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Introduction 

Cancer stem cells (CSCs) and tumor-initiating cells (TICs) 
are subpopulations of tumor cells that are defined by self-
renewal and multi-differentiation potentials and in vivo 
tumorigenicity potential, respectively (1,2). Because TICs 
de-differentiate into CSCs owing to their plasticity, and 
then, CSCs give rise to proliferating or differentiated bulk 
tumor cells for tumor initiation, CSCs and TICs are almost 
similar concepts in the field of cancer biology. CSCs/TICs 
have been identified in a variety of human cancers, such as 
breast cancer (3), colorectal cancer (4), gastric cancer (5) 
and lung cancer (6), and are characterized by cancer type- 
or subtype-specific CSC markers, such as BMI1 (7), CD133 
(PROM1) (8), LGR5 (GPR49) (9) and PTK7 (2,10). 

CSCs acquire more malignant features during tumor 
progression through accumulation of genetic and epigenetic 
alterations (1). CSCs undergo epithelial-to-mesenchymal 
transition (EMT) to promote invasion and metastasis, 
whereas CSCs undergo dormancy to survive cancer therapy 
for later relapse. Small-molecule inhibitors or antibody-
based drugs that target receptor tyrosine kinases (RTKs) 
have been contributing to improved prognosis of cancer 

patients; however, drug resistance and recurrence are 
serious issues that are difficult to avoid. Because CSCs play 
key roles in tumor progression, therapeutic resistance and 
tumor recurrence, development of CSC-targeted therapy is 
mandatory to further improve quality-of-life and survival of 
cancer patients (1).

Human/humanized monoclonal antibodies (mAbs), 
such as anti-HER2 mAb (trastuzumab), anti-PD-1 mAbs 
(pembrolizumab and nivolumab), anti-PD-L1 mAbs 
(atezolizumab, avelumab and durvalumab) and anti-vascular 
endothelial growth factor (VEGF) mAb (bevacizumab), are 
antibody-based drugs that are approved for the treatment 
of cancer patients, whereas antigen-drug conjugate (ADC), 
bispecific antibody (bsAb) and chimeric antigen receptor-
engineered T (CAR-T) cells are structurally modified 
antibody-based drugs (11-14). Recently, Damelin and 
colleagues developed an anti-protein tyrosine kinase  
7 (PTK7) ADC, PF-06647020, that targets CSCs and tumor 
microenvironment to induce direct and indirect anti-tumor 
effects, respectively (2). Here, structure and physiological 
functions of PTK7 (Figure 1) as well as human diseases 
related to PTK7 will be presented, and then mechanisms-
of-action and perspectives of the PTK7-targeted ADC will 
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be discussed. 

Structure and functions of PTK7

PTK7 is an RTK family member that was originally cloned 
as characterized as colon carcinoma kinase 4 (CCK-4) 
overexpressed in colon cancer (15,16). PTK7 is a single-pass 
transmembrane receptor with seven immunoglobulin-like 
domains in the extracellular region and a tyrosine kinase-
like domain in the intracellular region. PTK7 undergoes 
sequential cleavage by ADAM metallopeptidase domain 17 
(ADAM17) and γ-secretase, which leads to shedding of 
the extracellular region of PTK7 (PTK7-ECD) as well as 
release and nuclear translocation of the intracellular region 
of PTK7 (PTK7-ICD) (17). Although PTK7 is an atypical 

RTK without intrinsic tyrosine kinase activity, PTK7-
dependent signaling plays key roles during embryogenesis 
and carcinogenesis.  Involvement of PTK7 in the regulation 
of WNT and VEGF signaling cascades and maintenance of 
somatic stem cells will be described in the following part of 
this section. 

Canonical WNT signals are transduced to the β-catenin-
TCF/LEF and stabilization of proteins (STOP) signaling 
cascades, whereas non-canonical WNT signals are 
transduced to the planar cell polarity (PCP), G-protein 
couple receptor (GPCR) and RTK signaling cascades 
(18,19). PTK7 and Frizzled-7 (FZD7) function as WNT2B 
receptors to inhibit the canonical WNT/β-catenin signaling 
cascade through caveolin-dependent internalization of 
the WNT receptor complex (20), whereas PTK7 and 

Figure 1 PTK7 in WNT and VEGF signaling. PTK7, ROR2 and FZD receptors are involved in non-canonical WNT signaling cascades, 
whereas PTK7 and VEGFR2 are involved in VEGF signaling cascades. Non-canonical WNT signals induce activation of downstream Rho-
ROCK, Rac-JNK, IP3-Ca2+, DAG-PKC and PI3K-AKT signaling cascades, which can promote directional cell movement, invasion and 
survival of tumor cells. VEGF signals induce activation of downstream IP3-Ca2+, DAG-PKC, PI3K-AKT, MEK-ERK and FAK-Paxillin 
signaling cascades, which can promote angiogenic sprouting of endothelial cells and proliferation of tumor cells. PTK7, protein tyrosine 
kinase 7; ADC, antigen-drug conjugate; VEGF, vascular endothelial growth factor; FZD, Frizzled.
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ROR2 function as WNT5A receptors to activate the non-
canonical WNT/PCP signaling cascades (21). Because PCP 
signaling pathway regulates the cellular movement as well 
as cellular polarity in the epithelial plane (19), germ-line 
point mutations in the human PTK7 gene, such as G348S, 
occur in patients with neural tube defects (22) and a germ-
line truncation mutation in the mouse PTK7 gene gives rise 
to impairment of neural tube closure and disorientation of 
stereociliary bundles (23). PTK7 is a co-receptor of WNT 
family ligands that can class-switch WNT signaling to the 
non-canonical WNT/PCP signaling cascades. 

VEGF (VEGFA) is a representative pro-angiogenic 
factor that transduces signals through VEGFR1 (FLT1) and 
VEGFR2 (KDR) receptors to promote angiogenic sprouting 
of endothelial cells (24). VEGFR1, VEGFR2 and PTK7 
share a common domain architecture that consists of seven 
immunoglobulin-like domains, a transmembrane domain and 
a tyrosine kinase domain, although tyrosine kinase domain of 
PTK7 is significantly divergent from those of VEGFRs (16).  
PTK7, associating with VEGFR2 rather than VEGFR1 
in human umbilical vein endothelial cells (HUVECs), is 
involved in VEGF-induced VEGFR2 phosphorylation and 
angiogenic sprouting of endothelial cells (25). 

PTK7 is co-expressed with other stem cell markers, such 
as LGR5 and ASCL2, on human intestinal stem/progenitor 
cells, and those with higher PTK7 levels are characterized by 
higher self-renewal potential (26). By contrast, mouse PTK7 
is relatively highly expressed on hematopoietic stem cells 
and multipotent progenitor cells, relatively weakly expressed 
on common lymphoid progenitors, but not detectable on 
granulocyte/macrophage and erythroid/megakaryocyte 
progenitors in bone marrow and mature leukocytes in 
peripheral blood, whereas hematopoietic stem cells in the 
fetal liver of PTK7 knockout mice are more quiescent and 
defective in homing and migration potentials (27). These 
facts indicate that PTK7 is involved in the maintenance 
of somatic stem cells, such as intestinal stem cells and 
hematopoietic stem cells.

Context-dependent functions of PTK7 in human 
cancers

Involvements of PTK7 in various types of human cancers 
have been investigated, because PTK7 is located at a 

crossroads of the WNT signaling, VEGF signaling and 
stem cell biology. PTK7 is upregulated in various types of 
human cancers, such as atypical teratoid rhabdoid tumors 
(ATRTs) (28), breast cancer (29), cholangiocarcinoma (30),  
colorectal cancer (31,32), esophageal squamous cell 
carcinoma (33) and gastric cancer (34). 

ATRTs are rare pediatric brain tumors with poor 
prognosis. Proliferation and viability of ARTR cells were 
repressed by vatalanib targeting multiple tyrosine kinases 
and siRNA-mediated PTK7 knockdown, respectively (28). 
Motility and invasion of breast cancer cells were repressed 
by overexpression of kinase domain-defective PTK7 mutant, 
anti-PTK7 polyclonal antibody or PTK7 knockdown (29).  
Because PTK7 is a non-canonical WNT signaling 
component that is involved in activation of downstream 
PI3K-AKT, Rho and SRC signaling cascades (19-21), 
PTK7 can promote survival, motility and invasion of cancer 
cells through non-canonical WNT signaling activation. 
PTK7 upregulation is associated with poor prognosis in 
patients with breast cancer (29) and cholangiocarcinoma (30) 
as well as colorectal cancer patients in France (31). 

By contrast, because non-canonical WNT signals are 
able to inhibit the canonical WNT/β-catenin signaling 
cascade (19,20), PTK7 can exert tumor suppressor function 
through canonical WNT/β-catenin signaling inhibition. 
PTK7 upregulation is associated with favorable prognosis in 
patients with gastric cancer (34) as well as colorectal cancer 
patients in China (32). 

Together these facts clearly indicate that PTK7 functions 
as a cancer driver or tumor suppressor in a cell context-
dependent manner as a result of complexity in the canonical 
and non-canonical WNT signaling network.

Preclinical study of PTK7-targeted ADC for 
cancer treatment 

Damelin and colleagues hypothesized that an ADC based 
on anti-PTK7 mAb is able to deliver anti-cancer drugs 
preferentially into CSCs, because PTK7 was upregulated in 
TICs of patient-derived xenograft (PDX) models for non-
small cell lung cancer (NSCLC), ovarian cancer (OVCA) 
and triple-negative breast cancer (TNBC) (2). They 
generated anti-PTK7 ADC, PF-06647020, with an average 
drug/antibody ratio of 4 through mc-valine-citrulline-
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PABC linker-mediated bioconjugation of microtubule 

inhibitor Aur0101 to humanized anti-PTK7 mAb. PF-

06647020 showed in vitro cytotoxic effects on PTK7 

expressing cancer cell lines H446, H661 and OVCAR3 

with EC50 values of 7.6±5.0, 27.5±20.5 and 105±17 ng/mL, 

respectively. Intra-peritoneal injection of PF-06647020  

(3 mg/kg, twice a week for four cycles) induced striking 

in vivo anti-tumor effects on a subset of PDXs derived 

from NSCLC, OVCA and TNBC (2). For example, 

sustained regression of OVCA PDX (OV55) and TNBC 

PDX (BR22) persisted for approximately 200 days after  

PF-06647020 treatment without subsequent recurrence, and 

sustained regression of NSCLC PDX (LU176) persisted 

for approximately 100 days after PF-06647020 treatment 

with subsequent recurrence. In addition, PF-06647020 

decreased TIC frequency in TNBC PDX (BR13) by  

5.5-fold compared with control ADC. These results indicate 

anti-CSC effects of PTK7-targeted ADC in preclinical 

model experiments (Figure 2).

Damelin and colleagues also investigated indirect anti-

tumor effects of PF-06647020 through stromal or immune 

cells in the tumor microenvironment, because anti-PTK7 

immuno-reactivity was detected on cancer cells as well as 

non-cancerous cells (2). Shedding of PTK7-ECD through 

ADAM17-dependent cleavage (17) might in part explain 

stromal anti-PTK7 immuno-reactivity; however, PTK7 

is expressed on HUVECs and plasmacytoid dendritic 

cells (pDCs) in primary tumors and peripheral blood (2). 

Damelin and colleagues suggested that PF-06647020 might 

potentiate anti-tumor immunity through targeting immune-

suppressive pDCs. Because WNT signals are transduced to 

canonical and non-canonical WNT signaling cascades (18) 

and regulate anti-tumor immunity and immune evasion in 

a cell context-dependent manner (19), further studies on 

pDCs and tumor immunity are necessary to demonstrate 

PF-06647020-induced potentiation of anti-tumor 

Figure 2 PTK7-targeted antibody-drug conjugates (PTK7-ADC). PTK7-ADC binds to PTK7 receptors on CSCs, endothelial cells of 
tumor and non-tumor vasculatures and HSCs. PTK7-ADC can induce direct and indirect anti-tumor effects through elimination of CSCs 
and inhibition of tumor angiogenesis, respectively. By contrast, PTK7-ADC may induce PTK7-mediated on-target adverse effects, such 
as vascular and hematological toxicities. CSCs, cancer stem cells; HSCs, hematopoietic stem cells; PTK7, protein tyrosine kinase 7; ADC, 
antigen-drug conjugate; VEGF, vascular endothelial growth factor.
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immunity. By contrast, Damelin and colleagues showed that  
PF-06647020 inhibited angiogenic sprouting through its 
effects on endothelial cells (2). PTK7-targeted ADC elicits 
anti-tumor effects indirectly through stromal cells (Figure 2). 

Damelin and colleagues then addressed the safety 
issue of PF-06647020 in primate model experiments (2). 
Repeated administration of PF-06647020 to cynomolgus 
monkeys (up to 5 mg/kg, once every 3 weeks for three 
cycles) induced myelosuppression, but no signs of toxicities 
in PTK7-expressing tissues, such as esophagus, kidney, 
lung and urinary bladder. Because average PF-06647020 
concentration of 11.8 µg/mL in cynomolgus monkeys 
dosed at 5 mg/kg without no severe toxicities was higher 
than predicted human efficacy concentration of 2.9 to  
7.0 µg/mL, PF-06647020 would have a therapeutic window 
in cancer patients. 

Perspectives 

PF-06647020 is a promising anti-cancer therapeutics and 
is currently in phase I clinical trial for the treatment of 
patients with advanced solid tumors (ClinicalTrials.gov 
Identifier: NCT02222922). Because CSCs (2), endothelial 
cells (25) and hematopoietic stem cells (27) with PTK7 
expression are targets of the anti-PTK7 ADC, bleeding and 
pancytopenia might occur as on-target adverse effects of 
PF-06647020 (Figure 2). It is necessary to monitor vascular 
and hematological toxicities in cancer patients, especially 
elder patients, undergone PF-06647020 treatment. 

By contrast, PF-06647020 induced regression in a 
subset of PDXs in preclinical model experiments (2). 
Because PTK7 and other non-canonical WNT signaling 
components are oncogenic or tumor suppressive depending 
on tumor origin or subtype (19-21), PTK7-targeted ADC 
might be beneficial only for cancer patients with oncogenic 
PTK7 upregulation. Companion diagnostics for patient 
selection should be developed to ensure a favorable benefit-
risk profile of PF-06647020. 

RTKs are frequently overexpressed or aberrantly 
activated in human cancers (1), and preferable targets of 
ADCs owing to accessibility of and internalization with 
ADC (35). HER2-targeting ADC (trastuzumab emtansine) 
is already approved for the treatment of breast cancer 

patients, whereas ADCs targeting PTK7 as well as other 
RTKs, such as AXL, EGFR, EPHA2, ERBB3, FGFR2, 
FGFR3, FLT3, KIT and MET, are under development for 
the treatment of cancer patients (35,36). Development of 
a spectrum of ADCs targeting cancer-related RTKs would 
contribute to the implementation of personal/precision 
medicine.
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