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A. Introduction

The normal haemopoietic system behaves
as if proliferation and the differentiation
transitions on and between the granulo-
cytic, erythroid and other lineages are
stochastic events governed by probabilities
determined by the levels of growth and dif-
ferentiation stimuli [1]. Recent studies of
myeloid leukaemic and myelodysplastic
(AML and MDS) cells suggest that, in con-
trast to cell lines, there is a shift in the bal-
ance of probabilities for proliferation and
differentiation rather than a maturation
block at any particular stage [2]. This in
turn suggests that these cells retain many of
the features of normal proliferation and
differentiation and that they will be acces-
sible to the same means of altering the pro-
liferation—differentiation balance as in nor-
mal cells. We recently proposed that
physiological and pharmacological agents
which enhance differentiation and matu-
ration in vitro act by two fundamentally
different routes: (a) by hastening progres-
sion through various differentiation/matu-
ration steps; and (b) by slowing prolifer-
ation by inhibition of DNA synthesis. In or-
der to test this thesis we looked for syner-
gistic interaction between these two groups
of agents. Combinations of differentiation-
inducing agents (retinoic acid and
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N-methylformamide) with DNA synthesis
inhibitors  (6-mercaptopurine, cytosine
arabinoside and aphidicolin) produced a
differentiation-inducing effect on normal,
MDS and AML cells, equivalent to that of
10-, 100- or even 1000-fold higher concen-
trations of single agents. Myelotoxic effects
in vitro were not synergistic. The use of
these highly synergistic combinations
should greatly enhance the usefulness of
differentiation inducers in the therapy of
MDS and AML.

The myelodysplastic syndromes (MDS)
[3] are a group of closely related disorders
which tend to evolve to acute myeloid leu-
kaemia (AML) [4]. They are characterised
by peripheral blood cytopenias, usually in
association with a hypercellular bone mar-
row. This suggests a defective maturation
process and there is a detectable matu-
ration delay in vitro [5, 6]. MDS cultures
are reminiscent of those in which the pro-
liferation and differentiation of normal
cells has been partially uncoupled by sup-
plying them with a source of growth stimu-
lus relatively deficient in differentiation-in-
ducing activity [7].

There is no generally effective therapy
available for the MDS [8], but recently
there has been an upsurge of interest in us-
ing differentiation-inducing agents in MDS
and also in refractory AML. Retinoic acid,
vitamin D3, butyrate and harringtonine
have all been used in limited clinical trials
[9—-14]. Agents which slow DNA synthesis
by a wide variety .of different mechanisms
have an apparently differentiation-in-
ducing action in vitro and there have been
several trials of low dose cytotoxic drug



therapy with varied results, in some cases
suggestive of a cytotoxic action, in others of
differentiation induction [15-18].

The first aim of this study was to de-
termine whether DNA synthesis inhibitors
have or induce differentiation-inducing ac-
tivity or whether they act by some other
mechanism. One possible mechanism of ac-
tion is suggested by experimental evidence
for the existence of a differentiation-re-
sponsive “window” in the cell cycle in
or around the S-phase in both granulo-
cyte—macrophage and erythroid cells
[19-21]. If DNA synthesis inhibitors act by
extending this window or any other mecha-
nism independent of that involved in dif-
ferentiation induction by other types of
agent, DNA synthesis inhibitors and these
differentiation inducers would be expected
to interact synergistically. In the context of
MDS this might be most useful because ag-
gravated cytopenia and marrow hypoplasia
is a common complication of therapy with
low dose cytosine arabinoside and other
DNA synthesis inhibitors [16, 17, 22].

True differentiation-inducing agents
have the theoretical advantage that
although they inevitably decrease the am-
plification of the haemopoietic system (i.e.
the total number of cells produced from
each stem cell committed to the differen-
tiation pathway) they should not impair the
stem cell compartment’s ability to com-
pensate for this. In contrast, DNA synthesis
inhibitors, whatever their mechanism of ac-
tion in enhancing differentiation, not only
reduce the amplification of the system di-
rectly by slowing proliferation but also,
since they are nonselective, inhibit stem cell
division and thus reduce any possibility for
compensation. That such a compensatory
mechanism may operate in vivo is suggest-
ed by the different incidence of hypoplasia
in patients receiving DNA synthesis inhibi-
tors and conventional differentiation in-
ducers.

'The ability, demonstrated in this report,
to enhance the differentiation-inducing ef-
fect of retinoic acid and N-methylforma-
mide by very low doses of DNA synthesis
inhibitors should prove useful in designing
new and less toxic differentiation induction
therapeutic protocols for the treatment of
MDS patients and of AML patients unsuit-

able for or unresponsive to conventional
AML therapy.

B. Materials and Methods

Marrow aspirates were obtained from three
healthy volunteers, from three patients with
MDS (FAB classification refractory anae-
mia with excess of blasts (RAEB), RAEB in
transformation (RAEB-T), chronic myelo-
monocytic leukaemia (CMML) [1]) and pe-
ripheral blood blasts from one patient with
AML (FAB-M4) and another with AML
following MDS. With the exception of the
last patient none had received cytotoxic
therapy.

I. Differentiation Inducers and DNA
Synthesis Inhibitors

The following freshly prepared stock solu-
tions were used: 107 M retinoic acid (All
trans) (Sigma), 0.6 M N-methylformamide
(Aldrich 5X10 M 6-mercaptopurine
(Wellcome), 102 M cytosine arabinoside
(Upjohn), 107° M aphidicolin (Sigma).
Diluents were absolute ethanol, tissue cul-
ture medium (McCoy’s SA, Flow), 0.1 M
NaOH, pyrogen-free water, and propane-
1,2-diol, respectively. The concentration of
diluent was adjusted to the same level for
all drug concentrations. The final concen-
tration of ethanol was 1:10000, of 0.1 M
NaOH 1:500 and of propane-1,2-diol
1:1000 (v/v).

II. Semisolid Agar Cultures

A double-layer technique [23] was used.
Target marrow cells (10° cells < 1.077 g/
cm™) and differentiation-inducing agents
were incorporated into 0.3% agar over-
layers. Feeder layers contained 10° periph-
eral blood leucocytes/ml and 0.5% agar
and in three experiments performed to ex-
clude the possibility of any effect of drugs
on feeder layer cells and also to ensure the
growth of leukaemic cells, parallel exper-
iments were performed using a cell-free
source of gm-CSA, phytohaemagglutinin-
stimulated leucocyte-conditioned medium
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(5% PHA-LCM). Cultures were incubated
for 7 days in 5% CO, in air. For morpho-
logical studies overlayers were removed
and stained for nonspecific and chloroace-
tate esterase as previously described [7].

III.  Suspension Cultures

Marrow cells (<1.077 g/cm™) were cul-
tured at low concentration (0.5 X 10° cells/
ml) in order to limit contribution of bone
marrow derived gm-CSA and thus possible
indirect effects; gm-CSA was provided by
5% PHA-LCM.

IV. Nitroblue Tetrazolium Reduction

Oxygen radical generation in response to
Escherichia coli broth (kindly supplied by
Dr. G. W.Smith) was assessed by reduction
of NBT to produce blue-black formazan
deposits. Suspension culture cells (50 pl
containing approximately 10° cells) were
incubated for 15 min at 37 °C with 20 ul E.
coli broth and 100 ul NBT (0.1% w/v in
Hank’s balanced salt solution without cal-
cium, magnesium or phenol red), cytocen-
trifuged and counterstained (Diffquik).

C. Results

I. Alterations of the Proliferation—Dif-
ferentiation Balance of Normal Cells

In the normal granulocyte—macrophage
pathway proliferation and differentiation
can be partially uncoupled and their rates
varied independently [7]. This affects both
the amplification of the system (since it af-
fects the number of cell divisions occurring
before end cell production intervenes) and
also the proportion of mature to immature
cells observed in in vitro systems and
predicted for in vivo steady state con-
ditions. Figure 1 shows the four hypotheti-
cal ways in which the proliferation—dif-
ferentiation balance of normal cells can
vary and the effects on the amplification of
the system and the proportion of mature
cells. Three of the four have been tested ex-
perimentally. In a previous study [7] we
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Fig. 1. Since differentiation (D) and proliferation
(P) can be partially uncoupled in normal cells the
amplification of the system (4) can be varied: (1)
by altering the rate at which cells undergo one
or more differentiation/maturation transitions
(horizontal lines); or (2) by altering the prolifer-
ation rate (shown here diagramatically as the
width of the triangles). The proportion of mature
cells (M) predicted for steady state conditions in
vivo (and observed in vitro) also varies

showed that the effect of reducing the dif-
ferentiation rate without reducing the pro-
liferation rate is increased amplification
and a reduced proportion of mature cells.
The converse of this effect is obtained with
gm-CSA sources rich in differentiation-in-
ducing activity or with pharmacological in-
ducers of differentiation.

The effects of changes in the proliferation
rate cannot be assessed readily with physio-
logical inducers since the proliferation
stimulus also conveys a differentiation
stimulus. Table 1 shows the effect of reduc-
ing the proliferation rate with low levels of
DNA synthesis inhibitor. Although the to-
tal number of cells produced decreased,
both the proportion and the absolute num-
ber of mature cells (in this example as-
sessed by NBT reduction) were increased.
Modelling experiments based on earlier
work [1] showed that this increase in ma-
ture cells is not consistent with a system in
which differentiation and cell division are
completely independent events and the low
level of DNA synthesis has merely de-
creased the rate of cell division (M.F.
Leaning and G.E.Francis, unpublished
work). It suggests instead some special rela-
tionship between proliferation and differ-

Fig. 2. Synergistic interaction between DNA
synthesis inhibitors (vertical hatching) and differ-
entiation inducers (horizontal hatching) used in
combination (cross hatching) in day 4—-6 suspen-
sion cultures of normal marrow cells. The in-
creased percentage NBT-reducing cells was due
to an absolute increase in these cells in associ-
ation with a decrease in the total number of cells
formed. RET retinoic acid; N-MF N-methyl-
formamide; 6-MP 6-mercaptopurine; ARA-C
cytosine arabinoside; APH aphidicolin. The
combination of 2 DNA synthesis inhibitors
(black column) was not synergistic, merely addi-
tive
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Table 1. The effect of
DNA-synthesis inhibitors
(day 6 suspension cultures
of normal marrow cells)®

6-Mercaptopurine (M) 0 107 10 107 107
Nucleated cells (% control) 100 91 77 76 75
NBT-reducing cells (% total) 10 19 24 22 36

NBT-reducing cells (% control) 100 173 183 167 271

* Similar results were obtained with cytosine arabinoside, aphidi-
colin, 6-thioguanine and hydroxyurea
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Fig. 3. Clone maturity indices (see text for defi-
nition) at day 7 based on differential counts of
90-120 consecutive clones in dual esterase-
stained agar gels; marrow from an MDS
(CMML) patient. Keys as in Fig. 2

entiation (such as the presence of a differ-
entiation-responsive window already men-
tioned).

In order to test the thesis that DNA syn-
thesis inhibitors enhance differentiation by
a fundamentally different mechanism from
that of the differentiation-inducing agents
we looked for synergistic interactions be-
tween DNA synthesis inhibitors (cytosine
arabinoside, 6-mercaptopurine and aphidi-
colin) and differentiation inducers (retinoic
acid and N-methylformamide). Figure 2
shows the proportions of NBT reducing
cells in day 4—day 6 suspension cultures. In
each case there is evidence for synergistic
interaction between the DNA synthesis in-
hibitors and the differentiation inducers.
When two DNA synthesis inhibitors were
added (6-mercaptopurine and aphidicolin)
the effects were not synergistic, but merely
additive. Similar results were obtained
from dual esterase staining or proliferative
capacity (assessed in secondary clonal as-
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says) used to monitor cellular maturity in
suspension cultures.

II. Synergistic Differentiation-Inducing
Effects on Myelodysplastic and Leukaemic
Cells

Figure 3 shows clone maturity indices in
semisolid agar cultures at day 7 for a
myelodysplastic marrow. In the absence of
any differentiation-inducing agent the
clone maturity index (defined as the per-
centage of clones containing mature neu-
trophils plus the percentage of clones con-
taining mature macrophages divided by the
percentage of clones containing blasts) at
day 7 of culture was equivalent to that seen
at day 4 or 5 for normal marrow cells.
There was a highly synergistic interaction
between N-methylformamide and 6-mer-
captopurine such that the clone maturity
index was restored to within the normal
range for day 7. Figure 4 shows synergistic
interactions assessed in suspension cultures
by monitoring the percentage of NBT-re-
ducing or the percentage of mature NSE-
and CAE-positive cells. The myelotoxic ef-
fects assessed by inhibition of colony and
cluster formation in day 7 marrow cultures
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Fig. 4. Synergistic interactions were observed with cells from 3 patients with MDS (FAB classes CMML, RAEB-T, RAEB) and 2 patients

with AML (FAB-M4 and post-MDS) in day 4—6 suspension cultures. Cell maturity was assessed by either NBT-reduction or by dual esterase
staining for neutrophils (chloroacetate esterase™ ; CAE*) and macrophages (nonspecific esterase*; NSE*, the filled portion of each column)



did not show evidence of a synergistic in-
teraction (data not shown).

D. Discussion

The results show that DNA synthesis in-
hibitors enhance differentiation by mecha-
nisms which are distinct from those of the
differentiation-inducing agents retinoic
acid and N-methylformamide since these
two groups of agents show synergistic in-
teractions in differentiation induction.
Although maturation appears arrested in
acute myeloid leukaemia and differen-
tiation-defective myeloid cell lines are
plentiful, cells freshly explanted from pa-
tients retain many of the features of the
normal proliferation—-differentiation bal-
ance. The differentiation dose—response
curves for these cells do not provide evi-
dence for a maturation block (i.e. a ma-
turational stage through which the cell can-
- not pass or can only pass with the aid of
pharmacological differentiation inducers),
but suggest instead that there is a shift in
the probability of undergoing one or more
differentiation transitions [2]. This implies
that the cell is accessible (albeit with re-
duced sensitivity) to agents which enhance
the differentiation of normal cells.

The differentiation-enhancing effect of
DNA synthesis inhibitors seems unlikely to
be due to any conventional differentiation-
inducing activity, since agents inhibiting
DNA synthesis by a wide variety of dif-
ferent mechanisms have this effect (e.g. not
only the agents tested in this study but also
hydroxyurea and 6-thioguanine). The re-
sults are, however, consistent with the ac-
cumulating evidence for the existence of a
differentiation-responsive window in the
cell cycle since DNA synthesis inhibitors
might enhance differentiation by prolong-
ing this window. The effect might simply be
temporal or due to build-up of some re-
ceptor or enzyme important in the differen-
tiation process during this period. What-
ever the mechanism of interaction the high-
ly synergistic effect observed for myelo-
dysplastic and AML cells suggests that im-
proved differentiation-inducing therapeutic
protocols may be devised on this basis.

Acknowledgments. G.E.F. is a Wellcome Senior
Research Fellow in Clinical Science. This study

408

was also funded in part by the Cancer Research
Campaign. M.AW. is supported by the Leu-
kaemia Research Fund. We wish to thank Mrs.
Megan Evans for typing this manuscript.

References

1. Francis GE, Leaning MF (1984) Exp Hae-
matol 13:92-98
2. Guimaraes JE etal. (1985) Leuk Res (in
press)
3. Bennet JM et al. (1982) Br J Haematol
51:189-199
4. Francis GE, Hoffbrand AV In: Hoffbrand
AV (ed) Recent advances in haematology.
Churchill Livingstone, Edinburgh 1985 (in
press)
5. Koeffler HP, Golde DW (1978) Blood 52:
355-361
6. Elstner E et al. (1983) In: Neth R, Gallo RC,
Graves MF, Moore MAS, Winkler K (eds)
Modern trends in human leukemia 5. New
results in clinical and biological research in-
cluding pediatric oncology. Springer, Berlin
Heidelberg New York Tokyo (Haematology
and blood transfusion vol 28)
7. Francis GE et al. (1982) Exp Haematol 10
[Suppl 11]:179-193
. Editorial (1984) Lancet i:943-944
. Gold EJ et al. (1983) Cancer Treat Rep
67:981-986
10. Besa EC et al. (1983) Blood 62 [Suppl
1]:199a
11. Flynn PJ et al. (1983) Blood 62:1211-1217
12. Moore MAS et al. (1983) In: Neth R, Gallo
RC, Greaves MF, Moore MAS, Winkler
(eds) Modern trends in human leukemia 5.
New results in clinical and biological re-
search including pediatric oncology. Sprin-
ger, Berlin Heidelberg New York Tokyo
(Haematology and blood transfusion vol 28)
13. Novogrodsky A et al. (1983) Cancer 52:9-14
14. Boyd AV, Sullivan JF (1984) Blood 63:384
-392
15. Griffin J etal. (1982) Exp Hematol 10:774
-781
16. Tricot G et al. (1984) Br J Haematol 58:
231-240
17. Solal-Celigny et al. (1984) Blood 63:634—638
18. Housset M et al. (1982) Br J Haematol 51:
125-129
19. Boyd AW, Metcalf D (1984) Leuk Res 8:27
-43
20. Tanaka M et al. (1975) Proc Natl Acad Sci
USA 72:1003-1006
21. Yen A, Chiao JW (1983) Exp Cell Res 147:
87-93
22. Mufti GJ et al. (1983) N Engl J Med 309:
1653—-1654
23. Pike BL, Robinson WA (1970) J Cell Physiol
76:77-84

\O O



