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Abstract: Colorectal cancer (CRC) is the third most frequently diagnosed malignancy worldwide.
Only 5% of all CRC cases are due to germline mutations in known predisposition genes, and the
remaining genetic burden still has to be discovered. In this study, we performed whole-exome
sequencing on six members of a Polish family diagnosed with CRC and identified a novel germline
variant in the protein tyrosine kinase 7 (inactive) gene (PTK7, ENST00000230419, V354M). Targeted
screening of the variant in 1705 familial CRC cases and 1674 healthy elderly individuals identified
the variant in an additional familial CRC case. Introduction of this variant in HT-29 cells resulted in
increased cell proliferation, migration, and invasion; it also caused down-regulation of CREB, p21
and p53 mRNA and protein levels, and increased AKT phosphorylation. These changes indicated
inhibition of apoptosis pathways and activation of AKT signaling. Our study confirmed the oncogenic
function of PTK7 and supported its role in genetic predisposition of familial CRC.

Keywords: colorectal cancer; PTK7; germline variant; AKT signaling pathway; familial cancers;
familial cancer variant prioritization pipeline

1. Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed malignancy worldwide,
accounting for 10.2% of all cancer cases in 2018. Although incidence as well as mortality
rates have been reported to stabilize or even decrease in highly developed countries, they
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still account for a large share of cancer diagnoses and deaths in the world [1,2]. Since
an important approach to cancer prevention targets the improvement of screening and
early diagnosis methods, understanding the heterogeneous etiological background of CRC,
including environmental and inherited genetic factors, is of great relevance. Although up to
35% of CRC susceptibility is considered to be explained by heritability and around 15% of
CRC patients have a family history of CRC, less than 5% of all cases are due to highly pene-
trant germline variants in established predisposition genes, such as APC, mismatch repair
genes (MLH1, MSH2, MSH6, PMS2), EPCAM, SMAD4/BMPR1A, and MUTYH, resulting
in well-characterized clinical features of known Mendelian CRC syndromes [3-5]. Recent
studies using next generation sequencing techniques have proposed novel predisposing
genes such as NTHL1, RNF43, POLE, POLD1, FAN1, and RPS20 contributing to inherited
CRC susceptibility [6-13]. Nevertheless, the remaining genetic burden of familial CRC has
still not been sufficiently explored and may reveal novel highly penetrant germline variants.

With the aim of identifying such potential CRC predisposing variants, we performed
germline whole-exome sequencing (WES) on a family from Poland with multiple individu-
als affected by CRC. For candidate identification, we applied a pedigree-based study design
with integrated bioinformatics and functional analysis strategy developed by us [14,15]. We
identified a novel missense variant in the PTK7 gene (ENST00000230419, V354M) involved
in multiple cellular processes such as proliferation, apoptosis, cell adhesion, polarity, and
migration. The encoded protein tyrosine kinase 7 further acts as a molecular switch in mul-
tiple signaling pathways such as Wnt or VEGF signaling pathways, potentially explaining
its frequent deregulation in cancer [16-18].

2. Results
2.1. Prioritization of a Novel PTK7 Missense Variant Using FCVPPv2

Processing of the WES data through variant calling, annotation, and filtering with a
MAF < 0.1% revealed a total number of 10,584 variants (Figure 1A). Pedigree segregation
criteria narrowed this number down to 421 variants. Most of the variants were located
in the intergenic or intronic regions, leaving 72 coding variants for further evaluation.
Exclusion of synonymous variants due to a potentially less deleterious nature resulted in
47 non-synonymous, frameshift deletion, and exonic variants of unknown classification,
of which 32 were annotated with a PHRED-like CADD score of >10. Conservational
screening reduced this number to 23 variants, intolerance screening furthermore to 14, and
deleteriousness screening lastly to 6 final exonic variants after passing through all steps
of our in-house developed variant prioritization pipeline: ADAMTS10 (V104M), C20rf42
(S459R), GNA13 (154V), RSBN1L (R141H), TNIP1 (E238K), and PTK7 (V354M) (Figure 1B,
Table 1).
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Figure 1. Prioritization of the missense variant V354M in the PTK7 gene. (A) Flow chart displaying
the filtering process of exonic variants according to the FCVPPv2. Out of 10,584 identified variants, the
missense variant V354M in PTK7 gene was prioritized. CADD-combined annotation-dependent depletion
tool. (B) Electropherograms representing the wild type PTK7 sequence (upper panel) identified in
family members II-6 and III-2 and the heterozygous PTK7"3**M variant (lower panel) identified
in family members I-2, II-1, II-2, and II-4. The respective substitution Val — Met is displayed in
the amino acid sequences. The color of curves indicates the detected nucleobases: black stands for

guanine, green for adenine, blue for cytosine, and red for thymine. Glu-glutamic acid, Pro-proline,
Ser—serine, Val—uvaline, Trp—tryptophan, Met—methionine.
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Table 1. Exonic variants prioritized in the analyzed CRC family. Chromosomal positions, classifications, pedigree segregation, allele frequencies, PHRED-like CADD
scores, conservational scores, and the percentage of positive intolerance and deleteriousness scores are summarized for each variant. Respective protein functions

derived from Genecards are included [19].
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Connective tissue
1-14 nons 1-2,11-1, I1-2, 4 y organization, coagulation,
ADAMTS10 19-8670022_ C_T SN Ti-4, 11-6 1.92E-05 8.95E-06 32 5.33 7.263 1 66.67 80 V104M inflammation, arthritis,

angiogenesis, cell migration
Corfa2 2 70387896 G.Cc ~ nomsyn 12,111, 1I-4, . . 235 233 1.849 1 83.33 60 S459R No data available

SNV 1I-6
GNA13  17.63049685.T.Cc  nomsyn 2 IFLI2, 5o1p04 333504 2.3 5.42 3.986 1 75 60 1149V GPCR signaling, RhoA
SN 11-4 regulation pathway
Wnt signaling pathway, cell
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- Gl SNV -4 . . . . . polarity, proliferation, actin
cytoskeleton reorganization,
apoptosis
Modulation of chromosome
RSBNIL 7 77407669_G_A nng{IS n 1-2, II-1, I1-4 0 0.000 35 5.94 7.575 1 100 80 R603H architecture by histone
demethylation.
TNIP1  5.150431736_.C.T  nonsyn  I2 L2,y ggp o5 0.000 19.16 5.19 4539 0.999 66.67 60 E238K _Autoimmunity,
SNV 114 tissue homeostasis

non-syn—non-synonymous; NFE—Non-Finnish European population; PP—predicted passenger. * Deleteriousness scores: Following predictions given by deleteriousness scores
were considered as favorable in our analysis: SIFT—Damaging (D); Polyphen2_HumDiv, Polyphen2_HumVar—Probably damaging (D) & Possibly damaging (P); LRT—Deleterious
(D); MutationTaster—Disease causing (D) & disease causing automatic (A); MutationAssesor—High (H) & medium (M); FATHMM—Damaging (D); MetaSVM—Damaging (D);
MetaLR—Damaging (D); VEST3 > 0.5; PROVEAN—Damaging (D); Reliability Index >5.



Int. J. Mol. Sci. 2022, 23,1295

50f20

The top-listed variants were further assessed by the latest version of the gnomAD
Browser [20], CGI [21], cBioPortal [22], and recent literature. All final exonic variants
were predicted as passenger mutations by CGI with gnomAD allele frequencies < 0.1%
in the non-Finnish European (NFE) population. Based on TCGA PanCancer Atlas data
(NIH, Bethesda, MD, USA) comprising 594 colorectal adenocarcinoma samples, PTK7 and
ADAMTS10 genes showed the highest overall somatic alteration frequency of around 4%,
suggesting these two genes to be the most likely candidates for the development of CRC in
the studied family. A recent study identified frequent somatic mutations in the ADAMTS10
gene, but the gene was an unlikely candidate for germline predisposition, as it lacked any
other associations with colorectal carcinogenesis [23]. In contrast, overexpression of the
PTK7 protein has been widely reported in several malignancies, particularly in CRC. Based
on all this evidence and in silico predictions, we prioritized the identified variant in the
PTK7 gene in our FCVPPv2 analysis.

2.2. Confirmation of Familial Segregation and Identification of an Additional Carrier of the
PTK7V3>*M Variant

Targeted Sanger sequencing for exon 7 of the PTK7 gene showed the heterozygous
variant PTK7V3*M in the affected family members I-2, II-1, and II-4 and in one member with
polyps II-2. The other family member with polyps II-6 had the wild-type sequence, as did
the healthy individual III-2, confirming the pedigree segregation of the variant (Figure 1B).
Targeted genotyping of 1704 Polish unrelated familial CRC cases and 1674 healthy elderly
individuals, using custom-made Tagman assay, identified the PTK7V¥*M variant in an
index case of a CRC family, who was diagnosed with CRC at the age of 66 years; his father
had a CRC diagnosis at the age of 68 years, and his half-sibling from the father’s side had
CRC at the age of 30 years. No variants were found in controls.

In order to assess the potentially activating amino acid substitution induced by the
variant, multiple protein sequences of PTK7 were extracted from Ensembl (GRCh37/hg19,
EMBL-EBI, Hinxton, UK) and multiple sequence alignment was performed (Figure 2) [24].
The induced amino acid substitution (V345M) was predicted to affect the immunoglobulin
(Ig)-like C2-type 4 domain (pp. 309—407) encoding for one of the seven extracellular 1g
loops, according to UniProt data (EMBL-EBI, Hinxton, UK; SIB, Lausanne, Switzerland;
PIR, Washington, DC, US, #Q13308) [25]. Due to the high sequence conservation across
the species (human, cow, rabbit, chicken, cod and zebrafish), a functional importance is
assumed for the affected region. Analysis with cBioPortal further revealed 15 somatic
mutations affecting PTK7 protein identified within 594 colorectal adenocarcinoma samples
from TCGA PanCancer Atlas data (frequency = 2.36%). The overall somatic alteration
frequency of PTK7, including copy number alterations, was calculated to reach about 3.54%
for CRC and up to 10% for other cancers (Supplementary Figure S1) [22,26]. Additionally,
germline variants affecting the PTK7 gene have been reported in neural tube defects
including the adjacently located missense variant G348S [27].
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Figure 2. Localization of PTK7 mutations in CRC on protein level and mapping of the missense variant V354M to multiple sequence alignments of PTK7. All PTK7
somatic mutations identified in colorectal adenocarcinoma were extracted from cBioPortal (www.cbioportal.org) on the 15 March 2020 using TCGA PanCancer data
and are marked by black pins. Germline variants are represented by colored pins, blue for the G348S variant in neural tube defects and red for the V354M variant
identified in this study. The induced amino acid substitution V354M affects the Immunoglobulin (Ig) loop 4 domain (pp. 309-407) and is mapped to multiple protein
sequence alignments of PTKY7 for selected species. PTK7 sequences were downloaded from Ensembl (GRCh37/hg19) [24] for human (ENSG00000112655), cow
(ENSBTAG00000012761), rabbit (ENSOCUG00000002874), chicken (ENSGALG00000008609), cod (ENSGMOG00000011589), and zebrafish (ENSDARG00000011863).
As demonstrated, the variant affects an amino acid residue identically in all sequences and thus is highly conserved. TM—transmembrane domain, PKD—protein
kinase domain.
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2.3. PTK7V3*M Variant Increases PTK7 Protein Levels by Potentially Altering Protein Stability

With the aim of investigating the functional impact of the variant, Western blots
targeting PTK7 protein were conducted. Results show higher protein expression of PTK7 in
HT29-PTK7V¥*M compared to HT29-PTK7WT cells, indicating an enhancing impact of the
introduced variant on protein expression level, while HT29-pcDNA3 cells did not express
PTK7 protein at all, as reported in Harmonizome [28] (Figure 3A).

2.4. PTK7V3*M Variant Enhances Cell Proliferation in Human Colon Cancer Cells

Cell proliferation assays resulted in significantly increased viable cell numbers of
HT29-PTK7V3*M compared to HT29-PTK7WT cells at all measured time points starting
from day 1. HT29-pcDNAS3 cells showed the lowest proliferation curve, confirming the
proliferative impact of PTK7 protein in general and the introduced variant in particular
(Figure 3B).

2.5. PTK7V3*M Variant Increases Invasion and Migratory Properties of Cells

The effect of PTK7V3**M variant on cell migration measured using wound stimulus
by time-lapse scanning microscopy showed that HT-29 cells transfected with PTK7V3>*M
were able to close the wound faster than cells transfected with PTK7"T (Figure 3C). In
the invasion assay, the total number of invasive cells counted using a microscope was
significantly higher in PTK7V3%*M transfected cells compared to PTK7"! transfected cells
(Figure 3D).

2.6. Suppression of p53, p21 and CREB Gene Transcription Induced by the PTK7V3%*M Variant

To investigate the impact of the PTK7V®**M variant on downstream targets influenc-
ing increased cell proliferation, we measured the gene expression profile of important
components of cancer-related signaling pathways using qPCR. Our results showed down-
regulation of p53, p21, and CREB mRNA levels in HT29-PTK7V3**M compared to HT29-
PTK7WT cells, suggesting the involvement of mutated PTK7 in suppressed transcription of
those genes (Figure 4A).
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Figure 3. PTK7V3%*M variant increases cell proliferation, migration, and invasion. (A) Western blot results represent enhanced protein expression of PTK7 in
HT29-PTK7"V3%*M cells compared to HT29-PTK7WT cells. (B) Proliferation assays show significantly increased viable cell numbers of HT29-PTK7V3**M compared
to HT29-PTK7WT cells. Significance levels are included for each time point. ns—no significance, *** p < 0.001. (C) Representative image of migrated HT-29 cells
after overexpression of PTK7"T and PTK7V3%*M. (D) Representative image of invaded HT-29 cells after overexpression of PTK7"T and PTK7V3**M. * p < 0.05.
PTK7V3*M_PTK7 plasmid with the mutation V354M, PTK7"T—wild type PTK7 plasmid, pcDNA3—control vector.
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Figure 4. Effect of PTK7V®**M variant on downstream targets and cell cycle. (A) gPCR resulted in significant down-regulation of p53, p21, and CREB mRNA levels in
HT29-PTK7V3*M cells. * p < 0.05, *** p < 0.01. (B) Western blot results representing enhanced protein expression of pAKT as well as decreased CREB, p53 and p21
protein expression in HT29-PTK7V3%*M cells compared to HT29-PTK7WT cells. (C) HT29-PTK7 V3%*M transfected cells resulted in significant cell cycle progression
with less accumulation of cells in the G0/G1 phase compared to HT29-PTK7"T cells and a concomitant increase in G2/M phase, confirming the cell proliferation
results. ns—no significance, * p < 0.05. (D) HT29-PTK7 V3>*M transfected cells showed upregulated CCND1 and CCNE protein expression, involved in cell cycle
regulation. PTK7V3**M_PTK7 plasmid with the mutation V354M, PTK7"T—wild type PTK7 plasmid, pcDNA3-control vector.
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2.7. PTK7V3*M Variant Enhances AKT and Suppresses CREB, p53 and p21 Protein Expression

Further analysis of the impact of the introduced PTK7"3%*M variant on protein ex-
pression levels of downstream targets involved in cancer-associated pathways revealed
decreased protein expression of CREB, p53, and p21 in HT29-PTK7V3**M compared to
HT29-PTK7WT cells. Furthermore, our experiments resulted in increased expression of
phosphorylated AKT protein (pAKT, $473) in HT29-PTK7V3*M compared to HT29-PTK7WT
cells. The described findings suggest that the investigated PTK7V3%*M variant and the re-
sulting overexpression of PTK7 protein may modulate signaling pathways involving AKT,
CREB, p53, and p21, potentially leading to enhanced proliferation of HT-29 cells (Figure 4B).

2.8. AKT Inhibition Failed to Rescue the CREB Expression in PTK7V3**M Variant

As we found that CREB expression was reduced in HT29-PTK7V35*M cells while pAKT
was increased, we inhibited the expression of AKT by using Perifosine to test whether CREB
expression could be rescued or not. Rescue experiments were performed in two cell lines,
HT29 and LS174T. As shown in Supplementary Figure 52, AKT was successfully inhibited
in both cell lines, and we observed a trend towards restoration of CREB in L.5174T cells.

2.9. PTK7V3*M Vaariant Increases Cell Cycle Progression and Upregulates Wnt Downstream Targets

To explore the underlying reason for increased cell proliferation, invasion, and migra-
tion, we examined the effects of HT29-PTK7V3%*M on cell cycle progression. As illustrated in
Figure 4C, HT-29 cells transfected with HT29-PTK7V35*M were observed less in the G0/G1
phase of the cell cycle but more in the G2/M phase, when compared to cells transfected
with HT29-PTK7". These findings are consistent with down-regulation of CREB, p53,
and p21 and up-regulation of AKT, suggesting that the PTK7"%**M variant is involved in
cell-cycle regulation. We further quantified protein levels of CCND1 and CCNE involved
in cell cycle regulation and found that they were up-regulated (Figure 4D).

Similar trends were observed for proliferation, cell cycle progression and migration in
LS174T cells transiently transfected with PTK7WT and PTK7V3%*M (Supplementary Figure S3).

3. Materials and Methods
3.1. Population Recruitment

In several regions of Poland, population screening was performed mainly in years
2000-2014, in which questionnaires about cancer family history were collected. Persons
with positive CRC family history were invited to regional genetic outpatient clinics, and
their more detailed family histories were collected through detailed face-to-face interviews.
Similarly, persons with negative cancer family history were interviewed. An average review
took 20-30 min. Eligible individuals were asked to participate in the study. Altogether,
1705 unrelated familial CRC cases and 1674 healthy elderly individuals without family his-
tory of cancer provided a blood sample for genetic analyses and signed informed consent.

All families were screened for alterations in APC, the mismatch repair genes MLH1,
MSH2, MSH3, large deletions in EPCAM and POLE p.Leu424Val, POLD1 p.Ser478Asn and
NTHL1 p.GIn90* mutations and were found to be negative.

3.2. Colorectal Cancer Family

For the present study, one of the Polish families with CRC aggregation was recruited,
presenting 3 family members with CRC (I-2, II-1, II-4) and 2 with colorectal polyps (II-2,
II-6), who agreed to participate in the study and provided a blood sample. Additionally, 1
unaffected family member (III-2) was sequenced, as represented in Figure 5A.



Int. J. Mol. Sci. 2022, 23, 1295

11 of 20

A

v —

1 2
CRC (60)
1 2 3 4 5 6
CRC (41) CP (46) CRC (44) CP (42)
]|
* X
1 2
r(23)

Cases

Polyp
patients

Possible
carrier

iRt Age of | Carrier of
onset | the variant?
CRC 60 Yes

O Unaffected indivuals
2 / Deceased

] Colorectal cancer
-1 CRC a1 Yes [ ] Colorectal polyps

- WES performed

\/ PTK7V354M
-4 CRC 44 Yes

X PTK7WT

CRC/CP () Age of onset
= & = Yes/No r() Age at recruitment
1I-6 cP 42 Yes/No
-2 - - Yes/No

Figure 5. (A) The pedigree of the CRC-affected family carrying the PTK7V3%*M variant. (B) Tabular
summary of family members including personal data and the carrier status of the cancer-causing
mutation. CRC—colorectal cancer, CP—colorectal polyps, WES—whole-exome sequencing, r—recruitment.

3.3. Validation Cohort

The 1704 familial CRC cases, not related to the whole-exome-sequenced family, and
1674 healthy elderly individuals were included in the validation cohort.

3.4. Ethical Permissions

The study was approved by the Bioethics Committee of the Pomeranian Medical
Academy in Szczecin No: BN-001/174/05. All participating individuals signed informed consent.

3.5. Whole-Exome Sequencing

Peripheral blood samples were collected from affected and unaffected family members
who agreed to participate in the study as well as from the validation cohort. Genomic DNA
was isolated using a modified Lahiri and Schnabel method [29]. WES was performed using
Agilent SureSelect V5 with UTR target capture kit on the Illumina HiSeq 2000 platform
(IIlumina, San Diego, CA, USA).

3.6. WES Alignment and Variant Calling

Raw sequencing reads were mapped to the human reference genome (GRCh37, as-
sembly version Hs37d5) with BWA (version 0.6.2,Genome Research Limited, London
UK) [30], and duplicates were marked using Picard (http://broadinstitute.github.io/
picard/, accessed on 22 January 2020). Single nucleotide variants (SNVs) and small inser-
tions/deletions (indels) from all family samples were called together using SAM tools [31]
Platypus (version 0.8.1, Wellcome Centre for Human Genetics, Oxford UK) [32]. Variants
were annotated with Gencode (version 19, Wellcome Sanger Institute, Hinxton, UK) gene
definition using ANNOVAR (Center for Applied Genomics, Philadelphia, PA, USA) [33].
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Furthermore, minor allele frequencies (MAFs) were accessed from 1000 Genomes, dbSNP
and nonTCGA Exome Aggregation Consortium (ExAC) (version 0.3, Cambridge, MA
USA) [34-36]. Variants with a quality score of greater than 20 and a coverage of greater
than 5x and indels that passed all the Platypus internal filters were further evaluated for
MAPF. Variants with a MAF < 0.1% with respect to the 1000 Genomes Project Phase 3 and
non-TCGA ExAC data and variants with a frequency of <5% in the local dataset were
deduced for further evaluation.

A pairwise comparison of shared rare variants among the cohort was performed to
check for sample swaps and family relatedness.

3.7. Familial Segregation of the CRC Predisposing Variant

All family members were assessed for the probability of being a Mendelian case
and thus of carrying the variant of interest. Cancer patients were defined as cases and
were therefore expected to carry the mutation: the two affected siblings II-1 and II-4 who
developed CRC at the relatively young age of 41 and 44 years, respectively, and their
affected mother (I-2) with CRC at the age of 60 years. The other two siblings (1I-2, II-6) were
diagnosed with colorectal polyps (CP) in their 40s. Therefore, they also bear the risk of
expressing a preliminary stage of CRC and were thus considered as polyp patients, possibly
carrying the mutation. The descendant III-2 of one of the CRC-affected siblings (II-4) had
not reached the earliest age of onset in this family at the time of family recruitment (23 years)
and was hence defined as a possible carrier of the variant. All identified variants were filtered
according to the described pedigree criteria, respectively summarized in Figure 5B.

3.8. Evaluation of the Deleterious Nature of Identified Variants Using FCVPPv2

All the rare coding variants identified by WES were evaluated using our in-house
developed Familial Cancer Variant Prioritization Pipeline version 2 (FCVPPv2, DKFZ,
Heidelberg, Germany), comprising non-synonymous SNVs and small indels [14].

Variants were ranked using the combined annotation-dependent depletion tool (CADD)
v1.3, considering only the top 10 % of probable deleterious variants (PHRED-like CADD
score > 10) for further analysis [37]. In order to evaluate the evolutionary conservation
correlating with the functional importance of a genomic position, the Genomic Evolu-
tionary Rate Profiling (GERP > 2.0), PhastCons (>0.3), and PhyloP score (>3.0) were
assessed [38,39]. Next, the intolerance of genes against genetic variation was consid-
ered using three intolerance scores (<0) based on allele frequency data from our in-house
datasets, from ESP and ExAC [40,41]. Additionally, the Z-Score (>0) and pLI score (>0.9)
developed by ExAC consortium were included in our intolerance screening for missense
and loss-of-function variants, respectively. Regarding non-synonymous and splice site
SNVs, the deleteriousness of variants was evaluated by applying 10 different scoring
systems and 2 meta-prediction tools derived from dbNSFP v3.0 (database for nonsyn-
onymous SNPs’ functional predictions) [42]. The variants should reach a PHRED-like
CADD-score of > 10 and fulfill at least 2 out of 3 conservational scores, 60% of all in-
tolerance scores, and 60% of all deleteriousness scores to be further considered in the
analysis. Lastly, the top exonic candidates were further screened by considering the allele
frequency in the non-Finnish European population in the latest version of the gnomAD
Browser (https://gnomad.broadinstitute.org/, accessed on 25 January 2020) [20]. The
potential of the variants as cancer drivers were predicted by Cancer Genome Interpreter
(CGI, https:/ /www.cancergenomeinterpreter.org/, BBGLab, Barcelona, Spain, accessed on
29 January 2020) [21], alteration frequencies according to cBioPortal (MSKCC, New York,
NY, USA, accessed on 19 March 2020) [22] and by recent literature for reported gene—cancer
relations and potentially cancer-related protein functions.

3.9. Confirmation of Familial Segregation by Sanger Sequencing

Exon 7 of the PTK7 gene (ENST00000230419.4) was amplified from DNA of each
family member (I-2, 1I-1, 1I-2, II-4, 1I-6 and III-2) by performing Polymerase Chain Re-
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action (PCR) with HotStarTaq DNA Polymerase (Qiagen, Venlo, Netherlands, #203205)
at an annealing temperature of 56 °C. The primers were designed with Primer3 v.0.4.0
(http:/ /bioinfo.ut.ee/primer3-0.4.0/, DKFZ-ZMBH Alliance, Heidelberg, Germany, ac-
cessed on 12 February 2020): PTK7 forward 5'-GTTTTTACTCAGCCGCTTGG-3/, reverse
5'-AAGCCTCTGTCCATCACACC-3'. PCR amplicons were checked by gel electrophoresis
and purified with ExoSAP purification kit according to the manufacturer’s instructions.
Sequencing reaction was performed with the BigDye Terminator v3.1 Ready Reaction
Cycle Sequencing kit (Thermo Fisher Scientific, Waltham, MA, USA, #4337455) and the
electrophoretic profiles of PTK7 sequences were analyzed manually.

3.10. Screening of Familial CRC Index Cases and Healthy Individuals by Tagman Assay

For screening a large cohort of familial CRC cases not related to the studied family, the
PTK7 variant was screened in 1704 familial CRC cases and 1674 healthy elderly individuals,
both from Poland, using a custom-made Tagman assay.

3.11. Plasmid Preparation and Cell Culture

pcDNA3-PTK7-VSV (#65250) was purchased from Addgene (Watertown, MA, USA)
and used in functional experiments as the wild type PTK7 plasmid (PTK7"T). Mutant
PTK7 plasmid (PTK7"3%*M) was created using QuikChange II XL Site-Directed Mutage-
nesis Kit (Agilent Technologies, Santa Clara, CA, USA, #200521) and primers (forward:
5'-GCTCCCACCACATGCTGGGCTCTGG-3' and reverse: 5'-CCAGAGCCCAGCATGTGG
TGGGAGC-3') designed based on Agilent QuikChange Primer Design (https://www.
agilent.com/store/primerDesignProgram.jsp, accessed on 12 February 2020). After confir-
mation of both plasmids by Sanger sequencing, XL10-Gold Ultracompetent Cells
(Agilent Technologies, Santa Clara, CA, USA, #200314) were used for transformation and
PureLink™ HiPure Plasmid Midiprep Kit (Thermo Fisher Scientific, Waltham, MA, USA,
#K210004) was utilized for plasmid extraction according to the manufacturer’s instructions.
Human colon cancer cell line HT-29 (kind gift from Peter Krammer’s lab, DKFZ, Heidel-
berg, Germany) and colorectal adenocarcinoma cell line LS174T (AddexBio, San Diego, CA,
USA, #C0009013) were cultured in RPMI 1640 media supplemented with 10% FBS, 2 mM
L-glutamine (Sigma-Aldrich, St. Louis, MO, USA, #51411C) and used in the experiments.
After 48 h of transfection, LS174T cells were analyzed for functional output and stably
transfected cells were selected for HT-29 cells by using G418 (final concentration 400 ug/mL.:
pcDNA3 (HT29-pcDNA3), PTK7WT (HT29-PTK7WT) and PTK7V3%M (HT29-PTK7V3%#My).
Medium containing G418 was changed every 2-3 days until the surviving colonies were
pooled (polyclonal line) and used for single-cell sub cloning. Monoclones were achieved
by serial dilution and used for further experiments.

3.12. Cell Proliferation Assays

HT-29 cells were seeded in 24-well plates and 24 h later transfected with either 150 ng
of PTK7WT, PTK7V3%*M, or pcDNA3 vector as a negative control. Cells were washed with
PBS and trypsinized. After excluding the dead cells with trypan blue, viable cell numbers
were determined by cell counting with the hemocytometer under a 10x objective at six
different time points: day 0, 1, 2, 3, 4, and 5. Number of viable cells and respective
proliferation curves were compared between HT29-PTK7"T and HT29-PTK7V3%*M cells.

3.13. Quantitative Polymerase Chain Reaction

RNA was isolated from cells (HT29-pcDNA3, HT29-PTK7WT, HT29-PTK7V3>M) using
Trizol reagent and purified with sodium acetate. For cDNA synthesis, ProtoScript First
Strand cDNA Synthesis kit (New England Biolabs, Ipswich, MA, USA, #E6300S) was
used according to the manufacturer’s instructions. Quantitative real time Polymerase
Chain Reaction (QPCR) was performed using QuantiFast® SYBR® Green PCR (Qiagen,
Venlo, The Netherlands, #204054). Primers for downstream targets (ERK, CREB, p53) and
the housekeeping gene HPRT (Hypoxanthin-Guanin-Phosphoribosyltransferase) as an
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internal control are provided with respective primer sequences in Supplementary Table
S1. Relative gene expression was calculated with the 22¢T method and compared between
HT29-PTK7"T and HT29-PTK7"3>*M cells.

3.14. Western Blot

Protein lysates were prepared and quantified by means of Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA, #23225). NuPAGE™ 4-12% Bis-Tris Pro-
tein Gels and the respective running buffer (Thermo Fisher Scientific, Waltham, MA, USA;
#NP0321PK2, #NP0001) were used for separation of 20 ug of each protein sample. Blotted
membranes were blocked with 2% milk for 1 h, incubated overnight at 4 °C with primary
antibody and subsequently for 1 h at room temperature with the respective HRP-conjugated
secondary antibody, and diluted in 5% milk. Blots were developed using Amersham ECL
Western blotting detection kit (GE Healthcare Life Sciences, Chicago, IL, USA, #RPN2108).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 3-actin antibodies were used
for loading quantity control. All probed antibodies are summarized in Supplementary
Table S2 with respective product details, dilution buffers and dilution factors.

3.15. Wound Healing Assay

Wound-healing assays were used to measure cell migration. The single-cell clones of
HT-29 and transiently transfected LS174T cells were seeded in the Culture-Insert 2 Well
in y-Dish (ibidi GmbH, Martinsried, Germany, #81176) at a density of 3 x 10* cells per
well. Then, the culture-insert was removed, and the media were exchanged with fresh
serum-reduced media (2% FBS). The plate was photographed at different time points, and
the insert space was quantified by image], v1.53.

3.16. Invasion Assay

One hundred microliters of the diluted Matrigel matrix (Corning, Wiesbaden, Ger-
many, #356234) was carefully added to the center of each Transwell® insert (Corning,
Wiesbaden, Germany, #3464) for invasion assays and incubated at 37 °C for 1 h to allow
the Matrigel matrix to form a gel. Then, 200 pL of serum-free medium per single cell
clone of HT-29 (2.5 x 10°/mL) was seeded into inserts and put in cell culture wells. The
media were removed after 24 h and washed with PBS. Cells were fixed with 4% PFA, and
the remaining buffer in upper chamber was removed, washed twice with PBS and the
membrane was stained in 0.1% crystal violet for 30 min at room temperature. Cells were
viewed underneath an inverted microscope and six visual fields were randomly chosen to
calculate the number of migrated cells.

3.17. Cell Cycle Analysis

HT-29 and LS174T cells were collected and fixed by adding freshly prepared 70% ice-
cold ethanol dropwise to the cell pellet and vortexed gently. After the pellet was washed,
propidium iodide (50 ng/mL) and RNase A (1 ng/pL) were added and cell cycle analysis
was performed in Canto two-laser FACS analyzer (BD, Franklin Lakes, NJ, USA). Doublets
were excluded by applying the following gates: SSC-W vs. SSC-A and PI-W vs. PI-A. FACS
data were analyzed using Flowjo X 10.0.7 (Tree Star, Ashland, KY, USA).

3.18. AKT Inhibition

HT-29 and LS174T cells were seeded in 6-well plates 24 h before plasmid transfection
with serum-free media. Media was removed after 7 h of transfection and exchanged with
fresh media containing the AKT inhibitor-Perifosine (Cell Signaling Technology, Denver,
MA, USA, #14240S). 24h later the protein was collected and the targets of interest were
detected by Western blot.

All the experiments were performed in triplicates and repeated twice unless otherwise stated.
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4. Discussion

The current state of research indicates very few germline variants for the PTK7 gene
that have been associated with the development of any disease. A recent genome-wide
linkage analysis of Swedish CRC families identified a candidate risk variant in the PTK7
gene (A785V) [43]. Additionally, germline variants in PTK7 have been associated with
neural tube defects [44]. Applying our in-house developed FCVPPv2 on a family with
CRC aggregation, we identified a novel germline variant (V354M) in the PTK7 gene,
encoding a catalytically inactive tyrosine kinase receptor. This finding led us to explore a
potential association between PTK7 and CRC predisposition and to screen a large cohort of
1704 familial CRC index patients and 1674 healthy elderly individuals, both from Poland,
using custom-made Taqman assay for the V354M variant. In the familial CRC index cases,
we identified an additional case with the same variant but did not find any in the controls.
Our finding is the second report of a germline variant in PTK7 in two families with a history
of CRC.

Several studies have reported up-regulation of PTK7 protein in a number of malig-
nancies including CRC [17,45-50]. PTK7 has been shown to display phenotypes of both
oncogene and tumor suppressor gene, depending on the cell type and its interaction part-
ners, but to mostly act as an oncogene in CRC [17,48,51-59]. Thus, a better understanding
of the molecular function of PTK7 in cancer development in general and cancer-related
pathways in particular requires further experimental investigation. In our study, the high
conservation of the affected region, the high alteration frequency of PTK7 in several cancers,
and its postulated oncogenic function based on recent literature prompted us to prioritize
the PTK7V3*M variant for further functional validation.

By analyzing the functional impact of the identified PTK variant in human CRC
cells, we were able to propose molecular mechanisms potentially influenced by the mutated
PTK? protein in CRC susceptibility. We observed increase of PTK7 protein expression
induced by the variant, which may be explained by altered protein—protein interactions.
Since binding of the canonical Wnt ligands (e.g., Wnt3a, Wnt8) at the extracellular region
of the PTK? protein mediated by Fz7 (frizzled class receptor 7) has been reported to initiate
endocytosis and lysosomal degradation of PTK7, the induced amino acid substitution
affecting one of the extracellular Ig loop domains may interfere with ligand binding and
thus inhibit PTK7 degradation [60,61]. Of course, further potential mechanisms resulting
in enhanced protein expression (e.g., via affecting the transcriptional machinery or mRNA
stability) and protein stability (e.g., due to altered protein folding) have to be taken into
account as a possible reason for PTK7 overexpression induced by the variant. By affecting
one of the extracellular Ig loops, the variant may not only show an impact on PTK7 stability
and degradation but may further influence important extracellular signaling interactions.
Binding of Wnt3a and Wnt8 has been reported to lead to inhibition of canonical Wnt
signaling in the Xenopus double axis [60,61]. Assuming an impaired binding of those
ligands to the extracellular PTK7 region due to the studied variant, Wnt3a and Wnt8 may
instead interact with Wnt receptor complexes and thus activate canonical Wnt signaling.

Further interactions of the extracellular region of PTK7 have been documented for non-
canonical Wnt ligands. Using truncated forms of the PTK7 protein in co-immunoprecipitation
assays in HEK293T cells, Martinez et al. have shown that extracellular loops 4-7 of PTK7
are partially required for binding to Wntb5a ligand promoting phosphorylation of JNK
and cell movement [62]. In addition to the direct interaction with Wnt5a, the whole
extracellular domain of the PTK7 protein covering Ig loops 1-7 has been reported to
form a receptor complex with ROR2 (receptor tyrosine kinase-like orphan receptor 2),
an active tyrosine kinase receptor, and Wnt5a-dependent trigger of non-canonical Wnt
signaling [62,63]. However, the functional role of Wnt5a in CRC development has been
described in contradictory ways over the past years [64], and little is known about specific
interaction sites located in particular Ig loops. Thus, further investigation is needed for
better understanding of how the studied variant may affect the potential ligand binding in
the course of canonical as well as non-canonical Wnt signaling.

7V354M
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In addition to the described effects on PTK7 protein levels, we showed that introduc-
tion of the PTK7V3*M yariant into cells increased their migration, invasion, and cell-cycle
progression, and it enhanced phosphorylation of the AKT protein, an oncoprotein involved
in multiple cellular processes such as cell proliferation, survival, growth, and angiogenesis.
Similar results were reported in in vitro studies using esophageal squamous cell carcinoma
cells. Knockdown of PTK7 has been reported to lead to decreased AKT phosphorylation
and activation [54], whereas another study observed initially enhanced and subsequently
suppressed AKT phosphorylation due to PTK7 overexpression, indicating a biphasic reg-
ulation [65]. Nevertheless, both studies showed an association of PTK7-induced AKT
phosphorylation with increased cell proliferation, migration, and invasion, similar to the
findings of our in vitro experiments [54,65]. In vascular endothelial cells, AKT phosphory-
lation was further reported to be a downstream signal of the VEGF-A-stimulated receptor
complex VEGF-R1 and PTK7, resulting in increased angiogenesis [66]. Besides potentially
affecting the VEGF signaling pathway, PTK7"3**M.-induced AKT phosphorylation may be
explained by additional molecular mechanisms that still have to be explored.

Activated AKT in turn might constitute an important effector protein of PTK7 re-
sponsible for the proposed carcinogenic impact of the variant: by signaling to various
downstream targets including mTOR, forkhead transcription factors, or GSK-3, it can affect
several molecular pathways including the Wnt signaling pathway. AKT inactivates GSK-3
by phosphorylation, resulting in decreased B-catenin degradation. Thus, S-catenin can
translocate to the nucleus and activate gene expression of several Wnt targets, contributing
to colorectal carcinogenesis [67].

Furthermore, we observed PTK7"3**M induced down-regulation of mRNA and protein
levels of cAMP response element binding protein (CREB), in accordance with the down-
stream signaling effects of full-length PTK7 protein in cancer cells described by Golubkov
et al. The authors proposed inhibition of ERK which is known to regulate CREB protein
activity by phosphorylating it at serine residue 133 [68]. Since this phosphorylation has
been reported to prevent CREB from heterodimerization and thus protein degradation, ERK
could additionally be involved in the regulation of CREB protein levels [69]. However, our
results did not show that PTK7"3%*M induced deregulation of ERK transcription or phos-
phorylation (data not shown) but demonstrated that CREB suppression already occurred
at mRNA level. We also tested the dependency of PTK7"3**M-induced down-regulation of
CREB on AKT, a known regulator of CREB protein. Since we observed a trend towards
restoration of CREB upon inhibition of AKT in LS174T cells, AKT may play a mediating
role in CREB suppression, induced by the variant. As we were not able to reproduce these
results in HT-29 cells, the involvement of additional repressing mediators and mechanisms
affecting CREB expression may be assumed and remains to be elucidated. Since CREB
transcription factor in turn has been reported to transactivate p53 gene expression and
thus to induce apoptosis programs, the down-regulation of p53 gene, and its downstream
target p21 detected in our experiments may be explained as a downstream effect of CREB
suppression [70].

P53 and p21 are known cell-cycle regulators inhibiting G1/S and G2/M transition
upon DNA damage. Thus, the observed down-regulation of p53 and p21 proteins may
facilitate G1/S transition and may explain the decrease of mutated HT-29 cells in G0/1
phase. This is further supported by our findings of increased cyclin D1 (CCND1) and cyclin
E (CCNE) expression, both downstream targets of p21 and inductors of G1/S cell cycle
transition. However, we did not observe a significant difference in cells in S phase but a
shift of mutated cells towards G2/M phase compared to cells transfected with wild-type
PTK7. Summarizing our results, PTK7"3**M showed a significant impact on cell-cycle
progression, indicating again its carcinogenic potential.

Since our study is the second report of a PTK7 germline variant in familial CRC, to
our knowledge, the present results not only support the establishment of the oncogenic
function of PTK7 in CRC but also suggest the implementation of PTK7 as an oncogene in
genetic inheritance of familial colorectal malignancies. Despite the overall observed low
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frequency of the PTK7V3%*M variant, our findings may be of importance for the studied
family, for genetic screening of unaffected family members, and for the development of
personalized therapeutic regimens for affected members. The relevance of the PTK7V3>M
variant for other individuals at risk of developing familial CRC is further supported by the
finding of an additional carrier of exactly the same variant in the PTK7 gene, identified in
an unrelated family of three CRC patients from Poland. Although the PTK7"3**M varjant
was identified in two CRC families, we could only confirm the segregation of the variant
with the disease in the whole-exome-sequenced family, since a DNA sample was only
available for the index case of the second family, which is a limitation of our study. Other
limitations include the absence of clinical or pathological features of the CRC patients, their
tumors, and their polyps. We also did not have access to the tumor samples to evaluate
loss-of-heterozygosity, although in the case of an activating variant, a change in one allele
may be enough to have an impact on the activity of the encoded protein. However, more
replication studies in independent cohorts and in vivo experiments are warranted to take
these results to the next level.

In conclusion, we propose PTK7 as a potential susceptibility gene in familial CRC,
thus contributing to the exploration of the remaining genetic burden of familial colorectal
malignancies. The result tends to reinforce the view that the germline architecture of
CRC is dominated by the “first-wave” mismatch repair genes of high clinical importance,
supplemented by the much rarer “second- and next-wave” genes (such as PTK7) and the
many low-penetrant genes.
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Author Contributions: Conceptualization K.H., A.F.,, O.R.B.; data curation N.P.,, M.S.; formal analysis
N.P, M.S., A K,; funding acquisition K.H.; investigation D.S., B.M., S.G., O.R.B., K.P--S.; methodology
DS, BM, AS, S.G,NP,MS, KP-S, WK, O.R.B.; project administration K.H., WK., A.F,; resources
D.D., MK, NP, MS, ]J.L,; software N.P, M.S., A K,; supervision K.H., A.F.,, O.R.B.; validation D.D.,
MK, K.P-S.,, WK,; visualization D.S., B.M., O.R.B.; writing—original draft D.S., O.R.B.; writing—
review and editing all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: K.-H. was supported by the EU Horizon 2020 program grant No. 856620. A.K. is a recipient
of Ramalingaswami Re-Retry Faculty Fellowship (Grant; BT /RLF/Re-entry/38/2017). This article
is based upon work from COST Action CA17118, supported by COST (European Cooperation in
Science and Technology).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Bioethics Committee of the Pomeranian Medical
Academy in Szczecin (No: BN-001/174/05, 25 October 2005).

Informed Consent Statement: All participating individuals signed informed consent.

Data Availability Statement: Unfortunately, for reasons of ethics and patient confidentiality, we are
not able to provide the sequencing data into a public database. The WES data generated in this study
are available from the corresponding author upon request.

Acknowledgments: The authors thank the members of the families for participating in this study.
We further thank the Genomics and Proteomics Core Facility (GPCF) of the German Cancer Research
Center (DKFZ) for providing excellent library preparation and sequencing services and the Omics
IT and Data Management Core Facility (ODCF) of the DKFZ for the whole genome sequencing
data management.

Conflicts of Interest: The authors disclose no conflicts. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.


https://www.mdpi.com/article/10.3390/ijms23031295/s1
https://www.mdpi.com/article/10.3390/ijms23031295/s1

Int. J. Mol. Sci. 2022, 23,1295 18 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bray, E; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394—424. [CrossRef] [PubMed]
Arnold, M,; Sierra, M.S.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global patterns and trends in colorectal cancer
incidence and mortality. Gut 2017, 66, 683-691. [CrossRef] [PubMed]

Lichtenstein, P.; Holm, N.V.; Verkasalo, PK.; Iliadou, A.; Kaprio, J.; Koskenvuo, M.; Pukkala, E.; Skytthe, A.; Hemminki, K.
Environmental and heritable factors in the causation of cancer—analyses of cohorts of twins from Sweden, Denmark, and Finland.
N. Engl. ]. Med. 2000, 343, 78-85. [CrossRef] [PubMed]

Jasperson, K-W.; Tuohy, T.M.; Neklason, D.W.; Burt, RW. Hereditary and familial colon cancer. Gastroenterology 2010, 138,
2044-2058. [CrossRef]

Lorans, M.; Dow, E.; Macrae, F.A.; Winship, LM.; Buchanan, D.D. Update on Hereditary Colorectal Cancer: Improving the Clinical
Utility of Multigene Panel Testing. Clin. Color. Cancer 2018, 17, €293-e305. [CrossRef]

Weren, R.D.; Ligtenberg, M.].; Kets, C.M.; De Voer, R.M.; Verwiel, E.T.; Spruijt, L.; van Zelst-Stams, W.A.; Jongmans, M.C;
Gilissen, C.; Hehir-Kwa, ].Y,; et al. A germline homozygous mutation in the base-excision repair gene NTHL1 causes adenomatous
polyposis and colorectal cancer. Nat. Genet. 2015, 47, 668-671. [CrossRef]

Kuiper, R.P; Hoogerbrugge, N. NTHL1 defines novel cancer syndrome. Oncotarget 2015, 6, 34069-34070. [CrossRef]

Yan, H.N.H.; Lai, ].C.W.; Ho, S.L.; Leung, WK_; Law, W.L.; Lee, ] EY.; Chan, A K.W.,; Tsui, W.Y,; Chan, A.S.Y.; Lee, B.C.H.; et al.
RNF43 germline and somatic mutation in serrated neoplasia pathway and its association with BRAF mutation. Gut 2016, 66,
1645-1656. [CrossRef]

Gala, M.K; Mizukami, Y.; Le, L.P.; Moriichi, K.; Austin, T.; Yamamoto, M.; Lauwers, G.Y.; Bardeesy, N.; Chung, D.C. Germline
mutations in oncogene-induced senescence pathways are associated with multiple sessile serrated adenomas. Gastroenterology
2014, 146, 520-529. [CrossRef] [PubMed]

Briggs, S.; Tomlinson, I. Germline and somatic polymerase epsilon and delta mutations define a new class of hypermutated
colorectal and endometrial cancers. J. Pathol. 2013, 230, 148-153. [CrossRef]

Palles, C.; Cazier, ].-B.; Howarth, K.M.; Domingo, E.; Jones, A.M.; Broderick, P.; Kemp, Z.; Spain, S.L.; Guarino, E.; Salguero, I;
et al. Germline mutations affecting the proofreading domains of POLE and POLD1 predispose to colorectal adenomas and
carcinomas. Nat. Genet. 2013, 45, 136-144. [CrossRef] [PubMed]

Segui, N.; Mina, L.B.; Lazaro, C.; Sanz-Pamplona, R.; Pons, T.; Navarro, M.; Bellido, F.; Lopez-Doriga, A.; Valdés-Mas, R.; Pineda, M.; et al.
Germline Mutations in FAN1 Cause Hereditary Colorectal Cancer by Impairing DNA Repair. Gastroenterology 2015, 149, 563-566.
[CrossRef] [PubMed]

Nieminen, T.T.; O’'Donohue, M.-F.; Wu, Y.; Lohi, H.; Scherer, S.; Paterson, A.D.; Ellonen, P.; Abdel-Rahman, W.M.; Valo, S.;
Mecklin, ].-P; et al. Germline mutation of RPS20, encoding a ribosomal protein, causes predisposition to hereditary nonpolyposis
colorectal carcinoma without DNA mismatch repair deficiency. Gastroenterology 2014, 147, 595-598. [CrossRef] [PubMed]
Kumar, A.; Bandapalli, O.R.; Paramasivam, N.; Giangiobbe, S.; Diquigiovanni, C.; Bonora, E.; Eils, R.; Schlesner, M.; Hemminki,
K.; Forsti, A. Familial Cancer Variant Prioritization Pipeline version 2 (FCVPPv2) applied to a papillary thyroid cancer family. Sci.
Rep. 2018, 8, 11635. [CrossRef] [PubMed]

Bandapalli, O.R.; Paramasivam, N.; Giangiobbe, S.; Kumar, A.; Benisch, W.; Engert, A.; Witzens-Harig, M.; Schlesner, M.;
Hemminki, K.; Forsti, A. Whole genome sequencing reveals DICERI1 as a candidate predisposing gene in familial Hodgkin
lymphoma. Int. ]. Cancer 2018, 143, 2076-2078. [CrossRef] [PubMed]

Peradziryi, H.; Tolwinski, N.S.; Borchers, A. The many roles of PTK7: A versatile regulator of cell-cell communication. Arch.
Biochem. Biophys. 2012, 524, 71-76. [CrossRef]

Lhoumeau, A.-C.; Martinez, S.; Boher, ].-M.; Monges, G.; Castellano, R.; Goubard, A.; Doremus, M.; Poizat, F.; Lelong, B.;
De Chaisemartin, C.; et al. Overexpression of the Promigratory and Prometastatic PTK7 Receptor Is Associated with an Adverse
Clinical Outcome in Colorectal Cancer. PLoS ONE 2015, 10, €0123768. [CrossRef]

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

Stelzer, G.; Rosen, N.; Plaschkes, I.; Zimmerman, S.; Twik, M.; Fishilevich, S.; Stein, T.I.; Nudel, R.; Lieder, I.; Mazor, Y.; et al. The
GeneCards Suite: From Gene Data Mining to Disease Genome Sequence Analyses. Curr. Protoc. Bioinform. 2016, 54, 1.30.1-1.30.33.
[CrossRef]

Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alfoldi, J.; Wang, Q.; Collins, R.L.; Laricchia, KM.; Ganna, A;
Birnbaum, D.P; et al. Variation across 141,456 Human Exomes and Genomes Reveals the Spectrum of Loss-of-Function
Intolerance Across Human Protein-Coding Genes. bioRxiv 2019. [CrossRef]

Tamborero, D.; Rubio-Perez, C.; Deu-Pons, J.; Schroeder, M.P,; Vivancos, A.; Rovira, A.; Tusquets, I.; Albanell, J.; Rodon, J.;
Tabernero, J.; et al. Cancer Genome Interpreter annotates the biological and clinical relevance of tumor alterations. bioRxiv 2017,
140475. [CrossRef] [PubMed]

Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal 2013, 6, pl1. [CrossRef]
[PubMed]


http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1136/gutjnl-2015-310912
http://www.ncbi.nlm.nih.gov/pubmed/26818619
http://doi.org/10.1056/NEJM200007133430201
http://www.ncbi.nlm.nih.gov/pubmed/10891514
http://doi.org/10.1053/j.gastro.2010.01.054
http://doi.org/10.1016/j.clcc.2018.01.001
http://doi.org/10.1038/ng.3287
http://doi.org/10.18632/oncotarget.5864
http://doi.org/10.1136/gutjnl-2016-311849
http://doi.org/10.1053/j.gastro.2013.10.045
http://www.ncbi.nlm.nih.gov/pubmed/24512911
http://doi.org/10.1002/path.4185
http://doi.org/10.1038/ng.2503
http://www.ncbi.nlm.nih.gov/pubmed/23263490
http://doi.org/10.1053/j.gastro.2015.05.056
http://www.ncbi.nlm.nih.gov/pubmed/26052075
http://doi.org/10.1053/j.gastro.2014.06.009
http://www.ncbi.nlm.nih.gov/pubmed/24941021
http://doi.org/10.1038/s41598-018-29952-z
http://www.ncbi.nlm.nih.gov/pubmed/30072699
http://doi.org/10.1002/ijc.31576
http://www.ncbi.nlm.nih.gov/pubmed/29708584
http://doi.org/10.1016/j.abb.2011.12.019
http://doi.org/10.1371/journal.pone.0123768
http://doi.org/10.1002/cpbi.5
http://doi.org/10.1101/531210
http://doi.org/10.1186/s13073-018-0531-8
http://www.ncbi.nlm.nih.gov/pubmed/29592813
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210

Int. J. Mol. Sci. 2022, 23,1295 19 of 20

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Oga, T.; Yamashita, Y.; Soda, M.; Kojima, S.; Ueno, T.; Kawazu, M.; Suzuki, N.; Nagano, H.; Hazama, S.; Izumiya, M.; et al.
Genomic profiles of colorectal carcinoma with liver metastases and newly identified fusion genes. Cancer Sci. 2019, 110, 2973-2981.
[CrossRef] [PubMed]

Hunt, S.E.; McLaren, W,; Gil, L.; Thormann, A.; Schuilenburg, H.; Sheppard, D.; Parton, A.; Armean, I.M.; Trevanion, S.J.;
Flicek, P; et al. Ensembl variation resources. Database 2018, 2018, bay119. [CrossRef]

UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47, D506-D515. [CrossRef]
[PubMed]

The Cancer Genome Atlas Research Network; Weinstein, J.N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A;
Ellrott, K.; Shmulevich, I.; Sander, C.; Stuart, ].M. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 2013, 45,
1113-1120.

Wang, M.; De Marco, P; Merello, E.; Drapeau, P.; Capra, V.; Kibar, Z. Role of the planar cell polarity gene Protein tyrosine kinase 7
in neural tube defects in humans. Birth Defects Res. Part A Clin. Mol. Teratol. 2015, 103, 1021-1027. [CrossRef] [PubMed]
Rouillard, A.D.; Gundersen, G.W.; Fernandez, N.E; Wang, Z.; Monteiro, C.D.; McDermott, M.G.; Ma’Ayan, A. The harmonizome:
A collection of processed datasets gathered to serve and mine knowledge about genes and proteins. Database 2016, 2016, baw100.
[CrossRef]

Lahiri, D.K.; Schnabel, B. DNA isolation by a rapid method from human blood samples: Effects of MgCl2, EDTA, storage time,
and temperature on DNA yield and quality. Biochem. Genet. 1993, 31, 321-328. [CrossRef] [PubMed]

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef]

Li, H. A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter
estimation from sequencing data. Bioinformatics 2011, 27, 2987-2993. [CrossRef] [PubMed]

Rimmer, A.; Phan, H.T.; Mathieson, I.; Igbal, Z.; Twigg, S.; Wilkie, A.; McVean, G.; Lunter, G. Integrating mapping-, assembly-
and haplotype-based approaches for calling variants in clinical sequencing applications. Nat. Genet. 2014, 46, 912-918. [CrossRef]
[PubMed]

Wang, K.; Li, M.; Hakonarson, H. ANNOVAR: Functional annotation of genetic variants from high-throughput sequencing data.
Nucleic Acids Res. 2010, 38, e164. [CrossRef] [PubMed]

1000 Genomes Project Consortium; Auton, A.; Brooks, L.D.; Durbin, R.M.; Garrison, E.P,; Kang, H.M.; Korbel, ].O.; Marchini, J.L.;
McCarthy, S.; McVean, G.A.; et al. A global reference for human genetic variation. Nature 2015, 526, 68-74.

Smigielski, E.M.; Sirotkin, K.; Ward, M.; Sherry, S.T. dbSNP: A database of single nucleotide polymorphisms. Nucleic Acids Res.
2000, 28, 352-355. [CrossRef]

Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’'Donnell-Luria, A.H.; Ware, J.S.; Hill, A.].;
Cummings, B.B.; et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature 2016, 536, 285-291. [CrossRef]
Kircher, M.; Witten, D.M,; Jain, P.; O’roak, B.J.; Cooper, G.M.; Shendure, J. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat. Genet. 2014, 46, 310-315. [CrossRef]

Cooper, G.M.; Stone, E.A.; Asimenos, G.; NISC Comparative Sequencing Program; Green, E.D.; Batzoglou, S.; Sidow, A.
Distribution and intensity of constraint in mammalian genomic sequence. Genome Res. 2005, 15, 901-913. [CrossRef]

Siepel, A.; Bejerano, G.; Pedersen, ].S.; Hinrichs, A.S.; Hou, M.; Rosenbloom, K.; Clawson, H.; Spieth, J.; Hillier, LW,
Richards, S.; et al. Evolutionarily conserved elements in vertebrate, insect, worm, and yeast genomes. Genorme Res. 2005,
15, 1034-1050. [CrossRef]

Petrovski, S.; Wang, Q.; Heinzen, E.L.; Allen, A.; Goldstein, D.B. Genic intolerance to functional variation and the interpretation
of personal genomes. PLoS Genet 2013, 9, €1003709. [CrossRef]

Ward, L.D.; Kellis, M. HaploReg: A resource for exploring chromatin states, conservation, and regulatory motif alterations within
sets of genetically linked variants. Nucleic Acids Res. 2012, 40, D930-D934. [CrossRef]

XLiu, X.; Wu, C,; Li, C.; Boerwinkle, E. dbNSFP v3.0: A One-Stop Database of Functional Predictions and Annotations for Human
Nonsynonymous and Splice-Site SNVs. Hum. Mutat. 2016, 37, 235-241.

Von Holst, S.; Jiao, X.; Liu, W.; Kontham, V.; Thutkawkorapin, J.; Ringdahl, J.; Bryant, P.; Lindblom, A. Linkage analysis revealed
risk loci on 6p21 and 18p11.2-q11.2 in familial colon and rectal cancer, respectively. Eur. |. Hum. Genet. 2019, 27, 1286-1295.
[CrossRef] [PubMed]

Lei, Y;; Kim, S.E.; Chen, Z.; Cao, X.; Zhu, H.; Yang, W.; Shaw, G.M.; Zheng, Y.; Zhang, T.; Wang, H.; et al. Variants identified in
PTKY7 associated with neural tube defects. Mol. Genet. Genom. Med. 2019, 7, e00584. [CrossRef] [PubMed]

Liu, K; Song, G.; Zhang, X; Li, Q.; Zhao, Y.; Zhou, Y.; Xiong, R.; Hu, X.; Tang, Z.; Feng, G. PTK? is a novel oncogenic target for
esophageal squamous cell carcinoma. World . Surg. Oncol. 2017, 15, 105. [CrossRef] [PubMed]

Gorringe, K.L.; Boussioutas, A.; Bowtell, D.D.L.; Melbourne Gastric Cancer Group. Novel regions of chromosomal amplification
at 6p21, 5p13, and 12q14 in gastric cancer identified by array comparative genomic hybridization. Genes Chromosomes Cancer 2005,
42,247-259. [CrossRef] [PubMed]

Ataseven, B.; Angerer, R; Kates, R.; Gunesch, A.; Knyazev, P.; Hogel, B.; Becker, C.; Eiermann, W.; Harbeck, N. PTK7 expression
in triple-negative breast cancer. Anticancer. Res. 2013, 33, 3759-3763.


http://doi.org/10.1111/cas.14127
http://www.ncbi.nlm.nih.gov/pubmed/31293054
http://doi.org/10.1093/database/bay119
http://doi.org/10.1093/nar/gky1049
http://www.ncbi.nlm.nih.gov/pubmed/30395287
http://doi.org/10.1002/bdra.23422
http://www.ncbi.nlm.nih.gov/pubmed/26368655
http://doi.org/10.1093/database/baw100
http://doi.org/10.1007/BF00553174
http://www.ncbi.nlm.nih.gov/pubmed/8274138
http://doi.org/10.1093/bioinformatics/btp324
http://doi.org/10.1093/bioinformatics/btr509
http://www.ncbi.nlm.nih.gov/pubmed/21903627
http://doi.org/10.1038/ng.3036
http://www.ncbi.nlm.nih.gov/pubmed/25017105
http://doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
http://doi.org/10.1093/nar/28.1.352
http://doi.org/10.1038/nature19057
http://doi.org/10.1038/ng.2892
http://doi.org/10.1101/gr.3577405
http://doi.org/10.1101/gr.3715005
http://doi.org/10.1371/annotation/32c8d343-9e1d-46c6-bfd4-b0cd3fb7a97e
http://doi.org/10.1093/nar/gkr917
http://doi.org/10.1038/s41431-019-0388-3
http://www.ncbi.nlm.nih.gov/pubmed/30952955
http://doi.org/10.1002/mgg3.584
http://www.ncbi.nlm.nih.gov/pubmed/30689296
http://doi.org/10.1186/s12957-017-1172-x
http://www.ncbi.nlm.nih.gov/pubmed/28545451
http://doi.org/10.1002/gcc.20136
http://www.ncbi.nlm.nih.gov/pubmed/15611932

Int. J. Mol. Sci. 2022, 23,1295 20 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

Gobble, RM.; Qin, L.-X,; Brill, E.R.; Angeles, C.V.; Ugras, S.; O’Connor, R.; Moraco, N.H.; Decarolis, P.L.; Antonescu, C.; Singer, S.
Expression profiling of liposarcoma yields a multigene predictor of patient outcome and identifies genes that contribute to
liposarcomagenesis. Cancer Res. 2011, 71, 2697-2705. [CrossRef] [PubMed]

Miiller-Tidow, C.; Schwible, J.; Steffen, B.; Tidow, N.; Brandt, B.; Becker, K.; Schulze-Bahr, E.; Halfter, H.; Vogt, U.; Metzger, R.;
et al. High-throughput analysis of genome-wide receptor tyrosine kinase expression in human cancers identifies potential novel
drug targets. Clin. Cancer Res. 2004, 10, 1241-1249. [CrossRef]

Shangguan, D.; Cao, Z.; Meng, L.; Mallikaratchy, P; Sefah, K.; Wang, H.; Li, Y.; Tan, W. Cell-specific aptamer probes for membrane
protein elucidation in cancer cells. J. Proteome Res. 2008, 7, 2133-2139. [CrossRef]

Girtner, S.; Gunesch, A.; Knyazeva, T.; Wolf, P; Hogel, B.; Eiermann, W.; Ullrich, A.; Knyazev, P.; Ataseven, B. PTK 7 is a
transforming gene and prognostic marker for breast cancer and nodal metastasis involvement. PLoS ONE 2014, 9, e84472.
[CrossRef] [PubMed]

Prebet, T.; Lhoumeau, A.-C.; Arnoulet, C.; Aulas, A.; Marchetto, S.; Audebert, S.; Puppo, E; Chabannon, C.; Sainty, D.;
Santoni, M.-].; 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. [CrossRef] [PubMed]

Ataseven, B.; Gunesch, A.; Eiermann, W.; Kates, R.E.; Hoegel, B.; Knyazev, P; Ullrich, A.; Harbeck, N. PTK7 as a potential
prognostic and predictive marker of response to adjuvant chemotherapy in breast cancer patients, and resistance to anthracycline
drugs. OncoTargets Ther. 2014, 7, 1723-1731. [CrossRef] [PubMed]

Shin, W.-S.; Kwon, J.; Lee, HW.,; Kang, M.C.; Na, H.-W.; Lee, S.-T.; Park, J.H. Oncogenic role of protein tyrosine kinase 7 in
esophageal squamous cell carcinoma. Cancer Sci. 2013, 104, 1120-1126. [CrossRef]

Lin, Y,; Zhang, L.-H.; Wang, X.-H.; Xing, X.-E,; Cheng, X.-].; Dong, B.; Hu, Y.; Du, H.; Li, Y.-A.; Zhu, Y.-B,; et al. PTK7 as a novel
marker for favorable gastric cancer patient survival. ]. Surg. Oncol. 2012, 106, 880-886. [CrossRef]

Wang, H.; Li, G.; Yin, Y.; Wang, J.; Wang, H.; Wei, W.; Guo, Q.; Ma, H.; Shi, Q.; Zhou, X; et al. PTK? protein is decreased in
epithelial ovarian carcinomas with poor prognosis. Int. . Clin. Exp. Pathol. 2014, 7, 7881-7889.

Kim, J.-H.; Kwon, |.; Lee, HW.,; Kang, M.C.; Yoon, H.-].; Lee, S.-T.; Park, ].H. Protein tyrosine kinase 7 plays a tumor suppressor
role by inhibiting ERK and AKT phosphorylation in lung cancer. Oncol. Rep. 2014, 31, 2708-2712. [CrossRef]

Chen, R.; Khatri, P.; Mazur, P; Polin, M.; Zheng, Y.; Vaka, D.; Hoang, C.D.; Shrager, J.; Xu, Y.; Vicent, S.; et al. A meta-analysis
of lung cancer gene expression identifies PTK7 as a survival gene in lung adenocarcinoma. Cancer Res. 2014, 74, 2892-2902.
[CrossRef]

Jiang, W.; He, J.; Lv, B; Xi, X.; He, G.; He, J. PTK7 expression is associated with lymph node metastasis, ALK and EGFR mutations
in lung adenocarcinomas. Histol. Histopathol. 2019, 35, 18183.

Peradziryi, H.; Kaplan, N.A.; Podleschny, M.; Liu, X.; Wehner, P; Borchers, A.; Tolwinski, N.S. PTK7/Otk interacts with Wnts and
inhibits canonical Wnt signalling. EMBO J. 2011, 30, 3729-3740. [CrossRef]

Berger, H.; Breuer, M.; Peradziryi, H.; Podleschny, M.; Jacob, R.; Borchers, A. PTK7 localization and protein stability is affected by
canonical Wnt ligands. J. Cell Sci. 2017, 130, 1890-1903. [CrossRef] [PubMed]

Martinez, S.; Scerbo, P.; Giordano, M.; Daulat, A.M.; Lhoumeau, A.-C.; Thomé, V.; Kodjabachian, L.; Borg, J.-P. The PTK7 and
ROR?2 Protein Receptors Interact in the Vertebrate WNT /Planar Cell Polarity (PCP) Pathway. J. Biol. Chem. 2015, 290, 30562-30572.
[CrossRef] [PubMed]

Podleschny, M.; Grund, A.; Berger, H.; Rollwitz, E.; Borchers, A. A PTK7/Ror2 Co-Receptor Complex Affects Xenopus Neural
Crest Migration. PLoS ONE 2015, 10, e0145169. [CrossRef] [PubMed]

Nie, X.; Liu, H.; Liu, L.; Wang, Y.-D.; Chen, W.-D. Emerging Roles of Wnt Ligands in Human Colorectal Cancer. Front. Oncol.
2020, 10, 1341. [CrossRef]

WShin, W.-S.; Gim, J.; Won, S.; Lee, S.-T. Biphasic regulation of tumorigenesis by PTK7 expression level in esophageal squamous
cell carcinoma. Sci. Rep. 2018, 8, 8519.

Lee, HK.; Chauhan, S.K ; Kay, E.; Dana, R. Flt-1 regulates vascular endothelial cell migration via a protein tyrosine kinase-7-
dependent pathway. Blood 2011, 117, 5762-5771. [CrossRef]

Wu, D.; Pan, W. GSK3: A multifaceted kinase in Wnt signaling. Trends Biochem. Sci. 2010, 35, 161-168. [CrossRef]

Golubkov, V.S.; Strongin, A.Y. Downstream signaling and genome-wide regulatory effects of PTK7 pseudokinase and its
proteolytic fragments in cancer cells. Cell Commun. Signal. 2014, 12, 15. [CrossRef]

Mouravlev, A.; Young, D.; During, M.]. Phosphorylation-dependent degradation of transgenic CREB protein initiated by
heterodimerization. Brain Res. 2007, 1130, 31-37. [CrossRef]

Okoshi, R.; Ando, K.; Suenaga, Y.; Sang, M.; Kubo, N.; Kizaki, H.; Nakagawara, A.; Ozaki, T. Transcriptional regulation of tumor
suppressor p53 by cAMP-responsive element-binding protein/ AMP-activated protein kinase complex in response to glucose
deprivation. Genes Cells 2009, 14, 1429-1440. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-10-3588
http://www.ncbi.nlm.nih.gov/pubmed/21335544
http://doi.org/10.1158/1078-0432.CCR-0954-03
http://doi.org/10.1021/pr700894d
http://doi.org/10.1371/journal.pone.0084472
http://www.ncbi.nlm.nih.gov/pubmed/24409301
http://doi.org/10.1182/blood-2010-01-262352
http://www.ncbi.nlm.nih.gov/pubmed/20558616
http://doi.org/10.2147/OTT.S62676
http://www.ncbi.nlm.nih.gov/pubmed/25336969
http://doi.org/10.1111/cas.12194
http://doi.org/10.1002/jso.23154
http://doi.org/10.3892/or.2014.3164
http://doi.org/10.1158/0008-5472.CAN-13-2775
http://doi.org/10.1038/emboj.2011.236
http://doi.org/10.1242/jcs.198580
http://www.ncbi.nlm.nih.gov/pubmed/28420671
http://doi.org/10.1074/jbc.M115.697615
http://www.ncbi.nlm.nih.gov/pubmed/26499793
http://doi.org/10.1371/journal.pone.0145169
http://www.ncbi.nlm.nih.gov/pubmed/26680417
http://doi.org/10.3389/fonc.2020.01341
http://doi.org/10.1182/blood-2010-09-306928
http://doi.org/10.1016/j.tibs.2009.10.002
http://doi.org/10.1186/1478-811X-12-15
http://doi.org/10.1016/j.brainres.2006.10.076
http://doi.org/10.1111/j.1365-2443.2009.01359.x

