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The clinically used antitumor agent mitomycin C (MC) alkylates DNA upon reductive activation, forming six covalent DNA
adducts in this process. This review focuses on diﬀerential biological eﬀects of individual adducts in various mammalian cell
cultures, observed in the authors’ laboratories. Evidence is reviewed that various adducts are capable of inducing diﬀerent cell
death pathways in cancer cells.This evidence is derived from a parallel study of MC and its derivatives 2,7-diaminomitosene (2,7DAM) which is the main metabolite of MC and forms two mono-adducts with DNA, and decarbamoyl mitomycin C (DMC),
which alkylates and cross-links DNA, predominantly with a chirality opposite to that of the DNA adducts of MC. 2,7-DAM is not
cytotoxic and does not activate the p53 pathway while MC and DMC are cytotoxic and able to activate the p53 pathway. DMC is
more cytotoxic than MC and can also kill p53-deficient cells by inducing degradation of Checkpoint 1 protein, which is not seen
with MC treatment of the p53-deficient cells. This diﬀerence in the cell death pathways activated by the MC and DMC is attributed
to diﬀerential signaling by the DNA adducts of DMC. We hypothesize that the diﬀerent chirality of the adduct-to-DNA linkage
has a modulating influence on the choice of pathway.

The mitomycins are a group of highly potent antibiotics,
produced by the microorganism Streptomyces caespitosus, as
discovered in Japan in the 1950s [1]. The prototype, most
studied member of this group is mitomycin C (1; MC)
(Figure 1). On account of its broad-spectrum antitumor
activity, MC has been widely used in clinical cancer
chemotherapy [2].
MC has been recognized as a classical DNA damaging
agent, on account of its monofunctional and bifunctional
DNA alkylating activity. Early studies have revealed an
extraordinary property of the mitomycins; they were found
to cross-link the complementary strands of DNA in vivo
and in vitro [3]. MC was postulated to have two alkylating centers, the 1,2-aziridine and 10-carbamate groups
(Figure 1). The mitomycins were the first natural antibiotics found possessing DNA cross-linking activity; there
has been only one other natural cross-linker discovered
since, carzinophyllin/azinomycin [4]. Synthetic DNA crosslinkers have become a paradigm of anticancer treatment,
however.

Our laboratory has elucidated the structure of the DNA
cross-link adduct of MC [5] and five additional monofunctional DNA adducts formed in MC-treated tumor cells
as well as their DNA sequence selectivities, as summarized
in several reviews (see, [6] and references therein). The
structures of the six MC adducts are shown in Figure 2.
Numerous synthetic and natural analogs of the mitomycins have been discovered and studied; the details of
which are beyond the scope of this review. However, two
closely related derivatives of MC and their DNA adducts are
relevant to the present subject, namely, 2,7-diaminomitosene
(2; 2,7-DAM) and 10-decarbamoyl mitomycin C (3; DMC)
(Figure 1). Their DNA adducts are described in the context
of this review as follows.
2,7-DAM is a major metabolite isolated from cells and
tissues treated with MC. It is a byproduct of the reductive
activation of MC required for unmasking MC’s alkylating
activity [7, 8]. Our laboratory found that two of the six
DNA adducts formed in MC-treated cells are derived from
monofunctional activation of DNA by the nascent metabolite
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Figure 1: Chemical structures of MC, DMC, and 2,7-DAM. (Reproduced with permission from Chem. Res. Toxicol. 2008, 21, 2370).

of MC, 2,7-DAM [9, 10]. The structures of the two adducts
were determined (5 and 6; Figure 2) [10, 11]. When tumor
cells were treated with 2,7-DAM, the two adducts 5 and 6
were formed at high frequency [10]. Surprisingly, 2,7-DAM
was not cytotoxic under aerobic conditions and negligibly
cytotoxic under hypoxic treatment relative to MC [12, 13].
Its adduct 5 was specifically shown to be noncytotoxic
and nonmutagenic in E. coli and simian kidney cells [14].
Consistent with these findings, in cell-free systems template oligonucleotides containing a single 2,7-DAM-dG-N7
adduct directed selective incorporation of cytosine opposite
to this adduct in primer strands, catalyzed by Klenow (exo-)
DNA polymerase [14]. Although no analogous experiments
were performed with 2,7-DAM adduct 6 the nontoxicity and
nonmutagenicity of the parent drug [14] predict an outcome
similar to that of 5.
Proof for the cross-link adduct as the critical cytotoxic
lesion among the six MC adducts was provided by a study
of 10-decarbamoyl mitomycin C (2; DMC), an artificial
derivative obtained from MC by chemical removal of the
10-carbamoyl group [15]. DMC has long been regarded as
an innocuous monofunctional MC derivative, incapable of
causing ICLs, on account of lacking its carbamate alkylating center. Accordingly, in two laboratories, incubation of
purified DNA and chemically activated DMC yielded only
a monofunctional adduct 2a as the major product, with no
evident DNA cross-link adduct detectable [16, 17]. Inconsistent with these findings, however, DMC was reported to be
slightly more cytotoxic than MC to hypoxic EMT6 mouse
mammary tumor cells as well as to CHO cells [18, 19].
To resolve this paradox, EMT6 cells were treated with MC
or DMC under hypoxia at equimolar concentrations and
the resulting DNA adducts were determined structurally
and quantitatively [20]. DMC treatment generated two
stereoisomeric monoadducts 2a and 2b (1 -alfa and 1 beta, resp.) and two ICL adducts, similarly stereoisomeric
at the 1 position 3a and 3b (1 -alfa- and 1 -beta isomers,
resp.) (Figure 3). In addition, the cytotoxicities of MC, DMC,
and 2,7-DAM were determined [20], confirming the earlier
results described above. Overall, the adduct frequencies with
DMC were much higher (20- to 30-fold) than with MC.
Although DMC monoadducts greatly exceeded DMC ICL
adducts (approximately 10 : 1 ratio), the latter were equal
or somewhat higher in number than the ICL adducts from
MC. The relatively similar cytotoxicities of MC and DMC
correlated with the relatively similar ICL adduct frequencies
of the two drugs, but not with their relative monoadduct or
total adduct frequencies. This correlation may be regarded as

specific experimental evidence that in the EMT6 tumor cell
line ICLs rather than monoadducts are the critical factors in
the cell death induced by MC [20].
It is important to note, however, that in sharp contrast
to the two 2,7-DAM monoadducts 5 and 6, the MC
monoadduct 1a and MC and DMC common monoadduct
2a were shown to be highly inhibitory to phage replication after transfection in E. coli [21] and strong blocks
of DNA synthesis in cell-free systems [22]. Furthermore,
monoadduct 1a was shown to be nonmutagenic in E. coli.
The biological experiments utilized transfection of single-site
adducted M13 phage or synthetic oligonucleotide constructs
in E. coli strains [22].
Isolation and quantitative analysis of DNA adducts of
MC, DMC, and 2,7-DAM formed in tumor cells have been
conducted by the Tomasz lab in collaboration with the
Sartorelli-Rockwell group at Yale University, using almost
exclusively EMT6 mouse mammary tumor cells. Recently,
the number of cell lines was expanded in collaboration with
the Bargonetti group, and a new method of quantitative
analysis of the adducts of MC and DMC was employed,
namely, LC/electrospray tandem mass spectrometry [23]. In
this work Fanconi Anemia-A cells, normal human fibroblasts, MCF-7 human breast cancer cells, and EMT6 mouse
mammary tumor cells were treated with MC or DMC under
identical conditions, then the cellular DNA was isolated and
analyzed for adducts. In addition to the previously known
1 -alfa isomer adducts of MC the analysis included the new
1 -beta stereoisomers from DMC. The results confirmed the
generality of the DMC adduct pattern described above for
EMT6 cells [20] in each cell line (Figure 4). It was concluded
that DMC shows a stereochemical preference of linkage to
the guanine-2-amino group opposite from that of MC; it
forms two stereoisomeric ICL adducts, and its monoadducts
are formed overall at much greater frequencies than its ICLs.
The adduct patterns of the Fanconi Anemia-A cells and the
control healthy fibroblast cells were identical. This work also
provided preliminary evidence for diﬀerential removal of
adducts upon post-treatment incubation of the cells in drugfree media. However, more work is needed to confirm these
preliminary results.
In response to DNA adducts mammalian cells activate
a complex signal transduction cascade to activate cell cycle
checkpoints, initiate DNA repair, or induce cell death. The
Bargonetti group, in collaboration with the Tomasz group,
has investigated the biological signaling of mitomycin DNAadducts using a human tissue culture model [13, 24]. The
studies addressed two key areas: the ability of 2,7-DAM, MC,
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Figure 2: Chemical structure of six major adducts of reductively activated MC. (Reproduced with permission from the reference in Figure 1.

and DMC to activate the p53 pathway, and the diﬀering
ability of the drugs to induce cell death in either p53proficient or p53-deficient cells. The p53 protein is a central
player in the mammalian cellular response to DNA damage
[25]. Following DNA damage the p53 protein is stabilized
and functions as a strong transcriptional activator of genes
that are required for cell cycle checkpoints, DNA repair,
and the induction of cell death [26]. Many cancer cells
have lost this response through sporadic mutations that
occur in the p53 gene and thus the cells become deficient
in the p53-pathway. Over 50 percent of all cancers have
sustained mutations to the p53 DNA binding domain and
for the purposes of this review we will call them p53deficient. MC and DMC treatment of mammalian cells
that are p53-proficient results in increased p53 protein,
activation of the p53-mediated transcriptional activation
of p53-pathway genes, and apoptotic cell death [13, 24],
while the noncytotoxic mitomycin derivative DAM does
not activate the p53 protein or the p53 pathway [13]. This

is in strong keeping with the paradigm of DNA damagemediated cytotoxicity being associated with the activation
of the p53 pathway in p53-proficient cells. DNA damage
initiates the activation of DNA repair-related kinases ATR,
ATM, Chk1, and Chk2 [27]. Both ATM and ATR kinases
are able to phosphorylate and activate p53. The fact that
2,7-DAM does not cause activation of the p53-pathway
strongly suggests that the noncytotoxic monoadducts that
result following 2,7-DAM treatment (5 and 6) are unable
to activate the DNA damage-associated kinase pathways.
The comparison of the ability of 2,7-DAM, MC and
DMC to activate the p53-pathway demonstrates that 2,7DAM monoadducts do not activate this critical checkpoint
pathway while MC- and DMC-mediated crosslinks are
able to do so. DNA interstrand crosslinks (ICLs) are able
to use ATR/Chk1 and the Fanconia anemia pathway to
signal for cellular checkpoints [28]. Therefore, the 2,7-DAM
monoadducts are likely to be repaired using a diﬀerent
pathway.
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The ability of mitomycin DNA adducts to sensitize p53deficient cancer cells to die has been examined by a comparison of the influence of MC and DMC on human cancer cells.
Cancer cells that are p53-deficient rely on their ATR/Chk1
checkpoint as their last means of survival and if they lose
Chk1 they become more sensitive to death [29, 30]. However,
DNA damage can also cause strong activation of ATR that
subsequently results in activation of Chk1 ubiquitination
and targeted proteolysis of the protein [31]. The loss of
Chk1 in p53-deficient cells causes the cells to lose their last
remaining cell cycle checkpoint and the cells then die by
a caspase 2-mediated pathway [32]. In p53-deficient cells
DMC is more cytotoxic than MC [13, 24] and this associates
with a reduction in Chk1 upon DMC but not MC treatment
[24]. Recent work from the Bargonetti and Tomasz groups
suggests that increased cytotoxicity of DMC relative to that of
MC might be due to the variable chirality of the DMCDNA
adducts that activate Chk1-mediated proteolysis [23, 33].
Interstrand crosslinks activate the ATR/Chk1 pathway as
part of their signal transduction response [28] but variable
chirality has yet to be proven to diﬀerentially modulate

such a pathway. However, it has been shown that Fanconi
anemia proteins and excision repair proteins participate in
recognition of MC DNA adducts [34]. It will be interesting to
determine if altered chirality of the mitomycin ICL adducts
diﬀerentially recruit the DNA damage signaling machinery
to the DNA. This could be the consequence of a diﬀerence
in the alignment of the 1 -alfa and 1 -beta stereoisomeric
adducts in DNA. Structural studies in coordination with
biochemical techniques to examine specific DNA-protein
interactions could further explore this hypothesis.
In summary. Using a variety of techniques it has been
possible to assign specific biological eﬀects to each of the
six DNA adducts of MC in mammalian cell cultures. Critical
in this endeavor was the surprising discovery that DMC was
slightly more cytotoxic than MC in cell cultures and it produced ICLs which correlated with its cytotoxicity [20]. This
served as proof that the ICL was the major cytotoxic lesion
of MC and DMC. DMC formed 20–30 times more DNA
monoadducts than MC, which were linked to the N2 atom
of guanines with opposite chirality (I -beta) to that of MC
(1 -alfa) [23]. Parallel studies of MC and DMC revealed that
DMC is much more cytotoxic to p53-deficient cells than MC
[13, 24, 33] and we have shown that it is capable of inducing a
cell death pathway involving proteasome-mediated degradation of Checkpoint 1 protein [33]. Future studies in our laboratories aim at elucidating the mechanism of the diﬀerential
cell death pathways of MC and DMC in the context of the
structures of their DNA adducts. More than 50% of human
cancers are deficient for p53 function and contain either p53
mutations or oncogenic proteins that functionally inactivate
p53. Determining how alternative DNA-adduct chirality can
initiate signal transduction pathways for increased cytotoxicity in p53-deficient cancers could become a new paradigm
in chemotherapeutic drug discovery.

Journal of Nucleic Acids

Acknowledgments
J. Bargonetti was funded by NIH SCORE Grant
(1SC1CA137843) and The Breast Cancer Research
Foundation. The paper was facilitated by a NIH Research
Centers in Minority Institutions Award from the Division of
Research Resources (RR-03037) to Hunter College.

References
[1] T. Hata, T. Hoshi, K. Kanamori, et al., “Mitomycin, a new
antibiotic from Streptomyces. I,” The Journal of Antibiotics, vol.
9, pp. 141–146, 1956.
[2] S. K. Carter and S. T. E. Crooke, Mitomycin C: Current Status
and New Developments, Academic Press, New York, NY, USA,
1979.
[3] V. N. Iyer and W. Szybalski, “A molecular mechanism of
mitomycin action: linking of complementary DNA strands,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 50, pp. 355–362, 1963.
[4] R. W. Armstrong, M. E. Salvati, and M. Nguyen, “Novel
interstrand cross-links induced by the antitumor antibiotic
carzinophilin/azinomycin B,” Journal of the American Chemical Society, vol. 114, no. 8, pp. 3144–3145, 1992.
[5] M. Tomasz, R. Lipman, and D. Chowdary, “Isolation and
structure of a covalent cross-link adduct between mitomycin
C and DNA,” Science, vol. 235, no. 4793, pp. 1204–1208, 1987.
[6] M. Tomasz, “Mitomycin C: small, fast and deadly (but very
selective),” Chemistry and Biology, vol. 2, no. 9, pp. 575–579,
1995.
[7] M. Tomasz and R. Lipman, “Reductive metabolism and
alkylating activity of mitomycin C induced by rat liver
microsomes,” Biochemistry, vol. 20, no. 17, pp. 5056–5061,
1981.
[8] J. Cummings, V. J. Spanswick, and J. F. Smyth, “Re-evaluation
of the molecular pharmacology of Mitomycin C,” European
Journal of Cancer Part A, vol. 31, no. 12, pp. 1928–1933, 1995.
[9] Y. Palom, M. F. Belcourt, G. S. Kumar et al., “Formation
of a major DNA adduct of the mitomycin metabolite 2,7diaminomitosene in EMT6 mouse mammary tumor cells
treated with mitomycin C,” Oncology Research, vol. 10, no. 10,
pp. 509–521, 1998.
[10] Y. Palom, M. F. Belcourt, S. M. Musser, A. C. Sartorelli, S.
Rockwell, and M. Tomasz, “Structure of adduct X, the last
unknown of the six major DNA adducts of mitomycin C
formed in EMT6 mouse mammary tumor cells,” Chemical
Research in Toxicology, vol. 13, no. 6, pp. 479–488, 2000.
[11] G. S. Kumar, S. M. Musser, J. Cummings, and M. Tomasz, “2,7Diaminomitosene, a monofunctional mitomycin C derivative,
alkylates DNA in the major groove. Structure and basesequence specificity of the DNA adduct and mechanism of the
alkylation,” Journal of the American Chemical Society, vol. 118,
no. 39, pp. 9209–9217, 1996.
[12] Y. Palom, M. F. Belcourt, L.-Q. Tang et al., “Bioreductive
metabolism of mitomycin C in EMT6 mouse mammary
tumor cells: cytotoxic and non-cytotoxic pathways, leading
to diﬀerent types of DNA adducts. The eﬀect of dicumarol,”
Biochemical Pharmacology, vol. 61, no. 12, pp. 1517–1529,
2001.
[13] T. Abbas, M. Olivier, J. Lopez et al., “Diﬀerential activation
of p53 by the various adducts of mitomycin C,” Journal of
Biological Chemistry, vol. 277, no. 43, pp. 40513–40519, 2002.

5
[14] C. D. Utzat, C. C. Clement, L. A. Ramos, A. Das, M. Tomasz,
and A. K. Basu, “DNA adduct of the mitomycin C metabolite
2,7-diaminomitosene is a nontoxic and nonmutagenic DNA
lesion in vitro and in vivo,” Chemical Research in Toxicology,
vol. 18, no. 2, pp. 213–223, 2005.
[15] S. Kinoshita, K. Uzu, K. Nakano, and T. Takahashi, “Mitomycin derivatives. 2. Derivatives of decarbamoylmitosane and
decarbamoylmitosene,” Journal of Medicinal Chemistry, vol.
14, no. 2, pp. 109–112, 1971.
[16] A. V. Carrano, L. H. Thompson, and D. G. Stetka, “DNA
crosslinking, sister-chromatid exchange and specific mutations,” Mutation Research, vol. 63, no. 1, pp. 175–188, 1979.
[17] M. Tomasz, R. Lipman, B. F. McGuinness, and K. Nakanishi,
“Isolation and characterization of a major adduct between
mitomycin C and DNA,” Journal of the American Chemical
Society, vol. 110, no. 17, pp. 5892–5896, 1988.
[18] P. R. Hoban, M. I. Walton, C. N. Robson et al., “Decreased
NADPH: cytochrome P-450 reductase activity and impaired
drug activation in a mammalian cell line resistant to mitomycin C under aerobic but not hypoxic conditions,” Cancer
Research, vol. 50, no. 15, pp. 4692–4697, 1990.
[19] S. Rockwell and S. Y. Kim, “Cytotoxic potential of monoalkylation products between mitomycins and DNA: studies of
decarbamoyl mitomycin C in wild-type and repair-deficient
cell lines,” Oncology Research, vol. 7, no. 1, pp. 39–47, 1995.
[20] Y. Palom, G. S. Kumar, L.-Q. Tang et al., “Relative toxicities of
DNA cross-links and monoadducts: new insights from studies
of decarbamoyl mitomycin C and mitomycin C,” Chemical
Research in Toxicology, vol. 15, no. 11, pp. 1398–1406, 2002.
[21] L. A. Ramos, R. Lipman, M. Tomasz, and A. K. Basu, “The
major mitomycin C-DNA monoadduct is cytotoxic but not
mutagenic in Escherichia coli,” Chemical Research in Toxicology,
vol. 11, no. 1, pp. 64–69, 1998.
[22] A. K. Basu, C. J. Hanrahan, S. A. Malia, S. Kumar, R. Bizanek,
and M. Tomasz, “Eﬀect of site-specifically located mitomycin
C-DNA monoadducts on in vitro DNA synthesis by DNA
polymerases,” Biochemistry, vol. 32, no. 18, pp. 4708–4718,
1993.
[23] M. M. Paz, S. Ladwa, E. Champeil et al., “Mapping DNA
adducts of mitomycin C and decarbamoyl mitomycin C in cell
lines using liquid chromatography/electrospray tandem mass
spectrometry,” Chemical Research in Toxicology, vol. 21, no. 12,
pp. 2370–2378, 2008.
[24] E. K. Boamah, D. E. White, K. E. Talbott et al., “MitomycinDNA adducts induce p53-dependent and p5-independent cell
death pathways,” ACS Chemical Biology, vol. 2, no. 6, pp. 399–
407, 2007.
[25] T. D. Halazonetis, V. G. Gorgoulis, and J. Bartek, “An
oncogene-induced DNA damage model for cancer development,” Science, vol. 319, no. 5868, pp. 1352–1355, 2008.
[26] K. H. Vousden and C. Prives, “Blinded by the light: the
growing complexity of p53,” Cell, vol. 137, no. 3, pp. 413–431,
2009.
[27] B. B. Zhou, H. J. Anderson, and M. Roberge, “Targeting
DNA checkpoint kinases in cancer therapy,” Cancer Biology &
Therapy, vol. 2, no. 4, pp. S16–S22, 2003.
[28] M. Ben-Yehoyada, L. C. Wang, I. D. Kozekov, C. J. Rizzo, M.
E. Gottesman, and J. Gautier, “Checkpoint signaling from a
single DNA interstrand crosslink,” Molecular Cell, vol. 35, no.
5, pp. 704–715, 2009.
[29] H. C. Reinhardt, A. S. Aslanian, J. A. Lees, and M. B.
Yaﬀe, “p53-deficient cells rely on ATM- and ATR-mediated
checkpoint signaling through the p38MAPK/MK2 pathway

6

[30]

[31]

[32]

[33]

[34]

Journal of Nucleic Acids
for survival after DNA damage,” Cancer Cell, vol. 11, no. 2,
pp. 175–189, 2007.
Q. Liu, S. Guntuku, X.-S. Cui et al., “Chk1 is an essential
kinase that is regulated by Atr and required for the G2/M DNA
damage checkpoint,” Genes and Development, vol. 14, no. 12,
pp. 1448–1459, 2000.
Y.-W. Zhang, D. M. Otterness, G. G. Chiang et al., “Genotoxic
stress targets human Chk1 for degradation by the ubiquitinproteasome pathway,” Molecular Cell, vol. 19, no. 5, pp. 607–
618, 2005.
S. Sidi, T. Sanda, R. D. Kennedy et al., “Chk1 suppresses a
caspase-2 apoptotic response to DNA damage that bypasses
p53, Bcl-2, and caspase-3,” Cell, vol. 133, no. 5, pp. 864–877,
2008.
E. K. Boamah, A. Brekman, M. Tomasz, et al., “DNA
adducts of decarbamoyl mitomycin C eﬃciently kill cells
with compromised p53 resulting from proteasome-mediated
degradation of Chk1,” Chemical Research in Toxicology, vol. 23,
no. 7, pp. 1151–1162, 2010.
X. Shen, H. Do, Y. Li et al., “Recruitment of fanconi
anemia and breast cancer proteins to DNA damage sites is
diﬀerentially governed by replication,” Molecular Cell, vol. 35,
no. 5, pp. 716–723, 2009.

