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Abstract. Krüppel-like factor 4 (KLF4) is a zinc finger tran-
scription factor, which was confirmed as a tumor suppressor 
gene in colorectal cancers. KLF4 inhibits colorectal cancer cells 
proliferation through upregulating p21WAF1/Cip1 and downregu-
lating cyclin D1. We firstly reported that N-Myc downstream 
regulated gene 2 (NDRG2) was a novel tumor suppressor 
gene in multiple cancers, such as glioma, breast cancer and 
colorectal cancer. Herein, we provide novel evidence that 
KLF4 can transcriptionally activate NDRG2 by binding with 
NDRG2 promoter. With MTT assay, EdU staining, colony 
formation assay and xenograft mouse model, we confirmed 
that KLF4 inhibited colorectal cancer cell proliferation and 
tumorigenesis dependent on NDRG2. Finally, with tissue array 
analysis, we found a positive correlation of combined detec-
tion of KLF4/NDRG2 co-expression with TNM grades and 
differentiation levels of colorectal cancer. Lower expression of 
KLF4 and NDRG2 in colorectal cancer patients was correlated 
with poor overall survival. Thus, KLF4 inhibited the prolifera-

tion of colorectal cancer cells dependent on NDRG2 signaling, 
which provides a novel strategy for therapy and early diagnosis 
of colorectal cancer.

Introduction

Colorectal cancer is one of the most common malignant 
tumors worldwide. In the past few years, the incidence and 
mortality of colorectal cancer increased rapidly and the onset 
age is much younger (1). It is promising that therapeutic 
options for patients have increased substantially, including 
earlier diagnosis and treatments such as surgery, radiotherapy, 
and chemotherapy (2). However, many colorectal cancers still 
remain incurable due to late stages. Therefore, prevention of 
progression and early metastasis become critical for colorectal 
cancer treatment.

Evidence indicates that several transcription factors can 
suppress colorectal cancer cell proliferation or migration 
successfully. High-mobility group AT-hook 2 (HMGA2) 
could induce the expression of Slug and promote EMT, migra-
tion, invasion, and proliferation of colorectal cancer cells (3). 
Inhibition of transcription factor Sp1 could suppress the 
growth of colorectal cancer stem cell and induce apoptosis (4). 
Noticeably, recent studies found that Krüppel-like factor 4 
(KLF4) had important roles in suppressing colorectal cancer 
proliferation through upregulating p21WAF1/Cip1 and down-
regulating cyclin D1 (5). Overexpression of KLF4 in colorectal 
cancer cell line RKO could reduce the tumorigenesis ability. 
Evans showed that KLF4 was acetylated by p300/CBP to bind 
with β-catenin/TCF complex, and inhibited the proliferation 
effect induced by β-catenin (6). We are very curious whether 
there are other mechanisms of KLF4 in the suppression effect 
during colorectal cancer progression.

N-Myc downstream-regulated gene 2 (NDRG2) was first 
cloned in our laboratory (7). We confirmed that NDRG2 
was a novel tumor suppressor, with decreased expression in 
colorectal tumors and other types of tumor tissues (6,8). It has 
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been indicated that NDRG2 was able to promote cell differ-
entiation and suppress tumor cell proliferation. Our previous 
work found that NDRG2 can be transcriptionally regulated by 
p53, HIF-1α and c-Myc (9-12). To better understand the func-
tion and regulation mechanism of NDRG2, in this study, we 
analyzed whether KLF4 could regulated NDRG2 expression 
in colorectal cancer model. There was three potential KLF4 
binding sites in NDRG2 promoter predicted by MatInspector 
software analysis. It had been reported that KLF4 activated 
NDRG2 expression via binding with NDRG2 promoter. In 
our assay, we confirmed a novel binding site of KLF4 within 
NDRG2 promoter that KLF4 could transcriptionally activate 
NDRG2 using luciferase reporter analysis. With in vitro and 
in vivo analysis, we confirmed that KLF4 could suppress 
colorectal cancer cell proliferation depending on NDRG2 
signaling. In colorectal cancer tissue array, expression level 
of KLF4 and NDRG2 was significantly correlated with the 
overall survival rate. Our data demonstrated that KLF4 inhib-
ited colorectal cancer proliferation through transcriptional 
activation of NDRG2.

Materials and methods

Cell culture. Two colorectal cancer cell lines, HT-29 and 
HCT-116 were grown and maintained in McCoy's 5a medium 
with 10% fetal bovine serum, respectively. HeLa and HEK-293T 
cells were also grown in Dulbecco's modified Eagle's medium 
(DMEM) with 10% fetal bovine serum. Cells were maintained 
at 37˚C humidified incubator with 5% CO2/95% air. All cell 
lines were sub-cultured at 3-day intervals. We purchased 
the HT-29 and HCT-116 cell lines from the American Type 
Culture Collection (ATCC). The cell lines were sub-cultured 
and stored by our research team and we have confirmed the 
genetic background through STR analysis.

Plasmid constructs. The human NDRG2 promoter was ampli-
fied from BAC clone RP11-998D10 (The Children's Hospital of 
Philadelphia, Philadelphia, PA, USA). The amplicon was cloned 
into the pGL3-basic vector to generate the pGL3-NDRG2-luc 
plasmid. Various truncations of the NDRG2 promoter were 
generated with PCR by using pGL3-NDRG2-luc plasmid as 
template. The KLF4 was amplified from HT-29 cDNA. The 
resulting amplicon was cloned into the pcDNA3.1(+) and 
pFLAG-CMV vector to generate the pcDNA3.1-KLF4 and 
pFLAG-KLF4 vector. All the constructed plasmids were 
sequenced correctly.

Real-time PCR. Total RNA was isolated from parental cells or 
stable clones using TRIzol reagent (Takara, Dalian, China) 
according to the protocol. After reverse transcription, the 
resulting cDNA was used as the template for real-time PCR 
analysis. Real-time PCR was performed on an ABI 7500 
system (Applied Biosystems). GAPDH was used as an internal 
control. Real-time PCR primers were designed using Primer 
Express v3.0 Software, and the sequences were: NDRG2 
forward primer: 5'-GAGATATGCTCTTAACCACCCG-3', 
NDRG2 reverse primer: 5'-GCTGCCCAATCCATCCAA-3'; 
GAPDH forward primer: 5'-TTCGACAGTCAGCCGCATCT 
TCTT-3', GAPDH reverse primer: 5'-CAGGCGCCAATAC 
GACCAAATC-3'. The PCR reaction consisted of 12.5 µl of 

SYBR Green PCR Master Mix, 300 nM each for forward and 
reverse primers, and 1.5 µg template cDNA in a total volume 
of 25 µl. Thermal cycling conditions were: 95˚C for 5 min, 
followed by 40 cycles of 95˚C for 30 sec and 60˚C for 30 sec.

Western blot analysis. Cells were collected from 6-well 
plates, and lysed in lysis buffer (0.05 M Tris-HCl pH 7.4, 
0.15 M NaCl, 0.25% deoxycholic acid, 1% Nonidet P-40 
(NP-40), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mg/ml aprotinin and 1 mg/ml leupeptin). Protein 
concentrations were measured using the Bicinchoninic acid 
(BCA) protein assay (Pierce, Rockford, IL, USA). Western 
blot analysis was carried out with standard protocol using 
nitrocellulose (NC) membranes (Amersham Biosciences). For 
the immunoblotting, the NC membranes were incubated with 
following primary antibodies: anti-NDRG2 (HPA002896; 
Sigma, St. Louis, MO, USA), anti-KLF4 (Cell Signaling 
Technology, #4308), anti-p21 (Cell Signaling Technology, 
#2947), anti-Cyclin D1 (Cell Signaling Technology, #2926), 
anti-NDRG2 (Cell Signaling Technology, #5667), and anti-
β-actin antibodies (Cell Signaling Technology, #4970). Then, 
blots were incubated with horseradish peroxidase-conjugated 
secondary antibodies (Promega), and detected using the 
chemiluminescence method.

Luciferase reporter gene assays. HeLa cells were cultured 
in DMEM (with 10% FBS) in 96-well plates with density of 
1x104 cells/well overnight. NDRG2 reporter vectors including 
WT, and truncated mutants co-transfected with pcDNA3.1-
KLF4 using Lipofectamine-2000 (Invitrogen) for 48 h. 
pRL-CMV plasmid was transfected to each well to monitor 
the transfection efficiency. The luciferase activities of reporter 
vectors were determined using the Dual-Luciferase reporter 
assay system (Promega).

Methyl thiazolyl tetrazolium (MTT) assay. All the parental 
cells and the stable clones were seeded separately with 
1x104 cells/well in 96-well plates containing 200 µl McCoy's 
5a medium (with 10% FBS) and cultured for 5 days. Five wells 
from each group were selected for the MTT (Sigma) assay 
each day. After incubated with MTT for 4 h, 150 µl of DMSO 
(Sigma) was added to each well. The percentage of viable 
cells was detected by measuring the absorbance at 490 nm on 
multiscanner reader (TECAN-spectra mini Grodig).

EdU assay. EdU staining was performed according to the 
instruction. Cells were grown in 24-well plate containing 
McCoy's 5a medium with 10% FBS. After 6 h incubation with 
EdU (Rui Bo Co., Guangzhou, China), cells were fixed with 
4% paraformaldehyde for 15 min at room temperature, and 
permeabilized with 0.5% Triton X-100 for 10 min, then stained 
with 1X Apollo® for 30 min at room temperature. Finally, 
DAPI was used for nuclear staining. Positively stained cells 
were counted in five randomly selected visual fields.

Plate colony formation assay. For colony formation assays, 
500 cells were seeded into 60-mm dishes with McCoy's 5a 
medium (with 10% FBS). After 2 weeks, the resulting colo-
nies containing at least 50 cells were fixed with methanol 
and stained with Giemsa (Sigma). Only clear colonies were 
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counted. Assays were conducted in duplicate in three indepen-
dent experiments.

Tumorigenicity in nude mice. The male nude mice weighing 
15-20 g and 4-6 weeks of age were purchased from labora-
tory animal research center of the Fourth Military Medical 
University. Mice were separated into four groups of five mice 
per group. The cells (5x106) were inoculated subcutaneously 
into the right flank of the nude mice to establish xenografts. 
Tumor sizes were measured every 4 days with a slide caliper 
and calculated using the formula: length x width2/2. Animals 
were sacrificed 20 days after inoculation. All animal studies 
were performed in accordance with the international guide-
lines for the care and treatment of laboratory animals.

Immunohistochemistry. The study of human samples was 
approved by Institutional Ethics Committee (IEC) of the First 
Affiliated Hospital of Fourth Military Medical University, and 
an informed consent was signed by the patients prior to the 
study project. All procedures for study of human samples were 
performed according to the relevant guidelines and regulations 
of the First Affiliated Hospital of Fourth Military Medical 
University. Human colon cancer tissues were collected 
between year 2008 and 2013 in First Affiliated Hospital of 
Fourth Military Medical University. Tumor tissues were fixed 
with formalin and embedded in paraffin. The samples were 

incubated with polyclonal antibodies of NDRG2 and mono-
clonal antibody of KLF4, respectively. Then the sections were 
incubated with secondary antibody for 1 h at room temperature. 
After washing, the sections were incubated with DAB (zSGB- 
Biotechnology, Beijing, China), and lightly counterstained 
with hematoxylin, then observed under a photomicroscope.

Evaluation of IHC staining. Staining was evaluated by scanning 
the entire tissue specimen under appropriate magnification. 
Score of IHC staining was described previously. The criteria for 
a sample to be scored was set to the presence of at least one core 
containing 50 intact tumor cells. The internal background was 
discarded. Based on previous study, the expression of NDRG2 
was mainly localized in the cytoplasm, so we calculated the 
cytoplasm expression of NDRG2 as positive. The median was 
used as cutoff to define the positive cases, and samples with 
below 5% positively stained cells were considered negative. 
The staining grade was stratified as absent (0 score), weak (1-4 
score), moderate (5-8 score) or strong (9-12 score).

Statistical analysis. Data were generally expressed as 
mean ± standard error values. Groups of data were compared 
by analysis of variance (ANOVA) and post hoc analysis using 
Student-Keuls method. The statistics were performed with 
SPSS 16.0 software. A value of P<0.05 was considered to 
indicate a statistically significant difference.

Figure 1. Prediction of TFs regulating NDRG2 expression. (A) The active region around the transcription start site of NDRG2. (B) Predicted TFs regulating 
NDRG2 expression. Left panel, Venn diagram of TFs correlated with NDRG2 expression. PC, Pearson correlation. MI, mutual information. Right panel, pre-
dicted 13 TFs. TFs reported or annotated to regulate NDRG2 expression. (C) ETS1 suppress NDRG2 expression in HeLa cells. Expression data was obtained 
from published microarray dataset GSE21129. (D) NDRG2 expression positively correlated with KLF4 expression. Expression values were obtained from 
GSE4410 (Spearman correlation, r=1, p=0.083).
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Results

Prediction of transcription factors regulating NDRG2 
expression. To further explore the function and transcription 
regulation mechanism of NDRG2, we adopted two inde-
pendent resources to predict transcription factors regulating 
NDRG2 expression, including transcription factor (TF) 
binding site and gene expression correlation. Combination 
of these two independent resources has been shown as an 
effective way to predict the TFs regulating the transcription 
of a particular gene (13). First, the active transcription region 
bound by acetylated H3K27 at the transcription start site of 
NDRG2 was extracted from UCSC genome browser (Fig. 1A). 
Then, the active 2500-bp region (-1500 bp to +1000 bp) was 
scanned for transcription factor binding sites by MatInspector 
with defaulting parameters. There were 298 transcriptional 
factors predicted to regulate NDRG2 expression. Generally, 
not all those predicted transcriptional factors were involved 
in NDRG2 expression regulation. Some factors were false 
positively predicted. To improve prediction precision, gene 
expression correlation was integrated. If a transcription factor 
is involved in regulation of NDRG2 expression, its expression 
variation might lead to NDRG2 expression change. Therefore 
a significant expression correlation can be observed between 
the TFs and NDRG2. The microarray datasets GSE2350 were 
employed to find the transcription factors whose expression 
levels were significantly correlated with NDRG2 expression. 
After removing the TFs not shown in those microarray data-
sets, the remaining 139 TFs were accessed for their expression 
correlation with NDRG2 expression. We accessed linear 
correlation using Pearson correlation and non-linear correla-
tion using mutual information.

As shown in Fig. 1B, the numbers of TFs having signifi-
cant linear and non-linear correlation with NDRG2 expression 
are 38 and 37, respectively. Only 13 TFs show significant 
correlation with NDRG2 expression regardless of expres-
sion correlation accessed with Pearson correlation or mutual 
information. As few of the TFs were reported to regulate 
NDRG2 expression, it is hard to access the performance of our 
prediction. However, by combination of TF binding sites and 
expression correlation, we indeed predicted several TFs truly 
regulating NDRG2 expression. For example, SP1 has been 
shown to be activated by TGF-β signaling pathway (6), subse-
quently promoting NDRG2 expression (Fig. 1B, right panel). 
CTCF and E2F6 annotated to bind with the active region 
were also identified by our method (14). However, the tran-
scriptional factor WT1 was excluded from candidates for the 
reason that its expression was not significantly correlated with 
NDRG2 expression (15). Moreover, c-Myc was also excluded 
because its binding site was not identified at the active region 
by MatInspector. In these candidates, ETS1 expression has the 
most significant correlation with NDRG2 expression. Whether 
ETS1 can regulate NDRG2 expression was unclear.

NDRG2 plays as a tumor suppressor gene in various types 
of malignant cancers. It has been reported that NDRG2 also 
inhibited the proliferation and metastasis of ovarian cancer 
cells (9). Herein, we used the microarray dataset GSE21129 
from ovarian cancer, and found that ectopic expression of 
ETS1 in HeLa cells was able to reduce NDRG2 expression, 
implying that ETS1 can directly or indirectly regulate NDRG2 
expression (Fig. 1C). These results from different datasets 
suggested that our prediction was more reliable.

Among these 13 candidates, KLF4 was a crucial TF 
for intestinal epithelium differentiation (16), while NDRG2 

Figure 2. KLF4 transcriptionally activates NDRG2 expression. (A) Structures of NDRG2 promoter and various truncations of NDRG2 promoter, numbers on 
the left side of the bars indicate the relative position of the mutants. (B) NDRG2 promoter activities of the different truncations. HeLa cells were transfected 
with these different fragments of the NDRG2 promoter, KLF4 and luciferase, respectively. The relative luciferase activity (firefly luciferase/Renilla luciferase) 
was analyzed 48 h later. The relative luciferase activity (firefly luciferase/Renilla luciferase) was analyzed 48 h later. All the assays were duplicated in at least 
three independent experiments. The results are shown as the mean ± SD. *P<0.01 and **P<0.05 compared with control.



ONCOLOGY REPORTS  38:  975-984,  2017 979

was upregulated during the process of intestinal epithelium 
differentiation (12), suggesting KLF4 might participate in 
upregulating NDRG2 expression. Moreover, by analysis of 
the published microarray data GSE4410 (17), we observed 
a positively correlation between NDRG2 and KLF4 expres-
sion levels when colorectal epithelial cells were induced to 
differentiate by sodium butyrate (Spearman's correlation, r=1, 
P=0.083) (Fig. 1D). Therefore, we chose KLF4 for further 
experiment validation.

KLF4 transcriptionally activates NDRG2 expression. To 
further explore the molecular mechanism of KLF4 regulating 
NDRG2 expression, we constructed a series of different length 
of NDRG2 promoter (-1500/+200 bp), including the truncations 
and mutants. HeLa cells were transfected with the NDRG2 
promoter luciferase reporter gene vector and the plasmid of 
pcDNA3.1-KLF4. We detected the higher levels of NDRG2 
promoter activity in the cells transfected with KLF4, but not in 
the control (luciferase vector only, data not shown) (Fig. 2A). 
Different transcriptional activities were detected in the trunca-
tions and mutants. Obviously, full length of NDRG2 promoter 
(-1500/+200 bp) exhibited the highest activity, and NDRG2 
(-809/+200 bp) promoter showed almost the same transcrip-
tional activity compared with the full length. Otherwise, 
NDRG2 (-675/+200 bp) exhibited suppressive promoter 
activity. Moreover, NDRG2 (-395/+200) showed the inhibitory 
transcriptional activity and was almost the same compared 
with NDRG2 (-675/+200 bp) (Fig. 2B). This result revealed 
that KLF4 transcriptionally regulated NDRG2 expression 

through the promoter located between the region -809/-675 bp. 
It was reported that KLF4 transcriptionally regulated NDRG2 
expression via binding to the promoter located between 
-133/+55 (18). Our current study demonstrated a novel binding 
site for KLF4 within NDRG2 promoter. Simultaneously, we 
also determined that KLF4 induced the expression of NDRG2 
both at mRNA and protein levels in a time-dependent manner 
in HT-29 cells (Fig. 3A and B). Our findings demonstrated the 
novel evidence that KLF4 transcriptionally activated NDRG2 
via binding to its promoter.

KLF4 inhibits colorectal cancer cell proliferation through 
upregulation of NDRG2. To further elucidate the function of 
KLF4-NDRG2 signaling, we subsequently analyzed whether 
KLF4 inhibited the proliferation of colorectal cancer cells 
through upregulation of NDRG2. It has been reported that 
KLF4 could inhibit cancer cell proliferation via upregulating 
p21 expression and suppressing cyclin D1. In our study, as 
predicted, we found that KLF4 induced p21 expression and 
suppressed cyclin D1 in HT-29 cells. While shRNA-mediated 
downregulation of NDRG2 decreased p21 expression and 
enhanced cyclin D1, and attenuation of NDRG2 suppressed 
the modulation of p21 and cyclin D1 induced by KLF4 
(Fig. 3C and D). To further confirm the function of KLF4-
NDRG2 signaling pathway, we also found that overexpression 
of KLF4 could inhibit the proliferation of HT-29 and HCT-116 
cells, while shRNA-mediated attenuation of NDRG2 could 
rescue cancer cell proliferation inhibited by KL4. Our data 
showed that downregulation of NDRG2 could reverse the 

Figure 3. KLF4 induces NDRG2 expression in colorectal cancer cell lines. (A) Transcriptional activation of NDRG2 expression assayed by Real-time PCR after 
ectopic expression of KLF4. (B) Level of KLF4 and NDRG2 expression by western blotting in time-dependent manner in HT-29 cells. (C) Western blotting for 
KLF4, NDRG2, p21, cyclin D1 in HT-29 cells. (D) Western blotting for KLF4, NDRG2, p21, cyclin D1 in HCT-116 cells. (C and D) Analysis was carried out 
after transfection of pcDNA3.1-KLF4 for 48 h.
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inhibitory effect of KLF4 in the two cell lines. Cell prolif-
eration difference was much significant between KLF4 and 
KLF4 + NDRG2 shRNA groups for the time periods of 4 and 
5 days (Fig. 4A and B), suggesting that KLF4 inhibited the 
proliferation of colorectal cancer cells dependent on NDRG2. 
Furthermore, EDU staining and colony formation assay also 
confirmed that KLF4 inhibited proliferation of colorectal 
cancer cell lines via upregulation of NDRG2 (Fig. 4C-F).

NDRG2 reverses the role of KLF4 inhibiting tumorigenesis 
in vivo. Next, we further evaluated the effect of KLF4-NDRG2 
signaling inhibiting tumorigenesis in vivo. Colorectal cancer cells 
HT-29 with different expression levels of NDRG2 and KLF4, 
including HT-29-Scramble, HT-29-KLF4, HT-29-NDRG2 

shRNA and HT-29-KLF4/NDRG2 shRNA, HT-29-Control, 
HT-29-NDRG2 and HT-29-NDRG2/KLF4 cells, were injected 
into nude mice respectively. Tumor size was evaluated every 
4 days, and on day 20, tumor mass was weighed.

In our study, the mice injected with HT-29/KLF4 showed 
a statistically significant decrease in tumor size and tumor 
mass compared with the control group. The mice injected with 
HT-29-KLF4/ NDRG2 shRNA showed a slight decrease in 
tumor size and tumor mass (Fig. 5A and B). Moreover, the 
mice injected with HT-29-NDRG2 and HT-29-KLF4/NDRG2 
decreased the tumor size and tumor mass significantly (Fig. 5C 
and D). These data demonstrated that KLF4 inhibited the 
tumorigenesis of colorectal cancer via upregulation of NDRG2 
expression in vivo.

Figure 4. KLF4 inhibits the proliferation of colorectal cancer cell lines dependent on NDRG2 upregulation. (A) The growth of the HT-29 cells determined by 
MTT assay. (B) The growth of the HCT-116 cells determined by MTT assay (C) EdU staining in HT-29 cells. Proliferating cells were stained with EdU (red), 
and nuclei were counterstained with DAPI (blue) (scale bars=40 mm). (D) Colony formation assays in HT-29 cells. HT-29 cells were plated in 6-cm plates with 
media and incubated for 15 days before counting the number of foci. (D and F) Data represent means ± SEM from three independent experiments conducted 
in triplicate. *P<0.05 and **P<0.01 compared with control cells.
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Decreased expression of KLF4 and NDRG2 correlates with 
poor overall survival of colorectal cancer patients. To investi-
gate the clinical significance of KLF4 and NDRG2 expression 
in colorectal cancer patients, we used colorectal cancer tissue 
array with 101 colorectal cancer samples to analyze the survival 
correlation. The characteristics of the 101 colorectal cancer 
patients involved in the study cohort are shown in Table I. In the 
101 colorectal cancer patients, there were 62 male (61.4%) and 
39 (38.6%) female patients. The mean age was 64 years, with 
a range of 16-85. Tumor with well/moderately/poorly differ-
entiated was 41 (58.4%), 33 (35.6%) and 6 (6%), respectively. 
According to the International TNM (Tumor Node Metastasis) 
Classification, 38 (37.6%), 51 (50.5%), and 12 (11.9%) of the 101 
colorectal cancer patients were classified as TNM stages I, II, 
and III, respectively. In all samples, KLF4 and NDRG2 expres-
sion was correlated with TNM grades and differentiation levels 
of colorectal cancer (Table I).

With immunohistochemistry assay, expression of KLF4 
was positively correlated with NDRG2 (Fig. 6A and B). We 
also examined the correlation of co-expression of KLF4 and 
NDRG2 with the overall survival rate. Kaplan-Meier survival 
curves were applied, and we found that reduced expression 
of KLF4 and NDRG2 had a significantly shorter survival 
time compared with those with a higher KLF4 and NDRG2 
expression (p<0.05; Fig. 6C). Taken together, NDRG2 expres-
sion was positively correlated with KLF4, and higher NDRG2 
expression was associated with better overall survival rate in 
colorectal cancer patients.

Discussion

The Krüppel-like factor (KLF) family members are transcrip-
tion factors functioned in several biological processes. The 

members of KLF family have highly conserved zinc-finger 
domain, which can bind to similar DNA binding domain 
such as CACCC and GC-rich region (19-22). The SP/KLF 
transcription factor family member KLF4 is located in chro-
matin 9q31 (23), and is highly expressed in the epithelia of the 
skin, lungs and intestinal tract and other organs (24). KLF4 
plays important roles in regulating multiple cellular processes 
including cell proliferation, differentiation, apoptosis, inflam-
mation and also tumor formation. However, it is puzzling 
that KLF4 can play both oncogenic and tumor suppressive 
functions in different tissue types depending on regulation of 
various target genes. Over 70% breast cancers showed high 
expression level of KLF4, and upregulated KLF4 can enhance 
tumorigenesis, cell migration and cell invasion (25). On the 
contrary, decreased expression of KLF4 was found in colorectal 
cancer, gastric cancer, intestinal adenomas, and pancreatic 
ductal carcinoma, which suggested that KLF4 could function 
as a tumor suppressor gene, and correlate with inhibitory abili-
ties of cell proliferation, invasion and tumorigenesis (26-29). 
KLF4 was identified as an independent predictor of survival 
and recurrence of colorectal cancer.

Previously our laboratory identified NDRG2 from normal 
human brain cDNA library with subtractive hybridization (7). 
It belonged to NDRG gene family together with NDRG1, 
NDRG3, and NDRG4, and was involved in cell stress, differ-
entiation and proliferation (30). We and other laboratories 
confirmed that NDRG2 was a novel tumor suppressor gene with 
decreased expression in several tumor tissues and cancer cells 
such as breast cancer, glioma, and colorectal cancers (31-34). 
In a previous study, we found that lower expression of NDRG2 
had strong proliferation and invasion abilities of colorectal 
cancer cells, also NDRG2 was a potential independent prog-
nosis biomarker of human colorectal cancer (35).

Table I. Statistical results of the immunohistology.

 KLF4 NDRG2 
 ----------------------------------- -------------------------------------
Total n - ± to ++ P-value - ± to ++ P-value

Sex
  Male 62 33 29 0.231a 27 35 0.520a

  Female 39 25 14  22 17
Age
  <60 53 22 31 0.428a 20 33 0.315a

  ≥60 48 36 12  29 19
WHO grade
  I 38 19 19 0.012b 18 20 0.021b

  II 51 29 22  23 28
  III 12 10   2    8   4
Differentiation status
  Well 59 33 26 0.035b 29 30 0.014b

  Moderately 36 20 16  16 20
  Poor   6   5   1    4   2

aP-value when expression levels were compared using Fisher's exact test. bP-value when expression levels were compared using Kruskal Wallis.



MA et al:  KLF4 INHIBITS COLORECTAL CANCER CELL PROLIFERATION DEPENDENT ON NDRG2 SIGNALING982

Figure 5. KLF4 suppresses tumorigenesis dependent on NDRG2 in vivo. (A) Tumor growth curve of the nude mice injected with HT-29-Scramble, HT-29-KLF4, 
HT-29-NDRG2 shRNA/KLF4 and HT-29-NDRG2 shRNA cells. Scale bar, 1 cm. (B) Tumor size obtained from the nude mice with different types of HT-29 
cells. (C) Tumor growth curve of the nude mice injected with HT-29-Control, HT-29-NDRG2, HT-29-KLF4 and HT-29-KLF4/NDRG2 cells. (D) Tumor size 
dissected from nude mice injected with different types of HT-29 cells. Scale bar, 1 cm. The data are generated from three mice in three different groups, and 
analyzed at least three times. The data represent means ± SEM. *P<0.05 and **P<0.01 compared with control cells.

Figure 6. Correlation of KLF4 and NDRG2 expression with overall survival. (A) Immunohistochemical analysis of KLF4 and NDRG2 in the colorectal tumor 
array. Scale bar, 100 µm. (B) Correlation of KLF4 and NDRG2 expression with linear regression and Pearson's correlation significance in colorectal tumor 
analysis (ANOVA test, P=0.004). (C) Kaplan-Meier survival curves of colorectal cancer patients with KLF4+/NDRG2+ (n=50) expression and KLF4-/NDRG2- 
expression (n=30). P=0.016.
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In this study, we used bio-information analysis and found 
there were three potential KLF4 binding sites locating on 
NDRG2 promoter (Fig. 1). Then we used reporter gene assay to 
explore whether KLF4 transcriptionally activated NDRG2. We 
constructed different truncations based on NDRG2 promoter, 
and found KLF4 could upregulate NDRG2 promoter activity 
especially on -809/-675 and -395/+200 bp sites (Fig. 2), while 
-133/+55 bp site had been reported previously, we confirmed a 
novel binding site of KLF4 on NDRG2 promoter. In NDRG2 
promoter, there might be two different transcription start sites 
which were predicted with bio-information system, and this 
is a possible reason why our binding site of KLF4 on NDRG2 
promoter is not the same.

To further explore the role of NDRG2 in KLF4 suppressing 
proliferation in colorectal cancer cells, we downregulated 
NDRG2 expression in HT29 cells with KLF4 overexpres-
sion, and performed in vitro biology experiments including 
MTT, EdU staining and colony formation assay. Results 
demonstrated that NDRG2 could abrogate the function 
of KLF4 by inhibiting colorectal cancer cell proliferation 
through the regulation of p21 and cyclin D1 in vitro (Fig. 4). 
As our previous report, NDRG2 overexpression could induce 
cell cycle arrest, which might be due to its regulation of p21 
and cyclin D1 expression. Herein, we found that NDRG2 
knockdown caused downregulation of p21 and upregulation 
of cyclin D1, which was consistent with our previous finding 
in cell cycle analysis (data not shown). Furthermore, in a nude 
mouse xenograft model, the tumor sizes and weight of KLF4 
and shNDRG2 group were smaller compared with the control 
group (Fig. 5). All these results revealed that NDRG2 played 
an important role in KLF4 signaling of colorectal cancer 
proliferation inhibition.

Based on previous studies, KLF4 acts as a tumor suppressor 
gene and inhibites the proliferation of various types of tumor 
cells via different signaling pathway (27,29). Moreover, 
NDRG2 inhibited cell proliferation through upregulation of 
p21, p27, and p53 (6,8,9). As the signaling pathway of NDRG2 
and KLF4 was only partially crossed, it is reasonable to 
understand the co-overexpression of KLF4 and NDRG2 could 
inhibit the proliferation of colorectal cancer cells more obvi-
ously than KLF4 or NDRG2, respectively.

Previous studies have demonstrated that KLF4 and NDRG2 
are both predictors of survival and recurrence for colorectal 
cancer. It is not clear whether the association of KLF4/
NDRG2 combined expression could benefit us in prediction 
of better prognosis for patients with colorectal cancer. In the 
present study, we used a colorectal cancer tissue array with 
101 colorectal cancer samples to analyze their expression with 
tumor prognosis. There was no significant association between 
KLF4/NDRG2 expression and sex or age at diagnosis (Table I). 
We observed that lower expression of KLF4 and NDRG2 was 
evident in human colorectal tissues compared with normal 
tissues, and it was greatly positively related with the TNM 
grades and differentiation level of colorectal cancer. Kaplan-
Meier analysis revealed significant difference in prognosis 
depending on the status of KLF4/NDRG2 co-expression. 
KLF4+/NDRG2+ had better overall survival than KLF4-/
NDRG2-. However, further investigation in many more cases 
is still needed to evaluate the potential application value of 
KLF4/NDRG2 co-expression in clinical setting.

In conclusion, our data showed that KLF4 could tran-
scriptionally upregulate NDRG2 expression by binding 
with its promoter. NDRG2 downregulation could interrupt 
the function of KLF4 in suppressing colorectal cancer cell 
proliferation and tumorigenesis both in vitro and in vivo. 
In colorectal cancer tissue array, we found that a combined 
detection of KLF4/NDRG2 was positively related with 
TNM grades and differentiation levels. The co-expression of 
KLF4/NDRG2 may be beneficial in predicting the prognosis 
of colorectal cancer patients.
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