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ORIGINAL ARTICLE

The pleiotrophin-ALK axis is required for tumorigenicity

of glioblastoma stem cells

R Koyama-Nasu', R Haruta', Y Nasu-Nishimura', K Taniue', ¥ Katou?, K Shirahige?, T Todo®, Y Ino®, A Mukasa®, N Saito®,

M Matsui', R Takahashi',

A Hoshino-Okubo’, H Sugano', E Manabe', K Funato' and T Akiyama'

Increasing evidence suggests that brain tumors arise from the transformation of neural stem/precursor/progenitor cells. Much
current research on human brain tumors is focused on the stem-like properties of glioblastoma. Here we show that anaplastic
lymphoma kinase (ALK) and its ligand pleiotrophin are required for the self-renewal and tumorigenicity of glioblastoma stem cells
(GSCs). Furthermore, we demonstrate that pleiotrophin is transactivated directly by SOX2, a transcription factor essential for the
maintenance of both neural stem cells and GSCs. We speculate that the pleiotrophin-ALK axis may be a promising target for the

therapy of glioblastoma.

Oncogene (2014) 33, 2236-2244; doi:10.1038/0nc.2013.168; published online 20 May 2013
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INTRODUCTION

Glioblastoma is one of the most aggressive human cancers with a
median survival of around 1 year.! Increasing evidence suggests
that glioblastorna may arise from the transformation of neural
stern/precursor/progenitor cells” Consistent with this idea,
glioblastoma cells cultured in serum-free media, which favor the
growth of neural stem cells (NSCs), maintain stem-like properties
and tumorigenicity.’ However, when grown in the presence
of serum, they undergo irreversible differentiation and lose
their tumorigenicity.’ This finding raises the posmblhty that
differentiation therapy might be effective for glioblastoma.*

Almost all cell proliferative signaling involves phosphotransfer
cascades, and accordingly protein kinases have heen intensely
pursued as drug targets. Indeed, a number of small-mclecule
inhibitors and antibodies targetmg kinases are currently being
used for cancer treatment.” Therefore, one approach to developing
differentiation-inducing therapies for glioblastoma would be to
identify kinases that regulate their stem-like properties.

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase
that is bound béy the growth factor pleiotrophin or the closely
related midkine.”” ALK was initially discovered as a protein fused
to nucleophosmin (NPM) in an anaplastic large cell lymphoma
(ALCL). This fusion was shown to cause the ligand-independent
autophosphorylation and activation of ALK, Studies using mouse
models further showed that this NPM-ALK fusion is a primary driver
of oncogenesis in ALCL® Moreover, oncogenic fusions or
mutations of ALK have also been described in vatious other
cancers, including inflammatory myofibroblastic tumors, non-small
cell lung cancer (NSCLC), diffuse large B-cell lymphoma, sguamous
cell carcinoma of the esophagus and neuroblastoma.” Importantly,
the ALK inhibitor crizotinib has recently been approved for the
treatment of ALK-positive NSCLC®' In addition, an anti-ALK
antibody has been shown to repress the invasive capacity of the
glioblastoma cell line U87 (Stylianou et al.'!).

The Sry-related transcription factor SOX2 was identified as a
partner of Oct3/4 in embryonic stem cells (ESCs) and is known to
be essential for pluripotent cell development.'*™* SOX2 is also
expressed in NSCs and has an important role in neural
development and homeostasis of the adult central nervous
system.''® On the other hand, it has also been shown that
SOX2 is overexpressed in glioblastorna.'® Furthermore, it has been
reported that knockdown of SOX2 by RNA interference (RNAI)
suppresses the tumorigenicity of glioblastoma stem cells (GSCs)
xenografted into immunodeficient mice.'”

In the present study, we show that the pleiotrophin-ALK axis is
activated by SOX2 and is required for the self-renewal and
tumorigenicity of GSCs.

RESULTS

ALK and its ligand pleiotrophin are required for the self-renewal
and stem-like properties of G5Cs

We established four GSC lines under serum-free conditions,
GB2-5, and found that they are of the proneural type.'®'® These
cell lines exhibited enrichment for GSCs as they maintained
sphere-forming ability and expressed high !eveis of the NSC
rmarkers, SOX2 and Nestin, as reported previously® (Figure 1). The
GB2 cell line possesses the highest tumorigenic activity among
our GSC lines, and we used these cells to perform an unbiased
kinome-wide RNAI screen. We transfected GB2 cells that had been
maintained in serum-free medium with a library of small
interference RNAs (siRNAs) that target each of 704 kinases and
kinase-related genes and then measured the expression levels of
the stem cell markers CD133°% and Lgr5.*' We found 15 kinase
genes whose suppression affected CD733 or Lgr5 expression,
including 4 kinases known to be involved in the proliferation of
GSCs?? (Table 1 and Supplementary Table $1). Cne of these top 15
genes, ALK was also previously reported to be involved in
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Figure 1.

The pleiotrophin-ALK axis in GSCs
R Koyama-Nasu et al
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Expression levels of ALK and pleiotrophin in GSCs. GB2-5 cells were maintained in serum-free medium. U87 cells were maintained in

serum-containing medium. Cell lysates were subjected to immunoblotting with antibodies to the indicated protelns (left). The mRNA levels of
ALK or pleiotrophin were evaluated by quantitative RT—PCR and shown as the fold change over mRNA levels in GB2 cells (right). Error bars

represent the s.d. (1=3).

Table 1. Kinome-wide RNAI screen in GSCs
Gene symbol D133 Lgr5 Average

1 TSSK6 0.55 0.50 0.52

2 GRK4 049 0.81 0.65

3 FRK 0.58 0.76 0.67

4 CDC42BPA* 045 0.89 0.67

5 PICK1 0.71 0.70 0.71

6 TAL1 0.78 0.64 0.71

7 DVL3 0.80 0.62 0.71

8 PCTK2 0.78 065 0.71

9 MARK1 0.70 073 0.72

10 OXSR1* 0.75 0.70 0.72

11 FYN* 0.53 091 0.72

12 DYRK2 0.76 0.70 0.73

13 MAPKAPK3* 0.68 0.80 0.74

14 ALK 0.69 0.30 0.75

15 ETNK2 0.89 0.60 0.75
Abbreviations: G5C, glioblastoma stem cell; RNAi, RNA interference. Note:
Average fold changes in the top 15 genes whose knockdown resulted in
the greatest change in CD133 and/or Lgr5 expression. ALK data are
indicated in bold and the asterisks indicate genes identified in a similar
RNAI screen.®® The entire results are shown in Supplernentary Table S1.

glioblastomagenesis.""*® However, these studies mainly analyzed
the commonly used ghobiastoma ce!l line U87, which does not
exhibit any ster-ike properties®** Furthermore, although U87
cells are highly tumorigenic, U87-derived tumors do not show any
glioblastoma-specific features>** We therefore set out to study
the role of ALK in the tumorigenicity of GSCs. Lentiviral
introduction of a short hairpin RNA (shRNA) targeting ALK
resulted in a decrease in both sphere formation and stem cell
marker expression (Figures 2a and b). Although the levels of nestin
mRNA were downregulated, the levels of Nestin protein did not
change drastically, probably due to the stability of the Nestin
protein in GB2 cells.

We next examined whether the ALK ligand pleiotrophin is
required for the stem-ike properties of GSCs. We found that
pleiotrophin was expressed at high levels in GB2-5 cells compared
with U87 cells and mainly as an 18-kDa protein (Figure 1).
When pleiotrophin expression was knocked down by shRNA,
hoth sphere formation and expression levels of the stem ceH
markers examined were suppressed (Figures 2a and b).
found that GSCs infected with a lentivirus expressing an shRNA
targeting ALK or pleiotrophin had increased levels of the
neural marker mitogen-activated protein kinase 2 (MAPZ;

& 2014 Macmillan Publishers Limited

Supplementary Figure S1A). By contrast, knockdown of either
ALK or pleiotrophin resulted in decreased expression of the
astrocyte marker glial fibrillary acidic protein (GFAP) and the
oligodendrocyte marker Ofig2 (Supplementary Figure S1A). We
observed that knockdown of either ALK or pleiotrophin did not
cause apoptosis (Supplementary Figure S1B) or any drastic
morphological change (Supplementary Figure S1C). In addition,
knockdown of pleiotrophin resulted in a decrease in ALK protein
and mRNA levels, suggesting that pleiotrophin stimulates not only
ALK kinase activity but also ALK gene expression. These results
suggest that ALK and pleiotrophin are important for the self-
renewal and stem-like properties of GSCs.

ALK and pleiotrophin activate the Myc and ESC-like transcriptional
programs in GSCs

To study the role of the pleiotrophin-ALK axis in GSCs, we
investigated the gene expression profiles of GB2 cells in which
either ALK or pleiotrophin expression had been suppressed by
siRNA. DNA microarray analyses revealed that the MAP kinase,
phosphoinositide 3-kinase (PI3-kinase) and Janus kinase/signal
transducer and activator of transcription factor (JAK/STAT)
pathways are activated in GSCs (Figure 2¢ and Supplementary
Tables S2-S4). Pleiotrophin, but not ALK, was also found to
activate the Wnt signaling pathway. We found about a 30%
overlap in the genes whose expression was reduced by
suppression of ALK and pleiotrophin  (Figure 2d and
Supplementary Tables 52-54). Furthermore, we found that down-
streamn target genes of ALK and pleiotrophin overlap with those
enriched in ESCs, which are known to be overexpressed in poorly
differentiated tumors, including glioblastoma® (Figure 2d, upper
panel and Supplementary Tables $2-S4). It had been previously
repotted that the NPM-ALK fusion protein induces Myc expres-
sion.2® We also found that ALK and pleiotrophin target genes
overlap those targeted by Myc and its related proteins, the Myc
module, which has been reported to account for most of the
sirnilarity between ESCs and cancer celis® (Figure 2d, lower panel
and Supplementary Tables 52-54). These results suggest that ALK
and pleiotrophin may confer a more aggressive oncogenic
phenotype to glioblastornas by activating the Myc and ESC-like
transcriptional programs.

ALK and pleiotrophin are critical for the tumorigenicity of GSCs

It has been suggested that the stem-like properties of GSCs
are indispensable for their tumorigenicity>*® We therefore
attempted to clarify the involvement of the pleiotrophin-ALK
axis in the tumorigenicity of GSCs. We took GB2 cells containing a
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