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Abstract   

A common in vitro response for many chemopreventive and antitumor agents, including 

some cyclooxygenase inhibitors, is the increased expression of NAG-1/MIC-1/PDF. The 

experimental anti-cancer drug 5F203 was a potent inducer of NAG-1 expression, and in 

MCF-7 cells, inhibited cell growth and induced apoptosis. NAG-1 siRNA blocked NAG-

1 expression and 5F203 induced apoptosis in MCF-7 cells, indicating that NAG-1 may 

mediate the apoptosis and anti-cancer activity. One mechanism by which 5F203 increases 

NAG-1 expression is by increasing the stability of NAG-1 mRNA, dependent of de novo 

protein synthesis.  ERK1/2 phosphorylation was increased by 5F203, and inhibition of 

ERK1/2 phosphorylation abolished the induction of NAG-1 protein expression and 

increased the stability of NAG-1 mRNA. Thus 5F203 regulates NAG-1 expression by a 

unique mechanism as compared to other drugs.  A mouse orthotopic mammary tumor 

model was used to determine if 5F203 increased NAG-1 expression in vivo and 

suppressed tumor growth. Treatment of the mice with Phortress, the pro-drug of 5F203, 

increased the in vivo expression of NAG-1 as measured by real-time RT-PCR from RNA 

obtained by needle biopsy, and the expression correlated with a reduction of tumor 

volume. These results confirm that NAG-1 suppresses tumor growth, and its in vivo 

expression can be controlled by treating mice with anti-cancer drugs like Phortress. 

Drugs that target NAG-1 could lead to a unique strategy for the development of 

chemotherapeutic and chemopreventive agents. 
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Chemoprevention and chemotherapy is an area of considerable public interest and 

an intense area of cancer research. A major effort has been devoted by the medical 

community to determine the feasibility of using cyclooxygenase (Cox) inhibitors, 

particularly Cox-2 inhibitors, in the prevention of colorectal cancer. However, the 

recently revealed cardio-toxicity of Cox-2 inhibitors detected in chemoprevention clinical 

trials appears to exclude their long-term use as chemopreventive drugs. The 

cardiotoxicity is apparently the result of inhibition of Cox-2 and prostaglandin formation. 

However, clearly the anti-cancer activity of NSAIDs is not solely dependent on inhibition 

of Cox, and other mechanisms are also responsible for the chemoprevention of cancer by 

these drugs. A critical gene we have shown to be regulated by Cox inhibitors, 

independent of Cox inhibition, is the NSAIDs-Activated Gene (NAG-1) (Baek et al., 

2001b). NAG-1 is a member of the transforming growth factor-beta (TGF-ß1) 

superfamily and has proapoptotic and antitumorigenic activities. NAG-1 is also known as 

Macrophage Inhibitory Cytokine-1 (MIC-1), Growth/Differentiation Factor-15 (GDF-

15),Prostate Derived Factor (PDF) and Placental TGF-β (PTGF-B) (Baek and Eling, 

2006). Not only is NAG-1 regulated by Cox inhibitors but also by an increasing number 

of chemopreventive and anti-tumorigenic chemicals. Transcriptional regulation of NAG-

1 is complex, and the promoter sequence has many different cis- and trans-acting 

promoter elements (Baek et al., 2001a). Additionally, NAG-1 appears to be a potentially 

important downstream target of three tumor suppressor genes. NAG-1 expression is 

regulated by the tumor suppressor genes p53 (Baek et al., 2002a; Baek et al., 2004a) and 

early growth response gene-1 (EGR-1) (Baek et al., 2004b). Recently, we have identified 

NAG-1 as a novel negative downstream target of the PI-3-kinase/AKT/GSK-3β pathway 
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(Yamaguchi et al., 2004). Thus, NAG-1 appears to be a central and possibly key protein 

regulated by these tumor suppressor pathways.  

 The mechanism by which this protein acts to suppress tumor growth is not clear. 

Compelling evidence in the literature supports the hypothesis that NAG-1 regulates 

apoptosis in a number of cells including human colorectal and breast cells. Since most of 

the data on the biological activity and expression is based on in vitro experiments, it is 

important to confirm the activity in vivo and to confirm that drug-targeted, NAG-1 up-

regulation in an intact animal can be correlated with inhibition of tumor development. A 

potent drug with characterized anti-cancer activity in vivo would be useful to obtain these 

results. One candidate drug is 2-(4-amino-3-methylphenyl)-5-fluorobenzothiazole 

(5F203). 5F203 is the active moiety of Phortress (NSC 710305), a drug that is in the early 

phase I clinical studies in cancer patients. The anti-tumor activity of this drug is based on 

the growth inhibitory and cytocidal activity in specific tumor cell lines and on the 

inhibition of a variety of xenografts including MCF-7 (Bradshaw et al., 2002).  The 

mechanism for the anti-tumor activity is not clearly known, but the drug does offer the 

advantage of not being a Cox inhibitor and thus is devoid of toxic side effects associated 

with this class of drugs.  MCF-7 breast cancer cells are sensitive to the antiproliferative 

activity of 5F203, and cDNA microarray analysis revealed NAG-1 as the most highly 

5F203-induced gene in the MCF-7 cell line (Monks et al., 2003).  If the activity of this 

potent antitumorigenic drug is dependent on NAG-1, it may be a useful model to show 

that the increase in NAG-1 expression in vivo can be correlated with the in situ NAG-1 

expression and reduced tumor growth. 
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The goals of this study were to (a) determine if NAG-1 expression is increased by 

5F203 and ascertain the regulatory mechanism underlying it, (b) determine if the 

biological activity of 5F203 is dependent on NAG-1, (c) determine if NAG-1 inhibits 

MCF-7 tumor development in mouse xenographs, and (d) demonstrate in an animal 

model whether 5F203 can exert its anti-tumorigenic activity by targeting the up-

regulation of NAG-1 in vivo. 
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Methods 

Chemicals and Treatment: 2-(4-amino-3-methylphenyl)-5 Fluorobenzothiazole (5F203) 

and Phortress (NSC 710305), the L-lysylamide prodrug, are developed by The Drug 

Synthesis and Chemistry Branch of the Developmental Therapeutics Program, DCTD, 

NCI.  Phortress mice treatment: Stock solutions were prepared in DMSO at a 

concentration of 40 mM, aliquoted, and kept frozen at -80 ˚C until required. For 

treatment of nude mice with Phortess, the drug was administered by intraperitioneal (IP) 

three times a day for 4 days then rested for ten days, and then the treatment schedule was 

repeated.  

Cell Culture Conditions: The MCF-7 cells, MDA-MB-435 cells, and HCT-116 cells 

were acquired from ATCC (Rockville, MD). HCT-116 cells null for p53 were obtained 

from Dr. Bert Vogelstein (Johns Hopkins University, Baltimore MD). 

Cell Proliferation:  On day zero, 50,000 cells were plated in a 96-well tissue culture 

plate (Nunclon; Nunc A/S, Roskilde, Denmark). Cells were incubated for various 

indicated times. On day 1, 50 µl of medium was added for further incubations up to 72 h. 

The number of viable cells was determined daily by an MTS (3-[4,5-dimethylthiazol-2-

yl-5]-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-2H tetrazolium) nonradioactive cell 

proliferation assay (Promega, Madison, WI). Briefly, 25 µL of freshly prepared MTS 

mixture was added, and after 1 h absorbance at 490 nm was measured. Each experiment 

was repeated at least three times.  

Cycloheximide Treatment:  Cells grown to 60-80 % confluency were washed with PBS, 

and then treated with serum-free medium containing DMSO plus or minus 5 µg/ml 

cycloheximide (Sigma, St. Louis, MO).  After 30 min, 5F203 or vehicle was added 
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directly to the media.  Cells were harvested 24 h after the addition of 5F203 (500 nM) 

and analyzed by Real-time PCR, as described below.  

MCF-7 Orthotopic Tumors: In nude mice, a 1-1.5 cm, ventral, midline incision was 

made through the skin in the abdominal region, and a flap of skin was bluntly dissected 

from the abdominal wall, exposing the ventral aspect of the # 4 mammary gland.  A 

syringe with a 27G needle was used to make the injection of 7x106 MCF-7 breast cancer 

cells in 0.1 ml of PBS. Mice were given 3 mg/kg estradiol every 7 days subcutaneously 

throughout the experiment. The mice were treated with Phortress starting on day 20. 

Control mice were treated with the vehicle.  Growth curves for xenograft tumors were 

determined by external measurements from two dimensions. Tumor measurements began 

when the size was more than 3 mm in diameter (around 14 days after injection). Tumor 

volume or weight was determined respectively by the equations V=[(L+W) 0.5] x L x W 

x 0.5236 and weight (in mg) = [(length) x width x width)]/2 

Ectopic Expression of NAG-1 in MCF-7 Cells:  MCF-7 cells lines were engineered to 

over-express NAG-1 or empty vector.  The stable cell lines were grown in DMEM media 

supplemented with 250 µg/ml G-418 (Invitrogen, Calsbad, CA).  Log-phase NAG-1 was 

resuspended in PBS, and then injected into mice at a concentration of 1x107 cells in 50 µl 

as described above.  

In Vivo Analysis of NAG-1: Samples of the mouse tumors were obtained by Fine Needle 

Aspirates from the mammary fat pad of nude mice 6 and 24 h after 15 or 10 mg/kg 

treatment with Phortress. RNA samples were isolated using a Qaigen RNeasy mini kit 

(Valencia, CA).  NAG-1 expression in the samples was measured using Applied 
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Biosystems, (Foster City, CA) TaqMan real-time PCR. GAPDH was used as the 

endogenous control.  

Western Blot Analysis: Anti-human-NAG-1 antibody that recognizes both the precursor 

and secreted forms of NAG-1 (Baek et al., 2001b) developed in this laboratory was used. 

Actin antibody was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). 

ERK1/2 and phosphorylated ERK1/2 was obtained from Cell Signaling (Beverly, MA). 

Phospho GSK-3β, AKT, and phospho AKT (Ser 473) antibodies were purchased from 

from Cell Signaling (Beverly, MA). Cells were grown to 60-80 % confluency in 10 cm 

plates followed by 24 h additional growth in the absence of serum. Cells were treated 

with indicated compounds, and total cell lysates were isolated using 0.1 M Tris/pH 8.0 

containing proteinase inhibitors (Sigma, MO). After sonication of samples, proteins (30 

µg) were separated by SDS-PAGE and transferred for 1 h to nitrocellulose membrane 

(Schleicher & Schuell, NH). The blots were blocked overnight with 5 % skim milk in 

TBS/Tween 0.05 % (TBS-T), and probed with each antibody for 2 h at room temperature.  

After washing with TBS-T, the blots were treated with horseradish peroxidase-

conjugated secondary antibody for 1 h and washed several times. Protein bands were 

detected by the enhanced chemiluminescence system (Amersham, IL). 

NAG-1 siRNA and Apoptosis:  The NAG-1 siRNA construct and NAG-1 scrambled 

sequence siRNA construct were gifts from Jim Lambert (University of Colorado Health 

Sciences Center, Department of Pathology, Denver, CO). The oligonucleotides used for 

generating NAG1 siRNA were 5’-

GGGACCCTCAGAGTTGCACTCAAGCTTGAGTGCAACTCTGAGGGTCCCTTTTT

G-3’ and 5’-
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AATTCAAAAAGGGACCCTCAGAGTTGCACTCAAGCTTGAGTGCAACTCTGAGGGTCC

C-3’; the oligonucleotides used for generating the control siRNA containing a scrambled 

sequence were 5’-

GGGTTCCTACAGCACGCTCAAAGCTTTGAGCGTGCTGTAGGAACCCCTTTTTG

-3’ and 5’-

AATTCAAAAAGGGGTTCCTACAGCACGCTCAAAGCTTTGAGCGTGCTTGTAG

GAACCC-3’. Cells at 60-80 % confluency were transfected using Fugene 6 (Roche 

Diagnostics Corp., Indianapolis, IN) with NAG-1 siRNA (2 µg/well) or with the 

scrambled NAG-1 siRNA (2 µg/well) overnight. Media was removed and the cells 

washed with PBS then treated with 5F203 (100-500 nM) or vehicle in media containing 

reduced serum (1 %) for up to 48 h.  Cells were harvested at 24 h and analyzed by 

Western blot, as described above and harvested at 48 h for apoptosis analysis.  For 

apoptosis, cells were washed with PBS, trypsinized, collected, washed in ice-cold PBS, 

and fixed by the slow addition of 75 % ethanol to a total of 5 ml and stored at 4 ˚C 

overnight. Fixed cells were pelleted, then washed with PBS and stained with 20 µg/ml 

propidium iodide (PI) and 1 mg/ml RNase in PBS for 20 min.  Cells were examined by 

flow-cytometry using Becton-Dickinson FAC Sort and CellQuest Software. Apoptosis 

was measured by the level of sub-diploid DNA in cells. 

NAG-1 promoter activity:  The NAG-1 promoter constructs were prepared as described 

previously (Baek et al., 2001a).  Specific constructs included the following promoter 

regions: -133/+70, -966/+41, -966/+70, -5700/+70, and -133/+70 with NAG-1 intron. 

HCT-116 or MCF-7 cells were co-transfected with the NAG-1 promoter cloned into the 

pβgal basic vector (BD Biosciences) or into the luciferease vector and with the pRL null 
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vector (Promega) to control for transfection efficiency. Lipofectamine (Invitrogen, MD) 

was used to transfect the cells for 5 h. Media containing serum was then added and cells 

were incubated at 37 ˚C overnight. To treat cells, serum-free media containing either 

5F203, negative control (DMSO), or positive control (sulindac sulfide or troglitazone) 

was added. After 24 h of drug treatment, cells were lysed using Passive Lysis buffer 

(Promega), and β-gal activity was measured using a luminometer and normalized using 

the β-gal/pRL null ratio for comparison of the various samples. After 24 h of transfection, 

luciferase activity was determined and normalized to the pRL-null luciferase activity with 

a Dual Luciferase Assay Kit (Promega, WI).   

RNA Stability in the Presence of Actinomycin D: MCF-7 or HCT-116 cells were 

plated into 6 well plates at 2 x 105 cells per well, grown to 60-80 % confluency, and then 

treated with either DMSO or 5F203 in serum-free medium.  After 24 h, 5 µg/ml 

actinomycin D (Sigma, St. Louis, MO) was added for the indicated length of time. Cells 

were lysed in Qiagen RNA isolation buffer (Valencia, CA) and RNA purified using the 

Qiagen RNeasy kit.  Total RNA was reverse transcribed using MMLV reverse 

transcriptase, and real time PCR was performed using a SYBR Green PCR Master Mix 

(Applied Biosystems, Foster City, CA) according to the manufacturer’s instructions.  

Actin was used as the endogenous control.  A negative control containing all the reagents 

and cDNA in the absence of the Reverse Transcriptase enzyme (no RT control) was 

routinely performed.  Primers used for NAG-1 were 5'-TGCCCGCCAGCTACAATC-3' 

and 5'-TCTTTGGCTAACAAGTCATCATAGGT-3', and for actin: 5’-

CCTGGCACCCAGCACAAT-3’, and 5’-GCTGATCCACATCTGCTGGAA-3’.  The 
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relative level of normalized NAG-1 mRNA was calculated, and the results were plotted 

as the ratio of the mRNA level present at time 0 of actinomycin D treatment.   

ERK1/2 inhibitor studies:  Cells at 60-80 % confluence were treated with DMSO, 

PD98059 (Calbiochem, San Diego, CA), or U0126 (Cell Signaling Technology Inc, 

Beverly, MA) in serum-free medium.  After 30 min, either DMSO or 5F203 was added 

directly to the media.  After 24 h, cells were both harvested and analyzed by western blot, 

as described above, or treated with 5 µg/ml Actinomycin D (Sigma, St. Louis, MO) for 

the indicated times. Then cells were harvested and analyzed by real-time PCR, as 

described above. 
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Results 

5F203 induces NAG-1 Expression.  The human colon adenocarcinoma, HCT-116 cell 

line has been used by this laboratory as a model system to investigate the regulation of 

NAG-1 expression (Baek et al., 2001b) and compare NAG-1 induction by 

chemopreventive chemicals. Initial studies therefore, focused, in this well defined model, 

on the response of NAG-1 to 5F203. Robust induction of NAG-1 was observed following 

treatment with 5F203, and this induction was dependent on incubation time and the drug 

concentration (Fig. 1A and B). The time course of  NAG-1 protein expression was similar 

to the course observed previously (Monks et al., 2003), in that the highest expression was 

observed after 24hrs ( Fig 1A). An increase in NAG-1 expression was observed at 10 nM 

5F203, the lowest concentration tested. Thus, 5F203 was more potent than any other drug 

we have tested in its ability to increase NAG-1 expression in HCT-116 cells (Baek et al., 

2001b).  

To examine whether 5F203 induction of NAG-1 expression was dependent on de novo 

synthesis of the protein, cells were pre-treated with the translational inhibitor 

cycloheximide for 30 min.  As shown in Table 1, 5F203-induced NAG-1 mRNA 

expression was inhibited by the presence of cycloheximide, suggesting that the 

upregulation of  NAG-1 expression by 5F203 requires, in part, de novo protein synthesis 

of a regulatory intermediate proteins as observed for other drugs (Baek et al., 2005). 

Phase I cancer clinical studies using the pro-drug form of 5F203 (Phortress) are based, in 

part, on inhibition of tumor growth with the breast cancer cell lines in the nude mouse 

xenograft model and other biochemical data (Bradshaw and Westwell, 2004).Thus, it was 
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important to determine if 5F203 increased NAG-1 expression in human breast cancer 

cells. Two human tumor cell lines were used:,the MCF-7 cells, which are responsive to 

5F203 and MDA-MB-435,  which are non-responsive to 5F203 (Bradshaw et al., 2002). 

To measure the expression of NAG-1 protein in MCF-7 cells, cells were incubated with 1 

µM 5F203 for up to 96 hrs (Fig. 1C). A time dependent increase in NAG-1 protein 

expression was observed in the MCF-7 cells (Fig. 1C). 5F203 was also a potent NAG-1 

inducer in MCF-7 cells with induction observed as low as 10 nM, and maximal induction 

with 100 to 500 nM (Fig. 1D). Also, NAG-1 induction by 5F203 treatment was observed 

in the human prostate cancer cells LNCaP and PC3, but we did not observe an increase in 

the expression of NAG-1 in MDA-MB-435 cells (data not shown).  To determine the 

optimal concentration of 5F203 to alter cell growth of MCF-7, cell proliferation was 

measured after treatment with 5F203, which was a potent inhibitor of cell proliferation 

(Table 2). Both a time and concentration dependent inhibition of cell growth was 

observed, which was similar to the time and concentration dependence of NAG-1 

induction.  The growth of MDA-MB- 435 cells has been shown not to be inhibited by 

5F203 (Bradshaw et al., 2002). 

Effect of 5F203 on NAG-1 Transcription. NAG-1 has been reported to be regulated by 

many chemicals at the transcriptional level (Li et al., 2000; Baek et al., 2001a; Baek et 

al., 2001b; Baek et al., 2002a; Baek et al., 2004a; Baek et al., 2004b; Baek et al., 2005) 

and some of which are dependent on de novo protein synthesis (Newman et al., 2003; 

Baek et al., 2005).   Regulation of NAG-1 at the transcriptional level was examined with 

various promoter constructs designed with different regions of the 5 kb 5’ flanking region 

and inserted into luciferase and β-galactosidase reporting plasmids in HCT-116 and 
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MCF-7 cells. However, despite incubation with several concentrations of 5F203, we 

could not detect any drug-induced increase in the promoter activity. Furthermore, 

incubation with 5F203 also inhibited the basal activity of the promoters. The 5F203 

appears to inhibit luciferase and β-galactosidase activities or is toxic to the promoter 

constructs; thus this approach cannot be used to investigate the transcriptional regulation 

(data not shown). 

 The expression of NAG-1 is regulated by anti-tumorigenic chemicals at the 

transcriptional level and is mediated by tumor suppressor gene p53, by EGR-1, and by 

GSK-3β/AKT, three pathways linked to tumor growth.  HCT-116 and MCF-7 cells were 

incubated with either 1 µM 5F203 or 30 µM sulindac sulfide and the expression of EGR-

1 measured by Western analysis. As shown in Fig. 2A, for HCT-116 cells, sulindac 

sulfide, a positive control (Baek et al., 2005), increased the expression of EGR-1, but 

5F203 was ineffective at increasing the expression of EGR-1. Similar results were 

observed in MCF-7 cells (data not shown). These results indicate that 5F203 does not 

increase NAG-1 by altering EGR-1 expression.  

In order to determine if the increase in NAG-1 by 5F203 was dependent on p53, we 

treated HCT-116 cells that were made null for p53 with 5F203.  As shown in Fig. 2B, 

these cells did not express p53 protein but 5F203 effectively increased the expression of 

NAG-1. Thus, 5F203 increased the expression of NAG-1 in both p53 wild type and p53 

null cells. Furthermore, the forced expression of p53 into the HCT116 null cells did not 

alter the response to 5F203 (data not shown).  Because NAG-1 expression is also 

regulated down stream of AKT, we incubated MCF-7 cells with 1 µM 5F203 and the cell 

lysates were analyzed for GSK-3β and phosphorylated GSK-3β, AKT, and 
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phosphorylated AKT expression (Fig. 2C). However, we did not observe changes in the 

expression of these proteins after treatment with 5F203. Thus, 5F203 did not appear to 

alter the expression of NAG-1 by established transcriptional mechanisms examined, but 

we cannot rule out other transcriptional mechanisms.   

5F203 stimulates ERK Phosphorylation. The effect of 5F203 on the phosphorylation of 

several regulatory proteins was examined in HCT-116 and MCF-7 cells. 5F203 did not 

alter p38 expression or p38 phosphorylation (data not shown), but it did alter the 

phosphorylation of ERK1/2 in HCT-116 cells (Fig. 3A). The expression of total ERK 1/2 

was not altered by 5F203. We next determined if the expression of NAG-1 was 

dependent on ERK 1/2 phosphorylation. MCF-7 and HCT-116 cells were incubated with 

5F203 in the presence and absence of PD98059, an inhibitor of ERK 1/2 

phosphorylation. As shown in Fig. 3B, the inhibitor PD98509 suppressed the 5F203 

induction of NAG-1 protein. Similar results were obtained with the ERK inhibitor U0216 

(data not shown).  

Effect of 5F203 on RNA Stability.  Since 5F203 does not apparently affect NAG-1 

expression by the known transcriptional factors, we suspected that 5F203 may affect 

NAG-1 expression at the post-transcriptional level. 5F203 could act post-transcriptionally 

by increasing mRNA stability. MCF-7 cells were treated with 5F203 or vehicle for 24 h 

and then transcription was inhibited by the addition of actinomycin. RNA was harvested 

following different time points after RNA transcription was halted and levels of NAG-1 

mRNA were determined by real-time RT-PCR. Incubation with 5F203 increased the half-

life of NAG-1 mRNA in the MCF-7 cell line from ~18 min to ~54 min (Fig. 4). This 

increase in NAG-1 mRNA was subsequently confirmed by Northern analysis in the HCT-
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116 cell line (data not shown).  Thus, 5F203 increased the expression of NAG-1 protein 

via a post-transcriptional mechanism, in turn increasing mRNA stability.  

We next examined the effect of the ERK inhibitor on 5F203-mediated increases in the 

half life of NAG-1 mRNA. Inhibition of ERK phosphorylation inhibited the 5F203-

dependent increase in the half-life of mRNA from ~54 min to ~35 min (Fig. 4) but did 

not alter the mRNA stability in the absence of 5F203( ~16min). These results suggest that 

ERK 1/2 kinase may play an important role in the 5F203 induced NAG-1 expression. 

 5F203 Induction of Apoptosis is blocked by NAG-1 siRNA. The controlled expression 

of NAG-1 in MCF-7 and HCT-116 cells induces apoptosis and may, in part, be 

responsible for the anti-cancer activity of NAG-1 as measured in mouse xenograph 

models (Baek et al., 2001b). To link the anti-tumorigenicity of 5F203 to NAG-1 pro-

apoptotic activity, we transfected MCF-7 cells with NAG-1 siRNA or scrambled NAG-1 

siRNA (vector) and then incubated cells with 5F203 (100-500 nM) and measured 

apoptosis and NAG-1 expression (Fig. 5). A large induction of NAG-1 was observed at 

24 h in cells transfected with the scrambled siRNA and treated with 5F203. In contrast, 

cells transfected with NAG-1 siRNA and then treated with 5F203 showed minimal 

induction of NAG-1 protein (Fig. 5A). Incubation of the scrambled siRNA-transfected 

cells with 5F203 increased apoptosis compared to control, DMSO-treated cells (Fig. 5B). 

In contrast, cells transfected with NAG-1 siRNA and then treated with 5F203 showed a 

significantly reduced apoptosis. These data support the conclusion that 5F203-induced 

apoptosis in MCF-7 cells is mediated, in part, by the increased expression of NAG-1.   

5F203 Blocks Growth of Tumors in vivo by Induction of NAG-1. The anti-

tumorigenic properties of 5F203 on MCF-7 tumors in vivo may be dependent, in part, on 
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NAG-1 expression. Nude mice injected with MCF-7 cells into the mammary fat pad were 

injected with 5F203 in the form of its L-lysylamide prodrug Phortress (NSC 710305). We 

measured the size of orthotopic mammary tumors and used Real-time PCR to measure 

the levels of NAG-1 in the tumors.  The median mammary tumor weight was effectively 

decreased by up to 75 % (Fig. 6A) following treatment of the mice with Phortress. To 

relate the inhibition of tumor growth with NAG-1 expression, samples of the tumors were 

removed by needle biopsy at 6 and 24 h after initiation of drug treatment, and the in situ 

NAG-1 expression was measured by real-time RT-PCR. Phortress caused an apparent 

dose-dependent increase in the expression of NAG-1 mRNA in the tumors at both 6 and 

24 hours after drug treatment (Fig. 6B). A statistically significant difference (p < 0.05) 

was observed at the 15 mg/kg dose at both times but not at 10mg/kg as compared to the 

untreated mice although the dose dependence is apparent on inspection of the data. In 

addition an inverse relationship was observed between the size of the tumor and the 

expression of NAG-1 RNA (data not shown). To confirm that NAG-1 expression in 

MCF-7 cells can directly inhibit tumor growth in an orthotopic tumor model, MCF-7 

cells were developed that over express NAG-1.  Antisense vectors were not used since 

MCF-7 cells express very low levels of NAG-1. Overexpression of NAG-1 in the 

developed cells (Fig. 6C) was confirmed using western blot analysis with a pool of 

transfected cells since it was not possible to isolate individual clones due to the apoptosis 

induced by NAG-1 expression. The NAG-1 expressing cells were injected into the 

mammary fat pad of nude mice, and tumor growth was measured as shown in Fig. 6C. 

The overexpression of NAG-1 reduced the size of the orthotopic tumor by approximately 

50%. These findings indicate that an increase in the in situ NAG-1 expression occurs in 
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the orthotopic mammary tumor as a result of treatment of the nude mice with Phortress. 

These results support the hypothesis that the in vivo induction of NAG-1 mediates the 

inhibition of tumor growth by Phortress in the mouse orthotopic mammary model.   
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Discussion 

A common biological response of many chemopreventive agents is the increased 

expression of the protein NAG-1/MIC-1/PDF, a member of the TGF-β superfamily (Baek 

et al., 2002a; Baek et al., 2002b; Bottone et al., 2002; Wilson et al., 2003; Baek et al., 

2004a; Baek et al., 2005; Lee et al., 2005). Considerable evidence obtained from in vitro 

experiments and biochemical data indicated that this protein has a pro-apoptotic activity. 

The anti-tumor activity is based solely on the inhibition of tumor growth of human 

colorectal cells in a nude mouse xenograph model (Baek et al., 2001b). In this report we 

have confirmed the anti-tumor activity of NAG-1 and extended these findings to 

inhibition of mammary tumors formed from human breast cancer cells.  The 

pharmacological agent 5F203 has well documented anti-cancer activity and has lead to 

the development of the prodrug Phortress that is entering Phase 1 clinical trials in the 

United Kingdom (Bradshaw et al., 2002). Of the drugs and chemicals this laboratory has 

so far tested in a colon carcinoma cell culture model system, 5F203 is by far the most 

potent drug to induce NAG-1 in vitro.  Thus, 5F203 was selected as a model drug to 

determine if it is possible for a drug to alter the in vivo expression of NAG-1 and then to 

test for a correlation of NAG-1 expression with reduction of tumor growth.  The 

mechanisms responsible for the anti-cancer activity of 5F203 are not fully understood, 

and most likely several possible mechanisms are responsible for the activity.   

Induction of NAG-1 protein by 5F203 has been confirmed in several cell lines, including 

the MCF-7 breast cancer cell line, which has been used to establish the anti-cancer 

activity of 5F203 in mouse models of cancer (Bradshaw et al., 2002; Monks et al., 2003). 

5F203 inhibits cell growth of MCF-7 cells and stimulates apoptosis of MCF-7 cells in 
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culture. The controlled expression of NAG-1 in these cells stimulates apoptosis in vitro, 

and MCF-7 cells engineered to express NAG-1 form smaller tumors than the vector 

control cells. In support of the role of NAG-1 as a key proapoptotic stimuli induced by 

5F203, siRNA for NAG-1 blocks the transcription of NAG-1 and leads to inhibition of 

5F203-induced apoptosis and NAG-1 protein expression. Furthermore, the correlation of 

NAG-1 expression with the reduction of tumor growth by 5F203 treatment is supported 

by studies with MDA-435 cells. Mammary tumors derived from MDA-MB-435 cells in 

the mouse orthotopic model do not respond to treatment with the pro-drug Phortress 

(Bradshaw and Westwell, 2004), nor does 5F203 cause an increase in NAG-1 expression 

in MDA-435 cells.   These data indicate that the expression of NAG-1 is an important 

component in the anti-tumorigenic activity of 5F203.  

 Treatment of mice with the prodrug Phortress inhibited growth of MCF-7 derived 

tumors in the mouse mammary breast cancer model and increased the in situ expression 

of NAG-1 RNA in the tumors. In addition, there appears to be an inverse relationship 

between tumor size and in vivo NAG-1 expression. Treatment of mice with 5F203 

increased the expression of NAG-1 in situ, and inhibited tumor growth. The results 

clearly support the hypothesis that the anti-tumorigenic effect of 5F203 is mediated in 

part, by the induction of NAG-1.  Modlich et al., recently examined gene expression in 

biopsies from primary breast cancer prior to and after neoadjuvant chemotherapy, which 

is associated with improved survival (Modlich et al., 2004). Two genes p21 and NAG-1 

were up-regulated most prominently in the post-treatment biopsy samples. Thus, an 

increase in the expression of NAG-1 is observed after drug treatment in both a mouse 

tumor model and in patients with primary cancer.  These findings raise the possibility for 
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the development of other chemopreventive or anticancer chemicals that act by increasing 

the expression of NAG-1 in the tumor.  

 Regulation of NAG-1 appears to be complex, involving both transcriptional and 

post-transcriptional mechanisms. NAG-1 is regulated via a number of different cis- and 

trans-acting promoter elements present in the promoter sequence, and most of the 

chemical and drugs we have studied increase NAG-1 by transcriptional mechanisms. In 

contrast, AHPN an RXR agonist,  increased NAG-1 expression  by a post-transcriptional 

mechanism that altered NAG-1 mRNA stability, and for this retinoid the increase in 

mRNA stability was regulated independent of ERK1/2 (Newman et al., 2003). Although 

we cannot completely rule out a transcriptional mechanism without additional data, we 

show here that the increased NAG-1 protein expression from 5F203 treatment is 

mediated by increasing the stability of NAG-1 mRNA. In contrast to AHPN, the 

increased stability is partially dependent on ERK1/2.  5F203-induced ERK1/2 

phosphorylation and NAG-1 expression can be effectively inhibited by an ERK1/2 

inhibitor. The ERK pathway is also linked to post-transcriptional regulation. Indeed, the 

ERK pathway controls tumor necrosis factor-α, interleukins, and β-adrenergic receptor 

expressions at the post-transcriptional levels (Rutault et al., 2001). The 3’UTR of NAG-1 

mRNA contains four AU-rich elements that could determine the stability of NAG-1 

mRNA.  Other evidence points to the MAPK pathway as a regulator of mRNA stability 

(Headley et al., 2004). The suppression of 5F203 induction of NAG-1 by cycloheximide 

suggests the de novo synthesis of proteins is responsible for the stabilization of the 

mRNA. This finding was unexpected and points to a novel mechanism for the regulation 
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of NAG-1 by this drug.  The results illustrate the complex nature of the regulation of 

NAG-1 expression and a mechanism not fully understood.  

 In summary, we have presented evidence demonstrating that the expression of 

NAG-1 attenuates tumor growth, supporting NAG-1 as an important mediator for the 

activity of 5F203, an anti-tumorigenic drug in clinical trials for cancer. 5F203 increases 

the expression by a novel post-transcriptional mechanism that mediates an increase in the 

stability of NAG-1 mRNA, resulting in an increase in protein expression.  The in vivo 

expression of NAG-1 is increased in the mammary tumors by drug treatment, and that 

increased expression correlates with reduced mammary tumor growth. We propose that 

NAG-1 is a key modulator in tumor suppression by a number of chemopreventive and 

antitumorigenic chemicals and may provide a common pathway to explain the anti-

cancer activity of these structurally and chemically diverse xenobiotics. 
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Legends for Figures
 
Figure 1.  5F203 induces NAG-1 in human cells.  

HCT-116 and MCF-7 cells were treated with 5F203 or vehicle, and cell lysates were 

isolated. Western analysis was performed using NAG-1 and Actin antibodies. STD 

indicates cell lysates from troglitazone-treated HCT-116 cells. 

(a)  Induction of NAG-1 protein in HCT-116 cells after treatment with 5F203 (1 µM) at 

the indicated times and (b) Concentration-dependent increased expression of NAG-1 in 

HCT-116 cells  after treatment with 5F203 for 24 h. (c)  Induction of NAG-1 in MCF-7 

protein after treatment with 5F203 (1 µM) at the indicated times. (d) Concentration-

dependent increased expression of NAG-1 in MCF-7 after treatment with 5F203 for 24 h.  

  

 

Figure 2. 5F203 induction of NAG-1 is independent of EGR-1, p53, and AKT.  

(a)  EGR-1 and NAG-1 expression as measured by Western analysis after incubation of 

HCT-116 cells with either sulindac sulfide (30 µM) or 5F203 (1 µM).  (b) The expression 

of NAG-1 after 5F203 treatment (1 µM) (shown as a +) or vehicle (shown as a -) in HCT-

116 p53-/- cells. STD indicates cell lysates from troglitazone-treated HCT-116 cells. 

 (c) Western analysis of AKT and GSK-3β phosphorylation in MCF7 cells treated with 

5F203 (1 µM) for 12-48 hr. 

 

Figure 3. Inhibition of NAG-1 expression by an ERK1/2 inhibitor. (a) Total-ERK1/2, 

phospho-ERK1/2, and actin protein from HCT-116 cells incubated with 1 µM 5F203. (b) 
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Western blot of HCT-116 cells pretreated with DMSO or PD98059 in serum-free 

medium, then treated with 5F203 (1 µM) for 24 h.   

 

Figure 4.  5F203 increases RNA stability. (a) Changes in NAG-1 mRNA half-life in the 

MCF-7 cell line treated with 5F203 (1 µM), PD980159, or pretreatment with PD980159 

followed by 5F203 (1 µM) as measured by real-time RT-PCR. Changes in percent NAG-

1 mRNA are relative to initial levels of NAG-1 per respective treatment. Data were 

analyzed as an exponential decay function, Y=100*exp(-K*x) where 0.69/k is the half 

life, using Prism  version 4.0a for Macintosh (Graph Pad software).  

Comparison of estimates of K  for control vs 5F203 treated cells  or  PF vs PD-5F203 

treated cells  were evaluated using an F-test by comparing  models that had either 

independent (different half lives)  or common (same half-life)  values of K.  

In both comparisons the common model using the same value of K was rejected p<0.001 

indicating that values of K, and hence the half lives for the 5F-203 treated cells, were 

different from controls. 

Estimates of     K±SE             half life 

Control 0.038+/-0.0025            18.2 min 

5F203  0.0129 +/- 0.0031  53.5 min 

PD  0.044 +/- 0.0035  15.7 min 

PD-5F203 0.020 +/- 0.002616  34.5 min 

 

Figure 5. Suppression of 5F203 induced NAG-1 expression and apoptosis in MCF-7 

cells by NAG-1- siRNA (a) NAG-1 protein expression measured 24 hrs after treatment 
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with 500 nM 5F203 in MCF-7 cells transfected with NAG-1-siRNA.or scrambled NAG-1 

sequence siRNA.  (b) Apoptosis as measured by Flow Cytometry PI staining in MCF-7 

cells transfected with either NAG-1-siRNA or scrambled NAG-1 siRNA and then treated 

with 5F203 (100 nM) for 48 hrs. The data are the fold increase over the apoptotic 

percentage of cells compared to vehicle treated cells.  The values are the mean ± SD, n = 

3 determinations. The significance was determined by a t-test 

 

Figure 6. In situ expression of NAG-1 and tumor development. (a) Drug-induced 

inhibition of orthotopically implanted MCF-7 tumor growth in nude mice after treatment 

with 5F203 in the form of its L-lysylamide prodrug Phortress (NSC 710305). Because the 

measurements were not normally distributed, the three dose groups were compared using 

nonparametric Kruskal-Wallis analysis of variance (Conover, 1971).  Significant dose 

differences were followed by Mann-Whitney tests comparing each dosed group to the 

control group (Conover, 1971). The data are the means ± SD.  The treated groups are 

different from the control group at p< 0.01 starting at day 27. N= 9 to 12 mice per group. 

 (b) Corresponding induction of NAG-1 in tumors from mice treated i.p with 15 or 10 

mg/kg Q4Dx3 Phortress, 6 or 24 h after the last dose described above. NAG-1 mRNA 

was measured by Taqman real time RT-PCR. GAPDH was used as the endogenous 

control. The values, relative expression compared to respective untreated controls, are 

reported as the mean ± SD for triplicate determination for n = 3 tumor samples. Changes 

in NAG-1 expression levels were detected by ANOVA analysis and differences in mean 

expression were determined with Tukey’s multiple comparison tests. * p<0.05.  
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(c) Inhibition of orthotopic tumors developed from MCF-7cells that over express NAG-1. 

Transgenic MCF-7 breast cancer cells over expressing human NAG-1 or vector only 

were implanted in the mouse mammary fat pad, and the volume of the tumor was 

measured as described in “Materials and Methods”. Using one-sided p-values, the groups 

are significantly different for all of the weeks (p < 0.05) as determined by two sample t- 

tests. N=4 mice per group. The data are reported as means ± SD. 
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Table 1.  Effect of cycloheximide on 5F203 induced NAG-1 mRNA 

Treatment NAG-1 Fold Change 

Control 1.0 ± 0.17 

5F203 
[500 nM] 

10.6 ± 0.27 
 

Cycloheximide [5 
µg/ml] 

 

1.2 ± 0.11 

Cycloheximide [5 
µg/ml]+ 5F203 

[500 nM] 

4.6 ± 0.20  

 
 Values are the means ± S.D. N=4  
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Table 2.  Effect of 5F203 on growth of MCF-7 cells 
 
Hours 1nM 10nM 100nM 1µM 10µM 

24 92.1 + 2.0 
(n = 2) 

78.3 + 2.7 71.1 + 2.5b 73.4 + 3.3b 76.7 + 2.1b 

48 93.7 + 12.5 
(n = 2) 

66.5 + 7.8 49.6 + 2.9a 47.8 + 1.2a 50.7 + 1.6a 

72 87.9 + 9.3 
(n = 2) 

60.4 + 9.3 38.6 + 3.2a,b 36.2 + 1.6a,b 36.7 + 1.4a,b 

Kruskal- 
Wallis p-value 

 
0.95 

 
0.66 

 
0.022 

 
0.002 

 
0.001 

 
Concentration-dependent decrease in viable cells after 24, 48, and 72 hr treatment with 
5F203 as determined by MTS assay. MCF-7 cells were treated with vehicle, or different 
concentrations of 5F203 for several days. Cell growth was measured as described in 
material section. a differs from 24 hr at p < 0.05  b differs from 48 hr at p < 0.05 
The measurement at each time, day, and dose was calculated as a percent of the vehicle 
control value for that time and day.  Kruskal-Wallis analysis of variance (ANOVA) was 
used to determine differences among hours for each dose level (Conover, 1971).  Where 
significant differences were found by the Kruskal-Wallis ANOVA, two-sided Mann-
Whitney tests were used to identify pairs of hours that differed significantly (Conover, 
1971). Values are percent of controls, mean + S.E., n = 3 unless otherwise specified. 
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