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Mismatch repair deficiency is associated with
resistance to DNA minor groove alkylating agents
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Beatson Laboratories, Glasgow G61 1BD, UK

Summary Mismatch DNA repair deficiency is associated with resistance to certain major groove alkylating agents including methylating
agents and cisplatin. We have now studied the relevance of mismatch repair alterations to the cytotoxicity induced by drugs which alkylate N3
adenines in the minor groove of DNA. We have used the mismatch repair defective human colocarcinoma cell line HCT-116 which has a
mutation in the hMLH1 gene, and a subline where hMLH1 expression is restored by chromosome 3 transfer (HCT-116+ch3). We have tested
three alkylating minor groove binders (tallimustine, carzelesin and CC1065) and one non-covalent minor groove binder (PNU 151807). The
HCT-116+ch3 subline was more sensitive than the parental line to the treatment with the three alkylating minor groove binders, while the non-
alkylating compound had a similar activity in both cell lines. Further support for mismatch repair being involved in sensitivity of the minor
groove alkylators is that two cisplatin-resistant sublines of the human ovarian adenocarcinoma cell line A2780 (A2780/CP70 and
A2780/MCP-1) are defective in hMLH1 expression and are more resistant to these agents than the parental mismatch repair proficient cells.
Furthermore, the restoration of hMLH1 activity in the A2780/CP70 cell line, by introduction of chromosome 3, was associated with an
increased sensitivity to the three alkylating minor groove binders. Again, the non-covalent minor groove binder was equally effective in
mismatch repair deficient and proficient clones. The data indicate that mismatch repair deficiency mediated by loss of hMLH1 expression is
associated not only with drug-resistance to major groove binders, but also to minor groove binders. However, loss of mismatch repair does
not mediate resistance to the non-covalent minor groove binder PNU 151807.
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Minor groove alkylating agents are a relatively new class of The promising preclinical activity of this class of compounds
compounds that have shown high anti-tumour activity in experihas stimulated studies aiming at identifying possible mechanisms
mental systems (Martin et al, 1981; Li et al, 1992; D’Alessio et alpf resistance. It has been reported that, in cell lines defective in
1994; D’Incalci and Sessa, 1997). The interaction of thes@roteins belonging to the nucleotide excision repair (NER)
compounds with DNA has been studied in detail and it has begmathway, tallimustine and CC1065 were only slightly less active
found that compounds possessing anti-tumour activity were abléaan in repair-proficient parental cell lines, while major groove
to alkylate the N3 of adenines lying in the minor groove with aalkylating compounds such as melphalan @s-diammine

very high sequence specificity (Hurley et al, 1984; Broggini et aldichloro platinum (Il) (CDDP), were much more active in NER-
1991, 1995). Structure-activity studies on a series of distamycideficient cell lines (Damia et al, 1996 Moreover, cell lines over-
derivatives have shown that changes in the alkylation potencgxpressing N3-adenine glycosylase had the same susceptibility to
without altering the sequence specificity, correlates with the cytotallimustine and CC1065 as parental cell lines (Damia et al,
toxicity observed in vitro (Marchini et al, 1997), and that the loss1996:). Proteins belonging to the mismatch repair (MMR) family
of alkylation ability was associated with loss of in vitro cytotoxi- play an important role in the resistance to alkylating agents and
city (Marchini et al, 1997). Recently, PNU 151807, a new deriva+ecognition of certain types of major groove DNA damage (Karran
tive of the non-covalent minor groove-interacting compound,and Bignami, 1994; Branch et al, 1993, 1995; Fink et al, 1996;
distamycin A, has been synthesized. This compound, while able @rummond et al, 1996). Loss of MMR is associated with the
non-covalently interact with AT-rich regions in DNA, was devoid development of resistance to monofunctional methylating agents
of any DNA alkylating ability but, interestingly, presented a veryand tolerance to O6-methyl guanine adducts in DNA.
high anti-tumour activity both in vitro and in vivo (D’Alessio et al, Furthermore, cell lines selected for resistance to the bifunctional
1994). The mechanism of action of this compound is not cleaalkylating agent CDDP were shown to have lost MMR activity
although the non-covalent minor groove interaction seems to b@rummond et al, 1996) and expression of hMLH1 (Brown et al,
essential at least for the in vivo anti-tumour activity. 1997). Restoration of MMR activity by re-expression of hMLH1
or hMSH2 by chromosome transfer confers increased sensitivity
to these agents (Koi et al., 1994; Aebi et al, 1996, 1997). For
different major groove alkylating agents, sensitivity of MMR-
deficient cell lines was reported to be lower than that observed in
mismatch-proficient cell lines (Koi et al, 1994; Anthoney et al,
Correspondence to: M Broggini 1996; Aebi et al, 1997; Fink et al, 1997). We report here that minor
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Table 1 1C, for the different compounds tested in HCT116 and HCT116+ch3

cell lines
H,C ot \ﬂ/ Compound HCT116 HCT116+ch3 Ratio 2
CC1065 (pg mi-?) 338+1.1 10.9+1.0° 3.1

H
OCH, Carzelesin (ng ml-) 2.6+0.6 1.2 +0.4¢ 2.2
OCHa Tallimustine (ng mi-%) 59.1+4.7 30.1+2.9° 2
PNU 151807 (ng mi) 39.6+1.7 351+15 1.1
CC-1065 MNNG (um) >25 50+1.9° >5
CDDP (pm) 28.7+3.7 12.7 +1.8° 2.3
The values are the mean * s.d. of different experiments each consisting of at
least three replicates. #Ratio between the IC, values of HCT116 and
CIHZC HCT116+ch3. P < 0.01 and ¢P < 0.05 vs HCT116.
N YC@( o
| CH ,CHy
H O\I]/N Table 2 1C,, values for the different compounds in A2780/CP70 and
5 ) A2780/CP70+ch3 cell lines
Carzelesin Compound A2780/CP70 A2780/CP70+ch3 Ratio 2
CC1065 (pg mi-) 955+8.7 54.9 + 8.6 1.7
Carzelesin (ng ml-t) 52+13 3.8+0.1° 1.4
Tallimustine (ng ml-%) 1245+ 16.6 47.0 £11.0° 2.6
NH PNU 151807 (ng ml-?) 38.8+2.38 40.1+1.9 0.9
2
. HCl CDDP > 100 22.1+6.3° >4
Ry ,j'J\@'\

least three replicates. #Ratio between the IC, values of A2780/CP70 and
A2780/CP70+ch3. P < 0.01 and ¢P < 0.05 vs A2780/CP70.

CI/\/ @ Nr>\‘ \ The values are the mean + s.d. of different experiments each consisting of at
( {\ﬂg 2
’b

Tallimustine

Br Zurich. Both cell lines were grown in medium with 409 mt* of
G418 (Sigma). The human ovarian cancer cell line A2780 and two
I % CDDP-resistant sublines that have lost hMLH1 expression (Brown
et al, 1997) were grown in RPMI-1640 medium (GIBCO) supple-
. HCI mented with 10% fetal calf serum (FCS). A2780/CP70+ch3 clone
was obtained from CDDP-resistant, hMLH1-deficient cell line
N‘Q\ @ A2780/CP70 by introducing chromosome 3 by microcell-
6 mediated chromosome transfer and was maintained in the same
medium as A2780/CP70 cells in the presence of 200 ahl
Hygromycin B (Boehringer, Italy).
PNU 151807
Drugs and inhibition of colony formation

Figure 1  Chemical structure of the four minor groove binders Fpr CIQnOgeniC assay, C_ells were plated at 250 celts dm_aatEd
with different concentrations of compounds for 1 h and incubated
for 10-14 days in drug-free medium; the number of colonies

groove alkylating agents are also susceptible to the status ofMMEQ,rmEd (roughly 50 cells) were counted after staining with

and that loss of MMR activity is associated with a decrease 'gmza' , vsi ; q | giff
activity of all the tested alkylating minor groove binders. The non- >tudentsr-test analysis was performed to evaluate differences

alkylating minor groove binder (MGB) PNU 151807 retained Itsbeltween piartlanta(lj e;nd chLomosorge tra;sfected cell lings. ICh
activity irrespective of the MMR status of the cell lines used. ~ values calculated from three independent experiments, eac
consisting of at least three replicates, were used.

Tallimustine, CC1065, PNU 151807 and carzelesin (see
MATERIALS AND METHODS structure in Figure 1) were obtained from Pharmacia & Upjohn
(Nerviano, Italy), dissolved as stock solutions in dimethyl
sulphoxide (DMSO) and diluted in medium just prior to use.
The hMLH1-deficient human colorectal adenocarcinoma cellCDDP was obtained from Bristol Myers Squibb and dissolved in
line HCT-116 and the subline into which a wild-type copy hMLH1 medium just prior to usey-methylV-nitro-N-nitrosoguanosine
on chromosome 3 has been introduced by microcell fusion (HCTAMNNG) was purchased from Sigma, dissolved in DMSO and
116+ch3) (Koi et al, 1994) were obtained from Dr G Marra,subsequently diluted in medium.

Cell lines
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Figure 2 Effect of DNA mismatch repair deficiency due to loss of hMLH1 function on drug sensitivity determined by clonogenic assay. HCT 116 (O);
HCT 116 + ch3 (0). Each data point represents the mean * s.d. of three or more experiments performed, each consisting of four replicates

be seen that the three alkylating MGB are approximately 2—3 times
less active in mismatch-deficient HCT-116 cells than in mismatch-

The cytotoxicity induced by tallimustine, carzelesin, CC1065 ancproficient HCT-116+ch3 cells. The difference in activity observed
PNU 151807 was evaluated by clonogenic assay in HCT-116 angiter MNNG treatment was much greater.

HCT-116+ch3 cell lines (Figure 2), in comparison with CDDP and The same experiments were performed in another well-
MNNG, agents known to exert differential aCtiVity in these two characterized system, the human ovarian cancer cell line
cell lines. As shown in Figure 2, the introduction of chromosome 32780 (mismatch-proficient) and two sublines, A2780/CP70 and
in HCT-116 cells results in an increased sensitivity of the cells ta2780/MCP-1 (obtained as CDDP-resistant clones from A2780
the treatment with the three alkylating minor groove binders, bUéeIIs), which have been shown to lack expression of hMLH1
not to the non-covalent MGB PNU 151807, which was equallyprotein (Brown et al, 1997). In this system, the three alkylating
active in both cell lines. The relativesl)G/ameS calculated from MGB showed, as in the colocarcinoma cell |inesl less activity in
the curves shown in Figure 2 are reported in Table 1 where it cafe two mismatch-deficient cell lines (Figure 3) and the degree of

RESULTS
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Figure 3  Clonogenic sensitivities of parental A2780 and mismatch repair-deficient CDDP-resistant subline A2780/CP70 and A2780/MCP1. A2780 (0);
A2780/CP70 (0); A2780/MCP1 ( A). Each data point represents the mean * s.d. of three or more experiments performed with quadruplicate cultures

resistance, calculated from the_|@alues, was similar to that DISCUSSION

found for CDDP (data not shown). The non-alkylating MGB PNU

151807 was also more active in parental A2780 cells than in thehe MMR system plays an important role in the control of
two CDDP-resistant clones. As shown in Figure 4 and Table 2genomic integrity in cells (Karran and Bignami, 1994; Fishel and
re-expression of hMLH1 in these cells by chromosome transfeiKolodner, 1995; Karran and Hampson, 1996). It has been reported
partially restores sensitivity to CDDP and the three alkylatingn different experimental systems that defects in MMR proteins
MGB, but not to the non-alkylating MGB PNU 151807. confer tolerance to methylating agents and also to some other
A2780/CP70 have previously been shown to have a number @ytotoxic agents, including CDDP (Anthoney et al, 1996, Fink
alterations that could affect drug sensitivity. The data presenteet al, 1996, 1997). Furthermore, selection of CDDP-resistant cell
support a role for MMR in cytotoxicity of the alkylating MGB, lines can result in loss of the expression of these proteins
but the non-alkylating MGB PNU 151807 retained its activity (Drummond et al, 1996; Brown et al, 1997). Recently, it has been
independently of the mismatch repair status. reported that biopsies of residual disease from human ovarian
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Figure 4 Clonogenic survival curves in CDDP-resistant ovarian cancer cell lines. A2780/CP70+ch3 (A); A2780/CP70 (0). Each data point represents the
mean * s.d. of three or more experiments performed with quadruplicate cultures

tumours after chemotherapy showed a higher incidence of loss @DDP which induces a relatively high number of drug adducts in
hMLH1 expression compared to untreated tumours (Brown et athe major groove of DNA, all the three alkylating MGB tested
1997). produced only a limited number of DNA lesions (Hurley et al,
If loss of MMR is indeed relevant for clinical resistance to 1984; Broggini et al, 1991, 1995). This is particularly true for
chemotherapy, this has an important implication for the selectiotallimustine which is able to alkylate the N3 of adenine only when
and use of new therapeutic compounds. Thus, compounds nptesent in the hexamer sequen¢el BTTGA (Broggini et al,
requiring MMR to mediate toxicity will have a different mecha- 1995). Despite the different number of DNA lesions induced,
nism of action and will have activity in MMR-deficient tumours. the three alkylating MGB showed roughly the same ratio of
In the present study we show that minor groove alkylatingactivity between mismatch-proficient and mismatch-deficient
agents, a new emerging class of anticancer agents, also utilizells observed for CDDP. While it does appear that the
MMR to mediate their tumour cell killing. This is a new finding MMR-associated resistance does not apply to all the major groove
which increases the number of DNA lesions potentially recognizedlkylating agents (as reported for example for melphalan, which
by the MMR proteins. It should be noted that, in contrast tovas able to induce the same cytotoxicity in HCT-116 and
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HCT-116+ch3 cells) for the minor groove binders, all threeBranch P, Hampson R and Karran P (1995) DNA mismatch binding defects, DNA
compounds tested showed MMR deficiency-associated resistance (_iamage tolerance, and mutator phenotypes in human colorectal carcinoma cell
in both experimental systems used. The non-alkylating MGB PN, _ '"es-Cancer Res 55: 2304-2309

p y L . Y 9 _Léroggini M, Erba E, Ponti M, Ballinari D, Geroni C, Spreafico F and D’Incalci M
151807 appears to be insensitive to the presence of MMR proteins. ~(1991) Selective DNA interaction of the novel distamycin derivative
This is, in our opinion, an interesting finding, due to the high  FCE24517Cancer Res 51: 199-204
preclinical anti-tumour activity and the relatively low haemato-Broggini M, Coley HM, Mongelli N, Pesenti E, Wyatt MD, Hartley JA and

. .. . ) . . D’Incalci M (1995) DNA sequence-specific adenine alkylation by the novel
logical toxicity shown for this compound (D'Alessio et al, 1994, antitumor drug tallumustine (FCE 24517), a benzoyl nitrogen mustard

Ghielmini et al, 1997), and makgs it a good future candldgte forthe  gerivative of distamycinvuceic Acids Res 23: 81-87

treatment of tumours responsive to MGB but presenting alterBrown R, Hirst GL, Gallagher WM, Mcllwrath AJ, Margison GP, Van Der Zee Age

ations in the MMR pathway. As a collateral result we observed and Anthoney DA (1997) hMLH1 expression and cellular responses of ovarian

that CDDP-resistant cell lines. CP70 and MCP1. are cross- tumour cells to treatment with cytotoxic anticancer agenisogene 15:

. ' . . : . 52

reS|star1t to PNU 1.5:.]'807' H.owever, th.IS resistance Is nOt.aSSO%‘_AIessio R, Geroni C, Biasoli G, Pesenti E, Grandi M and Mongelli N (1994)

ated with MMR deficiency, since there is no reversal of resistance  strycture-activity relationship of novel distamycin A derivatives: synthesis and

in CP70+ch3 cells to the PNU 151807, despite observed reversal antitumor activityBioorganic Med Chem Lett 4: 14671472

resistance for the three alkylating MGB. It must be noted that PNL@’Incalci M and Sessa C (1997) DNA minor groove binding ligands: a new class of
: : : : : : _ : anticancer agent&xp Opin Invest Drugs 6: 875-884

151807 is, I|I§e talllrr_lustlne, ’a der_lvatlve of the non-cytotoxic Damia G, Imperatori L, Citti L, Mariani L and D'Incalci M (1996

compound, d|5t5_lmycm A (D'Alessio et al, 1994). Both PNU 3-methyladenine-DNA-glycosylase and O6-alkyl guanine-DNA-

151807 and tallimustine showed the same non-covalent DNA  alkyltransferase activities and sensitivity to alkylating agents in human cancer

interaction, as suggested by footprinting experiments reporting the  cell lines.BrJ Cancer 73: 861-865 ' .

protection of the same AT-rich region in different DNA fragmentsDam'a G, Imperatori L, Stefanini M and D’Incalci M (139&ensitivity of CHO

L . . . . o mutant cell lines with specific defects in nucleotide excision repair to different
(Marchini et al, submitted for publication). The similar activity of anticancer agentsr J Cancer 66: 779-783

PNU 151807 in MMR-proficient and MMR-deficient cells is thus prymmond JT, Anthoney DA, Brown R and Modrich P (1996) Cisplatin and
likely to be solely due to the lack of alkylation produced by this  adriamycin resistance are associated with MutLa and mismatch repair
compound, deficiency in an ovarian tumor cell linBiol Chem 271: 19645-19648

: : ink D, Nebel S, Aebi S, Zheng H, Cenni B, Nehmé A, Christen RD and Howell SB
In ConC|US|0n' we have shown that some minor groové: (1996) The role of DNA mismatch repair in platinum drug resistafieecer

alkylgtlng agents are processed_by the MMR system as has ., s6: 4881-4886

previously been observed for major groove DNA binders. Therink D, Zheng H, Nebel S, Norris PS, Aebi S, Lin TP, Nehme A, Christen RD, Haas
availability of an active, MMR deficiency-insensitive, non- M, Macleod CL and Howell SB (1997) In vitro and in vivo resistance to
alkylating anti-tumour agent still binding in the minor groove, cisplatin in cells that have lost DNA mismatch rep@itacer Res 57:

. . L . 1841-1845
could be an important alternative to the clinical use of MGB II’]Fishel R and Kolodner RD (1995) Identification of mismatch repair genes and their

MMR-deficient tumours. role in the development of canc€iurr Opin Genet Dev 5: 382—395
Ghielmini M, Bosshard G, Capolongo L, Geroni MC, Pesenti E, Torri V, D’Incalci
M, Cavalli F and Sessa C (1997) Estimation of the haematological toxicity of
minor groove alkylators using tests on human cord blood &ellECancer 75:
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