
Oncology Research, Vol. 25, pp. 873–878 0965-0407/17 $90.00 + .00
Printed in the USA. All rights reserved. DOI: https://doi.org/10.3727/096504016X14783701102564
Copyright Ó 2017 Cognizant, LLC. E-ISSN 1555-3906
 www.cognizantcommunication.com

1These authors provided equal contribution to this work.
Address correspondence to Jiakai Han, Department of Endocrinology, Huaihe Hospital of Henan University, No. 115 of Ximen Street, Kaifeng 475000, 
Henan Province, P.R. China. Tel: +86-0371-2390651; E-mail: han_jiakai@163.com

873

Silencing of A-Kinase Anchor Protein 4 (AKAP4)  
Inhibits Proliferation and Progression of Thyroid Cancer
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A-kinase anchor protein 4 (AKAP4), a member of the A-kinase anchor family of proteins, plays a role in tumor 
development and progression. However, its expression pattern and function in human thyroid cancer remain 
obscure. Here we examined AKAP4 expression in thyroid cancer cell lines as well as the effects of AKAP4 
on the proliferation and metastasis of thyroid cancer cells. We also explored the molecular mechanism by 
which AKAP4 mediates the metastatic potential of thyroid cancer cells. Our results revealed that the transcript 
and protein levels of AKAP4 were significantly upregulated in thyroid cancer cell lines. In vitro experiments 
showed that knockdown of AKAP4 significantly inhibited the proliferation, migration, invasion, and epithelial– 
mesenchymal transition (EMT) process in thyroid cancer cells. Additionally, knockdown of AKAP4 greatly 
decreased the protein expression of Shh as well as Smo, Ptc, and Gli-1 in ACT-1 cells. Finally, the in vivo 
nude mice model confirmed that knockdown of AKAP4 attenuated tumor growth. In conclusion, our findings 
demonstrated that knockdown of AKAP4 inhibited proliferation and metastasis, likely through suppressing 
the Shh signaling pathway, in thyroid cancer cells. Thus, AKAP4 may act as a potential therapeutic target for 
human thyroid cancer.
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INTRODUCTION

Thyroid cancer is one of the most malignant cancers 
of the endocrine system. Its incidence has been rising 
steadily during the past decades1. Anaplastic thyroid 
cancer accounts for only 2% of thyroid cancer2. Despite 
considerable progress in treatment strategies, including 
surgery and a combination of chemotherapy and radiation, 
there has been no significant improvement in the survival 
rate of anaplastic thyroid cancer patients3–5. Therefore, 
elucidation of the molecular mechanisms underlying ana-
plastic thyroid cancer tumorigenesis is critical to deter-
mine individual treatments for thyroid cancer.

A-kinase anchor protein 4 (AKAP4) is a member of the 
A-kinase anchor family of proteins that bind the protein 
kinase A (PKA) regulatory subunit and functions to anchor 
PKA to specific cellular locations6. Previous studies dem-
onstrated that AKAP4 plays a role in tumor development 
and progression in a variety of cancers, including esopha-
geal, ovarian, breast, and lung7–10. A study by Jagadish 
et al. reported that the expression of AKAP4 was highly 
expressed in all colon cancer cells. Downregulation of 
AKAP4 inhibited the growth, migration, and invasion, 

and increased apoptosis and senescence of colorectal can-
cer cells, as well as attenuated tumor growth in a human 
xenograft mouse model11. However, its expression pattern 
and function in human thyroid cancer remain obscure. 
Here we examined AKAP4 expression in thyroid can-
cer cell lines. Additionally, the effects of AKAP4 on the 
proliferation and metastasis of thyroid cancer cells were 
examined. Finally, we explored the molecular mechanism 
by which AKAP4 mediates the metastatic potential of 
thyroid cancer cells. Our results suggest that AKAP4 is 
involved in the carcinogenesis and development of thy-
roid cancer and may serve as a potential therapeutic target 
for the treatment of thyroid cancer.

MATERIALS AND METHODS

Cell Culture

Human anaplastic thyroid cancer cell lines (ACT-1, 
FRO, and CAL62) and the normal thyroid epithelial 
cell-derived cell line HTori-3 were obtained from the 
American Type Culture Collection (ATCC; Manassas, 
VA, USA) and maintained in RPMI-1640 medium 
(Invitrogen, Carlsbad, CA, USA) supplemented with 
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10% fetal bovine serum (FBS), 1% glutamine, and 1% 
penicillin–streptomycin (Sigma-Aldrich, St. Louis, MO, 
USA). All cells were cultured at 37°C with 5% CO2 in an 
incubator (Life Technologies, Baltimore, MD, USA).

Quantitative Real-Time Polymerase Chain Reaction 
(qRT-PCR) Analysis

Total RNA was isolated from thyroid cancer cells 
using TRIzol® reagent (Invitrogen) according to the 
manufacturer’s instructions. RNA (5 µg) was reverse 
transcribed to cDNA using a SimpliAmp Thermal Cycler 
(Applied Biosystems, Foster City, CA, USA). RT-PCR 
was performed on Bio-Rad iQ5 Quantitative PCR Sys-
tem (Takara Bio Inc., Otsu, Japan). The primers of each  
gene were shown as follows: AKAP4, 5¢-GGGTGTGTG 
CAAGGTAGATCTCT-3¢ (forward) and 5¢-CACATCGAC 
AAAGCATATCACTTTC-3¢ (reverse); b-actin, 5¢-GAGG 
CACTCTTCCAGCCTTC-3¢ (forward) and 5¢-GGATGT 
CCACGTCACACTTC-3¢ (reverse). The relative mRNA  
levels were normalized to b-actin and determined by cal-
culating the comparative Ct method.

Western Blot Analysis

The cells were homogenized and lysed with RIPA lysis 
buffer (Invitrogen). The protein lysates (40 µg/lane) were 
subjected to 12% SDS-PAGE and transferred to PVDF 
membranes. The membranes were blocked in TBST 
solution containing 5% skimmed milk powder at room 
temperature for 1 h, and then incubated with primary anti-
bodies (dilution: 1:1,000) targeting AKAP4, E-cadherin, 
N-cadherin, Sonic hedgehog (Shh), Smoothened (Smo),  
Ptc, Gli-1, and GAPDH (all from Santa Cruz Bio-
technology, Santa Cruz, CA, USA) overnight at 4°C. 
Subsequently, the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated rabbit anti-mouse 
IgG secondary antibodies (Santa Cruz Biotechnology) for 
1 h. Antigen–antibody complexes were visualized using 
chemiluminescence (ECL) detection system (Amersham, 
Little Chalfont, UK).

RNA Interference and Transfection

The short hairpin RNA against AKAP4 (sh-AKAP4) 
and its negative control (sh-NC) were synthesized by 
RiBo Biotech (GuangZhou RiBo Biotech, P.R. China). 
For in vitro transfection, ACT-1 cells were seeded into 
each well of 24-well microplates, grown for 24 h to reach 
50% confluence, and transfected with sh-AKAP4 or 
sh-NC using Lipofectamine 2000 (Invitrogen) according 
to the manufacturer’s instructions.

Cell Proliferation Assay

Infected cells at a density of 1 ́  104 cells/well were 
seeded into 96-well plates and incubated for 4 days. 
Cell proliferation was detected using a water-soluble 

tetrazolium salt assay using cell counting kit-8 (Dojindo, 
Kumamoto, Japan) according to the manufacturer’s instruc-
tions. The absorbance at 570 nm was determined using a 
Dynex microplate reader.

Cell Migration and Invasion Assays

For the Transwell migration assay, infected cells at a 
density of 5 ́  104 cells per chamber were seeded into 
the upper chambers, and 600 µl of 10% FBS-containing 
medium was placed in the lower chamber as a chemo-
attractant. After 24 h of culture, cells on the underside of 
the filter were fixed with 10% formalin, stained with 0.1% 
crystal violet, examined by light microscope, and counted 
using a high-power microscope. For the Transwell inva-
sion assay, the upper chamber was precoated with 1 mg/ml 
of Matrigel (BD Biosciences, San Jose, CA, USA)or 3 h at 
37°C to form a basement membrane. Then the assay was 
performed as described above for the Transwell assay.

Nude Mouse Xenograft Model

Four-week-old male BALB/c nude mice (18–20 g) 
were purchased from the Laboratory Animal of Huaihe 
Hospital of Henan University (P.R. China). Animal proce-
dures were carried out according to a protocol approved 
by the Institutional Animal Care and Use Committee at 
Huaihe Hospital of Henan University. Infected ACT-1 cells 
(5 ́  106) in 0.2 ml of PBS were injected subcutaneously 
into the flanks of mice (n = 6 per group). Tumor volumes 
were measured with calipers every 1 week and calcu-
lated according to the following formula: V = L ́  W 2/2. 
After 4 weeks, mice were sacrificed, and the tumor was 
resected and weighed.

Statistical Analysis

All results are reported as means ± SD. Statistical ana-
lysis involved Student’s t-test for the comparison of two 
groups or one-way ANOVA for multiple comparisons. 
A value of p < 0.05 was considered significantly different.

RESULTS

AKAP4 Was Highly Expressed in Thyroid  
Cancer Cell Lines

We initially analyzed endogenous AKAP4 expres-
sion in three human anaplastic thyroid cancer cell lines. 
Compared with HTori-3 cells, the mRNA expression 
levels of AKAP4 were significantly increased in ACT-1, 
FRO, and CAL62 cells (Fig. 1A). Western blotting 
showed similar results (Fig. 1B).

Silencing of AKAP4 Inhibited the Proliferation 
of Thyroid Cancer Cells

To explore the role of AKAP4 in thyroid cancer, 
AKAP4 was downregulated by shRNA against AKAP4 
in ACT-1 cells. The results of the Western blot analysis 
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indicated that the protein expression of AKAP4 was sig-
nificantly decreased in ACT-1 cells transfected with sh-
AKAP4 (Fig. 2A). We then tested the effect of sh-AKAP4 
on thyroid cancer cell proliferation. The results showed 
that silencing of AKAP4 significantly inhibited the prolif-
eration of ACT-1 cells, exhibiting a time- dependent man-
ner (Fig. 2B).

Silencing of AKAP4 Inhibited Cell Migration 
and Invasion

To examine the effects of AKAP4 on thyroid cancer 
cell migration and invasion, the Transwell migration 

and invasion assays were performed in thyroid can-
cer cells. Compared with the sh-NC group, the number  
of cells that migrated was significantly reduced in ACT-1 
cells transfected with sh-AKAP4 (Fig. 3A). Transwell 
invasion indicated that knockdown of AKAP4 obviously 
repressed the invasiveness of ACT-1 cells (Fig. 3B). 
Furthermore, to investigate the role played by AKAP4 
during EMT, we investigated the effect of AKAP4 on the 
expression levels of EMT marker proteins. The results of 
the Western blotting analysis demonstrated that knock-
down of AKAP4 significantly upregulated the expres-
sion of E-cadherin and downregulated the expression of 
N-cadherin in ACT-1 cells, compared to sh-NC-trans-
fected cells (Fig. 3C).

Figure 1. AKAP4 was highly expressed in thyroid cancer 
cell lines. (A) qRT-PCR analysis was performed to detect the 
mRNA expression of AKAP4 in three human thyroid cancer 
cell lines. (B) Western blot analysis was performed to detect 
the protein expression of AKAP4 in three human thyroid cancer 
cell lines. Columns represent the means ± SD. *p < 0.05 versus 
sh-NC group.

Figure 2. Silencing of AKAP4 inhibited the proliferation of 
thyroid cancer cells. ACT-1 cells were infected with sh-AKAP4 
or si-NC for 24 h, respectively. (A) The protein expression of 
AKAP4 was measured by Western blot. (B) Cell proliferation 
was evaluated using the CCK-8 assay. Columns represent the 
means ± SD. *p < 0.05 versus sh-NC group.
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Silencing of AKAP4 Inhibited the Activation of Shh 
Signaling Pathway in Thyroid Cancer Cells

To further investigate the underlying molecular mech-
anism of AKAP4 in regulating thyroid cancer growth 
and metastasis, we analyzed the effect of AKAP4 on 
Shh pathway activation in ACT-1 cells. Knockdown of 
AKAP4 greatly decreased the protein expression of Shh, 
Smo, Ptc, and Gli-1 in ACT-1 cells, compared with the 
sh-NC group (Fig. 4).

Silencing of AKAP4 Attenuated Xenografted Tumor 
Growth in Nude Mice

In order to further test the role of AKAP4 in thyroid 
cancer in vivo, we established a subcutaneous xeno-
graft tumor model in nude mice. The volume of tumors 
derived from the sh-AKAP4-transfected group was mark-
edly smaller than that of controls (Fig. 5A). In addition, 

compared with the sh-NC group, knockdown of AKAP4 
sharply reduced the mean weight of tumors (Fig. 5B).

DISCUSSION

In this study, our work first revealed that the transcript 
and protein levels of AKAP4 were significantly upregu-
lated in thyroid cancer cell lines. Based on in vitro assays, 
we found that knockdown of AKAP4 significantly inhib-
ited the proliferation, migration, invasion, and EMT pro-
cess in thyroid cancer cells. Additionally, knockdown of 
AKAP4 greatly decreased the protein expression of Shh, 
Smo, Ptc, and Gli-1 in ACT-1 cells. Finally, the in vivo 
nude mice model confirmed that knockdown of AKAP4 
attenuated tumor growth.

AKAP4 has been suggested to correlate with the 
development of different types of carcinoma. Li and 
his team showed that AKAP4 mRNA and protein levels 

Figure 3. Silencing of AKAP4 inhibited cell migration and invasion. ACT-1 cells were infected with sh-AKAP4 or si-NC for 24 h, 
respectively. (A, B) Cell migration and invasion were measured using the Transwell migration and invasion assays, respectively. 
(C) The expression of E-cadherin and N-cadherin was measured by Western blot. (D) The average band intensities of E-cadherin and 
N-cadherin normalized to GAPDH. Columns represent the means ± SD. *p < 0.05 versus sh-NC group.
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were obviously upregulated in esophageal cancer tissues, 
silencing AKAP4 inhibited cell growth in vitro and sup-
pressing tumor growth in a xenograft model7. Li et al. 
reported that, compared to adjacent noncancerous tis-
sues, AKAP4 was highly expressed in lung adenocarci-
noma tissues12. In accordance with previous studies, our 
experiment results showed that AKAP4 expression was 
significantly upregulated in thyroid cancer cell lines, 
and knockdown of AKAP4 significantly inhibited the 
proliferation of thyroid cancer cells and attenuated the 
tumor growth in vivo. These data suggest that AKAP4 is 
involved in the carcinogenesis of thyroid cancer.

EMT is a core process during thyroid cancer cell inva-
sion13. During the EMT process, epithelial cells lose their 
cell polarity and cell–cell junctions and gain mesenchymal 
properties of migration and invasion14. Reduction or loss 
of E-cadherin expression is one of the  well-established 
hallmarks of EMT15. Furthermore, Saini et al. confirmed 
that gene silencing of AKAP4 suppressed the migra-
tion and invasion abilities of cervical cancer cells16. In 
this study, we observed that knockdown of AKAP4 sig-
nificantly inhibited thyroid cancer cell migration and 
invasion. Moreover, knockdown of AKAP4 resulted in 
increased E-cadherin expression and reduced expression 
of N-cadherin in thyroid cancer cells. Our data suggest 

Figure 4. Silencing of AKAP4 inhibited the activation of Sonic 
hedgehog signaling pathway in thyroid cancer cells. ACT-1 cells 
were infected with sh-AKAP4 or si-NC for 24 h, respectively. 
(A) The expression of Shh, Smo, Ptc, and Gli-1 was measured 
by Western blot. (B) The average band intensities of Shh, Smo, 
Ptc, and Gli-1 normalized to GAPDH. Columns represent the 
means ± SD. *p < 0.05 versus sh-NC group.

Figure 5. Silencing of AKAP4 attenuated xenografted tumor 
growth in nude mice. Infected ACT-1 cells (5 ́  106) in 0.2 ml 
of PBS were injected subcutaneously into the flanks of mice. 
(A) Tumor growths were observed continuously for 4 weeks. 
(B) After 4 weeks, mice were sacrificed, and the tumor was 
resected and weighed. Columns represent the means ± SD. 
*p < 0.05 versus sh-NC group.
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that AKAP4 might promote EMT-associated tumor inva-
sion and metastasis in thyroid cancer.

The Shh signaling pathway plays an important role 
in tumor cell proliferation, metastasis, and tumorigene-
sis17–19. It is highly activated in thyroid neoplasms, and 
activation of the Hh pathway resulted in increased expres-
sion of key Hh signaling components, Smo and Gli-119,20. 
Gli-1, a transcriptional factor of the Hedgehog pathway, 
can directly bind the E-cadherin promoter and induce its 
expression21,22. In addition, knockdown of Shh or Gli-1 
led to decreased cell motility and invasiveness in thyroid 
cancer cells23. Thus, the Shh signaling pathway may be a 
potential therapeutic target for thyroid cancer treatment. 
In the present study, we found that knockdown of AKAP4 
greatly decreased the protein expression of Shh, Smo, 
Ptc, and Gli-1 in ACT-1 cells. All of these data imply that 
knockdown of AKAP4 inhibits proliferation and metasta-
sis, likely through interfering the Shh signaling pathway 
in thyroid cancer cells.

In conclusion, our findings highlight the importance 
of AKAP4 in thyroid cancer development and progres-
sion in vitro and in vivo. Knockdown of AKAP4 inhibited 
proliferation and metastasis, likely through suppressing 
the Shh signaling pathway in thyroid cancer cells. Thus, 
AKAP4 may act as a potential therapeutic target for 
human thyroid cancer.
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