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Abstract

Biomarkers and novel therapeutic targets are urgently needed in colorectal cancer (CRC).
The pseudo tyrosine kinase receptor 7 (PTK7) is involved in planar cell polarity and it is
deregulated in various malignancies, including CRC. Yet, little is known about its protein
expression in human CRC, or about a possible correlation of its expression with clinical
endpoints. Using a clinically annotated Tissue MicroArray (TMA) produced from from 192
consecutive CRC patients treated by initial surgery, we examined PTK7 expression by
immunohistochemistry in tumoral tissue and matched normal mucosae, and correlated its
expression with clinico-pathological features and patient outcome. PTK7 depletion by
specific shRNA in HCT116 and HCT15 CRC cell lines was found to affect cell proliferation,
resistance to drugs and cell migration. Tumor growth and metastatic phenotype were in-
vestigated in vivo using a xenograft mouse model of CRC cells with modulated expression
of PTK7 levels. PTK7 was significantly up-regulated in CRC tissue as compared to
matched healthy mucosae, and significant overexpression was found in 34% of patients.
PTK7 overexpression was significantly associated with a reduced metastasis-free surviv-
al in non-metastatic patients. In HCT116 and HCT15 cells, shRNA PTK7 reduced migra-
tion but did not affect cell proliferation and resistance to drugs. In a xenograft mouse of
HCT15 cells, downregulation of PTK7 led to reduced tumor growth, whereas its overex-
pression in PTK7-negative cancer cells led to increased metastatic events. PTK7
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expression thus represents a potential prognostic biomarker and a novel therapeutic tar-
getin CRC.

Introduction

With 447 000 cases and 215 000 deaths per year in Europe, colorectal cancer (CRC) remains a
major public health issue [1,2]. Integration of 5-FU- and oxaliplatin-based adjuvant chemo-
therapy to surgical resection in node positive-patients has improved survival [3,4], but a signifi-
cant number of these patients still ultimately relapse and die from metastatic disease. In the
same time, node-negative patients are usually not treated with adjuvant systemic treatment,
whereas some of them could benefit from this strategy [5]. Thus, identification of valid and ro-
bust biomarkers that may distinguish a group of patients presenting significant risk of recur-
rence is urgently needed. In addition, even though some molecular targeted therapeutics have
contributed to increase survival in metastatic CRC [6-9], none of them was demonstrated to
improve survival in the adjuvant setting [10,11]. Therefore, it is still eagerly necessary to identi-
fy molecular actors that play a relevant role in colon cancer biology and may serve as targets
for novel biological therapies.

The cell surface receptor PTK7, also known as colon carcinoma kinase-4 (CCK-4), is an
evolutionary conserved member of the receptor tyrosine kinase superfamily, which was first
identified in human normal melanocytes [12] and in human colon carcinoma [13]. Composed
of seven extracellular immunoglobulin domains, a transmembrane region and an intracellular
tyrosine kinase domain, it has a defective kinase activity and no known ligand. Although its
exact biological role is unclear, recent evidence has linked PTK?7 to the planar cell polarity
(PCP) pathway [14]. While the apico-basal polarity organizes epithelial cell attachment along
an x-y axis, PCP controls the position of cells within the plane of an epithelial structure,
guaranteeing that they are oriented in the same direction, and thereby plays a major role in var-
ious developmental processes, including epithelial cell differentiation and movements [15]. Of
note, deregulation of PCP can cause various pathological disorders, including cancer. Well-
known regulators of PCP include Wnt ligands and Frizzled (Fz) receptors, which activate the
Dishevelled adaptor at the plasma membrane, and initiate the so-called Wnt pathway, either in
its canonical (B-catenin-dependent) or non-canonical (B-catenin-independent) organization
[16]. PTK7 was suggested to regulate PCP since its mutation in Xenopus or in the mouse led to
obvious PCP-related developmental disorders, including neural tube closure defects [17,18]. In
addition, PTK7 was shown to directly interact with Dishevelled, leading to its recruitment at
the membrane and subsequent phosphorylation/activation by Fz7 [19]. We and others have
demonstrated that PTK?7 can also activate the canonical Wnt pathway in a kinase domain-
dependent manner [18,20].

Recently, PTK7 was found to be overexpressed in various human cancers, including epithe-
lial tumors such as gastric, breast, esophagus, biliary duct and lung cancers [21-26] but also in
sarcoma [27] and in hematological malignancies, including acute and chronic myeloid leuke-
mias [28-30]. Surprisingly, whereas PTK7 was first described in human colon cancer cell lines
[13], no data are currently regarding its protein expression in CRC tissues from clinically anno-
tated patients. Thus, we have evaluated PTK7 protein expression on a TMA composed of CRC
primary tissues and matched healthy mucosae, and assessed possible correlations of its expres-
sion with conventional clinical and pathological parameters, as well as with patient outcome.
PTK?7 expression was thus shown to be associated with metastatic outcome and reduced
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survival in non-metastatic CRC patients. We then investigated the impact of modulating its ex-
pression in preclinical models and found that PTK7 induces a pro-migratory and pro-meta-
static phenotype, consistent with the clinical data.

Materials and Methods
Ethic statement

The study was approved by the Institut Paoli-Calmettes (IPC) Institutional Review Board (IRB,
Comité d’Orientation Stratégique, COS). The IRB did not consider as mandatory to obtain in-
formed consent from patients, but data were analyzed after all patient information have been
fully anonymized. For animal research, all experiments were performed in agreement with the
French Guidelines for animal handling and approved by the Ethics Committee in Animal Ex-
perimentation of Marseille (C2EA-14). The animals were housed in Specific Pathogen Free
conditions, in individually ventilated cages (Tecniplast, France, Sealsafe Plus Mouse—Mouse
IVC Green Line) with 4-5 companions.

All mice were allowed free access to autoclaved and filtered water and irradiated food in a
10-14-hour light/dark cycle, with room temperature at 21+2°C and humidity at 55+15%. All
cages contained wood shavings, bedding and a poplar wood wool nest (Anibed, France) for
environmental enrichment.

During the postoperative period, pain was relieved by a subcutaneous administration of
meloxicam (Metacam injectable, Boehringer Ingelheim, 1mg/kg once daily for 3 days) and Bay-
tril (Bayer)-supplemented water was additionally administered to mice for 7 days prior xeno-
graft for the prevention of infection during 3 weeks following surgery.

Humane killing of mice was performed using inhaled carbon dioxide anaesthesia in accor-
dance with the Ethics Committee in Animal Experimentation of Marseille (C2EA-14)

Patients and tissues

Archival tissues from 192 consecutive patients with stages I to IV colorectal carcinoma (CRC)
treated at our institution (Institut Paoli-Calmettes, Marseille, France) by initial surgical resection
were collected between 1990 and 1998. Staging used the American Joint Committee on Cancer
criteria [31]. All samples were formalin fixed and paraffin embedded, and evaluated in the Bio-
pathology department. Patients received adjuvant 5FU-based chemotherapy in case of lymph
node involvement or metastatic disease according to standard recommendations. After treat-
ment completion, surveillance was performed at 3-month intervals for the first 2 years and at
6-month intervals thereafter. Patients were monitored for metastatic relapse by clinical exam
and blood tests, yearly chest X-ray and liver ultrasound and/or CT scan. Clinical and pathologi-
cal features as well as outcome characteristics were extracted from our prospectively maintained
institutional database. In addition, to investigate possible differences in PTK7 expression be-
tween metastatic and primary tissues, 7 PTK7-positive liver metastases and paired primary CRC
were selected for comparative immunohistochemistry.

Tissue microarrays construction

TMA were prepared as previously described [32,33]. For each sample, 3 representative areas
were selected from a haematoxylin-eosin-stained section of a donor block. Core cylinders with
a diameter of 0.6 mm were punched and put on 3 separate recipient paraffin blocks using a spe-
cific arraying device (Beecher Instruments, Silver Spring, MD, USA). The recipient block con-
tained pairs of tumor and normal mucosa, as well as control normal and benign tissues (small
intestine, adenomas) and cell line pellets. Five um sections of the resulting TMA block were
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used for IHC analysis after transfer onto glass slides. Two colon cancer cell lines (CaCo2,
HT?29) and one gastric cancer cell line (HGT1) were used as controls.

Immunohistochemistry analysis

For PTK7 staining goat IgG, anti-human/mouse/rat PTK7/CCK-4 affinity-purified polyclonal
antibody was obtained from R&D Systems (Minneapolis, MN, USA). Deparaffinisation was
performed in histolemon (Carlo Erba Reagenti, Rodano, Italy) and sections were rehydrated in
graded alcohol. For antigen enhancement, sections were first incubated in target retrieval solu-
tion (Dako, Glostrup, Denmark). Staining reactions were performed at room temperature with
an automatic stainer (Dako Autostainer) and were conducted as follows: after washes in appro-
priate phosphate buffer, followed by quenching of endogenous peroxidase activity with 3%
H202, slides were first blocked with serum (Dako) during 30 min and then incubated with the
above described PTK?7 antibody for 1 h (dilution 1/200). After washes, slides were incubated
with biotinylated antibody against goat immunoglobulin (dilution 1/200; Dako) for 25 min
and then by streptavidin-conjugated peroxydase (Dako REALKkit). Diaminobenzidine was used
as the chromogen. Haematoxylin was used for counterstaining, and coverslips were mounted
using Curemount (Instrumedics, Hackensack, USA) solution. They were examined under a
light microscope by two pathologists (GM, FP). The following parameters were addressed:
staining intensity (0: absent, 1: low, 2: medium, 3: high), percentage of stained cells, and stain-
ing features (nucleus, membrane or cytoplasmic staining).

For KI67 staining, mouse IgG, anti-Human Ki67 Clone MIB-1 from Dako was used as pre-
viously described [34].

Cell lines and cell culture

The CRC cell lines, HCT116 and HCT'15, were provided by the ATCC. HCT116 and HCT15
cells were maintained in Dulbecco's Modified Eagle Medium supplemented with 10% fetal bo-
vine serum and 1% penicillin-streptomycin.

Culture of L cells, Wnt5a/ Wnt3a production, and B16F10 in vivo
metastasis assays

See S1 Materials and Methods.

Design of specific sShRNA and production of viral particles

shRNA sequences specific for PTK7 constructs were designed as described in S1 Materials and
Methods. These oligonucleotides were purchased from Invitrogen, France and cloned into
pLKO.1-GFP vector using Agel and EcoRI restriction site. A scramble non-targeting shRNA
was used as control.

Viral particles containing shRNA were produced by transient transfection of HEK 293T
cells with packaging system vectors (PSPAX: plasmid 12260 and VSVG: plasmid 12259,
Addgene, Cambridge, USA) and pLKO.1-shRNAs-GFP. Viral supernatants were harvested
48h after transfection, filtered and used to infect HCT 116 and HCT15 cells in presence of 4ug/
ml of Polybrene. Infection efficiency was controlled by GFP expression in infected cells. Cells
were sorted by flow cytometry using GFP expression (BD Aria2, Becton Dickinson, San Jose,
CA, USA) and shRNA efficiency was controlled by Western Blot and qRT-PCR analysis.
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Protein extraction and immunobloting

Cells were lysed in lysis buffer (50mM Hepes, 150mM NaCl, ImM EDTA, 1mM EGTA, 10%
glycerol, 1% Triton X-100, 25mM NaF, 10uM ZnCl2) supplemented with 0,5mM phenyl-
methylsulfonyl fuoride (PMSF), ImM orthovanadate, ImM B-glycerophosphate and a protease
inhibitor cocktail (Sigma-Aldrich, USA). Lysates were centrifuged at 13000 rpm for 10 min at
4°C. Pellets were discarded and protein concentration was adjusted using Bradford assay
(BioRad). Proteins were resolved by SDS-PAGE, transferred to nitrocellulose filters, blocked 1h
at room temperature in Tris-Buffered Saline / 5% non-fat dry milk / 0,1% Tween20, and blotted
overnight with primary antibodies in blocking solution (rat monoclonal anti-PTK7 generated
in the laboratory; mouse monoclonal a’Tubulin antibody, Sigma-Aldrich, USA). After exten-
sive washings in TBS / 0,1% Tween20, filters were incubated 1h at room temperature (RT) with
a HRP-conjugated secondary antibody before being revealed with an enhanced chemilumines-
cence substrate (West Pico, Thermo Scientific, USA). Acquisition was performed with a
G-BOX imager (Ozyme, France).

Quantitative RT-PCR analysis

Total RNA was isolated using RNeasy mini kit (Qyagen, Netherlands). The RNA pellets were
air-dried and dissolved in ultrapure water. cDNA was generated with High Capacity cDNA Re-
verse Transcription Kit (Applied Bio-systems, USA) following manufacturer instructions.
SYBR Premix was prepared with 10-pM primers and 1uL cDNA template. qRT-PCR on
96-well optical plates was performed using the above reagents, and the products were analyzed
on an ABI Prism 7500 (Applied Bio-systems, USA). The level of expression of PTK7 was nor-
malized with GAPDH and represented as a relative expression. Probes were as follows: PTK7
fwd 5'- CAGTTCCTGAGG ATTTCCAAGAG -3 and rev 5'-TGCATAGGGCCA CCT TC-3';
GAPDH fwd 5" -ATGGGGAAGGTGAAGGT-3' andrev 5’ ~AAGCTTCCCGTTCTCAG-3’

Cell proliferation assay

Cell proliferation was assessed by CellTiter 96 assay (Promega, USA). Cells were seeded at a
density of 5000 cells in 96-well plates and incubated in DMEM containing 10% FCS for the in-
dicated time. Then plates were incubated with CellTiter 96 at 37°C for 2h. Absorbance at
490nm was measured using a 96-well plate reader.

Drug resistance assays

Cells were seeded at a density of 5 000 cells in 96-well plates and incubated in DMEM contain-
ing 10% FCS for the 24h. Then, drugs (Irinotecan, 5-Fluorouracil, and Cisplatin) were added
and cells were further incubated for 72h CellTiter 96 was then added and plates were incubated
at 37°C for 2h. Absorbance at 490nm was measured using a 96-well plate reader.

Cell migration assay

Cells were seeded at a density of 5 000 cells in 6-well plates previously coated with Collagen I
and were incubated for 24h. Then, cells were starved overnight and stimulated with DMEM
10% FCS or DMEM without FCS as control. Cell migration was measured by cell tracking
using video-microscopy and Metamorph software (Molecular Device) for 8h.

Xenograft mouse models

NOD/SCID (non-obese diabetic/severe combined immunodeficient)/yc null mice (NSG) were
obtained from Charles River Laboratory (France). HCT15 cells expressing shCTRL or shPTK?7
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were infected with lentivirus vector expressing LUC2 and 2.10° cells were subcutaneously in-
jected in 9 weeks old NSG mice (weight: 25g). LUC2 expression level was controlled before in-
jection. Tumor development was followed during 8 weeks and calculated using the formula

V = 0.52x(LxW?). At day 50, tumor resection was performed and tumor weight was measured.
Then, development of metastasis was followed by bioluminescence analysis using Photon ima-
geur (Biospace Lab, Paris, France). Upon appearance of metastatic signals or completion of the
analysis (day 130), the mice were autopsied and organ luminescence was performed. Image
analysis was performed using M3 vision software (Biospace lab). All experiments were per-
formed in agreement with the French Guidelines for animal handling.

Statistical analysis

Comparison of categorical variable distribution was performed by y2 or Fisher’s exact test. For
continuous variables, Student’s t-test and non-parametric Mann-Whitney U test were used.
Follow-up was calculated from diagnosis to the date of last news for patients alive. Metastasis-
free survival (MFS) was measured from diagnosis until the first metastatic event or death. For
patients without metastatic relapse or death at the time of the last follow-up, censoring was per-
formed at the date of last follow-up. Overall survival (OS) was measured from diagnosis until
death or date of last follow-up. Survivals were estimated with the Kaplan-Meier method and
compared between groups with the log-rank test. For multivariate analysis, a Cox proportional
hazards model was used. The data are reported in accordance with the reporting recommenda-
tions for tumor marker prognostic studies (remark) [35]. In order to compare tumor growth
curves in preclinical experiments, two-way ANOVA was performed. All statistical tests were
two-sided. Statistical analyses were performed either with the R software version 2.15 or Prism
software (Graphpad software, San Diego, CA, USA)

Results
PTKY protein is significantly up-regulated in CRC

In order to better understand the role of PTK7 in colorectal tumorigenesis, we examined its
protein expression by immunohistochemistry on a TMA containing tumor tissues from 192
primary CRCs (the clinical characteristics of which are shown in S1 Table) and matched nor-
mal mucosa. PTK7 immunostaining could be evaluated in 138 CRC (72%) and 142 normal tis-
sues (74%), respectively. We detected PTK7 expression in primary tumors of 78 patients
(56%), with an intensity of 2 or 3 in 48 patients (35%) and an essentially cytoplasmic subcellu-
lar location (Fig 1A and 1B). By comparison, only 32 patients (22%) had detectable immunos-
taining in matched normal mucosa, with an intensity of 2 or 3 in 20 patients (14%)
(p=1.91.10"% chi-2 test; Fig 1 A and 1B). Moreover, when PTK7 was expressed, the mean per-
centage number of positive cells was 31% (95%CI: 25-37%) in tumor tissue versus 2% (95%CI:
1.2-3.8%; p = 5.74. 10"'*, Mann-Whitney U Test) in matched normal mucosa (Fig 1C and
1D). Using a cut-off of at least 10% of positive cells with an intensity of 2 or more (which will
be used thereafter as definition of PTK7 overexpression), 47 patients had detectable PTK7
overexpression in tumor tissue (34%) but only 3 in normal mucosa (2%) (Fig 1D). Thus, PTK7
was overexpressed in a significant number of primary CRC, but not or barely in normal tissue.

PTK? overexpression is associated with poor survival in non-metastatic
CRC

We investigated whether PTK7 overexpression was correlated with main clinical and patholog-
ical features. As shown in S2 Table, no significant association was found between PTK7
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Fig 1. PTK7 is overexpressed in primary CRC and is associated with reduced survival. A- PTK7 expression by immunohistochemistry (IHC) on TMA
containing primary CRC tissues: staining of tumor cores showing high (upper panel) and no/low (lower panel) expression in representative cancer tissues
(magnification x 400). B- Intensity of PTK7 staining by IHC in primary CRC and matched normal mucosa: staining was classified as 0, 1+, 2+ and 3+ as
described in materials and method section. Proportions were compared by Chi-2 test. C-Mean percentage of cells with PTK7 staining in primary CRC and
matched normal mucosa. D- Tumor cores of primary CRC showing PTK7 overexpression (as defined by staining of 10% of cells or more, with intensity of 2 or
more) and matched normal mucosa (magnification x 400). Percentages were compared using Mann-Whitney U test. *** = p<0.001. E- Kaplan-Meier
analysis of the metastasis-free (right) and overall (left) survivals of non-metastatic CRC patients according to PTK7 overexpression on TMA. Survivals were
compared using log-rank test.

doi:10.1371/journal.pone.0123768.g001
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overexpression and parameters such as age, sex, colon or rectum location, tumor stage, lymph
node extension, metastatic stage, lympho-vascular invasion (LVI), differentiation grade and
colloid mucous component. Of note, there was a non-significant trend toward a lower expres-
sion in tumors with microsatellite instability-high phenotype. We then focused on stage I-II1,
MO CRC patients and evaluated the impact of PTK7 overexpression on survival. By univariate
analysis, together with lymph node involvement and colloid mucous component, PTK7 over-
expression was associated with a significantly reduced MFS (Table 1). The 5-year MFS was
75.7% (95%CI: 65-88.1%) in PTK7-negative tumors versus 54% (95%CI: 38.8-75%) in
PTK7-positive tumors (HR = 2.1 [1-4.1]; p = 0.034, log-rank test; Fig 1E). By multivariate anal-
ysis, only colloid mucous component retained independent prognostic value for MES, but
PTKY7 approached statistical significance (Table 1). Similar trends were observed in terms of
overall survival (Fig 1E; Table 1). Thus, PTK7 overexpression in non-metastatic CRC was asso-
ciated with an adverse outcome. To investigate possible differences between primary and meta-
static tumors, we examined additional primary tissues from a small cohort of 7 PTK7-positive
liver metastases. In all samples, PTK7 expression was similar in both tissues (S1 Fig)

PTK7 downregulation does not affect cell proliferation and drug-
resistance, but it reduces cell migration of human CRC cell lines

To investigate the biological basis of increased aggressiveness in PTK7 overexpressing CRC, we
established a knockdown model of PTK7 in human CRC cell lines HCT15 and HCT116, which
express a large amount of endogenous PTK7 (Fig 2A). Cells were infected with lentiviruses ex-
pressing a non-targeting sShRNA control (shCTRL) or two different shRNA targeting PTK7

Table 1. Univariate and multivariate analysis of metastasis-free survival (MFS) and overall survival (OS) in non-metastatic colorectal cancer

patients.

MFS

0S

Node

Colloid mucous

PTK7

LVI

Node

Colloid mucous

PTK7

LVI

LVI = lymphovascular invasion,

* Log-rank test,

** Cox proportional model,
> only variables with p-value <0.15 by univariate analysis were put into multivariate analysis

doi:10.1371/journal.pone.0123768.1001

Univariate analysis Multivariate analysisco

variables Hazard ratio p-value* Hazard ratio p-value**
NO 1 1

N1-2 2.7 [1.5-4.8] 0.0003 2.2[0.7-6.5] 0.139
No 1 1

Yes 2.8[1.1-7.1] 0.0229 5.2[1.5-17.7] 0.00757
No 1 1

Yes 2.1 [1-41] 0.0344 2.3[0.9-5.5] 0.0603
No 1 1

Yes 1.6 [0.9-3] 0.1022 1.3 [0.552-3.496] 0.484
NO 1 1

N1-2 2.7 [1.5-4.8] 0.0003 2.1[0.7-6.2] 0.163
No 1 1

Yes 2.8[1.1-71] 0.0268 4.3[1.2-14.3] 0.0173
No 1 1

Yes 1.9 [1-3.9] 0.0612 2[0.8-4.9] 0.13

No 1 1

Yes 1.6 [0.9-2.9] 0.126 1.3[0.4-3.3] 0.595
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Fig 2. Impact of PTK7 downregulation on cell proliferation and drug resistance. PTK7 expression level in shCTRL- or shPTK7 (1 and 2)-infected
HCT15 and HCT116 cell lines was checked by western blot (A) and Q-PCR analysis (B). Cell viability was quantified by cell titer assay for 3 days (C-D). Cell
viability of shCTRL- and shPTK7 (1 and 2)-infected HCT15 cells was evaluated by cell titer assay, 72 h after adjunction of cisplatin, Irinotecan, and

5-Fluorouracil (E).

doi:10.1371/journal.pone.0123768.9002
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(shPTK7-1 and shPTK7-2) and the efficiency of PTK7 knockdown was verified at mRNA and
protein levels (Fig 2A and 2B).

We then analyzed the effect of PTK7 on cell proliferation and survival using a cell titer
assay. In this proliferation assay, down-regulating the expression of PTK7 in HCT15 and
HCT116 cell lines had no effect on proliferative capacity of cancer cells (Fig 2C and 2D). Be-
cause PTKY is involved in WNT pathways, we checked whether its potential impact on prolif-
eration could be dependent on Wnt ligand stimulation [14,18]. Thus, proliferation was further
examined in the presence of conditioned media from L cells expressing Wnt3a and Wnt5a,
which are known activators of canonical and non-canonical pathways, respectively. However,
even under Wnt stimulation, we did not detect any impact of PTK7 expression on CRC cell
proliferation (S2 Fig).

We previously found that PTK7 expression enhances drug resistance in acute myeloid leu-
kemia cells [28]. Therefore, to examine its impact on drug resistance in CRC cell lines, we eval-
uated cell viability of HCT15 cells expressing or not PTK7 after treatment by different doses of
cisplatin, irinotecan and 5-FU. As shown in Fig 2E, downregulating PTK7 expression did not
confer any supplemental sensitivity of HCT15 to cytotoxics. Similar results were obtained with
HCT116 (S3 Fig).

We next investigated the role of PTK?7 in cell migration. HCT15 cells were starved for 24h,
then stimulated with FCS and cell migration was followed by live-cell tracking. When FCS was
added as a stimulating factor, the migration of HCT15 shCTRL cells increased by 2,5 fold. How-
ever, in PTK7-knockdown HCT15 cells, FCS-induced migration was abolished. Similar results
were found for HCT116 cells (Fig 3A and 3B). Thus, PTK7 expression does not affect either cell
proliferation or drug resistance, but it confers pro-migratory capacities to human CRC cell lines.

PTK?7 downregulation reduces tumor growth and metastasis
development in xenograft mouse models

To examine the tumorigenic activity of PTK7 in vivo, we subcutaneously transplanted biolumi-
nescent HCT15 cells (shCTRL or shPTK7) in NSG mice and monitored both tumor growth
and metastatic dissemination. As shown in Fig 4A and 4B, the efficiency of PTK7 knockdown
was checked in tumors at both mRNA and protein levels. In PTK7 knockdown HCT15 cells,
tumor volume was reduced by almost 50% (Fig 4C; p = 0, 0125, two-way ANOVA) as com-
pared to control cells. Similarly, tumor mass was decreased by 2.6 fold in PTK7 knockdown tu-
mors (Fig 4D; p = 0, 0025, Mann-Whitney U test). Thus, PTK7 plays a pro-tumorigenic role in
vivo. To evaluate whether this pro-tumorigenic impact is due to difference in cell proliferation,
we examined the Ki67 status in tumor xenografts, with and without PTK7 knockdown. As
shown in S4 Fig, no significant difference was observed between HCT15 shCTRL and HCT15
shPTK?7 xenografts in terms of Ki67 staining.

With regards to the clinical impact of PTK7 overexpression on MFS and its pro-migratory
effect in vitro, we examined whether PTK7 could enhance metastasis in xenografted mice
model. After resection of HCT15-derived tumors, metastatic development was monitored in
vivo using a luciferase reporter. There was a non-significant trend for less metastatic occur-
rence in mice injected with PTK7-knockdown HCT15 cells, compared to shCTRL-HCT15 in-
jected mice (2 metastatic events in 15 mice versus 6 metastatic events in 12 mice, respectively;
p = 0.0871, Fischer’s exact test) (Fig 4E).

To further investigate a potential pro-metastatic effect of PTK7, we built a cellular model of
PTKY7 overexpression in PTK7-negative cancer cells and examined its impact on metastasis de-
velopment in vivo. In the absence of any available PTK7-negative human CRC cells, we used a
B16F10 melanoma cell line, a PTK7-negative cell with well documented ability to produce lung
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Fig 3. Pro-migratory effect of PTK7 in HCT15 and HCT116 cells. shCTRL- and shPTK7 (1 and 2)-infected HCT15 cells were starved overnight and
incubated with or without FCS. Cell migration was measured by cell tracking using video-microscopy and Metamorph software. Distance of migration was
calculated for each condition and means were compared using Mann-Whitney U Test (A). Representative migrating courses were shown in (B).

doi:10.1371/journal.pone.0123768.g003

metastases in xenograft models [36], as a model. We transfected B16F10 cells with PTK7 ex-
pression or empty vector, and check that PTK7 was stably expressed at the plasma membrane
by FACS analysis (S5A and S5B Fig). B16F10 cells were then injected intravenously and lung
metastasis development was analyzed. We found that overexpression of PTK7 significantly en-
hanced the metastatic development (p = 0.0024) (S5C and S5D Fig). Looking at the size of me-
tastases, we found that PTK7 overexpression led to an increased number of small and large
metastases (p = 0.0019 and 0.0080, respectively; S5E Fig). However, the proportion of small
metastases was higher in PTK7 overexpressing cells, suggesting a predominant effect on cell in-
vasion and adhesion, rather than on cell proliferation. Thus, PTK7 overexpression enhances

the metastatic phenotype in vivo.

Discussion

While aberrant mRNA expression of PTK7 was originally detected in CRC [13], no data were
available about its protein expression in clinically annotated CRC samples. Using
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doi:10.1371/journal.pone.0123768.9g004
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immunohistochemistry, we have confirmed its protein overexpression in a relevant fraction of
CRC cases (around one-third of patients), compared to matched healthy mucosae where it was
not or barely detectable. In this series, expression was not found to be associated with any spe-
cific clinical or pathological features, including age, tumor size, lymph node involvement,
stage, LVI, colloid mucous component, and differentiation grade. However, in non-metastatic
CRC, PTKY7 overexpression was associated with a significant reduced MFS. This poor-progno-
sis impact in term of metastatic potential was found to approach statistical significance in a
multivariate analysis, whereas lymph node involvement was not retained. Regarding to OS,
similar trends were observed but without reaching statistical significance, most likely due to
the limited sample size. Of note, no significant link between PTK7 overexpression and meta-
static stage on diagnosis was found, raising the intriguing hypothesis that PTK7 expression
might be lost once metastases are established. However, we examined PTK7 expression in
paired primary tissues from PTK7-positive metastatic tissues and found that it remained con-
served at primary site in all cases.

Therefore, PTK7 may indicate a higher probability of metastatic event, independently of al-
ready known prognostic parameters, including the current major criteria for adjuvant chemo-
therapy, i.e. lymph node involvement. Thus, if validated on further independent dataset, PTK7
could be used as a biomarker helpful to distinguish node-negative patients that may require
systemic adjuvant therapy from and node-positive patients that could be spared from chemo-
therapy side effects. We recently described a similar poor-prognosis impact for PTK7 expres-
sion in AML patients, in whom it was associated with a higher relapse rate and reduced
leukemia-free survival and OS [28]. Data reported in the literature in some other malignancies,
including liposarcoma, oesophageal squamous cell carcinoma and invasive cholangiocarci-
noma [22,25,27], are also consistent with a similar adverse impact of PTK7 expression on clini-
cal outcome. In breast cancer, PTK7 overexpression was found to be associated with the highly
aggressive triple-negative subtype and its high expression in lymph node was associated with
reduced disease-free survival [24]. However, in another series of triple-negative breast cancer
patients, a shorter disease-free survival was only seen in patients receiving anthracylines-based
chemotherapy [23]. Moreover, PTK7 expression was associated with a more favorable outcome
in gastric or lung cancer [21,37]. Thus, PTK7 prognostic impact could be dependent on tumor
types and/or administered treatments.

To investigate the biological basis for the increased metastatic ability that we observed in the
clinical setting, we examined the impact of PTK7 downregulation in human CRC cell lines
using specific shtRNA. Importantly, we found that PTK7 silencing induced a significant re-
duced capacity to migrate in a live-cell tracking assay. Consistently, xenotransplantation of
human PTK7-depleted CRC cells resulted in significant reduced tumor growth and a trend to-
ward less metastatic events, compared to control cells. Finally, overexpression of PTK7 in a
PTK7-negative model of melanoma was associated with an increased number of metastases.
This was consistent with several lines of preclinical data, including our own with cultured AML
cells in which PTK7 ectopic expression increased spontaneous and serum-induced migration,
whereas PTK7 depletion decreased cell migration [28]. A similar pro-migratory phenotype was
also shown in various epithelial models [22,24,25], including colon cancer [38]. Obviously, this
phenotype could rely upon the demonstrated function of PTK7 in regulating PCP, which a cen-
tral role in a large number of cell processes related to cell adhesion, cell motility and invasion
[39]. In addition, the impact on the metastatic phenotype may also result from the role of
PTKY in endothelial cell tube formation and migration during the angiogenic process [40].

Surprisingly, in our in vitro experiments, PTK7 depletion was not found to significantly affect
cell proliferation, as opposed to results generated by Meng et al [41], using the same HCT116
cell line. Reasons for such different results are not clear, but in our xenograft experiments with
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HCT15 cells, tumor growth was significantly decreased in PTK7-depleted cells, whereas the
Ki67 status did not shown any significant difference, consistently with in vitro results (54 Fig).
Thus, in our model, the impaired tumor growth in vivo in PTK7-depleted cells could rather re-
sult from an increase in apoptosis. The impact of PTK7 expression on cell survival was not de-
tected in vitro but this could result from a specific requirement for a yet to be determined
extracellular signal, present in tumor stromal environment but not in cell culture conditions. In
the Meng study, anti-PTK7 siRNA induced a reduction in cell viability, cell proliferation and an
increase in caspase-10-dependent apoptosis. A similar positive correlation between PTK7 ex-
pression and increased cell proliferation and/or survival was also shown in other models. In
AML cells, survival and resistance to apoptosis induced by anthracyclines were modulated by
the level of PTK7 expression, being increased in PTK7-expressing cells and decreased in
PTK7-depleted cells, whereas proliferation was not affected [28]. In oesophageal squamous cell
cancer, PTK7 knockdown decreased cell proliferation, presumably due to a decrease in phos-
phorylation levels of Akt, Erk, INK, p38 MAPK, and FAK [22]. In cholangiocarcinoma cells,
PTKY7 depletion affected the level of cell-cycle related proteins, increasing Cdk2, Cdk4, Cdke,
and cyclin D1 and decreasing p16, p21, and p27, whereas it increased mitochondrial-dependent
apoptosis. Of note, Na et al [38] have shown that specific biological activity of PTK7 may actual-
ly be dependent on the generation of distinct extracellular or cytosolic fragments from the full
length protein by proteolytic events involving metalloprotease ADAM17 and y-secretase activi-
ties. Such events may require a specific cell context, potentially explaining inconsistencies be-
tween cell lines or tumor types, when examining the impact of PTK7 modulation. Consistent
with this observation, a recent paper [42] showed that full-length membranous PTK7 and differ-
ent mutant forms at cleavage sites for membrane type-1 matrix metalloproteinase differentially
regulated cell motility, invadopodia, lamellipodia protrusions, invasion and metastases. More-
over, both PTK7 overexpression and silencing were able to inhibit pro-metastatic and invasive
phenotype. In addition, both full-length and proteolytic PTK7 fragments were detected in
human colon cancer tissues and it was hypothesized that the ratio of proteolytic fragments to
full-length forms, rather than PTK?7 total expression, could be biomarker in cancer. Of note, the
antibodies used in this study were able to detect both full length membranous PTK7 and its sol-
uble form, without distinction (S6 Fig). Notwithstanding this debate, anti-tumor effects ob-
served when depleting PTK?7 expression, as exemplified in our study as in others, indicate that it
may represent a valuable target for different cancer therapeutics including CRC. Preclinical evi-
dence for reversal of PTK7 pro-tumorigenic effects by adding soluble PTK7 extracellular do-
main or by expression of a mutant form with deletion of kinase domain in AML cells [28]
supports this therapeutic potential.

Targeted therapies have been largely introduced in management of CRC, including anti-
EGFR monoclonal antibodies or anti-angiogenic agents that have provided significant survival
improvements in metastatic patients. However, all have failed to significantly affect early-stage
disease and novel therapeutic targets involved in crucial cellular functions, such as cell migra-
tion and metastatic development, are urgently needed for this disease. According to our results,
including its overexpression in a significant percentage of patients that can be easily detected
by IHC, its demonstrated prognostic impact in terms of MES, and the observed anti-metastatic
properties by specific ShRNA depletion in preclinical models, PTK7 may represent a promising
candidate to be further examined.

Supporting Information

S1 Fig. PTK7 IHC on paired primary CRC and liver metastases. PTK7 expression was exam-
ined by immunohistochemistry (IHC) as described in materials and method section, on 7
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PTK7-positive liver metastases with paired primary CRC. Two representative cases are shown:
a patient with metastases occurring one year after diagnosis (A) and a patient with synchro-
nous liver metastases (B) (X10).

(PDF)

S2 Fig. Proliferation of HCT15 cells under Wnt-ligands stimulation. shCTRL- and shPTK7
(1 and 2)-HCT15 cells were grown in control media (A) or in Wnt3a- (B) and Wnt5a- (C) con-
ditioned medium and viable cells were measured using cell titer assay after 1, 2, 3 or 4 days

of culture.

(EPS)

S3 Fig. Drug resistance of HCT116 cells. Cell viability of shCTRL- and shPTK7 (1 and 2)-
HCT116 cells was evaluated by cell titer assay, 72 h after adjunction of Irinotecan (A), cisplatin
(B), and 5-Fluorouracil(C).

(EPS)

$4 Fig. Cell proliferation in tumor xenograft models. Ki67 was evaluated by IHC in paraffin-
embedded tissue from subcutaneous xenograft of siICTRL and shPTK7-infected cells HCT15
(5X/10X, counterstaining with hematoxylin).

(PDF)

S5 Fig. B16F10 in vivo metastasis assay. Overexpression of PTK7 was checked by western
blot (A) using BAF3 cells as control and by immunofluorescence showing correct expression at
the cell membrane (B). Representative macroscopic pictures of the lungs of B16F10 transfected
with empty-vector(C left panel) and with full length of PTK7 (C right panel). (D) Quantifica-
tion of total metastasis in B16F10-control and B16F10-PTK7 injected mice. (E) Evaluation of
tumors size and (F) proportion of small tumors in B16F10-control and B16F10-PTK?7 injected
mice. Results are representative of two independent experiments done with 10 mice in each
group. Mean number and proportion of metastases in each condition were compared using
Mann-Whitney U test and Fischer’s exact test, respectively. ** = p<0.01; * = p<0.05.

(EPS)

$6 Fig. Immunodetection of both full-length and soluble forms. After FLAG or FC pull
down on cell lysates expressing empty vector and PTK7-FLAG or cell supernatant containing
sPTK7-FC, Western Blot were performed using rat monoclonal anti-PTK?7 generated in the
laboratory or anti-human PTK7/CCK-4 affinity-purified polyclonal antibody obtained from
R&D Systems. Tubulin and Ponceau S are shown as loading control.

(EPS)

S1 Materials and Methods.
(DOC)

S1 Table. Patient population.
(EPS)

S2 Table. Correlations between PTK7 expression and clinico-pathological features.
(EPS)

Acknowledgments

The authors wish to thank Francine Cheillan, Avais Daulat, Marylin Giordano and Colombe
Saillard for their technical support, members of TrGET and CRCM animal facilities for their
technical assistance with NSG mice.

PLOS ONE | DOI:10.1371/journal.pone.0123768 May 11,2015 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123768.s009

@’PLOS ‘ ONE

PTK7 Clinical Outcome in Colorectal Cancer

Author Contributions

Conceived and designed the experiments: SM ACL JPB A. Gongalves. Performed the experi-
ments: SM ACL MD RC A. Goubard FB GM FP. Analyzed the data: SM ACL RC A. Gongalves
JMB GM JLR TP JPB FP. Contributed reagents/materials/analysis tools: JMB FP BL CC MAL
TP GM. Wrote the paper: JPB A Gongalves GM JLR TP SM ACL PV. Review and final approv-
al of the manuscript: ACL SM JMB GM RC A. Goubard MD FP BL CCFB PV JLR TP MAL
JPB A. Gongalves.

References

1.

10.

11.

12

13.

14.

15.

16.

Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J, Rosso S, Coebergh JWW, Comber H, et al. Cancer
incidence and mortality patterns in Europe: Estimates for 40 countries in 2012. Eur J Cancer. 2013; 49:
1374—14083. doi: 10.1016/j.ejca.2012.12.027 PMID: 23485231

Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 2014. CA Cancer J Clin. 2014; 64: 104—
117. doi: 10.3322/caac.21220 PMID: 24639052

André T, Colin P, Louvet C, Gamelin E, Bouche O, Achille E, et al. Semimonthly Versus Monthly Regi-
men of Fluorouracil and Leucovorin Administered for 24 or 36 Weeks as Adjuvant Therapy in Stage Il
and Il Colon Cancer: Results of a Randomized Trial. J Clin Oncol. 2003; 21: 2896—2903. doi: 10.1200/
JC0.2003.10.065 PMID: 12885807

André T, Boni C, Mounedji-Boudiaf L, Navarro M, Tabernero J, Hickish T, et al. Oxaliplatin, Fluorouracil,
and Leucovorin as Adjuvant Treatment for Colon Cancer. N Engl J Med. 2004; 350: 2343-2351. doi:
10.1056/NEJM0a032709 PMID: 15175436

Benson AB, Schrag D, Somerfield MR, Cohen AM, Figueredo AT, Flynn PJ, et al. American Society of
Clinical Oncology Recommendations on Adjuvant Chemotherapy for Stage Il Colon Cancer. J Clin
Oncol. 2004; 22: 3408-3419. doi: 10.1200/JC0O.2004.05.063 PMID: 15199089

Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, et al. Bevacizumab plus
irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N Engl J Med. 2004; 350:
2335-2342. doi: 10.1056/NEJM0a032691 PMID: 15175435

Van Cutsem E, Kéhne C-H, Hitre E, Zaluski J, Chang Chien C-R, Makhson A, et al. Cetuximab and che-
motherapy as initial treatment for metastatic colorectal cancer. N Engl J Med. 2009; 360: 1408-1417.
doi: 10.1056/NEJM0a0805019 PMID: 19339720

Douillard J-Y, Siena S, Cassidy J, Tabernero J, Burkes R, Barugel M, et al. Randomized, phase I trial of
panitumumab with infusional fluorouracil, leucovorin, and oxaliplatin (FOLFOX4) versus FOLFOX4 alone
as first-line treatment in patients with previously untreated metastatic colorectal cancer: the PRIME study.
J Clin Oncol Off J Am Soc Clin Oncol. 2010; 28: 4697—-4705. doi: 10.1200/JC0.2009.27.4860

Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausova J, Macarulla T, et al. Addition of afliber-
cept to fluorouracil, leucovorin, and irinotecan improves survival in a phase Il randomized trial in pa-
tients with metastatic colorectal cancer previously treated with an oxaliplatin-based regimen. J Clin
Oncol Off J Am Soc Clin Oncol. 2012; 30: 3499-3506. doi: 10.1200/JC0.2012.42.8201

Allegra CJ, Yothers G, O’Connell MJ, Sharif S, Petrelli NJ, Colangelo LH, et al. Phase Ill Trial Assess-
ing Bevacizumab in Stages Il and Il Carcinoma of the Colon: Results of NSABP Protocol C-08. J Clin
Oncol. 2011;29: 11-16. doi: 10.1200/JC0O.2010.30.0855 PMID: 20940184

Alberts SR, Sargent DJ, Nair S, Mahoney MR, Mooney M, Thibodeau SN, et al. Effect of Oxaliplatin,
Fluorouracil, and Leucovorin With or Without Cetuximab on Survival Among Patients With Resected
Stage Ill Colon Cancer. JAMA J Am Med Assoc. 2012; 307: 1383—1393. doi: 10.1001/jama.2012.385

Lee ST, Strunk KM, Spritz RA. A survey of protein tyrosine kinase mRNAs expressed in normal human
melanocytes. Oncogene. 1993; 8: 3403-3410. PMID: 8247543

Mossie K, Jallal B, Alves F, Sures |, Plowman GD, Ullrich A. Colon carcinoma kinase-4 defines a new
subclass of the receptor tyrosine kinase family. Oncogene. 1995; 11: 2179-2184. PMID: 7478540

Lhoumeau A-C, Puppo F, Prébet T, Kodjabachian L, Borg J-P. PTK7: a cell polarity receptor with multi-
ple facets. Cell Cycle Georget Tex. 2011; 10: 1233—1236. PMID: 21415598

Zallen JA. Planar polarity and tissue morphogenesis. Cell. 2007; 129: 1051-1063. doi: 10.1016/j.cell.
2007.05.050 PMID: 17574020

MacDonald BT, Tamai K, He X. Wnt/B-Catenin Signaling: Components, Mechanisms, and Diseases.
Dev Cell. 2009; 17: 9-26. doi: 10.1016/j.devcel.2009.06.016 PMID: 19619488

PLOS ONE | DOI:10.1371/journal.pone.0123768 May 11,2015 16/18


http://dx.doi.org/10.1016/j.ejca.2012.12.027
http://www.ncbi.nlm.nih.gov/pubmed/23485231
http://dx.doi.org/10.3322/caac.21220
http://www.ncbi.nlm.nih.gov/pubmed/24639052
http://dx.doi.org/10.1200/JCO.2003.10.065
http://dx.doi.org/10.1200/JCO.2003.10.065
http://www.ncbi.nlm.nih.gov/pubmed/12885807
http://dx.doi.org/10.1056/NEJMoa032709
http://www.ncbi.nlm.nih.gov/pubmed/15175436
http://dx.doi.org/10.1200/JCO.2004.05.063
http://www.ncbi.nlm.nih.gov/pubmed/15199089
http://dx.doi.org/10.1056/NEJMoa032691
http://www.ncbi.nlm.nih.gov/pubmed/15175435
http://dx.doi.org/10.1056/NEJMoa0805019
http://www.ncbi.nlm.nih.gov/pubmed/19339720
http://dx.doi.org/10.1200/JCO.2009.27.4860
http://dx.doi.org/10.1200/JCO.2012.42.8201
http://dx.doi.org/10.1200/JCO.2010.30.0855
http://www.ncbi.nlm.nih.gov/pubmed/20940184
http://dx.doi.org/10.1001/jama.2012.385
http://www.ncbi.nlm.nih.gov/pubmed/8247543
http://www.ncbi.nlm.nih.gov/pubmed/7478540
http://www.ncbi.nlm.nih.gov/pubmed/21415598
http://dx.doi.org/10.1016/j.cell.2007.05.050
http://dx.doi.org/10.1016/j.cell.2007.05.050
http://www.ncbi.nlm.nih.gov/pubmed/17574020
http://dx.doi.org/10.1016/j.devcel.2009.06.016
http://www.ncbi.nlm.nih.gov/pubmed/19619488

@’PLOS ‘ ONE

PTK7 Clinical Outcome in Colorectal Cancer

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lu X, Borchers AGM, Jolicoeur C, Rayburn H, Baker JC, Tessier-Lavigne M. PTK7/CCK-4 is a novel
regulator of planar cell polarity in vertebrates. Nature. 2004; 430: 93-98. doi: 10.1038/nature02677
PMID: 15229603

Puppo F, Thomé V, Lhoumeau A-C, Cibois M, Gangar A, Lembo F, et al. Protein tyrosine kinase 7 has
a conserved role in Wnt/B-catenin canonical signalling. EMBO Rep. 2011; 12: 43—49. doi: 10.1038/
embor.2010.185 PMID: 21132015

Shnitsar |, Borchers A. PTK7 recruits dsh to regulate neural crest migration. Dev Camb Engl. 2008;
135: 4015-4024. doi: 10.1242/dev.023556 PMID: 19004858

Bin-Nun N, Lichtig H, Malyarova A, Levy M, Elias S, Frank D. PTK7 modulates Wnt signaling activity
via LRP6. Dev Camb Engl. 2014; 141: 410-421. doi: 10.1242/dev.095984

LinY, Zhang L-H, Wang X-H, Xing X-F, Cheng X-J, Dong B, et al. PTK7 as a novel marker for favorable
gastric cancer patient survival. J Surg Oncol. 2012; 106: 880—886. doi: 10.1002/js0.23154 PMID:
22585737

Shin W-S, Kwon J, Lee HW, Kang MC, Na H-W, Lee S-T, et al. Oncogenic role of protein tyrosine ki-
nase 7 in esophageal squamous cell carcinoma. Cancer Sci. 2013; 104: 1120-1126. doi: 10.1111/cas.
12194 PMID: 23663482

Ataseven B, Angerer R, Kates R, Gunesch A, Knyazev P, Hogel B, et al. PTK7 expression in triple-neg-
ative breast cancer. Anticancer Res. 2013; 33: 3759-3763. PMID: 24023307

Gartner S, Gunesch A, Knyazeva T, Wolf P, Hogel B, Eiermann W, et al. PTK 7 is a transforming gene
and prognostic marker for breast cancer and nodal metastasis involvement. PloS One. 2014; 9:
e84472. doi: 10.1371/journal.pone.0084472 PMID: 24409301

JinJ, Ryu HS, Lee KB, Jang J-J. High expression of protein tyrosine kinase 7 significantly associates
with invasiveness and poor prognosis in intrahepatic cholangiocarcinoma. PloS One. 2014; 9: €90247.
doi: 10.1371/journal.pone.0090247 PMID: 24587299

Chen R, Khatri P, Mazur PK, Polin M, Zheng Y, Vaka D, et al. A meta-analysis of lung cancer gene ex-
pression identifies PTK7 as a survival gene in lung adenocarcinoma. Cancer Res. 2014; doi: 10.1158/
0008-5472.CAN-13-2775

Gobble RM, Qin L-X, Brill ER, Angeles CV, Ugras S, O’Connor RB, et al. Expression profiling of liposar-
coma yields a multigene predictor of patient outcome and identifies genes that contribute to liposarco-
magenesis. Cancer Res. 2011; 71: 2697—2705. doi: 10.1158/0008-5472.CAN-10-3588 PMID:
21335544

Prebet T, Lhoumeau A-C, Arnoulet C, Aulas A, Marchetto S, Audebert S, et al. The cell polarity PTK7
receptor acts as a modulator of the chemotherapeutic response in acute myeloid leukemia and impairs
clinical outcome. Blood. 2010; 116: 2315-2323. doi: 10.1182/blood-2010-01-262352 PMID: 20558616

Jiang G, Zhang M, Yue B, Yang M, Carter C, Al-Quran SZ, et al. PTK7: a new biomarker forimmuno-
phenotypic characterization of maturing T cells and T cell acute lymphoblastic leukemia. Leuk Res.
2012; 36: 1347-1353. doi: 10.1016/j.leukres.2012.07.004 PMID: 22898210

ZhouH, Ge Y, Sun L, Ma W, Wu J, Zhang X, et al. Growth arrest specific 2 is up-regulated in chronic
myeloid leukemia cells and required for their growth. PloS One. 2014; 9: €86195. doi: 10.1371/journal.
pone.0086195 PMID: 24465953

Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th edition of the AJCC cancer
staging manual and the future of TNM. Ann Surg Oncol. 2010; 17: 1471-1474. doi: 10.1245/s10434-
010-0985-4 PMID: 20180029

Ginestier C, Charafe-Jauffret E, Bertucci F, Eisinger F, Geneix J, Bechlian D, et al. Distinct and comple-
mentary information provided by use of tissue and DNA microarrays in the study of breast tumor mark-
ers. Am J Pathol. 2002; 161: 1223-1233. PMID: 12368196

Bertucci F, Salas S, Eysteries S, Nasser V, Finetti P, Ginestier C, et al. Gene expression profiling of
colon cancer by DNA microarrays and correlation with histoclinical parameters. Oncogene. 2004; 23:
1377-1391. doi: 10.1038/sj.onc.1207262 PMID: 14973550

Lambaudie E, Chereau E, Pouget N, Thomassin J, Minsat M, Charafe-Jauffret E, et al. Cytokeratin 7 as
a predictive factor for response to concommitant radiochemotherapy for locally advanced cervical can-
cer: a preliminary study. Anticancer Res. 2014; 34: 177-181. PMID: 24403459

McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM, et al. Reporting recommenda-
tions for tumor marker prognostic studies (remark). Exp Oncol. 2006; 28: 99—-105. PMID: 16837898

Arcangeli M-L, Frontera V, Bardin F, Thomassin J, Chetaille B, Adams S, et al. The Junctional Adhe-
sion Molecule-B regulates JAM-C-dependent melanoma cell metastasis. FEBS Lett. 2012; 586:
4046-4051. doi: 10.1016/j.febslet.2012.10.005 PMID: 23068611

Endoh H, Tomida S, Yatabe Y, Konishi H, Osada H, Tajima K, et al. Prognostic model of pulmonary
adenocarcinoma by expression profiling of eight genes as determined by quantitative real-time reverse

PLOS ONE | DOI:10.1371/journal.pone.0123768 May 11,2015 17/18


http://dx.doi.org/10.1038/nature02677
http://www.ncbi.nlm.nih.gov/pubmed/15229603
http://dx.doi.org/10.1038/embor.2010.185
http://dx.doi.org/10.1038/embor.2010.185
http://www.ncbi.nlm.nih.gov/pubmed/21132015
http://dx.doi.org/10.1242/dev.023556
http://www.ncbi.nlm.nih.gov/pubmed/19004858
http://dx.doi.org/10.1242/dev.095984
http://dx.doi.org/10.1002/jso.23154
http://www.ncbi.nlm.nih.gov/pubmed/22585737
http://dx.doi.org/10.1111/cas.12194
http://dx.doi.org/10.1111/cas.12194
http://www.ncbi.nlm.nih.gov/pubmed/23663482
http://www.ncbi.nlm.nih.gov/pubmed/24023307
http://dx.doi.org/10.1371/journal.pone.0084472
http://www.ncbi.nlm.nih.gov/pubmed/24409301
http://dx.doi.org/10.1371/journal.pone.0090247
http://www.ncbi.nlm.nih.gov/pubmed/24587299
http://dx.doi.org/10.1158/0008-5472.CAN-13-2775
http://dx.doi.org/10.1158/0008-5472.CAN-13-2775
http://dx.doi.org/10.1158/0008-5472.CAN-10-3588
http://www.ncbi.nlm.nih.gov/pubmed/21335544
http://dx.doi.org/10.1182/blood-2010-01-262352
http://www.ncbi.nlm.nih.gov/pubmed/20558616
http://dx.doi.org/10.1016/j.leukres.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22898210
http://dx.doi.org/10.1371/journal.pone.0086195
http://dx.doi.org/10.1371/journal.pone.0086195
http://www.ncbi.nlm.nih.gov/pubmed/24465953
http://dx.doi.org/10.1245/s10434-010-0985-4
http://dx.doi.org/10.1245/s10434-010-0985-4
http://www.ncbi.nlm.nih.gov/pubmed/20180029
http://www.ncbi.nlm.nih.gov/pubmed/12368196
http://dx.doi.org/10.1038/sj.onc.1207262
http://www.ncbi.nlm.nih.gov/pubmed/14973550
http://www.ncbi.nlm.nih.gov/pubmed/24403459
http://www.ncbi.nlm.nih.gov/pubmed/16837898
http://dx.doi.org/10.1016/j.febslet.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23068611

@’PLOS ‘ ONE

PTK7 Clinical Outcome in Colorectal Cancer

38.

39.

40.

41.

42,

transcriptase polymerase chain reaction. J Clin Oncol Off J Am Soc Clin Oncol. 2004; 22: 811-819. doi:
10.1200/JC0.2004.04.109

Na H-W, Shin W-S, Ludwig A, Lee S-T. The cytosolic domain of protein-tyrosine kinase 7 (PTK7), gen-
erated from sequential cleavage by a disintegrin and metalloprotease 17 (ADAM17) and y-secretase,
enhances cell proliferation and migration in colon cancer cells. J Biol Chem. 2012; 287: 25001-25009.
doi: 10.1074/jbc.M112.348904 PMID: 22665490

Wang Y. Wnt/Planar cell polarity signaling: a new paradigm for cancer therapy. Mol Cancer Ther. 2009;
8:2103-2109. doi: 10.1158/1535-7163.MCT-09-0282 PMID: 19671746

Shin W-S, Maeng Y-S, Jung J-W, Min J-K, Kwon Y-G, Lee S-T. Soluble PTK?7 inhibits tube formation,
migration, and invasion of endothelial cells and angiogenesis. Biochem Biophys Res Commun. 2008;
371:793-798. doi: 10.1016/j.bbrc.2008.04.168 PMID: 18471990

Meng L, Sefah K, O’'Donoghue MB, Zhu G, Shangguan D, Noorali A, et al. Silencing of PTK7 in colon
cancer cells: caspase-10-dependent apoptosis via mitochondrial pathway. PloS One. 2010; 5: e14018.
doi: 10.1371/journal.pone.0014018 PMID: 21103379

Golubkov VS, Prigozhina NL, Zhang Y, Stoletov K, Lewis JD, Schwartz PE, et al. Protein-tyrosine pseu-
dokinase 7 (PTK7) directs cancer cell motility and metastasis. J Biol Chem. 2014; 289: 24238—-24249.
doi: 10.1074/jbc.M114.574459 PMID: 25006253

PLOS ONE | DOI:10.1371/journal.pone.0123768 May 11,2015 18/18


http://dx.doi.org/10.1200/JCO.2004.04.109
http://dx.doi.org/10.1074/jbc.M112.348904
http://www.ncbi.nlm.nih.gov/pubmed/22665490
http://dx.doi.org/10.1158/1535-7163.MCT-09-0282
http://www.ncbi.nlm.nih.gov/pubmed/19671746
http://dx.doi.org/10.1016/j.bbrc.2008.04.168
http://www.ncbi.nlm.nih.gov/pubmed/18471990
http://dx.doi.org/10.1371/journal.pone.0014018
http://www.ncbi.nlm.nih.gov/pubmed/21103379
http://dx.doi.org/10.1074/jbc.M114.574459
http://www.ncbi.nlm.nih.gov/pubmed/25006253

