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 Introduction 

 In tumor the cell death pathway such as apoptosis is 
commonly inactivated. Reactivation of this mechanism 
can thus be used to increase the effectiveness of anti-can-
cer therapy. Efforts to improve cancer therapy have fo-
cused on the development of more selective, biological 
mechanism-based targeted therapies that can overcome 
tumor resistance, as well as minimize toxic effects to nor-
mal cells. Cytotoxic ribonucleases (RNases) represent one 
such mechanism-based approach [Arnold and Ulbrich-
Hofmann, 2006; Benito et al., 2005; Leland and Raines, 
2001; Wu et al., 1993]. These relatively small and highly 
cationic proteins selectively attack malignant cells, trig-
gering apoptotic response by inhibition of protein syn-
thesis [Ardelt et al., 2008; Leland and Raines, 2001]. These 
exhibit preferential toxicity towards cancer cells. Alterna-
tively, the cellular levels of RNases and ribonuclease in-
hibitors in the cancer cells and their normal counterparts 
may be different. Thus, RNases represent a new therapeu-
tic class of agents with broad clinical applications and new 
selective biologic activities. Among these enzymes, onco-
nase (P30 protein, ranpirnase), bovine-seminal ribonu-
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 Abstract 

 MazF from  Escherichia coli  is an endoribonuclease that spe-
cifically cleaves mRNAs at ACA sequences. Its induction in 
mammalian cells has been shown to cause programmed cell 
death. Here we explored if a bacterial MazF-MazE toxin-anti-
toxin system can be used for gene therapy. For this, we first 
constructed a tetracycline-inducible MazF expression sys-
tem in human embryonic kidney cells (T-Rex 293- mazF ). Sol-
id tumors were formed by injecting T-Rex 293- mazF  cells into 
nude mice. All 8 mice injected with the cells developed solid 
tumors, which regressed upon induction of MazF. In 4 mice, 
tumors completely regressed, while in the remaining 4 mice, 
tumors reappeared after apparent significant regression, 
which was found to be due to the lack of presence of func-
tional MazF. Notably, the MazF-mediated regression of the 
tumors was counteracted by the expression of its cognate 
antitoxin MazE. These results indicate that a bacterial MazF-
MazE toxin-antitoxin system may have potential to be used 
as a therapeutic tool.  © 2014 S. Karger AG, Basel 
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clease and the  Rana catesbeiana  and  Rana japonica  lectins 
exert cytotoxic activity that is selective for tumor cells 
[Arnold and Ulbrich-Hofmann, 2006; Lee and Raines, 
2008]. Onconase was first isolated from extracts of  Rana 
pipiens  eggs and early embryos that have potent in vivo 
anti-tumor activity [Ardelt et al., 2008; Costanzi et al., 
2005]. When incubated with mammalian cells in culture, 
onconase shows cytotoxic and cytostatic activities. Onco-
nase has been reported to suppress cancer cell growth in 
vitro, reduce tumor size in animals and increase the cyto-
toxicity of several chemotherapeutic agents [Costanzi et 
al., 2005; Lee and Shogen, 2008]. Cytotoxicity of RNases 
including onconase requires interaction of the RNases 
with the cell membrane leading to their internalization by 
endocytosis. RNases are then translocated to the cytosol 
where they cleave cellular RNA and block translation, re-
sulting in apoptotic cell death [Lee and Shogen, 2008]. 
How efficiently a particular RNase carries out each of 
these steps determines its potency for cytotoxicity.

  Bacterial cells also contain various RNases that func-
tion to regulate cell growth and cell death. In  Escherichia  
 coli , growth inhibition and subsequent cell death are con-
trolled by unique genetic systems called the toxin-anti-
toxin (TA) systems. Most studied type II TA systems are 
composed of a pair of genes encoding two proteins, a sta-
ble toxin and an unstable antitoxin [Gerdes et al., 2005; 
Yamaguchi et al., 2011]. One of the TA modules on the  E . 
 coli  genome, the  mazEF  system, consists of two adjacent 
genes,  mazE  and  mazF  [Aizenman et al., 1996]. MazF is 
a sequence-specific endoribonuclease that specifically 
cleaves at the ACA triplet sequence to block de novo pro-
tein synthesis, resulting in cell growth arrest and subse-
quent cell death [Inouye, 2006; Zhang et al., 2003]. The 
role of antitoxin MazE is to suppress the endoribonucle-
ase activity of MazF and protect bacterial cells from cell 
death. Moreover, expression of MazF in mammalian cells 
causes dramatic mRNA degradation and inhibition of 
protein synthesis, leading to apoptotic cell death [Shima-
zu et al., 2007]. This MazF-mediated degradation of 
mRNA in mammalian cells led to apoptotic cell death. 
The co-expression of MazE with MazF completely inhib-
ited MazF-induced mRNA degradation, inhibition of 
protein synthesis and apoptotic cell death in mammalian 
cells as well as in  E .  coli  cells [Shimazu et al., 2007].

  In this study, we demonstrate that sustained expres-
sion of wild-type MazF expression leads to dramatic re-
duction in the size of tumors in nude mice and the co-
expression of antitoxin MazE with MazF counteracts the 
MazF-induced tumor regression.

  Results  

 MazF Induction Causes Regression of Tumors in 
Nude Mice 
 We have demonstrated that MazF induction in 

mammalian cells causes shutoff of de novo protein syn-
thesis through mRNA degradation by cleavage at the 
ACA triplet sequences, resulting in NBK/BIK and BAK-
mediated apoptosis, while MazE antagonizes MazF-in-
duced apoptosis [Shimazu et al., 2007]. In addition, it 
has been shown that onconase from  R. pipiens  induces 
apoptosis in mammalian cells, leading to tumor regres-
sion in nude mice [Lee and Shogen, 2008]. These find-
ings led us to explore the effect of MazF on growth of 
human tumors in nude mice. To this end, a tetracycline 
(Tet)-inducible MazF expression system in human em-
bryonic kidney cells (T-Rex 293) stably expressing the 
Tet repressor was developed through stable co-trans-
fection of Tet-inducible MazF expression plasmid with 
pcDNA3 or the constitutive MazE expression plasmid 
[Shimazu et al., 2007]. RT-PCR with specific primers 
for the MazF- or MazE-coding region revealed Tet-de-
pendent MazF mRNA expression and constitutive ex-
pression of MazE mRNA in established 293 cell lines 
(data not shown). The cell line 293 ( mazF /pcDNA3) 
was injected subcutaneously into nude mice and tumor 
growth was monitored over 45 days. MazF was induced 
in tumors in vivo in nude mice by administration of 100 
mg/ml of doxycycline (Dox) containing sterile water 
and the effect of MazF induction on tumors was as-
sessed. As a control, tumor size was monitored in mice 
injected with 293 (MazF/pcDNA3) cells (MazFC#1, #2 
and #3) without Dox-mediated induction of MazF. As 
expected, in the control mice, all tumors increased in 
size up to 28 days at which point the experiment was 
terminated ( fig. 1 a). Effect of MazF induction was mon-
itored independently in eight 293 ( mazF /pcDNA3) 
mice (MazF#1–#8). In 4 mice (MazF#1, #2, #3 and #4), 
the tumor size dramatically decreased in response to 
MazF induction, resulting in complete regression at 2 
weeks, which was maintained even after a prolonged 
period of time (45 days) ( fig. 1 b). The upper panel in 
 figure 2 a shows a photographic example of tumor 
growth and MazF-mediated regression of the tumor 
(MazF#1). Tumors in the remaining 4 mice (MazF#5, 
#6, #7 and #8) expressing MazF were also significant-
ly decreased after MazF induction; however, tumor 
growth recurred within 2 weeks after MazF induction 
( fig. 1 c). To check if the effect of MazF on tumor growth 
can be counteracted by its antitoxin MazE, the 293 

http://dx.doi.org/10.1159%2F000365509


 Shimazu   /Mirochnitchenko   /Phadtare   /
Inouye    

J Mol Microbiol Biotechnol 2014;24:228–233
DOI: 10.1159/000365509

230

 (mazF / mazE)  cell line, was injected subcutaneously 
into nude mice and tumor growth was monitored. In 
the presence of constitutive expression of MazE, induc-
tion of MazF at 22 days failed to cause regression in tu-
mors. The tumors continued to grow in size till day 31, 
at which time the experiment was terminated. Thus, the 
co-expression of MazE counteracted the MazF-mediat-
ed regression of tumors ( fig. 1 d). Taken together, these 
data clearly demonstrate that MazF toxin has potential 
anti-tumor activity in vivo.

  Analysis of Lack of Continued Regression of Tumors 
by MazF in Certain Nude Mice  
 As shown in  figure 1 c, tumor size in 4 out of 8 mice 

regressed for 10 days following MazF induction and then 
resumed growth. The lower panel in  figure 2 a shows a 
photographic example of tumor growth, MazF-mediated 
regression of the tumor to some extent followed by re-
sumption of tumor growth (MazF#5). This resumption of 
tumor growth may be due to the (i) absence of continued 
expression of MazF, (ii) acquired mutations in the  mazF  
gene, or (iii) degradation of MazF. To analyze why tumor 
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  Fig. 1.  Effect of MazF on tumors derived from transformed 293 
cells in nude mice.  a  Tumor formation in nude mice without the 
induction of MazF: MazFC#1–#3.  b  Tumor formation in nude 
mice in which MazF is induced: MazF#1–#4.  c  Tumor formation 
in nude mice in which MazF is induced: MazF#5–#8.  d  Effect of 

co-expression of MazE with MazF on tumor formation in nude 
mice: MazEF#1–#4. Arrows indicate start point of MazF induction 
by administration of 100 mg/ml Dox; MazE is constitutively ex-
pressed in  d . 
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re-growth occurred, the levels of MazF mRNA in 4 mice 
(MazF#5, #6, #7 and #8) were analyzed by RT-PCR using 
total RNA isolated from tumor from each dissected mice 
at the endpoint of monitoring tumor growth. Data re-
vealed that in two tumors, MazF#5 and #8, MazF cDNA 
was not detected ( fig. 2 b; lanes 2 and 5). This suggested 
that MazF protein was either no longer expressed due to 
the degradation of  mazF  mRNA or that there may be mu-
tations in the promoter region necessary to transcribe 
 mazF  mRNA. The 333-basepair MazF cDNA was clearly 
detected in MazF#6 and MazF#7 ( fig. 2 b; lanes 3 and 4), 
indicating that 293 ( mazF /pcDNA3) cells in these two tu-

mors still have capability to produce MazF mRNA at the 
endpoint of experiment. Next, DNA sequencing was car-
ried out to check if mutations occurred in the coding re-
gion of MazF in these two tumors (MazF#6 and MazF#7). 
Indeed substitution mutations were detected for the ly-
sine residues at 42nd and 56th positions (codon AA A ) in 
 mazF  mRNA from tumor MazF#6 and MazF#7, respec-
tively. These lysine residues were changed to asparagine 
(codon: AA T ). These mutations are not caused during 
PCR as sequencing of 10 independent plasmid clones 
with MazF cDNA amplified by PCR had the same muta-
tions. Structural studies have suggested that K42 and K56 
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  Fig. 2.   a  Visualization of the effect of MazF on tumors derived from transformed 293 cells in nude mice. Repre-
sentative tumors from 293/ mazF  cells-injected mice (MazF#1 and #5) photographed at indicated time points. 
 b  MazF mRNA levels in tumors. RT-PCR was carried out using specific primers and total RNA isolated from 
each tumor as indicated. Lane 1: molecular weight markers were loaded is indicated as M. Lanes 6 and 7: control 
reactions with 293 MazF cells and without RNA, respectively. 
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amino acids are located in the domain of MazF that is 
important for its RNA-binding ability [Li et al., 2006]. 
This suggests that the K42 and K56 mutations cause the 
loss of MazF mRNA-binding activity and thus loss of its 
RNase activity in two tumors (MazF#6 and MazF#7), 
leading to recurrence of increased tumor size due to defi-
ciency in apoptotic cell death.

  Discussion 

 Degradation of mRNA and consequent shutoff of 
protein synthesis by RNases and RNA interference 
(RNAi) is a promising strategy for reducing tumor 
growth. We demonstrate here that MazF toxin, one of 
bacterial endoribonucleases, has potential to suppress 
tumor growth and to cause tumor regression. Interest-
ingly,  E .  coli  cells have several toxins to control cell 
growth by inhibition of protein synthesis through mRNA 
degradation and blocking translation elongation [In-
ouye, 2006; Yamaguchi et al., 2011]. Furthermore, vari-
ous bacteria contain MazF homologues [Gerdes et al., 
2005]. These bacterial toxins may also be tested for use 
as anti-cancer agents. Moreover, combination treatment 
with two different toxins, as well as with other synthetic 
anti-cancer drugs, may prove to be more effective. MazF 
is a small (111 amino acids) and basic protein (pI 8.3), 
similar to onconase that can be easily internalized into 
cells due to its biochemical characteristics, suggesting a 
possibility of direct treatment of MazF to tumor cells. In 
addition, as both normal and tumor cells are sensitive to 
MazF, it is quite important to develop a specific and ef-
fective delivery and expression system for MazF only in 
tumor cells. Since co-expression of antitoxin MazE with 
MazF inhibits mRNA degradation, shutoff of protein 
synthesis and apoptotic cell death induced by MazF, 
MazE can be used to confer protection from MazF toxic-
ity in non-tumor cells.

  Recently, the TA toxins are being exploited for possi-
ble applications in the medical field. For example, we 
showed that induction of the  mazF  gene from an HIV-1 
promoter leads to degradation of viral mRNAs [Chono et 
al., 2011; Okamoto et al., 2013]. Results from our labora-
tory and another group [Park et al., 2012; Shapira et al., 
2012] showed that MazF can be used to create novel tools 
against HIV-1 and hepatitis C viruses. In the future, it is 
possible to utilize MazF and other bacterial endoribonu-
cleases as tissue-specific and selective anti-cancer agents 
by using tissue-specific promoters and tissue-specific de-
livery systems.

  Experimental Procedures 

 Plasmids  
 The MazF and MazE expression plasmids have been described 

before [Shimazu et al., 2007]. The parent plasmids along with the 
Tet-repressor expression plasmid, pcDNA6/TR, were purchased 
from Invitrogen (Carlsbad, Calif., USA).

  Cell Lines 
 Human embryonic kidney 293 cell lines that stably express 

MazF alone (293mazF/pcDNA3) and that stably co-express MazE 
with MazF (293mazF/mazE) were established through stable co-
transfection with the pcDNA6/TR and either pcDNA4/TO/ mazF  
and pcDNA3 or pcDNA4/TO/ mazF  and pcDNA3/ mazE  by Poly-
Fect Transfection Reagent (Qiagen, Inc., Valencia, Calif., USA)
according the manufacturer’s instructions, and were selected
with 5 mg/ml blasticidin for pcDNA6/TR, 40 mg/ml zeocin for 
pcDNA4/TO/ mazF  and 500 mg/ml geneticin (all Invitrogen).

  Cell Culture  
 All cell lines were cultured in Dulbecco modified Eagle’s media 

(Gibco, Carlsbad, Calif., USA) including 10% fetal bovine serum, 
0.5 mg/ml blasticidin, 4 mg/ml zeocin and 50 mg/ml geneticin at 
37   °   C in 5% CO 2  incubator.

  Tumor Formation in Nude Mice  
 Tumor formation in nude mice was performed as previously 

described [Degenhardt et al., 2002]. Cells were harvested by tryp-
sinization and washed twice with sterile phosphate-buffered saline 
(PBS), and viable cell number was counted by trypan blue exclu-
sion. Cells were diluted in PBS and injected subcutaneously at 1 × 
10 6  cells per 6-week-old nude mice (Taconic, Hudson, N.Y., USA). 
Tumor growth was monitored twice a week by a 6-in dial caliper, 
beginning at 1 week after injection. To induce MazF, 100 μg/ml 
Dox (Sigma, St. Louis, Mo., USA) containing sterile water was 
orally administrated. Tumor-bearing mice were sacrificed and the 
tumors were excised under sterile conditions for RNA prepara-
tion.

  RNA Isolation and RT-PCR  
 Total RNAs isolated by RNeasy Kit (Qiagen, Inc.) from tumors 

were subjected to RT-PCR using iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, Calif., USA) and specific primers to detect MazF 
cDNA. Primer sequences are as follows: 5 ′ -ATGGTAAGCCGA-
TACGTACCCGAT-3 ′  as forward primer and 5 ′ -CTACCCAAT-
CAGTACGTTAATTTT-3 ′  as reverse primer. DNA sequence of 
MazF cDNA was confirmed.

  Disclosure Statement 

 Dr. Tsutomu Shimazu, who was a post-doctoral fellow in Dr. 
Inouye’s laboratory, passed away after completion of this work.   He 
had approved the manuscript. Dr. Inouye assumes all the respon-
sibility for this data.
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