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Wilms’ tumor 1 silencing decreases the viability
and chemoresistance of glioblastoma cells in vitro:
a potential role for IGF-1R de-repression
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Abstract Wilms’ tumor 1 (WT1) is a transcription factor

with a multitude of downstream targets that have wide-

ranging effects in non-glioma cell lines. Though its

expression in glioblastomas is now well-documented, the

role of WT1 in these tumors remains poorly defined. We

hypothesized that WT1 functions as an oncogene to enhance

glioblastoma viability and chemoresistance. WT1’s role was

examined by studying the effect of WT1 silencing and

overexpression on DNA damage, apoptosis and cell via-

bility. Results indicated that WT1 silencing adversely

affected glioblastoma viability, at times, in synergy with

1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU) and cisplatin.

To investigate other mechanisms through which WT1 could

affect viability, we measured cell cycle distribution, senes-

cence, and autophagy. WT1 silencing had no effect on these

processes. Lastly, we examined WT1 regulation of IGF-1R

expression. Counterintuitively, upregulation of IGF-1R was

evident after WT1 silencing. In conclusion, WT1 functions

as a survival factor in glioblastomas, possibly through

inhibition of IGF-1R expression.
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Introduction

Glioblastomas are one of the most common and deadliest

types of brain tumors [1]. Even with the combination of

surgery, chemotherapy and radiation therapy, median life

expectancy is only 12–14 months [2, 3]. Despite signifi-

cant gains in the understanding of glioblastoma biology,

the prognosis of the disease has not changed signifi-

cantly over the last 20 years. Wilms’ tumor 1 (WT1) was

recently identified as a possible oncogene in glioblasto-

mas and numerous other cancers including those arising

from the breast and hematopoietic system [4–8]. WT1 is

expressed in approximately 80% of glioblastoma speci-

mens and over 50% of malignant astrocytoma cell lines

[9]. WT1 is a particularly exciting target for therapy

because it can regulate many aspects of tumorigenesis;

further, its expression in the normal brain is essentially

absent [9–11].

Isolating how WT1 functions as an oncogene has been

difficult because WT1 has a bewildering array of over 24

isoforms [12–14]. The four main isoforms are generated by

alternative splicing, which causes the inclusion or exclu-

sion of the 17 amino acid sequence coding for exon 5 or the

three amino acid KTS region in exon 9 [12]. (From this

point on, the different isoforms will be designated by

‘‘±17a.a.’’ in combination with ‘‘±KTS.’’) The KTS
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region lies within four Kruppel C2H2 class zinc fingers.

The presence of the zinc fingers, reminiscent of those in the

DNA binding protein early growth response (EGR), iden-

tified WT1 as a transcription factor [15]. As a transcription

factor, WT1 regulates over 30 different target genes that

mediate diverse cellular activities such as cell cycle con-

trol, apoptosis, growth factor signaling and differentiation

[16, 17]. Additionally, WT1 has a putative role in splicing

[18–20]. Furthermore, WT1 has been co-immunoprecipi-

tated with numerous other proteins including tumor protein

p53 (p53), prostate apoptosis response protein 4 (par-4),

and tumor protein p73 (p73) [21–23]. Many of these

binding partners can be used to modulate WT1’s tran-

scriptional activities. In short, WT1 is an extremely com-

plex gene capable of exerting significant influence on cell

biology.

The function of WT1 in glioblastomas is currently

unknown. Oji et al. [7] reported that application of anti-

sense oligonucleotides targeting WT1 decreased glioblas-

toma survival. However, one of the cell lines in their study,

U87-MG, does not express WT1 according to work per-

formed in our laboratory, therefore, raising the possibility

that non-specific antisense effects account for Oji’s results

[9]. WT1 antisense experiments have been shown to

impede proliferation and induce apoptosis in K562 and

MM6 myeloid leukemia, pancreatic, gastric AZ-521, lung

OS3, ovarian TYK-nu, prostate and multiple breast cancer

lines [24–29]. Taken together, these studies strongly sug-

gest that, in glioblastomas, WT1 will behave as an onco-

gene rather than as a tumor suppressor.

Because WT1 regulates many genes, there are a multi-

tude of mechanisms through which WT1 can diminish cell

viability. Several investigators have opined that WT1

influences survival by regulating apoptosis through tran-

scriptional control of B-cell lymphoma 2 (Bcl-2) family

members [30–33]. Thus, we initially hypothesized that

WT1 regulation of Bcl-2 causes an increase in glioblas-

toma viability and tolerance to chemotherapeutic agents.

Our results indicate that WT1 does increase glioblastoma

viability and chemoresistance; however, the underlying

mechanism does not involve the Bcl-2 family members that

were examined.

In fact, we were not able to demonstrate that WT1

silencing significantly alters cell cycle progression or

enhances either type I (apoptosis) or type II (autophagy)

programmed cell death. In agreement with studies per-

formed in other cell lines, our results confirm that WT1 is a

strong transcriptional repressor of insulin-like growth fac-

tor receptor 1 (IGF-1R) in glioblastomas [34–36]. We

suggest that WT1 silencing causes IFG-1R overexpression,

which is the mechanism of a recently described form of

non-apoptotic, non-autophagic programmed cell death

termed ‘‘paraptosis’’ [37–41].

Results

WT1 expression results in cell-line dependent increases

in chemoresistance

Previous studies performed in our laboratory indicated that

only the –17a.a./?KTS and ?17a.a./?KTS isoforms of

WT1 were expressed in glioblastoma cell lines and patient

specimens [9]. We hypothesized that stable expression of

–17a.a./?KTS or ?17a.a./?KTS WT1 in LN229, LNZ308

and U87MG (all non-WT1 expressing cell lines) would

result in increased chemoresistance compared to parental

controls. In preliminary screening, expression of –17a.a./

?KTS WT1 in the LNZ308 cell line appeared to confer a

small survival advantage (Fig. 1a–c). Further analysis of

the LNZ308 cell line confirmed those findings (P \ 0.05)

(Fig. 1d).

WT1 silencing decreases survival and chemoresistance

The modest survival benefit associated with WT1 expres-

sion occurred in only one out of three cell lines. Therefore,

RNA interference experiments were performed to test the

mirror hypothesis that silencing WT1 would decrease

viability. First, we examined the efficacy of our pooled

WT1 siRNA in T98G cells. Using scrambled short inter-

fering RNA (siRNA) as a control, WT1 mRNA was

decreased by more than 70% from 24 to 168 h after

transfection (Fig. 2a). Likewise, WT1 protein levels were

significantly decreased after 24 h, and by 96 h WT1 was

almost completely absent (Fig. 2b). A lower dose of WT1

siRNA was also examined. Compared to 100 nM, 25 nM

of WT1 siRNA had similar efficacy at 24 h, but at 168 h

the knockdown was less than 50% (Fig. 2a). Therefore, the

100 nM dose was used for the remainder of this study. The

efficacy of WT1 siRNA in the LN18 and VC95G cells lines

was similar (data not shown).

Next, we examined the effect on cell survival of WT1

silencing in the T98G, LN18 and VC95G glioblastoma

cell lines. In those cell lines, WT1 downregulation alone

resulted in decreased viability (P \ 0.05) compared to the

effect of the scrambled siRNA control (Fig. 3a–c). Tumor

cells were then treated with the IC50 dose of 1,3-bis(2-

chloroethyl)-1-nitrosourea (BCNU) or cisplatin. In all

three cell lines, the combination of chemotherapy and

WT1 silencing resulted in a further decrease in viability

(Fig. 3a–c). Differences were significant (P \ 0.05) in all

groups, except the VC95G cells that were subjected to

cisplatin.

Calculations were then performed to determine if the

combined effect of WT1 silencing and the chemothera-

peutic agents was additive or synergistic. By definition,

synergy occurred when the survival of the combined
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treatments was less than 70% of survival calculated to

occur if toxicity was only additive [8, 42]. Synergy was

evident in T98G cells treated with BCNU or cisplatin and

in LN18 cells treated with BCNU (Fig. 3).

To validate that WT1 silencing decreased cell viability,

and not off-target siRNA effects, the non-WT1 expressing

cell line, LNZ308, was treated with WT1 siRNA. There

were no significant differences in survival of LNZ308 cells

exposed to BCNU with WT1 siRNA or scrambled siRNA

(data not shown). Collectively, these experiments indicate

that WT1 is a pro-survival factor in glioblastomas and that

silencing WT1 has the potential to synergistically enhance

the toxicity of chemotherapeutic drugs.

WT1 silencing does not affect chemotherapy-induced

DNA damage

We then wanted to determine whether WT1 silencing

increases BCNU or cisplatin related DNA damage or

alters a subsequent response to the generated death sig-

nals. Studies were performed in T98G cells, in which

synergy was the most striking. Immunocytochemistry for

phospho-53BP1, which binds to regions flanking double-

stranded DNA breaks, revealed that silencing of WT1

resulted in no obvious changes in the amount of foci

(Fig. 4a–e) [43]. Accordingly, Western blot of phospho-

H2AX, a histone involved in DNA repair and damage

Fig. 1 The effect of expression of –17a.a./?KTS and ?17a.a./

?KTS WT1 isoforms on glioma chemosensitivity to BCNU. ATP

assays, performed 5 days after treatment, were used as a surrogate of

cell survival. Percent survival was normalized to untreated controls.

a WT1 (–17a.a./?KTS) LNZ308 cells were consistently more

chemoresistant compared to the other cells, particularly in the

100–200 lM range. b LN229 and c U87MG cells show little or no

benefit from WT1 expression. d Expression of –17a.a./?KTS WT1 in

LNZ308 cells was investigated further. Additional experiments

performed with more replicates confirm a survival benefit at 100 or

150 lM of BCNU
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signaling, showed no change in chemotherapy induced

upregulation of phospho-H2AX levels as a result of WT1

silencing (Fig. 4f) [44]. Together, these results indicate

that WT1 prevents cell death in response to DNA dam-

age, rather than preventing the DNA damage from

occurring in the first place.

WT1 silencing has no effect on apoptosis

WT1 has been hypothesized to alter viability and chemo-

resistance through control of apoptosis via transcriptional

regulation of Bcl-2 family members [30–32]. However, this

mechanism does not appear to be active in our cell lines.

WT1 silencing did not detectably change mRNA levels of

Bcl-2, Bcl-Xl and Bad in the three WT1 expressing glio-

blastoma cell lines (Fig. 5a).

We also examined the activity of caspases 3 and 7, which

are effectors of the apoptotic pathway. Four days after

treatment, total caspase 3/7 activity was significantly

(P \ 0.05) decreased in the WT1 siRNA group (Fig. 5b).

However, this difference reflected the number of viable

cells in each well, as reflected by ATP content utilizing a

chemiluminescent assay (Fig. 5c). When normalized to cell

count, caspase 3/7 activity per cell was not increased after 2

or 4 days of WT1 silencing in T98G, LN18 or VC95G cells

(Fig. 5d). Correspondingly, there was no effect on survival

when cells were pre-incubated with the pan-caspase inhib-

itor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluorom-

ethylketone (ZVAD.fmk) (Fig. 5e). Increasing dosage from

20 lM to either 40 or 60 lM of ZVAD.fmk in the LN18 cell

line also had no effect on survival in WT1 silenced cells (data

not shown).

Similarly, in T98G cells, the amount of DNA frag-

mentation, assessed using terminal deoxynucleotidyl-

transferase dUTP nick end labeling (TUNEL) analysis and

flow cytometry, was not significantly different in cells

treated with scrambled or WT1 siRNA (Fig. 6 b–c).

Interestingly, despite the synergistic toxicity, WT1 silenc-

ing did not increase the amount of apoptosis caused by

BCNU or cisplatin (Fig. 6 d, e). Taken together, these

experiments indicate that WT1 silencing in glioblastoma

cells does not increase apoptosis.

WT1 silencing has no effect on autophagy

Autophagy has recently been identified as a type of pro-

grammed cell death that commonly occurs in response to a

wide variety of stimuli in glioblastomas [45–51]. Because

apoptosis does not account for the additional cytotoxicity

due to WT1 silencing, we examined the influence of WT1

on autophagy. Protein levels of beclin 1, an autophagy

associated protein, were unaffected by WT1 siRNA in the

T98G cell line 4 days after transfection (data not shown).

Likewise, acridine orange staining in VC95G, LN18 and

T98G cells for characteristic acidic vesicular organelles,

visualized with fluorescent microscopy, demonstrated no

obvious effects from WT1 downregulation (Fig. 7a, b). To

quantify acridine orange staining, flow cytometry was

performed in the T98G cell line. Again, differences

between WT1 siRNA and scrambled siRNA groups were

not apparent; although significant staining was evident in

groups treated with BCNU or cisplatin (Fig. 7c). These

results indicate that WT1 silencing has no effect on

autophagy.

Fig. 2 WT1 mRNA and

protein silencing induced by

siRNA in T98G cells. a This

graph depicts the amount of

WT1 mRNA expression as a

percent of WT1 expression in

scrambled controls. The effect

of decreasing siRNA dose from

100 to 25 nM is also shown.

b Western blot of WT1 at 24, 48

and 96 h reveal that as time

progresses, WT1 siRNA caused

WT1 levels to decrease

significantly compared to

untreated, oligofectamine and

scrambled siRNA controls.

Expression levels of cyclophilin

A (CypA) are demonstrated in

parallel blots from the same

samples as loading controls
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WT1 silencing has no effect on the cell cycle

and senescence

Deceleration of the cell cycle from WT1 downregulation,

which occurs in breast cancer cell lines, could have caused

decreased proliferation in our study resulting in diminished

cell counts [26, 27]. In LN18 and VC95G cells, flow

cytometry analysis of propidium iodide staining revealed

that WT1 downregulation caused no significant differences

in the percentage of cells in the G0/G1, G2 or S phases

4 days after transfection (data not shown). However, in the

T98G cell line, WT1 silencing after 4 days significantly

decreased the distribution of cells in the G0G1 phase from

86.7 ± 1.0% to 79.2 ± 0.5%; increased the distribution of

cells in the G2 phase from 4.5 ± 0.7% to 6.9 ± 0.3%; and

increased the distribution of cells in the S-phase from

8.8 ± 0.3% to 13.8 ± 0.8% (P \ 0.05) (Fig. 8a, b). To

further test this finding, we examined the effect of WT1

silencing in T98G cells 2 days after transfection and found

that: the percent of cells decreased from 76.1 ± 0.6% to

72.9 ± 0.4% in the G0G1 phase (P \ 0.05); increased

from 8.1 ± 0.3% to 10.2 ± 0.4% in the G2 phase

(P \ 0.05); and increased from 15.8 ± 0.6% to 16.9 ±

0.3% in the S-phase (P [ 0.05).

The cell cycle effects described above occurred in only

one of three cell lines and unexpectedly indicated an

acceleration of the cell cycle in association with WT1

silencing. We then questioned whether WT1 could influ-

ence chemotoxicity by increasing the proportion of tumor

cells undergoing senescence. Our data indicate that the

Fig. 3 Graphs depicting the effect of WT1 silencing alone or in

combination with BCNU or cisplatin in the (a) VC95G, (b) LN18 and

(c) T98G cell lines. BCNU and cisplatin data were respectively

gathered 3 and 5 days after drug treatment due to differences in drug

kinetics. Survival, measured using ATP assays, was normalized to

untreated controls. Annotated in each column representing the

survival of cells treated with the combination of WT1 siRNA and a

chemotherapeutic agent is the actual survival taken as a percentage of

the predicted survival. A value less than 70% is suggestive of a

synergistic effect
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amount of senescence in VC95G, LN18 (data not shown)

and T98G cells, determined by b-gal staining, was not

noticeably altered by WT1 downregulation (Fig. 8c, d).

WT1 silencing and IGF-1R expression

WT1 is a known repressor of IGF-1R [34–36], the over-

expression of which has been associated with non apop-

totic cell death [37–41]. We investigated using Western

blot the effect of WT1 silencing on IGF-1R levels

(Fig. 9a). Our results show that IGF-1R levels were

markedly higher in T98G cells treated with WT1 siRNA

compared to untreated and scrambled siRNA controls.

Light microscopy reveals clear morphological effects of

WT1 siRNA treatment (Fig. 9b, c). When WT1 is down-

regulated, cytoplasmic pleomorphism and vacuolization is

prominent.

Discussion

WT1, a gene expressed in a variety of cancers, is inter-

esting in many aspects. However, defining the role of WT1

in glioblastomas is particularly exciting for two reasons.

The first is that as a promiscuous transcription factor, WT1

can potentially act as a master switch in tumorigenesis, as it

has already been suggested to be in embryogenesis [52].

The second is that WT1 is expressed in a very high fre-

quency in glioblastomas, and is essentially absent in the

adult brain [9]. Together, these characteristics make WT1 a

potential target for inhibitory or immunologically based

therapies. In fact, a phase II WT1-based immunotherapy

trial has already been performed in 21 glioblastoma

patients in Japan [53]. However, the basic function of WT1

in glioblastoma biology has not been examined in detail up

to this point. This study aimed to further examine the role

of WT1 in glioblastomas and to obtain an idea of the

mechanism(s) though which it acts.

First, we expressed WT1 in glioblastoma cell lines that

do not normally express WT1. One out of the three cell

lines showed a modest, but statistically significant increase

in chemoresistance. There are several possible interpreta-

tions of these findings. One interpretation is that the

–17a.a./?KTS and ?17a.a./?KTS WT1 isoforms, which

were overexpressed, do not play a significant role in glio-

blastoma biology. Caricasole et al. [19] supplied evidence

that supports this line of reasoning. They showed that

?KTS isoforms have a greater affinity for RNA than DNA

Fig. 4 The effect of WT1 silencing in combination with 600 lM

BCNU or 40 lM cisplatin on phospho-53BP1 immunostaining and

phospho-H2AX protein levels in T98G cells. a Representative

confocal images (963) show minimal phospho-53BP1 staining in

untreated cells. Prominent increases in phospho-53BP1 foci are

associated with b BCNU and c cisplatin treatment in combination

with WT1 silencing. However, differences between d scrambled and

e WT1 siRNA groups were not apparent. f Western blot for phospho-

H2AX reveals upregulation in response to both chemotherapeutic

agents. Cells treated with scrambled or WT1 siRNA possessed similar

levels of phospho-H2AX. Experiments were performed in triplicate.

Expression levels of beta-actin are demonstrated in parallel blots from

the same samples as loading controls
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Fig. 5 The effect of WT1 silencing on apoptosis. a Quantitative

RT–PCR measurement of mRNA levels of Bcl-2, Bcl-Xl and Bad at

several time points did not reveal significant differences between the

effects of scrambled and WT1 siRNA in the VC95G, LN18 and T98G

cell lines. The most comprehensive analysis was performed in the

LN18 cell line and shown here. b Caspase 3/7 levels were assayed 2

and 4 days after treatment. To account for toxic effects which

influenced cell viability, caspase 3/7 activity was normalized to cell

number with parallel ATP assays (c). The ATP assays were correlated

to cell counts (data not shown). d Caspase 3/7 activity per cell was

unaffected by WT1 downregulation, but was significantly increased

by BCNU and cisplatin co-treatment. e Caspase inhibition with

ZVAD.fmk did not alter the viability of cells treated with WT1 siRNA

4 days after transfection
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and may be preferentially involved in post-transcriptional

events unlike –KTS isoforms, which reportedly have more

of a role in transcriptional regulation [19]. The natural

assumption here is that WT1’s splicing activities do not

have as much of an impact on chemoresistance as its

transcriptional activities.

Fig. 6 Representative flow cytometry experiments which indicate

the amount of TUNEL staining in lymphoma and T98G cells. a The

lymphoma cells were used as a positive control and show a classic

second peak indicative of DNA fragmentation. Negative staining

controls were performed without terminal deoxynucleotidyltransfer-

ase and used to set thresholds (\1%). Four days after transfection,

T98G cells treated with (b) scrambled or (c) WT1 siRNA showed no

significant increase in TUNEL staining. d–g Although treatment with

BCNU and cisplatin alone resulted in DNA fragmentation, additional

DNA fragmentation was not noted with WT1 downregulation. The

percentage of cells with increased FITC-dUTP signaling is annotated

in the lower right hand quadrant

Fig. 7 Effect of WT1 silencing

on autophagy. Representative

fluorescent microscopy images

(920) of acridine orange

staining in T98G cells treated

with (a) scrambled or (b) WT1

siRNA. The number of orange

autophagosomes in each group

is approximately the same by

visual inspection so flow

cytometry was used for

quantification. c Flow cytometry

confirmed that with or without

chemotherapy, silencing WT1

did not significantly alter the

amount of red fluorescence per

cell. The Q2 quadrant represents

cells containing red (acidic

vesicular organelles) and green

(DNA) fluorescence
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Yet, there is a basis to believe that the modest effect of

WT1 overexpression is misleading and that WT1 activity

could significantly affect glioblastoma biology. One spec-

ulation is that the conditions of cell culture actually provide

redundancy of activation of some of parallel or alternative

pathways for cells which normally do not rely on WT1 for

survival. Therefore, adding another pro-survival factor may

not create much of an impact. Another explanation is that

the two cell lines, which did not respond, may not have

possessed the proper milieu for WT1 to function. Studies

Fig. 8 An examination of the

effects of WT1 silencing on the

cell cycle and senescence.

Representative data from flow

cytometry experiments for cell

cycle analysis show that at post-

treatment day 4 scrambled

siRNA controls (a) when

compared to WT1 silenced

T98G cells (b) demonstrated

small but statistically significant

changes in the percent of cells

in the G0G1, G2 and S phases.

Representative images of b-gal

staining in T98G cells treated

with scrambled (c) or WT1

siRNA (d) did not suggest a

difference in the number of

senescent cells. Note that

images were captured from the

center of the well where the

majority of b-gal staining

occurred

Fig. 9 The effect of WT1

silencing on IGF-1R expression

and cell morphology. Western

blot of protein extracts from

T98G cells showed that WT1

silencing markedly upregulated

the expression of the IGF-1R

beta subunit (a). Blots were

performed in triplicate.

Expression levels of beta-actin

are demonstrated in parallel

blots from the same samples as

loading controls. Visualization

using inverted light microscopy

(920) revealed that the

morphology of cells treated with

scrambled siRNA (b) is much

more normal than T98G cells

treated with WT1 siRNA (c)

J Neurooncol (2011) 103:87–102 95

123



have consistently documented that WT1’s behavior varies

in different cell lines [30, 54–59]. Why WT1 acts in this

manner is unknown, but a guess is that complex interplay

with other genes and its numerous protein binding partners

may play a role in modulating WT1’s activity.

To further investigate the significance of WT1 expression

in glioblastomas, we performed WT1 silencing experiments.

Downregulation of WT1 decreased cell survival and che-

moresistance to BCNU and cisplatin. That a WT1 antisense

strategy caused these effects agrees with Oji’s aforemen-

tioned findings in glioblastomas and the results of investi-

gators in other cancer cell lines [7, 24–29]. Importantly, the

present study confirmed that, in glioblastomas, WT1 acts as

an oncogene rather than a tumor suppressor.

It is also interesting to note that the p53 status of the

cells (T98G and LN18 cell lines have mutant p53,whereas,

the VC95G cell line possesses wild-type p53) did not seem

to have an effect, even though WT1 and p53 have been

shown to modulate each other’s activities [21, 35, 60, 61].

However, this observation does correlate with our previ-

ously published results [9]. Apparently, in glioblastomas,

p53 does not influence WT1 activity to a significant extent.

Our data also indicates that silencing WT1 was poten-

tially synergistic with the chemotherapeutic agents BCNU

and cisplatin. Synergism varied by cell line and agent. The

highest amount of synergy was seen in the T98G cell line,

while the least was witnessed in the VC95G cell line.

Perhaps, the difference was caused by the amount of WT1

in those respective cell lines. In T98G cells, WT1 is

expressed in moderate levels; whereas in VC95G cells,

WT1 expression is an order of magnitude lower [9]. Nev-

ertheless, synergy was possible and its presence suggests

the pathways influenced by WT1 and those responsible for

cell death caused by BCNU and cisplatin likely intersect.

The results of this study also suggested that this point of

intersection between the WT1 pathway and the effect of the

chemotherapeutic drugs is after the occurrence of the DNA

damage. The amount of DNA damage caused by BCNU or

cisplatin, reflected by levels of phospho-53BP1 and phos-

pho-H2AX, was equal despite WT1 silencing. Thus, it can

be inferred that WT1 modulation alters glioblastoma

response to these signals. This notion is further supported

by Shahrabani-Gargir’s observation that ATM (ataxia-tel-

angiectasia mutated gene) utilizes WT1 to mediate cellular

response to DNA damage [62].

The mechanism(s) through which WT1 influences

glioblastoma cell death have to our knowledge never been

investigated. Therefore, a survey of the diverse cellular

activities associated with WT1’s many transcriptional tar-

gets was performed. As alluded to before, WT1 has been

shown to influence apoptosis in other cancer types through

a variety of mechanisms which include the regulation of

Bcl-2 family members and several growth/proliferation

factors (EGFR, IGF2, PDGF-A, amphiregulin, and c-myc)

[21, 30, 55, 56, 59, 63–67]. Contrary to those results, our

data revealed that WT1 silencing in glioblastoma cell lines

did not affect typical indicators of apoptosis. Alteration in

Bad, Bcl-Xl and particularly Bcl-2 levels was not seen.

Caspase 3/7 activity did not increase. There was no

response to the pan-caspase inhibitor ZVAD.fmk. TUNEL

staining was unchanged. Taken together, these findings

suggest that WT1 downregulation decreases cell viability

through a mechanism other than apoptosis.

Prior studies have suggested that in glioblastomas

autophagy prevents apoptosis by, almost paradoxically,

either inhibiting apoptosis as a means of survival or sup-

planting it as an alternative programmed cell death mecha-

nism [48]. In glioblastomas autophagy occurs in response to

a wide variety of stimuli including: ceramide, radiation,

adenovirus, mutated Ras, arsenic trioxide, etoposide, tem-

ozolomide, BCNU, cisplatin and rapamycin [45–50, 68, 69].

However, in our experiments, silencing WT1 did not

increase autophagy.

The decrease in cell number caused by WT1 silencing

may have also occurred as a result of deceleration of the

cell cycle. In two separate experiments performed in breast

cancer cell lines, investigators noted that the use of WT1

antisense oligodeoxynucleotides resulted in decreased

levels of cyclin D1 and a G1 block [26, 27]. However,

based on our results, WT1 silencing affected only one of

three cell lines and had no influence on senescence. In the

T98G cell line, silencing WT1 caused a modest increase in

cell cycle progression, which would lead to increased and

not decreased cell number as observed. WT1 is certainly

capable of slowing down the cell cycle. Loeb et al. [70]

demonstrated that WT1 represses cyclin E. Englert et al.

[71] and Wang et al. [65] documented that WT1 upregu-

lated p21Cip1, a cyclin-dependent kinase inhibitor. One

plausible explanation to resolve this seeming inconsistency

is that silencing WT1 caused cell death in excess of its

proliferative cell cycle effects in the T98G cell line.

Our results also indicated that WT1 silencing causes

IGF-1R overexpression. This finding corresponds with

those of other investigators who have noted that WT1

repressed IGF-1R expression in P69 prostate, G401 renal

and Saos-2 osteosarcoma cell lines [34–36, 72]. However,

IGF-1R is usually regarded as an anti-apoptotic and pro-

liferative factor; therefore, it is difficult to conceive of IGF-

1R overexpression as a cause of the decreased viability

seen in our experiments.

Yet, there is evidence to suggest that this scenario is not

so far-fetched. Hondo et al. [73] showed that the COOH

terminus of IGF-1R induced cell death in the T98G cell

line. Furthermore, Plymate et al. [74, 75] demonstrated that

IGF-1R overexpression in malignant prostate cell lines

caused the same effects. Additionally, Sperandio et al.’s
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[39, 40] experiments revealed that IGF-1R overexpression

in 293T cells and Apaf-1 null mouse embryonic fibroblasts

caused a previously undescribed form of cell death that

they termed ‘‘paraptosis.’’ Interestingly, cell death sec-

ondary to WT1 silencing shared similarities with parapto-

sis—caspase 3 activity was not increased, ZVAD.fmk did

not inhibit cell death, TUNEL staining was negative, and

autophagic vacuoles were not present [39]. Additionally,

paraptosis has been shown to occur in gliomas in response

to macrophage colony-stimulating factor [37, 38].

In conclusion, we showed that WT1 overexpression can

increase cell viability and chemosensitivity, and that WT1

silencing has the opposite effect. This confirms that WT1

acts as an oncogene in glioblastomas. Furthermore, our

data revealed that the decreased viability resulting from

WT1 downregulation was not caused by apoptosis,

autophagy, senescence or cell cycle effects. Lastly, we

demonstrated an association between WT1 silencing and

IGF-1R overexpression that could partially account for

WT1’s oncogenic behavior. Future studies will need to be

performed to fully assess the consequences of WT1

expression in gliomas and to further examine the involve-

ment of IGF-1R overexpression in cell death.

Methods

Cell culture

The T98G, LN18, LNZ308, LN229 and U87MG human

glioblastoma cell lines were purchased from the American

Type Culture Collection (Manassas, VA). The VC95G cell

line, previously used by Van Meter et al. [76] was estab-

lished from a patient with a type IV astrocytoma. Immu-

nohistochemistry was performed to confirm positive

staining for glial fibrillary acidic protein(GFAP). Cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM),

which was supplemented with 10% fetal bovine serum,

4 mM glutamine, 1% non-essential amino acids, and 1%

penicillin–streptomycin (Invitrogen, Carlsbad, CA). Cells

transfected with the WT1 pcDNA3.1 plasmid were addi-

tionally selected with geneticin (Invitrogen). Cells were

grown in 6 or 96 well plates in a humidified atmosphere of

5% CO2 at 37.8�C and, for certain experiments, number

1.5 9 10 mm coverslips (Fisher, Pittsburgh, PA) were

placed in the wells of 6 well plates. Operating room spec-

imens were obtained with approval of the Virginia Com-

monwealth University Hospitals internal review board.

Small interfering RNA preparation and transfection

A pool of four small interfering RNAs, purchased from

Dharmacon Research, Inc. (Si-Genome, Lafayette, CO),

was used to silence WT1. As a control, we used a pool of

two, non-targeting, scrambled siRNAs (Dharmacon). All

siRNAs were pre-designed by the manufacturer. Cells were

plated overnight as described in 6 or 96 well plates. SiRNA

was transfected per the manufacturer’s protocol. Briefly,

24 h after plating, culture media was removed and replaced

with optimem (Invitrogen). A mixture of siRNA, optimem

and oligofectamine (Invitrogen) was then added to achieve a

final siRNA concentration of 100 gM. After 4 h of incuba-

tion, the cells were supplemented with 30% heat-inactivated

fetal bovine serum diluted in optimem. SiRNA concentra-

tions were chosen based on dose–response studies.

Plasmid construction and generation of stable

transfectants

WT1 ?17a.a./?KTS or WT1 –17a.a./?KTS expres-

sion plasmids (pcDNA3.1, Invitrogen) were provided by

Dr. Charles T. Roberts, Jr. and have been described pre-

viously [77, 78]. LNZ308, LN229 and U87MG cells were

plated at a density of 2 9 105 in six well plates and

allowed to attach overnight in DMEM without penicillin/

streptomycin. Cells were transfected with a mixture of 3 ll

Lipofectamine 2000 (Invitrogen) and 1.0 lg of WT1

pcDNA3.1 plasmid diluted in 500 ll DMEM without fetal

bovine serum or penicillin–streptomycin and incubated for

4 h at 37�C. After 4 h, cells were supplemented with

1.5 ml DMEM with 10% fetal bovine serum without pen-

icillin–streptomycin. Twenty-four hours after transfection,

the conditioned media was replaced with DMEM with 10%

fetal bovine serum without antibiotics. Forty-eight hours

after transfection, cells were selected in DMEM containing

600 lg/ml Geneticin (Invitrogen) for LN229, 200 lg/ml

for U87MG and 300 lg/ml for LNZ308.

Treatment with BCNU and cisplatin

Dose–response studies (data not shown) were performed in

each cell line to identify the IC50 concentrations of 1,3-

bis(2-chloroethyl)-1-nitrosourea (BCNU; Sigma–Aldrich,

St. Louis, MO) and cis-dichlorodiammine platinum II

(cisplatin; Sigma–Aldrich). Chemotherapy treatments,

when used, were generally given to tumor cells 24 h after

siRNA treatment. BCNU was dissolved in ethanol and

cisplatin was dissolved in DMSO. Final concentrations of

ethanol and DMSO were respectively less than 0.5 or 0.1%.

These solvent concentrations were determined to have no

effect on viability (data not shown).

Assays to measure cytotoxicity and viability

Effects of manipulations, such as treatment with chemo-

therapeutic drugs or siRNA on the viability of cells, were
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assessed with the Cell-titer Glo kit (Promega, Madison, WI),

an assay that measures the amount of ATP. Briefly, 2 9 104

cells were plated in 96 well plates and then treated with

siRNA on day 1 and, for selected experiments, treated with

chemotherapeutic drugs on day 2. For caspase inhibition

experiments, 20 lM carbobenzoxy-valyl-alanyl-aspartyl-

[O-methyl]-fluoromethylketone (ZVAD.fmk, Calbiochem,

San Diego, CA) was applied 30 min prior to the putative

cellular insult. After a period of 4–7 days, ATP assays were

performed per the manufacturer’s instructions. Fluorescence

was quantified using a Fluostar plate reader (BMG Labtech,

Offenburg, Germany). In an additional experiment (data not

shown), the relationship between ATP and cell count was

found to be highly linear (r2 = 0.98) and constant despite

treatment with siRNA. All experiments were performed in

replicates of at least nine.

RNA extraction and processing

RNA was isolated from plated cells using the RNeasy mini

Kit (Qiagen, Hilden, Germany) per the manufacturer’s

instructions. The isolate was sent for quantitative reverse

transcriptase PCR analysis at the Virginia Commonwealth

University’s nucleic acids facility. In brief, experiments

were performed in the ABI Prism 7900 Sequence Detection

System (Applied Biosystems, Foster City, CA) using the

TaqMan One Step PCR Master Mix Reagents Kit (Applied

Biosystems). Samples were tested in triplicate under the

conditions recommended by the fabricant. The cycling

conditions were: 48�C/30 min; 95�C/10 min; and 40 cycles

of 95�C/15 s and 60�C/1 min. The cycle threshold was

determined to provide the optimal standard curve values.

The probes (5’FAM, 3’TAMRA) and primers were designed

using the Primer Express version 2.0. Ribosomal 18S RNA

processed using TaqMan pre-developed assay reagents

(Applied Biosystems) was used as endogenous control. For

WT1, the respective sequences of the forward primer,

reverse primer and TaqMan probe were ‘‘AGGACTGTGA

ACGAAGGTTTTCTC’’, ‘‘GACAAGTTTTACACTGGA

ATGGTTTC’’, and ‘‘CACCTGTATGTCTCCTTTGGTGT

CTTTTGAGCT’’. For Bcl-2, the respective sequences of

the forward primer, reverse primer and TaqMan probe were

‘‘CATGTGTGTGGAGAGCGTCAA’’, ‘‘GCCGGTTCAG

GTACTCAGTCAT’’, and ‘‘CCTGGTGGACAACATCGC

CCTGT’’. For Bcl-Xl, the respective sequences of the for-

ward primer, reverse primer and TaqMan probe were ‘‘AAT

GACCACCTAGAGCCTTGG’’, ‘‘GCCGGTTCAGGTACTC

AGTCAT’’, and ‘‘CCTGGTGGACAACATCGCCCTGT’’.

Lastly, for Bad the respective sequences of the forward pri-

mer, reverse primer and TaqMan probe were ‘‘GGATG

AGTGACGAGTTTGTGGAC’’, ‘‘TCTGCGTTGCTGTGC

CC’’, and ‘‘CTTTAAGAAGGGACTTCCTCGCCCGAAG’’.

Protein isolation and Western blot

WT1, IGF1R, H2AX, Beclin 1, Bax and Bak were eval-

uated by Western blot analysis. Depending on the

experiment, protein was extracted from 1 to 7 days after

siRNA treatment. A lysis buffer consisting of 50 mM

Tris–Cl (ph 6.8), 1% sodium dodecyl sulfate (SDS), 10%

glycerol, and 100 ul/10 ml of protease inhibitor (Calbio-

chem) was applied to trypsinized tumor cells. Concen-

trations were determined using the Bio-Rad protein assay

(Hercules, CA) on a Fluostar plate reader (BMG

Labtech).

Proteins were resolved using NuPAGE 4–12% Bis–Tris

mini-gels (Invitrogen), except in the case of WT1 immu-

noblotting, for which SDS–PAGE was performed. After

separation, protein was transferred electrophoretically to a

0.2 lm nitrocellulose membrane (Invitrogen) and blocked

in 5% nonfat milk. The blots were incubated with primary

antibodies overnight at 4�C. Antibodies were applied using

the following dilutions: 1:1,000 mouse anti-phospho-

H2AX (Millipore/Upstate, Billerica, MA), 1:5,000 mouse

anti–b-actin (Sigma–Aldrich), 1:1,000 rabbit anti-beclin 1

(Santa Cruz, Santa Cruz, CA), 1:2,000 rabbit anti-cyclo-

philin A (Millipore/Upstate, Billerica, MA), rabbit anti-

IGF1R-beta (Cell Signaling Technology, Danvers, MA)

and 1:200 mouse anti-WT1 antibodies (Dako, Carpinteria,

CA). Subsequently, the blots were washed six times in Tris

buffered saline containing 0.05% Tween-20 before and

after 1 h of incubation at room temperature with horserad-

ish peroxidase-conjugated secondary antibodies. Enzyme-

linked chemiluminescence was performed according to the

manufacturer’s protocol (Amersham, Buckinghamshire,

England). Blots were performed in triplicate. Cyclophilin A

and beta-actin immunoblots were used to control for protein

loading due molecular weight considerations, and were

found to vary coordinately in the studies carried out (data not

shown).

Terminal deoxynucleotidyltransferase dUTP nick end

labeling (TUNEL)

The Apo-Direct assay (BD Biosciences, Rockville, MD)

was used to detect apoptosis in the treated tumor cells

according to the manufacturer’s instructions. Briefly, the 30

hydroxyl ends of fragmented DNA were labeled in a sin-

gle-step reaction with a FITC-deoxyuridine triphosphates

(dUTP) conjugate. Incorporation of the fluorescent conju-

gate was detected using a BD FACS Canto flow cytometer

(BD Biosciences). Forward and side scatter was adjusted to

omit cellular debris and 10,000 events were analyzed in the

Fl2 channel.
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Cell cycle analysis

For cell cycle analysis, tumor cells were detached with

trypsin–EDTA, washed and collected. Cells were then

stained overnight in a cold propidium iodide staining

solution consisting of 3.8 9 103 M Na citrate, 0.05 mg/ml

propidium iodide, 0.11% triton X-100 and 7 Kunits/ml

RNase B (Sigma–Aldrich). DNA content was analyzed

with a FACScan flow cytometer. Data were analyzed using

Cell Quest (Becton–Dickinson, San Jose, CA, USA) and

ModFit LT (Verity, Topsham, ME) software packages.

Senescence-associated beta-galactosidase staining

To examine senescence, beta-galactosidase (ß-Gal) stain-

ing was performed using 5-bromo-4-chloro-3-indoly

A-D-galactopyranoside (X-Gal; Gold Biotechnology, Inc.,

St. Louis, MO). Cells were seeded at a density of 1 9 105

cells/well in 6 well plates. As described, on days 1 and 2 after

plating, the cells were subjected to siRNA treatments with or

without BCNU and cisplatin. Fixation was performed with

3% paraformaldehyde on day 5 at room temperature for

30 min. After a PBS wash, cells were incubated overnight

at 37.8�C without CO2 in staining solution consisting of

1 mg/ml X-Gal, 40 mM citric acid/sodium phosphate buffer

(pH = 6.0), 5 mM potassium ferrocyanide, 5 mM potas-

sium ferricyanide, 2 mM MgCl2, and 150 mM NaCl.

Caspase 3/7 activation

Activity of effector caspases 3 and 7 were measured using

the Caspase Glo 3/7 assay (Promega). Tumor cells were

seeded on 96 well plates and then treated with siRNA with

or without the IC50 dose of BCNU and cisplatin. Lumi-

nescence resulting from the interaction of caspase 3/7 with

Z-DEVD-aminoluciferin was determined per the manu-

facturer’s instructions. A Fluostar plate reader (BMG

Labtech) was used to quantify fluorescence.

To account for the effect of BCNU and cisplatin on cell

viability, caspase 3/7 activity was normalized to cell num-

ber. Cell number was calculated in a two-step manner. First,

we determined that the ATP (RLU)/cell (3.96 RLU/cell) was

not significantly different in the treated versus control

groups (data not shown). Then, we determined the amount of

ATP in the wells by concurrently performing ATP and

caspase 3/7 assays. Thus, the normalized caspase activity

was calculated by the formula: caspase/(ATP/3.96).

Detection and quantification of acidic vesicular

organelles with acridine orange

Autophagy is characterized by the sequestration of cyto-

plasmic components into acidic vesicular organelles (AVOs)

that fluoresce bright red when stained with acridine orange

(Sigma–Aldrich) [79, 80]. To detect acridine orange stain-

ing, AVOs were visualized by epifluorescent microscopy

and quantified with flow cytometry. Acridine orange stain-

ing (1 lg/ml for 15 min) was conducted 3 days after treat-

ment with siRNA and the chemotherapeutic agents. For

microscopy, coverslips were wet-mounted on glass slides

without fixation. Fluorescent pictures were obtained with a

Nikon Eclipse E800 M (Tokyo, Japan) and recorded using

the Spot version 3.5.6 software package (Diagnostic

Instruments, Sterling Heights, MI). For flow cytometry, cells

were washed in PBS, detached with 0.05% trypsin–EDTA

(Invitrogen), collected and centrifuged, and finally, resus-

pended in PBS. Analysis was performed on a BD FACSC-

anto flow cytometer (BD Biosciences, San Jose, CA) using

the BDFACS Diva software package (BD Biosciences).

Cells underwent excitation with blue (488 nm) laser and

the resultant green (Fl2 channel) and red (Fl4 channel)

emission data of 104 cells were analyzed. Cells that were

double positive were considered to be autophagic. Thresh-

olds were set so that 1–2% of negative control cells were

positive.

Phospho-53BP1 immunofluorescence staining

After treatment with WT1 siRNA, tumor cells were cul-

tured for 3 days on sterile 10 mm coverslips placed in a 6

well plate. The samples were then fixed with 4% parafor-

maldehyde, permeabilized with 0.25% Triton 9100 in

PBS, and blocked with 1:10 Donkey serum in 0.01% Triton

X100/PBS. Staining was performed by overnight incuba-

tion of the phospho-53BP1 primary antibody (Cell Sig-

naling Technology) at a dilution of 1:400, followed with

0.01% Triton 9100/PBS washes, and overnight incubation

of the secondary antibody, goat anti-rabbit IgG conjugated

with Alexa 488 fluorochromes (Molecular Probe), at a

dilution of 1:200. Coverslips were then mounted on slides

using the Prolong antifade kit (Molecular Probe) and

examined on a Leica DM IRE2 confocal microscope

using the Leica confocal software package (Heidelberg,

Germany).

Synergy calculations

Using a procedure described by Hata et al. [42] and

Zhang et al. [8] synergy was determined by comparing

predicted versus actual survival values. Predicted survival

(c) was calculated from the equation c = (a 9 b)/100,

where a and b represent survival values for a single agent.

Drug interactions were considered synergistic if the actual

survival values were less than 70% of the predicted sur-

vival values.
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Statistical analysis

The data were expressed as means ± the standard devia-

tion. Microsoft Excel 2002 (Redmond, WA) and Analyze-

It (Leeds, England) programs were used to perform two-

tailed T-test or one-way analysis of variance. If analysis of

variance indicated a significant difference amongst means,

post-hoc analysis was executed with the Bonferroni cor-

rection. A P-value of equal or less than 0.05 was deemed

statistically significant.
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