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Doxazolidine Induction of Apoptosis by a Topoisomerase Il Independent Mechanism
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The mechanism of doxorubicin is compared with that of doxazolidine, a doxorutfarimaldehyde conjugate.

The G, for growth inhibition of 67 human cancer cell lines, but not cardiomyocytes, is 32-fold lower with
doxazolidine than with doxorubicin. Growth inhibition by doxazolidine correlates better with growth inhibition
by DNA cross-linking agents than with growth inhibition by doxorubicin. Doxorubicin induces G2/M arrest
in HCT-116 colon cancer cells and HL-60 leukemia cells through a well-documented topoisomerase I
dependent mechanism. Doxazolidine fails to induce a G2/M arrest in HCT-116 cells but induces apoptosis
4-fold better than doxorubicin. The g for doxazolidine growth inhibition of HL-60/MX2 cells, a
topoisomerase |l deficient derivative of HL-60 cells, is 1420-fold lower than thgfti doxorubicin, and
doxazolidine induces apoptosis 15-fold better. Further, doxazolidine has little effect in a topoisomerase Il
activity assay. These data indicate that doxorubicin and doxazolidine induce apoptosis via different
mechanisms and doxazolidine cytotoxicity is topoisomerase Il independent.

Introduction

Doxorubicin, an anthracycline antibiotic, was discovered as
a Streptomyces metabolite in 196%ince then, it has been
developed as a chemotherapeutic for leukemia, lymphomas
sarcomas, and solid breast, ovary, and lung tumors and continu
to be clinically usefuf Doxorubicin also displays antiangiogenic
properties when applied frequently in small do$Bmxorubicin
is commonly used in combination therapy with other anticancer
chemotherapeutics with different mechanisms of action. Doxo-
rubicin is also commonly delivered in a pegylated liposome to
enhance accumulation in tumds.

The mechanism of doxorubicin cytotoxicity is not totally
understood; however, the following events likely play key
roles: (1) induction of topoisomerase || mediated DNA strand
breaks and (2) induction of reactive oxygen species (ROS
mediated lipid peroxidatiofr.” Despite the controversy about
the mechanism of action, doxorubicin is commonly described
as a topoisomerase Il poiséM.opoisomerases catalyze DNA
unwinding for transcription and replication, which involves
formation of an intermediate called the “cleavable complex.”
Doxorubicin binds the topoisomerase Il cleavable complex,
resulting in double-strand DNA breakdvlore recent studies
have implicated formaldehyde in cancer cell growth inhibition
by doxorubicint®

Doxorubicin reacts with formaldehyde to form doxazolidine,
a doxorubicin-formaldehyde conjugate that bears an oxazoli-
dine ring at its amino sugar (Scheme 1). Further reaction yields
the dimeric conjugate doxoform as shown in Scheme 1. On
average, doxazolidine and doxoform inhibit the growth of
several human cancer cell lines at 600-fold lower concentration
than doxorubicirf Further, doxazolidine and doxoform inhibit
human cancer cell line growth at 200-fold lower concentration

than doxsaliform, a prodrug to an acyclic doxorubicin
formaldehyde conjugate (Scheme'2poxazolidine reacts with
DNA at 5-NGC-3 sites in the minor groove to form a virtual
cross-link of the DNA strands, where N is an unspecified Base.

e’A virtual cross-link involves intercalation of drug coupled with
%ydrogen bonding to one strand and covalent bonding to the

other strand mediated by formaldehyde as shown in Scheme
1.12-19|dentical virtual cross-links are formed from reaction of
DNA with doxorubicin and formaldehyde, but more slovfy.
The high activity of doxazolidine and doxoform is proposed to
result from direct virtual cross-linking of DNA with synchronous
ring opening of the oxazoliding. The lower activity of
doxsaliform, which releases an acyclic doxorubicfarmalde-
hyde conjugate, likely stems from loss of formaldehyde from
the conjugate in competition with cyclization to doxazolidine
as shown in Scheme 2.

Formation of doxazolidine from reaction of doxorubicin with
formaldehyde, together with one cell-free and two cell-based
observations, led the Koch laboratory to propose that doxazo-
lidine is an active metabolite of doxorubicin and that doxorubicin
and doxazolidine share similar mechanisms of action. The cell-
free observation was of irerdoxorubicin catalysis of formal-
dehyde formation using spermine as the carbon source and
glutathione/dioxygen as a redox syst&! The second obser-
vation wa a 3 mMelevation of formaldehyde concentration in
doxorubicin- and daunorubicin-treated cancer c&f8The third
observation was that both doxorubicin and doxoform induced
apoptosis determined by both annexin V staining and DNA
fragmentation measured by the TUNEL assay and gel electro-
phoresig* The difference in activity between doxazolidine and
doxorubicin was explained by inefficiency in production of
formaldehyde and subsequent formation of a doxorubicin
formaldehyde conjugafé. The results presented here now
suggest that doxazolidine induces cell death by a mechanism

* To whom correspondence should be addressed. Phone: 303'492'6193distinct from that of doxorubicin. The new data include a
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oxygen species.
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comparison of doxorubicin and doxazolidine with respect to (1)
cell growth inhibition in cardiomyocytes and a wide variety of
cancer cells, (2) cell cycle distribution and induction of apoptosis
in topoisomerase |l positive and deficient isogenic cell lines,
and (3) inhibition of topoisomerase Il enzymatic activity.
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Scheme 1.Synthesis of Doxazolidine and Doxoform by Reaction of Doxorubicin with Formaldehyde and Virtual Cross-Linking of
DNA at a 3-NGC-3 Site by Doxazoliding
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aN and N represent unspecified, complementary bases. The structure afttha cross-link is also shown with a three-dimensional model, with N equal
to C and N equal to G, created using coordinates from Rutgers Protein Database (PDB code 1D33) for the Wang crystal®>stfuitterdaunorubicin
virtual cross-link of 5CGCGCG-3 using Chem 3D and Pymol.

Scheme 2.Formation and Reaction of Acyclic Doxorubieifrormaldehyde Conjugate from Hydrolysis of Doxsaliform
OH
- doxazolidine + H,O

T~ doxorubicin + HCHO

doxsaliform
o H
N OH OH
HO \—NH HO\/NH
acyclic doxorubicin-
formaldehyde conjugate
Materials and Methods was from Renata Pasqualini (M. D. Anderson Cancer Center).

Human breast carcinoma cell line MCF-7/ADR was from William

lines MiaPaCa-2 and BxPC3 were from David Ross (University Wells (Mlchlga_n State Unlve_rsny)_. Human leukemic cell Iln_e HL-
of Colorado Health Sciences Center). Human prostate carcinoma60 was from Kira Glover (University Qf Colorado Health Sciences
cell lines were from Andrew Kraft (University of Colorado Health ~ C€nter). Human colon cancer cell line HCT-116 was from Bert
Sciences Center). Human non-small-cell lung carcinoma cell line Vogelstein (John Hopkins University). The mitoxantrone resistant
H2122 and human small-cell lung carcinoma cell line SHP-77 were and topoisomerase Il deficient variant HL-60/MXZuman breast
from Daniel Chan (University of Colorado Health Sciences Center). carcinoma cell line MCF-7, human liver carcinoma cell lines Hep
Human melanoma cell line A375 was from Natalie Ahn (University G2 and SK-HEP-1, and rat cardiomyocyte cell line H9c2(2-1) were
of Colorado). Human breast carcinoma cell line MDA-MB-3435  obtained from American Type Culture Collection (Rockville, MD).

Cell Lines and Chemicals.Human pancreatic carcinoma cell
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The MDA-MB-435 cell line was maintained in DMEM medium
supplemented with 10% FBS, penicillin (100 units/mL), strepto-
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Table 1. ICsq Data for Growth Inhibition of Cancer Cells by
Doxorubicin and Doxazolidirfe

mycin (0.1 mg/mL), I-glutamine (2 mM), sodium pyruvate (1 mM),
nonessential amino acids, and vitamins. HCT-116 cell line was
maintained in McCoy’s medium supplemented with 10% FBS,

log(ICsp mol/L)

penicillin (100 units/mL) and streptomycin (0.1 mg/mL). SHP-77,
PC-3, DU-145, BxPC3, MCF-7, MCF-7/ADR, HL-60, and HL-
60/MX2 cell lines were maintained in RPMI 1640 medium
supplemented with 10% FB&sglutamine (2 mM), HEPES buffer
(20 mM), penicillin (100 units/mL), and streptomycin (0.1 mg/
mL). MiaPaCa-2, A375, Hep G2, and SK-HEP-1 cell lines were
maintained in DMEM supplemented with 10% FBS, penicillin (100
units/mL), and streptomycin (0.1 mg/mL). Doxorubicin hydrochlo-
ride was from PolyMed Therapeutics (Houston, TX). Doxazolidine
was synthesized as previously described.

Growth Inhibition Assay. Growth inhibition was determined
as previously describ&twith minor modifications. All cell lines,
except HL-60 and HL-60/MX2, were treated with drug for 3 h,
then allowed to grow until control wells reache®0% confluence

cell line cancer type doxorubicin doxazolidine

SHP-77 small-cell lung >-6.0 —8.7+ 0.07
A375 melanoma —6.7+0.04 —9.0+£0.02
PC-3 prostate —6.5+0.14 —8.0£0.15
DU-145 prostate —6.64+ 0.0 —8.54+0.07
LNCaP prostate —-7.6+0.064 —8.940.06*
MCF-7 breast —6.5% —8.54+ 0.03%
MCF-7/ADR breast —5.240.1% —9.07%°
MDA-MB-435  breast —6.84+ 0.7 —8.0+ 0.02
Hep G2 liver —6.7+£0.09% —8.040.08%°
SK-HEP-1 liver —7.04+0.1% —8.44+0.1%
MiaPaCa-2 pancreas —6.5+0.09 —8.5+0.08
BxPC-3 pancreas —6.5+0.14 —8.0£0.15
HelLaS3 cervix —7.44 -8.54

mean >—6.6+0.14 —-8.5+0.19
H9c2(2-1) heart —7.54+0.28 —7.54+0.2%

(3—5 days). Cells were quantified by measuring crystal violet
staining or cellular metabolism of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Promega, Madison, WI). The
MTT and crystal violet assays are described in the literat#&3°
HL-60 and HL-60/MX2 cells were treated with drug for 48 h, fixed
with 50 uL of 80% trichloroacetic acid fol h at 4°C, and

aCells were treated with drug for 3 h, and growth was measured when
controls reached 80% confluendg < 0.000 005 in comparison with
doxorubicin.

Table 2. ICso Data for Growth Inhibition of Cancer Cells by
Doxorubicin and Doxazolidine from the Developmental Therapeutics
Program at the National Cancer Institute

quantified by crystal violet staining. For every experiment, each
condition was done in “hexuplicate”; experiments were done at least
twice.

log(ICso mol/L)

Cell Cycle Distribution and Apoptosis Analyses.For both

analyses, cells were treated with drug in appropriate media described

in Cell Lines and Chemicals. HCT-116 cells were treated for 3 h
and allowed to grow for an additional 21 or 45 h prior to analysis.
HL-60 and HL-60/MX2 cells were treated for 24 or 48 h prior to
analysis. For cell cycle distribution, adherent cells were trypsinized
and harvested by centrifugation. Suspension cells were centrifuged.
All cells were washed twice in cold PBS and resuspended in cold
2 mM EDTA in PBS. Cells were fixed in 50% ethanol, washed in
cold 2 mM EDTA in PBS, treated with RNase A, and stained with
propidium iodide at a final concentration of B/mL. For apoptotic

index assays, adherent cells were trypsinized and harvested by”

centrifugation. Suspension cells were centrifuged. All cells were
washed with cold PBS, resuspended in annexin binding buffer (140
mM NaCl, 10 mM HEPES, pH 7.4, and 2.5 mM CaChnd stained
with propidium iodide and annexin V-fluorescein (Molecular
Probes, Eugene, OR) following the manufacturer’s instructions.
Flow cytometric analyses were performed using a Beckton-
Dickinson FACScan instrument.

Topoisomerase |l Decatenation AssayThe assay was per-
formed according to the protocol of TopoGen, Inc. (Port Orange,
FL). The total reaction volume was held at 20. Assay buffer
(120 mM KCI, 50 mM Tris-HCI, 10 mM MgGl, 0.5 mM
dithiothreitol, 0.5 mM ATP, and 3@g/mL BSA) containing 143
ng of catenated kinetoplast DNA (KDNA) and one unit of human
recombinant topoisomerase |l in the presence or absence of dru
was incubated for 30 min at 3T. The reaction was stopped upon
addition of 5uL of stop buffer containing loading dye (5% glycerol,
1% sarkosyl, and 0.025% bromphenol blue), then analyzed by
agarose gel electrophoresis.

Results

Growth Inhibition of Cells by Doxorubicin and Doxazo-
lidine. Doxorubicin and doxazolidine were evaluated for their
growth inhibitory effects on 13 human cancer cell lines and rat
cardiomyocyte cell line H9c2(2-1). Cells were treated for 3 h,
and control wells allowed to grow t680% confluence (35
days). The results are summarized in Table 1. On average,
doxazolidine is over 100-fold more cytotoxic than doxorubicin
but equitoxic to cardiomyocytes. Preferential cancer cell cyto-
toxicity is an important result because the dose-limiting chronic
side effect of doxorubicin therapy is cardiotoxicitypoxazo-

cell line cancer type doxorubidin doxazolidiné
HL-60(TB) leukemia -7.23 —9.48
NCI-H460 NSCLC —-8.22 <—-9.68
HCT-116 colon —-7.15 —8.25
SF-268 CNS —7.04 —8.58
UACC-257 melanoma —6.68 <-—8.82
IGROV1 ovarian —6.96 < —8.86
RXF 393 renal —6.75 <-9.01
DU-145 prostate —6.96 —8.50
MCF-7/ADR breast —4.88 <-7.73
mean —6.87 <-8.7#

aCells were treated with drug for 48 hAverage of 1837 determinations
ith log of maximum concentration (My —4.6. ¢ Average of 2 determina-
tions (RXF 393 data are from 1 determination) with log of maximum
concentration (M}= —6.0.9p < 0.000 01 in comparison with doxorubicin.

lidine was also evaluated by the National Cancer Institute
Developmental Therapeutics Program (NITP) in their
human cancer cell line screen. One cell line from each cell type
is shown in Table 2. The Developmental Therapeutics Program
treats for 48 h with no additional growth period. On average,
doxazolidine was over 80-fold more toxic than doxorubicin.
Pooling of the National Cancer Institute’s data with our data
resulted in doxazolidine being over 32-fold more toxic than
doxorubicin to 67 human cancer cell lines, on average. Interest-

gingly, using the National Cancer Institute’s compare feature on

their website (http://dtp.nci.nih.gov/), we found that doxazolidine
growth inhibition data correlate modestly (0.68) with doxoru-
bicin growth inhibition data but correlate best with data for the
DNA cross-linking agents shown in Chart 1. In contrast,
doxorubicin growth inhibition data correlate best with data of
other anthracyclines and intercalating agents, also shown in
Chart 1. These correlations suggest that doxazolidine inhibits
cancer cell growth more similarly to DNA cross-linking agents
than to doxorubicin, namely, by virtually cross-linking DNA.
These data from NCI are reported here becausg d@ta for
doxoform/doxazolidine are currently proprietary to our group.
Effect of Doxorubicin and Doxazolidine on HCT-116
Colon Cancer Cells.Doxorubicin and doxazolidine were further
evaluated with HCT-116 cells because the effect of doxorubicin
on cell cycle distribution in these cells is well-documentéd.
Cell cycle distribution was determined by flow cytometric
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Chart 1. Compare Groups Using Growth Inhibition Data in the National Cancer InstilDévelopmental Therapeutics Program
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analysis of propidium iodide stained cells 21 h a3 h, 400
nM treatment. Doxorubicin induced a prominent G2/M arrest
(Figure 1A). G2/M arrest is a well-documented effect of
topoisomerase Il inhibitors, such as doxorubi&iG2/M arrest
is generally thought to provide additional time for repair of DNA

topoisomerase Il in doxorubicin and doxazolidine cytotoxicity,
we utilized the human leukemia HL-60 cell line and its
topoisomerase |l deficient HL-60/MX2 subline. HL-60/MX2
cells exhibit decreased topoisomerase. kxpression and
subdetectable levels of topoisomerasg.?fl The cells were

lesions, increasing not only genomic integrity but also cellular evaluated for growth inhibition and induction of apoptosis by
survival®? Doxazolidine failed to arrest HCT-116 cells in G2/M  doxorubicin and doxazolidine (Figure 2). Our standard 3 h
(Figure 1A) but induced apoptosis instead, as evident by the growth inhibition treatment protocol was not amenable for
increase in the sub G1 fraction compared to control cells. Thesesuspension cells, such as HL-60 and HL-60/MX2; so the cells
data suggest that doxazolidine’s mechanism of cytotoxicity is were treated for 48 h and assayed using a method similar to
topoisomerase Il independent. Apoptosis was also measured bythat employed by NCI (see Materials and Methods). For this
staining with annexin V, which detects increased phosphati- reason, the growth inhibition data are not included in Table 1
dylserine exposure in the outer leaflet of the cell membrane, anbut shown in Figure 2. Again, doxazolidine is much more
early event in apoptosis. Both doxorubicin and doxazolidine effective at inducing apoptosis than doxorubicin. In HL-60 cells,
induced apoptosis in HCT-116 cells (Figure 1B); however, doxorubicin induced a 29% annexin V positive population and
doxazolidine at 400 nM was much more effective, 59% versus doxazolidine induced a 77% annexin V positive population. In
15% annexin V positive cells, respectively. Further, the percent HL-60/MX2 cells, doxorubicin induced a 5% annexin V posi-
of apoptotic cells from doxazolidine treatment was dose- tive population and doxazolidine induced a 75% annexin V
dependent as shown in Figure 1C, rising from 20% at 50 nM positive population. Growth inhibition studies revealed that
to 60% at 200 nM. Previous experiments that included annexin HL-60/MX2 cells were 8-fold resistant to doxorubicin relative
V staining and DNA fragmentation detection by both the to the parental cell line HL-60 (Figure 2). However, HL-60/
TUNEL assay and gel electrophoresis confirm that both MX2 cells are only 1.5-fold resistant to doxazolidine relative
doxorubicin and doxazolidine induce apoptddis. to the parental line. Both methods indicate that HL-60/MX2
Doxazolidine Induces Apoptosis by a Topoisomerase Il cells are resistant to doxorubicin but not to doxazolidine. Next,
Independent Mechanism.To further investigate the role of  the cell cycle distributions of both cell lines were evaluated at
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Figure 1. Cell cycle distribution and apoptotic index analyses of HCT-116 cells exposed to doxorubicin or doxazolidine. HCT-116 cells were
treated with 400 nM doxorubicin (DOX), doxazolidine (DOXAZ), or vehicle ®h and analyzed for (A) cell cycle distribution at 21 h after
treatment and (B) apoptosis at 45 h after treatment. (C) HCT-116 cells were treated with various concentrations of doxorubicin (blue diamonds) and
doxazolidine (pink squares) f@ h and analyzed for apoptosis at 45 h after treatment by annexin V staining.

24 h after treatment (Figure 3). HL-60 cells treated with results of topoisomerase Il inhibition by doxorubicin and
doxorubicin were arrested in G2/M, as has been reported doxazolidine are shown in Figure 4. Doxorubicin inhibits
previously33 Doxorubicin-induced G2/M arrest seems to be topoisomerase Il activity at both 500 and 50 nM. Doxazolidine
dependent on topoisomerase Il activity, as it is not observed in only slightly inhibits topoisomerase Il activity at both 500 and
HL-60/MX2 cells. In contrast, doxazolidine induced robust 50 nM. The slight inhibition of topoisomerase Il activity can
apoptosis with no signs of G2/M arrest in both cell lines, be attributed to the presence of doxorubicin from doxazolidine
indicating that this drug acts through topoisomerase |l inde- hydrolysis during the treatment periét.
pendent mechanisms. Overall, these data are in agreement with _
the data obtained with the HCT-116 cell line and further support Discussion
the conclusion that doxorubicin induces apoptosis via a topi-  Phillips and co-workers discovered that doxorubicPNA
somerase Il dependent mechanism, but doxazolidine inducesadducts induce a topoisomerase Il independent form of cell
apoptosis via a topoisomerase Il independent mechanism.  death3 They formed doxorubicirDNA adducts in cells by
Antitumor activity of doxorubicin and other anthracyclines preincubation with a formaldehyde-releasing proditi§ince
mainly results from inhibition of mammalian topoisomerase this discovery and concomitant reevaluation of the National
11.3435To investigate the inhibitory effects of doxorubicin and Cancer Institute’s growth inhibition data, namely, the correla-
doxazolidine on the enzymatic activity of topoisomerase I, a tions between doxorubicin, doxazolidine, and other DNA cross-
decatenation assay was utilized. The decatenation ®sisay  linking agents, we reconsidered our view of doxazolidine as an
specific for both isoforms of topoisomerase Il because it relies active metabolite of doxorubicin and investigated the existence
on the conversion of catenated DNA to its decatenated form, of different mechanisms for each anthracycline.
which requires double-strand breakage and subsequent strand Doxazolidine Induces Apoptosis via a Topoisomerase |l
rotation and ligation uniquely done by topoisomerase Il. This Independent Mechanism.Both HCT-116 and HL-60 cells
decatenation can be detected by agarose gel electrophoresis. Thaisplayed different cell cycle responses when treated with
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Figure 2. Apoptotic index and growth inhibition analyses of HL-60 and HL-60/MX2 cells. HL-60 and HL-60/MX2 cells were treated with 100
nM doxorubicin (DOX), doxazolidine (DOXAZ), or vehicle for 24 h and analyzed for apoptosis or for 48 h and analyzed for growth inhibition.
HL-60 is a human leukemic cell line, and HL-60/MX2 is a topoisomerase |l deficient subline of HL-60.
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DOX ~ 3 “ _ Figure 4. Effects of doxorubicin and doxazolidine on decatenation of
i C'-E‘*"MP‘ KDNA (kinetoplast DNA) by topoisomerase II: (lane 1) KDNA without
0 200 400 0 200 topoisomerase Il (catenated form); (lane 2) KDNA with topoisomerase
FLZ-H FLZH Il (decatenated form); (lane 3) doxorubicin, 500 nM; (lane 4) doxo-
rubicin, 50 nM; (lane 5) doxazolidine, 500 nM; (lane 6) doxazolidine,
E 50 nM; (C) catenated DNA,; (N) nicked, decatenated DNA,; (R) relaxed,
decatenated DNA.
100 nM £ 2
DOXAZ 3 3
. - apoptosis, as indicated by cell cycle distribution and annexin
0 200 400 0 200 400 V staining analyses (Figures 1 and 3), suggesting a topo-
FLeH FLeH isomerase Il independent mechanism of action. Our own studies

Figure 3. Cell cycle distribution analyses of HL-60 and HL-60/MX2  using HL-60/MX2 cells confirmed that the doxorubicin-induced
cells as a function of exposure to doxorubicin or doxazolidine. HL-60 G2/M arrest is at least partly topoisomerase Il dependent (Figure
Z”d HLl'.gQ/ MXDZOC)?gséwere ”ﬁa:eof' W'g; &]OO QM d?xorgbf'c'” ('IIDOX)I’ 3). Growth inhibition data indicate that HL-60/MX2 cells are
O e oo Tesitant o doxorubici but ighly Suscepible o doxazoline,
a topoisomerase II deficient subline of HL-60. further establishing that doxazolidine induces apoptosis via a

topoisomerase Il independent mechanism. Finally, doxorubicin
doxazolidine compared to doxorubicin (Figures 1 and 3). inhibited topoisomerase Il activity better than doxazolidine, as
Doxorubicin caused a pronounced G2/M arrest, which is measured with a topoisomerase Il decatenation assay (Figure
topoisomerase |l depende®t.Doxorubicin induces topoi-  4). A high level of decatenation was observed even at 500 nM
somerase |l mediated DNA strand breaks, and G2/M arrest doxazolidine, and very little decatenation was observed at 500
provides additional time for cells to increase genomic integrity nM doxorubicin. The small amount of inhibition by doxazolidine
and improve cellular survival raté3Doxazolidine-treated cells  can be attributed to doxorubicin resulting from hydrolysis of
failed to arrest in G2/M but still underwent dose-dependent doxazolidine to doxorubicin during the assay.



Doxazolidine Induction of Apoptosis

Scheme 3. Structure of Nemorubicin and Its Oxidative
Activation to the DNA Alkylating Derivativel

)
Nemorubicin gIOH

&N}om

Two Anthracyclines: Different Mechanisms.The discovery
that doxorubicin and doxazolidine induce apoptosis by different
mechanisms of action is surprising for three reasons. First and
foremost, the structures of both drugs differ by only one carbon
atom (Scheme 1). We are unaware of other natural products
that increase potency and change mechanism of action upo
addition of a single carbon atom to their molecular structure.
However, other alkylating anthracyclines have been reported
and shown to be more potent than doxorubfirt! An example
is the bioactivation product of nemorubicihi*?> Nemorubicin,

a nonalkylating anthracycline, is less than 3-fold more toxic
than doxorubicin, but its bioactivation product, (PNU-
1596829, an alkylating anthracycline, is over 3 orders of
magnitude more toxic than doxorubicin (Schemé®3econd,
increased potency of doxazolidine occurs in spite of a half-life
with respect to hydrolysis to doxorubicin and formaldehyde of
only 3 min!! The rapid hydrolysis may lead one to believe that
treatment with formaldehyde or co-treatment with doxorubicin
and formaldehyde could produce the same effect as doxazoli-
dine. However, cells treated with 400 nM formaldehyde
displayed an identical cell cycle distribution as untreated cells
(data not shown). In addition, doxorubicin and formaldehyde
co-treatment (400 nM each) resulted in an identical cell cycle
distribution as doxorubicin treatment (data not shown). Third,
doxazolidine does not induce an S phase accumulation in HL-
60 or HL-60/MX2 cells. Phillips and co-workers observed an
S phase accumulation in doxorubicin treated HL-60 and HL-
60/MX2 cells pretreated with a formaldehyde releasing pro-
drug33 This combination treatment is thought to cause doxo-
rubicin—DNA adducts as confirmed by{C]doxorubicin
experiments but not topoisomerase Il mediated DNA strand
breaks as confirmed by the comet as&apoxazolidine induces

apoptosis much better than the formaldehyde releasing prodrug

and doxorubicin combination, suggesting that doxazolidine is
better at doxorubicitDNA virtual cross-link formation. This

is consistent with anticipated kinetics because doxazolidine, as
a single compound, is prepared to virtually cross-link DNA,

In contrast, the formaldehyde releasing prodrug and doxorubicin
combination first requires the doxorubicin and the formaldehyde
released from the prodrug to find each other and then the
resulting conjugate to cross-link DNA. The increased tumor cell
growth inhibition activity may also result from doxazolidine
being a poorer substrate for ABC transporters. This is evident
from an earlier comparison of growth inhibition of MCF-7 and
resistant MCF-7/Adr cells by doxorubicin and doxazolidine.
MCF-7/Adr cells are 50-fold resistant to doxorubicin in large
part because of overexpression of the P-170 glycoprotein efflux
pump but are equally sensitive to doxazolidid®@oxazolidine

may be a poorer substrate for P-170 glycoprotein because it is

not a cation at physiological pH and may be less available to
P-170 glycoprotein because it rapidly cross-links DNA.
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Doxazolidine Therapeutic Applications.Because doxazo-
lidine is highly potent and hydrolytically unstable, it should be
delivered locally or targeted to tumor cells or neovasculature
in a stable, inactive form. Doxazolidine is stable and inactive
when derivatized as ax-carbamate. Further conjugation of the
carbamate to enzyme substrates allows for specific activation
by both endogenous and exogenous enzythAs. example of
a hydrolytically stable, nontoxic doxazolidine conjugate targeted
to cancer cells that overexpress a carboxylesterase enzyme was
recently reported3 Other enzymes currently being evaluated
for activation of doxazolidine prodrugs at the site of tumors
are plasmin and carboxypeptidase G2. Plasmin is of particular
interest because of its role in metastatic tumor cell invasion of
new tissue and subsequent tumor angiogenesis.
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