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AbstrAct
The role of Achaete scute-like 2 (Ascl2) in colorectal cancer (CRC) cell 

differentiation is unknown. LS174T, HT-29 and Caco-2 cells have high Ascl2 expression, 
while Lovo and SW480 cells have low Ascl2 expression. LS174T and HT-29 cells with 
Ascl2 knockdown were transfected with caudal type homeobox 2 (CDX2) promoter 
constructs and used for luciferase assays and chromatin immunoprecipitation (ChIP) 
assays. Ascl2 knockdown promoted differentiation of CRC cells into a goblet cell 
phenotype, as determined by increased expression of MUC2, TFF3, and CDX2. Ascl2 
knockdown activated CDX2 expression through a transcriptional mechanism via direct 
binding of Ascl2 to the proximal E-box of the CDX2 promoter. Ascl2 over-expression 
in Lovo and SW480 cells inhibited a goblet cell phenotype, as determined by reduced 
CDX2 and MUC2 expression. Inverse correlations between Ascl2 and CDX2, and Ascl2 
and MUC2 mRNA levels, as well as Ascl2 and CDX2 protein levels were observed in CRC 
cancerous samples. This study demonstrates CDX2 repression by Ascl2 and highlights 
a role for Ascl2 in CRC cell differentiation.  These findings suggest that the Ascl2/
CDX2 axis may serve as a potential therapeutic target in colorectal cancer.

INtrODUctION

A number of genes and encoded proteins participate 
in the maintenance of stemness and the differentiation 
of colorectal cancer (CRC) cells [1-3]. Understanding 
the regulatory mechanisms and signaling pathways 
involved in CRC stem cell differentiation is important 
for the development of novel drugs that promote this 
differentiation, while inhibiting stemness [3-5]. However, 
the molecular mechanisms bridging CRC stem cell 
maintenance and the induction of differentiation in CRC 
cells are largely unknown.

Achaete scute-like 2 (Ascl2), a basic helix-loop-
helix (bHLH) transcription factor and downstream target 
of Wnt signaling, controls intestinal crypt stem cell fate 
[6, 7]. Ascl2 is over-expressed in colorectal cancer [6, 8, 
9], shifting the hierarchy of stem and progenitor cells in 

liver metastases and results in self-renewal rather than 
differentiation [9]. Blockade of Ascl2 expression in HT-
29 and LS174T cells results in tumor growth arrest via 
miRNA-302b-mediated inhibition of CRC progenitor cells 
and induces miR-200 family expression, further promoting 
epithelial-mesenchymal transition (EMT)-mesenchymal-
epithelial transition (MET) plasticity via a transcriptional 
mechanism [10, 11]. Thus, Ascl2 may be a regulatory 
factor in the maintenance of CRC stem cell.

Caudal type homeobox 2 (CDX2) encodes an 
intestinal transcriptional factor of the homeoprotein family 
that is essential for the development and maintenance 
of the intestinal mucosal epithelium [12, 13]. CDX2 
inhibits cell growth and stimulates cell differentiation in 
intestinal mucosal epithelial cells and CRC cells [14, 15]. 
CDX2 binds to the mucin 2 (MUC2) promoter, activating 
transcription, and stimulating the differentiation of 
goblet cells [16]. In this report, we demonstrate that the 
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Ascl2/CDX2 axis promotes plasticity between stemness 
maintenance and differentiation in CRC cells and could be 
a potential target for the development of novel therapies.

rEsULts

Ascl2 deficiency in CRC cells promotes 
differentiation into a goblet cell phenotype

To determine whether Ascl2 deficiency in CRC 
cells can lead to their differentiation, we used qRT-PCR 
to quantify expression levels of cell-type specific genes 
in shRNA-Ascl2/HT-29 and shRNA-Ascl2/LS174T cells. 

Two genes specific to goblet cells, MUC2 and trefoil 
factor 3 (TFF3), were more highly expressed in shRNA-
Ascl2/HT-29 and shRNA-Ascl2/LS174T cells when 
compared with their controls (Figure 1A-1B); however, 
two genes specific to paneth cells, phospholipase A₂ group 
IIA (PLA2G-2A) and lysozyme , showed no alteration in 
expression (data not shown). Isomaltase and lactase (genes 
specific to the absorptive epithelium) and chomogranin 
A and Nero D1 (genes specific to enteroendocrine cells) 
were undetectable in either shRNA treated or control 
cells. Because the MUC2 protein is commonly used as 
a differentiation marker of goblet cells, we examined 
expression of the MUC2 protein using a polyclonal 
antibody that recognizes its carboxyl terminal domain. 
Western blot analysis of Ascl2-deficient colon cells showed 

Figure 1: Ascl2 knockdown in CRC cell lines increased expression of goblet cell specific genes. A. MUC2 mRNA levels 
in CRC cell lines (HT-29, shRNA-Ctr/HT-29, shRNA-Ascl2/HT-29, LS174T, shRNA-Ctr/LS174T and shRNA-Ascl2/LS174T cells) were 
quantitated by real-time PCR analysis twice, each in triplicate (n = 6). B. TFF3 mRNA levels in CRC cell lines were quantitated by real-
time PCR analysis twice, each in triplicate (n = 6). C. and D. MUC2 protein expression in CRC cell lines and further densitometric analysis 
(n = 3). E. and F. Immunofluorescence staining of MUC2 protein in CRC cell lines.
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increased MUC2 expression as compared to their control 
cells (Figure 1C-1D). Immunofluorescence staining of 
the MUC2 protein revealed increased expression in both 
shRNA-Ascl2/HT-29 and shRNA-Ascl2/LS174T cells as 
compared with control cells (Figure 1E-1F). Thus, Ascl2 
deficiency in CRC cells leads to increased expression of 
goblet cell-specific genes, and promotes differentiation 
into a goblet cell phenotype.

Ascl2 deficiency induces CDX2 expression in 
intestinal neoplastic epithelial cells

CDX2 binds a cis element in the MUC2 gene 
promoter and activates transcription, and CDX2 over-

expression stimulates the differentiation of goblet cells. 
Because Ascl2 deficiency in CRC cells led to their 
differentiation into a goblet cell phenotype and induced 
MUC2 expression, we hypothesized that it did so via 
increasing CDX2 expression. We used qRT-PCR to 
quantify expression of Ascl2 and CDX2 in shRNA-Ascl2/
HT-29 and shRNA-Ascl2/LS174T cells and their controls. 
When compared with control cells, Ascl2 expression 
was significantly decreased in shRNA-Ascl2/HT-29 and 
shRNA-Ascl2/LS174T cells, while CDX2 expression was 
significantly increased (Figure 2A-2B). Similar increases 
in CDX2 protein levels in shRNA-Ascl2/HT-29 and 
shRNA-Ascl2/LS174T cells were observed in western blot 
analysis (Figure 2C-2D). Immunofluorescence staining of 
CDX2 in Ascl2-deficient CRC cells confirmed increased 

Figure 2: Ascl2 knockdown in CRC cell lines increased CDX2 expression. A. and B. Inhibition of Ascl2 in HT-29 and LS174T 
cells led to significant increase in CDX2 mRNA levels which were quantitated by real-time PCR analysis twice, each in triplicate (n = 6). C. 
and D. Inhibition of Ascl2 in HT-29 and LS174T cells led to significant increases in CDX2 protein levels which were detected by Western 
blotting and further densitometric analysis (n = 3). E. Immunofluorescence staining showed stronger CDX2 expression in shRNA-Ascl2/
HT-29 cells compared with controls. F. Immunofluorescence staining showed stronger CDX2 expression in shRNA-Ascl2/LS174T cells 
compared with controls.
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numbers of CDX2-positive cells, as well as increased 
CDX2 staining intensity in both shRNA-Ascl2/HT-29 and 
shRNA-Ascl2/LS174T cells when compared with control 
cells (Figure 2E-2F). 

Ascl2 represses CDX2 transcription

Ascl1, a homolog of Ascl2, was previously reported 
to form hetero-oligomers with the E12 transcription factor 
and can bind to the E-box of both muscle creatine kinase 
(MCK) and miRNA-200 in vitro [10]. Using promoter 
analysis, we found seven clustered E-boxes within the 
proximal 2167 bp region upstream of the transcription start 
site (TSS) of the human CDX2 gene (Figure 3A). To locate 
the specific regulators of CDX2 expression, the upstream 
amplifier region of CDX2 (-2167/+417) was inserted into 
a luciferase reporter pGL3 vector and truncated using 
relative primer pairs (Table 1): -1681/+417, -1393/+417, 
-1250/+417, -950/+417, -675/+417, -427/+417 and 
-272/+417 (Figure 3A). The full-length human CDX2 
promoter (-2167/+417) generated a significantly higher 
level of luciferase activity in both shRNA-Ascl2/LS174T 
and shRNA-Ascl2/HT-29 cells than in control cells (p 
< 0.05 or p < 0.01; Figure 3B-3C). Significantly higher 
luciferase activity was also observed in shRNA-Ascl2/
LS174T cells when using the pGL3-CDX2 promoter 
encompassing -1681/+417, -1393/+417, -1250/+417, 
-950/+417, -675/+41, and -427/+417 relative to the 

putative TSS (p < 0.01), in which different numbers of 
E-boxes were present (Figure 3C). Interestingly, the 
pGL3-CDX2 promoter encompassing -272/+417 relative 
to the putative TSS also had increased luciferase activity 
(p < 0.01) even with no potential E-box present. Identical 
experiments performed in shRNA-Ascl2/HT-29 cells 
and controls produced similar results (Figure 3B). These 
findings suggest that Ascl2 is a transcriptional repressor 
of CDX2.

Ascl2 binds the CDX2 promoter

We performed chromatin immunoprecipitation assay 
(ChIP) assays to determine whether Ascl2 binds directly 
to the CDX2 promoter and whether this binding decreased 
with Ascl2 knockdown in LS174T cells. As shown in 
Figure 4A, different numbers of E-boxes are present in 
the proximal promoters of CDX2. ChIP experiments 1-5 
provided evidence of Ascl2 binding to these proximal 
promoters based on (Figure 4B). ChIP experiments 3 and 
5 indicated that Ascl2 binding to the CDX2 promoter was 
reduced in shRNA-Ascl2/LS174T cells compared to that 
in shRNA-Ctr/LS174T cells at promoter positions -841/-
646 and -291/-134. (Figure 4C). These results provide 
evidence of Ascl2 binding to the proximal promoter of 
CDX2. 

Table 1: The primer sequences used in the each CDX2 promoter fragment
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The CDX2 promoter has an Ascl2 cis-binding 
element

To determine whether Ascl2 transcriptionally 
suppressed CDX2 expression via binding to the E-boxes 
in the proximal promoter, we used the CDX2 promoter-
Luc construct (-427/+417), in which only one E-box is 
present, to produce an E-box mutant (Figure 5A). shRNA-
Ascl2/HT-29 cells or shRNA-Ctr/HT-29 cells were 
transfected with either the wild-type CDX2 promoter-
Luc construct (-427/+417) or with the mutant construct. 
Both the wild-type and mutant CDX2 promoter-Luc 

constructs (-427/+417) showed significantly higher 
level of luciferase activity in shRNA-Ascl2/HT-29 
cells compared to shRNA-Ctr/HT-29 cells (p < 0.05; 
Figure 5B). Similar results were found in shRNA-Ascl2/
LS174T cells compared to shRNA-Ctr/LS174T cells (p 
< 0.05; Figure 5C). These results indicate that the most 
proximal E-box in the promoter of CDX2 functions as 
one of the binding sites for Ascl2 and that Ascl2 binding 
transcriptionally represses CDX2 expression. However, 
possible Ascl2 binding sites residing -272/+417 relative 
to the putative TSS of CDX2, which, when bound with 
Ascl2 still functioned as transcriptional repressors, remain 
unidentified. 

Figure 3: Transcriptional regulation of human CDX2 by Ascl2. A. A schematic representation of the human CDX2 promoter 
constructs used in this study. Seven promoter deletion-luciferase constructs were generated to identify the sites of transcriptional regulation 
within the human CDX2 promoter that respond to Ascl2 knockdown. B. shRNA-Ascl2/HT-29 and shRNA-Ctr/HT-29 cells were transfected 
with CDX2 constructs to identify the sites of transcriptional regulation within the human CDX2 promoter. C. shRNA-Ascl2/LS174T and 
shRNA-Ctr/LS174T cells were transfected with CDX2 constructs to identify the sites of transcriptional regulation within the human CDX2 
promoter. Data are presented as the mean±S.E. of three independent experiments (*: p < 0.05; **: p < 0.01).
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Table 2: The primer sequences used in the real-time PCR experiment 

Figure 4: Ascl2 binding to the human CDX2 promoter. Chromatin isolated from shRNA-Ascl2/LS174T and shRNA-Ctr/LS174T 
cells was subjected to immunoprecipitation using H2O (negative control), IgG antibody (negative control), anti-histone H3 antibody (mAb) 
(positive control) and mouse monoclonal IgG against Ascl2 (Millipore, MAB4418). The input represents 10% of the DNA used in the 
immunoprecipitation. A. Five sites in the CDX2 promoter with different numbers of E-box elements (ChIPs 1-5) were tested. B. The final 
DNA extracts were PCR-amplified using primers. C. The enrichment of the indicated genomic DNA fragments (ChIPs 1-5), the intergenic 
control (PC) or unspecific binding (blank and NC) was determined relative to the diluted input in three independent experiments. 
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Ascl2 over-expression in colon cancer cells 
suppresses CDX2 and MUC2

Ascl2 mRNA and protein levels were measured in 
HT-29, LS174T, Caco-2, Lovo, and SW480 human colonic 
adenocarcinoma cell lines. Ascl2 mRNA and protein were 
lower in both Lovo and SW480 cells compared with HT-
29, LS174T, and Caco-2 cells (Figure 6A and 6B). Thus, 
Lovo and SW480 cells were transfected with lentivirus 
particles expressing Ascl2, and stably transfected cells 
selected with puromycin. This resulted in four lines: lv-
Ascl2/Lovo, lv-Ascl2/SW480 cells, lv-Ctr/Lovo, and lv-
Ctr/SW480 cells. lv-Ascl2/Lovo and lv-Ascl2/SW480 
cells had increased Ascl2 mRNA and protein expression 
levels as compared to lv-Ctr/Lovo and lv-Ctr/SW480 
cells (Figure 6C and 6D). CDX2 (Figure 6E and 6F) and 

MUC2 (Figure 6G and 6H) mRNA and protein expression 
levels were significantly reduced in lv-Ascl2/Lovo and 
lv-Ascl2/SW480 cells when compared with their negative 
control cells. These results provide further evidence that 
Ascl2 expression represses CDX2 and, in turn, MUC2 
expression. 

Ascl2 mRNA levels are inversely correlated with 
the CDX2 and MUC2 mRNA levels in CRC 
samples

To verify whether Ascl2 can repress CDX2 gene 
expression in human colorectal cancer, quantitative real-
time PCR was used to measure Ascl2, CDX2, and MUC2 
mRNA levels in 50 CRC samples and their corresponding 
pericancerous mucosa. These samples were obtained 

Figure 5: Identification of the cis-element that Ascl2 binds in the CDX2 promoter. A. A schematic representation of the 
CDX2 promoter-Luc construct (-427/+417), which contains one E-box (CACCTG), and its mutant (CACCGG). B. shRNA-Ascl2/HT-29 
and shRNA-Ctr/HT-29 cells were transfected with the CDX2 promoter-Luc construct (-427/+417) and its mutant to identify the sites of 
transcriptional regulation by Ascl2. C. shRNA-Ascl2/LS174T and shRNA-Ctr/LS174T cells were transfected with the CDX2 promoter-
Luc construct (-427/+417) and its mutant to identify the sites of transcriptional regulation by Ascl2. The relative luciferase activity was 
determined using a dual-luciferase reporter assay system with a single sample luminometer. The data represented the mean±S.E. of three 
independent experiments (*: p < 0.05).
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Figure 6: Ascl2 over-expression in CRC cells suppressed CDX2 and MUC2 expression. Ascl2 mRNA and protein levels in 
HT-29, LS174T, Caco-2, Lovo and SW480 cell lines were detected via real-time PCR analysis and Western blotting assay. A. and B. Ascl2 
mRNA and protein expression levels were lower in both Lovo and SW480 cells compared with their higher expression in HT-29, LS174T 
and Caco-2 cells. C. and D. Ascl2 mRNA and protein expression levels in lv-Ascl2/Lovo and lv-Ascl2/SW480 cells were significantly 
increased compared with lv-Ctr/Lovo and lv-Ctr/SW480 cells (n = 3). E. and F. CDX2 and MUC2 mRNA and protein expression levels 
were significantly reduced in lv-Ascl2/Lovo and lv-Ascl2/SW480 cells when compared with their negative control cells (n = 3). G. and 
H. MUC2 mRNA and protein expression levels were significantly reduced in lv-Ascl2/Lovo and lv-Ascl2/SW480 cells when compared 
with their negative control cells (n = 3). The data represented the mean±S.E. of three independent experiments (*: p < 0.05; **: p < 0.01).
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from colorectal cancer patients who underwent biopsy 
via colonoscopy (n = 29) or surgical resection (n = 21). 
Ascl2 mRNA levels in the CRC samples were significantly 
higher than in the pericancerous mucosa (Figure 7A) (p < 
0.001), whereas CDX2 (p < 0.05) and MUC2 (p = 0.0001) 
mRNA levels in the CRC samples were lower than those in 
the pericancerous mucosa (Figure 7B and 7C). Moreover, 
Ascl2 mRNA expression levels were inversely correlated 
with levels of CDX2 (p = 0.039) and MUC2 (p = 0.001) in 
CRC samples (Figure 7D and 7E). These results indicate 
that Ascl2, CDX2, and MUC2 are differentially expressed 
in human CRC tissues, and that their mRNA expression 
levels are inversely correlated. 

Ascl2 and CDX2 protein expression is inversely 
correlated in CRC samples

Immunohistochemical staining of Ascl2 and CDX2 
proteins was performed in 21 cancerous samples from 
the above-mentioned patients. There was a significant 
relationship between Ascl2 and CDX2 protein expression 
in CRC samples: samples with high Ascl2 protein 
expression had low CDX2 protein expression, while 
samples with low Ascl2 protein expression had high 
CDX2 protein expression. As an example, Ascl2 protein 
was strongly expressed in the cancerous tissue from patient 
1 (Figure 8A), while weak CDX2 protein expression was 

Figure 7: Correlations between Ascl2 mRNA levels and CDX2 and MUC2 mRNA levels in human colorectal carcinoma 
tissues. Quantitative real-time PCR was performed in CRC tissues (CA) and their pericancerous mucosa (N) to assess Ascl2, CDX2, and 
MUC2 mRNA levels. Ascl2 expression was higher in CRC samples A., whereas CDX2 B. and MUC2 C. expression was lower in CRC 
samples when compared with that in pericancerous mucosa. Ascl2 expression in CRC tissues was inversely correlated with CDX2 D. and 
MUC2 E. expression.
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Figure 8: Immunohistochemical staining of Ascl2 and CDX2 proteins in cancerous tissues of colon cancer patients. 
Ascl2 A. and C. and CDX2 B. and D. proteins were immunohistochemically stained in the cancerous tissues of two different colon cancer 
patients. Strong Ascl2 staining and weak CDX2 staining was found in the nuclei of cancerous cells of patient 1 A. and B.. In contrast, strong 
CDX2 staining and weak Ascl2 staining was found in the nuclei of cancerous cells of patient 2 C. and D..

Table 3: The primer sequences used in the ChIP experiment of CDX2 promoter
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found in the same location from the continuous section 
(Figure 8B). In contrast, Ascl2 protein was weakly 
expressed in the cancerous tissue from patient 2 (Figure 
8C), but extremely strong CDX2 protein expression was 
found in the same location from the continuous section 
(Figure 8D). These results suggest that Ascl2 and CDX2 
expression in CRC tissues are inversely correlated at the 
protein level.

DIscUssION

In this study, we provide the first demonstration 
that Ascl2 acts as a putative transcriptional repressor of 
CDX2 in CRC cells, with direct implications for intestinal 
differentiation. Ascl2 is a downstream target of Wnt 
signaling in intestinal stem cells [7], and the Wnt signaling 
pathway is thought to be involved in intestinal cryptic 
Lgr5(+) stem cell fate [17, 18]. We reported previously 
that Ascl2 maintains stemness and controls the fate of 
CRC progenitor cells via miRNA-302b and miRNA-200 
by maintaining plasticity of EMT and MET programs [10, 
11]. Maintaining the stemness of CRC stem cells leads 
to inhibition of cellular differentiation; however, there 
has been a lack of molecular-level evidence of a direct 
association between these processes [3]. In the present 
study, HT-29 and LS174T cells were selected because 
these cells have high levels of endogenous CDX2, which 
is responsive to different molecular stimuli [19, 20]. Ascl2 
is also abundantly expressed in these two cell lines, and 
was identified as regulator of CDX2 transcription. Ascl2 
knockdown in CRC cells led to significant increases in 
the levels of goblet cell differentiation markers, including 
MUC2 and TFF3, and to marked increases in CDX2 
mRNA and protein expression. The negative regulation 
of CDX2 by Ascl2 in CRC cells was confirmed using 
luciferase and ChIP assays which showed that Ascl2 binds 
to the CDX2 proximal promoter E-boxes. Ascl2 over- 
expression in Lovo and SW480 cells lead to decreased 
expression of MUC2 and CDX2. Conversely, inhibition 
of Ascl2 expression in HT-29 and LS174T cell lines 
increased expression of two goblet cell-specific genes, 
MUC2 and TFF3, along with CDX2. 

Ascl2 may have a dual role as a repressor or 
enhancer contingent on the cellular microenvironment. 
Endogenous Ascl2 expression is primarily localized in the 
nuclear compartment of intestinal Lgr5(+) cryptic stem 
cells and CRC cells. CDX2 protein level is lower in the 
crypts compared with that in the uppermost differentiated 
cells of the villi. The inverse distribution patterns of Ascl2 
and CDX2 along the entire crypt-villus axis of intestinal 
mucosa, along with the inverse intensities of Ascl2 and 
CDX2 expression in CRC tissues indicates their inverse 
relationship [21, 22]. Our study indicates that Ascl2 not 
only fine-tunes CDX2 levels in vitro but also may regulate 
CDX2 in vivo. Moreover, intestinal Lgr5(+) cryptic stem 
cells are depleted in Ascl2 knockout mice [7], while Cdx2 

knockout results in a reduction in the differentiated cells 
in intestinal mucosa [14, 23]. 

In human CRC, Ascl2 is predominantly expressed in 
CD133(+) progenitor cells [10], and CDX2 is decreased 
during the development of CRC [24, 25]. Furthermore, 
Ascl2 mRNA and protein levels are inversely correlated 
with the CDX2 levels in CRC samples. This indirect 
in vivo evidence, together with the in vitro results, 
strengthens our hypothesis for a role of Ascl2 in the 
control of intestinal cell differentiation via CDX2. 
Furthermore, the Ascl2-CDX2 axis may be important 
during CRC development because CDX2 is a recognized 
tumor suppressor gene of CRC [26, 27].

MATERIALS AND METHODS

Cell culture

The HT-29, LS174T, Caco-2, Lovo and SW480 
human colonic adenocarcinoma cell lines were obtained 
from the Chinese Academy of Sciences Cell Bank of Type 
Culture Collection (Shanghai, China) and maintained at 
37°C and 5% CO2 in McCoy’s 5A medium (Sigma, USA) 
containing 10% fetal bovine serum (FBS) (HyClone, 
USA). The shRNA-Ctr/HT-29 cells, shRNA-Ascl2/HT-
29 cells, shRNA-Ctr/LS174T cells and shRNA-Ascl2/
LS174T cells were described previously and maintained 
in our lab [10].

Tissue samples

Fifty patients with colorectal cancer who were 
scheduled for colonoscopy or for surgical resection 
were enrolled in this study. Cancerous samples and 
their pericancerous mucosa were collected by biopsy 
or from the resection samples. The fresh samples were 
immediately stored in liquid nitrogen for the further 
quantitation of Ascl2, CDX2 and MUC2 mRNA levels 
using quantitative real-time RT-PCR analysis. This 
study was approved by the local clinical research ethics 
committee. All of the subjects provided informed consent 
before their colonoscopy or resection surgery.

Real-time PCR analysis

To determine the fold changes for each gene, real-
time PCR was performed using first-strand cDNA, forward 
and reverse primers and the SYBR premix Ex TaqTM Green 
II (TaKaRa, Japan). The primer sequences are summarized 
in Table 2. Reactions and signal detection were measured 
using a real-time PCR system (Bio-Rad, USA). Real-
time PCR reactions were performed independently and 
in triplicate. Expression levels were calculated as the 
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relative expression ratio compared to ACTB or GAPDH 
and relative mRNA expression levels calculated by the 
formula 2-ΔΔCt using SDS software (Applied Biosystems).

Western blot assay

Cell lysates or homogenized tissues from tumor 
xenografts dissolved in SDS sample buffer were separated 
by SDS-PAGE and transferred to a nitrocellulose 
membrane. β-actin was used as a control. The membrane 
was probed overnight at 4°C with a specific primary 
antibody (rabbit monoclonal anti-CDX2 (ab76541), 
1:200, Abcam; rabbit polyclonal anti-MUC2, 1:100, 
kindly provided by Dr. Forstner JF; monoclonal anti-Ascl2 
(mab4418), 1:350). Detailed western blotting procedures 
were described previously (11). 

Transfection and luciferase assays

Fragments of the CDX2 5′-flanking sequence 
(-2167/+417 bp region) were amplified using PCR and 
cloned into the luciferase reporter vector pGL3-Basic 
(Promega, Madison, WI). Briefly, primers containing 
KpnI and BglII adapters were used to amplify the CDX2 
promoter sequence from intestinal tissue DNA. The primer 
pairs used to produce each promoter fragment are listed in 
Table 2. The products were ligated into the pGL3-Basic 
vector that was digested with KpnI and BglII. The 5′ 
serial deletions of the -2584 bp CDX2 promoter region 
were generated using the Erase-a-Base system (Promega) 
in accordance with the manufacturer’s recommendations. 
Plasmids for transient transfections were purified using 
an EndoFree Plasmid Maxi Kit (Qiagen, Valencia, 
CA). The day before the transfection, the cells were 
plated on 24-well plates at a density of 5×104 cells per 
well. The CDX2 promoter-luciferase constructs were 
transfected into the cells using LipofectamineTM 2000 
(Invitrogen). To normalize for transfection efficiency, 
cells were simultaneously co-transfected with a pRL-
TK vector expressing the Renilla luciferase enzyme 
(pRL, Promega). The cells were harvested after 24 h, 
and the luciferase activity was measured using the Dual-
Luciferase Reporter Assay System (Promega) and a single 
sample luminometer. The cells were also transfected with 
the pRL-TK vector; CDX2 activity is presented as the 
percentage of pGL3-control activity. The pGL3-Basic 
vector containing the CDX2 promoter (-427/+417) and 
one E-Box site (CACCTG) served as a wild-type construct 
for the generation of the CDX2-Luc construct, which 
harbors a mutation in the E-BOX site (CACCGG) via 
PCR-based site-directed mutagenesis. Luciferase reporter 
transfection with different CDX2 promoters and luciferase 
assays were performed as described in our previous report 
(11). 

ChIP assay

ChIP assays were performed using a ChIP assay kit 
(Upstate Biotechnology, Lake Placid, NY) according to 
the manufacturer’s instructions. Soluble chromatin was 
prepared from shRNA-Ascl2/LS174T cells or shRNA-
Ctr/LS174T cells. Chromatin was immunoprecipitated 
with an antibody against Ascl2 (mouse monoclonal IgG, 
Millipore). The final DNA extracts were amplified by PCR 
using primer pairs that included different numbers of the 
E-Box consensus sequence in the human CDX2 promoter. 
The primer sequences and the lengths of the amplified 
PCR products are presented in Table 3.

Immunofluorescence cytochemistry and 
immunohistochemistry

Cells grown on coverslips were fixed in 4% 
paraformaldehyde for 30 min at room temperature and 
permeabilized with 0.5% Triton X-100. After blocking 
with 2.5% BSA in PBS (blocking solution) for 30 min, 
the cells were incubated with primary antibodies diluted 
in blocking solution overnight at 4°C (rabbit monoclonal 
anti-CDX2 (ab76541), 1:200, Abcam; rabbit polyclonal 
anti-MUC2, 1:100, kindly provided by Dr. Forstner JF). 
Then, the cells were washed three times with PBS and 
incubated with 50 μl Texas Red-conjugated (anti-mouse) 
or Alexa Fluor 647-conjugated (anti-rabbit) secondary 
antibodies (1:100 in blocking solution, Santa Cruz) at 
room temperature for 1 h in the dark. Monolayers were 
washed with PBS, and nuclei were stained with 50 μL 
DAPI (4’,6-diamidino-2-phenylindole; 1:2000 in PBS) 
solution for 2 min at room temperature. Then, tissue 
culture filters housing the epithelial cell monolayers were 
carefully detached from their support and mounted on 
coverslips. Immunostaining was analyzed using a Leica 
TCS SP5 confocal microscope. The CRC tissues were 
immunohistochemically stained with anti-Ascl2 or anti-
CDX2 antibodies.

Ascl2 over-expression assay

Lentivirus particles expressing Ascl2 were produced 
by GenePharma Co. Ltd (Shanghai, China). Lovo and 
SW480 cells were transfected with lentivirus particles 
using LV5 (EF-1aF/GFP&Puro) vector with Ascl2 insert. 
Stably transfected cells with GFP were sorted with a 
flow-cytometric sorting system (BD FACS Aria II; BD 
Biosciences, Franklin Lakes, NJ, USA) or isolated under 
puromycin selection (Solarbio, Beijing, China). 



Oncotarget31005www.impactjournals.com/oncotarget

Statistical analysis

For continuous variables, data are expressed as the 
mean±standard deviation. Differences between groups 
were estimated using Student’s t-test and repeated-
measures ANOVA analysis. All differences were deemed 
significant when p < 0.05. The correlations between Ascl2 
mRNA levels and CDX2 or MUC2 mRNA levels in the 
cancerous samples were calculated by Spearman’s rank 
correlation test. The statistical analyses were performed 
using the SPSS 13.0 for Windows software package.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by grants from the Natural 
Sciences of the People’s Republic of China (81170340, 
81200268, 81372557, 31300953 and 81201685) and from 
the Program for Changjiang Scholars and Innovative 
Research Team in University (IRT 13050).

cONfLIcts Of INtErEst

The authors declare no conflict of interest.

rEfErENcEs

1. Lasorella A, Benezra R, Iavarone A. The ID proteins: master 
regulators of cancer stem cells and tumour aggressiveness. 
Nat Rev Cancer 2014; 14:77-91.

2. Santoyo-Ramos P, Likhatcheva M, Garcia-Zepeda EA, 
Castaneda-Patlan MC, Robles-Flores M. Hypoxia-inducible 
factors modulate the stemness and malignancy of colon 
cancer cells by playing opposite roles in canonical Wnt 
signaling. PLoS One. 2014; 9:e112580.

3. Prasetyanti PR, Zimberlin CD, Bots M, Vermeulen L, Melo 
Fde S, Medema JP. Regulation of stem cell self-renewal and 
differentiation by Wnt and Notch are conserved throughout 
the adenoma-carcinoma sequence in the colon. Mol Cancer. 
2013; 12:126.

4. Palmer NP, Schmid PR, Berger B, Kohane IS. A gene 
expression profile of stem cell pluripotentiality and 
differentiation is conserved across diverse solid and 
hematopoietic cancers. Genome Biol. 2012; 13:R71.

5. Yeung TM, Chia LA, Kosinski CM, Kuo CJ. Regulation of 
self-renewal and differentiation by the intestinal stem cell 
niche. Cell Mol Life Sci 2011; 68:2513-2523.

6. Jubb AM, Chalasani S, Frantz GD, Smits R, Grabsch HI, 
Kavi V, Maughan NJ, Hillan KJ, Quirke P, Koeppen H. 
Achaete-scute like 2 (ascl2) is a target of Wnt signalling 
and is upregulated in intestinal neoplasia. Oncogene. 2006; 
25:3445-3457.

7. van der Flier LG, van Gijn ME, Hatzis P, Kujala P, 
Haegebarth A, Stange DE, Begthel H, van den Born M, 
Guryev V, Oving I, van Es JH, Barker N, Peters PJ, van de 

Wetering M, Clevers H. Transcription factor achaete scute-
like 2 controls intestinal stem cell fate. Cell. 2009; 136:903-
912.

8. Jubb AM, Hoeflich KP, Haverty PM, Wang J, Koeppen H. 
Ascl2 and 11p15.5 amplification in colorectal cancer. Gut. 
2011; 60:1606-1607; author reply 1607.

9. Stange DE, Engel F, Longerich T, Koo BK, Koch M, 
Delhomme N, Aigner M, Toedt G, Schirmacher P, Lichter 
P, Weitz J, Radlwimmer B. Expression of an ASCL2 
related stem cell signature and IGF2 in colorectal cancer 
liver metastases with 11p15.5 gain. Gut. 2010; 59:1236-
1244.

10. Zhu R, Yang Y, Tian Y, Bai J, Zhang X, Li X, Peng Z, He 
Y, Chen L, Pan Q, Fang D, Chen W, Qian C, Bian X, Wang 
R. Ascl2 knockdown results in tumor growth arrest by 
miRNA-302b-related inhibition of colon cancer progenitor 
cells. PLoS One. 2012; 7:e32170.

11. Tian Y, Pan Q, Shang Y, Zhu R, Ye J, Liu Y, Zhong X, 
Li S, He Y, Chen L, Zhao J, Chen W, Peng Z, Wang R. 
MicroRNA-200 (miR-200) Cluster Regulation by Achaete 
Scute-like 2 (Ascl2): Impact on the epithelial-mesenchymal 
transition in colon cancer cells. J Biol Chem 2014; 
289:36101-36115.

12. Beck F, Chawengsaksophak K, Waring P, Playford RJ, 
Furness JB. Reprogramming of intestinal differentiation 
and intercalary regeneration in Cdx2 mutant mice. Proc Natl 
Acad Sci U S A. 1999; 96:7318-7323.

13. Gao N, White P, Kaestner KH. Establishment of intestinal 
identity and epithelial-mesenchymal signaling by Cdx2. 
Dev Cell. 2009; 16:588-599.

14. Stringer EJ, Duluc I, Saandi T, Davidson I, Bialecka M, 
Sato T, Barker N, Clevers H, Pritchard CA, Winton DJ, 
Wright NA, Freund JN, Deschamps J, Beck F. Cdx2 
determines the fate of postnatal intestinal endoderm. 
Development. 2012; 139:465-474.

15. Gross I, Duluc I, Benameur T, Calon A, Martin E, Brabletz 
T, Kedinger M, Domon-Dell C, Freund JN. The intestine-
specific homeobox gene Cdx2 decreases mobility and 
antagonizes dissemination of colon cancer cells. Oncogene. 
2008; 27:107-115.

16. Yamamoto H, Bai YQ, Yuasa Y. Homeodomain protein 
CDX2 regulates goblet-specific MUC2 gene expression. 
Biochem Biophys Res Commun 2003; 300:813-818.

17. Clevers H, Loh KM, Nusse R. Stem cell signaling. An 
integral program for tissue renewal and regeneration: 
Wnt signaling and stem cell control. Science. 2014; 
346:1248012.

18. Lien WH, Fuchs E. Wnt some lose some: transcriptional 
governance of stem cells by Wnt/beta-catenin signaling. 
Genes Dev. 2014; 28:1517-1532.

19. Domon-Dell C, Wang Q, Kim S, Kedinger M, Evers BM, 
Freund JN. Stimulation of the intestinal Cdx2 homeobox 
gene by butyrate in colon cancer cells. Gut. 2002; 50:525-
529.



Oncotarget31006www.impactjournals.com/oncotarget

20. Dou W, Mukherjee S, Li H, Venkatesh M, Wang H, 
Kortagere S, Peleg A, Chilimuri SS, Wang ZT, Feng Y, 
Fearon ER, Mani S. Alleviation of gut inflammation by 
Cdx2/Pxr pathway in a mouse model of chemical colitis. 
PLoS One. 2012; 7:e36075.

21. Pereira B, Sousa S, Barros R, Carreto L, Oliveira P, Oliveira 
C, Chartier NT, Plateroti M, Rouault JP, Freund JN, Billaud 
M, Almeida R. CDX2 regulation by the RNA-binding 
protein MEX3A: impact on intestinal differentiation and 
stemness. Nucleic Acids Res 2013; 41:3986-3999.

22. Bell SM, Zhang L, Xu Y, Besnard V, Wert SE, Shroyer N, 
Whitsett JA. Kruppel-like factor 5 controls villus formation 
and initiation of cytodifferentiation in the embryonic 
intestinal epithelium. Dev Biol 2013; 375:128-139.

23. Grainger S, Savory JG, Lohnes D. Cdx2 regulates patterning 
of the intestinal epithelium. Dev Biol 2010; 339:155-165.

24. Hryniuk A, Grainger S, Savory JG, Lohnes D. CDX1 and 
CDX2 function as tumor suppressors. J Biol Chem 2014; 
289:33343-33354.

25. Coskun M, Olsen AK, Bzorek M, Holck S, Engel UH, 
Nielsen OH, Troelsen JT. Involvement of CDX2 in the 
cross talk between TNF-alpha and Wnt signaling pathway 
in the colon cancer cell line Caco-2. Carcinogenesis. 2014; 
35:1185-1192.

26. Olsen AK, Coskun M, Bzorek M, Kristensen MH, 
Danielsen ET, Jorgensen S, Olsen J, Engel U, Holck S, 
Troelsen JT. Regulation of APC and AXIN2 expression 
by intestinal tumor suppressor CDX2 in colon cancer cells. 
Carcinogenesis. 2013; 34:1361-1369.

27. Saandi T, Baraille F, Derbal-Wolfrom L, Cattin AL, 
Benahmed F, Martin E, Cardot P, Duclos B, Ribeiro A, 
Freund JN, Duluc I. Regulation of the tumor suppressor 
homeogene Cdx2 by HNF4alpha in intestinal cancer. 
Oncogene. 2013; 32:3782-3788.


