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(4) INTRODUCTION

Preliminary experiments with deoxyoligonucleotides indicated that the anthracycline antitumor drug,
doxorubicin, covalently bonds to DNA through its catalysis of formaldehyde production (1-3).
Subsequently, it utilizes formaldehyde for covalent attachment to DNA from its 3'-amino group to the 2-
amino group of a G-base (4-6). At a 3'-GC-5' site the combination of drug intercalation, covalent bonding
to one strand and hydrogen bonding to the other strand serves to virtually crosslink the DNA (7). This
mechanistic understanding prompted the synthesis of anthracycline formaldehyde conjugates as improved
antitumor drugs (8, 9). The first conjugate synthesized, doxoform, proved to be highly toxic to sensitive
and resistant breast cancer cells; however, doxoform rapidly hydrolyzes to doxorubicin under physiological
conditions (8). The purpose and scope of the research were to design and synthesize a hydrolytically more
stable anthracycline-formaldehyde conjugate, to establish that anthracyclines derive at least some of their
toxicity to tumor cells from covalent bonding to DNA, to determine why anthracycline-formaldehyde
conjugates overcome at least some resistance mechanisms, and to a develop drug delivery vehicle for
anthracycline-formaldehyde conjugates.

(5) BODY

Research Accomplishments

During the grant period the following questions were addressed:

Can a more stable doxorubicin-formaldehyde conjugate be designed and synthesized? (Objective 7)
Doxoform has a predicted half-life of less than 10 min in the vascular system with respect to hydrolysis to
doxorubicin and formaldehyde. This half-life was predicted to be too short for eventual use of doxoform
in humans. As a result design and synthesis of alternate formaldehyde conjugates were explored. The
epimer of doxorubicin, epidoxorubicin, was reacted with formaldehyde to yield a dimeric conjugate,
Epidoxoform, with a diazadioxabicyclic structure. This structure contrasts with that of doxoform which is a
dimeric conjugate with a bisoxazolidinylmethane structure. The structural difference results from the
stereochemistry at the 4'-position. Epidoxoform has a predicted half-life of more than 2 h in the vascular
system with respect to hydrolysis to epidoxorubicin and formaldehyde. The IC50 values (concentrations
which inhibit half the growth) for 3 h epidoxoform treatment of MCF-7 and MCF-7/Adr cells are 65 and
70 nmolar equiv/L relative to 200 and >10,000 for epidoxorubicin. Furthermore, preincubation of
epidoxoform in cell culture medium containing 10% fetal bovine serum for 6 h at 37 °C increased the IC50
value for MCF-7/ADR treated cells only to 300 nmolar equiv/L. Although the IC50 value for doxoform is
approximately 50-fold lower, doxoform loses all of its activity against MCF-7/ADR cells in less than 30
min of preincubation.

Six doxorubicin-formaldehyde N-Mannich bases were synthesized and evaluated for water solubility,
hydrolytic stability, and toxicity to MCF-7 and MCF-7/Adr cells. They all demonstrated increased water
solubility relative to doxoform and epidoxoform. Toxicity was inversely related to hydrolytic stability. The
N-Mannich base with a half-life of 75 min was selected for further development into drugs specifically
targeted to cancer cells and associated angiogenesis. A drug design for treatment of breast cancer was
submitted to the Army Breast Cancer Program for a predoctoral fellowship; a second design for treatment
of breast cancer and associated angiogenesis was submitted to the NIH; a design for treatment of prostate
cancer was submitted to the Army Prostate Cancer Research Program; and a design for the treatment of
lung cancer was submitted to the Colorado Tobacco Related Disease Research Program. All of these
applications were funded except the application to the Colorado Tobacco Related Disease Research
Program which just missed the funding line. Almost all of the group research efforts are now focused on
synthesis and evaluation of targeted doxorubicin-formaldehyde conjugates stabilized as N-Mannich bases.

Do doxoform and epidoxoform actually form a covalent bond to DNA in sensitive and resistant breast
cancer cells and how do they circumvent resistance? (Objective 3) Because of the emerging importance of
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Epidoxoform, the structure of the covalent adduct from reaction of epidoxorubicn and formaldehyde with
DNA was determined by crystallography. The adduct from reaction of epidoxorubicin and formaldehyde
with the self complementary deoxyoligonucleotide CGCGCG was crystallized and the structure solved by
molecular replacement. Comparison with the x-ray structure of the adduct from reaction of daunorubicin
and formaldehyde with the same deoxyoligonucleotide showed an additional hydrogen bonding interaction
from the epimeric 4'-hydroxyl group to the bonded DNA strand; however, hydrogen bonding interactions
to the opposing strand appeared to be weaker.

Indirect evidence for formation of covalent bonds to DNA in cells was obtained from a tritium labeling
experiment. Doxoform was synthesized from tritiated formaldehyde. Sensitive (MCF-7) and resistant
(MCF-7/ADR) cells were treated with tritiated doxoform for 1 h. Treatment with doxorubicin + tritiated
formaldehyde or tritiated formaldehyde for 1 h were used as controls. Cells were lysed and the contents
separated into DNA, RNA, and protein fractions, and the fractions were counted in a scintillation counter.
Both sensitive and resistant cells treated with tritiated doxoform showed approximately twice as many
counts in DNA than cells treated with doxorubicin + tritiated formaldehyde or with tritiated formaldehyde.
Hence, tritiated formaldehyde appears to reach the nucleus of both sensitive and resistant breast cancer
cells.

Uptake and release of drug from doxorubicin, doxoform, epidoxorubicin, and epidoxoform treated MCF-7
and MCF-7/ADR cells was measured by flow cytometry using drug fluorescence as a measure of drug in
cells. MCF-7 cells took up more of all four drugs than MCF-7/ADR cells, and both cell lines took up
substantially more of the formaldehyde conjugates than the clinical drugs. Furthermore, both cell lines
retained the conjugates hours after drug treatment while the clinical drugs were expelled within 1 h of drug
treatment. The rate of uptake of formaldehyde conjugates appeared to parallel the rate of partial hydrolysis
to monomeric forms. The half-life for this partial hydrolysis of epidoxoform is 2 h and for doxoform less
than 10 min.

The location of drug in cells was studied by fluorescence microscopy. The nucleus was the primary
location of drug fluorescence from treatment of MCF-7 cells with doxorubicin, Doxoform, epidoxorubicin,
or Epidoxoform. Similar strong fluorescence was observed in the nuclei of MCF-7/ADR cells treated with
doxoform or epidoxoform; however, drug fluorescence was very weak in MCF-7/ADR cells treated with
doxorubicin or epidoxorubicin. The rate of appearance of drug fluorescence in cells treated with the
formaldehyde conjugates paralleled the rate of partial hydrolysis which paralleled the rate of drug uptake
observed by flow cytometry.

The conclusions from the structural determination, tritium labeling experiment, flow cytometry
measurements, and fluorescence microscopy are that drug-formaldehyde conjugates are more toxic to both
sensitive and resistant breast cancer cells because more of the conjugates reach the nucleus and are retained
longer. Further, dimeric conjugates must partially hydrolyze to monomeric conjugates before drug uptake
occurs. A structural difference which may permit higher levels of drug uptake is the lack of positive charge
on the conjugates in their monomeric form. Conjugation with formaldehyde is predicted to change the pKa
such that the drugs are not protonated at physiological pH.

How toxic are doxoform and epidoxoform to non-malignant cells? (Objectives 1 and 2) Doses of
doxoform and doxorubicin which killed 50% of breast cancer cells (MCF-7) and human mammary
epithelial cells (HMfE) (LC50) were established. The measurement with HMIE cells was performed at
confluence and with MCF-7 cells, at non-confluence to reflect their natural states. The LC50 for HME
cells treated with doxorubicin was 12-fold greater than for MCF-7 cells; correspondingly, the LC50 for
HME cells treated with doxoform was 6-fold greater than for MCF-7 cells. Similar results were observed
in a comparison of epidoxoform with epidoxorubicin. Hence, these cell experiments showed similar
selectivity for the anthracycline and its formaldehyde conjugate in killing breast cancer cells over normal
mammary epithelial cells.
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What is the abundance of formaldehyde in sensitive tumor cells, resistant tumor cells and/or non-malignant
cells with and without addition of daunorubicin or doxorubicin? The abundance of formaldehyde in
sensitive MCF-7 and resistant MCF-7/Adr breast cancer cells was measured using selected ion flow tube
mass spectrometry by sampling the head space above cell lysates (10). No formaldehyde above
background levels was observed in the media containing growing, sensitive or resistant cells with or without
drug treatment. Drug treated sensitive cells, but not resistant cells, showed formaldehyde levels above
background when lysed. A lower limit for excess formaldehyde in MCF-7 cells treated with 0.5 pM
daunorubicin for 24 h is 0.3 mM. This result supports a mechanism for drug cytotoxicity which involves
drug induction of metabolic processes leading to formaldehyde production followed by drug utilization of
formaldehyde to virtually cross-link DNA.

A new technique, which involved preconcentration of formaldehyde in cell lysates by distillation coupled
with selected ion flow tube mass spectrometry, was subsequently developed to measure natural levels of
formaldehyde in sensitive and resistant cancer cells. This showed 1.5 tM formaldehyde in sensitive MCF-
7 cells and only background levels in MCF-7/Adr cells (0.1 [M). This result is consistent with MCF-
7/Adr cells overexpressing enzymes which neutralize oxidative stress leading to formaldehyde production.

Does doxoform cause tumor cell death by apoptosis? (Objectives 4 and 5) We originally proposed to
establish that doxoform caused topoisomerase mediated lesions with assistance from Professor David
Kroll of the University of Colorado Health Sciences Center (Objective 4). Experiments were started but
were not completed because Professor Kroll moved his lab to Duke University. We also proposed in
Objective 5 to determine if Doxoform affected protein kinase C with help from Professor Katheryn Resing.
These experiments were started but not completed because Professor Resing changed her research
direction away from protein kinase C and was no longer able to provide the required assistance. These
events led us to answer a different but related question: does doxoform cause tumor cell death by
mechanisms analogous to that of doxorubicin. Three different apoptosis assays were used to compare
doxorubicin and doxoform with respect to induction of programmed cell death. The assays were formation
of a DNA ladder, the TUNNEL assay, and annexin V/propidium iodide staining. The assays were
performed with Hela S3, MCF-7 and MCF-7/Adr cells. Doxoform was used at 10-fold lower dose because
of the 10-fold higher cytotoxicity of Doxoform. At these relative doses doxorubicin and doxoform gave
the same response with all three cell lines: apoptotic death of Hela S3 cells and non-apoptotic death of
MCF-7 and MCF-7/Adr cells. This result supports the hypothesis that doxoform is a prodrug to the active
metabolite of doxorubicin.

How does epidoxoform compare with epidoxorubicin and doxorubicin in the NCI tumor cell screen?
(Objective 7) Epidoxoform (EPIF) was submitted to the National Cancer Institute Developmental
Therapeutics Program for screening in their 60 human tumor cell assay. The log of the concentration of
drug which inhibited 50% of the growth is compared in Table 1 with values for doxorubicin (DOX) and
epidoxorubicin (EPI). Values which measure tumor cell resistance mechanisms, rhodamine efflux,
multidrug resistance gene (mdr-1), multidrug resistance protein (MRP), and lung resistance protein (LRP),
are compared for some cell lines. The mean values for the three drugs show that epidoxoform is
approximately 0.5 log more cytotoxic than doxorubicin and 1 log more cytotoxic than epidoxorubicin.
Further, epidoxoform is active against cells which express all three resistance proteins: MDR, MRP, and
LRP.

Table 1. National Cancer Institute (NCI) In-Vitro Human Tumor Cell Screen and Tumor Cell Resistance
Parameters
Panel/Cell Line log G150 (M) rhodamined mdr-1d MWPd LRPd

EPIFa DOXb EPIc efflux

Leukemia
CCRF-CEM -8.52 -7.46 -7.35 35 0.4 1.2 0.0
HTL-60 (TB) -8.57 -7.29 -7.24
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MOLT-4 -8.60 -7.96 -7.77
RPMI-8226 -8.31 -7.35 -7.26

Non Small Cell Lung Carcinoma (NSCLC)
A549/ATCC -7.89 -7.14 -7.10
EKVX -7.07 -6.17 -6.52
HOP-62 -7.66 -7.30 -6.82 62 3.4 1.3 1.7
HOP-92 -7.82 -7.09 -6.51
NCI-H226 -7.44 -7.29 -7.36
NCI-H23 -7.92 -6.96 -7.12
NCI-H322M -7.55 -6.31 -6.04
NCI-H460 -8.35 -8.33 -7.60
NCI-H522 -8.17 -7.22 -6.72

Colon Cancer
COLO 205 -7.90 -6.67 -6.30
HCC-2998 -7.12 -6.63 -6.51 -5 0.1 1.1 2.0
HCT-116 -7.78 -7.18 -7.17 26 5.8 1.8 2.5
HCT-15 -6.93 -5.88 -5.41 414 457 1.6 0.1
HT29 -7.70 -6.73 -6.51
KM12 -7.34 -6.56 -6.43
SW-620 -7.98 -7.12 -6.91 31 19.4 0.8 0.3

Central Nervous System Cancer
SF-268 -8.20 -6.96 -6.66
SF-295 -7.51 -7.04 -6.68 91 8.3 1.6 0.8
SF-539 -8.26 -7.16 -6.71
SNB-19 -7.82 -7.31 -7.04
SNB-75 -8.12 -7.04 -6.60
U251 -8.11 -7.39 -7.07 -19 2.7 1.1 0.1

Melanoma
MALME-3M -7.80 -7.16 -6.85
M14 -7.30 -6.66 -6.37
SK-MEL-2 -7.64 -6.63 -6.70 11 2.8 0.8 0.1
SK-MEL-28 -7.31 -6.56 -6.23
SK-MEL-5 -7.35 -7.17 -6.95 12 13 2.3 1.6
UACC-257 -7.28 -6.66 -6.47
UACC-62 -8.30 -7.19 -6.82

Ovarian Cancer
IGROV1 -7.76 -6.87 -6.57
OVCAR-3 -7.33 -6.40 -6.33
OVCAR-4 -6.98 -6.19 -5.92 -4 0.1 2.0 1.0
OVCAR-5 -7.05 -6.28 -6.14
OVCAR-8 -7.75 -6.88 -6.70
SK-OV-3 -6.88 -6.66 -6.39

Renal Cancer
786-0 -8.10 -7.31 -7.00 -44 18.4 0.5 1.5
A498 -8.42 -6.98 - 108 71 - -

ACHN -8.09 -7.21 -6.57 120 31 0.0 1.5
CAKI-1 -7.76 -6.77 -6.57 171 177 0.4 2.3
SN12C -7.80 -7.04 -6.77 -86 2.2 0.4 1.5
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TK-10 -6.63 -6.39 -6.14
UO-31 -6.84 -6.13 -5.72 244 749 1.8 2.4

Prostate Cancer
PC-3 -7.30 -6.70 -6.62
DU-145 -7.92 -6.83 -6.57

Breast Cancer
MCF-7/ADR-RES -6.49 -4.78 -
MDA-MB-231/ATCC -7.32 -6.41 -6.02
HS-578T -7.21 -6.71 -8.00
MDA-MB-435 -7.19 -6.51 -6.21
MDA-N -7.28 -6.58 -6.86
BT-549 -6.93 -6.62 -6.36
T-47D -7.16 -7.04 -7.03

Mean
-7.64 -6.87 -6.70

asingle determination with log maximum concentration (M) = -4.6.
bAverage of multiple determinations with log maximum concentration (M) -4.6.
cSingle determination with log maximum concentration (M) = -4.0.

dValues obtained from the NCI Developmental Therapeutics Program web site: http://dtp.nci.nih.gov/;
MRP (multidrug resistant protein), LRP, lung resistant protein.

Why is doxorubicin more cytotoxic than epidoxorubicin, and doxoform more cytotoxic than epidoxoform?
(Objective 7) An important cytotoxicity factor appears to be the rate of release of drug from the nucleus.
This was measured for drug release from MCF-7/Adr cells by flow cytometry using drug fluorescence as a
measure of drug in cells. MCF-7/Adr cells overexpress P-170 efflux pump and hence will excrete drug as
soon as it is released from the nucleus by hydrolysis of drug DNA covalent adducts and drug DNA virtual
crosslinks. The kinetics were fit to a biexponential rate law consistent with the kinetics of release of drug
from DNA (1, 11). With doxorubicin and doxoform the half-life for the more rapid release was 2 h and
for the slow release 29 h and with epidoxorubicin and Epidoxoform, 4 h and 13 h, respectively. The
important factor is likely the slow component of release which is proposed to result from hydrolysis of
drug-DNA virtual crosslinks.

Can doxoform and epidoxoform be stabilized with respect to hydrolysis in a liposome as a drug delivery
vehicle? (Objective 6) The stability of both doxoform and epidoxoform was measured in several drug
delivery vehicles: mono lamellar liposomes, multi lamellar liposomes, and surfactants. The drug delivery
vehicle which gave the best stabilization with respect to hydrolysis and dissolved the most drug was
DMSO/Cremaphor EL. When a solution of epidoxoform in 40% DMSO / 60% Cremaphor EL was
added to a pH 7.4 buffer at 37 °C, no precipitation of drug occurred and only a trace amount of hydrolysis
to epidoxorubicin was observed even after 90 min. Both liposomal delivery systems were less effective
primarily because they dissolved much less drug.

Is conjugation of anthracycline anit-tumor drugs to glutathione a resistance mechanism? (Additional
Relevant Study) One of the proposed mechanisms for multidrug resistance relies on the ability of resistant
tumor cells to efficiently promote glutathione S-transferase (GST)-catalyzed glutathione (GSH)
conjugation of the antitumor drug. This type of conjugation, observed in several families of drugs, has
never been documented satisfactorily for anthracyclines. Doxorubicin-resistant human breast cancer MCF-
7/Adr cells, presenting a comparable GSH concentration, but a 14-fold increase of the GST P1-1 activity
relative to the sensitive MCF-7 cells, were treated with doxorubicin in the presence of verapamil, an
inhibitor of the P-170 glycoprotein drug transport protein, and scrutinized for any production of GSH-
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doxorubicin conjugates. HPLC analysis of cell content and culture broth using synthetic standards of
potential conjugates showed unequivocally that no GSH-conjugates were present either inside the cell or in
the culture broth. The only anthracycline present inside cells after 24 hr of incubation was >98% pure
doxorubicin. Confocal laser scanning microscopic observation showed that in MCR-7/Adr cells
doxorubicin was localized mostly in the Golgi apparatus rather than in the nucleus, the preferred site of
accumulation for sensitive MCF-7 cells. These findings rule out GSH conjugation or any other significant
biochemical transformation as the basis for resistance to doxorubicin and as a ground for the anomalous
localization of the drug in the resistant cells.

What is the carbon source of formaldehyde produced by anthracyclines in cells? (Additional Relevant
Study) We proposed spermine and spermidine, which are elevated in cancer cells, as possible carbon
sources for formaldehyde in doxorubicin or daunorubicin treated cancer cells. However, the literature
proposes that formaldehyde is one of many products of peroxidation of unsaturated lipids. In fact, Tamura
and co-workers reported some years ago that formaldehyde is the most abundant aldehyde from iron
catalyzed peroxidation of arachidonic acid, linolenic acid, oleic acid and the second most abundant for
oxidation of linoleic acid (12). We have reinvestigated the Tamura experiment because it was performed in
Tris buffer. Earlier we reported that iron catalyzed peroxidation of Tris yields formaldehyde (7). Our
experiments now demonstrate that most if not all of the formaldehyde observed by Tamura came from
peroxidation of the buffer and that the unsaturated lipids in phosphate buffer yielded only background
levels of formaldehyde. This result has prompted us to reconsider doxorubicin catalyzed peroxidation of
spermine and spermidine as a reaction path to formaldehyde in vivo.

Can the formaldehyde conjugate of the redox incapacitated anthracycline, 5-iminodoxorubicin, be
synthesized? (Objective 8) This was not attempted because we decided that the design and synthesis of
doxorubicin-formaldehyde conjugates specifically targeted to tumor cells and angiogenesis was a better
strategy for overcoming cardiotoxicity of doxorubicin. Experiments have begun in this area and additional
research funding was obtained from the Army Prostate Cancer Program, the Army Breast Cancer Program
and the National Cancer Institute to carry it forward.

9



(6) KEY RESEARCH ACCOMPLISHMENTS:

Epidoxoform, the dimeric formaldehyde conjugate of epidoxorubicin, is hydrolytically more stable
with respect to complete hydrolysis to the clinical drug than Doxoform, the dimeric formaldehyde
conjugate of doxorubicin.

Anthracycline-formaldehyde conjugates are equally toxic to sensitive and resistant breast cancer
cells.

Anthracycline-formaldehyde conjugates are taken up better and retained longer by sensitive and
resistant breast cancer cells than their clinical counterparts.

The nucleus is the primary target of anthracycline-formaldehyde conjugates in sensitive and
resistant breast cancer cells.

The formaldehyde of doxoform reaches DNA in cells.

Dimeric anthracycline-formaldehyde conjugates must partially hydrolyze to monomeric
anthracycline-formaldehyde conjugates before they are taken up by breast cancer cells.

Doxorubicin and daunorubicin induce production of formaldehyde in sensitive breast cancer cells
but not in resistant breast cancer cells.

Sensitive breast cancer cells show 10-fold higher levels of formaldehyde than resistant breast cancer
cells.

Doxoform at 10-fold lower dose functions the same as doxorubicin with respect to induction of
apoptosis.

Epidoxoform inhibits the growth of 60 human tumor cell lines 0.5 log better than doxorubicin and
1 log better than epidoxorubicin.

Higher toxicity of doxorubicin relative to epidoxorubicin correlates with a longer half-life for the
respective drug-DNA virtual crosslink.

A promising drug delivery vehicle for epidoxoform is 40% DMSO/ 60% Cremaphor EL.

Conjugation to glutathione does not appear to be a resistance mechanism for doxorubicin.

Peroxidation of unsaturated lipid does not appear to be a pathway to formaldehyde.

A design strategy for targeting doxoform to tumor cells was achieved.

(7) REPORTABLE OUTCOMES:

- publications and manuscripts

Taatjes, D. J.; Fenick, D. J.; Koch, T. H. "Nuclear Targeting and Nuclear Retention of
Anthracycline-Formaldehyde Conjugates Implicates DNA Covalent Bonding in the Cytotoxic
Mechanism of Anthracyclines" Chem. Res. Toxicol. 12, 588-596 (1999).
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Vallebona, P. "Lack of Glutathione Conjugation to Adriamycin in Human Breast Cancer
MCF-7/DOX Cells. Inhibition of Glutathione S-Transferase PI-1 by Glutathione
Conjugates from Anthracyclines" Biochem. Pharmacol. 60, 1915-1923 (2000).
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(9) CONCLUSIONS

The results from the research provide additional support for the hypothesis that the anthracycline antitumor
drugs derive at least some of their toxicity from induction of formaldehyde synthesis and use of
formaldehyde for drug-covalent bonding to DNA. Sensitive but not resistant breast cancer cells show
anthracycline induction of formaldehyde synthesis. Also, resistant breast cancer cells show less natural
abundance of formaldehyde than sensitive cells. Apoptosis assays show similar patterns with doxorubicin
and doxoform. Relative cytotoxicity of doxorubicin and epidoxorubicin correlates with the rate of drug
release from resistant cells which parallels the rate of hydrolysis of drug-DNA virtual crosslinks. At least
some resistance to anthracyclines stems from resistance to drug induction of formaldehyde synthesis but
from conjugation to glutathione. Peroxidation of unsaturated lipids does not appear to be a source of drug
induced formaldehyde synthesis. Anthracycline-formaldehyde conjugates overcome resistance
mechanisms associated with inhibition of formaldehyde synthesis and expression of MDR, MIRP and LRP
resistance proteins and are prodrugs of anthracycline active metabolites. Epidoxoform can be formulated in
DMSO/Cremaphor as a drug delivery vehicle.
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The anthracycline, antitumor drugs doxorubicin (DOX), daunorubicin (DAU), and epidoxo-

rubicin (EPI) catalyze, production of formaldehyde through induction of oxidative stress. The
formaldehyde then mediates covalent bonding of the drugs to DNA. Synthetic formaldehyde
conjugates of DOX, DAU, and EPI, denoted Doxoform (DOXF), Daunoform (DAUF), and
Epidoxoform (EPIF), exhibit enhanced toxicity to anthracycline-sensitive and -resistant tumor
cells. Uptake and retention of parent anthracycline antitumor drugs (DOX, DAU, and EPI)
relative to those of their formaldehyde conjugates (DOXF, DAUF, and EPIF) were assessed
by flow cytometry in both drug-sensitive MCF-7 cells and drug-resistant MCF-7/ADR cells.
The MCF-7 cells took up more than twice as much drug as the MCF-7/ADR cells, and both cell
lines took up substantially more of the formaldehyde conjugates than the parent drugs. Both
MCF-7 and MCF-7/ADR cells rbtained fluorophore from DOXF, DAUF, and EPIF hours after
drug removal, while both cell lines almost completely expelled DOX, DAU, and EPI within 1
h. Longer treatment with DOX, DAU, and EPI resulted in modest drug retention in MCF-7
cells following drug removal but poor retention of DOX, DAU, and EPI in MCF-7/ADR cells.
Fluorescence microscopy showed that the formaldehyde conjugates targeted the nuclei of both
sensitive and resistant cells, and remained in the nucleus hours after drug removal.
Experiments in which [3H]Doxoform was used, synthesized from doxorubicin and [3H]-
formaldehyde, also indicated that Doxoform targeted the nucleus. Elevated levels of 3H were
observed in DNA isolated from [3H]Doxoform-treated MCF-7 and MCF-7/ADR cells relative to
controls. The results implicate drug-DNA covalent bonding in the tumor cell toxicity
mechanism of these anthracyclines.

Introduction tive stress in the presence of ferric ion (8, 9). The iron-
chelating ability of the anthracyclines is proposed to be

The anthracycline, antitumor drugs doxorubicin (DOX), an important factor for the efficient production of form-
and daunorubicin (DAU) remain an important part of aldehyde near the drug for formation of a drug-
chemotherapy regimens in the clinic. Epidoxorubicin formaldehyde conjugate at the drug's 3'-amino substit-
(EPI), the 4'-epimer of doxorubicin, is also a widely used uent. This intermediate is thought to be the active drug
chemotherapeutic agent that is marketed worldwide metabolite which bonds to DNA forming a covalent
except in the United States (1). DNA is an important methylene linkage to the 2-amino group of a G-base as
target for the anthracyclines, with induction of topo- shown in Scheme 1. At 5'-NGC-3' sites, drug intercala-
isomerase II-mediated strand breaks as a cytotoxic tion, covalent bonding, and hydrogen bonding at the C9
consequence (2, 3). The drugs are high-affinity DNA hydroxyl combine to form a virtual DNA cross-link
intercalators (4) and are known to form unstable covalent (Scheme 1) (8, 10-12). This virtual DNA cross-link
bonds to extracellular DNA when activated under redox corresponds to the drug-DNA cross-link described earlier
conditions (5, 6). Two types of covalent bonding based (5-7). The drug-DNA adduct is presumed to have a
upon differences in stability have been described: more similar structure without the hydrogen bonding in-
stable drug-DNA cross-links and less stable drug-DNA teraction from the C9 hydroxyl to the G-base on the
adducts (7). With previous extracellular experiments, we opposing strand. Throughout this paper, the term
established that DOX, DAU, and EPI promote the drug-DNA adduct is used to describe both types of drug-
production of formaldehyde through induction of oxida- DNA bonding. Covalent attachment of DOX, DAU, or

EPI to DNA is likely to be at least partially responsible
* To whom correspondence should be addressed at the University for the drugs' toxicity to tumor cells (13-15), possibly in

of Colorado, Boulder, CO. conjuction with its effect on the topoisomerase-DNA
I Abbreviations: DAPI, 4,6-diamidino-2-phenylindole; DAU, dauno-

rubicin; DAUF, Daunoform; DMSO, dimethyl sulfoxide; DOX, doxo- complex.
rubicin; DOXF, Doxoform; EPI, epidoxorubicin; EPIF, Epidoxoform; A major problem associated with cancer chemotherapy
FBS, fetal bovine serum; PBS, 0.1 M phosphate-buffered saline (pH
7.4); Pgp, P-170 glycoprotein; SDS, sodium dodecyl sulfate; WGA-FITC, with the anthracyclines as well as other antitumor drugs
wheat germ agglutinin fluorescein-linked isothiocyanate. is specific resistance and multidrug resistance. Multiple
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Scheme 1. Structures of Parent Drugs (DAU, DOX, and EPI), Their Conversion to Formaldehyde

Conjugates (DAUF, DOXF, and EPIF), Formation of Anthracycline Active Metabolites, and Formation and
Hydrolysis of a Drug-DNA Virtual Cross-Linka
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resistance mechanisms have been discovered in cancer Experimental Procedures
cells, with the best characterized being the overexpres-
sion of the drug efflux pump P-170 glycoprotein (Pgp) (16, Materials. All tissue culture materials were obtained from

17). Another resistance mechanism relevant to the dis- Gibco Life Technologies (Grand Island, NY) unless otherwise

cussion here is the altered activity of redox enzymes in- stated. MCF-7 breast cancer cells were obtained from American
cusdion xType Culture Collection (Rockville, MD), and MCF-7/ADR
volved in anthracycline-associated oxidative stress. En- adriamycin-resistant breast cancer cells were a gift from W. W.
zymes which produce reactive oxygen species (e.g., cyto- Wells (Michigan State University, East Lansing, MI). Dauno-
chrome P450 reductase) exhibit reduced activity, and form (DAUF), Doxoform (DOXF), and Epidoxoform (EPIF) were
enzymes which neutralize reactive oxygen species (e.g., synthesized from daunorubicin, doxorubicin, and epidoxorubicin,
superoxide dismutase and gluthathione peroxidase) ex- respectively, by reaction with formaldehyde as described previ-
hibit increased activity (18-20). Both of these mecha- ously (11, 22). These drug-formaldehyde conjugates are toxic
nisms are active in MCF-7/ADR cells (18, 21), the resis- materials and should be handled with caution especially when
tant human breast cancer cells employed in the studies dissolved in DMSO which potentially makes them more perme-

described here. able to the skin. Concentrations of drug-formaldehyde conju-

fin gates are given in micromolar equivalents per liter to correct
Realizing the probable importance of formaldehyde n for the conjugates bearing two active drug molecules per

the tumor cell toxicity of DOX, DAU, and EPI, we structural unit. DAPI, 4,6-diamidino-2-phenylindole, and wheat
synthesized formaldehyde conjugates of the drugs, de- germ agglutinin fluorescein-linked (WGA-FITC) were from
noted Doxoform (DOXF), Daunoform (DAUF), and Epi- Sigma Chemical Co. (St. Louis, MO). TRI reagent for separation
doxoform (EPIF) (11, 22). These conjugates are prodrugs of cellular DNA, RNA, and protein was from Molecular Research
to the anthracycline active metabolites, as shown in Center, Inc. (Cincinnati, OH). Tritiated aqueous formaldehyde
Scheme 1. Cytotoxicity experiments revealed that DOXF, was obtained from DuPont-NEN Research Products (Boston,
DAUF, and EPIF were significantly more toxic to both MA).
sensitive (MCF-7) and resistant (MCF-7/ADR) breast Maintenance of Cell Lines. MCF-7 and MCF-7/ADR cell
cancer cells than the parent compounds DOX, DAU, and lines were maintained in vitro by serial culture in RPMI 1640
EPI (11, 22). Here we report the uptake, retention, and medium supplemented with 10% fetal bovine serum (Gemini

distribution of DOX, DAU, and EPI with respect to their Bio-Products, Calbasas, CA), L-glutamine (2 mM), HEPES buffer

formaldehyde conjugates in MCF-7 and MCF-7/ADR (10 mM), penicillin (100 units/mL), and streptomycin (100 ug/
mL). Cells were maintained at 37 'C in a humidified atmosphere

cells. Drug uptake and retention were assessed by flow of 5% CO2 and 95% air.
cytometry, and the distribution of the drugs was visual- Assessment of Drug Uptake and Release by Flow
ized by fluorescence microscopy. Drug distribution was Cytometry. Cultured cells (MCF-7 and MCF-7/ADR) were
also studied by treating cells with 3H-labeled DOXF and dissociated with trypsin-EDTA and plated in six-well plates
analyzing isolated DNA, RNA, and protein by scintilla- (ca. 500 000 cells/well) and allowed to adhere overnight. The
tion counting. The results implicate DNA alkylation in cells were treated with 0.5 Mmolar equiv/L drug (DOX, DAU,
the cell-killing mechanism of these drugs. EPI, DOXF, DAUF, and EPIF) at 37 'C for various amounts of
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time (5 min, 30 min, 1 h, 2 h, and 3 h). For each time point, the 1 h, 3 h, and 6 h). Cells were then fixed, stained with DAPI,
medium was removed and the cells were trypsinized and and mounted as described above.
suspended in 3 mL of RPMI 1640 medium without phenol red [3H]Doxoform Synthesis. To a 6.7 mM solution of doxoru-
and without FBS. The cells were transferred to 15 mL conical bicin (19.4 mg in 5 mL) in pH 6 sodium cacodylate buffer (30
vials and centrifuged at 1000 rpm for 5 min at 10 'C. The mM) were added 0.05 mmol of[3H]HzCO (5 mCi) and 1.62 mmol
supernatant was removed and replaced with 1 mL of RPMI 1640 of H 2 CO (3% [3 H]H2CO). The mixture was stirred at room
medium without phenol red and without FBS. The cells were temperature for 20 min, and then extracted with 2 x 30 mL of
kept at 0 'C until analysis (up to 3 h). Control experiments chloroform. The chloroform extracts were dried over sodium
exhibited no significant loss of fluorescence in samples kept at sulfate and combined. The solvent was then removed by rotary
0 'C for up to 4 h. evaporation. [3:H]Doxoform was crystallized by redissolving the

For drug retention analysis, cells were plated as described solid in 500 ytL of chloroform and transferring the mixture to a
and treated with 0.5/umolar equiv/L drug for 1 h (or 24 h). EPIF stoppered vial. To this were added 2 mL of n-hexane and 8 mL
treatment lasted 3 h to allow for sufficient hydrolysis and drug- of ethyl acetate. The vial was stored in the dark at ambient
DNA adduct formation. Following drug treatment, the cells were temperature until crystal formation was complete (5 days). The
incubated in fresh, drug-free medium for various time periods crystals were washed with n-hexane and dried. The material
(0 min, 5 min, 30 min, 1 h, 3 h, and 6 h). After the alotted time was stored at ambient temperature until it was used. Scintil-
had passed, the cells were prepared for flow cytometry analysis lation counting gave 22 502 cpm for 4.46 nmol of the crystalline
as described above. [3H]Doxoform.

The extent of drug uptake was determined by flow cytometry Cell Experiments with [3H]Doxoform and [3H]Formal-
as previously described (23). All flow cytometry measurements dehyde. MCF-7 and MCF-7/ADR cells (approximately 10 mil-
were made with a Becton Dickinson (Franklin Lakes, NJ) lion cells) in RPMI 1640 medium were treated for 1 h with 1
FACScan flow cytometer, using a Hewlett-Packard 9000 series /imolar equiv/L [3H]Doxoform (3% 3H2CO) or 1 1 M doxorubicin
model 340 computer for data storage and analysis. Drug-treated and 1.5 1 M HCHO (3%i 3H2CO) or 1.5 jyM HCHO (3% 3H 2CO).
cells were analyzed with excitation at 488 nm (15 mW Ar ion The Doxoform concentration is reported as 1 /amolar equiv/L
laser), with emission monitored between 570 and 600 nm. because it is a dimeric molecule. Doxoform and doxorubicin were
Instrument settings were held constant for all experiments, and introduced as DMSO solutions. All three mixtures contained
5000 cells were counted per measurement. The emission of drug- 0.5% DMSO (100 /tL in 20 mL of medium). Incubations were
free cells was similarly measured to determine background performed at 37 'C in a humidified atmosphere containing 5%
fluorescence. The final data were plotted as mean fluorescence CO 2 and 95% air. After 1 h, the medium was removed and stored
(as determined by computer data analysis) versus drug incuba- at 4 0C until analysis. Isolation of cellular DNA, RNA, and
tion time (or recovery time) for ease of data representation. protein was performed with TRI Reagent. For each flask

Analysis of Intracellular Drug Distribution by Fluo- containing 1 x 107 cells, 7 mL of TRI Reagent was added and
rescence Microscopy. Cells were plated in six-well plates (ca. the solution was allowed to sit at ambient temperature for 5
300 000 cells/well). Each well contained a sterile cover slip, and min. The TRI Reagent/cell lysate mixture was then transferred
the cells were allowed to adhere to the cover slip overnight. Each to a 15 mL centrifuge tube, and 700 1IL of 1-bromo-3-chloropro-
well contained 3 mL of RPMI 1640 medium. The drugs (DOX, pane was added. The mixture was shaken vigorously for 15 s
DAU, EPI, DOXF, DAUF, and EPIF) were dissolved in DMSO and allowed to stand at ambient temperature for 5 min. The
to a concentration of 50 /rmolar equiv/L (100-fold concentration). solution was centrifuged at 3000 rpm for 15 min at 4 0C. After
Then, 30,uL of each DMSO solution was added to the appropri- centrifugation, the solution contained an aqueous phase, an
ate well, resulting in a 100-fold dilution (0.5 /imolar equiv/L drug interphase, and an organic phase. The aqueous phase was
and 1% DMSO). The cells were incubated with the drug for 5 removed for later isolation of RNA, and the DNA was precipi-
min, 30 min, 1 h, 2 h, or 3 h. Following drug treatment, the tated from the interphase and the organic phase by the addition
medium was removed and the cells were washed with 2 mL of of 2.1 mL of 100% ethanol. The samples were mixed by inversion
PBS. The cells were then fixed to the cover slips by submerging and centrifuged at 2000 rpm for 5 min at 4 'C. The supernatant
in 3 mL of cold (-20 0C) methanol and storing on ice for 5 min. was removed from the DNA pellet and stored for subsequent
The methanol was removed, and the cells were washed with 3 protein isolation. The DNA was washed twice with 7 mL of 0.1
mL of PBS. The cover slips were then removed from the wells M sodium citrate solution containing 10% ethanol. With each
and inverted on a drop (30 pL) of DAPI (0.2 /g/mL in PBS) wash, the DNA pellet was stored in the washing solution for 30
placed on Parafilm. The cover slips were kept on the DAPI min at 0 0C with periodic mixing. The sample was centrifuged
solution for 5 min at ambient temperature. The cover slips were at 2000 rpm for 5 min at 4 0C after each wash. Following the
then rinsed with PBS and mounted on a microscope slide using sodium citrate washes, a final wash with 7 mL of 75% ethanol
a drop (30 pL) of mowiol mounting medium. The slides were was performed, with immediate centrifugation at 2000 rpm for
allowed to dry in the dark overnight. Microscopic images were 5 min at 4 0C. The ethanol was removed, and the DNA pellet
observed at a magnification of 1000 x and recorded with a Zeiss was dissolved in 400 /jL of 8 mM sodium hydroxide. RNA was
Axioplan (Carl Zeiss, Thornwood, NY) fluorescence microscope precipitated from the previously extracted aqueous phase by
equipped with a Photometrics Sensys (Tucson, AZ) digital CCD addition of 3.5 mL of 2-propanol. The sample was mixed by
camera system. Images were developed using IP-LAB Spectrum inversion and stored at ambient temperature for 10 min and
Software. Drug fluorescence was observed at wavelengths above centrifuged at 3000 rpm for 10 min at 4 0C. The supernatant
590 rm with excitation at 546 ± 6 nm, and DAPI fluorescence was removed, and the RNA pellet was washed with 70% ethanol
was observed at wavelengths above 420 nm with excitation at followed by centrifugation at 3000 rpm for 5 min at 4 *C. The
355 ± 20 nm. supernatant was then removed and the RNA pellet suspended

MCF-7 and MCF-7/ADR cells were each treated with fluo- in 500 /L of water (autoclaved and 0.2 lim filtered). DNA and
rescein-linked wheat germ agglutinin to visualize the Golgi RNA were quantitated by measuring the absorbance at 260 nm,
apparatus. Fluorescein fluorescence was observed at wave- assuming 1 OD260 = 50 1(g of dsDNA/mL. The 260 nm/280 nm
lengths above 515 nm with excitation at 470 ± 20 nm. absorbance ratio for DNA isolates was > 1.6; for RNA, the ratio

For drug retention experiments with short periods of drug was > 1.9. The concentration of the DNA or RNA solutions for
exposure, the cells were treated with drugs for 1 h except for analysis by scintillation counting was ca. 300 /yg/mL. Cellular
EPIF, where cells were treated for 3 h to allow sufficient time proteins were precipitated from the phenol/ethanol supernatant
for EPIF hydrolysis and drug-DNA adduct formation. For the (from the DNA precipitation) upon the addition of 8 mL of
assessment of retention after longer exposure, cells were treated 2-propanol. The samples were stored at ambient temperature
with drugs for 24 h. After drug treatment, cells were incubated for 15 min and centrifuged at 3000 rpm for 10 min at 4 0C. The
in fresh medium for various time periods (0 min, 5 min, 30 min, supernatant was removed, and the protein pellet was washed
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A. Drug uptake by MCF-7 Cells B. Drug uptake by MCF-7/ADR Cells
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Figure 1. Uptake (A and B) of DOX, DAU, EPI, DOXF, DAUF, and EPIF by sensitive MCF-7 and resistant MCF-7/ADR tumor
cells. Drug uptake by cells treated with 0.5/•mol equiv/L drug was observed as a function of time by flow cytometry by monitoring
drug fluorescence at 570-600 nm upon excitation at 488 nm. Drug concentrations are given in micromolar equivalents per liter
because DOXF, DAUF, and EPIF are dimeric in drug reactive intermediates.

three times with 14 mL of a 0.3 M guanidiae hydrochloride that the parent compounds are released from both
solution in 95% ethanol. The samples were stored in the washing sensitive and resistant cells within 1 h of drug removal,
solution for 20-30 mai at ambient temperature followed by while a significant amount of the formaldehyde conjul-
centrifugation at 3000 rpm for 5 min at 4 °C. Then, the protein gates remains in the cells even 6 h after drug removal.
pellet was vortexed in 2 mL of 100% ethanol and stored at Fo24hfdrgtemntedaa(iueCD)sw
ambient temperature for 20 min. The sample was then centri- ththeprnco oudaesilntrtiedn
fuged at 3000 rpm for 5 min at 4 °C. The supernatant was ththeprnco oudaesilntrtiedn
removed, and the proteins were dissolved in 2 mL of a 1% SDS MCF-7/ADR cells, but are modestly retained in MCF-7
solution. The protein concentration was approximately 6 mag/ cells.
mL for each sample as determined by absorption at 280 am Fluorescence Microscopy. The location of drug in
relative to bovine serum albumin standard calibration curve. oouii-estv n oouii-eitn C-
3H was counted with a Beckman (Fullerton, CA) LS 3801 doruinseitvaddxrbcnrssatMF7
scintillation counter. To 3 mL of scintillation fluid (Biosafe AQ- cells was observed by fluorescence microscopy, again
Research Products International Corp., Mount Prospect, IL) was relying on drug fluorescence as a measure of drug
added 300/ML of sample. Each sample was counted for 45 min. concentration. Cells were treated with 0.5/jimolar equiv/L

drug for a variety of time periods as described in
Results Experimental Procedures. All six drugs were investigated

as a function of treatment time and time of recovery
Flow Cytometry. The uptake of 0.5 /imolar equiv/L following drug treatment. The drug-treated cells were

DOX, DAU, and EPI versus the uptake of their respective additionally treated with the nuclear stain 4,6-diamidino-
formaldehyde conjugates, DOXF, DAUF, and EPIF, by 2-phenylindole (DAPI). Fluorescence microscopy revealed
human breast cancer cells was assessed by flow cytom- that the formaldehyde conjugates targeted the nuclei of
etry using drug fluorescence as a measure of drug in cells. both MCF-7 and MCF-7/AD)R cells, as shown with DOXF-
The concentration of drug is given in micromolar equiva- treated MCF-7 and MCF-7/ADR cells in Figure 3 (rows
lents per liter because DOXF, DAUF, and EPIF are a and b). The drug fluorescence mapped the fluorescence
dimeric in active drug. Both doxorubicin-sensitive MCF-7 of DAPI, indicating primarily nuclear localization of
cells and doxorubicin-resistant MCF-7/ADR cells were DOXF, DAUF, and EPIF. Substantial amounts of DOXF
studied. Drug uptake was monitored over a 3 h time and DAUF were present in the nuclei of both MCF-7 and
period, and the results are plotted in Figure 1 (A and B). MCF-7/ADR cells after only a 5 min drug treatment,
After 3 h, EPIF was taken up the most by both MCF-7 while nuclear uptake of EPIF was considerably slower
and MCF-7/ADR cells followed by DAUF, DOXF, DAU, (Figure 4 and data not shown). This is due to the
EPI, and DOX. The sensitive cells took up at least twice difference in the rates of hydrolysis of DOXF, DAUF, and
as much of the drug-formaldehyde conjugate as the EPIF to the active forms of the drugs. The parent
respective parent drug. In resistant cells, less of each compounds also targeted the nuclei of MCF-7 cells, but
drug was taken up; however, the ratio of the uptake of were present in smaller amounts and also were mini-
drug-formaldehyde conjugate to parent drug was still mally present in the cytoplasm (data not shown). Ad-
at least a factor of 2. The initial rate of uptake of DAUF ditional experiments using confocal microscopy yielded
and DOXF was substantially higher than that by EPIF. results similar to those observed by fluorescence micros-

Flow cytometry was also used to quantitate the amount copy (data not shown). Control experiments with the
of drug retained in MCF-7 and MCF-7/ADR cells as a Golgi stain, fluorescein-linked wheat germ agglutinin
function of time following drug treatment. For 1 h of drug (24), established that none of the drugs was predomi-
treatment (3 h for EPIF), the data (Figure 2A,B) show nantly in the Golgi apparatus of either MCF-7 or MCF-
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Drug release after 1 or 3 h uptake

A. Drug release by MCF-7 Cells B. Drug release by MCF-7/ADR Cells
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Figure 2. Release of DOX, DAU, EPI, DOXF, DAUF, and EPIF by sensitive MCF-7 (A and C) and resistant MCF-7/ADR (B and D)
tumor cells after drug treatment for 1 h (except with EPIF for which drug treatment was 3 h to allow time for its hydrolysis to
reactive intermediates) (A and B) and after drug treatment for 24 h (C and D). Drug release was assessed by flow cytometry.

7/ADR cells. Very little of the parent drugs was taken resistant MCF-7 cells, even 6 h after drug removal (Fig-
up by MCF-7/ADR cells, and no particular specificity for ure 5 and data not shown). The parent drugs, however,
drug localization was observed (Figure 3, row c). were expelled from the cells within 30-60 min of drug

A major difference between the parent compounds and removal as shown for DOX-treated cells in Figure 5.
the formaldehyde conjugates was observed when the cells Similar results were observed following drug treatment
were incubated in drug-free medium following treatment for 24 h (data not shown).
with drug for 1 h (3 h with EPIF). The formaldehyde Measurements of Formaldehyde Levels in Cells.
conjugates remained in the nuclei of both sensitive and Because drug-DNA adducts and drug-formaldehyde
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a Column A, MCF-7 Column B, MCF-7/ADR

a

b
b

C C

Figure 3. Fluorescence micrographs of resistant MCF-7/ADR d
tumor cells fixed after exposure to 0.5/umol equiv/L DOXF (row
a) and DOX (row c) for 1 h and sensitive MCF-7 tumor cells
fixed after exposure to 0.5/umol equiv/L DOXF (row b) for 1 h.
Both sets of cells were also treated with the nuclear stain DAPI;
in rows b and c, DAPI-stained nuclei are superimposed on whole
cells. Drug fluorescence was observed at wavelengths above 590
nm with excitation at 546 rn and DAPI fluorescence at
wavelengths above 420 nm with excitation at 355 nm; the bar
is 25 jm long. e

Figure 5. Fluorescence micrographs of MCF-7 cells (column
A) and MCF-7/ADR cells (column B) as a function of time for
drug release. Cells were treated with either 0.5/umol equiv/L
DOXF or DOX for 1 h and then placed in drug-free medium. At
the indicated times in drug-free medium, cells were fixed and
stained with DAPI. Fluorescence was observed as described in
the legend of Figure 3; the bar is 25 um long.

controls was determined by treating cells under a variety
of conditions, followed by separation of DNA, RNA, and
protein and detection by scintillation counting. Cells were

Figure 4. Fluorescence micrographs of sensitive MCF-7 cells treated with 1/umolar equiv/L [3H]Doxoform (3% 3H2CO)
treated with 0.5/umol equiv/L EPIF or DOXF and MCF-7/ADR or 1/uM doxorubicin and 1.5/uM H 2 CO (3% 3H 2CO) or
cells treated with 0.5 Mmol equiv/L DOXF, all as a function of 1.5/[M H 2CO (3% 3H2CO) for 1 h.
time of exposure to drug. Drug was removed from cells at the Tritiated formaldehyde levels were measured with a
indicated time points, fixed, and stained with the nuclear stain
DAPI. Fluorescence was observed as described in the legend of scintillation counter for medium, DNA, RNA, and protein.
Figure 3; the bar is 25 /m long. The data, reported in Table 1, show the calculated counts

per minute for the total amount of isolated material. In
conjugates are hydrolytically unstable at elevated tem- each case, the counts per minute value reported is the
peratures (7, 25), most likely with release of formalde- counts per minute value above background, which was
hyde, such drug-associated formaldehyde should be determined to be 57.6. The counts per minute value for
detectable. This was achieved using a tritium label at the total amount of isolated material was calculated by
the formaldehyde carbon of DOXF. The distribution of dividing the counts per minute value by the fraction of
formaldehyde from tritiated DOXF between DNA, RNA, material actually used for scintillation counting. The
and protein in MCF-7 and MCF-7/ADR cells relative to volume of sample added to each scintillation vial was 300
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Table 1. Tritium Label in Units of Counts per Minute per Milligram in DNA, RNA, and Protein of MCF-7 and MCF-7/
ADR Cells Treated with either Tritiated Doxoform or Doxorubicin plus Tritiated Formaldehyde or Tritiated

Formaldehyde"
location MCF/7 with MCF-7 with MCF-7 with MCF-7/ADR with MCF-7/ADR with MCF-7/ADR with
of label [3HIDOXF DOX and 3H2CO 3H2CO [3HlDOXF DOX and 3H2CO 3H2CO

DNA 725 ± 18 (71)b 362 ± 10 376 ± 12 939 ± 19 (41)b 279 ± 10 355± 11
RNA 31 ± 31 (6)b 194 ± 12 214 ± 14 31 ± 39 (21)b 169± 11 185 ± 14
protein 41 ± 2 (35)b 17 ± 1 12 ± 1 23 ± 2 (13)b 11 ± 1 10 ± 1

SThe data are normalized to counts in recovered cell culture media. The errors represent two standard deviations in scintillation
counting. b The number in parentheses is one standard deviation with respect to reproducibility of the experimental measurement.

pL. This represented 1.5% of the total medium (20 mL), is 2 h (11). Flow cytometry shows that the fluorophores
75% of the DNA (400 uL), 60% of the RNA (500 jL), and of DAUF and DOXF reach the maximum levels in both
15% of the protein (2 mL). Thus, if the DNA counts per sensitive and resistant cells in 15 min, while the fluoro-
minute value were 73, the counts per minute value for phore of EPIF continues to rise in both cell lines over a
the total isolated material would be 97 (73/0.75). The data 3 h period (Figure 1A,B). Fluorescence microscopy (Figure
in Table 1 show that the distribution of formaldehyde is 4) qualitatively shows the same result and indicates that
quite different in [3 H]DOXF-treated cells. Substantially the drug is predominantly in the nucleus. Hence, both
more formaldehyde was observed in the DNA of Doxo- flow cytometry and fluorescence microscopy indicate that
form-treated cells than in cells treated with doxorubicin hydrolysis of EPIF to the active metabolite precedes drug
and formaldehyde or formaldehyde alone, uptake and binding to DNA.

The observation that nuclear localization of the fluo-
Discussion rophore of DOXF, DAUF, and EPIF is directly related to

the rates of hydrolysis to the active metabolites indicates
Covalent Bonding to Nuclear DNA. The results of that these formaldehyde conjugates alkylate the chro-

fluorescence microscopy and tritium labeling experiments mosomal DNA of MCF-7 and MCF-7/ADR cells. Ad-
indicate that the chromosomal DNA of both sensitive and ditional evidence for drug-DNA alkylation by DOXF,
resistant tumor cells is the primary target for the DAUF, and EPIF is provided by the drug retention
anthracycline-formaldehyde conjugates, DOXF, DAUF, analysis (Figure 2). DOXF-, DAUF-, and EPIF-treated
and EPIF. In particular, Figure 3 (rows a and b) shows cells placed in fresh, drug-free medium retained drug in
that the drug fluorescence mostly overlaps the fluores- the nucleus for hours after treatment. The observed
cence of DAPI, indicating the specific nuclear localization decrease in nuclear drug levels with time is due to
of the fluorophore of DOXF. Only slight drug fluorescence hydrolysis of the drug-DNA adducts. Both sensitive and
is observed outside the nucleus, and since drug fluores- resistant cells exhibited similar levels of retention,
cence is enhanced in lipid membranes (26) and partially consistent with identical IC50 values for DOXF, DAUF,
quenched by drug-DNA intercalation (27, 28), the ob- and EPIF versus sensitive and resistant cells (11, 22).
servation of fluorescence predominantly in the nucleus The parent drugs (DOX, DAU, and EPI), however, were
more certainly identifies it as the key target. Similar rapidly expelled from the nucleus following treatment for
results were observed with DAUF and EPIF in both I h in both sensitive and resistant cells, indicative of a
MCF-7 and MCF-7/ADR cell lines (data not shown). more labile intercalative interaction with DNA. Extra-
Furthermore, elevated levels of 3H were observed in the cellular evidence for increased stability of DNA virtually
DNA of [3H]DOXF-treated MCF-7 and MCF-7/ADR cells cross-linked by doxorubicin versus DNA intercalated by
with respect to controls (Table 1). This concurs with the doxorubicin comes from measurements of rates of DNA
fluorescence microscopy data and indicates that DOXF exchange. DNA strand exchange was inhibited 3.9-fold
(and by analogy DAUF and EPIF) targets the nuclei of by a doxorubicin intercalated in a double-stranded oli-
cells. Fluorescence microscopy shows that the parent gonucleotide but 637-fold by a doxorubicin virtually cross-
compounds DOX, DAU, and EPI also target the nuclei linked to the oligonucleotide (12). When cells were treated
in MCF-7 cells. However, MCF-7/ADR cells take up very with parent drug for 24 h, small amounts of DOX, DAU,
little DOX, DAU, and EPI, with drug mainly in the and EPI were retained in the nuclei of MCF-7 cells
cytoplasm and very little in the nucleus (Figure 3, row (Figure 2C). This suggests the presence of drug-DNA
c, and data not shown). Our observations concur with adducts similar to those formed by DOXF, DAUF, and
previous reports showing reduced levels of uptake and EPIF. The longer drug treatment (24 h vs 1 h) allows
nuclear exclusion of the drugs in MCF-7/ADR cells (29- the parent drugs time to generate formaldehyde catalyti-
31). cally (Scheme 1) (8, 9). The formaldehyde then mediates

Other differences among the six drugs reside in the formation of the drug-DNA adducts. Retention of DOX,
rate and quantity of drug uptake and drug release. These DAU, and EPI was not seen in resistant cells following
differences are apparent from the flow cytometry and drug treatment for 24 h (Figure 2D) due to reduced levels
fluorescence microscopy studies. EPIF is taken up more of drug uptake and changes in the activity of enzymes
slowly than DAUF or DOXF (Figure 1). This slower which influence formaldehyde production by these cells
uptake parallels the observed differences in the rates of (9, 18, 32). Some of the DOX, DAU, and EPI retained by
hydrolysis of DAUF and DOXF versus EPIF to the active the MCF-7 cells after treatment for 24 h may also have
metabolites predicted to be reactive with DNA (Scheme resulted from drug trapped in TopoII cleavable complexes
1). At 37 'C, the half-lives of DAUF and DOXF with and/or transcription complexes. Formation of these ad-
respect to formation of the active metabolites at pH 7.4 ducts via in situ-generated formaldehyde is likely a key
are less than 10 min (22), while the half-life of EPIF at process in the cytotoxic mechanism of DOX, DAU, and
37 'C with respect to formation of the active metabolite EPI. As such, the formaldehyde conjugates DOXF, DAUF,
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and EPIF essentially provide the active metabolites of conjugates may overcome efflux by Pgp because they
DOX, DAU, and EPI. rapidly bind DNA (11, 22). Once covalently bound to

The slower nuclear release of fluorophore from cells DNA, the anthracycline-formaldehyde conjugates are no
treated with DOXF with respect to cells treated with longer substrates for Pgp efflux. Conjugation with form-
DOX is also apparent from microscopy experiments with aldehyde also dramatically lowers the pKa of the proto-
both sensitive and resistant tumor cells as shown in nated amine functional group (33) such that the nitrogens
Figure 5. Note that in the early stage of fluorophore of the conjugates are unprotonated at physiological pH.
release, fluorescence is observed in the cytoplasm of This makes the conjugates poorer substrates for Pgp,
sensitive cells (Figure 5, column A, row a) but less in the since anthracycline efflux by Pgp correlates with the
cytoplasm of resistant cells (Figure 5, column B, row a). presence of positive charge (34).
This no doubt reflects the increased levels of Pgp in Overexpression of Pgp is an important resistance
resistant cells (21), which pumps cytoplasmic drug out mechanism in MCF-7/ADR cells (18,21). Indeed, the data
of cells as it is released from the DNA. Similar results in Figure 1 are consistent with diminished uptake of
were seen with DAUF and EPIF with respect to DAU DOX, DAU, and EPI by MCF-7/ADR cells as a resistance
and EPI (data not shown). Drug-DNA adducts formed mechanism for these cells. Another mechanism of resis-
from reaction of DOXF, DAUF, and EPIF with extracel- tance observed in MCF-7/ADR cells involves changes in
lular DNA are unstable with respect to hydrolysis back activity of redox enzymes involved in oxidative stress and,
to parent drug, formaldehyde, and intact DNA (6-9, 11, presumably, formaldehyde production. Xenografts of
22,25). Consequently, the drug observed in the cytoplasm MCF-7/ADR cells in nude mice have higher activity levels
of MCF-7 cells following DOXF treatment (Figure 5, of superoxide dismutase and glutathione peroxidase (32).
column A, row a) is probably DOX. Formation of rela- Both enzymes neutralize oxidative stress. Further, the
tively long-lived but ultimately unstable DNA lesions level of cytochrome P450 reductase activity was lower in
may afford DOXF, DAUF, and EPIF tumor cell selectiv- the xenografts. Cytochrome P450 reductase induces
ity. Cancer cells may be especially susceptible to such oxidative stress by reducing the anthracyclines in the
adducts because the cells are constantly replicating and presence of molecular oxygen to initiate redox cycling.
cannot arrest their growth to allow for DNA repair. The formaldehyde conjugates are effective against this
Normal cells, however, can slow their growth such that resistance mechanism as well because they do not require
DNA repair can take place. Repair might occur by an drug induction of oxidative stress for production of
active mechanism or simply by a passive mechanism, as formaldehyde.
observed in experiments with extracellular DNA (6-8, In conclusion, we have shown that the anthracycline-
25). formaldehyde conjugates, Daunoform, Doxoform, and

As mentioned earlier in the Discussion, the occurrence Epidoxoform, target the nuclei of both sensitive and
of drug-DNA alkylation is further supported by the cell resistant MCF-7 tumor cells with formation of unstable
experiments with [3H]DOXF. The tritium label on [3H]- drug-DNA adducts. Important factors in the toxicity to
DOXF was present on the methylene units of DOXF, as tumor cells are likely the quantity of drug taken up and
indicated in Scheme 1. Thus, the tritium label should be the longevity of drug association with nuclear DNA.
bound to the cellular DNA upon formation of the drug- Although a longer residence time with DNA increases
DNA adducts (Scheme 1). As the data in Table 1 indicate, toxicity to tumor cells, an overly long residence time with
more radioactivity was present in the DNA of [3H]DOXF- irreversible DNA damage may result in the loss of
treated cells relative to the controls. Furthermore, el- selectivity for tumor cells. Possibly one or more of these
evated 3H levels were observed in DNA of MCF-7/ADR anthracycline-formaldehyde conjugates has the correct
cells with respect to MCF-7 cells. This somewhat con- reactivity with DNA for specific toxicity to anthracycline-
tradicts the flow cytometry data, which indicate that sensitive and -resistant tumor cells with little or no
more DOXF is taken up by sensitive cells at a concentra- toxicity to normal cells. Animal experiments are currently
tion of 0.5 umol equiv/L. The reason for this discrepancy in progress to address this question.
is unclear. The flow cytometer measures only the drug
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Acta Crystallographica Section D Crystal structure of epidoxorubicin-formaldehyde
Biological
Crystallography virtual crosslink of DNA and evidence for its
ISSN0907-4449 formation in human breast-cancer cells

Elaine R. Podell,ab Daniel J. Epidoxorubicin and daunorubicin are proposed to be Received 22 January 1999

Harrington,a'b Dylan 1. Taatjesa cytotoxic to tumor cells by catalyzing production of formalde- Accepted 15 June 1999

and Tad H. Kocha'c* hyde through redox cycling and using the formaldehyde for
covalent attachment to DNA at G bases. The crystal structure PDB Reference: epidoxo-

of epidoxorubicin covalently bound to a d(CGCGCG) rubicin-CH2-d(CGCGCG),
'Department of Chemistry and Biochemistry, oligomer was determined to 1.6 A resolution. The structure lclda.
University of Colorado, Boulder, Colorado
80309-0215, USA, bHoward Hughes Medical reveals slightly distorted B-form DNA bearing two molecules

Institute, University of Colorado, Boulder, of epidoxorubicin symmetrically intercalated at the termini,
Colorado 80309-0215, USA, and 'University of with each covalently attached from its N3' to N2 of a G base
Colorado Cancer Center, Denver, CO 80262, via a CH2 group from the formaldehyde. The structure is
USA analogous to daunorubicin covalently bound to d(CGCGCG)

determined previously, except for additional hydrogen
Correspondence e-mail: bonding from the epimeric 04' to 02 of a C base. The role
tad.koch@colorado.edu of drug-DNA covalent bonding in cells was investigated with

synthetic epidoxorubicin-formaldehyde conjugate (Epidoxo-
form) and synthetic daunorubicin-formaldehyde conjugate
(Daunoform). Uptake and location of drug fluorophore in
doxorubicin-resistant human breast-cancer cells (MCF-7/
ADR cells) was observed by fluorescence microscopy and
flow cytometry. The fluorophore of Daunoform appeared
more rapidly in cells and was released more rapidly from cells
than the fluorophore of Epidoxoform over a 3 h exposure
period. The fluorophore appeared predominantly in the
nucleus of cells treated with both conjugates. The difference
in uptake is explained in terms of the slower rate of hydrolysis
of Epidoxoform to the species reactive with DNA and a
proposed slower release from DNA based upon the crystal
structures.

1. Introduction

Epidoxorubicin, the 4'-epimer of the clinically important anti-
tumor drug doxorubicin, is a broad-spectrum anthracycline
antitumor drug approved for human use in all countries of the
world except the USA. A third relevant anthracycline,
daunorubicin, is identical to doxorubicin except for the
absence of the 14-hydroxyl group. Recent experiments by us
and others indicate that all three of these anthracyclines
derive at least some, if not most, of their antitumor activity
through induction of oxidative stress leading to formaldehyde
production. The drugs bind the formaldehyde at their 3'-
amino substituents and use this formaldehyde moiety for
covalent attachment to DNA at the 2-amino substituents of G
bases (Cullinane, Cutts et aL, 1994; Cullinane, van Rosmalen et
aL, 1994; Cutts et aL, 1996; Cutts & Phillips, 1995; Taatjes,
Fenick, Gaudiano et al., 1998; Taatjes, Gaudiano & Koch, 1997;
Taatjes, Gaudiano, Resing et aL, 1997; Taatjes et al., 1996;

CC 1999 International Union of Crystallography Wang et aL, 1991). The crystal structure of daunorubicin
Printed in Denmark - all rights reserved covalently attached to the self-complementary DNA oligomer
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d(CGCGCG) via formaldehyde was solved even before drug- 2. Materials and methods
induced formaldehyde production was discovered (Wang et 2.1. Materials
al., 1991), and the structure was important in the elucidation of
the mechanism. The drug-DNA covalent-binding mechanism All tissue-culture materials were obtained from Gibco Life

then led to the synthesis of daunorubicin-, doxorubicin- and Technologies (Grand Island, NY) unless otherwise stated.

epidoxorubicin-formaldehyde conjugates, Daunoform MCF-7/ADR breast-cancer cells were a gift from Dr William

(DAUF), Doxoform (DOXF) and Epidoxoform (EPIF), W. Wells (Michigan State University). Daunoform (DAUF)

respectively, as improved antitumor drugs (Fenick et al., 1997; and Epidoxoform (EPIF) were synthesized from daunorubicin

Taatjes, Fenick & Koch, 1998). Of particular importance is that and epidoxorubicin, respectively, by reaction with formalde-

the conjugates are significantly more active against resistant hyde, as described previously (Fenick et al., 1997; Taatjes,

cancer cells than the corresponding clinical drugs (Fenick et Fenick & Koch, 1998). DAPI (4,6-diamidino-2-phenylindole),

al., 1997; Taatjes, Fenick & Koch, 1998). In each case, the spermine and sodium cacodylate were from Sigma Chemical

formaldehyde conjugate is proposed to be a prodrug of the Co. DNA oligonucleotide was obtained from Integrated DNA

active metabolite of the clinical drug, with the metabolite Technologies (Coralville, IA) and purified by reverse-phase

released through partial hydrolysis of the conjugate. Struc- HPLC as described previously (Taatjes, Guadiano, Resing et

tures for the clinical drugs, the formaldehyde conjugates and al., 1997). Formaldehyde was obtained from Mallinckrodt as a

the active metabolites are shown in Fig. 1. 37%(w/w) solution in water containing 10-15% methanol;

Of the three conjugates, Epidoxoform has emerged as the barium chloride was obtained from Fisher Chemical Co.;

lead structure for further development because it is hydro- 2-methyl-2,4-pentanediol (MPD) was from Aldrich Chemical

lytically more stable with respect to release of formaldehyde Co. Water was distilled and purified with a Millipore Q-UF

(Fenick et al., 1997; Taatjes, Fenick & Koch, 1998). Conse- Plus purification system to 18 MQ cm.

quently, Epidoxoform or the product of its partial hydrolysis
has a longer potential residence time in the vascular system. 2.2. X-ray crystallography

On this basis, the crystal structure of epidoxorubicin cova- Crystallization trials were based upon conditions described
lently attached to d(CGCGCG) via formaldehyde was solved for daunorubicin-CH 2-d(CGCGCG) (Wang et al., 1991). The
and is reported here. The structure is compared with that of crystallization mixture consisted of 1.2 mM d(CGCGCG),
daunorubicin covalently attached to d(CGCGCG) (Wang et 1.2 mM epidoxorubicin and 9 mM formaldehyde in pH 6.0
al., 1991) and the structure of epidoxorubicin intercalated in buffer containing 30 mM sodium cacodylate, 16.1 mM sper-
d(CGATCG) (Williams et al., 1990). Both structures are mine and 4.4 mM BaC12. Tetragonal crystals were grown in
discussed in terms of uptake of Epidoxoform and Daunoform sterile 24-well plates (ICN Biomedicals, Aurora, OH) by the
by resistant breast-cancer cells. hanging-drop method on silanized cover slips. A 4 ýtl drop of
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Figure 1
Structures of clinical anthracycline antitumor drugs, their metabolites and their conjugates with formaldehyde.
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Table 1 IFol > 2alFol. In order to obtain a statistically significant set of
Crystallographic parameters, reflections for Rfree calculations (Briinger & Rice, 1997), 529

Data-collection and refinement statistics, reflections (17.3%) were sequestered from the data set. Initial

Unit-cell dimensions (A, ) a= 28.11, b 28.11, refinement used the Rfre,, while the final series of conjugate-
c= 52.54; a = 90, gradient minimizations utilized the entire data set in order to

= 90, y = 90 include a significant percentage (84.5%) of the theoretical
Space group P41292 data to 1.6 A. The first set of refinement rounds consisted of
Temperature (K) 295

Number of collected reflections to 1.6 A 47174 torsion-angle simulated annealing with the maximum-like-
Number of unique reflections to 1.6 A 3101 lihood target using amplitudes as implemented in CNS,
Number of reflections used for refinement 2054t, 2612fc

[F > 2a(F)] followed by cycles of water picking based on positive peaks in

Rsym§ (%) 9.9 F, - F, difference Fourier maps. After each cycle of water
R factor(%) 20.52t, 21.64t picking, conjugate-gradient minimization and individual
Rfree (%) 26.78t
R.m.s. deviation of bonds from ideality (A) 0.0197 temperature-factor refinement was carried out and water
R.m.s. deviation of angles from ideality (°) 2.087 positions were checked by examining 2F, - F, and F, - F,
Average B value (A

2
) 19.37 difference Fourier maps calculated by CNS and displayed on a

Number of observed solvent molecules 30
Overdeterminacy ratio 2.9t, 3.7$ Silicon Graphics Onyx 2 workstation using 0 (Jones et al.,

1991). After 29 waters were picked, the model was annealed

Number of reflections, Ry, and completeness by resolution. again and the cycles continued with some waters being
manually repositioned into density as necessary. In the last

Resolution range (A) No. of reflections Rym (%) Completeness (%) cycle, waters with temperature factors greater than 60 A2 were

99.0-3.45 338 7.5 90.0 deleted. In the final series of refinement cycles, the model was
3.45-2.74 302 9.2 95.0 refined against all reflections using the standard crystal-2.74-2.39 303 11.1 96.22.39-2.17 287 12.1 94.1 lographic residual target and a bulk-solvent correction. As in

2.17-2.02 285 13.4 94.4 the first set, cycles of conjugate-gradient minimization and
2.02-1.90 281 14.3 92.1 individual temperature-factor refinement were performed,
1.90-1.80 272 18.4 92.5
1.80-1.72 282 22.8 92.5 followed by scrutinizing the F. - F, and 2F. - F, maps.
1.72-1.66 256 26.8 89.8 Additional waters were deleted or repositioned based on the
1.66-1.60 2482 30.9 82.7 same criteria of lower temperature factors and occupied
All hk! 2854 9.9 92.0 density. No other ions (Nat, spermine or Ba 2

,) could be

f After sequestering 17.3% of the data. With all the data. § R,,, = unambiguously identified. The final model contained 30
Z[Abs(I - ('h)]l'L waters distributed throughout the epidoxorubicin-CH 2-

d(CGCGCG) asymmetric unit. Crystallographic and refine-
ment data are reported in Table 1.

the crystallization mixture was placed on a cover slip and the
drop was sealed over a 1 ml well solution containing 40%
MPD in water. Crystals were allowed to grow at ambient 2.3. Measurement of drug uptake by flow cytometry

temperature; crystal formation was complete in about 6 d. The MCF-7/ADR cells were maintained in vitro by serial culture
crystal was mounted and sealed in a glass capillary tube, and in RPMI 1640 medium supplemented with 10% fetal bovine
diffraction data were collected on an R-AXIS II image-plate serum (Gemini Bio-Products, Calbasas, CA), L-glutamine
system using Cu Kt radiation from a Rigaku RU-H2R (2 mM), HEPES buffer (10 mM), penicillin (100 units ml- 1),
rotating-anode X-ray generator (Molecular Structures Corp., streptomycin (100 mg m '-1) and 5 pM doxorubicin. Cells were
Houston, TX). The data were reduced and scaled using the maintained at 310 K in a humidified atmosphere of 5% CO 2

HKL package (Gewirth, 1997; Otwinowski & Minor, 1997) and 95% air. Cultured cells were dissociated with trypsin-
and are summarized in Table 1. Epidoxorubicin-CH 2- EDTA and plated in 6-well plates (-500 000 cells per well) and
d(CGCGCG) crystals belong to the space group P41212, like allowed to adhere overnight. The cells were treated with
many anthracycline-hexanucleotide complexes, and have 0.25 pM DAUF or EPIF at 310 K for various amounts of time
unit-cell parameters a = b = 28.11, c = 52.54 A, a = = y = 90'. (5 min, 30 min, 1 h, 2 h, 3 h). For each time point, the medium
Useful diffraction was seen to a minimum Bragg spacing of was removed and the cells were trypsinized and suspended in
1.6 A. 3 ml of RPMI 1640 medium (-) phenol red and (-) FBS. The

Crystallographic refinement and aA-weighted electron- cells were transferred to 15 ml conical vials and centrifuged at
density map calculations were carried out using CNS (Briinger 1000 r min-' for 5 min at 283 K. The supernatant was
et al., 1998), with a new parameter dictionary for standard removed and replaced with 1 ml of RPMI 1640 medium (-)
DNA nucleotides (Parkinson et al, 1996). The initial model phenol red and (-) FBS. The cells were kept at 273 K until
was constructed from the coordinates of daunorubicin cova- analysis (up to 3 h). Control experiments showed no signifi-
lently linked to d(CGCGCG) with formaldehyde (PDB entry cant loss of fluorescence in samples kept at 273 K for up to 4 h.
1d33) modified to include the position of 014 from epidoxo- The extent of drug uptake was determined by flow cytometry,
rubicin (PDB entry 1d54). All refinement was performed on as previously described (Durand & Olive, 1981). All flow-
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cytometry measurements were made with a Becton Dickinson microscope slide using a drop (30 pl) of mowiol mounting
FACScan flow cytometer, using a Hewlett-Packard 9000 medium. The slides were allowed to dry in the dark overnight.
Series Model 340 computer for data storage and analysis. Microscopic images were observed at a magnification of
Drug-treated cells were analyzed with excitation at 488 nm 1000x and recorded with a Zeiss Axioplan fluorescence
(15 mW argon-ion laser), with emission monitored between microscope equipped with a Photometrics Sensys digital CCD
570 and 600 nm. Instrument settings were held constant for all camera system. Images were manipulated using IP-LAB
experiments and 5000 cells were counted per measurement. Spectrum software. Drug fluorescence in cells was observed at
The emission of drug-free cells was similarly measured in wavelengths longer than 590 nm with excitation at 546 ± 6 nm.
order to determine background fluorescence. The final data DAPI fluorescence was observed at wavelengths longer than
are plotted as mean fluorescence (as determined by computer 420 nm with excitation at 355 ± 20 nm.
data analysis) versus drug incubation time (or recovery time)
for ease of data representation.

3. Results and discussion

2.4. Analysis of intracellular drug distribution by 3.1. Crystal structure of epidoxorubicin covalently bound to
fluorescence microscopy d(CGCGCG)

Cells were plated in 6-well plates (-300000 cells per well). The crystallographic asymmetric unit consists of a single
Each well contained a sterile cover slip, and the cells were strand of d(CGCGCG) covalently attached to a 4'-epidoxo-
allowed to adhere to the cover slip overnight. Each well rubicin molecule via a methylene group at one of the guanines
contained 3 ml of RPMI 1640 medium. The DAUF and EPIF and 30 ordered water molecules. Two asymmetric units form a
were dissolved in DMSO to a concentration of 25 pM (100x slightly distorted B-type DNA duplex with six Watson-Crick
solution). 30 ptl of each DMSO solution was then added to the base pairs. Fig. 2 shows [4'-epidoxorubicin-CH 2-
appropriate well, resulting in a 100x dilution (0.25 giM d(CGCGCG)]2 with the DNA displayed as a CPK structure
conjugate, 1% DMSO). The cells were incubated with the drug and the drug as a framework structure. As observed in other
for 3 h. Following drug treatment, the medium was removed anthracycline-DNA structures, the aglycon rings of epidox-
and the cells were washed with 2 ml PBS (phosphate-buffered orubicin are intercalated at CpG steps, with the D ring
saline). The cells were then fixed to the cover slips by reaching into the major groove while the sugar moiety lies in
submerging in 3 ml cold (253 K) methanol and storing on ice the minor groove. The intercalation sites are C(1)G(2)/
for 5 min. The methanol was then removed and the cells were G(12)C(11) and C(5)G(6)/G(8)C(7). [The nucleotides labeled
washed with 3 ml PBS. The cover slips were then removed C(1)-G(6) are on a strand in one asymmetric unit, with
from the wells and inverted on a drop (30 pl) of DAPI C(7)-G(12) located on the complementary strand generated
(0.2 gig m1-1 in PBS) placed on parafilm. The cover slips were by twofold crystallographic symmetry]. Two methylene groups
kept on the DAPI solution for 5 min at ambient temperature. link the 3'-amino substituents of two epidoxorubicins to the
The cover slips were then rinsed with PBS and mounted on a 2-amino substituents of G(10) and G(4). Fig. 3 shows a

stereoscopic view of the Fo - F,
electron-density map superim-
posed on the final model of 4'-epi-
doxorubicin-CH 2-d(CGCGCG).

Comparison of the structure
with the covalent daunorubicin-
CH2-d(CGCGCG) (Wang et Al,
1991) and the non-covalent
4'- epidoxorubicin - d (CGATCG)
structures (Williams et Al., 1990) is
instructive and is summarized in
Table 2 and Fig. 4. The general
coordinate error based on the
Luzzati plot for our model is
0.20 A. Of particular significance
are hydrogen-bonding interactions
between the drug and the DNA.
The 09 hydroxyl groups of the

Major groove Minor groove drugs in all three structures are

Figure 2 hydrogen bonded to N2 and N3 of

Epidoxorubicin-CH 2-d(CGCGCG), with DNA displayed as a CPK structure and epidoxorubicin-CH 2  G(8) with approximately the same
displayed as a framework structure. This figure was created with Insightll (Biosym Technologies, San bond distances (3.12-3.15 and
Diego, CA). 2.89-2.59 A, respectively). The
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Table 2 in the epidoxorubicin structures but not in the daunorubicin
Distances. structure, lies farther away from the C5' of C(9) on the

Drug DNA Water Distance (A) complementary strand in the covalent structure than in the
atom atom atomt non-covalent structure (3.70 versus 3.40 A). Differences in theEpidox- Dauno- Epidox-

CH2-d(CG)34 CH2-d(CG) 3 d(CGATCG) A ring, 07, 014 and aminosugar of the drugs in the three
structures are shown via an overlay diagram in Fig. 5. The

09 G(8) N3 2.89 2.86 2.59 alignment was performed using all the common atoms,
G(8) N2 3.12 3.12 3.15

07 G(8) N2 2.87 3.13 3.35 including the atoms of the nucleic acid moieties, between
014 C(9) C5' 3.70 - - epidoxorubicin-CH 2 -d(CGCGCG) as the reference molecule

A(9) C' - - 3.40 and either daunorubicin-CH 2-d(CGCGCG) or epidoxo-
04' C(9) 02 2.70 >4.0 -

A(9) N3 - - 3.06 rubicin-d(CGATCG). For clarity, the superimposed DNA
NY' G(4) N2 2.50 2.48 - from the structures was omitted from Fig. 5. The 012 is within

T(4) 02 - - 3.37 hydrogen-bonding distance (2.90 A) of a water molecule,
C(5) 02 3.33 3.24 3.27
C(5) 04' 3.55 3.16 3.31 W(25), which is associated with the N7 of guanine G(8)
CH2  1.52 1.53 - (3.07 A). [Solvent water molecules are labeled W(1)-W(30).]

CH2  G(4) N2 1.46 1.45 - While the other two structures also have a water molecule
04 W(1) 2.81 3.06 3.02
05 W(1) 3.02 3.21 3.11 near N7 of G(8) (3.01 or 2.61 A), it is too far away from 012

G(6) N7 W(1) 2.69 2.72 2.83 (3.81 or >4.01 A) to mediate contact between the drug and the
012 W(25) 2.90 3.81 >4.0 DNA. All of these drug-DNA and drug-water molecule

G(8) N7 W(25) 3.07 3.01 2.61
013 W(6) 2.89 3.11 3.34 contacts are summarized in Table 2 and Fig. 4.

C(7) 02 W(6) 2.84 2.60 2.65 The drug-DNA adducts are hydrolytically unstable, and the
t Naming convention fom epidoxorubicin--CH2--d(CCGCG) structure. T Luzzati drug is released at two different first-order rates, one with a
coordinate error = 0.20 A. half-life of 5 h and the other of 40 h (Cullinane, van Rosmalen

et al., 1994; van Rosmalen et al, 1995). Prior to an under-
standing of the molecular nature of the covalent bonding, the

distance between the anomeric 07 of the drug and the N2 of drug released more slowly was thought to be covalently
G(8) is shorter in epidoxorubicin-CH 2-d(CGCGCG) than in attached to both strands of the DNA at the G bases of a GC
the other structures (2.87 versus 3.13 and 3.35 A), suggesting site. The crystal structure reported here and the earlier
that there is a stronger hydrogen bond between these atoms. structure of daunorubicin covalently bound to d(CGCGCG)
The primary structural difference between epidoxorubicin and (Wang et al, 1991) provide a simple explanation for slower
daunorubicin is the configuration of the hydroxyl at the 4'- release of drug from a GC site, even though the drug has only
position. This leads to a good hydrogen-bonding interaction one covalent attachment. In addition to the covalent attach-
(2.70 A) with the 02 of C(9) on the complementary strand in ment to a G on one strand, the drug is strongly hydrogen
the structure of epidoxorubicin-CH 2-d(CGCGCG). In bonded between its 9-hydroxyl and the N atoms at the 2- and
epidoxorubicin-d(CGATCG), this hydrogen bonding is with 3-positions of the guanine on the complementary strand. The
the N3 of the adenine on the complementary strand. Perhaps [epidoxorubicin-CH2 -d(CGCGCG)] 2 structure also suggests
the extra hydrogen bonding causes the aglycon A ring of the hydrogen bonding between 07 of the drug and N2 of G(8) and
drug to lie closer to G(8) on the complementary strand in between 04' of the drug and 02 of C(9) on the complemen-
epidoxorubicin-CH2-d(CGCGCG). The 14-hydroxyl, present tary strand. Because the original proposal for the structure of

more stable lesions was thought to be a
crosslink of DNA by the drug, we

..j. .I'24 proposed the term virtual crosslink for
this bonding, which is unique to the GC

\,' _1 dinucleotide. The less stable DNA-drug
... adducts are then proposed to have

covalent attachment to isolated G bases
via methylene groups, and to be missing

. > ••-..kthe hydrogen-bonding interactions with

the opposing strand.
The virtual crosslink of the self-

¢'r¼•' >< •complementary hexanucleotide

d(ATGCAT) at the TGC site from
reaction with a single doxorubicin and

Figure 3 formaldehyde has recently been char-
Stereoscopic view of an F. - F, electron-density map superimposed on the final model of acterized using NMR spectroscopy
epidoxorubicin-CH 2-d(CGCGCG). All atoms of the drug were omitted during the map calculation
using only the coordinates in the final model of the DNA molecule for the phase information, The (Zeman et al., 1998). This study also
density is contoured at 2ar. Bonds and atoms are colored according to atom type. reported the effect of the virtual cross-
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link on the stability of duplex DNA from measurements of the remaining 3 h exposure period. In contrast, fluorophore in
rate of DNA-strand exchange. Strand exchange was 3.9 times cells treated with Epidoxoform steadily increased over the 3 h
slower with a doxorubicin merely intercalating in an oligo- exposure period. The rates of uptake parallel the rates of
nucleotide but 637 times slower with a doxorubicin virtually hydrolysis of conjugates to the active metabolites of the
crosslinking the oligonucleotide. respective clinical drugs (Fig. 1). Hydrolysis of Daunoform to

the active metabolite occurs with a half-life of less than 10 min

3.2. Uptake and distribution of drug in MCF-7/ADR cells in cell-culture medium at 298 K (Fenick et aL, 1997), while
MCF-7/ADR cells are mutants of the MCF-7 human breast- hydrolysis of Epidoxoform to the active metabolite occurs
McFa7/ADR cellslinewhich are mu ghlyresstants e MF h uma n bwith a half-life of 2 h at 310 K in cell-culture medium (Taatjes,

cancer cell line which are highly resistant to doxorubicin Fenick & Koch, 1998). Further, the half-lives for hydrolysis of

(Adriamycin). buth arelo rt to Daunofo idaun foruin and the active metabolites to daunorubicin and epidoxorubicin areepidoxorubicin but not to Daunoform, Epidoxoform or less than 10 min and greater than 2 h, respectively. This

Doxoform (Fenick et al, 1997; Taatjes, Fenick & Koch, 1998). less that the 2 h, resptive by

Important resistance mechanisms are increased activity of parallel suggests that the slow step for drug uptake by

enzymes which neutralize the effects of drug-induced oxida- MCF-7/ADR cells is hydrolysis to the active metabolite.
The location of drug fluorophore in the nucleus oftive stress and overexpression of the drug effiux pump, P-170 MCF-7/ADR cells treated with either Daunoform or

glycoprotein (Pgp) (Mimnaugh et at, 1991; Sinha & Epidoxoform was established by fluorescence microscopy, as

Mimnaugh, 1990). This cell line, therefore, is particularly shown in Fig. 6. Anthracycline fluorescence was primarily in

useful for studying the effect of the conjugation of the drug shown indicated b co-s cence w as primarilyain

with formaldehyde, because daunorubicin and epidoxorubicin the nucleus, as indicated by co-staining with the nuclear stain

are maintained at lower concentrations by drug efflux. The DAPI. The abundance of anthracycline in the nucleus is even

efflux pump recognizes the drugs partly because of the posi- higher than indicated by the micrographs because DNA

tive charge at the amino substitutent (Lampidis et al., 1997). partially quenches the fluorescence (Crooke & DuVernay,
1980; Roche et aL, 1994). Since the anthracycline is predomi-Formaldehyde conjugates are uncharged because of a change nantly in the nucleus, the release of fluorophore from cells

in pKa resulting from the hydroxymethylene substituent and exposed to Dunoform tere7ems of drug treatm canlb

hence are predicted to be poorer substrates for Pgp. Further, explained by hydrolysis of drug covalently bound to DNA

formation of active metabolite by the clinical drug is enzy- occurine r thanwc lebin of drug metoliNe
matically inhibited in MCF-7/ADR cells. occurring faster than new covalent binding of drug metabolite.

Uptake of Daunoform and Epidoxoform by MCF-7/ADR In fact, after about 30 min most of the Daunoform in the cell-
Uells of D10Kasafunctionofo and E ofeposurm by MR g culture medium has hydrolyzed to daunorubicin, which is not

cells at 310 K as a function of time of exposure to 0.25 gM significantly taken up by MCF-7/ADR cells because of the Pgp
drug was measured by flow cytometry (Fig. 6). Drug fluoro- efflux pump. Further, formation of the active metabolite from
phore in cells was detected by its fluorescence in the region of daunorubicin is inhibited in these cells by the increased
590 nm. The fluorophore in cells treated with Daunoform aciiyoenmswhhnutlzexdtietrs.Teae
appeared rapidly, with the maximum level occurring after activity of enzymes which neutralize oxidative stress. The rate
approximately 7 min, followed by a steady decrease during the of fluorophore release over the 3 h time period is most

consistent with predominant hydrolysis of drug-DNA lesions

at isolated G bases. This hydrolysis releases daunorubicin

which is pumped out of the cell. Steady increase of fluoro-

phore in MCF-7/ADR cells upon treatment with Epidoxoform
I over the 3 h time period is a consequence of much slower

042

04

\... i i'

'71I

-- 4... Figure 5
4- Overlay of epidoxorubicin (in black) and daunorubicin-CH 2 (in green)

on epidoxorubicin-CH 2 (in red). R.m.s.d. in distance of all atoms
Figure 4 common to epidoxorubicin-CH 2-d(CGCGCG) and daunorubicin-CH2-
Hydrogen-bonding contacts between epidoxorubicin-CH 2 and d(CGCGCG) is 0.923 A and between epidoxorubicin-CH 2-
d(CGCGCG). This figure was created with InsightlI (Biosym Technol- d(CGCGCG) and epidoxorubicin-d(CGATCG) is 0.829 A. For clarity,
ogies, San Diego, CA). the overlaid DNA strands have been omitted from the figure.
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hydrolysis to the active metabolite and increased stability of either parent drug or formaldehyde conjugate and from
the metabolite with respect to further hydrolysis to epidoxo- analysis of cells treated with tritiated formaldehyde conjugate
rubicin. Hence, covalent bonding of drug to DNA is occurring (Taatjes et al., 1999).
faster than hydrolysis of drug-DNA lesions. Additional The crystal structure provides some additional insight with
evidence for covalent binding of drug to DNA in cells comes respect to drug uptake by MCF-7/ADR cells. The additional
from a comparison of release of drug from cells treated with hydrogen-bonding interaction between the epidoxorubicin's

4'-hydroxyl and the 02 of C(9) on the complementary strand
should lead to slower hydrolysis of the virtual crosslink of

9 _ DNA with epidoxorubicin than with daunorubicin. This slower
"release from DNA gives rise to continued uptake as

8 Epidoxoform is slowly hydrolyzing to the active metabolite.
Daunoform hydrolyzes to its active metabolite very rapidly,

7 which causes a rapid buildup of drug in the nucleus of tumor
cells. The intracellular levels then also decrease because of the

6 •predicted less stable daunorubicin virtual crosslink."�In summary, the 1.6 A crystal structure of [epidoxorubicin-

"CH2-d(CGCGCG)], shows a slightly distorted B-type DNA
duplex symmetrically bearing two intercalated epidoxorubicin
molecules located at the termini which are covalently attachedS4

A to the DNA via methylene groups. Covalent attachment is

0 I)AUF from the 3'-amino group of epidoxorubicin to the 2-amino
group of G(4) or G(10). The structure is analogous to the

2 A F'1F structure of [daunorubicin-CH 2-d(CGCGCG)] 2, except for

additional hydrogen bonding from the 4'-hydroxyl group of
epidoxorubicin to the 02 of C(3) or C(9). This hydrogen
bonding, together with hydrogen bonding between 07 and 09
of the drug and N2 and/or N3 of G(2) or G(8) and the covalent

.I.... ... .. . I ... attachment, result in a virtual crosslinking of DNA by drug.0 0-1; 1. 13. 2 23,5
'lime (h) Flow cytometry and fluorescence microscopy show that

daunorubicin-formaldehyde conjugate (Daunoform) and
epidoxorubicin-formaldehyde conjugate (Epidoxoform) are
readily taken up by doxorubicin-resistant human breast-
cancer cells and locate predominantly in the nucleus. Differ-
ences in the rates of uptake are consistent with differences in
the rates of hydrolysis of the conjugates to the proposed
DNA-reactive form of the drugs and differences in the
respective structures of the drugs covalently bound to DNA.
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Lack of Glutathione Conjugation to Adriamycin in
Human Breast Cancer MCF-7/DOX Cells

INHIBITION OF GLUTATHIONE S-TRANSFERASE p1-1 BY GLUTATHIONE
CONJUGATES FROM ANTHRACYCLINES

Giorgio Gaudiano, * t Tad H. Koch, tt Mario Lo Bello, § Marzia Nuccetelli, §
Giampietro Ravagnan,* Annalucia Serafino* and Paola Sinibaldi-Vallebona¶II

*INSTITUTE OF EXPERIMENTAL MEDICINE, NATIONAL RESEARCH COUNCIL, 00133 ROME, ITALY; tDEPARTMENT OF
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"TOR VERGATA," 00133 ROME, ITALY; AND IRESEARCH AREA OF ROME "TOR VERGATA" - P.B.I., NATIONAL
RESEARCH COUNCIL, 00137 ROME, ITALY

ABSTRACT. One of the proposed mechanisms for multidrug resistance relies on the ability of resistant tumor
cells to efficiently promote glutathione S-transferase (GST)-catalyzed GSH conjugation of the antitumor drug.
This type of conjugation, observed in several families of drugs, has never been documented satisfactorily for
anthracyclines. Adriamycin-resistant human breast cancer MCF-7/DOX cells, presenting a comparable GSH
concentration, but a 14-fold increase of the GST PI-1 activity relative to the sensitive MCF-7 cells, have been
treated with adriamycin in the presence of verapamil, an inhibitor of the 170 P-glycoprotein (P-gp) drug
transport protein, and scrutinized for any production of GSH-adriamycin conjugates. HPLC analysis of cell
content and culture broths have shown unequivocally that no GSH conjugates are present either inside the cell
or in the culture broth. The only anthracycline present inside the cells after 24 hr of incubation was > 98% pure
adriamycin. Confocal laser scanning microscopic observation showed that in MCF-7/DOX cells adriamycin was
localized mostly in the Golgi apparatus rather than in the nucleus, the preferred site of accumulation for sensitive
MCF-7 cells. These findings rule out GSH conjugation or any other significant biochemical transformation as
the basis for resistance to adriamycin and as a ground for the anomalous localization of the drug in the cell.
Adriamycin, daunomycin, and menogaril did not undergo meaningful conjugation to GSH in the presence of
GST PI-1 at pH 7.2. Indeed, their synthetic C(7)-aglycon-GSH conjugates exerted a strong inhibitory effect
on GST P1-I, with K, at 250 in the 1-2 ýLM range, scarcely dependent on their stereochemistry at C(7).
BIOCHEM PHARMACOL 60;12:1915-1923, 2000. © 2000 Elsevier Science Inc.

KEY WORDS. adriamycin; GSH conjugation; GST inhibition; multidrug resistance; MCF-7; DOX

The resistance of cancer cells acquired upon exposure to a mechanisms of the insurgence and functioning of MDR are
single antitumor drug, such as ADR** (1) or DAUN (2) far from being understood clearly [1, 3-6].
(Fig. 1), often extends over a range of other drugs even of The insurgence of MDR is commonly associated with the
a completely different chemical nature. Such ability of overexpression of P-gp. P-gp, encoded by the human mdrl
tumor cells to develop cross-resistance to many drugs gene, is an ATP-dependent membrane protein and plays a
(MDR) poses a major obstacle to successful chemotherapy key role in drug efflux by acting as an extrusion pump that
[1, 2]. In spite of intense studies worldwide, the precise lowers the cellular drug concentration below toxic levels [1,

2, 7-9]. However, in many cases, MDR can be acquired
through mechanisms other than the overexpression of P-gp
or other similar membrane proteins [2, 4-6]. The hypoth-

$ Corresponding author. Tel. (303) 492-6193; FAX (303) 492-5894; esis of a different mechanism for MDR first came from the
E-mail: tad.koch@colorado.edu

** Abbreviations: ADR (DOX), adriamycin (doxorubicin); ADRIGLU, observation that, independent of any overexpression of
adriamycin-GSH conjugate; BCNU, 1,3-bis(2-chloroethyl)-I-nitro- P-gp, MDR is oftentimes associated with an increase of the
sourea; CDNB, 1-chloro-2,4-dinitrobenzene; DAUN, daunomycin cellular GSH concentration and/or GST activity and ex-
(daunorubicin); DAUNOGLU, daunomycin-GSH conjugate; DHM-3,
3,5-dimethyl-5-(hydroxymethyl)-2-oxomorpholin-3-yl; DTT, dithiothrei- pression [5, 6, 10-12]. The GSTs (EC 2.5.1.18) are a family
tol; GST, glutathione S-transferase; MDR, multidrug resistance or resis- of dimeric enzymes that conjugate a wide variety of carci-
tant; MENOGLU, menogaril-GSH conjugate; MRP, multidrug resistance nogenic, mutagenic, toxic, and pharmacologically active
protein; PBS, phosphate-buffered saline (pH 7.4, 10 mM phosphate, 138
mM NaC1, 2.7 mM KCI); and P-gp, 170 P-glycoprotein. electrophiles to the cellular nucleophile glutathione (GSH,

Received 15 November 1999; accepted 19 June 2000. y-Glu-Cys-Gly) [13]. The possible role of GSTs in MDR
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FIG. 1. Structures of the anthracycline antitumor drugs ADR (DOX), DAUN, and menogaril and their respective glutathionc
conjugates ADR1GLU, DAUNOGLU, and MENOGLU.

would indeed be an example of a widespread defense structure and properties, gives in vitro GSH conjugates upon
process in living organisms. The products of the GST- enzymatic or chemical reductive activation [25, 26]. How-
catalyzed GSH conjugation of carcinogenic, mutagenic, ever, no clear evidence of a resistance/GSH-conjugation
toxic, and pharmacologically active compounds, including relationship has been offered. Concerning the anthracy-
antineoplastic drugs, or their metabolites, can be extruded Clines, a family of relatively poor electrophilic drugs [27).
and disposed of either as such or after enzymatic transfor- GSH conjugates have been synthesized only upon chemical
mation 112, 14, 15]. The possibility of this type of detoxi- reduction of the anthracyclines 1, 2, and menogaril (5)
fying process being responsible for many cases of acquired (Fig. 1) to the corresponding more electrophilic quinonc
MDR during chemotherapy has been investigated and often methides followed by reaction with GSH [281 or by reaction
debated through the last two decades 110, 12, 14, 16-19] with OSH in trifluoroacetic acid [29]. So far much specu-
and critically reviewed [5, 6, 111. Relevant to this proposed lation has occurred on their possible GSH conjugation in
defense mechanism in MDR cells are the reports on the living systems, like MDR cells, but no compelling evidence
presence of an ATP-dependent extrusion pump (MRP) for that might either prove or disprove the formation of GSH
xenobiotics and GSH conjugates, different from P-gp [15, conjugates of anthracyclines has been provided by either in
20-24]. However, beside the oftentimes observed increase vivo or in vitro experiments. Indeed, beside the above.
in GSH concentration and GST activity and the reports on mentioned reports on the effects of variations of GSH
the presence of MRP, true evidence for a GST/GSH concentration, or GST activity/expression, or MRP over-
conjugation of anticancer drugs has been offered only for expression, on MDR, and the successful synthesis of GSH
the strongly electrophilic mustard-type (chlorambucil, conjugates directly from GSH and anthracyclines, the only
mephalan, cyclophosphamide, BCNU) or aziridine-type other experimental observation that might comfortably be
(thiotepa) drugs, with the identification of their GSH in line with a GSH conjugation of anthracyclines has been
conjugates. Mitomycin C, of completely different chemical offered by our recent report on cytoplasmic localization ol



"Lack of GSH Conjugation to Adriamycin in MCF-7/DOX Cells 1917
S.

anthracyclines [30]. We have observed that in ADR-resistant mL/rnin, isocratic. Injections were 200 iL each. Under these
MCF-7/DOX human breast cancer cells, displaying a very conditions, the retention times were 8, 11, and 14 min for 3-1,
high GST activity, 1 and 2 seem to be localized, as suggested 3-11, and 1, respectively. The fractions containing 3-1 and
by fluorescence, in the same Golgi region where their syn- 3-11 were separately combined and evaporated down to 1/20 of
thetic GSH conjugates 3 and 4 appear to be localized. Instead, the original volume and again passed through the same
in sensitive MCF-7 cells, of relatively low GST activity, 1 and column using a 50/50 (v/v) methanol-water mixture. The
2 localize in the nucleus, while again their GSH conjugates solvent from the anthracycline-containing fractions was
localize in the Golgi region. The conjugates proved to be removed under vacuum at ambient temperature to leave
less cytotoxic than their parent anthracyclines. 99% pure 3-4 and 3-1I as dark-red powders. The two

In this paper, we report clear evidence that, in spite of diastereoisomers displayed almost identical uv-vis spectra.
the previous considerations, no GSH conjugation of ADR DAUNOGLU (4-11) (Fig. 1) was obtained through its
occurs in human breast cancer MCF-7/DOX cell lines, even DAUNOGLU salt (i.e. its salt with unreacted DAUN) in
in the presence of the P-gp inhibitor verapamil. We also much the same way as 3-I4 was obtained from its ADRI-
offer our in vitro experiments on the possible GSH conju- GLU salt (3A1+), the only noteworthy difference being the
gation of anthracyclines catalyzed by the human placenta 2-fold higher concentration of the starting reactants 2 and
GST, a class Pi (46 kDa) homodimeric protein identified as GSH and the longer reaction time (3 days). The sample of
GST P1-i 131]. This enzyme has been studied extensively 4-11 obtained after chloroform extraction of unreacted 2
in different laboratories because of its potential use as a from the basic solution of the salt showed less than 1% of
marker during chemical carcinogenesis [32, 33] and its unextracted 2.
possible role in the MDR of a number of antineoplastic MENOGLU I and 11(6-1 and 6-11) (Fig. 1) were used as
agents [14, 34-37]. We report that GST PI-1 did not a 1:1 mixture as obtained directly from menogaril (5) and
effectively catalyze the conjugation of the antitumor an- GSH as reported [28]. The amount of the excess of GSH,
thracyclines 1, 2, and 5 with GSH under physiological calculated by stoichiometric relationship and confirmed by
conditions, either in the presence or in the absence of HPLC analysis, was taken into account for the calculation
dioxygen from air. Negative results were obtained even if a of the GST inhibition constant, as reported below.
preliminary reduction of 1 to the corresponding, more Qualitative and quantitative assays of anthracyclines and
electrophilic quinone methide [38] had been performed. their derivatives obtained by synthesis or from biological
Indeed, the GSH conjugates 3, 4, and 6 [28] behaved as and GST inhibition tests were performed by HPLC analysis
strong inhibitors of the enzyme. using (method A): a Waters chromatograph equipped with

a model 510 two pump solvent delivery system and a uv-vis
MATERIALS AND METHODS model 996 diode array detector, monitoring at 480 nm. AGeneral Supelcosil RP C18, 2.1 X 150 mm, 5 Iim column was used,

eluting isocratically with a 50/50 mixture of methanol and
Solvents and chemicals were purchased from Janssen with a 0.3% (pH 4.0) ammonium formate-formic acid buffer.
the exception of 2,4-dinitrofluorobenzene and DMSO, Alternatively (method B), the HPLC analyses were per-
obtained from Sigma-Aldrich. DHM-3 dimer was prepared formed on a Kontron chromatograph provided with a
as described earlier [39]. The uv-vis spectra were obtained model 420 two pump solvent delivery system and a uv-vis
with a Hewlett-Packard 8452A diode array spectrometer. model 430 detector, using a Supelcosil RP C18 4.6 mm X

150 mm, 5 pRm column with a flow rate of 0.60 mL/min.
Whenever possible, samples were analyzed containing be-
tween 1 and 20 nmol of anthracyclines. Lower amounts of

ADR (1) and DAUN (2) were gifts of Pharmacia-Farmi- anthracyclines, between 0.5 and 1 nmol, could be measured
talia. Menogaril (5) was a gift from Pharmacia-Upjohn. with 90% accuracy. Quantitation of the results from HPLC
ADRIGLU (3) (Fig. 1) was obtained as a mixture of the was done using as reference the linear Lambert-Beer region
epimers 3-1 and 3-11 as reported in the literature [28]. of a concentration versus peak area plot obtained from pure
Epimers 3-1 and 3-11 then were separated and purified by samples of anthracyclines and derivatives. Proof of identity
submitting the mother liquors from the crude reaction in critical experiments was established by co-injection and
mixture to preparative reverse phase HPLC. Before chro- comparison of spectra with authentic samples.
matography, the liquors were concentrated down to a 12
mM total anthracycline concentration. HPLC analysis
showed 50% 1, 25% 3-11, and 10% 3-4 (% area monitoring
at 480 nm). Preparative HPLC was performed on a Rainin The drug-sensitive human breast cancer cell line MCF-7
semipreparative chromatograph equipped with a Dynamax and its derivative MDR variant, MCF-7/DOX, were grown
model UV-1 detector and a Rainin 3 pim C18 Microsorb as a monolayer in RPMI 1640 medium (Flow) supple-
column, 10 mm i.d. x 50 mm. The eluting solvent was a mented with 10% (v/v) heat-inactivated fetal bovine se-
45/55 (v/v) mixture of methanol and a 0.3% (pH 4.0) rum, L-glutamine (2 mM), penicillin (100 IU/mL), and
ammonium formare-fnrmic acid buffer. Pt A flnw rprp nf 3 qtrPntnmwrcin (inn ,,/r/_ ' ot ) '70 ;,., .-, -- ,
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sphere of 5% C02. Cells were passaged serially twice weekly observed after fixing with 2% paraformaldehyde in PBS for
after detachment from culture flasks with 0.05% trypsin and 10 min at room temperature. After washing with PBS,
0.02% EDTA in PBS. The MDR cells were grown in the coverslips were mounted on glass microscope slides, in the
presence of 10 p.M ADR (1) and cultured for 4 weeks in presence of 4:1 glycerol/PBS and observed on a Leica TCS
drug-free medium prior to use. To analyze the anthracycline 4D confocal laser scanning microscope supplemented with
content, exponentially growing cells were cultured in 175 an Argon/Krypton laser and equipped with 40 X 1.00-0.5
cm 2 flasks in RPMI 1640 medium (50 mL) without phenol and 100 x 1.3-0.6 oil immersion lenses. The excitation
red for 24 hr before exposure to 1 (1 pRg/mL) or 3-11 (6 and emission wavelengths were 488 and 510 nm, respec-
pig/mL). After exposure to drugs for 2 or 24 hr, the medium tively. Acquisitions were recorded employing the pseudo-
was collected, and the cells were rinsed with PBS without color representation.
Ca2 + and Mg 2 . The cells were detached with a rubber
spatula and collected by centrifugation. The pellet was
resuspended in 500 p.L of distilled water, and the cells were GST P1-1 Production and Purification

lysed by three freeze-thaw cycles. The cell lysate was Human native enzyme GST PI-1 was produced in Esche-
clarified by centrifugation at 13,600 g for 10 min, and both richia coli cells as previously described [36, 37]. The purifi-
pellet and supernatant were stored at -20'. cation of this recombinant enzyme was accomplished by

To study the intracellular distribution of drugs, cells were affinity chromatography on immobilized glutathione 140].
cultured at 370 for 24 hr before exposure to ADR, ADRI- After affinity purification, the enzyme was homogeneous as
GLU, DAUN, and DAUNOGLU at concentrations rang- judged by SDS-PAGE [41]. The protein concentration was
ing from 0.1 to 6 ixg/mL for different periods of time. After determined by the method of Lowry et al. [421.
treatment, cells were washed three times with PBS free of
Ca 2 + and Mg2+' and processed for confocal microscopy. For
MDR reversal, MCF-7/DOX cells were pretreated for 1.5 GST Activity Measurement

min at 370 in regular medium containing verapamil (Sig- The enzymatic activity of GST was assayed spectrophoto-
ma) at a concentration of 10 Rg/mL. metrically at 250 with CDNB as co-substrate under the

conditions reported below. Spectrophotometric measure-
ments were performed in a double beam Uvicon 940
spectrophotometer (Kontron Instruments) equipped with a

Qualitative and quantitative assays for anthracyclines after thermostatted cuvette compartment. Initial rates were mea-
incubation with MCF-7 and MCF-7/DOX cells were per- sured at 0.1-sec intervals for a total period of 12 sec after a
formed by HPLC using method A or B (see above). The lag time of 5 sec. Enzymatic rates were corrected for
values reported for quantitative analyses are averages from spontaneous reaction. A suitable amount of GST PI-1
analyses performed in duplicate or triplicate, with observed sample (typically 1 Vg of protein) was added into a cuvette
variations being below 15%. The samples to be analyzed containing 0.1 M phosphate buffer (pH 6.5), plus 0.1 mM
were kept in the freezer at -20' throughout the time EDTA, in the presence of 1 mM GSH (1 mL final volume).
necessary for the analyses to be completed. The samples The reaction was started by adding 1 mM CDNB and
tested were (see previous subsection): (i) the supernatant monitored at 340 nm (E = 9600 M-' cm-') [431.
culture media recovered after centrifugation at the end of
the incubation, filtered through sterile Acrodisc 0.2 pRm
Gelman filters; (ii) the clear supernatants from centrifuga- Attempts at GSH Conjugation of Anthracyclines

tion of cell lysates; and (iii) the DMSO extract (1 mL/10 6  Catalyzed by GST

cells) of the pellet of the cell-fragments obtained by A 100 mM (pH 7.2) Tris buffer containing 1 mM of either
centrifugation of lysates. To improve the accuracy of the compounds I or 2, 1 mM GSH, and 0.1 mM EDTA was
HPLC analysis of anthracyclines in the culture media, prior kept for 2 hr at 370 in the presence of GST PI-I (0.1
to the analysis the filtered supematant was passed through mg/mL). At the end of this incubation, a suitable aliquot
reverse phase cartridges (C18 SEP-PAK, Waters). The was analyzed by HPLC (method B). In an experiment with
anthracyclines were retained completely but could be compound 5 instead of I or 2, because of the scarce
eluted promptly with a 1:1 mixture of methanol-water to solubility in water, a 5 X 10-3 M solution of 5 was prepared
obtain an eluant showing a 10-fold increased concentra- in DMSO and diluted 1:5 with the buffer containing
tion. With these conditions, using 1-mL HPLC injections, GSH/EDTA solution just before the experiment. During
amounts of conjugate as low as 0.5 pRmol, corresponding to the 2 hr of incubation, a portion of the anthracycline
"5% of conversion, could be detected easily if present. precipitated. HPLC analysis was performed on both the

precipitate and the solution.
In another experiment, 1 was reductively activated to its

Confoca! Laser Microscop'y more electrophilic quinone methide by reaction with the
Analysis of the intracellular distribution of ADR and one-electron reducing agent DHM-3 [39]. A solution con-
ADRIGLU was carried out on cells Rrown on coverslips and tainin2 1, GSH, EDTA, and GST P1-I at pH 7.2 in 0.1 M



Tris buffer at the above concentrations was deareated with forms in significant amounts. The main reason for the
nitrogen. DHM-3 dimer was added to a 5 mM concentra- choice was the fact that MCF-7/DOX cells were considered
tion. After 1 hr at ambient temperature under nitrogen, to be among the best candidates for GSH conjugation both
both precipitate and supernatant were analyzed by HPLC because of the very high GST activity and the above-
for anthracyclines. mentioned observations on cellular localization and rela-

tive toxicity of anthracyclines. Although 1 does not show
Inhibition studies of GST PI-1 with any center so clearly electrophilic to easily predict the site
GSH-Anthracycline Conjugates for a possible GST-catalyzed GSH conjugation, the ben-

zylic C(7) and possibly the C(14) site in the side chain are
Inhibition experiments were performed using 1-cm cuvettes the favorite candidates for such a reaction to occur on the
with 1 mL (final volume) of 0.1 M potassium phosphate anthracycline itself. The alternative possibility of reductive
buffer (pH 6.5) containing 1 mM EDTA, GSH (from 0.1 to activation of 1, well supported by both in vivo and in vitro
3 mM), 1 mM CDNB, suitable amounts of enzyme, and in experiments, suggests again the position C(7) as the favor-
the presence of fixed inhibitor concentrations ranging from ite site for reaction with GSH. Indeed, both epimers 3-1
0 to 40 [tM. The enzymatic activities were determined and 3-1I have been easily obtained by direct reaction of 1
spectrophotometrically at 250 as reported above. Kinetic with GSH under anaerobic conditions, through the anthra-
parameters were determined by fitting the collected data to cycline quinone methide, the product of reductive cleavage
the Michaelis-Menten equation by non-linear regression of 1 [28]. We felt the available epimer 3-1I to be the right
analysis using the Graph PAD Prism computer program compound to assist the search for any GSH conjugate
(Graph PAD Software). The apparent Km values thus produced in the cells treated with 1. Easily predictable
obtained were replotted against the corresponding inhibitor polar characteristics and chromatographic behavior, along
concentration (where Ki is the intercept on the x-axis of with our personal experience with this family of compounds
the latter plot). [38, 45], suggested the use of reverse phase HPLC as the

method of choice to detect any GSH derivative that could
possibly arise from the conjugation of 1. ADR (1), 3-1,Time course of GST P1-1 inactivation in the presence 3-11, adriamycinone and 7-deoxyadriamycinone all appear

of ADR in the range of 3-16 min under the eluting conditions.

In a typical experiment, GST P1-1 (0.1 mg) was incubated Hence, no GSH conjugate of any sort or any anthracycline-
in 1 mL (final volume) of 10 mM Tris-HCI buffer, pH 7.2, like metabolite thereof should escape from HPLC observa-
in the presence of 0.1 mM ADR (1) at 370 for 2 hr. At fixed tion.
times, aliquots of sample (10 LL) were withdrawn from the
mixture and assayed for GST activity. After a 120-min
incubation, 10 mM D7T was added to the mixture, and Anthracycline in MCF-7 and MCF.7/DOX Cells
aliquots of this sample were assayed for GST activity. The Both sensitive and resistant human breast cell lines were
same experiment was run in parallel in the presence of 1 treated with either 1 or 3-11 for 2 or 24 hr. The location of
mM DTT or 10 mM GSH. the fluorophores of both compounds in cells was established

by laser scanning confocal microscopy, taking advantage of
Glutathione Analysis the inherent fluorescence of the drugs. ADR appeared

predominantly in the nucleus of MCF-7 cells and in the
Glutathione in cells was assayed by a slight modification Golgi apparatus of MCF-7/DOX cells, as shown in Fig. 2,
and adaptation of the method of Reed et al. [44]: cells panels A and C, respectively, and ADRIGLU, predomi-
collected by centrifugation from the culture medium were nantly in the Golgi apparatus of both cell lines as shown in
treated with 5% perchloric acid and centrifuged. The Fig. 2, panels B and D, respectively. In a parallel experi-
supematant, about 1 mL/10 7 cells, was analyzed for GSH ment (same time and same drug concentration), cells were
and GSSG by HPLC with a Waters chromatograph (see collected and lysed, and the cell debris was collected as a
above), using a Waters p.-Bondapack-NH 2 3.9 X 300 mm pellet by centrifugation and extracted with DMSO. The
column and a 1:4 A/B isocratic mixture as eluant [44], at a recovered culture media, cell lysate supernatant, and
flow rate of 1 mL/min. Retention times were 5.5 min DMSO extract of the pellet were all analyzed for 1, 3-11,
(GSH) and 6.8 min (GSSG). Peak areas from HPLC used and possible anthracycline metabolites by reverse phase
for calculations were in a linear region of an area/concen- HPLC, and the results are reported in Table 1. The HPLC
tration plot obtained from pure GSH. method would detect any anthracycline and/or derivative,

from compounds of even higher polarity than ADRIGLU
RESULTS AND DISCUSSION down to low-polarity compounds like 7-deoxyadriamyci-

none. Inside the cells, only 1 (98% pure) or 3-11 was found
To address the question, do anthracyclines undergo GSH from cells treated with 1 or 3-1I, respectively. Most of the
conjugation in MDR tumor cells, we have chosen the anthracycline was found in the DMSO extract of the
MCF-7/DOX cell line to see if any conjugate with ADR (1) cell-fragment pellets obtained by centrifugation of the cell
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FIG. 2. Confocal fluorescence micrographs of MCF-7 (A and B) and MCF-7/DOX (C and D) cells after a 24-hr treatment with 4
ptg/mL of ADR (A and C) or ADRIGLU (B and D). ADR- and ADRIGLU-exposed cells were pretreated with 10 Lg/mL of verapamil.
Original magnification = IOOX. The color bar on the right is relative fluorescence intensity.

lysate. Only a small amount of anthracycline was found in GSH or low activity of GST. Analysis for GSH showed 54
the supematant from centrifugation of the cell lysate. nmol/10 6 MCF-7 cells and 6.2 nmol/106 MCF-7/DOX cells,
Analysis of the supematant culture media with the anthra- and as mentioned earlier, analysis for GST activity showed
cyclines concentrated using Sep-PAK cartridges showed 14-fold higher activity in MCF-7/DOX cells than in MCF-7
mostly unchanged I (or, respectively, 3-I1). No traces of cells. The higher activity of GST should have more than
3-11 or other polar anthracycline-like derivatives with compensated for the lower GSH concentration in MCF-7/
retention time similar to 3-11 were found in the culture DOX cells. If ADR or ADRIGLU were substrates for GST,
media from MCF-7/DOX cells treated with 1. Peaks could metabolites should have been observed in MCF-7/IDOX
be detected of < 1% size relative to the peak for 1. As and/or MCF-7 cells.
expected, the cellular uptake of 1 was higher in MCF-7
than in the variant MCF-7/DOX cell line, and the cellular
uptake of 3-41 was lower than that of 1 for both cell lines. Attempts to Achieve GST-Catalyzed in vitro GSH

Basically, no ADRIGLU or any other possible anthracy- Conjugation

cline metabolite was observed in any of the components of Reaction of 1 with GSH in the presence of GST PI-1 at
the experiments with ADR-treated MCF-7 or MCF-7/DOX pH 7.2 at 37' for 2 hr gave only 4% of conjugate 3 (HPLC
cells. Similarly, no metabolism of ADRIGLU was observed retention time, 5.7 min) with 95% of I (retention time, 7.5
in any of the analytes from the experiments with 3-II- min) accounted for as unreacted ADR. Identical results
treated cells. were obtained in a control reaction missing GST PI-1.

The lack of ADRIGLU, especially in ADR-treated Hence, the 4% product resulted from the previously de-
MCF-7/DOX cells, might have resulted from low levels of scribed direct reaction of 1 with GSH [28]. Similar reac-
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TABLE 1. HPLC analysis of ADR (1) and ADRIGLU 11 (3-11) from MCF-7 and MCF-7/DOX cells treated with 1 (1 Fig/mL)
and 3-Il (6 jig/mL) for 2 or 24 hr*

Culture medium supernatantt DMSO extract of pellet%
Area % of anthracycline peakst Cell lysate Area % of anthracyclines peaks*

Source (ca. area % of all peaks§) supernatant"! (ca. area % of all peaks§)

MCF-7 + 1, 2 hr Traces of 1 > 95% 1"*, 1.0 [Lg
MCF-7 + 1, 24 hr > 98% 1** (65%) Traces of 1 > 95% 1**, 3.2 pRg
MCF-7 + 3-11, 2 hr 0 Traces of 3-I1
MCF-7 + 3-41, 24 hr > 98% 3-11, (75%) 0 > 70% 1**, 0.5 R±g
MCF-7/DOX + 1, 2 hr > 99% 1 " (85%tt) Traces of 1"* 95% 1"*, 0.7 Vg
MCF-7/DOX + 1, 24 hr > 98% 1** (85%tt) Traces of 1"* > 95% 1"* (85%tt), 0.3 ligl4
MCF-7/DOX + 3-11, 2 h >98% 3-11 (85%tt) 0 0
MCF-7/DOX + 3-11, 24 hr ca. 90% (80%It) Traces of 3-11 Traces of 3-I1

*Percent peak area of 1 or 3-11 is given for samples obtained from cells treated with I or 3-11, respectively. HPLC profiles were obtained as described in Materials and Methods.

Retention times for 3-1, 3-11, and 1 were as follows: (method A) 4.0, 4.6, and 8.5 min, respectively, and (method B) 5.0, 5.7, and 7.5 min. The percent area values reported are

the averages from analyses performed in duplicate or triplicate, with observed variations being below 15%. Samples injected contained 0.5 to 20 nmol of anthracyclines.

tCell culture medium supernatants at the end of the incubation, after filtration through sterile 0.2-ptm filters, were concentrated by percolation through reverse phase CIS

cartridges followed by elution with a 1:1 methanol-water mixture.
*Anthracyclines were distinguished by their characteristic absorption in the region X ... 450-550 nm.

§Percent area relative to all peaks absorbing at 480 nm.
"IClear supernatants from centrifugation of cell lysates were 0.5 mL starting with one flask of cells.
TDMSO extracts of cell debris pellets were ca. 0.5 mL starting with one flask of cells.
**No peaks corrsponding to 3-1 or 3-11 were detected.
"t The major non-anthracycline compounds had retention times of 2.5 and 3.4 min.

l4In a similar experiment where verapamil had been added to the culture medium at 10 pLg/mL, twice as much 1 was found in the DMSO extract of the pellet.

tions of 2 and 5 with GSH in the presence of GST PI-1 interact with the side chain of some amino acid residues of

gave 100% recovery of starting anthracycline. The activity proteins, affecting their biological activity. In the case of
of GST PI-1 in an 8/2 (v/v) water-DMSO mixture (the GST PI-1, potential targets are Cys 47 (amongst cysteine
mixture used for the experiment with 5) showed only a residues) and some tyrosyl residues such as Tyr 7, Tyr 49,
10% decrease in comparison with pure water. When the and Tyr 108. Among them, Cys 47 is the most reactive
chemical reducing agent DHM-3 was added to the reaction species and may undergo oxidation with an intrachain
mixture of 1, GSH, and GST PI-1 under anaerobic disulfide bond formation with Cys 101. In fact, the inclu-
conditions, the only product observed was 7-deoxyadriamy- sion of DTT after a 120-min incubation yielded only a
cinone (retention time 12 min) [39]. 7-Deoxyadriamyci- partial recovery of GST activity, indicating that Cys 47
none is the major product of direct anaerobic reduction of may have been strongly oxidized to other species that do
ADR with DHM-3 and results from reduction to the not react with DTT or that the inactivation proceeded also
hydroquinone followed by glycosidic cleavage to the elec- via other residues. The protection afforded by GSH is easily
trophilic quinone methide and tautomerization of the
quinone methide to the 7-deoxyaglycon [39]. Even with 100
assistance from a chemical reducing agent, GST PI-1-90i
conjugation of ADR to GSH does not occur.

Effect of ADR on GST P1-1 Activity70 6-!
When GST PI-1 was incubated at pH 7.2 in the presence ,• 50,
of 0.1 mM 1, a time-dependent inactivation of the enzyme
was observed, as shown in Fig. 3. After 2 hr of incubation,
the residual activity of GST PI-1 was about 29%. Further, " 0-

the addition of DTT induced only a partial recovery of the 20
enzymatic activity. On the contrary, when GST PI-1 was 10
incubated in the presence of 1 mM DTT or 10 mM GSH 0 +10m-M DiT
from time zero, only a slight decrease of activity was 0 20 40 60 80 100 120 140

observed (Fig. 3). As a control, we incubated GST P1-1 Time (min)
alone for the same time and observed at the end of the
experiment a partial inactivation (11%). The time-depen- FIG. 3. Time course of GST P1-1 inactivation in the presence

of ADR. The experimental conditions are reported in Materials
dent inactivation of GST P1-i in the presence of 1 and and Methods. Key: (A) GST P1-1 + 0.1 mM ADR; (0) GST
other anthracyclines may be explained as follows: 1 and PI-1 + 0.1 mM ADR + 1 mM DTT; and 0 GST PI-1 + 0.1
other anthracyclines produce free radical species that could mM ADR + 10 mM GSH.
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Abstract: Recent and new results which support a drug-DNA covalent bonding
mechanism for cell toxicity of the clinical antitumor drugs, daunorubicin, doxorubicin,
and epidoxorubicin, are summarized. The mechanism involves the iron complex of the
drugs inducing oxidative stress to yield formaldehyde, which then mediates covalent attachment to G-bases of
DNA. At NGC sites the combination of covalent and non-covalent drug interactions serve to virtually
crosslink the DNA. Structural data for virtual crosslinks are compared as a function of drug structure.
Elucidation of the mechanism led to the synthesis and evaluation of drug formaldehyde conjugates, Daunoform,
Doxoform, and Epidoxoform, as improved chemotherapeutics. Drug uptake, nuclear targeting, drug release, and
cytotoxicity of the clinical drugs by sensitive and resistant breast and prostate cancer cells are contrasted with
those of the corresponding formaldehyde conjugates. Conjugates are taken up better, retained longer, and are
more toxic to a wide variety of tumor cells. The kinetics of drug release from Doxoform and Epidoxoform treated
MCF-7/Adr cells are biexponential and correlate with the biexponential kinetics of drug release from
extracellular DNA. The results of the lead conjugate, Epidoxoform, in the National Cancer Institute 60 human
tumor cell screen are presented and discussed in terms of some resistance mechanisms. Epidoxoform shows
increased toxicity to all panels relative to doxorubicin and epidoxorubicin, and this enhanced toxicity is
especially evident with the more resistant cell lines.

INTRODUCTION DNA crosslinks in HeLa cells [10,11] and a report by
Bartosek and Wolf that preincubation of doxorubicin with

In a recent review we have described the discovery of a cytochrome P450 reductase and NADPH enhanced its
mechanism by which the clinically useful anthracycline toxicity to MCF-7 cells [12].
antitumor drugs, daunorubicin (DAU), doxorubicin (DOX),
and epidoxorubicin (EPI), become covalently attached to
DNA [1]. Our participation in the discovery was stimulated R
by a series of papers published by Phillips and co-workers in HO 1

which they reported that reaction of Tris-buffered DNA with 9

daunorubicin or doxorubicin under redox conditions in the
presence of iron led to covalent bonding of drug to DNA [2- "'OH
6]. The need for iron was intriguing because iron and its
induction of oxidative stress has long been associated with MeO 0 HO 0

cardiotoxicity [7-9]. The bonding was detected as
transcription blockages and was shown to involve the 2-
amino groups of G-bases. Drug-DNA covalent bonds were 0

unstable and were lost at two different first-order rates, one 3' 4
with a half-life of 5 h and the other, 40 h [2,6]. Phillips H2N "

proposed that the more labile covalent bonding was to an R1 R"

isolated G-base on one strand of DNA and that the less labile
covalent bonding involved crosslinking of both strands of R=-R"=H, R'=0H daunorubidin (DAU)

DNA by drug aglycon at 5'-GC-3' sites. Our interest was R=R"=OH, R"=H doxorubicin (DOX)

heightened by reports of Konopa and Skladanowski that R=R"'OH, R=H epidoxorubidn (EPI)

metabolically activated doxorubicin produced unstable drug-

We employed negative ion electrospray mass
spectrometry to study the bonding in the less labile site. Our

*Address correspondence to this author at the Department of Chemistry experiments involved redox activated daunorubicin and
and Biochemistry, University of Colorado, Boulder, CO 80309-0215, USA;
email: tad.koch@colorado.edu doxorubicin reacting with the self-complementary oligomer
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Fig. (1). Negative ion electrospray mass spectrum of the major product from reaction of daunorubicin with the self complementary
deoxyoligonucleotide (GC) 4 under redox conditions. Charges are indicated with the assignments.

(GC) 4 in Tris buffer. These conditions gave as the proposed lipid oxidation has been detected in the urine of
predominant product a double stranded DNA with a mice treated with doxorubicin [17].
molecular mass showing the presence of two drug molecules
plus two extra carbons (Fig (1)) [13,14]. Thus, the product The steps leading to covalent bonding of drug to DNA
was neither DNA crosslinked by drug aglycon, as proposed are summarized as follows: 1) drug complexation with iron,
by Phillips and co-workers [2], nor DNA bearing intercalated 2) induction of oxidative stress through iron redox
drug as neither of these possibilities was consistent with the chemistry, 3) reaction ofreactive oxygen species (ROS) with
mass spectrum. The source of the extra carbons was a cellular constituent to yield formaldehyde, 4) covalent
established as formaldehyde from further study of the redox bonding of the formaldehyde to the amino group of the drug
reaction [15]. The structure of the product, shown to form a Schiff base or its equivalent, and 5) intercalation of
schematically in Figure 2, was then proposed, based upon a drug in DNA with covalent bonding of the Schiff base to the
crystal structure by Wang and co-workers [13,15,16]. Wang 2-amino group of a G-base in the minor groove of DNA. If
and co-workers reported some years earlier a structure with the interaction with DNA occurs at the trinucleotide 5'-NGC-
two daunorubicins each covalently bonded to (CG)3 at the 2- 3', then the drug intercalates between N and G and
amino group of a G-base from reaction with formaldehyde, covalently bonds to the G-base on one strand using
which originated as an impurity in the crystallization formaldehyde and hydrogen bonds to the G-base on the
solvent. Through serendipity, the model system we selected, opposing strand, as shown in Fig. (2). We describe the
(GC) 4, contained the sequence of Wang (CG) 3. Hence, the combination of intercalation, covalent bonding, and
structural assignment in Fig. (2) was reasonable for the hydrogen bonding as a virtual crosslinking of the DNA by
product which gave the mass spectrum in Fig.(1). the drug [14].

The carbon source for drug catalyzed formaldehyde The discovery of the virtual crosslinking mechanism
production turned out to be Tris buffer in the Phillips prompted the synthesis of anthracycline formaldehyde
experiment [15]. Tris is not present in cells; however, cell conjugates as novel drugs, potentially less cardiotoxic and
membrane lipid and natural polyamines such as spermine are active against resistant cancer. Less cardiotoxicity was
candidate carbon sources in tumor cells. Spermine is proposed because the drugs do not require production of
oxidized to formaldehyde by the reactive oxygen species reactive oxygen species for covalent bonding to DNA;
produced by the anthracyclines [15], and formaldehyde from activity against resistant cancer was predicted because
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Fig. (2). Schematic representation of the structure proposed for the product with the mass spectrum shown in Fig. (1). Two
daunorubicins are each covalently bonded to a 2-amino group of a G-base on one strand of DNA via a methylene group and hydrogen
bonded to a G-base on the opposing strand, virtually crosslinking the DNA. The methylene group is marked with an asterisk.

inhibition of oxidative stress is a resistance mechanism In fact, comparison of growth inhibition of the resistant cells
[18,19]. Daunorubicin and doxorubicin, bearing a cis-1,2- is quite dramatic.
aminoalcohol functionality, react with formaldehyde to yield We now review recent experiments which further support
the dimeric oxazolidine structures, Daunoform (DAUF) and the covalent bonding of anthracycline antitumor drugs to
Doxoform (DOXF) [20]. Epidoxorubicin, bearing a trans- DNA as an important cytotoxic mechanism. These focus on
1,2-aminoalcohol functionality, reacts with formaldehyde to structure of the virtual crosslink, drug uptake, localization,
yield a dimeric diazadioxabicyclic structure, Epidoxoform and retention in both sensitive and resistant tumor cells, and
(EPIF) [21]. DAUF, DOXF, and EPIF are prodrugs with a mechanism by which the clinical anthracyclines may
rapid to moderate hydrolysis rates to monomeric structures sequester iron. Results on breast cancer cells and metastatic
predicted to be the active metabolites of the clinical drugs prostate cancer cells are reported in detail, and a comparison
(Fig. (3)). At 37 'C and pH 7.4, the half-life of DOXF with of EPIF with DOX and EPI in the NCI 60 human tumor cell
respect to hydrolysis to the active metabolite is estimated at screen is presented. The intent of this paper is not to review
less than 5 min [20], while the half-life of EPIF is more than the literature on the mechanism of action of the clinical
2 h [21]. All three conjugates show superior growth anthracycline antitumor drugs; for such a review a recent
inhibition of both sensitive (MCF-7) and resistant (MCF- commentary by Gewirtz is recommended [22] as well as our
7/Adr) human breast cancer cells as summarized in Table 1.
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Fig. (3). Structures for the prodrugs, DAUF, DOXF, and EPIF, and proposed pathways to the respective drug-DNA virtual crosslink
via an active metabolite. The active metabolite results from drug-induced redox chemistry on a cellular carbon source or from
hydrolysis of the respective prodrug.

recent review which focuses on drug-DNA covalent bonding DNA through reaction with fomialdehyde [16,23]. Guided
[1]. by this work, we recently solved the crystal structure of

epidoxorubicin covalently bonded to the Wang (CG)3
sequence [24]. Our structural work was prompted by the

RESULTS AND DISCUSSION emergence of Epidoxoform as the lead compound in our drug
development program. We anticipated that a comparison of

Structure of the Virtual Crosslink the crystal structures might provide a clue to the differences
among the three conjugates with respect to drug toxicity,

Wang and co-workers have reported crystal structures of uptake, and retention in sensitive and resistant breast cancer
both daunorubicin and doxorubicin covalently bonded to cells. Significant differences in toxicity are apparent from the

Table 1. IC50 values for doxorubicin, Doxoform, epidoxorubicin, Epidoxoform treated MCF-7 and MCF-7/Adr human
breast cancer cells and LNCaP, PC-3, and DU-145 metastatic human prostate cancer cells. Cells were incubated with
drug for 3 h in RPMI 1640 media containing 10% fetal bovine serun and 1% DMSO. Plates were developed using
the crystal violet assay

J tC50 Values (omol equiv/L)

Cell Type J Doxorubicin Doxoform Epidoxorubidn Epidoxoform

MCF-7 300 2 300 65

MCF-7IAdr 10,000 1 >10,000 70

LNCaP 25 1 30 8

PC-3 48 1 40 7

DIJ-145 240 3 380 26
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IC50 data in Table 1. Doxoform is approximately 50-fold doxorubicin. Differences in associated water molecules and
more toxic to MCF-7 cells than Epidoxoform, with hydrophobic effects probably also contribute to variation in
Daunoform exhibiting intermediate toxicity. the stability of the virtual crosslink [26].

Comparison of the crystal structure of [epidoxorubicin- In a study complementary to the crystallographic
CH 2-d(CGCGCG)l with the crystal structure of measurements, Crothers and co-workers recently reported an
[daunorubicin-CH2-d(CGCGCG)J2  showed differences in NMR structural characterization of the doxorubicin virtual
hydrogen bonding (Fig. (4)) [24]. Most significant was the crosslink of d(ATGCAT) 2  with in situ generated
appearance of a 2.70 A contact between the 4'-hydroxyl of formaldehyde [27]. In addition, using the 13C labeled 14-mer
epidoxorubicin and the carbonyl of a C-base on the opposing deoxyoligonucleotide d(TAATAAGCATAAAT-
strand. In the daunorubicin structure this distance is greater ATTATTCGTATTTA) which bears only one NGC site,
than 4.0 A [16]. In addition, the oxygen at the 7-position of they studied the effect of the virtual crosslink on DNA strand
epidoxorubicin is 0.25 A closer to the nitrogen of the G-base exchange. The virtual crosslink slowed strand exchange by
on the opposing strand. Meanwhile, the nitrogen at the 3'- 160-fold relative to DNA bearing intercalated doxorubicin
position of the daunorubicin structure is 0.4 A closer to the and by 640-fold relative to drug-free DNA. The 160-fold
04, of the C-base on the bonded strand. No difference was difference in strand exchange rate highlights the importance
observed in the methylene bond lengths coupling the drug to of the covalent linkage in the drug-DNA interaction.
the DNA. Additional comparison of the covalent
[epidoxorubicin-CH 2-d(CGCGCG)}2 structure with the non-
covalent [epidoxorubicin-d(CGATCG)] 2  structure [25] Uptake, Nuclear Targeting, and Retention in Breast
showed no remarkable effect from the hydroxyl at the 14- Cancer Cells
position. These comparisons suggest that daunorubicin (and
presumably doxorubicin) is held more tightly to the bonded Doxorubicin is a main line drug for the treatment of
strand, while epidoxorubicin is held more tightly to the breast cancer in the U.S., while epidoxorubicin is a main
opposing strand. In other words, epidoxorubicin virtually line drug for treatment of breast cancer in Europe. Resistance
crosslinks CGCGCG better than daunorubicin or mechanisms and side effects, especially cardiotoxicity,

R=H, 4'-OH (R) daunorubicin

3' R=OH, 4'-OH (S) epidoxorubidn 5'4oC
0 R

H
N Z 
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Fig. (4). Schematic representation of half of the crystal structures for daunorubicin and epidoxorubicin virtually crosslinking (CG) 3 .
Important non-bonding contacts, shown with dashed lines, are compared in the two structures.
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Fig. (5). Comparison of the uptake of EPIF, EPI, DOXF, and DOX by sensitive (MCF-7) and resistant (MCF-7/Adr) human breast
cancer cells. Cells were treated with 0.5 mol equiv/L of drug, and drug in cells was determined by flow cytometry, measuring drug
fluorescence. Concentrations are given in mol equiv/L to correct for EPIF and DOXF producing two active drug metabolites.

ultimately compromise their utility. Epidoxorubicin exhibits and Epidoxoform are dramatically more toxic to resistant
lower cardiotoxicity, but this is partially offset by lower MCF-7/Adr cells relative to doxorubicin and
antitumor activity. Reduced epidoxorubicin cardiotoxicity epidoxorubicin, respectively, as shown in Table 1. Enhanced
may result in part from its conjugation with glucuronic acid, toxicity to resistant breast cancer cells prompted a
which facilitates excretion as the glucuronide [28). Doxoform comparison of uptake, targeting and retention of clinical

drugs (DOX and EPI) with their formaldehyde conjugates
(DOXF and EPIF).

The uptake ofDOX, EPI, DOXF, and EPIF by sensitive
MCF-7 and resistant MCF-7/Adr cells was measured over a
3 h time period by flow cytometry utilizing drug
fluorescence as a measure of drug in cells (Fig. (5)) [29]. The
data indicate that uptake of DOXF was more rapid than
uptake of EPIF. The rates mimic the rates of hydrolysis of
DOXF and EPIF to monomeric amino alcohols, presumed
to be the active metabolites of the clinical drugs. The half-
life of EPIF with respect to this hydrolysis is 2 h and of
DOXF, less than 5 min. The parallel of hydrolysis and drug
uptake rates indicates that EPIF (and presumably DOXF)
must partially hydrolyze before drug passes through the cell
membrane. In addition, Fig (5) shows that both sensitive
and resistant cells take up significantly more drug-
formaldehyde conjugate than parent drug, which correlates
with drug toxicity. However, the quantity of drug taken up
cannot be the only factor in toxicity since DOXF is 50-fold
more toxic than EPIF to both MCF-7 and MCF-7/Adr cells,
yet both cell lines take up more EPIF.

In another series of experiments, 24 h drug treatment led
to enhanced uptake of the clinical drugs relative to 3 h drug
treatment, especially by the sensitive MCF-7 cells (data not

Fig. (6). Fluorescence micrographs of resistant MCF-7/Adr shown). However, this was still 2- to 3-fold below the
tumor cells treated with 0.5 rol equiv/L of EPIF (row a) or uptake of the respective formaldehyde conjugates [29]. TheEPI (row b) for 3 h. Drug is highlighted in red, and nuclei, enhanced uptake of the clinical drugs over 24 h is likely the

ENr(rowth)fforc3eh.eDrugmisfhighlightedainzredrandcnuclei,
visualized with the nuclear stain DAPI, are highlighted in result of increased time for drug-catalyzed production of

cyan. EPIF appears in the nuclei of resistant cells, but EPI is formaldehyde and subsequent covalent bonding to DNA.
excluded from the nuclei.
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The 24 h drug treatment period did not lead to a similar the growth medium. In addition to higher uptake and more
increase of clinical drug in resistant cells. This is due to the nuclear involvement by drug-formaldehyde conjugates, drug
effectivenessof the resistance mechanisms, which include retention was also longer, especially with 3 h drug
overexpression of the drug efflux pump, P-170 glycoprotein, treatment, relative to retention of the clinical drugs [29].
and changes in enzyme levels associated with regulation of This most likely results from 3 h treatment limiting clinical
oxidative stress [18,19]. drug-catalyzed formaldehyde production.

Fluorescence microscopy studies of drug-treated cells In a series of previously unreported experiments, the rate
show that the nucleus is a primary target of the drug- of release of DOX, DOXF, EPI and EPIF from MCF-7/Adr
formaldehyde conjugates in both sensitive and resistant cells, cells was measured after 24 h drug treatment. Cells were
while clinical drugs are excluded from the nuclei of resistant treated for 24 h to allow time for the clinical drugs, DOX
MCF-7/Adr cells [29]. Fig. (6) shows drug chromophore and EPI, to catalyze formaldehyde production (Fig. (7)).
primarily in the nucleus of resistant cells treated with EPIF MCF-7/Adr cells were selected for these measurements
for 3 h and primarily in the Golgi/cytoplasm of resistant because only drug covalently bonded to DNA is retained in
cells treated with EPI for 3 h [29]. The results in Fig (6) are these cells once drug is removed from the medium, due to P-
even more dramatic upon realizing that DNA substantially glycoprotein efflux. Thus, the rate of release is likely a
quenches drug fluorescence [301. Similar localization of DAU measure of the rate of release of covalently bound drug from
and DOX in the Golgi/cytoplasm of MCF-7/Adr cells has DNA. The extracellular experiments of Phillips and co-
also been observed by laser scanning confocal microscopy workers showed that doxorubicin was released with two
[31]. Further evidence for nuclear targeting of the different time constants, one for release from isolated G-bases
formaldehyde conjugates comes from labeling studies. (faster) and one for release from GC sites (slower) [2,6]. The
Treatment of both MCF-7 and MCF-7/Adr cells with DOXF latter sites are what we describe as virtual crosslinking sites
synthesized with tritiated formaldehyde showed significantly [14]. Given these two release rates, the data in Fig. (7) were
more tritium counts in the DNA relative to controls [29]. fit to a double exponential rate law with faster and slower
Indeed, 20-fold more counts per milligram of cell fraction release rates: one with a half-life of 2 h and the other with a
was observed in DNA with respect to RNA or protein in half-life of 29 h. These are comparable with the half-lives of 5
DOXF-treated cells. h and 40 h for release from extracellular DNA determined by

Phillips and co-workers [2,6]. The best fit non-linear least
Release of drug chromophore from cells was also squares pre-exponential factors indicate that 60% of drug is

monitored by flow cytometry following drug removal from bonded at isolated G-bases and 40% is at NGC sites (to

100
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Fig. (7). Release of DOXF and DOX from resistant MCF-7/Adr tumor cells treated with 0.5 mol equiv/L of drug for 24 h. Drug in cells
was determined by flow cytometry, measuring drug fluorescence. The rate of drug release was fit to a double exponential rate law by
non-linear least squares analysis.
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Fig. (8). Release of EPIF and EPI from resistant MCF-7/Adr tumor cells treated with 0.5 mol equiv/L of drug for 24 h. Drug in cells
was determined by flow cytometry, measuring drug fluorescence. The rate of drug release was fit to a double exponential rate law by
non-linear least squares analysis.

create virtual crosslinks) in DOXF treated cells. For DOX group of the drug and the 2-amino group of a G-base, is the
treated cells, more drug is also located at isolated G-bases formaldehyde retained by the drug or by the DNA? The
than at NGC sites. The pre-exponential factors further principle of microscopic reversibility predicts that the
indicate 7-fold more covalent bonding occurs from 24 h formaldehyde is retained by the drug. A recent extra cellular
treatment with DOXF than from 24 h treatment with DOX. experiment by Hopkins and co-workers [32] supports initial

hydrolysis of the bond from the 2-amino group of the G-base
Corresponding kinetic analysis of drug release from EPIF to the methylene group of the linkage. The experiment

and EPI treated cells fit best with drug release half-lives of 4 involved trapping the product from hydrolysis of
h and 13 h, respectively, for drug bonded at isolated G-bases doxorubicin-DNA adducts and virtual crosslinks by adding a
and at NGC sites, as shown in Fig. (8). EPIF gave about large excess of sodium borohydride to a solution of DNA
equal amounts of covalent bonding at isolated G-bases and covalently bonded to doxorubicin. This presumably led to
virtual crosslinking sites; whereas, EPI gave more covalent rapid reduction of the species leaving the DNA upon
bonding at isolated G-bases than at virtual crosslinking hydrolysis of the lesion. The sodium borohydride
sites. In addition, EPIF gave 5-fold more covalent bonding reductively cleaved the drug at the 7-position to release the
than EPI after 24 h drug treatment. Release of non-covalently sugar [33] and reduced the sugar-formaldehyde Schiff base
bonded DOX and EPI from cells occurs on a much faster both at the sugar aldehyde and the Schiff base. Gas
time scale and was observed with MCF-7 cells treated with chromatography mass spectrometry of the peracetylated
clinical drug for 3 h (data not shown). The conclusion from reduced sugar showed the sugar to bear an N-methyl
these studies is that covalently bound DOX is released from substituent. The experiment indicates that upon hydrolysis
isolated G-bases more rapidly than EPI, but from NGC of the drug-DNA lesion, the formaldehyde is retained by the
(virtual crosslinking) sites more slowly than EPI. Thus, the drug, leaving the DNA unmodified.
extra hydrogen bonding from the 4'-hydroxyl of EPI, shown
in Fig. (4), may not increase the stability of EPI-DNA
virtual crosslinks relative to DOX-DNA virtual crosslinks. Uptake, Nuclear Localization, and Retention in
Slower drug release from virtual crosslinking sites may be Metastatic Prostate Cancer Cells
an explanation for the higher cytotoxicity of DOXF (Table
1). First line treatment of prostate cancer is through hormone

manipulation. Upon relapse and metastasis, tumors become
A question, possibly relevant to drug cytotoxicity, hormone-resistant. Doxorubicin and mitomycin C are the

relates to the mechanism of drug release from DNA. Upon most effective chemotherapeutics for metastatic prostate
hydrolysis of the covalent linkage between the 3-amino cancer but do not increase survival [34,35]. Epidoxorubicin
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gives similar palliative results to doxorubicin but with less Growth inhibition of LNCaP, PC-3, and DU-145 cells
side effects [36]. The resistance of metastatic prostate cancer by DOXF and EPIF after a 3 h drug treatment is compared
to doxorubicin and epidoxorubicin, coupled with the in Table 1 with growth inhibition by DOX and EPI.
observed toxicity of Doxoform and Epidoxoform to resistant Doxoform inhibits the growth of PC-3 and DU-145 cells 50-
MCF-7/Adr cells prompted a comparison of the effect of and 80-fold better, respectively, than DOX, and EPIF
these drugs on the metastatic prostate cancer cell lines, inhibits the growth 6- and 15-fold better than EPI [40]. The
LNCaP, PC-3, and DU-145. PC-3 and DU-145 are improved toxicity of the conjugates is less dramatic with the
completely hormone resistant, while LNCaP cells are less resistant LNCaP cells.
relatively hormone resistant [37-39].

Drug uptake and release of the four drugs was monitored
A. Drug uptake by DU-1 45 Cells by flow cytometry. In general, all three cell lines took up

25- more of the respective formaldehyde conjugate than the
, .clinical drug and retained the drug longer [40]. Uptake

during the 3 h drug treatment period followed by drug
* release for a 6 h period is shown for DU-145 cells in Fig.

20 (9). As observed with breast cancer cells, EPIF is taken up
more slowly, and the rate parallels the hydrolysis rate to the

C Jactive metabolite. Further, drug uptake does not simply
5 parallel cytotoxicity. DU-145 cells take up approximately

twice as much EPIF chromophore as DOXF chromophore,
but the IC50 value for DOXF is about 9-fold smaller than

fa the IC50 value for EPIF. As with breast cancer cells the
lo- 1relative toxicity of the conjugates appears to be inversely

A- Vt44S *oft wohOW (Pt . DU-'1 4S ~ wefl WhtP
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0-
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time (h)
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()Fig. (10). Fluorescence micrographs of resistant DU-145
Fig. (9). Comparison of the uptake and release of EPIF, EPI, prostate tumor cells after treatment for 3 h with 0.5 mol
DOXF, and DOX by resistant DU-145 human prostate cancer equiv/L of EPIF (column A) or EPI (column B) and 6 h after
cells. Cells were treated with 0.5 mol equiv/L of drug for 3 h, drug removal. Drug is highlighted in red, and nuclei, visualized
and drug in cells was determined by flow cytometry, measuring with the nuclear stain DAPI, are highlighted in cyan. Both
drug fluorescence. drugs appear in the nuclei but EPIF is retained longer than EPI.
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Table 2. National Cancer Institute (NCI) In-Vitro Human Tumor Cell Screen and Tumor Cell Resistance Parameters

log G150 (M) rhodamined

Panel/Cell Line EPIFT DOXb EPIc efflux mdr-1d MRPd LRpd

Leukemia

CCRF-CEM -8.52 -7.46 -7.35 35 0.4 1.2 0.0

HTL-60 (TB) -8.57 -7.29 -7.24

MOLT-4 -8.60 -7.96 -7.77

RPMI-8226 -8.31 -7.35 -7.26

Non Small Cell Lung Carcinoma (NSCLC)

A549/ATCC J -7.89 -7.14 -7.10

EKVX J -7.07 -6.17 -6.52

HOP-62 -7.66 -7.30 -6.82 62 3.4 1.3 1.7

HOP-92 -7.82 -7.09 -6.51

NCI-H226 -7.44 -7.29 -7.36

NCI-H23 -7.92 -6.96 -7.12

NCI-H322M -7.55 -6.31 -6.04

NCI-H460 1 -8.35 -8.33 -7.60

NCI-H522 -8.17 -7.22 -6.72

Colon Cancer

COLO 205 -7.90 -6.67 -6.30

HCC-2998 -7.12 -6.63 -6.51 -5 0.1 1.1 2.0

HCT-116 -7.78 -7.18 -7.17 26 5.8 1.8 2.5

HCT-15 -6.93 -5.88 -5.41 414 457 1.6 0.1

HT29 -7.70 -6.73 -6.51

KM12 -7.34 -6.56 -6.43

SW-620 -7.98 -7.12 -6.91 31 19.4 0.8 0.3

Central Nervous System Cancer

SF-268 -8.20 -6.96 -6.66 1
SF-295 -7.51 -7.04 -6.68 91 8.3 1.6 0.8

SF-539 -8.26 -7.16 -6.71

SNB-19 -7.82 -7.31 -7.04

SNB-75 -8.12 -7.04 -6.60

U251 -8.11 -7.39 -7.07 -19 2.7 1.1 0.1

Melanoma

MALME-3M -7.80 -7.16 -6.85 [

M14 -7.30 -6.66 -6.37

SK-MEL-2 -7.64 -6.63 -6.70 11 2.8 0.8 0.1

SK-MEL-28 -7.31 -6.56 -6.23

SK-MEL-5 -7.35 -7.17 -6.95 12 13_ 2.3 1.6
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(Table 2). contd.

log G150 (Mt) _______1rhodamnined11

Panel/Cell Line EPIFP DOXb EPIc efflux mdr-1 d MRPd LRpd

UACC-257 -7.28 -6.66 -6.47

UACC-62 -8.30 -7.19 -6.82

Ovarian Cancer

IGROVI -7.76 -6.87 -6.57 I I Ii

OVCAR-3 -7.33 -6.40 -6.33 [ I

OVCAR-4 -6.98 -6.19 -5.92 -4 0.1 2.0 1.0

OVCAR-5 -7.05 -6.28 -6.14 t
OVCAR-8 -7.75 -6.88 -6.70

SK-OV-3 -6.88 J -6.66 -6.39 1
Renal Cancer

786-0 -8.10 -7.31 -7.00 -44 18.4 0.5 1.5

A498 -8.42 -6.98 - 108 71

ACHN -8.09 -7.21 -6.57 120 31 0.0 1.5

CAKI- 1 -7.76 -6.77 -6.57 171 177 0.4 2.3

SNI2C -7.80 -7.04 -6.77 -86 2.2 0.4 1.5

TK-10 -6.63 -6.39 J -6.14

UO-31 -6.84 -6.13 j -5.72 244 749 1.8 2.4

Prostate Cancer

PC-3 J -7.30 -6.70 -6.62

DU-145 -7.92 -6.83 -6.57

Breast Cancer

MCF-7/ADR-RES -6.49 -4.78 -I I
MDA-MB-231/ATCC -7.32 -6.41 -6.02

HS-578T -7.21 -6.71 -8.00

MDA-MB-435 -7.19 -6.51 -6.21

MDA-N -7.28 -6.58 -6.86

BT-549 -6.93 -6.62 -6.36

T-47D -7.16 -7.04 -7.03

Mean

-7.64 -6.87 -6.70

aSingle determination with log maximum concentration (M) = -4.6; bAverage ofmultiple determinations with log maximum concentration (M) = -4.6; CSingle determination

with log maximum concentration (M) = -4.0; dValues obtained from the NCI Developmental Therapeutics Program web site: http://dtp.nci.nih.gov/; MRP (multidrug
resistant protein), LRP, lung resistant protein.

related to the drug release rate; the EPIF chromophore is with the highly resistant MCF-7/Adr cells which reject the
released more rapidly than the DOXF chromophore from clinical drugs from the nucleus (Fig. (6)). The fluorescence
DU-145 cells and MCF-7/Adr cells. Fluorescence micrographs of DU-145 cells also show qualitatively longer
microscopy shows the nucleus to be a major target for both retention of chromophore from treatment with EPIF than
the clinical drugs and their formaldehyde conjugates as from treatment with EPI (compare micrograph in column A,
shown with DU-145 cells in Fig. (10) [40]. This contrasts row c, with the micrograph in column B, row c).
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NCI 60 Human Tumor Cell Screen (http://dtp.nci.nih.gov/). Doxorubicin and daunorubicin
ranked I and 2 with Pearson correlation coefficients of 0.78

Epidoxoform has recently been evaluated in the National and 0.76, respectively. Compounds with rank of 20 or better
Cancer Institute human tumor cell screen which includes 60 included primarily topoisomerase II inhibitors:
cell lines in 8 panels: leukemia, non small cell lung anthracyclines (4'-deoxydoxorubicin, Rubidazone, and
carcinoma, colon cancer, central nervous system cancer, Menogaril), mitoxantrone and its congeners (bisanthrene,
melanoma, ovarian cancer, renal cancer, prostate cancer, and oxanthrazole, anthrapyrazole), teniposide and etoposide.
breast cancer. Growth inhibition by EPIF is compared with Strong similarity to doxorubicin and daunorubicin and other
growth inhibition by DOX and EPI in Table 2. The screen topo II inhibitors is consistent with Epidoxoform serving as
utilizes a 48 h drug treatment period instead of the 3 h drug a prodrug to the active metabolite of epidoxorubicin. The
treatment period for the measurements reported in Table 1. Pearson correlation coefficients are not as high as observed
Values are reported as the log of the concentration which when doxorubicin or epidoxorubicin is similarly analyzed.
inhibits half of the growth, and no correction is included for This may result from Epidoxoform's ability to overcome
EPIF bearing two reactive drug equivalents. Measures offour some resistance mechanisms.
components of the multidrug-resistant (MDR) phenotype are
also reported for some of the cell lines. These include two Researchers at NCI observed strong correlation of
measures of P-170 glycoprotein (Pgp) efflux pump Epidoxoform with rhodamine efflux using COMPARE to
(rhodamine efflux and mdr-1 expression) and measures of the relate EPIF to molecular targets; the Pearson correlation
multidrug resistance protein (MRP) and the lung resistance- coefficient was 0.82. However, only modest correlation with
related protein (LRP). Pgp and MRP are ATP dependent, rhodamine efflux and mdr-1 expression is evident from the
membrane bound proteins which shuttle cytotoxic agents out data in Table 2, looking at three of the cell lines used by
of the cell. Pgp pumps out postively charged and NCI in their current MDR screen. The three cell lines in
hydrophobic xenobiotics [41]; whereas, MRP pumps out order of increasing MDR are CAKI, UO-31 and HCT-15.
anionic species, often created through association with The G150 values from EPIF treatment of the more resistant
anionic glutathione [42]. LRP is expressed in many multi- UO-31 and HCT-15 cells are on average 8-fold higher than
drug resistant cancer cells and has been identified as the for the more sensitive CAKI cells. However, the G150 values
human major vault protein involved in nucleo-cytoplasmic from DOX and EPI treatment of the more resistant cells are
transport [43]. The data in Table 2 show EPIF to be more on average 30-fold and 85-fold higher than from EPIF
active than EPI in all but one cell line and more active than treatment of CAKI cells, respectively, even with correction
DOX in 90% of the cell lines. The mean values over all 60 for EPIF being dimeric. The modest correlation of GI50
cell lines show EPIF to be approximately 0.7 log more toxic values for EPIF with rhodamine efflux might actually result
to tumor cells than EPI and 0.5 log more toxic than DOX, from hydrolysis of EPIF to EPI during the 48 h drug
correcting for EPIF being dimeric. Not surprisingly, the treatment period used in the assay. The resulting EPI would
most dramatic increase in toxicity appears with the more show some toxicity to CAKI cells but much less to UO-31
resistant cell lines. For colon HCT-15 cells, which show the and HCT-15 cells. In vivo, the effect of the EPI from
highest value for rhodamine efflux (a measure of P- hydrolysis of EPIF would be modulated by drug clearance.
glycoprotein activity), the corrected log G150 value for EPIF
is 0.75 better than for DOX and 1.2 better than for EPI. For
renal UO-31 cells, which show the highest value for mdr-1 Epidoxoform Toxicity to Normal Cells
(the gene which codes for P-glycoprotein) and high values for
rhodamine efflux, MRP, and LRP, the corrected log GI50 for Increased toxicity in tumor cells is of little consequence if
EPIF is 0.4 better than for DOX and 0.8 better than for EPI. a similar increase occurs in normal cells. Preliminary mouse
As discussed earlier in this paper, EPIF also significantly experiments at the National Cancer Institute show a
exceeds the toxicity of DOX and EPI with the most resistant maximum tolerated dose for EPIF in nude mice that
breast cancer cell line, MCF-7/Adr, and the most resistant significantly exceeds that for DOX and EPI. Several factors
prostate cancer cell line, DU-145. Although resistance might contribute to an improved therapeutic index for EPIF.
parameters were not available for MCF-7/Adr or DU-145 First, slow hydrolysis allows sufficient time for the drug to
cells from NCI, expression of Pgp is reported by Kreis and reach the tumor. Second, the absence of positive charge on
co-workers as strong for MCF-7/Adr cells and slight for DU- EPIF (or its "active form") may limit cardiotoxicity. Indeed,
145 cells [44]. Of the 8 panels of tumor cells, the more high levels of DOX in heart cells have been attributed to the
dramatic increases in toxicity of EPIF relative to DOX and positively-charged drug associating with negatively charged
EPI occur with leukemia, colon, renal, and prostate panels, cardiolipin in heart cells [46]. Third, since EPIF carries its
Amongst all of the cell lines in Table 2, the largest increase own formaldehyde, it does not require damaging redox
in toxicity occurred with the highly resistant MCF-7/Adr processes to generate formaldehyde. In addition, normal cells
breast cell line in which the clinical drugs are excluded from may survive the covalent bonding of EPIF to DNA upon
the nucleus as shown in Fig. (6). Although the origin of this slowing their growth to allow for repair or hydrolysis of the
nuclear exclusion is unknown, involvement of LRP is a drug-DNA lesion. Intracellular experiments described here
possibility, and extracellular experiments indicate that the virtual

crosslink is an unstable, temporary lesion [2,6,14,15,47].
The data in Table 2 were submitted for COMPARE Hydrolysis of the DNA lesion created with EPIF should

analysis [45] with the standard anticancer agent data base at release EPI, which is relatively rapidly excreted as a
the NCI Developmental Therapeutics web site conjugate with glucuronic acid [48].
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Fig. (11). A. Proposed mechanism for sequestering of iron by clinical drugs through disruption of the iron regulatory machinery. B.
Proposed mechanism for clinical drug-catalyzed formaldehyde production through induction of oxidative stress by the drug iron
complex resulting in virtual crosslinking of DNA by drug.

Anthracycline Disruption of Iron Homeostasis This converts aconitase to iron regulatory protein-i (IRP-1).
IRP-1 binds the iron responsive element of mRNAs for both

A key step in the proposed anthracycline-catalyzed transferrin receptor and ferritin, an iron storage protein. This
production of formaldehyde is drug sequestering of iron. results in increased synthesis of transferrin receptor and
Doxorubicin, daunorubicin, and presumably epidoxorubicin decreased synthesis of ferritin, leading to an increase in
are excellent chelators of iron ions with iron co-ordinated available iron. Increased iron transforms IRP-1 back to
predominantly at the oxygens at the 11- and 12-positions aconitase, reversing iron uptake. No substantial increase in
[49]. However, thermodynamic measurements suggested that available iron would occur by the mechanism except that the
doxorubicin and daunorubicin cannot shift iron from the iron oxidative stress induced by the iron anthracycline complexes
storage and regulatory machinery of the cell [49,50]. causes irreversible damage to aconitase and IRP-1,

disrupting the iron regulatory machinery and iron
New results point to an elaborate pathway for iron homeostasis. This oxidative stress is also responsible for

sequestration by the drugs as summarized in Fig. (11A) formaldehyde production leading to drug-DNA virtual
[51]. A well established metabolic reaction of doxorubicin is crosslinks, as summarized in Fig. (llB).
enzymatic reduction of the ketone at the 13-position to the
alcohol, doxorubicinol. Minotti and co-workers have Upon elucidation of the mechanism by which
reported evidence which suggests that doxorubicinol is able doxorubicinol disrupts iron homeostasis, Minotti and co-
to extract ferrous ion from the iron-sulfur cluster of aconitase. workers suggested two strategies for minimizing doxorubicin



28 Current Medicinal Chemistry, 2001, Vol. 8, No. 1 Taaties and Koch

cardiotoxicity: iron chelating agents such as Dexrazoxane DOX = Doxorubicin (Adriamycin)
(ICRF-187) and inhibitors of the reductase that reduces
doxorubicin to doxorubicinol [51]. However, if our DOXF = Doxoform (doxombicin-formaldehyde
mechanism for cytotoxicity is correct, these strategies would conjugate)
also inhibit tumor cell toxicity of the clinical drugs. Of
course, tumor cell toxicity of the anthracycline-formaldehyde EPI = Epidoxorubicin (Epirubicin)
conjugates might not be so inhibited because the conjugates
do not require additional formaldehyde. Clinical studies EPIF Epidoxoform (epidoxorubicin-
indicate that Dexrazoxane is cardioprotective but that it may formaldehyde conjugate)
also interfere with the anti-tumor activity of doxorubicin
[52]. G = Deoxyguanosie

LRP = Lung resistance-related protein

CONCLUSION MDR = Multidrug resistance

Extracellular reactivity and structural studies together NCI = National Cancer Institute
with intracellular measurements of toxicity, uptake,
targeting, and release of clinical anthracyclines and their MRP Multidrug resistance protein
synthetic, formaldehyde conjugates support a DNA covalent
bonding mechanism for toxicity of the clinical Pgp = 170 glycoprotein
anthracyclines. The mechanism involves drug catalyzed
production of formaldehyde through induction of oxidative
stress, covalent bonding of formaldehyde to drug at its 3'- REFERENCES
amino group, and covalent attachment of drug via the
formaldehyde at the 2-amino group of a G-bases. The [1] Taatjes, D.J.; Fenick, D.J.; Gaudiano, G.; Koch, T.H.
combination of covalent bonding, hydrogen bonding and Current Pharmaceutical Design 1998,4,203.
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A rapid and highly sensitive method for the detection of able interest as the compound reflects the physiological state of
formaldehyde utilizing selected ion flow tube-chemical tumor-bearing mice and human subjects,5- 7 as well as oxidative
ionization mass spectrometry is reported. Formaldehyde stress in rats induced by treatment with xenobiotics 3 and an
in aqueous biological samples is preconcentrated by antitumor drug.4 In our laboratory, formaldehyde levels were
distillation and directly analyzed using gas-phase thermal recently measured in human breast cancer cells in vitro, after
energy proton transfer from H30+; this procedure can be treatment with various anthracycline antitumor drugs,8 Low-
performed in 30 min. The method detection limit for molecular-weight carbonyls, including formaldehyde, are highly
formaldehyde based on seven replicate measurements of volatile and reactive. Furthermore, many of these compounds do
reference water samples (2.5 mL) is 80 nM at the 99% not possess a chromophore. Analytical derivatization has thus been
confidence level. Detection is linear up to 130 yM. This a common and lengthy step in their detection. Quantification of
technique allows the first measurement of natural form- trace levels of formaldehyde in biological samples is probably the
aldehyde levels in human cancer cells in vitro. Elevated most challenging of these as contamination of solvents is a
levels of formaldehyde relative to the reference water are common problem.9 Large concentrations of background formal-
observed for doxorubicin-sensitive cells (MCF-7 breast dehyde can easily degrade the actual limit of quantitation even
cancer, K562 leukemia, HeLa S3 cervical cancer) with when the intrinsic detection limit pertinent to the instrument noise
estimated intracellular formaldehyde concentrations rang- is extremely small.
ing from 1.5 to 4.0 pM, whereas formaldehyde in doxo- A conventional formaldehyde determination with the Hantzsch
rubicin-resistant MCF-7/Adr breast cancer cells is essen- reaction utilizes derivatization with the Nash reagent followed by
tially at reference level. This trend is inverted for prostate colorimetry. 10 An advantage of this reaction is the specificity to
cancer cells LNCaP (sensitive) and DU-145 (resistant). formaldehyde; interference is significant only when there are large
Correlation of natural formaldehyde level with doxorubicin amounts (-100-fold excess) of acetaldehyde. The detection,
cytotoxicity is a function of the expression of enzymes that however, is not exceedingly sensitive; a minimum detectable
neutralize oxidative stress and the drug effiux pump, concentration is reported to be -50 pM," although '-5,M might
P-170 glycoprotein. be inferred from the absorbance data alone.10 Many other

derivatization methods involve separation of derivatives before
Formaldehyde is ubiquitous in the environment and is com- detection. Ebeler et al. used derivatization to thiazotidines followed

monly found in air, water, and industrial products. The compound by gas chromatographic (GC) separation in determining the
is known to be mutagenic and carcinogenic. Because of the concentrations of small aldehydes in various tissues of mice5 and
adverse health effects, ambient, occupational, and consumer in expired air from mice and human subjects. 6 With the nitrogen
exposures to formaldehyde have been an issue of serious concern, phosphorus detector, the limit of quantitation for formaldehyde
Analytical chemistry and toxicology of this specific compound have was 22 uM (0.67 of formaldehyde/mL of homogenate).5 Two
been extensively discussed.' Formaldehyde and other carbonyls current standard methods employ derivatizations of carbonyls with
are also a biological consequence of lipid peroxidation following

oxidative stress,2-4 both physiological and chemically induced. (5) Ebeler, S. E.; Hinrichs, S.; Clifford, A. J.; Shibarnoto, T. J. Chromatogr., B

Recently, biological assay of formaldehyde has been of consider- 1994, 654, 9-18.
(6) Ebeler, S. E.; Clifford, A. J.; Shibamoto, T. ]. Chromatogr., B 1997, 702,

211-215.
(1) Formaldehyde: Analytical Chemistry and Toxicology, Turoski, V., Ed.; (7) Spanel, P.; Smith, D.; Holland, T. A.; Singary, W. A.; Elder, J. B. Rapid

Advances in Chemistry Series 210; American Chemical Society: Washington, Commun. Mass Spectrom. 1999, 13, 1354-1359.
DC, 1985. (8) Kato, S.; Burke, P. J.; Fenick, D. J.; Taatjes, D. J.; Bierbaum, V. M.; Koch,

(2) Tamura, H.; Kitta, K; Shibamoto, T.1. Agric. Food Chem. 1991, 39, 439- T. H. Chem, Res, Toxicol. 2000, 13, 509-516.
442. (9) Cancilla, D. A.; Que Hoe, S. S.J. Chromatogr. 1992, 627, 1-16.

(3) Shara, M. A.; Dickson, P. H.; Bagchi, D.; Stohs, S. J.]. Chromatogr. 1992, (10) Nash, T. Biochem. J. 1953, 55, 416-421.
576, 221-233. (11) Kottes-Andrews, B. A.; Reinhardt, R M. In Formaldehyde: Analytical

(4) Bagchi, D.; Bagehi, M.; Hassoun, E. A.; Kelly, J.; Stohs, S. J. Toxicology 1995, Chemistry and Toxicology, Turoski, V., Ed.; Advances in Chemistry Series
95, 1-9. 210; American Chemical Society: Washington, DC, 1985; Chapter 7.
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2,4-dinitrophenylhydrazine (DNPH) and O-(2,3,4,5,6-pentafluo- organics including carbonyls have greater proton affinities than
rophenyl)methylhydroxylamine hydrochloride (PFBHA). The hy- water. Spanel et al. coupled the selected ion flow tube (SIFT)

drazone and oxime derivatives are separated typically by high- technique with the CIMS detection to measure formaldehyde in
performanceliquid chromatography (HPLC) and byGC,respectively. the headspace of urine samples from prostate and bladder cancer
Shara et al. first applied the DNPH derivatization of formaldehyde patients.7 The reported detection sensitivity of 10 ppb in the gas
to a biological sample, i.e., enhanced excretion of formaldehyde phase can be converted to -20,uM in urine by using the Henry's
in the urine of xenobiotic-exposed rats.3 The limit of detection law constant.2 3 We recently used a similar SIFT-CIMS approach
from the standard addition technique was exceptionally low: 0.5 to measure formaldehyde in the headspace of aqueous lysates of
pmol of formaldehyde hydrazone in a 20-jiL aliquot injected (0.025 breast cancer cells, both sensitive and resistant, which had been

MM).3 The PFB1HA method is relatively new and reviewed cultured and treated with the anthracycline antitumor drugs,
extensively by Cancilla and Que Hee. 9 This method takes doxorubicin and daunorubicin.8 The instrument stability and
advantage of mass spectrometric (MS) detection, which provides extremely low noise signal at the m/z of CH 20H+ allowed the
additional information on the molecular weight for identifying limit of quantitation to be as low as 5/uM in the lysate solution.
unknown carbonyls.12 fe PFolHA derivatization has been widely These in vitro measurements of formaldehyde have contributed
used for detection of formaldehyde and other carbonyls in to understanding of anthracycline antitumor drug mechanisms
environmental samples.9,13,14 For biological samples, however, and tumor cell resistance mechanisms. While formaldehyde levels
contamination of solvents by short-chain aldehydes has limited for untreated cells were at background within the detection limits,
the application of this method to larger aldehydes. 9,15 For both elevation of formaldehyde was observed for drug-treated sensitive
derivatization methods, a technique based on simultaneous sorp- cells but not for resistant cells.8 The elevation of formaldehyde in
tion and derivatization on a resin has recently been reported to sensitive cells is consistent with a mechanism of drug cytotoxicity
simplify and expedite sample preparation procedures.16  that involves induction of oxidative stress culminating in the

More recently, proton transfer-chemical ionization mass spec- production of formaldehyde among other products; the drug-
trometry (PT-CIMS) has been shown to be a powerful approach sensitive cancer cells are known to have lower levels of enzymes
for the on-line, simultaneous detection of volatile organic com- that neutralize oxidative stress. 2 4 The formaldehyde that is
pounds from a variety of samples, ranging from environmental produced then binds the drug molecule to the cell DNA, most
and biological samples to consumer products.17 ,18 Volatile species likely leading to strand breaks in conjunction with topoisomerase
are continuously removed from liquid or solid samples, extracted 11.25 An alternative explanation for the observed lower levels of
into the gas phase, and immediately analyzed without the need formaldehyde in drug-treated resistant cells is the overexpression
for derivatization or preseparation. As a consequence, sampling of an active drug efflux pump, the multidrug resistance protein
and analysis are executed very rapidly in a matter of seconds. In P-170 glycoprotein.2 4,26 We now hypothesize that formaldehyde
addition, the PT-CIMS method is highly sensitive and easily levels in untreated cancer cells can be a prognostic indicator of
quantified. The capability for detection without preseparation response to anthracycline antitumor drugs. Higher levels may
results from the mild and universal mode of chemical ionization. indicate a fertile environment for drug-induced formaldehyde
When hydronium ion H30+, the most commonly used precursor production. However, despite the highly sensitive detection with
reagent, collides with formaldehyde, the ion-molecule reaction the SIFT-CIMS, natural levels of formaldehyde in cancer cells were
proceeds very rapidly (k = 3 x 10-9 cm3 s-1) 19,2° to produce too low to be determined in vitro.8

exclusively protonated formaldehyde. The proton-transfer reaction The above hypothesis can be examined by using techniques
is exothermic by 5.2 kcal/mo12 l and has been comprehensively with significantly improved detection sensitivities. In the present
explored by Hansel et al.22 Many organic compounds can be paper, we describe a highly sensitive method, i.e., preconcentra-
similarly detected as corresponding protonated ions since most tion-SIFT-CIMS, by which formaldehyde in liquid samples is

distilled and collected before CIMS analysis. This method removes
(12) Yu, J.; Jeffries, H. E.; Le Lacheur, R. M. Environ. Sci. Technol. 1995, 29, disti inheren infthe IMS saling mod rmal-

1923-1932. limitations inherent in the headspace sampling mode of formal-
(13) Glaze, W. H.; Koga, M.; Cancilla, D. Environ. Sci. Technol. 1989, 23, 838- dehyde detection (as discussed below) and proves to be one of

847. the most sensitive methods for directly measuring formaldehyde
(14) Bao, M.-A.; Pantani, F.; Griffini, 0.; Burrini, D.; Santianni, D.; Barbieri, K J.

Chromatogr., A 1998, 809, 75-87. levels in biological samples. We apply this technique to the
(15) Yazdanpanah, M.; Luo, X.; Lau, R; Greenberg, M.; Fisher, L. J.; Lehotay, determination of natural formaldehyde levels in several types of

D. C. Free Radical Biol. Med. 1997, 23, 870-878. human cancer cells with varied drug resistance, and we explore
(16) Breckenridge, S. M.; Yin, X; Rosenfeld, J. M.; Yu, Y. H. J. Chromatogr., B

1997, 694, 289-296. the correlation between anthracycline toxicity and natural form-
(17) Lindinger, W.; Hansel, A.; Jordan, A. Int. J. Mass Spectrom. Ion Processes aldehyde levels.

1998, 173, 191-241.
(18) Smith, D.; Spanel, P. Int. Rev. Phys. Chem. 1996, 15, 231-271.
(19) Adams, N. G.; Smith, D.; Grief, D. Int. J. Mass Spectrom. Ion Phys. 1978, EXPERIMENTAL SECTION

26, 405-415. Materials. MCF-7 human breast adenocarcinoma cells and
(20) Mackay, G. I.; Tanner, S. D.; Hopkinson, A. C.; Bohme, D. K Can. J. Chem.

1979, 57, 1518-1523. HeLa S3 human cervical adenocarcinoma cells were obtained from
(21) (a) Uas, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. D.;

Mallard, W. G. J. Phys. Chem. Ref Data 1988, 17 (Suppl. 1). (b) NIST (23) CRC Handbook of Chemistry and Physics, 75 ed.; Lide, D. R., Ed.; CRC
Negative Ion Energetics Database (Version 3.01); NIST Standard Reference Press: Boca Raton, Ft, 1994.
Database 19B, 1993. (c) NlST Chemisty WebBook, NIST Standard Reference (24) Sinha, B. K; Mimnaugh, E. G. Free Radical Biol. Med. 1990, 8, 567-581.
Database Number 69, November 1998 release. (25) Taatjes, D. J.; Fenick, D. J.; Gaudiano, G.; Koch, T. H. Curr. Pharm. Des.

(22) Hansel, A; Singer, W.; Wisthaler, A.; Schwarzmann, M.; Lindinger, W. Int. 1998, 4, 203-218.
J. Mass Spectrom. Ion Processes 1997, 167/168, 697-703. (26) Gottesmann, M. M.; Pastam, I. Annu. Rev. Biochem. 1993, 62, 385-427.
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Figure 1. Preconcentration-SIFT-CIMS apparatus.

American Type Culture Collection (Rockville, Maryland). MCF- room temperature for 30 min. In contrast to the previous study
7/Adr, an Adriamycin-resistant subline, were provided by Dr. in which the overall lysate was directly analyzed, the lysed sample
William W. Wells (Michigan State University, East Lansing, MI). was centrifuged at 3000g for 8 min at 20 °C to separate out solid
K562 human chronic myeloid leukemia cells were provided by residue, and the supernatant solution in 2.5 mL was subjected to
Prof. Natalie Ahn (University of Colorado, Boulder, CO). LNCaP preconcentration-SIFT-CIMS for the assay of formaldehyde. The
human metastatic prostate adenocarcinoma cells and DU-145 supernatant solution is designated as the "lysate" sample in the
human metastatic prostate carcinoma cells were provided by Dr. present study. For a control, the solid residue comprising
Andrew Kraft (University of Colorado Health Sciences Center, macromolecules such as proteins and nucleic acids was resus-
Denver, CO). All tissue culture materials were obtained from pended in Millipore water (2.5 mL), adjusted to pH 2.9-3.0, and
Gibco Life Technologies (Grand Island, NY). Millipore water is allowed to stand at room temperature for -5 h, and formaldehyde
defined as distilled water further purified with a Milli-Q UF Plus was analyzed similarly with preconcentration-SIFT-CIMS.
water purification system to 18.2 MQ cm resistivity. Complete, SIFT-CIMS Apparatus. A schematic diagram of the precon-
Mini protease inhibitor cocktail tablets were obtained from centrafion-SIFT-CIMS apparatus is shown in Figure 1. Details of
Boehringer Mannheim (Indianapolis, IN). the SIFT-CIMS instrument and operation have been described

Cancer Cell Samples. Six human cancer cell lines were elsewhere.8,27 In the source flow tube, electron impact on helium
maintained in vitro: MCF-7, MCF-7/Adr, K562, HeLa S3, LNCaP, (0.25 TorT) generated He- and metastable He*, which then
and DU-145. Reagents and procedures in the cell culture and reacted with water vapor added downstream in a series of
processing have been described previously.8 Except for K562 reactions to form primarily H30+ ions, The source ions were
leukemia cells, which grow in suspension, cultured adherent cells extracted into the SIFT quadrupole mass filter to allow mass
were dissociated from culture flasks by trypsinization for 5 min selection of H30+, which was then injected into the second
at 37 °C. The average diameters of cancer cells after release with reaction flow tube containing helium carrier gas (0.5 Torr) at 300
trypsin were determined under a microscope to be 23 (±2), 23 K The injected ions are quickly thermalized by collisions with
(±2), 21 (±2), 18 (±2), 17 (+2), and 14 (+2) um, respectively, helium buffer, and only thermal energy ion-molecule reactions
Cells from several flasks were collected, counted, and pelleted take place in the reaction flow tube region between the injected
by centrifugation at 300g for 8 min at 20 'C. The supernatant was ions and gaseous analyte from the distillation sampler (Figure
removed and cells were subjected to formaldehyde assay; the 1). Reactant and product ions were extracted through the detection
previous study found higher concentrations of formaldehyde inside sampling orifice into the detection mass filters consisting of triple
the cells compared to the cell culture media. Cells were resus- quadrupoles (Q1-Q3). In the present study, Q3 was used for mass
pended in 5 mL of buffered saline and centrifugation was repeated. selection while Q1 and Q2 provided efficient ion transport. Mass-
This cycle of saline wash was conducted twice. The pellet was resolved ions were detected with the electron multiplier. Count
then resuspended in 2.6 mL of Millipore water, and protease rates for H30+ ions were typically 75 000 counts/s. The ion signal
inhibitors in 0.4 mL of Millipore water were added to quench at m/z 31 (CH 2 OH+) indicated the presence of formaldehyde.
enzymatic reactions following cell lysis. The cells were mechani- Measurement Procedure. A cell sample solution (2.5 mL)
cally lysed at 1200 psi with a French press. The lysed solution was contained in a vacuum-tight flask (-40 mL) immersed in a
was adjusted to pH 2.9-3.0 by adding -30 pL of hydrochloric (27) Van Doren, J. M.; Barlow, S. E.; DePuy, C. H.; Bierbaum, V. M. Int. I Mass

acid (1.2 M), and the resultant mixture was allowed to stand at Spectrom. Ion Processes 1987, 81, 85-100.
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water bath at 50 °C and slowly distilled under vacuum to dryness

over -20 min while being vigorously agitated with magnetic 200 - Region of
stirring (Figure 1). Water vapor was condensed in a trap cooled ° integration
to -63.6 'C with a chloroform slush bath while formaldehyde was I 150 -
condensed in a small U-trap (Pyrex, -7 cm 3 in volume) cooled to 0

-196 °C with liquid nitrogen. The stainless steel transfer line and +-=" 100 -
valves between the flask and chloroform-cooled trap were kept at 0,
60 'C to prevent condensation. The U-trap was warmed to room valve

temperature, the inlet valve on the trap was opened, and I 50 opened

formaldehyde was directly introduced into the reaction flow tube
for SIFT-CIMS analysis. The formaldehyde signal was monitored 0

with a dwell time of 1 s/channel while the detection quadrupole 120 130 140 150 160 170 180 190 200

(Q3) was tuned to m/z 31 (CH2OH+). Before each measurement, Time (sec)
the transfer line after the U-trap valve was passivated with water Figure 2. Formaldehyde signal (CH2 OH+ ion count at m/z 31)
vapor to reduce the formaldehyde contaminant from the inlet obtained from preconcentration-SIFT-CIMS of a K562 leukemia cell

surfaces8 while being evacuated to the low-pressure flow tube. lysate. Dwell time, 1 s; region of integration, 30 s.

This procedure was employed to minimize the background signal
of formaldehyde. Cell samples (lysate or solid residue) were Henry's law constant.2 3 Rates for the extraction of formaldehyde
measured between "reference" samples, i.e., fresh solutions of into the gas phase become slower for more dilute samples; for
Millipore water plus protease inhibitors in 2.5 mL (pH 3.0, HCI), very low levels of formaldehyde, the instrument noise becomes
and elevation (or depletion) of formaldehyde was measured with comparable to the ion signals.
respect to the reference. At least three reference samples were 2. Formaldehyde Detection with Preconcentration-SIFT-
measured in a 1-day experiment. The calibration curve was CIMS. Figure 2 shows an example of formaldehyde signal (CHz-
constructed using freshly prepared dilute solutions of formalin OH+ at m/z 31), obtained from distillation of a K562 leukemia
(2.5 mL) of up to 130,uM. Complete measurements for all cell cell lysate. The transfer line after the U-trap valve (Figure 1) was
lines (some were repeatedly cultured and measured) required a opened to the flow tube for a few minutes before sample
few months, with the experiment cycle primarily determined by introduction, during which time the background signal at m/z 31
the cell culture step. Formaldehyde signals from each measure- was found to be very small (<1 count/s on average). When the
ment were normalized to both the parent ion intensity for H30+ U-trap valve was opened, ion counts due to formaldehyde
and relative instrument sensitivity for CH20H+, both of which were increased immediately and then returned to the original level in
regularly monitored. For calibrating the relative sensitivity for a matter of seconds. The total formaldehyde counts were obtained
formaldehyde, a 40-mL flask containing a fresh dilute solution of by integrating the signal over the peak area with a region of
formalin (5 mL, 1300 uM) was directly attached to the flow tube interest of 30 s. The entire procedure is fairly simple and rapid;
inlet, in place of the distillation sampler, and the formaldehyde distillation takes -20 min followed by the SIFT-CIMS measure-
signal was measured via headspace sampling8 in comparison with ment in 3 min as demonstrated above.
the parent H30+ intensity. The calibration curve obtained from distillation of dilute

RESULTS AND DISCUSSION formalin solutions was found to be linear over the concentration

1. limitations in Formaldehyde Detection with Head- range studied (R2 = 0.994 up to 130,uM). Total formaldehyde

space Sampling. Water vapor is inherently introduced into the counts from cell lysate, solid residue, or reference samples are

flow tube by headspace sampling of aqueous solutions. This converted to aqueous formaldehyde concentrations by using the

significantly reduces the detection sensitivity of formaldehyde. calibration curve. No difference was observed between the

Protonated formaldehyde CH 2OH+ readily binds with water, and formaldehyde signals from Millipore water, Millipore water at pH

this cluster CH2OH+-H 20 reacts with a second water molecule to 3.0 (HCI), and the reference sample, i.e., Millipore water plus

form formaldehyde and H30+.H 2 0.2 2 Although a drift field can protease inhibitors at pH 3.0 (HCI). This ensures that contamina-

be employed to dissociate the CH2OH+.H 2O cluster, back proton tion or interference by hydrochloric acid or protease inhibitors is

transfer from CH 2OH+ to water becomes significant in a drift field negligible. Formaldehyde detected from the reference samples

in the presence of excess water vapor.22 Therefore, the overall ranged from 0.17 to 0.43 uM (250-650 counts of protonated

detection sensitivity for formaldehyde cannot be dramatically formaldehyde). These values are compared to those determined

enhanced. in Millipore water using the PFBHA derivatization method (0.03-

In an alternative approach, we used a cold trap (-63.6 °C) or 0.17/UM).13

a phosphorus pentoxide cartridge to selectively remove water The method detection limit (MDL), a performance criterion

vapor; passing the headspace gas through the trap or over the for chemical analysis, was estimated by the procedure described

P20 5 bed was found to increase the detection sensitivity of by Glaser et al.28 Seven replicate reference samples of Millipore

formaldehyde by 1 order of magnitude (40.5 MM). However, the water plus protease inhibitors (pH 3.0, 2.5 mL), which are naturally

resulting sensitivity enhancement was still insufficient for measur- loaded with trace formaldehyde (-0.44yM), were analyzed by

ing natural formaldehyde levels in cell lysates. Formaldehyde is preconcentration-SIFT-CIMS. The MDL was calculated from

highly soluble in water and its extraction into the gas phase is (28) Glaser, J. A; Foerst, D. L; McKee, G. D.; Quave, S. A; Budde, W. L Environ.
the limiting step in headspace sampling, as reflected in the poor Sci. Technol. 1981, 15, 1426-1435.
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3.143oc,- at the 99% confidence level to be 0.08 y1 M (-130 counts 1400 MCF-7
of protonated formaldehyde). This is a more conservative limit lysate

for the quantitation of formaldehyde than the limit of 0.007 jM 1200 -

(-10 counts of protonated formaldehyde), which is estimated from 0 (residue)_
the background signal at m/z 31 (Figure 2). The limit of + 1000 - MCF-7 (rsde

quantitation for the distillation sampling method exceeds that for 1- /Adr MCF-7 MCF7
headspace sampling (-5 jM) by nearly 2 orders of magnitude. /Adr

The enhanced sensitivity benefits from both excellent separation -
of formaldehyde from water (vapor pressures of formaldehyde 600 -

and water are 68 and 5.3 x 10-1 Torr, respectively, at -63 0C)Z:
and formaldehyde being collected and measured in batch for a 102 3 4 5 6

large signal, in contrast to the continuous headspace sampling.' Sample #
In addition, the distillation method is direct and water is the onlysource of contamination. The MDL would be further improved Figure 3. Measurement of natural formaldehyde levels in breast

cancer cells without drug treatment. Key: 2, MCF-7 lysate; 3, MCF-
by reducing formaldehyde in Millipore water. Preconcentration- 7/Adr lysate; 5, MCF-7 residue; 6, MCF-7/Adr residue; 1 and 4,

SIFT-CIMS is one of the most sensitive methods for the quanti- reference samples (Millipore water+ protease inhibitors). All samples
tation of formaldehyde in biological tissues, as demonstrated below at pH 2.9-3.0. Error bars represent ion counting statistics (one

by the measurements of natural formaldehyde levels in cultured standard deviation).

cancer cells.
3. Levels of Natural Formaldehyde inside Cancer Cells.Experimental results from several laboratories suggest that the to cellular nucleophiles such as proteins, nucleic acids, and cell

oxpeimfecinalresults fromporn s ralclaboratoriessugge t a thatmo d , membrane lipids. Formaldehyde also binds with glutathione to
toxicity of the clinically important anthracycline antitumor drugs, form an adduct, S-(hydroxymethyl)glutathione, in aqueous solu-
doxorubicin and daunorubicin, results in part from the ability of tion.34,35 The adduct and free formaldehyde (primarily as meth-

these drugs to induce production of formaldehyde, which is thenused to covalently bind the drug to DNA.i 25 -9 • Resistance to the ylene glycol) are in equilibrium,'4asn from which formaldehyde is
removed upon distillation. The acidic condition also prevents the

anthracyclines can result from overexpression of enzymes that adduct from slowly rearranging to a variety of more complex
neutralize oxidative stress and overexpression of the drug efflux structures. 34 5 Recovery of formaldehyde under the acidic condi-
pump.24,26 Natural levels of formaldehyde were measured here to tion was also examined by measuring formaldehyde in the solid
determine whether the natural level is a prognosticator of tumor residues after centrifugation. The MCF-7 and MCF-7/Adr resi-
cell susceptibility to the anthracyclines. We reasoned that if natural does, resuspended at pH 3, were allowed to stand at room
levels were high, the cells may have lower levels of antioxidants duestresuseended p eriodllowed toistan at to
and/or enzymes that neutralize oxidative stress. temperature for an extended period of '5 h in an attempt toThe natural level of formaldehyde in cancer cells is determined extract remaining formaldehyde (entries 5 and 6, Figure 3).

from nthe l elevati of tormaldehe de signcancerlls ith rpete hed Elevation of CH 2OH+ signal was insignificant for those samplesfrom the elevation of the CH2OH+ signal with respect to the (<90 counts), considerably less than the elevation observed for

reference sample (Millipore water plus protease inhibitors at pH the MCF-7 lysate. Similar measurements were conducted for solid
3.0). Figure 3 shows the results on MCF-7 versus MCF-7/Adr residues of LNCaP and DU-145 cells, and the formaldehyde levels

breast cancer cells along with reference samples. An elevation of resid o be a lls an the frlhe level s~-..00 ouns ofCH2 H~ elaive o rferncewas bsevedfor were found to be essentially at reference level. These results-500 counts of CH2OH÷ relative to reference was observed for
confirm that natural formaldehyde is recovered in lysate samples

MCF-7-sensitive cell lysate, whereas formaldehyde in MCF-7/Adr- under the acidic condition and that chemical reactions of solid
resistant cell lysate was essentially at the reference level. The
elevation observed for MCF-7 is converted to the formaldehyde Results from all cell lines are summarized in Table 1 along
concentration in lysate of 0.33 uM, significantly below the Rsts fro ar

sensitivity with the headspace sampling but well within the w h values for the antitumor drug doxorubicin (DOX).

capability of this method. The formaldehyde concentration inside The IC,% value is a measure of drug toxicity, representing the

cells is calculated from the diameter and number of cells as 1.5 concentration of drug that inhibits half the growth of tumor cells.
The observation of elevated formaldehyde levels in MCF-7-

pM, more than 2 orders of magnitude smaller than those (0.3-1 sen v an o t in MCF-7d
mM)8folowig dug teatentwit phsiolgicl lvel of sensitive cells and not in MCF-7/Adr-resistant cells is consistent

daumforubicng with the observed lower levels of enzymes that neutralize oxidative

stress in sensitive MCF-7 cells.2 4 Sensitive K562 and HeLa S3 cells
Sample solutions were adjusted to pH 3 after cell lysis to als is substti al elevationsof K52  sn a (400-500

reverse Schiff base chemistry to release carbonyls that are bound also displayed substantial elevations of CH20H÷ signal (400-500
counts) and have natural formaldehyde levels similar to those of

(29) Wang, A. H. J.; Gao, Y. G.; Law, Y. C.; Li, Y. K Biochemistry 1991, 30, MCF-7 cells. This correlation between drug toxicity and natural
3812-3815. formaldehyde levels was not detectable within the sensitivity of

(30) Cullinane, C.; van Rosmalen, A; Phillips, D. R. Biochemistry 1994,33,4632- the previous headspace sampling method.8 Formaldehyde levels
4638. in the prostate cancer cells, LNCaP (sensitive) and DU-145

(31) TaatJes, D. J.; Gaudiano, G.; Resing, K.; Koch, T. H.J. Med. Chem. 1997,
40, 1276-1286.

(32) Zeman, S. M.; Phillips, D. R; Crothers, D. M. Proc. Natl. Acad. Sci. USA. (34) Mason, R. P.; Sanders, J. K M.; Crawford, A.; Hunter, B. K. Biochemistry
1998, 95, 11561-11565. 1986, 25, 4504-4507.

(33) Cullinane, C.; Cuts, S. M.; Panousis, C.; Phillips, D. P, Nucleic Acids Res. (35) Naylor, S.; Mason, P. P.; Sanders, J. K M.; Williams, D. H.; Moneti, G.
2000, 28,1019-1025. Biochem. J. 1988, 249, 573-579.

2996 Analytical Chemistry, Vol. 73, No. 13, July 1, 2001



,... ,

Table 1. Natural Formaldehyde Levels in Lysates of Tumor Cells without Drug Treatment and Calculated
Concentrations Inside Cells

entry cell no. of cells (x 106) A[HCHO]a (uM) [HCHO] (uM) inside cellsb IC50 (nM) DOX (3 h),

1 MCF-7 86 0.33 ± 0.03d 1.5 ± 0.4 300f
2 MCF-7/Adr 29 0.01 + 0.02 0.1 ± 0.3 10000f
3 K562 89 0.34 d- 0.03 1.9 ± 0.6 -9
4 HeLa S3 55 0.27 ± 0.02 4.0 ± 1.4 351
5 LNCaP 78 -0.01 ± 0.01e -0.1 ± 0.2e 25i
6 DU-145 94 0.06 ± 0.02e 1.1 ± 0.6e 240i

a Elevated formaldehyde in lysates relative to the reference sample. b Calculated from cell diameters of 23, 23, 21, 18, 17, and 14 ym for entries
1-6, respectively. c IC50 values for doxorubicin (DOX) representing the concentration of drug that inhibits half the growth of tumor cells with a
3-h drug treatment period. d Error bars represent one standard deviation of the ion counting statistics. e Weighted average of two experiments
(see the text). f Reference 36. 9 The IC50 values for K562 are 275 37 and 10 nM38 for 1- and 72-h treatments, respectively. h Reference 39. i Reference
40.

(resistant), are inverted relative to DOX cytotoxicity. Resistant DU- method, although mice with significantly heavier tumor burden
145 cells exhibited a small elevation of -100 counts of CH 20H+, showed excess formaldehyde.6 Urine of cancer patients exhibited
whereas sensitive LNCaP cells showed no elevation above refer- elevation of formaldehyde, but prior or current treatment with
ence. A repeated cell culture/CIMS measurement essentially DOX was not addressed. 7 Our improved method of detection
duplicated the subtle difference. Therefore, a weighted average provides direct access to the natural formaldehyde levels in tumor
over the two measurements is shown in Table 1. The inverted cells.
formaldehyde abundance, however, is consistent with LNCaP cells
showing significantly higher catalase, glutathione peroxidase, and A sensitive technique for the determination of formaldehyde

glutathione reductase activity than DU-145 cells.41 These enzymes in biological samples is demonstrated. Formaldehyde is distilled

play central roles in detoxification of hydrogen peroxide, an and collected from aqueous solutions of cancer cell lysates and

intracellular precursor to formaldehyde. 2 4,42 Drug toxicity to the directly subjected to analysis with CIMS detection under thermal

prostate cancer cells appears to be more strongly correlated with energy conditions. The sensitivity is calibrated by standard dilute

the expression of P-170 glycoprotein drug efflux pump; DU-145 solutions of formalin. Preconcentration by distillation significantly

cells overexpress the pump and LNCaP cells do not. 43 Drug improves the limit of quantitation over headspace sampling, which

cytotoxicity is clearly a complex function of multiple factors, and inherently introduces interfering water vapor. Preconcentration-
natural levels of formaldehyde may be an indicator of one factor, SIFT-CIMS is one of the most sensitive approaches for formal-
a favorable environment for doxorubicin induction of oxidative dehyde detection including the derivatization methods, while being
stress. considerably more rapid. Natural formaldehyde levels in human

These experiments are the first demonstration of measuring cancer cell lines are measured in vitro. A correlation is observed
natural formaldehyde levels in tumor cells in vitro. Previous between the formaldehyde levels and drug cytotoxicity for breast
studies measured formaldehyde levels in various tissues of mice cancer, leukemia, and cervical cancer cells while the toxicity for
with nerve sheath tumors,5 expired air from tumor-bearing mice prostate cancer cells appears to be more complex in origin;
and breast cancer patients,6 and urine of bladder and prostate however, in all cases, the levels of formaldehyde are consistent
cancer patients.7 Elevation of formaldehyde was not conclusive with the levels of antioxidants.

for breast cancer patients prior to chemotherapy, at least in part
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