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Abstract Insulin like growth factor binding protein 4
(IGFBP4) regulates growth and development of tissues and
organs by negatively regulating IGF signaling. Among
most cancers, IGFBP4 has growth inhibitory role and
reported as a down-regulated gene, except for renal cell
carcinoma, wherein IGFBP4 promotes tumor progression.
IGFBP4 expression has been shown to be higher in
increasing grades of astrocytoma. However, the functional
role of IGFBP4 in gliomas has not been explored. Surgical
biopsies of 20 normal brain and 198 astrocytoma samples
were analyzed for IGFBP4 expression by qRT-PCR.
Highest expression of IGFBP4 mRNA was seen in GBM
tumors compared to control brain tissues (median log2 of
2.035, p < 0.0001). Immunohistochemical analysis of 53
tissue samples revealed predominant nuclear staining of
IGFBP4, seen maximally in GBMs when compared to DA
and AA tumors (median LI = 29.12 £ 16.943,
p < 0.001). Over expression of IGFBP4 in U343 glioma
cells resulted in up-regulation of molecules involved in
tumor growth, EMT and invasion such as pAkt, pErk,
Vimentin, and N-cadherin and down-regulation of E-cad-
herin. Functionally, IGFBP4 over expression in these cells
resulted in increased proliferation, migration and invasion
as assessed by MTT, transwell migration, and Matrigel
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invasion assays. These findings were confirmed upon 1G-
FBP4 knockdown in U251 glioma cells. Our data suggest a
pro-tumorigenic role for IGFBP4 in glioma.
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Introduction

The insulin-like growth factor (IGF) signaling pathway is
implicated in the development and progression of many
different malignancies [1]. Several studies have documented
the role of IGF’s, their cognate receptors and binding pro-
teins in the progression of human neoplasia [2—6]. The IGF
binding proteins (IGFBP) bind IGF-I and IGF-II, prolongs
their half-life in serum and thereby regulate IGF actions [7,
8]. Increased expression of IGFBPs 2, 3, 5 and 7 has been
reported in astrocytomas and correlate with poor outcome in
GBM patients [9-11]. IGFBP2, 5 and 7 have been shown to
be involved in glioma progression [5, 10, 12].

Insulin-like growth factor binding protein 4 (IGFBP4), a
34 kDa protein and one among six high affinity IGFBP’s
binds to both IGF1 and 2 [13]. IGFBP4 is reported to
regulate the biological actions of IGF1 and 2 in vivo in a
positive or negative manner [14]. IGFs may regulate their
own availability through proteolytic degradation of IG-
FBP4 [15]. IGFBP4 expression was found to be lower in
tumor cells of several neoplasms such as neuroblastoma
[16], lung [17, 18], breast [19], colon [20], thyroid [21],
compared to respective normal tissues. In breast cancer
patients, IGFBP4 expression was considered as an inde-
pendent prognostic factor with better prognosis in patients
with ER (4) breast tumors [22]. Over expression of 1G-
FBP4 has been shown to inhibit the growth of colon and
prostate cancer cells in vivo, [23, 24] suggesting a tumor
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suppressor role for IGFBP4. However, IGFBP4 has been
shown to have tumor promoting effects in renal cell car-
cinoma as determined by in vitro and in vivo studies [25].
IGFBP4 expression pattern has been shown to be pro-
gressively elevated across diffused astrocytoma (DA) to
glioblastoma (GBM) suggesting a pro-tumorigenic role for
IGFBP4 in progressive astrocytoma [26]. However, a direct
functional role of IGFBP4 in glioma tumorigenesis has not
been reported.

In this study we provide data on the expression pattern
of IGFBP4 in different grades of astrocytoma and by over
expression and knock down experiments we demonstrate a
role for IGFBP4 in proliferation, promotion of EMT,
migration and invasion of GBM cells.

Materials and methods
Patient and tissue samples

Diffusely infiltrating astrocytoma tissues of different
grades (DA, AA and GBM) and control tissues were
obtained by surgical resection performed on patients at the
National Institute of Mental Health and Neurosciences and
Sri Satya Sai Institute of Higher Medical Sciences, Ban-
galore, India, as previously described [9]. This study has
been approved by the respective institutional review boards
and informed consent was obtained from each patient.
Tissues were bisected; a portion was minced, placed in
RNA later (Ambion Inc., USA) and stored at —=70° C for
RNA isolation. The other portion was fixed in 10 % buf-
fered neutral formalin, processed for paraffin sections and
used for histopathology and IHC.

Cell culture and transfection

Human GBM cell lines U343, U251 were kind gift from K.
Somasundaram, [ISc Bangalore. Both cell lines were cultured
in DMEM (Dulbecco’s modified Eagle’s medium, Sigma-
Aldrich) supplemented with 3.7 g/l sodium bicarbonate
(Sigma-Aldrich, USA) and 10 % (v/v) FBS (Fetal bovine
serum, Invitrogen) and 100 U/ml penicillin and 100 pg/ml
streptomycin (Gibco) at 37 °Cin a 5 % CO, atmosphere.
IGFBP4 expression plasmid (pCMV6-AC-IGFBP4) (cat
no: sc319642) was obtained from OriGene Technologies
(Rockville, MD). Transient transfection of plasmid DNA
into cells was performed using lipofectamine 2000 (Invit-
rogen, USA) according to manufacturer’s instructions.

Knockdown of IGFBP4 by siRNA in U251 cell line

U251 cells were transfected with 100 nM siRNA against
IGFBP4 (cat no: M-012583-01-0010) (Dharmacon RNAi
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Technologies, Thermo scientific) or a scrambled siRNA
(cat no: D-001206-14-20) (Dharmacon RNAi Technolo-
gies, Thermo scientific), for 96 h. Transfections were per-
formed using Oligofectamine reagent (Invitrogen, India)
according to manufacturer’s instructions. The efficiency of
knockdown was assessed by western blot analysis.

RNA extraction and RT-PCR

Total RNA isolation, cDNA synthesis and semi quantita-
tive RT-PCR was performed as described earlier [27].
Real-time quantitative PCR was carried out in the ABI
PRISM 7900HT sequence detection system (Applied Bio-
systems, USA). A total of 218 tissues (16 DA, 50 AA, 132
GBM and 20 control brain tissues) were processed for
qPCR using the DyNAmo™ HS SYBR Green qPCR kit
(Finnzymes, Finland). For normalization, the mean
expression levels of ribosomal protein L35A (RP-L35A),
I-acylglycerol- 3-phosphate O-acyltransferase 1 (AG-
PAT1), ATP synthase, H+ transporting, mitochondrial FO
complex, subunit C1 (subunit 9; ATP5G1), and glycyl-
tRNA synthetase (GARS) were used and the data analysis
was performed as described earlier [28]. Normal brain
tissue samples (n = 20) from epilepsy patients were used
as reference. Primer sequence of the genes are listed in
supplementary, Table S1.

Western blot analysis

For protein extraction, cells were lysed in RIPA buffer as
described earlier [29]. For each sample, 100 pg total pro-
teins were separated on SDS-PAGE gels before transfer-
ring to PVDF membrane (Immobilin P, Millipore).
Membranes were then incubated with the appropriate pri-
mary antibody (IGFBP4, Santa Cruz, USA; B-actin, Sigma,
USA; IGF1R, p-IGF1R Vimentin, N-cadherin, E-cadherin,
p-Akt, Total Akt, p-Erk and total Erk, Cell signaling
technology, USA) and detection was performed as rec-
ommended by the manufacturers with HRP-conjugated
secondary antibody using the Pearson Western blotting
detection system (Thermo scientific).

Immunocytochemistry

For immunocytochemistry, 20,000 cells were plated on
sterile glass cover slip. Transfection was performed as
described before and after recovery, cells were washed
with DPBS and fixed with methanol at —20 °C and
blocked with FBS (10 %) in DPBS buffer for 1 h. IGFBP4
primary antibody (1:50 dilution) was added and incubated
overnight with gentle rocking. After washing, secondary
antibody (Alexa flour 488; dilution factor of 1:1,500 in
antibody buffer with 2 % sera) was added and incubated
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for 1 h. Cover slips were washed with DPBS, counter
stained for nuclei using 0.33 mg/ml solution of Propidium
iodide (Sigma Aldrich, USA), mounted on glass slide with
antifade solution (Prolong gold, Invitrogen Inc, USA) and
image was captured on Zeiss Confocal Microscope (LSM
510 Meta).

Cell proliferation assay

Cell proliferation was estimated by MTT assay [30].
Briefly, equal number (5,000) of cells were plated in trip-
licate in 96 well tissue culture plates and left to grow for
48 h (experimental plate). 48 h after cell plating, 20 pl of
5 mg/ml MTT (Sigma Aldrich, USA) was added to the
cells to terminate the assay. 3 h after MTT addition, the
medium was removed from the wells and 200 pl of DMSO
was added to the wells and absorbance was measured at
595 nm.

Immunohistochemistry

Paraffin sections (4 pm) from the tumor tissue and control
samples were collected on silane-coated slides and
immunohistochemistry for the protein expression of IG-
FBP4, was carried out on 53 samples that included 4
control brain tissues, 9 DA, 10 AA, and 30 GBM tumors.

The IGFBP4 antibody was from Santa Cruz Biotechnol-
ogy and pAkt (ser 473) was from cell signaling technol-
ogies (CST, USA). Processing of tissue sections for
immunochemistry and assessment were performed as
described before [9]. A visual semi-quantitative grading
scale was applied to assess the intensity of the immuno-
reactivity as follows: zero (0) if the staining was absent,
1+ if it was mild and 2+ if it was strong. Only 2+
staining intensity was considered for analysis. The IG-
FBP4 and pAkt labeling index (LI) was expressed as a
percentage of cells that showed 2+ positive staining
among the total number of cells that were counted.

Transwell migration assay

The BD BioCoat Matrigel Cell Culture control Inserts
(BD Biosciences, USA) were used for migration assays.
Briefly, the control inserts were filled with cell suspen-
sion after transfection and recovery (5 x 10* cells in
0.5 ml of DMEM), and placed in a well of a 24-well
plate. At 22 h after incubation the cells on the upper side
of the filters were removed with cotton-tipped swabs.
Migrated cells on the lower side of the filters were fixed
and stained with 0.05 % Crystal Violet [31]. The cells
on the underside of the filters were viewed under a
microscope and counted.
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Fig. 1 Expression of IGFBP4 in diffusely infiltrating astrocytoma.
a Relative mRNA expression of IGFBP4 in various grades of 198
diffusely infiltrating astrocytomas and 20 control brain tissues are
shown as scatter plots. The log 2-transformed gene expression ratios
obtained from qPCR analyses of the tumor tissues against control
tissues are plotted. A significant difference in the median log 2 ratio
of IGFBP4 was observed between GBM, AA, DA, and control tissues

by Kruskal-Wallis one-way ANOVA followed by Tukey’s post hoc
test (p < 0.05). Bars show group medians. b Representative micro-
graphs showing IHC staining pattern of IGFBP4 in 9 DA, 10 AA and
30 GBM tissues. Increasing IGFBP4 expression was seen with
increasing grades compared to control brain tissues. IGFBP4 protein
shows predominant nuclear labeling (arrows). All original magnifi-
cations are x20 for IGFBP4
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Matrigel invasion assay

The BD BioCoat Matrigel Cell Culture Inserts (BD Bio-
sciences, USA) were used for invasion assays. Briefly, the
control inserts or matrigel-coated inserts were rehydrated
with plain DMEM for 2 h before use. These were then
filled with cells after transfection and recovery (5 x 10
cells in 0.5 ml of DMEM), and placed in a well of a
24-well plate. At 22 h after incubation the cells on the
upper side of the filters were removed with cotton-tipped
swabs. Migrated and/or invaded cells on the lower side of
the filters were fixed and stained with 0.05 % Crystal

Fig. 2 IGFBP 4 promotes a
proliferation of glioma cells.

a Quantitation of IGFBP4 RNA
upon over expression in U343
cells, normalized with HPRT
expression (n = 3).

b Representative immunoblots
showing protein expression
pattern of IGFBP4, pAkt, pErk
and ¢ MTT assay to determine
proliferation of IGFBP4 over
expressing cells compared to
vector transfected cells.

d IGFBP4 expression upon
knock down in U251 cells using
siRNA normalized to
expression of RPL35A (n = 3);
e Protein expression pattern and
f MTT assay showing
proliferation pattern. Statistical
significance is depicted over the
respective bars. The gel images
are shown in supplementary Fig.
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Violet. The cells on the underside of the filters were viewed
under a microscope and counted.

Statistical analysis

Significance of differential expression of IGFBP4 and pAkt
was tested by a non-parametric test, Kruskal-Wallis One-
Way Analysis of Variance on Ranks, followed by Dunn’s
post hoc test. Statistical analyses for all semi quantitative
RT-PCR analysis (n = 3) were performed with GraphPad
Prism 5.0 Software (GraphPad Software, San Diego).
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Results
IGFBP4 expression in glioma tumors

We analyzed the expression pattern of IGFBP4 across dif-
ferent grades of 198 diffusely infiltrating astrocytoma that
included 16 DA, 50 AA, 132 GBM tumors and 20 control
brain tissues using the SYBRGreen based qPCR assay, as
described in the methods section. Compared to the expres-
sion in control brain tissues, IGFBP4 showed up-regulation
in 85 % (118/132, median log2 value 2.035) of GBM tumors
(p < 0.0001), while it was up-regulated only in 46 % (23/50,
median log2 ratio of 0.25) of AA (p = 0.095), which is not
significant. In DA tumors, only 25 % (4/10, median log2
ratio of —0.45) showed up-regulation, which is also not
significant (p = 0.1626) (Fig. 1a). Taken together, IGFBP4
expression was up-regulated in GBMs as compared to con-
trol tissues. In order to confirm the expression of IGFBP4
protein in glioma tissues, IHC was performed on tissue
sections of grades of astrocytoma. Highest intensity of 1G-
FBP4 staining was observed in GBM, compared to control
and other grades of astrocytoma (Fig. 1b). Interestingly
IGFBP4 showed nuclear localization. In the normal brain,
faint nuclear staining (14) was noted in most of the neurons,
but not in astrocytes and oligodendroglial cells. A significant
differential protein expression of IGFBP4 was observed in
diffusely infiltrating astrocytomas compared to normal tis-
sues (Fig. 1b). The mean + SD LI for IGFBP4 in GBM was
29.12 + 16.943, while in AA, DA and control it was
9.00 £ 13.784, 16.54 £ 16.631 and 0.00 & 0.000, respec-
tively. The comparison between groups by Kruskal-Wallis
One way ANOVA followed by Dunn’s post hoc test showed

that the difference between GBM and control; GBM and DA;
GBM and AA was significant (p < 0.0001).

IGFBP4 influences the proliferation of glioma cells

In order to understand the role of IGFBP4 on in vitro
proliferation of glioma cells, IGFBP4 was transiently over
expressed in U343 glioma cells. The increased expression
was confirmed by RT-PCR (Fig. 2a), western blot
(Fig. 2b) and immunocytochemistry (Fig. S1A). IGFBP4
over expression resulted in increased proliferation as
determined by MTT assay (Fig. 2c). IGFBP4’s role in
proliferation was confirmed by increased phosphorylation
status of Erk and Akt in IGFBP4 transfected U343 cells
when compared with vector transfected cells (Fig. 2b). In
good correlation IGFBP4 knockdown (Figs. 2d, e and
S1b) resulted in decreased proliferation (Fig. 2f) and also
down regulation of pAkt and pErk (Fig. 2e) in U251 cells.
Intriguingly, IGFBP4 protein localized to cytoplasm in
U343 cells and is nuclear localized in U251 cells sug-
gesting that the IGFBP4 localization is cell type specific
(Fig. S1b).

In order to determine if the regulation of pAkt by
IGFBP4 in cell lines reflects their expression status in
tumors, IHC for pAkt was performed on astrocytomas that
were previously stained for IGFBP4 expression. As shown
in Fig. 3, IGFBP4 expression by IHC correlated with
pAkt expression in all grades of diffusely infiltrating
astrocytomas. pAkt expression was predominantly cyto-
plasmic. A significant differential protein expression of
pAkt was also observed in diffusely infiltrating astrocy-
tomas (p < 0.001).
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«Fig. 4 Effect of IGFBP4 over expression on EMT, migration and
invasion of glioma cells. a Represents fold change ratio of EMT genes
upon IGFBP4 overexpression in U343 cell line compared to vector control
as determined by semi-quantitative RT-PCR analysis, normalized with
HPRT gene (n = 3). b Expression of EMT markers in U343 cells
transfected with empty plasmid (vector) or IGFBP4 expressing plasmid.
Over expression of IGFBP4 was assessed using polyclonal antibody
against human IGFBP4 by western blot analysis. B-actin served as a
loading control. ¢ Graph showing migration of IGFBP4 over expressing
U343 cells as compared to vector control. d Invasion assay of IGFBP4
over expressing U343 cells. 5 x 10* cells were placed in each chamber at
the beginning of the assay. The number of invaded cells was significantly
increased in IGFBP4 over expressing U343 cells as compared with vector
control (p = < 0.001). Each experiment was performed in triplicates

IGFBP4 expression induces EMT, migration
and invasion of glioma cells

Transient over expression of IGFBP4 in U343 cells resulted
in the regulation of EMT markers such as down-regulation
of E-cadherin, and up-regulation of vimentin, N-cadherin,
snail, slug, and twist (Figs. 4a, S2A). These results were
also confirmed by immunoblot analysis (Fig. 4b). Since
cells undergoing EMT acquire an invasive phenotype, we
analysed effect of IGFBP4 over expression on the migration
and invasion potential of U343 cells. In the transwell ma-
trigel invasion assay, U343 cells over expressing IGFBP4
showed increased invasion (Fig. 4d), compared with vector
pCMV6 transfected cells though there was no significant
effect on migration of these cells (Fig. 4c).

These results were also confirmed by IGFBP4 knock-
down in U251 cells using siRNA which resulted in the
down-regulation of mRNAs of EMT markers Twist and
N-cadherin and up-regulation of E-cadherin (Figs. 5a,
S2B). There was no detectable mRNA for snail and slug in
these cells (data not shown). Immunoblot analysis of
lysates prepared from IGFBP4 knock down U251 cells
confirmed the RNA data (Fig. 5b) except for Vimentin.
There was no detectable change in the Vimentin RNA in
IGFBP4 knock down cells whereas protein showed a
decrease. The reasons for this discrepancy are not known,
at the moment. Knock down of IGFBP4 expression by
siRNA in U251 cells resulted in decreased migration
(Fig. 5¢) and invasion (Fig. 5d). Taken together, these data
suggest that IGFBP4 induces EMT, migration and invasion
in glioma cells.

Discussion

Primarily IGFBP4 is known to exhibit growth inhibitory
effects on cells which are dependent on IGFs for growth
and survival [32-34] except in metastatic renal cell car-
cinoma where IGFBP4 was shown to have tumor

promoting effects [25]. In contrast to most reports sug-
gesting a tumor suppressing role for IGFBP4 in many
cancers, our data revealed a tumor promoting role in GBM.
IHC data from glioma patient samples revealed increased
expression of IGFBP4 in different grades of diffusely
infiltrating astrocytoma with maximal expression in GBM.
Notably, unlike other IGFBP isoforms, IGFBP4 showed a
clear nuclear labeling by THC in these tumors. IGFBP4
nuclear localization has also been reported in breast cancer
and normal breast tissues [8]. In order to determine the
functional significance of IGFBP4, we performed over
expression and knock down studies in U343 and U251
glioma cells, respectively. Our data suggest tumor pro-
moting roles for IGFBP4. IGFBP4 influences proliferation
of glioma cells and interestingly, IGFBP4 positively reg-
ulates the phosphorylation status of Erk and Akt in glioma
cells. This finding is in contrast to the reported actions of
IGFBP4 inhibiting IGF actions by affecting Erk and Akt
pathways in bone, rat neuronal and colon cancer cell [35],
[36-38]. Activation of Erk/Akt phosphorylation by IG-
FBP4 shown in this study is similar to the actions of IG-
FBP2 reported in glioma cells [39, 40]. However the
mechanism of activation of Erk/Akt by IGFBP4 is not
known. We also present data on the increased pAkt in
GBMs by IHC. Since, multiple pathways are known to
regulate Erk/Akt pathways; it is not clear whether Erk/Akt
regulation by IGFBP4 requires cross talk with other sig-
naling pathways. Our study revealed regulation of EMT
markers such as vimentin, N-cadherin, E-cadherin, and
transcription factors such as snail, slug and twist by IG-
FBP4. The intracellular signaling pathways which include
Erk and Akt have been shown to regulate EMT in mela-
noma, breast cancer, cervical cancer and squamous cell
carcinoma [41-44]. Hence it is conceivable that the
migration, invasion by IGFBP4 may be due to regulation
of EMT phenotype of glioma cells. The role of nuclear
localized IGFBP4 is enigmatic. Initially, we hypothesized
that the pro-tumorigenic actions of IGFBP4 could be due
to nuclear IGFBP4. However, there is differential nuclear
localization of IGFBP4 in the two glioma cell lines that
were used for over expression or down-regulation (Figure
S1). U343 showed cytoplasmic localization of IGFBP4 and
U251 showed predominant nuclear localization. It should
be noted that IGFBP4 lacks nuclear localization signal [45]
and its nuclear localization may depend on other factors.
Hence, the factor that facilitates nuclear transport of this
protein may be differentially expressed between these cell
lines. Interestingly, both these cell lines are pro invasive
and that was partly due to IGFBP4 expression. Hence, we
conclude that nuclear localization of IGFBP4 may not
contribute to the pro-tumorigenic actions of IGFBP4. This
opens a new dimension on the role played by IGFBP4 in
the nucleus.
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Fig. 5 Effect of IGFBP4
knockdown on EMT, migration
and invasion of glioma cells. a
a Represents fold change ratio
of EMT genes upon IGFBP4
knockdown in U251 cell line
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In conclusion, our data for the first time advocate a pro-
tumorigenic role for IGFBP4 in the progression of GBM
pathogenesis. Our previous data and from the literature on
the pro-tumorigenic roles by other IGFBP isoforms col-
lectively suggest that IGFBP isoforms 2-5 and 7 may
contribute to the pathogenesis of glioma. Hence, a com-
prehensive approach to interfere with these molecules may
provide additional therapeutic options in the management
of GBM patients.
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