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Abstract—Spectrofluorometry and flow cytometry were used to measure cellular uptake of the
anti-leukemic drug 4'-(9-acridinylamino) methane sulfon-m-anisidide (m-AMSA). Because of its
very low intrinsic fluorescence, we used m-AMSA to quench DNA-fluorescence induced by the vital
DNA fluorockrome Hoechst 33342. Maximum fluorescence was obtained with cells incubated in the
Shuorochrome alone. Subsequent incubation of cells in increasing concentrations of m-AMSA resulted
in a gradual decrease in fluorescence. Upon incubation in drug-free medium, the quenching
phenomenon was reversible, consistent with rapid exit of m-AMSA from the cells. The novel
competitive fluorescence assay for cellular uptake for m-AMSA showed a better correlation to
nuclear accumulation of the drug, than to its overall cellular accumulation, which may be important
in assessment of cellular resistance to m-AMSA, with possible low nuclear accumulation of the
drug. When this competitive fluorescence technique for measurement of cellular m-AMSA
concentration was applied in flow-cytometric setting, subpopulations of normal human white blood
cells were detected with distinctly different fluorescence patterns, indicating differences in cellular
m-AMSA uptake. The potential use of this technique is to detect differences between cell

subpopulations with different drug uptake abilities.

INTRODUCTION
THE DRUG 4'-(9-acridinylamino) methane sulfon-
m-anisidide (m-AMSA), is an acridinc derivative
with intercalating properties [1]. It induces com-
plete remission in 20-30% of adult patients with
acute myeclogenous leukemia in relapse when a
cumulative dose of more than 450 mg/m? of body
surface area is reached [2-5]. When combined with
Ara-C for the therapy of newly diagnosed leuke-
mia, m-AMSA produces response rates as high as
similar regimens containing adriamycin [6]. In vive,
m-AMSA appears to be rapidly metabolized, as
assessed with '*C-labeled drug and on the basis of
ethyl acetate extraction and fluorescence measure-
ments [7-10] or with high-pressure liquid chroma-
tography [11]. The use of such methods for cellular
pharmacologic studics will provide information on
average drug uptake per cell; the minimum num-

Accepted 13 December 1985.

*This study was supported in part by Grants CA-16672 and
CA-28771 from the National Cancer Institute, and The Nation-
al Institute of Health, Bethesda, Maryland, U.S.A.
Correspondence to: Borje S. Andersson, MD., Ph.D., U.T.M.D.
Anderson Hospital, Department of Hematology, 6723 Bertner
Avenue, Houston, Texas 77030, U.S.A.

tSpecial Fellow of the Leukemia Society of America, Inc.

883

ber of cells needed for these analyses is usually in
the order of 1-3 X 10° per sample. Therefore,
cellular heterogencity for drug uptake cannot be
recognized. Possible mechanisms of drug resistance
involve decreased uptake and increased efflux, as
has been shown for daunorubicin [12,13]. On the
other hand, cellular uptake of m-AMSA was simi-
lar in sensitive and resistant P-388 murine leuke-
mia cells; however, nuclear accumulation of the
drug was decrcased, possibly resulting in dimi-
nished binding to DNA [14]. Theoretically, a
better way for assessment of target cell pharmacol-
ogy of m-AMSA in relation to its cytotoxic action
would, therefore, be the analysis of DNA-bound
drug.

The introduction of flow cytometry has made the
rapid analysis of cellular properties and events in
single cells possible [15-18]. This methodology has
also recently been used to quantitate the concen-
tration of anthracyclines in normal hemopoietic
and leukemic cells, utilizing the inherent fluores-
cent propertics of the tetracyclic moiety of the
anthraquinone glycosides [19-22]. Since m-AMSA
itself is very weakly fluorescent, a different
approach for the analysis of its cellular uptake by
flow cytometry is necessary. Based on the recent
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observation of adriamycin-induced fluorescence
quenching of the vital DNA-dye Hocchst 33342
[23], we cxamined the feasibility of mecasuring
m-AMSA ccllular uptake and DNA binding by
mcans of Hoechst dye competition, using spec-
trofluorometry and flow cytometry.

MATERIALS AND METHODS

Cell line

All in vitro drug cxposure studies were carried out
in the human myeloid leukemia cell line HL-60
that was kindly provided from Dr R Gallo’s labora-
tory at the National Cancer Institute, Bethesda,
MD [24]. The HL-60 cell line was grown in
Iscove’s modification of Dulbecco’s medium
(IMDM, K.C. Biologicals, Lexington, KY) sup-
plemented with 10% fetal calf serum (FCS). Ex-
ponentially growing cells (> 95% viability) were
used throughout all experiments.

Drugs

m-AMSA (courtesy of Investigational Drug
Branch; Division of Cancer Treatment, National
Cancer Institute, Bethesda, MD) was dissolved in
anhydrous N,N-dimcthylacctamide at 50 mg/ml
and then diluted to 5 mg/ml in 35.3 mM vL-lactic
acid. The drug was further diluted in distilled
water to 200-1000 wg/ml (stock solution) and kept
frozen at —80°C until used.

We used '*C-labcled m-AMSA [courtesy of The
Stanford Rescarch Institute (SRI-International)
Menlo Park, CA, through the Developmental
Therapeutics Branch, Division of Cancer Treat-
ment, National Cancer Institute, Bethesda, MD]
that was labeled in the “9 position and had a
specific activity of 19.6 mCi/mol. The radiochemic-
al purity was 98% as determined by thin-layer
chromatography. Radiolabeled m-AMSA was used
as a tracing clement added at 0.6-0.8 pCi/mg of
unlabeled drug in some drug-uptake studies.

Hoechst 33342 (Calbiochem—Behring Corpora-
tion, LaJolla, CA) was dissolved at 100 pg/ml in
phosphate-buffered saline (PBS pH 7.2, GIBCO
Laboratories, Grand Island, NY) and kept frozen
at —80°C until use. Purificd sucrose, used for the
gradient as described below was obtained from
Bethesda Research Laboratories {Bethesda, MD).
It was dissolved to 0.3 M and 0.15 M in double-
distilled water.

Preparation of nuclei from HL-60 cells

Nuclei were isolated as has recently been de-
scribed by gentle detergent lysis [25,26]. Briefly,
after a wash in nuclear buffer [26] [NaCl 150 mM,
KH,PO, 1 mM, MgCl, 5mM, dithiotreitol 0.1
mM (Sigma Chemical Co., St Louis, MO), pH
6.4], the cells were resuspended on ice in nuclear

buffer supplemented with 0.3% Triton X-100 (Sig-
ma Chemical Co., St Louis, MO) and left for
10 min on ice, with gentle agitation every 30 scc.
After pelleting at 150 g for 10 min, the pellct was
resuspended in nuclear buffer. Each preparation of
nuclei was examined using phase contrast micros-
copy and bright ficld microscopy after trypan bluc
staining to assurc that > 95% of the preparation
consisted of nuclei and not intact whole cells. The
nuclei suspensions were made immediately prior to
drug cxposurc in cach experiment.

Hoechst dye quenching experiments

Calf thymus DNA, Type I (purchascd from
Sigma Chemical Company, St Louis, MO) was
cxtracted 3 times with isopropyl alcohol and chlor-
oform (1:3) to rcduce contaminating protein to
less than 0.5%. In the quenching experiments, the
DNA was dissolved in PBS at 20 pg/ml, Hoechst
dyc was added, 2 or 0.5 pg/ml for 20 min; and
subscquently m-AMSA was added in increasing
concentrations for 30 min at 37°C prior to spec-
trofluorometric mcasurcment. Experiments with
whole cells were carried out in the following way:
2 X 10° cells/ml in PBS with 5% FCS were incu-
bated with Hoechst 33342 for 60 min at 37°C. After
a brief wash and resuspension in warm (37°C) PBS
with 5% FCS the cells were incubated for another
60 min with m-AMSA prior to fluorescence
measurcments. In pilot cxperiments, cclls had been
incubated with m-AMSA prior to the fluorochrome.
The fluorescence intensities were virtually identical,
regardless of the sequence of m-AMSA and Hoechst
dye addition. After exposure of cells to the dye and
drug, cells were kept on ice until analyzed.

DRUG UPTAKE STUDIES WITH
4 C.LABELED m-AMSA

Whole cells

m-AMSA was diluted in double-distilled water
and PBS to desired final concentrations and then
mixed with the HL-60 cells at 2 X 10%/ml. After
incubation for 60 min at 37°C, duplicate samples of
0.5 ml (108 cells) were withdrawn and layered on
top of a double sucrose gradient (0.5 ml each of
0.15 and 0.3 M sucrose in water) [27]. The cells
were spun down for 15sec at 15,600 g in an
Eppendorfl Model 5414 Microcentrifuge and the
tubes were immediately decanted. After resuspend-
ing the pellet in 1 ml PBS and sonicating for 13 sec
on a Heat Systems-Ultrasonics, Inc. (Plainview,
NJ) Model W-220-F sonicator, the suspension was
transferred to glass liquid scintillation vials. Ten
milliliters of Liquiscint (National Diagnostics Co.,
Somerville, NY) were added and the cell-bound
radioactive drug was measured by counting over
10 min in a liquid scintillation spectrometer with
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90% counting efficiency. The average amount of
m-AMSA taken up per cell was calculated from the
mean value of duplicatc samples as compared to a

standard curve, derived from counting serial dilu-
tions of m-AMSA in PBS alone.

Nuclei

m-AMSA was diluted in double-distilled water
and nuclet buffer to desired final concentration and
then mixed with nuclei to 2 X 10° nuclei/ml. After
incubating for 15 min (steady state for m-AMSA
uptake, data not shown), duplicate samples of
0.8 ml were layered on top of 0.8 ml of 0.15 M
sucrose. Further handling was as for whole cells
and the average nuclear uptake of m-AMSA was
calculated as described above.

Spectrofluorometry

Spectrofluorometric assays were carried out in a
Perkin—Elmer MPF-44A spectrofiuorometer. The
wavelengths of excitation and emission were 355
and 450 nm, respectively, corresponding to the
cxcitation and cmission maxima for Hocechst

33342.

Flow cytometry

The flow cytometric measurements were carried
out on a Coulter Electronics EPICS V flow cyto-
meter equipped with a 5W Argon ion laser with
ultraviolet capabilities. The laser was tuned at
355 nm at least 30 min prior to cach experiment,
and the calibration of the EPICS V was performed
with fluorescent 10 wm polystyrene beads (Coulter
Electronics Inc., Marietta, GA). Fluorescence
above 408 nm was detected with a 408-nm-long
pass filter (Schott Optimal Glass, Inc., Duryca,
PA). Low-angle forward light scatter was used to
measure ccll size and to gate out cell debris. The
flow rate was set at 200-300 cells/sec, and a total of
10,000 ceclls were analyzed in each sample. Histo-
grams were generated using the multiparameter
data acquisition display system (MDADS™ Coul-
ter Electronics Inc.)

RESULTS

Initial experiments were carried out to deter-
mine the optimum Hoechst dye concentration both
for DNA in solution and for whole cclls. At 5 pg/
ml, the ratio of DNA-related fluorescence to back-
ground was maximal. However, the relative de-
crease in fluorescence induced by m-AMSA was
the same with Hoechst 33342 ranging from 0.2 to
0.5 wg/ml. Figure 1 illustrates the dose-dependent
decrcase in Hoechst 33342 fluorescence when in-
creasing concentrations of m-AMSA were mixed
with cell-free calf thymus DNA. When the analo-
gous cxperiment was carried out with HL-60 cclls
in suspension, a similar decline in fluorescence was
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Fig. 1. m-AMSA-related quenching of the Hoechst 33342 (2 pg/ml)
induced DNA fluorescence. The concentration of DNA was 20 pg/ml.
Excitation was at 355 nm and emission at 450 nm.

observed, however, with a steeper initial part of the
slope (Fig. 2). Figurc 3 examines the cellular and
nuclear uptake of radiolabeled m-AMSA. The
cellular and nuclear uptake curves for m-AMSA
are quite different with only a fraction of m-AMSA
being taken up by the nuclei as compared to whole
cells. The relationship between cellular fluoresc-
ence after exposure to Hoechst 33342 (0.5 pg/ml)
and m-AMSA, and nuclecar/cellular uptake of '*C-
labeled drug is shown in Figs. 4 and 3. The relation
between nuclear drug accumulation and the cellu-
lar decrcase in fluorescence is close to a straight
linc and deviates significantly from the straight line
only at a high concentration of m-AMSA (20 pg/
ml), whereas the relationship between total cell
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Fig. 2. m-AMSA related quenching of Hoechst induced DNA fluoresc-

ence in HL-60 cells. The cells (2 X 10°/ml) were incubated in Hoechst

33342 (0.5 pg/ml) for 60 min at 37°C and after a brief wash, they

were incubated in m-AMSA at increasing concentrations_for 60 min prior

to analyzing the fluorescence (see also Materials and Methods). Each point
is the mean of three separate experiments (bar, £ S.D.).
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Fig. 3. Uptake of *C-m-AMSA in whole cells (O) and nuclei (@) of
HL-60 leukemia cells. Each point is the mean of three separate
experiments (bar, * S8.D.).
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Fig. 4. The correlation between cellular fluorescence and nuclear uptake
of "*C-m-AMSA. The data points were obtained from the experiments in

Figs 2 and 3.
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Fig. 5. The correlation between cellular fluorescence and cellular uptake
of "*C-m-AMSA. The data points were obtained from the experiments in
Figs 2 and 3.

uptake of m-AMSA and decrcase in cellular
fluorescence is more complex (Fig. 5).

To test the competitive binding of m-AMSA and
Hocchst 33342 to DNA, m-AMSA-treated HL-60
cells were thoroughly washed in 10 vol. of PBS and
resuspended in PBS prior to the addition of
Hocchst dye. There was only minimal quenching
of Hocchst dye fluorescence when compared to
controls incubated with Hoechst dye alone. The
almost complete reversibility of the quenching
phenomenon suggests effective removal of m-
AMSA from DNA-binding sites.

With increasing time intervals between cell pro-
curcment - and trecatment with m-AMSA plus
Hocchst 33342, the fluorescence intensity de-
creased. However, the resulting slopes of the
fluorescence-quenching curves were unchanged.

This indicates that the uptake kinetics of
Hoechst 33342 may change with in sitro storage of
the cells, whercas that of m-AMSA was not in-
fluenced. In further experiments, the cellular
fluorescence patterns were examined immediately
after incubation of the cells in Hocchst 33342 or
after a subsequent delay during which the cells
were kept on ice up to 4 hr prior to the addition of
m-AMSA, or the cells were kept on icc up to 4 hr
after incubation in both Hoechst dye and m-
AMSA. In nonc of these cases was there any
appreciable change in fluorescence that could be
attributed to the storage on ice.

In further experiments, normal human peripher-
al blood mononuclear cells (density < 1.080 g/cm?®,
predominantly G, population) were incubated
with m-AMSA and Hocchst 33342, as described
above, and the fluorescence was analyzed with an
EPICS V flow cytomcter. Figure 6 displays the
dose-dependent progressive left shift in fluoresc-
ence intensity with increasing m-AMSA concentra-
tion. The flow cytometric analysis revealed a pro-
nounced quenching in fluorescence intensity when
cells were exposed to concentrations of 0-15 pg/ml
of m-AMSA, whereas an increase in drug concen-
tration from 15 to 20 pg/ml had little further cffect
on the fluorescence. Two-parameter analysis (light
scatter or cell size vs fluorescence) in the presence
of 15 pg/ml of m-AMSA revecaled 2 cell popula-
tions with distinctly different fluorescence and
light-scatter properties (Fig. 7). The smaller sub-
population of larger cells demonstrated a -higher
degree of Hoechst dye quenching, consistent with
higher intracellular levels of m-AMSA.

DISCUSSION
Using radioisotope technology as a standard,
our studics demonstrated the feasibility of a com-
petitive fluorescence assay for measuring m-AMSA
binding both to cell-frce DNA and its uptake into
nuclear DNA of normal white blood cells and in
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Fig. 6. After incubation of normal peripheral mononuclear white blood
cells (density < 1.080 gm/cm®) for 60 min in Hoechst 33342
(0.5 wg/ml), the cells were incubated in m-AMSA at increasing
concentrations (5, 10, 15 and 20 pg/ml). The control cells were
incubated in Hoechst 33342 alone. The abscissa displays relative
fluorescence and the ordinate relative number of cells.
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Fig. 7. Two-dimensional expression, cell size (ordinate) vs fluorescence

(abscissa) of the experiment in Fig. 6. The concentration of m-AMSA

here was 15 pg/ml. Two distinct cell populations with different uptake of
drug can be seen.

cultured human myeloid HL-60 cells. Spec-
trofluorometry permits analysis of the mean cellu-
lar DNA uptake of m-AMSA while flow cytometry
measures cellular m-AMSA uptake more rapidly
and in individual cclls. In comparison to spec-
troflucrometry, flow cytometry can be performed
on much smaller samples (4 X 10° vs 3-5 X 10°
cells), and possible cellular heterogeneity for m-
AMSA uptake can be appreciated.

Most studies utilizing flow cytometric analysis of
cellular drug uptake utilized the fluorescent prop-
erties of anthracycline antibiotics themselves [19-
22]. However, since daunorubicin and adriamycin-
related fluorescence is quenched upon binding of
these drugs to DNA [28], much of the fluorescence
measured by such direct assays possibly originates
from the cytoplasmic compartment and from drug
that has entered the nucleus, albeit not yet bound
to DNA. Consequently, the direct fluorescence
method might predominantly measure unbound

BJC 22:7-I

drug and hence under estimate the biologically
relevant fraction of drug bound to the critical
target, DNA. An advantage of the present competi-
tive fluorescence assay is that it probably preferen-
tially analyzes the amount of DNA-bound drug
rather than the total ccllular uptake of m-AMSA,
as indicated by comparison of the gradual decrcase
in fluorcscence to increasing doses of m-AMSA to
the corresponding uptake of '*C-labeled drug in
nuclei and whole cells respectively (Figs 4 and 5).

An increase in active cellular efflux of adriamy-
cin and daunorubicin has been invoked as onc
mecchanism of acquired cellular resistance to those
drugs [12,13,29,30]. However, a recent study on
the development of cellular m-AMSA resistance in
murine P-388 lcukemia showed the overall cellular
drug uptake to be similar in drug-resistant and
sensitive cells, whercas there was a decrease in
nuclcar translocation of the drug [14]. By relying
on an indicator DNA-reactive fluorochrome, the
present competition assay appears to mcasure
DNA-bound rather than overall drug uptake. This
property of our assay offers an advantage above
previous methods when resistance may result from
defects in nuclear translocation rather than overall
ccliular drug uptake. The reversibility of Hoechst
33342 quenching after thorough cell washing is in
agreement with previous obscrvations of rapid
efflux of m-AMSA from drug-loaded cells transfer-
red to drug-frec medium [31].

One of the most interesting aspects of our study
was the observation of nonuniform m-AMSA up-
take into normal human mononuclear cells. When
both cell size and fluorescence were measured
concurrently, two distinct populations with diffe-
rent drug uptake were recognized. We cannot
cxclude the possibility that this difference was due
to the cell cycle-related differences in DNA con-
tent. However, greater than 97% of all cells had a
uniform G; DNA content as determined indepen-
dently on fixed cells, using ethidium bromide and
mithramycin [16]. Hence, the difference in
Hoechst dye quenching most likely reflects differ-
ences in m-AMSA uptake by different hemopoictic
cells, which has previously been noted in normal
bone marrow cells using a direct fluorescence assay
for daunorubicin [21].

Cell separation experiments to obtain purified
cell subpopulations would be required to demons-
trate differences in cellular drug uptake directly.
Thus, flow cytometry is a promising method of
studying the heterogencity of cellular drug phar-
macology with regards to differences in drug resist-
ance. When coupled with radioisotope technology
and cell sorting, differences in fluorescence can be
directly related to results obtained with standard
technology. When applied to fluorescent drugs
such as anthracyclines, the combined analysis of
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