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Abstract. The Wnt signaling pathway is aberrantly activated 
in the majority of human colorectal tumors. β‑catenin, a key 
component of the Wnt signaling pathway, interacts with the 
T‑cell factor/lymphoid enhancer‑binding factor family of 
transcription factors and activates transcription of Wnt target 
genes. Sp5 is one of the Wnt target genes, and its expression 
is commonly upregulated in colon cancer cells. The present 
study demonstrates that the expression of Sp5 is not upregu-
lated in the colon cancer cell line HCT116, in which Wnt 
signaling is constitutively activated. Furthermore, the results 
demonstrate that Sp5 has the potential to inhibit cell prolifera-
tion through upregulation of the cell cycle inhibitor p27. These 
findings suggest that HCT116 cells downregulate Sp5 to avoid 
p27‑mediated growth arrest.

Introduction

The Wnt signaling pathway plays a critical role in proliferation, 
cell mobility and development (1‑3). Wnt signaling stabilizes 
cytoplasmic β‑catenin, and β‑catenin is subsequently trans-
located into the nucleus where it interacts with the T‑cell 
factor/lymphoid enhancer‑binding factor (TCF/LEF) tran-
scription factors to stimulate the transcription of Wnt target 
genes, such as such as cyclin D1, c‑Myc and Axin2  (4‑7). 
Aberrant activation of Wnt signaling has been implicated in a 
variety of human cancers, including colon cancer (8,9).

Specificity protein 5 (Sp5), a member of the Sp transcription 
factor family, is a direct target of β‑catenin‑TCF/LEF (10‑13). 
Sp5 is expressed at high levels in normal and tumor tissues 
where Wnt signaling is activated (14), suggesting that Sp5 
is a universal Wnt signaling target. Sp5 contains three 
conserved Cys2His2 zinc finger domains at its C‑terminus, 

which bind the GC‑box (GGGCGG) or closely associated 
sequences (15,16). Sp5 directly represses the transcription of 
the cell cycle inhibitor p21 by binding to the GC‑boxes located 
in its promoter region, and exogenous expression promotes the 
growth of breast cancer MCF‑7 cells, which express no detect-
able Sp5 protein (11,14,17). By contrast, overexpression of Sp5 
inhibits cell growth and transformation mediated by oncogenic 
KRAS in NIH3T3 cells (18). In addition, Sp5‑deficient mice 
do not exhibit evident abnormalities, possibly due to func-
tional compensation by other members of the Sp family (19). 
Although the analysis of Sp5 could provide novel insights into 
the mechanisms underlying the tumorigenesis of colon cancer, 
the role of Sp5 in the regulation of cell proliferation has not 
been clearly established.

The present study demonstrates that the expression of Sp5 
is not upregulated in the colon cancer cell line HCT116, in 
which Wnt signaling is constitutively activated. Furthermore, 
Sp5 has the potential to inhibit the proliferation of HCT116 
cells through regulation of the expression of the cell cycle 
inhibitor p27.

Materials and methods

Cell culture and transfection. HCT116 cells were obtained 
from ATCC (Manassas, VA, USA) and cultured in McCoy's 5A 
medium (Sigma‑Aldrich, St. Louis, MO, USA) supplemented 
with 10% fetal bovine serum (FBS; Nichirei Biosciences, 
Tokyo, Japan). HEK293 cells were obtained from ATCC and 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Nissui, Tokyo, Japan) supplemented with 10% FBS. An siRNA 
targeting p27 (5'‑CAAGTGGAATTTCGATTTT‑3') was 
obtained from Ambion (s2837; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Plasmids and siRNAs were transfected 
into cells using Lipofectamine LTX and RNAiMAX (both 
Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocols. Silencer negative control 1 siRNA 
(Ambion; Thermo Fisher Scientific, Inc.) was used as a nega-
tive control.

Cloning of mouse Sp5 cDNA. Mouse embryonic fibroblasts 
(MEF) were sourced from C57BL/6 mice. Total RNA 
was isolated from MEFs using TRIsure (Bioline Reagents 
Limited, London, UK) and cDNA was synthesized from 
500 ng of RNA using Super Script III Reverse Transcriptase 
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(Invitrogen; Thermo Fisher Scientific, Inc.) with random 
hexamers. A FLAG tag was added to the 5' end of the mouse 
Sp5 (mSp5) cDNA by polymerase chain reaction (PCR) using 
KOD‑plus‑Neo (Toyobo Co., Ltd., Osaka, Japan) and cloned 
into a pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, 
Inc.) with the forward primer 5'‑AAA​GAA​TTC​ATG​GCC​
GCT​GTG​GCC​GTCCT‑3' and reverse primer 5'‑TTT​TCT​
AGA​TCA​TAG​GTC​CCG​CGG​ATTCT‑3'.

Reverse transcription (RT)‑quantitative PCR (qPCR) 
analysis. Total RNA was isolated using TRIsure and cDNA 
was synthesized from 500 ng of RNA using PrimeScript RT 
Master Mix (Takara Bio, Inc., Otsu, Japan). Reactions were 
performed at 37˚C for 15 min and inactivated at 85˚C for 5 sec. 
All cDNA samples were diluted (1:9) with RNase‑free water 
for use as templates in qPCR. qPCR was performed in dupli-
cate using SYBR Green I (Takara Bio, Inc.), and detected on a 
LightCycler 480 Real‑Time PCR System (Roche Diagnostics 
GmbH, Mannheim, Germany). qPCR was performed in a 
10‑µl mixture that included 5 µl 2X SYBR Premix Ex Taq 
(Takara Bio, Inc.), 3µ l RNase‑free water containing 1.6 pmol 
of each primer and 2µl cDNA template. The PCR cycling 
conditions were as follows: A denaturation step of 30 sec at 
95˚C, and then 40 cycles of amplification at 95˚C for 5 sec and 
60˚C for 30 sec. All mRNA quantification data were normal-
ized to glyceraldehyde 3‑phosphate dehydrogenase (GAPDH) 
expression and compared as differences in ΔΔCq (20). Primer 
sequences were as follows: GAPDH forward, 5'‑GCA​CCG​
TCA​AGG​CTG​AGA​AC‑3'; GAPDH reverse, 5'‑TGG​TGA​
AGA​CGC​CAG​TGGA‑3'; Axin2 forward,  5'‑GCC​AAT​GGC​
CAA​GTG​TCTC‑3'; Axin2 reverse, 5'‑GGC​TCT​CCA​ACT​
CCA​GCT​TC‑3'; p27 forward,  5'‑GGC​CTC​AGA​AGA​CGT​
CAA​AC‑3'; p27 reverse, 5'‑CAT​GTA​TAT​CTT​CCT​TGC​TTC​
ATCA‑3'; p21 forward,  5'‑CTG​GAG​ACT​CTC​AGG​GTC​
GAAA‑3'; and p21 reverse, 5'‑GAT​TAG​GGC​TTC​CTC​TTG​
GAG​AA‑3'.

Immunoblotting analysis. Cells were lysed in radioimmuno-
precipitation assay buffer (50 mM Tris‑HCl, 150 mM NaCl, 
1 mM ethylenediaminetetraacetic acid, 1% Triton X‑100, 
0.1% sodium dodecyl sulfate, 0.5 mM dithiothreitol, 1:1,000 
protease inhibitor cocktail). The lysates were subjected 
to immunoblotting analysis with monoclonal mouse 
anti‑FLAG (#F1804; Sigma‑Aldrich; dilution, 1:1,000) or 
anti‑tubulin (#CP06; EMD Millipore, Billerica, MA, USA; 
dilution, 1:1,000) primary antibodies, and horseradish perox-
idase (HRP)‑conjugated secondary antibodies (#405306; 
BioLegend, San Diego, CA, USA; dilution, 1:5,000).. Visual-
ization was performed using Luminata Forte HRP substrate 
(EMD Millipore).

Cell proliferation assays. HCT116 cells were transfected 
with Flag‑tagged mSp5 or empty vector (control) using Lipo-
fectamine LTX. Cells were cultured for 1 day and then plated 
in 96‑well plates (Day 0), and cell numbers were measured 
using the CellTiter‑Glo 2.0 assay kit (Promega Corporation, 
Madison, WI, USA).

Luciferase assays. HEK293 cells were transfected with a 
luciferase‑reporter plasmid and cultured for 24 h. Cells were 

Figure 1. Expression levels of Axin2 and Sp5 in colon cancer cell lines 
determined by reverse transcription‑quantitative polymerase chain reaction.
(A) Axin2 and (B) Sp5 expression in HCT116, HT‑29, SW403, DLD‑1, WiDr, 
Caco‑2 and SW480 cells. The values are the expression levels for each gene 
normalized to GAPDH. GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.

Figure 2. Overexpression of mSp5 inhibited the growth of HCT116 cells. 
(A) Lysates from HCT116 cells transfected with FLAG‑tagged mSp5 were 
subjected to immunoblotting analysis with an anti‑FLAG antibody. Tubulin 
was used as a loading control. (B) Growth of HCT116 cells transfected 
with mock or mSp5 expression vectors was measured by CellTiter‑Glo 
assay. Results are shown as mean ± standard deviation of 3 wells. *P=0.009, 
Student's t‑test. mSp5, mouse specificity protein 5. 
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lysed and firefly luciferase activity was measured with the 
Luciferase Reporter Assay System (Promega Corporation) 
according to the manufacturer's instructions. pRL‑CMV was 
used as an internal control. Primer sequences were as follows: 
p27 promoter (‑300) forward, 5'‑AAA​CTC​GAG​CGG​TCC​TCT​
GGT​CCA​GGT​CC‑3'; p27 promoter (‑1,000) forward, 5'‑AAA​
CTC​GAG​CGA​GGG​GAG​TAT​TTT​CAC​CC‑3'; p27 promoter 
(TSS) reverse, 5'‑TTT​AAG​CTT​GGT​GGC​CCC​GGC​GCG​
GTT​CC‑3'; p27 promoter (+100) reverse, 5'‑TTT​AAG​CTT​
AGA​AAA​TGA​TTG​ACA​CGG​CG‑3'.

Chromatin immunoprecipitation (ChIP) assays. ChIP assays 
were performed as described previously (21). Briefly, HCT116 
cells were transfected with Mock or FLAG‑mSp5 expres-
sion constructs 24 h prior to the assays. DNA fragments 
immunoprecipitated with anti‑FLAG antibody (#F1804; 
Sigma‑Aldrich) or mouse IgG (2  µg) were analyzed by 
RT‑qPCR using primers directed against a region containing 
the predicted Sp5‑binding site in the p27 promoter region 
(p27‑TSS). The promoter regions of GAPDH and p21 were 
used as negative and positive controls, respectively. Primer 

sequences were as follows: GAPDH (TSS) forward, 5'‑TGC​
GTG​CCC​AGT​TGA​ACC​AG‑3'; GAPDH (TSS) reverse, 
5'‑AAC​AGG​AGG​AGC​AGA​GAG​CGA​AGC‑3'; p21 (TSS) 
forward, 5'‑CTG​GGG​GAG​GAG​GGA​AGTG‑3'; p21 (TSS) 
reverse, 5'‑CTG​GCC​GAG​TTC​CAG​CAG‑3'; p27 (‑1,000) 
forward, 5'‑CCT​TCA​GCC​CTC​TGA​AAG​CA‑3'; p27 (‑1,000) 
reverse, 5'‑AGT​CCA​GCC​GCC​AAA​TAC​AA‑3'; p27 (TSS) 
forward, 5'‑ACC​GCC​ATA​TTG​GGC​CAC‑3'; and p27 (TSS) 
reverse, 5'‑GAG​TCG​CAG​AGC​CGT​GAG‑3'.

Statistical analysis. Statistical analysis was performed using 
Student's t‑test with Microsoft Excel 2010 (Microsoft Corpo-
ration, Seattle, WA, USA). P<0.01 was considered to indicate a 
statistically significant difference.

Results

Sp5 is expressed at low levels in HCT116 cells. To examine 
the expression levels of Sp5 and the Wnt target gene Axin2, 
RT‑qPCR analyses were performed on the colorectal cancer 
cell lines HCT116, HT‑29, SW403, DLD‑1, WiDr, Caco‑2 

Figure 3. mSp5 binds to the promoter region of p27 and activates its transcription. Reverse transcription‑quantitative polymerase chain reaction analysis of 
(A) p27 and (B) p21 in HCT116 cells transfected with mSp5. Results are expressed as the means ± SD of three independent experiments (*P=0.008, Student's 
t‑test). (C) Schematic diagrams of reporter constructs used for luciferase assays. Fragments of the p27 promoter were cloned upstream of the luciferase (Luc) 
gene: p27‑P1 (from ‑300 to 0), p27‑P2 (from ‑300 to +100), p27‑P3 (from ‑1000 to 0), p27‑P4 (from ‑1000 to +100). The potential Sp5 binding site [GC‑box 
(GGGCGG)] is indicated by black boxes. The positions of the primers used for ChIP assays are indicated by arrows. (D) HEK293 cells were transfected with 
the indicated p27 reporter constructs along with mSp5 and were subjected to luciferase assays. The pRL‑CMV vector was used as an internal control. Results 
are expressed as the means ± SD of three independent experiments (*P=0.014, **P=0.013, Student's t‑test). (E) ChIP assays were performed on HCT116 cells that 
had been transfected with mSp5 using anti‑Flag antibody or control IgG. The promoter regions of p27 [p27‑(‑1000) and p27‑TSS] were amplified. The promoter 
regions of GAPDH and p21‑TSS were used as negative and positive controls, respectively. Results are expressed as the means ± SD of three independent 
experiments (*P<0.042, **P=0.036, Student's t‑test). mSp5, mouse specificity protein 5; SD, standard deviation; ChIP, chromatin immunoprecipitation; GAPDH, 
glyceraldehyde 3‑phosphate dehydrogenase; N.D, not detected; TSS, transcription start site.
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and SW480 (Fig. 1A and B). HCT116 cells contain mutated 
β‑catenin, whereas HT‑29, SW403, DLD‑1, WiDr, Caco‑2 
and SW480 cells contain a truncated mutant of the tumor 
suppressor adenomatous polyposis coli (22,23). In the present 
study, Sp5 was found to be expressed at very low levels in 
HCT116 cells compared with HT‑29, SW403, DLD‑1, WiDr, 
Caco‑2 and SW480 cells. By contrast, Axin2 expression was 
not downregulated in HCT116 cells compared to the other 
cell lines.

mSp5 inhibited the growth of HCT116 cells. To study the effect 
of Sp5 on the proliferation of colon cancer cells, mSp5 was 
overexpressed in HCT116 cells (Fig. 2A). Overexpression of 
mSp5 was found to result in a decrease in proliferation in these 
cells (Fig. 2B).

mSp5 activates p27 transcription. It has been reported that 
overexpression of Sp5 suppresses p21 expression (11,14,17). 
However, in the present study, RT‑qPCR analysis revealed 
that overexpression of mSp5 did not affect the expression 
levels of p21 in HCT116 cells (Fig. 3A). By contrast, the 
overexpression of mSp5 resulted in the upregulation of p27 
(Fig. 3B). To clarify the mechanisms underlying Sp5‑mediated 
upregulation of p27, reporter assays were performed using 
constructs in which various fragments of the p27 promoter 
region were inserted upstream of the luciferase gene (p27‑P1, 
‑P2, ‑P3 and ‑ P4 in Fig. 3C). Overexpression of mSp5 in 
HEK293 cells enhanced the activities of the p27‑P2 and ‑P4, 
but not the p27‑P1 and ‑P3 reporters (Fig. 3D). To examine 
whether Sp5 transactivates p27 directly, ChIP assays were 
performed on HCT116 cells transfected with FLAG‑tagged 
mSp5 using an anti‑FLAG antibody. mSp5 binding to a DNA 
fragment (p27‑TSS; shown in Fig. 3C), which contains the 
GC‑box (Fig. 3E) was detected. The promoter regions of 
GAPDH and p21 were used as negative and positive controls, 
respectively. These results suggest that Sp5 directly upregu-
lates the transcription of p27 by binding to the GC‑box in its 
promoter region.

Knockdown of p27 partially restores the growth of HCT116 
cells overexpressing mSp5. To address the significance 

of p27 in Sp5‑mediated suppression of cell growth, p27 
was knocked down using siRNA in HCT116 cells that 
had been transfected with mSp5 (Fig. 4A). Knockdown of 
p27 partially restored the growth of HCT116 cells overex-
pressing mSp5 (Fig. 4B). Thus, Sp5‑induced upregulation of 
p27 may be required for inhibition of the growth of HCT116 
cells.

Discussion

It has been shown that Sp5 is a direct target of Wnt signaling 
and that its expression is commonly upregulated in several 
colon cancer cell lines (24). The present study showed that 
the expression of Sp5 is not upregulated in HCT116 cells, in 
which Wnt signaling is constitutively activated. Although 
other studies have reported that Sp5 represses the expression 
of p21 and promotes the growth of MCF‑7 cells (11,14,17), 
no significant changes could be detected in the p21 expres-
sion in the HCT116 cells transfected with Sp5 in the present 
study. This discrepancy may be due to the differences in cell 
types and the different expression levels of the Sp family of 
proteins. Furthermore, the present results indicate that Sp5 
has the potential to inhibit cell proliferation by regulating the 
cell cycle inhibitor p27 in HCT116 cells. We speculate that 
HCT116 cells downregulate Sp5 in order to escape p27‑medi-
ated growth arrest. The molecular mechanisms underlying 
the downregulation of Sp5 in HCT116 cells remain to be 
elucidated.
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Figure 4. Knockdown of p27 partially restores the growth of HCT116 cells overexpressing mSp5. (A) Reverse transcription‑quantitative polymerase chain 
reaction analysis of p27 expression in HCT116 cells transfected with the indicated expression constructs (*P=0.028,**P=0.007, Student's t‑test) . (B) Cell prolif-
eration in HCT116 cells transfected with the indicated constructs. Growth was quantified by CellTiter‑Glo assay. Results are expressed as the means ± standard 
deviation of three independent experiments (*P=0.04, **P=0.03, Student's t‑test. mSp5, mouse specificity protein 5; si, small interfering RNA.
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