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Abstract
Aim: Thyroid cancer (TC) is the most common malignant tumor of the endocrine system. Studies have
showed that Triiodothyronine (T3) promotes the proliferation of papillary thyroid cancer (PTC) cells, but
the speci�c mechanism remains unclear. Several studies have showed that PDZK1 played important
roles in the occurrence and development of cancer. However, the biological function of PDZK1 in PTC
remains unclear. Therefore, the aims of this study were to investigate the effect of PDZK1 in PTC and the
underlying mechanism.

Materials and Methods: The effect of T3 on proliferation of PTC cell (TPC-1) was analyzed by colony
formation assay and real time cell analysis. Immuno�uorescence staining aimed to analyze protein
expression. RNA-seq was used to analyze the expression of PDZK1. Meanwhile, Western blot was used to
verify the protein expression. The effect of PDZK1 on PTC cell proliferation was investigated by Cell
Counting Kit-8(CCK8), real time cell analysis, �ow cytometry and transwell assay, respectively.

Results: We found that T3 increased the expression of PDZK1 in TPC-1 cells and promote the
proliferation of TPC-1 cells which can be weakened after PDZK1 was knocked down.
Immuno�uorescence staining showed that the expression of PDZK1 was higher in PTC than
paracancerous tissues. And the analysis of 6 benign thyroid nodules and 4 thyroid cancer tissues by
RNA-Seq showed that the expression of PDZK1 was increased in PTC tissues, the expression of PDZK1
was also increased in PTC cells compared with the normal thyroid epithelium. In addition, PDZK1
promoted TPC-1 cell proliferation was detected by real-time cell analysis (RTCA) and CCK8. Flow
cytometry analysis showed that PDZK1 increased cell cycle at S phase and decreased at G1 phase of
TPC-1. PDZK1 promoted the invasion of TPC-1 cell was tested by transwell.

Conclusion: These results suggest that T3 can promote the proliferation of PTC cells, which may be
mediated by PDZK1. This study illustrates a possible mechanism by which T3 promotes the proliferation
of PTC and provides a theoretical basis for the prevention and treatment of PTC. 

1. Introduction
Thyroid cancer (TC) is the most common malignant tumor of the endocrine system [1]. The number of
patients with TC increased at a rate of 3.6% per year in the United States from 1974 to 2013 [2]. A vast
majority of thyroid cancer (approximately 95% of cases) are derived from thyroid follicular epithelial cells
and the remaining 3–5% of cases originate from parafollicular C cells [3]. Papillary thyroid cancer (PTC)
originated from follicular cells featured by good outcome [4]. However, approximately 30%-80% of PTC
patients have central lymph node metastasis [5]and the long-term recurrence rate of PTC is reported to be
as high as 30% [6]. So far, the exact mechanism for this difference is unclear. Therefore, there is an urgent
need to better understand the molecular basis of PTC.

Thyroid hormones (TH) are important cellular regulatory factors secreted by thyroid gland, including
proliferation, apoptosis, differentiation and metabolism [7]. As the principal TH, Triiodothyronine (T3)
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forms complexes with nuclear TH receptors alpha (TRα) and beta (TRβ) [7] and plays an important
physiological function [8]. It's reported that T3 played a role in the development of different tumors. Tsui
KH et al. found that T3 modulated cell proliferation of human prostatic carcinoma cells by determining
(3)H-thymidine incorporation [9]. T3 has also been con�rmed to regulate actin remodeling and stimulate
the migration and invasion of breast cancer cells [10]. T3 induced proliferation in human lung carcinoma
cells through estrogen receptor α-dependent and independent pathways [11]. Although there are studies
about T3 promoted PTC proliferation [12, 13], the exact mechanism is still unclear.

Ferreira C et al. found that TH receptors could regulate the expression of PDZ domain-containing
1(PDZK1) [14], PDZK1 (also known as diphor-1, NaPiCap1, CLAMP, CAP70 and NHERF3), as a scaffold
protein [15] with four PDZ domains [16], is extensively expressed within organs such as kidney, liver,
stomach, skin, et al. [17] PDZK1 could regulate lipid metabolism and tumor progression via interacting
with receptor proteins [18]. Increasing evidences have shown that PDZK1 is involved in many tumor types
such as renal cancer, gastric cancer and breast cancer. PDZK1 was down-regulated in human clear cell
renal cell carcinoma (ccRCC) [18], and inhibited cell proliferation and migration of ccRCC [19]. Our
previous study demonstrated that loss of PDZK1 expression contributes to the carcinogenesis and
progression of gastric cancer via constitutively activated PTEN-PI3K/AKT signaling [20]. Conversely,
PDZK1 possess the function of oncogenicity in breast cancer [21, 22]. These studies indicated that
PDZK1 played important roles in regulating the function of tumor cells, and played different or even
opposite roles in different tumors. However, the biological function of PDZK1 in PTC remains unclear.

Therefore, this study is aiming to investigate whether T3 in�uence PTC function by regulating the
expression of PDZK1, meanwhile to assess the effect of PDZK1 on PTC proliferation and invasion. This
study will great help to better understand the molecular mechanism of PTC and provide a theoretical
basis for the prevention and treatment of thyroid cancer.

2 Materials And Methods

2.1 Cell culture and transfection
Papillary thyroid cancer cell line TPC-1 cell was purchased from the National Infrastructure of Cell Line
Resource (Beijing, China). Thyroid epithelium cell line Nthy-ori 3 − 1 cell was kindly provided by Professor
Yang Yan. TPC-1 and Nthy-ori 3 − 1 were grown in Roswell Park Memorial Institute 1640 medium (Gibco)
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). Cells
were grown in 37°C in a humidi�ed atmosphere containing 5% CO2.

For transfection, cells were plated into six-well plates and cultured in complete RPMI 1640 overnight
before transfection. Lipofectamine 2000 (ThermoFisher–Invitrogen, Carlsbad, CA, USA) was used to
transfect according to the instructions of manufacturer. Cells were transfected with PDZK1 plasmid to
increase the level of PDZK1 and transfected with shPDZK1-1 plasmid or shPDZK1-2 plasmid to decrease
the level of PDZK1. Then cells were treated with 10% FBS at 37°C for indicated times. For stimulation of
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AKT signaling, cells were maintained in FBS-free medium (Life Technologies, Inc., Carlsbad, CA, USA) for
24 hours. The cells were treated with 10% FBS at 37°C for 15 min. After the medium was removed, cells
were harvested in sodium dodecyl sulfate (SDS) sample buffer and analyzed via western blot.

2.2 Western blot
Protein expression was detected by immunoblot analysis. Cells were harvested in SDS sample buffer.
Samples were separated by 10% SDS-PAGE and proteins were electro-transferred onto a nitrocellulose
membrane using a tank blotting system (Mini Trans-Blot® Cell; Bio-Rad Laboratories AG, Cressier FR,
Switzerland).The membrane was blocked in 5% nonfat dry milk for 1 h at room temperature and
incubated overnight at 4℃ with the primary antibody: PDZK1 (Abcam) and Myc-Tag (Cell Signaling
Technology) at a dilution of 1:1000 in Tris buffered saline supplemented with Tween (TBS-T; 25mM Tris,
140mM NaCl, 2.6 mM KCl, 0.4% Tween 20) with 1% nonfat dry milk. As loading controls for the cellular
fractions the antibodies anti-GAPDH (Santa Cruz Biotechnology) were used at a dilution of 1:3000 in
TBS-T with 1% nonfat dry milk. Horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse
IgG (1:3000; ORIGENE) was applied as a secondary antibody for 1 h at room temperature. Membranes
were covered with enhanced chemiluminescence solution and exposed to �lm. Signal intensity was
measured using a Bio-Rad XRS chemiluminescence detection system (Bio-Rad, Hercules, CA, USA).

2.3 Immuno�uorescence staining
Immuno�uorescence was performed on paraformaldehyde-�xed para�n sections. The sections were
dewaxed and dehydrated. Rehydration, antigen retrieval in citrate buffer, the sections were blocked for 1
hour using 5% FBS,then incubated with the primary antibody directed against PDZK1 containing Triton X-
100 at 4°C overnight. After washing 3 times with PBST, sections were incubated with �uorochrome-
conjugated secondary antibody for 1 hour at room temperature in the dark. After washing 3 times and
nuclear staining with DAPI, sections were photographed under a �uorescence microscope (Nanodrop
2000).

2.4 Cell proliferation assay
Cells were cultured in 96-well (3000 cells per well) microplates at a density of 2000 cells/well after
transfection for 24h. After 0 h, 24 h, 48 h, 72 h and 96h, Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto,
Japan) was added to each well according to the instructions of manufacturer and the cells were cultured
for 1h at 37°C. Viable cells were quanti�ed by measuring absorbance at 450nm with an EnSpire label
microplate reader (PerkinElmer, Waltham, MA). The proliferation assay was repeated three times. Real-
time Cell Analysis (RTCA) (ACEA Biosciences, Inc.) was also used to detect cell proliferation assay. 2,000
cells per well were seeded with 100 µl medium. The effect of PDZK1 on TPC-1 cell proliferation was
observed and recorded and the recorded growth curves were shown as cell index SD. Additionally, we
tested cell proliferation by colony formation assay. In short, cells were plated (2000 cells/well) in six- well
plates. After treatment with T3 for 15 days, colonies were �xed with methanol and stained with 1% crystal
and photographed.

2.5 Cell cycle assay
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Cells were �xed for overnight in 75% ethanol at 4°C after 24 hours transfection, and then incubated with
propidium iodide for 10 min. Flow cytometry (BD Biosciences, San Jose, CA, USA) analysis was used to
detect cell cycles. Mod�t LT software was used to analyze the data.

2.6 Invasion assay
For the invasion assay, 5 × 104 cells were seeded into the upper transwell chambers precoated with
Matrigel matrix (BD Biosciences, San Jose, CA) in 100 µL RPMI 1640 medium after 24 hours transfection.
The lower chamber contained 600 µL RPMI 1640 medium with 10% FBS. After incubation for 24 h, cells
that invaded through the chamber membrane were �xed with 4% formaldehyde solution for 15 min, and
were stained with 0.5% crystal violet solution for 15 min. For each experiment, the numbers of cells in
three separate light microscopy �elds were counted at 200×magnifcation. The transwell assay was
repeated three times.

2.7 Statistical analysis
Data are presented as mean ± SD. Statistical analysis was performed using SPSS 18.0 (SPSS Inc.,
Chicago, IL, USA). Two-tailed unpaired Student’s t-test was used to determine statistical signi�cance.
Statistical signi�cance was accepted for p < 0.05.

3. Results

3.1 T3 promoted the proliferation and monoclonal
formation in PTC cells.
In order to detect the effect of T3 on the proliferation of PTC cells, we used TPC-1 cells for RTCA assay.
TPC-1 cells were stimulated by DMSO (1vl/ml) or different concentration of T3 (0ng/ml, 12.5ng/ml or
50ng/ml). And the normalized cell index curves showed that T3 in cell culture medium promoted TPC cell
proliferation (Fig. 1A). Next, to verify T3 enhances TPC-1 cells proliferation, colony formation assay was
also conducted. In addition, as shown in Figure1B, the clone formation assay further con�rmed the long-
term proliferative activity of T3 on the proliferation of TPC-1.

3.2 PDZK1was required for T3 promoting PTC cell
proliferation.
TRβ, a receptor of T3, up-regulated its downstream molecule PDZK1 [14]. Therefore, we used T3 to
stimulate TPC-1 to detect the protein expression of PDZK1. The results showed that T3 promoted the
expression of PDZK1 protein in TPC-1 cells (Fig. 2A) and the gray value was shown in Fig. 2B. And then,
in order to detect whether T3 can affect cell proliferation by increasing the expression of PDZK1, RTCA
and monoclonal formation experiments were carried out after knocking out the PDZK1 of TPC-1 cells.
The results showed that after knockout of PDZK1, the promoting effect of T3 on the proliferation and
monoclonal formation of TPC-1 cells was weakened (Fig. 2C).
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3.3 PDZK1 expression was increased in PTC cells and
tissues
In order to detect the expression level of PDZK1 in PTC, we analyzed the levels of PDZK1 in PTC cell line
and tissues respectively. First, the protein levels of PDZK1 were detected in human PTC and
paracancerous tissues by immuno�uorescence staining, and the results showed that the protein level of
PDZK1 was higher in PTC than paracancerous tissues (Fig. 4A). Then the protein levels of PDZK1 were
analyzed in TPC-1 (PTC cell line) and Nthy-ori 3 − 1 (normal follicular cell line)cells, and the results
showed that the protein level of PDZK1 was relatively higher in PTC cell as compared with normal thyroid
cell (Fig. 4B). Next, to verify whether the levels of PDZK1 were also increased in PTC clinical specimens,
we detected the mRNA level of PDZK1 for �ne needle aspiration thyroid samples by RNA-seq analysis.
Totally 6 cases of benign thyroid node and 4 cases of PTC were collected, and after removing cases with
the outlier values of PDZK1 (mean ± SD), totally 5 cases of benign thyroid node and 4 cases of PTC were
included for analysis. It was showed that PDZK1 mRNA was increased in PTC comparing with benign
thyroid tissue (Fig. 4C).

3.4 PDZK1 promoted cell proliferation and cell cycle
progression in PTC cells
Cell proliferation played an important role in PTC development and progression. PDZK1 has been found
to regulate proliferation of various cells. To analyze the effects of PDZK1 on PTC cell proliferation, we
transfected the myc-PDZK1 plasmid or the corresponding negative control (Vector) into TPC-1 cells
(Fig. 4A). And then the transfected TPC-1 cell were plated into 96-well plates and cultured with CCK-8 at 0,
24, 48, 72 or 96 hours for 1 hour, separately. As shown in Fig. 4B, the cell proliferation increased in PDZK1
over-expressed group as compared with the control group (Fig. 4B). Cell proliferation ability was also
detected by Real-time Cell Analysis, the results showed that PDZK1 high-expressed increased the rate of
cell proliferation in TPC-1 cell (Fig. 4C). Next, we transfected two different shPDZK1 plasmids or the
corresponding negative control (shRNA) into TPC-1 to decrease the expression of PDZK1 in TPC-1 cell,
and the outcome level of PDZK1 was con�rmed by western blotting (Fig. 4D). Cell viability was measured,
and the PDZK1 low-expressed cells and control cells were cultured in 96-well plates and stained with
CCK8 at 72 h, separately. As the result shown, PDZK1 knock-down in TPC-1 cells led to decreased cell
viability (Fig. 4E).

To explore the possible mechanism of PDZK1 promoting cell proliferation, we further investigated the
effect of PDZK1 on cell cycle progression by using �ow cytometry with propidium iodide (PI) staining.
Accordingly, after overexpression of PDZK1, the percentage of TPC-1 cells in G0/G1 phase signi�cantly
decreased from 49.19–46.15%, whereas the distribution of cells in S phase increased from 42.81–
45.85% (Fig. 5A). By contrast, PDZK1 down-expression could led to the reduction of cells in the S phase
and accumulation in G0/G1 phase (Fig. 5B).
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3.5 PDZK1 increased invasion of TPC-1 cell
The ability of cell invasion is one important stage in tumor metastasis, therefore we further analyzed the
effect of PDZK1 on invasion of TPC-1 by transwell assay. As displayed with staining of cells in matrigel-
coated boyden chambers, the TCP-1 cellular invasion was increased after PDZK1 overexpressed (Fig. 6A-
B). The results indicated that overexpression of PDZK1 increased the ability of the invasion of TPC-1 cell.

4. Discussion
This study found that T3 could increase cell proliferation, and the expression of PDZK1 in TPC-1 cells.
Increasing evidences have shown that PDZK1 is involved in the biological functions of multiple tumors,
such as renal cancer, gastric cancer and breast cancer [19–22]. Therefore we speculated whether T3
exerts its proliferative effect by regulating the expression of PDZK1 in PTC cells. In terms of cytology and
histology, we found that PDZK1 was highly expressed in PTC cells and tissues compared with normal
cells and paracancerous tissues. Meanwhile overexpression of PDZK1 signi�cantly enhanced the
proliferation and invasion in PTC cells. The effect of T3 on PTC proliferation and clone formation was
signi�cantly weakened after knockout of PDZK1.These results provide strong evidence for T3 to promote
the proliferation and invasion of PTC cells by promoting the expression of PDZK1.

It is reported that T3 plays a different role in different cancers. T3 promoted the proliferation of
astrocytoma cells and signi�cantly increased phospho-Akt levels in astrocytoma cells but inhibited the
proliferation of glioblastoma cells without ERK or AKT pathway activation[23]. Meng R.et al. found that
T3 signi�cantly increased proliferating cell nuclear antigen in non-small cell lung carcinoma and small
cell lung cancer and caused phosphorylation of ERα[11]. However, studies have shown T3 can induce
colon cancer cells differentiation, accompanied by a decrease in proliferation, which occurred via
induction of E-cadherin [24]. In PTC, we found T3 could increase TPC-1 cell proliferation, and Perri A. et al.
got the same results that T3 increased thymine incorporation in PTC cell to enhance cell proliferation [13],
but the mechanism is not clear.

PDZK1, as a scaffold protein [15], plays dual roles in carcinogenesis depending on the tissue speci�city
[20–22, 25, 26]. In Gastric Cancer, low levels of PDZK1 led to increase proliferation of gastric cancer cells
and poor prognosis of gastric cancer patients with the activation of PI3K/AKT signaling via PTEN
phosphorylation [20]. However, it was reported that PDKZ1 stabilized Akt by increasing and interacting
with Cdc37 to enhanced cell growth in breast cancer [22]. Hogyoung Kim et al. also found PDZK1
possess the function of oncogenicity in breast cancer requiring insulinlike growth factor 1 receptor
expression and function [21]. Similarly, we found that PDZK1 promoted proliferation and invasion in PTC,
and after knockout of PDZK1, the growth of PTC was inhibited. The different effects of PDZK1 in tumors
may be caused by the heterogeneity.

Although the serine/threonine kinase AKT is a central node in cell signaling downstream of growth
factors, cytokines, and other cellular stimuli [27] and active AKT phosphorylates a large and diverse array
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of down-stream substrates [28] promoting cell survival and growth in cellular metabolic pathways [29],
the biological role of PDZK1 on PTC is not mediated by PI3K/AKT signaling pathway (Supplement
Fig. 1). PDZK1 may regulate the biological function of PTC through other signaling pathways of MAPK,
which we will continue to explore.

Conclusions
In conclusion, our study found that T3 could promote the proliferation of PTC, which may be mediated by
PDZK1. This study elucidated a possible mechanism of T3 promoting the proliferation of thyroid cancer
and provided a theoretical basis for the prevention and treatment of thyroid cancer.

Abbreviations
TC: Thyroid cancer; T3: Triiodothyronine; PTC: papillary thyroid cancer; CCK8: Cell Counting Kit-8; RTCA:
real-time cell analysis; TH: Thyroid hormone; TRα: thyroid hormone receptors alpha; TRβ: thyroid hormone
receptors beta; PDZK1: PDZ domain-containing 1; ccRCC: clear cell renal cell carcinoma; FBS: fetal bovine
serum; SDS: sodium dodecyl sulfate; DAPI: 4′,6-diamidino-2-phenylindole; SD: Standard deviation; OD:
optical density.
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Figures

Figure 1

T3 promotes the proliferation of TPC-1 cells. A. B. Colony formation assay and Real-time Cell Analysis
were used to investigate the effect of T3 on the proliferation of TPC-1 cells P<0.05 .
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Figure 2

PDZK1 is required for T3 promoting PTC cell proliferation. A.B. PDZK1 protein levels in TPC-1 cells after
stimulated by T3 or DMSO were analyzed by immunohistochemistry and the gray value of
PDZK1/GAPDH was analyzed. C. Colony formation assay was used to investigate the effect of T3 on the
proliferation of TPC-1 cells after PDZK1 knockdown.



Page 13/16

Figure 3

PDZK1 expression was increased in PTC cells and tissues. A. PDZK1 protein levels in thyroid carcinoma
and paracancerous tissues were detected by immuno�uorescence staining. B. PDZK1 protein levels in
TPC-1 cells and Nthy-ori-3-1 cells were analyzed by western blot. C.PDZK1 mRNA expression level was
higher in thyroid cancer than benign thyroid tissue (p<0.05).
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Figure 4

PDZK1 increases cell proliferation on papillary thyroid cancer. A. Overexpression of PDZK1 in TPC-1 cells
veri�ed by western blot analysis; GAPDH was used as a loading control. B. CCK8 assay was performed to
assess the proliferation rate of TPC-1 after Myc-PDZK1 or Vector transfection. Absorbance at O.D. 450
nm was measured every 24 h for four days. C. Real-time Cell Analysis was performed to assess the
proliferation rate of TPC-1 after Myc-PDZK1 or Vector transfection. D. PDZK1 knockdown by shPDZK1 in
TPC-1 cells was con�rmed by western blot analysis. E. Knockdown of PDZK1 reduced the cell viability in
TPC-1 cells (p<0.05).
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Figure 5

PDZK1 expression in�uenced the cell cycle of thyroid cancer cell. A. Cell cycle progression was analyzed
by �ow cytometry in PDZK1 overexpressed TPC-1. B. Cell cycle progression was analyzed by �ow
cytometry in PDZK1 down-expressed TPC-1.
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Figure 6

PDZK1 increased cell invasion on thyroid cancer cell. A. Overexpression of PDZK1 enhanced cell
invasion. The Boyden chambers invasion assay was used. B. The statistic result of cell number per well
after washing out the crystal violet.
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