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Chemical genomics: a key to the epigenome
An interview with Minoru Yoshida
SAADI KHOCHBIN*
Institut Albert Bonniot, La Tronche Cedex, Grenoble, France

ABSTRACT The identification and characterization of the first potent histone deacetylase inhibitors constituted a major step, which not only gave a key to researchers worldwide to tackle the
unknown universe of cell signalling by protein lysine acetylation, but also opened the way for the
development of large series of molecules with important therapeutic properties. Minoru Yoshida,
who played a critical role in characterizing the fist potent and specific histone deacetylase
inhibitor, trichostatin A, reveals here how and why his work led to this discovery. He also
comments on his other outstanding contributions and gives his opinion on the impact of chemical
genomics as a key to open the mysteries of the epigenome.
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What is your present position and how did you reach this
position? Which particular steps and choices you made
during your professional life would you consider critical?
Currently I am Director of the Chemical Genomics Research
Group as well as the Chief Scientist of the Chemical Genetics
Laboratory in the RIKEN Advanced Science Institute. RIKEN is a
government-funded research institute covering physics, chemistry, biology and medical sciences. Before moving to RIKEN in
2002, I worked for the University of Tokyo for 16 years as
Assistant and Associate Professor, during which time my group
succeeded in isolating several microbial metabolites with very
unique biological activities such as the induction of cell differentiation and cell cycle arrest and in identifying their cellular targets.
The University of Tokyo is one of the best universities in Japan,
but RIKEN offered me the opportunity to have a relatively large
research group including a number of tenured research staff
members. At that moment, I wanted to expand my chemical
biology research to chemical genomics and proteomics, aiming at
the systematic identification of drug targets and involved cellular
pathways. These new research directions also included proteomics
of acetylated proteins using histone deacetylase (HDAC) inhibitors and its first outcome was the identification of HDAC6 as the
tubulin deacetylase in 2002. I think therefore that the move to
RIKEN was a critical step in my career.
The discovery of the first potent and specific inhibitors of
histone-deacetylases, i. e., trichostatin A (TSA), has greatly
contributed to our understanding of modern epigenetics.

Could you highlight the major steps in the identification and
characterizations of these molecules?
About 20 years ago, when I was a graduate student of the
Laboratory of Fermentation and Microbiology, University of Tokyo, headed by Prof. Teruhiko Beppu, I discovered that TSA,
which was then known for its antibiotic activity, was a potent
inducer of erythroleukemia cell differentiation.
After World War II, great efforts have been conducted in Japan
for the discovery of microbial metabolites and other natural
products having antibiotic activity. The laboratory of Prof. Beppu
focused on applied microbiology, which included drug discovery
from the microbial origin. Because I was interested in cancer
therapy, I started a research in the field of the so-called natural
product chemistry to isolate novel compounds with differentiationinducing activity. I used Friend murine erythroleukemia cells
(MEL) as a model (Fig. 1), which can be differentiated to reticulocytes by a high concentration of dimethylsulfoxide. At that moment, there was no potent inducer that was active at low concentrations. My investigations showed that TSA was the first compound capable of inducing differentiation at low nanomolar concentrations (Yoshida et al., 1987). The goal of traditional natural
product chemistry was to isolate a novel compound and to
elucidate its chemical structure. However, since the structure of
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TSA was known, as a natural product chemist, I had to move on
to another compound with a novel structure. But the cellular
phenotypes induced by TSA such as differentiation and cell
cycle arrest appeared so attractive to me that I decided to
pursue my investigations into their cellular targets. Prof. Beppu
allowed me to continue my research on TSA. He said “you can
do everything as long as you feel that your findings will be
outstanding”. Thus I gave up my career as a natural product
chemist to become a chemical biologist. This was the Rubicon
of my life in science.
A clue to the identification of HDACs as TSA targets was its
ability to induce G1 and G2 arrest in the cell cycle of normal rat
fibroblasts (Yoshida and Beppu, 1988). In 1981, Paul Nurse,
who later became a Nobel laureate, identified cdc2 as a master
gene regulating both G1 and G2 in the fission yeast cell cycle
(Nurse and Bissett, 1981). The cdc2 gene product can phosphorylate histone H1. In 1987, the year we published our first
paper on the differentiation-inducing activity of TSA, his group
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showed that a homologue of cdc2 also controls the onset of
mitosis in human cells (Lee and Nurse, 1987). The excitement
associated with the discovery of important cell cycle regulators
prompted me to analyze the effect of TSA on the cell cycle
control and histone phosphorylation. What I found was that TSA
indirectly inhibited in vivo histone phosphorylation in mammalian cells, although it did not inhibit in vitro Histone H1 kinase
activity. More interestingly, during these investigations, I happened to see a TSA-induced hyperacetylation of core histones.
With this finding as a cue, we biochemically showed that TSA
directly inhibits HDACs using partially purified enzymes. Furthermore, using TSA-resistant mammalian cells, we definitely
proved that HDACs were the primary targets of the TSAinduced cell cycle arrest (Yoshida et al., 1990).

In your opinion, what is the impact of these molecules on
the discovery of HDACs themselves, and on the determination of their specific functions?
A few years after our work on TSA, we found that trapoxin,
a fungal cyclic tetrapeptide, also inhibited HDACs. In contrast
to the reversible inhibition by TSA, trapoxin covalently bound to
HDACs. These two compounds opened the door
to a new research area on chromatin modifications and functions. Indeed, trapoxin, which can
covalently bind HDACs, was used by Schreiber’s
fibroblast cells
group as a specific trap to isolate and clone the
first HDAC in 1996, now known as HDAC1
(Taunton et al., 1996). Since then, a number of
related enzymes were identified based on the
sequence similarity to HDAC1.
It is now established that HDACs constitute a
multi-enzyme family, which is categorized into
three classes (Khochbin et al., 2001). Class I and
II enzymes are zinc-dependent and can be inhibited by TSA, whereas class III enzymes are NADdependent and insensitive to TSA. Even within
class I/II enzymes, there are differences in the
sensitivity to HDAC inhibitors. In particular,
HDAC6 was resistant to trapoxin. This differential
sensitivity was used for the identification of HDAC6
substrates. Indeed, alpha-tubulin was detected
as an acetylated protein, whose in vivo acetylation level was increased by TSA but not trapoxin
(Matsuyama et al., 2002).

Reversible G1 and G2 arrest

Fig. 1. Induction of differentiation in erythroleukemia cells and reversible G1 and G2
arrest in normal rat fibroblast cells. Friend leukemia cells are known to undergo
differentiation after 2% DMSO treatment. TSA was rediscovered during the course of
screening for biologically active microbial products as a potent inducer of differentiation.
(A) A low nanomolar concentration of TSA induced accumulation of differentiated,
hemoglobin-positive cells detected by benzidine staining. (B) Normal rat 3Y1 fibroblasts
were synchronized by serum deprivation (G0) or hydroxyurea treatment (early S). TSA
reversibly blocked the G1/S and G2/M transition in synchronous cultures. Interestingly,
after the removal of TSA, G2 arrested cells resumed cell cycle and started DNA synthesis,
consequently becoming tetraploid cells.

How did the early characterization of these
potent inhibitors contribute to the design of
the new generations of specific HDAC inhibitors (HDACis)?
Now it is well known that each class I/II HDAC
enzyme has a zinc ion in the catalytic pocket,
which plays a pivotal role in activating a water
molecule that attacks the carbonyl carbon for the
acetamide cleavage similar to the metal protease-like reaction. However, of course, there
was no information on the structure of the HDACs,
at the moment I found the HDAC inhibitory activity of TSA, although we speculated that HDACs
are metal enzymes, because the hydroxamic
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the real originality came from the evolution of
the TSA-producing microorganism in soil, and
what the researchers did was only to discover Fig. 2. Induction of histone hyperacetylation in cells by TSA.TSA induced the accumulaand highlight their perfect structural and func- tion of acetylated species of core histones, shown as “ladders” on acid urea triton gel
electrophoresis, which allows separation of each histone molecule according to its level of
tional properties.
acetylation (A). Incubation of cells with labelled acetate results in the incorporation of the
It should however be noted that the biggest acetyl group into the core histones, which can be visualized by fluorography. In the chase
clinical impact of HDAC inhibitors occurred experiment, after washing the labelled acetate, acetylated histones rapidly disappeared in
independently from us by the development of the absence of TSA but this deacetylation was completely blocked by TSA (B).
another class of differentiation inducers for
MEL cells. The research team of Memorial Sloan Kettering
that the extrinsic pathway for apoptosis is specifically induced
Cancer Centre and Columbia University invented SAHA
by HDAC inhibitors (for instance Fas, FasL, and TRAIL gene
(Vorinostat) as a potent inducer of MEL cells. Later, they
expression has been reported to be upregulated after HDACi
revealed that SAHA is also a HDAC inhibitor (Richon et al.,
treatment). Interestingly, although histone acetylation may regu1998). The clue to the understanding of SAHA’s action was its
late global gene expression, a relatively small subset of genes
similarity to TSA in terms of structure and activity. SAHA also
are upregulated by HDAC inhibitors. Nevertheless, many tubinds the enzyme by interacting with the zinc (Finnin et al.,
mour suppressor genes that are silenced in tumour cells are
1999). An aromatic ring with a 5-6 carbon-length spacer was
reported to be reactivated by HDAC inhibitors. Importantly,
also important for the inhibitory activity. Thus, the basic struchistone deacetylation is associated with oncogenic transcripture of HDAC inhibitor should consist of a zinc-or active site
tion factors as well as with DNA methylation that occurs in the
residue-interacting moiety, a spacer, and a cap group that
CpG islands in the promoter region of some critical genes (Nan
interacts with the region surrounding the entrance of the enet al., 1998). Therefore, it seems possible that inhibition of
zyme pocket. Almost all potent HDAC inhibitors abide by this
HDACs results in the reversal of aberrantly silenced gene
rule. However, FK228, a bicyclic depsipeptide containing an
expression induced by oncogenic dysfunction of chromatin. If
intramolecular disulfide bond apparently does not have such a
so, HDAC inhibitors should be considered as very attractive
structure (Nakajima et al., 1998). We showed that FK228 itself
anticancer drugs, and indeed with this respect they have alis inactive but is activated by intracellular reducing activity after
ready exhibited considerable efficacy (Marks et al., 2001).
its uptake by the cells. The reduction of the disulfide bond in
Recently, HDAC inhibitors have also been reported to show
FK228 results in the formation of sulfhydryl groups that can
therapeutic activities against neurodegenerative and inflaminteract with the active-site zinc. The reduced FK228 with the
matory diseases such as articular rheumatism, which are assofree thiol groups was too unstable to exhibit a biological activity,
ciated with aging. Unlike anticancer drugs, the therapeutic
so FK228 acts as a natural prodrug (Furumai et al., 2002). This
molecules against age-related, chronic diseases need to be
feature may contribute to its good clinical efficacy. SAHA has
safer and less toxic. Accordingly, the next generation of HDACi
been approved for the treatment of cutaneous T-cell lymphoma
should be subtype-specific inhibitors, taking into account the
in 2006, and several other drug candidates including FK228 are
fact that eleven different zinc-dependent HDAC enzymes exist
currently investigated clinically.
in human, which may have distinct and specific functions
(Khochbin et al., 2001; Yang and Seto, 2008). Lessons from
Anti-cancer therapy now appears as a major application
protein kinase inhibitors highlight the importance of target
field for HDACis. What do we know about the molecular
enzyme selectivity in successful chemotherapy. However, inbasis of their action on cancer, what are the other patholoformation currently available on the HDAC structures is insufgies for which these inhibitors may be relevant and how do
ficient for the rational design of the subtype-specific inhibitors.
you think this will evolve in the future?
I suppose that the cap group touching the enzyme surface and
Among the anticancer drugs, HDAC inhibitors are categothe zinc-interacting group constitute important elements in
rized into the molecular target drugs, most of which are curdesigning HDAC-specific inhibitors. The situation may however
rently inhibitors of specific protein kinases responsible for
be a more complex one than the case of protein kinases,
pathogenesis. In contrast to the protein kinase inhibitors, howbecause multiple HDAC enzymes assemble into a limited
ever, the mechanism underlying the selective cytotoxicity of
number of corepressor complexes. A variety of different oncoHDAC inhibitors to tumour cells is still unclear. It is suggested
genic transcriptional regulators use the common corepressor
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complex. Therefore, it is still obscure whether specific inhibition
of a particular enzyme could be associated with particular
therapeutic effects. It is probably also important to search for
agents that inhibit the corepressor complex assembly or protein-interaction between HDACs and transcriptional regulators.
Important efforts have been employed for the identification/
characterization of HDACis. What about HDAC activators?
Do you see any interest in developing this type of molecule?
Because protein acetylation controls various cellular functions
in both positive and negative manners, it is probable that reduced
histone acetylation by the HDAC activator profoundly affects
cellular phenotypes. Indeed, we saw a decrease in histone
acetylation level by some inhibitors of energy metabolism, probably due to the decrease in the cellular acetyl-CoA levels. A direct
activator for the HDAC enzyme would however be more interesting. In particular, an activator for HDAC6, a subtype enzyme
catalyzing cytoplasmic substrates such as alpha-tubulin and
Hsp90, could be clinically important, because this enzyme is
involved in degradation of unfolded proteins, whose accumulation
causes a variety of diseases including neurodegenerative diseases (Boyault et al., 2007; Pandey et al., 2007).
What future do you see, in terms of applications, for specific
class III HDAC inhibitors/activators?
Class III HDAC family enzymes, which are similar to the yeast
Sir2 gene product and thus named Sirtuins, are recently drawing
much attention. Sirtuins require NAD but not a zinc ion for their
activity, and therefore are insensitive to TSA. Because NAD is a
key molecule for cellular redox and metabolic activity, it is suggested that Sirtuin enzymes regulate cell metabolism. Indeed,
resveratrol, a polyphenol enriched in red wine, has been shown to
activate Sirt1, prevented metabolic syndromes and prolonged the
life span from yeast to mice (Guarente, 2007; Guarente and
Picard, 2005). Therefore, in recent years, screening for Sirtuin
inhibitors/activators is actively carried out (Lavu et al., 2008). I am
personally interested in the compounds regulating Sirt3, because
Sirt3 is localized in mitochondria and may control energy metabolism (Onyango et al., 2002; Schwer et al., 2002).
You were also involved in another startling discovery, that of
leptomycin B (LMB). Could you let us know how your early
observations of defects in fission yeast higher order chromosome structure has led to the characterization of a major
nuclear export system?
Yes, it was a really exciting story. LMB was discovered in our
laboratory as an antifungal antibiotic, which inhibited the growth
of a subset of fungal species including fission yeast
Schizosaccharomyces pombe at nanomolar concentrations. Surprisingly, however, the budding yeast Saccharomyces cerevisiae
was totally insensitive to LMB, suggesting the existence of a
specific target molecule in the LMB-sensitive microorganisms.
We succeeded in identifying Crm1 as the LMB target by cloning
the LMB-resistance gene from an LMB-resistant mutant strain of
S. pombe (Nishi et al., 1994). Crm1 was originally identified by
Prof. Yanagida, Kyoto University, as an essential gene involved
in chromosome region maintenance (Adachi and Yanagida, 1989).
We noticed that mutants defective in Crm1 showed exactly the
same phenotypes as the wild-type cells treated by LMB. These
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Fig. 3. What is chemical genetics?Chemical genetics parallels classical
genetics. Whereas the latter searches for the mutational basis of a
phenotype, chemical genetics consists in looking for the target of a
specific compound responsible for a given phenotype. Similar to the
reverse genetic approach, there is also a reverse strategy in chemical
genetics. A specific ligand for a particular protein of interest can be
discovered using a chemical library and the phenotype induced by the
ligand can be analysed.0While mutations target genes, chemicals target
proteins. Therefore, a phenotype can easily be obtained using chemicals
even if cells have multiple genes with redundant functions. Furthermore,
if the target is clinically important, the chemical presents the potential of
becoming a therapeutic drug. Therefore, chemical genetics is now
regarded as one of the important approaches in the post-genomic era.

observations strongly pointed to Crm1 as the molecular target of
LMB. However, the molecular function of Crm1 was unknown at
that moment. Amazingly a breakthrough occurred after a poster
presentation by the Sando Pharmaceutical company group in the
annual meeting of American Society for Cell Biology in 1996. This
poster showed that LMB was found during the course of a
screening for compounds capable of inhibiting nuclear export of
HIV Rev. Rev is an essential viral protein for the nuclear export of
the HIV RNA genome into the cytoplasm where the virion assembly occurs. A leucine-rich nuclear export signal (NES) was identified in Rev, which was proposed to be a signal sequence
recognized by a putative cellular factor responsible for nuclear
protein export. However, this nuclear export remained unknown
and there was fierce international competition to identify the
factor. Together, data from this poster showing that LMB inhibited
Rev nuclear export and our own data showing that Crm1 was the
target of LMB, strongly pointed to Crm1 as the long awaited
nuclear export factor. This hypothesis was soon verified by a
couple of groups including ours (Fornerod et al., 1997; Fukuda et
al., 1997; Kudo et al., 1997; Ossareh-Nazari et al., 1997). Furthermore, we showed that LMB covalently bound to a single cysteine
residue in the central conserved region of Crm1 by a Michael-type
addition (Kudo et al., 1999). This binding prevented proteinprotein interaction between Crm1 and NES-bearing proteins.
Importantly, the cysteine residue was conserved in Crm1 of all
higher eukaryotes, but not found in that in S. cerevisiae or
Aspergillus, which are LMB-resistant microorganisms. Thus, the
single residue in Crm1 was the major determinant of the LMBsensitivity. Because Crm1 is essential for the proliferation of all
eukaryotes, it is difficult to test the subcellular localization of a
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given protein after Crm1 knock-out or knock-down.
Accordingly, LMB proved to be a really great tool to
monitor the subcellular localization of a variety of
proteins and to test the involvement of Crm1 in their
nuclear export. Thanks to LMB, now researchers
can easily test the presence of a functional NES in
a protein.
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(Delcuve et al., 2009; Seigneurin et al., 1995). The
unique gene expression pattern in a cell lineage
CRM1/exportin 1
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may be inherited through the maintenance of specific chromatin modification patterns, although the Fig. 4. Chemical structures of natural products whose molecular targets in the cell
mechanism of inheritance is still largely unknown. were determined by our group. Three structurally unrelated microbial products, TSA,
TPX, and FK228, were shown to inhibit histone deacetylase (HDAC) activity. The discovery
Therefore, compounds specifically active on epiof these specific HDAC inhibitors opened a new avenue in the research on chromatin
genetic functions should certainly be useful for structure and function as well as in cancer therapy. The target molecule CRM1/exportin
understanding the complicated underlying mecha- 1 of leptomycin B was identified through a screening for the LMB resistance gene in the
nisms. Furthermore, aberrant epigenetic regula- fission yeast S. pombe. CRM1 was shown to be the essential factor for the nuclear export
tions are suggested to be involved in age-related of proteins bearing the nuclear export signal. Spliceostatin A is a novel compound that
diseases such as cancer, Alzheimer disease, and inhibits splicing by binding to the SF3b subcomplex of U2 snRNP.
rheumatoid arthritis. It seems possible that HDAC
inhibitors partly affect the epigenetic functions and they have
Crm1. In this sense, we have recently added another surprising
indeed been reported to have a therapeutic potential in the aboveexample of the drug target using forward chemical genetics. We
mentioned diseases. It is probable that not only HDACs but also
identified SF3b, a subcomplex in the spliceosome component U2
other enzymes mediating chromatin modifications would become
snRNP, as the target of an anticancer natural product FR901464
under control by use of small molecules in the future. The protein(Kaida et al., 2007). FR901464 was originally discovered as the
protein interactions between key epigenetic regulators are also
agent inducing viral promoter activation. The apparent phenotype
functionally very important and may provide good targets for
induced by the compound was quite similar to that of HDAC
future drug development. The long-term goal would be the reverinhibitors. However, it did not inhibit HDACs. Using an stable
sal or tuning of aberrant epigenetic signalling occurring in the
derivative of FR901464, named spliceostatin A (Fig. 4), we
tissues by the combination of such small molecules.
showed that it binds SF3b and causes a leakage of pre-mRNA into
the cytoplasm, which leads to the translation of unspliced mRNAs
Your approach, in contrast to now largely-used high-throughleading to the generation of aberrant proteins. Our conclusion
put screening (HTS), was oriented towards the discovery of
was that SF3b is involved not only in the splicing reaction but also
the biological targets of specific biomolecules. Have you
in the nuclear retention of pre-mRNAs. However, there are
observed interesting biological effects of such molecules,
several yet unsolved questions about the phenotypes induced by
for which the targets have not been identified yet?
spliceostatin A. For instance, it is still unclear how spliceostatin A
Like classical genetics, there are two ways to proceed in
upregulates viral promoter activity. Although the studies are still
chemical genetics, forward and reverse (Fig. 3). Forward chemiin progress, our preliminary data suggest that the accumulation of
cal genetics starts from identification of a specific chemical and its
pre-mRNAs as a result of splicing inhibition, causes dramatic
goal is to identify the molecular target responsible for the cellular
changes in chromatin modifications and epigenetic status. Unravphenotype. On the other hand, reverse chemical genetics foeling the tangled relationship between splicing and epigenetics is
cuses on a particular protein of interest, for which inhibitor/
the next important subject, which will be approached using
activator should be screened from a chemical library. By using
spliceostatin A.
thus obtained small molecules, the cellular phenotype will be
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