Taylor, L.
Ramdas, F.F. Lang, W. Zhang, IIp45, an insulin-like growth factor
binding protein 2 (IGFBP-2) binding protein, antagonizes IGFBP-2
stimulation of glioma cell invasion, Proc. Natl. Acad. Sci. USA 100
(2003) 13970–13975.

[24] K.E. Friend, H.M. Khandwala, A. Flyvbjerg, H. Hill, J. Li, I.E.
McCutcheon, Growth hormone and insulin-like growth factor-I:
effects on the growth of glioma cell lines, Growth Horm. IGF Res. 11
(2001) 84–91.

[25] Y.H. Zhou, F. Tan, K. Hess, W. Yung, The expression of PAX6,
PTEN, vascular endothelial growth factor, and epidermal growth
factor receptor in gliomas: relationship to tumor grade and survival,
Clin. Cancer Res. 9 (2003) 3369–3375.

[26] R. Ermoian, C. Furniss, K. Lamborn, D. Basila, M.S. Berger, A.
Gottschalk, M. Nicholas, D. Stokoe, D. Haas-Kogan, Dysregulation
of PTEN and protein kinase B is associated with glioma histology and
patient survival, Clin. Cancer Res. 8 (2002) 1100–1106.

rlim
Rectangle


	PTEN-induction in U251 glioma cells decreases the expression of insulin-like growth factor binding protein-2
	Materials and methods
	Results and discussion
	References




