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Acute promyelocytic leukemia (APL) is associated with chromosomal translocations, invariably involving the retinoic acid
receptor α (RARα) gene fused to one of several distinct loci, including the PML or PLZF genes, involved in t(15;17) or
t(11;17), respectively. Patients with t(15;17) APL respond well to retinoic acid (RA) and other treatments, whereas those
with t(11;17) APL do not. The PML-RARα and PLZF-RARα fusion oncoproteins function as aberrant transcriptional
repressors, in part by recruiting nuclear receptor-transcriptional corepressors and histone deacetylases (HDACs).
Transgenic mice harboring the RARα fusion genes develop forms of leukemia that faithfully recapitulate both the clinical
features and the response to RA observed in humans with the corresponding translocations. Here, we investigated the
effects of HDAC inhibitors (HDACIs) in vitro and in these animal models. In cells from PLZF-RARα/RARα-PLZF
transgenic mice and cells harboring t(15;17), HDACIs induced apoptosis and dramatic growth inhibition, effects that could
be potentiated by RA. HDACIs also increased RA-induced differentiation. HDACIs, but not RA, induced accumulation of
acetylated histones. Using microarray analysis, we identified genes induced by RA, HDACIs, or both together. In
combination with RA, all HDACIs tested overcame the transcriptional repression exerted by the RARα fusion
oncoproteins. In vivo, HDACIs induced accumulation of acetylated histones in target organs. Strikingly, this combination
of agents induced leukemia remission and prolonged survival, without apparent toxic side effects.
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Introduction
Acute promyelocytic leukemia (APL), the M3 subtype
of acute myeloid leukemia (AML), accounts for more
than 10% of all AMLs and is characterized by three dis-
tinctive and unique features (1–3): (a) the accumulation
in the bone marrow (BM) of tumor cells with promye-
locytic features; (b) the invariable association with spe-
cific reciprocal chromosomal translocations always
involving the retinoic acid receptor α (RARα) gene on
chromosome 17. The involvement of RARα, still to
date one of the most well-studied transcription factors,
in the pathogenesis of APL made this leukemia a
straightforward example of aberrant transcription in
cancer. As a consequence of the translocation, RARα
fuses to genes that have been recently identified
(named PML, PLZF, NPM, NUMA, or STAT5b for brevi-
ty, and referred to as X genes), leading to the generation
of RARα-X and X-RARα fusion genes (3–12). The aber-
rant chimeric proteins encoded by these genes may
exert a crucial role in leukemogenesis. APL blasts are
sensitive to the differentiating action of retinoic acid
(RA) (1–3, 13). RA can overcome the block of matura-

tion at the promyelocytic stage and induce the malig-
nant cells to terminally mature into granulocytes. How-
ever, treatment with RA in APL patients induces disease
remission transiently, and relapse is inevitable (1, 2, 13,
14). Furthermore, APL associated with the transloca-
tion between the RARα and the PLZF genes (PLZF-
RARα) has a poor prognosis compared with APL asso-
ciated with PML-RARα, owing to a lack of response to
either chemotherapy or treatment with RA (15).

RARs are members of the superfamily of nuclear hor-
mone receptors that act as RA-inducible transcription-
al activators in their heterodimeric form with retinoid-
x-receptors (RXRs), a second class of nuclear retinoid
receptors (16). In the absence of RA, RAR/RXR can
repress transcription through histone deacetylation by
recruiting nuclear receptor corepressors (N-CoR or
SMRT), Sin3A or Sin3B, in turn associating with his-
tone deacetylases (17–19), thereby resulting in nucleo-
some assembly and transcriptional repression (19). RA
causes the dissociation of the corepressor complex and
the recruitment of transcriptional coactivators to the
RAR/RXR complex. This is associated with terminal dif-
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ferentiation and growth arrest of various types of cells,
including normal myeloid hemopoietic cells (18–21).

We and others have proposed a model for the mecha-
nisms of transcriptional repression by the X-RARα
fusion protein, which can explain both the molecular
pathogenesis of APL and the differential response to RA
(22–24). Our analysis of transgenic mice (TM) in which
the PML-RARα and PLZF-RARα fusion genes are specif-
ically expressed in the promyelocytic cellular compart-
ment has revealed that the X-RARα fusion proteins play
a critical role in leukemogenesis and in determining
responses to RA. PLZF-RARα mice develop RA-resistant
leukemia, whereas PML-RARα mice develop APL-like
leukemias that respond to RA (22, 25). We have demon-
strated that both PML-RARα and PLZF-RARα can act
as transcriptional repressors and are able to interact
with nuclear receptor transcriptional corepressors such
as SMRT and N-CoR (22–24). PML-RARα can act as a
dominant negative transcriptional repressor of RARα,
through a nuclear corepressor association that is less
sensitive to RA than is the RARα/nuclear corepressor
association. PLZF-RARα can form, also via its PLZF
moiety, corepressor complexes that are insensitive to RA
(22). Histone deacetylase inhibitors (HDACIs) such as
trichostatin A (TSA), in combination with RA, can over-
come the transcriptional repressive activity of PML-
RARα and PLZF-RARα (22–24). These observations
suggest that HDACIs alone or in combination with RA
may be useful in the therapy of APL.

Several classes of HDACIs have been identified,
including: (a) short-chain fatty acids (26) (e.g.,
butyrates); (b) organic hydroxamic acids (27, 28) (e.g.,
TSA and hybrid polar compounds [HPCs]); (c) cyclic
tetrapeptides containing a 2-amino-8-oxo 9,10-epoxy-
decanoyl (AOE) moiety (27) (e.g., trapoxin); and (d)
cyclic peptides not containing the AOE moiety (27, 29,
30) (e.g., FR901228, apicidin). Phenylbutyrate has been
used as a single agent in the treatment of β-tha-
lassemia, toxoplasmosis, and malaria. It has been suc-
cessfully used by our group in the treatment of one
patient with refractory APL in combination with RA
(31), although four other patients with refractory APL
were unresponsive to the same therapeutic regimen
(32). The butyrates are not ideal agents for clinical use
owing to the high concentrations required (mM) to
achieve inhibition of HDAC activity, lack of specificity
for inhibition of HDAC, and the low rate of effective
response. Hydroxamic acid–based HPCs are low molec-
ular weight synthetic compounds that have in common
two polar groups separated by a hydrophobic five- or
six-carbon methylene chain. These HPCs are active at
micromolar concentration as inducers of cell differen-
tiation and/or apoptosis (28, 33).

This study was designed to define the biologic and
therapeutic effects of HDACIs in APL. In particular, we
have analyzed the mechanisms of action of HDACIs
and RA, the consequences of these treatments on gene
expression in APL blasts, and their effects on the aber-
rant transcriptional activity of the X-RARα fusion pro-

teins. Furthermore, we have tested the efficacy of
HDACIs in vivo, in TM that coexpress PLZF-RARα and
RARα-PLZF proteins in the myeloid-promyelocytic cel-
lular compartment, thus recreating the dual complex-
ity of APL genetics. PLZF-RARα/RARα-PLZF double
TM develop leukemia at 100% penetrance by 6 months
of age. These leukemias display features of APL, such as
a dramatic accumulation of immature blasts and of
cells blocked at the promyelocytic stage of differentia-
tion, which is distinctive of human APL (34). Further-
more, leukemia in these mice is markedly resistant to
RA and As2O3 treatment (34, 35). Based on these obser-
vations, preclinical trials were performed in this unique
therapy-resistant mouse model of APL using SAHA in
combination with RA. This in vivo analysis showed
that SAHA and RA in combination are effective in pro-
longing survival and inducing disease remission.

Methods
Cell cultures. NB4 (an APL cell line that expresses the
PML-RARα fusion protein) was maintained in RPMI
1640 medium supplemented with 10% FBS, 2 mM L-glu-
tamine, and 1% penicillin-streptomycin, at 37°C in 5%
CO2 atmosphere. Cultures were set up at an initial den-
sity of 105 cells/ml in the presence or absence of various
concentrations of PB (kindly supplied by Adria-sp Inc.
for Elan Pharmaceutical Research Corp., Gainesville,
Georgia, USA and the Cancer Treatment Evaluation Pro-
gram, National Cancer Institute, Bethesda, Maryland,
USA); TSA (Wako Pure Biochemicals, Richmond, Vir-
ginia, USA), or SAHA, synthesized as described previ-
ously (28), with or without 10–6 M of all-trans RA (Sigma
Chemical Co., St. Louis, Missouri, USA).

BM cells isolated from PLZF-RARα /RARα-PLZF dou-
ble TM with leukemia, as well as wild-type mice, were
cultured in parallel in DMEM supplemented with 20%
FBS, 2 mM L-glutamine, and 1% penicillin-strepto-
mycin at 37°C in 5% CO2 atmosphere. Cultures were
set up at a cell density of 2 × 106/ml with or without 2%
pokeweed mitogen–stimulated spleen cell–conditioned
media (SCCM) containing IL3 and GM-CSF (StemCell
Technologies, Vancouver, British Columbia, Canada).
SAHA (0.6 µM) and RA (10–6 M) were added as indicat-
ed for each experiment.

Proliferation assays. For [3H]thymidine incorporation
assay, 180-µl aliquots from each culture were placed
into 96-well plates in triplicate after 20 hours of incu-
bation with or without PB, TSA, or SAHA and/or RA,
and 0.5 µCi of [3H]thymidine in 20 µl of medium was
added into each well. After further incubation for 24
hours, cells were harvested onto glass fiber filter and
placed in a liquid scintillation counter (1450 Microbe-
ta Plus; filter and counter both from Wallac, Turku,
Finland). For growth curves, viable cells were scored
each day up to 4 days by trypan blue exclusion from
triplicate cultures.

Cell-cycle analysis. After 20 hours of incubation with
various drug combinations, cells were harvested, fixed
with 1% paraformaldehyde, treated with 0.1% RNAse A,

1322 The Journal of Clinical Investigation | November 2001 | Volume 108 | Number 9



stained with propidium iodide (PI), and subsequently
analyzed by flow cytometry (Becton Dickinson & Co.,
Franklin Lakes, New Jersey, USA) using Cell Quest and
ModFit LF softwares (Becton Dickinson & Co.).

Apoptosis. The proportion of cells undergoing apopto-
sis was determined by TUNEL and by Annexin V stain-
ing (36). Aliquots (1 ml) from each culture were harvest-
ed after 24 and 48 hours of incubation for TUNEL and
Annexin V analysis, respectively. Cytospun cells were
stained with a TUNEL kit following the manufacturer’s
directions (Roche Molecular Biochemicals, Indianapo-
lis, Indiana, USA). 4′,6-diamidino-2-phenylindole (DAPI)
was used to reveal nuclei. For each point, at least 300 cells
were scored under a fluorescence microscope (Olympus,
Middlebush, New Jersey, USA). Cells were also stained
with FITC-conjugated Annexin V and PI, according to
the manufacturer’s instruction (PharMingen, San Diego,
California, USA), and analyzed by flow cytometry.

Differentiation assays. Cellular differentiation was
studied as described previously (22, 25) upon 4 days
of culture with the various drugs using both a
nitroblue tetrazolium (NBT) reduction assay and
also by analyzing the expression of CD11b, a cell-sur-
face differentiation antigen.

Immunofluorescence staining. NB4 cells were cytospun
on slides after 24 hours of incubation with the differ-
ent drugs and drug combinations. For staining of
acetylated histone, slides were fixed in 95% ethanol/5%
acetic acid for 1 minute, permeabilized, and blocked in
10% goat serum/1% BSA/0.3% Triton X-100/PBS for 40
minutes. The slides were then incubated with antibod-
ies that specifically recognize the acetylated forms of
histone H3 and histone H4 (Upstate Biotechnology
Inc., Lake Placid, New York, USA) for 1 hour. Staining
for the PML protein was carried out as described previ-
ously (22, 25). A Texas red–conjugated IgG was used as
secondary antibody. Staining with DAPI was carried
out to reveal nuclei.

Western analysis of isolated acetylated histones. Nuclei
from NB4 cells were isolated by lysis in buffer contain-
ing 10 mM Tris-HCl (pH 6.5), 50 mM sodium bisulfite,
1% Triton X-100, 10 mM MgCl2, 8.6% sucrose, and
Dounce homogenization. Histones were isolated by
acid extraction as described previously (28). Isolated
histones (5 µg) were then separated on 15% SDS-PAGE
minigels (Bio-Rad Laboratories Inc., Hercules, Califor-
nia, USA) and transferred to nitrocellulose (Schleicher
and Schuell, Keene, New Hampshire, USA). Acetylated
histones were detected utilizing the aforementioned
anti-acetylated histone H3 and histone H4 antibodies
and were visualized by chemiluminescence (Pierce
Chemical Co., Rockford, Illinois, USA). As a control for
the amount of protein loading, gels run in parallel were
stained with Coomassie blue.

cDNA microarray analysis. Total RNA from NB4 cells
cultured for 6 hours with RA (1 µM) and SAHA (0.9
µM) alone and in combination was isolated using the
guanidine isothiocyante/phenolchloroform method
(37). Poly A+ RNA was isolated using the Oligotex

mRNA kit from QIAGEN Inc. (Valencia, California,
USA). Poly A+ RNA (600 ng) was sent to Incyte
Genomics Inc. (Palo Alto, California, USA) for expres-
sion analysis using the Incyte Human UniGEM V 2.0
cDNA array (Incyte Genomics Inc., Palo Alto, Califor-
nia, USA). Probe generation and expression analyses
were performed by Incyte Genomics Inc. Analysis for
specific gene expression was carried out using the Gem-
Tools Analysis software (Incyte Genomics Inc.).
Changes in gene expression less than twofold were not
considered significant.

Northern analysis. Total RNA from NB4 cells was iso-
lated using the guanidine isothiocyanate/phenol/chlo-
roform method (37). RNA (10 µg) was electrophoresed
through a 1% agarose gel containing 17% formaldehyde.
The RNA was blotted onto Hybond-N membranes
(Amersham Pharmacia Biotech Inc., Piscataway, New Jer-
sey, USA) using standard techniques, and the blots were
hybridized with cDNA probes. The following probes
were used: 2.12-kB p21WAF1 cDNA fragment from pZL-
WAF1 (38); 18S rRNA-specific 50-mer oligodeoxyri-
bonucleotide that was end labeled with [γ32P]-ATP by
using T4 polynucleotide kinase (39); and G0S2, transg-
lutaminase 2, integrin β7, and thymidine kinase I (TK1)
that were obtained from Genome Systems Inc. (St. Louis,
Missouri, USA) and sequence verified.

Transactivation assays. Cos-1 cells were transfected with
a DR5-Luciferase reporter; Tk-β-galactosidase internal
standard; and pSG5, pSG5-RARα, pSG5-PML-RARα,
or pSG5-PLZF-RARα expression vectors using the
SuperFect Transfection Regent (QIAGEN Inc., Santa
Clarita, California, USA). Transfected cells were then
incubated with 4 mM PB, 30 nM TSA, or 0.9 µM SAHA
alone or in combination with 10–7 M RA for 48 hours.
The aforementioned concentrations of HDACIs were
chosen for the transcriptional assays because higher
doses resulted in toxic for Cos-1 cells. Luciferase activ-
ity of each sample was measured in a luminometer
(Turner Designs, Sunnyvale, California, USA) and nor-
malized to β-galactosidase activity.

In vivo studies with SAHA in mice. For toxicity studies,
wild-type mice were daily injected intraperitoneally with
SAHA (20–200 µg/g mouse body weight) alone and in
combination with RA (6 µg/gbw) for 28 days. Automat-
ic and differential counting of peripheral blood was per-
formed weekly. The mice were kept for a subsequent 6-
month follow-up, or sacrificed for pathological analysis.
For Western blot analysis of histones acetylation, periph-
eral blood, BM, and spleen cells from mice were collect-
ed before and 2 hours after one injection of SAHA at a
dose of 20 µg/gbw. Isolation of histones and Western
blot analysis was performed as aforementioned.

In vivo therapeutic trials were carried out in PLZF-
RARα/RARα-PLZF leukemic TM. Mice were bled via
tail biweekly to monitor the peripheral blood for the
presentation of leukemia according the following cri-
teria: in two consecutive peripheral blood samples, if
(a) Myeloblast or promyelocyte appeared; (b) White
blood cell (WBC) > 30 × 103 /µl, plus Hb ↓ (< 10 g/dl),
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Plt ↓ (< 800 × 103/µl); (c) Hb < 6 g/dl and Plt < 500 ×
103/µl; or (d) Hb < 3 g/dl or Plt < 300 × 103/µl. Once
leukemia was diagnosed, therapy with RA was com-
menced. Mice were treated with RA for 2 weeks and
then either continued on RA alone or changed to
SAHA alone or RA in combination with SAHA for 4
weeks. RA was administered per orally daily at a dose of
1.5 µg/gbw and SAHA by daily intraperitoneal injection
at 50 µg/gbw. During the treatment, mice were bled
once a week, and WBC, Hb, platelet, and differential
counts were monitored in order to evaluate the
response to the different therapies. Untreated control
groups consisted of leukemic mice from the same
transgenic lines that were also bled once a week. A
Kaplan Meier curve was used for the survival analysis.

Results
HDACIs cause growth inhibition, apoptosis, and potentiate
RA-induced differentiation in APL cells harboring t(15;17).
We tested the effects of HDACIs (Figure 1a) on the NB4
cell line that was derived from an APL patient that har-
bors the t(15;17) and responds to the differentiating
activity of RA. Growth curves and [3H]thymidine incor-
poration demonstrated a potent dose-dependent
growth inhibitory activity of the three HDACIs (Figure
1, b and c). As previously shown, RA markedly inhibit-

ed NB4 cell growth. Combinations of HDACIs and RA
exerted additive growth inhibitory effects.

Cell-cycle analysis of NB4 cells revealed that HDACIs
as well as RA caused a decrease in the proportion of cells
in S-phase (Table 1). This was accompanied by an
increase of the G0/G1 fraction in the cells treated with
either RA or HDACIs, whereas HDACIs also induced an
increase of the G2/M population. We did not observe
additive effects on cell-cycle distribution when the cells
were treated with combinations of HDACIs and RA,
except that SAHA-RA combinations caused the greatest
increase in the G2/M fraction (Table 1). Thus, HDACIs
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Figure 1
The effects of HDACIs alone and in combination with RA on
NB4 cell growth, apoptosis, and differentiation. (a) Structures
of the HDACIs utilized in this study. (b) NB4 cells cultured at
an initial cell density of 105/ml in the presence of PB, TSA, or
SAHA alone and in combination with RA (10–6 M). Growth
curves were performed on NB4 cells cultured with 1 mM PB,
0.12 µM TSA, or 0.6 µM SAHA alone or in combination with
RA. (c) 3H-Thymidine incorporation was assayed after 20
hours’ culture with PB, TSA, or SAHA at the indicated concen-
trations and in combination with RA (10–6 M) and a further 24
hours with 3H-Thymidine. Each point represents results from
three independent experiments performed in triplicate for b
and c (mean ± SD). (d) The percentage of apoptotic cells was
measured after 48 hours’ culture by using flow cytometry
analysis of Annexin V–labeled cells. Each point represents
results from three independent experiments performed in
duplicate (mean ± SD). (e) The NBT reduction assay was per-
formed after 4 days of culture and measured as OD540nm/106

cells. Each point represents results from three independent
experiments performed in duplicate (mean ± SD). The OD540nm

value induced by various HDACIs with or without 10–6 M RA
normalized to untreated control (untreated = 1).

Table 1
Effects of HDACIs on cell cycle progression in NB4 cells

Treatment G0/G1 % S % G2/M %

Control 30.97 ± 0.91 65.81 ± 5.03 3.22 ± 0.80
RA 50.16 ± 0.64 47.91 ± 1.74 1.93 ± 0.62
PB 56.83 ± 1.73 36.20 ± 2.35 6.98 ± 0.77
PB+RA 64.11 ± 1.28 29.22 ± 0.26 6.66 ± 1.03
TSA 60.11 ± 4.57 24.00 ± 5.02 15.89 ± 2.89
TSA+RA 46.24 ± 1.19 38.95 ± 1.76 14.80 ± 2.80
SAHA 58.42 ± 4.22 27.12 ± 3.23 14.47 ± 1.15
SAHA+RA 48.36 ± 1.41 28.67 ± 0.70 23.40 ± 1.67

NB4 cells were cultured as described in Figure 1b, treated with RNAse,
stained with PI, and analyzed by flow cytometry. The results are expressed
as mean ± SD from one representative experiment performed in triplicate.



or HDACIs-RA combinations display potent growth
inhibitory effects in NB4 cells. This growth-suppressive
activity can be attributed, at least in part, to a delay or
arrest in the transition through the cell cycle.

To determine whether HDACIs-mediated cell growth
inhibition is associated with the induction of apopto-
sis, we performed Annexin V labeling (Figure 1d) and
TUNEL assay (data not shown) in NB4 cells treated
with HDACIs and HDACIs-RA combinations. This
analysis showed that the three HDACIs induced apop-
tosis in a dose-dependent manner. Although RA alone
did not increase the spontaneous rate of apoptosis, it
potentiated the proapoptotic activity of the three
HDACIs in NB4 cells.

We next studied the differentiating
activity of HDACIs in NB4 cells. Termi-
nal differentiation of NB4 cells by the
three compounds was negligible, as
assayed by nitroblue tetrazolium (NBT)
reduction (Figure 1e) and expression of
the CD11b cell surface marker (data not
shown). However, HDACIs potentiated
RA-induced differentiation to different
extents even at pharmacological dose of
RA (10–6 M) (Figure 1e). The three
HDACIs, but not RA, induced detectable
accumulation of acetylated histones H3
and H4 in NB4 cells (data not shown).
Thus, HDACIs display a growth-

inhibitory and proapoptotic activity and have the abil-
ity to potentiate differentiation induced by pharma-
cological dose of RA even in cells that would normally
respond to RA.

Induction of gene expression by RA and SAHA in NB4 cells.
To identify genes whose expression is induced by RA
and SAHA, we have carried out cDNA microarray
analysis using RNA isolated after culture of NB4 cells
with RA and SAHA alone and in combination for 6
hours (see Methods). The UniGem V 2.0 array contains
8,502 unique genes and expressed sequence tags
(ESTs). At first, we analyzed the array for genes that
have previously been identified as RARα target genes
and which have been demonstrated to mediate RA-
induced differentiation (i.e., transglutaminase 2 [TG])
(40) and growth inhibition (i.e., p21WAF1). TG was
induced 5.9-fold by array, was not induced by SAHA
alone, and was found to be induced 10.3-fold by the
combination of RA and SAHA. p21WAF1 was not
induced by RA alone, was induced 4.3-fold by SAHA,
and 4.4-fold by the combination. To validate the array
at 6 hours and examine the effect on gene expression
at later time points (15 hours), Northern blot analysis
was performed on NB4 as indicated (Figure 2). This
analysis confirmed the array data at 6 hours. Further-
more, at 15 hours, we found that the combination of
RA and SAHA markedly potentiated p21WAF1 expres-
sion. Further analysis revealed that 60 genes were
induced greater than twofold in NB4 cells cultured
with RA; 48 genes were induced greater than twofold
after culture with SAHA; and 80 genes were induced
greater than twofold with the combination of RA and
SAHA. The combination of RA and SAHA results pre-
dominantly in the induction of a combination of both
the RA-induced genes and the SAHA-induced genes.
Of the genes that were induced, there is very little over-
lap between the two treatments (RA and SAHA) with
only two genes (thymidine kinase 1 and proteosome
subunit β type, 9) being independently induced by RA
alone, SAHA alone, and the combination. Approxi-
mately 3% of the genes are induced by both RA alone
and SAHA alone. In addition, nine genes were identi-
fied as being induced two- to threefold by the combi-
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Figure 2
Northern blot analysis of potential RA and SAHA target genes after
culture of NB4 cells with RA (1 µM), SAHA (0.9 µM), and the com-
bination of RA and SAHA for the indicated times. Total RNA (10 µg)
was isolated and fractionated on 1.0% agarose/formaldehyde and
transferred to a nylon membrane. The membrane was probed by
using 32P-random labeled cDNA probes as indicated. As a loading
control, the same membranes were also probed with a 50-mer
oligonucleotide specific for 18S rRNA.

Table 2
Upregulation of genes by the combination of RA and SAHA in NB4 cells

GenBank Description RA SAHA RA+SAHA
Accession Number (fold) (fold) (fold)

X75314 seb4D ns* ns 2.7
AC004770 hypothetical protein ns ns 2.5
AF258341 P450 cytochrome oxidoreductase ns ns 2.4
AW955122 (syn)hypothetical protein ns ns 2.3
AF016268 death receptor 5 ns ns 2.3
NM_ 000041 apolipoprotein E ns ns 2.2
X55448 glucose 6-phosphate dehydrogenase ns ns 2.2
M34065 cell division cycle 25C ns ns 2.0
AI554560 GTP binding protein Rho7 ns ns 2.0

*ns: indicates that the change expression level is below 2-fold.



nation of RA and SAHA, but not induced by either
agent alone (Table 2). Representatives of the different
classes of induced genes are shown. The classes include
(a) genes not induced by RA, but induced by SAHA
alone and RA+SAHA, such as p21WAF1 (Figure 2); (b)
genes not induced by SAHA alone, but induced by RA
alone and RA+SAHA (TG, integrin β7 [Intβ7], and
G0S2; ref. 41]) (Figure 2); and (c) genes induced by RA
alone, SAHA alone, and the combination (i.e., TK1)
(Figure 2). The expression of a subset of the genes
induced by either RA or SAHA alone at 6 hours
appears to be potentiated at 15 hours with the combi-
nation of RA and SAHA (i.e., p21WAF1, G0S2). In sum-
mary, we have identified a subset of genes whose
expression is induced only by the combination of RA
and SAHA in NB4 cells. Furthermore, the expression
of bona fide RARα−target genes is potentiated by the
RA and SAHA combination.

HDACIs reverse the transcriptional repression by PML-
RARα and PLZF-RARα. We and others have demon-
strated that both PML-RARα and PLZF-RARα
(X-RARα) proteins act as potent transcriptional
repressors through recruitment of HDACs (22–24).
We compared effects of PB, SAHA, and TSA on the
transcriptional activity of X-RARα and RARα pro-
teins. The three HDACIs had negligible effects, when
compared with RA, on the transactivation of a DR5-
Luciferase reporter gene, which was repressed by the
X-RARα and RARα proteins (data not shown). How-
ever, in combination with RA, the three compounds
stimulated from two- to 23-fold RA-dependent trans-
activation by X-RARα and RARα (Figure 3). In the
presence of TSA or SAHA in combination with RA,
PLZF-RARα proteins displayed transactivation activ-
ity similar to that of RARα and PML-RARα. SAHA-

RA combination was the most effective in overcoming
the transcriptional repressive activity of X-RARα, and
PB-RA was least effective.

That RA-refractory and RA-sensitive fusion proteins
respond equally well to RA + HDACIs may also suggest
that non-HDAC–based components of transcriptional
repression by unliganded nuclear receptors (42, 43)
play a minimal role in this specific cell context and
assay (transient transfection of plasmid DNA in the
presence of pharmacological doses of RA).

It has been reported that RA and arsenic trioxide
(As2O3), can induce the degradation of the PML-RARα
fusion protein (44, 45). The degradation of PML-RARα
by RA or As2O3 is accompanied by the relocalization of
PML to its normal nuclear localization sites: the
nuclear bodies (44, 45). To investigate whether HDACIs
also induced changes of PML and/or PML-RARα local-
ization in NB4 cells, we performed immunofluores-
cence staining of NB4 cells with an anti-PML antibody,
which recognizes both PML-RARα and PML proteins.
No effect of HDACIs alone on the localization of PML-
RARα or PML was observed. In addition, HDACIs in
combination with RA did not alter the RA-induced
restoration of PML nuclear body (data not shown).
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Figure 3
HDACIs reverse the transcriptional repression caused by PML-RARα
and PLZF-RARα. Cos-1 cells were transfected with an 0.8 µg DR5-Luc
reporter; 0.3 µg of Tk-β-galactosidase internal standard; and 0.4 µg
of pSG5, pSG5-RARα, pSG5-PML-RARα, or pSG5-PLZF-RARα
expression vectors and then incubated with various HDACIs in com-
bination with 10–7 M RA. (–), 10–7 M RA alone. Luciferase activity was
measured in a Luminometer (Turner Designs, Sunnyvale, California,
USA) and normalized with the internal β-galactosidase standard. Val-
ues represent the mean ± SD from one of three independent trans-
fections performed in triplicate.

Figure 4
Effects of SAHA alone or in combination with RA on leukemic cells
from PLZF-RARα/RARα-PLZF double TM. BM cells collected from
leukemic double TM were cultured at an initial cell density of 
2 × 106/ml. Each sample from the leukemic transgenic mice was divid-
ed equally and incubated in parallel with or without SAHA (0.6 µM),
RA (10–6 M), or the combination, as indicated. Results shown here are
from one of three independent experiments performed in triplicate
(mean ± SD). (a) SAHA alone causes growth inhibition and promotes
RA-induced growth inhibition. 3H-Thymidine incorporation rate was
measured after 44 hours’ culture as indicated above, with [3H]thymi-
dine added for the final 24 hours. These cultures were maintained in
the presence of 2% pokeweed mitogen–stimulated SCCM containing
IL3 and GM-CSF). Results are expressed as percentage of inhibition
upon treatment compared with untreated control. (b) SAHA alone
causes apoptosis. TUNEL-positive cells were stained and scored after
48 hours of culture in the presence of SCCM and expressed as the
induction of apoptosis upon treatment (untreated =1). (c) SAHA in
combination with RA displays an additive effect on differentiation
induction. NBT reduction assay was performed after 4 days of incu-
bation as indicated and in the absence of SCCM. Results are
expressed as the fold increase in OD540/106 cells (untreated =1).



SAHA in combination with RA induces differentiation in
BM cells from PLZF-RARα/RARα-PLZF leukemic mice.
Given that SAHA in combination with RA converted
the transcriptional repression exerted by PML-RARα or
PLZF-RARα to transcriptional activation to a similar
extent, we studied the ex vivo biologic activities of
SAHA alone and in combination with RA on BM cells
collected from our leukemic PLZF-RARα/RARα-PLZF
double TM. In agreement with the results we obtained
from NB4 cells, SAHA at a concentration of 0.6 µM was
able to inhibit proliferation, induce apoptosis, and
increase RA-induced growth inhibition in these
leukemic cells harboring the PLZF-RARα/RARα-PLZF
transgenes, as evaluated by [3H]thymidine incorpora-
tion (Figure 4a), TUNEL staining (Figure 4b), and
Annexin V staining (data not shown). SAHA in combi-
nation with RA significantly increased differentiation
compared with either drug alone as evaluated by NBT
reduction assay (Figure 4c) and morphological exami-
nation (data not shown).

SAHA induces in vivo accumulation of acetylated histones at
a nontoxic dose. We administered doses of SAHA to wild-
type mice and monitored the peripheral blood weekly.
No toxicity was observed as evaluated by weight gain at
doses of 20–100 µg/gbw alone or in combination with
RA daily. Myelosuppression was not observed after a
28-day treatment at these doses in a 6-month follow
up. We next tested whether SAHA at these doses could
induce accumulation of acetylated histones in vivo.
Cells were collected from leukemic TM and wild-type

mice 2 hours after intraperitoneal injection of SAHA,
and histones were isolated for Western blot analysis
from peripheral blood, BM, and spleen cells. Acetylat-
ed histones were undetectable in extracts isolated from
cells of untreated mice (Figure 5a). SAHA (20 µg/gbw)
induced accumulation of acetylated histone H4 in
peripheral blood, BM, and spleen cells from both wild-
type mice and TM (Figure 5a and data not shown).

SAHA in combination with RA prolongs survival and induces
complete remission in PLZF-RARα/RARα-PLZF double TM.
To test the efficacy of HDACIs in the treatment of
t(11;17) APL, we performed therapeutic trials on
leukemic PLZF-RARα/RARα-PLZF double TM (32). As
previously described, these mice displayed the classical
features of t(11;17) APL, die within 3 weeks after
leukemia presentation and are extremely resistant to
treatments such as RA, As2O3, or their combination.
This preclinical trial consisted of three arms: RA,
RA+SAHA, and SAHA alone. The median disease-carry-
ing survival period was 62 days for mice treated with RA
in combination with SAHA compared with 36 days for
mice treated with RA alone and with 43 days for SAHA
alone. Kaplan Meier analysis showed the difference of
survival period upon different treatment to be statisti-
cally significant (P < 0.05) (Figure 5b). Remission was
considered to be achieved if on at least two consecutive
analyses, the peripheral blood counts and hemoglobin
were: WBC< 25 × 103/ml; Myeloid cells< 30%; Disap-
pearance of immature cells; Plt> 800 × 103/ml and 
Hb> 10g/dl. Six of 11 (54.6%) of the mice treated with
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Figure 5
In vivo effects of SAHA, RA, and the combination of both on PLZF-
RARα/RARα-PLZF double leukemic TM. (a) Western blot analysis of
acetylated histone H4 in murine cells upon in vivo administration of
SAHA. Wild-type and leukemic TM were given SAHA (20 µg/gbw) by
intraperitoneal injection. Histones were acid extracted from murine
peripheral blood, BM, and spleen cells in untreated mice and 2 hours
after SAHA administration. (b) SAHA in combination with RA treat-
ment prolongs survival in PLZF-RARα/RARα-PLZF double TM with
leukemia. Upon presentation of leukemia as monitored by automat-
ic and differentiated counts on peripheral blood samples from PLZF-
RARα/RARα-PLZF double TM, RA was administered daily at a dose
of 1.5 µg/gbw for 2 weeks. The RA-treated mice were then random-
ly assigned into three groups: RA alone (1.5 µg/gbw), SAHA (50
µg/gbw) alone, and SAHA (50 µg/gbw) in combination with RA (1.5
µg/gbw). The treatment was continued for 4 weeks. During and after
the treatment, the mice were bled weekly, and automatic and mor-
phological differential counts were performed on each sample to
evaluate response to treatment until each animal died. Kaplan Meier
analysis was used to compare the cumulative survival period between
SAHA in combination with RA (n = 11) and RA (n = 9) or SAHA 
(n = 6) alone. The black bar on the abscissa represents the 28-day
period of treatment. Survival time reflects the days from the initia-
tion of therapies until death for each mouse. (c) Complete remission
was induced by SAHA + RA treatment in six of 11 leukemic PLZF-
RARα/RARα-PLZF double transgenic mice. Analyses were performed
weekly as described above. SAHA + RA causes the same duration of
disease-free survival (time in remission) in PLZF-RARα/RARα-PLZF
leukemic mice as that achieved in PML-RARα transgenic leukemic
mice treated with RA (1.5 µg/gbw).



SAHA in combination with RA achieved a complete
remission, which lasted 1–7 weeks (Figure 5c). No mice
treated with RA alone or SAHA alone achieved remis-
sion. The duration of the remission induced by SAHA
and RA in the PLZF-RARα/RARα-PLZF double TM, is
the same as, if not better than, that induced by RA (at
the same dose) in PML-RARα TM (Figure 5d; ref. 22).
Therefore, the combination of RA with SAHA not only
results in longer survival but can lead to disease remis-
sion in PLZF-RARα/RARα-PLZF double TM.

Discussion
The X-RARα fusion proteins of APL exert their leuke-
mogenic role through HDAC-dependent aberrant tran-
scriptional repression and chromatin remodeling
(22–24). Thus, APL cell line and transgenic mice repre-
sent a model system to test the biologic activity of
HDACIs. PLZF-RARα/RARα-PLZF double TM are par-
ticularly appropriate for the study because they repre-
sent faithful models of APL and mimic the therapeutic
unresponsiveness of human t(11;17) APL to several
conventional (RA and chemotherapy) (17) and experi-
mental (As2O3) therapeutic approaches (35). This study
examined the effects of three HDACIs: TSA, SAHA, and
PB in the cells harboring t(15;17) and primary BM cells
from PLZF-RARα/RARα-PLZF double TM. We show
that each can inhibit growth, induce apoptosis, and
potentiate the differentiating and growth inhibitory
activity of RA. Further, we demonstrate for the first
time in vivo that the combination of RA and SAHA can
increase survival and induce remission in APL trans-
genic mice refractory to RA treatment. We term this
therapeutic approach “transcription therapy,” by which
specific targeting of the aberrant transcription complex
renders it possible to antagonize the activity of onco-
genic factors (46). Altogether, our findings strongly
suggest that RA and SAHA in combination could be
effectively utilized for the treatment of APL at presen-
tation, both in t(15;17) RA–sensitive as well as in
t(11;17) RA–resistant APL. We have previously report-
ed that RA plus PB could induce a complete remission
in a 13-year-old child with t(15;17) APL that had
become refractory to RA. This remission was sustained
with repeated courses of therapy for 8 months before
the patient developed resistance to this combination
therapy (ref. 31; R.P. Warrell, Jr., and P.P. Pandolfi,
unpublished observation). Four other patients with
t(15;17) RA-refractory APL failed to respond to combi-
nation therapy (32). It is possible that RA plus SAHA
may have greater potential than RA plus PB, for the
treatment of APL patients that develop resistance to
treatment with RA alone. It must be remembered, how-
ever, that while there is a straightforward mechanistic
rationale for treating APL at presentation with HDACIs
plus RA, this rationale is lacking in treating acquired
RA-refractory APL, in view of the fact that the mecha-
nisms of this acquired resistance are not fully elucidat-
ed and might be heterogeneous. The only molecular
findings that correlate with acquired RA resistance in

APL are mutations in the ligand binding domain of the
PML-RARα fusion protein. These mutations have been
found only in a subset of these RA-refractory APL
patients (25%). The mechanisms by which RA resist-
ance occurs in the remaining 75% of cases are not
known. On the basis of our findings, one could specu-
late, for instance, that the 25% of APL that harbor the
mutation in the PML-RARα fusion protein may not
respond to HDACIs + RA, as the RA binding is required
for the recruitment of the coactivator complex.

The finding that the combination of RA and
HDACIs, but neither alone, is effective in treating
leukemia in the TM, is consistent with a model in
which PLZF-RARα, in the presence of pharmacological
doses of RA, can recruit histone acetyltransferases
through the RARα moiety and, at the same time,
HDAC through the PLZF NH2-moiety (22–24).

HDAC activity is required at least in part for tran-
scriptional repression by other transcription factors
potentially relevant for tumor suppression and cellular
differentiation such as Rb and the Mad/Max complex
(47–51). Thus, in principle, HDACIs may affect these
pathways as well. However, X-RARα proteins may con-
tribute to leukemogenesis also by sequestration of com-
ponents of the corepressor/HDAC complex, in turn
impairing Rb and Mad/Max repressive activity. In this
scenario, HDACIs would primarily antagonize the
repression by the fusion oncoproteins. Although the pre-
cise mechanisms by which HDACIs in combination with
RA antagonize the aberrant function of the X-RARα
oncoproteins remain to be elucidated, we have shown in
this report that therapy with RA+HDACIs is effective.

It is conceivable that treatment with HDACIs can be
applied to other forms of cancers in which HDAC-
dependent aberrant transcriptional repression is impli-
cated as a pathogenic mechanism. Examples are non-
Hodgkin’s lymphomas, which are associated with
structural alterations disrupting the BCL6 proto-onco-
gene (52–55), and M2 subtype of myeloid leukemia
associated with chromosomal translocation involving
the AML1 and ETO genes (56, 57). Both BCL6 and the
AML1-ETO fusion protein are transcriptional repres-
sors, which can recruit nuclear receptor corepressors
and histone deacetylases (54, 56, 57). In vitro histone
deacetylases inhibitors have recently been shown to
restore RA transcriptional activation and induce the
differentiation of primary blasts from AML patients
(58). In addition, HDACIs exert a dramatic growth
inhibitory and proapoptotic activity in leukemic cell
lines lacking the X-RARα fusion proteins such as the
myeloid leukemia cell lines U937 (59) and HL60 (data
not shown). Inhibition of proliferation and induction
of apoptosis by HDACIs are also potentiated by RA. As
in APL cells, HDACIs increase RA-induced differentia-
tion (data not shown). Furthermore, differentiating or
growth inhibitory and/or proapoptotic activity by
HDACIs has been recently reported in several tumor
cell lines (28, 60–65) as well as in several tumor-bearing
animal models including prostate, breast, and lung
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cancers (32, 61, 65, 66). Preliminary analysis of the tran-
scriptional consequences of exposure to HDACIs
revealed that only a finite subset of genes is modulated
upon treatment (64). Here, we demonstrate that indeed
SAHA potentiates the expression of bona fide RARα
target genes such as p21WAF and transglutaminase 2.
Additionally, a small subset of genes (0.05%) is induced
only by the combination of RA and SAHA. It remains
to be seen whether these are also direct bone fide RARα
target genes. However, RA and SAHA also induce dis-
tinct subsets of genes in NB4 cells. In fact, although 3%
of the induced genes are induced by both RA alone and
SAHA alone, the majority of genes induced by cocul-
ture with RA and SAHA are the result of the expression
of both subsets of genes. These results indicate that pri-
mary action of SAHA may be independent of X-RARα
in APL. Taken together, the present data are consistent
with a model by which HDACIs specifically derepress a
preprogrammed set of genes whose transcriptional
activation induces cell-cycle arrest, apoptosis, and/or
cell differentiation and can enhance the expression of
RA target genes. These findings support the proposal
that HDACIs alone or in combination with RA might
have utility as anticancer agents.
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