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ABSTRACT. 6-Hydroxymethylacylfulvene (HMAF, MGI 114) is a new alkylating antitumor sesquiterpenoid with
promising and often curative antitumor activity in vivo. This study examined the ability of the drug to damage cellular
DNA, induce apoptosis, and affect the cell cycle of CEM human leukemia cells. No bifunctional lesions, interstrand
DNA cross-links or DNA-protein cross-links were seen (by alkaline sedimentation and K*/SDS precipitation,
respectively) when using up to 50 pM HMAF. The drug possibly formed some monoadducts, as DNA from
drug-treated cells impeded primer extension by Taq polymerase, although only partial inhibition was seen even at 200
uM HMAF. HMAF also induced secondary lesions in cellular DNA, single-strand breaks that were detectable (by
nucleoid sedimentation and alkaline sucrose gradient analysis) after a 4-hr treatment at HMAF levels as low
as 2 uM, comparable to the growth inhibition 1C5y value (1.7 uM). A post-treatment incubation of cells in
drug-free medium generated substantial amounts of DNA double-stranded fragments of several kbp, suggesting
apoptotic fragmentation (>30% of total DNA following treatment with 20 uM HMAF and a 17-hr
post-treatment incubation). Chromatin condensation (by ultrastructural analysis) and induction of sub-G,
particles and apoptotic strand breakage (by multiparametric flow cytometry) confirmed induction of apoptosis by
HMAF. HMAF preferentially inhibited DNA synthesis (1Cs, = 2 wM), which is consistent with an S phase
block, observed by cell cycle analysis. The pattern of apoptotic DNA fragmentation, inhibition of DNA
synthesis, and blockage in the S phase suggests that these events play a role in the antiproliferative activity
of HMAF. BIOCHEM PHARMACOL 54;11:1181-1193, 1997. © 1997 Elsevier Science Inc.
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[lludins are cytotoxic sesquiterpenoids originally isolated
from the fungi Omphalotus illudens and Lampteromyces
japonicus [1-3]. While the lead natural compound, [lludin S
(Fig. 1), showed preferential cytotoxicity against certain
tumor cells in witro, the agent and its analogs had only
marginal antitumor activity in vivo [1, 2, 4, 5]. Systematic
structure—activity relationship studies have led recently to
the development of illudin analogs of the acylfulvene class
with improved pharmacological properties [6]. One of these
analogs, HMAF! (also called MGI 114) (Fig. 1) [7, 8], has
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demonstrated promising in vivo activity against several exper-
imental tumor systems. Curative antitumor activity was found
against human breast MX-1 tumor xenograft, MV522 human
lung adenocarcinoma, and HT-29 colon carcinoma [9, 10].

Studies by other researchers have suggested that related
illudins (Illudins S and M) may act as alkylating agents,
possibly forming covalent adducts with DNA [1, 11, 12].
However, no published reports assessed the effects of
HMAF on cellular DNA. Also, despite the very promising
in vivo activities, very little is known about cellular effects
that might contribute to the mechanism of cytotoxicity of
HMAF and related drugs.

Our study examined the effects of HMAF on cellular DNA
in relation to drug inhibition of cell growth and cell cycle
progression. The results show that, while HMAF treatment
affects the integrity of cellular DNA, these lesions are primar-
ily indirect and reflect drug-induced apoptosis.

MATERIALS AND METHODS
Cells and Growth Conditions

Human CEM leukemia cells (provided by Dr. William T.
Beck, St. Jude Children’s Hospital, Memphis, TN) were
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FIG. 1. Structures of Illudin S and HMAF.

ILLUDIN S

grown at 37° in a humidified incubator (with 5% CO,) in
Joklik’s medium containing 10% fetal bovine serum. Except

where noted otherwise, cell cultures were established at 2 X
10° cells/mL for experiments with HMAF.

Cytotoxic Activity

Growth inhibitory activity was assayed, as described previ-
ously [13], using the standard MTT assay. Exponentially
growing cells in a 96-well microtiter plate were incubated
with the drug for 3—4 doubling times (3—4 days for CEM
cells) and subjected to colorimetric reaction with MTT.
The results are expressed as EC5 values.

PCR Stop Assay

CEM cells were prelabeled by overnight incubation in
medium containing 0.05 to 0.1 wCi/mL ['*C]thymidine.
Then the cells were harvested and resuspended at 5 X 10°
cells/mL in fresh medium for an additional hour at 37°,
which was followed by a 4-hr incubation with various
concentrations of HMAF. Following drug treatment, cells
were washed by cenrtrifugation with PBS, and their DNA
was extracted and purified using the PureGene kit (Gentra
Systems, Minneapolis, MN) according to the manufactur-
er’s protocol. The concentrations of purified DNA were
expressed as “cell equivalents” based on total *C radioac-
tivity. A semi-quantitative PCR-stop assay was carried out
using a primer system for a 536 bp segment of the B-globin
gene and cycling conditions described by others {14]. PCR
reactions (20 wL) usually were carried out in triplicate at
two to three different levels of template DNA (1000-5000
cell equivalents per reaction). Following electrophoresis in
1% agarose and autoradiography, signal intensities were
quantitated in a Molecular Dynamics densitometer. The
results are normalized to the signal intensity in control
samples and averaged for replicates and the different levels

of template DNA.

DPC

CEM cells were prelabeled with ['*C]thymidine as outlined
for the PCR-stop assay. Aliquots of cell suspension were
treated with HMAF, as indicated, and next were subjected
to K*/SDS precipitation to determine the percentage of
DNA covalently bound to proteins [15].
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Interstrand Cross-links and Single-Strand Breaks

The previously described procedure for sedimentation anal-
ysis of cellular DNA [16] was used with some modifications.
Cells were prelabeled with ['*C]thymidine as described for
the PCR-stop assay. HMAF was added and cells were
incubated as indicated in the legend to Fig. 2. Treated cells
were collected by centrifugation, washed twice wicth PBS,
and resuspended in 670 wL of hypotonic buffer (50 mM
Tris-HCI, pH 7.5, 10 mM EDTA, 0.2% Triton X-100).
Approximately 1.1 X 10° cells (in 150 wL) were loaded
onto pre-formed alkaline sucrose gradients composed of 0.5
mL of 60% sucrose cushion, 10 mL of 5-20% sucrose, and
0.2 mL lysing layer (1% sarkosyl, 2.5% sucrose). All the
solutions were in gradient buffer (0.7 M NaCl, 0.3 M
NaOH, 0.01 M EDTA). Following sample application, an
additional volume (200 wL) of lysing solution was laid on
the top, and lysis was allowed to proceed for 20 hr (for
DNA cross-links} or 14 hr (for DNA breaks). Following
lysis, samples were centrifuged for 20 hr at 9,500 rpm (for
DNA cross-links) or 10 hr at 17,500 rpm (for DNA breaks)
in an SW41 rotor (Beckman Instruments Inc., Fullerton,
CA). Gradients were fractionated from the top into 24
fractions, neutralized with 1 mL of 0.15 M HCl per fraction,
and counted in a liquid scintillation counter. Sedimenta-
tion profiles were determined by calculating the percentage
of recovered radioactivity in each sample. To determine
total ["*Clthymidine incorporation, a 150-pL aliquot of
each cell suspension was hydrolyzed by incubation in 0.5 M
PCA for 2 hr at 65°. Recovery of radioactivity was typically
greater than 85%. Molecular weights of DNA in gradient
fractions were calculated as described previously [16].

Nucleoid Sedimentation

Cells were prelabeled with ['*C]thymidine as described for
the DPC assay and treated with HMAF as indicated.
Nucleoids from HMAF-treated cells were prepared and
analyzed as described previously [17]. Briefly, cells were
washed with PBS and suspended in 800 nL PBS. Aliquots
of cell suspensions (200 pL) were loaded onto 10 mL
preformed neutral sucrose gradients (5-30% sucrose in 1.9
M NaCl, 50 mM Tris, 20 mM EDTA, pH 8.0) with 0.4 mL
lysing layers (0.7% Triton X-100 in 1.9 M NaCl, 50 mM
Tris, 20 mM EDTA, pH 8.0). Samples were allowed to lyse
for 45 min on the gradient and were then centrifuged for 90
min at 17,000 rpm in a Beckman SW41 rotor. Following
centrifugation, gradients were fractionated from the top
into 24 fractions. Each fraction was diluted with 1 mL
water, mixed with scintillation fluid, and counted in a
liquid scintillation counter. Sedimentation profiles were
determined by calculating the percentage of recovered
radioactivity in each fraction. Total ['*C]thymidine incor-
poration was determined as described for the alkaline
sucrose gradients. Recovery of radioactivity was typically
greater than 85%.
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Release of DNA Fragments

This assay is an adaptation of a common procedure for the
generation of short, presumably apoptotic, double-stranded
DNA fragments [18]. Cellular DNA was prelabeled with
[**Clthymidine as described for DNA—protein cross-links.
The cells (2 X 10° cells/mL) were treated with HMAF or
doxorubicin {a positive control) [18, 19] for 4 hr, centri-
fuged, and incubated in a fresh drug-free medium for an
additional 17 hr. Control cultures were incubated without
drug for 21 hr. Cells were washed with PBS, suspended in
300 pL hypotonic buffer (10 mM Tris, pH 7.5, 10 mM
EDTA, 0.1 mM PMSF, 0.2% Triton X-100), and incubated
on ice for 1 hr. Permeabilized cells were centrifuged for 5
min at 4° at 14,000 g in a microcentrifuge. The superna-
tants (S1) were collected, and the pellets (P1) were
suspended in 2 mM EDTA and incubated for an additional
2 hr on ice. Samples were centrifuged as before, and the
supernatants (S2) were collected. The remaining pellets
(P2) containing unfragmented DNA were hydrolyzed by
incubating with 300 pL of 0.5 M PCA at 75° for 30 min.
Both the supernatants and the hydrolyzed pellets were
counted on a microplate liquid scintillation counter {Top
Count, Packard Instrument Co., Meriden, CT). The results
are expressed as the percentage of the total DNA released
in the combined supernatants (S1 + S2):

cpm S1 + cpm S2
cpm S1 + ¢cpm S2 + cpm P2

Released fragments [%] =

Occasionally, culture medium and PBS washes were also
counted to ascertain that no significant amounts of labeled
DNA were leaking from the cells before the permeabiliza-
tion. To measure the size of the released fragments (see Fig.
5B), the combined S1 and S2 supernatants were concen-
trated by spin dialysis and electrophoresed in 0.8% agarose
followed by autoradiography of the dried gel.

In additional experiments, DNA from unlabeled HMAF-
treated cells was analyzed for the presence of nucleosome-
size fragments [20] by electrophoresis in 1% agarose. In
these determinations, the equivalent of up to 20 X 10° cells
per lane was used.

Drug Treatment for Cell Cycle Analysis, TdT Assay,
and Electron Microscopy

CEM cells were seeded at 1.5 X 10° cells/mL for the 72-hr
experiment or at 2 X 10° for the 17-hr experiment. HMAF
was added at concentrations of 1.7, 3.5, and 8.5 uM, which
corresponded to 1x, 2x, and 5x the ECs, for HMAF growth
inhibition of CEM cells. At the indicated times, cells were
counted in a hemocytometer to determine total cell con-
centration and cell viability (by trypan blue exclusion).
Aliquots corresponding to 1 X 10° cells were processed as
described below.
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Cell Cycle Distribution and TdT Assay for
Identification of Apoptotic Cells

Apoptotic lesions in cellular DNA were monitored based
on biotin-tagging of 3'-OH ends resulting from apoptotic
fragmentation with TdT followed by immunofluorescent
detection of the biotin label [21, 22]. Briefly, HMAF-
treated and control CEM cells were fixed with 1% EM
grade paraformaldehyde (Electron Microscopy Sciences,
Fort Washington, PA) in PBS at room temperature for 15
min. Fixed cells were washed with PBS, resuspended in cold
PBS, and mixed with cold (—20°) absolute ethanol (70%
final concentration) and stored at 4° in the dark. Aliquots
of 1.0 X 10° cells were washed twice with cold (4°) PBS by
centrifuging for 6 min at 200 X g. Cell pellets were
resuspended in 50 pL of TdT reaction mixture (final
concentrations: 0.2 M potassium cacodylate; 25 mM Tris—
HCI, pH 6.6; 0.25 mg/mL bovine serum albumin; 2.5 mM
CoCly; 12.5 U TdT; 10 uM biotin-dUTP, all reagents from
the Boehringer Mannheim Kit No. 220-582) and incubated
for 60 min at 37°. For each test sample, a parallel reaction
without the enzyme was run to provide background stain-
ing. After washing with PBS, cells were incubated with
fluorescein-labeled avidin (FITC-avidin 2.5 pg/mL, VEC-
TOR Laboratories, Inc., Burlingame, CA) in 100 pL of
reaction buffer (60 mM sodium citrate, 0.6 M NaCl, pH
7.5, with 0.1% Triton X-100) for 60 min at room temper-
ature in the dark. Finally, cells were washed with PBS, and
counterstained in 1.0 mL of 5.0 wg/mL PI in PBS. Flow
cytometric measurements were collected on a Coulter
EPICS ELITE flow cytometer using a 488 nm excitation
from the argon ion laser. The FITC and PI signals were
collected as a measure of 3’-OH ends and DNA content,
respectively. FITC and PI fluorescence emissions were split
using a 550-nm dichroic filter, with the FITC emission
collected through a 525/530 nm filter and the PI emission
collected through a 675 nm long pass filter. Additionally,
forward- and side-light-scattering data were collected. His-
tograms (based on 30,000 events) were analyzed for cell
cycle compartments and apoptotic cells using MultiCycle
Advanced Version software (Phoenix Flow Systems). The
flow cytometry experiments shown in Fig. 5 analyzed only
DNA content based on PI fluorescence. In that case, the
fixation step with paraformaldehyde was omitted, and the
harvested cells were fixed in 70% ethanol and stained with
PI before collecting one-parameter flow cytometry measure-
ments (based on 50,000 events).

Electron Microscopy

Harvested cells were fixed with 2.5% glutaraldehyde (EM
grade) in PBS for a minimum of 1 hr, washed with PBS,
post-fixed in 1% osmium tetroxide for 1 hr, and embedded
for preparing semi-thin (1 wm) and thin sections. Semi-
thin sections were evaluated by light microscopy for the
appearance of chromatin condensation. Thin sections were
stained with saturated uranyl acetate and lead citrate and
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TABLE 1. QPCR stop assay of DNA from CEM cells incubated with HMAF for 4 hr

Concentration B-Globin HPRT
Drug (pM) (relative amplification)
Control 1 1
Cisplatin 200 0.1 £0.04 (N =2)* 0.01 =001 (N =2)
Adozelesin 0.1 ND 01701 (N=2)
HMAF 25 0.68 =0.09 (N=4) 1.0l =04 (N = 5)
50 099 (N =1) 0.99 = 0.04 (N =2)
100 0.84 £0.06 (N =4) 130 £ 0.15(N = 5)
200 0.68(N=1) 1.21 005 (N =2)

Data show the relative amplification (x SEM). N
* Where N = 2, values are averages = one-half of the range.
TND = not determined.

evaluated by electron microscopy under 2000X original
magnification.

Precursor Incorporation

CEM cells (5 X 10° cells/mL) were incubated with HMAF
for 4 hr at 37°, followed by a 30-min incubation with a
*H-labeled precursor (thymidine, uridine, or leucine) at
2 wCifmL. Cells for leucine incorporation were sus-
pended in leucine-free medium for the duration of the
experiment. Sample processing to detect radioactivity
incorporated into macromolecules (PCA-insoluble) was
carried out as described previously [23, 24]. The results
are expressed as a percentage of precursor incorporation
into untreated cells.

Ribonucleotide Levels in HMAF-Treated CEM Cells

A standard HPLC procedure was used to analyze the
intracellular ribonucleotide pools [25]. PCA-extracted
nucleosides and nucleotides (mono-, di- and triphosphates)
were separated in a linear gradient of potassium phosphate
buffer, pH 4.5 (10-500 mM), on a Partisil 10 SAX column
(Whatman) using a computer-controlled Beckman gradient
HPLC system. Nucleotide peaks were identified based on
retention times of appropriate standards.

RESULTS
HMAF Cytotoxicity Against CEM Cells

Previous studies with other illudins showed a broad range of
cytotoxic activities depending on the cell line [2]. HMAF
showed significant cytotoxic activity against human leuke-
mia CEM cells (kcsy = 1.7 = 0.2 uM) following a 72-hr
continuous incubation under the standard conditions of our
MTT assay. Thus, CEM leukemia is a cell line that is
sensitive to HMAF [10].

Modest Effect of HMAF Treatment on DNA
Template Properties

Various DNA lesions impede DNA template properties,
reducing the amplification of a damaged template in PCR

= number of independent determinations.

reactions [14]. Therefore, the efficiency of amplification of
DNA from drug-treated cells, monitored by the QPCR Stop
Assay, provides an overall measure of DNA damage. We
examined the ability of HMAF to affect DNA amplifica-
tion by using the QPCR Stop Assay for a segment of the
B-globin gene and another region at the hypoxanthine
phosphoribosyltransferase (HPRT) locus (Table 1). HMAF
at 25-200 uM produced a partial inhibition of the B-globin
gene amplification with no clear dependence on drug level.
Examination of the same DNA preparations for their ability
to amplify the HPRT locus indicated a negligible effect of
HMAF. In contrast, other alkylating drugs used as positive
controls (i.e. cisplatin, a G-alkylating agent [26], and
adozelesin, an AT-alkylating agent [27]) produced a potent
inhibition of amplification. Thus, either HMAF-induced
lesions can be readily bypassed by Taq polymerase or their
levels are relatively low.

Lack of Bifunctional Lesions in Cellular DNA

Illudin S and related compounds have been postulated to
form covalent adducts with DNA [5, 12], suggesting the
possibility that HMAF could induce bifuncrional lesions in
genomic DNA [11]. Since bifunctional lesions are, in
general, more cytotoxic than monoadducts, we analyzed the
ability of HMAF to form DPC and interstrand DNA
cross-links in CEM cells.

The results for DPC determinations are shown in Table
2. Incubation of CEM cells with positive control drugs
(formaldehyde, nitracrine, and cisplatin) resulted in a
significant fraction of total cellular DNA co-precipitating
with cellular proteins. In contrast, HMAF (1-50 uM) did
not induce significant DPC above background levels. These
results indicate that in intact cells, HMAF does not form
detectable cross-links between DNA and proteins. The
formation of DPC by HMAF was marginal, even in isolated
nuclei in the absence of uptake limitations and possible
trapping of the drug by serum proteins and/or cytoplasmic
thiols {(data not shown).

The potential of HMAF to induce another type of
bifunctional lesion, interstrand DNA cross-links, was ex-
amined by alkaline sucrose sedimentation. DNA from
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TABLE 2. DPC in CEM cells measured by K*/SDS
precipitation

Concentration DPC

Drug (M) (% total DNA)
Control 1.8 0.2
Formaldehyde 1000 733 +19
Nitracrine 20 16.7 1.2
Cisplatin 50 154+1.1
HMAF 1 1.9 £ 0.1
5 2.2=x01
10 25x0.2
50 26x0.2

Incubation with HMAF was for 4 hr. The results show the fraction of total DNA
co-precipitating with proteins (average values from two independent determina-
tions = one-half of the range). Formaldehyde, nitracrine, and cisplatin were used as
positive controls.

untreated cells sedimented to the middle of the gradients
under conditions optimized for interstrand DNA cross-link
detection (Fig. 2A). Cross-linking, for instance by cisplatin,
prevents alkali-induced strand separation so cross-linked
DNA sediments at a higher apparent molecular weight,
resulting in a sedimentation profile shifted toward the
bottom of the gradients [28] (also data not shown). HMAF
treatment did not result in such downward shifts. In
contrast, slight shifts of DNA profiles toward the top of the
gradients (i.e. toward smaller DNA sizes) were noted. Thus,
HMAF does not induce a significant amount of interstrand
DNA cross-links under these conditions.

Induction of Single-Strand Breaks by HMAF in
Cellular DNA

A gradual shift toward smaller DNA sizes, as seen in Fig.
2A, if verified, might indicate drug-induced strand scis-
sions. Such an effect might reflect an inherent strand
scission ability of HMAF. Alternatively, strand breakage
could be a secondary consequence of drug action, such as
breaks generated in the course of DNA repair or in the early
stages of apoptosis. To verify the induction of strand breaks
and distinguish among these possibilities, we employed
sedimentation conditions optimized for strand-break detec-
tion (Fig. 2, B and C). Under these conditions, DNA from
untreated cells sedimented to the bottom half of the
gradients as a broad band. The sedimentation profiles for
cells treated with HMAF at 10 or 50 pM indicated smaller
DNA fragments with a maximum corresponding to ~80 kb
(fractions 12—13).

Interestingly, DNA breaks, induced by a short treatment
with HMAF, were not readily reversible. Instead, the
magnitude of strand breakage increased markedly during a
post-treatment incubation (Fig. 2C). Fragments as small as
2—4 kb appeared on the gradients (fractions 3—4, Fig. 2C).

Lesions detected by alkaline sedimentation may reflect
not only true single-strand breaks but also alkali-labile sites.
To obtain an independent measure of true single-strand
breaks, we employed nucleoid sedimentation analysis [17].
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FIG. 2. Effects of HMAF at 0 pM (@), 10 pM (O), and 50 pM
(O) on the sedimentation of DNA from CEM cells on alkaline
sucrose gradients. (A) Lack of interstrand cross-links in CEM
cells treated with HMAF for 4 hr at 37° (sedimentation
conditions optimized for the detection of DNA interstrand
cross-links). (B) DNA-strand breakage in cells treated with
HMATF for 4 hr and analyzed immediately (sedimentation
conditions optimized for the detection of strand breaks). (C)
Same as panel B but following post-incubation in drug-free
medium for an additional 17 hr. The profile for 50 pM HMAF
(omitted for clarity from panel C) showed extensive fragmenta-
tion similar to the profile for 10 pM drug. In panels B and C, the
material near the bottom of the gradient (fraction 22, maximum
for control DNA) corresponds to ~150 S or ~1300 kb DNA.
Fractions 12, 9, and 4 correspond to ~80, ~40, and ~4 kb,
respectively. The arrow in panel A indicates the direction of
sedimentation.

Nucleoids are residual nuclear structures that survive his-
tone removal and consist of DNA loops attached to the
nuclear matrix [29]. Because of the association with the
nuclear matrix, DNA loops maintain their original super-
coiling. Strand scissions cause loop relaxation that can be
monitored as slower nucleoid sedimentation. This assay is
performed under neutral conditions and is a sensitive
method for the detection of low levels of single-strand
breaks.

Figure 3A shows representative sedimentation profiles
that illustrate the effects of HMAF. Nucleoids from drug-
treated cells sedimented slower than control nucleoids at
HMAF levels as low as 2 pM, which is close to the ECsg
value. Normalized nucleoid sedimentation for several drug
concentrations (Fig. 3B) showed that the effect plateaus at
~10 wM HMAF. Such a plateau would occur when the
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FIG. 3. Effect of HMAF on sedimentation of nucleoids from
CEM cells (assay for single-strand breaks). Incubation with
HMAF was for 4 hr. (A) Representative sedimentation profiles
of nucleoids from cells incubated with HMAF at 0 pM (@), 2
pM (<), 5 pM (V), and 10 pM (O). (B) Relative sedimentation
(normalized for sedimentation of nucleoids from untreated cells)
from at least two experiments (averages * one-half of the
range).

DNA loops are completely relaxed (i.e. with at least one
break per loop). Hence, a 4-hr incubation of CEM cells
with 10 uM HMAF generated roughly one single-strand
break per DNA loop, which is equivalent to 1 break per
6090 kbp, assuming a typical loop size [29]. These esti-
mates corroborate the findings by alkaline sedimentation
and confirm that HMAF induces true strand breaks in
cellular DNA.

On the other hand, HMAF was unable to relax naked
supercoiled DNA (i.e. to form DNA strand breaks) in a
cell-free environment even during a prolonged (24-hr)
incubation {data not shown). Thus, strand breaks in cellu-
lar DNA, even after short treatments, probably result from
an indirect effect rather than from inherent strand scission
activity of HMAF. Moreover, the enhancement of DNA
damage following drug removal suggests that HMAF-in-
duced lesions actually reflect drug-induced apoptotic DNA
degradation.

Apoptotic Fragmentation: Generation of Small
Double-Stranded DNA by HMAF

A hallmark of apoptosis is endonucleolytic cleavage of
nucleosomal “linker” DNA that ultimately leads to short

J. M. Woynarowski et al.

double-stranded fragments, often but not always, down to
mono-, di-, and trinucleosomal sizes [30, 31]. Such frag-
ments can be quantitated based on their release from nuclei
under hypotonic conditions [18]. Thus, we measured the
formation of small DNA fragments in cells treated with
HMATF for 4 hr and post-incubated in drug-free medium
(i.e. under conditions that greatly enhanced HMAF-in-
duced single-strand breaks). Figure 4A shows that HMAF
induced the generation of short radiolabeled double-
stranded DNA fragments in drug-treated cells. The magni-
tude of this effect depended on drug concentration. At high
HMAF levels (50 pM), as much as 35% of total cellular
DNA became fragmented. Most of the released fragments
were between ~8 and 15 kbp, as estimated by agarose
electrophoresis (Fig. 4B). However, even excessive frag-
mentation did not generate significant amounts of nucleo-
somal-size material (“nucleosomal ladder”) as found by
agarose electrophoresis (data not shown).

The presence of the protein synthesis inhibitor cyclohex-
imide during and after the incubation with HMAF had very
little effect, if any, on the release of DNA fragments (darta
not shown). Hence, HMAF effects do not require new
protein synthesis. On the other hand, when Zn*™, a potent
inhibitor of endonucleases and apoptosis (reviewed by
Sunderman [32]), was present, DNA fragmentarion was
abolished (Fig. 4A). Zinc prevention of DNA fragmenta-
tion has been interpreted by numerous other studies as the
inhibition of apoptosis resulting from the inhibition of
zinc-dependent nucleases [32, 33]. Hence, the results with
zinc corroborate apoptosis induction by HMAF, although
these data need to be interpreted with caution since ZnSO,
is, itself, toxic to cells [32, 33].

HMAF Effects on Cell Cycle

We examined HMAF effects on cell cycle progression by
flow cytometry under standard conditions that allowed
fragmented DNA to elute from apoptotic cells when per-
meabilized for staining with PI. While HMAF effects
depended on drug concentrations and times of incubation
(Fig. 5A), a consistent outcome was the accumulation of
cells in the S phase. Histogram deconvolution (as in Fig.
5B) allowed for the quantitation of these data. For example,
for 17 hr of treatment (Fig. 5C), the S phase fraction
amounted to ~77 and 80% cells, with 3.4 and 8.5 uM
HMAF, respectively, compared with ~43% for the un-
treated control. This accumulation appeared to occur in an
early S phase, particularly for treatment conditions result-
ing in profound apoptotic changes (see below).

HMAF action also resulted in the progressive generation
of particles corresponding to hypodiploid DNA content
(sub-G; material) that is characteristic of apoptosis and
reflects fragmented DNA leaking from stained cells [34].
Quantitation of the sub-G, material is plotted along with
the cell viability data (Fig. 5D). Elevated levels of sub-G,
material were seen for each drug concentration tested.
Under some conditions {e.g. after 17 hr of treatment with
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FIG. 4. HMAF-induced double-stranded DNA cleavage in CEM
cells. Cells with [**CJthymidine-prelabeled DNA were treated
with HMAF for 4 hr and post-incubated in HMAF-free medium
for an additional 17 hr. The cells were permeabilized and short
double-stranded DNA fragments extracted as described in “Ma-
terials and Methods.” (A) The release of DNA fragments for
cells treated with HMAF only () and HMAF and 0.5 mM
ZnSO, (O). ZnSO,, when included, was present during the
entire 21-hr incubation. The points represent the mean values
(= SEM) from 1-4 separate experiments carried out in dupli-
cate. (Where N = 2, values are averages * one-half of the
range.) Under these conditions, Adriamycin® at 0.5 uM re-
leased 47.1 = 9.3% DNA. For 50 pM HMAF, some radioac-
tivity (~5% total) was found in culture medium and PBS wash.
Such a release was insignificant for lower drug levels (data not
shown). (B) Autoradiogram of the electrophoresis (in 0.8%
agarose) of the released fragments from cells treated with
HMAF at O pM (lane 1), 5 pM (lane 2), and 25 pM (lane 3).
DNA sizes are based on markers visualized by ethidium bromide.
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8.5 uM HMAF), the sub-G, material formed a distinct
peak (Fig. 5B). Longer times of drug treatment were needed
to induce the sub-G, material for lower drug levels (Fig. 5,
A and D). Such a pattern—extensive debris formation and
a distinct “apoprotic” peak— has been observed for other drugs
that induce apoptosis and generate apoptotic bodies [34].

The appearance of the sub-G; material in the flow
cytometry histograms at cell growth inhibitory concentra-
tions of HMAF seemed to precede significant changes in
cell viability (Fig. 5D). For instance, HMAF at 1.7 pM
(1 X ECsp) produced a minimal effect on cell viability for up
to 48 hr while inducing a significant amount of the sub-G;
material and inhibition of cell growth. A precedence of
sub-G, induction over viability reduction was less pro-
nounced but still noticeable after 72 hr at 1.7 pM HMAF
and after 24 and 48 hr for 3.4 pM HMAF. This pattern is
consistent with the notion that cells in the early stages of
apoptosis have intact cell membranes. A plausible expla-
nation for HMAF membrane effects at higher drug levels
and/or very long treatments is that cells in the advanced
stages of apoptosis may lose membrane integrity due to
secondary necrosis [35].

HMAF Induction of Apoptotic Morphological Changes

The interpretation of “apoptotic” assays that measure DNA
fragmentation is uncertain unless characteristic morpholog-
ical changes are also present. To verify that CEM cells
initiate apoptosis following HMAF treatment, we analyzed
cell morphology by electron microscopy. The ultrastruc-
tural features of apoptosis include chromatin condensation,
compactness of cytoplasmic organelles, and the appearance
of protuberances on the cell surface [36, 37]. Untreated
CEM cells (Fig. 6A) had recognizable cytoplasm, scattered
microvilli features on the plasma membrane, and a convo-
luted nucleus with dispersed chromatin. HMAF-treated
cultures included cells showing typical apoptotic features
(Fig. 6B). Cells containing compacted, electron-dense
chromatin were observed, sometimes clearly demarcated
from the decondensed chromatin in a nucleus, forming a
crescent-shaped density along the edge of a micronucleolus.
The cells displaying chromatin condensation still had
intact plasma membranes with recognizable cytoplasmic
organelles.

HMAF-Induced Apoptotic Changes by Multiparametric
Flow Cytometry

To further characterize HMAF-induced apoptosis, we used
multiparametric cytofluorimetric analysis. In these experi-
ments, apoptotic cells were detected based on tagging the
3'-OH termini at DNA cleavage sites with biotin-labeled
deoxynucleotides using exogenous TdT. At the same time,
DNA content was measured to determine cell cycle pro-
gression. Forward- and side (orthogonal)-light scattering
were used to assess the effects of HMAF on cell optical
properties that can be indicative of changes in cell size, cell
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FIG. 5. HMAF effects on cell cycle traverse in CEM cells by flow cytometry (PI staining). (A) Representative histograms for cells
incubated with various concentrations of HMAF for indicated times. Histograms for control cells after various incubation times (not
shown) did not differ markedly from those shown for 0-hr treatments with HMAF. (B) Flow cytometry histogram for cells treated with
8.5 pM HMAF for 17 hr showing sub-G, material, indicative of apoptotic cells. Note a distinct apoptotic peak (marked with an “A”).
To quantitate flow cytometry data, the histograms were deconvoluted to get sub-G, and individual cell cycle compartments as
illustrated in this example. For the conditions shown, the sub-G, material amounted to 15.5 % 7.45% of total events scored (* one-half
of the range). (C) The proportion of cells in various phases of the cell cycle after a 17-hr treatment with HMAF (* one-half of the
range). (D) The quantitation of sub-G, events (top) and cell viability (by trypan blue exclusion, bottom) after various times of
incubation with HMAF at 0 pM {O), 1.7 pM {OJ), and 3.4 pM (@). Data from two experiments are pooled together.

surface, and other morphological characteristics (Fig. 7). showing cells with fragmented DNA (positive for TdT-
Unlike the data in Fig. 5, the leakage of fragmented mediated staining) as a function of DNA content (PI
chromatin from nuclei was prevented in these determina- staining), forward scatter, and side scatter. Incubation with
tions by using paraformaldehyde fixation. HMAF profoundly increased the number of cells capable of

Figure 7A shows examples of the bivariate histograms TdT staining. Most of these cells had G, or early S DNA
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content, suggesting that cells in these phases of the cell
cycle are most susceptible to apoptosis induction by HMAF.
Forward scatter and side scatter data indicate dramatic
morphological changes in HMAF-treated CEM cells. The
subpopulations of cells detected by both types of light
scattering coincided to a large extent with the apoptotic
cells found, based on DNA fragmentation versus DNA
content plots.

The fraction of cells with apoptotic DNA fragmenta-
tion, as assessed by the TdT assay, showed a clear
dependence on the time of treatment (Fig. 7B). Signif-
icant apoptotic strand breaks could be seen with HMAF at
3.4 uM (2 X ECsp) after a 17-hr incubation but not after a
4-hr treatment. This effect was preceded by an increase in
the proportion of cells in S phase (detectable already at 1.7
wM HMAF). Interestingly, the assessment based on light-
scattering data shows approximately 50% more of presum-
ably apoptotic cells. Hence, the TdT assay might not detect
less frequent apoptotic cleavages in cells that already
exhibit apoptotic morphological changes (such as shrink-
age) that affect their light-scattering properties. Given the
absence of DNA degradation to mononucleosomal frag-
ments in HMAF-treated cultures (shown in the previous

assays), it is likely that morphological changes may precede
TdT-detectable DNA fragmentation.

Preferential Inhibition of DNA Synthesis by HMAF

The ability of HMAF to block cells in the S phase suggests
that the drug may inhibit DNA replication. In fact, HMAF
was a potent inhibitor of DNA synthesis with 1csq = 2 pM
as found based on [PH]thymidine incorporation (data not
shown). The inhibition of RNA synthesis was observed at
higher drug levels with 1Cs; = 20 wM. In contrast to nucleic
acid synthesis, protein synthesis was somewhat stimulated
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FIG. 6. Apoptotic morphological
changes induced by HMAF in CEM
cells. Electron microscopy of CEM
cells treated for 20 hr with HMAF at
0 pM (A) and 3.4 pM (B). Large
and small arrows indicate cells with
condensed chromatin, with small ar-
rows marking crescent shape elec-
tron dense areas along the margins of
micronucleoli. Representative fields
from duplicate samples are shown.
The original magnification was

2000x.

at lower drug levels and inhibited only at very high HMAF
concentrations (ICso = 70 pM).

Inhibition of thymidine or uridine incorporation does
not seem to reflect an effect on de novo precursor synthesis.
Ribonucleotide levels in extracts from cells treated with
HMAF for up to 24 hr showed no dramatic changes,
although the levels of most ribonucleotides were elevated
slightly compared with untreated controls (Table 3 and
data not shown). Such an elevation of ribonucleotide pools
could be explained by a feedback inhibition of ribonucleo-
tide conversion to deoxyribonucleotides resulting from the
inhibition of DNA synthesis. In addition, slightly elevated
levels of ATP demonstrated that HMAF does not affect

energy-generating processes.

DISCUSSION

The mechanism by which HMAF, a new promising drug in
clinical trials, inhibits cell growth remains largely unstud-
ied. This investigation is one of the first mechanistic
characterizations of this drug. Our results show that HMAF
affects the integrity of genomic DNA. Whereas HMAF has
a potential to alkylate cellular nucleophiles, the lesions
observed in genomic DNA reflect predominantly secondary
damage, probably apoptotic DNA strand breakage. The
induction of apoptotic strand breaks parallels a preferential
inhibition of DNA synthesis, a block in S phase of the cell
cycle, and, finally, cell growth inhibition. The observed
pattern is consistent with apoptosis being involved in the
antiproliferative effects of HMAF. To our knowledge,
HMAF is the only illudin for which apoptosis induction has
been demonstrated.

The effects of HMAF on cellular DNA are somewhat
surprising. Under the conditions of our assays, neither
interstrand DNA cross-links nor DNA-protein cross-links
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FIG. 7. Multiparametric flow cytometry analysis of HMAF-
treated CEM cells. (A) Sample bivariate histograms are shown
for control cells and cells treated with 8.5 pM HMAF for 21 hr.
Apoptotic strand breakage data (by TdT) are plotted against
DNA content (by PI), forward scatter, and side scatter. (B)
Quantitation of apoptotic cells (population with elevated apo-
ptotic breaks based on TdT assay) in cultures incubated with
HMAF for 4 hr (O) and 21 hr (®). Typical variability for
replicate cultures did not exceed 1 to 1.5%.

were detected in cellular DNA. Thus, the suggestion that
certain illudins may form bifunctional adducts with nucleo-
philes including DNA [3] may not pertain to HMAF.
HMAF also had little effect on the ability of DNA from
drug-treated cells to serve as a template in primer exten-
sion. However, the drug is still likely to form monoadducts
to cellular DNA. Our recent determinations confirmed the

J. M. Woynarowski et al.

ability of '*C-labeled HMAF to bind to DNA, although
proteins appeared to be more extensively adducted (Herzig
M and Woynarowski JM, unpublished results).

HMAF-induced secondary DNA strand scissions were
demonstrated using several methods. Both single- and
double-strand breaks were detected at HMAF concentra-
tions that are pharmacologically relevant in terms of cell
growth inhibition. During the initial period of incubation,
mostly large fragments (with a peak at ~80 kb) were
formed. Prolonged incubation, however, resulted in pro-
foundly shorter fragments (~2—4 kb). Moreover, HMAF
effects, once initiated, were not readily repairable and
progressed further to short fragments during a prolonged
incubation, even in the absence of the drug.

The observed breakage of cellular DNA by HMAF shows
the characteristics of apoptotic DNA fragmentation [30,
31, 38]. During apoptosis, DNA fragmentation progresses
through a temporally ordered series of stages [30, 31]
commencing with the production of DNA fragments of
~50 to ~300 kbp, which are further degraded, typically
over several hours, to smaller fragments [30, 31, 34]. As
with the HMAF effects, such a progression continues even
following the removal of the apoptosis inducer. DNA
fragments generated by apoptosis feature 3'-OH groups [21,
22], as confirmed for HMAF by the TdT assay. Also,
prevention of HMAF-induced DNA fragmentation by
ZnSO,, but not by cycloheximide, is consistent with the
findings for other apoptotic stimuli [33, 39]. What is less
typical in HMAF-induced apoptosis is that the fragments
generated were larger than the ‘“classical” nucleosomal
ladder. However, oligonucleosomal fragmentation, al-
though often characteristic, may not be a critical event for
apoptotic death, and apoptosis in the absence of the
nucleosomal ladder has been observed by others [40—43].

While the extensive DNA fragmentation observed after
prolonged treatment with HMAF was clearly apoptotic, the
early breakage of cellular DNA might conceivably reflect
direct strand scissions. Such direct breaks might thus be an
apoptotic inducer as found for other DNA-damaging agents
[30, 31]. However, HMAF does not induce strand breaks in
purified DNA. Unlike HMAF, typical strand scission drugs
(inducing direct, non-apoptotic breaks) can generate small
DNA fragments of nucleosomal or subnucleosomal length,
even after a brief incubation [44]. Also, a significant
proportion of such direct breaks is repaired during a
post-treatment incubation [38], which is not the case with
HMAF. Hence, the low levels of breaks in cellular DNA
observed after brief treatments with HMAF probably reflect
early stages of apoptosis.

Besides biochemical indicators of DNA fragmentation,
HMATF induces morphological changes that are character-
istic of apoptosis, such as chromatin condensation and cell
shrinkage demonstrated by electron microscopy (Fig. 6 and
data not shown). HMAF action resulted in discrete sub-
populations of cells that showed anomalous light scattering,
indicating altered cell morphology. Also, cells (and/or
particles) with sub-G; DNA content were detected, which
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TABLE 3. HMAF effects on ribonucleotide levels in CEM cells incubated with the drug for 24 hr
. 7

HMAF* Nucleotides (nmol/107 cells)t

(M) UDP CDP ADP GDP UTP CTP ATP GTP
0 2.9 1.2 11.8 32 4.2 1.9 13.7 3.6
1 3.4 1.5 14.6 4.4 43 1.9 15.0 4.1
2 4.7 2.2 17.9 5.5 8.2 44 30.0 8.9

Intracellular pools of ribonucleotides were determined in PCA extracts from drug-treated cells, as described in Materials and Methods.
* At these concentrations, HMAF did not reduce cell viability significantly, as measured by trypan blue exclusion. Results for drug levels > 2 uM were omitred since they might

have been affected by the possible leakage of ribonucleorides from cytoplasm.

1Typical variability of nucleotide levels in replicate culrures did not exceed 5-15%.

is another indicator of apoptosis [34, 45]. These cytofluo-
rimetric characteristics showed a very similar time and
concentration dependence to TdT analysis and biochemi-
cal assays of DNA fragmentation.

HMAF increases the proportion of cells in the S phase,
with cell accumulation close to the G,/S border accompa-
nying a pronounced apoptosis induction. On the other
hand, TdT and light-scattering analysis suggested that
apoptosis occurred mainly to cells in the G, phase. Apo-
ptotic death of G, and early S cells may be related to the
HMAF-induced block of the cell cycle traverse in S phase.
Preliminary experiments with synchronized cultures suggest
that cells exposed to the drug in a late S phase proceed to
G; in the next cell cycle before they undergo apoptosis, while
surviving cells become blocked in S (data not shown).

Consistent with the S phase block, HMAF is a prefer-
ential inhibitor of DNA synthesis. While a slight elevation
of ribonucleotide triphosphates is an expected outcome of
such an inhibition, the unimpeded ATP production shows
also that HMAF-induced apoptosis and cell growth inhibi-
tion are not accompanied by a general inhibition of cellular
metabolism. Overall, HMAF appears to resemble Illudin S,
which was also found to preferentially inhibit DNA syn-
thesis, block cells in the G,/S, and bind to cellular DNA [2,
12]. Interestingly, the superior pharmacological properties
of HMAF were accompanied by a markedly lower cytotox-
icity than that of Illudin S [2].

Apoptotic DNA degradation may be an important factor
in the antiproliferative action of HMAF, in general. For
example, preliminary results show a comparable level of
apoptosis in COLO320DM cells (data not shown). Further
studies are needed, however, to elucidate the nature of the
apoptotic stimulus of HMAF. Apoptosis induction by
alkylating agents that are used clinically, unlike that by
HMAF, is usually related to their ability to form bifunc-
tional lesions with cellular DNA. Other common antitu-
mor agents may induce apoptosis by causing direct strand
breaks, topoisomerase-mediated lesions, mitotic blocks, or
antimetabolitic inhibition of DNA synthesis [18, 30, 31,
33, 41]. Apoptosis induction by HMAF might originate
from the ability of the drug to monoalkylate DNA. As
mentioned, '*C-labeled HMAF formed adducts with cellu-
lar DNA, although cellular proteins were adducted to a
higher level (Herzig M and Woynarowski JM, unpublished
results). Thus, in the absence of bifunctional DNA lesions,

alkylation of targets other than DNA also needs to be
considered as one of the possible factors in the mode of
action of HMAF. In particular, HMAF binding to proteins
would be consistent with illudins being reactive towards
thiols [11]. By analogy to several thiol-reactive cytotoxic
sesquiterpene lactones [46], HMAF may inactivate impor-
tant cellular proteins by binding to their sulfhydryl groups.
Studies are underway to further explore cellular targets of
HMAF and the nature of drug-induced apoptosis and cell
growth inhibition.
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