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Abstract. Potassium‑channel tetramerization-domain-
containing 1 (KCTD1) mutations are reported to result in 
scalp‑ear‑nipple syndrome. These mutations occur in the 
conserved broad‑complex, tramtrack and bric a brac domain, 
which is associated with inhibited transcriptional activity. 
However, the mechanisms of KCTD1 mutants have not 
previously been elucidated; thus, the present study aimed to 
investigate whether KCTD1 mutants affect their interaction 
with transcription factor AP‑2α and their regulation of the Wnt 
pathway. Results from the present study demonstrated that none 
of the ten KCTD1 mutants had an inhibitory effect on the tran-
scriptional activity of AP‑2α. Co‑immunoprecipitation assays 
demonstrated that certain mutants exhibited changeable local-
ization compared with the nuclear localization of wild‑type 
KCTD1, but no KCTD1 mutant interacted with AP‑2α. Almost 
all KCTD1 mutants, except KCTD1 A30E and H33Q, exhib-
ited differential inhibitory effects on regulating TOPFLASH 
luciferase reporter activity. In addition, the interaction region 
of KCTD1 to the PY motif (amino acids 59‑62) in AP‑2α was 
identified. KCTD1 exhibited no suppressive effects on the 
transcriptional activity of the AP‑2α P59A mutant, resulting in 
Char syndrome, a genetic disorder characterized by a distinc-
tive facial appearance, heart defect and hand abnormalities, 
by altered protein cellular localization that abolished protein 
interactions. However, the P59A, P60A, P61R and 4A AP‑2α 

mutants inhibited TOPFLASH reporter activity. Moreover, 
AP‑2α and KCTD1 inhibited β‑catenin expression levels and 
SW480 cell viability. The present study thus identified a puta-
tive mechanism of disease‑related KCTD1 mutants and AP‑2α 
mutants by disrupting their interaction with the wildtype 
proteins AP‑2α and KCTD1 and influencing the regulation of 
the Wnt/β‑catenin pathway.

Introduction

Scalp‑ear‑nipple (SEN) syndrome is a rare, autosomal-domi-
nant disorder that commonly presents as cutis aplasia of the 
scalp, minor anomalies of the external ears, digits and nails, and 
malformation of the breast (1). In mice, homozygous deficiency 
of the lymphoid enhancer‑binding factor 1 (Lef‑1) gene results 
in the lack of whiskers and the arrest of hair‑follicle develop-
ment, lack of mammary glands and edentulism, indicating 
that Lef‑1 may serve as a potential candidate gene for treating 
SEN syndrome  (2). Ten mutations in the broad‑complex, 
tramtrack and bric a brac (BTB) domain of potassium‑channel 
tetramerization‑domain‑containing 1 (KCTD1) have been 
identified in ten families with SEN syndrome of European, 
Brazilian and North African background (3). This conserved 
domain regulates transcriptional activity, suggesting it may 
serve a key role in KCTD1 protein function during ectodermal 
development (3).

Transcription factor AP‑2α‑knockout mice exhibit a 
number of severe developmental phenotypes, including neural 
tube, body wall and craniofacial abnormality (4). Dominant 
AP‑2α mutant Doarad results in a missense mutation that 
affects the Y58F59P60P61P62Y63 (PY) motif in the transactivation 
domain of AP‑2α, causing a misshapen malleus, incus and 
stapes (5). This P59L mutation in AP‑2α leads to increased 
transcriptional activation of AP‑2α (5). Patients with Char 
syndrome have three mutations in the basic DNA‑binding 
domain and a PY motif in the activation domain of the 
AP‑2β gene, causing dominant‑negative effects. In the USA, 
individuals with Char syndrome who have a PY motif P62R 
mutation in AP‑2β have a higher incidence rate (10 of 14) of 
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patent ductus arteriosus, but milder hand and facial abnormal 
phenotypes compared with individuals with DNA‑binding 
domain mutations in AP‑2α (6,7). Point mutations or inser-
tions/deletions in the conserved DNA‑binding domain in 
AP‑2α, encoded by exons  4 and 5, cause the majority of 
branchio‑oculo‑facial syndrome (BOFS) cases  (8). BOFS 
is associated with >25 different mutations in AP‑2α (9‑12). 
Therefore, AP‑2α mutants have been associated with certain 
developmental abnormalities.

Our previous study (13) demonstrated that KCTD1 binds 
with AP‑2α and decreases its transcriptional activity. KCTD15 
is associated with the KCTD1 protein in the KCTD family. 
It is likely that KCTD15 functions during embryogenesis by 
interacting with the activation domain of AP‑2α to inhibit 
neural crest induction  (14). Individuals with KCTD15 
mutations exhibit developmental defects in neural crest 
derivatives and the torus lateralis (TLa) in the central nervous 
system, resulting in a significant decrease in normal growth 
rates  (15,16). Moreover, both AP‑2α and KCTD1 regulate 
the Wnt/β‑catenin pathway. AP‑2α directly interacts with 
adenomatous polyposis coli (APC), stabilizing interactions 
between APC and β‑catenin, attenuating interactions between 
β‑catenin and transcription factor‑4 in the nucleus and 
suppressing TOPFLASH luciferase reporter activity in human 
colorectal cancer cells (17). AP‑2α‑interacting protein KCTD1 
directly binds to β‑catenin, enhances β‑catenin ubiquitina-
tion and degradation, which is dependent on casein kinase 
1/glycogen synthase kinase‑3β‑mediated phosphorylation of 
β‑catenin, and inhibits the canonical Wnt/β‑catenin signaling 
pathway (18).

The present study aimed to investigate whether KCTD1 
and AP‑2α protein mutants reciprocally regulate their interac-
tions and inhibit the Wnt/β‑catenin signaling pathway. The 
results demonstrated that BTB domain mutations in KCTD1 
were not associated with AP‑2α. The P59A mutation in the 
PY motif of AP‑2α prevented binding with KCTD1, but the 
majority of BTB domain mutations in KCTD1 and PY motif 
mutations in AP‑2α resulted in inhibited Wnt pathway‑respon-
sive TOPFLASH reporter gene expression levels. Wild‑type 
KCTD1 suppressed the transcriptional activity of AP‑2α P60A 
and P61R to repress TOPFLASH reporter gene expression 
levels. Moreover, wild‑type KCTD1 and AP‑2α downregu-
lated β‑catenin expression levels and decreased the viability 
of SW480 cells. These findings highlighted the importance of 
AP‑2α and KCTD1 regulation in maintaining a normal tissue 
phenotype.

Materials and methods

Plasmid generat ion. Recombinant overexpressing 
plasmids pCMV‑Myc‑AP‑2α,  pCMV‑HA‑KCTD1, 
pCMV‑Myc‑KCTD1 and pEGFP‑C1‑AP‑2α were generated 
as previously described  (13,18). The mutants AP‑2α P61R 
and KCTD1 P20S, A30E, P31R, H33P and H33Q were 
also generated as previously described (13,18). The KCTD1 
mutants P31L, P31H, G62D, D69E and H74P and AP‑2α 
mutants P59A, P60A and 4A (P59AP60AP61AY62A) were 
modified by PCR‑based site‑directed mutagenesis and cloned 
into pCMV‑Myc plasmids. Mutated primers are presented in 
Table I. Reporter vectors A2 and TOPFLASH were generated 

as previously described (18,19). Eight recombinant plasmids 
were sequenced using the Sanger method, in order to verify 
mutant site points (Sangon Biotech, Co., Ltd.) (Fig. S1).

Cell culture and transfection. SW480, 293 and HeLa cells 
(American Type Culture Collection) were cultured in complete 
DMEM (Sigma‑Aldrich; Merck KGaA). All cells were main-
tained with 10% fetal calf serum (HyClone; GE Healthcare 
Life Sciences), 2  mM glutamine, 10 U /ml penicillin and 
100 µg/ml streptomycin at 37˚C with 5% CO2. The cells were 
transiently transfected with different amounts of plasmid DNA 
(1 µg for luciferase reporter assays; 6 µg for immunofluores-
cence analysis; 20 µg for co‑immunoprecipitation; Clontech 
Laboratories, Inc.) using Lipofectamine® 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 6 h. The cells 
were collected 24‑30 h following transfection for subsequent 
experimentation.

Luciferase reporter assays. The 293 cells were cultured and 
transiently transfected with 0.3  µg reporter plasmids A 2 
(generous gift of Professor Trevor Williams) or pTOP-
FLASH (Clontech Laboratories, Inc.) (18) and the indicated 
plasmids (0.3  µg pCMV‑Myc‑KCTD1 and/or 0.3  µg of 
pCMV‑Myc‑AP‑2α) in 12‑well plates using Lipofectamine 
2000 reagent as previously described  (20). Briefly, 0.1 µg 
pCMV‑LacZ plasmid (19) was co‑transfected in each well to 
measure transfection efficiency as an internal β‑galactosidase 
control. The total amount of 1 µg plasmid DNA in each well 
was maintained by adding empty vector pCMV‑Myc (Clontech 
Laboratories, Inc.) to each transfection. β‑galactosidase and 
luciferase activities were assessed 24 h after transfection using 
a Promega Luciferase Assay system (Promega Corporation) 
and a Turner TD20/20 luminometer (Turner Designs). The 
luciferase activity is normalized relative to the β‑galactosidase 
control. A total of three experimental repeats were performed.

Immunofluorescence localization analysis. HeLa cells were 
grown to ~70% confluence on glass coverslips and transiently 
transfected with3  µg GFP‑AP‑2α and 3  µg Myc‑KCTD1 
mutants or 3 µg Myc‑AP‑2α mutants and 3 µg HA‑KCTD1. 
At 30 h post‑transfection, cells were collected for immuno-
fluorescence staining, as previously described (19). Primary 
antibodies included Anti‑Myc mouse monoclonal antibody 
(clone. no. 9E10; Santa Cruz Biotechnology, Inc.) and anti‑HA 
rabbit polyclonal antibody (clone  no.  Y‑11) (Santa Cruz 
Biotechnology, Inc.) at 1:200 dilution for 1 h at 4˚C. Alexa 
Fluor 488 goat anti‑rabbit IgG (cat. no. A27034) and Alexa 
Fluor 594 goat anti‑mouse IgG (cat. no. A‑11005) secondary 
antibodies were purchased from Molecular Probes; Thermo 
Fisher Scientific, Inc. and used at 1:500 dilution for 45 min 
at 4˚C. Hoechst 33258 (1 µg/ml) was used to stain the nuclei 
(Sigma‑Aldrich; Merck KGaA) for 5 min at 4˚C. The fluores-
cence signals were observed with a fluorescence microscope 
(Carl Zeiss AG).

Co‑immunoprecipitation. The 293 cells were grown to 
~80% confluence and transiently transfected with 10  µg 
Myc‑AP‑2α and 10 µg Myc‑KCTD1 in 10‑cm dishes. At 30 h 
after transfection, cells were collected and lysed as previously 
described (13). The cells were lysed in RIPA buffer [50 mM 
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Tris‑HCl pH 7.2; 150 mM NaCl, 1% (v/v) Triton X‑100; 1% 
(w/v) sodium deoxycholate; 0.1% (w/v) SDS] supplemented 
with protease inhibitors. The cellular lysates were precleared 
with protein A/G plus agarose (Santa Cruz Biotechnology, 
Inc.) at 4˚C for 1 h, and then immunoprecipitated using rabbit 
anti‑KCTD1 polyclonal antibodies (21) and protein A/G plus 
agarose. The immunoprecipitates were washed four times 
for 15 min each in 1 ml 1% Triton buffer by keeping gentle 
agitation and then centrifuged at 500 x g for 3 min at 4˚C. 
The immunocomplexes were separated by SDS‑PAGE on 
13% gels and detected with mouse anti‑Myc tag monoclonal 
antibody at 1:2,000 dilution overnight at 4˚C as described in 
the following Western blot section. Pre‑immune rabbit IgG 
(cat. no. sc‑2027; Santa Cruz Biotechnology, Inc.) was used as 
a negative control. The quantification of immunoprecipitated 
bands was analyzed using ImageJ software (ImageJ 1.48v, 
https://imagej.nih.gov/ij/).

Western blotting. SW480 cells were transiently transfected 
with pCMV‑Myc‑AP‑2α and/or pCMV‑Myc‑KCTD1 

expression plasmids. At 24 h after post‑transfection, cells were 
collected and lysed in RIPA buffer. The protein concentra-
tion of whole‑cell extracts was measured using a BCA assay 
kit (Pierce; Thermo Fisher Scientific, Inc.). Total protein 
(10 µg/lane) was resolved by SDS‑PAGE on 12% gels, then 
transferred to PVDF membranes (Bio‑Rad Laboratories, Inc.) 
at 4˚C for 2 h at 100 V. The membrane was blocked with TBS 
buffer [100 mM Tris‑HCl pH7.5; 0.9% (w/v) NaCl] with 1% BSA 
(Sigma‑Aldrich; Merck KGaA) for 1 h at 4˚C. After blocking, 
the membrane was incubated with primary antibodies against 
Myc‑tag (clone. no. 9E10; 1:2,000), β‑catenin (E‑5, 1:1,000), 
cyclin D1 (CCND1; clone. no. HD11; 1:1,000) and GAPDH 
(clone. no. 6C5; 1:5,000) (Santa Cruz Biotechnology, Inc.) 
overnight at 4˚C and washed with TBS and 0.1% (v/v) Tween‑20 
for 1 h. After washing, the membrane was then incubated 
with goat anti‑mouse IgG‑horseradish peroxidase‑conjugated 
secondary antibody (cat. no.  sc‑2005, 1:7,500; Santa Cruz 
Biotechnology, Inc.) at room temperature for 45 min followed 
by washing five times for 1 h. The signal was detected with 
SuperSignal West Pico chemiluminescent Substrate (Pierce; 
Thermo Fisher Scientific, Inc.) and visualized with tanon‑5200 
system (Tanon Science and Technology Co., Ltd.).

Cell viability assays. A total of 3x103 transfected SW480 
cells were grown at 37˚C in 96‑well plates in octuplicate. 
Cell viability was analyzed 24 h after transfection by adding 
1 mg/ml MTT to each well, followed by incubation for 4 h 
at 37˚C. Subsequently, the formazan crystals were dissolved 
in 100 µl DMSO. The absorbance was measured at 490 nm 
using a spectrophotometer. To detect the effects of AP‑2α and 
KCTD1 proteins on the sensitivity of SW480 cells to sorafenib, 
SW480 cells were transfected and subsequently treated with 
20 µM cisplatin (DDP) for 24 h; viability was assessed by 
MTT, aforementioned.

Statistical analysis. All statistical analysis was performed 
using SPSS statistical software (version 16.0; SPSS, Inc.). 
Data are presented as the mean ± SD of three independent 
experiments. Significant differences were determined using 
Student's t‑test to compare two groups, and two‑way ANOVA 
to compare three or more groups. Multi‑group comparisons 
were analyzed using Tukey's post hoc test. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Known KCTD1 mutants have no inhibitory effect on the 
transcriptional activity of AP‑2α, and KCTD1 does not 
repress the transcriptional activity of the AP‑2αP59A 
mutation. All the known KCTD mutations in the BTB‑domain 
lead to SEN syndrome, whereas mutations in AP‑2α possibly 
cause Char syndrome. As the BTB domain of KCTD1 binds 
to the activation domain of AP‑2α and suppresses its tran-
scriptional activity (13), it was investigated whether these 
KCTD1 mutations affect AP‑2α transcriptional activity 
(Fig. 1A). An A2 reporter plasmid with three AP‑2 binding 
sites was transiently transfected in the presence or absence of 
pCMV‑Myc‑KCTD1 wild‑type or KCTD1 mutants into 293 
cells. Consistent with previous results (13) wild‑type KCTD1 
overexpression significantly decreased A2 luciferase activity, 

Table I. Mutants of KCTD1 and AP‑2α and their PCR primers.

Gene	 Mutant	 Primer sequence (5'→3')

KCTD1	P20S	 F: TCTACTCCAGCACAACTCACA 
		R  : TGTGAGTTGTGCTGGAGTAGA
	A 30E	 F: ATCCAATGAGCCTGTCCACAT
		R  : ATGTGGACAGGCTCATTGGAT
	 P31R 	 F: CAATGCGCGTGTCCACATTGA
		R  : TCAATGTGGACACGCGCATTG
	 P31L	 F: CAATGCGCTTGTCCACATTGA
		R  : TCAATGTGGACAAGCGCATTG
	 P31H	 F: CAATGCGCATGTCCACATTGA
		R  : TCAATGTGGACATGCGCATTG
	 H33P	 F: CCATTGATGTGGGCGGCCAC
		R  : GTGGCCGCCCACATCAATGG
	 H33Q	 F: CGCCTGTCCAAATTGATGTGG
		R  : CCACATCAATTTGGACAGGCG
	 G62D	 F: TTTGATGATACAGAGCCCATTG
		R  : CAATGGGCTCTGTATCATCAAA
	D 69E	 F: AAGTCTCAAACAGCACTATTTC
		R  : GAAATAGTGCTGTTTGAGACTT
	 H74P	 F: CCTATTTCATTGACAGAGATGG
		R  : CCATCTCTGTCAATGAAATAGG
AP‑2α 	 P61R	 F: TTCCCCCCAAGATACCAGCCT
		R  : AGGCTGGTATCTTGGGGGGAA
	 P59A	 F: ATACTTCGCCCCACCCTACC
		R  : GGTAGGGTGGGGCGAAGTAT
	 P60A	 F: ACTTCCCCGCACCCTACCAG
		R  : CTGGTAGGGTGCGGGGAAGT
	 4A	 F: ATACTTCGCCGCAGCCGCCCAGCCT
		R  : AGGCTGGGCGGCTGCGGCGAAGTAT

F, forward; KCTD1, potassium‑channel tetramerization-domain-
containing 1; R, reverse. The mutated base is underlined.



HU et al:  REGULATION OF DISEASE-ASSOCIATED MUTANT KCTD1 AND AP-2α3898

whereas 10 KCTD1 mutants had no effect on the transcrip-
tional inhibition of AP‑2α, compared with wild‑type KCTD1 
(Fig. 1B).

The present study also investigated the effect of KCTD1 on 
the transcriptional activity of AP‑2α with mutations in the PY 
motif (Fig. 1C), which is required for a normal developmental 

phenotype  (5). KCTD1 markedly repressed A2 luciferase 
activity of AP‑2α P60A and P61R, but not of AP‑2α P59A 
or 4A, indicating that the AP‑2α mutation of amino acid 59 
abrogated KCTD1 regulation (Fig. 1D). Taken together, these 
data revealed that pathogenic mutations in KCTD1 or AP‑2α 
affect their regulatory mechanisms.

Figure 1. Effects of KCTD1 and AP‑2α mutants on A2 luciferase reporter activity. (A) Schematic diagram showing the domain structure of KCTD1 and 
mutants associated with scalp‑ear‑nipple syndrome. (B) 293 cells were transiently transfected with A2 luciferase reporter vector, AP‑2α alone or in combina-
tion with either wild‑type KCTD1 or KCTD1 mutants. (C) Schematic diagram showing the domain structure of AP‑2α and mutants associated with Char 
syndrome. (D) Transfection was performed with the A2 reporter vector in the presence or absence of KCTD1 or with KCTD1 co‑transfected with either 
wild‑type AP‑2α or AP‑2α mutants in 293 cells. At 24 h after transfection, luciferase and β‑galactosidase activities were determined. Relative luciferase 
activity is expressed as the mean ± SD of three independent experiments normalized to β‑galactosidase activity. **P<0.01. FL, full‑length; TAD, transactiva-
tion domain; BD, DNA‑binding domain; BTB, broad‑complex, tramtrack and bric a brac domain; DIM, dimerization domain; KCTD1, potassium‑channel 
tetramerization‑domain‑containing 1.
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Altered cellular localization of KCTD1 and AP‑2α mutants, 
compared with wild‑type. Plasmids encoding mutant 
KCTD1 and AP‑2α proteins were transfected into 293 cells 
to investigate the localization of both mutant proteins using 
immunofluorescence (Figs.  2  and  3, respectively). It was 

observed that wild‑type KCTD1 localized with wild‑type 
AP‑2α, consistent with previously reported results (13). The 
KCTD1 mutants (A30E, P31R, P31L, H33Q, G62D, D69E 
and H74P) were distributed throughout the whole cell, 
predominantly exhibited strong fluorescence in the nucleus, 
and co‑localized with AP‑2α (Fig. 2). However, localization of 
KCTD1 P20S was detected in the nuclear membrane. KCTD1 
P31H was localized in the nuclear membrane and the cytoplasm 
(Fig. 2A). KCTD1 H33P clustered in an aggregated pattern in a 
significant portion of the cells (Fig. 2B). These data suggested 
that wild‑type KCTD1 and its mutant proteins primarily 
localized in the nucleus, but KCTD1 mutants with mutated 
amino acids 20 and 31 localized to the nuclear membrane. In 
addition, wild‑type AP‑2α and mutant P60A and P61R protein 
appeared to demonstrate strong fluorescence in the nucleus and 
co‑localized with KCTD1 protein. However, the AP‑2α P59A 
and 4A proteins were predominantly detected in the cytoplasm 
and showed no overlap with KCTD1 protein (Fig. 3). These 
observations were indicative of altered localization of KCTD1 
and AP‑2α.

Protein interactions are altered between KCTD1 
mutants/wild‑type AP‑2α and wild‑type KCTD1/AP‑2α P59A 
mutant. Coimmunoprecipitation analysis was performed to 
investigate in vitro interactions between AP‑2α and KCTD1 
mutants. Anti‑KCTD1 antibodies immunoprecipitated the 
wild‑type KCTD1/AP‑2α complex but did not precipitate 
the KCTD1 mutant/AP‑2α protein complex (Fig.  4A‑C). 
Moreover, consistent with luciferase assay results, KCTD1 
formed a complex with AP‑2α P60A and P61R, but not with 
AP‑2α P59A or 4A (Fig. 4D). These results demonstrated that 

Figure 2. Cellular localization of KCTD1 mutants. HeLa cells were 
transiently transfected with the expression plasmids pEGFP‑C1‑AP‑2α 
and pCMV‑Myc‑wild‑type KCTD1 or pCMV‑Myc‑KCTD1 mutants. 
(A) Localization of wild‑type AP‑2α and wild‑type KCTD1 or KCTD1 
mutants including P20S, A30E, P31R, P31L, P31H. (B) Localization of 
wild‑type AP‑2α and KCTD1 mutants including H33P, H33Q, G62D, 
D69E and H74P. Images were captured at 36 h after transfection. Green, 
GFP‑AP‑2α expression; blue, Hoechst 33258 nuclear stain; red, KCTD1 WT 
and mutants; yellow indicates overlapping expression. GFP, green fluorescent 
protein; KCTD1, potassium‑channel tetramerization‑domain‑containing 1; 
mut, mutant; wt, wild‑type.

Figure 3. Localization of AP‑2α mutant protein expression. Overexpression 
of pCMV‑HA‑KCTD1 and pCMV‑Myc‑AP‑2α mutants in HeLa cells was 
assessed by immunofluorescence analysis. Red, AP‑2α; green, KCTD1; 
blue, Hoechst 33258 nuclear stain; yellow indicates overlapping expres-
sion. KCTD1, potassium‑channel tetramerization‑domain‑containing 1; 
WT, wild‑type.
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the KCTD1 mutants did not interact with AP‑2α, although 
some nucleic co‑localization was observed for the AP‑2α and 
KCTD1 mutants, which indicated that KCTD1 mutations in 
the BTB domain reduce its suppressive effects on AP‑2α. 
However, KCTD1 continued to inhibit the transcriptional 
activation of AP‑2α P60A and P61R and formed a complex 
through protein‑protein interaction.

Differential regulation of KCTD1 and AP‑2α mutants on the 
Wnt/β‑catenin signaling pathway. Wnt/β‑catenin signaling 
serves a key role in embryonic development and various 
diseases including bone disease including osteoporosis‑pseu-
doglioma syndrome, cardiometabolic disease and Parkinson's 
disease (22‑25). The present study investigated the effects of 
KCTD1 mutants on the canonical Wnt/β‑catenin signaling 
pathway. The TOPFLASH reporter plasmid was transfected 
into 293 cells in the presence or absence of pCMV‑Myc‑KCTD1 
wild‑type or KCTD1 mutants. The results demonstrated that 
wild‑type KCTD1 overexpression markedly suppressed the 
Wnt pathway‑responsive TOPFLASH reporter gene activity 
(Fig. 5A). In addition, the majority of KCTD1 mutants strongly 
inhibited the transcriptional activity of the TOPFLASH 
reporter. KCTD1 A30E or H33Q mutants had no effect on 
the transcriptional activity of the TOPFLASH reporter, 
but eight other KCTD1 mutants significantly decreased the 
transcription activity of the TOPFLASH reporter gene to a 
similar extent as the wild‑type KCTD1. In the H33Q KCTD1 
mutant, the change from polar and charged His33 to a polar 
residue, Gln (Q), did not inhibit TOPFLASH reporter activity. 
By contrast, the change from His to Pro in the H33P mutant 
inhibited the TOPFLASH reporter activity. Collectively, these 

results suggested that Ala 30 and His 33 were important for 
KCTD1‑mediated regulation of Wnt/β‑catenin signaling 
(Fig. 5A). These data indicate that the pathogenic mechanisms 

Figure 4. Interaction between KCTD1 and AP‑2α mutants in vivo. 293 cells were transiently transfected with expression vectors Myc‑AP‑2α and Myc‑KCTD1 
or their mutants for 30 h. (A) Co‑IP of wild‑type AP‑2α and wild‑type KCTD1 or KCTD1 mutants including A30E and P20S. (B) Co‑IP of wild‑type AP‑2α 
and KCTD1 mutants including G62D, D69E and H74P. (C) Co‑IP of wild‑type AP‑2α and KCTD1 mutants including P31H, P31R and P31L. (D) Co‑IP of 
wild‑type KCTD1 and AP‑2α mutants including P59A, P60A, P61R and 4A. Whole‑cell extracts were analyzed using mouse monoclonal anti‑Myc antibody to 
confirm protein overexpression and were immunoprecipitated with rabbit polyclonal antibody against KCTD1. Immunoprecipitates were detected by western 
blotting using mouse monoclonal anti‑Myc tag antibody. Pre‑immune rabbit IgG served as the negative control. Quantification of bands was analyzed using 
ImageJ software. Ratio of AP‑2α/KCTD1 indicates the amount of immunoprecipitated AP‑2α proteins relative to the amount of immunoprecipitated KCTD1 
proteins. IP, immunoprecipitation; KCTD1, potassium‑channel tetramerization‑domain‑containing 1.

Figure 5. (A and B) Effects of KCTD1 and AP‑2α mutations on TOPFLASH 
luciferase reporter activity. 293 cells were transiently transfected with the 
TOPFLASH Wnt luciferase reporter and the indicated expression plasmids. 
At 24 h after transfection, luciferase and β‑galactosidase activity was assayed. 
Relative luciferase activity is expressed as the mean ± SD of three indepen-
dent experiments normalized to β‑galactosidase activity. **P<0.01. KCTD1, 
potassium‑channel tetramerization‑domain‑containing 1; WT, wild‑type.
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underlying certain KCTD1 mutants are primarily due to 
suppressed Wnt/β‑catenin signaling, resulting in specific 
abnormal phenotypes in SEN syndrome.

AP‑2α has been reported to inhibit TOPFLASH reporter 
activity in a manner similar to KCTD1 (17,18). AP‑2α P59A 
and AP‑2α 4A suppressed TOPFLASH activity to a similar 
degree as wild‑type AP‑2α (Fig. 5B); AP‑2α P60A and P61R 
also partially inhibited TOPFLASH reporter activity. Notably, 
inhibition of TOPFLASH reporter activity by AP‑2α P60A 
and P61R was enhanced in cells co‑transfected with wild‑type 
KCTD1, but KCTD1 had no effect on the TOPFLASH reporter 
activity of AP‑2α P59A or 4A (Fig. 5B). These results supported 
the hypothesis that the AP‑2α P59A mutant downregulates 
the Wnt/β‑catenin signaling pathway, which is unaffected by 
KCTD1.

Finally, western blotting was performed to measure the 
influence of AP‑2α and KCTD1 proteins on the Wnt/β‑catenin 
pathway. KCTD1 and AP‑2α overexpression (individually 

and in combination) decreased β‑catenin expression levels 
(Fig. 6A); downstream CCND1 expression levels were also 
downregulated. Moreover, KCTD1 and AP‑2α decreased the 
survival of the SW480 cells, and 20 µM chemotherapeutic 
drug cisplatin (DDP) exhibited a stronger inhibitory effect 
on the viability of SW480 cells transfected with KCTD1 
and/or AP‑2α, compared with the normal saline (NS) group 
(Fig. 6B). These results demonstrated that KCTD1 and AP‑2α 
downregulated β‑catenin expression levels in the canonical 
Wnt pathway and inhibited SW480 cell viability, suggesting 
KCTD1 and AP‑2α might regulate these syndromes through 
the Wnt/β‑catenin pathway.

Discussion

The BTB domain is crucial for transcriptional regulation; 
proteins with a BTB domain primarily function as transcrip-
tional repressors  (26‑28). BTB proteins, such as Bcl‑6 and 
promyelocytic leukemia zinc‑finger (PLZF), are involved in a 
number of developmental processes, such as limb formation, 
gastrulation, ovary morphogenesis, eye development and hema-
topoietic stem cell fate determination (29‑33). The Bcl6 mutant 
does not interact with co‑repressors through its BTB domain, 
which results in defective B cell proliferation and survival, 
disrupted formation of germinal centers and suppressed affinity 
maturation of immunoglobulin (34). Specifically, residues 33‑35 
form the floor of the pocket and residues 63, 64 and 66‑68 form 
each wall in the secondary structure of PLZF BTB domain (35). 
All known KCTD mutants in SEN syndrome are caused 
by missense mutations, and the BTB pocket is formed by a 
number of residues (3). KCTD1 mutations associated with SEN 
syndrome abrogate KCTD1 transcriptional repression activity 
on transcription factor AP‑2α (13). These missense mutations 
result in the loss of KCTD1 function in a dominant‑negative 
manner. This is consistent with the present study results, which 
demonstrated that alterations in the KCTD1 BTB domain had 
no effect on the transcriptional repression of AP‑2α owing to a 
lack of interaction, despite a degree of co‑localization. Notably, 
the present study revealed that KCTD1 H33P was localized in 
a punctate pattern in the cells. These findings were consistent 
with a previous study in which amyloid precursor protein (APP) 
exhibited a punctate pattern of immunofluorescence indica-
tive of internalization from the cell surface to an endosomal 
compartment (36), indicating that KCTD1 H33P may serve 
important roles in internalization by endocytosis. To investi-
gate the function of KCTD1 mutants in maintaining a normal 
tissue phenotype, as well as the regulatory association between 
KCTD1 mutants and Wnt/β‑catenin signaling, normal cell lines, 
such as 293 cells, were selected as previously described (18). 
The majority of KCTD1 BTB domain mutants suppressed the 
Wnt/β‑catenin pathway, indicating that substitutions of amino 
acids in cases of SEN syndrome do not wholly disrupt transcrip-
tional repression caused by BTB domain mutations in KCTD1, 
although only KCTD1 A30E and H33Q displayed unchanged 
TOPFLASH reporter activity. It was hypothesized that KCTD1 
mutations that cause SEN syndrome may result in abnormal 
regulation of AP‑2α and developmental defects.

Char syndrome is characterized by patent ductus arte-
riosis, facial dysmorphism and incurving fifth fingers (37). 
The PY motif in AP‑2 protein family is associated with Char 

Figure 6. KCTD1 and AP‑2α decrease SW480 cell viability by downregulating 
β‑catenin expression levels. (A) SW480 cells were transiently transfected with 
pCMV‑Myc (Mock), pCMV‑Myc‑KCTD1 and/or pCMV‑Myc‑AP‑2α plas-
mids. At 24 h after transfection, total cell lysates were harvested and detected 
by western blotting using mouse monoclonal antibodies against β‑catenin, 
Myc‑tag, CCND1 and GAPDH. GAPDH served as a loading control for 
protein normalization. (B) Effects of overexpressed KCTD1, AP‑2α or DDP 
treatment on SW480 cells. SW480 cells were transiently transfected with 
pCMV‑Myc‑KCTD1 and/or pCMV‑Myc‑AP‑2α plasmids and treated with or 
without 20 µM DDP for 24 h. Cell viability was determined by MTT assays 
and absorbance was measured at 490 nm. *P<0.05, **P<0.01 compared with 
controls (the Mock group or the AP‑2α group). KCTD1, potassium‑channel 
tetramerization‑domain‑containing 1; CCND1, cyclin D1; DDP, cisplatin; 
NS, normal saline.
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syndrome as autosomal dominant diseases (7). The PY motif 
is conserved in the transcription activation domain of AP‑2 
proteins and KCTD1 binds to this transactivation domain. 
KCTD1 inhibited the transcriptional activation of AP‑2α by 
three‑fold, whereas KCTD1 only suppressed the transcrip-
tional activity of AP‑2α P60A and P61R by one‑half, and 
did not decrease the transcriptional activity of AP‑2α P59A 
(Fig. 1D), indicating that regulatory the AP‑2α mutation could 
been influenced by differential regulation of KCTD1.

The Wnt/β‑catenin signaling pathway serves a key role 
in embryonic developmental processes (22,38,39) and carci-
nogenesis (40‑42). Truncations in APC are frequently found 
in familial adenomatous polyposis, a dominantly inherited 
disease characterized by polyps in the colon and rectum (43,44). 
Mutations in β‑catenin and APC cause sporadic colon cancer 
and other types of tumor, such as liver cancer and intraductal 
papillary neoplasms of the bile duct (45‑47). KCTD1 directly 
binds to β‑catenin, enhances its degradation and inhibits the 
canonical Wnt/β‑catenin signaling pathway (18). In the present 
study, AP‑2α and KCTD1 downregulated β‑catenin expression 
levels in individual transfection experiments and decreased 
SW480 cell viability, although both of these proteins exhibited 
stronger inhibitory effects on β‑catenin protein levels and cell 
viability in co‑transfection experiments, potentially due to the 
negative regulatory association between AP‑2α and KCTD1. 
The chemotherapy drug cisplatin enhanced the influence of 
both genes on SW480 cell viability.

In summary, the present data demonstrated that KCTD1 
mutants causing SEN syndrome did not bind AP‑2α and 
exhibited no inhibitory effects on AP‑2α, and that KCTD1 
was not associated with AP‑2α P59A‑induced Char syndrome. 
The interactions between KCTD1 mutants/wild‑type AP‑2α or 
wild‑type KCTD1/AP‑2α mutants were abrogated as a potential 
effect of altered localization, including KCTD1 mutants P20S, 
P31H, H33P and AP‑2α mutants P59A and 4A. However, the 
majority of KCTD1 and AP‑2α mutants inhibited TOPFLASH 
reporter activity to different extents, and wild‑type KCTD1 
and AP‑2α downregulated β‑catenin expression levels and 
decreased SW480 cell viability. Further investigation using 
an animal model is required to fully elucidate the regulatory 
mechanisms of these proteins in SEN and Char syndrome.
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