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The discovery that transcription factors are frequently disrupted in leukemia has led to efforts to target these proteins with
drugs. These efforts have met with limited success, partly because it has proved difficult to design and deliver into the
nucleus small molecules that might break up interactions between transcription factors and their target genes or cofactors.
Hence the belief that transcription factors are not “druggable.” However, the pathogenic fusion proteins of leukemia have
a common ability to aberrantly repress target genes, through recruitment of histone deacetylases (HDACs) and other
enzymes that can be targeted by small organic molecules. Suberoylanilide hydroxamic acid (SAHA) is an HDAC inhibitor
(HDI) entering clinical trials that may reverse aberrant repression by fusion proteins. Acute promyelocytic leukemia (APL)
results from a chromosomal translocation in which the retinoic acid receptor gene (RARα) becomes fused to any of five
partners (1). In the absence of ligand, corepressors like N-CoR bind to RAR, recruiting HDACs. Physiological levels of
retinoic acid (RA) induce the release of corepressors and binding of coactivators with histone acetyl transferase activity.
While deacetylated histone tails hinder transcription, lysine acetylation of the tails favors gene expression (2). In t(15;17)
APL, the PML-RAR fusion protein has abnormally high affinity for corepressors and the protein switches to an activator
only at pharmacological doses of RA (3). Such treatment […]
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The discovery that transcription factors
are frequently disrupted in leukemia
has led to efforts to target these pro-
teins with drugs. These efforts have met
with limited success, partly because it
has proved difficult to design and deliv-
er into the nucleus small molecules
that might break up interactions
between transcription factors and their
target genes or cofactors. Hence the
belief that transcription factors are not
“druggable.” However, the pathogenic
fusion proteins of leukemia have a
common ability to aberrantly repress
target genes, through recruitment of
histone deacetylases (HDACs) and
other enzymes that can be targeted 
by small organic molecules. Suberoy-
lanilide hydroxamic acid (SAHA) is an
HDAC inhibitor (HDI) entering clinical
trials that may reverse aberrant repres-
sion by fusion proteins.

Acute promyelocytic leukemia (APL)
results from a chromosomal translo-
cation in which the retinoic acid recep-
tor gene (RARα) becomes fused to any
of five partners (1). In the absence of
ligand, corepressors like N-CoR bind
to RAR, recruiting HDACs. Physiolog-
ical levels of retinoic acid (RA) induce
the release of corepressors and binding
of coactivators with histone acetyl
transferase activity. While deacetylated
histone tails hinder transcription,
lysine acetylation of the tails favors
gene expression (2). In t(15;17) APL,
the PML-RAR fusion protein has
abnormally high affinity for corepres-
sors and the protein switches to an
activator only at pharmacological
doses of RA (3). Such treatment pro-
vides one example of successful tran-
scription-based therapy.

t(11;17) yields the PLZF-RAR fusion
protein and an RA-resistant form of
the disease (1). PLZF is a transcription-
al repressor (4) and complexes with
corepressors and HDACs (5). Unlike

PML-RAR, the PLZF-RAR fusion pro-
tein fails to release corepressors under
the influence of RA, explaining the
ineffectiveness of this treatment. How-
ever, HDIs such as trichostatin A and
butyrate (3) block repression of
reporter genes by PLZF-RAR. Whether
reversal of transcriptional repression
explains the efficacy of the drug com-
bination in vivo is unclear.

In the current issue of the JCI, He et al.
(6) show that only the combination of
RA and SAHA is sufficient to clear
leukemic blasts from the peripheral
blood of mice harboring the fusion
genes of t(11;17) APL. This is an impor-

tant result that motivates potential clin-
ical trials of the combination. However,
it is not clear that SAHA acts in this sys-
tem solely by reversing the effects of
PLZF-RAR, since SAHA also potently
affects leukemia cell apoptosis. In NB4
cells derived from a t(15;17) APL
patient and in blasts from t(11;17) ani-
mals, SAHA induced apoptosis and cell
cycle arrest while RA induced growth
arrest accompanied by differentiation.
In NB4 cells, the combination increased
apoptosis, suggesting that RA, by alter-
ing gene expression, can sensitize cells
to the cytotoxic effects of SAHA. SAHA
itself slightly increased differentiation

in NB4 cells, while in t(11;17) blasts,
both SAHA and RA induced differenti-
ation, with the combination yielding an
additive effect. This last result can be
explained equally well by overlapping
independent effects or an effect of
HDIs on APL fusion proteins. Another
study of human t(11;17) APL blasts
found that 1 µM RA alone did not
induce any differentiation, while tri-
chostatin A + RA did, offering more
support for the idea that HDIs can
reverse the effects of APL fusions (7).

In a microarray experiment in NB4
cells, SAHA induced a set of genes dif-
ferent from those induced by RA, cor-
relating with their distinct cellular
effects. SAHA leads to hyperacetyla-
tion of the p21 gene (8), but whether
activation of this or other genes by the
HDI activity of SAHA causes apopto-
sis is unknown. It should be noted
that expression of p21 itself induces
myeloid differentiation (9). SAHA
could also alter acetylation of nonhis-
tone proteins or, like its predecessor
HMBA, affect signaling pathways to
induce apoptosis. SAHA boosted
expression of a few RAR target genes,
and a very small number of genes were
induced only in the presence of the
two compounds. Again, these data
support the notion that the agents
work together by nonoverlapping
mechanisms, not necessarily by block-
ing the APL fusion protein. SAHA
treatment increased bulk histone
acetylation in mice, but whether this
caused changes in chromatin config-
uration around C/EBPε and other
RAR target genes that are repressed by
APL fusion proteins (1) was not deter-
mined. Chromatin immunoprecipita-
tion experiments using the cells of
mice before and after treatment witha
combination of HDI, and RA will be a
gold standard test for the transcrip-
tion therapy hypothesis.

While transcription factors 
are generally thought not 

to be “druggable”, the ability
of the pathogenic fusion

proteins of leukemia to recruit
histone deacetylases can

indeed be targeted by small
organic molecules.
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How then can the transcription
effects of the fusion proteins of APL
and other forms of leukemia be specif-
ically targeted? The answer may lie in
the structure of the histone tails asso-
ciated with RAR target genes. It is
clear that there is a “code” of histone
tail modification, including methyla-
tion, phosphorylation, and ubiquiti-
nation (10). Modified tails are contact
sites for activator or repressor com-
plexes. For example, retinoblastoma
protein (Rb) recruits histone HDACs
as well as histone methyl-transferase
to target genes (11). The result is the
replacement of acetyl groups on his-
tone near E2F binding sites with
methyl groups, offering a new binding
site for heterochromatin protein 1
(HP1) (12). HP1 can also be recruited
by transcriptional repressors, altering
chromatin to an inactive state. If the
RAR fusion proteins also yield aber-
rant histone methylation at targets,
HDIs would be insufficient for the
formation of acetylated, active chro-
matin. Transcriptional repressor com-
plexes can also be associated with
DNA methyl-transferase activity (13).
If APL fusion proteins recruit such

enzymes, target genes might be
silenced. In this case, addition of a
DNA methyl-transferase inhibitor like
5-azacytidine could be useful.

In summary, the notion of transcrip-
tion-targeted therapy is highly attractive
and well founded by in vitro findings.
The current study shows that combina-
tions of agents that can alter gene regu-
lation may be of therapeutic benefit, but
whether the APL fusion protein was the
common target is uncertain. Neverthe-
less, the quest for such therapy will con-
tinue in order to find nontoxic alterna-
tives to chemotherapy. Mechanistic and
empiric trials may lead to the develop-
ment of regimens of enzyme inhibitors
potentially tailored to the transcrip-
tional pathology caused by the fusion
proteins of leukemia.
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