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ABSTRACT

Histone lysine methyltransferases have crucial roles in a number of biological
processes and human diseases by controlling gene expression and chromatin state.
Within this family,the lysine methyltransferase G9a has emerged as critical player
in several pathologic states, particularly because of its important role in the
silencing oftumor suppressor genes and in the regulation of other chromatin events.
The low number of G9ahemical probes suitable for celdsed and animal studies,
as well as the liméd chemical diversity demand for the development of new

modulators.

In this thesistwo different approaches aimed at the identification of novel
chemotyps for the modulation of G9are presentedOn one hand, from a
medicinal chemistry prospective, wenstdered the modification of the central core
of the potent and selective inhibitor UNC0638, resulting in ebgpkzodiazepine
derivativeEML741. To validate the approach, we designed and synthesized a small
set of ringexpanded derivatives and tested rthaativity in vitro. Peptidebased
biochemical assays (AlphaLISA) validated our design, as comp&ihd741
preserves the activity of the parent compound. In f&dL741 is a G9a
competitive inhibitor with respect to substrate endowed with potent actindy
selectivity. In additionEML741 showed favorable physiechemical properties as
it is quite soluble and chemical stable in agueous media, and exhibited a membrane
permeability profile (PAMPA and PAMP8BB) better than the parent compound
UNCO0638.

The second approach was aimed to explore a-tighrsity chemical spage
generating aeporter cell line that enhance the expression of a fluorescent protein
as result of chromatin changes provoked by G9a inhibition. By means of lentiviral
infection, a constct encoding foa blue fluorescent protein (BFP) was integrated
in the background of the human KBM7 cell line, in genolmac whose chromatin
organization is regulated by G9a activity. Two cell lines were selected and their

specificity to detect G9a inihition was preliminary evaluatedhe validation of

1



these cell lines is stitbngoing When completed, this reporter could be used both

in chemical and genetic screens.
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Introduction

1.1 Epigenetic

Genetic mechanisms alone cannotplain why cells of multicellular
organisms, that have the same set of genetic instructions, become highly specialized

to perform different functions.

In 1942, Conrad Waddington coined the teqpigenetics o def i ne t he ficau
interactions between genesd their products which bring the phenotype into
b ei hThe word etymologically derives r om t he Greek U a (ep3)
(geneti k, s) and |literally means fiabove or
concept ofepigenetichas been continuously expanded and revisdth date,
epigeneticsefers to all the mechanisms that work in addition to the DNA template
to regulate and perpetuate gene expressionqmgyand thereby canalize eslpe
identities® Epigenetic modifications can be accumulated during a lifetime, but also
transmitted to the offspring, even if mechanisms behind such heritability are often
unclear? In addition to stable marks, some epigenetic modifications are highly

flexible and easily reversed to respond to environmental sttimuli.

1.2 The genome organization

Eukaryotic cells package their genome in the form of a Egx@ein complex
known aschromatin Besides the packaging role, the chromatin organization allows
acell to fine control the accessibility of daéifent genomic regiorier transcription,
recombination, DNA repair and replicatibriThe basic packaging element of
chromatin is theaucleosomewhich consists of 146 base pairs of DNA wrapped
around an octameric protein complex, made up of four highly basic proteins named
histones (H2A, H2B, H3, and H4). Histones, bearing pasiticharged residues,
are able to interact with the negatively charged DNA phosphate backbone (Figure
1.1)%7
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Figure 1.1 Structure of the nucleosome core particle. Picture adapted from
Setiaputra, Det al., BBA-Proteins Proteomic2017 1865 16131622.

At the molecular level, epigenetic control of gene expression involves
covalent and reversible pesgnthetic modifications of DNA and histone proteins.
These modifications, together with roading RNAs (ncRNA), histone variants
and nucleosome remodelers, can induce changes in chromatin structure, resulting
in transcriptional regulation without altering the underlying DNA sequénge.
other terms, gigenetic modifications label specific genomic regions to recruit
different chromatirbinding proteins, ultimately resulting in cellular

reprogramming athresponse to the environment (cellular plasticity).

1.3 Histone modifications

SinceAl | fr ey 6s piindhemriclOa0shighlightediidtonespost
translational modification$PTMs), major discoveries have uncovered their key
role, in addition to DNA methylation, in carrying information that can distinguish

transcriptionally active or silent chromatin states

Histone PTMs include acetylation, methylation, phosphorylation,
ubiquitinylation, sumoytion, ADP ribosylation, and deamination. These
modifications mainly occur on the-términal regions (tails) of the histones, which
protrude from the nucleosome and are accessible to the epigenetic machinery

(Figure 1.2). Epigenetic marks can either affeet chromatin structure by merely
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being there, but also influencing inteucleosomal interactions and recruiting
remodeling enzymes, thus changing the overall chromatin archité®ture.

© Methylated
O Acetylated
© rhosphorylated
’\/ Ubiquitinated

Figure 1.2 Post translational modificationgn the histone tails. Picture
adapted fronbLawrence, Met al, Trends Gene016 32, 42-56.

Histone modifying proteins are usually categorizedveters, readersand
erasers (Figure 1.3%! Epigenetic writers, such as histone acetyltransferases
(HATSs), histone methyltransferases (HMTs) and kinases, catalyze the addition of
epigenetic marks on amino acid residues on histone tails. Epigenetic readers, such
as poteins containing bromodomains, chromodomains and Tudor domains, are
Afef fector proteinso that recognize and bi nc
recruit various components of the nuclear signaling network to chromatin. Lastly,
when epigenetic markare no longer needed, they can be removed by epigenetic
erasers, such as histone deacetylases (HDACSs), histone demethylases (HDMs) and
phosphatases. The complex interplay of these three classes of proteins results in
tight regulation of gene activity an@xpression during development and

differentiation, or in response to intrar extracellular events!t
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Figure 1.3 Epigenetic writers, readers and erasers. Picture adapted from
Falkenberg, K. Jet al, Nat. Rev. Drug Discoverg2014 13, 673691.

1.4 Histone methylation

Among epigenetic marks, methylation of histone proteins constitutes a highly
complex control system directing diverse functions of the genome. Histone
methylation state is tightly regulated by intricate system made up by a large
number of sitespecific methylases (HMTs), demethylases (HDMs) and methyl

reader protein&?

Histone methylation mainly occurs at lysine and arginine side chains. For this
reason, HMTs are generally classified protein Lysine Methyltransferases
(KMTs) andprotein Arginine Methyltransferases (RMTs). The number of methyl
groups that can be incorporated into a specific residue is different and can confer
unique transcriptional, and therefore phenotypic, efieats c el | s-amifohus , t
group of lysines can be monali-, or trimethylated, while the guanidine nitrogen
of arginineresiduescan accommodate orfeaN®-monomethyl arginine (MMA))

or two methyl groups in an aN®Nfametric
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asyymetric di met hyl a r NP, nN-sjimemetric Alibéayl) and
arginine (SDMA)) (Figure 1.4)According to the case, the addition of more than

one methyl group can be carried @ut processive or distributive manriér.

H CH, HyC, CH,
+N H +N CH3 +N- CH3 +N—CH,
é monoé " é 3

N
H,N'  CHy
N
HN  CH,
B N . ADMA
H,N HN'  CH,
—NH, M—NH 7
FE PRMT HN PRMT .
MMA W HyC— NH CH3
HN SDMA

Figure 1.4Lysine (A) and arginine (B) methylation states.

The human genome encodes more than 60 PMTs including 9 known protein
arginine methyltransferases (PRMTs) and >50 protein lysine methyltransferases
(PKMTS).

The catalytic mechanism is common to both families and consistg2of S
transfer of a methyl group fne the universal methyl donor-&lenosyi-
methionine (SAM or AdoMet) to the nitrogen atom(s) of a lysine or arginine
residue, generatingpe methylated histone product aneh8enosyl.-homocysteine
(SAH or AdoHcy, Figure 1.55%%

3
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Figure 1.5Generic &2 methyl transfer reaction from SAM to the amincid
sidechain nitrogen of a lysine/arginine residue on histones tails.

Unlike other epigenetic modifications, such as acetylation or
phosphorylation,methylation of both arginine and lysine residues does not
neutralize or alter the amino acid charge. Therefore, the effect of chromatin
remodeling is not due to an alteration of éhectrostatic interactions between DNA
and histone proteins. Instead, methyl marksaaatecruiting sites for proteins that
compact nucleosomes together or engage additional regulatory proteins to the
methylation site, mediating a variety of downstream effects. Hence, each type of
mark is a specific signal that is recognized by highly el methyl binding

domains, resulting in either transcriptional activation or repressién.

Additionally, it has been now widely demonstrated thaginine/lysine
methylation also occurs on various Hoistone sibstrates, resulting crucial for the
regulation of their activities. Among these, there kag components of several
cellular signaling pathways, such as nuclear faktmpaB(NFe B) , t he epi der
growth factor receptor (EGFR), as well as the tumor suppressor p53 or the estrogen
receptor (ER}/2°

Hence, a dysregulated activity of histone methylation modifiers can lead to
altered expression patterns of oncogenes or tumor suppressor genes, as well as to
an altered methylation state of effector proteins, thus resulting in aberrant cellular

signaling cacades and cellular transformatfdiT.herefore, proteins governing this
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modification are of substantial interest from the perspedf medicinal chemistry
and drug discovery? °

1.5 Protein lysine methyltransferases (PKMTSs)

In 2000, Jenuwein and aworkers reported the identification of the first
histone lysine methyltransferase. Sintert, many other relevant discoveries,
together with technological advances, have deeply elucidated the biological
importance of histone lysine methylation, and, therefore, of proteins governing this

modification?!

With the exception of DOT1IDisruptor of telomericsilencing tlike), the
catalytic activity of lysine methyltransferases is located in an approximately 130
amino acidlong conserved doain called the SET domain. The SET domain was
first recognized as a conserved sequence in tBr@sophila melanogaster
proteins: a modifier of positieaffect variegationSu ( v a r (thg¢ suppBessor of
positione f f ect v a r % d@hg aPolycontegroup 7cBromatin regulator
En(zeste)(Enhancer of zest&f, and the homeotic gene regulat®rithorax.?*
Differently from other SAMdependent enzymes, in SET domeantaining
proteins the binding sites for the histone substrate and the cofactocaexd on
opposite sides of the domain and are connected through a deep channel. It has been
proposed that this particular arrangement consent the processive methylation lysine

residueg?®

Besides this common feature, SET domain KMTs display low sequence
similarity and the residues at the active site are not all conserved, thus explaining
their high substrate specificitiés Moreover, these enzymes exhibitdifferent
product specificity, defined as the number of methyl group transferred to the
substrate (Figure 1.6Y.Importantly, have been recently identified many other SET
domainricontaining proteins that exclusively methylate +#mstone substrates and
do not appear to target histones direcoreover, in many proteins the SET

domain ceoccurs with multiple other domairs.
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Histone lysine methylation mainlarises on histones H3 and H4. In
particular, five lysine residues are located on H3/H4 tails, while Stee of
methylation is placed on H3 globular cdfeLysine methylation has been
implicated in both transcriptional activation (H3K4, H3K36, H3K79) and silencing
(H3K9, H3K27, H4K20). Apart from the residue modified, also the degree of
methylation is responsible of the different outcorftes.

14K20me
H3K4me2/3
H4K20me3

L
U’”—’r}“ H3Kame1/2/3
H4K20me:

H3K4me3 14K20m
H3K36me1/2

HaK20me1

H3K27me1/2/3
H3K27me1/2/3

H3K27me1/2/3
H3K4me3
H3K4me3
H3K4me3

H3K4me3
H3K4me3

H3K4me3

H3K4me3

DOTIL —
H3K79me1/2/3

Figure 1.6 Phylogenetic tree of KMTs. Picture modified from Milite, €.
al., Clinical Epigenetic016 8,1-15.

1.6 KMTs in health and disease

In the wide scenario of histone modifications, lysine methylation has
attracted increasing attention becauws its crucial regulatory rolen important
nuclear processes including transcription, cell cycle control and DNA damage
respons€®3? The physiological roles and the lmko diseasestatesof this

epigenetic rark will be examined below.
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1.6.1 The physiological role of KMTs

The number of targetable histone lysine residues and the degree of
methylation on each methylation site generate an extremely complex collection of
potential functional outputs. This picturs actually even more complex, because
histone methylation marks exert their activity cooperatively with other types of

histone modificatios (epigenetic crossalk).3

Repressive methylation marks (H3K9, H3K27, H4K20) are essential for the
X chromosome inactivation proce¥stranscriptional silencing of euchromatic
genes® as well as for the establishment and maintenance of highly condensed

(heterochromatic) regions, such as centrom&res.

Instead, transcriptionally competent euchromatin is characterized by
methylation on different residues, e.g. H3K4, H3K36 and H3K79. At chromosome
level, specific histone methylation marks aogdish the establishment of
permissive euchromatin by preventing silencing mechanisms to be carried out, such
as binding of repressive complex or deposition of silencing marks. Furthermore, at
gene levellysine methylation is associated with tharsition from transcription

initiation to productive elongation stagfe3’

Moreover, lysine methylation is important for the regulation of early steps in

the replication processé$as well as in DNA damage respori$e.

The biological importance of lysine modifying enzymes is even greater
considering as their role in the regutettia number of nehistone proteins has a
wide-ranging impact over a growing amount of cellular processes and disease
states. Mong di- or trimethylation of norhistone substrates can positively or
negatively affect protein stability, influence protg@rotein interaction or, in some
cases, subcellular localizatiéhin addition, again the crosstalk with other PTMs
has to be takemto account. For example, one of the most studiedhistone
protein that is regulated by lysine methylation is the \ketiwn tumor suppressor
p53. This protein bears at least four distinct lysine methylation sites in-the C
terminal region (K370, K37X373 and K382). Both the position of the methylated

lysine residues and the methylation state (e.g., mondimethylation) influence

10
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p53 activity, allowing the finduningof p53 functions in homeostatic conditions or
stress responsé$

1.6.2 The pathological role of KMTs

Is now clear that dynamic chromatin modifications are a mean by which cells
establish the appropriate epigenetic homeostasis. Theisnportance of the fine
regulation of histone methylation is continuously evidenced by emerging links
between histone methylation and disease states or &gétng. fact, a growing
amount of evidena@ndicates that the alteration of global histone methylation as
well as the loss or gain of specific methyl marks have a role in a number of
cancers, correlating with tumor phenotype, patient outcome and prognostic
factors*+4% For examplethe H3K27me3 methyltransferase EZH2 isregulated
in a number of cancers, including breast and prostate cHnicethe samne way,
activating point mutations in EZH2 have recently been identified and are associated
with B cell lymphomag® On the other hand, mutations that cause a loss of
methyltransferase activity of EZH2 have been recognizedhyelodysplastic
syndromes, supporting the view that EZH2 functions as a tumor suppressor in that

cancer typé?

Another noteworthy example of a histone methyltransferase involved in
tumorigenesis is the H3K4 methyltransferase MiMixed-LineageLeukaemidl).
Thus, he MLL (also known a#\ L L andKMT2A) generearrangemerns one of
the most common chromosomal abnormalities in human leukaemia, resulting
mutated in almost 80% of infant leukaemia anrti086 of adult acute myeloid and

lymphoid leukaemig?

Dysregulation of histone methylation is also implicated in a nunober
neurodevelopmental disorders, including intellectual disabilities, autism,
schizophreni a, and other conditions

diseasél>*

11
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Furthermore, aberrant activity of lysine nifythg enzymes is associated with
inflammation® and autoimmune diseas¥®s,cardiovascular diseas€s® and

diabetes complicatior.

1.7 Euchromatin histone methyltransferase 2:G9a

The EuchromatinHistone MethytransferaseEHMTS) are a subfamily of
KMTs responsible of monoand dimethylation of lysine 9 on histone H3
(H3K9mel, H3K9me2). In mammals, there are two EHMT proteins: G9a, encoded
by EHMT2 and GLP G9alike protein), encoded byeHMTL1 The name comes
from the fact tht H3K9me2 is frequently associated with repression of genes

located in euchromatic regions.

EHMTs G9a and GLP share 80% sequence identity in their respective SET
domains. They are characterized by the presence oftamihal SET and Pre
SET domain, presded by a series of ankyrin (ANK) repeats, that serve as

methyllysine binding moduléproteinprotein interaction§%®*

Initial studies showed thah vivo G9a and GLPform a stoichiometric
heteromeric complexyia their SET domain, cooperatively carrying out H3K9
methyltransferase functidi.Nevertheless, further surveys revealed that &%h
GLP have different pathophysiological functions, also displaying distinct tissue
specific expression profilés: 6364 Moreover, transcriptomic analysis shows that

these two proteins regulate different setgafes®

1.7.1 The physiological role of G9a

As menioned above, G9a (EHMT2 or KMT1C) catalyze merend
dimethylation of lysine 9 of histone H3 and, to a lesser extent, monomethylation of
lysine 27 of histone H3 (H3K27mel). In particular, two residues of tyrosine are of
essential for the catalytic activitgTyrl154) and H3K9 substrate specificity
(Tyr1067)% Moreover, recently G9a was reported as the enzyme responsible of the

monomethylation of the lysine 56 of histone 3 (H3K56me1l). This mark serves as

12
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chromatin docking site for the replication processivity factor PCNA, precdtding
function in DNA replicatiorf’

During the development, G9a is ubiquitously expressed in all cell types and
carries out important functions in the biological processes associated with gene
regulation, including embryogenesi® germ cell developmeri?, immune
responsé? neural development and brain functidri? At a molecular level, G9a
is essential for transcriptional repressiéfft gene imprinting® provirus

silencing’® and DNA methylatin.’¢78

Almost all these functions are dependent on H3K9 methylation, nevertheless,
like other methyltransferases, G9a methylates algdethora of nonhistone
targets’®® The first identified norhistone substrate of G9a was G9a itself:
autocatalytic G9a methylation recruits the epigenetic regulator heterochromatin
protein 1 (HP1), thus enhancing the silencing of gene transcrijtiomong G9a
northistone substrates, there are several transcription factors, whose methylation
usually results in their inactivation and consequent silencing of the target®genes.
83 Of note, dimethylation folysine 373 by G9a/GLP maintains the transcription

factor p53 in an inactive state, thus inhibiting its function as ttsuppressof*

1.7.2The pathological role of G9a

As mentioned above, mutations in the epigenetic machinery and the resulting
altered placement of epigenetic marks are frequently involved in various
pathological conditionsTherefore a deep understanding of epigenetiemptmena
and their alterations in diseases has become a priority in biomedical research,

especially because, unligenetic alterations, epigenetic aberrations are reversible.
15, 85

In the past years, numerous sasdhave provided evidences that link an
aberrant activity of G9a to human diseases. Primarily, G9a is overexpressed in
various human cancers, including leekia®®’ prostate carcinom,

hepatocellular carcinorfdand lung cancéet’

13
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Moreover, G9a plays a role meurodegeneration induced by either ethanol
and cocaine addictiot¥®! mental retardatiof?®® inflammatory diseasé&s® and

mantenance of HIV1 (Humanimmunodeficiencyirus type 1) latency?

1.7.2.1 A specific role for G9a in medulloblastoma (MB)

Of particular interest, a recent work by theogp of Prof. Vidya
Gopalakrishnan (University of Texas, MD Anderson Cancer Center, Houston,
Texas) in collaboration with our research group, proved the role of G9a in human
medulloblastoma (MBJ’ MB is the most ralignant pediatric brain tumoalso
namedcerebellar primitive neuroectodermal tum@NET) because it origins in a
region of the brain at the base of the skull, calledpthsterior fossaUnlike most
brain tumors, MB rapidly metastasizéia the cerebrspinal fluid®® To date, it is
still a leading cause of naerrelated deaths in children. Current therapy is not
specific for this tumor, basically relying on chemotherapy, craniospinal irradiation
and surgery. More importantly, whilgte number of survivors after diagnosis and
treatment is growingthe welkdocumented poor quality of that survivorship has
extended the concept of cure to include improvements of-tlenmg cognitive
outcome?®1% The aforementioned study pointed out that G9a inhibition has the
potential br therapeutic applications in MB. In fact, previous works had shown that
the RE1Silencing Transcription Factor (RES3ignaling pathway was aberrantly
activatedin over 80% of MBsand associated with poor prognostic significance in
patientst®® REST-dependent maintenance of tumor cell proliferation is mediated
by an ubiquitinspecific protease (USP), USP37, that is downregulated in high
REST expressing MBs as result of REST aberrant activity. USR3&&ntial for
the stabilization of the cyclidependent kinase inhibitor (CDKI), p27. The failure
to stabilize p27 directly endorse deregulated cell proliferdfi®dSP37 silencing
is mediated by a significative increase of level of trimethylation of histone H3K9 at
USP37promoter, a mark deposited by G9a following REST recruitment. It has been
demonstrated that inhibition of G9a activity by means of smalkcules restores
USP37 expression and its turrsarppressive activity, resulting in medulloblastoma
growth arrest in mouse orthotopic models (Figure 1.7).

14
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B

Figure 1.7 Model to summarize theffect of G9a inhibition on USP37 gene
expressionA, REST binds to &EZXbinding site on thdJSP37promoter and
recruits G9a that catalyze-dind trimethylation of histone H3K9, resulting in gene
silencing; B, G9a inhibition by means of smatiolecule eestablishes USP37
expression. Picture modified from Dobson,€t.al, Mol Cancer Re017, 15,
10731084.

1.8 G9a as relevant drug target

Given the role of G9a in diverse biological processes, the development of
specific G9a inhibitors has been incregsgy pursued over the years and is currently
the focus of many research grodfss.

G9a inhibitors so far desbed in literature are usually categorized in two
classes: molecules belonging to the Class | bind to the substrate pocket while Class
Il inhibitors are binders of the SAM pocket. In the following sections, these two

classes will be briefly reviewed.

1.81 Binders of the SAM pocket (Class II)

A small number of compounds bears to the Class Il inhibitors. In fact, there
has beemestrictedfocus on developing SAM competitive inhibitors because of the
intrinsic limit of these compounds to be able to bind h8AM-depeneént

enzymes.

The first inhibitor of the class i8 member in an epidithiodiketopiperazine

(ETP) family of alkaloids, namethaetocin (Figure 1.8). Originally, chaetocin was

15
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reported ashe first inhibitor of a lysinespecific histone methylansferase and
specific for the methyltransferase SU(VAR)3 bothin vitro and in vivo.1%
Some years later, Iwasa al. published the first total synthesis of natur#)-(
chaetocin and its enantiomer and reported that both compounds effectively
inhibited G9a (IGo= 2.5 and 1 .ely)%Skbsequerdly gineptfiedi v
analogues of chaetocin have also been reported, suchEERPB(Figure 1.8):%°
Nevertheless, the low selectivittogether with the hypothized covalent
mechanism of inhibitioA?” support the view that chaetocin and its related

compoundsre not suitable for investigating biological functions of G9a.

o

(o] CH‘\N/

s
H ° PS-ETP-1
Chaetocin

Figure 1.8Class Il G9a inhibitorsChaetocin and a simplified analogue.

In 2012, Yuan and eworkers reported the discovery of BRD9539 (Figure
1.9) by symhesizing a focused library ofgubstituted benzimidazolesspired by
the isoform selectivity exhibited by certain inhibitors of kinases and histone
deacetylase¥® BRD9539 inhibits G9Qawithangof 6. 3 e M, whi |l e
reported for GLP. Moreover, they also desalitiee methyl ester BD4770 (Figure
1.9) dsugprbdborm of -b&x&I2LEHS 9 for cel |

o o} o o}
N ~N, N
HO (o)
oo oo
N N

BRD9539 BRD4770

Figure 1.9Class Il G9a inhibitorsBenzimidazoles.
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The last subgroup of Class Il inhibitors consists of sinefungin analogues
(Figure 1.10). Sinefugin is a natural product, isolated froltreptomyces
incamatusand S. griseolus structurally closely related to SAM (it has an amino
methylene group instead of the methylated sulfonium group) and known as broad
spectrum fApanodo met RV Somezyclisafkane sirefangin nhi bi t
analogues are able to inhibit both G9a and GLP at micromolar potency, also
effecting on three other methyltransferases (DNMT1, PRMT1 and SE%719).

The effect on other methyltransferases was not evaluated.

NH, NH, NH,
N N N
"éE > "mﬁ > "éﬂ >
NN NN NN
o - -

S N T o¥ J o B S S 2

‘4 ‘4, “
HO WOH HO HO
H,N

Sinefungin Analogue-1 Analogue-2

Figure 1.10Class Il G9a inhibitorsSinefungin and its analogues.

1.8.2Binders of the substrate pocket (Class I)

In 2007, Kubicek and eworkers identified,by a highthroughput screening
(HTS) campaignthe first selective smatholecule inhibitor of G9a and GLP,
BIX01294, and it was considered a major advancement in the PKMT inhibitor field
(Figure 1.11 A\ In fact, BIX01294 was the first inhibitor wh an interesting
potencyin vitro (ICso of 1.7 uM towards G9a and 38 uM towards GLP), combined
with a good selectivity profile against several HMTs (up to 45 uM). Importantly, it
was norcompetitive for the cofactor and was also able in reducing H3K9me2
levelsin vivo. In their study, the inhibition of GLP by BIX01294 was measured
under oversaturated reaction conditions, where almost all the substaate
converted into the trimethylated product (H3K9me3). In a following study by
Chang and cavorkers, usig the same linear assay conditions for both G9a and
GLP, BIX01294 resulted slightly more potent for GLPsJ& 0.7 €M) than for
G9a (IGo = 1.9eM). Moreover, they also report the crystal structure of the GLP

17



Introduction

SET domain in complex with BIX01294 and SARDB code 3FPD) which
confirm that the inhibitor binds to the substrate binding grdéve.

The main drawback of BIX01294 was the low actitibyicity ratio in cells,
that limited its use as chemical probe. Using BI1X01294 as lead compounet, Liu
al. extensively explored multiple regions of theirtpzoline core, discovering, in
2009,a derivativenamed UNC0224 (Figure 1.11 A¥ which was markedly more
potent in several biochemical and biophysical assays<IT5 nM). In fact, the -7
dimethylaminopropoxy chain of UNCO022#teracts with the lysine binding
channel, strongly increasing the potency. Focused efforts of stresee design
led to the identification of E6¥’, E721*" UNC0321'8 and UNC0@&6 (Figure 1.11
A).1° Despite the strongly improved G9a enzymatic inhibition profile(I€ the
low nM range), these molecules suffer of a poor cellular activity, mostly dhe to
relatively high polarity and consequdaw cell membrane permeability.

Further efforts, in order to improve physicochemical properties while
preserving highin vitro potency, led to the discovery of UNC0638 (Figure 1.11 A),
by Vedadi and cavorkers, in 2@1. This compound was described &s finst G9a
and GLP cellular chemical probe, characterized by balantedtro potency,
aqueous solubility, and cell membrane permeabiftyJNC0638 has an excellent
selectivity profile, resulting more than 26@ld selective for G9a and GLP over 16
other methyltransferases and epigenetic targets and at leafstid 8@lective over
other norepigenetic proteins. More interestingly, UNC0638 retains the good
activity in celtbased assays, together with an excelienctional potency/toxicity

ratio.

Finally, another optimization attempt of this chemical series resulted in the
discovery of UNCO0642 (Figure 1.11 A), a close analogue of UNC0638, that
similarly exhibited highin vitro potency, excellent selectivity amdbust ortarget
activities, and also showed goad vivo pharmacokinetics propertigs mouse
model. Nevertheless, to date UNC0638 is the most used G9a chemical probe both

in biological and pharmacological studfést?*26

Despite scientific advancements, these remarkable efforts in improving

guinazoline derivatives have not been combined with the identification of new
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valuable scaffolds as G9a inhibitors. Besides the bioisosteric replacement of the
central quimzoline ring ofwith a quinoline one (Figure 1.11 BY'28 only the
spiro(cyclobutand , -iBddj)-2 -Aimine derivative A366 (Figure 1.11 C) shares the
same potency and mechanism of inhibition of the-B&fivatives, despite its low
structure similarity:*® However, this scaffold was not further developed and also
any structural modification described in the same paper led to substantial decrease
in potency'?® Furthermore, A366 has recently been repodsdnhibitor of the
epigenetic reader protein Spindl#BK4me3 interactiomand also in this case even
minor structural modifications of A366 entadtivity reduction’*° These data hang

a question mark over A366 reliability as valuable lead compound.
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Figure 1.11Class | G9a inhibitors.

20









CHAPTER 2

Al M OF THE WORK



Aim of the work

As described in Paragraph 1.8, several G9a/GLP inhibitors have been
identified over the last few years. Nevertheless, the number of compounds that

meets the requisite of a good chemical probe is very &

Above all, the chemical diversity of current available G9a inhibitors is
extremely limited. A successful drug discovery strategy relies on the optimization
of a large number of variables ranging from strictly physicochemical parameters
(e.g. solubility, hydrogen bondinglogP), to more complex factors, for instance
related to toxicity and bioavailability among othé&tsTherefore, it is essential to
start with a broad set of promising leads in order to identify deunglidates with

the desired properties.

In this regard, my PhD project was aimed to identify novel chemical entities
endowed with good affinity towards G9a by means of two different approaches, the
first relying basically on a medicinal chemistry perspectind the second on a
biological one. The latter was performed at the Research Center of Molecular
Medicine (CEMM), in Vienna, during aonth period abroad entailed by my PhD

Program.

2.1 Scaffoldrepositioning approach

A common medicinal chemistrytrategy for discovering structurally novel
chemotypes is the modification of the central core structure of a known active
compound, while conserving key substitueité3* A change of the central
chemical templa is often a means to overcome any undesirable property
associated with the parent molecule (e.g., potency plateau, selectivity,
pharmacokinetics, etc.). This approach resembles the principles of-tadesb
scaffold hoppingCommonlythe concept odcefold hoppinghas consistently been
linked to computational methods and virtual screehihgevertheless meaningful
scaffold replacements have been accomplished on the basis of chemical knowledge

and intuition33

Therefore, pursuingur efforts toward the identification of potent and

selective histone lysine methyltransferases inhibitors, we chose thealédted
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chemical probe UN@638 as lead compound and replaced the quinazoline moiety

with a benzodiazepine framework (Figure)2.lh particular, the insertion of a

methylene unit into the quinazoline ring resulted in the -drganded 14
benzodiazepinderivative(EML741). It is worthwhile noting that the chemistry of

the 3H-benzog][1,4]diazepinescaffold, which could be considee d a #Apri vi |l e
st r uct utad beentonlyfradely investigated and, to best of our letye,

never exploited in medicinal chemistry.

.
Nea Be

. = @QO

k/\,D K/\D

UNCO0638 EML741

Figure 2.1 Scaffoldrepositioning hypothesis.

Before synthesis and screening, silico pre-evaluation ofour scaffold
repositioning hypothesisvas performed in collaboratiomith Prof. Sandro
Cosconat.i ( Di STABI F, University of Campali

2.1.1 Molecular Modeling Studies

EML741 was docked AutoDock4)}3"1%8 into the structure of G9a to see
whether it is able to recapitulate the interactions established by its parent compound
(UNCO0638) into the protein binding cavity (PDB code 3K5K)e docking study
shows that, in principld&sML741 is able torecapitulate the binding mode observed
for UNCO0638 at the G9a active site (PDB code 3RJW) and, in particular, the central
1,4-benzodiazepine scaffold may occupy thecatied fipeptide binding groowve
establishing a number of favorable hydrophabieractions with the side chains of
Leul086, Ile1161, and Alal07With the cyclohexyl group pointing towards a
negatively charged region (Asp1074 and Aspl10¥Bg secondary amino group at
the 4position establishes a chargemnforced Hbond with Aspl183. This
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interaction is known to play a crucial role in increasing the inhibitory potefiay.
addition, the aminoalkoxy moiety may fit into the lysine binding chaforeting
a H-bond with the backbone of Leul®8nd cation i nt er acti ons with th
side chains of Phe1087, Phel182dTyr1154 (Figure 2.2).

Figure 2.2 EML741 docked conformation (pink) in G9a active site (green,
PDB 3K5K). Important residues are labeledbéhds are shown in grey dashed
lines.

These data are in agreement with those obtained with the recent published
structure of G9a SE-HomainPDB code 5VSE?®® The Figure 2.3 A shows the
G9aEML741 complex, while the superimpositicof cocrystal ligand UNC0638
(pink) andEML741 docked conformation (green) is depicted in panel B.
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Figure 2.3 A Superimposition of cocrystal ligand UNC0638 (pink) and
EML741 docked conformation (green) in G9a active site (orange, PDB 5\BSE).
G9aEML741 complex. Important residues are labeleebdihds are shown in blue
dashed lines.

2.1.2 Ringexpanded 1,dqenzodiazepine derivatives

Encouraged by the molecular modeling results, to validate the seaffold
repositioning hypothesis an obtain earlystructureactivity relationshipswe
designed amall set of ringexpanded 14enzodiazepinderivatives (Figure 2.4).

In particular, the cyclohexyl moiety &ML741 was replaced by a phenyl group
(EML693), and to assess the importance of the centralgametry, 1,2lihydro
analogues were also considerefi(.69 8 andEML696).
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