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Upregulation of NDRG1 predicts
poor outcome and facilitates
~disease progression by influencing
e the EMT process in bladder cancer
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N-myc downstream regulated gene 1 (NDRG1) is an intracellular protein involved in cell differentiation
and was recently reported to exert various effects in several cancers. However, its expression and role
in bladder cancer remain unclear. Our study enrolled 100 bladder cancer patients to detect NDRG1
expression in tumour tissues by immunohistochemistry. Correlations between NDRG1 expression

. and clinical factors were analysed. An NDRG1 overexpression plasmid and NDRG1 siRNAs were

. transfected into bladder cancer cell lines. Cell biological behaviours were assessed by CCK-8, flow

. cytometry, wound healing and Transwell assays. Additionally, the influence of NDRGL1 on epithelial-
mesenchymal transition (EMT) was investigated by western blotting and real-time PCR. NDRG1
expression in urine from bladder cancer patients was examined by ELISA. NDRG1 protein levels were
significantly increased in bladder cancer patients and correlated with tumour stage (p =0.025), lymph
node metastasis (p = 0.034) and overall survival (p = 0.016). Patients with high NDRG1 expression had
poorer outcomes than those with low NDRG1 expression. NDRG1 overexpression was associated with
increased cell proliferation, migration, and invasion and decreased apoptotic cell numbers; NDRG1

. knockdown resulted in the inverse effects. Moreover, upregulated NDRG1 expression was associated

. with downregulated Cytokeratin 7 and Claudin-1 expression and upregulated N-cad, 3-catenin and slug

. expression. Downregulated NDRG1 expression was associated with the inverse effects. Urine protein
levels could distinguish bladder cancer patients from healthy controls, with an area under the curve of
0.909. NDRG1 promoted EMT in bladder cancer and could be an effective diagnostic and prognostic
biomarker in bladder cancer patients.

Bladder cancer is the most common tumour of the urinary system worldwide, with an estimated 549,000 new

cases in 2018'. According to the classification, approximately 75% of patients have non-muscle-invasive bladder

cancer (NMIBC) initially treated with transurethral resection. However, the recurrence rate exceeds 70% and

10~30% of patients readily progress to muscle-invasive bladder cancer (MIBC), which leads to reduced long-term
© survival®. Cystoscopy is the gold standard for diagnosis and surveillance, but this invasive examination is incon-
. venient and very painful to patients®. Therefore, exploration of the molecular pathogenesis of this disease and
. identification of effective diagnostic and prognostic biomarkers are urgently needed.

N-myc downstream regulated gene 1 (NDRG]1) is the first-discovered member of the NDRG family; mutation
of this gene is linked to a disease named hereditary motor and sensory neuropathy-Lom (HMSNL)*>. NDRG1
is involved in many biological processes, including cell differentiation, stress responses, and immunity®. Bladder
cancer is closely related to smoking and is primarily induced by chemical components that cause DNA damage

. and hypoxia”®. Some reports have demonstrated that hypoxia-inducible factor 1-alpha (HIF-1a), an indicator of
- hypoxia, is highly expressed in bladder cancer and that patients with high HIF-1a expression have poor progno-
. ses”®. Moreover, reports indicate that NDRG1 is upregulated by HIF-1 and that the NDRG1 protein level could
more accurately reflect tumour hypoxia than that of HIF-1'%!!, suggesting that NDRG1 may play a role in the
development of bladder cancer and is a potential biomarker. In the past decade, interest in NDRGI as a vital
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Figure 1. NDRGTI is highly expressed in bladder cancer. (A) NDRG1 mRNA and (C) protein expression

in bladder cancer tissues was examined by real-time PCR and western blot analyses; n =15, paired t-test,

*p <0.05, **p < 0.01. T: bladder tumour tissue, N: paired tumour-free tissue. (B) A meta-analysis of NDRG1
mRNA expression from three Oncomine datasets; LSD test, **p < 0.0001.

contributor to cancer development has increased'*'¢. However, NDRG1 exerts contradictory effects depend-
ing primarily on the tissue type affected; whether it acts as a tumour promoter or suppressor in bladder cancer
remains to be further elucidated.

Epithelial-mesenchymal transition (EMT) is a cellular process by which cells lose their epithelial traits and
acquire mesenchymal features'”. EMT is a crucial first step in the development of epithelial-derived malignancies
because it improves the ability of tumour cells to migrate and thus invade the surrounding matrix. Cadherin
switching, an event involving the loss of E-cadherin (E-cad) expression and the gain of N-cadherin (N-cad)
expression, is a unique pattern of EMT and has been shown to be associated with increased cell invasiveness and
poor outcome in patients with bladder cancer'®. Previous investigators have suggested that NDRG1 influences the
process of EMT and might be associated with cadherin switching'*'4!°. Therefore, we sought to investigate the
expression and function of NDRG1 in bladder cancer and further reveal the ways in which it is involved in EMT.

Results

High NDRG1 mRNA and protein expression in bladder cancer.  To identify the expression of NDRG1
in human tissues, we first obtained 15 pairs of tumour and corresponding tumour-free samples from bladder
cancer patients for analysis. The results of the real-time PCR and western blot analyses revealed that the NDRG1
mRNA (p =0.040) and protein (p = 0.002) expression levels were significantly higher in bladder tumour tissues
than in paired tumour-free tissues (Fig. 1A,C). We further validated the high mRNA expression level of NDRG1
(p <0.0001) in three independent microarray datasets from the Oncomine database?*-?* but found no signif-
icant difference between patients with NMIBC and those with MIBC (p = 0.446) (Fig. 1B). We then analysed
the protein expression level of NDRG1 in 100 pathological sections by immunohistochemistry (IHC) (Fig. 2).
The immunoscore of the NDRG1 protein in bladder cancer tissues was higher than that in tumour-free tissues
(p=0.000256), and the immunoscore in MIBC patients was significantly higher than that in NMIBC patients
(p=0.0211). In addition, in bladder cancer, NDRG1 was mainly highly expressed in the cytoplasm (62%) and on
the cell membrane (38%), but nuclear staining also existed.

Correlation between NDRG1 expression and clinical factors. The correlation between NDRG1
protein expression and clinical factors was also analysed (Table 1). The median age at diagnosis of the 100
enrolled bladder cancer patients was 68 years (27-88 years). Lymph node metastasis (p =0.034) and TNM stage
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Figure 2. Pathological sections from bladder cancer patients were examined by immunochemistry. (A) Low
expression of NDRGI in tumour-free tissue; (B) Low expression of NDRG1 in NMIBC tissue; High expression
of NDRG1 in (C) NMIBC and (D) MIBC tissue. NMIBC: non-muscle-invasive bladder cancer, MIBC: muscle-
invasive bladder cancer. 200 x magnification. (E) The immunostaining score of NDRGI protein expression in
bladder cancer; LSD test, Normal group as the control, **p=10.00738, ***p = 0.000049. NMIBC group as the
control, “p=0.0211.

Total 100 35 (35.0) 65 (65.0)
Age (years) 0.600
<60 20 8(40.0) 12 (60.0)
>60 ) 27(33.8) | 53(66.2)
Gender 0.492
Male 76 28 (36.8) | 48 (63.2)
Female 24 7(29.2) 17 (70.8)
Smoking 0.059
No 50 22 (44.0) 28 (56.0)
Yes 50 13 (26.0) 37 (74.0)
Multicentricity 0.111
No 52 22(42.3) 30 (57.7)
Yes 48 13(27.1) | 35(72.9)
Size (cm) 0.142
<3cm 50 14(28.0) | 36(72.0)
>3cm 50 21 (42.0) 29 (58.0)
Lymph node metastasis 0.034
Negative 94 30 (31.9) 64 (68.1)
Positive 6 5(83.3) 1(16.7)
TNM Stage 0.025
NMIBC 71 20 (28.2) 51 (71.8)
MIBC 29 15(51.7) | 14(48.3)
Pathological grade 0.768
Gl 33 10(30.3) | 23(69.7)
G2 44 16 (36.4) 28 (63.6)
G3 23 9(39.1) 14 (60.9)

Table 1. Correlation between NDRG1 and clinical factors. NMIBC: non-muscle-invasive bladder cancer;
MIBC: muscle-invasive bladder cancer.
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Figure 3. Correlations between NDRG1 expression and bladder cancer patient outcomes. (A) Overall survival
of all patients with bladder cancer stratified by NDRG1 protein expression level; Kaplan-Meier method, log-
rank test, p=0.016. (B) Overall survival of bladder cancer patients from the Oncomine dataset stratified by
NDRGI mRNA expression level; Kaplan-Meier method, log-rank test, p=0.046. (C) Overall survival (Kaplan-
Meier curve, log-rank test, p=0.025) and (D) progression-free survival of non-muscle-invasive bladder cancer
(NMIBC) patients (Kaplan-Meier curve, log-rank test, p=0.026).

(p=0.025) were associated with high NDRGI expression. However, age (p =0.600), gender (p =0.492) and
smoking status (p =0.059) were not significantly correlated. In addition, no differences were found in NDRG1
expression according to the number (p=0.111), size (p=0.142) or pathological grade (p =0.768) of tumours.

High NDRG1 expression predicts poor prognosis in patients with bladder cancer.  To investigate
the efficacy of NDRG1 as a prognostic biomarker, we further studied the correlation between NDRG1 expres-
sion and bladder cancer patient outcomes. The mean follow-up was 35 months (1-61 months), during which
46/100 experienced tumour recurrence, 18/46 experienced progression, and 24/100 died. Kaplan-Meier analysis
showed that patients with high NDRG1 expression had significantly shorter survival times than those with low
NDRGI expression (mean survival time: 44 months vs. 53 months, p=0.016) (Fig. 3A). In addition, we ana-
lysed 188 cases from the Oncomine database® to correlate NDRG1 mRNA expression with overall survival. The
result of this analysis was consistent with our data (p = 0.046) (Fig. 3B). Furthermore, among NMIBC patients,
the high NDRGI expression group had significantly shorter survival times than the low NDRG1 expression
group (p=0.025) (Fig. 3C), but the prognosis of these two groups of MIBC patients was not different (p=0.612)
(Fig. S1). High NDRG1 expression in NMIBC patients was correlated with a significantly higher risk of pro-
gression to MIBC (p = 0.026) (Fig. 3D). Moreover, multivariate Cox regression analysis showed that the level of
NDRGI expression was an independent prognostic factor in bladder cancer patients (B=1.070; p=0.012; RR
(95% CI), 2.916 (1.264-6.724)).

Expression of NDRG1 in bladder cancer cell lines.  We chose 5637, T24 and UMUCS3 cells for NDRG1
expression analysis. Western blot analysis showed the lowest expression of NDRGI in 5637 cells, followed by
T24 cells, and the highest expression of NDRGI1 in UMUCS3 cells (Fig. 4A and S2). Since UMUCS3 cells are
double-negative for E-cad and N-cad expression®*, we selected 5637 and T24 cells for further study.

NDRG1 affects bladder cancer cell viability by promoting proliferation and suppressing apoptosis.
To clarify the role of NDRG1 in the growth of bladder cancer cells, 5637 cells treated with pcDNA3.1-NDRGl1
or NDRG1 siRNAs were examined by a CCK-8 assay and an Annexin V-FITC/PI kit (Fig. 4). After NDRG1
overexpression, a significant increase in cell numbers was seen on day 3 (p =0.009), day 4 (p =0.017) and day
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Figure 4. NDRGI promotes the vitality of bladder cancer cells. (A) Expression of NDRG1 in various bladder
cancer cell lines. (B) Expression of NDRG1 in 5637 cells after transfection with NDRG1 overexpression plasmid
or siRNAs. (C) High NDRGL expression promotes the proliferation of 5637 cells; n=3, *p < 0.05, **p < 0.01.
(D) High NDRG1 expression suppresses cell apoptosis; n= 3, *p < 0.05.

5 (p=0.031), but no significant differences were seen on day 1 and day 2 (Fig. 4C). In addition, after NDRG1
knockdown, cell numbers were markedly decreased on day 3 (p=0.001), day 4 (p=0.002) and day 5 (p =0.000)
(Fig. 4C). The flow cytometry results showed that the number of apoptotic cells decreased (p=0.015) after
NDRGI overexpression and increased (p = 0.028) after NDRG1 knockdown (Fig. 4D). However, the cell cycle
assay did not reveal any appreciable change.

NDRG1 enhances the motility of bladder cancer cells. The effects of NDRG1 on cell motility were
assessed with wound healing and Transwell assays. NDRG1-overexpressing 5637 cells exhibited a notably improved
migration ability than the corresponding control cells (24 h, p=0.002; 48 h, p=0.029) (Fig. 5A). In addition, NDRG1
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Figure 5. NDRGI enhances the motility of bladder cancer cells. (A) After transfection, upregulated expression
of NDRG1 promotes the migration of 5637 cells, and downregulated expression of NDRG1 suppresses the
migration of 5637 cells and (C) T24 cells; n=5, *p < 0.05, **p < 0.01, ***p < 0.0001. (B) NDRGL expression
affects the invasive ability of 5637 cells and (D) T24 cells; n =5, **p < 0.01.

knockdown in 5637 cells inhibited migration (24 h, p=0.006; 48 h, p=0.040) (Fig. 5A). Furthermore, we validated
these findings in T24 cells, which exhibit higher NDRG1 protein expression and cell viability than 5637 cells. T24 cells
were transfected with NDRG1 siRNAs for 48 h, and a scratch wound was then made. For the same amount of healing
time, the relative distance between the cells with low NDRG1 protein expression was greater than that between the
control cells (12h, p=0.0111; 24h, p=10.000062) (Fig. 5C). Additionally, we stained the Transwell filters with crystal
violet after cell culture (48h for 5637 cells and 24h for T24 cells) and found that NDRGI noticeably affected the inva-
sion of bladder cancer cells in vitro (p < 0.01) (Fig. 5B,D). After 24 h of transfection, the average number of invaded
5637 cells with NDRG1 overexpression was 162 (vs. control cells: 129). After 48h of transfection, the average number
of invaded 5637 cells with NDRG1 knockdown was 244 (vs. control cells: 537). Similarly, after 24 h of transfection, the
average number of invaded T24 cells with NDRG1 knockdown was 135 (vs. control cells: 225).

NDRGL1 facilitates the process of EMT in bladder cancer cells.  To further understand the mechanism
by which NDRGI mediates the development of bladder cancer, we assessed the expression levels of EMT-related
markers after modulating NDRG1 expression in 5637 cells and T24 cells. Real-time PCR showed that after
NDRGI1 overexpression, the mRNA expression of EMT-related transcription factors (TFs), including SNAI2,
ZEB2, and TWIST], was significantly increased (p < 0.01), but the same change in only SNAI2 (slug) was found
by western blot analysis (Fig. 6A,C). After NDRG1 knockdown, the expression of SNAI2, ZEB2, and TWIST1 was
significantly decreased (p < 0.01) in both 5637 cells and T24 cells (Fig. 6A,B). Additionally, after NDRG1 overex-
pression, the protein expression of the epithelial markers Cytokeratin 7 and Claudin-1 was markedly decreased,
whereas the expression of the mesenchymal markers N-cad and 3-catenin was upregulated (Fig. 6C). Moreover,
NDRG1 knockdown significantly increased the expression of Cytokeratin 7 and Claudin-1 and decreased the
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Figure 6. Changes in the expression of NDRGI affect the EMT process of bladder cancer cells. The mRNA
expression of EMT-related transcription factors (TFs) after the modulation of NDRG1 expression in (A) 5637
cells and (B) T24 cells; n=3, *p < 0.05, **p < 0.01, ***p < 0.0001. Expression of EMT-related markers and the
TGEF-( pathway after the modulation of NDRG1 expression in (C) 5637 cells and (D) T24 cells; n=3. EMT:
epithelial-mesenchymal transition. TGF-83: transforming growth factor-{3.

expression of 3-catenin, slug, and N-cad (Fig. 6D). However, the expression of E-cad did not change appreciably
in 5637 cells and T24 cells. We also investigated the expression of key molecules in the TGF-(3 pathway, one of the
most important pathways for modulating EMT. Changes in NDRG1 expression mainly affected the expression of
SMADA4, which then similarly changed the expression of SMAD4 (Fig. 6C,D).

Urine NDRGL1 protein levels could distinguish bladder cancer patients from healthy controls.
Considering that urine is the ideal body fluid to test for bladder cancer, we determined whether NDRG1 could
be detected in patients’ urine by enzyme-linked immunosorbent assay (ELISA). The median levels of NDRG1/
creatinine (Cr) in urine were 176.1 £270.0 ng/mg in patients with NMIBC and 779.1 £ 1019.6 ng/mg in patients
with MIBC, both of which were significantly higher than that in urine from healthy controls (69.8 & 86.4 ng/mg;
pNMIBC =0.033, pMIBC = 0.0005) (Fig. 7A). The level of NDRG1 was also higher in urine from patients
with MIBC than in urine from patients with NMIBC (p =0.029) (Fig. 7A). Next, the receiver operating char-
acteristic (ROC) curve based on the ELISA results was plotted to evaluate the potential of urinary NDRG1 as a
non-invasive biomarker for the diagnosis of bladder cancer. The ROC curve demonstrated that the protein level of
NDRGI could distinguish bladder cancer patients from healthy controls (Fig. 7B). The optimum cutoff value for
the diagnosis of bladder cancer patients was 183.2 ng/mg. The area under the curve (AUC) of NDRG1 expression
to diagnose bladder cancer was 0.909 (95% CI, 0.829-0.989), with a sensitivity of 84.6% and a specificity of 86.7%.

Discussion

Although bladder cancer can usually be cured by surgical and nonsurgical therapies, recurrence and metastasis
remain the major challenges in clinical practice and are the most common cause of death in patients®. Based on
this observation, accurate risk stratification and intensive surveillance become even more critical to improve
outcomes. The present risk assessment system for NMIBC, including tumour multicentricity, size, TNM stage,
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Figure 7. The diagnostic value of urine NDRG1 levels in bladder cancer patients. (A) The level of urine
NDRGI was measured in patients with NMIBC and MIBC and in healthy controls (healthy control vs. NMIBC:
*p < 0.05; healthy control vs. MIBC: **p < 0.01; NMIBC vs. MIBC: *p < 0.05). NMIBC: non-muscle-invasive
bladder cancer, MIBC: muscle-invasive bladder cancer. (B) ROC analysis using NDRGI1 to distinguish bladder
cancer patients from healthy controls. ROC: Receiver operating characteristic. The area under the curve of
NDRGTI expression to diagnose bladder cancer was 0.909 (95% CI, 0.829-0.989).

and pathological grade, was established for roughly predicting patients’ outcomes, but its accuracy remains to be
improved?. Therefore, effective biomarkers are needed.

NDRGI was historically identified as a protein involved in the differentiation of epithelial cells**. Previous
studies showed that NDRG1 could be a tumour suppressor in colon, prostate and pancreatic cancer'**%,
However, contrasting results were found in other types of cancers. For example, the NDRGI protein was signifi-
cantly overexpressed in human hepatocellular carcinoma (HCC) samples relative to its expression in non-tumour
liver samples or cirrhotic and benign liver lesion samples, and this overexpression was associated with vascular
invasion and poor survival'?. Furthermore, NDRGI expression was correlated with metastasis and recurrence
in HCC patients after liver transplantation, and positive NDRGI expression could be important, indicating a
poor prognosis®. In cervical adenocarcinoma, high NDRG1 expression was directly associated with shorter
progression-free survival and overall survival®®. We demonstrated here for the first time that the NDRG1 mRNA
and protein expression levels are significantly upregulated in bladder cancer tissues. The level of NDRGI expres-
sion was an independent prognostic factor. High NDRGI expression was associated with poor overall survival
and increased risk of progression to MIBC in NMIBC patients. A previous study showed that the localization
of NDRG1 expression, especially in the nucleus, could predict tumour angiogenesis and poor prognosis in
non-small cell lung cancer (NSCLC)?!. However, the localization of NDRG1 was not a significant indicator of
prognosis in our study.

Although NDRG1 mainly exists as an intracellular protein, it can be stably detected extracellularly. In NSCLC,
NDRGI1 was found to be detectable as a distinguishing marker in the serum of patients by ELISA'S, suggesting
that it could be a serum/urine biomarker. Tumour biomarkers for bladder cancer can be categorized by source
into three types: tissue, serum, and urine. Urine biomarkers are especially attractive because urine is easy to col-
lect and contains considerable bioinformation about the primary tumour site in the bladder®. Currently, some
markers, such as NMP-22 and BTA, have been approved by the U.S. Food and Drug Administration (FDA) for
the diagnosis or surveillance of bladder cancer®. However, none have been accepted in routine practice or by
clinical guidelines. A meta-analysis showed that the sensitivity of the quantitative NMP-22 test was 0.69 (95% CI,
0.62-0.75), and the specificity was 0.77 (95% CI, 0.70-0.83) (19 studies)**. The results of the qualitative NMP-22
test were not as accurate, with a sensitivity of only 0.58 (95% CI, 0.39-0.75) and a specificity of 0.88 (95% CI,
0.78-0.94)*. Interestingly, a recent study showed that NDRG2, which belongs to the NDRG family with NDRG1,
might be a urine-based biomarker for bladder cancer®*. The results of a western blot analysis showed that NDRG2
expression was lower in the urine of bladder cancer patients than in the urine of healthy controls**. ROC analysis
showed an AUC of 0.888 (95% CI, 0.845-0.930), a sensitivity of 85.5%, and a specificity of 81.4%*. We found that
urine NDRGI could be a promising biomarker for the diagnosis of bladder cancer, with an AUC of 0.909 (95%
CI, 0.829-0.989), an acceptable sensitivity of 84.6% and a specificity of 86.7%. The NDRG2 protein is expressed
at high levels in skeletal muscle tissue and at low levels in tumour tissue®. Although the amino acid sequence of
the NDRG2 protein has 57-65% homology with that of NDRG1, these proteins play different roles in the cell*.
Considering the indicative role of these biomarkers, we believe that identifying upregulated NDRG1 protein lev-
els may be more meaningful than identifying downregulated NDRG2 protein levels and we believe that ELISA is
more suitable than western blotting for measuring the protein level in the urine.

In addition, our in vitro experimental data showed that NDRG1-modulated bladder cancer cells grew faster
via the promotion of proliferation and inhibition of apoptosis. Moreover, cell motility increased with NDRG1
overexpression but decreased with NDRG1 knockdown. Taken together, these results showed that NDRG1
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mediated the invasive bladder cancer phenotype. EMT is a crucial initiator of invasiveness for epithelial-derived
tumours, featuring a switching off of epithelial marker expression and a switching on of mesenchymal marker
expression'”. The classic characteristics of EMT are the loss of cell-cell junctions and the reorganization of the
cytoskeleton!”. Recently, EMT-related TFs, mainly of the SNAI, ZEB and TWIST families, which are called the
executors of the EMT process, have been reported to play important roles in all stages of cancer progression!”.
We assessed the expression of SNAI1 (snail), SNAI2 (slug), ZEB1, ZEB2, TWIST1, and TWIST2 by real-time
PCR and western blot analyses and found that the mRNA expression of SNAI1, SNAI2, ZEB2, and TWIST1 was
significantly changed after the modulation of NDRGI expression but that ZEB1 and TWIST2 expression was not
detected in 5637 cells and T24 cells. However, the protein expression of only SNAI2 (slug) was detected, suggest-
ing that slug might be the main TF affecting EMT in bladder cancer. Slug, as well as snail and twist, could induce
the loss of E-cad expression and the upregulation of N-cad expression in bladder cancer cells*”*. Furthermore,
NDRGI mainly affected N-cad expression instead of E-cad expression in our study. Currently, the role of N-cad
in EMT seems well established, facilitating cell motility and migration as a prelude to invasion and metastasis and
inducing or accompanying significant changes in growth factor signalling®. Cytokeratin 7, which is considered an
epithelial marker for EMT, was selected for analysis because it is expressed in all epithelial cells of normal urothe-
lial and NMIBC tissue but not in stromal cells**-*2. Claudin-1, one of the proteins composing tight junctions, is
also considered an epithelial marker. The expression of these two proteins was noticeably influenced by NDRG1
in our study, indicating that NDRG1 could affect the process of EMT. TGF-( signalling is one of the best-known
signalling cascades in EMT, acting canonically through smad proteins to induce EMT-related TFs**. Moreover,
TGF-3/smad signalling downregulates the expression of ZO-1, Claudin-1, and cytokeratins, followed by the deg-
radation of tight junctions and the upregulation of N-cad expression*>**. In the classical pathway, SMAD4, as the
common partner smad (co-SMAD), forms complexes with p-SMAD2/p-SMAD3 and then translocates into the
nucleus and regulates the transcription of target genes through interactions with other DNA-binding TFs, such as
snail/slug®. We found that SMAD4 expression significantly increased with NDRG1 overexpression but decreased
with NDRGI knockdown, primarily causing the alteration of Cytokeratin 7, Claudin-1 and N-cad expression,
suggesting that NDRG1 might influence the process of EMT through modulating the expression of SMAD4 and
slug in bladder cancer. The Wnt/3-catenin pathway is another classical signalling pathway regulating EMT**.
NDRG1 was reported to be a substrate for GSK-3( and can directly interact with p-GSK-33*. When NDRG1 was
highly expressed, it competed with (3-catenin for binding to p-GSK-3(3, which helped 3-catenin escape the degra-
dation process and translocate into the nucleus to activate the expression of target genes and promote the EMT
process*. The results of our study confirmed that when NDRG1 was overexpressed, the expression of 3-catenin
was significantly increased.

In conclusion, to our knowledge, our study provided the first evidence that high expression of NDRGI in
bladder cancer patients is associated with advanced tumour stage and poor outcomes and could be a diagnostic
and prognostic biomarker. In addition, NDRGI might promote tumour development via the EMT pathway by
modulating SMAD4/slug expression.

Materials and Methods
Patients. A total of 100 patients with primary bladder cancer, including NMIBC (71 patients) and MIBC (29
patients), from Friendship Hospital Affiliated to Capital Medical University were enrolled in this study. None of
the patients had a history of any other types of tumour and received preoperative chemotherapy, radiotherapy
or other cancer-related treatments. Pathological sections for NDRG1 expression analysis and clinical factors—
namely, age, sex, tumour number and size, clinical TNM stage and pathological grade—were collected from the
patients, and all patients were followed up for five years after surgery. The outcomes, including recurrence, pro-
gression and death, were recorded.

15 pairs of freshly frozen bladder carcinoma and corresponding tumour-free tissues were collected from the
bladder cancer patients for evaluation of NDRG1 mRNA and protein expression.

Urine samples. A total of 30 urine samples from patients with NMIBC and 20 urine samples from patients
with MIBC were collected into sterile containers before initial treatment to assess the levels of NDRG1 and Cr,
and 30 urine samples from healthy volunteers were used as the controls. All samples were centrifuged at 4°C and
1000 x g for 10 min within 4 h of collection. The supernatant was stored at —80 °C until analysis. The concen-
tration of Cr was measured by a Beckman Coulter AU5800 (Beckman Coulter, Inc., US) as the internal control.

IHC and immunoscoring.  Pathological sections were incubated with anti-NDRGI antibody (1:600; Abcam,
UK) at 4 °C overnight, followed by incubation for 30 min at 25 °C with horseradish peroxidase (HRP)-conjugated
secondary antibody (ZSGB-BIO, China). Inmunostaining was performed using a DAB Detection Kit (Polymer)
(ZSGB-BIO, China), and counterstaining was performed with haematoxylin. NDRG1 expression was quanti-
fied using the German semi-quantitative scoring system by two independent analysts. The final immunostain-
ing score of each section was determined by multiplying the intensity score (0, no staining; 1, weak staining; 2,
moderate staining; 3, strong staining) and the percentage score of stained tumour cells (<10% =0, 10-25% =1,
26-50% =2, 51-75% = 3, 76-100% = 4). Sections with scores of 1-4 were considered to exhibit low expression,
and those with scores of 5-12 were considered to exhibit high expression.

Cell culture and transfection. The human bladder cancer cell lines 5637, T24 and UMUC3 were obtained
from ATCC (Rockville, US) and cultured in RPMI 1640 medium (HyClone, US) supplemented with 10% foetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin in an incubator with 5% CO, at 37°C.
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The pcDNA3.1-NDRG1 (GenBank number: NM_001135242.1) plasmid was designed and NDRG1
SignalSilence siRNAs (siRNA I: #6245 and siRNA II: #6257; Cell Signaling Technology, US) were purchased to
regulate NDRG1 expression. The plasmid and siRNAs were then transiently transfected into bladder cancer cells
by Attractene Transfection Reagent or HiPerFect Transfection Reagent (QIAGEN, Germany). The two of NDRG1
siRNAs were mixed before use, and pcDNA3.1 and control siRNA (#6568, Cell Signaling Technology, US) were
transfected as the controls. Two days after transfection, cells were harvested.

RNA extraction and real-time PCR analysis. Total RNA was extracted with Trizol (Invitrogen, US),
and cDNA was synthesized by a RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, US) according
to the manufacturer’s protocol. The mRNA expression levels of NDRG1 and EMT-related TFs were assessed
by real-time PCR. GAPDH was used as the internal control. Real-time PCR was performed using the Power
SYBR Green (Applied Biosystems, US) dye detection method on an Applied Biosystems 7500 Real-Time PCR
system under the default conditions: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15s and 60 °C for 60s.
Comparative Ct values were calculated as 2722 for transcript quantification. The primer sequences used are
shown in Table S1.

Protein extraction and western blot analysis. Total protein was harvested in RIPA buffer. Protein
extraction and western blotting were performed as described previously*’. Anti-NDRG1 (#9485 1:1000, Cell
Signaling Technology, US) and anti-GAPDH (3 ug/ml, MBL Co., Ltd, Japan) primary antibodies were used. Other
antibodies are shown in Table S2.

Cell proliferation, cell cycle and apoptosis assays. After transfection, 5637 cells were seeded into
96-well plates at a density of 6 x 10° cells per well. Cell growth was measured for five days with a cell counting kit
(ZP328; ZOMANBIO, China) according to the manufacturer’s instructions. Absorbance was measured at 450 nm.
The cell cycle progression and apoptosis of 5637 cells after transfection were measured on a FACSCanto II flow
cytometer (Becton Dickinson, US) by an Annexin V-FITC/PI Apoptosis Detection Kit (ZP327-1; ZOMANBIO,
China), following the manufacturer’s instructions.

In vitro migration and invasion assays. Cell migration was assessed by a wound healing assay. After
transfection, bladder cells were cultured to form a confluent cell monolayer, and a 10-ul plastic pipette tip was
then used to scratch the monolayer. At the indicated time points, the percentage of the cell-free area compared
with that at time zero was measured. Cell invasion assays were carried out using an 8-pm Transwell chamber
coated with Matrigel (Corning, US), according to the manufacturer’s protocol.

ELISA. The urine NDRG1 assay was performed using a commercially available ELISA kit (OKEH02359, Aviva
Systems Biology, US) according to the manufacturer’s protocol. The NDRG1 ELISA kit is based on standard
sandwich ELISA technology. The concentration of NDRG1 was calculated using a four-parameter logistic curve.

Gene expression profile analysis. Datasets from Oncomine (https://www.oncomine.org) were extracted
and used to validate the expression pattern of NDRG1 in bladder cancer, following strict human subjects protec-
tion guidelines.

Statistics. Each experiment was repeated in triplicate. SPSS ver.20.0 (SPSS Inc., US) was used for all analyses,
and the significance level was set at p < 0.05. A chi-squared test was used for categorical variables, and Student’s
t-test was used for continuous variables. Survival analysis was performed using the Kaplan-Meier method and
log-rank test. Multivariate analyses were performed using a Cox proportional hazards model to identify prognos-
tic factors. ROC analysis and Youden’s index (Youden’s index = sensitivity + specificity — 1) were used to identify
the cutoff, sensitivity, specificity and AUC values.

Ethical approval. The study was approved by the Ethics Committee of Friendship Hospital Affiliated to
Capital Medical University. All procedures performed in studies involving human participants were in accord-
ance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all
participants enrolled in the study.

References
1. Bray, E et al. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185
Countries. CA: a cancer journal for clinicians (2018).
2. Kamat, A. M. et al. Bladder cancer. The Lancet 388, 2796-2810 (2016).
3. Turo, R., Cross, W. & Whelan, P. Bladder cancer. Medicine 40, 14-19 (2012).
4. Kokame, K., Kato, H. & Miyata, T. Homocysteine-respondent genes in vascular endothelial cells identified by differential display
analysis. GRP78/BiP and novel genes. The Journal of biological chemistry 271, 29659-29665 (1996).
. Kalaydjieva, L. et al. N-myc downstream-regulated gene 1 is mutated in hereditary motor and sensory neuropathy-Lom. American
journal of human genetics 67, 47-58 (2000).
6. Fang, B. A. et al. Molecular functions of the iron-regulated metastasis suppressor, NDRG1, and its potential as a molecular target for
cancer therapy. Biochimica et biophysica acta 1845, 1-19 (2014).
7. Czerniak, B., Dinney, C. & McConkey, D. Origins of Bladder Cancer. Annual review of pathology 11, 149-174 (2016).
Chu, H., Wang, M. & Zhang, Z. Bladder cancer epidemiology and genetic susceptibility. Journal of biomedical research 27, 170-178
(2013).
9. Theodoropoulos, V. E. et al. Hypoxia-inducible factor 1 alpha expression correlates with angiogenesis and unfavorable prognosis in
bladder cancer. European urology 46, 200-208 (2004).

wu

®

SCIENTIFICREPORTS| (2019) 9:5166 | https://doi.org/10.1038/s41598-019-41660-w 10


https://doi.org/10.1038/s41598-019-41660-w
https://www.oncomine.org

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.
. Bryan, R. T. & Tselepis, C. Cadherin switching and bladder cancer. The Journal of urology 184, 423-431 (2010).
19.
20.
21.
22.
23.
24.
25.
26.

27.
. Cen, G., Zhang, K., Cao, J. & Qiu, Z. Downregulation of the N-myc downstream regulated gene 1 is related to enhanced proliferation,

29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.
. Moll, R, Divo, M. & Langbein, L. The human keratins: biology and pathology. Histochemistry and cell biology 129, 705-733 (2008).
41.
42.

43.
44,

45.
46.

47.

Cangul, H. Hypoxia upregulates the expression of the NDRG1 gene leading to its overexpression in various human cancers. BMC
genetics 5,27 (2004).

Park, H. et al. Hypoxia induces the expression of a 43-kDa protein (PROXY-1) in normal and malignant cells. Biochemical and
biophysical research communications 276, 321-328 (2000).

Chua, M. S. et al. Overexpression of NDRG]1 is an indicator of poor prognosis in hepatocellular carcinoma. Modern pathology: an
official journal of the United States and Canadian Academy of Pathology, Inc 20, 76-83 (2007).

Song, Y. et al. N-myc downstream regulated gene-1/Cap43 may play an important role in malignant progression of prostate cancer,
in its close association with E-cadherin. Human pathology 41, 214-222 (2010).

Mi, L. et al. The metastatic suppressor NDRG1 inhibits EMT, migration and invasion through interaction and promotion of
caveolin-1 ubiquitylation in human colorectal cancer cells. Oncogene 36, 4323-4335 (2017).

Ai, R. et al. NDRG1 overexpression promotes the progression of esophageal squamous cell carcinoma through modulating Wnt
signaling pathway. Cancer biology & therapy 17, 943-954 (2016).

Wang, D., Tian, X. & Jiang, Y. NDRG1/Cap43 overexpression in tumor tissues and serum from lung cancer patients. Journal of
cancer research and clinical oncology 138, 1813-1820 (2012).

Nieto, M. A., Huang, R. Y,, Jackson, R. A. & Thiery, J. P. Emt: 2016. Cell 166, 21-45 (2016).

Kachhap, S. K. et al. The N-Myc down regulated Genel (NDRG1) Is a Rab4a effector involved in vesicular recycling of E-cadherin.
PloS one 2, €844 (2007).

Dyrskjot, L. et al. Gene expression in the urinary bladder: a common carcinoma in situ gene expression signature exists disregarding
histopathological classification. Cancer research 64, 4040-4048 (2004).

Modlich, O. et al. Identifying superficial, muscle-invasive, and metastasizing transitional cell carcinoma of the bladder: use of cDNA
array analysis of gene expression profiles. Clin Cancer Res 10, 3410-3421 (2004).

Sanchez-Carbayo, M., Socci, N. D., Lozano, J., Saint, E. & Cordon-Cardo, C. Defining molecular profiles of poor outcome in patients
with invasive bladder cancer using oligonucleotide microarrays. J Clin Oncol 24, 778-789 (2006).

Lee, J. S. et al. Expression signature of E2F1 and its associated genes predict superficial to invasive progression of bladder tumors. ]
Clin Oncol 28, 2660-2667 (2010).

Luo, Y. et al. Characteristics of bladder transitional cell carcinoma with E-cadherin and N-cadherin double-negative expression.
Oncology letters 12, 530-536 (2016).

Van Kessel, K. E. et al. Molecular markers increase precision of the European Association of Urology non-muscle invasive bladder
cancer progression risk groups. Clin Cancer Res 24, 1586-1593 (2018).

van Belzen, N. et al. A novel gene which is up-regulated during colon epithelial cell differentiation and down-regulated in colorectal
neoplasms. Laboratory investigation; a journal of technical methods and pathology 77, 85-92 (1997).

Bandyopadhyay, S. et al. The Drg-1 gene suppresses tumor metastasis in prostate cancer. Cancer research 63, 1731-1736 (2003).

invasion and migration of pancreatic cancer. Oncology reports 37, 1189-1195 (2017).

Cheng, J. et al. NDRGI1 as a biomarker for metastasis, recurrence and of poor prognosis in hepatocellular carcinoma. Cancer letters
310, 35-45 (2011).

Nishio, S. et al. Cap43/NDRG1/Drg-1 is a molecular target for angiogenesis and a prognostic indicator in cervical adenocarcinoma.
Cancer letters 264, 36-43 (2008).

Azuma, K. et al. NDRG1/Cap43/Drg-1 may predict tumor angiogenesis and poor outcome in patients with lung cancer. Journal of
thoracic oncology: official publication of the International Association for the Study of Lung Cancer 7, 779-789 (2012).

Wood, S. L., Knowles, M. A., Thompson, D., Selby, P.]. & Banks, R. E. Proteomic studies of urinary biomarkers for prostate, bladder
and Kidney cancers. Nature reviews. Urology 10, 206-218 (2013).

Chou, R. et al. Urinary Biomarkers for Diagnosis of Bladder Cancer: A Systematic Review and Meta-analysis. Annals of internal
medicine 163, 922-931 (2015).

Zhang, M., Ren, B, Li, Z., Niu, W. & Wang, Y. Expression of N-Myc Downstream-Regulated Gene 2 in Bladder Cancer and Its
Potential Utility as a Urinary Diagnostic Biomarker. Medical Science Monitor 23, 4644-4649 (2017).

Melotte, V. et al. 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 24, 4153-4166 (2010).

Brabletz, T., Kalluri, R., Nieto, M. A. & Weinberg, R. A. EMT in cancer. Nat Rev Cancer 18, 128-134 (2018).

Jing, Y. et al. Activated androgen receptor promotes bladder cancer metastasis via Slug mediated epithelial-mesenchymal transition.
Cancer letters 348, 135-145 (2014).

Wu, K. et al. Slug contributes to cadherin switch and malignant progression in muscle-invasive bladder cancer development.
Urologic oncology 31, 1751-1760 (2013).

Yilmaz, M. & Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer metastasis reviews 28, 15-33 (2009).

Aaboe, M. et al. Gene expression profiling of noninvasive primary urothelial tumours using microarrays. British journal of cancer 93,
1182-1190 (2005).

Rygiel, K. A. et al. Epithelial-mesenchymal transition contributes to portal tract fibrogenesis during human chronic liver disease.
Laboratory investigation; a journal of technical methods and pathology 88, 112-123 (2008).

Xu, J., Lamouille, S. & Derynck, R. TGF-beta-induced epithelial to mesenchymal transition. Cell research 19, 156-172 (2009).
Moustakas, A. & Heldin, C. H. Signaling networks guiding epithelial-mesenchymal transitions during embryogenesis and cancer
progression. Cancer science 98, 1512-1520 (2007).

Ioannou, M. et al. Smad4 and epithelial-mesenchymal transition proteins in colorectal carcinoma: an immunohistochemical study.
Journal of molecular histology 49, 235-244 (2018).

Lu, W.J,, Chua, M. S., Wei, W. & So, S. K. NDRG1 promotes growth of hepatocellular carcinoma cells by directly interacting with
GSK-3beta and Nur77 to prevent beta-catenin degradation. Oncotarget 6, 29847-29859 (2015).

Wang, C. et al. CXCL5 promotes mitomycin C resistance in non-muscle invasive bladder cancer by activating EMT and NF-kappaB
pathway. Biochemical and biophysical research communications 498, 862-868 (2018).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (61401290).

Author Contributions
Study Conception and Design: A.L., X.Z., ].Z. Acquisition of data: A.L., C.W. and Y.Q. Preparation of figures and
tables: A.L. Writing and revision of the Manuscript: A.L., S.Y. and R.Q.

SCIENTIFICREPORTS| (2019) 9:5166 | https://doi.org/10.1038/s41598-019-41660-w 11


https://doi.org/10.1038/s41598-019-41660-w

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41660-w.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:5166 | https://doi.org/10.1038/s41598-019-41660-w 12


https://doi.org/10.1038/s41598-019-41660-w
https://doi.org/10.1038/s41598-019-41660-w
http://creativecommons.org/licenses/by/4.0/

	Upregulation of NDRG1 predicts poor outcome and facilitates disease progression by influencing the EMT process in bladder c ...
	Results

	High NDRG1 mRNA and protein expression in bladder cancer. 
	Correlation between NDRG1 expression and clinical factors. 
	High NDRG1 expression predicts poor prognosis in patients with bladder cancer. 
	Expression of NDRG1 in bladder cancer cell lines. 
	NDRG1 affects bladder cancer cell viability by promoting proliferation and suppressing apoptosis. 
	NDRG1 enhances the motility of bladder cancer cells. 
	NDRG1 facilitates the process of EMT in bladder cancer cells. 
	Urine NDRG1 protein levels could distinguish bladder cancer patients from healthy controls. 

	Discussion

	Materials and Methods

	Patients. 
	Urine samples. 
	IHC and immunoscoring. 
	Cell culture and transfection. 
	RNA extraction and real-time PCR analysis. 
	Protein extraction and western blot analysis. 
	Cell proliferation, cell cycle and apoptosis assays. 
	In vitro migration and invasion assays. 
	ELISA. 
	Gene expression profile analysis. 
	Statistics. 
	Ethical approval. 

	Acknowledgements

	Figure 1 NDRG1 is highly expressed in bladder cancer.
	Figure 2 Pathological sections from bladder cancer patients were examined by immunochemistry.
	Figure 3 Correlations between NDRG1 expression and bladder cancer patient outcomes.
	Figure 4 NDRG1 promotes the vitality of bladder cancer cells.
	﻿Figure 5 NDRG1 enhances the motility of bladder cancer cells.
	Figure 6 Changes in the expression of NDRG1 affect the EMT process of bladder cancer cells.
	Figure 7 The diagnostic value of urine NDRG1 levels in bladder cancer patients.
	Table 1 Correlation between NDRG1 and clinical factors.




