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Abstract: Differentiation-related gene-1, DRG1, is a metastasis suppressor gene whose 

expression has been shown to be dysregulated in a number of malignancies. The current 

study examines the expression of DRG1 in a clinical breast cohort and its association with 

a number of clinical pathological factors using quantitative polymerase chain reaction. 

Additionally, DRG1 expression is targeted in vitro using ribozyme transgene technology to 

explore the function of DRG1 in two human breast cancer cell lines. Low levels of DRG1 

were found in patients who developed metastasis (p = 0.036) and who died of breast cancer 

(p = 0.0048) compared to disease free patients. Knockdown of DRG1 also resulted in 

significantly increased invasion and motility, but decreased matrix-adhesion in MCF7 

cells. Knockdown of DRG1 seemed to have minimal impact on the cellular functions of the 

MDA-MB-231 breast cancer cell line causing no significant differences in cell growth, 

invasion, motility or matrix-adhesion. Thus, DRG1 appears to be linked to development of 

metastasis and death in patients who died as a result of breast cancer and may be useful as 

a prognostic factor as its knockdown appears to be linked with increased invasion and 

motility and decreased adhesion in MCF7 breast cancer cells. 
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1. Introduction 

Metastasis suppressor genes are defined by their capacity to control metastatic dissemination 

without affecting growth of the primary tumour. The complexity of the metastatic process suggests 

that it is controlled at the genetic level via the activation and/or deactivation of multiple genes. The 

first of these metastasis suppressor genes was identified in 1988 [1]. These genes play their role by 

inhibiting the spread of primary tumour cells, either by arresting them at the primary site, or by 

affecting their invasion, adhesion or extravasations in the surrounding environment [2]. 

Differentiation-related gene-1, DRG1, is a metastasis suppressor gene originally identified by 

differential display as being significantly up regulated by induction of differentiation in colon 

carcinoma cells in vitro [3]. DRG1 mRNA encodes a 43 kDa protein and has been found to be 

expressed in all tissues examined, with the highest expression seen in the brain, prostate, kidney, and 

intestine [3,4]. The expression of DRG1 appears to be regulated by multiple signals, including 

hypoxia, androgen, homocysteine, Ni
2+

, N-Myc and PTEN [5–12]. DRG1 has been shown to be 

upregulated by iron chelators in a variety of cancer cell lines [13]. In addition, the tumour suppressor 

p53 and von Hippel-Lindau factor have been shown to modulate DRG1 gene expression in vitro [14,15]. 

DRG1 expression has also been shown to be down-regulated in malignancy. An inverse correlation has 

been reported between DRG1 expression and the metastatic potential of prostate cancer cells. Low 

DRG1 expression correlates with higher grade of prostate cancer, development of metastases, and with 

poor patient survival [7,16]. The metastasis suppressor activity of DRG1 has also been observed in 

colon cancer cells in vivo and in vitro [4]. Kurdistani et al. showed that introduction of DRG1 cDNA 

in human bladder cancer cells suppresses tumuorigenicity in nude mice [14]. In colorectal cancer, it 

has been suggested that DRG1 expression may be associated with a less aggressive, indolent colorectal 

cancer. However, high expression of DRG1 also appears to be associated with relative resistance to 

irinotecan chemotherapy [17]. In breast cancer, low DRG1 expression is associated with more 

advanced cancer stage and worse survival [18]. Inhibition of DRG1 expression resulted in significant 

changes in microtubule structure and the disappearance of -tubulin protein. Therefore, it has been 

suggested that the loss of DRG1 may contribute to genomic instability in cancer cells [19]. A large 

number of studies have identified DRG1 as a gene that is down regulated in cancer and associated with 

metastasis suppression, however there are some studies that suggest differing roles. Some studies have 

indicated that DRG1 expression is up regulated in prostate cancer compared with corresponding 

normal tissue but that this could be due to its response to hormones such as androgens [20]. These 

studies imply that the loss of hormone-dependence is responsible for the previously observed decrease 

of DRG1 expression in some cancers [21]. Interestingly, a study examining DRG1 expression in 

African-American prostate cancer patients has found that they have significantly reduced expression of 

this protein when compared with Caucasian prostate cancer patients [22]. While there is some 

controversy regarding the relationship of DRG1 expression to the suppression of metastasis in certain 

cancers, the majority of studies have demonstrated that higher levels lead to a less aggressive 

phenotype [21]. Many studies have implied that a loss of DRG1 expression results in a more 

aggressive, metastatic phenotype and identify DRG1 as a potential prognostic indicator. 

The aim of the current study was to investigate the expression profile of DRG1 in a cohort of breast 

cancer patients and compare this expression profile with clinical outcomes of patients in the cohort. 



Cancers 2012, 4 

 

660 

Additionally, this study aimed to explore the role of DRG1 on cellular functions such as growth, 

adhesion, invasion and cellular migration in breast cancer cell lines, using a series of in vitro  

cell models. 

2. Experimental Section 

2.1. Cell Lines and Culture Conditions 

MDA-MB-231 and MCF7 cell lines were purchased from the American Type Culture Collection 

(ATCC, Rockville, MD, USA) and maintained in Dulbecco’s modified Eagles medium (DMEM) 

supplemented with 10% foetal calf serum (PAA Laboratories Ltd., Somerset, UK), streptomycin and 

penicillin. Cells were incubated at 37 °C, 5% CO2 and 95% humidity. 

2.2. Patient Samples and Preparation 

Breast cancer tissues (n = 114) and normal background tissues (n = 31) were collected immediately 

after surgery and stored in the deep freezer at −80 °C. Patients were routinely followed clinically after 

surgery. The median follow-up period was 120 months. The presence of tumour cells in the collected 

tissues was verified by examination of frozen sections following H & E staining by a consultant 

pathologist. Clinical details of the patients are outlined in Table 1. 

Table 1. Clinical and pathological information of the breast cancer cohort. 

Clinical data Sample numbers 

Grade 

1 20 

2 38 

3 54 

TNM 

1 60 

2 40 

3 7 

4 4 

NPI 

1 57 

2 38 

3 15 

Outcome 

Disease free 80 

With metastasis 7 

With local recurrence 5 

Died of breast cancer 14 

2.3. DRG1 Knockdown in Human Breast Cancer Cell Lines 

DRG1 was found to be expressed in both MCF7 and MDA-MB-231 breast cancer cell lines at the 

transcriptional level using conventional primers outlined in Table 2. Hammerhead ribozyme 

http://www.molecular-cancer.com/content/7/1/71/table/T1
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transgenes, specifically targeted to DRG1 transcripts were constructed based on the secondary 

structure of DRG1 mRNA. Following design and synthesis by Invitrogen (Paisley, UK), the ribozymes 

were first amplified using the respective oligos (Table 2) using touch down PCR and were cloned into 

a mammalian pEF6/His TOPO vector (Invitrogen) and transfected into MCF7 and MDA-MB-231 

cells, as previously reported [23,24]. MCF7 and MDA-MB-231 cells were also transfected with an 

empty pEF6 control plasmid. Cells were then subjected to selection with blasticidin (5 µg/mL) and 

then subsequently maintained in media containing 0.5 µg/mL blasticidin. This process allowed the 

generation of stably transfected MCF7 and MDA-MB-231 cells containing the ribozyme transgene and 

expressing reduced DRG1 levels. 

Table 2. Primer sequences used in the study. 

Primer Forward Primers Reverse primers 

DRG1 

Conventional 
GGACGATTTCACAAAAACAT CATCTTCATACTGCAAAGCA 

DRG1 

Quantitative 
TGCTACAGCTGATGACCTC 

ACTGAACCTGACCTGACCGTA 

CACCAATTCCTCAATGGAGAT 

GAPDH 

Conventional 
GGCTGCTTTTAACTCTGGTA GACTGTGGTCATGAGTCCTT 

GAPDH 

Quantitative 
CTGAGTACGTCGTGGAGTC 

ACTGAACCTGACCGTACACAGAGA 

TGATGACCCTTTTG 

DRG1 Ribozyme1 
CTGCAGCAGTGTTGACTTCCCCAC

ACTGATGAGTCCGTGAGGA 

ACTAGTGATGCTCGAATTGGATTTGTTG

GTTTTCCATTTCGTCCTCACGGACT 

DRG1 Ribozyme2 
CTGCAGGACATCCAGAACAATCA

ACTGATGAGTCCGTGAGGA 

ACTAGTGGCCCGAACCTGTAACTTGATT

TCGTCCTCACGGACT 

MCF7 and MDA-MB-231 cells containing the control pEF6 plasmid were designated as MCF7
pEF6

 

and MDA-MB-231
pEF6

 and those containing the ribozyme transgenes were labelled MCF7
DRG1KD

 and 

MDA-MB-231
DRG1KD

. Wild type cells without any plasmid and transgene were called MCF7
WT

 and 

MDA-MB-231
WT

. Suppression of DRG1 expression in MCF7
DRG1KD

 and MDA-MB-231
DRG1KD

 cells 

was verified, in comparison to MCF7
pEF6

 and MDA-MB-231
pEF6

 and wild type, using reverse 

transcription-polymerase chain reaction (RT-PCR) and Western blot analysis. 

2.4. RNA Extraction and Reverse Transcription-Polymerase Chain Reaction 

RNA was extracted using total RNA isolation reagent in accordance with the provided protocol 

(TRI reagent, Sigma, Dorset, UK). Sample RNA was quantified using a spectrophotometer (WPA  

UV 1101, Biotech Photometer, Cambridge, UK) and standardized to a concentration of 500 ng. This 

RNA was used as a template to reverse transcribe cDNA using an iScript cDNA synthesis kit (Bio Rad 

Laboratories, Hemel Hempstead, UK). Following cDNA synthesis, samples were probed using 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) primers to check cDNA quality and confirm 

uniform sample cDNA levels, together with those specific for DRG1 transcript (full primer details are 

shown in Table 2). Polymerase chain reaction (PCR) was performed in a T-Cy Thermocycler (Creacon 

Technologies Ltd., Emmen, The Netherlands) using REDTaq
®

 ReadyMix™ PCR Reaction Mix 

(Sigma). The PCR reaction consisted of an initial denaturing step of 94 °C for 5 min, 30 cycles of  
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94 °C for 40 s, 55 °C for 40 s and 72 °C for 1 min and a final extension step of 72 °C for 10 min before 

holding at 4 °C. PCR products were separated on an agarose gel, stained with ethidium bromide and 

visualized under ultraviolet light. 

2.5. Quantitative-Polymerase Chain Reaction (Q-PCR) 

Real-time quantitative PCR was also used to assess DRG1 transcript levels as previously reported [25]. 

Results are given as number of transcripts/μL based on an internal standard and the results were further 

normalised using the expression of GAPDH in these samples. The Q-PCR technique used the 

Amplifluor system (Intergen Inc., New York, NY, USA), Q-PCR Master Mix (ABgene, Surrey, UK) 

and a universal probe (Uniprimer™, Intergen) to record the fluorescence emitted during the reaction. 

Conditions for Q-PCR were: an initial 15 min 95 °C period followed by 60 cycles of 95 °C for 15 s,  

55 °C for 60 s and 72 °C for 20 s. Full details of primers used are given in Table 2. 

2.6. SDS-PAGE and Western Blotting 

Cell pellets were lysed with an SDS lysis buffer for 1 h, followed by removal of insolubles after 

centrifugation at 13,000 rpm. Cell lysates were later quantified using the Bio-Rad DC Protein Assay 

kit (Bio-Rad Laboratories). Denatured samples with equal protein concentrations were separated using 

SDS PAGE gels. Proteins were blotted onto nitrocellulose membrane, following which they were 

probed for specific proteins following the SNAP ID protocol provided (Millipore, Watford, UK). 

GAPDH was used as internal control. The protein bands were subsequently visualized using the 

Supersignal TM West Dura system (Pierce Biotechnology, Rockford, IL, USA). DRG1 antibody, 

raised in goat (Santa Cruz Biotechnologies, Santa Cruz, CA, USA) and GAPDH, raised in mouse 

(Santa Cruz Biotechnologies), were used for probing at a concentration of 1:100 and 1:200 

respectively. Anti-goat and anti-mouse secondary antibodies were obtained from Sigma and used at a 

1:350 concentration in line with recommended settings outlined in the SNAP ID protocol. 

2.7. In Vitro Growth Assay 

The effect of DRG1 suppression on MCF7 and MDA-MB-231 cell growth rates was assessed using 

an in vitro growth assay. Cells were seeded at a density of 3,000 cells per well, in 200 μL of medium, 

into 96 well plates. Triplicate plates were set up and incubated for overnight, 3-day and 5-day periods 

before analysis. Following incubation, the plates were fixed in 4% formaldehyde (v/v) and stained with 

0.5% (w/v) crystal violet and then treated with 10% acetic acid (v/v), prior to colorimetric detection of 

cell density by spectrophotometric analysis at 540 nm using a Bio-Tek ELx800 multi-plate reader 

(Bio-Tek Instruments Inc., Winooski, VT, USA). 

2.8. In Vitro Matrigel Adhesion Assay 

This was based on a previously published protocol [25]. In brief, Matrigel™ basement membrane 

matrix purchased from BD Biosciences (Oxford, UK), was used to pre coat 96-well plates with a 5 µg 

per well layer. 45,000 cells were added per well in 200 μL of medium. After incubation for 45 min, 

wells were vigorously washed with BSS to remove unbound cells. Adherent cells were then fixed in 
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4% formaldehyde (v/v) and stained with 0.5% (w/v) crystal violet. Stained cells were later counted in a 

number of random fields under a ×20 objective. 

2.9. Electric Cell-Substrate Impedance Sensing Analysis of Breast Cancer Cell Lines Migration 

The electric cell-substrate impedance sensing (ECIS) system (Applied Biophysics Inc, Troy, NJ, USA) 

was used to detect and track MCF7 and MDA-MB-231 cell migration as described previously [26,27]. 

Briefly, 200,000 cells per well in 300 μL of medium containing Hepes buffer were seeded onto ECIS 

96W1E arrays and incubated until a confluent monolayer formed over the array electrodes. This 

monolayer was then wounded electrically to create a simultaneous physical break in the cell monolayer 

of equal dimensions. Rate of change in impedance, as cells migrated back onto the electrode, was then 

monitored and measured using the ECIS software provided. 

2.10. In Vitro Matrigel Invasion Assay 

Invasion assays were undertaken using inserts (ThinCert™ containing 8 μm pores, Greiner bio-one, 

Germany) in 24-well tissue culture plates. Each insert was first coated with 50 μg/insert of Matrigel. 

20,000 cells were seeded into each insert. After 72 h, cells that had invaded and migrated through the 

matrix and adhered to the underside of the insert were fixed and stained with 4% (v/v) formaldehyde 

and 0.5% (w/v) crystal violet following a method previously reported [28]. 

2.11. Statistical Analysis 

Experimental procedures were repeated independently at least three times. In all assays the 

transfected breast cancer cell lines, containing the DRG1 ribozyme transgenes, were compared with 

respective pEF6 plasmid controls (cells containing closed pEF6 plasmid only) using a two-sample, 

two-tailed t-test. The data values given represent the mean value ± SEM, and values of p ≤ 0.05 were 

considered to be statistically significant. 

3. Results 

3.1. Correlation of DRG1 Transcript Expression with Grade, TNM and NPI Status 

Levels of DRG1 transcript were analyzed in connection with tumour grade. No significant 

difference in DRG1 transcript levels between grade 1 (well differentiated), grade 2 (moderately 

differentiated) and grade 3 (poorly differentiated) tissues was observed (Figure 1A). NPI (Nottingham 

Prognostic Index) was also used as an indicator to assess the relationship between DRG1 transcript and 

predicted prognosis. Patients were divided into groups i.e., good, moderate and poor prognosis 

according to NPI values. No significant difference was observed among these groups (Figure 1B). 

Moreover, the relationship between DRG1 expression and TNM status was also analyzed. Similarly, 

no significant differences in DRG1 transcript expression levels were observed between early stage 

(TNM1) and later stage (TNM2, 3 or 4) tissues (Figure 1C). 
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Figure 1. Levels of expression of DRG1 transcripts in breast cancer tissues. No significant 

differences were seen in DRG1 levels between Grade (A); predicted prognosis i.e., based 

on NPI value of each patient (divided into good, moderate and poor) (B) and TNM  

status (C); Significant reductions in DRG1 levels were seen in patients who developed 

metastasis (p = 0.036) and those who died of breast cancer (p = 0.0048) compared to 

disease free patients (D); However, no significant differences were seen in overall survival 

(E) and disease free survival (F) rates of patients who had relatively high or low DRG1 

expression levels. 

 

3.2. Reduced DRG1 Expression Is Associated with Poorer Patient Prognosis 

Patients were divided in relation to clinical outcome at final follow up into patients who remained 

disease free, those with metastasis, those with local recurrence and those who died of breast cancer. 
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Patients who were disease-free were found to have significantly higher levels of DRG1 transcripts than 

those who developed metastasis and those who died of breast cancer (p = 0.036 and 0.0048 

respectively, Figure 1D). Additionally, lower levels of DRG1 tended to be associated with a poorer 

overall patient survival (Figure 1E) and disease free survival (Figure 1F). Patients with low levels of 

DRG1 expression had a mean survival time of 122.5 months (95% CI 111.2–133.8) compared to  

146.6 months (95% CI 133.5–159.7). Similarly, patients with lower expression levels of DRG1 also 

had a reduced disease free survival [118.2 months (95% CI 106.4–130.0)] compared to those with 

higher levels of DRG1 [140.1 months (95% CI 123.2–157.0)]. However, neither overall survival nor 

disease free survival rates for those with low compared to those patients with high levels of DRG1 was 

found to be statistically significant (p = 0.133 and 0.176 respectively). 

3.3. Knockdown of DRG1 in Breast Cancer Cell Lines 

DRG1 expression was observed in both the MCF7 and MDA-MB-231 human breast cancer cell 

lines available (Figure 2A). Ribozyme transgenes, were subsequently designed based on the secondary 

structure of the DRG1 transcript (Figure 2B), to target DRG1 expression in these cells. Transfection of 

MCF7 and MDA-MB-231 breast cancer cells with the DRG1 ribozyme transgene successfully 

knocked down the expression of this molecule (Figure 2C–F). A reduction in DRG1 expression was 

observed in MCF7
DRG1KD

 and MDA-MB-231
DRG1KD

 compared to the respective wild type (MCF7
WT

 

and MDA-MB-231
WT

) and plasmid control (MCF7
pEF6

 and MDA-MB-231
pEF6

) cells (Figure 2C). 

Quantitative PCR similarly showed successful transcript knock down of DRG1 in MCF7
DRG1KD

 and 

MDA-MB-231
DRG1KD

 compared to the respective control lines (Figure 2E,F). In keeping with the 

knock down of transcript expression, reduced protein levels were also observed in MCF7
DRG1KD

 and 

MDA-MB-231
DRG1KD

, compared to the respective controls, using Western blot analysis (Figure 2D). 

Figure 2. Confirmation of knockdown of DRG1 in MCF7 and MDA-MB-231 human 

breast cancer cell lines. (A) DRG1 expression was observed in both MCF7 and MDA-MB-231 

breast cancer cell lines; (B) Secondary structure of human DRG1 which was used in the 

design of anti-DRG1 transgenes; (C) Low transcript levels of DRG1 were seen in 

MCF7
DRG1KD

 and MDA-MB-231
DRG1KD

 cells using RT-PCR; (D) Knock down of DRG1 

was also observed at the protein level using Western blot analysis. (E,F) Q-PCR 

confirmation of DRG1 knockdown in MDA-MB-231 (E) and MCF7 (F) cells. 
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Figure 2. Cont. 

 

3.4. Effect of DRG1 Knockdown on the Growth of Breast Cancer Cells 

The knockdown of DRG1 expression had little impact on the growth of the tested breast cancer 

cells over the 3 and 5 day incubation periods. At both time points no significant differences were 

observed between MCF7
DRG1KD

 or MDA-MB-231
DRG1KD

 and the respective control cells (p > 0.05) 

(Figure 3A,B). 

Figure 3. Effect of knockdown of DRG1 on MCF7 and MDA-MB-231 cell growth and 

matrix-adhesion. DRG1 knockdown did not have any significant effect on cell growth over 

3 and 5 day incubation periods (A,B). However, knockdown of DRG1 could significantly 

reduce matrix-adhesion in MCF7 cells (p = 0.023), though no significant effects were seen 

in MDA-MB-231 cells (C,D). 
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Figure 3. Cont. 

 

3.5. Effect of DRG1 Knockdown on Adhesion of Breast Cancer Cells 

Interestingly, knockdown of DRG1 seemed to impact on cell-matrix adhesion differently in the two 

tested breast cancer cell lines. A significant decrease in adhesiveness was observed between 

MCF7
DRG1KD

 cells and control MCF7
pEF6

 (p = 0.023), while no significant differences were observed 

between MDA-MB-231
DRG1KD

 and MDA-MB-231
pEF6

 (Figure 3C,D). 

3.6. Effect of DRG1 Knockdown on Invasion of Breast Cancer Cells 

MCF7
DRG1KD

 cells were found to be significantly more invasive, compared to MCF7
pEF6

 cells  

(p = 0.013) in the Matrigel in vitro invasion assay. In contrast to this, once again, DRG1  

knockdown in MDA-MB-231 cells seemed to have very little impact on cellular invasiveness and  

MDA-MB-231
DRG1KD

 cells showed no significant change in invasiveness compared with control 

MDA-MB-231
pEF6

 cells (Figure 4A,B). 

3.7. Effect of DRG1 Knockdown on Migrational Rates of Breast Cancer Cells 

The electric cell substrate impedance sensing (ECIS) system was used to examine the effect of 

DRG1 knockdown on breast cancer cell migration. Following electrical wounding, MCF7
DRG1KD

 cells, 

migrated at a much faster rate to re-cover the electrode compare to MCF7
pEF6

 cells as detected by  

the enhanced rate of change in resistance detected by the ECIS system. In contrast to this,  

MDA-MB-231
DRG1KD

 cells showed no significant change compared to control cells (Figure 4C,D). 
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Figure 4. Knockdown of DRG1 significantly enhanced the invasive potential of MCF7 

cells (p = 0.013), but did not significantly affect MDA-MB-231 cells (A,B); Similarly, 

decreased expression of DRG1 significantly increased MCF7 cells migration capacity in an 

ECIS based migration assay following 1 h (p = 0.00007), 2 h (p = 0.0002), 3 h (p = 0.0004) 

and 4 h (p = 0.0007) periods (C); However, knockdown of DRG1 in MDA-MB-231 cells 

did not significantly impact on their migratory capacity (D). 

 

 

4. Discussion 

Tumour metastasis is an important clinical problem, contributing to the majority of cancer related 

deaths. The recent discovery of metastasis suppressor genes, has introduced a novel approach to 

treating cancer and preventing metastasis. A number of metastasis suppressor genes have been 

identified in several types of cancer and their association with tumour growth, proliferation and cell 

motility is an area of investigation [29]. DRG1 has been shown to play an important role in the context 

of human cancer progression [3,4,14,16–18,30,31]. The current study aimed to verify the expression 

profile of DRG1 in a cohort of breast cancer patients and to compare it with the clinical data. This 
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study also aimed to validate the impact of this gene on several in vitro cellular functions and its 

potential contribution to metastasis. 

Our data suggests that DRG1, reported to be a potential suppressor of metastasis, is aberrantly 

expressed in breast tumour tissues. Levels of DRG1 were found to be correlated with clinical outcomes 

and long term survival of the patients suffering with breast cancer. Bandyopadhyay, 2004 has 

previously suggested that the down regulation of DRG1 is at least partially at the RNA level [18]. This 

is also consistent with a previous report in which DRG1 mRNA was shown to be reduced in a small 

set of breast and prostate tumours by in situ hybridization [14]. 

Considering the role of DRG1 in metastasis suppression, it was proposed that its expression could 

be used as a prognostic marker in cancer patients [16,18]. This follows the observation that individuals 

with higher DRG1 tumour levels have greater survival rates, in breast and prostate cancer patients [16,18]. 

This is also supported by a study examining DRG1 expression in colorectal cancer and comparing it 

with patient outcomes [17]. Kaplan-Meier analysis of pancreatic cancer patients showed a statistically 

significant correlation of DRG1 expression with survival [32]. The clinical data presented in this study 

suggests, similar to these previous studies, that high DRG1 patient transcript levels may be indicative 

of a better prognosis, with lower levels of DRG1 expression being associated with metastatic spread 

and patients who died from the disease. However, we did not observe any significant association in our 

cohort between DRG1 expression levels and overall or disease free survival. The results of our current 

study also suggest a potential role of DRG1 in cell adhesion, invasion and motility as knockdown of 

this molecule in MCF7 breast cancer cells decreased the adhesive ability of this cell line while 

increasing invasiveness and migratory capacity. However, these effects are not apparent in the  

MDA-MB-231 breast cancer cell line and additional work will be required to fully understand the 

mechanism behind these differences, which may lie in the different nature and expression profiles of 

the two cell lines. One potential explanation for this may be due to the differing expression profiles of 

the two cell lines, for example it may be that the ER/hormone dependent pathway is involved in this 

phenomenon as MCF7, which is ER+ and a hormone responsive cell line [33] showed significant 

results while MDA-MB-231 cells gave no significant results, though this needs to be fully investigated. 

The increase in invasiveness in the MCF7 cell line is consistent with findings that suggest that  

over-expression of DRG1 reduces the invasiveness of breast, colon and prostate cancer cells [4,16,18,32]. 

The enhanced motility and decreased adhesiveness of DRG1 knockdown MCF7 breast cancer cells 

demonstrated by this study further suggest a metastasis suppressive role for this gene. Changes in 

motility, adhesiveness and cellular invasion are key traits, required for tumour progression and the 

acquisition of metastatic competence [34]. 

Guan et al. found that E-cadherin, an adhesion and metastasis suppressor molecule [35], is up 

regulated by DRG1 [4]. Increased expression of E-cadherin has also been shown to reduce the motility 

of metastatic breast cancer cells in vitro [35]. However, it is unlikely that E-cadherin is the only 

molecular target of DRG1 that leads to metastasis suppression. Further studies, assessing the targets 

and interacting molecules of DRG1, are required to aid in the understanding of the molecular 

mechanisms of metastasis suppression by this molecule. 
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5. Conclusions 

In conclusion, the in vitro and clinical data presented here indicate an involvement of the DRG1 

gene in breast cancer progression and demonstrate a potential role of this gene in suppressing  

tumour metastasis. 

Acknowledgements 

The authors wish to thank the Higher Education Commission of Pakistan and Cancer Research 

Wales for supporting this work. 

References 

1. Sobel, M.E. Metastasis suppressor genes. J. Natl. Cancer Inst. 1990, 82, 267–276. 

2. Freije, J.M.; MacDonald, N.J.; Steeg, P.S. Nm23 and tumour metastasis: Basic and translational 

advances. Biochem. Soc. Symp. 1998, 63, 261–271. 

3. van Belzen, N.; Dinjens, W.N.; Diesveld, M.P.; Groen, N.A.; van der Made, A.C.; Nozawa, Y.; 

Vlietstra, R.; Trapman, J.; Bosman, F.T. A novel gene which is up-regulated during colon 

epithelial cell differentiation and down-regulated in colorectal neoplasms. Lab. Invest. 1997, 77, 

85–92. 

4. Guan, R.J.; Ford, H.L.; Fu, Y.; Li, Y.; Shaw, L.M.; Pardee, A.B. Drg-1 as a differentiation-related, 

putative metastatic suppressor gene in human colon cancer. Cancer Res. 2000, 60, 749–755. 

5. Kokame, K.; Kato, H.; Miyata, T. Homocysteine-respondent genes in vascular endothelial cells 

identified by differential display analysis. GRP78/BiP and novel genes. J. Biol. Chem. 1996, 271, 

29659–29665. 

6. Lin, T.M.; Chang, C. Cloning and characterization of TDD5, an androgen target gene that is 

differentially repressed by testosterone and dihydrotestosterone. Proc. Natl. Acad. Sci. USA 1997, 

94, 4988–4993. 

7. Zhou, D.; Salnikow, K.; Costa, M. Cap43, a novel gene specifically induced by Ni2+ compounds. 

Cancer Res. 1998, 58, 2182–2189. 

8. Piquemal, D.; Joulia, D.; Balaguer, P.; Basset, A.; Marti, J.; Commes, T. Differential expression 

of the RTP/Drg1/Ndr1 gene product in proliferating and growth arrested cells. Biochim. Biophys. 

Acta 1999, 1450, 364–373. 

9. Okuda, T.; Kondoh, H. Identification of new genes Ndr2 and Ndr3 which are related to 

Ndr1/RTP/Drg1 but show distinct tissue specificity and response to N-myc. Biochem. Biophys. 

Res. Commun. 1999, 266, 208–215. 

10. Ulrix, W.; Swinnen, J.V.; Heyns, W.; Verhoeven, G. The differentiation-related gene 1, Drg1, is 

markedly upregulated by androgens in LNCaP prostatic adenocarcinoma cells. FEBS Lett. 1999, 

455, 23–26. 

11. Park, H.; Adams, M.A.; Lachat, P.; Bosman, F.; Pang, S.C.; Graham, C.H. Hypoxia induces the 

expression of a 43-kDa protein (PROXY-1) in normal and malignant cells. Biochem. Biophys. 

Res. Commun. 2000, 276, 321–328. 



Cancers 2012, 4 

 

671 

12. Unoki, M.; Nakamura, Y. Growth-suppressive effects of BPOZ and EGR2, two genes involved in 

the PTEN signaling pathway. Oncogene 2001, 20, 4457–4465. 

13. Le, N.T.; Richardson, D.R. Iron chelators with high antiproliferative activity up-regulate the 

expression of a growth inhibitory and metastasis suppressor gene: A link between iron 

metabolism and proliferation. Blood 2004, 104, 2967–2975. 

14. Kurdistani, S.K.; Arizti, P.; Reimer, C.L.; Sugrue, M.M.; Aaronson, S.A.; Lee, S.W. Inhibition of 

tumor cell growth by RTP/rit42 and its responsiveness to p53 and DNA damage. Cancer Res. 

1998, 58, 4439–4444. 

15. Masuda, K.; Ono, M.; Okamoto, M.; Morikawa, W.; Otsubo, M.; Migita, T.; Tsuneyoshi, M.; 

Okuda, H.; Shuin, T.; Naito, S.; et al. Downregulation of Cap43 gene by von Hippel-Lindau 

tumor suppressor protein in human renal cancer cells. Int. J. Cancer 2003, 105, 803–810. 

16. Bandyopadhyay, S.; Pai, S.K.; Gross, S.C.; Hirota, S.; Hosobe, S.; Miura, K.; Saito, K.; Commes, T.; 

Hayashi, S.; Watabe, M.; et al. The Drg-1 gene suppresses tumor metastasis in prostate cancer. 

Cancer Res. 2003, 63, 1731–1736. 

17. Shah, M.A.; Kemeny, N.; Hummer, A.; Drobnjak, M.; Motwani, M.; Cordon-Cardo, C.; Gonen, M.; 

Schwartz, G.K. Drg1 expression in 131 colorectal liver metastases: Correlation with clinical 

variables and patient outcomes. Clin. Cancer Res. 2005, 11, 3296–3302. 

18. Bandyopadhyay, S.; Pai, S.K.; Hirota, S.; Hosobe, S.; Takano, Y.; Saito, K.; Piquemal, D.; 

Commes, T.; Watabe, M.; Gross, S.C.; et al. Role of the putative tumor metastasis suppressor 

gene Drg-1 in breast cancer progression. Oncogene 2004, 23, 5675–5681. 

19. Kim, K.T.; Ongusaha, P.P.; Hong, Y.K.; Kurdistani, S.K.; Nakamura, M.; Lu, K.P.; Lee, S.W. 

Function of Drg1/Rit42 in p53-dependent mitotic spindle checkpoint. J. Biol. Chem. 2004, 279, 

38597–38602. 

20. Cangul, H. Hypoxia upregulates the expression of the NDRG1 gene leading to its overexpression 

in various human cancers. BMC Genet. 2004, 5, 27. 

21. Kovacevic, Z.; Richardson, D.R. The metastasis suppressor, Ndrg-1: A new ally in the fight 

against cancer. Carcinogenesis 2006, 27, 2355–2366. 

22. Caruso, R.P.; Levinson, B.; Melamed, J.; Wieczorek, R.; Taneja, S.; Polsky, D.; Chang, C.; 

Zeleniuch-Jacquotte, A.; Salnikow, K.; Yee, H.; et al. Altered N-myc downstream-regulated gene 

1 protein expression in African-American compared with caucasian prostate cancer patients.  

Clin. Cancer Res. 2004, 10, 222–227. 

23. Jiang, W.G.; Davies, G.; Martin, T.A.; Parr, C.; Watkins, G.; Mason, M.D.; Mokbel, K.; Mansel, R.E. 

Targeting matrilysin and its impact on tumor growth in vivo: The potential implications in breast 

cancer therapy. Clin. Cancer Res. 2005, 11, 6012–6019. 

24. Jiang, W.G.; Grimshaw, D.; Lane, J.; Martin, T.A.; Abounader, R.; Laterra, J.; Mansel, R.E.  

A hammerhead ribozyme suppresses expression of hepatocyte growth factor/scatter factor 

receptor c-MET and reduces migration and invasiveness of breast cancer cells. Clin. Cancer Res. 

2001, 7, 2555–2562. 

25. Sanders, A.J.; Parr, C.; Mason, M.D.; Jiang, W.G. Suppression of hepatocyte growth factor 

activator inhibitor-1 leads to a more aggressive phenotype of prostate cancer cells in vitro. Int. J. 

Mol. Med. 2007, 20, 613–619. 



Cancers 2012, 4 

 

672 

26. Jiang, W.G.; Martin, T.A.; Lewis-Russell, J.M.; Douglas-Jones, A.; Ye, L.; Mansel, R.E.  

Eplin-alpha expression in human breast cancer, the impact on cellular migration and clinical 

outcome. Mol. Cancer 2008, 7, 71. 

27. Keese, C.R.; Wegener, J.; Walker, S.R.; Giaever, I. Electrical wound-healing assay for cells  

in vitro. Proc. Natl. Acad. Sci. USA 2004, 101, 1554–1559. 

28. Parr, C.; Davies, G.; Nakamura, T.; Matsumoto, K.; Mason, M.D.; Jiang, W.G. The HGF/SF-induced 

phosphorylation of paxillin, matrix adhesion, and invasion of prostate cancer cells were 

suppressed by NK4, an HGF/SF variant. Biochem. Biophys. Res. Commun. 2001, 285, 1330–1337. 

29. Yamada, S.D.; Hickson, J.A.; Hrobowski, Y.; vander Griend, D.J.; Benson, D.; Montag, A.; 

Karrison, T.; Huo, D.; Rutgers, J.; Adams, S.; et al. Mitogen-activated protein kinase kinase 4 

(MKK4) acts as a metastasis suppressor gene in human ovarian carcinoma. Cancer Res. 2002, 62, 

6717–6723. 

30. Strzelczyk, B.; Szulc, A.; Rzepko, R.; Kitowska, A.; Skokowski, J.; Szutowicz, A.; Pawelczyk, T. 

Identification of high-risk stage II colorectal tumors by combined analysis of the NDRG1 gene 

expression and the depth of tumor invasion. Ann. Surg. Oncol. 2009, 16, 1287–1294. 

31. Kalaydjieva, L.; Hallmayer, J.; Chandler, D.; Savov, A.; Nikolova, A.; Angelicheva, D.; King, R.H.; 

Ishpekova, B.; Honeyman, K.; Calafell, F.; et al. Gene mapping in Gypsies identifies a novel 

demyelinating neuropathy on chromosome 8q24. Nat. Genet. 1996, 14, 214–217. 

32. Maruyama, Y.; Ono, M.; Kawahara, A.; Yokoyama, T.; Basaki, Y.; Kage, M.; Aoyagi, S.; 

Kinoshita, H.; Kuwano, M. Tumor growth suppression in pancreatic cancer by a putative metastasis 

suppressor gene Cap43/NDRG1/Drg-1 through modulation of angiogenesis. Cancer Res. 2006, 

66, 6233–6242. 

33. Levenson, A.S.; Jordan, V.C. MCF-7: The first hormone-responsive breast cancer cell line. 

Cancer Res. 1997, 57, 3071–3078. 

34. Yoshida, B.A.; Sokoloff, M.M.; Welch, D.R.; Rinker-Schaeffer, C.W. Metastasis-suppressor 

genes: A review and perspective on an emerging field. J. Natl. Cancer Inst. 2000, 92, 1717–1730. 

35. Liu, Y.N.; Lee, W.W.; Wang, C.Y.; Chao, T.H.; Chen, Y.; Chen, J.H. Regulatory mechanisms 

controlling human E-cadherin gene expression. Oncogene 2005, 24, 8277–8290. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


