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ABSTRACT
The role of NDRG4 in human malignancies is largely unknown. We investigated 

the role of NDRG4 protein in colorectal cancer and its prognostic value in a hospital-
based retrospective training cohort of 272 patients and a prospective validation cohort 
of 708 patients were. Cell line was transfected with an NDRG4 expression construct 
to confirm the suppression of PI3K-AKT activity by NDRG4. Appropriate statistical 
methods were utilized for analysis.Results showed that NDRG4 protein expression was  
significantly decreased from normal mucosa, chronic colitis, ulcerative colitis, atypical 
hyperplasia to colorectal cancer. Significant negative correlations were found between 
NDRG4 staining and p-AKT. Patients with positive NDRG4 staining had favorable 
survival in both study cohorts. In multivariate analysis, NDRG4 staining proved to 
be an independent predictor of overall survival. Moreover, the prognostic role of 
NDRG4 was stratified by p-AKT. Overexpression of NDRG4 in colorectal cancer cell 
can significantly suppress PI3K-AKT activity, even after EGF stimulation.These results 
indicated NDRG4 protein expression was decreased in colorectal cancer. It may play 
its tumor suppressive role in carcinogenesis and progression through attenuation 
of PI3K-AKT activity. Therefore, high risk colorectal cancer patients could be better 
identified based on the combination of NDRG4 and PI3K-AKT activity.

INTRODUCTION

N-Myc downstream-regulated gene 4 (NDRG4) 
is a member of NDRG family, which comprises four 
members named NDRG1–4 that have 57%–65% amino 
acid sequence homology [1, 2]. These four members 
can be divided into two subfamilies based on sequence 
homology: NDRG1 and NDRG3 are in one subfamily 
while NDRG2 and NDRG4 constitute another [3, 4]. 
NDRG4, a new tumor suppressor candidate gene, is 

located at chromosome 16q21–q22.3, spans 26 kilobases, 
and contains 17 exons [1, 5]. In contrast to other NDRG 
members, previous study found that NDRG4 was 
specifically expressed in brain and heart [1, 6–8]. It was 
reported that NDRG4 expression was down-regulated 
under severe ventricular hypoplasia in embryonic mouse 
heart, indicating its role in cell growth and proliferation 
[9]. In mouse brain, NDRG4 was identified in neuronal 
cytoplasm of cerebrum and cerebellum [10]. However, 
a recent study found that the prevalence of NDRG4 
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promoter methylation was increased in colorectal cancer 
[11]. This promoter methylation pattern suggested that 
NDRG4 might play an important role within colorectal 
cancer carcinogenesis and progression.

However, to our knowledge, the protein expression of 
NDRG4 and its role in tumor carcinogenesis, progression 
and prognosis has not been addressed yet. And the potential 
mechanism behind the function of NDRG4 was still 
unclear. We initially cloned human NDRG2 (GenBankTM 
No. AF159092) and found it is associated with tumor 
differentiation, progression and prognosis in colorectal 
cancer [12–14]. Accumulating evidence then suggested that 
NDRG2 played a tumor suppressor role in various human 
malignancies [15–20]. As NDRG4 is more than 60% identical 
in amino acid sequence to NDRG2, this sequence similarity 
suggests NDRG4 may recapitulate the tumor suppressive 
function of NDRG2 in colorectal cancer. The carcinogenesis 
of colorectal cancer represent a distinguishing feature 
different from other malignancies, as increasing evidences 
showed the close relation between colorectal cancer and 
chronic intestinal inflammation may lead the development 
of colorectal cancer [21, 22]. Thus, inflammation related 
signals might be the target of NDRG4 during colorectal 
cancer carcinogenesis and progression. Phosphatidylinositol 
3-kinase (PI3K)-AKT signaling pathway, one of the major 
inflammation and oncogenic pathways, is frequently 
activated in colorectal colitis and tumorigenesis [23, 24]. 
Its activation has been considered to be the most crucial 
factor in the pathogenesis of colorectal inflammation and its 
transformation to cancer [25, 26]. Thus, we speculate that 
NDRG4 might possess a tumor suppressor role in tumor 
carcinogenesis, invasion and metastasis of colorectal cancer 
by its interaction with PI3K-AKT signal.

In the present study, we investigated the NDRG4 
protein expression and its role in colorectal cancer 
carcinogenesis, progression and prognosis, as well the 
association of NDRG4 with PI3K-AKT activity.

RESULTS

Characteristics of patients and specimens

The characteristics of the 980 colorectal cancer 
patients involved in the study cohort are showed in Table 1. 
460 (46.9%) were female and 520 (53.1%) were male. 
562 (57.3%) cases were less than 60 years old while 418 
(42.7%) cases were over 60. Among all specimens recruited, 
221 tumors (22.6%) were located in right colon, 280 tumors 
(28.6%) were located in left colon and 479 (48.9%) were 
located in rectum. The tumor size of 225 colorectal cancer 
(23.0%) was smaller than 3 cm (including 3 cm) and that of 
755 (77.0%) was larger than 3 cm. Moderate differentiated 
tumor was the most common histology (n = 508, 51.8%), 
followed by poor differentiated tumor (n = 336, 34.3%) 
and well differentiated tumor (n = 136, 13.9%). According 
to the International tumor-node-metastasis-classification 

(American Joint Committee on Cancer/ Union for 
International Cancer Control), 256 (26.1%), 360 (36.7%), 
248 (25.3%) and 118 (12.0%) of colorectal cancer were 
classified as TNM stage I, II, III and IV respectively. The 
10-gene panel test found that 161 (16.4%) tumors were 
MSI-H while 819 (83.6%) were MSS. Mutated KRAS, 
BRAF and PIK3CA was found in 330 (33.7%), 171 (17.4%) 
and 182 (18.6%) tumors, while wild-type of KRAS, BRAF 
and PIK3CA was found in 650 (66.3%), 809 (82.6%) and 
798 (81.4%) tumors respectively.

NDRG4 and p-AKT expression detected in 
clinical specimens

To understand the role of NDRG4 in colorectal 
cancer and to determine the potential functional 
mechanism, we began by investigating NDRG4 
expression in clinical specimens and its association with 
clinicopathological characteristics as well as p-AKT. IHC 
assay results revealed that NDRG4 staining was mainly 
located in cytoplasma. Representative staining pattern of 
NDRG4 and p-AKT was showed in Figure 1. The positive 
ratio was significantly decreased from normal mucosa 
(89.7%, Figure 1A), chronic colitis (75.8%, Figure 1B), 
ulcerative colitis (71.8%, Figure 1C), atypical hyperplasia 
(58.8%, Figure 1D) to tumor (40.7%, Figure 1E) 
indicating its tumor suppressive role during the transition 
from normal mucosa to cancer (P < 0.001). Whereas 
p-AKT protein expression pattern was opposite to NDRG4 
with IHC figures showed in Figure 1F–1J. With respect 
to the association of NDRG4 with p-AKT staining, there 
was a significant negative correlation between NDRG4 
and p-AKT staining both in the retrospective (r = −0.409, 
P < 0.001) and prospective study cohorts (r = −0.140, 
P = 0.018), indicating the potential interaction of the 
two proteins. To detect the role of NDRG4 in colorectal 
cancer, we next examined the association of NDRG4 
with clinicopathological characteristics in both study 
cohorts. Statistical analysis results (Table 1) showed that 
NDRG4 positive staining was significantly associated with 
tumor well differentiation (P = 0.001), little invasiveness 
(P = 0.007), absent node metastasis (P = 0.004), absent 
distant metastasis (P = 0.001) and low TNM stage 
(P = 0.001), indicating NDRG4 might play tumor 
suppressive role in colorectal cancer by regulating tumor 
differentiation, invasion and metastasis. Moreover, 
NDRG4 positive staining was also more likely to be 
detected in tumors with wild-type of PI3KCA (P < 0.001).

Retrospective study

Given the strong association between NDRG4 and 
colorectal cancer differentiation, invasion and metastasis, 
we further investigate its prognostic role utilized the cut-
off point of positive and negative staining of NDRG4. 
In the retrospective data set including 272 patients, 148 
(54.4%) patients were dead at the end of follow-up. 
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Table 1: Statistical results of NDRG4 immunohistochemical staining
Variable n NDRG4 staining P

Negative (−) Positive (+)

980 581 399

Sex 0.766*

 Male 520 306 214

 Female 460 275 185

Age at diagnosis 0.083*

 ≤ 60 562 320 242

 >60 418 261 157

Tumor location 0.791†

 Right 221 132 89

 Left 280 170 110

 Rectum 479 279 200

Tumor size 0.687*

 ≤3.0 cm 225 136 89

 >3.0 cm 755 445 310

Differentiation status 0.001†

 Well 136 65 71

 Moderate 508 302 206

 Poor 336 234 122

Depth of invasion 0.007†

 T1 125 60 65

 T2 232 132 100

 T3 496 302 194

 T4 127 87 40

Node metastasis 0.004*

 Absent(N0) 616 344 272

 Present(N1-3) 364 237 127

Distant metastasis 0.001*

 Absent(M0) 862 495 367

 Present(M1) 118 86 32

TNM stage 0.001†

 I 256 131 125

 II 360 223 137

 III 246 151 95

 IV 118 86 32

MSI 0.330*

 MSS 819 480 339

 MSI-H 161 101 60

(Continued )
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Survival analysis by Kaplan-Meier estimate and log-rank 
test revealed that the presence of NDRG4 positive staining 
was significantly associated with favorable outcome (log-
rank test: P < 0.001; Figure 2A). The median survival time 
of patients with negative (−) staining of NDRG4 was 52 
months (95% CI: 47.3–56.7), while that of patients with 
positive (+) staining of NDRG4 cannot be estimated due 
to better survival. Patients with negative NDRG4 staining 
tended to have a higher risk of death, with an unadjusted 
hazard ratio (HR) of 2.18 (95% CI: 1.11–4.33; P < 0.001). 
In addition, differentiation status, lymph node metastasis, 
TNM stage, KRAS, BRAF, PIK3CA mutations and MSI 
were also found to be associated with prognosis. However, 
sex, age, tumor location, tumor size or vascular invasion 
had no prognostic value (Table 2). Starting from these 
covariates, we constructed a multivariate prognostic model 
that considered the significant risk factors by using a 

stepwise selection procedure. Multivariate Cox regression 
adjusted for sex, age, differentiation status, TNM stage, 
KRAS, BRAF and PIK3CA mutations and MSI showed 
that negative NDRG4 staining was significantly and 
independently associated with poor overall survival, with 
an adjusted HR of 2.35 (95% CI: 1.15–4.61; P < 0.001). 
Thus, NDRG4 staining constitutes a powerful prognostic 
biomarker independent of adjusted clinical variables in 
retrospective cohort (Table 2).

As NDRG4 staining was found to be negatively 
correlated with that of p-AKT, in an attempt to investigate 
the prognostic power of NDRG4 according to p-AKT, we 
subsequently assigned patients into subgroups. In positive 
NDRG4 staining subgroup, patients with colorectal 
cancer of negative p-AKT staining had favorable survival 
(Figure 2B). While in NDRG4 negative staing subgroup, 
colorectal cancer of positive p-AKT staining had poor 

KRAS mutation 0.082*

 (−) 650 398 252

 (+) 330 183 147

BRAF mutation 0.069*

 (−) 809 469 340

 (+) 171 112 59

PIK3CA mutation < 0.001*

 (−) 798 452 346

 (+) 182 129 53

*P value when expression levels were compared using Mann Whitney test.
†P value when expression levels were compared using Kruskal Wallis test.

Figure 1: IHC staining of NDRG4 and p-AKT. (A–E) NDRG4 staining, A normal epithelium, B chronic colonitis, 
C ulcerative colitis, D dysplasia, E cancer; (F–J) p-AKT staining, F normal epithelium, G chronic colonitis, H ulcerative colitis, 
I dysplasia, J cancer.
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survival (Figure 2C). However, patients with colorectal 
cancer of both positive staining of NDRG4 and p-AKT 
was not significantly different from those with both 
negative staining in outcomes (Figure 2D). These results 
revealed that the prognostic value of NDRG4 on clinical 
outcome was stratified by p-AKT.

Prospective cohort study

As it was proved that the cut-off point of NDRG4 
staining utilized in retrospective study could effectively 
stratify colorectal cancer prognosis, we further recruited a 
prospective study cohort including 708 patients to validate 
its predictive role. The protein expression levels were 
comparable in both study cohorts for NDRG4 (positive: 
43.5% v 40.3%) and p-AKT (positive: 51.1% v 53.0%); 
while 391 (55.2%) patients in prospective study cohort 
were dead at the time of analysis, compared with 148 
(54.4%) in retrospective cohort, indicating. These results 

confirmed NDRG4 expression pattern and indicated the 
similarity of the two data sets in protein staining pattern 
and clinicopathological characteristics.

Kaplan-Meier analysis and log-rank test found that 
NDRG4 negative staining was significantly associated 
with poor overall survival of patients (Figure 3A), with an 
unadjusted HR of 2.05 (95% CI: 1.12–4.35; P < 0.001). 
This finding further strengthened the role of NDRG4 as 
a prognostic marker in colorectal cancer. With respect to 
clinicopathological characteristics, differentiation status, 
vascular invasion, lymph node metastasis and TNM stage 
were also associated with prognosis, which was similar 
to results in retrospective cohort indicating the homogen-
eity of the two study cohorts (Table 3). Univariate 
Cox regression analysis was performed accordting to 
retrospective study to assess whether NDRG4 was an 
independent prognostic predictor of survival. Results 
proved that negative NDRG4 staining was a significant 
independent predictor of poor survival, with an adjusted 

Figure 2: Kaplan-Meier survival curves of patients in the retrospective study cohort. (A) Correlation of NDRG4 staining 
with overall survival. (B) Correlation of p-AKT staining with overall survival among patients with tumors with positive NDRG4 staining. 
(C) Correlation of p-AKT staining with overall survival among patients with tumors with negative NDRG4 staining. (D) Survival curves 
for patients with aberrant NDRG4 and p-AKT coexpression.
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HR for of 2.13 (95% CI: 1.16–4.53; P < 0.001). These 
results were consistent with that in retrospective cohort 
study (Table 3).

Given the retrospective study found that the 
prognostic role of NDRG4 was modified by p-AKT, 
we then assigned patients into subgroups by combined 
NDRG4 and p-AKT staining to test the accordance in 
prospective study cohort. Kaplan-Meier analysis results 
showed that negative p-AKT staining was associated 
with favorable survival in both NDRG4 positive and 
negative staining group (Figure 3B, 3C), whereas no 
prognostic difference was detected between patients 
with both positive and both negative staining of the two 
protein (Figure 3D). In multivariate analysis adjusted for 
factors including sex, age, differentiation status, TNM 
stage, KRAS, BRAF and PIK3CA mutations and MSI, 
coexpression of NDRG4 positive and p-AKT negative 
staining was significantly associated with favorable 
outcome, whereas the opposite expression pattern was 
associated with poor survival (Table 4). These results were 
consistent with that in retrospective cohort, and indicated 
that NDRG4 was an independent prognostic predictor 
which could be stratified according to p-AKT.

Effect of NDRG4 overexpression on PI3K-AKT 
activity

As it was proved in clinical specimens that NDRG4 
staining negatively correlated with p-AKT, which could 
stratify the prognostic role of NDRG4, indicating the 
potential interaction between NDRG4 and p-AKT. 

Considering the phosphorylation n of AKT is the key 
regulatory step of PI3K-AKT activation. We speculated 
that NDRG4 might play its tumor suppressive role through 
suppression of PI3K-AKT. To confirm this inhibitory 
effect of NDRG4 on PI3K-AKT activity, we firstly 
examined whether transfection of pCMV6-NDRG4 could 
increase NDRG4 expression in tumor cells. As shown in 
Figure 4A, transfection of pCMV6-NDRG4 in SW620 
cells significantly increased NDRG4 expression compared 
with control cells. Then, we examined the effect of 
NDRG4 overexpression on p-AKT. Results showed that 
overexpression of NDRG4 considerably decreased p-AKT 
expression compared with control cells (Figure 4B). We 
next investigated the effect of NDRG4 overexpression on 
p-AKT in response to Epidermal Growth Factor (EGF) 
stimulation. It was found that the treatment with 5 nM PMA 
could lead to significant increase of p-AKT expression 
(Figure 4C). Whereas NDRG4 overexpression strongly 
suppressed p-AKT even after PMA stimulation (Figure 4D). 
These results indicated that NDRG4 could effectively 
suppress PI3K-AKT activity in colorectal cancer.

DISCUSSION

We conducted the present study to determine NDRG4 
protein expression pattern and its association with colorectal 
cancer carcinogenesis, progression, prognosis and PI3K-
AKT activity. Results showed a statistically significant 
decrease of NDRG4 expression from normal mucosa, 
chronic colitis, ulcerative colitis, atypical hyperplasia to 
colorectal cancer. Notably, the positive ratio of NDRG4 

Table 2: Association of molecule and clinical factors with overall survival in retrospective study
Unadjusted HR* 

(95% CI)
P Adjusted HR† 

(95% CI)
P

NDRG4 2.18 (1.11–4.33) < 0.001 2.35 (1.15–4.61) < 0.001

Sex 0.73 (0.49–1.09) 0.128 0.82 (0.52–1.29) 0.392

Age at diagnosis 1.12 (0.81–1.57) 0.490 1.13 (0.80–1.60) 0.487

Tumor location 1.29 (0.86–1.96) 0.423 1.17 (0.67–2.02) 0.582

Tumor size 1.69 (0.83–3.72) 0.056 1.61 (0.73–3.54) 0.235

Differentiation 2.33 (1.40–3.87) 0.001 1.24 (0.69–2.25) 0.474

Vascular invasion 1.91 (0.97–3.77) 0.061 0.63 (0.28–1.41) 0.260

TNM stage 5.76 (3.06–10.83) < 0.001 3.90 (1.57–9.70) 0.003

MSI 1.88 (1.36–2.59) < 0.001 1.58 (1.11–2.24) 0.011

KRAS mutation 1.56 (1.14–2.14) 0.006 1.46 (1.04–2.04) 0.028

BRAF mutation 1.75 (1.28–2.39) < 0.001 1.56 (1.12–2.16) 0.008

PIK3CA mutation 1.82 (1.31–2.52) < 0.001 1.65 (1.17–2.33) 0.004

*Hazard ratios in univariate models
†Hazard ratios in multivariable models
Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval.
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in chronic colitis (75.8%) and ulcerative colitis (71.8%) 
was significantly decreased compared with that in normal 
mucosa (89.7%), indicating NDRG4 protein expression 
was associated with inflammation. In addition, the positive 
ratio of NDRG4 in atypical hyperplasia (58.8%) was lower 
than that in chronic colitis and ulcerative colitis, suggesting 
NDRG4 was related to early events of carcinogenesis. 
Whereas the expression pattern of p-AKT was opposite to 
NDRG4 among the same clinical specimens. In addition, 
statistical analysis revealed that p-AKT staining was 
negatively correlated with NDRG4. As long-standing 
inflammation was a hallmark of neoplastic transformation 
of epithelial cells in colorectal cancer [27–31]. These results 
suggested for the first time that NDRG4 might play a tumor 
suppressive role during colorectal cancer carcinogenesis, 
and have negative interaction with PI3K-AKT activity.

To clarify the role of NDRG4 in colorectal cancer, 
we investigated the association of NDRG4 staining 
with clinicopathological characteristics in both study 
cohorts. Results proved that NDRG4 positive staining 

was significantly associated with well differentiation, 
little invasiveness, absent node metastasis, absent distant 
metastasis and low TNM stage. In addition, NDRG4 
positive staining was also more likely to be detected in 
tumors with wild-type of PI3KCA. This result together 
with the negative correlation between NDRG4 and p-AKT 
indicated NDRG4 might negatively interact with PI3K-
AKT in colorectal cancer differentiation, invasion and 
metastasis possibly. This is the first direct evidence of 
the association between NDRG4 and clinicopathological 
characteristics of clinical colorectal cancer.

Given the close association found between 
NDRG4 and colorectal cancer progression, we further 
investigated its prognostic role in two separate cohorts. 
Results showed that positive staining of NDRG4 was 
independently associated with favorable outcome of 
patients in retrospective cohort, which was confirmed in 
independent prospective validation cohort. The prognostic 
value of NDRG4 was statistically significant in not only 
univariate analysis but also multivariate analysis adjusted 

Figure 3: Kaplan-Meier survival curves of patients in the prospective study cohort. (A) Correlation of NDRG4 staining 
with overall survival. (B) Correlation of p-AKT staining with overall survival among patients with tumors with positive NDRG4 staining. 
(C) Correlation of p-AKT staining with overall survival among patients with tumors with negative NDRG4 staining. (D) Survival curves 
for patients with aberrant NDRG4 and p-AKT coexpression.
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Table 3: Association of molecular and clinical factors with overall survival in prospective study
Unadjusted HR* 

(95% CI)
P Adjusted HR† 

(95% CI)
P

NDRG4 2.05 (1.12–4.35) < 0.001 2.13 (1.16–4.53) < 0.001

p-AKT 1.84 (1.06–3.87) < 0.001 2.21 (1.26–4.95) < 0.001

Sex 1.09 (0.91–1.29) 0.357 1.07 (0.90–1.28) 0.426

Age at diagnosis 0.97 (0.82–1.16) 0.768 1.01 (0.85–1.21) 0.882

Tumor location 1.12 (0.73–1.64) 0.636 1.14 (0.75–2.11) 0.583

Tumor size 1.46 (0.71–3.29) 0.074 1.52 (0.83–3.76) 0.374

Differentiation 2.60 (2.01–3.37) < 0.001 1.45 (1.09–1.92) 0.011

Vascular invasion 2.28 (1.63–3.21) < 0.001 1.44 (0.89–1.92) 0.064

TNM stage 3.78 (2.73–5.23) < 0.001 2.35 (1.56–3.52) < 0.001

MSI 1.90 (1.35–2.68) < 0.001 1.57 (1.08–2.27) 0.018

KRAS mutation 1.51 (1.08–2.11) 0.016 1.44 (1.01–2.07) 0.045

BRAF mutation 1.65 (1.18–2.30) 0.003 1.49 (1.05–2.11) 0.026

PIK3CA mutation 1.83 (1.29–2.59) 0.001 1.64 (1.13–2.36) 0.008

*Hazard ratios in univariate models
†Hazard ratios in multivariable models
Abbreviations: HR, hazard ratio; 95% CI, 95% confidence interval.

Table 4: Multivariate analysis of patient survival by combined NDRG4 and p-AKT
Combined NDRG4/ 
p-AKT

Retrospective cohort Prospective cohort

n Unadjusted HR 
(95% CI)

Adjusted HR 
(95% CI)

n Unadjusted HR 
(95% CI)

Adjusted HR 
(95% CI)

NDRG4 + p-AKT− 70 1.00 (reference) 1.00 (reference) 185 1.00 (reference) 1.00 (reference)

NDRG4 + p-AKT+ 44 1.45 (1.04–3.79) 1.62 (1.08–4.21) 100 1.42 (1.08–2.96) 1.57 (1.09–3.86)

NDRG4 − p-AKT− 68 1.51 (1.04–3.45) 1.76 (1.13–3.43) 148 1.39 (1.09–3.21) 1.62 (1.14–3.58)

NDRG4 − p-AKT+ 90 2.12 (1.14–4.16) 2.43 (1.16–4.26) 275 2.06 (1.11–4.35) 2.29 (1.15–4.18)

Figure 4: NDRG4 overexpression in SW620 cells reduced PI3K-AKT activation. (A) Transfection of pCMV6-NDRG4 
significantly increased NDRG4 expression. (B) Overexpression of NDRG4 decreased p-AKT expression. (C) EGF increased p-AKT 
expression. (D) NDRG4 overexpression suppressed p-AKT even after EGF stimulation.
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for characteristics and other related molecular variables 
including KRAS, BRAF and PIK3CA mutations and MSI, 
which indicated NDRG4 protein expression may be a 
promising marker to predict prognosis of colorectal cancer. 
These results above were the first to address the prognostic 
role of NDRG4 in colorectal cancer. As p-AKT staining 
was proved to be negatively correlated with NDRG4, we 
assigned patients into subgroups according both NDRG4 
and p-AKT staining to investigate whether the prognostic 
role of NDRG4 could be modified by p-AKT. Strikingly, 
among NDRG4 positive tumors, tumors with negative 
p-AKT staining showed significant favorable outcome, 
indicating the interaction of PI3K-AKT activity and 
NDRG4 might attenuated malignant biological behavior 
and improve subsequent prognosis. While tumors with 
positive p-AKT staining showed significant poor survival 
among NDRG4 negative ones, indicating the activation of 
PI3K-AKT activity without potential NDRG4 suppression 
might aggravated tumor malignant biological behavior 
and subsequent prognosis. Intriguingly, colorectal cancer 
with both positive NDRG4 and p-AKT staining showed 
no prognostic difference compared with those with both 
negative staining of NDRG4 and p-AKT. This could be 
possibly attributed to the aberrant regulation of PI3K-AKT 
activity by NDRG4, which accommodated tumor malignant 
biological behavior and subsequently attenuated the 
prognostic role of NDRG4. These results in line indicated 
that the prognostic role of NDRG4 in colorectal cancer 
was dependent on PI3K-AKT activity, which also further 
confirmed the interaction between NDRG4 and PI3K-AKT.

In the light of the strong association between 
NDRG4 and p-AKT found above including opposite 
expression pattern during carcinogenesis, negative 
correlation in clinical samples and stratified prognostic 
value of NDRG4 by p-AKT. Only demonstrate NDRG4 
has the ability to suppress p-AKT can confirm NDRG4 
plays its tumor suppressive role in carcinogenesis, 
progression and prognosis through the suppression of 
PI3K-AKT activity. For this purpose, we firstly transfected 
pCMV6-NDRG4 into tumor cells, which was proved to 
could increase NDRG4 expression. Western blot showed 
that overexpression of NDRG4 considerably decreased 
p-AKT expression even after EGF stimulation, which 
could lead to increase of p-AKT. These results together 
proved that NDRG4 could effectively suppress PI3K-AKT 
activity in colorectal cancer. Considering the activation of 
PI3K-AKT can lead to neoplastic transformation, tumor 
cell proliferation, invasion, angiogenesis and metastasis 
in colorectal cancer, it is rational that NDRG4 plays its 
tumor suppressive role in carcinogenesis, progression 
and prognosis of colorectal cancer at least partly by 
suppression of PI3K-AKT activity [32–35].

To our knowledge, NDRG4 was mainly investigated 
in central nerve system tumors before [6, 36, 37]. While it 
was found that NDRG2 and NDRG4 had opposing protein 
expression patterns when comparing normal brain tissue 

to glioblastoma tissue, suggesting the opposite function of 
NDRG4 to NDRG2, although NDRG4 is most similar to 
NDRG2 within the NDRG family [36, 38]. However, in 
contrast, the present study together with our previous work 
indicated that NDRG4 and NDRG2 protein expression 
was both decreased in colorectal cancer and similar had 
association with clinicopathological characteristics and 
prognosis [14, 39]. These findings in line with recent study 
which found NDRG4 promoter methylation was increased 
in colorectal cancer and NDRG4 overexpression could 
suppress colony formation, cell proliferation and invasion, 
indicated that NDRG4 might play the tumor suppressive 
role in colorectal cancer [11].

In addition, previous investigations also suggested 
that PI3K-AKT could support MYC activity by blocking its 
degradation in human malignancy [40, 41]. As downstream 
regulated by MYC, the expression of NDRG4 was 
transcriptionally repressed by it. It is therefore intriguing 
to speculate NDRG4 might be the central molecule 
participating in a more complex negative feedback loop 
in the regulation of PI3K-AKT activity. In this concept, 
NDRG4 is the key role to transfer its repression effect on 
PI3K-AKT activity. In normal mucosa, activate NDRG4 
results in PI3K-AKT suppression, the following MYC 
inhibition leads to further NDRG4 expression. Then, the 
result of this negative regulation feedback loop is NDRG4 
activation and consequent PI3K-AKT suppression. While in 
CRC carcinogenesis, the inhibition of NDRG4 causes the 
activation of PI3K-AKT, which further activates Myc and 
consequent NDRG4 suppression. Under this circumstance, 
the result of this negative regulation feedback loop is 
NDRG4 suppression and consequent PI3K-AKT activation.

Our study has several strengths. It included a 
retrospective hospital-based study cohort to explore the 
prognostic role of NDRG4 and its association with PI3K-
AKT activity, as well as a prospective population-based 
study cohort for validation. The sample size was large 
and homogeneous, with adequate follow-up time and 
intimate information on clinicopathological characteristics. 
Traditionally, protein staining was used for diagnosis 
because the mRNA amount did not always correlate with 
protein level. However, scoring the staining can present 
problems for any immunohistochemistry-based detection. 
Here, we utilized an immunoreactivity score system with 
all of the cores on the slides viewed by two separate 
pathologists under a double-blind condition with rigorous 
comparison to internal controls. In addition, the results 
obtained in retrospective study cohort were also validated 
by that in prospective cohort, indicating the reliability of 
our results. To avoid protein expression being affected 
by preoperative neoadjuvant chemotherapy, we limited 
the cohort to patients who underwent surgical resection 
before the year 2006, before neoadjuvant chemotherapy 
were routinely used for CRC in the two medical centers. 
Thus, we were able to detect the independent predictive 
effect of NDRG4 on prognosis as well as its association 
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with PI3K-AKT activity effectually and efficiently. Our 
current study comprehensively evaluated the association of 
NDRG4 with PI3K-AKT activity in CRC carcinogenesis 
and prognosis. The results provided the first evidence for 
NDRG4 to determine CRC carcinogenesis and prognosis 
by suppression of PI3K-AKT. These findings could also 
contribute to an accurate prediction of the CRC prognosis 
by the combination of NDRG4 and PI3K-AKT activity. 
Consequently, clinicians could suggest tailored treatments 
for individual patient, thus preventing patients from 
receiving excessive or insufficient adjuvant treatments, 
both of which are harmful. In addition, our results could 
also provide important clues in understanding how the 
PI3K-AKT signal is regulated by Myc and NDRG4 in 
tumor carcinogenesis and progression. In addition, we also 
investigated critical molecular events such as KRAS, BRAF 
and PIK3CA mutations and MSI, all of which have been 
associated with colorectal cancer prognosis to justify the 
independent prognostic role of NDRG4.

In conclusion, to our knowledge, this is the first 
study to describe the function of NDRG4 protein in 
carcinogenesis, progression and prognosis of colorectal 
cancer. Our study also showed for the first time that 
NDRG4 may play its tumor suppressive role through 
attenuation of PI3K-AKT activity. Our retrospective 
and prospective investigation indicated for the first time 
that NDRG4 protein could be an independent prognostic 
predictor to identify high risk colorectal cancer patients.

MATERIALS AND METHODS

Patients and specimens

This study was approved by the ethics committee of 
the Fourth Military Medical University. All patients recruited 
had provided full consent. The study population involved 
a hospital-based retrospective training cohort including 
272 patients and a population-based prospective validation 
cohort including 708 patients, which have been described in 
our previous work. The hospital-based retrospective cohort 
included 272 patients who were randomly selected from 
patients consecutively diagnosed with colorectal cancer in 
Xijing Hospital, Fourth Military Medical University between 
January 2003 and December 2006. The population-based 
prospective cohort consisted of 681 patients with diagnosed 
colorectal cancer from January 2004 to December 2005, 
who were randomly selected from the Colorectal Cancer 
Registry, Tianjin Union Medicine Center, which serves a 
population of approximately 1.43 million.

All participating patients had given full informed 
consent. Patients with the following criteria were 
subsequently excluded: received treatment prior to 
surgery including neoadjuvant chemotherapy; harvested 
insufficient specimens for tissue microarray preparation; 
diagnosed as gastrointestinal stromal tumor or lymphoma; 
diagnosed with additional cancers; refused consent. All 
of these clinical cancerous specimens were collected by 

surgery or endoscopy. All of the specimens had been 
histologically diagnosed by Department of Pathology, Fourth 
Military Medical University. Patients’ clinicopathological 
information and follow-up data of the remaining patients 
were prospectively entered into a database, which was 
under a close follow-up scheme and updated with respect 
to survival status every three months. Death of participants 
was ascertained by reporting from the family and verified 
by a review of public records. All of the fresh tissues 
were obtained within 10 minutes after surgical removal. 
Specimens were fixed in 10% formaldehyde and embedded 
in paraffin for histological sections. For both study cohorts, 
study physicians who reviewed all the records of colon 
cancer and recorded data the database were completely blind 
to exposure data. In addition, we also recruited pathologically 
confirmed normal mucosa (n = 58), chronic colitis (n = 62), 
ulcerative colitis (n = 71) and colorectal atypical hyperplasia 
(n = 68) to investigate the protein variation during the 
transition from normal mucosa to cancer.

Immunohistochemistry assay

Tissue specimens were made into tissue array 
as described before [42, 43]. All specimens were fixed 
in 10% formalin and embedded in paraffin wax. HE 
slides from all the recruited tumors were viewed under 
a light microscope, areas of representative tumor regions 
were marked by a pathologist. Corresponding paraffin-
embedded gastric cancer tissue blocks were obtained. 
Two tissue cylinders with a diameter of 1.0 mm were 
punched from the marked areas of each donor block with 
a tissue arrayer and placed into a recipient paraffin block. 
The cylinder was transferred carefully with a forceps to 
a recipient metal paraffin block box that contained a thin 
layer of soft wax to fix the cylinders. After all cylinders 
were aligned in the box, the box was covered with a 
plastic cassette, then, liquid wax was poured gently into 
the box until it was full. The box was put on a hotplate 
for 1 minute to homogenize the wax. At that point, the 
box was removed from the hotplate and cooled to room 
temperature slowly. At last, 4 μm sections of the product 
tissue array blocks were transferred to glass slides.

Immunohistochemistry (IHC) assay was performed as 
described before. Briefly, all sections were deparaffinized in 
xylene and dehydrated through a gradient concentration of 
alcohol before endogenous peroxidase activity was blocked 
with 0.5% H2O2 in methanol for 10 min. After nonspecific 
binding was blocked, the slides were incubated with 
primary antibody, NDRG4 (Abnova, H00065009-M01) 
or phospho-AKT (Abcam, ab8932), overnight in a moist 
box. Biotinylated goat anti-mouse IgG (Sigma) or goat 
anti-rabbit IgG (Sigma) was incubated with the sections for 
1 h at room temperature and detected with a streptavidin-
peroxidase complex. The brown color indicative of 
peroxidase activity was developed by incubating with 
0.1% 3, 3-diaminobenzidine (Sigma) in PBS with 0.05% 
H2O2 for 5 min at room temperature. Negative controls 
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were performed by replacing the primary antibody with 
pre-immune serum. Positive controls were performed 
as suggested by the manufacturer. These controls were 
conducted in each run of immunohistochemistry assay.

Evaluation of staining

Staining was scored independently by two 
pathologists blinded to the clinicopathological features and 
outcome. An immunoreactivity score (IRS) system, based 
on the proportion and intensity of positively stained cancer 
cells, was applied [44]. The staining was evaluated by 
scanning the entire tissue specimen under low magnification 
(×40) and then confirming under high magnification (×200 
and × 400). The extensional standard is as follows: ① 
number of positively stained cells ≤ 5% scored 0; 6%–25% 
scored 1; 26%–50% scored 2; 51%–75% scored 3; > 75% 
scored 4, ① intensity of stain: colorless scored 0; pallide-
flavens scored 1; yellow scored 2; brown scored 3. We 
multiplied ① and ①, and the staining grade was stratified 
as absent (0 score), weak (1–4 score), moderate (5–8 score) 
and strong (9–12 score). All of the stained slides were 
interpreted by another pathologist unaware of the other data. 
Specimens were rescored if the difference of scores from 
the two pathologists was more than 3. The concordance of 
NDRG4 scoring between the two observers was 0.92 (j = 
0.62; P < 0.001) and for p-AKT was 0.95 (j = 0.66; P < 
0.001), indicating substantial agreement. Tumors with weak, 
moderate or strong immunostaining intensity were classified 
as positive (+) staining, whereas tumors with absent 
immunostaining were classified as negative (–) staining.

DNA extraction, microsatellite instability (MSI), 
pyrosequencing of KRAS, BRAF and PIK3CA 
analysis

DNA was extracted from paraffin embedded tissue, 
MSI status was determined via testing on a 10-gene panel 
in tumor DNA using 10 microsatellite markers (BAT25, 
BAT26, BAT40, MYCL, D5S346, D17S250, ACTC, 
D18S55, D10S197, and BAT34C4) as described in previous 
study [45]. In brief, tumors with MSI-high/ microsatellite 
stability (MSI-H) was defined if instability was observed 
for ≥ 30% of markers, while and MSI-low/microsatellite 
stability (MSS) was defined if instability was observed for 
< 30% of the markers. And we also performed PCR and 
pyrosequencing targeted for KRAS (codons 12 and 13), 
BRAF (codon 600) and PIK3CA (exons 9 and 20) [46–48].

Cell culture, transfection and western blot

Human colorectal cancer cell lines SW620 was 
cultured in L-15 culture medium (Invitrogen) supplemented 
with 10% fetal calf serum [49]. Full length NDRG4 cDNA 
was cloned into a pCMV6-Neo vector to create pCMV6-
NDRG4. SW620 cells were transfected with pCMV6-
NDRG4 or empty pCMV6 by Nucleofector Kit V (Amaxa 

Biosystems) according to the manufacturer’s protocol. 
Western blot was performed by protocol described before 
by use of NDRG4 (Abnova, H00065009-M01) and p-AKT 
(Abcam, ab8932) primary antibody.

Statistical analysis

Statistical analysis was conducted using SPSS 
statistical software (version 13.0). Spearman’s rank test 
was used to assess the correlation between the expression 
of NDRG4 and p-AKT. Survival curves were estimated 
using the Kaplan-Meier method, and differences in 
survival distributions were evaluated by the log-rank 
test. Cox’s proportional hazards modeling of factors 
potentially related to survival was performed to calculate 
hazard ratios (HR) and identify which factors might have 
a significant influence on survival. The age of diagnosis 
was used as a continuous variable when adjusting for 
potential confounding, while other covariates were used 
as categorical variables. Differences with a P value of 0.05 
or less were considered to be statistically significant, and 
all P values were determined from two-sided tests.

ACKNOWLEDGMENTS

This work was supported by grants from National 
High Technology Research and Development Program of 
China (Grant number: 2014AA020801), National Natural 
Science Foundation of China (Grant number: 81201927, 
81272204, 31270812) and China Postdoctoral Science 
Foundation (Grant number: 2012M521862).

CONFLICT OF INTEREST

None.

REFERENCES

1. Zhou RH, Kokame K, Tsukamoto Y, Yutani C, Kato H, 
Miyata T. Characterization of the human NDRG gene 
 family: a newly identified member, NDRG4, is spe-
cifically expressed in brain and heart. Genomics. 2001; 
73:86–97.

2. Qu X, Zhai Y, Wei H, Zhang C, Xing G, Yu Y, He F. 
Characterization and expression of three novel differentia-
tion-related genes belong to the human NDRG gene family. 
Molecular and cellular biochemistry. 2002; 229:35–44.

3. Melotte V, Qu X, Ongenaert M, van Criekinge W, de 
Bruine AP, Baldwin HS, van Engeland M. The N-myc 
downstream regulated gene (NDRG) family: diverse 
functions, multiple applications. FASEB journal: official 
publication of the Federation of American Societies for 
Experimental Biology. 2010; 24:4153–4166.

4. Kyuno J, Fukui A, Michiue T, Asashima M. Identification 
and characterization of Xenopus NDRG1. Biochemical and 
biophysical research communications. 2003; 309:52–57.



Oncotarget7595www.impactjournals.com/oncotarget

5. Maeda A, Hongo S, Miyazaki A. Genomic organization, 
expression, and comparative analysis of noncoding region 
of the rat Ndrg4 gene. Gene. 2004; 324:149–158.

6. Ding W, Zhang J, Yoon JG, Shi D, Foltz G, Lin B. NDRG4 is 
downregulated in glioblastoma and inhibits cell proliferation. 
Omics: a journal of integrative biology. 2012; 16:263–267.

7. Okuda T, Kokame K, Miyata T. Differential expression pat-
terns of NDRG family proteins in the central nervous system. 
The journal of histochemistry and  cytochemistry: official 
journal of the Histochemistry Society. 2008; 56:175–182.

8. Ohki T, Hongo S, Nakada N, Maeda A, Takeda M. 
Inhibition of neurite outgrowth by reduced level of NDRG4 
protein in antisense transfected PC12 cells. Brain research 
Developmental brain research. 2002; 135:55–63.

9. Dupays L, Kotecha S, Angst B, Mohun TJ. Tbx2 misex-
pression impairs deployment of second heart field derived 
progenitor cells to the arterial pole of the embryonic heart. 
Developmental biology. 2009; 333:121–131.

10. Yamamoto H, Kokame K, Okuda T, Nakajo Y, 
Yanamoto H, Miyata T. NDRG4 protein-deficient mice 
exhibit spatial learning deficits and vulnerabilities to 
 cerebral ischemia. The Journal of biological chemistry. 
2011; 286:26158–26165.

11. Melotte V, Lentjes MH, van den Bosch SM, 
Hellebrekers DM, de Hoon JP, Wouters KA, Daenen KL, 
Partouns-Hendriks IE, Stessels F, Louwagie J, Smits KM, 
Weijenberg MP, Sanduleanu S, Khalid-de Bakker CA, 
Oort FA, Meijer GA, et al. N-Myc downstream-regulated 
gene 4 (NDRG4): a candidate tumor suppressor gene and 
potential biomarker for colorectal cancer. Journal of the 
National Cancer Institute. 2009; 101:916–927.

12. Yao L, Zhang J, Liu X. NDRG2: a Myc-repressed gene 
involved in cancer and cell stress. Acta biochimica et bio-
physica Sinica. 2008; 40:625–635.

13. Deng Y, Yao L, Chau L, Ng SS, Peng Y, Liu X, Au WS, 
Wang J, Li F, Ji S, Han H, Nie X, Li Q, Kung HF, 
Leung SY, Lin MC. N-Myc downstream-regulated gene 
2 (NDRG2) inhibits glioblastoma cell proliferation. 
International journal of cancer Journal international du 
 cancer. 2003; 106:342–347.

14. Chu D, Zhang Z, Li Y, Wu L, Zhang J, Wang W, Zhang J. 
Prediction of colorectal cancer relapse and prognosis by 
 tissue mRNA levels of NDRG2. Molecular cancer thera-
peutics. 2011; 10:47–56.

15. Lusis EA, Watson MA, Chicoine MR, Lyman M, Roerig P, 
Reifenberger G, Gutmann DH, Perry A. Integrative 
genomic analysis identifies NDRG2 as a candidate tumor 
suppressor gene frequently inactivated in clinically aggres-
sive meningioma. Cancer research. 2005; 65:7121–7126.

16. Lee DC, Kang YK, Kim WH, Jang YJ, Kim DJ, Park IY, 
Sohn BH, Sohn HA, Lee HG, Lim JS, Kim JW, Song EY, 
Kim DM, Lee MN, Oh GT, Kim SJ, et al. Functional and 
clinical evidence for NDRG2 as a candidate suppressor of 
liver cancer metastasis. Cancer research. 2008; 68:4210–4220.

17. Hu XL, Liu XP, Lin SX, Deng YC, Liu N, Li X, Yao LB. 
NDRG2 expression and mutation in human liver and 
 pancreatic cancers. World journal of gastroenterology: 
WJG. 2004; 10:3518–3521.

18. Tepel M, Roerig P, Wolter M, Gutmann DH, Perry A, 
Reifenberger G, Riemenschneider MJ. Frequent promoter 
hypermethylation and transcriptional downregulation of 
the NDRG2 gene at 14q11.2 in primary glioblastoma. 
International journal of cancer Journal international du 
 cancer. 2008; 123:2080–2086.

19. Nichols NR. Ndrg2, a novel gene regulated by adrenal 
steroids and antidepressants, is highly expressed in astro-
cytes. Annals of the New York Academy of Sciences. 2003; 
1007:349–356.

20. Mordalska A, Latek J, Ferenc T, Pomorski L, Galecka E, 
Zygmunt A, Lewinski A. Evaluation of NDRG2 gene 
expression in primary papillary thyroid carcinoma and 
in metastases of this neoplasm to regional lymph nodes. 
Thyroid research. 2010; 3:6.

21. Kraus S, Arber N. Inflammation and colorectal cancer. 
Current opinion in pharmacology. 2009; 9:405–410.

22. McConnell BB, Yang VW. The Role of Inflammation in 
the Pathogenesis of Colorectal Cancer. Current colorectal 
cancer reports. 2009; 5:69–74.

23. Francipane MG, Lagasse E. mTOR pathway in colorectal 
cancer: an update. Oncotarget. 2014; 5:49–66.

24. Engelman JA. Targeting PI3K signalling in cancer: oppor-
tunities, challenges and limitations. Nature reviews Cancer. 
2009; 9:550–562.

25. Saini MK, Sanyal SN. PTEN regulates apoptotic cell death 
through PI3-K/Akt/GSK3beta signaling pathway in DMH 
induced early colon carcinogenesis in rat. Experimental and 
molecular pathology. 2012; 93:135–146.

26. Ormanns S, Neumann J, Horst D, Kirchner T, Jung A. WNT 
signaling and distant metastasis in colon cancer through 
transcriptional activity of nuclear beta-Catenin depend on 
active PI3K signaling. Oncotarget. 2014; 5:2999–3011.

27. Wang H, Taverna D, Stram DO, Fortini BK, Cheng I, 
Wilkens LR, Burnett T, Makar KW, Lindor NM, 
Hopper JL, Gallinger S, Baron JA, Haile R, Kolonel LN, 
Henderson BE, Newcomb PA, et al. Genetic variation 
in the inflammation and innate immunity pathways and 
colorectal cancer risk. Cancer epidemiology, biomarkers & 
prevention: a publication of the American Association for 
Cancer Research, cosponsored by the American Society of 
Preventive Oncology. 2013; 22:2094–2101.

28. Guthrie GJ, Roxburgh CS, Farhan-Alanie OM, Horgan PG, 
McMillan DC. Comparison of the prognostic value of longi-
tudinal measurements of systemic inflammation in patients 
undergoing curative resection of colorectal cancer. British 
journal of cancer. 2013; 109:24–28.

29. Arthur JC, Jobin C. The complex interplay between inflam-
mation, the microbiota and colorectal cancer. Gut microbes. 
2013; 4:253–258.



Oncotarget7596www.impactjournals.com/oncotarget

30. Toriola AT, Cheng TY, Neuhouser ML, Wener MH, 
Zheng Y, Brown E, Miller JW, Song X, Beresford SA, 
Gunter MJ, Caudill MA, Ulrich CM. Biomarkers of 
 inflammation are associated with colorectal cancer risk 
in women but are not suitable as early detection markers. 
International journal of cancer Journal international du 
 cancer. 2013; 132:2648–2658.

31. Grivennikov SI. Inflammation and colorectal cancer: colitis-
associated neoplasia. Seminars in immunopathology. 2013; 
35:229–244.

32. Martinelli E, Troiani T, D’Aiuto E, Morgillo F, 
Vitagliano D, Capasso A, Costantino S, Ciuffreda LP, 
Merolla F, Vecchione L, De Vriendt V, Tejpar S, Nappi A, 
Sforza V, Martini G, Berrino L, et al. Antitumor activity 
of pimasertib, a selective MEK 1/2 inhibitor, in combina-
tion with PI3K/mTOR inhibitors or with multi-targeted 
kinase inhibitors in pimasertib-resistant human lung and 
colorectal cancer cells. International journal of cancer 
Journal international du cancer. 2013; 133:2089–2101.

33. Coffee EM, Faber AC, Roper J, Sinnamon MJ, Goel G, 
Keung L, Wang WV, Vecchione L, de Vriendt V, 
Weinstein BJ, Bronson RT, Tejpar S, Xavier RJ, 
Engelman JA, Martin ES, Hung KE. Concomitant BRAF 
and PI3K/mTOR blockade is required for effective treat-
ment of BRAF(V600E) colorectal cancer. Clinical cancer 
research: an official journal of the American Association for 
Cancer Research. 2013; 19:2688–2698.

34. Kim A, Lee JE, Lee SS, Kim C, Lee SJ, Jang WS, Park S. 
Coexistent mutations of KRAS and PIK3CA affect the 
 efficacy of NVP-BEZ235, a dual PI3K/MTOR inhibitor, in 
regulating the PI3K/MTOR pathway in colorectal  cancer. 
International journal of cancer Journal international du 
 cancer. 2013; 133:984–996.

35. Zhang J, Roberts TM, Shivdasani RA. Targeting PI3K 
signaling as a therapeutic approach for colorectal cancer. 
Gastroenterology. 2011; 141:50–61.

36. Schilling SH, Hjelmeland AB, Radiloff DR, Liu IM, 
Wakeman TP, Fielhauer JR, Foster EH, Lathia JD, 
Rich JN, Wang XF, Datto MB. NDRG4 is required 
for cell cycle  progression and survival in glioblas-
toma cells. The Journal of biological chemistry. 2009; 
284:25160–25169.

37. Li S, Yang B, Li G, He S, Li Y. Downregulation of N-Myc 
downstream-regulated gene 4 influences patient survival in 
gliomas. Brain tumor pathology. 2013; 30:8–14.

38. Lee Y, Scheck AC, Cloughesy TF, Lai A, Dong J, 
Farooqi HK, Liau LM, Horvath S, Mischel PS, Nelson SF. 
Gene expression analysis of glioblastomas identifies the 
major molecular basis for the prognostic benefit of younger 
age. BMC medical genomics. 2008; 1:52.

39. Shi H, Jin H, Chu D, Wang W, Zhang J, Chen C, Xu  C, 
Fan D, Yao L. Suppression of N-myc downstream- 
regulated gene 2 is associated with induction of Myc in 
colorectal cancer and correlates closely with differentiation. 
Biological & pharmaceutical bulletin. 2009; 32:968–975.

40. Sander S, Calado DP, Srinivasan L, Kochert K, Zhang B, 
Rosolowski M, Rodig SJ, Holzmann K, Stilgenbauer S, 
Siebert R, Bullinger L, Rajewsky K. Synergy between PI3K 
signaling and MYC in Burkitt lymphomagenesis. Cancer 
cell. 2012; 22:167–179.

41. Kumar A, Marques M, Carrera AC. Phosphoinositide 
3-kinase activation in late G1 is required for c-Myc 
 stabilization and S phase entry. Molecular and cellular 
 biology. 2006; 26:9116–9125.

42. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, 
Schraml P, Leighton S, Torhorst J, Mihatsch MJ, Sauter G, 
Kallioniemi OP. Tissue microarrays for high-throughput 
molecular profiling of tumor specimens. Nature medicine. 
1998; 4:844–847.

43. Yoshizawa A, Fukuoka J, Shimizu S, Shilo K, Franks TJ, 
Hewitt SM, Fujii T, Cordon-Cardo C, Jen J, Travis WD. 
Overexpression of phospho-eIF4E is associated with sur-
vival through AKT pathway in non-small cell lung cancer. 
Clinical cancer research: an official journal of the American 
Association for Cancer Research. 2010; 16:240–248.

44. Rhodes A, Jasani B, Barnes DM, Bobrow LG, Miller KD. 
Reliability of immunohistochemical demonstration of oes-
trogen receptors in routine practice: interlaboratory variance 
in the sensitivity of detection and evaluation of scoring sys-
tems. Journal of clinical pathology. 2000; 53:125–130.

45. Newcomb PA, Baron J, Cotterchio M, Gallinger S, 
Grove J, Haile R, Hall D, Hopper JL, Jass J, Le 
Marchand L, Limburg P, Lindor N, Potter JD, Templeton 
AS, Thibodeau S, Seminara D, et al. Colon Cancer 
Family Registry: an international resource for studies of 
the genetic epidemiology of colon cancer. Cancer epide-
miology, biomarkers & prevention: a publication of the 
American Association for Cancer Research, cosponsored 
by the American Society of Preventive Oncology. 2007; 
16:2331–2343.

46. Ogino S, Kawasaki T, Brahmandam M, Yan L, Cantor M, 
Namgyal C, Mino-Kenudson M, Lauwers GY, Loda M, 
Fuchs CS. Sensitive sequencing method for KRAS muta-
tion detection by Pyrosequencing. The Journal of molecular 
diagnostics: JMD. 2005; 7:413–421.

47. Ogino S, Kawasaki T, Kirkner GJ, Loda M, Fuchs CS. CpG 
island methylator phenotype-low (CIMP-low) in colorec-
tal cancer: possible associations with male sex and KRAS 
mutations. The Journal of molecular diagnostics: JMD. 
2006; 8:582–588.

48. Nosho K, Kawasaki T, Ohnishi M, Suemoto Y, Kirkner GJ, 
Zepf D, Yan L, Longtine JA, Fuchs CS, Ogino S. PIK3CA 
mutation in colorectal cancer: relationship with genetic and 
epigenetic alterations. Neoplasia. 2008; 10:534–541.

49. Thamilselvan V, Craig DH, Basson MD. FAK association 
with multiple signal proteins mediates pressure-induced 
colon cancer cell adhesion via a Src-dependent PI3K/
Akt pathway. FASEB journal: official publication of the 
Federation of American Societies for Experimental Biology. 
2007; 21:1730–1741.


