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Histone deacetylase inhibition modulates deoxyribonucleotide
pools and enhances the antitumor effects of the ribonucleotide
reductase inhibitor 3'-C-methyladenosine in leukaemia cells
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Abstract. Histone deacetylase (HDAC) inhibitors are a new
class of epigenetic agents that were reported to enhance the
cytotoxic effects of classical anticancer drugs through multiple
mechanisms. However, which of the possible drug combi-
nations would be the most effective and clinically useful are
to be determined. We treated the HL60 and NB4 promyelocytic
leukaemia cells with a combination of the ribonucleotide
reductase (RR) inhibitor 3'-C-methyladenosine (3'-Me-Ado)
and several hydroxamic acid-derived HDAC inhibitors,
including two recently synthesized molecules, MC1864 and
MC1879, and the reference compound trichostatin A (TSA).
The results showed significant growth inhibitory and apoptotic
synergistic effects with the combinations. Hence, we evaluated
the effects of the combinations on cell cycle distribution and
on the level of several proteins involved in the apoptotic process
(p21, caspase-3, Bcl-2, Bax, AIF). Since HDAC inhibitors
increased the GI1-S transition block induced by 3'-Me-Ado, an
effect on RR activity was hypothesized. Indeed, the HPLC
evaluation of intracellular deoxyribonucleotide (ANTP) pools
showed that both TSA and MC1864 induced a decrease in
dNTPs, even if with a somewhat different pattern, suggesting
that RR inhibition contributes to the observed synergism.
Furthermore, while TSA was shown to activate the intrinsic
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apoptotic pathway, MC1864 induced a dose-dependent increase
in ROS and AIF levels. Moreover, the treatment with the radical
scavenger N-acetylcysteine determined a significant inhibition
of MC1864- but not TSA-mediated synergistic effects. Hence,
our findings are consistent with a possible role of HDAC
inhibitor mediated-ROS induction in RR inhibition and in the
potentiation of RR inhibitor-mediated apoptosis.

Introduction

Epigenetic therapy with histone deacetylase (HDAC) inhibitors
represents one of the most intriguing new frontiers among
the targeted anticancer therapies. In fact, by favouring the
hyperacetylated form of histone proteins, HDAC inhibitors
are capable of interfering with the chromatin structure and
promoting an euchromatic transcriptionally active state. This
leads to the reactivation of a set of genes usually silenced in
cancer cells including those involved in the regulation of cell
growth, differentiation, and apoptosis (1-4). Indeed, the
significant in vitro and in vivo antitumor activity against a
variety of haematological and solid tumor models, together
with the relative selectivity toward cancer cells prompted to
the rapid testing of a number of these molecules in the clinical
setting and the recent approval of vorinostat and romidepsin
for the treatment of cutaneous T-cell lymphoma (5-8). However,
the precise molecular basis of the anticancer activity of HDAC
inhibitors is not completely clear. As a matter of fact, they were
reported to exert a series of pleiotropic effects to be ascribed
not only to their impact on gene expression, but also to their
ability to alter the function of a growing series of non-histone
proteins, including transcriptional factors such as p53, signal
transduction mediators and molecular chaperones (3,9).
Furthermore, the fact that HDAC inhibitors could improve the
access of cytotoxic drugs to the target DNA, renders them
ideal candidates for combination therapy. Several reports have
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shown that these agents synergize in vitro and in vivo with a
number of conventional anticancer drugs such as topoisomerase
II inhibitors, taxanes, cisplatin and antimetabolites as well as
biologic agents such as imatinib and retinoids (10-13). Their
combination with hydroxyurea (HU), a classical ribonucleotide
reductase (RR) inhibitor, was also shown to elicit synergistic
effects apparently owing to the ability of this latter molecule
to counteract the HDAC inhibitors-induced overexpression
of the cyclin-dependent kinase inhibitor p21, a putative anti-
apoptotic mediator at least in certain experimental models (14).
However, HU effectiveness in human leukaemias has been
modest due to the well known limits of this drug, namely its
relatively low affinity for the RR enzyme, its short half-life
and the development of resistance. Since RR has a key role in
DNA synthesis and cell growth control, it remains an excellent
target for anticancer therapy and new more effective RR inhi-
bitors are currently studied. At present, RR inhibitors are grouped
in two main categories depending on their interaction with the
R1 or the R2 subunit of the enzyme. In fact, the RR enzyme
was shown to possess a tetrameric structure and to be formed by
a large a,-homodimeric R1 subunit which harbors the active
and allosteric sites and a small ,-homodimeric R2 subunit
containing an oxigen-linked diferric iron center and a tyrosyl
radical that are essential for enzymatic activity (15). We
synthesized a new sugar modified nucleoside analog 3'-C-
methyadenosine (3'-Me-Ado) with a striking activity as
R1-specific RR inhibitor and a significant anti-leukaemic
effect in vitro (16). Interestingly, we found that its cytotoxic
and apoptotic activity could be enhanced by combining it with
several hydroxamic acid-derived HDAC inhibitors, including
the two recently synthesized molecules, MC1864 and MC1879,
and the reference compound trichostatin A (TSA).

Materials and methods

Chemicals and reagents. 3'-C-methyladenosine was synthesized
as described (16). The HDAC inhibitors MC1864 and MC1879
were kindly supplied by Professor A. Mai (17). Trichostatin A,
hydroxyurea and N-acetyl-L-cysteine (L-NAC) were from
Sigma. The caspase inhibitors Z-IETD-FMK (Z-Ile-Glu-Thr-
Asp-fluoromethylketone), Z-LEHD-FMK (Z-Leu-Glu
(OMe)-His-Asp (OMe)- fluoromethylketone), Z-DEVD-FMK
(Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethylketone),
Z-VAD-FMK (benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl-
ketone) and the calpain inhibitor calpeptin were purchased
from Alexis Biochemicals (Laufelfingen, Switzerland). The
anti-Fas monoclonal antibody (mAb) ZB4 was purchased from
Upstate Biotechnology (Lake Placid NY, USA). The mAbs
anti-bax, anti-bcl2, anti-p21 were from BD Biosciences (San
Jose, CA, USA), while the anti-AIF mAb was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). 3,3'-
Dihexyloxacarbocyanine iodide (DiOCg) was supplied by
Calbiochem (San Diego, CA, USA). All other reagents were
analytical grade.

Cell culture and treatment. The human acute promyelocytic
cell lines HL60 and NB4 were used in the study. These cell
lines do not express P-glycoprotein; furthermore, HL60 cells
do not express the fusion gene PML-RAR, while NB4 ones
do. Cells were cultured in RPMI-1640 medium (Gibco, Grand
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Island, NY, USA) supplemented with 10% (v/v) heat-inactivated
FCS (Gibco), 100 U/ml penicillin (Gibco), 100 ug/ml
streptomycin (Gibco) and 2 mM of L-glutamine (Gibco) at
37°C in a humidified 5% CO, atmosphere.

Cell viability and apoptosis. Cytotoxicity was assessed by the
trypan blue dye exclusion test. In brief, cells were seeded at a
density of 0.1x10¢ cells/ml in 24-well plates and, after 24 h
incubation in drug-free medium, different concentrations of
drugs were added. After 24 or 48 h of exposure, aliquots of
cells were harvested, stained with trypan blue and counted on
a haemocytometer. All samples were measured in duplicate in
at least three independent experiments. For determination of
the interactions between drugs the fractional product method
of Webb was applied (18). Predicted values (c) were calculated
according to the equation ¢ = a x b/100 where a and b indicate
cell survival values with single agents. Hence, combination
index (CI) was calculated as the ratio between survival
observed with the combinations and the predicted values. The
equations CI = 1, CI <1 and CI >1 indicate additive effects,
synergism and antagonism, respectively.

Apoptosis was evaluated by fluorescence microscopy accor-
ding to the method of Duke and Cohen (19). After treatment
with different concentrations of the drugs for 24-48 h, cells
were centrifuged and the pellet was resuspended in 25 pl of a
dye mixture containing acridine orange and ethidium bromide.
Live and apoptotic cells were identified by fluorescence micro-
scopy. The inhibitory anti-Fas mAb, the caspase inhibitors,
L-NAC or calpeptin were added one hour before drug treat-
ment. Alternatively, apoptosis was evaluated by flow cytometry
as the percentage of hypodiploid nuclei accumulated in the
sub-G-G, peak after labeling with propidium iodide (20).

Cell cycle analysis. The effects of test compounds on the cell
cycle were studied by flow cytometry. Briefly, the cells were
washed once in ice-cold PBS and resuspended at 1x10%ml in
a hypotonic fluorochrome solution containing propidium
iodide (Sigma) 50 ug/ml in 0.1% sodium citrate plus 0.03%
(v/v) Nonidet P-40 (Sigma). After 30 min of incubation in this
solution, the samples were filtered through nylon cloth, 40 ym
mesh, and their fluorescence was analyzed as single-parameter
frequency histograms by using a FACSort (Becton-Dickinson,
Mountain View, CA, USA). A minimum of 10,000 events for
each sample was collected in list mode. The distribution of cells
in the cell cycle was analyzed with the ModFit LT program
(Verity Software House, Inc.).

Evaluation of intracellular ANTP pools by high performance
liquid chromatography (HPLC). Logarithmically growing
HL60 cells (0.5x10¢ per ml) were incubated with 0.1, 0.2 and
0.4 uM TSA or 2,4 and 8 uM MC1864 for 24 h. Afterwards,
5x107 cells were separated for the extraction of dNTPs accor-
ding to the method described by Garrett and Santi (21). Cells
were centrifuged at 1,800 rpm for 5 min and then resuspended
in 100 ul phosphate-buffered saline. In this suspension, cells
were lysed by addition of 10 ul of trichloroacetic acid and the
mixture was vortexed for 1 min. The lysate was rested on ice
for 30 min and then the protein was separated by centrifugation
at 15,000 rpm for 10 min in an Eppendorf microcentrifuge.
The supernatant was removed and neutralized by adding 1.1 vol
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Figure 1. Structure of 3'-Me-Ado and the two hydroxamic acid-derived
HDAC inhibitors MC1864 and MC1879.

of Freon containing 0.5 M tri-n-octylamine. Aliquots of 100 pl
were periodated by adding 30 1 of 4 M methylamine solution
and 10 ul sodium periodate solution (concentration: 100 mg/ml).
After incubation at 37°C for 30 min, the reaction was stopped
by adding 5 ul of 1 M rhamnose solution. The extracted dNTPs
were measured using a Merck ‘La Chrom’ high-performance
liquid chromatography (HPLC) system (Merck, Darmstadt,
Germany) equipped with L-7200 autosampler, L-7100 pump,
L-7400 UV detector, and D-7000 interface. Detection time was
set at 80 min, with the detector operating on 280 nm for 40 min
and then switched to 260 nm for another 40 min. Samples were
eluted with a 3.2 mol/l ammonium phosphate buffer, pH 3.4
(pH adjusted by addition of 3.2 mM H;PO,), containing 2%
acetonitrile using a 4.6x250 mm Partisil 10 SAX analytical
column (Whatman Ltd., Kent, UK). Separation was performed
at constant ambient temperature with a flow rate of 2 ml/min.
The concentration of dNTPs was calculated as percent of total
area under the curve for each sample.

Assessment of mitochondrial membrane potential. The mito-
chondrial membrane potential (AY) was measured by flow
cytometry after staining the cells with the cationic lipophilic
fluorochrome DiOC, (3,3'-dihexyloxacarbocyanine iodide). In
brief, treated cells were harvested, washed once in PBS and
incubated with the DiOC4 (40 nM) for 15 min at 37°C. The
analysis was carried out by flow cytometry and the percentage
of cells exhibiting low levels of DiOCq, reflecting loss of mito-
chondrial membrane potential, was determined.

Measurement of reactive oxygen species (ROS) production.
Levels of ROS were determined by monitoring the oxidation
of the probe 2'7'-dichlorodihydro-fluorescein diacetate
(DCFH-DA) (Sigma) by flow cytometry. In brief, cells (4x10°)
were seeded in 24-well plates and after 24 h were loaded with
100 uM DCFH-DA for 40 min at 37°C. Thereafter, the cells
were exposed to the drugs alone or in combination and as a
positive control to H,0, 0.5 mM. After a 2-h exposure, the
cells were harvested, centrifuged, washed, resuspended in
cold serum-free RPMI and the fluorescence was measured by
flow cytometry. The increase in ROS level was calculated as
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Table 1. Cytotoxic effects of the combinations of 3'-Me-Ado
and the HDAC inhibitors in HL60 or NB4 cells.

Treatment % Cell survival CI
(mean + SD)

3'-Me-Ado 20 uM 41+10 -

MC1864 0.5 uM 66+11 -

HL60 MCI1879 4.0 uM 56+2 -

TSA 0.1 uM 53+14 -
3'-Me-Ado + MC1864 9+2 03
3'-Me-Ado + MC1879 1245 0.5
3'-Me-Ado + TSA 11+6 0.5

3'-Me-Ado 20 uM 73+1 -

MC1864 1.0 uM 53+21 -

NB4 MC1879 2.0 uM 49422 -

TSA 0.1 uM 64+10 -
3'-Me-Ado + MC1864 9+4 0.2
3'-Me-Ado + MC1879 1448 04
3'-Me-Ado + TSA 175 04

The cells were exposed to the drugs at the concentrations indicated
either alone or in combination for 48 h. Cell survival was evaluated
by the trypan blue dye exclusion test. The combination index (CI)
was calculated according to the Webb method. A CI <0.7 indicates a
synergistic effect.

the ratio: mean fluorescence intensity of exposed cells/mean
fluorescence intensity of unexposed cells x100.

Flow cytometric evaluation of intracellular proteins. About
1x10¢ cells were washed twice with PBS (Sigma) and resus-
pended in 100 1 cytofix/cytoperm solution (Becton-Dickinson)
at 4°C. After 20 min the cells were washed twice with BD
Perm/Wash™ buffer solution (Becton-Dickinson) and incubated
with 20 ul of the specific fluorochrome-conjugated antibody
(anti-Bcl-2, -activated caspase 3, -AIF) at 4°C. After 30 min
the cells were washed twice and analysed by flow cytometry.
Alternatively, the cells were incubated with 20 ul of a specific
unconjugated antibody (anti-p21, anti-bax) at 4°C for 30 min,
washed twice with BD Perm/Wash buffer solution and incubated
with 2 ul FITC-conjugated rat anti-mouse IgG1 monoclonal
antibody (Becton-Dickinson) at 4°C. After 30 min the cells
were washed twice and analysed by flow cytometry.

Results

HDAC inhibitors and 3'-Me-Ado synergistically inhibit cell
growth and trigger apoptosis of human promyelocytic leukaemia
cells. We first tested the growth inhibitory and apoptotic effects
of 3'-Me-Ado and two new HDAC inhibitors, MC1864 and
MC1879 (Fig. 1) in HL60 and NB4 cells. As shown in Fig. 2,
all the compounds exerted a dose-dependent growth inhibitory
effect at 48 h in both cell lines, with the HDAC inhibitor
MC1864 curve showing a somewhat steep progression.
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Figure 2. Growth inhibitory effects of MC1864, MC1879 and 3'-Me-Ado in HL60 and NB4 cells. The cells were exposed for 48 h to increasing concentrations
of the compounds and cell survival was evaluated by the trypan blue dye exclusion test. Results are the mean + SD of at least three separate experiments.

Furthermore, the compounds were able to trigger apoptosis
with an ACs, of 1.5, 5 and 45 uM for MC1864, MC1879 and
3'-Me-Ado respectively. Based on these results, we selected a
concentration of the compounds capable of inducing a moderate
inhibition of cell growth (<50%) and only minimally inducing
apoptosis (0.5-1 uM for MC1864, 2-4 uM for MC1879 and
20 uM for 3'-Me-Ado) to be used in combination studies.
When the cells were exposed to the selected concentration of
HDAC inhibitors in combination with 3'-Me-Ado for 48 h,
cell growth was inhibited in a synergistic manner (Table I).
The synergism was present also when the HDAC inhibitor
TSA 0.1 uM was used as a control. On the contrary, when
HDAC inhibitors were combined with the RR inhibitor HU,
the growth inhibitory effect observed was less than additive
(data not shown), suggesting that 3'-Me-Ado and HU act by
partially different mechanisms in our cells. Next, we checked
whether the combinations were also capable of inducing
synergistic apoptotic effects. As shown in Fig. 3, a striking
induction of apoptosis was noted in both HL60 and NB4 cells
treated with the combinations when compared with single
agent, demonstrating a clear synergistic effect. In particular,
MC1864 0.5 uM and 3'-Me-Ado 20 yM induced only a 3%
and 15% apoptotic rate respectively when tested alone in
HL60 cells, whereas the apoptotic effect reached the 76% in
the cells treated with the combination. Instead, the combination
of HU 0.3 mM with the HDAC inhibitors determined a less
marked potentiation of the apoptotic effect (data not shown).

HDAC inhibitors enhance the GI cell cycle arrest induced by
3'-Me-Ado. To elucidate the mechanisms underlying the
observed synergism, we then studied the effect of single
compound and combinations on cell cycle distribution in
HL60 cells (Table II). The cytofluorimetric results show that
all HDAC inhibitors used alone at low concentration did not
induce significant effects on cell cycle distribution after 24 or
48 h exposure, while at high fully cytotoxic concentrations
they determined an accumulation of the cells in the G,M
phases of the cell cycle after 24 h exposure and a marked
increase of the apoptotic sub-G,G, peak after 48 h. On the
contrary, 3'-Me-Ado recruited the cells in the G, phase in a
time-dependent manner, probably as a consequence of its
effect on the G,-S transition. However, this behaviour was
more marked in the cells exposed to the RR inhibitor HU at
the concentration of 0.5 mM (data not shown). Interestingly,
when the cells were exposed to the combination of 3'-Me-Ado
and MC1864 or TSA, as a control, we observed a decrease in
S phase and an increase in G, phase cells particularly after 48 h
of exposure, suggesting that HDAC inhibitors potentiate the
effect of 3'-Me-Ado on the cell cycle asset. Since previous
studies have shown that HDAC inhibitors influence cell cycle
checkpoint proteins expression and notably enhance p21
expression in hematopoietic cells (9,22), we evaluated p21
levels in HL60 cells exposed for 24 h to the drugs alone or in
combination by flow cytometry. As shown in Fig. 4, HDAC
inhibitors at high concentrations increased p21 levels, but this
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Figure 3. Apoptotic cell death induced by the HDAC inhibitors and
3'-Me-Ado employed alone or in combination in HL60 and NB4 cells. The
cells were exposed to the drugs for 48 h and apoptosis was measured by
fluorescence microscopy as described in Materials and methods. Dashed
column: 3'-Me-Ado alone at the concentration of 20 xM; white column:
HDAC inhibitor alone; black column: HDAC inhibitor combined with
3'-Me-Ado. Results are the mean + SD of at least three separate experiments.
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effect was not evident at the low concentrations used in combi-
nations. Unexpectedly also 0.5 mM HU, but not 3'-Me-Ado,
determined an up-regulation of p21 that could contribute to
the observed block of the cell cycle at the G,-S boundary.

HDAC inhibitors depleted deoxyribonucleotide (ANTP) pools
in HL60 cells. Next, we checked whether the synergistic
effects of HDAC inhibitors may be ascribed to an increase in
the RR inhibition mediated by 3'-Me-Ado. Since RR catalyzes
the de novo conversion of ribonucleoside diphosphates to
their corresponding deoxyribonucleoside diphosphates, we
measured the intracellular AINTP pools after 24 h exposure to
increasing concentrations of MC1864 or TSA in HL60 cells.
As shown in Fig. 5, both drugs reduced dNTP pools with a
somewhat different profile. MC1864 induced mainly a reduction
of dTTP and dATP with a paradoxical increase in dCTP pool
at the concentration of 2 yM, while TSA determined a signifi-
cant depletion of dATP and dGTP and a less marked dCTP
depletion at the concentration of 0.4 uM, suggesting that these
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Table II. Cell cycle distribution of HL60 cells exposed to the
HDAC inhibitors and/or 3'-Me-Ado.

GG, S GM

Control

24 h 51 39 10

48 h 50 43 7
MC1864 0.5 uM

24 h 47 40 13

48 h 54 38 8
MC1864 4 uM

24 h 9 28 63

48 h NA:®
TSA 0.1 uM

24 h 52 37 11

48 h 48 47
TSA 0.5 uM

24 h 43 13 43

48 h NA:®
3'-Me-Ado 20 uM

24 h 55 38 5

48 h 68 22 10
3'-Me-Ado 75 uM

24 h 52 35 12

48 h 55 34 11
MC1864 0.5 uM + 3'-Me-Ado 20 uM

24 h 54 34 13

48 h 64 30 6
TSA 0.1 uM + 3'-Me-Ado 20 uM

24 h 59 28 12

48 h 77 19 4

The cells were exposed to the drugs for 24 or 48 h and cell cycle
distribution was evaluated by flow cytometry. Values correspond to
the percentage of non-apoptotic cells and exclude the sub-G1 popu-
lation. Values represent the means of three different experiments.
AINA: not assessable due to the high apoptotic rate.

molecules interfere with ANTP metabolism and possibly interact
with the RR enzyme.

Apoptosis induction by the combinations of HDAC inhibitors
and 3'-Me-Ado was only partially due to the activation of the
intrinsic pathway. In order to clarify the apoptotic pathway
involved in the synergism we studied the influence of drugs on
the expression of several proteins involved in apoptosis by
flow cytometry. The results demonstrated that HDAC inhibitors
were able to induce caspase 3 activation and to increase the
expression of the mitochondrial protein Bax (less evident with
TSA), whereas Bcl-2 expression remained unchanged (Fig. 6).
As regards 3'-Me-Ado, we observed also an increase in Bax
expression and only a slight caspase 3 activation at the highest
concentration of 75 yuM. However, when we studied the cells
exposed to the combinations, no significant change in the
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Figure 4. Flow cytometric evaluation of p21 expression in HL60 cells
exposed for 24 h to HDAC inhibitors and 3'-Me-Ado alone or in combination.
HU was also shown as reference compound. The dotted line indicates the
control cells stained with an isotype matched aspecific antibody. The thin
and the thick lines represent the untreated control and the treated cells
respectively stained with an anti-p21 antibody. The data are representative of
three separate experiments.

expression of these apoptotic proteins was noted. To further
clear this picture, we then checked whether the molecules
either alone or in combination were able to induce a decline in
the mitochondrial membrane potential, a typical hallmark of
the activation of the intrinsic apoptotic pathway (Table III).
The flow cytometric results showed that HDAC inhibitors
used alone determined a significant disruption of the mito-
chondrial membrane potential after 24 h exposure to high but
not to low concentrations, whereas 3'-Me-Ado induced only
slight decrements. However, the cells exposed for 24 h to the
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Figure 5. ANTP content of HL60 cells exposed to TSA or MC1864. The cells
were exposed to increasing concentrations of the drugs for 24 h and dNTP
pools were measured by HPLC. Results are the mean + SEM of experiments
carried out in triplicate and statistical differences between samples are denoted
by asterisks. AUC, area under the curve; ND, not determined.

Table III. Effects of HDAC inhibitors and 3'-Me-Ado on the
mitochondrial membrane potential (AW) in HL60 cells.

% normal AW % dysrupted AW

Control 97 3
MC1864 2 uM 64 36
TSA 0.5 uM 63 37
3'-Me-Ado 75 uM 74 26
3'-Me-Ado + MC1864 80 20

3'-Me-Ado + TSA 90 10

The cells were exposed to the drugs alone or in combination for 24 h
and then stained with DiOC,. Fluorescence was evaluated by flow
cytometry. Resuls are the means of at least three different experiments.

combinations showed only a modest degree of mitochondrial
activation (about 20% of cells showing a loss of AW), sugges-
ting that drug induced apoptosis was mediated prevalently by
a different alternative pathway. Hence, a series of experiments
were carried out by employing several caspase inhibitors
(caspase 8, 9 and 3 inhibitors) or the anti-Fas moAb ZB4 in
order to elucidate the possible involvement of the extrinsic
versus the intrinsic apoptotic pathway. The results showed that
drug induced apoptosis was always unaffected by the caspase 8
inhibitor or ZB4 (data not shown), excluding an involvement
of the extrinsic pathway. As regards the other caspase inhibitors,
even if they were found to inhibit the drug-induced caspase 3
activation as evaluated by flow cytometry (data not shown), only
the pan-caspase inhibitor Z-VAD reduced apoptosis induced by
3'-Me-Ado or TSA employed alone or in combination; however,
it did not influence MC1864-induced apoptosis, suggesting that
caspase 3 activation by this latter molecule was not relevant to
apoptosis induction (Fig. 7A). Taken together, these data
provide support for the notion that apoptosis induced by the
combinations does not involve the extrinsic pathway and that
the intrinsic pathway was, at least partially, activated, particu-
larly when TSA was used as the HDAC inhibitor.
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The cells were exposed to the drugs at the concentrations indicated for 24 h and protein levels were evaluated by flow cytometry. The thin and the thick lines
represent the untreated control and the treated cells respectively stained with the specific monoclonal antibody. The data are representative of three separate

experiments.

MCI1864-induced apoptosis was associated with ROS generation
and AIF release from mitochondria. The induction of ROS has
been described to increase mitochondrial membrane permea-
bility, thus promoting apoptosis. We analyzed ROS level in
HLO60 cells after treatment with HDAC inhibitors and/or
3'-Me-Ado. Fig. 8 shows that MC1864 and TSA induced a
dose-dependent increase in ROS production whereas 3'-Me-
Ado had no significant effect. Interestingly, 3'-Me-Ado
appeared to increase slightly ROS generation by MC1864 0.5 yuM
and pretreatment with the free radical scavenger L-NAC
determined a significant reduction of apoptosis induction by
this combination (Fig. 7B). On the contrary, ROS increase by
TSA was not affected by the concomitant exposure to 3'-Me-
Ado neither L-NAC inhibited TSA-induced apoptosis,
demonstrating that TSA and MC1864 both alone or in
combination trigger apoptosis through distinct mechanisms in
these cells. In particular, these results indicate that ROS
production is a key factor in the induction of apoptosis by
MC1864, but not TSA, and may contribute to the synergistic
apoptotic induction by the combination of MC1864 and
3'-Me-Ado. Since the apoptosis-inducing protein AIF was
implicated both in caspase-independent cell death and in
antioxidant defence, we checked whether this protein could be
induced by MC1864 to explain apoptosis induction by this
compound. Indeed, the flow cytometric study indicates that
MC1864, but not TSA, was capable of inducing AIF expression
in HL6O cells, thus suggesting the activation of a caspase

independent pathway by this molecule (Fig. 6). Moreover, AIF
increase could be partially reduced by L-NAC pre-treatment
(data not shown). AIF is known to translocate from mito-
chondria to the nucleus where it can induce DNA fragmentation,
a process that can be triggered by cellular proteases such as
calpain (23). We tested whether the exposure to the calpain
inhibitor calpeptin could modify MC1864 induced apoptosis
in HL60 cells (Fig. 7C). Unexpectedly, calpeptin paradoxically
increased MC1864 induced apoptosis while it inhibited the
synergistic effects of the combination with 3'-Me-Ado, sugge-
sting that an unconventional pathway may be involved in the
process.

Discussion

HDAC inhibitors are a new class of epigenetic anticancer
agents endowed with the ability to significantly target cell
protein expression. Even if clinical results obtained so far
with these compounds employed alone have been modest, it
has been recognized that they could have the potential for
being combined with other anticancer drugs in order to
enhance their effects especially for the treatment of haemato-
logical malignancies (24). In vitro synergistic effects were
reported by several authors, employing both conventional and
biological agents and, even if the mechanisms underlying the
observed synergisms were not entirely cleared, HDAC
inhibitors seem mostly to promote drug-induced cell death by
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Figure 7. Influence of the pan-caspase inhibitor Z-VAD (A), the radical
scavanger L-NAC (B) or the calpain inhibitor calpeptin (C) on apoptosis
induced by the HDAC inhibitors and 3'-Me-Ado alone or in combination in
HL60 cells. The cells were exposed to Z-VAD, L-NAC or calpeptin for 2 h
and then treated with MC1864, TSA, 3'-Me-Ado or the combinations for
48 h. Apoptosis was evaluated by fluorescence microscopy. The black columns
show the percentages of apoptosis after treatment with the indicated drugs;
the dashed columns show apoptosis after the same treatments in combination
with Z-VAD 50 uM (A), L-NAC 10 mM (B) or calpeptin 20 yM (C). Results
are the mean + SD of at least three separate experiments.

modifying the levels of a series of proteins involved in the
activation or the inhibition of the apoptotic process (9).
However, in some instances they proved to interfere directly
with the specific drug target as in the case of etoposide whose
cytotoxicity could be enhanced by the HDAC inhibitor-
mediated increases in topoisomerase II levels (25).

In this study, we demonstrate that an interesting therapeutic
option could be the combination of HDAC inhibitors with an
RR inhibitor for the therapy of leukaemia. Even if synergistic
effects employing other RR inhibitors, namely hydroxyurea
and gemcitabine, have been already reported, our data differ
significantly from those of others (11,14). First, we used a newly
synthesized, entirely mechanism-based designed, RR inhibitor,

MELI et al: A COMBINATION OF NEW HDAC AND RR INHIBITORS IN LEUKAEMIA

3'-C-methyladenosine, a sugar-modified adenosine derivative
that competes with the substrate on the R1 subunit of the
enzyme (16). Second, interestingly we show that the compounds
interact at different levels: on one hand, a significant increase
in the growth inhibitory effect of the combinations was
observed in both HL60 and NB4 cells when compared with
the drugs employed alone; on the other, a more striking
potentiation of the apoptotic effect was noted. We believe that
different mechanisms could account for these observations.
Indeed, although HDAC inhibitors employed alone caused a
block of HL60 cells in the G, phase of the cell cycle, the cells
treated with the combinations appear to be recruited in the G,
phase, a typical behaviour of RR inhibitors. Thus, we hypo-
thesized that the HDAC inhibitors increased the antiproliferative
effect of 3'-Me-Ado. This was not due to an increase in p21
expression, whose levels were raised only when the cells were
exposed to the HDAC inhibitors at the highest concentrations.
Instead, MC1864 and TSA were shown to reduce variably the
intracellular dNTP levels at concentrations near to those
employed in combination. The paradoxical increase in dCTP
pool induced by MC1864 could be explained by the activation
of rescue mechanisms as reported also with HU (26). Thus,
we speculate that HDAC inhibitors could inhibit on their own
the RR enzyme possibly through a ROS-mediated inactivation
of the R2 subunit of the enzyme. Indeed, it is well known that
the diiron-tyrosyl radical center of R2 protein is very labile
and sensitive to the oxidative milieu (27). In this way, a double
inhibition, both R1- and R2-mediated, could explain the
synergistic effect of the combination with 3'-Me-Ado. This
hypothesis would be supported also by the absence of syner-
gism between HDAC inhibitors and the R2-inhibitor HU in
our model, because both compounds would share the same
target resulting in additive or antagonistic effects.

Furthermore, some hydroxamic acid-containing RR
inhibitors, which are capable of acting specifically on the R2
subunit, have been described (28,29). These compounds were
reported to decrease both purine and pyrimidine dNTP levels
as found also by us. However, an effect of HDAC inhibitors on
other steps of ANTP metabolism cannot be excluded.

As regards the apoptotic effects, HDAC inhibitors are
known to produce a major influence on a series of pro-apoptotic
proteins and in particular TSA was reported to activate a
p53-mediated mitochondrial pathway that involves several
components of the Bcl-2 family proteins such as Bim/Bid and
caspase 9 activation (11,30,31). However, the pathways involved
appeared largely model-dependent (30). In our promyelocytic
cells all the hydroxamic acid derivatives and 3'-Me-Ado
significantly potentiate the pro-apoptotic effects of each other,
but through different molecule-dependent mechanisms. Whereas
TSA effects involve a caspase-dependent mitochondrial
pathway and are inhibited by the specific caspase inhibitor
Z-VAD,MC1864 activates a caspase-independent ROS- mediated
process. ROS were repeatedly reported to mediate some
effects of HDAC inhibitors and although the basis of ROS
generation by these molecules were not clearly elucidated, it
appears to be a class-specific effect (32-34). In our HL60 cells
HDAC inhibitor-mediated ROS generation appeared to be a
general and early phenomenon, being evident as soon as 2 h
from drug exposure; yet, pretreatment with the antioxidant
L-NAC significantly reduced drug-induced apoptosis only
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Figure 8. Flow cytometric evaluation of ROS production by HL60 cells exposed to the HDAC inhibitors alone or combined with 3'-Me-Ado. The cells were
loaded with the probe DCFH-DA for 40 min, exposed to the drugs for 2 h and examined by flow cytometry. The thin and the thick lines indicate the untreated
control sample and the treated one, respectively; the curves on the left represent the blank sample. As a positive control, the cells were exposed to H,0, 0.5 mM.

Reported values are the mean of at least three separate experiments.

when the new inhibitor MC1864 was employed. This latter
molecule, thus, appears to involve a somewhat different mole-
cular pathway that includes also an increase in Bax expression
and AIF release from mitochondria. AIF is a well known
mediator of caspase-independent apoptosis but it is also a
component of cellular antioxidant defenses. It is a protein
normally anchored to the mitochondrial inner membrane, but
upon apoptosis induction it is cleaved by calpain or other
proteases and released in the cytoplasm. Moreover, enhanced
formation of ROS was recently reported to be a prerequisite
for AIF release in certain models (35). Indeed, MC1864-
induced AIF release was partially inhibited by L-NAC but not
by the calpain inhibitor calpeptin (data not shown), suggesting
that this event can be a consequence of ROS increase, whereas
it appears independent from the classical calpain-activated
pathway. The paradoxical increase of MC1864-dependent
apoptosis by calpeptin could be due to the possible anti-apoptotic
effects of calpain that have been attributed to the inactivating
cleavage of some apoptotic mediators such as caspase 9 (36,37).

Interestingly, the combination of MC1864 and 3'-Me-Ado
seems to depict a partially different picture, possibly due to the
much lower concentrations used. We noted that the majority
of the molecular alterations observed at high concentrations
were not evident in the cells exposed to the combination, inclu-
ding the modifications in Bax and AIF expression. Instead,
the facts that, i) when combined, 3'-Me-Ado increased ROS
generation by MC1864 and ii) L-NAC significantly reduced
the apoptotic effects of the combination, suggest that a
ROS-mediated effect was the basis of the synergism. However,
unexpectedly also calpeptin showed a significant inhibitory
effect on apoptosis induction by the combination: in the
absence of a significant release of AIF by the combination and

considering that the inhibitory effect induced by the pretreat-
ment with both L-NAC and calpeptin was not higher than that
observed with each inhibitor alone (data not shown), we
speculate that ROS generation and calpain activation can be
related events, even if AIF-independent, in this model.

In conclusion, in this report we demonstrate for the first
time that HDAC inhibitors influence dNTP metabolism probably
by inhibiting the RR enzyme. Therefore, the combination of
HDAC and RR inhibitors may represent a new therapeutic tool
to be explored in the clinics for the treatment of leukaemia
patients due to the highly synergistic effects achievable.
Moreover, our findings support the idea that HDAC inhibitor
mediated-ROS induction could have a key role in RR inhibition
and in the potentiation of RR inhibitor-mediated apoptosis.
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