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ABSTRACT 
 

O6-methylguanine DNA methyltransferase (MGMT) protects tumor cells from the 

cytotoxic effects of DNA alkylating agents such as 1,3-bis-(2-chloroethyl)-1-nitrosourea 

(BCNU).  To improve the therapeutic index of BCNU, biochemical strategies to inhibit 

MGMT temporarily by systemic administration of small molecules, such as O6-

benzylguanine, have been developed and are showing promise in clinical trials.  In this 

paper, an alternative molecular strategy for modulating BCNU resistance was explored 

using hammerhead ribozymes (Rz) designed to degrade the long-lived MGMT mRNA.  

We had previously identified several ribozymes capable of decreasing MGMT levels in 

HeLa cells (Zhang et al. 2001).  Using colony formation assays, the BCNU-induced cell 

kill was shown to be increased by 1 to 3 logs in the HeLa/Rz clones compared with wild 

type HeLa cells at a BCNU dose of 100 µM.  In the current study, ten randomly selected 

clones of Rz161, 212, and a reconstructed Rz178/212 were assayed for MGMT activity, 

MGMT mRNA, and sensitivity to BCNU.  The thirty clones exhibited almost identical 

results in the 3 assays i.e. nearly undetectable MGMT activity, greatly diminished 

MGMT mRNA, and comparable sensitivity to BCNU using the WST-1 viability assay. 

The effects of catalytically inactive ribozymes (InacRz) carrying a single point mutation 

were compared with their active counterparts in vitro and in stably transfected clones to 

determine if antisense inhibition was a contributor to the inhibition of MGMT activity we 

observed.  Collectively, these results suggest that the hammerhead ribozymes 

characterized in this study will be excellent candidates for future gene therapy approaches 

targeting MGMT. 
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Chloroethylnitrosoureas (CENU), herein represented by 1,3-bis(2-chloroethyl)-1-

nitrosourea (BCNU), are clinically useful cancer chemotherapeutic agents.  However, 

their antineoplastic activities against human tumors are much lower than their activity 

against animal tumors (Carter et al. 1976).  The enzyme O6-methylguanine DNA-

methyltransferase (MGMT) is expressed in more than 80% of human tumor cell lines and 

plays a major role in CENU resistance (Erickson 1991 and Mitra et al. 1993).  MGMT 

prevents the generation of the cytotoxic lesion, the DNA interstrand cross-link between 

guanine and cytosine induced by the CENU, by stoichiometrically removing the 

chloroethyl monoadduct from the O6-position of guanine through a suicidal transfer to the 

active site cysteine thiol.  The replacement of inactivated MGMT requires de novo 

protein synthesis (Kroes and Erickson 1995).  Biochemical strategies have been 

developed to deplete MGMT by pretreatment of tumor cells with alkylating agents, such 

as STZ (Futscher et al. 1989), or alkylguanine analogues, such as O6-benzylguanine 

(Dolan et al. 1991).  These inhibitors make innately CENU-resistant tumor cells 

sensitive.  However, biochemical strategies are not selective for tumor cells over normal 

cells and they inhibit MGMT only temporarily.  The de novo synthesized MGMT 

proteins take the place of inactivated ones and are responsible for the gradual recovery of 

MGMT activity and resistance to CENU in the tumor cells by 24-hours following pre-

treatment with biochemical inhibitors to deplete MGMT (Kroes and Erickson 1995).  

In the present study, an alternative strategy was exploited to deplete the MGMT 

system in tumor cells by inhibiting MGMT de novo protein synthesis using hammerhead 

ribozymes designed to degrade the long-lived MGMT mRNA.  A ribozyme is a single 

RNA molecule containing all of the RNA-encoded functions, that can catalyze the 
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cleavage of the phosphodiester backbone of a target mRNA (Cech et al. 1987, Haselhoff 

et al. 1988).  Since the hammerhead ribozymes can recognize and bind with the specific 

RNA substrate by antisense hybridization and subsequently cleave the mRNA at unique 

GUC triplet sites, they can be designed to down-regulate gene expression in a sequence-

specific manner (Bratty et al. 1993, Grassi et al. 1996, Curcio, et al. 1997, and Birikh et 

al. 1997).  One of the major problems in directing the destruction of mRNA by 

ribozymes is the selection of the proper target site(s).  We have previously demonstrated 

(Zhang et al. 2001), using pooled ribozymes against multiple GUC triplets in HeLa cells 

the ), the selection of optimum ribozyme target site(s) within the MGMT mRNA.  The 

loss of the CENU resistant phenotype in the tumor cells was investigated by 

identification of tumor cell clones sensitized to BCNU.  Three ribozyme target sites 

within the MGMT mRNA, nucleotides 161, 178, and 212 (according to the MGMT 

mRNA sequence, Tano et al. 1990), with medium to high ribozyme sensitivity were 

identified.  After PCR amplification and sequencing, we observed that one of the most 

BCNU-sensitive clones, HeLa/Rz212/178, contained two ribozyme constructs against 

nucleotides 178 and 212 in the 5' region of MGMT mRNA.  However, two HeLa/Rz 

clones containing Rz178 alone showed only modest reductions in MGMT levels in this 

study.  It is therefore important to determine whether the significantly greater level of 

MGMT reduction in HeLa/Rz212/178 is due to an additive effect of Rz212 and Rz178 or 

the activity of Rz212 alone.   

In this paper, the cleavage activity of active ribozymes was demonstrated by the 

in vitro ribozyme-mediated cleavage of MGMT mRNA.  Stably transfected HeLa cell 

clones were picked randomly to investigate cellular CENU sensitivity, MGMT activity, 
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MGMT protein level and mRNA expression.  The optimum activity of each potential 

active ribozyme was confirmed and characterized individually.               

It is not completely clear that ribozyme-mediated inhibition of gene expression is 

due to the cleavage activity of the ribozyme, its inherent antisense activity, or both.  To 

determine whether the ribozyme activity is due to the cleavage or antisense binding at the 

target site(s), both the catalytic cleavage activity and antisense inhibition of gene 

expression by ribozymes were investigated in this study.  In order to assess the 

contribution of the antisense effect of ribozymes on the inhibition of MGMT gene 

expression, mutant ribozymes that are catalytically inactive were used.  A single point 

mutation was made within the conserved core sequence essential for cleavage in each 

identified active ribozymes.  The sequence for the antisense hybridization with the 

MGMT mRNA was kept intact.  Thus, these mutant ribozymes (InacRz) can bind to 

MGMT mRNA in an antisense fashion, while losing their cleavage activities.  The 

mutant ribozymes were introduced into HeLa cells by the same delivery method.  The 

effect of these pure antisense ribozymes was evaluated by the assays for BCNU 

sensitivity, MGMT activity, MGMT protein and mRNA in the HeLa/InacRz clones.   
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MATERIALS AND METHODS 

Materials  

BCNU (Carmustinetm) was purchased from Sigma Chemical (St. Louis, MO) and 

stored at -20°C.  All chemical solutions used for RNA preparation and analysis were 

either treated with DEPC or dissolved in 0.2% DEPC-treated water.  Unless otherwise 

stated, other chemical reagents were obtained from Sigma Chemical (St. Louis, MO), 

Fisher Scientific (Chicago, IL), and Invitrogen Life Technologies (Carlsbad, CA). 

Cell Culture  

HeLa (MGMT+) and HeLa MR(MGMT-) cells were cultured in α-Minimum Essential 

Medium (α-MEM, GibcoBRL Life Technologies, Rockville, MD) supplemented with 

10% bovine calf serum (Hyclone Laboratories, Logan, UT), 1% glutamine, 1% HEPES, 

and 2% penicillin-streptomycin (all from GibcoBRL Life Technologies) and maintained 

at 37 oC in a humidified 5% CO2 atmosphere.   

Exogenous Delivery Construction of Active and Mutant Ribozymes  

The cDNA sequence of the ribozymes used in this study was as follows: Rz161 5'-

TCGAACAACCACTGATGAGTCCGAAAGGACGAAACAGCTC CAG-3'; Rz212 5'- 

TCGAAGCTGCACTGATGAGTCCGAAAGGACGAAACGTCCC CTT-3'; Three point 

mutant ribozymes InacRz161, InacRz178, and InacRz212 were designed, respectively, to 

have the identical antisense hybridization arms with their catalytically active 

counterparts, Rz161, Rz178, and Rz212, while carrying a single point mutation within the 

conserved catalytic core sequence (U29A).  The cDNA sense sequences of these catalytic 

inactive ribozymes, with point mutation underscored, are as follows: 
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InacRz161 5'-TCGAACAACCACTGATGAGTCCGAAAGGACGATACAGCTCCAG-

3'; InacRz178 5'-TCGATCGTGCACTGATGAGTCCGAAAGGACGATACCCTGCTC 

A-3'; InacRz212 5'-TCGAAGCTGCACTGATGAGTCCGAAAGGACGATACGTCCC 

CTT-3'.  Two complementary single-stranded oligodeoxynucleotides containing the 

sequence encoding each of the active and mutant ribozymes were synthesized by 

GibcoBRL Life Technology.  These oligonucleotides, when annealed, possessed cohesive 

ends to allow directional subcloning into the pcDNA3.1(-)/Zeo and pcDNA3.1(-)/Hygro 

mammalian expression vectors (Invitrogen, Carlsbad, CA) between the XhoI and HindIII 

restriction sites. Plasmid DNA was purified by anion exchange chromatography 

(QIAGEN, Valencia, CA). 

Stable Transfection of HeLa cells 

Each of the three active and inactive ribozyme expression plasmids was 

individually transfected in to HeLa cells using the LipofectAMINE-PLUSTM reagent 

(GibcoBRL Life Technologies).  The Zeocin -resistant clones for each catalytically 

inactive ribozyme were selected by 400µg/ml Zeocin and expanded in complete 

medium containing 100 µg/ml Zeocin in 6-well plates under standard conditions.  In 

our previous study (Zhang et al., 2001), one clone HeLa/Rz178/212 showed high 

sensitivity to BCNU.  To determine if Rz212 was the effective ribozyme, pure Rz212 

clones were isolated and the double-transfected Rz lines were constructed as follows: The 

plasmid pcDNA3.1(-)/Hygro containing Rz212 was transfected into HeLa/Rz178 cells 

(Zhang et al., 2001) where Rz178 had already been stably transfected using plasmid 

pcDNA(3.1)/Zeo.  The Hela/Rz178 cell line was kept in 100 µg/ml Zeocin before 

transfection.  One day after transfection, Hygromycin B and Zeocin (Invitrogen) were 
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added together to the medium at a final concentration of 400 µg/ml and 100 µg/ml, 

respectively.  10 days later, the cell clones resistant to both Hygromycin B and Zeocin 

were picked using cloning discs (Scienceware, Pequannock, NJ) and expanded in 

complete medium containing 200 µg/ml Hygromycin B and 100 µg/ml Zeocin. 

Cell Survival WST-1 Assay 

To screen for the BCNU-sensitive HeLa/Rz clones, the 4-[3-(4-iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-1, Boehringer Mannheim, 

Mannheim, Germany) cell proliferation assay was employed as described (Zhang et al., 

2001. 

Colony Formation Assay 

2.5×105 cells were seeded in 20 ml complete medium in 75 cm2 flasks and 

incubated in medium without antibiotics under standard conditions for 24 hr.  Various 

doses of BCNU (12.5µM, 25.0µM, 50µM, 75µM, and 100µM) or the same volume of 

95% ethanol (less than 0.5% final volume) were separately added to each flask, and cells 

were treated for 1 hr.  The cells were then washed with phosphate buffered saline (PBS, 

GibcoBRL, Invitrogen Life Technologies, Carlsbad, CA), trypsinized, counted with a 

Coulter Counter (Coulter Corporation, Miami, FL), and seeded into triplicate 100 mm 

cell culture dishes (Falcon, Franklin Lakes, NJ) at densities of 300, 500, 1000, 3000, and 

10,000 cells per dish in complete medium.  After incubation under standard conditions 

for 15 days, colonies were fixed with methanol, stained with 10% methylene blue in PBS, 

and counted.  Survival fraction is represented by the percentage of the visible colonies 

formed in the BCNU treated and compared to the control colonies treated with vehicle 
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alone.  Survival curves depict the mean and standard deviation of replicates from 3 

independent experiments. 

MGMT Functional Assay  

MGMT activity was measured as described (Kreklau et al., 1999 and 2001).  The 

MGMT substrate consisted of a fluorometric (5'-hexachlorofluorescein [HEX] 

phosphoramidite-labeled), double-stranded 18 bp oligonucleotide containing a single O6-

methylguanine residue nested within a PvuII restriction site (Genosys Biotechnologies, 

Inc., The Woodlands, TX), which yielded a 10 bp, labeled PvuII cleavage product. The 

HEX-labeled 18 bp and 10 bp fragments were detected using a Hitachi FMBIO II 

Fluorescence Imaging System (Hitachi Genetic Systems, South San Francisco, CA), and 

the fluorescence was quantitated using FMBIO Analysis software (Hitachi Genetic 

Systems).  Cellular MGMT activity is directly proportional to the substrate cleavage and 

is thus represented as the percentage of the 10 bp fragment fluorescence relative to the 

total amount of substrate fluorescence (10 bp + 18 bp). 

 

 

 

Western Blot Analysis  

Western blots were performed with 50 µg of cellular protein as described (Zhang 

et al., 2001).  To assure equal loading of samples, a second primary antibody to 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Biodesign International, 

Saco, ME) was used.          

% Cleavage =  
Fluorescent units of 10 mer fragment

Fluorescent units of 18mer + 10 mer fragments

X 100% 
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Northern Blot Analysis 

Northern analysis was performed with 20 µg of total cellular RNA as described 

(Zhang et al., 2001). The northern blot was quantitated using a Cyclone phosphorImager 

(Packard Instruments, Downer’s Grove, IL) and analyzed using the manufacturer’s 

software. 

Design and Synthesis of Ribozyme and MGMT RNA Templates for in vitro 

Transcription  

 The templates for in vitro transcription with a T7 priming site for ribozymes 

Rz161, Rz178, and Rz212 and mutant ribozymes InacRz161, InacRz178, and InacRz212 

were designed and synthesized (GibcoBRL Life Technology ,Gaithersburg, MD).  The 

antisense sequences for in vitro transcription are as follows (the underlined sequences are 

T7 priming sites): Rz161 5'-ctggagctgtttcgtcc-tttcggactcatcagtggttgt ccctatagtgagtcgtatta-

3'; Rz178 5'-tgagca gggtttcgtcctttcggactc-atcagtgcacgaccctatagtgagtcgtatta-3'; Rz212 5'-

aaggggacgtttcgtcctttc ggactcatcagtgcagc-tccctatagtgagtcgtatta-3'; InacRz161 5'-

ctggagctgtatcgtcctttcggactcatcag tggttgtccctatagt-gagtcgtatta-3'; InacRz178 5'-

tgagcagggtatcgtcctttcggactcatcagtgcacgaccctatagtgagtc-gtatta-3'; InacRz212 5'-

aaggggacgtatcgtcctttcggactcatcagtgcagctccctatagtgagtc gtatta-3'; .  The template for in 

vitro transcription of a target MGMT mRNA fragment, from nucleotide 148 to 224 

including the 3 potential cleavage sites of nucleotide 161, 178, and 212, primed by a T7 

site, were designed and synthesized (GibcoBRL Life Technology ,Gaithersburg, MD).  . 

MGMT target mRNA fragment (nts 137-237)  

5' gcatcagctgcagacgtccccttgcccaggagctttatttcgtgcagaccctgctcacaaccagacagctcca-

gcttccctatagtgagtcgtatta-3'; T7 sense primer for annealing 5'-taatacgactcactataggg-3'.   
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in vitro Transcription of Ribozyme and MGMT RNA Fragment 

 T7 sense primer oligonucleotides and antisense templates for ribozymes, mutant 

ribozymes, or MGMT mRNA fragments were suspended in TES (10mM Tris-HCl, 

pH8.0, 1mM EDTA, 0.1 M NaCl) buffer.  Equimolar amounts of T7 primer and template 

were annealed.  The T7-MEGAshortscriptTM high yield transcription kit (Ambion, 

Austin, TX) was used according to the manufacturer’s instructions.  Briefly, 2 µl 10X 

transcription buffer, 2 µl 75mM ATP solution, 2 µl 75mM UTP solution, 2 µl 75mM 

GTP solution, 2 µl 75mM CTP solution, 1 µl 3.3µM [α-32P]-CTP (3,000 Ci/mmol, 10 

mCi/ml, Perkin ElmerTM, Boston, MA), and annealed template DNA (template final 

concentration of 300nM and 100nM for ribozyme and MGMT mRNA fragments, 

respectively) were added sequentially into an RNase-free microfuge tube and mixed 

thoroughly, then, 2µl T7 MEGAshortscriptTM Enzyme mix was applied and the final 

volume was adjusted to 20 µl with RNase-free dH2O.  The reaction was incubated in a 37 

oC incubator for 6 hr.  After incubation, 1 µl RNase-free DNase (2U/µl ) was added to 

reaction, mixed thoroughly and incubated at 37  oC for 15 min.  The reaction was 

terminated by adding 20µl formamide gel loading buffer, vortexing, and heating at 95 oC 

for 5 min and stored at -20 oC.  The in vitro transcription products were separated by 20% 

PAGE at 26mA for 4 hr.  The gel was visualized by autoradiography.  The band of proper 

transcribed product was cut out by aligning the film with the gel, and the excised band 

was transferred to an RNase-free tube and crushed in 5 ml RNase-free TE buffer.  The 

tightly capped tube was then vortexed at 20 oC for 2 hr.  After spinning at 1000 rpm for 5 

min, the acrylamide elute was transferred to an RNase-free tube and made 0.3 M in 

sodium acetate, pH 5.2 , 2 µg molecular biology grade glycogen was added (Roche 
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Diagnostic, Basel, Switzerland), mixed briefly and finally precipitated by the addition of 

3 volumes of ice cold ethanol.  The washed, dried pellet was re-suspended in 100µl 

RNase-free 50mM Tris-HCl and stored at -80 oC until use.  

Ribozyme-mediated in vitro Cleavage of MGMT RNA  

 The purified in vitro transcript of each ribozyme or mutant ribozyme was 

combined with the target MGMT mRNA fragment at different molar ratios (3:1 and 6:1), 

in 50mM Tris-HCl, pH8.0, in a volume of 19 µl.  The reaction was then heated at 95 oC 

for 2 min in a heating block.  Immediately after heating, 1 µl MgCl2 (200mM stock 

solution in RNase-free water) was added to make the total reaction volume 20 µl and the 

final concentration of Mg++ 10mM.  The reaction was cooled and incubated at 60 oC for 

10 minutes.  Cleavage was terminated by adding 1/5 volume of solid urea (1 µg urea / µl 

reaction) and heating at 95 oC for 2 min.  The samples were separated and analyzed with 

10% denaturing PAGE at 26mA for 1 hr.  The gel was fixed and dried using a Slab Drier 

483 (Bio-Rad, Hercules, CA).  The labeled RNA species were detected by 

autoradiography and phosphor-screen imaging.  The image was analyzed using a Cyclone 

Imager (Packard Instruments, Downer’s Grove, IL) according to the manufacturer’s 

instructions.   
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RESULTS 

Ribozyme-mediated in vitro Cleavage of MGMT RNA  

To determine whether the ribozymes were functional in vitro, ribozyme and target 

RNA were mixed and incubated at different molar ratios at 60oC in the presence of 

MgCl2.  Figure 1 demonstrates the formation of expected cleavage products by the active 

ribozymes at 3:1 and 6:1 molar ratio (Rz:MGMT RNA) at 60oC in a 10 minute cleavage 

reaction.  MGMT target (77nt) RNA was cleaved by the three ribozymes (39nt) at each of 

the three specific sites to generate cleaved fragments of 65, 63, and 46 nt, for Rz212, 

Rz161, and Rz178 respectively.  Nearly 60% (3:1 molar ratio) and 70% (6:1 molar ratio) 

MGMT target RNA was cleaved by Rz212 and over 90% of the target was cleaved by 

Rz161 and Rz178 at either 3:1 or 6:1 molar ratio. 

WST-1 Cell Proliferation Assay to Measure BCNU Sensitivity in Reconstituted 

HeLa/Rz Clones  

Ten stable transfected cell clones of HeLa/Rz161, HeLa/Rz212, and 

HeLa/RzH212/Z178 were analyzed using triplicate short-term WST-1 cell proliferation 

assay with treatment of a sublethal dose of 100µM BCNU, respectively (Table 1).  The 

wild type HeLa cells, which are Mer+ (Methylation repair positive) with high MGMT 

activity, were shown to be resistant to a sublethal dose of 100 µM BCNU; the mean value 

of cell viability of HeLa cells was 91%.  HeLa MR cells, which are Mer- (Methylation 

repair negative) and MGMT deficient with no detectable MGMT activity (Day et al. 

1980, Yarosh et al. 1983), were highly sensitive to 100 µM BCNU; the mean value of 

cell viability of HeLa MR was 38%.   All of ten HeLa/Rz161 clones showed obvious 
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BCNU sensitivity compared to wild type HeLa cells, with cell viability varying from 

31% to 56% and mean of 39% (Table 1).  All of ten HeLa/Rz212 clones showed 

significant BCNU-sensitivity compared to wild type HeLa cells, with cell viability 

varying between 40% and 51% and mean of 43% (Table 1, middle column grouping).  

All of ten HeLa/RzH212/Z178 clones were shown to be sensitive to the sublethal dose of 

100µM BCNU, with variable cell viability from 33% to 44% and mean of 40% (Table 1, 

right column grouping).  The percentage cell viability between HeLa/Rz clones and wild 

type HeLa cells was statistically significant at p < 0.05 when compared using Student’s t 

test, whereas cellular viability among different HeLa/Rz clones was not statistically 

significant.  One HeLa/Rz clone with BCNU sensitivity closest to the mean value within 

each group of HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 clones was picked 

and expanded for further characterization.  These three HeLa/Rz clones were named as 

HeLa/Rz161, HeLa/Rz212, and HeLaH212/Z178, respectively.     

MGMT Functional Assay to Measure MGMT Activity in Cell Extract from 

Reconstituted HeLa/Rz clones 

MGMT activity in cell extracts was compared among wild type HeLa, HeLa MR, 

and HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 clones (Figure 2).  Wild type 

HeLa cells exhibited the high-level MGMT activity, generating about 59% substrate 

cleavage.  Under the same conditions, MGMT activity was undetectable in the HeLa MR 

cells.  HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 all showed a low level of 

MGMT activity with 8%, 2.5%, and 4.2% substrate cleavage.  The reduction of MGMT 

activity in HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 clones were statistically 

significant compared to wild type HeLa cells (p < 0.05).      
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 Western Blot Analysis of MGMT Protein in Reconstituted HeLa/Rz Clones  

 As shown in figure 3, robust levels of MGMT protein were found in cell extracts 

from wild type HeLa cells.  MGMT protein was not detected in HeLa MR cells which 

lack O6-alkylation repair activity.  MGMT levels were dramatically decreased and barely 

detected by western blot analysis in HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 

clones compared to wild type HeLa cells.  

Northern Blot Analysis of Total RNA in Reconstituted HeLa/Rz Clones  

 A high level of MGMT mRNA was detected in wild type HeLa cells by northern 

analysis (Fig. 4).  No MGMT mRNA was detected in HeLa MR cells.  This was 

consistent with the reports that MGMT mRNA is absent in spite of the presence of the 

MGMT gene in most Mer- and CENU-sensitive human tumor cells, e.g. HeLa MR cells 

(Harris et al. 1991).  MGMT mRNA levels were dramatically decreased by 89%, 93%, 

and 85% in HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 clones, respectively, 

compared to the wild type HeLa cells.  

No in vitro Cleavage of MGMT RNA Catalyzed by Mutant Ribozymes  

To determine whether the mutant ribozymes were catalytically functional in vitro, 

the three mutant ribozymes and target RNA were mixed in separate reactions and 

incubated at a 3:1 molar ratio at 60oC in the presence of MgCl2, the identical conditions 

for the active ribozyme-mediated in vitro cleavage reactions.  Figure 5 shows the 

autoradiograph of the 10% denatured PAGE.  It was demonstrated that there was no 

cleavage of the MGMT target RNA observed with any of the three mutant ribozymes and 

substrates at 3:1 molar ratio.  However, all three active ribozymes catalyzed significant 

cleavage at their designated sites under the same conditions.  The three mutant, 
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catalytically inactive ribozymes were thereafter named as InacRz161, InacRz178, and 

InacRz212. 

BCNU Sensitivity in Stable Transfected HeLa/InacRz clones 

In the triplicate WST-1 cell proliferation assay (Table 2), wild type HeLa cells, 

HeLa MR cells and ten clones of HeLa/InacRz161, HeLa/InacRz178, and 

HeLa/InacRz212 were measured for BCNU sensitivity.  The Mer+ (Methylation repair 

positive) HeLa cells were shown to be resistant to a sublethal dose of 100 µM BCNU.  In 

contrast, HeLa MR cells, which are Mer- (Methylation repair negative) and MGMT 

deficient with no detectable MGMT activity, were highly sensitive to 100 µM BCNU.  

As shown in Table 2, all of the ten HeLa/InacRz161 clones demonstrated a high degree 

of resistance to BCNU, where cell viability varied from 83% to 93% with a mean of 90%.  

Similarly, all ten HeLa/InacRz178 clones were shown to be resistant to the sublethal dose 

of BCNU; cell viability of each clone varied between 78% and 94% with a mean of 87%.  

Finally, all ten HeLa/InacRz212 clones were demonstrated to be BCNU resistant, with 

cell viability varying between 82% and 92% with a mean of 88%.  The difference in 

cellular viability among the group of HeLa/InacRz clones was not statistically significant.  

There is also no statistically significant difference between cell viability of wild type 

HeLa cells and that of HeLa/InacRz161, 178, or 212 clones.  One HeLa/InacRz clone 

closest to the mean value of cell viability in each group was therefore picked and 

expanded for further characterization.  
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MGMT Functional Assay to Measure MGMT Activity in Cellular Extract of 

HeLa/InacRz clones 

 Wild type HeLa cells exhibited considerable MGMT activity, generating about 

60% substrate cleavage (Figure 6A and B).  There was no MGMT activity detected in the 

HeLa MR cells.  The HeLa/Rz161 and HeLa/Rz212 clones with active ribozymes 

showed a low level of MGMT activity with 8% and 5% probe cleavage, respectively.  

Conversely, HeLa/InacRz161 and HeLa/InacRz212 clones, with ribozymes containing 

the A29U point mutation, showed high MGMT activity with 58% and 65% probe 

cleavage under the same condition.  HeLa/Rz178 and HeLa/InacRz178 showed 54% and 

63% probe cleavage, respectively.  These results underscore the reproducibility of our 

observations that Rz178 was only modestly effective in reducing MGMT activity in these 

cells.  The reduction of MGMT activity in HeLa/Rz161and HeLa/Rz212 clones was 

statistically significant (p < 0.05), compared to HeLa/InacRz161 and HeLa/Inac212 

clones.       

 Western Blot Analysis to Measure Cellular MGMT Protein in HeLa/InacRz Clones  

 To further characterize MGMT protein levels in these stably transfected clones, 

western blot analysis was performed.  As shown in Figure 7, MGMT protein was readily 

detected in cell extract from wild type HeLa cells and was undetectable in HeLa MR 

cells.  Essentially wild-type levels of MGMT protein were found in HeLa/InacRz161 and 

HeLa/InacRz212 clones, whereas MGMT protein levels were decreased more than 80% 

in their active counterparts, the HeLa/Rz161 and HeLa/Rz212 clones.  HeLa/InacRz178 

and HeLa/Rz178 clones both showed a high level of MGMT protein.  The housekeeping 

protein GAPDH confirmed equal loading of these samples.  
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Northern Blot Analysis of Total RNA in HeLa/InacRz clones  

 As shown in Figure 8, abundant MGMT mRNA was detected in wild type HeLa 

cells.  No MGMT mRNA detected in HeLa MR cells.  MGMT mRNA levels detected in 

HeLa/InacRz161, 178 and 212 clones were little different from that of wild type HeLa 

cells; whereas significantly reduced and barely detectable levels of MGMT mRNA 

existed in the HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 clones, where 

constitutively produced, active ribozyme was introduced.   

BCNU Sensitivity in HeLa/Rz and HeLa/InacRz Clones Determined Quantitatively 

by Colony Formation Assay    

BCNU sensitivity, regulated by catalytically active and inactive ribozymes in 

HeLa/Rz and HeLa/InacRz clones, respectively, was quantitatively determined by colony 

formation assay.  In figure 9, colony formation assays showed wild type HeLa cells were 

resistant to BCNU at the sublethal dose of 100 µM.  HeLa MR, on the other hand, was 

shown to be highly sensitive to BCNU treatment at this dose.  The BCNU-induced cell 

kill was dramatically increased by 2-3 logs in HeLa/Rz161, HeLa/Rz212, and 

HeLa/RzH212Z178 clones, compared to wild type HeLa cells, following a 1 hr exposure 

to 100 µM BCNU, which was consistent with the colony formation assays of the initially 

identified HeLa/Rz clones (Zhang et al., 2001).  The cell survival fractions of 

HeLa/Rz161, 212 and H212/Z178 were similar to that of HeLa MR cells showing 

exquisite BCNU sensitivity.  Conversely, the HeLa/InacRz161, 178, and 212 clones 

which express catalytically inactive ribozymes, show little or no increase of BCNU-

induced cell kill under the same condition, which was not statistically significant 

compared to that of wild type HeLa cells.   

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 23, 2004 as DOI: 10.1124/jpet.103.061507

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #61507 

 20

 

DISCUSSION 

Chloroethylnitrosoureas (CENU), represented in this work by 1,3-bis(2-

chloroethyl)-1-nitrosourea (BCNU), are clinically useful cancer chemotherapeutic agents.  

However, their antineoplastic activities against human tumors are much less effective 

than their activity against animal tumors (Carter et al. 1976).   The enzyme O6-

methylguanine DNA-methyltransferase (MGMT) is expressed in more than 80% of 

human tumor cell lines in culture and plays the major role in cellular CENU resistance 

(Erickson 1991 and Mitra et al. 1993).   Several biochemical strategies have been 

developed to deplete MGMT by pretreatment of tumor cells with alkylating agents, such 

as temozolomide (Kokkinakis et al. 2001) or alkylguanine analogues, such as O6-

methylguanine (Dolan et al. 1989), or O6-benzylguanine (Dolan et al. 1991).   

In our previous publication (Zhang et al. 2001), an alternative strategy to deplete 

MGMT activity in tumor cells was investigated and developed utilizing pooled 

hammerhead ribozymes.  This strategy inhibits MGMT de novo protein synthesis by 

using chimeric hammerhead ribozymes designed to hybridize to and degrade the long-

lived MGMT mRNA.  Three potential target sites, nucleotides 161, 178, and 212, within 

MGMT mRNA were identified.  It was noticed after PCR amplification and sequencing, 

that one of the most BCNU-sensitive clones, HeLa/Rz212/178, contained two ribozyme 

constructs against nucleotides 178 and 212 in the 5' region of MGMT mRNA.  However, 

two HeLa/Rz clones containing Rz178 alone showed only modest reductions in MGMT 

levels in this study.  It was therefore important to determine whether the significantly 

greater level of MGMT reduction in HeLa/Rz212/178 is due to an additive effect of 
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Rz212 and Rz178 or the activity of Rz212 alone.  To address this question, it was 

necessary to characterize the role of Rz212 in BCNU sensitization by producing HeLa/Rz 

clones expressing only Rz212.  To reproduce the HeLa/Rz212/178 clones, a Hygromycin 

B-resistant expression vector was used to introduce Rz212 into one of the HeLa/Rz178 

cell lines stably expressing Rz178.  Ten stable transfected clones of each construct, i.e. 

HeLa/Rz161, HeLa/Rz212, and HeLa/RzH212/Z178 (H and Z stand for Hygromycin B 

and ZeocinTM -resistance genes in the expression vector, respectively), were picked and 

maintained for further characterization.  WST-1 cell proliferation assays showed 

significant BCNU sensitivity in these three groups of reconstituted HeLa/Rz clones.   

One HeLa/Rz clone from each group with BCNU sensitivity closest to the mean 

level for all ten clones was characterized for MGMT activity.  The MGMT functional 

assay, western blot, and northern blot analysis confirmed dramatically decreased MGMT 

activity, MGMT protein and mRNA levels in each of the representative HeLa/Rz161, 

HeLa/Rz212 and HeLa/RzH212/Z178 clones.  It was notable that the HeLa/Rz212 clone 

containing Rz212 alone showed significant BCNU sensitivity with dramatically low 

levels of MGMT activity.  This BCNU sensitivity was similar to that of the dual-

ribozyme expressing clones, HeLa/Rz212/178 and the reconstituted HeLa/RzH212/Z178.  

Thus, Rz212 alone was identified as having significant activity in depleting MGMT 

activity.   

 To investigate the catalytic cleavage activity of hammerhead ribozymes at unique 

target sites within the MGMT mRNA, in vitro ribozyme-mediated cleavage reactions 

were performed.  The presence of Mg++ in the ribozyme-mediated in vitro cleavage 

reaction was essential for hammerhead ribozyme catalysis.  The metal ion plays two 
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roles: it promotes proper folding of the RNA to form the catalytic core; and it acts as a 

catalytic cofactor (Dahm and Uhlenbeck 1991).  The efficiency of hammerhead 

ribozymes in cleaving an RNA transcript in vitro has been shown to be correlated with 

ribozyme-mediated gene regulation in vivo (Sun et al. 1994).  A ribozyme which failed to 

cleave the transcript in vitro did not show any inhibition in cell culture (Lieber and 

Strauss 1995).  However, sometimes, the in vitro results are not completely consistent 

with the performance of a ribozyme in vivo, because there are many factors in the cell, 

such as low free Mg++ concentrations, the stability of the ribozyme, and 

compartmentalization of the ribozyme and substrate, that may affect the rate of ribozyme-

substrate association and catalytic cleavage (Birikh et al. 1997).  Some RNA binding 

proteins and nuclear proteins might be involved in the ribozyme catalyzed cleavage 

(Tsuchihashi et al. 1993 and Heidenreich et al. 1995).  Some proteins might facilitate 

ribozyme turnover by catalyzing the annealing of the RNA substrate to the ribozyme and 

the dissociation of cleaved products; on the other hand, some proteins may inhibit the 

ribozyme’s activity by competing for the same binding site within the target mRNA 

(L’Huillier et al. 1992, Herschlag et al. 1994, Birikh et al. 1997).   

It is known that by complementary binding to the specific sequence of the target 

mRNA, antisense RNA can inhibit translation without cleaving the RNA, thus down-

regulating the synthesis of a specific gene product (Scanlon et al. 1995).  On the other 

hand, after binding with the mRNA substrate, the ribozyme can catalyze the cleavage 

reaction at specific GUC triplet sites.  To characterize the molecular mechanism of these 

ribozymes, investigations with catalytically inactive ribozymes, InacRz161, InacRz178, 

and InacRz212, whose active counterparts were identified, were studied.  The point 
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mutation of A29U made in the ribozyme catalytic core sequence is known to abolish 

ribozyme catalytic activity by improper folding of the ribozyme secondary structure, 

while keeping its antisense hybridization capability (Ruffner et al. 1990, Woisard et al. 

1994, and Domi et al. 1996). These point mutant ribozymes were shown to be incapable 

of cleaving synthetic MGMT mRNA in vitro.  The function of mutant ribozymes was 

evaluated using the assays for BCNU sensitivity, MGMT activity, MGMT protein, and 

mRNA in the HeLa/InacRz clones.  There was no significant MGMT depletion identified 

with the introduction of these catalytically inactive ribozymes in HeLa cells.  Although 

we did not directly test the ability of these point mutant ribozymes to bind their targets 

per se, these results strongly suggest that the major mechanism of ribozyme activity we 

observed is due to the catalytic cleavage of target mRNA, and not antisense binding to 

the MGMT mRNA.  

The use of hammerhead ribozymes as modulators of specific gene expression has 

been investigated widely.  The most active area of investigation into the application of 

ribozymes has been the development of gene therapy for cancer and AIDS.  Potter et al. 

have previously demonstrated the ability of a hammerhead ribozyme targeting position 

161 to cleave MGMT mRNA (Potter et al., 1993).  However, these authors did not report 

the ability of the ribozyme to sensitize cells to agents such as BCNU.  Citti et al. have 

shown that a transiently transfected, synthetic hammerhead ribozymes could potentiate 

the genotoxicity of the alkylation damage induced by mitozolomide (Citti et al. 1999). 

This same group has shown that coadministration of O6-methylguanine and a chemically 

modified hammerhead ribozyme could hypersensitize cells expressing a high level of 

MGMT to mitozolomide (Citti et al., 1998).  These authors concluded that a dual strategy 
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targeting both mRNA and protein holds promise for successfully down-regulating the 

MGMT gene. 

Some of the limiting features of ribozymes in the development of gene therapy 

strategies have been the absence of effective delivery methods and RNA instability.  

While the latter can be overcome by the incorporation of chemically modified 

nucleotides, a technique that is not without its own set of problems, ribozyme delivery 

remains a challenge.  Recently, Aigner et al. reported the successful delivery of 

unmodified ribozymes by complexation with low molecular weight polyethylenimine 

(Aigner et al. 2002).  These authors observed inhibition of tumor growth and decreased 

target gene expression levels in a xenograft mouse model of human melanoma.  Thus, 

this approach, which demonstrated the protection of a number of RNAs, offers the 

opportunity to effectively deliver unmodified ribozymes in vivo.   

The systemic administration of DNA alkylating agents such as carmustine or 

temozolomide carries with it the downside that normal tissues are also subject to 

sensitization when treatment would be coupled with an untargeted ribozyme to MGMT.  

This may lead to undesirable toxicities or levels of DNA damage in certain patients 

receiving such chemotherapy.  The molecular strategy developed here to deplete MGMT 

using hammerhead ribozymes may be most useful in future gene therapy strategies in 

which non-specific toxic effects of several  DNA alkylating agents could be avoided by 

coupling ribozyme delivery with tumor-specific immunoliposomes, or by utilizing tumor-

specific promoters to drive ribozyme expression (Shi and Pardridge, 2000).  Future 

experiments will examine ribozyme expression and MGMT mRNA depletion using an 
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inducible expression system in order to get a better understanding of the time course and 

kinetics of the ribozyme activity we have characterized. 
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FIGURE LEGENDS 

 

Figure 1   Ribozyme-mediated in vitro cleavage of MGMT RNA.  Autoradiograph of 

10% denatured PAGE showing the ribozyme-mediated in vitro cleavage of MGMT RNA 

at 3:1 and 6:1 molar ratio (Rz : MGMT RNA) at  60oC with the presence of 10mM 

MgCl2.  MGMT target (77nt) was cleaved by 3 ribozymes (39nt) at 3 specific sites to 

generate cleaved fragments of 65, 63, and 46 nt, for Rz212, Rz178, and Rz161 

respectively.   

 

Table 1  Analysis for BCNU sensitivity in stably transfected HeLa/Rz161 Clones by 

WST-1 cell proliferation assay.  Ten stably transfected, randomly selected HeLa/Rz161, 

Rz212, and Rz178 clones were analyzed by 24 hour WST-1 assays with treatment of a 

sublethal dose of 100µM BCNU.  Data shown represent the mean ± SD for cell viability 

from three independent experiments.   

 

Figure 2  MGMT functional assay to measure MGMT activity in cell extracts.  (A) 

Activity was measured by incubating 50 µg cellular extract with an 18mer fluorometric 

HEX-labeled oligonucleotide substrate for MGMT, digested with PvuII, and run on a 

20% denaturing PAGE. (B) % cleavage = fluorescence of 10mer / (10mer + 18mer), 

which is directly proportional to MGMT activity in the cellular extract.  Data shown 

represents mean ±SD from three independent experiments.  
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Figure 3  Western blot analysis to measure cellular MGMT protein level.  50 µg 

cellular protein and monoclonal hMGMT antibody were used  to measure MGMT protein 

levels in wild type HeLa, HeLa MR, and HeLa/Rz161, HeLa/Rz212, and 

HeLa/RzH212/Z178 clones.  The filter was re-probed for GAPDH protein levels to 

demonstrate equivalent loading.      

 

Figure 4  Northern blot analysis of total RNA using hMGMT cDNA probe.  20µg 

total mRNA from wild type HeLa cells, HeLa MR cells, and HeLa/Rz161, 212, 

H212/Z178 was used, respectively, to determine MGMT mRNA levels.  The blot was re-

probed for β-actin mRNA to demonstrate equivalent loading.   

 

Figure 5  Lack of in vitro cleavage of MGMT RNA observed with mutant ribozymes.  

Autoradiograph of 10% denaturing PAGE showing no cleavage of MGMT RNA 

catalyzed by mutant ribozymes at 60oC 10mM MgCl2 at 3:1 (MutRz : MGMT RNA) 

molar ratio (left).  Efficient cleavage of substrate catalyzed by active ribozymes under the 

identical conditions and same molar ratio (right). 

 

Table 2   Analysis for BCNU sensitivity in stably transfected HeLa/InacRz Clones 

by WST-1 cell proliferation assay.  Ten stably transfected HeLa/InacRz161 clones were 

analyzed by short-term WST-1 assay with treatment of a sublethal dose of 100µM 

BCNU.  Data shown represent the mean ± SD cell viability from three independent 

experiments. 
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Figure 6  MGMT functional assay to measure MGMT activity in cell extracts.  (A) 

Activity was measured by incubating 50 µg cellular extract with an 18mer fluorometric 

HEX-labeled oligonucleotide substrate for MGMT, digested by PvuII, and run on a 20% 

denaturing PAGE. (B) % cleavage = fluorescence of 10mer / (10mer + 18mer), which is 

directly proportional to MGMT activity in the cellular extract.  Data shown represent 

mean ± SD from three independent experiments.  

 

Figure 7  Western blot analysis to measure cellular MGMT protein level.  50 µg 

cellular protein and monoclonal hMGMT antibody were used to measure MGMT protein 

level in wild type HeLa, HeLa MR, and HeLa/InacRz161, HeLa/InacRz178, and 

HeLa/InacRz212 clones, versus their active counterparts.  The autoradiograph was 

scanned to determine optical densities (O.D.) which were normalized to the GAPDH 

signal in each sample.   

 

Figure 8  Northern blot analysis of total RNA using hMGMT cDNA probe.  20µg 

total RNA from wild type HeLa cells, HeLa MR cells, and HeLa/InacRz161, 178, and 

212, versus their active counterparts was used to determine MGMT mRNA level.   

 

Figure 9  Colony formation assays for BCNU sensitivity in HeLa/Rz and 

HeLa/InacRz clones.  BCNU-induced cell kill in HeLa/Rz161, 212, and H212/Z178 

clones (upper curves) was increased by 2-3 logs; whereas there was little change in cell 

survival fraction in HeLa/InacRz161, 178, and 212 clones, compared to wild type HeLa 

cells (lower curves).  Survival curves depict the mean and standard deviation of  three 
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independent experiments.  Error bars represent the standard deviation (SD); where error 

bars are absent, the SD < symbol. 
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Table 1 

Viability (mean ± SD) 

HeLa/Rz161  
Clones 

HeLa/Rz212  
Clones 

HeLa/RzH212Z178 Clones 

HeLa 91.2 ± 8.5 HeLa 93.6 ± 8.5 HeLa 84.8 ± 9.7 

HeLa MR 37.7 ± 3.7 HeLa MR 37.0 ± 4.6 HeLa MR 37.5 ± 3.1* 

Clone 1 40.7 ± 4.7 Clone 1 39.8 ± 4.6* Clone 1 43.9 ± 4.5 

Clone 2 31.3 ± 3.2* Clone 2 37.2 ± 4.4* Clone 2 39.6 ± 3.4 

Clone 3 36.5 ± 4.9 Clone 3 40.0 ± 6.2 Clone 3 38.3 ± 2.9 

Clone 4 35.0 ± 11.2 Clone 4 42.0 ± 1.1 Clone 4 33.4 ± 7.8 

Clone 5 36.3 ± 2.1 Clone 5 39.7 ± 6.2 Clone 5 34.8 ± 3.2 

Clone 6 39.7 ± 3.2 Clone 6 50.6 ± 6.7 Clone 6 39.8 ± 2.8 

Clone 7 55.6 ± 4.5 Clone 7 48.4 ± 8.5 Clone 7 39.9 ± 2.5 

Clone 8 39.3 ± 4.2 Clone 8 48.1 ± 2.6 Clone 8 39.7 ± 2.9 

Clone 9 34.0 ± 3.6* Clone 9 42.7 ± 2.5 Clone 9 39.6 ± 2.5 

Clone 10 39.3 ± 2.1 Clone 10 37.6 ± 7.1 Clone 10 40.9 ± 1.5 

 
All changes in cell viabilities were significant (p< 0.05) and those denoted with a * had p< 0.005 
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Table 2    JPET #61507 

Table 2 

Viability (mean ± SD) 

HeLa/InacRz161  
Clones 

HeLa/InacRz178  
Clones 

HeLa/InacRz212  
Clones 

HeLa 91.2 ± 3.1 HeLa 88.9 ± 5.2 HeLa 89.7 ± 8.7 

HeLa MR 38.3 ± 5.5** HeLa MR 38.3 ± 7.2* HeLa MR 34.3 ± 4.1* 

Clone 1 83.1 ± 8.5 Clone 1 77.9 ± 10.4 Clone 1 85.2 ± 8.4 

Clone 2 88.9 ± 4.1 Clone 2 84.5 ± 10.3 Clone 2 91.1 ± 8.5 

Clone 3 90.2 ± 8.1 Clone 3 93.5 ± 5.1 Clone 3 92.3 ± 2.1 

Clone 4 85.9 ± 7.1 Clone 4 87.4 ± 9.9 Clone 4 91.7 ± 6.7 

Clone 5 89.3 ± 5.5 Clone 5 87.8 ± 7.8 Clone 5 90.8 ± 3.5 

Clone 6 87.6 ± 4.7 Clone 6 86.2 ± 5.5 Clone 6 88.3 ± 4.2 

Clone 7 91.9 ± 1.5 Clone 7 84.3 ± 8.1 Clone 7 85.3 ± 5.2 

Clone 8 91.7 ± 3.5 Clone 8 88.5 ± 4.4 Clone 8 82.4 ± 6.5 

Clone 9 93.8 ± 2.5 Clone 9 84.2 ± 7.2 Clone 9 84.2 ± 5.3 

Clone 10 92.7 ± 2.6 Clone 10 91.4 ± 3.2 Clone 10 84.2 ± 8.2 

 
All changes in cell viabilities were insignificant (p> 0.05) unless denoted with a * (p< 0.05) or ** (p< 0.005) 
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Figure 7    JPET #61507
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