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Summary 

Bleomycin is a potent chemotherapeutic agent that can mediate cell killing by attacking the DNA. It is used in 
combination therapy for treating various cancers including testicular carcinomas, where it exhibits a striking cure 
rate of ~85%. However, the remaining fraction of testicular cancer patients relapses or resists bleomycin therapy. 
There is also clear evidence that certain human cancers, e.g., colon carcinoma, are highly resistant to bleomycin at 
the outset. Therefore, this raises an important question: What is the underlying mechanism that causes some 
tumors, and not others, to respond to bleomycin? Herein, we review our recent findings from the yeast model 
system showing that this mechanism involves a transporter, which actively transports the drug into the cell. We 
predict that a similar transporter exists in human cells, and that alteration of its activity may account for the 
differential responses of tumors to bleomycin therapy. 
 
 

I. Introduction 
Bleomycin is an antibiotic originally isolated four 

decades ago from Streptomyces verticillis (Umezawa, 
1965; Umezawa et al, 1966). Subsequent studies clearly 
demonstrated that bleomycin can diminish the growth of 
experimentally induced tumors in mice and rats, and 
dramatically decrease the size of human tumors (Suzuki et 
al, 1968, 1970a; Ichikawa et al, 1969; Kanno et al, 1969; 
Oka et al, 1970; Terasima and Umezawa, 1970). 
Additional studies demonstrated that bleomycin possesses 
the ability to induce micronuclei formation and 
chromosome aberrations in human lymphocytes, as well as 
mitotic recombination and mutations in many organisms 
(Suzuki et al, 1970b; Terasima et al, 1970; Hoffmann et al, 
1993). Collectively, these observations led to the 
suggestion that bleomycin mediates its chemotherapeutic 
effect by directly destroying the DNA and causing cell 
death. Following these findings, the detailed mechanism 
by which bleomycin induces DNA lesions began to unfold 
(Burger et al, 1981, 1982; Hecht, 1986; Kane and Hecht, 
1994). Besides its action on DNA, bleomycin can also 
selectively destroy RNA raising the possibility that 
bleomycin-induced cell death might be a contribution from 

the destruction of more than one target (Carter et al, 1990; 
Huttenhofer et al, 1992; Holmes and Hecht, 1993, 1994; 
Morgan and Hecht, 1994; Keck and Hecht, 1995). 
However, accessing these targets is complicated by the 
fact that bleomycin is a large hydrophilic molecule that is 
first channel to the vacuoles, presumably for detoxification 
(Aouida et al, 2004a), and perhaps accumulated to a 
threshold level where it might cause oxidation of the 
vacuolar inner membrane and subsequent release into the 
cytoplasm (Ekimoto et al, 1985; Marnett, 1999).  

Bleomycin is administered systemically and it is used 
only in combination therapy with a number of other 
antineoplastic agents such as etoposide and cisplatin 
(Umezawa, 1971; Wharam et al, 1973; Jani et al, 1992ab; 
Einhorn, 2002). It is most effective against lymphomas, 
testicular carcinomas, and squamous cell carcinomas of 
the cervix, head, and neck (Povirk and Austin, 1991; Lazo 
et al, 1996). Like many other antitumor drugs, bleomycin 
also manifests clinical limitations. At high doses (>235 
mg), bleomycin can induce pulmonary fibrosis, a 
condition that is triggered by lipid peroxidation (Ekimoto 
et al, 1985; Wang et al, 2000; Nagase et al, 2002), 
resulting in pulmonary insufficiency leading to fatal 
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hypoxemia (Sikic, 1986; Harrison and Lazo, 1987; Nagase 
et al, 2002). Another aspect that limits the clinical 
application of bleomycin is tumor resistance (Lazo et al, 
1996). So far, no definitive mechanism, e.g., drug efflux or 
enhanced repair of bleomycin-induced DNA lesions or 
inactivation of bleomycin, explains the development of 
tumor resistance towards the drug (Miyaki et al, 1975; 
Akiyama et al, 1981; Sebti et al, 1991; Morris et al, 1992; 
Urade et al, 1992). Although, current findings from our 
laboratory raised the possibility that tumor resistance to 
bleomycin might be at the level of drug uptake, instead. 

 
A. Properties and mechanism of action of 

bleomycin  
Bleomycin consists of three regions that include a 

carbohydrate moiety, a metal binding domain, and a DNA 
binding domain (Figure 1). The latter contains a chemical 
structure similar to the composition of polyamines (Hecht, 
1986; Kane et al, 1994; Petering et al, 1996; Abraham, 
1999; Leitheiser et al, 2000; Hoehn et al, 2001). 
Bleomycin also contains at least two accessible amino 
groups that could form covalent linkages with other 
compounds including fluorescein, thus providing a way to 
create a fluorescently labeled form of the drug (see 
below). Reduce Fe2+, as well as other metal ions, can bind 
to the metal pocket and trigger activation of bleomycin 
(Burger et al, 1979, 1981). During activation, the reduced 
Fe2+ becomes oxidized to Fe3+ resulting in the production 
of free radicals (Burger et al, 1979, 1981). The activated 
drug can intercalate with DNA to generate at least 4 types 
of DNA lesions, and the extent of formation of these 
lesions depends upon the oxygen content of the cell 
(Umezawa et al, 1966; Suzuki et al, 1970b; Terasima et al, 
1970; Burger, 1998; Tounekti et al, 2001). For example, in 
the absence of oxygen bleomycin abstracts a hydrogen 
atom from the C4′ position of the sugar moiety to create 
an unstable ring. This unstable sugar can ring open to form 
a mutagenic lesion, apurinic/apyrimidinic (AP) site, where 
the DNA strand is intact, but it lacks a base (Worth et al, 
1993; Burger, 1998). In the presence of oxygen, 
bleomycin can damage the sugar moiety resulting in a 
single strand break blocked at the 3′-terminus with a 
fragment of the sugar (Giloni et al, 1981; Worth et al, 
1993; Burger, 1998). This latter lesion, 3′-
phosphoglycolate, blocks DNA repair synthesis and 
therefore must be removed in order to promote cell 
division (Giloni et al, 1981; Worth et al, 1993; Burger, 
1998). It is noteworthy that the remaining portion of the 
fragmented sugar exists in the free base propenal form, 
which has the ability to react with the DNA to form base 
adducts. For example, the base propenal bears a 
malondialdehyde moiety, which can react with guanine to 
form the most abundant adduct pyrimidopurinone of 
deoxyguanosine (Dedon et al, 1998). Bleomycin also 
produces bi-stranded DNA lesions at certain specific 
sequences, such as CGCC, which are generated when the 
Fe.bleomycin complex creates an AP site on one strand, 
and a directly opposed single strand break on the 
complementary strand (Steighner and Povirk, 1990ab; 
Dedon and Goldberg, 1992; Absalon et al, 1995; Hoehn et 
al, 2001). The spontaneous cleavage of the AP site by 

primary amines (e.g., histone amine) in vivo converts the 
bi-stranded lesions into a double strand break (Steighner 
and Povirk, 1990ab; Dedon and Goldberg, 1992; Absalon 
et al, 1995). In general, bleomycin produces structurally- 
and chemically-related lesions as those created by ionizing 
radiation, and therefore it is considered a radiomimetic 
agent (Steighner and Povirk, 1990ab; Dedon and 
Goldberg, 1992; Absalon et al, 1995; Hoehn et al, 2001). 

Bleomycin-induced DNA lesions are known to be 
highly mutagenic, and account for its potent antitumor 
ability (Steighner and Povirk, 1990ab; Bennett et al, 1993; 
Tates et al, 1994; Dar and Jorgensen, 1995; Pavon et al, 
1995). Thus, if tumor cells can rapidly repair bleomycin-
induced lesions, then they are likely to become resistant to 
the genotoxic effects of the drug. Likewise, normal cells of 
cancer patients exposed to bleomycin must rely on DNA 
repair enzymes to process effectively the drug-induced 
lesions, in order to prevent lethal mutations that could lead 
to secondary tumors. 

 
B. Potential mechanisms leading to 

cellular bleomycin-resistance 
As pointed out above, tumor resistance is a major 

obstacle to bleomycin chemotherapy (Morris et al, 1991; 
Sebti et al, 1991; Jani et al, 1992ab). To date, no definitive 
mechanism(s) is known to explain how tumors acquire 
such resistance, although possible ones might include (i) 
enhanced repair of bleomycin-induced DNA lesions, (ii) 
increased drug efflux by multidrug transporters, (iii) 
inactivation of the drug by elevated levels of bleomycin 
hydrolase, and (iv) decreased drug uptake by plasma 
membrane permeases (Miyaki et al, 1975; Akiyama et al, 
1981; Sebti et al, 1991; Morris et al, 1992; Urade et al, 
1992; Sanz et al, 2002). These possibilities are discuss 
below, as well as striking findings from our laboratory 
indicating that bleomycin-resistance is due principally to 
altered drug uptake. 

 
1. DNA repair enzymes  
Organisms exposed to bleomycin must recruit 

proteins to repair bleomycin-induced DNA lesions in order 
to avert the mutagenic effects of the drug (Ramotar and 
Wang, 2003). Over the years, we employed the yeast 
Saccharomyces cerevisiae as a model organism to search 
for enzymes that would repair bleomycin-induced DNA 
lesions, as such enzymes have not been characterized in 
mammalian cells (Ramotar, 1997; Sander and Ramotar, 
1997; Jilani et al, 1999). S. cerevisiae provided a solid 
foundation for this study due to its multifaceted 
advantages that include (i) a powerful genetic system that 
permits rapid creation of gene nulls, (ii) a wealth of readily 
available technologies and a vast database information, 
and (iii) the ability to isolate clinically-relevant human 
disease genes by cross-species complementation (Phizicky 
and Fields, 1995; Bassett et al, 1996; Lashkari et al, 1997; 
Andrade et al, 1998; Pereira, 1998; Neff et al, 1999; 
Steinmetz and Davis, 2000; Steinmetz et al, 2002). 

To date, we and others have biochemically 
characterized three enzymes, i.e., Apn1, Apn2, and Tpp1, 
that clearly act in vitro to directly process bleomycin-
induced DNA lesions (Ramotar et al, 1991; Ramotar, 
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1997; Sander and Ramotar, 1997; Jilani et al, 1999; Vance 
and Wilson, 2001; Jilani and Ramotar, 2002). Genetic 
studies revealed that mutants lacking all three enzymes 
displayed severe hypersensitivity to bleomycin, while 
single mutants showed virtually no sensitivity to the drug, 
as compared to the parent (Ramotar, 1997; Vance and 
Wilson, 2001). These findings clearly indicate that more 
than one of these enzymes can compete to repair 
bleomycin-induced lesions in vivo (Ramotar et al, 1991; 
Ramotar, 1997; Sander and Ramotar, 1997; Jilani et al, 
1999; Vance and Wilson, 2001; Jilani and Ramotar, 2002). 
Despite extensive searches, the Apn1 homologue has not 
been found yet in humans, although the counterparts of 
yeast Apn2 (hApe/ref-1) and Tpp1 (hPNKP) have been 
identified (Barzilay and Hickson, 1995; Jilani et al, 1999). 
Recent studies demonstrated that overproduction of 
hApe1/ref-1 in the testicular cancer cell line NT2/D1 
resulted in ~3-fold increased protection against bleomycin 

(Robertson et al, 2001). However, it remains to be shown 
if hApe1 overexpression can account for the nearly 15% of 
patients that resist bleomycin-therapy (Robertson et al, 
2001). Whether hApe or hPNKP, and other yet 
unidentified human DNA repair enzymes (e.g., human 
Apn1), plays a role in bleomycin-tumor resistance is 
currently under investigation. 

 
2. Evidence against multidrug transporters as 

a mechanism of bleomycin-resistance  
In mammalian cells, elevated levels of plasma 

membrane ABC transporters, such as the multidrug 
resistant efflux pump, MDR1, and the multidrug resistant-
associated protein, MRP1, are known to increase efflux of 
chemotherapeutic agents thereby allowing tumor (and 
normal) cells to evade drug-induced cytoxicity (Gottesman 
et al, 1995; Dean et al, 2001). So far, there is no 
convincing evidence for the involvement of either MDR or 
MRP efflux pumps in bleomycin resistance (Chen et al, 
1994). Likewise in yeast, several well studied ABC 
transporters showed no involvement in the efflux of 
bleomycin (Ramotar and Masson, 1996; Decottignies and 
Goffeau, 1997). Consistent with this observation is that a 
yeast mutant strain, AD1-8, lacking seven of these 
transporters (Pdr5, Pdr10, Pdr11, Pdr15, Snq2, Yor1, and 
Ycf1), some of which share significant similarities to 
human ABC transporters and are involved in drug efflux, 
showed high level of sensitivities to numerous toxic 
compounds (Decottignies et al, 1998; Rogers et al, 2001). 
However, this mutant strain showed normal parental 
resistance to bleomycin (DR., unpublished). In other 
studies, the overexpression of each of these pumps did not 
confer upon parental yeast strains any additional resistance 
to bleomycin (DR., unpublished). Thus, it is unlikely that 
drug efflux pumps play a major role in bleomycin 
resistance. 

 
3. Bleomycin-hydrolase confers no drug 

resistance to yeast  
It is demonstrated that bleomycin can be 

metabolically inactivated in normal and tumor tissues by 
an enzyme called bleomycin hydrolase (Blh1), and that 
such inactivation may play a role in bleomycin resistance 

(Umezawa et al, 1974; Sebti and Lazo, 1988; Nishimura et 
al, 1989; Schwartz et al, 1999). The characterized enzyme 
acts as a thiol protease and hydrolyzes the β-aminoalanine 
amide moiety near the DNA binding domain of bleomycin 
to generate the inactive deamido metabolite (Akiyama et 
al, 1981; Lazo and Humphreys, 1983; Sebti et al, 1991). 
The activity can be inhibited by the thiol protease specific 
inhibitor (E64), and mammalian cells exposed to E64 
displayed sensitivity to bleomycin (Jani et al, 1992ab). 
These observations quickly led to the isolation of the 
corresponding bleomycin hydrolase gene from yeast and 
mammalian cells (Enenkel and Wolf, 1993; Magdolen et 
al, 1993; Bromme et al, 1996; O'Farrell et al, 1999; 
Ferrando et al, 1996). Expression of the yeast bleomycin 
hydrolase gene BLH1 in mouse NIH3T3 cells conferred a 
nearly 5-fold increase resistance to bleomycin, which 
could be blocked by E64 inhibitor (Pei et al, 1995). 
Notwithstanding this finding, independent studies showed 
conflicting data regarding the role of yeast Blh1 in the 
inactivation of bleomycin (Enenkel and Wolf, 1993; 
Magdolen et al, 1993 Kambouris, et al. 1992). While two 
studies showed that blh1Δ mutants are mildly sensitive to 
bleomycin, another study clearly established that these 
mutants exhibit no more sensitivity to the drug than parent 
strains (Kambouris et al, 1992; Enenkel and Wolf, 1993; 
Magdolen et al, 1993). In fact, we also demonstrated that 
blh1Δ mutants are not sensitive to bleomycin, and that 
overproduction of Blh1 in yeast cells does not protect 
bleomycin-hypersensitive mutants from the genotoxic 
effects of the drug (Wang and Ramotar, 2002). As such, 
we conclude that in vivo yeast Blh1 has no direct role in 
mediating cellular resistance to bleomycin, and that the 
role of the enzyme in producing tumor resistance remains 
unclear. However, it is worthy of noting that the yeast 
Blh1 protein, also called Gal6, is under the control of the 
Gal4 transcriptional activator (Zheng et al, 1997). 
Blh1/Gal6 binds specifically to the Gal4 transcription 
factor DNA binding site and acts as a repressor in a 
manner that negatively controls the pathway of galactose 
metabolism (Xu and Johnston, 1994; Joshua-Tor et al, 
1995; Zheng et al, 1997). Equipped with this new 
function, it would appear that bleomycin hydrolase plays a 
more general role by degrading certain transcription 
factors in order to regulate gene expression, as well as 
ribosomal proteins (Zheng et al, 1998; Koldamova et al, 
1999). If this is the case, the bleomycin resistance 
observed by expression of yeast Blh1 protein in 
mammalian cells could be explained, for example, by 
degradation of pro-apoptotic factors, thus preventing cell 
death. 

 
4. Iron transport plays no role in bleomycin 

resistance  
So far, we found no evidence in yeast that altered 

iron metabolism leads to bleomycin resistance. For 
example, fre1Δ and fre2Δ mutants defective in the Fe/Cu 
reductase genes showed normal parental resistance to 
bleomycin (Georgatsou and Alexandraki, 1999). 
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5. Evidence for bleomycin transport across 
the plasma membrane  

Previous evidence suggests that a protein exists on 
the plasma membrane of mammalian and yeast cells, 
which is believed to bind bleomycin and mediate its 
transport into the cell (Poddevin et al, 1991; Aouida et al, 
2003). This uncharacterized putative protein has been 
identified by analyzing plasma membrane fractions, under 
non-denaturing gel conditions, for specific binding to 
bleomycin carrying labeled [57Co] cobalt in the metal ion 
pocket (Pron et al, 1993). This preliminary observation 
prompted us to examine the kinetic parameters of 
bleomycin uptake into yeast cells. However, this could not 
be readily achieved with the labeled [57Co]-bleomycin and 
instead we created a fluorescently labeled form of 
bleomycin to conduct the study (Mistry et al, 1992). The 
fluorescien conjugated bleomycin (F-bleomycin) has been 
purified and rigorously shown to retain nearly full capacity 
to act as a genotoxic agent, as well as to induce cell killing 
by creating endogenous DNA lesions analogous to the 
unmodified drug (Aouida et al, 2004a). We then used the 
F-bleomycin as a tool to show that the drug can be actively 
transported into parent strains in a concentration- and 
time-dependent manner (Aouida et al, 2004a). Moreover, 
these studies revealed that F-bleomycin transport may be 
dependent upon new protein synthesis, as uptake could be 
blocked by the protein synthesis inhibitor cycloheximide 
(Aouida et al, 2004a). 

Base on the above observations, we reasoned that a 
plasma membrane transporter must exist to permit 
bleomycin entry into the cell. If this is the case, mutants 
devoid of the transporter are expected to exhibit greater 
than parental resistance to bleomycin. In support of this 
prediction, a recent report documented that the copper 
transporter, Ctr1, is responsible for transporting the 
anticancer drug cisplatin into yeast and mammalian cells 
(Ishida et al, 2002). Yeast mutants lacking the Ctr1 
transporter are resistant to cisplatin, and the 
overexpression of Ctr1 has been shown to cause increased 
sensitivity to the drug (Ishida et al, 2002). However, 
neither the Ctr1 nor other metal ion transporters in yeast is 
involved in bleomycin transport, favoring the possibility 
that the transporter in question is likely to exist in nature.  

 
6. Bleomycin accumulates in the vacuoles 

following transport  
With the aid of fluorescent microscopy, we have 

shown that following F-bleomycin uptake into the parent 
strain the drug accumulated into the vacuoles (Aouida et 
al, 2004a). Since the vacuoles serve a function to degrade 
many macromolecules, it is reasonable to assume that 
bleomycin might be detoxified in this organelle. 
Interruption of the endocytotic pathway to the vacuoles 
caused F-bleomycin to be redistributed such that it is 
accumulated in the cytoplasm, where the drug can now 
readily diffuse into the nucleus and rapidly degrade the 
DNA (Aouida et al, 2004a). In general, all the mutants 
tested so far with defects in the endocytic pathway to the 
vacuole display marked hypersensitivity to bleomycin 
(Table 1). Thus, it would seem that bleomycin is actively 
transported across yeast plasma membrane and directed to 

the vacuole, where this organelle might serve as a first line 
of defense by containing the drug and preventing its 
cytotoxicity and genotoxicity. 

To date, several approaches have been assessed to 
improve the genotoxicity of bleomycin that include 
exploiting chemical modifications, as well as directly 
transferring the drug into the cell via electroporation in 
order to bypass the vacuoles (Aouida et al, 2003). 

Although the latter technique seems promising in that it 
allows a defined number of bleomycin molecules into the 
cell and causes enhanced bleomycin cytotoxicity, this 
approach remains cumbersome (Orlowski et al, 1988; 
Kotnik et al, 2000). However, a more recent study 
employed the use of photochemical damage to the 
endocytic vesicles in order to trigger disruption of the 
organelles, with concomitant release of the accumulated 
bleomycin, in various cancer cells challenged with the 
drug (Berg et al, 2005). While this approach holds great 
promise to enhance the chemotherapeutic effects of the 
bleomycin (Berg et al, 2005), other rationale approaches 
are still forthcoming. 

 
C. Genome-wide screen  
In the last five years, several genome-wide screens 

have been performed with different collections of yeast 
mutant cells exposed to various DNA damaging agents 
including γ-rays, ultraviolet radiation, methyl methane 
sulfonate, and cisplatin (Bennett et al, 2001; Birrell et al, 
2001; Chang et al, 2002; Desmoucelles et al, 2002; 
Giaever et al, 2002; Fry et al, 2005). These screens have 
allowed the identification of many previously reported 
gene functions, as well as uncovered new ones that are 
required to protect cells against DNA damaging agents, 
and which otherwise could not be rapidly isolated by other 
strategies that include the use of transposon-insertion 
mutagenesis and reverse genetics (Burns et al, 1994). The 
data generated from these genome-wide screens are being 
exploited to further establish, for example, those genes 
encoding proteins that participate in related biological 
processes (Fry et al, 2005). As discussed below, we have 
undertaken a similar genome-wide approach to unravel the 
gene functions that are involved in protecting cells against 
the genotoxic effects of bleomycin. 

 
1. Bleomycin-hypersensitive mutants revealed 

by a genome-wide screen in yeast  
To directly complement our previous efforts to 

understand how cells provide resistance to bleomycin, we 
performed two independent robot-aided screens of the 
entire collection of haploid yeast mutants to identify all the 
bleomycin-hypersensitive mutants (Aouida et al, 2004b). 
The collection comprises single deletions in nearly 4,000 
of the 6,000 yeast genes (www.uni-
frankfurt.de/fb15/mikro/euroscarf/)(Winzeler et al, 1999; 
Desmoucelles et al, 2002): The remaining 2,000 genes are 
essential for cell viability. The screens reproducibly 
identified 231 mutants that have been independently 
confirmed, and showing hypersensitivity to bleomycin 
(i.e., 4- to 20-fold more sensitive than the parent strain). 
Table 1 list all the genes deleted in the corresponding 
mutants. Among these genes, we previously identified
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Table 1. BLM-hypersensitive and–resistant genes 
 

Cell Cycle Cell wall 
CDC50* a ANP1 

Unknown 
Function 

DNA repair 
Chromatin 
Structure CTK2 

Mitochondria 
and ATP 

metabolism 

Vacuoles 
and vesicular 

transport CAX4 b APQ13 
CTF18* a DOC1 b ADK1* b AKR1 b CHS1 BAT2 
CTF4* a + b HTL1 a + b AFG3 APG17 CWH36 b GON7 
CTF8 a + b PHO85* ATP11 APL2 FKS1 SWF5 

EST2* RTS1* ATP12 CHC1* FYV6 YBR168W 
FAB1* SFP1 b ATP14 DID4* GAS1 YBR267W* 
IWR1* b  ATP15 END3* HOC1 YDR049W* 

MRE11* a RNA CAT5* GLO3 LAG2 YDR532C 
NAT3* a + b Metabolism ILM1 IES6 MNN9 YGL072C 
RAD27 a ARC1* ISA1* INP53* MNN10 YGR237C 
RAD54* a BRE5* MDJ1 LCB4* OST4 YGR272C 

RAD57* a + b BRF1 MRPL51* LUV1 RMD7 YLR374C 
RAD6* a + b CDC40* a + b MRPS8 MON2* ROT2* YMR031W-A a 

RAI1* b DBP7 MSF1 PEP5* SLG1* YOR342C 
REM50 a DIA4 b MSY1* PEP12*  YPR044C 

RNR1 KEM1* NHX1 RIC1   
RNR4* LOC1 b OCT1 RCY1* Miscellaneous  
SNF6 PAT1* b PDA1 RVS161* b ADE12  

SPT10 b SAC3* PFK2 b RVS167 b ADH1  
SPT20 SNT309 PPA2 SHE4 APM1 BLM- 
THP1* YER087W* RML2 SWF1* ARP5* resistant 
TRF4*  RSM19 VAM6 CYS4 AGP2* 

VID31* a + b Protein RSM7 b VPH2 b DIA2 FES1* 
XRS2 a + b Synthesis RSM22 VPS1 GLY1 PTK2* 

 ASC1 SNF1 VPS3 GON1* SKY1* 
 EAP1 SPF1* VPS4 GPH1 BRP1 

Transcription EGD2 SSQ1 VPS8 GUP1  
ASF1* a + b PDR13 b SWF3 VPS9 MET22*  
BUR2 a + b PFD1 b SWS2 VPS15 NPL6 a  
CCR4 b RPL13B TOM5 VPS16* OPT2  
CTK1 RPL1B TUF1* VPS20 PLC1  
CTK3 RPL27A UGO1* VPS24 PMP3  

DHH1* b RPL35A YDJ1 VPS25* PRO1  
GAL11 RPL39 YHM1 VPS27 REG1  
IMP2 RPS0B* YME1 VPS45* RIB4  
KCS1 RPP1A  VPS66 SHP1  
POP2 TIF3 Polarity and 

polarized growth 
VPS67 SLX8*  

ROX3 TIF4631 BEM2 VPS69 SPS4  
RPB4 ZUO1* b BUD16* YAF9* TPS1  

RPB9* a + b YIF2* b BUD20* YPT6   
RRN10 a  BUD23* YPT7   

SIN4 Protein 
Degradation 

BUD25 a    

SPT21 GRR1* a + b BUD27 Cytoskeleton   
SPT7* UBP3 BUD31* ARC18   
SRB2 a UMP1* BUD32* CDC10*  a MMS sensitive 
SRB5 a  SAC2 CNM67 b   
SRB8*  SAC6 b GCS1  b IR sensitive 
SSN8 Lipid metabolism  HOF1* a + b 

 
* 88 genes conserved in 

human 
SWI4 ARV1*  SPC72   

SWI6* a ERG2     
TAF14* ERG4     
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IMP2, GAS1, SLG1, END3, and RAD6 by a different type 
of screen namely insertional-mutagenesis that causes 
functional disruption of genes (He et al, 1996; Masson and 
Ramotar, 1996; Leduc et al, 2003), thus validating the 
utility of our genome-wide approach. From the collection 
of genes, 88 encode proteins that share significant level of 
identity with a human protein (Table 1, shown with an 
asterisk), suggesting that yeast and human cells may 
conserve the same biological processes to combat the 
cytotoxic and genotoxic effects of bleomycin. 

The genes (Table 1) encode proteins belonging to 
several functional groups including DNA repair and 
chromatin structure, transcription, and cell cycle. Other 
groups participate in maintaining the vacuolar and 
mitochondrial functions. In fact, the largest number of 
genes identified belongs to the vacuolar pathway. Thus, it 
would appear that modulating the function of these gene 
products could likely affect how cancer cells respond to 
bleomycin. For example, blocking the detoxification 
pathway might effectively increase the cytoplasmic 
concentration of bleomycin (Aouida et al, 2004a; Berg et 
al, 2005). In addition, many chromatin-remodeling 
proteins such as Snf6, Spt20, and Spt10 might play a role 
in promoting specific repair of bleomycin-induced DNA 
lesions. These latter chromatin-remodeling proteins are 
under characterization in order to examine for 
relationships with DNA repair pathways and to determine 
the types of DNA lesions that are processed. 

 
2. Bleomycin-resistant mutants revealed by 

the genome-wide screen in yeast 
In addition to the search for bleomycin-

hypersensitive mutants, we also exploited the screen to 
identify those mutants that would be resistant to the drug. 
At least five mutants that displayed nearly 500- to 3000-
fold more resistance to bleomycin than the parent have 
been identified (Table 1) (Aouida et al, 2004b). The 
mutants lacked the gene AGP2, PTK2, SKY1, FES1, and 
BRP1 (Table 1). Amongst these mutants, the agp2Δ 
mutants exhibited the greatest resistance (~3000-fold) to 
bleomycin, while the other four displayed at least 500-fold 
more resistance than the parent (Aouida et al, 2004b). 
Below, we highlighted the current knowledge of the five 
gene products involved in bleomycin-resistance. 

 
i. Agp2  

Agp2 is a 67.2-kDa plasma membrane protein that belongs 
to the amino acid transporter family (Lee et al, 2002; 
Schreve and Garrett, 2004). Previous studies demonstrated 
that Agp2 is involved in the uptake of L-carnitine, which 
serves as a carrier to transport the end product of fatty acid 
β-oxidation, acetyl-CoA, from the peroxisome into the 
mitochondria for complete oxidation (van Roermund et al, 
1999; Lee et al, 2002). However, it remains unclear if 
Agp2 has a direct role in L-carnitine transport, although 
there is a correlation showing that the expression level of 
the transporter is induced when cells are grown in the 
presence of fatty acid (van Roermund et al, 1999). We 
recently showed that Agp2 is responsible also for 
mediating the uptake of bleomycin into the cells (Aouida 
et al, 2004b). This observation is derived from the finding 

that agp2Δ mutants are unable to transport F-bleomycin 
into the cells causing a decreased accumulation in the 
vacuoles (Aouida et al, 2004b). However, reintroduction 
of the AGP2 gene into the agp2Δ reinstated F-bleomycin 
uptake and its accumulation into the vacuoles (Aouida et 
al, 2004b). If the Agp2 transporter is overproduced via 
increased gene dosage, it can greatly enhance the uptake 
of F-bleomycin and simultaneously sensitized the cells to 
killing by the drug, a consequence of increased damage to 
the chromosomal DNA (Aouida et al, 2004b). The 
overproduced Agp2 did not sensitize cells to various other 
DNA damaging agents including cisplatin, suggesting that 
Agp2 is selectively involved in bleomycin uptake (Aouida 
et al, 2004b). We reasoned that Agp2 is involved in the 
uptake of both bleomycin and L-carnitine as the 
bleomycin specie (bleomycin-A5) we used in the genome-
wide screen possesses a region with a chemical structure 
that is similar to L-carnitine and polyamine (Figure 1). In 
fact, preincubation of cells with L-carnitine blocked the 
uptake of bleomycin and protected the cells from 
bleomycin-induced cell death, further supporting the 
notion that Agp2 functions to transport the bleomycin-A5 
specie (Aouida et al, 2004b). It is noteworthy that agp2Δ 
mutants showed only modest resistance to another specie 
of bleomycin, that is bleomycin-A2, which lacks the 
polyamine portion (M.A. and D.R., unpublished), 
indicating that this region plays a critical role in permitting 
entry of the drug into the cell. This observation prompted 
us to examine if the Agp2 transporter might in fact be the 
long sought high affinity polyamine transporter, 
particularly since a transporter of this nature remains 
unidentified in higher eukaryotic cells. Uptake studies 
performed with labeled spermidine revealed that Agp2 is 
indeed the high-affinity polyamine permease in yeast 
(Aouida et al, 2005). Deletion of the AGP2 gene 
dramatically reduces the initial velocity of spermidine and 
putrescine uptake and confers strong resistance to the 
toxicity of exogenous polyamines (Aouida et al, 2005). 
Reintroduction of the AGP2 gene from an expression 
vector restored polyamine transport into the agp2Δ 
mutants (Aouida et al, 2005). Further analyses revealed 
that the transporter function of Agp2 is crucial to sustain 
the growth of cells (e.g., spe1Δ mutant) lacking the ability 
to synthesize polyamine (Aouida et al, 2005). In fact, 
spe1Δ agp2Δ double mutants required more than 10-fold 
higher concentrations of exogenous putrescine to restore 
cell proliferation, as compared to the spe1Δ single mutant 
(Aouida et al, 2005). Other genetic alterations, such as 
disruption of the END3 gene encoding a protein required 
for an early step of endocytosis, increase the abundance of 
Agp2 and causing a marked upregulation of spermidine 
transport velocity (Aouida et al, 2005). Collectively, these 
observations are consistent with the notion that (1) Agp2 is 
the first eukaryotic permease that preferentially uses 
spermidine over putrescine as a high-affinity substrate, 
and (2) Agp2 plays a central role in the uptake of 
polyamines into yeast cells. As such, we expect that agp2Δ 
mutants would be resistant to other chemotherapeutic 
agents conjugated to polyamine, e.g., chlorambucil-
spermidine and difluoropolyamines (Hull et al, 1988; 
Cullis et al, 1994). 
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Figure 1. Structure of bleomycin-A5 depicting several domains. The metal binding domain binds to reduce iron and in the presence of 
oxygen forms a free radical that attacks the DNA. While the polyamine-like region is involved in DNA binding, the function of the 
carbohydrate moiety is unknown. Reproduced from Leitheiser et al, 2000 with kind permission from Organic Letters. 
 
 

ii. Ptk2 
Ptk2 is a Ser/Thr protein kinase that belongs to the 

Npr1 kinase family, and which regulates the activity of 
permeases and transporters (Schmidt et al, 1998). We 
previously showed that Ptk2 is a key regulator of 
polyamine transport into yeast cells (Kaouass et al, 1997). 
Genetic studies revealed that ptk2Δ mutants are unable to 
transport polyamine into the cells and thus these mutants 
are hyperresistant to toxic doses of spermine (Kaouass et 
al, 1997). Ptk2 has been shown to play a role in positively 
regulating the activity of the plasma membrane proton 
pump Pma1, which creates a voltage gradient that serves 
to provide energy for transporters (Goossens et al, 2000). 
Whether Ptk2 is required to directly phosphorylates Pma1 
remains to be seen, but phosphorylation of Ser899 
activates Pma1 activity (Portillo, 2000). In this context, we 
postulate that the voltage gradient created by Pma1 is also 
required to propel the function of the Agp2 transporter. 
Thus, it is logical to expect that mutants defective in Ptk2 
function would display resistance to bleomycin and 
polyamines. As predicted from the functions of Ptk2 and 
Agp2, it is not surprising that agp2Δ ptk2Δ double mutant 
exhibits the same level of bleomycin and polyamine 
resistance as the single agp2Δ mutant (unpublished data). 
From the above findings, it would appear that mammalian 
cells compromised for the maintenance of the voltage 
gradient is likely to display resistance to bleomycin.  

 
iii. Sky1  
Sky1 is a Ser/Arg kinase also shown to regulate 

polyamine transport (Erez and Kahana, 2001), and that 
sky1Δ mutants are hyperresistant to toxic doses of 
spermine (Erez and Kahana, 2001). Since the emerging 
scenario in yeast is that a family of protein kinases exists 
which is dedicated to regulate plasma membrane 
transporter activity, it is possible that Sky1 could control 
Agp2 activity by phosphorylation (Schmidt et al, 1998). 
However, neither Agp2 nor the other proteins involved in 

bleomycin resistance, possesses a Ser/Arg rich domain 
that can serve as a phosphorylation acceptor site for the 
action of Sky1 kinase. Alternatively, Sky1 could affect the 
phosphorylation status of proteins with Ser/Arg rich 
domain that are involved in RNA binding activity and 
cellular location, and thus indirectly affecting the function 
of Agp2 (Gilbert et al, 2001).  

In the case of mammalian cells, a dominant negative 
form of the mammalian Sky1 kinase (SRPK1 serine 
kinase) has been shown to confer upon Chinese hamster 
lung fibroblast and HeLa cells resistance to bleomycin, but 
not to other DNA damaging agents (Sanz et al, 2002). This 
observation strongly suggests that a conserved pathway 
exists in eukaryotic cells to regulate the genotoxic effects 
of bleomycin (Sanz et al, 2002; Aouida et al, 2004b). 
Thus, unraveling the mechanism by which the dominant 
negative SRPK1 triggers bleomycin-resistance could be an 
important clue to understand the nature of this drug 
resistant pathway and implement better regimens.  

 
iv. Fes1  
Fes1 is associated with the ribosomes and believed to 

play a role in protein translation (Kabani et al, 2002). 
fes1Δ mutant is believed to have a translational defect, 
suggesting that Fes1 could signal translation of at least one 
of the components (Agp2, Sky1, Ptk2, and Brp1) involved 
in bleomycin resistance. So far, we found no evidence that 
the expression level of a functionally tagged form of 
Agp2, Agp2-cTAP (cTAP carrying protein domains for 
Tandem Affinity Purification), is diminished in the fes1Δ 
mutant. Clearly, additional studies are needed to precisely 
determine the function of Fes1, and if it is involved in 
promoting the translation of the other members. 

 
v. Brp1  
We designated the YGL007w gene as BRP1, which is 

predicted to encode a small 13-kDa bleomycin resistant 
protein of unknown function. Since the activity of some 
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membrane transporters is regulated by small proteins, e.g., 
the small heat shock protein Hsp30 regulates the activity 
of the H+/ATPase, Pma1, it is possible that Brp1 might 
engage in a similar function (Braley and Piper, 1997; de la 
Fuente et al, 1997). Consistent with this notion, one group, 
which quickly reproduced our findings, provided 
preliminary evidence that Brp1 might be required to 
regulate the expression level of Pma1 (Porat et al, 2005). 

 
D. Model  
It is clear from our studies that deletion of any of the 

following five yeast genes, AGP2, PTK2, SKY1, FES1, 
and BRP1 protects the organism against the cytotoxic and 
genotoxic effects of bleomycin (Aouida et al, 2004b). 
Thus, to explain the possible roles played by these gene 
products in bleomycin resistance, we propose the 
following model (Figure 2) that is most consistent with 
the current data. The Agp2 protein acts as the transporter 
of bleomycin and that its activity is likely regulated 
directly by the Sky1 kinase. In this model, the Ptk2 kinase 
acts to modulate the proton pumping activity of Pma1 to 
provide a voltage gradient needed to drive the activity of 
many transporters including Agp2. In contrast, the roles of 
Fes1 and Brp1 are less clear. However, we speculate that 
Fes1 could control the translation of either Sky1 or Ptk2 or 
Brp1, and that this latter protein in turn regulates the 
expression level of the proton pump Pma1. We believe 
that in depth functional analysis of these gene products 
will provide a much better understanding of the 
mechanism by which bleomycin enters the cell, and will 
lead to the identification of novel therapeutic targets aimed 
at enhancing the antitumor properties of the drug. 

 

II. Conclusions 
To date, a homologue of Agp2 has not yet been 

reported in humans, but two high affinity L-carnitine 
transporters CT2 and OCTN2, each sharing approximately 
19% identity, have been identified (Tamai et al, 1998; 
Enomoto et al, 2002). Interestingly, hCT2 is expressed 

exclusively in human testis, whereas OCTN2 is expressed 
strongly in kidney, skeletal muscle, heart, and prostate 
(Tamai et al, 1998; Enomoto et al, 2002). The fact that 
hCT2 is expressed exclusively in the testis and that 

testicular cancers have a high cure rate with bleomycin 
therapy is striking, offering strong support for the notion 
that hCT2 could be the human transporter of bleomycin. If 
this is the case, hCT2 could play an important role in 
predicting the responses of patients to bleomycin. For 
example, mutations altering hCT2 transporter function are 
expected to be an important factor in tumors that gradually 
develop resistance to bleomycin. Extensive studies are in 
progress to examine if hCT2 is involved in both bleomycin 
and polyamine uptake (M.A and D.R., in preparation). We 
believe that seeking strategies to upregulate the transporter 
activity can lead to widening the application of bleomycin 
therapy to other cancers besides testicular. 
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. 
Figure 2. A model illustrating the transport and detoxification pathway of bleomycin. The drug enters the cell via a bleomycin 
transporter Agp2, whose activity might be influenced by the kinases Ptk2 and Sky1. These kinases are known to regulate the plasma 
membrane polyamine transporter. Following uptake, bleomycin is channeled to the vacuole for detoxification. Interruption of the 
endocytic pathway to the vacuoles resulted in mutants that are hypersensitive to bleomycin. Reproduced from Aouida et al 2004 with 
kind permission from Biochemical Journal and Cancer Research. 



Cancer Therapy Vol 4, page 179 

179 

References 
Abraham AT, Zhou X and Hecht SM (1999) DNA cleavage by 

Fe(II). bleomycin conjugated to a solid support. J. Am. 
Chem. Soc 121, 1982-1983. 

Absalon MJ, Wu W, Kozarich JW, Stubbe J (1995) Sequence-
specific double-strand cleavage of DNA by Fe-bleomycin. 2. 
Mechanism and dynamics. Biochemistry 34, 2076-2086. 

Akiyama S, Ikezaki K, Kuramochi H, Takahashi K, Kuwano M 
(1981) Bleomycin-resistant cells contain increased 
bleomycin-hydrolase activities. Biochem Biophys Res 
Commun 101, 55-60. 

Andrade MA, Sander C, Valencia A (1998) Updated catalogue of 
homologues to human disease-related proteins in the yeast 
genome. FEBS Lett 426, 7-16. 

Aouida M, Leduc A, Poulin R, Ramotar D (2005) AGP2 encodes 
the major permease for high affinity polyamine import in 
Saccharomyces cerevisiae. J Biol Chem 280, 24267-24276. 

Aouida M, Leduc A, Wang H, Ramotar D (2004a) 
Characterization of a transport and detoxification pathway 
for the antitumour drug bleomycin in Saccharomyces 
cerevisiae. Biochem J 384, 47-58. 

Aouida M, Page N, Leduc A, Peter M, Ramotar D (2004b) A 
Genome-Wide Screen in Saccharomyces cerevisiae Reveals 
Altered Transport As a Mechanism of Resistance to the 
Anticancer Drug Bleomycin. Cancer Res 64, 1102-1109. 

Aouida M, Tounekti O, Belhadj O, Mir LM (2003) Comparative 
Roles of the Cell Wall and Cell Membrane in Limiting 
Uptake of Xenobiotic Molecules by Saccharomyces 
cerevisiae. Antimicrob Agents Chemother 47, 2012-2014. 

Barzilay G, Hickson ID (1995) Structure and function of 
apurinic/apyrimidinic endonucleases. Bioessays 17, 713-719. 

Bassett DE, Jr., Basrai MA, Connelly C, Hyland KM, Kitagawa 
K, Mayer ML, Morrow DM, Page AM, Resto VA, Skibbens 
RV, Hieter P (1996) Exploiting the complete yeast genome 
sequence. Curr Opin Genet Dev 6, 763-766. 

Bennett CB, Lewis LK, Karthikeyan G, Lobachev KS, Jin YH, 
Sterling JF, Snipe JR, Resnick MA (2001) Genes required 
for ionizing radiation resistance in yeast. Nat Genet 29, 426-
434. 

Bennett RA, Swerdlow PS, Povirk LF (1993) Spontaneous 
cleavage of bleomycin-induced abasic sites in chromatin and 
their mutagenicity in mammalian shuttle vectors. 
Biochemistry 32, 3188-3195. 

Berg K, Dietze A, Kaalhus O, Hogset A (2005) Site-specific 
drug delivery by photochemical internalization enhances the 
antitumor effect of bleomycin. Clin Cancer Res 11, 8476-
8485. 

Birrell GW, Giaever G, Chu AM, Davis RW, Brown JM (2001) 
A genome-wide screen in Saccharomyces cerevisiae for 
genes affecting UV radiation sensitivity. Proc Natl Acad Sci 
U S A 98, 12608-12613. 

Braley R, Piper PW (1997) The C-terminus of yeast plasma 
membrane H+-ATPase is essential for the regulation of this 
enzyme by heat shock protein Hsp30, but not for stress 
activation. FEBS Lett 418, 123-126. 

Bromme D, Rossi AB, Smeekens SP anderson DC, Payan DG 
(1996) Human bleomycin hydrolase, molecular cloning, 
sequencing, functional expression and enzymatic 
characterization. Biochemistry 35, 6706-6714. 

Burger RM (1998) Cleavage of nucleic acids by bleomycin. 
Chemical Reviews 98, 1153-1169. 

Burger RM, Peisach J, Blumberg WE, Horwitz SB (1979) Iron-
bleomycin interactions with oxygen and oxygen analogues. 
Effects on spectra and drug activity. J Biol Chem 254, 
10906-10912. 

Burger RM, Peisach J, Horwitz SB (1981) Activated bleomycin. 
A transient complex of drug, iron and oxygen that degrades 
DNA. J Biol Chem 256, 11636-11644. 

Burger RM, Peisach J, Horwitz SB (1982) Stoichiometry of 
DNA strand scission and aldehyde formation by bleomycin. 
J Biol Chem 257, 8612-8614. 

Burns N, Grimwade B, Ross-Macdonald PB, Choi EY, Finberg 
K, Roeder GS, Snyder M (1994) Large-scale analysis of gene 
expression, protein localization and gene disruption in 
Saccharomyces cerevisiae. Genes Dev 8, 1087-1105. 

Carter BJ, de Vroom E, Long EC, van der Marel GA, van Boom 
JH, Hecht SM (1990) Site-specific cleavage of RNA by 
Fe(II).bleomycin. Proc Natl Acad Sci U S A 87, 9373-9377. 

Chang M, Bellaoui M, Boone C, Brown GW (2002) A genome-
wide screen for methyl methanesulfonate-sensitive mutants 
reveals genes required for S phase progression in the 
presence of DNA damage. Proc Natl Acad Sci U S A 99, 
16934-16939. 

Chen G, Jaffrezou JP, Fleming WH, Duran GE, Sikic BI (1994) 
Prevalence of multidrug resistance related to activation of the 
mdr1 gene in human sarcoma mutants derived by single-step 
doxorubicin selection. Cancer Res 54, 4980-4987. 

Cullis PM, Green RE, Malone ME, Merson-Davies L, Weaver R 
(1994) Targeting of tumour cells with polyamine-drug 
conjugates. Biochem Soc Trans 22, 402S. 

Dar ME, Jorgensen TJ (1995) Deletions at short direct repeats 
and base substitutions are characteristic mutations for 
bleomycin-induced double- and single-strand breaks, 
respectively, in a human shuttle vector system. Nucleic 
Acids Res 23, 3224-3230. 

de la Fuente N, Maldonado AM, Portillo F (1997) Yeast gene 
YOR137c is involved in the activation of the yeast plasma 
membrane H+-ATPase by glucose. FEBS Lett 420, 17-19. 

Dean M, Hamon Y, Chimini G (2001) The human ATP-binding 
cassette (ABC) transporter superfamily. J Lipid Res 42, 
1007-1017. 

Decottignies A, Goffeau A (1997) Complete inventory of the 
yeast ABC proteins. Nat Genet 15, 137-145. 

Decottignies A, Grant AM, Nichols JW, de Wet H, McIntosh 
DB, Goffeau A (1998) ATPase and multidrug transport 
activities of the overexpressed yeast ABC protein Yor1p. J 
Biol Chem 273, 12612-12622. 

Dedon PC, Goldberg IH (1992) Free-radical mechanisms 
involved in the formation of sequence-dependent bistranded 
DNA lesions by the antitumor antibiotics bleomycin, 
neocarzinostatin and calicheamicin. Chem Res Toxicol 5, 
311-332. 

Dedon PC, Plastaras JP, Rouzer CA, Marnett LJ (1998) Indirect 
mutagenesis by oxidative DNA damage, formation of the 
pyrimidopurinone adduct of deoxyguanosine by base 
propenal. Proc Natl Acad Sci U S A 95, 11113-11116. 

Desmoucelles C, Pinson B, Saint-Marc C, Daignan-Fornier B 
(2002) Screening the yeast "disruptome" for mutants 
affecting resistance to the immunosuppressive drug, 
mycophenolic acid. J Biol Chem 277, 27036-27044. 

Einhorn LH (2002) Curing metastatic testicular cancer. Proc 
Natl Acad Sci U S A 99, 4592-4595. 

Ekimoto H, Takahashi K, Matsuda A, Takita T, Umezawa H 
(1985) Lipid peroxidation by bleomycin-iron complexes in 
vitro. J Antibiot (Tokyo) 38, 1077-1082. 

Enenkel C, Wolf DH (1993) BLH1 codes for a yeast thiol 
aminopeptidase, the equivalent of mammalian bleomycin 
hydrolase. J Biol Chem 268, 7036-7043. 

Enomoto A, Wempe MF, Tsuchida H, Shin HJ, Cha SH, Anzai 
N, Goto A, Sakamoto A, Niwa T, Kanai Y anders MW, 
Endou H (2002) Molecular identification of a novel carnitine 
transporter specific to human testis. Insights into the 



Aouida and Ramotar: The transport of bleomycin 
 

180 

mechanism of carnitine recognition. J Biol Chem 277, 
36262-36271. 

Erez O, Kahana C (2001) Screening for modulators of spermine 
tolerance identifies Sky1, the SR protein kinase of 
Saccharomyces cerevisiae, as a regulator of polyamine 
transport and ion homeostasis. Mol Cell Biol 21, 175-184. 

Ferrando AA, Velasco G, Campo E, Lopez-Otin C (1996) 
Cloning and expression analysis of human bleomycin 
hydrolase, a cysteine proteinase involved in chemotherapy 
resistance. Cancer Res 56, 1746-1750. 

Fry RC, Begley TJ, Samson LD (2005) Genome-wide responses 
to DNA-damaging agents. Annu Rev Microbiol 59, 357-
377. 

Georgatsou E, Alexandraki D (1999) Regulated expression of the 
Saccharomyces cerevisiae Fre1p/Fre2p Fe/Cu reductase 
related genes. Yeast 15, 573-584. 

Giaever G, Chu AM, Ni L, Connelly C, Riles L et al, (2002) 
Functional profiling of the Saccharomyces cerevisiae 
genome. Nature 418, 387-391. 

Gilbert W, Siebel CW, Guthrie C (2001) Phosphorylation by 
Sky1p promotes Npl3p shuttling and mRNA dissociation. 
Rna 7, 302-313. 

Giloni L, Takeshita M, Johnson F, Iden C, Grollman AP (1981) 
Bleomycin-induced strand-scission of DNA. Mechanism of 
deoxyribose cleavage. J Biol Chem 256, 8608-8615. 

Goossens A, de La Fuente N, Forment J, Serrano R, Portillo F 
(2000) Regulation of yeast H(+)-ATPase by protein kinases 
belonging to a family dedicated to activation of plasma 
membrane transporters. Mol Cell Biol 20, 7654-7661. 

Gottesman MM, Hrycyna CA, Schoenlein PV, Germann UA, 
Pastan I (1995) Genetic analysis of the multidrug transporter. 
Annu Rev Genet 29, 607-649. 

Harrison JH, Jr., Lazo JS (1987) High dose continuous infusion 
of bleomycin in mice, a new model for drug-induced 
pulmonary fibrosis. J Pharmacol Exp Ther 243, 1185-1194. 

He CH, Masson JY, Ramotar D (1996) A Saccharomyces 
cerevisiae phleomycin-sensitive mutant, ph140, is defective 
in the RAD6 DNA repair gene. Can J Microbiol 42, 1263-
1266. 

Hecht SM (1986) DNA strand scission by activated bleomycin 
group antibiotics. Fed Proc 45, 2784-2791. 

Hecht SM (1994) RNA degradation by bleomycin, a naturally 
occurring bioconjugate. Bioconjug Chem 5, 513-526. 

Hoehn ST, Junker HD, Bunt RC, Turner CJ, Stubbe J (2001) 
Solution structure of Co(III)-bleomycin-OOH bound to a 
phosphoglycolate lesion containing oligonucleotide, 
implications for bleomycin-induced double-strand DNA 
cleavage. Biochemistry 40, 5894-5905. 

Hoffmann GR, Colyer SP, Littlefield LG (1993) Induction of 
micronuclei by bleomycin in G0 human lymphocytes, I. 
Dose-response and distribution. Environ Mol Mutagen 21, 
130-135. 

Holmes CE, Hecht SM (1993) Fe.bleomycin cleaves a transfer 
RNA precursor and its "transfer DNA" analog at the same 
major site. J Biol Chem 268, 25909-25913. 

Hull WE, Kunz W, Port RE, Seiler N (1988) Chain-fluorinated 
polyamines as tumour markers. III. Determination of geminal 
difluoropolyamines and their precursor 2,2-
difluoroputrescine in normal tissues and experimental 
tumours by in vitro and in vivo 19F NMR spectroscopy. 
NMR Biomed 1, 11-19. 

Huttenhofer A, Hudson S, Noller HF, Mascharak PK (1992) 
Cleavage of tRNA by Fe(II)-bleomycin. J Biol Chem 267, 
24471-24475. 

Ichikawa T, Nakano I, Hirokawa I (1969) Bleomycin treatment 
of the tumors of penis and scrotum. J Urol 102, 699-707. 

Ishida S, Lee J, Thiele DJ, Herskowitz I (2002) Uptake of the 
anticancer drug cisplatin mediated by the copper transporter 

Ctr1 in yeast and mammals. Proc Natl Acad Sci U S A 99, 
14298-14302. 

Jani JP, Mistry JS, Morris G, Davies P, Lazo JS, Sebti SM 
(1992a) In vivo circumvention of human colon carcinoma 
resistance to bleomycin. Cancer Res 52, 2931-2937. 

Jani JP, Mistry JS, Morris G, Lazo JS, Sebti SM (1992b) In vivo 
sensitization of human lung carcinoma to bleomycin by the 
cysteine proteinase inhibitor E-64. Oncol Res 4, 59-63. 

Jilani A, Ramotar D (2002) Purification and partial 
characterization of a DNA 3'-phosphatase from 
Schizosaccharomyces pombe. Biochemistry 41, 7688-7694. 

Jilani A, Ramotar D, Slack C, Ong C, Yang XM, Scherer SW, 
Lasko DD (1999) Molecular cloning of the human gene, 
PNKP, encoding a polynucleotide kinase 3'-phosphatase and 
evidence for its role in repair of DNA strand breaks caused 
by oxidative damage. J Biol Chem 274, 24176-24186. 

Joshua-Tor L, Xu HE, Johnston SA, Rees DC (1995) Crystal 
structure of a conserved protease that binds DNA, the 
bleomycin hydrolase, Gal6. Science 269, 945-950. 

Kabani M, Beckerich JM, Brodsky JL (2002) Nucleotide 
exchange factor for the yeast Hsp70 molecular chaperone 
Ssa1p. Mol Cell Biol 22, 4677-4689. 

Kambouris NG, Burke DJ, Creutz CE (1992) Cloning and 
characterization of a cysteine proteinase from 
Saccharomyces cerevisiae. J Biol Chem 267, 21570-21576. 

Kane SA, Hecht SM (1994) Polynucleotide recognition and 
degradation by bleomycin. Prog Nucleic Acid Res Mol Biol 
49, 313-352. 

Kane SA, Natrajan A, Hecht SM (1994) On the role of the 
bithiazole moiety in sequence-selective DNA cleavage by 
Fe.bleomycin. J Biol Chem 269, 10899-10904. 

Kanno T, Nakazawa T, Sugimoto T (1969) [Study of bleomycin 
on brain tumors. 1. Inhibitory effect of bleomycin on 
cultured brain tumor cells.]. Seishin Igaku Kenkyusho 
Gyosekishu 16, 23-31. 

Kaouass M, Audette M, Ramotar D, Verma S, De Montigny D, 
Gamache I, Torossian K, Poulin R (1997) The STK2 gene, 
which encodes a putative Ser/Thr protein kinase, is required 
for high-affinity spermidine transport in Saccharomyces 
cerevisiae. Mol Cell Biol 17, 2994-3004. 

Keck MV, Hecht SM (1995) Sequence-specific hydrolysis of 
yeast tRNA(Phe) mediated by metal-free bleomycin. 
Biochemistry 34, 12029-12037. 

Koldamova RP, Lefterov IM, DiSabella MT, Almonte C, 
Watkins SC, Lazo JS (1999) Human bleomycin hydrolase 
binds ribosomal proteins. Biochemistry 38, 7111-7117. 

Kotnik T, Macek-Lebar A, Miklavcic D, Mir LM (2000) 
Evaluation of cell membrane electropermeabilization by 
means of a nonpermeant cytotoxic agent. Biotechniques 28, 
921-926. 

Lashkari DA, DeRisi JL, McCusker JH, Namath AF, Gentile C, 
Hwang SY, Brown PO, Davis RW (1997) Yeast microarrays 
for genome wide parallel genetic and gene expression 
analysis. Proc Natl Acad Sci U S A 94, 13057-13062. 

Lazo JS, Humphreys CJ (1983) Lack of metabolism as the 
biochemical basis of bleomycin-induced pulmonary toxicity. 
Proc Natl Acad Sci U S A 80, 3064-3068. 

Lazo JS, Sebti SM, Schellens JH (1996) Bleomycin. Cancer 
Chemother Biol Response Modif 16, 39-47. 

Leduc A, He CH, Ramotar D (2003) Disruption of the 
Saccharomyces cerevisiae cell-wall pathway gene SLG1 
causes hypersensitivity to the antitumor drug bleomycin. Mol 
Gen Genomics 269, 78-89. 

Lee J, Lee B, Shin D, Kwak SS, Bahk JD, Lim CO, Yun DJ 
(2002) Carnitine uptake by AGP2 in yeast Saccharomyces 
cerevisiae is dependent on Hog1 MAP kinase pathway. Mol 
Cells 13, 407-412. 



Cancer Therapy Vol 4, page 181 

181 

Leitheiser CJ, Rishel MJ, Wu X, Hecht SM (2000) Solid-phase 
synthesis of bleomycin group antibiotics. Elaboration of 
deglycobleomycin A(5). Org Lett 2, 3397-3399. 

Magdolen U, Muller G, Magdolen V, Bandlow W (1993) A yeast 
gene (BLH1) encodes a polypeptide with high homology to 
vertebrate bleomycin hydrolase, a family member of thiol 
proteinases. Biochim Biophys Acta 1171, 299-303. 

Marnett LJ (1999) Lipid peroxidation-DNA damage by 
malondialdehyde. Mutat Res 424, 83-95. 

Masson JY, Ramotar D (1996) The Saccharomyces cerevisiae 
IMP2 gene encodes a transcriptional activator that mediates 
protection against DNA damage caused by bleomycin and 
other oxidants. Mol Cell Biol 16, 2091-2100. 

Mistry JS, Jani JP, Morris G, Mujumdar RB, Reynolds IJ, Sebti 
SM, Lazo JS (1992) Synthesis and evaluation of 
fluoromycin, a novel fluorescence-labeled derivative of 
talisomycin S10b. Cancer Res 52, 709-718. 

Miyaki M, Ono T, Hori S, Umezawa H (1975) Binding of 
bleomycin to DNA in bleomycin-sensitive and -resistant rat 
ascites hepatoma cells. Cancer Res 35, 2015-2019. 

Morgan MA, Hecht SM (1994) Iron(II) bleomycin-mediated 
degradation of a DNA-RNA heteroduplex. Biochemistry 33, 
10286-10293. 

Morris G, Mistry JS, Jani JP, Mignano JE, Sebti SM, Lazo JS 
(1992) Neutralization of bleomycin hydrolase by an epitope-
specific antibody. Mol Pharmacol 42, 57-62. 

Morris G, Mistry JS, Jani JP, Sebti SM, Lazo JS (1991) Cysteine 
proteinase inhibitors and bleomycin-sensitive and -resistant 
cells. Biochem Pharmacol 41, 1559-1566. 

Nagase T, Uozumi N, Ishii S, Kita Y, Yamamoto H, Ohga E, 
Ouchi Y, Shimizu T (2002) A pivotal role of cytosolic 
phospholipase A(2) in bleomycin-induced pulmonary 
fibrosis. Nat Med 8, 480-484. 

Neff NF, Ellis NA, Ye TZ, Noonan J, Huang K, Sanz M, 
Proytcheva M (1999) The DNA helicase activity of BLM is 
necessary for the correction of the genomic instability of 
bloom syndrome cells. Mol Biol Cell 10, 665-676. 

Nishimura C, Suzuki H, Tanaka N, Yamaguchi H (1989) 
Bleomycin hydrolase is a unique thiol aminopeptidase. 
Biochem Biophys Res Commun 163, 788-796. 

O'Farrell PA, Gonzalez F, Zheng W, Johnston SA, Joshua-Tor L 
(1999) Crystal structure of human bleomycin hydrolase, a 
self-compartmentalizing cysteine protease. Structure Fold 
Des 7, 619-627. 

Oka S, Sato K, Nakai Y, Kurita K, Hashimoto K (1970) 
Treatment of lung cancer with bleomycin. II. Sci Rep Res 
Inst Tohoku Univ [Med] 17, 77-91. 

Orlowski S, Belehradek J, Jr., Paoletti C, Mir LM (1988) 
Transient electropermeabilization of cells in culture. Increase 
of the cytotoxicity of anticancer drugs. Biochem Pharmacol 
37, 4727-4733. 

Pavon V, Esteve I, Guerrero R, Villaverde A, Gaju N (1995) 
Induced mutagenesis by bleomycin in the purple sulfur 
bacterium Thiocapsa roseopersicina. Curr Microbiol 30, 
117-120. 

Pei Z, Calmels TP, Creutz CE, Sebti SM (1995) Yeast cysteine 
proteinase gene ycp1 induces resistance to bleomycin in 
mammalian cells. Mol Pharmacol 48, 676-681. 

Pereira RdS (1998) The use of baker's yeast in the generation of 
asymmetric centers to produce chiral drugs and others 
compounds. Crit Rev Biotechnol 18, 25-83. 

Petering DH, Mao Q, Li W, DeRose E, Antholine WE (1996) 
Metallobleomycin-DNA interactions, structures and 
reactions related to bleomycin-induced DNA damage. Met 
Ions Biol Syst 33, 619-648. 

Phizicky EM, Fields S (1995) Protein-protein interactions, 
methods for detection and analysis. Microbiol Rev 59, 94-
123. 

Poddevin B, Orlowski S, Belehradek J, Jr., Mir LM (1991) Very 
high cytotoxicity of bleomycin introduced into the cytosol of 
cells in culture. Biochem Pharmacol 42 Suppl, S67-75. 

Porat Z, Wender N, Erez O, Kahana C (2005) Mechanism of 
polyamine tolerance in yeast, novel regulators and insights. 
Cell Mol Life Sci 62, 3106-3116. 

Portillo F (2000) Genetic characterization of the (534)DPPR 
motif of the yeast plasma membrane H(+)-ATPase. Biochim 
Biophys Acta 1468, 99-106. 

Povirk LF, Austin MJ (1991) Genotoxicity of bleomycin. Mutat 
Res 257, 127-143. 

Pron G, Belehradek J, Jr., Mir LM (1993) Identification of a 
plasma membrane protein that specifically binds bleomycin. 
Biochem Biophys Res Commun 194, 333-337. 

Ramotar D (1997) The apurinic-apyrimidinic endonuclease IV 
family of DNA repair enzymes. Biochem Cell Biol 75, 327-
336. 

Ramotar D, Masson JY (1996) A Saccharomyces cerevisiae 
mutant defines a new locus essential for resistance to the 
antitumour drug bleomycin. Can J Microbiol 42, 835-843. 

Ramotar D, Popoff SC, Gralla EB, Demple B (1991) Cellular 
role of yeast Apn1 apurinic endonuclease/3'-diesterase, repair 
of oxidative and alkylation DNA damage and control of 
spontaneous mutation. Mol Cell Biol 11, 4537-4544. 

Ramotar D, Wang H (2003) Protective mechanisms against the 
antitumor agent bleomycin, lessons from Saccharomyces 
cerevisiae. Curr Genet 43, 213-224. 

Robertson KA, Bullock HA, Xu Y, Tritt R, Zimmerman E, 
Ulbright TM, Foster RS, Einhorn LH, Kelley MR (2001) 
Altered expression of Ape1/ref-1 in germ cell tumors and 
overexpression in NT2 cells confers resistance to bleomycin 
and radiation. Cancer Res 61, 2220-2225. 

Rogers B, Decottignies A, Kolaczkowski M, Carvajal E, Balzi E, 
Goffeau A (2001) The pleitropic drug ABC transporters from 
Saccharomyces cerevisiae. J Mol Microbiol Biotechnol 3, 
207-214. 

Sander M, Ramotar D (1997) Partial purification of Pde1 from 
Saccharomyces cerevisiae, enzymatic redundancy for the 
repair of 3'-terminal DNA lesions and abasic sites in yeast. 
Biochemistry 36, 6100-6106. 

Sanz G, Mir L, Jacquemin-Sablon A (2002) Bleomycin 
resistance in mammalian cells expressing a genetic 
suppressor element derived from the SRPK1 gene. Cancer 
Res 62, 4453-4458. 

Schmidt A, Beck T, Koller A, Kunz J, Hall MN (1998) The TOR 
nutrient signalling pathway phosphorylates NPR1 and 
inhibits turnover of the tryptophan permease. Embo J 17, 
6924-6931. 

Schreve JL, Garrett JM (2004) Yeast Agp2p and Agp3p function 
as amino acid permeases in poor nutrient conditions. 
Biochem Biophys Res Commun 313, 745-751. 

Schwartz DR, Homanics GE, Hoyt DG, Klein E, Abernethy J, 
Lazo JS (1999) The neutral cysteine protease bleomycin 
hydrolase is essential for epidermal integrity and bleomycin 
resistance. Proc Natl Acad Sci U S A 96, 4680-4685. 

Sebti SM, Jani JP, Mistry JS, Gorelik E, Lazo JS (1991) 
Metabolic inactivation, a mechanism of human tumor 
resistance to bleomycin. Cancer Res 51, 227-232. 

Sebti SM, Lazo JS (1988) Metabolic inactivation of bleomycin 
analogs by bleomycin hydrolase. Pharmacol Ther 38, 321-
329. 

Sikic BI (1986) Biochemical and cellular determinants of 
bleomycin cytotoxicity. Cancer Surv 5, 81-91. 

Steighner RJ, Povirk LF (1990a) Bleomycin-induced DNA 
lesions at mutational hot spots, implications for the 
mechanism of double-strand cleavage. Proc Natl Acad Sci U 
S A 87, 8350-8354. 



Aouida and Ramotar: The transport of bleomycin 
 

182 

Steighner RJ, Povirk LF (1990b) Effect of in vitro cleavage of 
apurinic/apyrimidinic sites on bleomycin-induced 
mutagenesis of repackaged lambda phage. Mutat Res 240, 
93-100. 

Steinmetz LM, Davis RW (2000) High-density arrays and 
insights into genome function. Biotechnol Genet Eng Rev 
17, 109-146. 

Steinmetz LM, Scharfe C, Deutschbauer AM, Mokranjac D, 
Herman ZS, Jones T, Chu AM, Giaever G, Prokisch H, 
Oefner PJ, Davis RW (2002) Systematic screen for human 
disease genes in yeast. Nat Genet 31, 400-404. 

Suzuki H, Nagai K, Yamaki H, Tanaka N, Umezawa H (1968) 
Mechanism of action of bleomycin. Studies with the growing 
culture of bacterial and tumor cells. J Antibiot (Tokyo) 21, 
379-386. 

Suzuki M, Murai A, Watanabe T, Nunokawa O (1970a) 
Treatment of cancer of the female genital organs with a new 
anti-cancer agent, Bleomycin (BLM). Acta Med Biol 
(Niigata) 17, 259-275. 

Suzuki H, Nagai K, Akutsu E, Yamaki H, Tanaka N (1970b) On 
the mechanism of action of bleomycin. Strand scission of 
DNA caused by bleomycin and its binding to DNA in vitro. J 
Antibiot (Tokyo) 23, 473-480. 

Tamai I, Ohashi R, Nezu J, Yabuuchi H, Oku A, Shimane M, Sai 
Y, Tsuji A (1998) Molecular and functional identification of 
sodium ion-dependent, high affinity human carnitine 
transporter OCTN2. J Biol Chem 273, 20378-20382. 

Tates AD, van Dam FJ, Natarajan AT, Zwinderman AH, Osanto 
S (1994) Frequencies of HPRT mutants and micronuclei in 
lymphocytes of cancer patients under chemotherapy, a 
prospective study. Mutat Res 307, 293-306. 

Terasima T, Umezawa H (1970) Lethal effect of bleomycin on 
cultured mammalian cells. J Antibiot (Tokyo) 23, 300-304. 

Terasima T, Yasukawa M, Umezawa H (1970) Breaks and 
rejoining of DNA in cultured mammalian cells treated with 
bleomycin. Gann 61, 513-516. 

Tounekti O, Kenani A, Foray N, Orlowski S, Mir LM (2001) The 
ratio of single- to double-strand DNA breaks and their 
absolute values determine cell death pathway. Br J Cancer 
84, 1272-1279. 

Umezawa H (1965) Bleomycin and other antitumor antibiotics of 
high molecular weight. Antimicrobial Agents Chemother 5, 
1079-1085. 

Umezawa H (1971) Natural and artificial bleomycins, chemistry 
and antitumor activities. Pure Appl Chem 28, 665-680. 

Umezawa H, Hori S, Sawa T, Yoshioka T, Takeuchi T (1974) A 
bleomycin-inactivating enzyme in mouse liver. J Antibiot 
(Tokyo) 27, 419-424. 

Umezawa H, Maeda K, Takeuchi T, Okami Y (1966) New 
antibiotics, bleomycin A and B. J Antibiot (Tokyo) 19, 200-
209. 

Urade M, Ogura T, Mima T, Matsuya T (1992) Establishment of 
human squamous carcinoma cell lines highly and minimally 
sensitive to bleomycin and analysis of factors involved in the 
sensitivity. Cancer 69, 2589-2597. 

van Roermund CW, Hettema EH, van den Berg M, Tabak HF, 
Wanders RJ (1999) Molecular characterization of carnitine-
dependent transport of acetyl-CoA from peroxisomes to 
mitochondria in Saccharomyces cerevisiae and identification 
of a plasma membrane carnitine transporter, Agp2p. Embo J 
18, 5843-5852. 

Vance JR, Wilson TE (2001) Repair of DNA strand breaks by 
the overlapping functions of lesion-specific and non-lesion-
specific DNA 3' phosphatases. Mol Cell Biol 21, 7191-7198. 

Wang H, Ramotar D (2002) Cellular resistance to bleomycin in 
Saccharomyces cerevisiae is not affected by changes in 
bleomycin hydrolase levels. Biochem Cell Biol 80, 789-796. 

Wang Q, Wang Y, Hyde DM, Gotwals PJ, Lobb RR, Ryan ST, 
Giri SN (2000) Effect of antibody against integrin α4 on 
bleomycin-induced pulmonary fibrosis in mice. Biochem 
Pharmacol 60, 1949-1958. 

Wharam MD, Phillips TL, Kane L, Utley JF (1973) Response of 
a murine solid tumor to in vivo combined chemotherapy and 
irradiation. Radiology 109, 451-455. 

Winzeler EA, Shoemaker DD, Astromoff A, Liang H anderson 
K, et al. (1999) Functional characterization of the S. 
cerevisiae genome by gene deletion and parallel analysis. 
Science 285, 901-906. 

Worth L, Jr., Frank BL, Christner DF, Absalon MJ, Stubbe J, 
Kozarich JW (1993) Isotope effects on the cleavage of DNA 
by bleomycin, mechanism and modulation. Biochemistry 
32, 2601-2609. 

Xu HE, Johnston SA (1994) Yeast bleomycin hydrolase is a 
DNA-binding cysteine protease. Identification, purification, 
biochemical characterization. J Biol Chem 269, 21177-
21183. 

Zheng W, Johnston SA, Joshua-Tor L (1998) The unusual active 
site of Gal6/bleomycin hydrolase can act as a 
carboxypeptidase, aminopeptidase and peptide ligase. Cell 
93, 103-109. 

Zheng W, Xu HE, Johnston SA (1997) The cysteine-peptidase 
bleomycin hydrolase is a member of the galactose regulon in 
yeast. J Biol Chem 272, 30350-30355. 

 

 
Dindial Ramotar 

 
 


