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On January 23, 2020, the Food and Drug Administration approved tazemetostat (TAZVERIK),
developed by Epizyme Inc., for patients aged sixteen years and older with metastatic or locally
advanced epithelioid sarcoma not eligible for complete resection. It is the first inhibitor of
histone methyltransferase (HMT) to be approved. Histone methylation, as other epigenetic
mechanisms, is involved in gene expression without changing the underlying DNA sequence.
Abnormalities in the epigenetic profile are implicated in various diseases (such as cancer,
infectious, autoimmune and neurodegenerative diseases). Transferases are major actors in
epigenetic modulations chemically modifying histones and DNA. The Tazemetostat’s success
story is based on the understanding of the biology of the target protein in certain cancers and a
lead optimization process from a high-throughput screening’s hit. The biological target is the
HMT Enhancer of zeste homolog 2 (EZH2). It is the enzymatic subunit of the Repressive
Complex Polycomb 2 (PRC2) that methylates lysine 27 of histone 3 (H3K27), promoting
transcription repression. Several cancers are associated with hypermethylation of H3K27,
which are due either to a hyperactivity of EZH2 mutants or to a loss of activity of the
corresponding demethylases, Ubiquitously-transcribed X chromosome tetratricopeptide repeat
protein (UTX). Structure Activity Relationship (SAR) studies of the hit molecule allowed the
discovery of EPZ6438, a nanomolar inhibitor of EZH2. EPZ6438 acts as a competitor of the
co-factor S-adenosine-L-methionine (SAM)[1], the donor of the methyl group transferred by
the enzyme to the lysine, and thus inhibits the methylation of H3K27. The compound showed
an extraordinary selectivity against EZH2. As all methyltransferases use SAM as co-factor, it
is a challenge to design selective inhibitors that compete with the SAM. Indeed, several other
SAM analogues have been synthesised to target HMT, but the selectivity and potency were not
sufficient to reach clinical trial[2].
Importantly, all transferases, such as HMT, DNA methyltransferases (DNMT) and
histone acetyltransferases (HAT), bear two pockets: a co-factor binding site and a pocket that
binds the substrate to be modified. Chemical strategies are developed to inhibit these enzymes
by targeting either the co-factor binding site, the substrate pocket or both at the same time.
Single pocket targeting such as the case of Tazemetostat is often not sufficient for selectivity,
whereas the targeting of both pockets potentially leads to more potent and selective compounds.

The epigenetic methyltransferases (MTases) HMT and DNMT have over 30 members,
which all share the same co-factor to methylate three different substrates (lysine for KMT,
arginine for PRMTs and cytosine for DNMT). The discovery of selective inhibitors is highly
challenging. The SAM pocket differs among the families of MTases to accommodate the
respective substrate and co-factor, orienting the methyl group adaptively to the substrate.
Indeed, the orientation of the SAM is different in PRMTs compared to KMTs containing the
SET-domain, and even further in DNMTs[3]. Consequently, it is possible to obtain selectivity
for one family versus another by imposing a particular bending of the SAM competitor, but
further selectivity in the family is made difficult by the high similarity in the binding mode of
the SAM[4].
However, there are variations of the amino acid sequence of the substrate pocket from
one protein to another, and it is thus possible to design small molecules that compete with the
substrate and take advantage of the level of methylation, the position in the histone tail or the
3D conformation of the substrate. For example, KMTs methylate in a highly selective way only
one specific lysine in the histone tail and can achieve mono-, di- and/or tri-methylation
depending on the chromatin state. Both Euchromatic histone-lysine N-methyltransferase 2
(EHMT2), also known as G9A, and suppressor of variegation 3-9 (SUV39) methylate H3K9
but not in the same chromatin state [5], while the PRMTs achieve either symmetric or
asymmetric methylation of arginine. In the case of the DNMTs, potential selectivity could be
achieved based on either the small differences in amino acids of the catalytic pocket[6] or some
sequence specificity of the DNA sequence around the CpG site[7],[8].
The most promising strategy for selective inhibitors resides in targeting both the cofactor and substrate pockets at the same time. This strategy is based on the design of bisubstrate
derivatives. Bisubstrate derivatives consists of analogues of the co-factor and analogues of the
substrate covalently linked together. A notable case is the transition state analogues (TSA) that
consist in the covalent coupling of the substrate and the co-factor exactly. It was the first
strategy that led to the discovery of selective inhibitors of kinase proteins[9]. In addition to
selectivity, it bears the promise of potency because the free binding energy of the formed
conjugate is equal to the sum of the free binding energies of the moieties plus an entropy gain
due to the interaction of a single molecule rather than multiple fragments within the protein. Of
note, part of the binding energy is generally lost during the conjugation of the components, due
to the fact that they lose freedom of orientation in their respective pocket. However, linear
decrease in the free bond energy causes an exponential decrease in the dissociation constant
and the entropic effect can be up to three order fold increase[9].
Notably, in the design of bisubstrate analogues, the linker that binds the two moieties
plays an important role; its nature and length need to be optimised in parallel to the analogues
of substrate and co-factor. The linker’s optimization depends on the distance between the two
pockets and the 3D orientation of the substrate relative to the co-factor. The length dictates how
each moiety fits in its respective pocket, while on the nature of the linker will depend its
capability to interact or repulse with the interspace-forming amino acids. For example in
DNMT1, it has been suggested that a positively charged linker should allow better potency[10].
Moreover, a preorganization of the moieties using a constrained linker could allow the two parts
to be correctly directed toward their respective pockets, optimising the entropy gain. Thus, the
linker design is a key point in the modulation for selectivity: it can allow us to optimise the
interaction with one enzyme and destabilize the conformation for the others.
There are several examples of success of the bisubstrate strategy targeting the epigenetic
MTases. We developed bisubstrate inhibitors of DNMT using aminoquinazoline as an
adenosine mimic of the SAM. Various linkers and second substrates were evaluated leading to
potent inhibitors of two isoforms of DNMT[11]. Similarly, a selective PRMT4 inhibitor was

discovered using an adenosine derivative coupled to a cytosine derivative as second substrate
[12].
Two representative examples of bisubstrates that reached clinical trial are EPZ5676 and
JNJ-64619178, targeting DOT1L and PRMT5, respectively. DOT1L is a KMT that is involved
in the proliferation of MLL rearranged leukaemia cells[9]. Successive modulations of the three
parts of the bisubstrate strategy (co-factor, linker, substrate) resulted in a potent and highly
selective DOT1L inhibitor[9]. Epizyme, Inc. minimized the SAM co-factor keeping the
recognition pattern of the molecule, while reducing the polarity. Further modifications showed
the necessity of a protonated tertiary amine on the linker and the addition of a hydrophobic
moiety for activity and selectivity, leading to a first potent bisubstrate inhibitor EPZ4777. By
constraining the linker, Epizyme, Inc. obtained the optimised EPZ5676. Most interestingly, the
binding mode is most efficient resulting from a change in conformation of the protein upon
binding, leading to the occupancy of the SAM pocket and a closure of the substrate pocket by
formation of a new hydrophobic pocket adapted to the compound. New bisubstrate-type
inhibitors have now been designed by Novartis to obtain more stable, potent and orally available
molecules[14]. PRMT5 (Arginine protein methyltransferase 5) is an enzyme responsible for the
symmetric di-methylation of arginine and a therapeutic target in many cancers, as glioblastoma,
leukaemia, lymphoma, prostate cancer or colorectal cancer[15]. Two inhibitors have been
developed and are in phase I of clinical trials. GSK3326595 occupies only the substrate pocket
via a tetrahydro-isoquinoline-type structure making cation-π type interactions and is a
reversible inhibitor with a fairly good selectivity[15]. JNJ-64619178 binds simultaneously to
the SAM and protein substrate-binding pockets of the PRMT5. It presents high selectivity and
a rapid pseudo-irreversible mode-of-action, showing a potent and broad inhibition of cancer
cellular growth[16]. To date, this molecule is the most potent and selective compound
developed against PRMT5, showing the efficiency of this strategy[17].
In conclusion, bisusbtrate inhibitors are the most promising for potent and selective
inhibition of epigenetic writers. The strategy has the advantage of involving the interaction
between two components (the protein and the compound) instead of three (the protein, the
substrate and the co-factor). Thanks to this strategy, potent and selective inhibitors were also
obtained for acetyltransferases[18], in addition to DNMTs[11], DOT1L[9] and PRMT5[16].
New bisubstrate analogues are to be explored to target other epigenetic writers. For the design
of bisubstrate analogues it is necessary to modulate the three items (co-factor, substrate and
linker), which can be challenging. An interesting option is to optimize each moiety through
SAR or virtual screening for each pocket and then couple the two fragments by various linkers.
Another approach is the in situ chemical coupling of substrate and co-factor analogues, in which
the success of the chemical coupling is guided by the target protein[19]. In all cases, bisubstrate
inhibitors, a classical medicinal chemistry approach, constitute an efficient strategy to obtain
selective and potent probes for the writers.
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