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ABSTRACT

Homoharringtonine (HHT) is a cephalotaxine ester derived from an
evergreen tree of southern China. We studied the effect of HHT on the
clonal proliferation and differentiation of human leukemic cells from cell
lines and patients. Dose-response studies found that HHT inhibited
colony formation of myeloid cell lines (50% inhibitory dose range, 7 to
12 nu/ml), lymphocytic cell lines (50% inhibitory dose range, 4 to 7 ng/
ml), and fresh leukemic cells (50% inhibitory dose range, 2 to 25 ng/ml).
Pulse-exposure studies showed that colony formation of HL-60 cells was
inhibited 50% by HHT (10 to 20 ng/ml) at 45 h and completely inhibited
at 72 h. Radioactive precursor studies using III 60 cells showed that
HHT predominantly inhibited protein synthesis as compared with RNA
and DNA synthesis. Taking advantage of this, we have found that the
combination of HHT with l-/3-i>arabinofuranosylcytosine (inhibitor of
DNA synthesis) was synergistic in the inhibition of HL-60 clonal growth.
HHT (2 to 20 ng/ml) also was found to induce up to 28% of HL-60 cells
to differentiate toward macrophage-like cells.

INTRODUCTION

The use of natural plant products in the treatment of disease
has been an important component of medical therapy for cen
turies. A group of cephalotaxine esters, derived from an ever
green tree found widely throughout southern China, has been
used in Chinese folk medicine for the treatment of human
malignant diseases. The structures of cephalotaxine and related
alkaloids have been determined (1, 2). HHT' and HT are the

major components of these alkaloids. They are cytotoxic against
L7212 and P388 murine leukemia cells injected i.p. into syn-
geniec mice (3, 4). Several clinical trials carried out in China
suggested therapeutic activity of HT and HHT in patients with
either leukemia or lymphoma (5-7). Phase I and II clinical
studies of HT are in progress in the United States (8-13). In
the present study, we show that HHT has antileukemia activi
ties against a variety of myeloid and lymphoid leukemic cell
lines and fresh myeloid leukemic cells from patients. This
compound inhibited protein synthesis and was synergistic with
ara-C (DNA synthesis inhibitor) in inhibiting proliferation of
clonogenic leukemic cells.
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MATERIALS AND METHODS

Cells. The following cell lines were used in this study. HL-60 cells
are promyelocytes from a patient with acute myeloid leukemia (14).
EM-2 cells are myeloblasts from a patient with myeloid blast crisis of
CML (15). KG-1 cells are early myeloblasts established from a patient
with erythroleukemia (16). U937 cells are monoblasts from a patient
with acute monoblastic leukemia (17). BVI73 cells are lymphocytes
from a patient with lymphoid blast crisis of CML (14). Molt 4f, Hut,
and CEM are T-cell lines (18, 19), and HCLL 7876 is a B-lymphocyte
line (a gift from Dr. C. H. Uittenbogaart). The cells were grown in
tissue culture flasks (Lux Miles Laboratories, Inc., Naperville, IL) in
Â¡Â»-medium(Flow Laboratories, McLean, VA) with 10% FCS (Irvine
Scientific, Santa Anna, CA). Only cells in logarithmic growth were
used for plating experiments.

Bone marrow was obtained by aspiration from healthy volunteers
and leukemic patients after their written consent was obtained. The
mononuclear cells were isolated by centrifugation on Ficoll-Hypaque
gradients (20), washed twice in Ix PBS, and suspended in Â«-medium
containing 10% FCS. Peripheral blood mononuclear cells were obtained
using similar techniques from consenting patients who had a high
percentage (>85%) of leukemic cells in their blood.

Drug. HHT was supplied by the Institute of Material Medica,
Chinese Academy of Medicinal Science, Beijing, China. Dilution of the
stock material was made in PBS and stored at 4Â°Cbefore use.

Colony Formation in Soft Agar and Analysis of Differentiation. Cells
were plated in Lux culture dishes in a two-layer soft agar system
according to a previously described method (20). The bottom layer
contained 0.5% agar, and the top layer contained 0.3% agar (Difco
Laboratories, Inc., Detroit, MI). The culture medium was Â«-medium.
For each layer, the stock agar solution was mixed with prewarmed Â«-
medium containing 28.6% FCS, and 1 ml was pipetted into each culture
dish. This mixture became semisolid at room temperature within 20
min. HHT at the different concentrations and the CSF were mixed into
the bottom layer before hardening of the agar. The CSF was added into
the bottom layer of the dishes containing KG-1, normal, or leukemic
bone marrow cells. Recombinant GM-CSF (200 pM, a maximally
stimulating concentration, data not shown) was the source of CSF (a
generous gift of S. Clark, Genetics Institute, Boston, MA). The cells to
be tested were mixed with the top layer. The cell concentration was 2
x lO'/plate for leukemic cell lines and 2 x 10'/plate for normal bone

marrow and leukemic cells from patients. Cultures were placed in a
humidified atmosphere (5% CO2) at 37Â°Cfor 10 to 12 days. All

experiments contained three dishes per experimental point. Each ex
periment was performed at least twice. Colonies (>40 cells) were scored
with an inverted microscope.

Induction of cellular differentiation was measured both by ability of
the cells to reduce NBT and by histochemistry using o-naphthyl acetate
esterase (NSE). The cells were grown with HHT in Â«-mediumwith
10% FCS for 4 days in a humidified, 5% CO2 atmosphere at 37'C. For
NBT, the cell suspension (2 x 10s/ml) was mixed with an equal volume

of solution containing 1.25 ng/ml of NBT (Sigma Chemical Co., St.
Louis, MO), 17 mg/ml of bovine serum albumin, and 1 mg/ml of 12-
O-tetradecanoylphorbol-13-acetate (Miles Laboratories) for 30 min at
37Â°C.The cells were washed in PBS. cytocentrifuged, fixed in methanol

for 5 min, and stained with saffranin for 10 min. For NSE, the slides
were fixed for 30 s at room temperature in citrate-acetone-formaldehyde
solution; stained for 30 min at 37Â°Cin the dark with a solution of 1 ml

of Fast blue BB base solution, 1 ml of sodium nitrate solution, 40 ml
of prewarmed deionized water, 5 ml of buffered trizmal, (pH 7.6) and
1 ml of naphthyl solution; and counterstained for 2 min in hematoxylin
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solution. The slides were evaluated microscopically.
Assay of Protein and RNA and DNA Synthesis. HL-60 cells (2 x

lOVml) were placed in liquid culture with different concentrations of
HHT for 2 days; viable cells were counted; and 1 x IO5cells/ml were
cultured in the presence of HHT plus 1 Ci/ml of ('H)dThd (specific
activity, 60 Ci/mmol), ['Hjuridine (specific activity, 43 Ci/mmol), or
[35S]methionine (specific activity, 1200 Ci/mmol). for 6 h. Cells were

lysed, precipitated with TCA, and filtered onto GF/F glass fiber filters.
The filters were washed with phosphate-buffered saline and placed in
scintillation vials, and radioactive emissions were counted.

Statistics. The drug combinations were evaluated for synergism using
the CI which was previously described (21, 22). The CI was defined as
(D),/(Â£>,),+ (D)2/(D,-y\)2, where />, and D2were the doses of the HHT
and second drug (1-fJ-D-arabinofuranosylcytosine or actinomycin D),
respectively, combined in the colony-forming assay. (D,), and (D,)2
were those doses of each drug required individually to inhibit a similar
fraction (x) of colony-forming cells as were inhibited by the combination
of the drugs. These values were calculated from the median effect
equation [log(/a//u) = mlog(O/Dm)], where fa equaled the fraction of
leukemic cells affected by the drugs, and fu, the fraction unaffected.
The value of^a was derived by dividing the average colony count at
each drug dose by the average number of colonies produced by the
maximally inhibiting concentration of combined drugs. Next, by plot
ting \og(fa/fu) versus the logarithm of the total drug dose (D), a straight
line was obtained that enabled calculation of a slope (m), intercept (b),
correlation coefficient (r), and a median dose (Dm) for each dose-
response curve using linear regression analysis. The combination index
calculated in this manner suggested synergism for CI of <1 and less
than additive for a CI >1; and if the CI was within 2 SE of 1, the drug
combination was designated as additive.

RESULTS

Effects of Homoharringtonine on Proliferation of Normal and
Leukemic Myeloid Colony-forming Cells. The effects of various
concentrations of HHT on the clonogenic proliferation of HL-
60, EM-2, KG-1, U937, BV173, Molt 4f, Hut 78, CEM, and
HCLL 7876 cells are shown in Fig. 1. Of the myeloid cell lines,
HL-60 promyelocytes were the most sensitive to HHT with an
ID50occurring at 7.0 ng/ml. In the order of sensitivity, the ID5(,
of HHT for KG-1, EM-2, and U937 cells was 8.8, 9.7, and
12.0 ng/ml, respectively. Lymphocytic cell lines were slightly
more sensitive to HHT than were myeloid cell lines. The ID50
of HHT for CEM, HcLL 7876, Hut 78, BV173, and Molt 4f

was 4.3, 5.3, 5.5, 5.6, and 6.9 ng/ml, respectively (Fig. 1).
Normal human committed myeloid clonogenic cells (GM-CFC)
were also inhibited in their clonal growth by HHT with an ID50
of 13 ng/ml (Fig. 1).

The effect of HHT on the clonal growth of myeloid leukemic
cells harvested from patients was examined (Fig. 2). A total of
6 cases were tested, 5 with AML and one case with CMML.
AML samples were sensitive to HHT with ED50 values that
ranged between 1.8 and 8.4 ng/ml. The CMML sample was
less sensitive to HHT (Â£050=25 ng/ml).

The effect of pulse exposure of HHT on the clonogenic
growth of HL-60 cells was examined (Fig. 3). Cells were ex
posed to different concentrations of HHT in liquid culture for
2, 6, 12, 24. 48, or 72 h. They were washed 3 times, counted,
and plated (2 x lO'/dish) in soft agar, and the numbers of

colonies were enumerated on Day 10 of culture. Colony for
mation was inhibited 50% by 10 to 20 ng/ml of HHT after a
45-h exposure and complete inhibition occurred at 72 h. Low
concentrations of HHT (4 ng/ml) had little effect on colony
formation at any time point (<72 h of exposure).

Assay of DNA, RNA, and Protein Synthesis. We studied the
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Fig. 2. Dose-response of HHT on clonal growth of leukemic cells from
patients. Mononuclear blast cells from bone marrow or blood were cultured in
soft agar; colonies were counted on Day 10. and each point represents the mean
number of colonies per triplicate culture. Results are expressed as a percentage
of control cells not exposed to HHT. Case 1, AML; Case 2. AML; Case 3, AML;
Case 4. AML; Case 5, AML; Case 6, CMML.
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Fig. 1. Effect of HHT on clonal proliferation of leukemic cell lines and normal
human m>eloid progenitors (GM-CFU). Results are expressed as a percentage of
control plates not exposed to HHT. Control cultures contained 313 Â±78 (SE)
colonies for HL-60; 149 Â±24 for EM-2; 261 Â±7 for KG-1; 277 Â±14 for U937;
223 Â±94 for BV173; 202 Â±48 for MOLT -4f; 226 Â±21 for HUT 78; 95 Â±8
for CEM; 73 Â±5 for HcLL 7876; and 75 Â±19 for normal human bone marrow
(NHBM) myeloid committed stem cells. Each point represents the mean of two
experiments with triplicate dishes.
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Fig. 3. Effect of pulse exposure of HHT on clonal proliferation of HL-60.
Results are expressed as a percentage of control plates not exposed to HHT. â€¢¿�,
4 ng/ml of HHT; O, 10 ng/ml of HHT; A, 20 ng/ml of HHT. Results represent
the mean of 3 experiments with each point done in triplicate. Control cultures
contained 184Â± 10 (SE) colonies for 2-Apoint: 119Â± 13 for 4-h point; 252 Â±13
for n-h point; 183 Â±9 for 24-h point; 275 Â±9 for 48-h point; 267 Â±9 for 72-h
point.
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effect of HHT on DNA, RNA, and protein synthesis by meas
uring ['HjdThd, [3H]uridine, and [15S]methionine incorporation
into TCA-precipitable counts in HL-60 cells (Fig. 4). HHT (5
to 20 ng/ml) had little effect on [3H]dThd or -uridine incorpo
ration but decreased [15S]methionine incorporation in a dose-

response manner with a 45% inhibition at 20 ng/ml of HHT.
Combination Studies. Combinations of HHT with either ara-

C (an inhibitor of DNA synthesis) or actinomycin D (an inhib
itor of RNA synthesis) were analyzed to determine if their
effects were synergistic or additive on the clonal growth of HL-
60 cells (Tables 1 and 2). These calculations demonstrated
synergism for the combinations of HHT > 4 ng/ml with each
concentration of ara-C. In addition, synergy occurred with one
concentration of HHT (5 ng/ml) and two concentrations of
actinomycin D (0.05, 0.1 ng/ml).

Effect of Homoharringtonine on Differentiation of HL-60
Cells. The ability of HHT to induce differentiation of HL-60
cells was examined using two markers of myeloid cellular
differentiation, NSE activity (which is found in macrophages)
and reduction of NBT (which is found in mature myeloid cells)
(Table 3). Only a few untreated HL-60 cells have the ability to
reduce NBT (<7%), and <1% have NSE activity. NSE-positive
HL-60 cells ranged between 15 and 28% after 4 days in liquid

120

Table 2 Effects of HUT plus actinomycin I) on proliferation of HL-60 cells

5 10
Concentration

Fig. 4. Effect of HHT (48 h) on incorporation of |'H]thymidine. [-'Hjuridinc.
and [J'S|methionine in HL-60 cells. Results are the mean of two experiments
using triplicate wells and are expressed as a percentage of control cells not
exposed to HHT. The mean Â±SE of control cultures was 2,643 Â±40.4 cpm for
['HJthymidine; (â€¢)2.812 Â±29.6 cpm for ['Heridme; and (A) 12.882 Â±198 cpm
for ['5S]methionine (O).

Table 1 Effect of HHT plus ara-C on proliferation of HL-60 cells

DrugHHTara-CHHT

+ ara-CConcentration

(ng/ml)2451020502+102

+202
+504+10

4 + 20
4 + 50
5 + 10
5 + 20
5 + 50Colonies267

Â±39.0Â°254

Â±41.021
2Â±32.0122

Â±30.7264

+51.4263
Â±57.4153
+30.7222

Â±33.3200
Â±15.0119Â±

16.556
Â±14.5

45 Â±3.6
20+ 1.8
17 + 5.2
7 Â±3.6
2Â± 1.6CI0.9010.9931.0590.596

0.631
0.647
0.468
0.386
0.526StatusAdditiveAdditiveAdditiveSynergy-

Synergy
Synergy
Synergy
Synergy
Synergy

DrugsHHTActinomycin

DHHT

+ actinomy
cin DConcentration

(ng/ml)2450.0250.050.12

+0.0252
+0.052
+0.14
+0.0254
+0.054
+0.15
+0.0255
+0.055
+ 0.1Colonies247

Â±17.4Â°235

Â±9.42051132452502282252202122022091609914.422.25.28.412.424.49.05.015.426.935.816.290+

11.348
Â±7.5CI1.1941.0181.1621.291.5051.1590.8370.8310.664StatusAdditiveAdditiveAdditiveftâ€”AdditiveAdditiveSynergySynergy

" Mean Â±SE from a representative experiment using
drug concentration containing 2 X 10' HL-60 cells/plate,

in 2 other independent experiments.
* â€”¿�.less than additive.

triplicate plates of each
Similar results occurred

Table 3 Effect of homoharringtonine on cellular differentiation of HL-60 cells
HL-60 cells (2 x lO'/ml) Â»erecultured for 4 days with different concentrations

of HHT. Viability w-asdetermined by trypan blue exclusion, and differentiation
was assessed by reduction of NBT and positivity for NSE. Results represent the
mean of 3 cultures.

HHT concentration
(ng/ml)2

4
8

10
20

Control (negative)*

Control (positive)Viabililv

(%)90

84
58
44
14
92
84NBT(%)28(1.4)Â°

33 (2.06)
43 (0.86)
49 (0.86)
52(0.13)

7 (0.36)
94 (3.5)NSE

(%)1

5 (0.75)
23(1.44)
25 (0.5)
28 (0.49)
7 (0.02)
0(0)

91 (3.41)

" Mean Â±SE from a representative experiment using triplicate plates of each
drug concentration containing 2 x 10' HL-60 cells/plate. Similar results occurred

in 2 other independent experiments.
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" Numbers in parentheses, absolute numbers/ml obtained by multiplying the
cell concentration (x 10') by the percentage of NBT- or NSE-positivc cells.

'Negative control, untreated HL-60 cells grown in regular culture medium;
positive control. HL-60 cells cultured with 10~7M 1,25-dihydroxyvitamin Dj for

6 days.

culture with HHT (2 to 20 ng/ml). About 30 to 50% of the
cells became NBT positive in the presence of HHT (2 to 20 ng/
ml). In order to exclude the influence of the selective death of
proliferating cells on NBT and NSE results, we calculated
absolute numbers of NBT- and NSE-positive cells. This was
derived from the multiplication of the percentage of either
NBT- or NSE-positive cells times the concentration of the
viable cells at the time the cultures were harvested. The absolute
number of cells that were positive for NBT was 2.06 x 105/ml
at 4 ng/ml of HHT as compared with 0.36 x 105/ml in the

control flasks. The absolute number of cells that were positive
for NSE was 1.44 x IO5 per ml in the presence of 4 ng/ml of

HHT (Table 3). The control flasks had no detectable NSE cells.

DISCUSSION

HT and HHT have been used in China for the treatment of
acute myeloid leukemia, and remission rates of approximately
25% have been reported (6, 23). Clinical activity reported from
China prompted clinical trials in other countries including the
United States to examine these drugs. Sullivan and Leyden (24)
reported a case of an elderly patient in whom a complete
remission of acute myeloid leukemia was achieved with minimal
side-effects after treatment with HT and who was alive 4 years
later in remission. A study by Warrell et al. (25) found that
25% of 28 patients with acute myeloid leukemia treated with 5
to 7 mg/m2/24 h of HHT for 7 to 9 days achieved complete
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remission that lasted for more than 6 mo. Four of these remis
sions occurred in a subset of ten patients previously resistant
to conventional treatment. Preliminary studies suggest a 60 to
70% remission rate when HHT is used for patients with ALL
(26). The place HHT will have in the armamentarium of cur
rently available antileukemic agents remains to be established;
in vitro studies of HHT may help refine the use of the drug in
specific leukemia.

Colony formation in a bilayer soft agar system is a widely
used method to study drug-induced lethality of bone marrow
and tumor cells. We found that HHT markedly inhibited clonal
proliferation of leukemic cells. Sensitivity of the myeloid and
lymphoid lines was generally similar (ED50, 4 to 20 ng/ml).
Among the myeloid cell lines, HL-60 cells (promyelocytes) were
the most sensitive (ED50, 7 ng/ml), and U937 (monoblast) cells
were the least sensitive (12 ng/ml). All of the lymphocytic cell
lines were more sensitive to HHT than were HL-60 cells,
suggesting that the drug may be particularly active against acute
lymphocytic leukemia.

Pulse-exposure experiments found that short exposure (ap
proximately 48 h) of the cells to HHT (10 ng/ml) was enough
to inhibit 50% of the clonal growth of HL-60 cells. Further
studies showed that HHT inhibited protein synthesis in leu
kemic cells. In contrast, the compound had little effect on either
RNA or DNA synthesis of these cells. Huang et al. (27) found
that HHT inhibited the release of completed protein chains
from polyribosomes. Fresno et al. (28) demonstrated that HHT
inhibited early elongation of polypeptide chains, principally
involving aminoacyl-tRNA binding to the acceptor site and
peptide-bound formation. In order to attempt to enhance cy-
totoxicity, we examined the combination of HHT with either
ara-C (inhibitor of DNA synthesis) or actinomycin D (inhibitor
of RNA synthesis). HHT was synergistic with ara-C at most
concentrations of both drugs; also, one concentration of HHT
(5 ng/ml) in combination with one of two concentrations of
actinomycin D (0.05, 0.1 ng/ml) was syngeristic in their inhi
bition of HL-60 clonal growth.

Bone marrow toxicity is one of the dose-limiting factors in
the administration of chemotherapy. We examined the cyto-
toxic effects of HHT on myeloid clonogenic cells from normal
human bone marrow GM-CFU. Using least square linear
regression analysis, HHT had nearly the same cytotoxicity for
myeloid clonogenic cells from both HL-60 cells and bone
marrow (22; statistical data not shown). These results are not
unexpected. Many studies have compared the cytotoxicity of a
chemotherapeutic agent on the in vitro clonogenic growth of
leukemic cells versus normal myeloid committed stem cells
(GM-CFU), and we have found little differential cytotoxicity
(29). Why does chemotherapy often induce remissions? Chemo
therapy is usually most active against proliferating cells. Many
normal GM-CFU and clonogenic leukemic cells are prolifer
ating. In contrast, normal pluripotent hematopoietic stem cells
are predominantly in G0, the nonproliferating pool of cells;
these are probably more resistant to chemotherapy and re-

populate the marrow after aggressive chemotherapy.
Our studies of differentiation using NSE and NBT showed

that HHT can induce some of the HL-60 cells to differentiate
toward monocytes/macrophages. Maximal induction occurred
at 2 to 10 ng/ml of HHT with about 20 to 30% of the cells
differentiating toward macrophages. Abnormal monocytoid-
like cells have been observed in the blood of some patients with
acute nonlymphocytic leukemia as they were treated with HT,
and their circulating blast cells deceased (30). This suggested
that HT may be exerting its effect in vivo by induction of

differentiation. Boyd and Sullivan (30) demonstrated that many
HL-60 cells could be induced to differentiate into monocyte/
macrophage-like cells after 4 days of treatment with HT (100
ng/ml). How HHT and HT induce differentiation of HL-60
cells is unclear.

In summary, HHT inhibits clonal growth and induces differ
entiation of leukemic cells. Our data show that the drug pre
dominantly inhibits protein synthesis of leukemic cells and is
synergistic in inhibition of leukemic clonal growth when com
bined with ara-C, a chemotherapeutic agent that inhibits DNA
synthesis. These results suggest that HHT in combination with
ara-C may be particularly active in leukemias. Furthermore, we
found that HHT was most potent in the inhibition of lymphoid
as compared with myeloid clonogenic leukemia cells. These
findings suggest that a trial of HHT in combination with other
chemotherapeutic agents may be helpful in treatment of pa
tients with acute lymphocytic leukemia.
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