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Abstract. — OBJECTIVE: To evaluate the pos-
sible involvement of PTK7 in the progression of
human thyroid cancer and assess its potential
effects on the proliferation and apoptosis of thy-
roid cancer.

PATIENTS AND METHODS: Immunohisto-
chemical (IHC) assays and clinical significance
analysis were performed to explore the correla-
tions between PTK7 expression and clinical char-
acteristics of patients with thyroid cancer. Quan-
titative PCR assays and Immunoblot assays were
performed to detect the expression of PTK7 in
control or PTK7 shRNA plasmids transfected thy-
roid cancer cells. MTT assays were performed to
detect the effects on the proliferation of thyroid
cancer cells. Flow cytometry (FCM) assays were
performed to assess the changes in cell apopto-
sis of thyroid cancer. Additionally, the effects of
PTK7 on tumor growth were detected through in
vivo tumor growth assays.

RESULTS: PTK7 is highly expressed in human
thyroid cancer tissues, and its expression levels
are associated with the clinical characteristics,
including TNM stage (p=0.015*), and intraglan-
dular dissemination (p=0.024*) of patients with
thyroid cancer. PTK7 ablation inhibits cell prolif-
eration and stimulates cell apoptosis of thyroid
cancer in vitro. Additionally, PTK7 contributes
to tumor growth of thyroid cancer cells in mice.

CONCLUSIONS: We demonstrated the in-
volvement of PTK7in the progression of thy-
roid cancer, and therefore provided a novel and
promising therapeutic target for thyroid cancer
treatment.
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Introduction

Thyroid cancer is the most common endo-
crine cancer with high morbidity'?. The pre-
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dominant prevalence subtype of thyroid cancer
is papillary thyroid cancer (PTC)®. In decades,
the main treatment for thyroid cancer is surgical
excision combined with radiotherapy and che-
motherapy*. Although the prognosis of thyroid
cancer is an improvement, some thyroid patients
still have local infiltration, lymphatic metastasis
or distant metastasis in the early stage, which al-
so increases the mortality of patients™®. Similar
to a series of tumors, targeted therapy for thy-
roid cancer has shown great promise in recent
years’. Therapeutic drugs developed against tar-
gets such as EGFR and VEGFR have achieved
good therapeutic effects®. However, to improve
the survival rate of thyroid cancer patients, it is
still necessary to develop novel effective thera-
peutic targets.

Protein tyrosine kinase 7 (PTK7) belongs to
the receptor protein tyrosine kinase-like family?®.
PTK7 is a cyto-membrane protein highly ex-
pressed in CCRF-CEM cells'’. Previous studies
also demonstrated the involvement of PTK7 in
multiple physiological processes, such as tissue
morphogenesis and patterning'-'2. Additionally,
PTK7 could serve as regulator in the Wnt and
planar cell polarity (PCP) signaling pathway'*'“.
It has also been reported that the mutations in
PTK7 could lead to scoliosis and the defects of
human neural tube closure'.

Notably, the potential role of PTK7 in the
progression of multiple cancers has been widely
revealed'®. PTK7 was highly expressed in several
cancers, such as gastric cancer, lung cancer, and
colon cancer'”". In liposarcoma, PTK7 affect-
ed cell proliferation and invasion®. PTK7 also
contributes to cancer stemness of head and neck
cancer?'. Despite its important role in series of
tumors, the potential impact of PTK7 on thyroid
cancer remains unclear.
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In this study, we found the high expression
of PTK7 in human thyroid cancer tissues. PTK7
was correlated with clinical characteristics of
thyroid cancer patients. The depletion of PTK7
suppressed the proliferation and stimulated the
apoptosis of thyroid cancer cells in vitro. We
further found that PTK7 promoted tumor growth
of thyroid cancer cells in mice. We therefore pro-
vided a novel and promising therapeutic target for
the treatment of thyroid cancer.

Patients and Methods

Antibodies and Primers

Rabbit anti-PTK7 (1:200 dilution for ITHC;
1:1000 dilution for Immunoblot, ab62074, Ab-
cam, Cambridge, UK), Mice anti-f-actin (1:1000
dilution, ab5694, Abcam, Cambridge, UK).

The quantitative PCR primer sequences of
PTK7 are as follows: forward, 5-CAGTTCCT-
GAGGATTTCCAAGAG-3’ and reverse, 5-TG-
CATAGGGCCACCTTC-3’; the quantitative PCR
primer sequences of GAPDH are as follows:
5-AACGGATTTGGTCGTATTGGG-3’ and re-
verse, 5-TCGCTCCTGGAAGATGGTGAT-3".
shRNA plasmids (Ready-to-package AAV) of
PTK?7 were purchased from the Addgene plc, and
the targeted sequences of the shRNA plasmids
were as follows:5- AACATCAAATGGATT-
GAGGCAGG -3'.

Human Tissue Samples and Analysis

A total number of 79 human thyroid cancer
tissues and adjacent tissues measured in this
study were collected from patients receiving
surgical treatment in the second affiliated hos-
pital of Nanchang University. The clinical char-
acteristics are precisely recorded and listed in
Table I.

To explore the possible link between PTK7
expression levels and thyroid cancer, immunohis-
tochemical (IHC) assays were performed. Briefly,
sample sections were fixed with 4% paraformal-
dehyde (PFA) for 30 minutes and subsequently
blocked with 2% bovine serum albumin (BSA)
for another 30 minutes. Slides were subsequently
incubated with PTK7 antibodies at room tem-
perature for 2 hours. Then, the sections were
incubated with biotinylated secondary antibody
for 1.5 hours, and diaminobenzidine (DAB) was
used as a chromogen substrate.

According to the staining results of IHC
assays, we found that PTK7 mainly existed in
the cytoplasm of human thyroid cancer tissues.
We performed a scoring method as follows.
Briefly, the proportion of positive stained cells
was graded as follows: 0 = 0% stained cells;
1 represented 1-30% stained cells; 2 indicat-
ed 31-70% stained cells; 3 = 71-100% stained
cells. The staining intensity was evaluated on
a score of 0 (negative), 1 (low), 2 (modest) and
3 (strong). Additionally, the expression levels

Table I. Relationships of PTK7 and clinicopathological characteristics in 79 patients.

PTK7 expression
Feature Alln=179 Low n =18 High n = 61 x? P
Age (year) 2.159 0.142
<45 28 9 19
>45 51 9 42
Gender 3.436 0.064
Male 18 7 11
Female 61 11 50
TNM stage 5.940 0.015*
TI1-T2 33 12 21
T3-T4 46 6 40
Tumor size 1.765 0.184
<2cm 25 8 17
>2cm 54 10 44
Lymph node metastasis 0.034 0.854
Yes 38 9 29
No 41 9 32
Intraglandular dissemination 5.123 0.024%*
Yes 36 4 32
No 43 14 29
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of PTK7 were detected based on the staining
index: score of staining intensity X score of
stained cells percentage. Staining index <5
was considered PTK7 low expression, whereas
staining index > 5 or = 5 was thought the high
expression of PTK7.

Cell Culture and Transfection

The two types of human thyroid cancer cell
lines: TPC-1 and KTC-1, were bought from Amer-
ican Type Culture Collection (ATCC, Manassas,
VA, USA). TPC-1 cells were cultured in Ros-
well Park Memorial Insitute-1640 (RPMI-1640)
culture medium. KTC-1 cells were maintained
in F-12K culture medium with 1% NEAA. All
thyroid cancer cells were supplemented with 10%
of fetal bovine serum (FBS) at 37°C in a 5% CO,
incubator.

The control or PTK7 shRNA plasmids were
transfected intoTPC-1 and KTC-1 cells by lipo-
fectamine 3000 (L3000015, Thermo Fisher Sci-
entific, Waltham, MA, USA). Stable knockdown
clones were screened by lentivirus infection and
used for the in vivo assays.

Quantitative PCR Assay

To extract total RNA from human thyroid
cancer cells. TRIzol (15596026, Invitrogen,
Carlsbad, CA, USA) agent was used. Subse-
quently the RNA was reverse-transcribed by
reverse transcriptase (M1701, Promega, Madi-
son, WI, USA). Then, it was reverse transcribed
to produce cDNA through synthesis system.
After getting the cDNA, quantitative PCR was
performed using SYBR Ex Taq kit (638319,
TaKaRa, Otsu, Shiga, Japan), and the relative
expression of PTK7 was normalized to the ex-
pression of GAPDH.

Immunoblot Assays

TPC-1 and KTC-1 were lysed by radio immu-
noprecipitation assay (RIPA) cell lysis buffer and
the total proteins were isolated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) assays. After trans-membrane, the
polyvinylidene difluoride (PVDF) membranes
were blocked with 5% milk and subsequently
incubated with the primary antibodies for the
detection of PTK7 and B-actin at room tempera-
ture for 2 hours. Then, PVDF membranes were
washed with Tris-Buffered Saline and Tween-20
(TBST) and incubated with horseradish perox-
idase (HRP)-conjugate secondary antibodies at
room temperature for 45 minutes. After washing

with TBST buffer for 4 times, interest signals
were detected using an enhanced chemilumines-
cence (ECL) kit.

Cell Proliferation Assays

For colony formation assays, approximately
500 cancer cells were seeded into a 6-well culture
plate. The medium was replaced with fresh medi-
um every 3 days. After 2 weeks, cells were fixed
with PFA for 30 minutes and stained with 0.1%
crystal violet at room temperature for 30 minutes
and washed with PBS twice. Then, the colony
number was manually counted.

For MTT assays, approximately 1000 cells
were added into each well of 96-well plates and
maintained for 4 days. Subsequently, cells were
incubated with MTT for 4 hours and removed
the medium. Subsequently, cells were washed
with phosphate-buffered saline (PBS) twice. Af-
ter washing, 200-pL dimethyl sulfoxide (DMSO)
was added into each well to fully dissolve, and
the OD value was measured with a microplate
reader at 570 nm.

Cell Apoptosis Assays

TPC-1 and KTC-Icells were transfected with
control or PTK7 shRNA plasmids and then resus-
pended, washed twice with PBS. Subsequently
cells were incubated with annexin V-FITC and
propidium iodide (PI) at 25°C for 20 minutes in
the dark. After filtering, samples were analyzed
by a FACSCalibur flow cytometer (BD Bioscienc-
es, Franklin Lakes, NJ, USA).

Tumor Growth Assay

All animal assay processes were approved by
our Institutional Animal Care and Use Commit-
tee (IACUC). TPC-1 cells were stably infected
with control or PTK7 shRNA lentivirus. About
5X10° control or PTK7-depletion TPC-1 cells
were subcutaneously implanted into athymic
nude mice. After 2 weeks, tumors were isolated,
and the volume of each tumor was measured
every 7 days. After 49 days, all tumors were
isolated from mice, and the growth curves were
calculated.

Statistical Analysis

GraphPad 5.0 software (La Jolla, CA, USA)
was used for statistical analysis in this study.
All results were represented as mean = SD. The
analysis of correlation between clinical features
and PTK7 expression levels was performed by »°
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analysis. Student’s 7-test was used for statistical
comparisons. *Indicates p < 0.05 and it represents
significant.

Results

PTK7 Was High Expression in Human
Thyroid Cancer and Associated With
the Clinical Features of Patients

To investigate the possible role of PTK7 in the
progression of thyroid cancer, we first detected
the expression levels of PTK7 in human thyroid
cancer tissues and the adjacent tissues through
IHC assays. A total number of 79 patients with
thyroid cancer who underwent surgical resection
in our hospital were included in this assay. Ac-
cording to the results of IHC assays, we found
the evident high expression of PTK7 in thyroid
cancer tissues compared to adjacent tissues (Fig-
ure 1A, B).

We next assessed the clinical significance be-
tween PTK7 expression in thyroid cancer tissues
and clinical characteristics. 18 patients exhib-
ited low PTK7 expression, whereas 61 showed
high expression (Table I). Patient gender, age,
tumor size, TNM stage, lymph node metas-
tasis, intraglandular dissemination et al. were
analyzed, respectively. According to the results,
no significant correlation was found in features
such as patient age (p=0.142), gender (p=0.064),

tumor size (p=0.184), and lymph node metasta-
sis (p=0.854) between low and high expression
PTK?7 groups (Table I). Of note, we noticed that
PTK7 expression level was significantly cor-
related with TNM stage (p=0.015%), and intrag-
landular dissemination (p=0.024*) in thyroid
cancer patients (Table ). We, therefore, revealed
thatPTK7 expression levels were associated with
clinical pathologic features of patients who un-
derwent thyroid cancer.

Collectively, we found that PTK7 was high
expression in human thyroid cancer tissues and
correlated with the clinical characteristics of thy-
roid cancer.

PTK7 Depletion Restrains the
Proliferation of Thyroid Cancer Cells
In Vitro

To explore the possible involvement of PTK7
in the progression of thyroid cancer, the sShRNA
plasmids targeted PTK7 were used and transfect-
ed into two types of thyroid cancer cells, TPC-1
and KTC-1 cells, to deplete its expression. Both
quantitative PCR assays and Immunoblot assays
showed the transfection of PTK7 shRNA plas-
mids effectively decrease its expression levels in
both TPC-1 and KTC-1 cells, compared to the
control shRNA group. (Figure 2A and 2B).

Cell proliferation is critical in cancer progres-
sion. Therefore, we performed colony formation
assays to investigate whether PTK7 affected the

100
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Figure 1. PTK7 was highly expressed in human thyroid cancer tissues. A, IHC assays were performed to detect PTK7
expression in human thyroid cancer tissues, and the representative photographs were shown (X100 and x200 magnification,
respectively). B, The results of IHC assays exhibited the expression levels of PTK7in corresponding non-tumor tissues (X100

and x200 magnification, respectively).
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Figure 2. PTK7 expression was effectively reduced in both TPC-1 and KTC-1 cells after the transfection of its sShRNA plasmids.
A, Quantitative PCR assays exhibited the effectively decrease expression of PTK7 after the transfection of its sSiRNA plasmids in
TPC-1 and KTC-I cells, respectively. B, Immunoblot assays exhibited the obvious decrease of PTK7 expression levels following
the transfection of its ShRNA in TPC-1 and KTC-1 cells. Results are presented as mean + SD, * p < 0.05.

proliferation of thyroid cancer cells. Through
colony formation assays, we found that the
ablation of PTK7 dramatically suppressed the
proliferation of TPC-1 and KTC-1 cells, re-
spectively, with the obvious decrease in colony
number (Figure 3A). Consistent with the results
of colony formation assays, we found that PTK7
significantly blocked proliferate capacity of thy-
roid cancer cells through MTT assays (Figure
3B). In conclusion, these results revealed that
PTKY7 significantly suppressed the proliferation
of thyroid cancer cells.

Knockdown of PTK7 Induces Thyroid
Cancer Cell Apoptosis

For cancer development, the suppression of
apoptosis will greatly fascinate this process. We
therefore examined whether PTK7 affected cell
apoptosis of thyroid cancer. Through flow cy-
tometry analysis, we noticed that PTK7 ablation
significantly contributed to the apoptosis of TPC-
1 and KTC-1 cells, with an increased percentage
of apoptosis cells (Figure 3C).

PTK7 Promotes Tumor Growth of
Thyroid Cancer Cells In Vivo

We then explored whether PTK7 promoted
tumor growth of thyroid cancer cells in mice.
Tumor growth assays were performed. TPC-1
cells were infected with PTK7 shRNA lenti-
virus to stably deplete its expression. Control
or PTK7 stable depletion TPC-1 cells were
injected subcutaneously into nude mice. Af-
ter 2 weeks, mice tumors were isolated from
each group once a week, photographed, and
the volume of tumors was measured. After 49
days, all tumors were isolated. Representative
images and the growth curve were exhibited in
Figure 4A. According to the results, we found
the volume of tumors in PTK7 depletion groups
was significantly smaller than that in control
groups (Figure 4A). In addition, the effective
decrease of PTK7expression in PTK7 stable de-
pletion tumor tissue was detected through THC
assays (Figure 4B). In summary, we revealed
thatPTK?7 fascinates tumor growth of thyroid
cancer cells in mice.
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Figure 3. PTK?7 fascinates cell proliferation and inhibits cell apoptosis of thyroid cancer. A, Colony formation assays were
performed in TPC-1 and KTC-1 cells, and the number of colonies was manually counted. B, MTT assays were conducted
using TPC-1 and KTC-1 cells transfected with control or PTK7 shRNA plasmids, and the OD value at 570 nm wavelength was
measured. C, FCM assays were performed using TPC-1 and KTC-1 cells transfected with control or PTK7 shRNA plasmids,
and the percentage of apoptosis cells was compared between control and PTK7 depletion groups. Results are presented as

mean + SD, * p <0.05.

Discussion

Although the traditional treatment methods for
thyroid cancer have significantly improved, high
invasiveness and recurrence rates result in low
quality of life in patients with thyroid cancer®??.
To combat this disease more effectively, we still
need to further understand its pathogenesis, and
find more effective therapeutic targets*. A large

number of studies have reported that multiple
members of the receptor protein tyrosine ki-
nase-like family could extensively affect the pro-
gression and development of cancer”. Here we
identified a receptor protein tyrosine kinase-like
protein, PTK7, which was highly expressed in hu-
man thyroid cancer tissues. Through the analysis
of tumor tissues from 79 patients who underwent
thyroid cancer, our data further proved that PTK7
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Figure 4. PTK?7 contributes to tumor growth of thyroid
cancer in mice. A, TPC-1 cells infected with control or
PTK7 shRNA lentivirus were subcutaneously implanted
into nude mice. After two weeks, tumors were isolated,
photographed, and tumor volume was measured once a
week. Tumor growth curves were calculated and analyzed
and evaluated in PTK7 knockdown and control groups.
B, IHC assays showed the expression levels of PTK7 in
tumors from control or PTK7 ablation groups, (x200).
Results are presented as mean + SD, * p <0.05.

was associated with clinical-pathological charac-
teristics including TNM stage (p=0.015%), and
intraglandular dissemination (p=0.024%*). Our re-
sults also demonstrated the involvement of PTK7
in the progression of thyroid cancer. We, there-
fore, identified PTK?7 as a novel therapeutic target
for the treatment of thyroid cancer.

The critical role of PTK7 has been widely
revealed in multiple types of cancers''’. High ex-
pression of PTK7 was also identified in multiple
cancers such as lung cancer and colon cancer'”!¥,
Similarly, here we noticed that PTK7 was highly
expressed in human thyroid cancer tissues, sug-
gesting the critical role of PTK7 in thyroid cancer
progression. Through colony formation assay,
MTT assay, and FCM assay, we found PTK7 sig-
nificantly affected the proliferation and apoptosis

of thyroid cancer cells in vitro. Consistent with
these data, we also found PTK7 promoted tumor
growth of thyroid cancer cells in vivo. Similarly,
Shin et al** showed that the depletion of PTK7
inhibited cell proliferation, migration, and inva-
sion via targeting ERK, JNK, p38, Akt and FAK
in esophageal cancer. Additionally, a miRNA,
miR2055p, regulated the proliferation, migration
and invasion of colorectal cancer cells via tar-
geting PTK7%. PTK7 was also correlated with
the poor prognosis of glioma and mediated the
expression of Idl in CD44-high glioma cells®.
This study is the first to confirm the important
role of PTK7 in the progression of thyroid cancer.
We also found that PTK7 not only regulates tu-
mor cell proliferation, but also affects apoptosis,
which is different from the effects of PTK7 on
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other tumors. However, the detailed molecular
mechanisms still need further study.

Notably, in some types of cancers, PTK7 was
significantly downregulated, including metastat-
ic melanoma and ovarian carcinoma®™?. This is
completely different from what we found. We
revealed that the expression of PTK7 in thyroid
cancer was significantly up-regulated, which,
combined with the study results in other tumors,
suggested the complexity of PTK7 in the regula-
tion of tumor development.

In addition to its effect on tumors, PTK7 also
affects a variety of other physiological and patho-
logical processes’®. PTK7 has been implicated
in the pathogenesis of scoliosis and neural tube
defects'>*. PTK7 plays a key role in the regula-
tion of Wnt and PCP signaling pathways known
to regulate development and homeostasis, and
the defects of PTK7 are probably of clinical rel-
evance®. As was known, both PCP and WNT
signaling pathways could widely affect tumor
progression®*2, We next should explore wheth-
er PTK7 might be involved in the regulation of
thyroid cancer development through the PCP and
WNT signaling pathways.

Conclusions

Collectively, our current findings declare that
PTK7 is highly expressed in human thyroid can-
cer tissues, and its expression levels are correlat-
ed with the clinical characteristics of patients
with thyroid cancer. PTK7 ablation results in the
inhibition of cell proliferation and the induction
of cell apoptosis in vitro. Additionally, PTK7con-
tributes to the growth of thyroid cancer in mice.
These results help to provide a novel and promis-
ing therapeutic target for the treatment of thyroid
cancer in the future.
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