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PTK7 regulates Id1 expression in CD44-high glioma cells
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Background. CD44 is a molecular marker associated with molecular subtype and treatment resistance in glioma. More effective ther-
apies will result from approaches aimed at targeting the CD44-high gliomas.

Methods. Protein tyrosine kinase 7 (PTK7) mRNA expression was analyzed based on The Cancer Genome Atlas glioblastoma dataset.
PTK7 expression was depleted through lentivirus-mediated short hairpin RNA knockdown. Terminal deoxynucleotidyl transferase dUTP
nick-end labeling was used to evaluate cell apoptosis following PTK7 knockdown. Gene expression analysis was performed on Affyme-
trix microarray. A nude mice orthotopic tumor model was used to evaluate the in vivo effect of PTK7 depletion.

Results. PTK7 is highly expressed in CD44-high glioblastoma and predicts unfavorable prognosis. PTK7 knockdown attenuated cell pro-
liferation, impaired tumorigenic potential, and induced apoptosis in CD44-high glioma cell lines. Gene expression analysis identified
inhibitor of DNA Binding 1 (Id1) gene as a potential downstream effector for PTK7. Overexpression of Id1 mostly restored the cell pro-
liferation and colony formation attenuated by PTK7 depletion. PTK7 enhanced anchorage-independent growth in normal human as-
trocytes, which was attenuated by Id1 knockdown. Furthermore, PTK7 regulated Id1 expression through modulating TGF-g/Smad
signaling, while pharmacological inhibition on TGF-B/Smad signaling or PTK7/1d1 depletion attenuated TGF-B-stimulated cell prolif-
eration. PTK7 depletion consistently reduced Id1 expression, suppressed tumor growth, and induced apoptosis in a murine orthotopic
tumor model, which could be translated into prolonged survival in tumor-bearing mice.

Conclusions. PTK7 regulates Id1 expression in CD44-high glioma cell lines. Targeting PTK7 could be an effective strategy for treating

glioma with high CD44 expression.
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Despite progress in studying the molecular aspects of malignant
gliomas, the prognosis of these brain tumors, especially glioblas-
toma multiforme (GBM), continues to be dismal.’ The biological
characteristics of GBM are exemplified by prominent proliferation,
active invasiveness, and rich angiogenesis. The Cancer Genome
Atlas (TCGA) GBM study has unveiled several highly deregulated
signaling pathways: p53/MDM2/ARF, Rb/CDK4/CDK6, and receptor
tyrosine kinase (RTK)/Ras/phosphoinositide 3-kinase (PI3K) sig-
naling in GBM.? Studies of these signaling pathways have greatly
increased our understanding of the biology and clinical behavior
of GBM. An integrated view of aberrant signal transduction will
provide a more useful approach for designing novel therapies
for this devastating disease.

Protein tyrosine kinase 7 (PTK7) is an evolutionarily conserved
receptor tyrosine kinase-like molecule with functions in various
biological processes ranging from embryonic morphogenesis to
epidermal wound repair.>* After initial identification in colon

carcinoma cells, PTK7 was later shown to be required for embry-
onic morphogenesis ranging from axon guidance in Drosophila to
the regulation of gastrulation, neural tube closure, neural crest
migration, epithelial-to-mesenchymal transitions, and cardiac
morphogenesis in vertebrates.”~’ Mice expressing a truncated
form of PTK7 protein die perinatally, with evidence of a defect
in neural tube closure and stereociliary bundle orientation.®
These findings implicate PTK7 as a regulator of planar cell polarity
(PCP). It has been shown that PTK7 recruits RACK1, which affects
Dsh recruitment by interaction with PKC31.%9 Interaction be-
tween PTK7 and Dsh at the plasma membrane activates nonca-
nonical Wnt signaling, which then directs PCP.'° PTK7 also
interacts with B-catenin, enhancing B-catenin-dependent tran-
scriptional events. These studies suggest that PTK7 plays a role
in the Wnt and the PCP signaling pathway.*!

PTK7 expression is elevated in multiple cancer types including
colon cancer, gastric cancer, breast cancer, and acute myeloid
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leukemia and is associated with poor drug response, increased
metastatic potential, and poor patient survival.>*?~** Although
the role of PTK7 in different cancers has not been studied com-
prehensively, PTK7 is likely to have a general role in promoting
tumors. Expression of PTK7 in leukemia cells enhances cell migra-
tion and survival.*? In addition, PTK7 knockdown has been shown
to inhibit proliferation and invasion of liposarcoma cells*® as well
as proliferation and antiapoptotic activity of colon cancer cells.!’
Moreover, treatment with the entire extracellular domain of PTK7
(soluble PTK7), acting as a decoy receptor or knockdown of PTK7,
prevented vascular endothelial growth factor-induced migration,
invasion, tube-formation of human umbilical vein endothelial
cells, and angiogenesis in vivo.'® These data demonstrate that
PTK7 is a versatile coreceptor for cancer-related signaling and
supports a role of PTK7 as a molecular switch between signaling
pathways. Although progress has been made in placing PTK7 in
the cellular signaling network, many questions still remain; the
answers may help us gain a better understanding of gene func-
tion in tumor development.

CD44 is a transmembrane glycoprotein expressed in
mesenchyma-like glioma subtype and serves as a surface recep-
tor for components of the extracellular matrix such as hyaluronic
acid.’® CD&4 plays a critical role in efficient cell detachment from
the hyaluronic acid substrate and promotes glioma cell migra-
tion.2%21 CD44 expression levels correlated with the histopatho-
logical grade of gliomas.?* Recently, CD44 has been extensively
used as a surface marker for isolating cancer stem cells from
breast, prostate, pancreas, and colorectal cancers and glio-
ma.?*>2> In this study, we found that PTK7 is highly expressed
in CD44-high GBM tissues and human glioma cell lines. Further-
more, PTK7 depletion suppressed cell proliferation, impaired tu-
morigenic potential, and induced apoptosis in CD44-high
glioma cell lines. These results suggested that targeting PTK7
could be an effective strategy for combating CD44-high gliomas.

Materials and Methods

Reagents and Cell Lines

Antibodies to phosphorylated Smad2(Ser465/467)/Smad2,
Smad3(Ser423/425)/Smad3, pSmad2/3, and CD44 were pur-
chased from Cell Signaling Technology. Antibodies to PTK7,
B-Actin, and Id1 were from Santa Cruz Biotechnology. Horserad-
ish peroxidase-conjugated goat anti-rabbit or anti-mouse anti-
bodies were purchased from Bio-Rad. DMEM/F12, antibiotics,
B27, EGF, and bFGF were all purchased from Invitrogen. TGF-BR
Inhibitor SB 431542, bromodeoxyuridine (BrdU), and TGF-B1
were obtained from Sigma Chemical Company. Human glioma
cell lines U87, U251, U373, LN18, A172, T98G, and LN229 were
obtained from American Type Culture Collection and cultured ac-
cording to the manufacturer’s protocol. Human glioma cell lines
D54, U343, and SF295 were kindly provided by the Type Culture
Collection of the Chinese Academy of Sciences, Shanghai. Normal
human astrocytes (NHAs) were purchased from Life Technologies
and cultured in GIBCO astrocyte medium.

Tumors Specimens and Glioma-initiating Cells Culture

Nine primary GBM specimens were obtained freshly from the op-
erating room following protocols approved by the research ethics

committee in Central South University with informed consent
having been obtained from all participants. GIC lines GIC-2,
GIC-4, GIC-5, GIC-6, GIC-7, and GIC-8 (derived from GBMO02, 04,
05, 06, 07, 08) were isolated and subsequently cultured in stem
cell medium as reported by Lee et al.?®

Lentiviral Construction and Transduction

Lentiviruses encoding short hairpin RNAs (shRNAs) silencing PTK7
and control scramble were purchased from Open Biosystems.
shRNA sequence-silencing Id1 was reported previously.”” Omic-
sLink lentiviral ORF expression clones for PTK7 or Id1 gene were
constructed by Genecopoeia Inc. Lentiviral particles were produced
by transient cotransfection of packaging plasmids into the Lenti-
Pac 293Ta cell line. Produced lentiviruses were concentrated by
using Centricon Plus-20 centrifugal filter device (Millipore).

Tumorsphere Formation Assay

Tumorsphere formation assay of glioma-initiating cells (GICs) was
performed as described previously.””

Soft Agar Assay

Anchorage-independent growth of glioma cells was tested as de-
scribed previously.?® The 2 mL culture medium with 0.5% agar
was first plated into each well of a 6 cm culture dish. After the
agar solidified, each well received another 2 mL of 0.35% agar
in culture medium containing 1 x 10* cells. After 4 weeks, colo-
nies were fixed and stained with 0.1% crystal violet. The number
of colonies was determined microscopically by manually count-
ing from triplicate wells for each cell line.

Western Blot Analysis

Cell lysates were prepared with cell lysis buffer containing 1%
NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), and protease inhibitor cocktail. After standard SDS-PAGE
and Western blotting procedures, proteins were visualized using
the ECL system (Amersham Biosciences). Antibodies against
PTK7, Id1, p-Smad, Smad, and CD44 were used at a 1:1000 dilu-
tion. Anti-B-Actin was used at a 1:5000 dilution.

Immunofluorescence Staining

Cells were cultured on glass coverslips precoated with polylysine
in 6-well plates, rinsed 3 times with phosphate-buffered saline,
fixed with 3.7% paraformaldehyde for 15 minutes, and blocked
with 5% normal goat serum for 1 hour. The cells were immunos-
tained by using primary antibodies specific to various antigens
(CD44, PTK7). Images were taken under a Zeiss axiocam fluores-
cence microscope using AxioVision software (Zeiss). BrdU incorpo-
ration assay was performed as described previously.*

Terminal Deoxynucleotidy! Transferase Dutp Nick-end
Labeling Assay
The level of apoptosis in glioma cells was assessed using the ter-

minal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) method. For the PTK7/Id1 knockdown experiment,
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apoptotic cells were evaluated 5 days after shRNA lentivirus infec-
tion. The percentage of TUNEL-labeled cells in each section was
determined at a magnification of 400 by counting 500 cells in a
randomly selected field.

Cell Proliferation Assay

To determine the effect of PTK7 or Id1 knockdown on cell prolifera-
tion, cells were infected with scramble or shRNA-targeting lentivirus
for 48 hours, dissociated into single cell, plated onto 6-well plates
(1 x 10* cells/well, and incubated for 5 days. The cultures were tryp-
sinized, and the number of viable cells in each group was counted
with a hemocytometer using 0.2% trypan blue exclusion.

Immunohistochemistry

Immunohistochemical staining was performed as described previ-
ously.?? Briefly, frozen tissue sections were fixed with 4% parafor-
maldehyde, incubated with primary antibodies overnight at 4°C,
and then incubated for 30 minutes each with horseradish
peroxidase-labeled secondary antibody. Antigen-antibody reactions
were detected by exposure to 3,3-diaminobenzidine and hydrogen
peroxide chromogen substrate (DAKO). Slides were counterstained
with hematoxylin and mounted. The negative controls were incu-
bated with nonimmune mouse IgG. The immunostained slides
were examined under the light microscope and scored in a double-
blind manner by a pathologist and laboratory researcher.

Animal Studies

Immunocompromised nude mice were obtained from the breed-
ing facility at the animal center of Central South University. All an-
imal studies were performed in accordance with institutional
ethical guidelines for experimental animal care. For subcutaneous
xenograft study, 2 x 10° LN18 cells were inoculated into the flank
of nude mice (n=75). In order to determine tumor volume by ex-
ternal caliper, the greatest longitudinal diameter (a) and the
greatest transverse diameter (b) were determined. Tumor volume
based on caliper measurements was calculated by the modified
ellipsoidal formula: tumor volume (mm?) = a x b%/2.

For survival analysis, 2 x 10° LN18 cells were injected stereo-
tactically into 4-week-old nude mice cortex, following adminis-
tration of general anesthesia. The injection coordinates were
3 mm to the left of the midline, 2 mm anterior to the lambdoid
suture, and 3 mm deep. The incision was closed with wound
clips and removed 4 days after inoculation. Animals that died,
lost weight, or developed neurological deficits within 24 hours
of cell injection were excluded. The animals were monitored
daily until signs of neurological deficit developed, at which time
they were euthanized and their brains removed.

For histopathological analysis, the mouse brain xenografts
embedded in optimum cutting temperature were stored in liquid
nitrogen overnight, and then sectioned at 5 um thickness on a
MicromHM200 cryotome (Eryostar). Hematoxylin and eosin (H&E)
stained sections were evaluated for evidence of tumor.

The Cancer Genome Atlas Data Analysis

Array comparative genomic hybridization, mRNA, and gene mu-
tation data from GBM patients were downloaded from the TCGA

project data portal (http:/cancergenome.nih.gov/dataportal).
Details on the data processing and platforms are in the publica-
tion describing the GBM data analysis.>°

Statistical Analysis

Statistical evaluations were carried out using SPSS 10.0 software
(IBM). Error bars throughout the figures indicate standard devia-
tion. The Student’ t test was used to compare means of 2 groups.
One-way ANOVA was used to compare means of 3 or more
groups. Kaplan-Meier curves of overall survival were drawn, and
survival in the groups was compared using the log-rank test. For
all tests, the level of statistical significance was set at P <.05. All
statistical tests were 2 sided.

Results

PTK7 Is Highly Expressed in CD44-high Glioma

Analysis on the GSE4290 dataset showed that PTK7 mRNA was
highly expressed in glioma tissues, as compared with nontumor
brain tissues (P <.05) (Fig. 1A). Highest PTK7 mRNA expression
was observed in GBMs, as compared with nontumor brain tissues
or lower grade gliomas (P<.05) (Fig. 1A). Survival analysis indi-
cated that high PTK7 expression in TCGA GBM tissues predicted
unfavorable survival outcome, as compared with those with low
PTK7 expression (log-rank survival analysis; P=.012) (Fig. 1B).
Furthermore, TCGA GBM profiling revealed that higher PTK7 ex-
pression was consistent with higher CD44 expression in the mes-
enchymal molecular subclass (Fig. 1C). CD44 mRNA expression
was significantly correlated with PTK7 expression in TCGA GBM
(Pearson correlation r=0.423; P<.001). Western blotting analy-
sis confirmed that PTK7 expression was higher in primary GBM tis-
sues expressing CD44 but not in normal mouse brain tissues
(Fig. 1D). PTK7 immunoreactivity was also seen in CD44-positive
glioma cells in the GBM03 tumor section (Fig. 1E). Therefore,
PTK7 might exert an important function in CD44-high gliomas.

Targeting PTK7 Attenuates Glioma Cell Proliferation and
Impairs Tumorigenic Potential in CD44-High Glioma
Cell Lines

PTK7 was differentially expressed in a panel of human GBM cell
lines, consistent with CD44 protein levels (Fig. 2A). To interrogate
the role of PTK7 in glioma cells, we depleted endogenous PTK7
expression by lentivirus-expressing shRNA specific to PTK7. The 2
shRNAs efficiently reduced PTK7 expression in glioma cell lines,
as compared with the control or scramble shRNA group (Supple-
mentary, Fig. S1). Consequently, PTK7 knockdown significantly
suppressed cell proliferation in the LN18, SF29, and T98G cell
lines, accompanied with reduced BrdU incorporation (P < .05)
(Fig. 2B and C). Two PTK7 shRNAs exhibited similar effects; here-
after, we used sh-1 shRNA for PTK7 knockdown. PTK7 depletion
also attenuated the tumorigenic potential of glioma cells; the
soft agar colony formation in PTK7 knockdown groups were sig-
nificantly decreased compared with scramble groups (P < .05)
(Fig. 2D). Furthermore, TUNEL assay showed that PTK7 knock-
down markedly induced apoptosis in 3 glioma cell lines, as com-
pared with scramble control (Fig. 2E and F) (P <.01). GICs have
been identified in GBM and are thought to be responsible for

Neuro-Oncology

507


http://cancergenome.nih.gov/dataportal
http://cancergenome.nih.gov/dataportal
http://cancergenome.nih.gov/dataportal
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou227/-/DC1
http://neuro-oncology.oxfordjournals.org/lookup/suppl/doi:10.1093/neuonc/nou227/-/DC1

Liu et al.: PTK7 regulates 1d1 in glioma

A GSE4290 Dataset
9'5' _
9.0 - 1
%
5 SR
@ 8.5 ! ;
g s A ¥ R
R — | ¥ b
[0} 5 & . )
RN ==l e
© 1 E S Y
: = K - :ll ¥
et 1 1 . ]
70 — x E e i
i :
B g ot
—_—r
astroll astrolll gbm normal oligoll oligolll

c TCGA GBM dataset
mRNA expression . Hemi Del . Low level gain

_ W e

-2 DHomo Del .High level gain
Proneural Neural Classical Mesenchymal

---- PTK7.exp
---- PTK7.cnr
---- PTK7.mut
Illl.l II. -..- CD44.exp

GBMO03

Fig. 1. PTK7 is highly expressed in CD44-high GBMs and predicts poor prognosis. (

B TCGA GBM Dataset
1.0 4
Bl Low PTK7
I High PTK?
0.8 4
z
E
8 064
=]
o
©
Z 0.4 1
=
3
%3]
0.2 -
0.0 1
0 500 1000 1500 2000 2500 3000 3500
Survival (days)
D
)
g - N O ° L0 © K~ O O
= (=] (=] (=] Q o (=] (=] (=] (=]
= =2 2 2 2 =2 =2 =2 =2 =2
m m m o m [41] m m m o
= O 0O 0 0 0 0O 0O 0 0
S — — - CD44
kM M Pk

) PTK7 mRNA expression in nontumor brain tissues and gliomas

(astrocytoma grade 11, IIT; GBM; oligodendrocytoma grade II, III) based on GSE429O dataset (http://www.ncbi.nlm.nih.gov/sites/GDSbrowser?
acc=GDS1962). (B) Survival analysis on PTK7 expression in TCGA GBM dataset. (C) PTK7 is highly expressed in TCGA mesenchymal GBM subclass. (D)
PTK7 and CD44 protein expression in mouse brain and human GBM tissue lysates. (E) Immunostaining on PTK7 and CD44 in GBMO3 frozen tissue

section. Bars: 100 pm.

tumor initiation, uncontrollable growth, and recurrence. We es-
tablished 6 GIC lines from fresh GBM specimens. These GIC lines
were grown as tumorspheric in vitro and exhibited high tumori-
genicity in vivo (Supplementary, Fig. S2B and S2C). Similar to the
glioma cell lines, PTK7 was also highly expressed in CD44-high
GIC lines (Supplementary, Fig. S2A). PTK7 depletion attenuated
tumorsphere formation and proliferative BrdU incorporation in
CD44-high GIC lines (Fig. 2G and H). PTK7 shRNA did not affect
cell proliferation in glioma cell lines D54 and LN229 with low

endogenous PTK7 expression (Supplementary, Fig. S3). These re-
sults suggested that PTK7 might play a crucial role in CD44-high
glioma.

Id1 Mediates PTK7 Signals to Promote Glioma Cell
Proliferation and Tumorigenesis

In an effort to further explore the PTK7-regulated signaling path-
way in glioma cells, we compared the gene expression profiles
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with scramble (Scr) control. (E and F) PTK7 knockdown induced apoptosis in LN18, SF295, and T98G cells. Bars: 50 um. *P < .05, as compared with
scramble (Scr) control. (G) PTK7 knockdown decreased tumorsphere formation in glioma initiating cell lines GIC-7 and GIC-7. *P < .05, as compared
with scramble (Scr) control. (H) PTK7 knockdown reduced BrdU incorporation in glioma initiating cell lines GIC-7 and GIC-7. *P < .05, as compared

with scramble (Scr) control.

following PTK7 knockdown in 3 glioma cell lines (LN18, SF295,
GIC-7). We found that several genes (eg, 1d1, Bcl-XL, CAV1,
ANXA11, and NRP1) were downregulated, while some genes
(Bim, NLGN3, ASCL1, BMP7) were upregulated, as compared
with the scramble control (P < .05) (Fig. 3A). Id1 is a critical tran-
scriptional factor closely linked to tumorigenesis as well as cell
proliferation and survival. Id1 protein promotes cell proliferation
and cell cycle progression through activation of growth-
promoting pathways in certain cancer cells. Herein, we showed

that PTK7 depletion decreased Id1 mRNA and protein expression
as compared with scramble control in the LN18, SF295, and GIC-7
glioma cell lines (Fig. 3B). Moreover, I1d1 knockdown suppressed
the cell proliferation and colony formation and induced apoptosis
in the LN18, SF295, and GIC-7 glioma cell lines (Fig. 3C-E). How-
ever, knockdown of Bcl-XL, CAV1, ANXA11, and NRP1 did not af-
fect cell proliferation in LN18 cells (Supplementary, Fig. S4). In
order to confirm the function of Id1 in PTK7 signaling, we consti-
tutively expressed 1d1 in PTK7-depleted LN18 and SF295 glioma
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Fig. 3. Id1 is a potential downstream effector of PTK7 signaling. (A) PTK7 knockdown altered gene expression in LN18, SF295 and GIC-7 glioma cells. (B)
PTK7 depletion attenuated Id1 mRNA and protein expression in LN18, SF295 and GIC-7 glioma cells. *P < .05, as compared with scramble (Scr) control.
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knockdown induced apoptosis in LN18, SF295, and GIC-7 glioma cells. *P < .05, as compared with scramble (Scr) control. (F-H) Overexpression of
Id1 rescued cell proliferation and colony formation attenuated by PTK7 depletion. *P < .05, as compared with scramble (Scr) control. **P < .05, as
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cells (Fig. 3F). We showed that Id1 overexpression restored the  PTK7 Upregulates Id1 to Induce Anchorage-independent
cell proliferation and soft agar colony formation attenuated by  Growth in Normal Human Astrocytes

PTK7 depletion (Fig. 3G and H). Therefore, PTK7 might regulate

Id1-mediated cell proliferation and tumorigenesis in CD44-high  The differential expression of PTK7 expression in gliomas and nor-
glioma cell lines. mal brain tissues sparked our interest into looking at the potential
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role of PTK7 in gliomagenesis. Anchorage-independent growth is
a crucial event in tumor initiation and progression.! However, the
oncogenic potential of PTK7 as a single gene in nontransformed
cells remained undetermined. We overexpressed PTK7 in NHAs
and found that PTK7 overexpression enhanced 1d1 expression in
NHAs as compared with GFP control (Fig. 4A). As noted, the paren-
tal NHA cells did not form colonies in soft agar, while overexpres-
sion of PTK7 in NHAs was able to grow and form colonies in soft
agar (P < .05), suggesting that PTK7 might exert a crucial function
in promoting anchorage-independent growth (Fig. 4B). We over-
expressed Id1 in NHA and found that Id1 overexpression also pro-
moted anchorage-independent growth in NHAs (Fig. 4C and D).
Further, we showed that the effect of PTK7 on NHAs might be me-
diated by Id1 because Id1 knockdown attenuated PTK7 effect on
anchorage-independent growth in NHAs (Fig. 4E and F). These re-
sults suggested that PTK7 regulates Id1-mediated anchorage-
independent growth in NHAs.

PTK7 Regulates Id1 Expression Through Modulating
TGF-B/Smad Signaling Pathway

TGF-B signaling promotes cell proliferation and tumorigenesis in
CD44-high GICs through upregulation of 1d1 levels, therefore en-
hancing the capacity of cells to initiate tumors.?> Similarly, we
showed that TGF-B/Smad signaling induced Id1 expression in
LN18 and SF295 glioma cells (Supplementary, Fig. S5). Overex-
pression of PTK7 enhanced TGF-B/Smad signaling and upregu-
lated Id1 expression in A172 glioma cells, which was blocked by
TGF-B signaling inhibitor SB413542 (Fig. 5A). Similar to TGF-B

signaling inhibitor, PTK7 depletion attenuated TGF-B/Smad sig-
naling and reduced Id1 expression in LN18 and SF295 cells
(Fig. 5B). Cell proliferation analysis showed that TGF-g promoted
glioma cell proliferation in LN18 and SF295 cells, which was at-
tenuated by TGF-B signaling inhibitor SB413542 or PTK7/1d1
knockdown (Fig. 5C). Although c-Myc was shown to regulate Id1
expression in breast cancer cells, we did not observe any reduc-
tion of Id1 expression following knockdown of c-Myc in the
LN18 and T98G cell lines (Supplementary, Fig. S6A and S6B). In
order to confirm that PTK7’s effect on glioma cell proliferation is
mediated by TGFB/Smad signaling, we treated PTK7-expressing or
PTK7-depleted glioma cells (LN18, SF295) with TGFB receptor in-
hibitor SB431542. (The number of viable cells in PTK7-expressing
or PTK7-depleted cells without SB431542 treatment was regard-
ed as 100%.) We showed that SB431542 markedly inhibited cell
proliferation in PTK7-expressing LN18 and SF295 cells. In contrast,
we only observed a mild inhibitory effect of SB431542 on cell pro-
liferation in PTK7-depleted isogenic cells (Fig. 5D). These results
suggest that PTK7 might regulate glioma cell proliferation via
modulation of TGFR/Smad/1d1 signaling.

Targeting PTK7 Attenuates in Vivo Tumor Growth and
Prolongs Tumor-bearing Mice Survival

The in vitro findings that targeting PTK7 suppressed cell prolifera-
tion, impaired tumorigenesis, and induced apoptosis in
CD44-high glioma cell lines were carried over to observations
with in vivo studies. The effect of PTK7 depletion was examined
in mice with LN18 glioblastoma subcutaneous xenografts. The
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Fig. 5. PTK7 regulates Id1 expression via TGF-B/Smad pathway. (A) TGF-B receptor inhibition attenuated PTK7-induced Id1 expression in A172 glioma
cells. After PTK7 transfection, A172 cells were incubated with various inhibitors for PDGFRa (imatinib, 5 uM), Tarceva (EGFR, 5 wM), TGF-B receptor
inhibitor (SB413542, 10 uM), MEK/ERK (PD98059, 10 uM) for 24 hours. (B) PTK7 regulates Id1 expression via TGF-B/Smad pathway. After serum
starvation for 36 hours, glioma cells (Scr or shPTK7) were treated with TGF-g (10 ng/mL) for 24 hours. SB413542 was used as a positive control for
the blockade of TGF-B signaling. (C) PTK7/Id1 knockdown attenuated TGF-B-induced cell proliferation in glioma cell lines LN18 and SF295. *P < .05,
as compared with no-TGF-B control. **P<.05, as compared with TGF-B-stimulated group. (D) SB431542 effects on PTK7-expressing or
PTK7-depleted glioma cells. The number of viable cells in PTK7-expressing or PTK7-depleted cells without SB431542 treatment was regarded as
100%. *P < .05, as compared with no drug control in PTK7-expressing glioma cells.

group of mice implanted with LN18/Scr glioma cells developed tu-
mors more rapidly than those with LN18/shPTK7 cells. The tumor
volume in shPTK7 groups was significantly smaller than the Scr
group (P<.05) (Fig. 6A). Western blotting analysis showed that
PTK7 depletion attenuated p-Smad?2/3 and Id1 expression and in-
duced caspase-3 activation in xenograft lysates (Fig. 6B).

We next evaluated the effect of PTK7 depletion in the intracra-
nial xenograft model. The animals were intracranially inoculated
with LN18 glioma cells with or without PTK7 knockdown (n = 13).
The primary endpoint was to evaluate animal survival (n = 8). In
addition, we also examined the in vivo effect of PTK7 depletion
on the expression of PTK7-related signaling molecules (n=5).
The median duration of survival of the LN18/Scr group was 30
days. The median duration of survival for animals in the LN18/
shPTK7 group was extended to 52 days (Scr vs shPTK7, P<
.0001) (Fig. 6C). Next, we investigated whether Id1 was reduced
by the effect of PTK7 knockdown in vivo. For this purpose, tumor-
bearing mice from each group (n=5) were euthanized 21 days
after the treatment started. H&E staining on mice brain sections
revealed apparent intratumoral necrosis and larger tumor bulk
in the LN18/Scr group, as compared with the LN18/shPTK7
group (Fig. 6D). Xenografts in the LN18/shPTK7 group showed

decreased PTK7, p-Smad2/3, Ki-67, and Id1 expression in the tu-
mors, as compared with the LN18/Scr control group (Fig. 6E).
TUNEL analyses identified an elevated percentage of apoptotic
cells in the PTK7-depleted tumors (Fig. 6E). Therefore, PTK7
might serve as a potential therapeutic target for combatting
CD44-high glioma.

Discussion

While GBM has a poor prognosis overall, molecular subsets of tu-
mors exist with varying outcomes to initial treatment. CD44 is a
cell-surface marker associated with tumor progression and treat-
ment resistance in glioma.'®?? Heidi et al showed that CD44 is a
typical biomarker for mesenchymal subtype glioma.>? Recently,
Anido et al revealed the crucial role of CD44-high glioma stem
cells in tumor initiation and progression.?® In this study, we
found that PTK7 is a novel molecule that is highly expressed in
CD44-high GBM and human glioma cell lines. Knockdown of
PTK7 expression suppressed glioma cell proliferation, impaired tu-
morigenic potential, and induced apoptosis. We also observed
high PTK7 expression in CD44-high GIC lines. PTK7 depletion
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Fig. 6. Targeting PTK7 attenuates in vivo tumor growth and prolongs tumor-bearing mice survival. (A) PTK7 depletion attenuated subcutaneous tumor
growth. *P < .05, as compared with scramble (Scr) control. (B) Western blotting analysis on tumor lysates from subcutaneous tumor with PTK7 depletion
at day 30 after implantation. (NB, normal mouse brain lysate). (C) Targeting PTK7 prolongs tumor-bearing mice survival in an orthotopic xenograft
model. (D) PTK7 depletion attenuates in vivo tumor growth in an orthotopic xenograft model. *P < .05, as compared with scramble (Scr) control.
Bars: 1 mm. (E) Immunostaining of the intracranial tumors at day 25 after implantation. The tissue sections were incubated with antibodies
against indicated antibodies (PTK7, p-Smad2/3, Id1, Ki-67). Diaminobenzidine was used as a chromogen, followed by counterstaining with
hematoxylin. Incidence of apoptosis was determined with TUNEL staining. Bar, 50 pm. Ki-67 and TUNEL, Scr versus shPTK7; P < .05.

attenuated the tumorsphere formation and growth of these GICs.
These findings suggested that PTK7 might be a potential regula-
tor and potential target in CD44-high glioma.

DNA-binding protein inhibitor (Id1) is an important basic
helix-loop-helix transcriptional factor regulating the stem cell
maintenance of embryonic stem cells and B1 type adult neural

stem cells.>*3* Soroceanu et al showed that Id1 expression levels
correlated positively with glioma cell invasiveness in culture and
with histopathological grades in patient biopsies.>®> Genetic
knockdown of Id1 leads to a significant increase in survival in
an orthotopic model of human GBM, suggesting that Id1 repre-
sents a novel and promising strategy for improving the therapy
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and outcome of GBM patients.>® Anido et al also identified a cell
population enriched for glioma stem cells that expressed high lev-
els of CD44 and 1d1, suggesting the potential role of Id1 in
CD44-high glioma.?® Our findings showed that Id1 is a down-
stream molecule regulated by PTK7. PTK7 knockdown reduced
Id1 expression in CD44-high glioma cell lines, while overexpres-
sion of 1d1 restored the cell proliferation and tumorigenic poten-
tial attenuated by PTK7 knockdown. We also showed that PTK7
enhanced anchorage-independent growth in normal human as-
trocytes, which was attenuated by Id1 knockdown. These results
suggested that Id1 might be an important mediator for
PTK7-regulated glioma cell proliferation, tumorigenesis, and cell
transformation.

Tumor cells often use TGF-B signaling to increase EMT, inva-
sion, and metastasis.>¢3” Although TGF-B signaling suppresses
proliferation of certain carcinoma cells and is well known to be
a tumor suppressor, it promotes proliferation of tumors of none-
pithelial origin, including glioma and osteosarcoma.*®*° In addi-
tion to induction of proliferation, the TGF-B pathway has also
been implicated in invasion, tumor growth, and intratumoral an-
giogenesis of glioma.*® These multiple roles of TGF- in glioma
progression have promoted the development of therapeutic
agents based on the inhibition of the TGF-B pathway.*! The inhi-
bition of the TGF-B pathway impaired the maintenance of
CD44-high glioma stem cell population through repression of
1d1 expression, therefore inhibiting the capacity of cells to initiate
tumors.?®> Swarbrick et al showed that c-Myc regulates Id1 ex-
pression in breast cancer cells.*> However, c-Myc effects is often
antagonized by TGF-B/Smad signaling, which suggests that
TGF-B/Smad or c-Myc might differentially regulate Id1 expression
in different cell systems or tissue types.*>** In this study, we
showed that PTK7 regulates Id1 expression by modulating the
TGF-B pathway in CD44-high glioma cell lines. We also showed
that knockdown of c-Myc did not affect Id1 expression in our gli-
oma cell models. These results suggested that PTK7 might requ-
late Id1 expression through modulating TGF-g/Smad signaling
rather than c-Myc in CD44-high glioma cells. Further, we showed
that TGF-B receptor inhibitor SB431542 markedly inhibited the
cell proliferation in PTK7-expressing glioma cells, rather than in
PTK7-depleted isogenic glioma cells, which might suggest that
PTK7 regulates glioma cell proliferation via modulating TGFB/
Smad/Id1 signaling. Therefore, PTK7 could be a novel target for
suppressing TGF-B/Id1-mediated cell proliferation in CD44-high
glioma.

In the present study, the finding that PTK7 regulates the cell
proliferation and tumorigenesis of CD44-high glioma cells
sparked our interest in testing the effect of PTK7 depletion on in
vivo glioma models. Our results indicated that PTK7 depletion
suppresses glioma growth and induces apoptosis in a subcutane-
ous transplant glioma model. The significance of these observa-
tions (ie, the inhibition on cell proliferation and the induction of
apoptosis in CD44-high glioma cell line following PTK7 knock-
down) were also evaluated with an in vivo orthotopic glioma
model. The benefits of PTK7 depletion were confirmed in vivo,
with more of the mice in the PTK7 knockdown group surviving
long term than those in the control group. Mice bearing glioma
xenografts with PTK7 knockdown also demonstrated reduced
p-Smad?2/3, 1d1, and Ki-67 positivity and induced apoptosis.
These results would identify PTK7 as a novel therapeutic target
that may improve the treatment of CD44-high GBM.
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