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Abstract

Novel discoveries involving the evaluation of potential therapeutics are based on newly identified 

molecular targets for atypical teratoid rhabdoid tumors (ATRT), which are the most common form 

of infantile brain tumors. Central nervous system ATRTs are rare, aggressive, and fast growing 

tumors of the brain and spinal cord and carry a very poor prognosis. Currently, the standard of care 

for ATRT patients is based on surgical resection followed by systemic chemotherapy and radiation 

therapy, which result in severe side effects. Since protein tyrosine kinases have proven to be 

actionable targets that reduce tumor growth in a number of cancers, we examined how inhibiting 

tyrosine kinases affected ATRT tumor growth. Here, we examine the therapeutic efficacy of the 

broad spectrum tyrosine kinase inhibitor Vatalanib in the treatment of ATRT. Vatalanib 

significantly reduced the growth of ATRT tumor cell lines, both in two-dimensional cell culture 

and in three-dimensional cell culture using a spheroid model. Since Vatalanib had a remarkable 

effect on the growth of ATRT, we decided to use a transcriptomic approach to therapy by 

examining new actionable targets, such as tyrosine kinases. Next generation RNA sequencing and 

NanoString data analysis showed a significant increase in PTK7 RNA expression levels in ATRT 

tumors. Inhibition of PTK7 by short interference RNA treatment significantly decreases the 

viability of ATRT patient-derived tumor cell lines.
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Implications—These studies provide the groundwork for future preclinical in vivo studies 

aiming to investigate the efficacy of PTK7 inhibition on ATRT tumor growth.
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Introduction

Atypical teratoid rhabdoid tumors (ATRTs) are very aggressive central nervous system 

tumors that comprise 10% of pediatric brain tumors. ATRTs are also associated with 

significantly worse overall survival than other pediatric tumors, with patients succumbing to 

the disease between 6 months to a year from diagnosis (1). ATRT patients are quite young 

with 10%–20% of these patients being 3 years or younger. Surgery and radiation alleviate 

imminent neurological problems, but are accompanied by exceedingly morbid long-term 

side effects. Aggressive multiple chemotherapy approaches in addition to radiation have 

been attempted, yet overall survival is dismal.

A characteristic feature of ATRTs is usually the loss of one copy of the entire chromosome 

22 or a deletion or translocation specifically involving chromosome band 22q11.2 (2). This 

aberration of chromosome 22 results in a loss of the gene SMARCB1/INI1/hSNF5 (3–5). 

The Smarcb1 protein is a component of the mammalian SWI/SNF complex and functions in 

chromatin remodeling in an ATP-dependent manner, although its role in malignancies is 

unclear (6). Most ATRTs are composed of rhabdoid cells juxtaposed to areas of primitive 

neuroepithelial tissue, which resemble a primitive neuroectodermal tumor (PNET) and have 

mesenchymal and/or epithelial elements (7). ATRTs are aggressive heterogeneous tumors 

that remain a challenge in the field of pediatric neuro-oncology. Newer therapeutic 

approaches are desperately needed to increase the survival of young patients. Fundamental 

improvements in therapeutics will help provide better care for children who harbor this 

deadly brain tumor. Due to the side effects and limited effectiveness of chemotherapeutics, 

there is a demand for target therapies based on personalized medicine. Some of the most 

effective drugs for cancer include tyrosine kinase inhibitors (TKI) (8). One particular TKI 

that may effectively treat ATRT is Vatalanib, 4-chlorophenyl-(4-pyridin-4-ylmethyl-

phthalazin-1-yl) amine succinate, an orally active pan tyrosine kinase inhibitor. Vatalanib 

has high receptor binding affinity for all known vascular endothelial growth factor receptor 

(VEGFR) and platelet-derived growth factor receptor (PDGFR) tyrosine kinases (9,10). 

Vatalanib is in clinical development for patients with advanced or metastatic pancreatic 

adenocarcinoma and has been used to treat a number of cancers such as prostate, colorectal, 

kidney, melanoma, lymphoma, leukemia, non-small cells lung carcinoma (NSCLC), and 

colorectal adenocarcinoma (11–14). Here, we examine the therapeutic efficacy of Vatalanib 

in the treatment of ATRT and a potential target for treatment known as Protein Tyrosine 

Kinase 7 (PTK7), which we found by transcriptome analysis to be upregulated in ATRT 

tumors.
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Also known as colon carcinoma kinase (CCK4), PTK7 is a pseudo kinase that was first 

identified as a protein overexpressed in colon cancer cell lines (15). Containing an 

extracellular domain consisting of seven immunoglobulin-like loops, a transmembrane 

domain, and a tyrosine kinase domain that is catalytically inactive, PTK7 is thought to be 

highly involved in the Wnt signaling pathway (16). While the role that overexpression of 

PTK7 plays in malignancies such as colon, breast, gastric, and lung cancer has been studied, 

no studies to date have evaluated the role of PTK7 expression in ATRT (17–23). Prior 

studies in this laboratory have demonstrated that the Wnt signaling pathway has a critical 

role in ATRT tumor growth (24), and this present study will further evaluate how 

components of the Wnt pathway, such as PTK7, are involved in ATRT growth.

Materials and Methods

Patient Samples and Patient-derived Cell Lines

CHLA-05-ATRT was obtained from a 2-year old male with an ATRT tumor and CHLA-06-

ATRT from a 4 month-old female with an ATRT tumor, as previously described (Dr. Anat 

Erdreich-Epstein, 24), and will be henceforth designated in this manuscript as ATRT-05 and 

ATRT-06. ATRT cell lines were cultured in a neural basal medium made up of modified 

neurobasal 1:1 Dulbecco’s modified Eagle’s medium : F12, HEPES (15 mM), bovine 

fibroblast growth factor (20 ng/mL; Cell Sciences), epidermal growth factor (20 ng/mL; 

Invitrogen), sodium pyruvate (110 mg/L), sodium bicarbonate (1.2 g/L), and B27 

(Invitrogen). Cell lines were confirmed to be ATRT by RT-PCR and western blotting to lack 

INI-1 / SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin, 

Subfamily B, Member 1 (SMARC2B) on both the RNA and protein level, following 

establishment of cell lines and periodically, every 6 months, following multiple passages. 

Multiple aliquots of immortalized cell lines were frozen down immediately after 

establishment and tested, and new frozen aliquots used for experiments discussed in this 

paper. Spheroids were generated by plating one thousand ATRT cells per well in a Nexcelom 

Ultralow attachment U bottom 96 well cell culture dish (Nexcelom Biosciences).

Transcriptome Analysis

Transcriptome analyses, including RNA sequencing and NanoString data analysis, were 

conducted on RNA extracted from ATRT patients and control patient samples. For the RNA 

sequencing, RNA was extracted from 1 tumor from an ATRT patient and 4 normal human 

brain samples; RNA sequencing was performed using Illumina’s HiSeq 2000 sequencing 

platform. Control patient samples included six brain regions, in particular, the frontal cortex, 

temporal cortex, and white matter, and were obtained in good condition from the NICHD 

Brain and Tissue Bank for Developmental Disorders at the University of Maryland.

Probe specific NanoString analysis was performed on RNA extracted from 17 ATRT tumor 

tissues, 3 immortalized ATRT cell lines, and 7 patient-derived control neuronal samples as 

previously described (NanoString Platform, NanoString Technologies, 24). The NanoString 

nCounter Analysis system was used to analyze the total RNA (250ng) from each sample. 

Normalization and calculation of differential expression was performed using the 

NanoStringDiff package in R with default settings (25). Normalization was applied across 
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individual samples in all cases except for the heatmap, where normalization was applied 

across the following groups: normal, frozen ATRT, ATRT-05, and ATRT-06. Of the 17 ATRT 

tumor tissues, 16 were deemed of sufficient quality to be included in the analysis 

(Supplementary Fig. S1). The log2 ratio was calculated as the log2 of the ratio of frozen 

ATRT tumor tissue or immortal ATRT cell lines to the patient-derived neuronal samples.

Bioinformatics Analysis

The heatmap was prepared using the R package ComplexHeatmap (26). Outliers, as defined 

by a log2 value above 10 or below −10, were removed from the data set for separate analysis 

(Supplementary Fig. S2). K-means clustering using Euclidean distances was used to define 

gene clusters as well as row order within clusters. The number of clusters was user defined.

Gene clusters were analyzed using the PANTHER Overrepresentation Test (release 

2016-07-15) based on the gene ontology (GO) database (release 2016-09-24). The fraction 

of genes identified (Figure 2A) refers to the number of genes identified in the GO reference 

list, which references all genes in the Homo sapiens database. The annotation data set was 

the GO biological process complete. Expression data analysis statistics were corrected for 

multiple testing with the Bonferroni method.

Quantitative Reverse Transcriptase PCR

Ambion® Cells-to-CT™ One Step Power SYBR green was performed on immortalized 

ATRT cell lines ATRT-05, ATRT-06, and control cell lines HEK-293, human neural stem 

cells (NSC) (MTI-Global Stem). Quantitative PCR was performed using the 7500 Real time 

PCR (Applied Biosystems), and the data was analyzed with 7500 System SDS software. 

One Step PCR was performed on lysates isolated from cells. Samples were run in triplicate, 

and the expression of PTK7 was normalized against the house keeping gene GAPDH. 

Expression levels were calculated as fold changes with ΔΔCT and a paired t test was used to 

evaluate significance.

Western Blotting

Cell lysates made from immortalized ATRT cell lines, HEK-293, and NSC were made using 

RIPA lysis buffer (Pierce) with protease inhibitors. Protein assays were performed using 

BCA protein assay. Equal amounts of protein were diluted in a nonreducing sample buffer 

(Thermoscientific) heated to 70° C and loaded on Novek Wedgewell 4–12 % TrisGlycine 

gels (Invitrogen). Cells were transferred to nitrocellulose using the X blot module. Ponceaus 

S staining was performed to verify equal amounts of protein were loaded in each lane. Blots 

were probed with a monoclonal antibody to PTK7 (Biorad) at 1:1000 and Goat anti-mouse 

IgG HRP (Thermofisher) at 1:2000 dilutions. The Supersignal West Pico Chemiluminescent 

substrate (Thermo Scientific) was used to detect HRP using the UVP Visionworks LS. 

Software on the Biospectrum 500 Imaging System (UVP).

Immunocytochemistry

For staining for PTK7 and caspase 3,7, cells were fixed with 4 % paraformaldehyde, 

permeabilized with 0.01% Triton-X, and stained with human anti–PTK7 Goat anti-mouse 

IgG Rhodamine (Santa Cruz Biotechnology) Actin 488 Ready Probes (Molecular Probes), 
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DAPI, and Caspase 3, 7 Ready Probe (Molecular Probes). Caspase-3 immunoreactivity was 

also performed using a polyclonal antibody to cleaved caspase-3 (Biocare Medical).

Short Interference RNA Treatment by Reverse Transfection

HiPerFect transfection reagent, HP-validated siRNA specific for PTK7, designated here as 

PTK7 siRNA, and a nonspecific siRNA (AllStars Negative Control siRNA) were purchased 

from Qiagen. RNAi transfections were performed using siRNA constructs to human PTK7, 

including Hs PTK7-7, HS PTK7-14, HS PTK7-13, Hs PTK7-12, and Qiagen All Stars RNAi 

Controls, including an All Stars Negative control, which is highly validated for nonsilencing 

siRNA and is known as Flexitube siRNA unspecific All Stars, and a Cell Death control 

known as All Star HS cell Death (Qiagen). ATRT-06, ATRT-05, and HEK-293 cells were 

transfected with siRNA by HiPerfect transfection reagent. Cells were harvested during their 

exponential growth phase, resuspended in growth media, and divided into the following 

groups: nontransfected control, mock transfected with High Perfect Reagent alone, 

transfected with a nonspecific siRNA as a negative control, PTK7 siRNA, and a positive cell 

death control. Cell suspensions were transfected with 25nm siRNA in 96 well plates. Cells 

were cultured at 37 °C under normal growth conditions and harvested 48 hrs. post 

transfection for RT-PCR, western blots, cell viability assays, or fixed with 4 % 

paraformaldehyde for immunocytochemistry.

Viability Assays

Cell viability assays were performed using the Cell Titer Glo 2.0 (Promega). Spheroid 

growth was measured by measuring the diameter of the spheroids using CellSens standard 

1.12 on an Olympus 1×7 microscope and spheroid volume (V) was calculated with the 

equation , where r =radius of the spheroid.

Apoptosis Assay

An early indicator of apoptosis is the activation of caspase-3, which was detected using a 

fluorogenic, no-wash indicator of activated caspase-3/7. Live cells were stained with 

CellEvent® Caspase-3/7 Green Ready Probes® Reagent and NucRed Dead Red 647 Ready 

Probe Reagent (Molecular Probes) prior to imaging. Caspase-3 immunoreactivity following 

PTK7 siRNA knockdown in ATRT-06 or exposure to Vatalanib was assessed using an 

antibody to cleave caspase-3 (Biocare Medical).

Results

1) Vatalanib is cytotoxic to ATRT growth in two- and three-dimensional cell culture

Exposure of ATRT-05 and ATRT-06 cells to Vatalanib impairs survival of ATRT tumor cells 

(Fig. 1). ATRT-06 cells were exposed to Vatalanib (0–150 μM) for 4 days in culture and then 

cell viability was measured with the Celltiter Glo (Promega). Based on 4 separate cell 

viability experiments, the biochemical potency for the ATRT cell lines was measured as the 

half maximal inhibitory concentration (IC50) and determined to be 56.03±0.001 μM. 

Concentrations of Vatalanib ≥ 1μM significantly reduced the viability of ATRT cell lines, 

according to a two-tailed heteroscedastic t test, p <0.05. Similarly, the IC50 for ATRT 
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spheroids was 55.23 ±0.607 μM with Vatalanib exposure significantly decreasing the 

viability of the spheroids at concentrations ≥ 1μM Vatalanib, according to a two-tailed p test, 

p <0.05.

a. Exposure of ATRT cells to Vatalanib at the IC50 dose (56 μM) for four days blocked 

PTK7 immunoreactivity (Fig. 1G, H), which was present in DMSO-treated ATRT-06 (Fig. 

1D, E), suggesting that Vatalanib inhibits PTK7 protein levels. A Stitch analysis indicates 

that PTK7 shares strong sequence homology to KDR and FLT4 (Supplementary Fig. 4B), 

two vascular endothelial growth factor receptors that have been shown to directly interact 

with Vatalanib (Supplementary Fig. 4A). Imaging studies indicate that exposure of ATRT 

cells to Vatalanib activates caspase 3/7 (Fig. 2A–C, G–I), which occurs in the early stages of 

apoptosis, a form of cell death characterized by cell shrinkage, blebbing of the cell 

membrane, and fragmentation of the cell membrane (27). Further immunocytochemical 

experiments were conducted to examine how Vatalanib affects caspase-3 immunoreactivity. 

Vatalanib exposure at the IC50 dose for ATRT cell lines (56 μM) induced expression of 

caspase-3 in ATRT-06 (Fig. 3I), which was absent in control ATRT-06 (Fig. 3D). Vatalanib 

did not induce caspase-3 immunoreactivity in normal human astrocytes (Fig. 3S) as 

compared to control astrocytes (Fig. 3N). Since Vatalanib had a remarkable effect on the 

growth of ATRT, we decided to use a transcriptomic approach to therapy by examining new 

actionable targets, such as tyrosine kinases.

2) Transcriptome analysis indicates increased levels of PTK7 in ATRT tumors

We performed digital multiplexed gene expression analysis (NanoString™ Technologies) 

using 16 ATRT tissue samples, 2 patient-derived pre-characterized primary cell lines, and 7 

patient-derived control neuronal samples. Based on the results, we identified that PTK7 is 

significantly over-expressed in ATRT tumor tissue compared to normal brain samples, 

according to a heteroscedastic t test, with a p value equal to 0.0012 (Fig. 4A). The tumor 

cells had a lower expression of SMARCB/INI1, a tumor suppressor gene that is absent in 

ATRT tumors. This upregulation of PTK7 in ATRT tumor tissue is confirmed by RNA 

sequencing performed on an ATRT tumor and control neuronal samples (Fig 4B). Two 

different isoforms of PTK7 were upregulated in the ATRT tumor compared to the normal 

control samples.

The heatmap of normalized NanoString expression data (log2 transformed) illustrates the 

differential expression of a number of genes in the Wnt signaling pathway, including 

increased expression of PTK7 (Fig. 5). Clustering of up-regulated and down-regulated genes 

was achieved using a k-means method. SMARCB1, which has decreased expression in 

ATRT tumors (28,29), appears in Cluster 1. PTK7 shows significant upregulation across all 

three ATRT samples and is found in the same cluster as both transcripts of WNT5B, which 

was previously found to be upregulated in ATRT tumor tissue (24). A gene set enrichment 

analysis of our four gene clusters into biological function using gene ontology (GO) shows 

86 genes involved in the top ten biological processes of each cluster. Cluster 4 was identified 

as the cluster most related to the Wnt Pathway and contains PTK7. Low P-values (<8.0 

E-19) indicate the significance of the correlation between GO terms and the genes in clusters 

(Fig. 5). Previous work suggests that PTK7 is involved in the non-canonical Wnt pathway 
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(30). A differential expression analysis of the ATRT microarray data provided by Johann et 

al. suggests that there is no significant difference in PTK7 expression among the three newly 

identified epigenetic subgroups of ATRT: ATRT-TYR, ATRT-SHH, and ATRT-MYC 

(Supplementary Fig. S3) (31).

This upregulation of PTK7 in ATRT tumors was further validated by a quantitative reverse 

transcriptase polymerase chain reaction (qRT-PCR) analysis (Fig. 6A), western blotting (Fig. 

6B), and immunofluorescence (IHC) (Fig. 6C).

Increased RNA expression levels for PTK7 occurred in ATRT tumors compared to control 

HEK-293 (Fig. 6A), according to a two-tailed paired t test (p<0.01). Similarly, on the protein 

level, increased expression of PTK7 was demonstrated by western blots in ATRT-05 and 

ATRT-06 (Fig. 6B). Immunocytochemistry suggests increased expression of PTK7 in ATRT 

cells (Fig. 6C, E, F, H), which is absent in control HEK 293 cells (Fig. 6I, K) and in the 

absence of primary antibody. ATRT-05 stained for PTK7 suggests expression of PTK7 in the 

cell membrane (Fig. 6 C, E) whereas the same cells stained with actin reveals staining 

throughout the cytoplasm (Fig 6D). High PTK7 expression levels were observed in ATRT-06 

(Fig. 6. F, H), colocalized with actin staining (Fig. 6G, H). PTK7 immunoreactivity (red) and 

actin staining (green) were merged in Fig. 6E, H, and K.

3) PTK7 inhibition reduces ATRT cell growth

RNAi-mediated gene silencing using small interfering RNAs (siRNAs) was used to 

knockdown PTK7 expression. The siRNA was transiently transfected using High Perfect 

(Qiagen) by reverse transfection. Silencing efficacy was determined by real time PCR (Fig. 

7A) and western blots. For siRNA qRT-PCR studies, a total of 1×106 cells were treated with 

100 ng PTK7 siRNA (Qiagen), with 5 different PTK7 siRNAs tested. Real time PCR 

analysis was performed using the appropriate primers 48 hours after transfection. For 

controls, ATRT cell lines were transfected with an unscrambled nonspecific siRNA and as 

well as a positive control cell death siRNA. Statistical analysis using a paired t test indicates 

that PTK7 RNAi knockdown significantly reduced PTK7 RNA expression levels in ATRT 

cells (Fig. 7A) and significantly reduced the number of viable cells in ATRT-05 and 

ATRT-06, with p<0.001(**), compared to nontransfected cells (Fig. 7B). No statistical 

difference between the nontransfected controls and scrambled negative nonsilencing siRNA 

controls for ATRT 05 and ATRT-06 was observed, according to a two-tailed test. 

Knockdown of PTK7 via PTK7 RNAi transfection significantly reduced the viability of 

ATRT-05 and ATRT-06 compared to control nontransfected cells and mock transfected cells, 

with a two-tailed heteroscedastic t test, p<0.01. Visual confirmation of a reduced number of 

viable cells in ATRT-05 following knockdown of PTK7 48 hrs. following RNAi transfection 

(Fig. 7D) is illustrated in Fig. 7D. Few cells were observed in ATRT-05 following PTK7 

knockdown (Fig. 7D) as compared to the number of healthy cells in mock transfected cells 

(Fig. 7C).

Studies were conducted to determine how PTK7 RNAi knockdown affected caspase-3 

immunoreactivity, an early indicator of apoptosis. Knockdown of PTK7 with reverse 

transfection inhibited PTK7 immunoreactivity in ATRT-06 cells (figure 7F) as compared to 

control transfection cells (Figure 7E) and induced caspase-3 expression (Fig 7j) as compared 
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to nontransfected controls (Fig 7I). Future studies will examine more precisely the 

mechanisms by which PTK7 induces cell death and apoptosis.

Discussion

Treatment with the broad spectrum VEGF inhibitor Vatalanib significantly reduced the 

viability of ATRT cell lines, both in two- and three-dimensional aggregates of ATRT tumor 

cells, and inhibited expression of PTK7. Spheroids have been used for decades to simulate 

the in vivo tumor microenvironment. Like tumors, spheroids contain a hypoxic center with a 

well-oxygenated outer layer of cells, and contain both surface-exposed and deeply buried 

cells, as well as both proliferating and nonproliferating cells (32). In breast cancer, prostate, 

colon, and other cancers, spheroids have been used to model disease and identify anti-cancer 

therapeutics (33–37).

Imaging data suggests that the mechanism of cell death following treatment with Vatalanib 

may involve the caspase 3/7 activation, which is seen in early stages of apoptosis, a death 

pathway characterized by cell shrinkage, blebbing of the plasma membrane, and 

condensation and fragmentation of DNA (27). It remains for future studies to determine 

whether or not the induction of apoptosis by Vatalanib can be attributed to the inhibition of 

PTK7. KDR and FLT-1 are known to interact with Vatalanib (9) and share some structural 

similarity with PTK7, including in the extracellular domain. Consequently, it is possible that 

Vatalanib directly inhibits PTK7. Alternately, the therapeutic effect of Vatalanib may be due 

to inhibition of KDR. There is a biphasic relationship between PTK7 expression and KDR 

activity such that there is an optimal PTK7 concentration that leads to higher KDR activity 

(38). The therapeutic effect of Vatalanib might be due to the inhibition of KDR, which in 

ATRT cells may have higher activity due to increased levels of PTK7. Further studies are 

necessary to elucidate this mechanism, especially since defective apoptosis often occurs in 

cancer cells.

The effect of Vatalanib on ATRT tumor growth was examined since there have been clinical 

trials utilizing Vatalanib for a number of cancers, and its route of administration and its 

effect on multidrug resistance transporters (MDR) have also been investigated. For example, 

Vatalanib, in combination with a chemotherapeutic regimen, has been used in clinical trials 

for metastatic colorectal cancer. In addition, Vatalanib can be orally administered as 

compared to some drugs such as bevacizumab, which have to be administered intravenously 

(39). Studies have demonstrated that Vatalanib inhibits multidrug resistance transporter 

activity, in particular ATP-binding cassette (ABC) efflux transporter activity (40). Thus, it is 

hypothesized that ATRT cell lines will not develop resistance to Vatalanib. Based on clinical 

studies using Vatalanib in metastatic colon cancer, there is hope for true treatment with 

Vatalanib. Consequently, it is likely that we will pursue preclinical studies examining the 

effect of Vatalanib in vivo, both alone and in combination with other targeted therapeutics.

Since Vatalanib treatment significantly reduced the growth of ATRT cell lines, and its 

mechanism of action involves inhibition of multiple tyrosine kinases (12) we decided to take 

a transcriptomic approach and examine protein tyrosine kinase expression in ATRT patient 

tumors and cell lines. Our transcriptomic and cellular analysis indicates that PTK7 is highly 
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expressed in ATRT tumors. Knockdown of PTK7 resulted in significantly decreased 

viability of ATRT cell lines, suggesting that PTK7 may be involved in tumor cell growth and 

proliferation. In multiple cancer types, such as colon cancer, gastric cancer, breast cancer, 

and acute myeloid leukemia, high PTK7 levels are correlated to poor drug response, 

increased metastasis, and poor patient survival rates (15,19,41–43). The role of PTK7 in 

different cancers is not yet known, but it is thought that PTK7 may promote tumorigenesis 

as expression of PTK7 in leukemia cells enhances cell migration and survival (19). In other 

cancers, such as glioblastomas, PTK7 is highly expressed, and knockdown of PTK7 reduces 

cell proliferation, interferes with tumorigenic potential, and increases apoptosis. The high 

expression level of PTK7 in glioblastomas predicts an unfavorable prognosis for patients 

(44). Furthermore, in normal human astrocytes, PTK7 enhanced anchorage-independent 

growth (45). It has previously been demonstrated that knockdown of PTK7 in colon cancer 

cells induces caspase-10-dependent apoptosis via the mitochondria pathway (46). These 

results suggest that PTK7 is involved in cancer cell proliferation and anchorage-independent 

cell growth. Despite the lack of direct kinase activity, PTK7 promotes signal transduction by 

interacting with other proteins. PTK7 has been shown to influence Vascular Endothelial 

Growth Factor (VEGF)-induced migration, invasion, and tube-formation of human umbilical 

vein endothelial cells (HUVECs) and angiogenesis in vivo (47). Therefore, it is thought that 

PTK7 at the plasma membrane plays an important role in VEGF-mediated signaling. Studies 

suggest that PTK7 regulates the activity of Kinase Insert Domain Receptor (KDR) and that 

knockdown of PTK7 inhibits VEGF-induced phosphorylation of KDR(38).

Additionally, in colorectal cancer (CRC) tissue, PTK7 was significantly up-regulated, with 

significant overexpression associated with reduced survival in patients. In mouse models of 

CRC, down-regulation of PTK7 caused reduced tumor growth, and overexpression of PTK7 

in PTK7 negative cancer cells resulted in increased metastatic events (48). Studies indicate 

that intrahepatic cholangiocarcinoma (ICC) cells with high PTK7 overexpression had 

increased proliferation, DNA synthesis, migration, and invasion. Knockdown of PTK7 with 

small interfering RNA (siRNA) resulted in impaired DNA synthesis, migration, and 

invasion, and decreased expression of phosphorylated RhoA. Furthermore, knockdown of 

PTK7 resulted in reduced tumor size as compared to the scrambled siRNA injection in an in 
vivo model for ICC. ICC patients with low expression of PTK7 had better prognoses and 

survived longer with the disease as compared to patients who expressed high levels of 

PTK7, suggesting that PTK7 could potentially be used as a prognostic indicator in ICC (49).

Collectively, these studies suggest that PTK7 plays an important role in cancer cell 

proliferation, anchorage-independent growth, tumor growth, increased metastatic events, 

invasiveness of cancer cells, and poor prognosis in cancer patients. However, further studies 

need to be conducted to determine the precise role of PTK7 in cancer cell proliferation and 

growth. Thus, PTK7 may serve as an important target for future therapeutics and as a 

prognostic biomarker for ATRT, as well as a number of other cancers. Clearly, our recent 

results as well as these studies in other tumor models indicate that PTK7 is an important 

target for therapeutic intervention that demands further investigation in terms of its 

mechanisms of action and potential targets.
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The RNA sequencing and NanoString analysis presented in this paper correlate well with 

recent findings based on whole genome DNA and RNA sequencing based on 192 ATRTs. 

These studies identify ATRT molecular subtypes involving regulatory networks of TYR 

(encoding the enzyme tyrosine), Sonic Hedgehog (SHH), and MYC (overexpression of the 

Myc oncogene) (31). All three of these regulatory networks are upregulated in the ATRTs 

described in the current study.

Conclusions

The broad spectrum tyrosine kinase inhibitor Vatalanib inhibited PTK7 immunoreactivity 

and significantly reduced the growth of ATRT tumor cell lines, both in two-dimensional and 

three-dimensional cell cultures. Since Vatalanib inhibits multiple tyrosine kinases, a 

transcriptomic approach examined the expression pattern of protein tyrosine kinases in 

ATRT patient tissue. Transcriptome profiling, including RNA sequencing and NanoString 

analysis, of ATRT patient tumors indicates increased expression of PTK7 RNA, which is 

confirmed by real time PCR in ATRT patient-derived tumor cell lines. Increased expression 

of PTK7 protein was observed in ATRT patient-derived tumor cell lines by 

immunocytochemistry and western blotting. These studies provide the groundwork and basis 

for future preclinical studies of the effect of Vatalanib and PTK7 inhibition on ATRT tumor 

growth in vivo.
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Figure 1. 
A. Pharmacologically inhibiting protein tyrosine kinases significantly reduces the viability 

of ATRT cell lines as compared to control HEK 293 cells. ATRT cell lines ATRT-05, 

ATRT-06 and control HEK 293 cells were exposed to Vatalanib for 4 days. Luminescence in 

each sample was normalized to a control (no drug exposure treatment) for both ATRT-05 

and HEK 293. Cell viability assays were performed using Cell Titer Glo (Promega), and the 

Ic50 was determined to be 56 μM. Concentrations of Vatalanib ≥ 1.0 μM significantly 

reduced growth of ATRT cell lines according to a two-tailed heteroscedastic p test, p <0.05.

B. Similarly, Vatalanib exposure inhibited growth of spheroids in ATRT-05 and ATRT-06, 

but not in control spheroids generated from neural stem cells, with the IC50 for spheroids 

calculated at 55 μM. Concentrations of Vatalanib ≥ 1 μM significantly decreased growth of 

ATRT-05 and ATRT-06 spheroids, according to a two-tailed p test, p <0.05.

C–H. Immunofluorescence on ATRT-06 cells. Exposure to Vatalanib for 4 days (F–H) 

results in a loss of PTK7 immunoreactivity (G, H) compared to ATRT-06 exposed to a 

DMSO control (D, E). ATRT-06 cells were stained with anti-PTK7 (D, G) and a probe for 

actin (C, F) in the presence (F–H) and absence (C–E) of Vatalanib (56 μM). While actin 

staining was present in both Vatalanib-treated (F) and control-treated cells (C), PTK7 

expression was only found in control DMSO-treated cells (D, E), and absent in Vatalanib-
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treated cells (G, H). Panels E and H are merged images of panels C, D and F, G, 

respectively. E illustrates the expression of PTK7 and actin in DMSO-treated ATRT-06, 

while H illustrates just actin staining in Vatalanib-treated ATRT-06 (H). Scale bar = 50 

microns.
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Figure 2. 
Detection of caspase 3, 7 in ATRT tumors cell lines following treatment with Vatalanib. 

ATRT cell lines ATRT-05 and ATRT-06 were exposed to Vatalanib (1 μM) for 48 hours (A–

C) and 7 days (G–I). Caspase 3, 7 was detected in ATRT cell lines treated for 48 hours (A) 

or 7 days (G) using a Ready Probe to caspase 3, 7 (Molecular Probes). Dead cells were 

detected with NucRed® Dead 647 ReadyProbes® Reagent in ATRT cell lines treated with 

Vatalanib for 48 hours (B) or 7 days (H). No staining for caspase 3, 7 or dead cells were 

detected in cell lines not exposed to drug (D–F, J–L). 40x; Scale bar = 100 microns.
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Figure 3. 
Vatalanib treatment of ATRT-06 reduced PTK7 immunoreactivity (G) as compared to 

control treated ATRT-06 (B). No PTK7 immunoreactivity was observed in human astrocytes 

(L,Q). Immunocytochemistry confirmed Vatalanib exposure at the IC50 dose for ATRT cell 

lines (56 μM) induced expression of caspase-3 in ATRT-06 (I), which was absent in control 

ATRT-06 (D). Vatalanib did not induce caspase-3 immunoreactivity in normal human 

astrocytes (S) as compared to control astrocytes (N).
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Figure 4. 
A. NanoString analysis of PTK7 expression in frozen tumors from ATRT patients (n=16), in 

age-matched control neuronal tissue (n=7), and in 2 ATRT cell lines, suggests increased 

expression of PTK7 in ATRT tumor tissue as compared to control tissue according to a two 

sample t test, assuming unequal variance, p value equal to 0.0012(**). B. RNA sequencing 

on RNA extracted from a tumor of an ATRT patient and from 4 age-matched normal control 

brain samples suggests increased RNA expression of PTK7 on both the gene level and in 

multiple transcript isoforms (B). The differential expression of PTK7 shown in this figure 

was calculated as logarithmic ratios of fold.
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Figure 5. 
A. Heatmap illustrating the differential expression of 167 genes and the gene ontology (GO) 

enrichment analysis associated with each gene cluster. Normalized NanoString expression 

data from 16 ATRT tumors, 2 ATRT cell lines, termed ATRT-05 and ATRT-06, and 7 

neuronal samples were used to calculate the log2 ratio of frozen ATRT tumors or ATRT cell 

lines to normal frozen neuronal tissue. The 10 GO biological processes with the lowest p 

values are displayed for each gene cluster. Wnt-related biological processes–highlighted in 

green–appear only in the analysis for Cluster 4. Very low p values (<0.001) are associated 

with high significance.
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Figure 6. 
A. RT-PCR indicates increased expression of PTK7 in ATRT tumor cell lines compared to 

the control HEK cell line, with a p value according to two-tail t test <0.01 (**). One Step 

PCR was performed on lysates isolated from cells. Primers to GADPH were used to verify 

equal amounts of sample in each lane.

B. Western blots confirm increased expression of PTK7 in ATRT tumor cell lines (a, 

ATRT-05), and (b, ATRT-06) as compared to control neural stem cells (c) and HEK 293 (d), 

with a band corresponding to the full length PTK7 at 118 kD (top panel). Equal amounts of 

protein (.5μg) were loaded in each lane. HEK 293 served as a non-tumor control sample. 

Each lane was probed with anti-rabbit-GADPH to verify equal amounts of protein were 

loaded in each lane (bottom panel).

C–K. Immunocytochemistry confirms an increase in PTK7 expression in ATRT tumor cell 

lines that is not present in control HEK 293 lines. ATRT cell lines ATRT-05 and ATRT-06 

were stained with a monoclonal antibody to PTK7 (red) and with an actin dye (green). The 

merged images of PTK7 and actin are depicted in E, H, and K. ATRT cell line ATRT-05 

stained with PTK7 suggests expression of PTK7 in the cell membranes (C, E), whereas the 

same cells stained with actin reveals staining throughout the cytoplasm (D). (40x, Scale bar 

=200 microns). PTK7 expression was also high in ATRT-06 (F, H). No immunoreactivity for 

PTK7 was observed in control HEK 293 cells (I, K) exposed to anti-PTK7 or in the ATRT 

cell lines in the absence of primary antibody.
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Figure 7. Effect of PTK7 RNAi knockdown on ATRT tumor cells in culture
A. Real time PCR using primers to PTK7 and GAPDH indicate knockdown of PTK7 in 

ATRT cell lines ATRT-05 and ATRT-06. Relative gene expression of PTK7/fold change 

expression levels was calculated using the ΔΔCq method, using Ct values obtained with the 

PTK7 primers and the housekeeping gene GAPDH and plotted in the different siRNA 

treatments (B). Multiple cell viability assays (n=3) indicate that transfection of ATRT-05 and 

ATRT-06 with PTK7 RNAi significantly reduces the growth of ATRT cell lines as compared 

to untransfected controls (abbreviated Con. untreated), according to a two-tailed t test 

p<0.01 (**), while transfection of PTK7 RNAi (abbreviated PTK7siRNA) does not affect 

the viability of control HEK-293 cells. There is no significant difference between viability of 

nontransfected controls and the scrambled negative nonspecific control (abbreviated 

scrambled). C+D. Images of the viability of ATRT cell line ATRT-05 48 hours following 

RNAi transfection with PTK7 RNAi. (D) indicates the presence of very few cells following 

PTK7 siRNA as compared to mock transfected cells (C). Cells were stained with DAPI and 

visualized with DIC (10x). Scale bar= 100 microns. Transfection with PTK7 siRNA in 

ATRT cell lines resulted in a loss of PTK7 immunoreactivity (F) as compared to controls 

(E). Hoechst staining was performed to visualize nuclei in ATRT cell lines following 

knockdown of PTK7 (H) as compared to controls (G). Knockdown of PTK7 induced 

caspase-3 immunoreactivity (J) as compared to controls ().

Messerli et al. Page 22

Mol Cancer Res. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Patient Samples and Patient-derived Cell Lines
	Transcriptome Analysis
	Bioinformatics Analysis
	Quantitative Reverse Transcriptase PCR
	Western Blotting
	Immunocytochemistry
	Short Interference RNA Treatment by Reverse Transfection
	Viability Assays
	Apoptosis Assay

	Results
	1) Vatalanib is cytotoxic to ATRT growth in two- and three-dimensional cell culture
	2) Transcriptome analysis indicates increased levels of PTK7 in ATRT tumors
	3) PTK7 inhibition reduces ATRT cell growth

	Discussion
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

