03% H,0, for Smin. The primary antibody was detected using the
VECTASTAIN ABC kit (Vector Laboratories, Burlingame, CA, USA). Slides
were lightly counterstained with hernatoxylin,

Flow cytomeiry

Cells were trypsinized, fixed in 70% ethanol and then stained with
propidium iodide (Sigma). Cells were passed through a FACSCalibur
instrument (BD Blosciences, Billerica, MA, USA).

Microarray analysis

Expression data of cells infected with a lentivirus expressing an shRNA
targeting ALK or pleiotrophin were generated using HG-U133 plus 2.0
GeneChips (Affyrietrix, Santa Clara, CA, USA). Normalization and analysis of
the data were conducted using Gene Spring version 1151 (Agilent
Technologies, Santa Clara, CA, USA). Affimetrix CEL files were uploaded to
GeneSpring, and RobusthMulti-Array normalization was performed. Genes
downregulated > 1.9-fold by ALK knockdown and those downregulated
>2.3-fold hy pleiotrophin knockdown were termed 'ALIC signature (ALK-
sig)’ and ‘pleiotrophin {PTN) signature (PTN-sig)’ genes, respectively {the
gene lists are provided in Supplementary Tables 52 and 53). BENPOR-
ATH_ES_1 were taken from the Molecular Signature Database
(VSigDB) > The Kim_Myc_module was taken from Myc human
module listed in Supplementary Table $3 of Kim et al? The significance
of the overlap hetween sh-ALK, sh-PTN#1, BENPORATH_ES_1 and/or
Kim_Myc_module was calculated by the hypergeometric distribution
shown in Supplementary Table 54 (Tavazoie et al*®)  Functional
characterization of these genes was performed using SPEED.* The data
derived from microarray analysis has been deposited in the Gene
Expression Omnibus database (GSE32482). The expression profiles of
pleiotrophin and SOX2 in patient glioblastomnas, two GSC lines and glioma
cell lines were taken from GSE4536 (Lee et al.”).

Reporter assay

Cells were transfected with a luciferase-reporter plasmid. For in vitro
differentiation, fetal bovine serum was added to culture medium at a final
concentration of 20% and cultured for an additional 24 h. Cells were lysed
and firefly luciferase activity was measured with the Luciferase Reporter
Assay System (Promega) and shown as the average of three
measuremnents.

Chromatin immunoprecipitation

Cells were fixed with 1% formalin and then the reaction was stopped by
the addition of glycine to a final concentration of 125 rwm. Cells were lysed
in chromatin immunoprecipitated lysis buffer (50 mm Tris-HCl, pH 8.0, 1%
SDS, 10mwm EDTA and protease inhibitors). Lysates were sonicated to
generate DNA fragments of ~1kb in length and then diluted 10-fold to
reduce the concentration of 5DS to 0.1%. Immunoprecipitations were
performed with an anti-5S0X2 antibody. Samples were washed, reverse-
crosslinked and digested by proteinase K. Purified DNA samples were
analyzed by real-time PCR, and differences in the DNA content between
the bound and input fractions were determined. Primers used for
amplification of the gene promoters or enhancer were as follows:
pleiotrophin forward (5'-CAGCTCTCGAGTGCAAAGC-3'), pleiotrophin reverse
(5'-AATGGGAGGGATGAGAGGAG-3'); GAPDH forward (5'-TGCGTGCCCAGTT
GAACCAG-3"), GAPDH reverse (5'-AACAGGAGGAGCAGAGAGCGAAGC-3');
SOX2 forward (5'-TGAAGACAGTCTAGTGGGAGATGT-3), and 50X2 reverse
(5"-CTCTTTGGCCCAGGAAACT-3').
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Protocadherin10 (PCDH10)/OL-protocadherin is a cadherin-related transmembrane protein that has
multiple roles in the brain, including facilitating specific cell-cell connections, cell migration and axon
guidance. It has recently been reported that PCDH10 functions as a tumor suppressor and that its over-
expression inhibits proliferation or invasion of multiple tumor cells. However, the function of PCDH10 in
glioblastoma cells has not been elucidated. In contrast to previous reports on other tumors, we show here
that suppression of the expression of PCDH10 by RNA interference (RNAi) induces the growth arrest and
apoptosis of glioblastoma cells in vitro. Furthermore, we demonstrate that knockdown of PCDH10 inhibits
the growth of glioblastoma cells xenografted into immunocompromised mice. These results suggest that
PCDH10 is required for the proliferation and tumorigenicity of glioblastoma cells. We speculate that

PCDH10 may be a promising target for the therapy of glioblastoma.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Protocadherin10 (PCDH10)/OL-protocadherin is a transmem-
brane protein that has 6 cadherin domains in the extra cellular
region and belongs to the &2-protocadherin family of proteins
[1-3]. PCDH10 is concentrated at cell-cell junctions and promotes
aggregation, although its aggregative strength is weaker than that
of classical cadherins [4]. Furthermore, PCDH10 recruits the Nap1-
WAVE complex at the sites of cell-cell contact and promotes reor-
ganization of the actin cytoskeleton, which results in accelerated
cell migration on confluent cell monolayers [5]. In neuronal cells,
PCDH10 is localized along the axons, is concentrated in the growth
cones and is involved in axon guidance [5,6].

It has recently been reported that CpG islands within PCDH10
are highly methylated and epigenetically silenced in many tumors,
including breast cancer, nasopharyngeal, esophageal carcinoma
and haematological malignancies and this is associated with poor
prognosis |7-12]. It has also been reported that overexpression

# Corresponding authors. Fax: +81 76 234 4262 (M. Nakada), +81 3 5841 8482
(T. Akiyama).
E-mail addresses: mnakada@med.kanazawa-u.ac.jp (M. Nakada), akiyama@
iam.u-tokyo.ac.jp (T. Akiyama).

0006-291X/$ - see front matter © 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.12.138

of PCDH10 significantly inhibits proliferation or invasion of multi-
ple tumor cells in vitro [9,11].

Glioblastoma is a highly invasive and progressive tumor type,
with an overall 5-year survival rate of less than 5% [ 13]. In the pres-
ent study, we examined whether PCDH10 also exerts a tumor sup-
pressive function in glioblastoma cells. We unexpectedly found
that PCDH10 is required for the proliferation and tumorigenicity
of glioblastoma cells.

2. Materials and methods
2.1. Cell lines and tumor specimens

Following informed consent, tumor samples classified as
primary glioblastoma were obtained from patients undergoing sur-
gical treatment at Kanazawa University Hospital and the Univer-
sity of Tokyo Hospital as approved by the Institutional Review
Board. The human astrocytoma cell lines U87, U251, T98G and
LN229 (ATCC) were cultured in DMEM (GIBCO) supplemented with
10% fetal bovine serum. Cell lines GB1~16 were cultured in DMEM/
F-12 containing B27 supplement (GIBCO), EGF and FGF2 (20 ng/ml
each, Wako) on laminin-coated culture dishes [ 14-16].
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2.2. Antibodies

Mouse monoclonal antibody (mAb) to PCDH10 (5G10) was
prepared as described previously [6]. mAbs to a-tubulin, Flag M2
and Ki67 were purchased from CALBIOCHEM, Sigma-Aldrich and
Leica Biosystemis, respectively. Rabbit polyclonal antibody to GFP
was from Santa Cruz.

2.3. Immunohistochemistry

Formalin-fixed and paraffin-embedded tissue blocks were sec-
tioned (6 pm thick) onto slides and then deparaffinized. Slides
were microwaved for 15 min in target retrieval solution (pH 6.0;
Dako). Internal peroxidases were blocked by incubation in 0.3%
H,0; solution in methanol for 20 min. Non-specific staining was
blocked by a 30 min incubation with blocking solution (5% skim
milk, 0.1% Tween20 in TBS). Sections were immunostained with
the ABC kit (VECTOR). Anti-PCDH10 (5G10), anti-Ki67 and
anti-GFP antibodies were used at a dilution of 1:200. Sections were
exposed to diaminobenzidine peroxidase substrate (Funakoshi) for
5-10 min and counterstained with Mayer's hematoxylin. Non-im-
mune rat IgG was used as a negative control. All images were taken
by bright field microscopy AX80 (Olympus). Ki67 index was calcu-
lated as the number of Ki67-positive cells per 1.0 x 10% cells in
each of 6 fields per sample.

2.4, Lentivirus production

The entry vector pENTRH1 (obtained from K. Ui-Tei), the lentiv-
iral vector CS-RfA-CG and the packaging vectors pCAG-HIV-gp and
PCMV-VSV-G-RSV-Rev (provided by H. Miyoshi) were used for len-
tivirus production. The target sequences for shRNA are as follows:
luciferase, 5-GATTTCGAGTCGTCTTAATGT-3’; DsRed, 5-GCCCCGT
AATGCAGAAGAAGA-3’; human PCDH10#2, 5-GTGCGTGGCAAC-
GAAATGAAC-3’; human PCDH10#4, 5-GAGAAGAAGCTCAACATC-
TAT-3". Infection efficiency was monitored by GFP expression
driven by the CMV promoter.

2.5. Single-cell migration assay

Time-lapse images were obtained at 5-min intervals for 4 h
using a microscope (IX81; Olympus) equipped with a cooled CCD
camera CooISNAP K4 (Photometrics). GB2 cells (1 < 10% cells)
infected with shRNA-expressing lentiviruses for 3 days (MOI = 6)
were plated on laminin-coated, glass-bottom, 24-well plates
(Iwaki) and GFP signals were traced. Trace drawing and statistical
analyses were performed with IMARIS Track (BitPlane) and Excel
(Microsoft), respectively. The box plots were presented as
described previously [5].

2.6. In vitro invasion assay

In vitro invasion assays were performed using 24-well Biocoat
Matrigel invasion chambers (BD Biosciences). GB2 cells (1.0 x 10°
cells per well) infected with shRNA-expressing viruses for 4 days
(MOI = 3) were starved overnight with DMEM/F-12 medium and
allowed to migrate toward the underside of the top chamber for
24 h. The lower chamber was filled with DMEM/F12 containing
10% FBS. Cells in the top chamber were removed and the number
of infiltrated cells was counted by Cell Titer-Glo assays. Infiltrated
cells were fixed with methanol and subjected to HE staining
(Merck).

2.7. Cell proliferation assay

Cell viability was determined using the Cell Titer-Glo Lumines-
cent Cell Viability Assay kit (Promega). Luminescence was mea-
sured on a Mithras LB 940 (Berthold).

2.8. Pcdh10

The full-length PCDH10 variant 1 cDNA (obtained from Q. Tao)
was subcloned into the pIRES hrGFP 3 x Flag vector (Adgilent).
3 x Flag tagged PCDH10 was subcloned into the pENTR4 dual
selection vector (Invitrogen).

2.9. Apoptosis assay

Apoptotic cells were detected using the Annexin V-Biotin Apop-
tosis Detection Kit (MBL) and labeled with Streptavidin-APC conju-
gates (S888, Invitrogen). A minimum of 5 x 10° cells were
analyzed with flow cytometer Canto II (BD Bioscience) and Flow]o
8.8.7 software (TreeStar, Ashland, OR).

2.10. Sphere formation assay

GB2 cells infected with shRNA-expressing lentiviruses (MOI = 3)
for 3 days were plated on 96-well tissue culture plates (1000, 500
or 250 cells per well) and cultured for 2 weeks. Spheres were pho-
tographed by In Cell Analyzer 2000 (GE Healthcare) and analyzed
by Developer 1.9.1 software (GE Healthcare).

2.11. Real time PCR

Real time PCR was performed as described previously {14]. The
results were normalized to the detected values for GAPDH. Primer
sequences are as follows: PCDH10 sense, 5'-AGGCCCTTCACAG-
CACTCT-3'; antisense, 5'-GACTAGCATATCCTTTTCCGTGTC-3'; GAP-
DH sense, 5-TGGTGAAGACGCCAGTGGA-3’; antisense, 5'-
GCACCGTCAAGGCTGAGAAC-3.

Immunoblotting analysis and tumor formation assays were per-
formed as described previously |14].

3. Results and discussion
3.1. PCDH10 is expressed in glioblastoma cells

We established eight glioblastoma cell lines under serum-free
conditions [14-1G]. These cell lines retained clonogenic potential
and were highly tumorigenic when transplanted into immuno-
compromised mice. Immunoblotting analysis with anti-PCDH10
antibody revealed that most of these cell lines expressed substan-
tial levels of PCDH10 protein (Fig. TA), in contrast to previous re-
ports showing weak or no expression in many other tumor types.
In particular, PCDH10 was abundantly expressed in GB2 and GB3
cells. By contrast, PCDH10 was not expressed at detectable levels
in four commonly used glioblastoma cell lines, LN229, T98G,
U251 and U87MG, which are cultured in serum-containing med-
ium. Furthermore, immunohistochemical analysis showed that
11 out of 19 patient specimens (57.9%) were positive for PCDH10
(Fig. 1B and Supplementary Table 1). In addition, we found that
PCDH10 was expressed in neurons but not in astrocytes or oligo-
dendrocytes from normal human brain (data not shown).

3.2. PCDH10 is required for glioblastoma cell migration and invasion

It has been reported that PCDH10 binds to the Nap1-Wave com-
plex and controls the migration of U251 cells {5]. We therefore
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Fig, 1. Expression of PCDH10 in glioblastoma cells. (A) Lysates from glioblastoma cells were subjected to immunoblotting analysis with anti-PCDH10 antibody. LN229, T98G,
U251 and U87MG were cultured in serum-containing medium, and GB1-~-16 cells were cultured in serum-free medium. The arrowhead indicates PCDH10. -Tubulin was
used as a control. (B) Histological examination of patients' samples. Tissue sections were stained with anti-PCDH10 antibody. Representative sections from PCDH10-positive

(Left) and -negative (Right) tumors are shown. Scale bars, 20 pm.

used time-lapse microscopy to examine whether PCDH10 plays a
role in migration of glioblastoma cells cultured on laminin-coated
dishes. We found that infection of GB2 cells with a lentivirus
expressing an shRNA targeting PCDH10 resulted in a significant de-
crease in cell migratory activity (sh-luciferase vs sh-PCDH104#2,
p=0.021; sh-luciferase vs sh-PCDH10#4, p=0.00059) (Fig. 2A
and B), as well as a decrease in PCDH10 protein levels (Supplemen-
tary Fig. 1), but did not affect adhesion to laminin-coated dishes
(Fig. 2C). Since glioblastoma is a highly invasive tumor [13,17],
we also performed Matrigel invasion assays. We found that knock-
down of PCDH10 resulted in a decrease in the invasive activity of
GB2 cells (sh-luciferase vs sh-PCDH10#2, p = 0.034; sh-luciferase
vs sh-PCDH10#4, p =0.042) (Fig. 2D and E). These results suggest

that PCDH10 has the potential to promote migration and invasion
of glioblastoma cells.

3.3. Knockdown of PCDH10 induces the growth arrest and apoptosis
of glioblastoma cells

It has recently been shown that overexpression of PCDH10
inhibits the proliferation of multiple tumor cells in vitro [9,11].
We therefore investigated the significance of PCDH10 in the prolif-
eration of three glioblastoma cell lines, GB2, GB3 and GB16, in
which PCDH10 is abundantly expressed (Fig. 1A). Cell Titer-Glo
assays revealed that infection of these cells with a lentivirus
expressing an shRNA targeting PCDH10 resulted in a decrease in
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Fig. 2. PCDH10 is required for the migration and invasion of glioblastoma cells. (A and B) GB2 cells were infected with the indicated shRNA-expressing lentivirus at MOI = 6.
Time-lapse images were taken at 5-min intervals for 4 h. (A) One representative field of each sample. Tracks of individual cells that neither divided nor contacted other cells
were analyzed. Scale bar, 400 pm. (B) Images were taken from 9 fields per sample. The number of cells analyzed was: sh-luciferase, n = 140; sh-DsRed, n = 131; sh-PCDH10#2,
1 =138; sh-PCDH10#4, n = 158. Bars indicate medians and magenta dots indicate means (n =4). *“p < 0.01. (C) GB2 cells were infected with the indicated sShRNA expressing
lentivirus at MOI = 6. Cells were re-plated 5 days after the infection. Adherent cell numbers were determined by Cell Titer-Glo assays. Dishes coated with 1% BSA were used as
controls. Results are shown as average of 4 wells + SD. *p < 0.05. (D and E) GB2 cells were infected with the indicated shRNA-expressing lentivirus at MOI = 3. 1.0 » 10° cells
were allowed to migrate toward the underside of the top chamber for 24 h. (D) HE staining of the invaded cells. Scale bar, 100 pm. (E) Cell Titer-Glo assays of the invaded cells.

Results are shown as average of 3 wells + SD. "p < 0.05.
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their proliferation (Fig. 3A). By contrast, overexpression of PCDH10
did not affect proliferation of T98G or U251 cells, which do not ex-
press detectable levels of PCDH10 protein (Supplementary Fig. 2).
We also performed AnnexinV assays and found that knockdown
of PCDH10 induced apoptosis of GB2 cells (Fig. 3B and C). We next
performed sphere formation assays to clarify the role of PCDH10 in
the self-renewal capacity of glioblastoma cells. We found that
knockdown of PCDH10 by shRNA resulted in significant inhibition
of sphere formation (Fig. 3D and E). Thus, PCDH10 may be critical
for the proliferation, survival and self-renewal of glioblastoma
cells.
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3.4. Knockdown of PCDH10 suppresses the tumorigenicity
of glioblastoma cells

To clarify the role of PCDH10 in the tumorigenicity of glioblas-
toma cells, we orthotopically transplanted GB16 cells that had
been infected with a lentivirus expressing GFP and an shRNA
targeting PCDH10 into the frontal lobe of nude mice. We found that
the mice transplanted with PCDH10-knockdown GB16 cells
survived longer than control mice (sh PCDH10#2, log-rank test
p=0.042; sh PCDH10#4, log-rank test p=0.00031) (Fig. 4A).
Histological studies revealed that all mice transplanted with
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Fig. 3. PCDH10 is required for the proliferation, survival and self-renewal of glioblastoma cells. (A) Cell Titer-Glo assays were performed with GB2, GB3 or GB16 cells infected
with a lentivirus expressing an shRNA targeting PCDH10 (MOI = 3). Results are shown as average of 5 wells + SD. (B) AnnexinV assays were performed with GB2 cells that had
been infected with a lentivirus expressing an shRNA targeting PCDH10 for 8 days. (C) AnnexinV-positive populations in (B) are shown. Results are shown as the mean + SD
(n=3). At least 5000 cells were analyzed per sample. ““p < 0.01. (D and E) Sphere formation assays were performed with GB2 cells that had been infected with a lentivirus
expressing an shRNA targeting PCDH10 for 17 days. (D) Bright field images of spheres. (E) Results are shown as average of 6 wells + SD. “*p < 0.01.
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Fig. 4. PCDH10 is required for the tumorigenicity of glioblastoma cells. (A) Kaplan-Meier survival curves of mice transplanted with 1.0 < 10* GB16 cells infected with a
lentivirus expressing GFP and shRNA targeting PCDH10 or luciferase (control) (MOI = 1; n = 8 for shPCDH10#2 and luciferase; n = 6 for shPCDH10#4). (B) Histological analysis
of tumors harvested from the mice in (A). Tissue sections were stained with HE or anti-GFP antibody. General views (Upper Panel; Scale bar, 2.0 mm) and magnified views
(Middle and Lower panels; Scale bars, 100 pum) of the region around the corpus callosum in the right hemisphere (near the injection point, black squares in the upper panel).
(C and D) Immunohistochemical analysis of tumors harvested from the mice in (A). Tissue sections were stained with anti-GFP and anti-Ki-67 antibodies. Scale bars, 100 pum.
(D) Ki67 indices of the brain sections. 1.0 ~ 10° cells were counted in each field. Results are shown as average of 6 fields + SD. *"p < 0.01.

GB16 cells had developed tumors with diffuse infiltration into
surrounding brain tissues, one of the hallmark features of glioblas-
toma (Fig. 4B). The density of GFP-expressing cells (injected tumor
cells) was slightly lower in the brains of the mice transplanted with
PCDH10-knockdown GB16 cells compared to those of control mice
(Fig. 4B). Furthermore, we observed that the number of Ki67-posi-
tive cells was significantly reduced in the brains of the mice trans-
planted with PCDH10-knockdown GB16 cells compared to those of
control mice (sh-luciferase, 14.0 + 2.0%; sh-PCDH10#2, 2.2 + 1.1%;
sh-PCDH10#4, 3.7 + 0.64%) (Fig. 4C and D). These results suggest
that knockdown of PCDH10 suppresses the proliferation of glio-
blastoma cells and extends the survival of tumor-bearing mice.

These results show that PCDH10 is required for the proliferation
and tumorigenicity of glioblastoma cells. This suggests that
PCDH10 may function differently at the molecular level in glioblas-
toma cells compared to other tumor cell types. This may mean that
PCDH10 associates with different molecules and elicits different
downstream signals in glioblastoma cells than it does in other tu-
mor cells. The molecular mechanisms underlying this functional
difference remain to be elucidated. It also remains to be investi-
gated whether PCDH10 expression levels are associated with the
classification and prognosis of glioblastoma patients. Finally, we
speculate that PCDH10 may be a potential therapeutic target for
glioblastoma. In particular, monoclonal antibodies that target the
extracellular domain of PCDH10 could hold promise as novel
anti-tumor reagents.
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SUMMARY

The development of cancer is driven not only by ge-
netic mutations but also by epigenetic alterations.
Here, we show that TET1-mediated production of
5-hydroxymethylcytosine (5hmC) is required for the
tumorigenicity of glioblastoma cells. Furthermore,
we demonstrate that chromatin target of PRMT1
(CHTOP) binds to 5hmC. We found that CHTOP is
associated with an arginine methyliransferase com-
plex, termed the methylosome, and that this pro-
motes the PRMT1-mediated methylation of arginine
3 of histone H4 (H4R3) in genes involved in glioblas-
tomagenesis, including EGFR, AKT3, CDK6, CCND2,
and BRAF. Moreover, we found that CHTOP and
PRMT1 are essential for the expression of these
genes and that CHTOP is required for the tumorige-
nicity of glioblastoma cells. These results suggest
that 5hmC plays a critical role in glioblastomagenesis
by recruiting the CHTOP-methylosome complex to
selective sites on the chromosome, where it methyl-
ates H4R3 and activates the transcription of cancer-
related genes.

INTRODUCTION

Covalent modifications of DNA and histones influence transcrip-
tional activity and the timing of DNA replication, thereby regu-

48 Cell Reports 9, 48-60, October 9, 2014 ©2014 The Authors

lating cell proliferation, survival, self-renewal, and tumorigenesis
(Goldberg et al., 2007; Sasaki and Matsui, 2008). Methylation
at the five position of cytosine is one of the most abundant
modifications of DNA and is required for the regulation of gene
expression, genome stability, and genomic imprinting (Baylin
and Jones, 2011). This modification is mediated by the DNA
methyltransferase family of proteins and occurs predominantly
in CpG dinuclectides (Bird, 2001; Jones, 2012). It has recently
been shown that 5mC is oxidized to 5-hydroxymethylcytosine
(5hmC) by the ten-eleven translocation (TET) family of Fe(ll)
and 2-oxoglutarate-dependent DNA dioxygenases, TET1~TET3
(He et al., 2011; lto et al., 2011; Tahiliani et al., 2009). 5hmC is
found in diverse cell types and developmental stages, including
embryonic stem cells and Purkinje cells (Cimmino et al., 2011;
Dawlaty et al., 2013; Guo et al., 2011; Hahn et al., 2013; Koh
et al.,, 2011; Wu and Zhang, 2014). More recently, 5hmC has
been shown to be successively oxidized to 5-formylcytosine
(6fC) and 5-carboxylcytosine (5caC) by the TET family of en-
zymes (He et al., 2011; to et al,, 2011; Shen et al., 2014; Wu
and Zhang, 2014). 5hmG, 5fC, and 5caC are assumed to be
intermediates in DNA demethylation, and 5fC and 5caC can be
converted to unmodified cytosine by thymine-DNA glycosylase
(TDG) and by the base excision repair pathway (Guo et al.,
2011; He et al., 2011).

It has recently been shown that 5hmC acts not only as an
intermediate of DNA demethylation but also as an epigenetic
mark that recruits DNA-binding proteins. For example, it has
been shown that the Mbd3/NURD complex regulates expression
of 5hmC-marked genes in embryonic stem cells (ESCs) (Yildirim
etal., 2011). It has also been reported that MeCP2 binds to 5ShmC
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