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Abstract

Environmental factors and lifestyle can alter thaywour genes are expressed
influencing a network of chemical switches withiaraells collectively known as the
Epigenome. Among the epigenetic mechanisms orcieggjr the gene expression,
methylation is of foremost importance and probafay to say, still incompletely
decoded. Dysregulations of histone methylation gpatt lead to the repression or
activation of signalling pathways that often proemdhe genesis and progression of
disease states.

Lysine specific demethylase 1 (LSD1) oxidativelypnmves methyl groups from histone
H3 and its aberrant activity has been correlatati thie development of a broad range
of pathologies. Therefore, specific inhibitors @1 have potential in pharmacological
applications. Research into LSD1 and its functionsormal and abnormal cells has
been hindered by the lack of a specific and poseippressor. The development of a
selective inhibitor could not only foster the urgtanding of the biological roles of
LSD1 but also represent a breakthrough for thegdesf novel drugs for a range of
burdensome diseases. Here we investigate on rblend irreversible inhibitors of
LSD1, with the hope of broadening the current kremgle on this epigenetic target. By
analysing the LSD1 interaction with the transcaptifactor Snail-1, we generated a
series of small peptides as potential reversibhebitors. The synthetic peptides were
then evaluated in cellular assays. In search othown-covalent LSD1 blockers, we
next explored Phage Display technology. Thereaitertargeted LSD1 covalently by
synthesising multiple structural analogues of theically used antidepressant TCP
(Parnat&), which is a known irreversible suppressor of LSaxtivity. We evaluated
their ability of inhibiting LSD1 in a cell-free asg and the compounds showing
enzymatic inhibition were tested as potential andiHferative and differentiating agents
in leukaemia cell lines. Finally, we generated \afgtibased probes to fluorescently

label LSD1 for biological applications.
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Chapter 1 - Introduction

1.1. Epigenetics

Natural selection has been for a long time consii¢éhe main evolutionary mechanism
of adaptation. Accordingly, the variations in th&l® sequences that confer a fitness
advantage for a specific environment would be abmed inherited while the less
adequate are left obtWhether there are instead mechanisms that transidult
experience into inherited phenotypes without alggrihe genotype, has been for long
time an important question among the scientific wamity™ The potential of
environmental exposure to orchestrate the transgtoeal phenotypic adaptation
without genetic selection was implied in the thesrof the biologist J.B. Lamarck in
the 18" century> However, given the lack of evidence correlating #mvironment and
alterations of gene expression, which could beritégk through the germ line, such
theories have been rejected. On the other handatueal selection theories are unable
to explain the adaptive features that an organisquiees during lifetim&@. The cells
constituting the human body, for example, are ativitd from the same fertilised egg.
In the path from embryo to fully developed organishe initial cell undergoes several
modifications that devote the embryo-derived cétisspecific function$.” Another
well-described example of environmentally drivemigtion, is the caste polyphenism
in social insects. In honeybees’ societies, fromm #ame genotype, distinct caste
phenotypes are generated, namely fertile queers)esfemale workers and male
drones No genetic differences underlie the caste difféagion between queens and
worker bees. In contrast, social environment artdtian of the larvae are determinant
as queens-to be larvae are only nourished withl jeig.® If the honeybee colony loses
its queen, sterile females develop ovéraesd such phenomenon evidentiate further that
the caste differentiation is not decided only byeje pre-determination.

In these examples, the diversity in phenotypeglgeaed without changes in the DNA
bases (i.e. the genetic code). The establishmerd @inctional identity, inherited
through generations without altering the DNA seagueeis definedpigenetics(éni, epi:
Greek for upon). Through epigenetic modificatioteg environment drives cells to tag
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the DNA and such acquired modifications can bestritted to the offspring.These
inherited changes consist ohemical alterations to cytosine, histone tails aod-
coding RNAs Methylations, acetylations, ubiquitylation and swyation, areamong an
ever-growing list of histone tail modifications thamodulate gene expression during
developmental stages, tissue differentiation arsdaties stat€s® Their presence or
absence can alter the state of compaction of chtropragulating the way the genes are
expressed. These tags have been tempegenetic marks as they do not modify the
primary DNA sequence like base mutations do, wéiténg upon therm.

The salient roles of epigenetics have been destnbeall aspects of biology and
epigenetic dysregulations have been associatedaliithajor human diseasésuch as
cancers, Alzheimer, diabetes and viral infectitn¥: Mutations in genes encoding for
crucial epigenetic regulators have been found imersg solid cancers and blood
malignancies as for example the gene encoding lier hHistone acetyltransferase
CREBBP and EP308, or the DNA methyltransferase DNMT3A. Furthermore,
biological studies have revealed the presence aplastic tissues of unusual areas of
chromatin, termed epigenetic lesidii$:1® One example is the translocation Mf.L
oncoprotein in the human mixed-lineage leukaemial(Viwhere genes bound tdLL
display an aberrant distribution of methylation ksaon histone 3 (H3¥:%!

Unlike genetic mutations, epigenetic modificaticaar® reversible and “resetting” the
abnormalepigenome to the normal state represents a revoluyiomew strategy for
therapy*! High-risk myelodysplasia patients are already ixéeg benefits fromepk
drugs with the demethylating agent azacitidine @zif).??

Given the growing scientific evidence for the rote#sepigenetic dysfunctions in the
onset of diseases together with the tangible adgast of employing epigenetic
therapeutics, current research is focusing on venedipigenetic modulators can be

targeted for novel pharmacological approaches.
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1.2. Chromatin

Chromatin remodeling is of foremost importancehie epigenetic regulation of gene
expression. It defines the state in which eukacy®@NA is packaged with histone
proteins to form DNA-histone complexes within céAs'he basic unit of chromatin is
the nucleosome (Figure 1.1), composed of 147 bass (bp) of DNA packed around
two copies of four core histone proteins: H2A, HMB and H4, and a linker histone
H1. The latter allows the compaction of chromatingle units into higher-order
structureg? The core histones are globularly packaged, whigr tN-terminal tails are
unshaped and protrude from the globular regidns feature makes them accessible to
histone modifying enzymes.

C

“Beads on a string” form of chromatin Packaged nucleosomes

/][], Nucleosome particle &Z/ // / )
¥
UL

Histone Tail

Figure 1.1: Chromatin and histone structure.

(A) High resolution structure of the nucleosome camsige; DNA strand is beige and bases are shovbiua. H3
dimer is shown in red, H4 in magenta, H2A in gread H2B in blue(B) Nucleosome core particle and histones,
plus histone linker (H1)(C) Beads on string representation (left) and packageieosome representation (right).
The nucleosome particles are shown as yellow cglmdThe black strands represent the DNA and tthdimes the

N-terminal histone tails.
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Chromatin in non-dividing cells is classified in dwdifferent functional states:
heterochromatin, transcriptionally silent and eochatin, transcriptionally active.
Euchromatin, representing 4% of the genome, isatherised by the presence of active
and inactive genes, which are accessible to tmsdrigptional machiners® Meanwhile

in heterochromatin, representing the 95% of theogex the DNA is tightly asSTDbled
in a conformation that is inaccessible to the tcapson factors. Heterochromatin
mainly consists of repetitive non-coding sequerates repressed genes that contribute
to the maintenance of chromosomal stability by preéwmg mutations or translocations
of the DNA base$’

The histone tails, protruding from the nucleosommdergo several chemical
modifications leading to chromatin remodeling, mtegene expression and ultimately
to phenotypic changes. Such modifications RMA methylation and histone post-

translational modifications.**
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1.3. Epigenetic modifications: DNA methylation anchistone

post-translational modifications

DNA methyltransferases (DNMTSs) are a class of ereg/ithat promote the cytosine
methylation at the 5’ position of the cytosine rimgthin cytosine-phosphate-guanine
(CpG) dinucleotide and this modification leads tméthylcytosine (1°C).X®8 DNMTs
are a well characterised class of epigenetic madifand are involved in the regulation
of embryonic development, chromatin structure ahdomosome stability. Hence,
aberrant DNA methylation patterns correlate withuge variety of diseasé$?® The
mammalian DNA methylations are orchestrated byetlolasses of DNMTs: DNMT1,
DNMT2 and DNMT3. DNMT1 is the most abundant classl acts as a “maintenance
methyltransferase”, specific for hemi-methylatedGSp it copies DNA methylation
patterns to a newly synthesised DNA strand, pramgothe inheritance of the DNA
methylation pattern®3*DNMT2 class is devoted mostly to the methylatidnransfer
RNA; however, its functions have not yet been usted fully>* DNMT3A and
DNMTS3B act asde novomethyltransferases, targeting unmethylated Cp@siratiate
the methylation process.

In euchromatin, most housekeeping genes and the tmd need regulation are
frequently unmethylated, remaining accessible dodcription factors that bind to their
gene promoter and initiate the transcriptional pssé'3® Conversely, the non-coding
regions are enriched in methylated DNA and assediatith transcriptional silencing
and heterochromatin formatidfi2® As both hypomethylation and hypermethylation
states of CpG islands have been described in cgD&MT inhibitors (DNMTi) are
currently evaluated as therapeutic agéh®BNMTi can be classified into two groups:
nucleoside and non-nucleoside inhibitors. Nuclemsithibitors consist of modified
cytosine-like molecules that are incorporated ithi® newly synthesised DNA strand,
impeding the methylation by DNMTS.

The Food and Drug Administration (FDA) has approwsd nucleosides DNMTi for
the therapy of myelodisplastic syndrome (MSD) anidkonic myelomonocytic
leukaemia (CML). These are 5-azacytidine and 52z#eoxycytidine (.1 and 1.2,
Figure 1.2)°
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Although having pharmacokinetic liabilities, the lexules are effective at low doses
and are generally well tolerated by MSD and CMLigrat?°

NH, NH;
)N\)\JN Nﬁ”
Ho O™ N o % ©
fe) (o)
HO OH OH
11 1.2

Figure 1.2: Nucleoside based DNMTi.
1.15-azacytidinel.25aza-2’ deoxycytidine.

Non-nucleoside agents are investigated to overdbm@ossible side effects associated
with the incorporation of external nucleotides i@ DNA, such as the potential to
induce mutation$®*! These agents inhibit the enzymatic activity bydiig to the
DNMT'’s catalytic site {.3and1.4, Figure 1.3}°

5
N__N_ _NH,
PR
B
N
CO
~
N

1.3 1.4

Figure 1.3: Non-nucleoside based DNMTi.
1.3SGI-1027 a quinolone based compoudd4 RG108 a tryptamine based compound.

The DNA methylation strikingly correlates with tosie modifications and their
cooperation tightly regulates the genome by promgotchromatin remodelintf:!
Three categories of proteins promote the histonerhinal tail modifications and
based on their functions, these are termed asewmtit“erasers” and “readers” (Figure
1.4)4243
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Epigenetic
| eraser
Writers
e.g., HATs, HMTs
or PRMTs
Erasers
e.g., HDACs
and KDMs
* Transcriptional activation
or repression
e Changes in DNA replication
» Changes in DNA damage k\
repair S
Epigenetic

Epigenetic reader

writer

Readers

e.g., bromodomains,
chromodomains
and Tudor domains

Figure 1.4: Cross talk between epigenetic regulater writers, erasers and readers.

The writers, like histone acetyltransferases (HAT$)istone methyltransferases (HMTs) and arginine
methyltransferases, promote the addition of epigenmarks onto histone tails. The erasers such is®rie
deacetylases (HDAC) and lysine demethylases (KDBisjlfes (LSDs and JmjC) remove the epigenetic mada

the histone tails. Readers of the epigenetic mdikesbromodomains and chromodomains, have speetlisotein
domains that recognise the epigenetic modificatigdktogether these epigenetic regulators contgbid DNA-
dependent processes such as chromatin remodeding, tcanscription and ultimately phenotypic chandésreover
these actively participate in DNA replication anbl®repair.

Adapted from Falkenbergt al*?

The “writers ” lay down epigenetic marks on lysine (Lys or K) amdinine (Arg or R)
residues of histone substrafésThe histone acetyltransferases (HATS) for example,
transfer acetyl groups to lysines residues of H2A &2B, H3 and H4? Being
positively charged, lysine side chains of histolke®p chromatin compaction by
binding the histone core proteins to the negatiebigrged chains of DNA. By masking
such positive charge, acetylation via HATs elicitleromatin formation and the access

of the transcriptional machinery to DNA gene proensi®** HATs also promote the

7
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acetylation of non-histone proteins such as {¥5Fhe histone methyltransferases
(HMTs) are responsible instead for the additiomethyl groups to histones’ lysine and
arginine residues usirgfadenosylmethionine as a methyl group ddfidxs opposite to
acetylation, an epigenetic mark exclusively asgediavith euchromatin and therefore,
transcriptional activity, histone methylation cogseesither an activating or a repressive
mark to genes. The HMTs can add up to three magtolips on H3 and H4 lysine
residues (H3K4, H3K9, H3K27, H3K36 and H4K20). Bdtie methylation position
and the degree of methylation (mono, di or tri- mykttion) determine the
consequences of such epigenetic modification I|eadito euchromatin  or
heterochromatin formatioft:*® Transcriptionally active regions possess enridiai4,
H3K36 and H3K79 mono-methyllysine residues, whergsctive regions display
H3K9 H3K29 and H4K27 mono, di-methylation mafk$8 Tri-methyl marks at K9 and
K27 of H3 are associated with heterochromatin fdiomaand gene silencing whereas
H3K9 and H3K27 mono-methylation marks are linkethvgene activation. Thus, even
at the same lysine residue, different degrees othytation promote divergent
effects?’*® Unlike to HATs and HMTSs, the epigeneti@rasers remove chemical
modifications from histone substrates. The histal®acetylases classes (HDACS)
remove the acetyl marks from lysine residues ofaH8 by re-establishing the presence
of the positive charge on the Lys residues, favber histone protein binding to the

DNA chains and heterochromatin formation (Figuis) 1843
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Histone acetylation Histone deacetylation

Figure 1.5: Transcriptional consequences of acetylain and deacetylation on histone tails.
Acetylation decreases the affinity of histones BRIXA by masking the positive charge on the lysinsidees.
Deacetylation promotes the removal of acetyl graspstablishing the histone-DNA affinity and thraniscriptional

repression.

There are 18 known HDACS, classified into five dabses based on the activity and

phylogenesis (Table 1.1).

Table 1.1: Classes of HDACs

Class Enzymes Znz+ Localization Expression

I HDAC 1,2,3,8 Yes Nucleus Ubiquitous

Ila HDAC 4,5,7,9 Yes Nucleus and Cytoplasm Tissue specific
IIb HDAC 6 and 10 Yes Cytoplasm Tissue specific
I Sirtuins 1-7 No Variable Variable

v HDAC 11 Yes Nucleus and Cytoplasm Ubiquitous

Classes | and Il reveal a high enzymatic prefereéaa@ards histone substrates and are
characterised by the presence of a HDAC-Zinc bigdiomair®® The activity of these
classes has been successfully inhibited with the afs chelating agents such as
hydroxamic acid derivativeS. The Sirtuin family of HDACs constitutes class #lihd
several works indicate their importance in humahdmvelopment and disea&&Seven
Sirtuins have been described so far and among thleen,SIRT1 group regulates

acetylation levels in both histone (H4K16 and H3K®)d non-histone proteins like
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p53434649 HDAC 11 constitutes class IV and members of thisug have been
localised in different tissues such as brain, kydaad testis but their activity is still
poorly characteriset?.

Although associated mostly with transcriptionalresgsion, recent studies showed that
the HDACs activities can also promote transcripioactivation of specific genéS.
HDACSs are often found as stable subunits of trapganal repressor complexes, as for
example the NuRD compleX.Abnormal HDACs activity and expression have been
observed in cancer tissues and scientific eviddrase proven that the use of HDAC
inhibitors (HDACI) is likely to have therapeuticfeft in wide range of diseases, such as
anti-neoplastic potential by inducing cell-cycleest, apoptosis and immunomodulatory
effects™4%>1However, it is still not clear how HDACI exert thanti-cancer activity. It
has been proposed that they could bind to the HDée€alytic pocket, chelating Zh
ion.43'51

HDACI have generally a defined pharmacophore, caagoof three regions (Figure
1.6):

1. acapregion or surface recognition domain that is abledclude the entrance of
the HDAC catalytic pocket;

2. azinc binding domain, which chelates the zinc ion;
3. alinker region that connects the cap region to the zindibqhndomain;
Cap Linker Zinc binding domain

I i
i W\MNHOH
o)

Figure 1.6: Domains of HDACi pharmacophore showedhi Vorinostat®.

The most important classes of HDACI &?e:

1. Hydroxamic acids, generally inhibiting several skes of HDAC;
Cyclic tetrapeptides and despipeptides;

Benzamides, generally targeting class | HDAC,;

Epoxides;

o kb 0N

Aliphatic acids;

10
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The most important drugs belongings to the abovetioreed classes of HDACI are

reported in Figure 1.7.

A) Hydroxamates

O §
NMY “OH
H o
1.5

D' P
N/S\©/\)I\N/OH
H H
1.8

B) Benzamides

0
NH, \[(@ANJ\O/\@N
H H |
o ’
© 19
A N
|
X \N)\N NH,
| H H
N
o)
1.10

Figure 1.7: Important classes of HDACI and relativecompounds and relative active concentrations.

C) Cyclic peptide

D) Aliphatic acids
0}
HO

1.12

ONa
m

(A) Hydroxamates: 1.5 SAHA (Vorinosta®, Zolinze?), pan-HDACI, puM;1.6 Givinostat, pan-HDACi, uM;1.7
Trichostatin, pan-HDACI, nM;1.8 Belinostat, pan-HDACI, uM.(B) Benzamides:1.8 Etinostat, HDACI |, I, I,
KUM; 1.9 Mocetinostat, HDACI class |, uM.(C) Cyclic peptided.10Depsipeptide(FK228, Romidepsin): HDACi 1
and 2, nM.(D) Aliphatic acids: 1.11 Valproic acid, HDACIi class | and Il, mM1.11 Sodium Phenylbutyrate,

HDACI Class | and I, mM.

11
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Lysine demethylases (KDMs) are another class ofjespstic erasers devoted to the
removal of methyl groups from lysine residues of & H4. Two classes of KDMs
have been identifiedL ysine specific demethylase 1 and 2 (LSD1/2) and Jumon;jiC
(JmjC) containing domain family of KDMs.

LSD1/LSD2 are the first discovered human demetlegdaand catalyse the post-
translational demethylation of H3K4mel/me2 and HBi€2/me2 side chains of histone
protein and peptides (see belo).

The JmjC proteins are the most recently discovdesdily of KDMs, comprising
approximately twenty human demethylases and cledsih five subgroups (KDM2/7,
KDM3, KDM4, KDM5 and KDM®6)>® The JmjC KDMs are able to promote the
demethylation of mono-di and tri-methylated lysinseng 2-oxoglutarate and dioxygen
species as co-substraté$? The demethylation involves five steps and staits the 2-
oxoglutarate binding to the Fe(ll) in the enzymatiocket; the substrate binding
promotes the destabilisation of the coordinate watelecule-Fe(ll), eliciting the
binding of a dioxygen species; subsequently, tloxydjen reacts with 2-oxoglutarate
leading to succinate, release of carbon dioxide fanmation of an oxoferryl species
(Fe(IV)=0). The Fe(IV)=0 hydroxylates the methysiye that undergoes hemiaminal
hydrolysis loosing the methyl-group (Scheme %1).

12
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Scheme 1.1: JmjC mechanism of lysine demethylation.

Through this mechanism, the enzymes are able tetigtate lysine residues in all the
three methylations states (mono, di and tri-meyisytle). Every sub-class of Jm|C
KDMs contains in the catalytic site specific amiagids that correlate with the
preference for a specific methylation state ofrgsf->° The JmjC containing proteins
are involved in neural development and their afiéisi are associated with autism,
midline defects and mental retardatiSrSince their discovery, many JmjC inhibitors
have been developed and the majority of them antagothe catalytic activity by

binding to the 2-oxoglutarate cofactor in a competifashion?®°® For example, several

8-hydroxyquinolines have been identified as low nmcolar pan-JmjC KDMs

inhibitors>®” One derivative of such class].{4 Figure 1.8), was prepared and
evaluated successfully in blocking the reactivatibriHerpes simplex virus (HSV) in a

mouse modet®

13
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The most promising compound for the JmjC inhibitias GSK-J1 from
GlaxoSmithKline L.15 Figure 1.8). The compound displays remarkablecseity for
KDM6 class and inhibit the enzymatic activity atosmicromolar concentrations (60
nM).>® GSKJ-1 binds to 2-oxoglutarate cofactor and ckslahe Fe(ll) in the active
JmjC catalytic pocket. GSKJ-1 is also effectivemodulating the pro-inflammatory
macrophagic response.

H
N N OH
A YT
XN N__N (0]
O H |
N _~NC ~ "N
(0] NS l
1.14 1.15

Figure 1.8: Molecular structure of potent JmjC inhibitors.
1.14 N-(3- (dimethylamino) propyl)-4-(8-hydroxyquinotryl) benzamide, was tested against HSV in mouse
models;1.15GSK-J1 effective in inhibition IMJD3 enzymaticigity and reduces pro-inflammatory response.

The“readers” represent the last category of epigenetic effecod actively recognise
the chromatin associated histone modificationshSapigenetic effectors bind directly
to post-translational marks on histones via theiecsalised proteins domaifis.For
example, lysine side chain modifications are retgh by chromobarrel,
chromodomain, tandem Tudor domain, whereas acietylaharks are recognised by
bromodomain$? Proteins containing bromodomains have been idedtito be
involved in oncogenic rearrangement and contraadient elements for the regulation
of the nuclear factokB, a mediator of the inflammatory response patht&8ecently,
several small molecules targeting bromodomainsspedifically, the bromodamain ex-
terminal (BET), have been patented as anti-nedplagent$?

14
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1.4. LSD1 biology and therapeutic potential

Since its discovery almost 11 years ago, Lysineciipedemethylase 1 (LSD1) has
intrigued the scientific community because of itsltiple biological functions.

To date, research has only partially disentangI8®1 activity in cell homeostasis in
health and disease. As a result, the consequeht&Dd inhibition are far from being
fully understood. The overall information gathersgaggests that it tightly regulates
chromatin remodeling processes, cell developmemrt] differentiation, cancer
proliferation and metastasi®-"°On that account, molecules targeting LSD1 have
been widely researched for pharmacological intdfeaa and currently, four clinical
trials are investigating LSD1 inhibitors for leukai@ and small cell lung canc&’*

LSD1 has salient roles in cell development and déflerentiation programs: its
knockdown or pharmacological inhibition resultsritpaired development of embryds
and precludes the correct differentiation of herpatetic,"* pituitary,”® osteogenit®
and neuronal stem cell§.°Yet LSD1 overexpression correlates with poor outearh
cancers and LSD1 suppression effectively arresisececell proliferatiof®283LSD1 is
among the most frequent proteins foundhuman primary acute myeloid leukaemia
tissues and an ever-growing body of evidence froeacpnical and clinical studies, is
designing LSD1 as a suitable target in blood-relatalignancie$§*2° High levels of
LSD1 are also associated with the invasive behavimfusolid tumours such as
colorecta’-8 pladder®® prostaté:®! and breast cancet$.LSD1 overexpression in
prostate carcinomas predicts aggressive biologycan@lates with an increased risk of
relapses after prostatectoffyAccordingly, treatments with anti-LSD1 agents éese
cell growth of androgen dependent and independ@state carcinomas in vitro and

in vivo models®=% In breast cancer biopsies, the presence of LS [sognostic
marker of tumorigenesis and tumour aggressivett€$s® In addition, its abnormal
expression has been found in receptor negativé)(BfRast cancers, characterised by a
rapid growth, loss of cell differentiation capacitgetastatic potential and insensitivity
to estrogen suppressdrfsit is also reported that the pharmacological iitltih of
LSD1 sensitises the breast cancer to HDACI treatsnand to hormonal therapy in
drug-resistant carcinomas cellular mod&f® Furthermore, LSD1 activity is associated
with HSV infection and reactivation from latencypbdening the potential applications
of LSD1 inhibitors as anti-viral agerft31®°

15
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1.4.1. LSD1 structure and enzymatic catalysis on H3}

LSD1 is a large protein (93 kDa), highly conserasdong eukaryotes and belongs to
the family of flavin adenine dinucleotide (FAD) mndent amino oxidase enzyfidt

is characterised by three major protein domafnan N-terminalSWIRM domain
(Swi3p/Rsc8p/Moira, residues 172-270), amine oxidase-like domain (AOL,
residues 271-417) andTaower domain (residues 428-533):1° The SWIRM domain
is important for binding chromatin and forms, tdgetwith the AOL domain, a large
hydrophobic pocket containing FAD (Figure 1'#) The AOL domain constitutes the
catalytic site of the enzyme and reveals a high dlogy in amino acid sequence to
other FAD-dependent enzymes, including mono- angapaine oxidase&?1% The
inner surface of the catalytic site is characterisg two different areas, defined by the
presence of amino acid residues with different dhalhmatures. The entrance of the
catalytic channel, accommodating tNemethyl-Lys of H3, shows a flat surface lined
mainly with hydrophobic residues. The opposite sdtead presents mostly acidic side
chains and backbones of carbonyl oxygen atoms dretefore, it is more
hydrophilic193:104

The tower domain protrudes away from the AOL donemd serves as a platform to
link LSD1 to its binding partners, such as co-repoe element silencing factor
CoREST? LSDL1 is able by itself to remove methyl and dinyétiroups on H3K4n
vitro, whereas for nucleosomal demethylation it requiBEREST®® Through the
SANT2 domain of COREST, LSD1-CoREST binds the DN axerts its demethylase
activity on chromatin. In addition to this functiocBoREST potentiates the demethylase

activity on targeted histones and diminishes LSBEftgpsomal inactivatiofy.196:197

16
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Figure 1.9: X-ray crystal structure of LSD1 with H3and LSD1 domains.
(A) LSD1-CoREST X-ray structure, (PDB code: 2XU) Linear representation and surface structure of LSD1
ImageB adapted from Lynchkt al8
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The demethylation mechanism via LSD1 involves #ahiction of FAD to FADH2 and
oxidation of the methyt-amine of the methylated lysine, generating an immmcation
(Figure 1.10)%%81%° This is next hydrolysed to a carbinolamine thabrépneously
degrades to formaldehyde and demethylated amine.r@&action results in a hydride
transfer with the simultaneous reduction of FADRADH?2 that is regenerated to its
oxidised form by molecular oxygen, producing hydmgeroxide (KHO2) as a side
product. The requirement of protonated hydrogentlier electron transfer and imine

intermediate formation, limits the LSD1 activity tonono and di-methylated
|ysine104,109,110
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Figure 1.10:LSD1 demethylation mechanism on H3 substrate.

Although possessing high homology with other FApe®dent enzymes, no catalytic
cross-reactivity has been reported concerning LSiDiplying a high degree of
specificity1°! Furthermore, LSD1 does not show catalytic prefeesrfor H3K4 mono

or di-methyl-lysines, while the rates of demethiglatare affected by the presence of

18
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other PTMs along the H8418For example, acetylation of H3K9 increases the LSD
Km by 6-fold, phosphorylation on H3S9 abolishes teedthylase activityn vitro and
methylation at the H3K9 does not affect the catalyaste!

Beyond LSD1, a second isoform of lysine-specifimédéylase belongs to this family
of FAD-dependent KDMs and is terme&D2. LSD2 (KDM2 of KDM1b or AOF1), is
the only known mammalian homologue of LSB1!! Both proteins share a similar
catalytic domain (around 31% homology) but différte N-terminal region. Like
LSD1, LSD2 can only remove methyl groups on mond dirmethylated H3K4;
differently from LSD1, it is found associated wittoding region of the genome.
Moreover, it does not require CoREST for its nustenal activity® and this could
imply that LSD2 is involved in different transcrigmal programs by associating with
other coregulator®

The hydrogen peroxide generated by the activittheftwo flavoenzymes represents an
important feature, as the reactive oxygen species potentially dangerous for
chromatin environmenit? An intriguing hypothesis is that they might havsignalling

role in cellular processes, retrieving other chrimeemodeling factor&®112.113
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1.4.2. Important LSD1 functions as a catalytic subwit in multi-

component systems and its association with trans@tion factors

LSD1 is commonly found complexed with biomolecutasenzymes, taking part in
multi-component systems that function coordinataky whole catalytic unit. Such
protein complexes contain the essential elements gene targeting and the
simultaneous regulation of multiple epigenetic nfigdtions. By influencing the
substrate specificity, the localisation as welltlzs degree of activity of LSD1 within
chromatin, these interactions confer to LSD1 cafalyon H3 diverse biological
effects!?%

As aforementioned, one of the critical binding pars for LSD1 nucleosomal
demethylation is C-terminal domain oépressor element-1 silencing transcription
factor (COREST) and this is commonly found cooperating wiD1 within multi-
component system§®119114CoREST consists of three major protein domaindghvh
are the N-terminal domain ELM2, two SANT domain®ARE 1 and SANT2) and a
linker domaint* The region that encompasses ELM2 and SANT1 funstias a
platform to link LSD1 to the HDAC family of deacédges:® Hence CoREST
asSTDbles deacetylases and demethylases enzynuggindprtogether two epigenetic
effectors to nucleosomal substrates. The LSD1-CARHBAC complex operates as a
double-blade razor eliminating first the acetyl igye from lysine residues via HDAC
and then, the methyl groups from H3K4 via LSD1. Thenplex associates with several
transcription factors and regulates important lyjmlal pathways?98-116-121

For example, it participates in hematopoietic défeiation by associating with B
lymphocyte-induced maturation protein 1 (Blimp-B)imp-1 is a transcription factor
with a pivotal role in embryo development and hostasis of plasma cells. LSD1-
HDAC-CoREST is recruited by Blimp-1 to silence thature B-cell gene expression at
the end of cell differentiation programs. In adufitito Blimp-1, LSD1-CoREST-HDAC
complex regulates erythropoiesis by associatindh whie transcription factor TAL1
(Figure 1.11):'° Depending on the context, TAL1 acts as a transoripl repressor or
activator: while in normal cell physiology regulatéhe formation of B and T cells
lineages, its aberrant activation is linked to T-ogmphoblastic leukaemia onset and
progressiort?? In erythroid stem cells progenitors, the trangaipal factor is engaged

with LSD1 in maintaining cells in an undifferengdt state. When the cells became
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differentiation-competent, LSD1 dissociates fromLTApromoter and such event is
accompanied by the activation of other PTMs, siectha phosphorylation of S173 and
the recruitment of HMTs and HATF$?123This translates in an increment of H3K4me2
and AcH3K9/K4 marks in mature cel€ The TAL1-LSD1 association is recovered at
a later stage of cell-maturation and the activity.8D1 on H3K4mel/me2 represses
TAL1, contributing in arresting cell differentiatioand proliferation progrants?122

Undoubtedly, eventual perturbations along the m®ee can result in abnormal cell

growth or impaired cell differentiation that coléhd to blood-related malignancies.

Figure 1.11: Association of LSD1-CoREST HDAC with TAL1.
TAL1 recruits LSD1 during different stages of ergthoiesis.

LSD1-CoREST-HDAC activity is involved in the regtitn of the nervous system as
demonstrated by its cooperation with nuclear remept(NR2E1-TLX, Figure 1.12%
TLX controls the metabolism and development of naat tissue$®'?*and LSD1, by
associating with TLX, becomes a downstream targ#te@micro RNA miR-137: TLX
in neuronal stem cells recruits LSD1 to the miR-@Aomic region to repress miR-137
primary precursor expression. Simultaneously, nBR-&antagonises LSD1 activity by
removing it from its genomiloci, sustaining this way the miR-137 expression, wisch
associated with neuronal stem cells proliferatimgyronal and glial differentiation and
migration!?® In addition, co-immunoprecipitation of the TLX-L3Dcomplex revealed
that other proteins are likely to associate with Th.X-LSD1 as for example ZMYM2,
GSE1 and ZMYM3'!8 Although the biological relevance of such proteimsieuronal
maturation programs is unclear, it has been obdethat ZMYM3 proteins also

associates with Snail-1, which is another LSD1 iniggartner and a master regulator

21



Chapter 1

of the epithelial-to-mesenchymal transition (EMT%).Recently, Yokoyama and
colleagues demonstrated that LSD1-CoREST-HDAC cermpksociates with TLX in
retinoblastoma cel$® The complex was found responsible for the onset te

progression of the carcinoma by controlling the regpion of genes linked to cell
proliferation, as for example the tumour suppresgene PTEN. As the retina is
considered part of the central nervous syst&nhis work further evidentiate the

importance of LSD1 for neuronal tissues homeostasispathogenests®12

A\

~ ZMYM2  GSE1
ZMYM3
HDAC1/2 )
— k/‘\J
miR-137

Figure 1.12:Association of LSD1-CoREST-HDAC with TLX.
The complex is recruited by TLX transcription factmd forms a negative feedback loop with microRKATiiR-

137 in the control of neuronal differentiation.

LSD1 is found to take part in the NuRD (Mi-2) compl(Figure 1.13§’ HDACI,
HDAC?2, several histone-binding proteins, metastasgociated proteins MTAL, MTA2
and MTA3, methyl CpG binding domain protein and gmeomodomain DNA-binding
helicase CHD3 form the NuRD compl&X.The MTA proteins display both ELM2 and
SANT domains, sharing strikingly structural similis with CoRES™T/ In a similar
fashion as with CoREST, the LSD1 tower domain bitaishe NuRD MTA (1-3)
subunits. By exploiting the LSD1 demethylase attign H3K4, NuRD amplifies its
silencing activities on target genes promoters. géees repressed by the LSD1-NurD
complex are critically implicated in cell growthyrsival and invasiof’ One of the
downregulated elements is TEE a key modulator of EMT in epithelial tumofs®
By reducing the levels of TGR, the LSD1-NuRD complex was shown to suppress

breast cancer potentiad vivo.®” Notably, a subsequent study in HelLa cell extreads
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not identify LSD1 as a permanent subunit of NuRIygesting that such cooperation is
potentially context-dependetf Furthermore, the LSD1-NuRD complex was found to
interact with KDM5B (JmjC KDMs). Within this compte both the epigenetic erasers
concertedly the demethylation on H3K4 and delete dhemokine CCL14 signalling

pathway, which is linked to metastasis and angiegist

Figure 1.13: Association of LSD1 with NURD complex.
LSD1 is recruited by the MTA subunit of the NURD quex to enhance epigenetic silencing activitiestanget

genes. In this context LSD1 suppresses EMT in bozascer.

The C-terminal binding protein CtBP is heavily imgked in tumorigenesis and acts as
repressor of mammalian genes by associating witlerak binding partnerg?131-133
Many repressive functions of CtBP have been linkedh LSD1-containing
complexeg?t134135The earliest and of foremost importance involv&Dll as well as
other PTMs as for example H3K9 methyltransferase deacetylases; together the
chromatin remodellers synchronise their activifi@sthe repression of the E-cadherin
gene, conferring to cells mesenchymal phenotybe.

Recently, it has been discovered that several SHé@aining proteins are regulated
by LSD11¥¢53’The SNAG domain consists of a pattern of consearatho acids at the
N-terminal, which reSTDbles H3/ This feature enables the SNAG-containing proteins
to physically interact with LSD1 AOL domain. Amotige SNAG-containing proteins,
the zinc finger protein Snail-1 is the most studiedits salient roles in metastasis and
cell migration roles in epithelial tumours by caling the EMT17137-1418y recruiting
LSD1, Snail-1 reduces the level of mono-di-methgdatH3K4 at its target genes,
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promoting transcriptional repression (see ChapteH2nce LSD1 by associating with
Snail-1, has a salient role in the control of thITE!” Accordingly, it has been
demonstrated that the inhibition of the LSD1-Srdaihteraction reverts the status of
silenced genes and re-establishes the epithele&iqgiigpe in neuroblastoma and colon
cancers cells without impairing cell proliferatibi:142

Long non-coding RNAs (IncRNAs) are an emergentlalsLSD1 binding partners.
LncRNAs are composed of non-coding genetic matandllack of a defined biological
function!*® The most studied IncRNA is the HOX antisense geaic INcCRNA
(HOTAIR) and its overexpression in breast tumouss a marker of tumour
aggressivenesé® 141t is characterised by two binding domains: onetfi@ Polycomb
repressive complexes 2 (PRC2) and one for LSD1 tmmp?’ PRC2 is a member of
the PcG family proteins and has histone methylfeaase activity and primarily
trimethylates histone H3K27 (an epigenetic marloeaiséed with gene silencing). The
binding of LSD1 complexes and PCR2 to the HOTAIRal#as their coordinative

activity in silencing tumour suppressor signallpaghways (Figure 1.14}3

H3K27me3 H3K27me3

H3K4me2 H3K4me2 \
Metastasis
suppressor
Genes

PRC2

Demethylation

Figure 1.14:LSD1-CoREST association with IncRNA HOTAIR.

Unlike the LSD1 associations described so far, twhgorrelate with transcriptional
repression and gene silencing, LSD1 acts insteaé asmnscriptional activator in

association with nuclear receptors (androgen ammdge receptors, Figure 1.18§:146
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Figure 1.15: LSD1 in association with protein compbees and the repressive or activation effects on tget
genes when acting on H3K4mel/me2 or H3K9mel/me2.

By changing substrate specificity, the enzymatitvag of LSD1 can lead to transcriptional repressbr activation.

Adapted from Lynctet al®

Nuclear receptors are transcription factors regdldty steroid hormones (estrogen and
androgen) ligand¥’ The transcriptional activity of the nuclear reaepandrogen
receptor (AR) regulates the prostate functions tviging instructions for androgen
hormones in both physiological and pathologicalditons 148 After hormonal binding,
LSD1 forms a complex with the AR and translocatethe nucleus to co-localise at the
androgen response elements promoters (AREs) (Figur@). Through its catalytic
activity on H3K9mel/me2, LSD1 promotes the tramqmnal activation of targeted
genes such as the prostate specific antigen (F*SA)Androgen regulated genes, such
as PSA andTMPRSS2:ERGusion gene, are expressed in hormone independent
cancers, indicating that AR transcriptional acyiiias been reactivated despite castrate
serum androgen level$*°These phenomena have been correlated to AR nmgatio
alternative splicing, increased intra-tumoural @agen synthesis, increased co-activator
expression and activation of several kinases tleat directly or indirectly sensitise AR
to low levels of androgens. LSD1 pharmacologichibition with pargyline or TCP in

prostate cancer cells has shown a decrease of PEAT@prss2expression and
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suppression of growth in hormone dependent andpaemf#ent prostate cancer cell
lines31:146.149-18Iaqditionally, it has been shown that LSD1pisr seable to induce AR-
dependent transcription by regulating H3K9me1/meshén the absence of androgeén.
Therefore, the LSD1-AR association constitutestental target for therapeutic effects
in prostate cancers.

The reason why the association of LSD1 with AR p®h changes in substrate
specificity from H3K4 to H3K9 leading to gene aeiion instead of repression has not
been fully understood. Metzger and colleagues mepahat the key event contributing
to this switch is the association to LSD1-AR ofdse PK@1. Upon hormone binding,
the kinase phosphorylates the H3T6 and such matlfic prevents the demethylation
on H3K412 On the other hand, high levels of androgen prontpost-castration
models of prostate malignancies a negative feedloagkwhereby AR recruits LSD1 at
target promoters to mediate inste®@ repression via H3K4mel-me2 demethylafion.
Hence the dual roles of LSD1 in AR regulation, ivig both transcriptional activities,
mediated by demethylation of H3K9mel/me2 and tmapisonal silencing, through

H3K4mel/me2, still remains enigmatic.
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Figure 1.16: Effects of LSD1 activity in associatiomwith nuclear hormone receptor AR.

After hormonal stimuli, LSD1 demethylates H3K9meid a13K9me2, promoting gene transcription. Conversay
high levels of circulating hormones, the AR recruifSD1 to its promoter regions to repress transictipty
demethylating H3K4me1/2.

Similarly to AR, the estrogen nuclear receptomERntrols cellular processes in tissues
targeted by estrogenic hormones and its dysregulasi implicated in the genesis and
progression of tumourS® ERa is associated with LSD1 constitutively and in alose
of estrogenic stimuli, LSD1 demethylates H3K&.Upon hormonal induction, ER
recruits LSD1 to its target gene promoters to endbE transcription of signalling
pathways regulated instead by H3K9 demethylation. atdition, also the ER
corepressor CAC1, the aberrant expression of wiaisbociates with resistance to
paclitaxel, is found to interact with LSD1-gR** When CAC1 binds to LSD1-ER it
decreases the occupancy of the complex to targe¢sdeci and, by accumulating

H3K9mel/2, decreases gene transcription (Figurg) 124
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Noteworthily, the X-ray crystal structure of LSDBREST bound to an H3 peptide,
suggested that only the N-terminal residues 1-7cagable to enter into the LSD1
enzymatic pocket, positioning the K4 in front of BAor demethylatiort>® Therefore,
according to this structural study, the demethgtaton K9 is structurally incompatible
and it is likely that nuclear hormone receptors &Rl ERy are directly or indirectly
involved in a transient structural modificationtt® LSD1 catalytic pocket that enables
switching substrate specificity. In keeping witlistiPELP1, a co-regulator of ERvith
unknown activities, associates with LSD14Rnd alters the demethylase substrate
specificity from H3K4me2 to H3K9me®® Moreover, a recent report from Cortez and
coworkers implies that targeting LSD1-PELP1 parhgr could be of therapeutic
interest in breast canc& Similarly to PELP1 interaction, it has been reedathat the
JmjC KDMs subfamily KDM4C cooperates with LSD1-ARnaplex, participating in
the sequential removal of H3K9me3 residues andntight also contribute in changing
substrate specificit}p’
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Figure 1.17: Effects of LSD1 activity in associatiomith nuclear hormone receptor ERu.
LSD1 is constitutively associated with ERIn the absence of estrogenic stimuli, the enzgemethylates H3K4.
After estrogenic stimulation, LSD1 initiates gemanscription following the removal of H3K9me1/2. ¥h the

protein CAC1 binds to LSD1-ER it prompts the removal of the complex from theyé gene promoters silencing

the LSD1-dependent activity by increasing the H3I€2r8.
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1.5. Reversible and irreversible inhibitors of LSD1

Given the multiple roles of LSD1 in pathobiologgysral drug design efforts, including
from our group, have focused on the developmehSail inhibitors.

These can be grouped into irreversible (covalamd)raversible inhibitors.

1.5.1. Irreversible inhibitors of LSD1

Initial attempts to target LSD1 were performed whkiown inhibitors of monoamine
oxidases (MAO). LSD1 and MAO belong to the same Fadpendent oxidase family
and share a high level of sequence homology at ttegalytic sites. Based on this
information, initial studies of lead discovery were focused on the knowamoamine
oxidase inhibitors (MAOQOIs) and identified clorgyirand deprenyl as active molecules
against LSD18-1%0 Following the initial reports, irreversible MAOIlsialamide,
clorgyline, deprenyl and pargyline were tested failed to show inhibitory activity
against LSD1. Simultaneously, phenelzine and tmybmine (TCP) were found to
inhibit H3K4 demethylation of LSD1 at 200 pM and O1LhM concentrations
respectively (Figure 1.185°

AN N
© NH, ©/\l/

1.16 1.19

Tranylcypromine (TCP) Deprenyl
N

o (Y

1.17 1.20
Phenelzine Pargyline
o 2w
T Y

1.18 1.21

Clorgyline Nialamide

Figure 1.18: MAO inhibitors first tested against LSDL.
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1.5.1.1. Mechanisms of irreversible inhibition

The first developed MAOIs covalently bind to the KAenzymes or FAD, causing
irreversible inhibition. Due to their role in theatabolism of dietary amines, the
irreversible blockage of MAOIs might cause hypestee problemsdf. cheese-effect

if the diet is not controlled during their u¥&.The simplest example of irreversible
inhibition is phenelzine, a member of hydrazinesslaf MAOIs. The hydrazine moiety
was shown to form a covalent complex with FAD.

TCP shows a more complicated irreversible bindiveg ¢an occur by several different
mechanistic pathway§31°5162

Schmidt and coworkers initially proposed the C-Gidbdormation between TCP and
FAD (Scheme 1.2, A), would occur through a sindecteon transfer (SET) to the
C(4a) of the FAD®2 Subsequent cleavage of one of the C-C bonds ofytblepropyl
ring would lead to the formation of a cinnamaldedydiduct (b4, Scheme 1.2) through
the formation of a benzylic radical. Alternativetitjs could proceed through the radical
intermediate attack on the flavin ring followed bgg opening and formation of an
atropaldehyde adduct (c3, Scheme 1°2).

" The cheese effectefers to a hypertensive crisis that the individsabject to MAOIs treatment

experiments with the concomitant consumption ofifooontaining tyramine (i.e. chees®).
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Scheme 1.2: Proposed models for TCP-FAD adduct foration, by Schmidt and colleagues.
(A) FAD ; (B) cinnamaldehyde adduct (b4)(atropaldehyde adduct formation (c3).

Later Yang and coworkers, suggested a SET mechdmsmTCP to FAD that would

159 first generate an amine radical cation; ring opgrif the cyclopropane would result
in a stabilised benzylic radical and an iminiumiaatfollowed by C-C bond formation
and imine hydrolysis that would lead to a 5-memteieg fused to C(4a) and N(5) of
FAD.
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Scheme 1.3: Proposed models for TCP-FAD adduct forntian in LSD1, known as five membered ring model,
by Yang and colleagues.
R = ribityl-ADP.

Mimasu and coworkers resolved another crystal straovith improved resolution and
suggested that the TCP-FAD adduct not only contdiasC(4a) complex, which is the
major adduct formed, but also incorporates an mmégliate such as™adduct (Scheme
1.4).163

Z-1

Scheme 1.4: Radduct postulated by Mimasu and colleagues.
R=ribityl-ADP.

1.5.1.2. Phenelzine analogues

Phenelzine is one of the first compounds identifiednhibit LSD1 but only a few
groups developed analogues due to their unseleativibition®© A recent report
describes a para-phenylbutyrylamide substitutech@laene derivative termed bizine
(1.22 Figure 1.19), as an active inhibitor of recombindSD1 K; 59 nM)2®*
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Biological investigations ori.22 demonstrated fluctuating levels of H3K4me2 at 0.4
MM (determined by Western blot) and moderate amiifprative activity in LNCaP
cells (androgen dependent adenocarcinoma cell (i@)>50 uM). Bizine was also

evaluated successfully in protecting neurons fromidative stress induced by

H

homocysteic acid®*16°

1.22

Figure 1.19: Bizine structure.
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1.5.1.3. Tranylcypromine analogues

Tranylcypromine tfans-2-phetyl-cyclopropyl-1-amine, TCP) was firstly synthesised
by Burger and Yost in 194% and commercialized as an antidepressant (P&)ia&fe
Having a primary amine and a phenyl ring, it camaiwo stereocenters corresponding
to the carbons at the cyclopropyl ring. It is atally administered as a racemic mixture
of two trans enantiomers $,2R-(+)-1 and R,2S-(-)-1.1%" The 1S2R-(+)-1 enantiomer

is identified to be ten times more potent than (theenantiomer invivo.1®® However,
the oral intake of only the single (f)enantiomer of TCP caused severe side effects
including weight loss, gastrointestinal disordersl agitation:® TCP inhibits LSD1
enzymatic activityin vitro with aK; spanning from 477 uM to 2 pufi.Huge variations

in the reported values highlights the variability the assay conditions, detection
methods and the constructs used for LSD1 expre8$i6h!°

TCP is the most used scaffold for the synthesisosel covalent inhibitors of LSD1.
The development of more selective inhibitors wasuged on the functionalization of
the different elements of the TCP core and speadifiche phenyl ring, amine group and

the cyclopropane ring.

) Tranylcypromine analogues with substitutions at tpéenyl ring

A pioneering work from Gooden and colleagues react#that TCP derivatives bearing a
para-substituted aromatic rings were slightly more potéhan the correspondent
unsubstituted compourtd Within the series, 4-bromo and 4-methoxy TCP anads
displayed four to five-fold decrease & compared to TCP. Following this study,
Benelkebiret al. completed the enantioselective synthesis of @seifpara-substituted
TCP adducts1.23 and derivatives, Figure 1.20), with increased poyeagainst LSD1
(Ki 3.7 uM) and anti-proliferative activity on LNCaBlis1"®

Ueda and coworkers designed TCP-lysine hybrid &tras (NCL1 and NCL2]..24and
1.25respectively, Figure 1.20), based on the X-rawgtedystructure of FAD-propargyl-
lysine adduct. Ir1.24and1.25 the Lys side chain was derivatised with the TGPyl
ring via an ether bond; the amino and carbonyl grere substituted with benzyl and
benzoyl structures to increase selectivity over MAWDe latter possess a smaller
catalytic site), enhance potency (favour strongeeraction with the hydrophobic

residues on the LSD1 catalytic cleft) and increaskilar uptake. The compounds were
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active LSD1 blockersKi=2.5 uM and 1.5 pM respectively) and were also abkrest
cancer cell proliferation at uM concentration (6¢6W range)-’? The effect ofl.24was
further examined in LNCaP cells, where the suppoessf cell proliferation was
associated with apoptosis and autophagy induétidalditionally, in a xenograft model

of prostate adenocarcinoma, tisgstemic administration ofl.24 (0.5-1.0 mg/kg),
promoted the decrease of tumour volume without catal side effect® The same
research group also investigated on the activityefsingle enantiomers df24and the
separation via chiral chromatography led to compisun27 and1.28 (Figure 1.20}.”3
Enzymatic and biological evaluations revealed tha? (1S 2R)-NCL1 was four times
more potent thanl.28 (1R, 29-NCL1 in enzymatic assays, whereas equal anti-
proliferative activities were reported for bothustiures in neuroblastoma and kidney
tumours cell lineg/2173

The library of TCP-Lys compounds was expanded &irthith the synthesis df.26
which displays a supplementary modification at T@&P nitrogen and specifically, 1-
acetyl-4-methyl-piperazine. Thé-substitution promoted an enhanced enzymatic
activity and increased the selectivity versus LSDHeN-alkylated structure was in fact
six times more potenK(=0.38 uM) compared t@.25 (non-alkylated). Strangely, the
increment in enzymatic potency did not translate increased pharmacological effects,
as 1.26 was equally potent td.25 in arresting the proliferation of SHSY5Y cells

(neuroblastoma), but less active in HeLa (cervicalls.
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Rt . NH, R =3-Br K|89 HM
R = 2-Br K 11.7 uM
R = 4-Ph K, 6.8 uM

1.23

1.27
(1S,2R)-NCL-1
K;=1.6 uM

Introduction

1.24
NCL-1
K;= 2.5 uM

I,I'V/NHZ

(1R,2S)-NCL-1

K;= 6.7 uM

Figure 1.20: TCP based irreversible inhibitors substuted at the phenyl ring.

TCP core is highlighted in red.

A structure-based design led

the synthesis whAns2-pentafluoro-

phenylcyclopropylamine (2-PFPA) and a series afrflnated TCP analogué& The X-
ray crystal structure df.29 (Figure 1.21) bound to the LSD1 catalytic site BP&bde:

2Z5U) revealed the presence of a large hydrophpbaket. Such observations led to

1.30, which has an additional phenyl ring ortho position. The molecul€el.30

displayed enhanced enzymatic activitgi 0.99 uM) compared tt.29, supporting the

crystallography data.
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Figure 1.21: Fluorinated TCP derivatives.

Binda and coworkers generated a library of denmeati displaying bulky-branched
substituents to the aromatic ring dfansTCP. The structures present [¢-
carbobenzyloxy-(Z-) amino acid moiety ipara at the TCP-phenyl ring and their
biological evaluation revealed interesting progt{Figure 1.22)’> The compounds
were capable of hindering the growth of a broadepasf cancer cells at low
concentrations (1-6 pMp.1”® Moreover, compoundl.32 (Figure 1.22) induced
differentiation in APL cells (acute promyelocytieukaemia) as a single agent and
synergistically withtrans retinoic acid (ATRAX®1®The authors investigated also how
TCP stereoconfiguration influences the biology. Teults revealed no significant
differences between the enzymatic activities oftthe enantiomersk of 1.33vs.1.34
Figure 1.22) for LSD1 inhibitioh’®> Conversely, the configuration was crucial for MAO
B activity suppression, as the (kansisomer was 20-fold more potent compared to the
(-)-transisomer. TCP derivatives wittis configuration displayed less affinity towards
LSD1, LSD2 and MAO B>
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1.35
K; =40 uM

Figure 1.22: TCP analogues synthesised by Binda awdlleagues

Rotili et al. synthesised several pan-histone demethylase inrsbliy incorporating
inhibitors of both the KDMs families in the sameusture!’® To do so, the TCP core
was coupled with 4-carboxy-4'-carbomethixy-2,2’-ingine or 5-carboxy-8-
hydroxyquinoline, which are known inhibitors of thEnjC KDMs!’® Enzymatic
evaluations revealed that the bi-functional strregusuppressed concurrently LSD1 and
a panel of JmjC demethylases, with similar potenheis the reference compounds.
Compoundsl.36 and1.37 (Figure 1.23) were among the most potent, disptaglso
selectivity towards LSD1 over MAOs. Immunoblottimgeasurements supported the
effective demethylases inhibition, as puM treatmemsduced a dose-dependent
hypermethylation at H3K9me3 and increased expressicH3K4me2 in LNCaP and

HT116 cells (HT116 is a colon cancer cell line).dikobnally, uM concentrations of
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1.36 and 1.37 (10-100 uM range) were more efficient in induceggoptosis in colon

and prostate carcinoma cells compared to uncorgdgsihgle agents®

H
fOENO
. NH
= V/ 2
NS
N
OH

1.37

K <1uM K <1uM

Figure 1.23: Pan-histone KDMs inhibitors.

) Tranylcypromine analogues with substitutions at tp&enyl ring and nitrogen

Evidence of potency and selectivity achieved thhopgra-substitution on the phenyl
ring of TCP has been further evidentiated in sdvpedents disclosed by Oryzon
Genomics and GlaxoSmithKline. In the former, aesefN-substituted (hetero) aryl
cyclopropylamines were prepared and among them, Q804 (.38 Figure 1.24) was
licensed to Roche and entered clinical trials imlye&2014 for the treatment of
AML. 57117710 addition, Takedd® and GlaxoSmithKlin&® also have filed patents
focusing on LSDL1 irreversible inhibitioGSK2879552(1.41, Figure 1.24) has recently

entered Phase I clinical trials targeting small keglg cancer (SCLC)?®
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Figure 1.24: TCP derivatives with phenyl ring and nirogen functionalisation.
1.38 and 1.39 Oryzon compounds (ORY-1001L38); 1.40 Takeda compoundl.41 GSK compound.42 brain

penetrating TCP-derivative.

Compoundl.41proved to be extremely powerful in a cell-freeyanatic assayK; 0.13
nM) and able to arrest AML and SCLC im vivo models. Interestingly, although the
compounds’ activities are linked to LSD1 inhibitjgd@SK2879552treatment was not
associated with a cellular increase of H3K4n&2.

Of note is a study built on the patented work oftl®urt et al.,investigating the activity
of N-alkylated compounds in nervous system and memunmdtion®®> Among them,
RN-7 (1.42,Figure 1.24) was 300-fold more selective for LS&pared to TCP and
systemic administration resulted in impaired memagnsolidation in rodents,

suggesting that LSD1 could also be involved in dgnfunctions3
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11)) Tranylcypromine analogues with substitutions at théthe cyclopropyl ring
Based on earlier reports of methyl-substituted @y@pyl rings designed as MAOIs,
Vianello and colleagué®-®researched on a library thnsisomers with hydrophobic
and hydrophilic substituents at theposition of the cyclopropyl rin&° Alkyl, benzyl
and phenyl substitutions resulted in TCP analogu#sincreased LSD1 inhibition and
selectivity over MAOs (Figure 1.25). Conversely,ridatives functionalised with
hydrophilic substituents demonstrated reduced pgtefhe work also investigated how
stereoconfiguration influences the binding of coonpds bearing methyl, ethyl, phenyl
and benzyl substituents. No substantial differenveere reported among the structures
(Figure 1.25).

Tranylcypromine derivatives substituted at the cyclopropyl ring

Q.

1.43 R =trans Methyl K; = 1.72 uM

NH,

V<R 1.44 R = trans Ethyl K; = 0.779 uM

1.45 R = trans Phenyl K; = 0.161 pM

146 R =trans Benzyl K;=0.617 uM

1.47 R = trans 2-Naphthyl (CH,) K; = 0.218 uM

1.48 R = trans Ph-(CH,), K;=0.202 yM
Tranylcypromine derivatives substituted at the cyclopropyl and phenyl ring

Ro

149 Ri=m-Br,

R1©N, " Rz _ Ethyl K,' 0.031 IJM
Z
1.50 ';1 = mE;:'Iv K; 0.038 pM
2= y

Figure 1.25: Cyclopropyl-substituted TCP-derivatives

Additional electron-donating or -withdrawing grougisthe phenyl ring further extended
the library (.49 and 1.50, Figure 1.25). Within such modifications, the waityi of
compounds having electron-withdrawing groups aipitenyl was improvetf?
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1.5.1.4. Other irreversible inhibitors of LSD1

In addition to the TCP-based compounds, severaliegufocused on the search for
novel scaffolds. One of these scaffolds that istivarentioning is th@argyline-lysine
based analogues by Schndttal®! Molecular modelling and chemical refinement led
to compounds with higher activity on LSD1 than péirge (1.51and1.52 Figure 1.26).
Treatment of MCF7 (breast cancer) cells with coomuis1.51 and1.52 (90 and 100
UM respectively) prompted cell proliferation arreshd increased the levels of
H3K4me21!

Several natural compounds are also reported agamsis of LSD1 enzymatic activity.
Abdullaet al,'® proposed that resveratrol is able to prevent L8BAymatic activity in

a concentration dependent manner. Sakainall®* designed and tested a series of
acyclic diterpenoids1(54 Figure 1.26) based on the reported capacity wiefol to
suppress LSD1.

e Y W/

\\\/N\/\/O
1.51 1.52
K; =93.1 uM K; =44 uM
HO.
O % ‘ OH )\/\)\/\)\/CHZOH
OH 1.54
153 K; =100 uM
Resveratrol
K; =15 uM

Figure 1.26: Non-TCP based irreversible inhibitors 6LSD1.
1.51and1.52 pargyline-lysine based inhibitors;53and1.54 natural product inhibitors of LSD1.

Despite the scarce activity and lack of biochemstalies, the structures reported in
these works are unrelated to known antagonists taed SAR could be further

exploited for the synthesis of novel LSD1 inhibgor
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1.5.2. Reversible inhibitors of LSD1

As reported in earlier sections, numerous covaténbitors of LSD1 were successfully
discovered with potential therapeutic applicatiolms.contrast, research of reversible
inhibitors was not equally successful.

The reversible inhibitors of LSD1 can be classif&@dording to their chemical nature or

discovery process.

1.5.2.1. Polyamine analogues

Polyamine oxidases constitute a family of FAD-dej®art oxidoreductases that oxidase
acetylated polyamines. Their metabolic pathway haen recently identified as a
druggable target for neoplastic and infectious atisg'®>-*®" The polyamine oxidases
Ni-acetylpolyamine oxidase (APAO) and spermine ox@d@MO) share 60% sequence
homology with the LSD1 C-terminal domain and can ibhkibited by molecules
containing guanidine moieties, such as guazafirg(Figure 1.27)%1.188

In 2006, Bi and coworkers generated a series gjdbanidines and (bis)biguanides as
antitrypanosomal compounds, targeting the parasitiypanothione-disufide
reductasé® Considering the high structural similarity of teegsompounds with
guazatine, these were assessed as LSD1 inhibifofhie polyaminesl.56 and 1.57
(Figure 1.27) were able to antagonise LSD1 actiintya non-competitive fashion at
concentrations lower than 2.5 uM. The biologicglayations of such compounds were
substantiated with cellular experiments dn86-1.57 were capable of modulating the
expression of methylated histones (increase of Hi3&U and H3K4me2, and decrease
of H3K9me2 expression) as well as reverting sildngenes involved in tumour
suppression of HCT116 cells. The synthesis of longin oligoamines with rotational
bond restrictions further extended this initial Wwand the decamines.58 and 1.59
(cis-trans isomers) were able to suppress LSD1 activity atuM concentratiof®!
Cellular evaluations in HCT116 cells revealed idiadn that pM treatments with such
compounds induced the re-expression of multiplensilgenes like Wnt signalling
pathway, frizzled-related protein family RP, ana tBATA family of transcription
factors!®! In addition to these effect&,58 displayed synergy with DNMT inhibitor 5-
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azacytidine in arresting cancer cell proliferationa xenograft model for colon cancer
without associated toxicit{f*

NH NH N N
H ~ J\ e Nt N N N J\ -
HoN N/\/\/\/\/ \/\/\/\/\N NH, H H H N N N
H H H H H
1.55 1.56
J\ﬂ* NH NH O
N™ONT N TSN N SN S T
O R NTHNTO
1.57
H N A N
\/<NW>N/¥_/\;</\/\/ \/<Nv\/>H/E/\ AN~
H
4 4
& 4
1.58 1.59

‘ 1.61
1.60

Figure 1.27: Polyamine based reversible inhibitors.

The repertoire of polyamine-based inhibitors of [ISWas expanded with the insertion
of (bis)urea and (bis)thiourea moietf€$.Derivatives 1.60 and 1.61 (Figure 1.27),
exhibited excellent potency in non-small cells lwagcinoma cells (110.3 uM and 9.4
UM respectively), and selectivity for LSD%

Despite the promising results and the possibleiegdn of such compounds to a wide
array of diseases, no structural studies so famel®fthe precise mechanism and

therefore, more evidence is needed to link the relsepharmacology with LSD1
inhibition 193

45



Chapter 1

1.5.2.2. Small molecule reversible inhibitors

The availability of numerous LSD1 X-ray crystal usttures paved the way for
numerous virtual screening efforts to discover LSietersible inhibitors. The first
study was performed by Wareg al1® and resulted in the identification of compound
1.62 (Figure 1.28), which demonstrated vitro inhibition of LSD1 at 5.3 uM with
selectivity over LSD2 and JARID1A (a JmjC KDM). Thempound displayed in
addition anti-proliferative activity in HeLa celig uM concentrations*

Another virtual screen led to the identification dff-(1-phenylethylidene)-
benzohydrazide-based structures as potential ssggseof LSD12® Among themSP-
2509 also called HCI25091(63 Figure 1.28), revealed an interesting biological
profile, being able to inhibit LSD1 enzymaticallyy 23 nM and arresting the growth of
diverse cancer cells (breast, colon, prostate, moeta@, pancreatic and glioblastoma) at

low pM range (IGos spanning from 0.3 to 3 uM).

NH COOMe 0
Ao S O O
LN N NH, ol /N\NJ\©/SSO
o NH :
1.62 1.63
CB1007 SP-2059
K; 5.3 uM Ki 13 nM

Figure 1.28: Reversible inhibitors discovered wittbioinformatic tools.

As reported by the authors, despite the surprisiigdogy and the unconventional
structure,1.63 failed to demonstrate unambiguously target intobit The compound
was unable to induce the expression of CD86, alleelimarker that correlates with
LSD1 inhibition1®>1% Moreover, immunoblotting experiments reported ithereased
expression of H3K4me2 only at 10 pM dose. The nedso these incongruities, as
noted by Mouldet al*®” might arise from the interference of the hydrazitsety with
the biological assay$® The N'-(2-hydroxybenzylidene) hydrazide motif has been
identified among the pan-assay interference comg®RAINS). The presence of this

moiety can often lead to fallacious results, whack attributed to interferences with the
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assay condition®® According to the mechanism shown in Scheme 1.6) shemical
entities hold a strong propensity for Michael additreactivity via a quinoid tautomeric
formation that is susceptible of nucleophilic aktdiom assay reagents or amino acid

residues (i.e. cysteinéy>2%

Michael acceptor

Scheme 146: Mechanism of intramolecular proton transfer for N’-(2-hydroxybenzylidene) hydrazide-
containing compounds proposed for the formation o& quinoid tautomer form, which is susceptible of

nucleophilic attack.

In addition, it has also been observed that suctetme@an form cytotoxic complexes
with transition metal ion&* Therefore the observed data 1063 could derive from an
off-target pharmacology in lieu of LSD1 inhibitidff Biological assays witlsP-2509

in AML lines further evidentiate the sub-micromolanti-cancer potential of the
compound. Moreover, 1 UM treatment was sufficientrigger the expression of the
differentiation markers CD14 and CD13B.In addition, the compound revealed a
synergistic effect with HDACI in arresting AMLs grth and the treatment was non-
toxic for normal blast cell®? Additional experiments witlsP-2509in Ewing showed
that the compound reverts the growth of the tumiouboth in vitro andin vivo
models?%3

Fragment based screening on strucfu6g (Figure 1.29), led to the identification of the
aminothiazole core structure as a potential LSDthgonist. Consistently, the derived
compoundsl.64a and 1.64b (Figure 1.29), revealed a 50-fold increase in &gtin
enzymatic assays compared to the initial fragnaieplaying high selectivity for LSD1
over other FAD-dependent oxidasé&s?* However, the enzymatic results did not
correlate with cellular experiments and bdtb4aand 1.64b were devoid of cellular

activities.
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H
NN 0
. 7 1.643) K 26.9 uM

1.64b) K 7.5uM
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1.65 1.66 1.67
Namoline XZ09
Ki 16.8 uM K; 51 uM K 2.41 uM

Figure 1.29: Reversible inhibitors discovered wittbioinformatics tools or fragment based screen.

Hazeldine and colleagues performed another virsae¢ening on LSD1 catalytic site
(PDB code: 2V1D) and their results identified lowletular weight amidoximes as
potential scaffolds for LSD1 suppressidfdAmong them, compountl65 (Figure 1.29)
showed anti-proliferative activity on Calu-6 ceflad increased expression of silenced
tumour suppressor genés.

Searching for LSD1 blockers, Willmann and coworkersplored an informatic
approach termed “proteins structure similaritiearsle clustering” (PSSC) that enables
the detection of structural similarities among eliént binding pockefs. Only the
binding pocket of MAOs was found homologous to 891 AOL domain. Thus, the
group screened an extensive librarypotent MAOIS? based ory-pyrones structures
against LSD1. The study led to the discovery ohB»m-6-nitro-2-(tri-fluoromethyl)-
4H-chromen-4-one or namolind.66 Figure 1.29) thatvas able to suppress LSD1
enzymatic activity via a reversible mechanisii=60 pM). Mass spectrometry
experiments with a histone substrate showed ineréasH3K4me2 at 20 uM and

cytotoxicity assays revealed that namoline was ldapaf arresting LNCaP cells
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proliferation at 100 uM dose. Although the systemwninistration of namoline (0.02
g/kg) in prostate adenocarcinoma xenograft redulcedumour volume, the treatment
was associated with weight loss, which could bécative of off-target toxicity>
Identification of XZ09 (.67, Figure 1.29) was accomplished through a congdict
pharmacophore combined with docking meth®¥dsThe compound was capable of
inhibiting selectively LSD1 at low uM concentrat®(2.41 M) 207

Dulla et al., designed several 3-amino-guanidine substitutedhyfaxazole structures
(1.69-1.71 Figure 1.30) by merging the key chemical featwlesracterising different
classes of LSD1 inhibitors in the same moleculaucstire?®® Despite the low
enzymatic potency (l§g 10-16 pM) the compounds were able to arrest caoekr
proliferation of HeLa and MDA-MB-213 cells (breast) a concentration as low as 1
nM. As noted by the authors, the exceptional catlulata might arise from a marked
sensitivity to the treatment of the cancer linestae or from off-target effect§®
Noteworthy, treatment withl.69-1.71 (10 puM, 72 h) induced apoptotic events in

zebrafish Danio rerio) embryos, without associated toxictty.

Cl
(0] 0]
on .
— N —
HoN . HoN =

1.68 1.69

Q 4
(o] HN NH
\N\ Y oqﬁ\)

[ :] HN\Q/L\N
HN_ _NH,

g HN_ _NH,
1.70 1.71

Figure 1.30: Phenyl-oxazole based reversible inhitairs.
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In 2013 GlaxoSmithKline disclosed a reversible Imtor of LSD1 with interesting
biology (1.72 Figure 1.31)GSK 354 is able to block LSD1 at 90 nM and displays a
remarkable selectivity for LSD1 over other flavirxidgases®’2%42%° Moreover, it
suppresses cellular LSD1 at 1.4 uM, a determindiased on the compound’s capacity
to trigger the expression of the CD86 marker. Chityethe amount of information on

GSK 354is limited.

O o \CNH (\NJ\S “ON F
Ny O
| \ko\n/N\) N=/
S °
1.72 1.73
GSK 354 Ki 8.0 uM
K, 90 M
S S

hNJ\S/Y\N OH

1.74 1.75
Ki 21 |JM Ki 3.9 |JM

Figure 1.31: GSK and triazole-dithiocarbamate basedeversible inhibitors.

Based on the pharmacological applications of het@lac azoles and thiocarbamate
moieties as antimycotic, anti-neoplastic and awctdr@al agents, Zhangt al built a
library of triazole-dithiocarbamate hybrids as poi@ LSD1 blockers 1.73-1.75
Figure 1.31¥° The 1,2,3 triazole scaffold was easily obtainedh \Hluisgen
cycloaddition employing alkynes and azid&sThe enzymatic activity, evaluated with
a peroxidase coupled functional assay, revealedrnjMition for selected structuré®>
In addition, compound.75was evaluated successfully in a xenograft moddluohan

gastric tumour.
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1.5.2.3. Peptide based reversible inhibitors

The first substrate inhibitors were designed byingkadvantage of the homology
between LSD1 and MAOs and introducing flavin-reaetiwarheads into peptides
derived from N-terminal H3%8-1€0213The warheads includdd-propargyl, cyclopropyl,
aziridine, phenelzine, and TCP substituett3§-1.83 Figure 1.32). The peptide with a
phenelzine moietyl(83 was among the most potent LSD1 inhibitkr 4.5 uM). The
analogue1.76 displaying a propargyl-lysine warhead inhibited61 enzymatic

activity at 16.6 pM in a time and concentration elegtent fashiod!s

N
ART\N/\H/QTARKSTGGKAPRKQLA
H o

Cl

[
SN

R= 1.78 1.79
N
H§N—<] NH, N PN,NHZ
1.80 1.81 182 1.83

Figure 1.32: Structure of substrate analogues inhitors of LSD1.
Top: H3 N-terminal 21-mer.

Our group reported recently a series of relatively molecular weight peptides based
on Snail-1 protein. As described in an earlier isa¢tSnail-1 is found to bind LSD1-
CoREST by the N-terminal region, acting as a DNAdmg motif and on that account,
we designed small peptide analogues of the SnblHtdrminal domain. The hexamer
PRSFLV showed & of 28 uM as well as anti-proliferative activity diHP-1 cells.
The non-covalent inhibition was supported by nurasrarystal structures of the peptide
bound to the catalytic pocket of LSD1 (see Chapyét*
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1.6. AIMS

Based on the evidence reviewed above, disentangtedunctions of LSD1 could
lead to design novel drug for several diseases.

In the research presented in this thesis, | aitoré@aden the current knowledge on this
important demethylase. In order to do so | firdilgused on the design reversible
inhibitors of LSD1 by synthesising small peptid®8/N < 600 Da) based on Snail-1 N-
terminal sequence. Recent scientific literatureihdact shown that the Snail family of
transcription factors interact with LSD1 via thet&minal domain impeding the LSD1
demethylase function. Secondly | used Phage Digglehnology to explore a library
of peptides that could lead to reversible LSD1hitbrs.

The second part of the thesis focused on the sediateversible inhibitors of LSD1, as
they are potential antitumor therapeutic agenfdahned to investigate on the SAR of
tranylcypromine: as a large hydrophobic pocket basn observed in the crystal
structure of LSD1, analogues of TCP bearing sulmstis on the phenyl ring can
represent an interesting target. To measure thieaejf of such analogues and
enzymatic assay will be employed. Compounds thsplaly a better activity will be
tested on more complex biological system. | also & explore an activity based
probes to label fluorescently LSD1. This will behmwved by synthesising a TCP
analogue having an alkyne moiety. The molecule bellexploited as a bioorthogonal

partner of an azide containing imaging tag.
This thesis constitutes a methodological frameworkarget LSD1 pharmacologically,

providing several approaches through which revirsihd irreversible inhibitors can be

designed.
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Chapter 2 - Protein recognition by short peptides:
reversible inhibitors of the LSD1-CoREST complex

2.1. Introduction

One of the main limitations of LSD1 inhibition iset lack of selectivity of the currently
available blockers, which are mostly based on @ntaFAD modifiers. Reversible
inhibition could reduce possible side effects asged with a long half-life and non-
specific interactions. Some reversible inhibitoesvén been reported but possess low
activity or are polycationic in natut&®2®As mentioned in the previous Chapter, Snail-
1 is a recently discovered LSD1 binding partner en&inber of the SNAIL/'SCRATCH
family of transcription factors and is involved ¢ell differentiation and development
processes. Here we report for the first time Shdiased short peptides (MW < 800
Da) that are able to inhibit LSD1 reversibly andratromolar concentrations. Studies
of the crystal structure of diverse active peptisieguences bound to the LSD1 catalytic
site give further insight into LSD1 biochemistiy.Moreover, the findings shown here

open further possibilities for the design of nosealersible inhibitors of LSD1.

2.1.1. LSD1-Snail-1 interaction

The interaction of LSD1 with the Snail family ofatrscription factors uncovered
valuable information on the biology of this epigéndarget?'® The Snail family of

proteins is devoted to the inhibition of cell-sgieciepithelial genes associated with
apoptosis and cell cycle progressiéh*! Specifically, Snail-1 promotes the induction
of the phenotypic change called epithelial-to-mebgmal transition (EMT}3® The

EMT allows the conversion of cells from a statiatst(epithelial) to a mesenchymal
state, whereby they acquire stem cell properti®ddT Eakes place in tissue formation
during embryonic development, wound healing andugsremodeling processes. In
contrast, its aberrant regulation in epithelial twrs is associated with the acquisition
of motile and invasive propertié¥?1"218An exceptional characteristic of the EMT is
its reversibility: when far away from the primagntour, cells are not influenced by the

initial chemical stimuli and can revert to the &pital state through a process called
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mesenchymal-to-epithelial transition (MET)he process of switching from EMT to
MET is potentially regulated by epigenetic mecharsi$®* In both physiological and
pathological events, EMT is accompanied by the ctlir@pression of E-cadherin
transcriptior?® E-cadherin is a single span trans-membrane glgéeijor that sustains
cell adhesion and polarity. Its down-regulationepithelial tumours correlates with
cancer metastasis and poor progn&Sis.

In 2010, Tandem Array Purification (TAP) coupledtiwimass spectrometry studies
revealed that Snail-1 recruits LSD1 for repressaod such interaction is found to be
co-localised in the nucleus of a number of canedl modelst!’ Interestingly, the
binding takes place through the N-terminal domaid particularly via a characteristic
N-terminal sequence in Snail-1, termed SNAG (FigifeA). The alignment of the N-
terminal sequences of several evolutionary reld@@H2 zinc finger transcription
factors such as Gfil, Slug, Scratch, insulinomaasased protein IA-1 (INSM1) and
Ovo-like 1 (OVOL1) revealed that the SNAG sequemkeconservedThis feature
predicts that probably, many other) transcriptiantérs of the SNAIL/Scratch family
can associate to LSD1 (and possibly LSD2) followihg same molecular mechanism
targeted by LSD1. The SNAG sequence is importanpfotein stability and protein
repressive activities. For example, in Snail-1dbheogation of SNAG generates mutants
unable to interact with LSDA? In addition, it has been demonstrated that LSD1 is
recruited at the E-cadherin gene promoters by Snaihere it demethylates H3K4me?2
and promotes transcriptional silencing effeédtdn human breast cancer cells, Snail-1
mutants lacking the SNAG-LSD1 interaction do nopmess the E-cadherin gene,
suggesting that SNAG domain and LSD1 are both respte for the E-cadherin

repressiort?!

54



Chapter 2

A
Snail-1 PRSFLVRKPSDPNRKPNY
Slug-1 PRSFLVKKHFNASKKPNY
Scratch-1 PRSFLVKKVKLDAFSSAD
GFI-1 PRSFLVKSKKAHSYHQPR
Insm-1 PRGFLVKRSKKSTPVSYR
OVOL-1 PRAFLVKKPCVSTCKRNW
B H3K4 H3K9

! ! [ ) . &= H3 amino acids interacting with LSD1

Histone H3 ARTKQTARKSTGGKAPRKQLATKAARK

Snail (Hu) PRS-- FLVRKPSDPNRKPNYSEL
NN A NN\ €= SNAG amino acids interacting with LSD1

SN

Expression off

Figure 2.1: Snail-1-LSD1 interaction.

(A) Alignment of the N-terminal sequences of seveval@gionary related CH2H2 zinc finger transcriptifattors.
The conserved SNAG domain residues are in red asit besidues Arginine (R) and Lysine (K) in bluB) (
Alignment of Snail-1 and H3 N-terminal domain. R afdesidues are shown in red and the conserveérpatif
amino acid residues is highlighted in yellow. Theebdots (top) and triangle (bottom) indicate H8¢Snail-1 amino
acid residues involved in the interaction with LSRatalytic pocket; €) Schematic diagram illustrating the
mechanism of Snail-1 (SN-green) —LSD1/CoREST (cyateraction: SNAG domain of Snail-1 (red dot) funos
as a molecular hook to recruit and bind to LSD1-CoRE&mplex; the newly formed ternary complex is sisdxd
from proteosomal degradation. The complex is réeduio E-boxes of Snail-1 target genes such asdBecan. Here

the H3 substrate competes with the SNAG domaih &id1.Adapted from Liret al. 11’
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Single mutations at positions Prol, Arg2, Ser3,4Pl#eg7 and Lys8 are especially
detrimental as they result in Snail-1 mutants #u&t unable to interact with LSD1.
Interestingly, the amino acids Arg2, Arg7 and Lys® fundamental for H3 binding to
the LSD1 catalytic pocket (Figure 2.1, B). Supersigon of H3 and Snail-1 sequences
showed that in both the natural substrate and LBiDdling partner, the side chains
make the same interactions in the catalytic ¢féft2® Another feature that the N-
terminal domains of H3 substrate and the Snailaleha common, resides in the
helical conformation adopted by their first four iam acids when interacting with
LSD11% In addition, it has been shown that irreversib®Dil suppressors, such as
pargyline and H3 peptides bearing both methylatetitmmethylated H3K4 sequences,
are effective blockers of the SNAG-LSD1 interactionplying that SNAG mimics the
H3 sequence (Figure 2.1 B). Taken together, tH@mnmation led to the hypothesis that
Snail-1 binds to the LSD1 catalytic site and intsibits enzymatic activity’ Baronet
al.'** showed that a 20-amino acid long peptide, cormeding to the N-terminus of
Snail-1, effectively suppresses the LSD1-CoRESTyetic activity at concentrations
as low as 0.21 £ 0.07 uM. Likewise, also LSD2 bitidsSnail-1 peptide, although with
lower affinities.

The crystal structure of the Snail-1-LSD1-CoRESmptex revealed that only the first
N-terminal 9 residues of Snail-1 within the 20 am#rid long tested sequence were
critical for binding, while the later amino acidsr@ues were found disordered.
Therefore, shorter peptides mimicking the structofehe conserved SNAG pattern
may be useful tools to arrest the Snail-1-medidtetiation of EMT and cancer
propagation by modulating LSD1 enzymatic activiGiven their lower molecular
weight compared to the full SNAG domain, these ddaé investigated as leads for the

discovery of LSD1 antagonists via reversible intndipi.
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2.2. Experimental strategy

Following such preliminary data on Snail-1-LSD1ewgction, we decided to synthesise
peptide sequences derived from the Snail-1 N-teahmlomain and evaluate them as
potential LSD1 binders. Three different strategiese followed: length scanning to
probe the influence of chain length on bindingraf§i, alanine-scanning to evaluate the
role of the side chains and single-point substndi at the critical positions. The
binding affinities of the synthetic peptides wereasured in a competitive binding
assay using recombinant human LSD1-CoREST compiextlae histone H3 mono-
methylated K4 peptide as substrate. When possthke, three-dimensional crystal
structures of the LSD1-CoREST-peptide complexes ewetetermined. The
conformational propensities of the unbound pepteeSTDbles were probed by
molecular dynamics and finally, thm vitro efficacy of selected peptides were

examined in cell-based assays.

2.2.1. Synthesis of SNAG-like peptides

Solid-Phase Peptide Synthes&PPS was used to synthesise the truncated Snail-1 N-
terminal domain sequenc&4.SPPSis a technique based on the sequential addition of
amino acids protected at the side chain aramino group to a polymeric insoluble
matrix.

The synthesis requires:

I.  loading/attaching the first amino acid (from the C-terminal end)mthe solid
support;

Il.  deprotectionof theN-a protective group from the first amino acid,

[ll.  coupling reactionbetween the first amino acid andcarboxyl of a second
amino acid with formation of the peptide bond;

IV.  deprotection of theN-a protective group of the second amino acid;

V. cleavage of the peptide from the resin (after the desiredmber of
coupling/deprotection cycles) when the peptide eteased from the solid
support;

The general protocol for SPPS synthesis of a pepiehring a C-terminal amide is

illustrated in Figure 2.2.
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Figure 2.2: General procedure for SPPS using Rink mide AM resin.
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In SPPS, the peptide is asSTDbled from the C-taalr@énd to the N-terminal end with
the a-carboxyl group of the last amino acid of the semgeanchored to the solid
support. The use of a solid support is the mairaathge of this technique as it enables
the complete synthesis in a single reactor andittteis the isolation of the product after
each step (from excess of reagents or by-produltts).results in reduced manipulation
and waste material, together with a significantustidn of working times as the
procedure can be automaf@d A limitation of the SPPS is the possible synthadis
incomplete sequences (missing one or more residuwesynthesis of truncated
sequences) in addition to the correct one. As ssice products have similar
characteristics to the desired peptide the regufiurification can be difficult.

2.2.2. Loading step

The loading consists of the anchorage of the &irsino acid to the solid support. The
procedures for this critical step are chosen adoegrb the resin linker used?2%3

The solid support for solid-phase consists of smahds of polystyrene (PS)
copolymerized with 1% m-divinylbenzene or polyaargide. Other resins also contain
up to 70% polyethylene glycol (PEG) attached through toerelink to the polymer
These materials swell abundantly in non-protic pokolvents such asN,N
dimethylformamide (DMF) and\-methyl-2-pyrrolidone(NMP) reaching a volume
equal to 10 times the initial oR&: Prior to the loading step, the resin is swolleDMF
for 1 h with constant agitation. Properly swoll@sin allows for rapid diffusion of the
reactants inside the granules and accommodatitreajrowing peptide chains.

The beads are derivatised with a wide varietyrd€drs and in this project the following

types were used:

. Wang resin, possessing a hydroxybenzyl linker, which givedefninal
acidic peptides (Figure 2.3, A);

. Rink amide AM and NovaPEG rink amide resin, possessing a
trialkoxybenzhydrylamine linker, which produces €rhinal amide peptides (Figure
2.3 B-C).
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When using Wang resin, the first amino acid is &hdhrough esterification of the
acidic group of the C-terminal amino acid and tesins’ alcohal Specifically, in the
peptide PRSFLV-coon (2.8, Figure 2.11)he first amino acid Valine was loaded via

symmetric anhydride formation, which involves tvieps:

1) Formation of the symmetric anhydride wkhN-diisopropylcarbodiimide (DIC)
(Figure 2.4 A)in dichloromethane (DCM).

The mechanism involves the formation first of@acylurea intermediate (Scheme 2.1
la-b). Next a further carboxylic acid molecule (Scle 2.1 1c) interacts with the
intermediate, generating the highly reactive symimeinhydride and the solubd, N'-
diisopropylurea.

2) Esterification of the symmetric anhydride with 4ngithylaminopyridine
(DMAP), (Figure 2.4 Bwith the hydroxyl of Wang resin linker.

The newly synthesized anhydride is quickly transférto the reactor vessel that
contains the resinHere the anhydride (acyl donor) acetylates DMAdGmMing an
acylpyridinium cation (Scheme 2.1, 2a-b). The atitokacts with acetylated DMAP to
form an ester (Scheme 2.1, 2b). The acetate fre@matithydride acts as a base and
removes the proton from the alcohol that subsedpudanctions as a nucleophile,
forming a covalent bond with the acetyl group (Sube2.1, 2c¢). The acetyl on DMAP
is then cleaved to regenerate the catalyst andynwhed ester (Scheme 2.1, 2d). In
contrast, using Rink Amide AM, which provides amideminal peptides, the
anchorage of the first amino acid to the resin begagherformed in the same way as the

coupling step (see below), using an excess of reage
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(A) Wang Resin(B) Rink amide resin{C) NovaPEG Rink amide resin and detailed structutt®PEG polymer.

Figure 2.4: Structures of DIC and DMAP.
(A) DIC N,N-Diisopropylcarbodiimide(B) DMAP, N,N-4-Dimethylaminopyridine.
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Scheme 2.1: Mechanism of Wang resin loading steps.

1. Symmetrical anhydride formatio; DMAP esterification.
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2.2.3. Fmoc-deprotection step

In SPPS, the protecting groups are either “pernmtameritemporary”. The “permanent”
groups are removed only after the peptide is as¥dDhile the “temporary” ones are

removed at intermediate stages

S
. %
S

Figure 2.5: Structure of Fmoc protecting group.

During the synthesis, the removal of thexKtemporary” protective group cannot affect
the stability of the side chain (“permanent” praiteg groups). The N protection used
in this projectis 9-fluorenylmethyloxycarbonyl (Fmoc, Figure 2.®hich is cleaved
with mildly basic conditions and specifically 20%/\() of piperidine in DMF. The
amino acid side chain protecting groups, suchteasbutyloxycarbonyl (Boc) and
benzyl protecting group are all acid labile and oged at the end of the synthesis.
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Scheme 2.2: Mechanism of Fmoc deprotection with pgsidine.

The Fmoc deprotection mechanism involves the faonmaif dibenzocyclopentadienide
by proton abstraction of piperidine (Scheme 2.B).afhe elimination reaction gives
dibenzofulvene (Scheme 2.2, c) that is trapped H®y éxcess of piperidine. The
generated carbamic acid spontaneously decarbogyéatd gives the N-terminal free
amine (Scheme 2.2, d)lo ensure the complete deprotection, 3 cycles obdm
deprotection were performed: one of 10 min and tfd min each, followed by
multiple washes with DMF, DCM and MeOH in sequertoeemove side products and

reagent excesses.
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2.2.4. Coupling step

Chain elongation in SPPS occurs by condensationdast the N-terminal end of the
first anchored amino acid (to the resin or to aaomino acid) and the C-terminal of a
new one, forming an amide bond. All couplings wpegformed for 45 min with 2.5
equiv. (relative to resin loading) of coupling reay benzotriazo-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphatggPP®) and 5 equiv. (relative to
resin loading) of Hunig’s base (DIPEA,N-Diisopropylethylaming When using Rink
amide AM resin, the first coupling was performedhadoubled amount of equivalents
of coupling reagents and to improve yields, theptiog step was repeated twice for
each amino acid. The general coupling mechanisin RYBOF proceeds as shown in
the Scheme 2.3.

PyBOP is a hydroxybenzotriazole-based phosphonium dat reacts with the
deprotonated acid (deprotonated by DIPEA) to gdeean activated acylphosphonium
specie (Scheme 2.3, a-b) and hydroxybenzotriatt®Bf) (Scheme 2.3, c). Thereatter,
HOBt reacts with the activated acid to produceaxtige benzotriazole (Bt) ester that
undergoes aminolysis (Scheme 2.3, c-d) and formaifahe amide bond. The excess
of reagents is next removed at the end of coupliitly repeated solvent washes (DMF,
DCM).
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+
-0-N& -N_
16) N‘N’N HO ™\ N

Scheme 2.3: Mechanism of coupling reaction using BOP®.

2.2.5. Cleavage step

After chain elongation, the peptide is releasednfrthe resin with the concurrent
removal of the amino acid side chain protectingugeoThis is achieved by employing
a cleavage cocktail composed of strong acids amer @omponents such as scavengers.
The deprotection of the side chains with highlydaciconditions generates highly
reactive species (such as carbocations), whichcearse covalent modifications to
susceptible unprotected residd&sThe use in the cleavage cocktail of nucleophilic
reagents, known as scavengers (reagents which $imikar chemical properties to
those of the species to be protected), togethen thié TFA (trifluoroacetic acid),
greatly reduces such unwanted side reactions.

The composition of the cleavage cocktail dependshenamino acids present in the
sequence and the type of protecting groups usedifter chains protection. In the
present work, we used the following side chaingetihg groupsPbf for Arg, Trt for
Asn, GIn and HisQ-tBu for Asp and GluBoc for Lys andt-Bu for Ser, Thr and Tyr.

Triisopropylsilane (TIPS) was used as carbocataavenger for the acid deblocking of
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side chain (Figure 2.6) and specifically a solumdTFA/TIPS/H,O =95 :2.5: 2.5.

\l/

HSi

4«

Figure 2.6: Structure of triisopropylsilane (TIPS).

2.2.6. Monitoring coupling and deprotection steps

Coupling and deprotection steps were monitoredguilaiser (or ninhydrin test) and
chloranil test?26-228The ninhydrin test is a quantitative test thaedest the presence of
free primary amine groups by a reaction that gavetark blue colour. If the couplings
involved secondary amines, a chloranil test wasl usstead. This colorimetric test is
based on the formation of dialkylaminovinyl derivas of chloranil (tetrachloro-1,4-
benzoquinone). When unprotected secondary amireeprasent, the beads acquire a

dark green colour after heating.

2.2.7. Overcoming difficult sequences

During the elongation of the peptides with sequs®diRAFAA , LRSFLV, PKSFLV,
PRLFLV, PLSFLV, PRAAAA and longer amino acids (above 8 amino acids
residues), we observed shrinkage of resin volumsocisted with difficult or
incomplete coupling/deprotection steps. These piena were indicative that
aggregation had occurred. In fact, along the swmhdéhe amino acids interact via
hydrogen bond formation: growing peptides acquifg-sbeet conformation bringing
together chains and acting as supplementary cidssss between the growing
peptides’?® This makes it difficult for reagents to penetrmside the beads and access
the reactive groups. All the peptides mentionedaanAla, Leu and Val amino acids
that are known to have a higher propensity for egation?’*??° To overcome this
issue, we first used law loading (LL) Rink amide AM resin (loading 0.13 mmol/g).

Such resin possesses a smaller number of submtgutivhich reduce the potential
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hindrance generated by growing peptides attachefletmls and consequently, the
chance of inter-chain interactions. However, farger sequences the use of LL resin
was not advantageous as we still faced aggregediated synthetic problems. To
overcome this, we employed NovaPEG reffiigure 2.3 C), which is exclusively
composed of PEG units. Being amphiphilic in nattings material has better swelling
and mechanical properties and it is stable in aetsarof solvents, a feature that
facilitates the polymer handling during the reactiteps and washé¥.In addition, for

the synthesis of difficult sequences we employedesin-capping procedure after
systematic double coupling. Such step involvesaitetylation (capping) of unreacted
amino acids by reacting the resin for 10 min withs@ution composed of 9:1

pyridine:acetic acid.
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2.3. Enzymatic and structural evaluation of the SN&-like
derivatives binding to LSD1

The synthesis of SNAG-derivatives was followed ughwhe assessment of enzymatic
activity performed by our collaborator Prof. Andrééattevi and his group at the
Department of Biology and Biotechnology "Lazzarcalsmzani” at the University of

Pavia (Italy). They also carried out soaking expents with the peptides and LSD1.
When suitable diffraction quality crystals were aibed, X-ray structure determination
of the protein-peptide ligand was done to gainghsinto the binding interactions. The
results from the enzymatic evaluation iterativelyidgd our synthesis and the
succeeding modifications to the initial SNAG seqeenThe peptides potency was
assessed with an enzymatic assay monitoring hydrggeoxide formation (a side

product of LSD1 activity). The assay consisted mecubating recombinant LSD1-

CoREST (residues 308-440, 1 uM), with varying pmptiigands (0-200 uM) and

dimethylated H3K4 peptide substrate (2-30 uM). Tdlesorbance changes were
monitored at 515 nm and initial velocity values &ditted to equations describing
competitive, uncompetitive and noncompetitive indim patterns. In all cases, the best
fit was obtained with the equation describing a petitive inhibition and data are

reported in the figures below Ks+ STDV (n=5).

69



Protein recognition by short peptides: reversiblhitors of the LSD1-CoREST complex

Table 2.1: Summary of SNAG-like peptides activity

Sequence
2.1 PRSF
2.2 PRSFLV
2.3 PRSFLVRK
2.4 PRSFLVRKP
2.5 RSFLV
2.6 PRSFL
2.7 Acetyl-PRSFLV
2.8 PRSFLV(coon)
29 ARSFLV
2.10 PASFLV
2.11 PRAFLV
2.12 PRSALV
2.13 PRSFAV
2.14 PRSFLA
2.15 PLSFLV
2.16 PKSFLV

Ki (UM + STD, n=5)

> 200

284 +438

20+£35

0.1 +59

> 200

120.0 £ 20

48.0 +13.0

60.2 +12.7

157 +£16.5

> 200

6.4+1.3

71.4+151

18.0+54

444 +5.5

55.0+11.0

49.6 +8.2
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2.17

2.18

2.19

2.20

2.21

2.22

2.23

2.24

2.25

2.26

2.27

2.28

PRSMLV

PRSYLV

PRLYLV

PRSK(Cbz)LV

LRSK(Cbz)LV

PRSK(me2)LV

PRSK(me2)VKRKP

PRSK(me2)L

PRSFAA

ARAFAA

PRAAAA

PRSFQTV
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3.0+£27

> 200

29.1+3.9

124+43

6.6+15

19.7+24

3.3+038

> 200

10.7+11

> 200

27740

8.0+0.32
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Figure 2.7: Structure of the first synthesised SNAGike peptides.
Ki are reported as pM = STDV (n = 5).

We first explored the activity of the 4-mer, 6-mé&mer and 10-mer sequences
corresponding to the N-terminal Snail-1 (Figure)2A&ccording to the literatur£*110
the first 4 residues (residues 1-4) of Snail-1 adojpelical turn reSTDbling the histone
3 substrate and therefore, these could be suffi¢d@nLSD1 binding. However, the
tetrapeptidePRSF by itself .1) was found inactiveK; > 150 uM), whereas the 6-
amino peptideZ.2) exhibited a stronger binding(i(of 28 pM). The sequendeRSFLV
(2.2), resulted a weaker binder compared to the 92nkrsuggesting that residues 7-9
(thought non-essential) contribute actively to bthd LSD1 catalytic site. The 9-mer
PRSFLVRKP contains most of the conserved N-terminal residoes$nail-1 and
revealed a strong binding affinity for LSD1-CoRESAlbeit the high activity, the
increased length of 9 amino acids made it lessajmgethan the 6-mePRSFLV for
further exploration of structure-activity relatidmgs.

Crystallographic structures revealed tR&SFLV (PDB: 3ZMT) binds to the catalytic
pocket of LSD1, indeed with an identical fashiorthe first six amino acids of Snail-1.
As shown in Figure 2.8, thPRSFLV sequence in complex with LSD1-CoREST
perfectly overlaps the N-terminal end of Snailfie first four amino acids, retain the
helical conformation with all backbone atoms boimd solvent-inaccessible positions.

72



Chapter 2

Furthermore, the side chains are mostly inaccessdlsolvent with the exception of
Arg2. In particular, Prol is fully encapsulated twg protein catalytic pocket. This is
fully consistent with the observation that trunoatof Prol drastically reduces activity,
highlighting the significant almost essential cdnitions of this residue (see below).

Longer truncated Snail-1 peptides did not seem rompte a greater inhibition
compared to the 6-mer or 9-mer, suggesting that1-6DREST can effectively bind
the 6-amino acid Snail-1 sequence, whose helicalocamation and N-terminal group

are snugly embedded by the active site cleft.

\ SNA IL-1 21mer

Figure 2.8: X-ray crystal structure of Snail-1 N-teminal 21-mer (light brown, PDB: 2Y48) and PRSFLV
(cyan, PDB: 3ZMT) bound to LSD1-CoREST.

Nitrogen atoms are shown in blue and oxygen atom®=d. The amino acid side chains of the peptidieptathe
same conformation. Amino acidsRRSFLV are labelled with their one letter code.

Intriguingly, the truncated N-terminal Snail-BRSFLV sequence and H®ind to
LSD1-CoREST in a helical conformation. Hentee question whether peptides exist in
nature already in this conformation or are shapgd secondary structure only after
binding with the enzyme was raised. To address ithagiiry, circular dichroism
spectroscopy on four peptides corresponding to H&2r, INSM1 20-mer, Snail-1 20-
mer, and Snail-1 9-mer was carried out at the Usityeof Pavia. The data, supported
at a later time by computational studies, show #iabf the peptides fold into their

secondary structure only upon binding to LSD1.
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Figure 2.9: X-ray crystal structure of PRSFLV peptide bound to the LSD1 catalytic site.

(A) Electron density map (contoured at thecsll@vel) of PRSFLV in the catalytic site calculated previous to its
inclusion B) Three-dimensional view d?RSFLV (the N-terminal hexapeptide of human Snail-1).t&lrocarbons
are shown in green, FAD carbons in yellow, and igeptarbons in brown. H-bonds are shown as dashes C)
Schematic representation of the peptide-protegraations. The atomic accessible surface areasharen. Adapted

from Tortoriciet al?14
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2.3.2. Peptide length and influence of N- and C-tarinal functional
groups

Further reductions in the number of amino acidght® active minimum length of
PRSFLV scaffold were performed, to pursue the initiallgffareducing the molecular
weight necessary for efficient reversible inhibitiof LSD1. The peptide comprising the
N-terminal 5-amino acids was found to retain bigdiout only with relatively low

affinity (Ki of 120 uM). In contrasRSFLV (2.5, Figure 2.10) turned out to be almost

devoid of activity.

L j\WNJL Jj(\ it At lWNJL J#
s f

HN HN
HN” ~NH, 2.5 HN™ "NH, 2.6
RSFLV PRSFL
K;=28.4 £ 89.0 uM K;=120.0 + 20.0 uM

Figure 2.10:Length determination of active SNAG-derived peptides
Ki are reported as pM = STDV (n = 5).

Next, the C-terminal and N-terminal “states” weralgsed to measure the importance
of the free amine N-terminus and C-terminus amidethis end, the activities of two
PRSFLV-modified peptides(2.7 and 2.8 Figure 2.11) bearing respectively an
acetylated N-terminugAcetyl- PRSFLV) and a free C-terminal aci®®RSFLV-coon)
were prepared. BotA.7 and 2.8 turned out to be weak inhibitors of LSDK; & 48.0
KM and 60.0 uM respectivelgpmpared td®RSFLV.
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Figure 2.11: Modifications at the N- and C-terminiof PRSFLV peptide.
Ki are reported as value + STDV.

The identification of a minimal peptide length feificient binding (UM range) guided
us to ask the next logical questions: which sidarchare important for peptide binding
in the core of the cleft? Are there strict sequerstraints?

Alanine-scan mutagenesis allowed the evaluation eafch individual residue
contribution in thePRSFLV peptide’s bioactivity. Each amino acid was subsei
with alanine, the simplest residue after glycingediin this technique given its small
size and chemical stabilify°

From the results achieved, Prol substitution withlAwas unfavourable for binding
(2.9, Figure 2.12). Proline acts as an alpha helixatat in protein secondary structure
and can promote the helical turn of the bound secpiénto the hydrophobic cleft of
LSD12* The observed crucial importance of Prol in ouregixpents substantiate the
previous work of Salequet al.,>'® where abrogation or Ala substitution of Prol ie th
SNAG-containing protein Gfi-1 (a protein that caér haematopoietic differentiation,
Figure 2.1) resulted in protein inactivation.

The Ala substitutedPASFLV, which lacks the polar residue Arg2.10 Figure 2.12)
was unable to bind LSD1, implying that polar resida position 2 may establish
favourable electrostatic interactions with the tduf negatively charged residues in
the LSD1 active site. The result was expectedlabalrelated transcription factors and
H3 present Arg in position 2 (Figure 2.1, A-B).Hi3, Arg2 participates in intra-peptide
hydrogen bonds with the carbonyl oxygens of GlyG13 and the side chain of
Serl0. It also interacts with the carboxylate geoapAsp553, Asp556, and Glu379 of
the LSD1 catalytic pockét®

76



HO
H Q H Q H Q
NHZJYN:JLN]YN%NJ\*(N;JLNHZ
OJ/: H o X :H 0 Al

HN

A 2.9

HN NH
2 ARSFLV
K;=157.8 £ 16.5 uM

Ot Cut,
H o = H o \@o/\

2.10
PASFLV

K; > 200 uM

H Q H Q H Q
' N¢NJYN¢N N,
OJ/: H o < :H 0 Al
HN
21
HN” “NH,

PRAFLV
Ki=6.4%1.3uM

Figure 2.12: Ala-scanning on PRSFLV peptide.
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The mutated positions dPRSFLV peptide are highlighted in rel; are reported as pM = STDV (n = 5).

Reduced binding affinity has also been reporteth art H3 peptide bearing methylated

Arg2. Similarly to the H3 natural substrate, cryssucture analysis of the 6-mer

PRSFLV revealed that the Arg2 side chain also interactd wiring of Asp556 and

Glu379 side chains in the catalytic site. Its aijitr portion is involved in intra-peptide

contacts with Leu5 and both events favour the sezpibelical conformation.

To gain further insight on the importance of sudsifpon, we synthesiseBLSFLV
andPKSFLV (Figure 2.13)which have a hydrophobic residue and positivelyrgba

amino acid respectively, in position 2. Both theuldng compounds were less active
thanPRSFLV (Ki 55 and 49 uM2.15and2.16 Figure 2.13), further substantiating the

importance of Arg2 presence.
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Figure 2.13: Side chain substitutions at the™ position of PRSFLV peptide.
Ki are reported as pM + STDV (n = 5).

Collectively, these data indicate that the combamabf conformational propensity, van
der Waals interactions by the aliphatic groups #ed“diffuse” positive charge of the
guanidinium group, render Prol-Arg2 crucial eleradot efficient binding, which are
selectively recognised by the active site cleft.

For PLSFLV and PKSFLV it was possible to obtain X-ray crystal structures
(PLSFLV- PDB code: 3ZMV andPKSFLV PDB code: 3ZMU, Figure 2.14 and Figure
2.15 respectively).
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Figure 2.14: X-ray crystal structure of SNAG-derived PLSFLV peptide bound to the LSD1 catalytic site.

Figure 2.15: X-ray crystal structure of SNAG-derivel PKSFLV peptide bound to the LSD1 catalytic site.
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Further analysis oPLSFLV peptide X-ray crystal structure revealed that thislso
able to bind in an allosteric fashion to a diffdreleft of LSD1-CoREST (Figure 2.16).

Figure 2.16: X-ray crystal structure of SNAG-derived PLSFLV peptide bound to LSD1 catalytic site and
allosteric binding.

The peptide is bound to the catalytic site (cirdletlue) and to a different cleft.

Based on this information, our collaborator Proicdardo Baron and his group
(University of Utah, Salt Lake City, Utah) explorether plausible druggable spaces in
LSD1-CoREST. With computational studies and mol@calynamics simulation, five
new possible binding regions were found (FigureZ 2?3 These regions have a strong

propensity for molecular binding and correspond to:

a region interfacing the SANT2/Tower domain (Fig@ré7 A);
a region interfacing SWIRM/AOL domain (Figure 2 RY,

a region interfacing AOL/Tower interface (Figurd2.C);

a region encompassing the back of AOL domain (Edut7 D);

moow?>»

a small pocket in the AOL domain (Figure 2.17 E);
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Figure 2.17: New druggable spaces of LSD1-CoREST.

These were highlighted using colored spheres anmedadased on their locatioBANT2/Tower interface (green,
A), AOL/Tower interface (red, B), SWIRM/AOL interface (blue, C),Peptide binding region (yellow, D), and
smallAOL pocket (grey, E). LSD1 (orange), CoOREST (cyan), and theni4Bone N-terminal tail (purple) are shown
as cartoon$B) Table shows the residues of the new binding sidapted from Robertsoet al.?3!

In this context of extended potential binding sitke peptidd®’LSFLV binds to the E
region (Figure 2.17) and adopts an extended cordtom enabling its backbone to
interact with residues 317-323 of LSD1-CoREST (Fég.18), through hydrogen
bonding. Phe4 and Val6 are also involved in vanWeals interactions with adjacent
residues (Ala318, Thr319, Phe3R€u329, Val747) of the LSD1 allosteric cleft.
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Figure 2.18: X-ray crystal structure of SNAG-derivel PLSFLV peptide bound to the AOL small pocket.
PLSFLV (Green) and LSD1 (brown) are highlightedr@gen atoms: blue; oxygen atoms: red) in the n8D1-
CoREST bhinding region (Figure 2.16, region D). Thdiased 2Fo-Fc electron density map (contoured 1.
level) was calculated prior to inclusion of the fi@@ in the refinement. The electron density aj-Rrwas not clear
for Prol of the bound peptide was not visible ia #iectron density and thus not included in the ehc8ee also
Table 1 and Figure 8, region D. From Robertsbal. 23!

Differently from positions 1 and 2, positions 3-6 RRSFLV are not as essential for
binding as throughout our studies, the affinited. D1 were not critically influenced
by the replacement at such positions with othedues.

The N-terminal alignment of Snail-1 with other tsaription factors shows that the third
position can accommodate various residues like iA&(OVOLL1) or Glycine (INSM1)
(Figure 2.1 A). In addition, we reported that thetation of Ser3 inlPRSFLV was
unable to affect the LSD1 suppression in the SNAGvative PRAFLV (2.12,Ki=6.4

+ 1.3 uM, Figure 2.12).

In both Snail-1 and H3, the N-termindl 4esidue represents a critical amino acid for
LSD1 activity: in H3 it normally accommodates lysirmono-methylated or di-
methylated, whereas in Snail-1 wild type and traedasequences, the phenyl ring of
Phe4 points towards FAD, making direct contact wtititAccordingly, the substitution
of Phe4 with Ala was disadvantageous for LSD1 iitimb (PRSALV, Ki=71.4 + 15.1
uUM). Forneriset al1!® reported a 30-fold increase in binding affinity BoH3 substrate
bearing a methionine in position 4.

Based upon this observation, we synthesBB&SMLV, which showed similarly to the
H3 modified peptide an improved binding affinitywtards LSD1 Ki of 3 uM). The
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non-polar nature of methionine promotes possibéyitieraction with FAD allowing a
tighter binding to the demethyla5@:?'# Methionine was next substituted with the
bulkier hydrophobic residue tryptophan PRSWLV. The change was however
unfavourable for binding; >100 uM).

Figure 2.19: Side chain substitutions at the' position of PRSFLV peptide.
Ki are reported as pM = STDV (n = 5).

As the ¥ position can accommodate different amino acids #red side chain of
position 4 needs to establish interaction withftaein ring, PRLYLV was synthesised
next. This sequence possesses a Leu residue itiopa3i(a hydrophobic residue like
Ala) and in position 4 tyrosine. X-ray crystal stture analyses (PDB code: 3ZN1)
revealed that like Phe4, the phenyl ring of Tymp®itowards the FAD cofactor and the
sequence showed relative affinity towards LSR129 uM,2.21Figure 2.20).
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Figure 2.20: Side chains substitutions to the8and 4" positions of PRSFLV peptide.
(A) Side chain similarities between Ala-Leu and Phe-TB) PRLYLV structure.
Ki are reported as pM = STDV (n = 5).

84



Chapter 2

Figure 2.21: X-ray crystal structure of SNAG-derivel PRLYLV peptide bound to LSD1 catalytic site.
The tyrosine residue inf"4osition makes contact with Flavin ring similarRbe4.

We next developed sequences with a longer side ahgiosition 4, in order to examine
the effects of structures having a residue withhéigpropensity of interaction with
FAD. For this purpose, we chose to replace the RIHeERSFLV scaffold with the
commercially available N-Cbz-L-Lys, a lysine residue bearing a carboxybénzy
protecting group (Cbz) and prepaBRSK(Cbz)LV.

Figure 2.22: Chemical structure of carboxybenzyl (®6z) protected lysine.
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Figure 2.23: Side chain substitution at the @ position of PRSFLV peptide with carboxybenzyl containg
lysine.

Ki are reported as value + STDV (n = 5).

The mutated sequen®RSK(Cbz)LV also proved to be a good inhibitor of LSIKL £
12.4 uM). To further evaluate the effects on théivag of the Cbz group, we
synthesisedl RSK(Cbz)LV . In that way, we would have gained a further ihsif the
improved activity generated by Cbz could balaneeghsence of Prol. Such sequence
showed a five-fold increase in inhibitory activisppmpared toPRSFLV peptide,

balancing effectively the lack of Prol.

Figure 2.24: Side chain substitutions at thesland 4" positions of PRSFLV peptide.
Ki are reported as pM = STDV (n = 5).
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As Phe4 occupies the same position as the monaliaméthylated Lys4 in the natural
substrate, we hypothesised that a peptide contpithiis modification in position %
could act as a substrate. Interestingly, the sespieRSK(me2)LV instead of being a
substrate, resulted in an effective LSD1 inhibuath high affinity towards the enzyme
(Ki= 19.7 + 2.4 pM).

Figure 2.25: PRSFLV mutant possessing a di-methylatel ysine in 4" position.
Ki are reported as pM + STDV (n = 5).

PRSK(me2)LV was also evaluated agains$D2, the human homologue of LSDand
here it also acted as an inhibitor and not as matlesKi = 2.5 + 0.4 uM). Intrigued by
this result, we synthesis&#RSK(me2)LVRKP as the unmethylated 9-mer of Snail-1
binds tightly to the LSD1 catalytic cleft and thiisvas possible that the di-methylated
9-mer could act as an inhibitdPRSK(me2)L sequences from the N-terminal of Snail-1
was also synthesised to prove whether the di-matyllysine could improve the
binding affinity towards the enzyme. Surprisinghe tdi-methylated 9-mer also acted as
an inhibitor and not a substrate as expected, \aBetiee di-methylated 5-mer was
inactive. This implies that the environment of H3fundamental for the demethylase
activity of LSD1. Unfortunately no crystal struatsrof the di-methylated peptides were
achieved.
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Figure 2.26: 9-mer and 5-mer mutants of PRSFLV peptie bearing a methylated Lys in # position.
Ki are reported as pM = STDV (n = 5).

The last two positions iIRRSFLV peptide are occupied by leucine and valine and Ala
scan mutagenesis generated two inhibitors of LSJERSFAV and PRSFLA, which
exhibited respectively two-fold increase and alglidecrease in activity2(13and2.14
Figure 2.13).

For PRAFAYV it was possible to obtain an X-ray crystal stroetand the analysis
showed that the hydrophobic amino acid Ala perjectierlaps with the Val residue of
the SNAG 6-mePRSFLV (Figure 2.27).
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Figure 2.27: X-ray crystal structures of peptides RSFLV and PRSFAV (PDB: 3ZMZ).
PRSFLYV is shown in whitePRSFAV mutant is shown in light brown, oxygen atoms in aedl amines in blue. The
sequences show the same binding modeRSFLV to the catalytic site of LSD1.

Figure 2.28: Side chain substitutions at the'Sand 6" positions of PRSFLV peptide.
Ki are reported as pM + STDV (n = 5).

To evaluate Val6 contribution to the binding, wengeted a mutant possessing two
Alanine residues at position 5 and 6, correspontinBRSFAA (2.25 Figure 2.28).

Analysis of the X-ray crystal structure reveale@eafect overlap between the Snail-1
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native sequence and tHe25 (Figure 2.29).In addition, the enzymatic evaluations
confirmed the affinity for LSD1 catalytic sit&i(= 10.7 £ 1.1 uM). The data conveyed

once more the little contribution of positions 3sPRSFLV binding activity.

Figure 2.29: X-ray crystal structures of peptides RSFLV and PRSFAA (PDB: 3ZN0).
PRSFLV is shown in whitePRSFAA mutant is showed in light brown, oxygen atomsead and amines in blue.

The sequences show the same binding mode intathby/tic site of LSD1.

Thereafter, we examined further the importance rofLRand the ancillary roles of the
side chains of residues 3-6 in binding LSD1, wiik synthesis of two supplementary
structures with multiple Ala residues and nam@RAFAA andPRAAAA (2.26 and
2.27, respectively, Figure 2.30AMRAFAA was unable to block LSD1 whilRRAAAA
revealed to suppress LSD1 activity at 28.0 uM, ldigpg an almost identical affinity
for LSD1 asPRSFLV.
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Figure 2.30: Poly-alanine sequences
Ki are reported as pM + STDV (n = 5).

2.3.3. Snail-1 and H3 binding modes compared

Overall, the data suggested that Prol is the afitesidue for binding to LSD1 as the
various prepared mutants containing other residuethat position revealed weaker
affinities for the epigenetic target. In contrastlhis observation, H3 contains an Ala in
the first position. This explains the poor bindimigshort H3 peptides to LSD1 (Table
2.1). This notion finds further support from theoperties exhibited by the Snaill-H3
hybrid sequencePRSFQTV). This molecule was designed with the idea that, i
addition to the Prol-Ala substitution, another mdifierence between the first amino
acids (N-terminal) of Snail-1IPRSFLVR) andH3 (ARTKQTAR) is the insertion of
GIn5-Thré of H3 in place of Leu5 of Snail-1. Howeyveve found thatPRSFQTV
(2.27, Figure 2.31) binds to LSD1-CoREST wittKaof 8.0 uM. This, combined with
Ala-scanning experiments, indicates that Prol-Alassitution is indeed the main factor
that weakens the binding of the N-terminal residofeld3 compared to Snail-1, making
short H3 peptides of 8 or 12 amino acids able ty meakly associate to LSD$411°
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Figure 2.31: Peptide PRSFQTYV, hybrid sequence Snall-H3.
Ki are reported as pM + STDV (n = 5).

Another important aspect is that although the Sh&ilamino acid peptide can bind to
LSD1 and exert biological activity, the additionadsidues 7-9 also contribute to
binding. No further contribution is given by thebsequent amino acids of the N-
terminal portion of the protein (Table 2.1). Thaesentirely consistent with the sequence
comparisons, because Snail-1-SCRATCH transcriptiantors are highly conserved
sequences in their 9 N-terminal residues. Theiuseges diverge after this initial
strictly conserved segmeHt This is not the case of the H3 N-terminal tail,ost
binding can take place (though weakly) also fortjpkeys that lack the first 4 N-terminal
amino acids and substantially depends also on uesicafter Arg8 (Table 2.1).
Accordingly, mutations of Glyl2 and Glyl3 to Alavieabeen shown to essentially
abolish peptide binding to LSD1-CoREST; such a Gly-motif is absent in the Snail-
1 sequence and probably crucial to establish tiheedoconformation of the LSD1-
bound H3 peptidé?* Thus, on one hand the presence of Alal (insteadProfl)
diminishes the contribution to binding of the vdimgt N-terminal stretch of the H3
peptide but, on the other hand, this is partly cengated by the contribution given by
the more distant residues in positions 10-20 alttreysequence. Indeed, the crystal
structure shows that the residues 9-16 are engageadnetwork of intra- and inter-
molecular H-bond interactions, which critically @gwg on the amino acid sequence.
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Table 2.2: Histone 3 and Snail-1 N-terminal sequenseand their enzymatic evaluation as inhibitors of L®1
enzymatic activity.
From referencé&*110

Peptide Sequence Ki (uM £ STDV, n = 3)
H3 1-21 ARTKQTARKSTGGKAPRKQLA 1.8+ 0.6

H3 1-12 ARTKQTARKSTG 199.0 £22.0

H3 6-21 TARKSTGGKAPRKQLA 87.0 £ 29.0

SNAIL1 1-20 PRSFLVRKPSDPNRKPNYSE 0.2+0.1

INSM1 1-20  PRGFLVKRSKKSTPVSYRVR 02+0.1

2.4. Biological evaluation of SNAG-like sequences

To investigate whether a live cell would uptake /andespond to the SNAG-like
peptides, we tested the cell viability in SK-MEL-@8elanoma), A549 (lung) and HL-
60 and THP-1 (acute myeloid leukaemia) cells. Rialal testing of similar peptides
was unreported so far and we hoped to identifywacequences albeit the absence of a
cell penetrating sequence, which could have enldbiineecellular uptake.

The SK-MEL-28 cell line is a fast growing melanomadel, whereby Snail-1 is over-
expressed. The cells were treated with differenceatrations oPRSFLV (10 uM, 25
MM, 50 uM, 100 pM, 200 pM and 5®1) andTCP (500uM).
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Figure 2.32: Effects of SNAG-like derivative PRSFLV a SK-MEL-28 cells proliferation (72 h) measured with
MTT assay.

Absorbance (570 nm) results were normalised tetneament levels. Statistical significance wasedetned with
one-way ANOVA corrected for multiple comparisonsngsDunnett’s test. Data are shown as means + SiEHB)(
*p <0.05, *p <0.01, ** p <0.001.

As reported in Figure 2.32, there is an evidemtdrénking peptide concentration to cell
viability. At 500 and 20QuM the presence d?PRSFLV hindered cell viability, while at
100, 50, 25, 10uM it seems that the peptide promotes instead SK-MEL
proliferation. Yet 5QuM was inconsistent with the general observed trelmdaddition,
TCP treatments were unable to modulate cell vigbdt the tested concentrations. In
order to verify whether these results depended upenpeptide or the cell line, we
repeated the cell proliferation assay using A54% ¢emall cell lung cancer). There is
evidence that this cancer line is correlated to L$Rerexpressiofr?

In A549 cells we also tested the activity BRSMLV, the potent SNAG-derivative
bearing a methionine in positiol' 4hat showed great binding affinity towards LSD1
(Ki= 3.0 pM) and_RSK(CbZ)LV peptide. As shown in Figure 2.33, only the peptide
LRSK(CbZ)LV was able to significantly modulate cell growth.
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Figure 2.33: Effects of SNAG-like derivatives on A54 cells proliferation (72 h) measured with MTT assay.
(A) PRSFLV (B) PRSMLV (C) LRSK(Cbhz)LV. Absorbance (570 nm) results were normalised tetreament
levels. Statistical significance was determinechvahe-way ANOVA and corrected for multiple compans using

Dunnett’s test. Data are shown as means + STD (rip5) 0.05, **p < 0.01, ***p < 0.001.
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To further explore the anti-proliferative activtieof SNAG-derivatives, we tested
selected sequences in AMLs (Acute myelocytic leakag and specifically in THP-1
and HL-60 cell lines. In this tests, we also usea gositive control the TCP analogue
MC2584, (Figure 2.34)"° prepared by our collaborators in University La iSapa,
Rome, that showed anti-proliferative effects in ARElls (Acute promyelocytic
leukaemia NB4 cells)

Figure 2.34: A TCP analogue with marked anti- APL adivity.

Figure 2.35: Effects of SNAG-like derivatives PRLYLV, LRSK(Cbz)LV, PRSMLV and PLSFLV on HL-60
and THP-1 cells proliferation (72 h) analysed with M'S assay

The absorbance values were normalised to pre-tezatrievels (vehicle control). Statistical significe was
determined with one-way ANOVA and corrected for tipié comparisons using Dunnett’s test. Data amvshas
means + STD (n=5); *p < 0.05, ** p < 0.01, *** p&001.

Peptides PRLYLV, PRSMLV and LRSK(Cbz)LV significantly reduced cell
proliferation at 1 mM concentration (72 h treatmette cellular suppression of LSD1
was also confirmed by Western blot. Data showetharement of H3K4me2 after 4 h
treatment with 1 mM oPRSMLV andPLSFLV peptides.
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Figure 2.36: Western bolt analysis of the effectsf GNAG-derivatives PRSMLV and PLSFLV peptides on the

expression of H3K4me2 in treated HL-60 total cellsate.

Taken together, these results suggest that targeted-1/LSD-1 inhibition causes

decreased proliferation in different cell lines andy provide novel therapeutics for a
number of different cancers including leukaemia gmdstate cancer. The biggest
limitation to the biological evaluation is the higloncentration at which the peptides
activity is appreciable. In addition, their shoengith also implies that they may be
nonspecific and it is not possible to conclude \Wwhetthese peptides crossed the cell
membrane or instead triggered cell surface recepiemding to activation of pro-

apoptotic or pro-survival signalling pathways. Hoee the peptides show downstream

effects such as increased levels of H3K4me2 indenka cell lines.

2.5. Conclusions

In this work we synthesised small LSD1 reversibihibitors based on the previous
observation of LSD1-Snail-1 interaction. The desmjnsmall ligands were pM
inhibitors of LSD1 enzymatic activity and their eftive binding was supported by
numerous X-ray crystal structures. By targeting LSBhe peptides were able to
modulate the activity of AML cells. Since previostidies have shown how Snail-1

recruits LSD1 for demethylation at its target gemisthe SNAG domainit could

seem counterintuitive thanail-1 alsoinhibits LSD1 enzymatic activity. The
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present study provides a possible explanationisopradox: the SNAG domain
recruits LSD1 but then releases it to the H3 Wi found in fact that the first 6-
residues of Snail-1 are sufficient for binding t81, whereas the residues 10-
20 do not contribute to enhance the affinity. Oa ¢ther hand, the residues 10-
20 of H3 establish multiple interaction with LSDdllowing H3 to displace the
SNAG domain from the active site of LSD1.

Hence the discovery of small LSD1/CoREST peptidarids lays the foundation for a
deeper understand of the LSD1 interaction withShail family of binding partners as
well as the structure-based development of furtmadogues with improved drug-like

properties.
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Chapter 3- Targeting LSD1 with Phage display

technology

3.1. Introduction

The successful synthesis of small peptides actmgeaersible inhibitors of LSD1
prompted us to investigate other non-covalent LS&tagonists.Phage display
technology was utilised to screen the binding affinities ofaege number of peptides
towards LSD1. This technique offers a powerful dmnghly specific alternative to
rational design and virtual screening to explorgtioe-LSD1 interactions.

Many examples in the literature describe Phagdalisperived peptides that interacted
successfully with the surface of protefii$antibodie$® and receptor$®® such screens
led to the discovery of peptide sequences and ipsothat are at the later stages of drug
development36-238

The widespread use of this technology for peptaecsion is justified by its simplicity,
its specificity and the stability of the phage [mes?° These characteristics enable the
application of the phage display to a wide arrapiofogical surfaces includinig vivo
screening for the isolation of peptides targetipgcific cell-surface biomarkefé? For
example, Cwirleet al. demonstrated the specificity of peptide libratigsscreening a
library of 3x1@ recombinant peptides, displayed on a phage vetdwards a well-
known antibody3* Specifically, the authors screened the phage rijbeaainst the
antibody 3-E7, which binds to the N-terminal seaqugenf opioid peptides through the
motif Tyr-Gly-Gly-Phe, crucial for antibody recogion. The sequencing of 51 clones
derived from this study revealed that most of thalated sequences presented a N-
terminal Tyr-Gly moti?** The same authors identified peptides binding to
thrombopoietid® and erythropoietitf* receptors by screening libraries displayed on
phage vectors and plasmids. These two studieléaetsynthesis of extremely potent
peptidomimetics with affinities for the receptorsngparable to the natural substrates
(0.5 nM).

Mintz et al. utilised a library of peptides for panning towamstibodies produced in
prostate cancer patient serum. Analysis of pegetpiences displayed by phage bound
to purified immunoglobulins led to the identificati of a recurrent sequence correlating
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with poor prognosis patients. Subsequent molecslaidies on such sequences
identified a striking correlation of the displaypeptide with the expression protein
Grp782* The study evidentiated the successful use of Pliigmay for systematic
high-throughput fingerprinting of circulating praie in cancer patients and the
potential of the technique for the application iaghostics.

Besides the phage display, other displaying platfoihave been used for protein-
protein interaction researéf’?*° These are mRNA, ribosome, DNA and cell display
(Figure 3.1). Among them Phage display is the mtiised screening platfor#f® The
distinct feature shared by all these molecular f@lats resides in the ability of
physically linking the genotype to the phenotyphisTcharacteristic enables the rapid
identification of the displayed peptide chains lwamed on their surface.

Figure 3.1: Peptide display platforms.
Adapted from Sergee\at al.?40
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Only one study so far describes the applicationplohge display libraries for the
identification of peptides binding to epigenetiagets. In this work, Leurst al.
screened three phage displaying libraries, agdogt LSD1 and JmjC families of
demethylase$® The study led to the identification of six novetppide sequences.
Among them, the ones targeting LSD1 do not sharelagities with LSD1 natural
substrate H3 or any known LSD1-binding partner. T discovered, however,
displayed only weak inhibitiom vitro for the targeted demethylases. To optimise the
peptide affinity for the cognate targets, the atghapplied several modifications to the
original phage-derived sequence, by removing anelkochanging amino acid residues.
The aspartate and asparagine residues, which akenkto destabilise the peptides in
solution, were substituted with alanine or glutaenasidues and such modifications led
to a dramatically increase of peptide binding dités. The efforts of this research were
next addressed mostly towards the JmjC KDMs. Subm#gstudies on their binding
mechanism were achieved by employing mass spedirpteehniques*

The current project explores the potential of Phdigplay technique using a library of
12-mer peptides for the identification of new LSDdands able to antagonise the
demethylase activity. The data gathered from tihecsen could be eventually used to
design additional drug-like molecules based on pltagplay-derived scaffolds.
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3.2. Phage display

3.2.1. The phage vector

In Phage display, the “display” is achieved througbsociation of short DNA
sequences, encoding for oligopeptide chains, i DNA by common recombinant
DNA techniques. Standard microbiological proceduaes then used to maintain and
propagate the phad® The viral recombinant vectors are bacteriophagdse to
replicate in bacteria and present the ability ofbbaring DNA sequences of foreign
species, as for example human DNA or synthetic Didgments39.24°

To propagate phages, the most commonly employetisdise bacteriuniescherichia
coli (E. coli).?#®

Three types of bacteriophages have been descriiteadentous, lambda and T7. The
family of filamentous phage is composed by threaegeally and phenotypically
equivalent strains: M13, f1 and fd. M13 is the bdsaracterised and the most used as
phage display vectaf®247

M13 possesses a single stranded DNA, composed@f 6dcleotides. There are nine
genes that encode for eleven proteins and theseratged on the basis of their

biological function?4°24

- pll, pV, pX which are DNA replication proteins;
- plll, pVI, pVII, pVIIl, pIX which are capsid protess;
- pl, plV and pXI are proteins associated with phag8TDbly;
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Figure 3.2: Schematic representation of a phage vex.
Adapted from Lgsedt al. 248

At one tip of each virion particle there are fivepes each of protein pVIl and plIX
(genes VIl and IX), whereas at the other end tla@ee5 copies each of protein plll
(minor coat) and pVI (genes Ill and VI, respectiyef® Three domains, linked to each
other through glycine rich spacers, compose theomgoat of plll (N1, N2 and
CT).24%250The first domain is required during the infectamit allows the single strand
DNA to accommodate into the bacterial cytoplasne; $kecond domain is responsible
for binding the bacterial F-pilus by establishingulfide bridges. The third domain, CT,
is responsible for the terminal asSTDbly of the gehgarticle and the phage release

from the host cell§*%:2%0

Figure 3.3: Ff-phage minor coat protein plll schemeof organisation and sequence localisation.
D stands for domain and in brackets are reportechtimber of amino acid contained in each domain.
Adapted from Holliger eal. 25t

103



Targeting LSD1 with Phage Display technology

When the virus replicates in the host, the inseDBIA also replicates. Therefore, each
peptide-phage clone in the library carrying theeign DNA sequence can multiply in
the bacterial host, producing identical progeny gaisa®>?*® Such phage clones
compose a phage-display “library”. Each clone, lyrying a unique foreign DNA
insert, displays a different peptide on its surfzZée

The phage vector initiates the infection by attaghts N-terminal domain of plll minor
coat to the bacteria’s F-pilus and entering the hel (Figure 3.37>! The minor coat is
then disasSTDbled and the single stranded DNA entee bacterial cytoplasm.
Successively, th&. coli machinery synthesises a virus’s complementary BittAnd
and in this way, a double stranded replicative f@fNA is formed and used by the
host machinery as a template to generate phageimpsoConversely to the lytic phages
such as T7, after infection and replication, filartoeis phages do not lyse the cells,
being able to be released without lysing the heitraembranes. This feature favours
this class of phages for display technique apptioatas the isolation process do not
requires purifications steps from the genetic mialteesulting from bacterial lysé®

The inserted DNA can be localised into the phagsdls pVIll and pVI and the
segments harboured into the first two proteins syethesised with the N-terminal
signal peptides attached and directing into the brane?*2 Being inserted in the inner
membrane of the host cells, the signal peptidéesved, leaving the synthesised protein
to span the cytoplasmic membranes: in this oriemtahe amino-terminal is found in
the cytoplasmdutsidethe virion particle) whereas the C-terminal is@ntered in the
periplasm inside the virion particlef3® This way, the peptide sequence is linked
genetically to the endogenous amino acids of tla potein making a hybrid “fusion”
protein?®® The recombinant sequence at the N-terminal isod@d by a short
characteristic sequence at the C-terminal. For @kanthe library of phage used in the
present study, corresponds to a combinatorial rifpbcd random dodecapeptide fused
into plll minor coat protein of the M13 phage (PAR™M from New England Biolabs)
with a characteristic sequence (factor Xa protedsavage). The factor Xa protease
cleavage at the C-terminal is composed by the peptide Gly-Gly-Gly-Ser
(X12GGGS, X=random sequences). The factor Xa protelaseage sequence enables
the recombinant peptides to be “dangled” off thi (Higure 3.4) and to interact with
the target.
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Figure 3.4: Schematic representation of PhD-T? from New England Biolabs.

X=randomised sequence (12 amino acids); GGGS sporels to the linker sequence.

Having a free N-terminus, the peptides displayeslspss a considerable flexibility to
interact with the target and have similar charasties to peptides in solution. The
choice for the library peptides’ length was deteredi on the basis of the results
obtained in Chapter 2, where LSD1 inhibitors wexend to vary from 6 to 20 amino

acids in length.

3.2.2. The phage display cycle and the selectionquess

The main goal of any display technique is the peegive reduction of the initial
number of phages contained in the library to a Emake, in which only the “fittest”
for the cognate target will be included.

Screens with phage display technique involve ségteps and after an initial selection,
high affinity clones are amplified to achieve ardity with phages with increased
suitability for the target. The amplified phage® @ubjected to iterative rounds of
panning to select further a pool of high affinityding sequences. A general scheme of
the panning procedure is shown in Figure 3.5.

The selection process is governed by two factokddyand stringenc$#® The yield
governs the population of phage that exhibits tesirdd target behaviour, sustaining
the selection process, while stringency discringaabetween high and low affinity
clones. The yield is important for the first rourafgpanning as high stringency in these
steps could involve the risk of losing a wide phaggulation containing, potentially,
high affinity binders. On the other hand, stringean help throughout the selection

process during the subsequent rounds of panning.
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Figure 3.5: Schematic representation of a biopannmcycle.

Adapted from Ullmaretal. 25
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3.2.3. Biopanning cycle

The biopanning cycle starts with the incubationhef target with the phage library. This
process, common to all display platforms, is cdlgd by the affinity of the
oligopeptides displayed on the phage coat for argtarget.

Normally, polystyrene-based surfaces are employed imhmobilise the target
(protein/enzyme$>® Alternatively, in a two-step selection, the targi$playing an
affinity tag is firstly exposed to the oligopeptsdébrary insolution next, the target-
phage complex is captured by a surface enricheld gléments with affinity for the
target tag.

In the described project, His-tagged LSD1 was iatedh with the library in solution
and nickel containing magnetic beads were empldgemnmobilise the target-phage
complex by application of a magnetf®. The solution panning has many advantages
over the immobilised methods as it requires lessuarnof target to be used and avoids
the target denaturation upon absorption onto thgspwene beads. Moreover, this
panning procedure enables the protein/fenzyme tatgetmaintain its natural
orientation?®” It has been reported that the immobilisation orysigrene-based
surfaces can lead to unfavourable orientations dtabésh interactions with the
displayed oligopeptide8! During the panning, high affinity clones are captuby the
target surface whereas low affinity or unbound @sagre washed away with solutions
containing detergent (TweBr20). The bound phages are then recovered withifgpec
elution strategies using high-salt acidic solutionknown ligands. The eluted phages
are next amplified by infecting a low-density freshcoli culture to yield a large crop
of progeny clones composed by affinity binders.eAftach panning/amplification step,
the number of phages recovered is monitored wighblbie plaque-forming assay (also
called titering¥?®® In this assay, each virus is displayed in an ptgte as a small blue
dot and each dot corresponds to one plaque-formamig(pfu). The formation of the
blue plaques is enabled by the presence in thewdi®r of the lacZ gene encoding for
B-galactosidaseptgal), and two reagents used for the preparatioth@fagar plate.
These are 5-bromo-4-chloro-3-indolylepgalactoside (X-gal) and isopropylgg-
thiogalactopyranoside (IPTG). Phage infected bacterd IPTG prompt the production
of thep—gal that hydrolyses the X-gal creating the blagpes.

107



Targeting LSD1 with Phage Display technology

The panning and amplification cycles are repeag@drsl times and the process leads to
an enrichment of the phage library towards theeigsgightest bound sequences. After
several biopanning cycles (normally 4-5), there Wwéd a point when the entire phage
population will have nearly the same binding affiif*>?*>and at this stage phage DNA
is sequenced and the peptide harboured onto fiscgudentified. The binding affinities
of each clone are then measured by enzyme-linkeasuimoassorbent assay (ELISA) or

other tests.

3.2.3.1. Elution

In biopanning, the elution step is of high impodarsince it enables the recovery of
high affinity binders. Commonly used elution bufferonsist of solutions that weaken
the receptor-phage interactions without impairih@ge infectivity. These are high salt-
acidic buffers (0.1 M glycine-HCI, pH 2.2) or higlffinity ligands, which competitively
displace bound phages. The competitive elutiorftenaused to reduce the background
of non-specifically bound sequencéd?>°Since the elution with a competitive ligand is
a two-stage process, the binding kinetics neecttaken into account. The competitive
ligand elution requires first the natural dissaciatof the clone from the catalytic site
and secondly its re-occupation by the competitv@hitor. Consequently, each step
will have a specific association and dissociati@te rconstants Kon/Korr).2%° High
affinity phages will have a reducddys and thus, with shorter elution time, these will
not be eluted. On the other hand, prolonged expssocan potentially elute, without
discrimination, both high affinity and low affinitjlones?4®

108



Chapter 3

3.3. Expression and purification of full length hunan

recombinant His-tag LSD1

For the phage display experiments and the enzyreattuation of the phage display-
derived peptides, we used human recombinant Hgethgfull-length) LSD1. To
measure the ability of phage display derived pegtith suppress LSD1 catalytic
activity a hydrogen-peroxidase-coupled assay wesmmeed (AmplefRed).

3.3.1. LSD1 expression and purification

LSD1 was expressed and purified under direct sugiervof Dr. Patrick Duriez at the
University of Southampto@ancer Research UK centre.

The process for His-tagged LSD1 expression andigafion is common to standard
protocols for protein expression. This involves thioduction of a plasmid promoter
containing an expression vector into a host cak; host cell then rapidly multiplies
producing high quantities of DNA encoding for tlaeget protein; the lysis of the host
enables the release of the genetic material, wikigext purified by chromatograpi$
After isolation, qualitative and quantitative test® performed. All these steps were
optimised for LSD1 and what follows is a descriptaf the used protocol.

3.3.1.1. Plasmid vector

A plasmid is a DNA double stranded circular molectiiat once incorporated into a
host DNA acquires the ability of replicating indegently from chromosomal DNA?
Plasmids are widely used in molecular biology asytltan accommodate DNA
fragments and such modified plasmids are calledtovec Plasmid vectors are
commonly used in molecular biology techniques beipglied in cloning, transferring
and gene manipulation proces$¥nce the vectors have been inserted in the hst ce
they regulate the host machinery to replicate tiserted DNA fragments in large
guantities. The vector used to insert the genedingdor human-LSD1 is pET15b, a
plasmid composed by 5708 bp carrying at the N-teama stretch of 6 histidine (His)
residues. These N-terminal residues allow the jgatibn of the target protein by nickel

affinity chromatography. The vector having a geneogling for antibiotic resistance,

109



Targeting LSD1 with Phage Display technology

restricts the propagation of only host cells cargyihe plasmid encoding for LSD1. Dr.
Yang Shi, from Harvard Medical School, Boston, dedahe plasmid pET15b-LSD1 to

the laboratory of Dr. Duriez.

3.3.1.2. Induction and Growth

The DNA fragment encoding for LSD1 expression ia émgineered pET vector is a lac
operon and its transcription is triggered by thespnce in the culture media of
isopropyl$-D-thiogalactopyranoside (IPT)3%!

The DNA fragment encoding for LSD1 expression ia éimgineered pET vector is a lac
operon and its transcription is triggered by thespnce in the culture media of
isopropyl$-D-thiogalactopyranoside (IPTG5:

The pET vector normally contains three elementgerme that encodes for antibiotic
resistance, a lacl gene from the lac operon thagséor the lac repressor (Lacl) and the
gene of interest. This is inserted just after tfYe pfomoter DNA sequence, the Lac
operator DNA sequence and the ribosome-binding (sitethe start of the mRNA
transcript). The induction process begins with tlael falling of the operator DNA
sequence placed in front of the gene of interegissquently the T7 RNA polymerase
is introduced and recognise the T7 promoter withibwgt presence of the repressor
(Lacl). After these two events the transcription tbé gene of interest can begin.
Commercially availabl&.coli strains have been engineered to have a gene egdodi
T7 RNA polymerase under a modified lac operon systehis is called DE3 or BL21
and has instead of a T7 promoter sequence in bbtite lac operator sequence, a lac
promoter sequence that natikzecoli RNA polymerase is able to bind. When the Lacl
falls of the lac operator sequence of DNA in thetlehromosome, the T7 of the RNA
polymerase of the gene of interest can be trambkatd transcribetf?-26

Lacl senses the presence of lactose and when dabtnds to Lacl, induces a protein
conformational change that renders the protein lentdb bind to the operator DNA
sequence. Being a mimic of lactose, IPTG also iadsiech conformational change,
reducing the affinity for DNA; however, IPTG doestntake part in any bacterial
metabolic pathway and therefore, its concentratiolh remain constant for all the

expression process. When Lacl can no longer birttidcoperator, native.coli RNA
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polymerase starts the transcription of the T7 RNAymerase gene engineered into its
chromosome and, when the protein is expressed hdse T7 promoter sequence
upstream to the gene of interest on the plasmetti@d the transcription of the protein
of interest starts.

E. coli (BL21 CodonPlus-RIPL) harbouring the pET15b-LSDdsveulturedor 16 h at
37 °C and after that time cells were harvesteddnyridfugation and lysed.

3.3.1.3. Lysis

To extract the crude genetic material containirggglotein of interest, a lysis step was
performed. The pelleted bacteria cells were lysét & solution containing detergents
to enhance the bacterial lysis (Triton X), specditzymes and protease inhibitors to
prevent the LSD1 degradation by bacterial enzynmes @Nase |, to break down the
released double stranded DNA. The genetic matanidicell debris were then discarded

with a centrifugation step and the supernatantasoimg the target protein purified.

3.3.1.4. Purification

The purification of LSD1 was accomplished in thetgges. In the first stage the crude
extract was eluted through a nickel based colunfiimifg purification). This type of
column exploits specific covalent binding interaatibetween the column material,
decorated with N, and the 6-histidine residues in the protein Mataal domain. The
affinity interactions between the NiHis, enable His-tagged LSD1 to be retained from
the bacterial lysate. Gel electrophoresis (i.e. $I2&E) was next used to separate the
proteins recovered from this initial purificatiotep and identify the fractions containing
LSD1. Such fractions displayed a band at 80 kDer &bomassie blue staining; these
were combined and subjected to a second step iicption, which involved the use of
gel filtration2®° This step separates soluble macromolecules froall snolecules and
removes remaining salts and buffer reagents defroed earlier purification steps. The
fractions collected were re-assessed with gel relplbresis and the ones in which
LSD1 was detected asSTDbled and further purifietth @-Sepharos¥ column (anion

exchange column). The material composing such aoldmplays negatively charged
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anions (counter-ions). Negative charged moleculed to the resin by displacing the
resin’s counter-ioR%22%3 The protein is eluted from the resin with incregsi
concentration of salted buffer (NaCl) and increapked The negative ions in the salt
buffer displace the protein by competing with it finding to the resin, whereas the
decrease in pH enables an increased positive cloargjee protein, allowing its elution
from the columrf®2 When the pH of the elution buffer reached the LI8delectric
point (~ 6), the fractions were collected and & édesctrophoresis step was performed to

isolate the pure fractions. LSD1 obtained was ttwrcentrated and quantified.

3.3.1.5. Analysis of the pure protein

We quantified the pure LSD1 by Bradford assay. Hpiectroscopic quantitative assay
is based on the absorbance shift of the dye Cooenlalsge at acidic pH upon binding to
specific protein amino acid residuesdinine, histidine, phenylalanine, tryptophan and
tyrosine residues) and hydrophobic interacti®fisifter quantitative evaluation, the
protein wasaliquoted and kept at -80 °C. Benelkebkir al. previously studied the
kinetics of LSD1 and th&m (Michaelis constant) was determined to be 21 pdihaia
peroxidase-coupled assay and as substrate the H8Kpeptide (21 amino acid long)
at pH = 7.5° TheKn, is defined as “the substrate concentration atkvkiie reaction

is half of theVmax' (the system maximum velocity achieved at substrsdturating
concentrations). The determination of this paramese important to define the
concentration of substrate (H3K4me2) to use in ¢heymatic assays. The protein
activity was measured with Ampl&Red by incubating LSD1 with TCP and measuring
the residual enzymatic activity, which should falthe range 30-15 puM.

3.4. AmplexX’Red assay

The Ample’Red assay was used to determine the ability of gldagived sequences to
inhibit LSD1 demethylase activity on H3K4me?2.
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Figure 3.6: Mechanism of demethylation and AmpleXRed assay.

(A) LSD1 promotes the catalytic demethylation of direono-methylated Lys 4 on Histone 3 (H3K4) throwgh
Flavin dependent oxidative mechanism. The histoh#@s to the FAD, which oxidizes the H3K4 sideiohaith its
prosthetic group. Concurrently, reduction of oxygen hydrogen peroxide takes place. The formed imine
intermediate is then hydrolysed generating the deyfeted H3 and formaldehydeB) FAD reduction and
regeneration and peroxidelease (C) Peroxidase-base coupled assay: the horseradisixigese uses ADPH
(Amplex’Red) as an electron donor during the reduction afrdgen peroxide to oxygen. This leads to the

conversion of ADPH to ADP (resorufin), which is hig coloured and its fluorescence is measurable.
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In such an assay, the purified LSD1 is combinedh he test peptides derivatives (or
other potential inhibitors) and then incubated wWi#BK4me2 peptide natural substrate
(sequence ARTK(me2)QTARKSTGGKAPRKQLA) in the preserof FAD. The read
out of the assay is the colorimetric reaction of pAex®Red with hydrogen peroxide
(H202), the by-product of LSD1 demethylation. The flswence is immediately
detected (530 nm excitation and emission at 590 nm)

The activity of the inhibitor is evaluated by comipg the fluorescence values obtained
under test conditions (LSD1+substrate+inhibitor)thwicontrol conditions, which
corresponds to the maximum catalytic activity (LSBdbstrate—inhibitor). The enzyme
assay is normally repeated in triplicate using T@Pknown LSD1 non-covalent

inhibitors as positive controls.

3.5. Phage display strategies used in panning agatrthe
LSD1 catalytic site

To screen peptides displayed on a phage librarynsiggSD1, a total of four rounds of
solution biopanning were performed (Figures 3.7-3.9

To circumvent the selection of phages that arespectifically bound to the target, a
pre-selection step or negative selection step mtasduced after a first round.

The first two rounds were performed while maintagha low degree of stringency in
order to enrich the library with specific LSD1 bard, without discriminating between
high affinity (phages positioned near or inside t81-A0OD domain) and low affinity

ones (bound to other surfaces). Following two rauna competitive elution was
employed to improve the selection for peptides thate tightly bound to the LSD1
catalytic site (Figure 3.9).
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Figure 3.7: Scheme illustrating the different biopaning steps in ROUND 1..
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Figure 3.8: Scheme illustrating the different pannng steps in ROUND2.
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Figure 3.9: Scheme illustrating the different biopaning steps in ROUND 3-4 of.
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In these last two rounds, a solution of 1 mM ofrewn water-soluble LSD1 peptide
ligand PRSFLVRKP (Figure 3.9) was used in order to elute LSD1-cagutyshages.
The high affinity of PRSFLVRKP (K; 0.136 pM) for LSD1 catalytic site and the
saturating concentration of the specific ligand idoenable the elution of phages
therein localised. Three elutions of 10 min eachrewgerformed and the period of
elution was selected according to the standardbioon times used to antagonise
LSD1 in enzymatic evaluation$

After 4 rounds of selection to enrich for highefirafy peptides, a last step of phage
propagation preceded individual phage characténizahrough DNA extraction and
sequencing. The peptides obtained from the studg Wen synthesised by Solid Phase
Peptide Synthesis and the activity of the nativgusaces evaluated with a peroxidase

coupled assay (Amplé&Red).

3.6. Results

3.6.1. Protein expression

The reported method for LSD1 expression was opédis the laboratory of Dr.
Duriez and has been shown to be reproducible. Ghé&ehgth human recombinant His-
tag LSD1 obtained with such described procedures been used in all stages of
panning experiments and enzymatic assays throughewubourse of the PhD.

The Figures 3.10 and 3.11 report two images oktbetrophoresis showing the gradual
purification of LSD1.

Analysis of the target state was also carried ound the panning by electrophoresis to

verify the LSD1 stability during the experiments.
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Figure 3.10: Coomassie Blue stained polyacrylamidgel of affinity purified LSD1 protein.
The image shows the SDS-PAGE results of first aewbisd steps of purification after protein extracti®@ands
identifying LSD1 are inside rectangle boundary k8@&).

B

Figure 3.11: Coomassie Blue stained polyacrylamidgel of LSD1 after anion exclusion column.
Bands identifying LSD1 are inside rectangle bound@éykDa).
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3.6.2. Phage display results

The number of phages yielded in each round of panrnd amplification was
determined with the blue plaque forming assay asrdeed earlier.

The selection process was monitored by calculdtiegutput/input ratio (Table 3.1 and
Figure 3.12). The outpus the number of phages recovered after each dogidn step
per mL of solution used for the elution steps, whhe input is the number of phages
used for the panning step.

Table 3.1: Output/input ratio obtained in the four rounds (R) of panning against LSD1 catalytic site.
Gel-2-3 represent the glycine eluates 1-2-3 wherebk28 the competitive elution.

R1 R2 R3 R4
Input
1x1011 1x1011 1x1011 1x1011
(pfu/mL)
Output /input

Gel 1.4x10-6 Gel 4.6x10-¢6 Pel 1.4x10°5 Pc1 2.4x10-5
(pfu/mL)

Ge2 1.5x10-6 Ge2 1.27x10-5 Pe2 7.8x10-5 Pe2 3.5x105

Ge3 2.3x10°5 Ge3 1.23x104 P.3 8.5x10-5 P.3 1.5x104

Figure 3.12: Enrichment of displaying peptides targéng LSD1.
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The trends observed in the four rounds of pannavgaled a progressive selection for
higher affinity phage binders. As shown in Figurd23 after the first round we
observed a surprising loss of peptide diversityjaégo 99%. The used PhD-1%
library contains in 10 pL (10x1bpfu), 1.2 x 16 different peptides (10 copies of the
same peptide) and by recovering only 23.000 peptile removed the initial great
heterogeneity of displayed sequences. This resultdchave been driven from the
limited presence in the library of peptides capablmteract with LSD1. After a second
round of panning, the input/output ratio increadadicating an enrichment of affinity
phage. A competitive elution was next used in roBrashd 4 and, after a slight decrease
in yield (round 3 compared to round 2) we registear increase in phage number. The
decrease was proportional to the greater degrestromfigency applied in round 3.
Notably, the last elution step for each elution madsing either glycine or peptide in
the process of elution, resulted in the highest tif phages. A possible explanation
could be a higheKos of peptides with affinities for LSD1 and as a cansnce, these
were released with a slower rate from the target.

Following four rounds of panning, six clones frane amplified round 4 were harvested
and their DNA sequenced (Table 3.2).

Table 3.2: Peptide sequences displayed by the seqoed clones after cleavage.

Clone Peptide sequence
3.1 RKQHAIPLIWPA
3.2 RKQHAIPLIWPA
3.3 GGTKAPRLEHGP
3.4 NPHTHTHGAFVS
3.5 RKQHAIPLIWPA

3.6 RKQHAIPLIWPA

The sequencing revealed that four out of the simet sequences displayed the same
peptide. The enrichment for a specific sequenceafn®f recurrent theme in phage
display screening and often associated with theease of fitness of the selected clones
for the target®

None of the sequences showed homology with knovwmaowalent inhibitors of LSD1,

reported in Chapter 2 and a search with Basic LAdghment Search Tool (BLAST,
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NCBI, Bethesda, USA) was unable to identify pratewith structural similarities to
known LSD1 binding partners. These results werdequnexpected as commonly,
screening combinatorial libraries by affinity sdlen leads to ligands with a certain
grade of homology with primary structures intenagtwith the target®®

Peptide3.4 bears three His residues and the emergence ofaucio acids is often
correlated with the association of His-rich disgldypeptides to the transition metal
Ni2*, chelated on the beads employed to capture theeipsphage complex. As
histidine-rich clones are not always generated Iayget-unrelated selection
processe$3®27 peptide 3.4 along with peptides3.1 and 3.3, was synthesised and
screened. The peptides were prepared via Fmoc-8RRSRink Amide resin to yield
sequences with free N-terminus and a C-terminablaptnimicking the peptides state
displayed on the plll phage protein.

The ability of the purified synthetic peptides tibit LSD1 was next examined with
Amplex®Red peroxidase-coupled assay. The concentrati@usfasthe screening were
the following: 800 uM, 400 uM, 200 puM, 100 uM, 5Mp25 uM, 12.5 uM, 6.25 uM
and 3.13 pM. SNAG-deriveBRSFLV peptide was used as a positive control (Table
3.3 and Figure 3.13).
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Figure 3.13: Dose-response curves generated with Ampl&@Red enzymatic assay testing phage displayed
derived peptides.

X-axis is in logarithm of concentration (M, Molary-axis is the % of relative fluorescent unit (RF€Hmpared to
100% activity (LSD1+substrate, - inhibitor). Datan fitted with nonlinear regression model andslu@vn as mean
+ STD (n=3).

Table 3.3: ICsos values obtained with enzymatic evaluation of pha&g derived peptides measured with
Amplex®Red.

Enzymatic results are expressed as % RFU normdlispre-treatment level (LSD1 + Substrate, no intbibi+ STD
(n=3).

Peptide Sequence ICs0 (MM = STD, n = 3)
3.0 PRSFLV 18.4x1.6
3.1 RKQHAIPLIWPA 332.7+3.2
3.3 GGTKAPRLEHGP > 800
3.4 NPHTHTHGAFVS > 800
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The peptideRKQHAIPLIWPA (3.1) inhibits LSD1 at high concentration and was the
only peptide showing activity. Despite being inaetiat the tested concentrations, the
dose-response curve obtained with3 revealed a dose-dependent decrease in
demethylase activity. The same concentration-degr@ntlend was not observed in the

case 08.4.

3.7. Discussion

The present study was designed to discover nonlaatvgeptides with affinity to LSD1
by phage display using a 12-mer linear libraryasfdom combinatorial peptides; a total
of four rounds of panning were performed using-ketigth human recombinant His-
tagged LSD1 and six clones were sequenced.

The selection process was monitored by the estimati the output/input ratio. Results
showed an initial drastic exclusion of the peptideginally present in the PhD-19
library. In the subsequent rounds of panning weenlexi a substantial increase of
recovered phages. To select for high binders fileage bound to LSD1 catalytic
pocket), we inserted in the elution buffer of rosr®land 4, a known peptide ligand,
capable of competitively displacing phage bounth&oLSD1 active site.

Sequencing results of six randomly selected cloaesaled that four out of six clones
displayed the same peptide sequence. As suggegtitek hiterature, the recurrence of
homologous peptides is either associated with {haropriate selection of affinity
phagé® or it is attributed to propagation related eveéht®ropagation related events
occur when certain phages propagate at a fastertihain others and consequently
predominateé®’ It has been reported that some displayed sequeraresiecrease the
phage infectivity and consequently, slowing dowa finage release from the host cell;
another factor contributing to a decrease in ditserss associated with the
incompatibility of certain peptides to be displayeuthe phage surfade?

Nonetheless, within the isolated peptides, the seceB.1 was the only one promoting
inhibition of LSD1 demethylase activity at 300 pMdanormally, faster propagating
clones are generally unlikely to have affinity bhe ttarget.

Literature evidence reports that moderate affipgptides are more likely to be selected
than high affinity one$33246.26°The strongest affinity peptides can be underrepresl

or absent in the chosen library, factors that ppbpbhave driven the selection to weaker
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binders. Screening other displaying libraries ohgph like Ph.D.™-7, can be suggested
to exploit further the potential of this technidioe the discovery of non-covalent LSD1
inhibitors with more desired characteristics. Irefigg with this, the Ph.D.™-12 library
manual reports that the increased length of thelamsed sequence in the 12-mer
library, may enable the target to select sequer@esnultiple weak binding contacts
instead of a few strong contacts; this could haenlthe case for LSD1 and therefore it
would be useful to assess shorter length libraries.

It has been shown that, besides the interactiom thé active site, selected peptides can
also interact with the target via allosteric modiola®°® In keeping with this, it has been
reported that LSD1 displays supplementary druggapéees3! Therefore these could
have been targeted by the displayed peptides3ahdould have interacted with other
surfaces of LSD1, binding away from the catalytergin.

The poor activity exerted 3.1 can also be attributed to the loss of multivaleimcthe
synthetic peptide compared to the correspondingg@h&ach phage displays in fact
from 3 to 5 copies of each peptide in the plll pef’® Thus the interactions with
LSD1 exerted by the multimers during the panningildohave differed from the
monomeric activity promoted by the synthetic pepstd?

Despite the inability to inhibit LSD1 at low cond¢eations, the dose-response curves of
3.3 indicate a dose-dependent decrease in demethylatmplying that higher
concentrations could have contributed potentiallg greater effect.

Peptide3.4 showed a histidine motif and such sequences,esgusly mentioned, are
considered target-unrelated M. Histidine can form a strong coordination bond
through the nitrogen of the imidazole ring (elentomnor) and the positive Ni During
the panning steps, nickel-containing beads have bsed for affinity purification and a
negative selection step has been introduced isg¢hend round of panning to avoid the
selection of such cloné&2%” Thus, the presence of the motif was considered a
coincidence and the peptide was synthesised anddteslowever, among all the
screened sequences, it is the one that impairs ld&diethylase activity the least. The
selection of such a clone that most likely derifresn the presence of nickel-coated-
beads could be avoided by the addition of a préwenpre-selection-step at the
beginning of round 3 and 4. Furthermore, it hambestimated that displayed peptides

need to have Kox > 50 UM to sustain the vigorous washing steps poidhe elutiorf.’?
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Although this is likely to increase the selectiviigwards the target, it can equally
decrease the number of high affinity binders frdma tther. A possible strategy to
weaken the selection pressure and particularhaigeting LSD1, could have been the
reduction in the amount of Twe®Kdetergent) used during the washing steps initse f
rounds of panning. This foresight could have poadigtcontributed to a less marked
loss of phage diversity in round 1.

In rounds 3 and 4 we used a competitive elutioarder to increase the selectivity for
phages that interact with the LSD catalytic site. éxplained before, in this type of
elution the rates of association and dissociatromfthe catalytic site may affect the
outcome of the selection process. The elution m®cegoverned by the exposure time
of phage-LSD1 complex to the competitor and theegfghorter exposure could not
elute all phages localised in the catalytic sitdjlevlonger exposures may elute all
phages without discriminating between high and &finity ones. For this project, we
have chosen only one time point (10 min), basetherstandard time-course used for
enzymatic inhibition of LSD1 antagonist. Perhaps should have used different
incubation times (5-20 min for example) along rothdnd round 4, to better manage
the association and dissociation rate constatg/Kerr) and monitor the selection
process by determining the number of recoveredgihdgring each time interval.

To increase peptide-binding efficiency in the pesiected sequences, a strategy
reported by some authors is the inclusion of theer@yinal linker sequence GGGS the
synthetic peptide€32”® However, as the known LSD1 binders interact wite t
catalytic site via the N-terminal domain, addingidees to the C-terminal domain is
unlikely to lead to any improvement to the bindaf@nities of the synthetic peptides
towards LSD1.
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3.8. Conclusions

The present study was designed to determine ifpaidee screen on a Phage display
system could unravel potent, non-competitive irtbitsi of LSD1. It represents the first
study, which used as eluent a soluble peptide digan LSD1. Three peptides were
identified from this study and among them the saqaeRKQHAIPLIWPA displayed

some activity against LSD1 demethylase. This piangework can be considered a
starting point for the use of this potent techniqoeexplore new non-covalent LSD1

inhibitors.
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Chapter 4 - Synthesis of irreversible inhibitors of

LSD1 targeting acute myeloid leukaemia

4.1. Introduction

Acute myeloid leukaemia (AML) is a tumour of the @hyid line of blood cell. The
genesis of the diseases is still unclear and rgcehé pathology onset has been
associated with epigenetic dysregulati&h&? Given the reversibility of the epigenetic
modifications, epigenetic modulators have beentified as possible strategic targets
for AML therapy, whereby therapeutic interventicarg still limited®” 84197 .SD1 has
crucial roles in both normal hematopoiesis and oyyelliferative disorders via its
activity on mono- and di-methylated H3K4 residuesl és association with multiple
protein complexes such as CORESBlimp-11®and TAL11®

The activity of LSD1 is usually suppressed irreildysand several research groups,
starting with TCP as a lead, have generated patahselective molecules (reviewed in
Chapter 1). The majority of the drug design effoitave been based on the
functionalisation of the TCP scaffold and specificaon the addition of bulky branched
side chains to the phenyl rid§. The X-ray crystal structure of the TCP-FAD addtfct
suggests that the phenyl ring is positioned irrgeldaydrophobic pocket and besides the
contacts with the methyl groups of T335 and T810Oubh van der Waals interactions,
it establishes poor connections with the surroumdiarface. This implies that LSD1
catalytic site can accommodate large groups aptbsgtion and consequently, these can
influence the drugs’ final effects.

Moreover, as the MAO catalytic site is smaller camggal to that of LSD1, this type of

substitution has also shown to increase selectidtgusLSD1 over MAO*?
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Figure 4.1: TCP-FAD adduct in the hydrophobic catalyic pocket of LSD1.

PDB code: 2XUN; red areas represent hydrophobi@asesfwhereas blue areas represent hydrophiliccestfa

Therefore, TCP analogues presenting large branghmaps at the phenyl ring of the
TCP scaffold could act as LSD1 inhibitors with is&sed potency and selectivity. An
opposing approach to decorating the phenyl rinthés functionalisation of the TCP
nitrogen atom. This strategy has led to the geiwgratf two potent LSD1 inhibitors that
recently entered Phase | clinical trials, namelyK@%79552 by GlaxoSmithKlirfé®
and ORY-1001 by Oryzdh (Figure 4.2). The former used for the treatment of
relapsed/refractory small cell lung cancers anddtter, for relapsed or refractory acute

leukaemia.

Figure 4.2: TCP, GSK2879552 and ORY-1001 moleculatrsctures.
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In this study, we aimed to develop a new seridsSid1 covalent inhibitors.

Since TCP is clinically used as a racemic mixturne twotrans enantiomers that bind
equally well to LSD1, we preferred a non-enantiesele route to our inhibitors. The
phenyl ring was decorated with bulky substituengsan efficient synthetic method to
increase the enzymatic potency of the lead TKR2{ uM). Given the recent findings
correlating LSD1 with myeloproliferative disordexad the limited therapies for such

disease, the enzymatically active compounds weakiated in leukaemia cell models.

Figure 4.3: General structure of our novel TCP analgues.
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4.1.1. Roles of LSD1 in normal hematopoiesis andulkkaemia

AML accounts for 34% of adult leukaemia in the UKdalong-term survival rates
continue to be poor (approximately 30-40%). Althewgmplete remission is achieved
after standard chemotherapies employing high dogsesthracycline and cytarabine,
patients suffer from frequent relapses of treatrmefiactory diseas&./?’8 As a
consequence, 20% of AML patients do not survive entitan 5 yeaf$>?8° and
according to the National Cancer Intelligence Nekyvao improvements on these
survival rates in the last two decades have begistezed. This unfavourable situation
implies a strong need for new therapeutics

AML is caused by impaired hematopoiesis, which isamplex process whereby
hematopoietic stem cells (HSC) differentiate intatune blood cells. The differentiation
process ensures a constant blood production duifietyme, giving rise to all the
lymphoid and myeloid lineage. The latter give rise neutrophils, eosinophils,
basophils, monocytes and macrophages, megakaryogitatelets and erythrocytes.
Ineffective hematopoiesis leads to an excessivelymtoon of immature blood cells,
termed blasts, that accumulate in the bone matfb@uch situation is characteristic of
myeloproliferative tumours and suppression of hepaiesis and bone marrow failure
are the major consequences of the patholtdgs/®

In the differentiation process, both methylatiord atetylation patterns determine the
cell fate decisions by influencing the expressibspecific genes in specific cell types.
Such patterns are, at least in part, controlled ®®1 activity?®4°?®1Given the LSD1
association with multiple protein complexes, thelenolar roles of LSD1 in normal
hematopoiesis are far for being fully underst&§bd.SD1 is highly expressed in
hematopoietic stem cells and participates in norhehatopoiesi& This has been
demonstrated by examining the effects of LSD1 kdowkn. The lack of LSD1 in
murine models has been associated with disruptigramulocytes and red blood cells
terminal differentiation, which correlated with tmeduction of platelets number and
lethal anaemid®??® Similar effects were observed after LSD1 pharmagiohl
suppressiotf and LSD1 deletion in cell lines experimef$Dentet al. demonstrated
that bone marrow transplantation in a murine modig¢h LSD1 deficient cells was
ineffective in producing T and B cells in the reem mice, emphasising its role also in

lymphocytes developemefi.
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At the molecular level, LSD1 participates in henpatesis via its association with
multiple transcription factors. For example, it pecates with the transcriptional
repressor Blimp-1 to mediate the repression of gdeading to mature B ceft&®
Disruption of the interaction between LSD1 and grewth factors Gfil and Gfilb
perturbs hematopoietic differentiation of both nalmrogenitors and leukaemogenic
cells?’® The LSD1-TAL1 association was also described tuilae cell differentiation
programs in both physiological and pathologicaltests®

While LSD1 plays a critical role in the normal hdopoiesis, its over-expression is
linked to the genesis and the fatal prognosis of LApatients®#284 In pre-clinical
studies, LSD1 was shown to sustain the oncogernengal of leukaemic stem cells in a
murine model of human myeloid leukaemia (MLL-AFB)oreover, in the same study,
TCP derivatives triggered the differentiation pss® Accordingly, Schenk and
coworkers showed that the exposure of HL-60 and/AJSEL cell lines (which are
insensitive to the differentiation therapy withnsretinoic acid-ATRA) to TCP-ATRA
combined treatments retrieved the cells expressidime differentiation markers CD11b
and CD14. Additionally, the treatment was provenb# non-toxic for normal, fast
reproducing HSC celf® Therefore, LSD1 inhibitors could be employed as
differentiating agents for leukaemia treatment.

As LSD1 has simultaneous roles in normal blood cdkvelopment and
myeloproliferative disorders, one of the majors aams with the pharmacological
interventions using LSD1 suppressors remains thesiple disruption of terminal
differentiation of normal blood stem ceff§. Nevertheless, the current therapies for
leukaemia also promote transient cytopenia andrai@aand these consequences are
managed efficiently®’ In addition, cytopenia induced by LSD1 inhibitiappears to be
reversible, supporting LSD1 as a promising thertipearget for AML®’
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Synthetic approach

Several methods have been reported for the geowerafi the TCP coré&/t172174175
Generally, these procedures involve the formatibrihe cyclopropyl ring by either
ylide initiated Michael addition or transition meteatalysed cyclopropanation with
diazo-compounds as sources of carbenes.

For the synthesis of our library of TCP analoguesaaopted the procedures shown in
Scheme 4.1.

Scheme 4.1: Synthetic strategy adopted for the gena¢ion of novel TCP derivatives.
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In this approach, commercially sourced 4-formyl Zzsédehydet.1 was esterified with
anhydrous MeOH and acetyl chloride to gi@ As we expected to decorate at a later
stage of the synthesis the phenyl ring of TCP Wiitky groups, we carefully chose the
protective groups so that the conditions used lierremoval of these to get the TCP
core were compatible with the stability of the imliimethyl ester protection.

To achieve a stereoconfiguration equivalent to T€iPresponding to thigansisomers
of 2- phenylcyclopropylamine (racemate of (=) amyl énantiomers, 50:50 mixture of
1S2R (+) and R,2S (-)), we followed two steps from one of the rec@®nyzon patents
by Guibourt and colleagué$. Firstly, we converted the aldehyde 4P to olefin via
Horner-Wadsworth-Emmons reaction to obtain Betért-butyl acrylate derivativd.3.
Secondly, to achieve theanstert-butyl cyclopropanecarboxylate derivativefaminula
4.4, we performedlohnson-Corey-Chaykovsky cyclopropanation.

The Horner—Wadsworth—Emmons reaction is a variatiteWittig reaction and one of
the most used methods for the preparation of atk&fdt involves the use of
phosphonate-stabilised ylides (phosphonate carbanhigenerated by deprotonation
with moderately strong bases, such as potassanbutoxide (KQ-Bu). The formed
ylide is a strong nucleophile and attacks the edptilic C-atom of the aldehyde
generating an oxyanion ring. The intermediate eean unstable four-membered
oxaphosphetane intermediate. Decomposition of ¥a@lwosphetane ring by disruption
of the C-P and C-@ bonds leads to the formation of the CeGond of the alkene and
a phosphate ester as a side product (Schemé&%T}e use of a stabilised ylide ensures

the E-selectivity of the resultant oleff{®

134



Synthesis of irreversible inhibitors of LSD1 taiigg acute myeloid leukaemia

Scheme 4.2: Horner—Wadsworth—Emmons mechanism.
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The analysis of the NMR spectrum 4 confirmed the successftd-olefination. The
calculatedlJ-coupling for the hydrogen at 6.43 ppm is 16 Hzjaokhs typical of vicinal

transhydrogens.

Figure 4.4: NMR spectrum of 4.3 {H NMR, CDCl3).
The doublet at 6.43 ppm had aalue of 16.0 Hz, typical of vicindtanshydrogens.

In the Oryzon patent is reported the use of triepipsphonoacetate for the conversion
to the acrylate, leading to the formation of anykthcrylate derivative. Instead, we
employed tert-butyl diethyl phosphonoacetate to achieve teet-butyl protected
acrylate. This is because we protected the carlmagid in para position atphenyl
ring with a methyl ester. The use w@rt-butyl diethyl phosphonoacetate enabled the
removal of thetert-butyl-protected acrylate in acidic conditions,vitnich the methyl
ester protection is stable. In contrast, usingthyile phosphonoacetate would have
required deprotection in basic conditions in thkofeing synthetic steps (see below),
with inevitable removal of the initial methyl esfaotection.

The cyclopropanation following the Johnson-Corewykovsky method was used in
both the works of Guiboust al!’” and Uedat al'’?

After deprotonation of trimethylsulfoxonium iodid®1e;S(O)1~, the methyl donor)
with sodium hydride (NaH) in DMSO, the generateds/l (dimethyloxosulfonium
methylide, Corey-Chaykovsky reagent) was addetid¢atkene to form the cyclopropyl
ring of the TCP core4(4).
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Scheme 4.3: Ylide-initiated Michael addition.

Johnson-Corey-Chaykovsky cyclopropanation is uguadh-specific and bothEj and
(2) olefins give trans-cyclopropane$®’ The trans configuration of 4-methyl
arylcyclopropyltert-butyl esterd.4 was confirmed by théH-*H coupling constants of
the cyclopropyl moietyJar—=4.2-4.5 Hz).

We next hydrolysedert-butyl protecting group ofi.4 with TFA and triethylsilane in
DCM and achieved the carboxylic acid with formdl®. The acid was converted to
acyl azide with diphenylphosphoryl azide (DPPA) ahd acyl azide rearranged to
isocyanate by Curtius rearrangement. The formedyatate intermediate can further
react with nucleophiles in solution and in thisegabe product was scavenged weh-
butanol, being the reaction solvent. This affordied tert-butyloxy (Boc) carbamate
derivative with formula4.6. The Curtius rearrangement was utilised succdgshyl
Ueda and colleagues and by our group for the ggaeraof several TCP
analogued’®172

The methyl ester protection at thara position of the TCP core was next removed with
basic conditions using LIOH in water-THF and thetanfied Boc-amino-phenyl
cyclopropyl benzoic acid.7 was coupled to several substituted amines usikthyl-3-
(3-dimethylaminopropyl) carbodiimide (EDCI) and HOBs coupling reagents with
Hunig's base (Scheme 4.#§.The coupling step afforded the amide intermedi4t8a-

s (Scheme 4.1)inal hydrolysis of the Boc protecting group indiciconditions (HCI 6
N) completed the synthesis of the targeted compedréd4.27
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Scheme 4.4Coupling reaction mechanism.

138



Synthesis of irreversible inhibitors of LSD1 taiigg acute myeloid leukaemia

Figure 4.5: Library of new TCP derivatives.
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The Boc-protected precursors P2 4.23 4.24 4.25and4.27 were very difficult to
purify. Particularly, the use of HCI (6 N) for tieprotection of intermediates8-nand
4.8-0 substituted in para with-(2-pyridyl) piperazine and 1-(2-pyrimidyl) pipeiae
was unsuccessful and only deprotection with wea@dic conditions enabled the
amine albeit in a very low yield (13%). During tbeurse of this study, a Takeda patent
was published with similar amide analogues of T@R these were obtained with an
equivalent synthetic procedut® Among them, compoundt.10 features in the

company work; all the other compounds represemg¢@usnovel chemical entities.

4.2. Enzymatic evaluation of novel LSD1 inhibitors

To measure the ability @.9-4.27in inhibiting LSD1 enzymatic activity, we perforche
a peroxidase-coupled assay (Am{iRed).

The compounds activity was firstly measured at 80 40 uM and if such treatment
produced detectable inhibition, a dose-responsererpnt was carried out in order to
determine the half maximal inhibitory concentratid€sg). To this end, five to nine
concentration points for each compound were ewvadlain triplicate and the

fluorescence results fitted in a sigmoid dose-raspa@urve (Table 4.1).
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Table 4.1:Results obtained with the enzymatic evaluation of TP derivatives 4.9-4.27.
Results are expressed as % RFU normalised to pteagetlevel (LSD1 + Substrate, no inhibitor) + STi>3).

Compound [Cso (uM+STD, n=3)
TCP 21
4.9 20.0+0.3
4.10 0.3+0.01
4.11 0.4 +0.04
4.12 0.7+0.01
4.13 17.4%0.9
4.14 0.6+0.01
4.15 2.4+0.1
4.16 5.8+0.5
4.17 1.3£0.3
4.18 0.9x0.2
4.19 > 50
4.20 32.0+0.3
4.21 21.4+0.7
4.22 1.5+0.2
4.23 1.8+0.5
4.24 0.5+0.1
4.25 0.9+0.1
4.26 0.5+0.04
4.27 1.8+0.3

Selected examples of the sigmoidal dose-responseswbtained with the enzymatic

evaluations are shown in Figure 4.6.
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Figure 4.6: Dose-response curves showing the effects of TCP detives on LSD1 enzymatic activity.

(A) TCP; (B) 4.10; (C) 4.11; (D) 4.14 (E) 4.26; (F).27.

The X-axis is in logarithm of concentration (M, Mg); the Y-axis is the % of relative fluorescentitufiRFU)
compared to 100% activity (LSD1 + substrate, nahitbr). Data were fitted with nonlinear regressiand are

shown as means + STD (n=3).

Overall, enzymatic evaluations revealed an inciaability of the substituted
analogues to inhibit LSD1 demethylase activity canepl to TCP scaffold, being10Q,
4.11and4.14among the most potent analogues.

Compounds that were more potent than TCRo(Ehzymatic assay < 21 uM, namely
4,10 4.11,4.12 4.13 4.14 4.15 4.16 4.17,4.18 4.21, 4.23 4.24 4.25 4.26and4.27)

were further evaluated in biological assays.

142



Synthesis of irreversible inhibitors of LSD1 taiigg acute myeloid leukaemia

4.3. Biological evaluation of novel LSD1 inhibitorsn cell

models of leukaemia

4.3.1. Cell viability

To test weather the inhibition of the enzymaticiwaigt of LSD1 in a cell-free assay
could be translated in pharmacological effectselts¢cactive compounds were tested in
six AML cellular models and namely HL-60, MV4-11 AKUMI, U937, OCI-AML3
and THP-1 cell lines. These AML lines are represivee of three AML subtypes
according to the FAB classification, which ranks Bd/based on their differentiation
status, being M1 the least and M6 the most diffiémeed clas$®®

Table 4.2: FAB classification of the AML cell lines ued.

M2 M4 M5

KASUMI1 OCI-AML3 MV4-11

HL-60 THP-1
U937

After incubation with the LSD1 inhibitors, cell suwval was quantified using CellTiter-
Glo®, a luminescent reagent that detects the presdnoetabolically active cells by

measuring the quantity of adenosine triphosphaiéjAn the system (Figure 4.7).

Figure 4.7: CellTiter-Glo ® luminescence.
The luciferase contained in Ultra-GY% uses the luciferin as substrate in the presenceAT®, releasing

bioluminescence. Adapted from the manufacturer ki
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The first set of experiments was performed to esnthe anti-proliferative activity of
TCP in the AML cell lines and define the appropiagxperimental conditions
(concentrations and course of treatment) to evaltiae activities of the novel TCP-
derived analogues. To do so, cells were treatek fivie concentrations (1 UM, 3 UM,
10 uM, 30 uM and 100 uM) and cultured for 48 h @Ad (Figure 4.8).

Figure 4.8: Effects of TCP on the proliferation of AMLs (48 h and 72 h).

Survival (RLU) was normalised to pre-treatment le\gintreated cells). Statistical significance watedmined with
two-way ANOVA and corrected for multiple comparisonsing Dunnett’s test. Data are shown as meanslx S
(n=5); *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001.
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TCP treatments revealed to hinder the viabilitkK@iSUMI, HL-60, MV4-11 and OCI-
AML3 cells at 3-10 uM, while U937 and THP-1 weret magnificantly affected.
Generally, marked effects were registered followfi2ch exposure.

The anti-proliferative activities o#.10 and 4.11 which demonstrated exceptional
abilities in suppressing LSD1 enzymatically, weestrevaluated. The compounds were
first tested at two concentrations (1 pM and 100).nMs the enzymatic inhibition of
such compounds increased by 50-fold compared to, T€lRIlar activity was predicted
to fall in this range of concentrations. Viable rhars were measured after 24 h, 48 h,
72 h and 120 h with CellTiter-Glo(Figure 4.9 and 4.10).

Figure 4.9: Effects of TCP analogue 4.10 (100 nM ariduM; 24 h, 48 h, 72 h and 120 h) on the proliferan of
AMLs.

Survival (RLU) was normalised to pre-treatment leviel each cell line. Statistical significance wig$ermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett's test. Data are shown as meansi> S
(n=5); *p < 0.05, **p < 0.01, **p < 0.001, ****p <0.0001).
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Figure 4.10: Effects of TCP analogue 4.11 (100 nM and 1 uM; 24 B8 h, 72 h and 120 h) on the proliferation
of AMLs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdggermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett's test. Data are shown as meansix S
(n=5); *p < 0.05, **p < 0.01, **p < 0.001, ****p <0.0001).

This preliminary evaluation confirmed the enhaneedi-proliferative activity of the
novel compounds compared to the scaffold TCP. Teets exerted by.10and4.11
resulted similar. A substantial drop in cell prefétion was generated after prolonged
exposures (48-120 h) and the most significant &ffaere detected in HL-60, THP-1,
KASUMI and MV4-11 cells, whereby survival was sificantly decreased at 1 puM.
Interestingly, after short-time incubation (24 hdad8 h) an increment in cell
proliferation was observed, mostly evident in OQWA3. The registered data are in
agreement with the increased expression of LSDJXaorly differentiated AMLs
reported in the literature. LSD1 is greatly expees#én cells ranked in the FAB-M1
subtypé* and HL-60 and KASUMI belong to the FAB-M2 subtypéso characterised
by poor differentiated blasts. A high reductioncell viability was also reported for
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MV4-11 cells, ranked in the M5 subtype and charssxtd in contrast, by cells with a
more differentiated status.

After assessment of.10 and 4.11, the anti-leukaemic activity of the remaining
compounds, belonging to the new library of TCP \g@ives, was examined in similar
experimental conditions. Although the most eviddetrease in cell proliferation was
recorded at 120 h, prolonged incubation can leazkliostress and depletion of medium
nutrients. For these reasons, the effectgl.aR-4.25were evaluated following 72 h
treatment and at the previously reported conceotrat(l uM and 100 nM, Figures
4.11-4.21). As compound4.26 and 4.27 have been synthesised later on to further

extend the library, these were not included infiits tests.
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Figure 4.11: Effects of TCP analogue 4.12 (100 nM ariduM, 72 h) on the proliferation of AMLs.
Survival (RLU) was normalised to pre-treatment leviel each cell line. Statistical significance wig$ermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S

(n=5); *p < 0.05, **p < 0.01, **p < 0.001, ***p <0.0001.
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Figure 4.12: Effects of TCP analogue 4.13 (100 nM arlduM, 72 h) on the proliferation of AMLs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdggermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett's test. Data are shown as meansl> S
(n=5); *p < 0.05, * p < 0.01, ***p < 0.001, ****p< 0.0001.
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Figure 4.13: Effects of TCP analogue 4.14 (100 nM ariduM, 72 h) on the proliferation of AMLs.

Survival (RLU) is normalised to pre-treatment leviels each cell line. Statistical significance watetmined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S
(n=5); *p < 0.05, *p < 0.01, ***p < 0.001, ****p <0.0001.
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Figure 4.14: Effects of TCP analogue 4.15 (100 nM ariduM, 72 h) on the proliferation of AMLSs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdgermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S
(n=5); *p < 0.05, *p < 0.01, ***p < 0.001, ****p <0.0001.
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Figure 4.15: Effects of TCP analogue 4.16 (100 nM arlduM, 72 h) on the proliferation of AMLs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdggermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett's test. Data are shown as meansl> S
(n=5); *p < 0.05, **p < 0.01, **p < 0.001, ****p <0.0001.
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Figure 4.16: Effects of TCP analogue 4.17 (100 nM arlduM, 72 h) on the proliferation of AMLs.
Survival (RLU) was normalised to pre-treatment leviel each cell line. Statistical significance wig$ermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S

(n=5); *p < 0.05, ** p < 0.01, ** p < 0.001, ***p< 0.0001.
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Figure 4.17: Effects of TCP analogue 4.18 (100 nM arlduM, 72 h) on the proliferation of AMLs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdggermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansix S
(n=5); *p < 0.05, ** p < 0.01, ** p < 0.001, ***p< 0.0001.
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Figure 4.18: Effects of TCP analogue 4.21 (100 nM arlduM, 72 h) on the proliferation of AMLs.
Survival (RLU) was normalised to pre-treatment leviel each cell line. Statistical significance wig$ermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S

(n=5); *p < 0.05, ** p < 0.01, ** p < 0.001, ***p< 0.0001.

155



Chapter 4

Figure 4.19: Effects of TCP analogue 4.23 (100 nM arlduM, 72 h) on the proliferation of AMLs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdggermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S
(n=5); *p < 0.05, * p < 0.01, ***p < 0.001, ****p< 0.0001.
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Figure 4.20: Effects of TCP analogue 4.24 (100 nM arlduM, 72 h) on the proliferation of AMLs.
Survival (RLU) was normalised to pre-treatment leviel each cell line. Statistical significance wig$ermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett’s test. Data are shown as meansx S

(n=5); *p < 0.05, ** p < 0.01, ** p < 0.001, ***p< 0.0001.
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Figure 4.21: Effects of TCP analogue 4.12 (100 nM ariduM, 72 h) on the proliferation of AMLs.

Survival (RLU) was normalised to pre-treatment levier each cell line. Statistical significance vdggermined with
one-way ANOVA and corrected for multiple comparisamsing Dunnett's test. Data are shown as meansl> S
(n=5); *p < 0.05, ** p < 0.01, *** p < 0.001, ***p< 0.0001.
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With the exception of compourdl.21, which was devoid of activity, all the tested
compounds caused a significant decrease of AMLsbilitla at the selected
concentrations. In accordance with the data obdawmih the previous evaluations of
TCP,4.10and4.11the cell lines resulting most sensitive to anti-lUSibeatments were
KASUMI, HL-60, THP-1 and MV4-11 cells.

To further characterise the active new compourdsslwere determined by exposing
AMLs to a broader range of concentrations (10 uMM 1 uM, 0.3 pM, 0.1 uM, 0.03
uM, 0.01 pM, 0.003 pM and 0.001 pM) and the sulviades measured after 72 h

incubation.
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Figure 4.22:Dose-response curves showing the effects of 4.10AMLs proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mg); Y-axis is the % of RLU (relative luminescengasit)

compared to 100% activity (vehicle control, DMSOgata are shown as means = STD (n=5).
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Figure 4.23:Dose-response curves showing the effects of 4.11AMLs proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mo); Y-axis is the % of RLU (relative luminescengasit)

compared to 100% activity (vehicle control, DMSOata are shown as means = STD (n=5).
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Figure 4.24:Dose-response curves showing the effects of novelH-@erivatives on AMLs proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mo); Y-axis is the % of RLU (relative luminescengnit)
compared to 100% activity (vehicle control, DMSOata are shown as means = STD (n=5).
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Figure 4.25: Dose-response curves showing the effeof novel TCP-derivatives on AMLs proliferation (72h).
The X-axis is in logarithm of concentration (M, Mo}, Y-axis is the % of RLU (relative luminescenceity

compared to 100% activity (vehicle control, DMSOgata are shown as means = STD (n=5).
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Table 4.3:1n vitro anti-proliferative results of novel TCP-analogues n AMLs.

Values are reported in uM = STD (n=5).

Chapter 4

ICso (uM # STD, n=5)

Compound

KASUMI U937 HL-60 OCI-AML3 THP-1 MV4-11
TCP 32+1.8 >100 84+15.0 89+13.0 81+3.9 63+8.4
4.10 0.03+£0.03 1.6+0.09 1.7+0.14 1.8+0.08 0.1x0.08  0.18+0.07
411 0.7+0.03 1.2+0.02 0.09£0.01 0.06+0.04 0.2+0.02 0.19+0.4
4.14 0.4+0.01 0.6x0.01 0.6+0.01 1.0£0.10 0.1+0.08
4.15 0.4+0.27 0.6+0.08 1.2+0.01
4.16 0.3+0.01 0.1+0.02
417 0.06+0.008 0.4+0.1 0.2+0.07
418 0.02+0.001 0.2+0.02
4.23 2.3x0.4 0.6+0.3
4.25 0.2+0.07
4.26 0.1+0.02 0.2+0.01
4.27 0.3+0.01

Results revealed that after 72 h treatment, the hé® derivatives were able to arrest

cell proliferation and particularly4.10 and 4.11 were active in the entire panel of

analysed AMLs. Interestingly, the dose-responseesurevealed that none of the new

analogues produced a 100% inhibition of cells feadition.
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4.3.2. Evaluations of activity persistence

A washout experiment was carried out next to vetiifg covalent inhibitio®! This
consists of cells/protein/enzymes being treated wlie tested inhibitor for a short
period of time and then in clearing the inhibitoorh the system by washout. The
residual activity of the washed-out treatment isueed and compared to a continuous
treatment (without washout). For covalent blockéhge washed out samples should
demonstrate the persistence of the actiftyin such experiments cells were treated
with 100 pL of media containing 200 nM of analogy¥e$Q 4.11 and 4.14 or left
untreated for a period of 6 hours. After the stleoposure, medium containing the drug
was removed (washout) and replaced by inhibitce-fraedium. Following 72 h
culturing, survival rates in washout samples weeasared and the values obtained
compared with the survivals rates of continuouatinent (72 h treatment without a pre-
exposure followed by drug-containing medium rempval

The direct comparison between pulsed (washeeityuscontinuous treatment (Figure
4.26), confirmed that compounds1Q 4.11 and 4.14 indeed act in an irreversible
fashion as the anti-proliferative effects were rnaimed despite the washout.
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Figure 4.26: Washout experiments with TCP derivative 4.10, 4.11 and 4.14.
Results were obtained with CellTiter-Gland RLU was normalised to control (untreated).iSteal significance
was determined with one-way ANOVA and correctedrfautiple comparisons using Dunnett’s test. Daasirown

as means = STD (n=5).
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4.3.3. Evaluation of post-treatment H3K4me2 expresgm levels by

immunoblotting

We next evaluated the H3K4me2 expression levelsASUMI cells treated with TCP
derivative4.11 by immunoblotting.

Treated cells (200 nM concentration) were cultdfed h, 4 h, 6 h, 48 h and 72 h. Cell
lysates were separated by 14% SDS-polyacrylamitielgetrophoresis (SDS-PAGE)
and blotted membranes were probed for H3K4me2 éhtadtal).

Figure 4.27: Western blot analysis of the methylatin state of H3 after treatment of KASUMI cells with
compound 4.11 (200 nM) for different time points. The blots indicated the H3K4me2 levels (top) compacketo

H3 (total, loading control - bottom).

Data revealed that 200 nM treatmenth 4.11were sufficient to promote an increase of
H3K4me2 over time, strikingly correlating the comopds activities with LSD1

inhibition. The highest levels of expression weretedted after 48 and 72 h of
incubation, while shorter exposures were in cobttasable to produce significant
modulation of H3K4me2 expression. The result evidésd the slow course of action

of the new TCP analogues, which was already obderveell viability assays.
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4.3.4. CD86 evaluations

By RNA sequencing and analysis of the THP-1 ceik lupon treatment with an
inhibitor of LSD1, Somervaille’s group has recendgscribed the transcriptome that
correlates with LSD1 inhibitiok®® The group found that one of the most up-regulated
genes was CD86. This cluster of differentiatiorobgk to the immunoglobulin family
and operates as a linker for the co-inhibitory inmemwesponse of the CTL4 and CD28
receptorg®?2%3The CD86 marker is expressed by antigen-holdingenty cells, such
as macrophages, dendritic cells and monodfek.is currently used as a biological
marker to demonstrate cellular LSD1 inhibitigh.

To evaluate a potential increase of CD86 exprestiggered by the novel LSD1
inhibitors, THP-1 cells were incubated with10 and 4.11 (200 nM) and after the
appropriate treatment course (24 h, 48 h, and e ells surface was stained with
CD86 antibody (Ab) conjugated with a fluorophorkigfrescein isothiocyanate FITC).
Cells were next analysed by flow cytometry (Figu4e28 and 4.29).
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Figure 4.28: Effects of 4.10 (200 nM, 24 h, 48 h art® h) on the expression of CD86 in THP-1 cells.

(A) 24 h treatment(B) 48 h treatmentC) 72 h treatment(D) statistical analysis. Cells were gated based omaiat
scatter (FSC) and side scatter (SSC) parametetise IK-axis are reported the mean fluorescenceaser of treated
cells stained with CD86-FITC conjugated Ab and theoféscent increase of the control (untreated céli&
Isotype-FITC). In the Y-axis is reported the celunt GraphdD-E shows the results graphically summarised for
three independent experiments. Statistical siggifie was determined with two-way ANOVA and corrécter
multiple comparisons with Bonferroni’'s test. Valuem® expressed as means % of increase + STD (n=3]y

0.0001.

169



Chapter 4

Figure 4.29: Effects of 4.11 (200 nM, 24 h, 48 h ant® h) on the expression of CD86 in THP-1 cells.

(A) 24 h treatment{B) 48 h treatment{C) 72 h treatment({D) statistical analysis. Cells were gated based on FSC
and SSC parameters. In the X-axis are reported #an rfluorescence increase of treated cells staiitbdCD86-
FITC conjugated Ab and the fluorescent increaseoatrol (untreated cells- 1gG Isotype-FITC). In theaXis is
reported the cell count. GrapBsE shows the results graphically summarised for thmedependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with

Bonferroni's test. Values are expressed as mearfiifgrease + STD (n=3); ****p < 0.0001.
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Following 24 h treatment, only a small percentadecalls incremented the CD86
expression. The effects become more evident witie tas after 48 h and 72 h
incubation with4.10 and 4.11, the CD86 expression increased by 70-90% in al th
analysed samples (Table 4.4). The data promptéadl insestigate i#.10and4.11were
capable to induce CD86 expression in other cekdifiMV4-11, OCI-AML3 and
KASUMI cells, Figure 4.30-4.31).

Figure 4.30: Effects of 4.10 and 4.11 (200 nM, 48amd 72 h) on the expression of CD86 in MV4-11 cells

(A-B) Results following 48 h and 72 h treatments withG (D-E) results following 48 h and 72 h treatments with
4.11; (C-F) statistical analysis; cells were gated based o &% SSC parameters. In the X-axis are reportédd bo
the mean fluorescence increase of treated cellsestavith CD86-FITC conjugated Ab and the fluoresdentease

of control (untreated cells- IgG Isotype-FITC). hetY-axis is reported the cell count. Statistidgghsicance was
determined with two-way ANOVA and corrected for mtiple comparisons with Bonferroni's test. Values are

expressed as means % of increase (compared t@lan8TD (n=3); **p < 0.01; ***p < 0.0001.
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Figure 4.31: Effects of 4.10 and 4.11 (200 nM, 48dnd 72 h) on the expression of CD86 in OCI-AML3 and
KASUMI cells.

(A-B) Results following 48 h and 72 h treatments with0in OCI-AML3 (A) and KASUMI (B); (D-E) Results
following 48 and 72 h treatment with11in OCI-AML3 (D) and KASUMI (E); (C-F) statistical analysissells were
gated based on FSC and SSC paramdieithe X-axis are reported both the mean fluoreseéncrease of treated
cells, stained with CD86-FITC conjugated Ab and tlkerescent increase of control (untreated cell& lgotype-
FITC). In the Y-axis is reported the cell count. Statatisignificance was determined with two-way ANOVAda
corrected for multiple comparisons with Bonferronést. Values are expressed as means % of ingie@spared to
control) £ STD (n=3); ****p < 0.0001.

Given that alsot.14 revealed interesting biological results in enzymaind cellular
evaluations, we decided to test whether ththi@phenethylamine substituted analogue
was equally able to induce the CD86 expression WAM1, THP-1, KASUMI and
OCI-AML3 cells at nM concentrations (200 nM).
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Figure 4.32: Effects of 4.14 (200 nM, 72 h) on thexgression of CD86 in THP-1, MV4-11, KASUMI and OCI-
AMLS3 cells.

Cells were gated based on FSC and SSC parametéh® Xraxis are reported both the mean fluorescéamrease
of treated cells stained with CD86-FITC conjugatedahidl the fluorescent increase of control (untreatdts-lgG
Isotype-FITC). The Y-axis is the cell count. Statist significance (plot E) was determined with tway ANOVA
and corrected for multiple comparisons with Bonfar® test. Values are expressed as means % ofasere
(compared to control) + STD (n=3); ***p < 0.0001.
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Table 4.4 summarises the data gathered with CD&uations in THP-1, MV4-11,
OCI-AML3 and KASUMI cell lines with4.10, 4.11,and4.14following 24 h, 48 h and
72 h treatments (200 nM).

Table 4.4: Increase (%) of CD86 expression inducedybl CP derivatives 4.10, 4.11 and 4.14 in AML cell lies
(200 nM, 24 h, 48 h, 72 h).
Results are expressed as % of increase normalise-ttveatment level (DMSO-vehicle control) + STiD=8); nt:

not tested.
Compound Cell line
(200 nM) 24h 48h 72h
4.10 29.0+5.7% 80.3+4.2% 92.9+1.2%
411 THP-1 18.5+1.7 % 70.3+8.2% 92.4+3.3%
4.14 nt nt 40.3+1.9%
4.10 41.8+0.7% 79.5+3.2%
411 MV4-11 nt 38.9+1.7% 81.2+2.5%
4.14 nt 94.1+0.3%
4.10 65.5+4.3%
4.11 OCI-AML3 nt 69.8+5.7%
4.14 78.3+3.7%
4.10 81.7+3.1%
4.11 KASUMI nt 73.8+3.4%
4.14 69.0+1.7%

The overall analyses imply that the novel inhilstérlQ 4.11and4.14 are capable to
induce the expression of the CD86 marker in AMU tieks. Specifically, treatment
with 4.10 and4.11 showed a marked effect on THP-1 and MV4-11 celisile 4.14
promoted only a 40% increase THP-1 and pronounffedte in MVV4-11 cells. Similar
results were observed for the three TCP-analogu€3dIl-AML3 and KASUMI cells.
The registered induction of CD86 expression sulbisi@nfurther that the biological
effects of the compounds correlate with LSD1 inindii. Moreover, as the CD86 is
present in the surface of macrophages, dendrili€ @ed monocytes, the post-treatment
induction of such marker in tumorigenic cells ikely to correlate with a potential
differentiating mechanism of action. To verify thistial information, the levels of
CD11b and CD14 were analysed in AMLs treated whhaoncentrations off.10and
4.11
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4.3.5. CD11b and CD14 evaluations

CD11b and CD14 are glycoproteins situated on thelony cell surface with antigen
properties. They are exclusively expressed in nealemcocytes and undifferentiated
cells lack their expressidti?®* Consequently their expression levels are examined
estimate the differentiating properties of pharntagical agent$-2%7

In the following experiments, AMLs (U937, MV4-11 ASUMI, HL-60, THP-1, OCI-
AML3) were treated with 200 nM o£.10 or 4.11 and following 48 h incubation, the
levels of CD11b and CD14 were examined by flow oytry (Figures 4.33-4.44).
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Figure 4.33: Effects of 4.10 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hbn
U937 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the mélaorescence increase for FITC-CD14 Ab; in the Xf6ds
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forethirelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as means@pb4-CD11lbncrease + STD (n=3); ****p < 0.0001.
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Figure 4.34: Effects of 4.11 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hbn
U937 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the mélaorescence increase for FITC-CD14 Ab; in the Xf6ds
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocydiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forethirelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’'s test. Values are expressed as mean$ @D&4-CD11lbincrease + STD (n=3);***p < 0.01;****p <
0.0001.
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Figure 4.35: Effects of 4.10 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hkn
HL-60 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PlatsandD show the
gated population: in the X-axis is reported the mélaorescence increase for FITC-CD14 Ab; in the Xf6ds
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated cesshows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with

Bonferroni’s test. Values are expressed as means@pb4-CD11lkincrease + STD (n=3); *** p < 0.001.

178



Synthesis of irreversible inhibitors of LSD1 taiigg acute myeloid leukaemia

Figure 4.36: Effects of 4.11 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hkn
HL-60 cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oeecell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldatsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated ceEsshows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as meansCpd4-CD11bncrease + STD (n=3); *p < 0.05, ***p < 0.001.
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Figure 4.37: Effects of 4.10 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hkn
THP-1 cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oemcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldatsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated ceBsshows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as meansCpbd4-CD11bncrease + STD (n=3); ****p < 0.0001.
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Figure 4.38: Effects of 4.11 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hbn
THP-1 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocydiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forethirelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as means@pd4-CD11lbncrease + STD (n=3); **p < 0.01.
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Figure 4.39: Effects of 4.10 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hbn
OCI-AMLS cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oeecell debris.
Plots A, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocydiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forethirelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as meansCpd4-CD11kncrease + STD (n=3); **p < 0.01.
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Figure 4.40: Effects of 4.11 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hkn
OCI-AML3 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldatsandD show the
gated population: in the X-axis is reported the mélaorescence increase for FITC-CD14 Ab; in the Xfds
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated ceEsshows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni's test. Values are expressed as means@pb4-CD11lbncrease + STD (n=3); ****p < 0.0001.
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Figure 4.41: Effects of 4.10 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hbn
KASUMI cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oemcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as meansCpd4-CD11kbncrease + STD (n=3); **p < 0.01.
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Figure 4.42: Effects of 4.11 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hkn
KASUMI cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oeecell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldatsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated ceEsshows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’'s test. Values are expressed as mean$ @Da4-CD11hincrease + STD (n=3); **p < 0.01, ****p <

0.0001.
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Figure 4.43: Effects of 4.10 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hkn
MV4-11 cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oeecell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocydiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as meansCpbd4-CD11bncrease + STD (n=3); ****p < 0.0001.
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Figure 4.44: Effects of 4.11 (200 nM, 48 h) on thexpression of differentiation markers CD14 and CD11hbn
MV4-11 cells.

FSC and SSC profiles were applied for the initiaingaby selecting cell size and distribution and oeecell debris.
Plots A, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the méaorescence increase for FITC-CD14 Ab; in the Xfsas
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocydiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forethirelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni’s test. Values are expressed as meansCpbd4-CD11bncrease + STD (n=3); ****p < 0.0001.
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Table 4.5:Increase (%) of CD14 and CD11b expression induced/bICP derivative 4.10 in AMLs (200 nM, 48
h).
Results are expressed as % of increase normaliggé-toeatment level (DMSO-vehicle control) + ST=8).

Cells line treated with CD14 increase CD11b increase
4.10 (200 nM) 48h (% * STD, n=3) (% % STD, n=3)
U937 24.2+1.5 94.2+1.2
HL-60 20.8+3.0 68.3+11.8
OCI-AML3 69.7+12.3 70.4+13.9
MV4-11 83.0+1.51 70.4+1.5
KASUMI 2.7+0.7 17.9+3.5
THP-1 97.0£0.9 93.6%5.3

Table 4.6: Increase (%)of CD14 and CD11b expression induced by TCP derivate 4.11 in AMLs (200 nM, 48
h).
Results are expressed as % of increase normaliged-toeatment level (DMSO-vehicle control) + ST=8).

Cell lines treated with CD14 increase CD11b increase (% *
4.11 (200nM, 48 h) (% £ STD, n=3) STD, n=3)
U937 14.1+0.9 90.6+2.6
HL-60 29.1+4.7 66.1+11.0
OCI-AML3 84.4+5.6 72.5+9.3
MV4-11 80.5+2.8 72.9+4.4
KASUMI 3.8+0.1 23.4+0.9
THP-1 97.1+1.2 98.4+0.4

As anticipated with the examination of CD86 expi@ssthe compounds’ ability to
trigger cell differentiation was confirmed by théfeets registered with CD14 and
CD11b experiments. The compounds were able to asereCD14 and CD11b

expression in leukaemia after 48 h and at a dos206f nM. Equal activities were
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obtained with4.10and4.11 However, results revealed tialOwas unable to promote
a significant increment of the monocytic marker @ha KASUMI and HL-60 line,
whereas a moderate increase was registered aftemient withd.11in the same cells.
Therefore such data imply an incomplete differgmrafor HL-60 and KASUMI cells.
In the case of KASUMI, the lack of CD14 expressieas accompanied with a drop in
cell count (Figure 4.41 and 4.42). Notably, the tgomatment induction of the
differentiation markers was significant also in U9and OCI-AML3 cells, which

demonstrated a lower sensitivity4d.0and4.11treatments in cytotoxicity assays.

4.3.6. Effects on normal hematopoietic stem cells

The CD34 marker is a differentiation stage-specléacocyte antigen present in
immature hematopoietic cefi®2% Leukaemic blasts or differentiating cells do not
express such markers and the CD34 expression desrdaring the maturation process.
Because of its features, this marker is commonggdus leukaemia studies to determine
the toxicity of anti-AML agent83%If the treatment results in toxicity, cells cedse
express CD34%:3%0

As previously mentioned, the pharmacological detetof LSD1 has been correlated
with toxic effects for normal dividing blood cefi§®* Therefore, to examine the
potential toxicity associated with.10 and4.11, post-treatment expression CD3#as
evaluated by flow cytometry. In order to do §&1)34" expressing blasts derived from
patient bone marrow biopsies were exposed to isgrgaconcentrations ¢f.10 and
4.11(0.001 pM-10 pM concentrations range) or left eated, and cultured for 48 and
72 h. Cells stained with CD34 Ab were analyseditwy icytometry (Figure 4.45).

189



Chapter 4

Figure 4.45: Healthy CD34 HSC counts after treatment with increasing concemations of 4.10 and 4.11 for 48
hand 72 h.
Statistical significance was determined with ongswaNOVA and corrected for multiple comparisons with

Dunnett’s test. Data are shown as means + STD (n=3)

Results revealed that the numbers of CDB84lls remained unchanged in treated
samples (compared to untreated) during all the toarses. Even at high dose (10
1M), CD34 expressing cells were insensitive to titeatment. Hence, based on this
result, the LSD1 pharmacological suppression eadnel.10and4.11is not associated
with toxicity for normal dividing cells nor inducedifferentiation in non-leukaemic
stem cells; the results confirm the specificity grd-clinical safety of the examined

TCP-derivatives.
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4.4. Evaluation in human prostate adenocarcinoma tle

Further investigations were carried out on LNCabstate adenocarcinoma lines by our
collaborators in Southampton, by Dr. Simon Craldrgup. As said before, LSD1 is
able to associate with AR to demethylate the regoves marks of mono- and
dimethyllysine on H3Kg:6:149.150

For cell viability experiments, cells were expodedincreasing concentrations of the
TCP derivatives and the cell viability measure@@i2 h (Table 4.7).

Table 4.7: Results of enzymatic assay and viabilifgreliminary experiments in LNCaP cells.

Values are expressed in UM + STD (n=3 for enzymataiuations, n=2 for LNCaP evaluations).

Compound ICso enzymatic (%RFU + STD uM, n=3) ICso LNCaP inhibition

TCP 21 uM 2.5mM
4.10 0.3+x0.01 515.2+112.2 uyM
411 0.4+0.04 520.3+60.4 uyM
4.14 0.6x0.01 206.3x12.3 uM
4.15 2.4+0.1 162.2+3.7 uM
4.17 1.3+0.2 543.7+£132.4 uM
4.18 0.9+0.1 94.0£110.9 uM

The preliminary evaluation of LSD1 inhibitors relezhan enhanced activity of the new
analogues in hindering LNCaP cell proliferation qgared to TCP. Surprisingly,
compoundgl.10and4.11were among the least active in the prostate io&) Inhibiting
cell proliferation at 500 uM, whereak18 presenting a bromine substituent on the
benzylamine ring, revealed a higher anti-prolifeeatactivity. Compound#.14 and
4.15 were also relatively good inhibitors in arresticgl proliferation (206.3 uM and
162.2 uM) compared to TCP. Further experimentdaneg performed witd.10 4.11,
4.14,4.18 4.22 and 4.23 to examine the downstream molecular markers of 1.SD

inhibition in prostate cell lines.
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4.5. Discussion

The aim of the present study was to synthesisedrsible inhibitors of LSD1 based on
TCP molecular structure. By using a simple synthagiproach, we generated a total of
eighteen new compounds, decorated at the pheryMritih bulky substituents all with
interesting biology. Cell-free enzymatic evaluatmonfirmed the enhanced potency of
the new analogues, as these were 50-fold more tpatempared to TCP. The enzymatic
evaluations were strengthened by cellular experimjewhereby the compounds
produced intriguing effects.

The simplest compound, the amino-oxoethyl subsit@nalogud.19 showed similar
enzymatic activities to TCP. The benzylami®elQ) and the phenethylamin@.11)
derivatives were the strongest LSD1 inhibitors.

The addition of further hindering substituents4id2 (dibenzylamine substituted) and
4.13 (4-phenylbenzylamine substituted), also positivedytributed to improve LSD1
inhibition. Despite the strong similarity betweérl2 and 4.13, the former is 40-fold
more potent than the latter; this may arise frompghesence of one more rotatable bond
in 4.12 that can potentially confer an increased mobiitythe benzyl rings that can
adjust in the catalytic cleft of LSD1.

Bioisosteric substitution of the phenethyl ring 4fLl1 with thiophenethyl, leads to
compound4.14. Given thatthe vinylene (-CH=CH-) group is a ring equivaleftttve
divalent sulfur in the thiophene ring, compou#d4 displayed a similar biological
profile to4.11

Replacement of benzyl and phenethyl with non-araraigs was less favourable for
the activity. Cyclohexanemethyl4.l5 and cylohexaneethyl 4(16 substituted
analogues suppressed LSD1 enzymatic activity diemigoncentrations (2.5 uM and
5.4 uM respectively) compared to the aromdti0and4.11 The result emphasises the
importance of the aromatic rings at that positieihich can potentially promote
stronger interactions with the flat hydrophobic LIS€atalytic site. Cellular experiments
with 4.15 and 4.16 revealed similar anti-proliferative effects in KASIl, U937 and
MV4-11 cells.

Thereafter, we decorated the benzyl ring4df0 with different substituents ipara
position and specifically with bromind.(7), fluorine @.18), chlorine, 4.19, methoxy

(4.20 and nitro 4.21)groups. In some cases, the presence of such sidogsitcritically
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influenced the binding activity of the small moléesi The fluorine substituted.17
retained both enzymatic (1.3 uM) and cellular atés. Also the bromine substitution
did not alter the drug’s pharmacology, 448 blocked LSD1 demethylase at nM
concentrations and hindered the proliferation of XMI and MV4-11 cell lines
equally well. Moreover, additional cell viability ssays performed in prostate
adenocarcinoma LNCaP cells revealed tHat8 was able to arrest cancer cell
proliferation at lower concentrations comparedh® potent anti-leukaemia agedtd0
and 4.11 Bromine substitution increases the molecule liplopty and the greater
effects in LNCaP cells of such analogue could Hated to the electronic changes
conferred by the halogen.

Substitution with chlorine4(29 resulted instead in a reduced anti-LSD1 effestna
enzymatic inhibition was detected at 50 uM. Chleriis an electron-withdrawing
substituent and it increases the molecule’s glabality and lipophilicity by decreasing
the pKa. Consequently, this modification can compse the original non-substituted
benzyl ring interactions with the target cleft.

The strong electron-donating methoxy, annexedeab#nzyl ring iM.20 displayed an
unfavourable binding profile with its enzymatic igity fading to 32 uM. The N©
para-substitution in4.21 also exerted an unfavourable effect towards th®1S
inhibition. The nitro group is a strong electrorttvdrawing group and its presence
dramatically decreases the lipophilicity. This ofpann properties have potentially led
the molecule to interact with less hydrophobic oegi of the LSD1 cleft. Although
some enzymatic potency was maintaine@]1failed to impair cell proliferation. Hence,
collectively these data suggest that marked eleeatrithdrawing and electron-donating
groups are unfavourable for the interactions wiDIL catalytic pocket.

Nitrogen containing aryl moieties are commonly fdun drugs® and to direct further
SAR, the effects of pyridyl-piperazine4.22 and pyrimidyl-piperazine 4(23
substitutions were analysed. The biological profilas found to be similar for both
substitutions ag.22 and4.23 were equally able to impede LSD1 demethylatiorat
MM concentration. AMLs viability was also effectiyereduced with nM treatments
with such compoundsThese results prompted us to further exploit suctctural
modification and we expanded the library with males4.24-4.27 Compoundst.24

and 4.25 have, in addition to piperazine, a sulfonamide congmt. Sulfonamides are
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known to have anti-cancer potenti?d;?°® hence their insertion in the library. The
evaluation of4.24 and 4.25 demonstrated that sulfonyl-containing molecules are
suitable to fit the LSD1 enzymatic cleft.

The piperazine component was further investigatéti wompounds4.26 and 4.27,
which have a supplementaortho substituted phenyl ring with a fluorine or nitrile
group, introduced to maximise the structural dikgrsf the library. Both modifications
generated potent LSD1 inhibitors with strong amthferative properties in all the
tested cell lines.

To fully characterise the biological behaviour bé thew TCP derivatives, compounds
4.10 4.11 and 4.14 were selected for further analyses given theith hégzymatic
potential in contrasting LSD1 demethylase, the hgymthetic yield and the easy
purification compared to other compounds$e cellular evaluations started with the
examination ofTCP in MV4-11, HL-60, THP-11, U937, KASUMI and OCI-ANL
cells. TCP was able to hinder cell proliferation after 72 thirmcubation and marked
decrease in cell viability was registered at 30 [ @dmpoundsgt.10and4.11were next
analysed in the leukaemia cells at lower concentrat(1-100 nM) and four different
time courses (24 h, 48 h and 72 h). After 24 rgtinents were ineffective in arresting
cell growth whereas marked decrease of cell vigbiias observed after 48 h, 72 h and
120 h in all the analysed cell lines. This delagdfgct might be partially due to the
positive charge present in the molecules. Posiinggges may hinder the penetration of
these compounds inside the cell membrane. Howekiex,slow activity could also
represent a physiological effect of pharmacologazion on cellular LSD1. In keeping
with this, other studies reported similar treatmamirse to achieve significant reduction
of cell proliferation via LSD1 inhibitiod!4175:304

To verify that the observed activities were drivieym an irreversible mechanism, a
washout experiment was employed with compouhd§) 4.11 and4.142°13% Results
confirmed that the biological data are promotectbyalent inhibition as after washout,
4.10, 4.11and4.14retained the anti-proliferative behaviour.

Immunoblotting evaluations in KASUMI cells treateith 200 nM of4.11 for different
time courses (2 h, 4 h, 6 h, 48 h and 72 h), shaaviethe dependent accumulation of
the H3K4me2 expression, which was most markedviatig 48 h and 72 h. As several

studies indicate that LSD1 inhibition promotes theactivation of myeloid-
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differentiation associated gerf€she induction of differentiation markers was asses
by flow cytometry.

The marker CD86, for which the induced expresssodgitiectly linked with the LSD'#°
inhibition, was evaluated first. Treatments witfD2@M of 4.10,4.11 or 4.14for 24 h,
48 h and 72 h demonstrated a marked increase ir6 @@ ession in THP-1, MV4-11,
OCI-AML3, HL-60, KASUMI and U937 cells. Once mortne compounds biological
effects were time-dependent as short exposureshj24vere unable to increase
significantly the CD86 expression. In contrast, lpnged incubations (48-72 h)
promoted a marked induction of the examined paramet

To further characterise the differentiating poteintf the drugs, theellular levels of
CD11b and CD14 expression were measured aftermtessis with 4.10 and 4.11
Results revealed that 48 h incubation with 200 fNdenzyl and phenethyl substituted
TCP derivatives strongly induced the expressionC@fllb and CD14 markers in
leukaemia cell lines. The expression of the maimadssociated myeloid surface
marker CD11b implies that treated cells are difiieding along the
monocytic/macrophagic pathways. In addition, célit demonstrated less sensitivity to
the LSD1 inhibitors in cytotoxicity assays, such @837 and OCI-AML3, also
displayed a marked increase of CD11b. The stroogease in differentiation markers
justifies the initial results observed during cwbatity evaluations in OCI-AMLS,
whereby following 24 h exposure a significant irmse in cell growth was registered.
Moreover,none of the tested derivatives revealed a 100%biitndm of cell survival
rates. In the light of these data, a possible ewgtian for the partial inhibition is that
the compounds did not cause cell death, but diiteaon instead. Therefore the CD
data clarify why the dose-response curves weraesaathing zero proliferation even at
high concentrations. Noteworthly, the reagent usecheasure cell survival (CellTiter-
Glo®) quantifies cellular ATP production and does ndscdminate between
differentiating and tumorigenic cells.

The treatment witl.10 (200 nM, 48 h) resulted only in a moderate increzfdguman
monocytic endotoxin receptor CD14 in U937 and lesponse in HL-60 and KASUMI
cells. This implies a partial differentiation ofetlanalysed samples. KASUMI and HL-
60 cells belong to the M2 class and are myelolddstikaemia models characterised by

a very poorly differentiated staté®:3% Likely, increased exposure time and drug
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concentrations could have led to a significant Cdegrease. Also, several studies
reported a special pathway for HL-60 cells termidiflerentiation in regard to CD14
expression. It is in fact showed that HL-60 cedifer exposure to maturation inducer
agents, were less able to express CD14 comparedtiter AML lines?96:306
Additionally, Paliset al.reported that HL-60’s ability to differentiate cha affected by
the number of passages during cell culture proesdfi Taken together, the data
obtained for HL-60 cells could depend on the dek rather than solely being an effect
of 4.10 Unlike HL-60 cells, in KASUMI the limited respoagoncurs with a reduction
in cells count and such effect was observed iretimdependent replicates.

To evaluate the haematological toxicity associat@td LSD1 suppression, the effects
of 4.10and4.11were examined in normal hematopoietic stem cedigassing CD34
Human hematopoietic non-malignant CD3éxposed for 48 h and 72 h with
concentrations up to 10 uM df10and4.11, did not show sensitivity to the treatment,
accrediting the specificity of such LSD1 inhibitdos tumorigenic cells and their safety
for normal HSC.

An interesting observation resulting from this gstudas the great effect of CP
derivativeson MV4-11 cell line. Genetically, MV4-11 cells amharacterised by
overexpression of thé&ms-like tyrosine kinase 3nutation (FLT-3)°® In normal
hematopoietic cells, FLT-3 acts as a growth fabtostimulating the hematopoietic cell
progenitors to differentiate and increase the nunob® and T cells. In AML context,
FLT-3 suffers two types of mutations; one is théeinal tandem mutation of the
juxtamembrane region (ITD) and the other is poinitation tyrosine kinase (TKD).
FLT-3, ITD and TKD mutations concur to promote hglaindependent activation of the
receptor, leading to the blast cell survival ovkeit normal counterpa?t® Thus,
accordingly to the results obtained in MV4-11, gtdonceivable to hypothesise that
LSD1 is somehow linked with the FLT-3 mutation atslpharmacological inhibition
could revert the sustenance of blast cell suniiedugh the disruption of FLT-3-ITD-
TKD activity. Although until now there is no sciéit evidence reporting LSD1 direct
involvement wit FLT-3, Shitet al. associated the reduced methylation marks with-FLT

3 ITD mutation3®®
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Derivatives were also evaluated in LNCaPs. The aamgs presented an enhanced
anti-proliferative activity compared to TCP, whialrested cell proliferation only at 2.5

mM.

Unfortunately, during the course of this work, ttmmpany Takeda filed a patent for

LSD1 inhibitors with similar structures to the ormeported here and structu4€l0 is

included in such work.

4.6. Conclusions and future work

In this project a series of TCP analogues contgiaiisubstituted cyclopropyl core have
been designed and synthesised. The used syntloetie enabled the generation of
nineteen new analogues in seven steps.

A fluorometric assay was used to test the enzymetitvity and eight compounds
proved to antagonise LSD1 demethylation at nM cotradons. The data confirmed
that analogues with bulkier substituents at the T€oRe greatly impair the LSD1
catalytic activity and the substituents natureaalty influences the drugs final effects.
Strong electron withdrawing and electron-donatingug@s generated weak analogues,
whereas sulfonyl-containing moieties resulted iwvotaable substitutions for the
interaction with the target.

The link between the compounds activity and LSOHibition was strongly supported
by the analyses of downstream molecular markers L8D1 inhibition, as the
accumulation of H3K4me2 and CD86 expression.

Biological evaluations were carried out in an egesh panel of leukaemia cell models
and the analogues showed a 1000-fold enhancedgmaloactivity compared to TCP
scaffold. Compoundt.10 and 4.11 have proved to trigger cell differentiation at nM
concentrations as demonstrated by the analysisDif4Cand CD11b post-treatment
expression levels in six vitro models of AML. The compounds have also been
evaluated in LNCaP cells showing enhanced actoatyipared to TCP in arresting the
cancer proliferation. In addition, the compoundseveon-toxic for fast-reproducing
normal cells, hence selective for cancer cells.

Being drug-like analogues, the compounds could dsessed inn vivo models for
leukaemia as single agents or in combination wittielo AML inhibitors or other

epigenetic drugs.
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Chapter 5 - Evaluation of synthetic intermediates as
potential inhibitors of LSD1

5.1. Introduction

The established mechanism for the LSD1 inactivatidh TCP-like compounds rely on
the formation of a covalent adduct between the: Mibup of TCP and the FAD
isoalloxazine ring. This irreversible modificatiompedes the FAD-dependent LSD1
demethylase activity on targeted histo@sAccordingly, compounds bearing a
protected amine group are prevented to form thaleov adduct with the FAD ring.
The primary amine is necessary for the covalent ifiwation, involving electron
reduction of LSD1-bound-FAD complex and homolytieavage of the cyclopropyl
ring with the formation of a five-membered ring dta adduct®*>%1’ During the
evaluation of TCP derivatives reported in Chapter #vo synthetic tert-
butyloxycarbonyl protected (Boc-NHintermediates revealed, surprisingly, potent-anti
proliferative activities.

Compounds5.1 and 5.2 (Figure 5.1 A) were synthesised through the Horner
Wadsworth-Emmons reaction of 4-methyl formylbenepdbhnson-Corey-Chaykovsky
cyclopropanation, Curtius rearrangement and anadedtion following the procedures
described in Chapter 4. These correspond to thegisal precursors of TCP analogues
4.11and4.14 In a cell viability experiment with LNCaP cells,1 and5.2 showed an
exceptional ability to hinder cell proliferation @i concentrations (1655.1 = 260 nM,
and 1Go 5.2 = 650 nM, Figure 5.1). Notably, a much lower atgiin the same cell
lines was observed for the free amine countergattsand4.14 (Chapter 4 and Figure
5.1 B).
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Figure 5.1: Effects of TCP derivatives 4.11 and 4.14 and their Beprotectedprecursors5.1 and 5.2 on LNCaP
cells proliferation.

(A) Molecular structure 0b.1, 5.2 (Boc-protected compounds) arddll, 4.14 (free amines);(B) ICsos values
determined with cellular evaluation 6f1 and5.2 in LNCaP cells. Results are expressed as means fu8mMD
(n=2); (C) Dose- response curves showing the effects.bfleft) and5.2 (right) in LNCaP cells. The X-axis is in
logarithm of concentration (M, Molar); Y-axis iset of RLU (relative luminescence unit) normalisedaseline

(100 % activity, vehicle control - DMSO). Data wditted by nonlinear regression analysis.
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To test whether the results obtained wbth and5.2 were linked to LSD1 inhibition, we
evaluated their enzymatic ability in arresting LSDRiemethylase activity with
Amplex®’Red peroxidase-coupled assay. However, the comgowrde enzymatically
inactive in the cell-free assay (data not shown).

The experiment was repeated with the following d¢obos: 1) increasing the
concentration of inhibitors (up to 250 uM2) increasing the incubation time of
LSD1+inhibitor (overnight, 72 h and 96 h). In dietcases.1 and5.2 were unable to
arrest the substrate demethylation.

To support the data obtained in prostate cancés, ¢dbk anti-proliferative activities of
5.1 and 5.2 were evaluated in AML cell lines. Cell viabilityf KASUMI, MV4-11,
OCI-AML3, HL-60, THP-1 and U937 cells, treated witlicreasing concentrations of
5.1and5.2 (10 uM, 3 uM, 1 uM, 0.3 pM, 0.1 uM, 0.03 pM, 0,08, 0.003 uM and
0.001 pM, 72 h) was measured with CellTiter-&lo

High anticancer potency was revealed for both tmapounds in the AMLs (Figure 5.2,
Figure 5.3 and Table 5.1).

Figure 5.2: Dose-response curves showing the effectsNiprotected TCP derivative 5.1 on AMLs proliferation
(72 h).

The X-axis is in logarithm of concentration (M, Mg); Y-axis is the % of RLU (relative luminescengasit)
normalised to baseline (100 % activity, vehicletcoln- DMSO). Data were fitted by nonlinear regiessanalysis.

Data are shown as mean + STD (n=5).
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Figure 5.3: Dose-response curves showing the effecf N-protected TCP derivative 5.2 on AMLs proliferation

(72 h).

The X-axis is in logarithm of concentration (M, Mo); Y-axis is the % of RLU (relative luminescengnit)

normalised to baseline (100 % activity; vehicle tcoh DMSO). Data were fitted by nonlinear regressanalysis.

Data are shown as means + STD (n=5).

Table 5.1: Enzymatic and anti-proliferative activity (ICso values) of TCP analogues 4.11 and 4.14 and their

respectiveN-protected precursors5.1 and 5.2.

Values obtained in enzymatic and cell viability eximents are reported in uM + STD (n=3 for enzymati5 for

cellular evaluations); ** Tested at two concentati (100 nM and 1 pM).

Assay 411 4.14 5.1 5.2
Enzymatic 0.5+0.42 0.6+0.83 > 250 > 250
Cell viability

MV4-11 0.2+0.1 0.1+0.8 0.5+1.1 0.6+0.7
HL-60 0.06+4.2 0.2+3.6 0.4+£1.2 0.5+0.4
THP-1 0.2+2.1 1.0+0.1 0.2+4.3 0.6+0.5
U937 1.2+2.1 0.6+0.1 0.4+0.4 0.6+0.2
OCI-AML3 0.06+4.2 X 0.4+1.7 0.5+0.7
KASUMI 0.7+0.3 0.6+8.2 0.5+1.3 0.7+0.1
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As shown in Figures 5.2-5.3 and Table 5.1, Bocqutie intermediateS.1 and5.2
were able to arrest AMLs proliferation at low pvhge, mirroring the cellular results
obtained with the free amine counterparts. Interght, unlike the latter, the treatments
with 5.1 and5.2 produced a 100% inhibition of cell survival.

Given the compounds unusual structural featuretlaaid capacity to act as potent anti-
proliferative agents in both prostate and AMLs, dexided to explore further thé-
protected TCP analogues.

At the beginning of the study, three mechanismseweypothesised to justify the
biological data fob.1and5.2

l. The Boc-compounds function gwo-drugs The N-protecting group could
facilitate the compounds cellular uptake by maskimg positively charged free amine
and increasing lipophilicity. Once inside the cettembrane, these could be possibly
converted to the irreversible inhibitors by thelsehtetabolic machinery.

I1. The observed activity is based on an LSD1-unrelatedhanism.

[l The compounds act through an LSD1-dependent mesthanithout impairing
LSD1 demethylase activity.

In order to establish which of the three hypothasgisnechanisms is more likely to
occur, we took the following steps.

First, we assessed the compounds in other canttdines to investigate on their anti-
proliferative potential.

Second, to verify if the biological observationgéed exclusively on thiE-protection
or if other structural features contribute to theug$’ effects, other TCP-related
compounds bearing a Boc-protecting group were eatatl Additionally we
investigated the activities of simil&Fprotecting groups.

Third, we employed biological experiments (time4s®m) washout and downstream
evaluation of LSD1-dependent biological markers¥ulty profile the compounds in
leukaemia cells and eventually confirm or revoke thSD1 implication in the

compounds’ pharmacology.
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5.2. Towards the molecular mechanism of action ofd®-

protected TCP derivatives

5.2.1. Further cytotoxicity assays in prostate anlaematological

cancer cell lines

To further research on the abilities 5f1 and 5.2 to suppress tumour growth, we
performed supplementary evaluations on prostatédharthatological cancers cell lines.
Prostate cell lines PC3 and DU145 which possessratel (DU145) and high (PC3)
metastatic potential compared to LNCaP line, wengposed to increasing
concentrations 0b.1, its free amine derivativd.11 and5.3, corresponding t@&SK-
LSD1 (Figure 5.4%7° The latter is one of the most potent and seledtiébitors of
LSD1 reported to date withkg of 16 nM and proved capacity of arresting small ce
lung cancer (a solid tumour) proliferation at nMhcentrations (2-240 nM). As GSK-
LSDL1 is currently used as a positive control foDl1Sstudies, we decided to include the
molecule in the cytotoxicity assays to compareadsvity with our anticancer agents in

prostate adenocarcinoma céfl$.

Figure 5.4: Molecular structure of GSK-LSD1.
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Figure 5.5: Cell viability results in PC3 (A) and DJ145 (B) cells, assessed by MTT assay (72 h).
Cells were treated for 72 h with different concatitms of GSK-LSD1 (black bars)4.11 (orange bars)
and5.1 (white bars). Results are expressed as a % oVieddility (compared to control - untreated cells).

Data are shown as means * SD (n=6).

The results (Figure 5.5) obtained, further provesl dnti-proliferative activity 0b.1 In
both PC3 and DU145 cell§, 1 treatmentg5 puM, 72 h) reduced cell viability by 80%.
Remarkably, the compound displayed increased efficmmpared to its free amine
counterpart.1], (orange bars) an@SK-LSD1 (5.3 black bars).

Compoundss.1 and5.2 were next evaluated in multiple myeloma (MM) detes, a
type of haematological cancer interesting the ptasells of the bone marroi#f In
MM cells, U266, LP-1, RPMI-8266 and H929 cells, teenpounds were tested only at
a single dose (500 nM) for 24 h, 48 h and 72 h. ddveentration was decided based on
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the results obtained in AML cell lines @6 falling in the range 200-700 nM, Table
5.1). The chosen concentration however, was urtaldause significant effects.

Despite the negative results, the data imply thatdompounds’ pharmacology is not
simply associated with a non-specific toxic meckani

Having gained supplementary evidence thadt and 5.2 promoted the arrest of cell

proliferation and apparently, without correlatingthwunspecified harmful effects, we

prepared additional compounds to establish thestsiral features that are determinant

for the biological data.

5.2.2. Synthesis of diversB-protected TCP-like compounds and their

biological evaluation

To verify whether thetert-butyloxycarbonyl protection is the key element tbe
marked anti-proliferative behaviours Bfl and5.2, we synthesised Boc-protected TCP
and theprecursor of the TCP amide analogu€.10 for which we report potent
biological activities in AMLs %.4 and 5.5, respectivelyFigure 5.6). The compounds
were then tested on AMLs and LNCaPs. If the Bodgmtion was solely responsible for
the increase in cytotoxicity, especially in the siede tumour cells, both.4 and 5.5
would be able to suppress tumour proliferation.

The concentration used for testihgl and5.5 were selected in accordance to the results
reported for the respective free amin€EP and4.10. To tests.4, we used a range of
3 mM-1 uM whereas to tesh.5 we used a range of 10-0.001 puM for AMLs
experiments and a range of 1 mM - 1 uM for LNCaRgeements. Post-treatment
viable numbers were measured after 24 h, 48 h aridtieatment.

Figure 5.6: Boc-protected compounds 5.4 and 5.5 neaular structure.
5.4 Boc-protected-TCP5.5Boc-protected TCP-derivative substituted with béamyne.
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Surprisingly, neitheb.4 nor 5.5 showed activity, suggesting that the presenceaa- B
protection is not the only element defining thei-fumhour properties. Such evidence
also partially refutes the first hypothesised maeddra. Namely, if the activities
observed withb.1 and5.2 were generated by @ro-drugdike mechanismb.4 and 5.5
would have exhibited the same biological propertsstheir free amine homologues
TCP and4.10

Besides that, compoundsl and5.5 share a high structural similarity, which makes th
data even more interesting. The contrasting resoltdd be attributed to the different

para substitutions at the TCP phenyl ring being a mteylamine for 5.1 and

benzylaminefor 5.5 (Figure 5.7).

Figure 5.7: Structures of N-protected TCP derivative 5.1, 5.2 (active) and 5.6nactive).

Notably, both5.1 and5.2 contain the samethyl carbon chain between the TCP-phenyl
ring and the thiophenyl or phenyl moiety (Figur&)5.To assess if the structural
similarity between the active compounds correlatath the cellular effects, a
supplementary structure was generated by coupteagtt(ert-butoxycarbonyl) amino)
cyclopropyl) benzoic acid4(16 Chapter 4) with tryptamine (Scheme 5.1). The
activities of5.6 were then evaluated in HL-60 and THP-1 and LNCaPs.
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Scheme 5.1Coupling of 4-{ert-butoxycarbonyl)- amino) cyclopropyl) benzoic acid4.6 with tryptamine.

Figure 5.8: Dose-response curves showing the effectsNprotected TCP derivative 5.6 on HL-60 and THP-1
cells proliferation (72 h).

The X-axis is in logarithm of concentration (M, radt Y-axis is the % of RLU (relative luminescenceity
normalised to baseline (100 % activity = vehiclatcol, DMSO). Data were fitted by nonlinear regiessanalysis

and are shown as means + STD (n=5).

Following 72 h treatment wittb.6, cell viability results revealed a dose-dependent
decrease of cell proliferation in AMLs ((¢HL-60 = 1.17 £ 0.2 uM and KgTHP-1 =
0.91 £0.1) and LNCaPs (0.45 + 3.2 puM).

In the light of these results, the presence of tayl ecarbon chain in the substituted
amine is probably a key element to achieve biokgiactivity with N-protected
derivatives. However, this must be confirmed, gitbea small number of molecules
tested.

Thereatfter, two further compounds bearing a sinikarotecting group, namely thé-

ethyl carbamate, were synthesiséd @nd5.8, Figure 5.9).
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Figure 5.9: N-ethyl carbamate protected compounds 5.7 and 5.8.

These were prepared by adapting the Curtius regeraant'! protocol and scavenging

the generated isocyanate with ethanol instedadrobutanol.

Scheme 5.2Synthesis ofN-ethyl carbamate TCP derivatives.

The ability of theN-ethyl carbamate derivatives to interfere with LS@dmethylase
was evaluated with the Ampl&Red assay and, similarly to the Boc-compouridg,
and 5.8 were devoid of enzymatic activitjNotwithstanding these prevented AMLs
growth at concentrations similar to the ones oleifor the Boc derivatives.1, 5.2
and5.6 (Figure 5.10-5.11 and Table 5.2).
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Figure 5.10: Dose-response curves showing the effeof N-protected TCP derivative 5.7 on AMLs

proliferation (72 h).

The X-axis is in logarithm of concentration (M, Mo), Y-axis is the % of RLU (relative luminescenceity
normalised to baseline (100 % activity = vehiclatcol, DMSO). Data were fitted by nonlinear regiessanalysis

and are shown as means + STD (n=5).

Figure 5.11:Dose-response curves showing the effectshprotected TCP derivative 5.8 on AMLs

proliferation (72 h).

The X-axis is in logarithm of concentration (M, Mo); Y-axis is the % of RLU (relative luminescengasit)
normalised to baseline (100 % activity = vehiclatcol, DMSO). Data were fitted by nonlinear regiessanalysis

and are shown as means + STD (n=5).
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Table 5.2:1n vitro cytotoxicity results of 5.7 and 5.8 in AMLs prolifeation (72 h).
Results are reported in uM £ STD (n=5); nt: notadst

Compound MV4-11 HL-60 OCI-AML3 U937 THP-1

5.7 1.3+2.7 0.4+£7.45 1.4+0.5 0.3£2.8 nt

5.8 0.5¥1.5 0.7£5.21 0.5+0.4 nt 0.3£1.2

Therefore, the biological evaluations confirmed ek of enzymatic activity for all the
N-protected TCP derivatives and suggested that ribeepce of thé&l-protection is not
the only putative factor for the pharmacologicaleefs. Based on the preliminary
observation, we selecté&dl and5.8 for supplementary studies as representativehéor t
N-protected class of compounds. What follows isdascription of the supplementary
biological evaluations we have made attempting haracterise the effects of the

synthetic intermediates.

5.3. Biological profiling of N-protected derivatives

In order to refute or substantiate a correlationwkben the suppression of LSD1 activity
and the cellular effects, and to further charaséethe pharmacology of tiNprotected
compounds we conducted several experiments witkakuia cells. These consisted in
a study of the kinetics required for the actividywashout experiment to define if the
observed data derive from a covalent inhibition amdluated the expression levels of
downstream markers associated with LSD1 inhibitimal differentiation (H3K4me2,
CD86, CD11b and CD149:1%Finally, we examined the potential toxic effecfssal

on non-malignant HSC cells expressing ChO¥#412
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5.3.1. Time-course evaluation

To define the time-course required for the pro@aempounds to trigger effects,1
was incubated with THP-1 (100 nM and 1 uM) and ebility was measured after 24
h, 48 h and 72 h (Figure 5.12). The concentrationghe experiment were kept the
same as for the free amine, to allow a directedpaosison between the data®fl and
4.11

Figure 5.12: Effects of compound 5.1 (100 nM and 1 pM) on the phiéeration of THP-1 cells (24 h, 48 h and 72
h).

Survival (RLU) is normalised to pre-treatment lev&8gatistical significance was determined with eveer ANOVA
and corrected for multiple comparisons using Dursétst. Data are shown as means * STD (n=5);p* 0.001

**%p < 0.0001.
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The data indicate a fast course of actiongdr(Figure 5.12), as a significant decrease
in cell survival was observed after only 24 h tneant. With prolonged exposures the
reduction was even more pronounced, reaching nd@®d6 inhibition at 72 h and 1
MM concentration.

The results differ from the time course observeth\ree amine, which required longer
incubation time (72 h) to exhibit inhibitory effectCompound4.11, the free amine
counterpart of5.1 was unable to reduce significantly the cell vidypilafter short

incubation (Figure 5.13).

Figure 5.13:Cytotoxicity effects of 4.11 and 5.1 (100 nM -1 uMafter 24 h treatment in THP-1 cells.

Survival (RLU) is normalised to pre-treatment lev&8gatistical significance was determined with eveer ANOVA
and corrected for multiple comparisons using Dursiést. Data are shown as means + STD (n=5); *** p < 0.001
***% < 0.0001.
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5.3.2. Evaluation of activity persistence

To determine if the reported effects are due tversible inhibition, the persistence of
the anti-proliferative behaviour .1 was evaluated with a washout experim&nt.
AMLs (MV4-11, THP-1, KASUMI, HL-60, U937 and OCI-AMB were stimulated
with 5.1 (200 nM) or left untreated for 6 h, followed by staut of inhibitor-containing

medium. Compounds residual activity was next messafter 72 h.

Figure 5.14: Washout experiments with 5.1 on AML délines.
Results were obtained with CellTiter-Gland RLU was normalised to control (untreated).i§teal significance
was determined with two-way ANOVA and corrected foultiple comparisons using Bonferroni's test. Data

shown as means + STD (n=5).

Results indicate an irreversible binding5a% was able to maintain over time the anti-
proliferative properties despite the washout. Theatl comparison between continuous
(black bars) and pulsed treatment (green bars)aliggroduce a significant variation in
cell count. In contrastf the activity was generated by a reversible madm,5.1 after
being cleared from the system, would not have ladx® to generate the observed anti-

tumorigenic activitie$*
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5.3.3. Evaluation of H3K4me2 expression by immunobtting

A Western blot analysis of the H3K4me2 levels westremployed to establish whether
the biological data are generated by an LSD1-degr@nohechanism. KASUMI cells
were incubated with 200 nM @&f.1 or left untreated and cultured for 2 h, 4 h, 6 &4
and 72; blotting membranes of separated proteine wmbed for H3K4me2 and H3
(total).

Figure 5.15: Western blot analysis of the methylatin state of H3 after treatment of KASUMI cells with
compound 5.1 (200 nM) for different time points. e blots indicated the H3K4me2 levels (top) compadeto
H3 (total, loading control - bottom)..

Data revealed a progressive increase of di-me#yl&l3 over time and, as the H3K4
demethylation is directly linked with LSD1 inhimn, we cannot exclude the
involvement of LSD1 in the pharmacological actediof5.1

In addition, the increase of the methylation masksignificant after only 6 h of

incubation; in contrast, at equivalent experimeptaiditions (same cell line and same
concentrations), the free amine counterphitl promoted an increase of H3K4me2
after 48 h of treatment. Therefore, the data furthigbstantiate the faster onset of

activity by 5.1
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5.3.4. CD86 expression

As previously mentioned, the increased expressidd86 is a direct consequence of
LSD1 inhibition!®® To corroborate the evidence designating a possib@vement of
LSD1 in the observed activities, we evaluated thst{reatment induction of the CD86
in THP-1 cells with both Boc and ethyl carbamatevdgives. The incubation time was
selected according to the previous experimentseiiliat 6 h were sufficient to induce
H3K4me2 expression and 24 h were sufficient to sareell proliferation, CD86

expression was measured after 24 h treatmentsaiitb.2 and5.8.

Figure 5.16: Effects ofN-protected TCP-derivatives 5.1, 5.2 and 5.8 (200 n\24 h), on the expression of CD86
in THP-1 cells.

(A) 5.1, (B) 5.4 (C) 5.8, (Dptatistical analyses of three independent expetisngith similar results.

Cells were gated based on FSC and SSC parameterss Xepresents the fluorescence increase (compared
control) generated by cells expressing CD86. Skedissignificance was determined with two-way ANO\&kd
corrected for multiple comparisons with Bonferroriést. Values are expressed as means % of inde@s@ared to
control) £ STD (n=3); ****p < 0.0001.
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Table 5.3: Increase (%) of CD86 expression inducedytN-protected TCP derivatives 5.1, 5.2 and 5.8 (200 nM,
24 h) in THP-1 cells.
Results are expressed as % of increase compared-teeptment level (vehicle control) + STD (n=3).

CD86 (%)
Compound
(Compared to control, + STD, n=3)
Control 8.7£2.1
5.1 61.0+1.5
5.2 72.548.2
5.8 46.7+2.9

After only 24 h treatments, the protected derivegiwere able to trigger the expression
of CD86. The registered augment was slightly leasked compared to the free amine
counterparts. In addition, treatments W&l8 (thiophenethylamine TCP-derivativé-
protected as the ethyl carbamate) promoted a lemsopnced increase (46.7+2.9%)
compared to Boc-protect compound. The CD86 evalnatfurther suggest that LSD1

is the possible target of tiNeprotected compounds.

5.3.5. CD14 and CD11b expression

To determine whether the protected compounds affectmyelocytic differentiation
markers, we measured the levels of CD14 and CD1HML cell linesafter treatment
with 5.1 and5.8. THP-1 and MV4-11 cells treated with 200 nM ®fl or 5.8 were
cultured for 24 h. Whole cells stained with fluarest antibodies were then analysed by
flow cytometry (Figure 5.17-5.18 and Table 5.4).
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Figure 5.17:Effects of N-protected TCP derivative 5.1 (200 nM, 24 h) on thexpression of differentiation

markers CD14 and CD11b in THP-1 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldtsandD show the
gated population: in the X-axis is reported the mélaorescence increase for FITC-CD14 Ab; in the Xfds
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated celsghows the fluorescence increase of the monocydiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forethirelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni's test. Values are expressed as means@®d4-CD11kincrease + STD (n=3); *** p < 0.001, ****p <
0.0001.
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Figure 5.18: Effects ofN-protected TCP derivative 5.8 (200 nM, 24 h) on thexpression of differentiation
markers CD14 and CD11b in MV4-11 cells.

FSC and SSC profiles were applied for the initiairgaby selecting cell size and distribution and ogmcell debris.
PlotsA, B, C show the Isotype controls. Pldls E, F show the experimental conditions. PldatsandD show the
gated population: in the X-axis is reported the mélaorescence increase for FITC-CD14 Ab; in the Xf6ds
reported the mean fluorescence increase for PE-CBb1PlotsB andC (black histograms) report the fluorescence
increase of Isotype controls (untreated ceEsshows the fluorescence increase of the monocygiken CD14;F
shows the fluorescence increase of the myeloid ena@D11b. Numbers shown in each box are the % dé cel
expressing CD14 or CD11bG) Shown are results graphically summarised forehrelependent experiments.
Statistical significance was determined with twoywANOVA and corrected for multiple comparisons with
Bonferroni's test. Values are expressed as means@pb4-CD11lkbncrease + STD (n=3); ****p < 0.0001.
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Table 5.4: Increase (%) of CD14 and CD11l expression induced byN-protected TCP derivatives 5.1 and 5.8
(200 nM, 24 h) in THP-1 and MV4-11 cells.

Results are expressed as % of increase comparedttolcAb* + STD (n= 3).

Ab*: Human IgG-FITC and IgG-PE; Ab**: Human anti-CD{Miorescein (FITC) and anti-CD11b-phycoerythrin
(PE).

CD14-CD11b
(%) £STD (n=3)
Conditions CD14+ CD11b+
THP-1+Ab* 22.3+0.5 8.0£1.0
THP-1+5.1+Ab** 78.5£10.2 91.5+4.4
MV4-11+Ab* 8.5x1.4 7.7+1.4
MV4-11+5.8+Ab** 67.7+2.5 83.0£1.9

Mirroring the results in both the AML cell line$,1 and 5.8 equally promoted the
expression of the monocytic and myeloid markers £8dd CD11b. This implies that,
N-protected compounds promote a fast differentiatgmenocopying the effect seen
with their free amine counterparts. The differeimiais also associated with a decrease
in cell count (plots E and F, Figures 5.17 and FedgbL18) and such reduction is more
noticeable after treatment with compouné.
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5.3.6. CD34 evaluation

To estimate the myelotoxicity, bone marrow cellpressing CD34 derived from AML
patients, were exposed to increasing concentratbsl during 72 h. Subsequently,
cells were stained with appropriate antibody-FITGnjuogated (anti-CD34 mouse
monoclonal antibody to human FITC conjugated) aelis @xpressing CD34 counted
by flow cytometry. As previously described, the GD8arker is a differentiation stage-
specific leucocyte antigen and examining the nundée€D34 expressing cells upon

pharmacological treatments can give an evaluatiendsug toxicity?%8-2%°

Figure 5.19: Healthy CD34+ expressing HSC treated ith increasing concentrations ofN-protected TCP
derivatives 5.1 (72 h).

Data are shown as means + STD (n-&jtistical significance was determined with ongr&#&IOVA and corrected

for multiple comparisons with Dunnett’s test; *@<05.

As reported in Figure 5.19, normal HSC cells wessIsensitive t6.1 treatments than
tumorigenic cells. A significant decrease of CD8x4pressing cells was registered only
at 1 uM and 10 uM doses, while the compound is tbérest cancer cell proliferation
at concentrations < to 1 uM. Moreover the resuléstesed on 72 h incubation and, as

reported by previous experimen&] present a faster course of action in tumorigenic
cells.
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5.4. Discussion

The present study was designed to examine thetgftécsynthetic intermediates of
TCP analogues withN-protected carbamates. The compounds showed rebbarka
biological effects in arresting human leukaemia gmdstate adenocarcinoma cells
despite lacking LSD1 inhibition in cell-free ass#\t. the beginning of the study, we
hypothesised that the compounds could acprasdrugs However, results did not
substantiate this supposition. Amides and carbasrate not labile in cells, and these
have proven to possess a faster course of actamttie free amines. Such kinetic is
highly unlikely if metabolic activation is involved/oreover, if apro-drug mechanism
was likely to occur, both.4 and5.5, corresponding respectively to Boc-protected TCP
and Boc-protect benzyl derivative1Q would have been able to inhibit AML and
LNCaPs proliferation. However, the compounds wemvoit of activity upon
protection.

A structural observation among theprotected TCP synthetic intermediates revealed
that all the active molecules show a common featimeeompounds$.1 and5.2, the
TCP core has been substitutedpara at the phenyl ring with aethyl-containing
amine, specifically phexthylamine and thiopherthylamine. This feature represents the
only difference between the activel and inactive5.5. Supplementary biological
evaluation with the Boc protectédd6, substituted with tryptamine at the phenyl ring
(para), evidentiated the ability of the agents holdihgs tcharacteristic to suppress cell
proliferation at low puM range. Albeit the positivesults with5.6, the presence of the
ethyl linker as a determinant factor for the atyidannot be confirmed without testing
additional compounds.

TheN-ethyl carbamate protected compounds also decreaiedability of AMLs lines
and at similar concentrations as tReert-butyloxycarbonyl compounds. In addition,
we proved that the affectsf 5.1 are irreversible, as after a shorter exposure)(6 h
followed by washout, the compound maintained thte@ancer potential.

To further profile the mechanism of action, Westéibtting and flow cytometry
experiments were employed. Western blot analys&RA&UMI cells treated during 6 h
with 5.1, revealed a marked increase in H3K4me2, which igliract cellular
consequence of the LSD1 pharmacological inhibitibme data however, contrast with

the lack of enzymatic activity measured by the AewpRed assay.
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Treatment with nM concentrations 6f1, 5.2 and 5.8 (200 nM, 24 h) induced an
increment of CD86 marker in THP-1 cells, furtherretating the pharmacological
effects with LSD1 suppression. Similar concentragiavere also able to trigger the
differentiation marker CD11b and CD14 in MV4-11 anHP-1 cells, mirroring the
effects of the free amine counterparts describe@hapter 4. Cytotoxic effects were
evaluated next in HSC expressing CD34 aridireatments correlated with toxicity at 1
MM and 10 uM. Yet, the concentrations generating d¢fserved anti-cancer and
differentiation activities were much lower (200-9081) and therefore, normal cells are
less sensitive to the treatments compared to therigenic counterparts.

Overall results indicate a possible LSD1-dependasthanism and in accordance with
this, recent experiments by Lyneh al. suggest the phenotypic effects and therapeutic
benefits of TCP and analogues are independent eir timhibition of histone
demethylatior’!® Instead, their key function is to block LSD1 binglito Gfil
transcriptional repressor. Gfil is a crucial retpdaof the myeloid differentiation
transcription programme and is required for mainitaj stem cell competené& It is a
transcription repressor involved in hematopoiesigl ancogenesis that regulates
neutrophil differentiation, promotes proliferatiah lymphoid cells, and it is required
for granulocyte developmeft'3® In both mice and humans with Gfil mutations,
myeloid progenitor cells fail to differentiate to atare neutrophils, causing the
accumulation of monocytes and abnormal cells thetdfeatures of monocytes and
granulocytes. As previously reported, Gfil contans-terminal SNAG domatd’ that
binds to LSD1 and functions as scaffolding for #8&TDbly of several complexes with
histone-modifying enzymes like HDAC1 and HDAC?2 ahd corepressor COREST to
suppress the expression of target genes implicatednulti-lineage blood cell
development?!® Interestingly, depletion of either Gfil or LSD1 y(tsilencing or
pharmacological inhibition) has the same effecth@ematopoiesi¥. These findings
could suggest a similar mechanism for the Boc-camgds, which could disrupt the
Gfil-LSD1 interaction without affecting LSD1 demglidse activity. However, if on
one hand the lack of enzymatic activity and theuatihn of the cell differentiation
markers fit with Lynch and colleagues findings, the other handb.1 proved to

increase H3K4me2 expression in cellular context.
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It must be considered that the activity of LSD1 démglation is a multiple coordinate
process involving the association of LSD1 with pgeiand negative regulatory factors
like HDACs, CoREST and BHCS80 partnérfsUnlike the cell-free enzyme assay, the
high potency observed in cells could be an effdct®D1 association with other
regulatory protein complexes, whereby the demedieylactivity of LSD1 could be
regulated by other intracellular factors such asRE®T and HDACs for
instancél4*120*316

Whether the effects of compounglg, 5.2, 5.6, 5.7 and5.8 depend on transcriptional or
post-transcriptional modifications, tid-protected compounds are linked with growth
inhibition, loss of viability and differentiationrpcess which are inversely correlated
with LSD1 activity.

These results raise many other questions and fubibogical assays are needed to

characterise the mechanism of action.

5.5. Conclusions and future work

The experiments in this chapter were designeduoiddte the mechanism underlying
the activity of a small series of Boc-protected Tiik@ compounds. Regardless of the
exact mechanism of action, the compounds have préoeinhibit LSD1 mediated
processes in cells.

The increase of H3K4me2 confirms the involvementL8D1 as controller of cell
proliferation and the data suggest that the bin@ingSD1 at its catalytic site is not the
sole cause of cell proliferation inhibition. Futus@rk will involve optimisation of the
series and further biological experiments will lz@ried on to clarify their mechanism
of action and advance one compound intanavivo efficacy model for AML, either as
a monotherapy or in combination with current staddaf care chemotherapeutic

agents.
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Chapter 6 - Exploring activity based probes for LSD1
labelling

6.1. Introduction

LSD1 activity tightly regulates gene transcriptisnboth normal and diseases states.
Due to its dynamic behaviour, it is difficult to mtor LSD1 within proteomes.
Generally, the traditional genomic and proteomicfipng methods for the evaluation
protein activities, such as the analyses of expedsvels and examination of protein
modifications, are indirect and unable to provideimation about enzymes catalytic
activity promoting the measured effeét531° Moreover, such molecular methods
cannot identify protein post-translational modifioas or protein association in
complexes within the cellular environméht3?! To overcome the limitations of
traditional methods, activity-based protein profijli (ABPP) technique has been
designed to provide a chemoproteomic tool for thearacterisation of the
protein/enzymes functional regulation in their matucontext!® ABPP utilises
chemical and protein based molecules called agthdtsed probes (ABP), which are
able to bind covalently to target enzymes throubgh enzyme’s activity. These
molecules consist generally of two elements (Figuig: 1) a reactive group (warhead)
which interacts specifically with the desired tdargad?2) a reporter tag, which enables
the detection and isolation of the probe-labelletbtgogn/enzyme (biotin and

fluorophores)?1:322

224



Exploring activity based probes for LSD1 labelling

Figure 6.1:Traditional design of ABP.
Adapted from Heaét al. 323

Due to their high specificity, the probes can bpligg to complex proteomes such as
tissue lysates, whole cells or even organigths.

The use of activity based probes has been suctgsafplied to the characterisation
and asSTDbly of functional understanding of prateinvolved in cancer, signalling
pathway and host-virus infection as well as mamgat®2® The use of these tools is still
limited to proteins or enzymes with well-known &ittes as cysteine proteases, serine
hydrolase¥® and the potential application of ABP for the exaation of epigenetic
modifications has not been widely investigated.ahalyse the proteins interacting with
tri-methylated H3K4, Li etal. developed a modified peptide able to associatd wi
proteins interacting with H3K4me3? Such peptide corresponds to a modified
H3K4me3 N-terminal 15-mer, having a benzophenopéacing Ala-7 and a terminal
alkyne moiety. Upon UV irradiation, the formed bephkenone radicals and the
conjugation to the alkyne, via click chemistry,af azide-rodhamine fluorophore, the
proteins interacting with the tri-methylated histo® were visualised in complex
proteomes?* No studies so far addressed the design of ABRS®1 labelling.

As LSD1’s functions still need to be fully charatded, it is worthwhile to explore a
method to fluorescently label LSD1.

A recent work reported on the use of ABP for stadyMAO A and MAO B, the FAD
dependent family oxidases homologous of LSE¥IThe MAOs have been labelléal
situ by analogues of deprenyl (a known MAOI). Thesel@mses displayed an alkyne
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moiety that was conjugated with an azide contairaniuorophore. The probes were
successfully employed to label both purified enzyand complex proteomes as mouse
and human-derived tissu&s.

As the enzymatic activity of LSD1 and MAOs are damithis work inspired us to
synthesise a water-soluble molecular probe for LSDlinterrogate the biomolecular
interactions and the effects associated with tlzgrmae activity and inhibition in botim

vitro andin vivo assays.
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6.2. Reporter tags

Biotin and fluorophores are the most used repaatgs for labelling purposes. Biotin is
crucial for protein isolation. An ABP carrying adBin tag, facilitates both the protein
visualisation with streptavidin-conjugated repasten protein blots, and the isolation
by purification with immobilised streptavidin agas beads!® However, the use of
Biotin has many inconvenience, including endogenoiosinylation of biomolecules,
long blotting procedures for visualisation and imgbete cell penetration due to
Biotin’s hydrophilic naturé?®32’ Fluorophores are a valid alternative to Biotin and
represent the current trend in ABP design. The comynused fluorophores are
rhodamine and boron-dipyrromethene (BODIP¥)Protein labelled with fluorophores
are readily visualised by direct in-gel scanninglema fluorescent scanner avoiding
blotting procedures and purification steps. Furtiane, the hydrophobic character of
fluorophores also makes the fluorescent ABP mollepeemeable and their application
in in vivo experiments® The choice of the reporter tag greatly influenttes structure
and the physico-chemical features of the irrevégsiinhibitor. Although the
fluorophores are hydrophobic in nature and smadhan Biotin, these can hamper in
some cases the cell distribution and the ABP selgctfor the target. To overcome
these limitations, a “tag-free” (tandem) approacis wstablishe?f! By this method, the
reporter tag is conjugated to the ABP after its atent binding to the targeted
enzyme®?! The most common procedure to connect the tagetanthibitor, which was
also used in this project, consists to the coppealygsed click reaction (CC, click
chemistry). This procedure is enabled by the intotidn of two bioorthogonal reactive
partners: an azide and an alkyne, in both ABP vattand tag, which react specifically
to each other in aqueous media. Through CC, thesehemical species are conjugated
via copper catalysed 1,3-dipolar cycloadditiondonf a stable 1,4 substituted triazole.
Since both azide and alkyne are unique, stableusmdactive chemical specie with

natural occurring groups, they can be safely usedhiological context (Figure 6.2).

227



Chapter 6

Figure 6.2: lllustration of tag-free ABPP approach.
Specimens to be labelled (protein/enzyme/cells)fiase treated with tag-free azide or alkynes miedif probes,

which are then conjugatéd situwith complementary alkyne/azide tags via clickrorgry.

Other labelling methods that have been used tougaig a fluorophore to the ABPs
include strain promoted click chemisfi¥?, Staudinger ligatioff® and Diels-Alder

ligation 32 The first one is widely investigated as it exclsitiee use of cuprous ions to
catalyse the conjugation that can result harmfdiving systems. The copper ions can

in fact catalyse atmospheric oxygen reaction fogmaactive oxygen species (RG).

6.2.1. Click chemistry mechanism

The copper-catalysed click chemistry (Scheme 6etjris with the coordination of the
alkyne to the Cu(l) species (1), forming Cu-aceélglspecie (2). In the second step (B),
the azide binds to the Cthrough the nitrogen and replaces one of the digaforming
the intermediate 3. The distant nitrogen of thed@zi3) attacks then the C-2 of the
acetylide, leading to the formation of a six-meneoercopper (lll) metallocycle (4).
Ring contraction (D) leads to the formation of tti@zolyl-copper derivative that

precede the protonolysis of 5, releasing the ttepooduct! 33!
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Scheme 6.1: Proposed mechanism for copper assiste@.
Adapted from Himeet al 33!

The copper catalyst is generally prepameditu by reduction of Cu(ll) salts. Copper
sulphate pentahydrate (Cus&H:0), is the most widespread source of cuprous ions f
CC?' and is usually reduced by sodium ascorbate. Q#ducing agents have been
successfully employed. Tris(2-carboxyethyl)phosph(hRCEP) (Figure 6.3-A) is often
used in bio-conjugation as it also protects cystegsidues of proteins from oxidative

coupling33?

Figure 6.3: (A) TCEP, (B) TBTA molecular structures.
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Since copper ions can easily undergo redox reacifamot properly chelated, the click
chemistry requires the presence of an accelerdigasnd to maintain a sufficient
guantity of Cdin solution and in the right oxidation state. Amahg known ligands,
tris-(benzyltriazolylmethyl) amine (TBTA), (Figuré.2-B) has been successfully used
in bioconjugatiort?1:325333TBTA has a tetradentate ability to bind coppexedoping it

in a way that no free binding sites are left fostdilising interactiond®3

6.3. ABPs investigated in this project

In this study, we investigated two molecules askcthemistry reagents for labelling
LSD1: (x)}trans2-(4-(hex-5-yn-1-yloxy)phenyl)cyclopropanaming®) and ¢)-trans-
2-(4-(prop-2-yn-1-yloxy)phenyl)cyclopropanamir@g Figure 6.4).

Figure 6.4: Molecular structures of the probes invstigated as ABPs for LSD1 labelling.

Both molecules feature a TCP core, which is indispble for LSD1 covalent
inhibition. To the TCP structure, we introduced alkyne appendix to allow the
conjugation with an azide containing imaging tag @C. The TCP core i6.8 is
connected to the alkyne moiety by a smaller cailpoopargyl) linker compared 1.7
(hexynyl) and was provided by a collaborator frorirdter University. The probe was
originally designed to generate a molecular prabeVfAO’s labelling.

The synthetic route adopted to obtain prah& (Scheme 6.2), consisted in the
nucleophilic substitution of 4-hydroxybenzaldehy@el), which was reacted in DMF at
reflux with 6-chlorohexyne, for 3 days. The remagsteps (from structu®?2 to 6.7),
and specifically Horner-Wadsworth-Emmons reactiof 6.2, Johnson-Corey-
Chaykovsky cyclopropanation, Curtius rearrangemand amide formation, were
performed according to the procedures describ&hapter 4.
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Scheme 6.2Synthesis of ABP 6.7.

Thereafter6.7 and 6.8 were reacted in both enzymatic and cells experisnetth the
red-fluorescent tetramethylrhodamine-azide (TAMRAda, Figure 6.5).

Figure 6.5:Structure of TAMRA-azide.

Given its ability to distribute evenly in cells oglasm and nucleus, the rhodamine
fluorophore has been selected to label LSE$2°334

Labelling LSD1 with6.7 and 6.8 would follow the sketch shown in Figure 6.6. The
compounds would occupy the LSD1 catalytic site fogma covalent adduct with the

FAD. The alkyne tail, protruding from the phenyhgi would conjugate with the
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TAMRA-azide under the CC conditions using TCEP, PBand CuSQ@ as source of
copper. The labelled LSD1 would be then visualisét in-gel fluorescence scanning.

Figure 6.6: Mechanism for fluorescently labelled LS with ABPs 6.7 and 6.8.

6.4. Biological evaluation

Before embarking into labelling experiments, enziymavaluation 0f6.7 and6.8 was
carried out to verify if the incorporation of théyne interfered with the anti-LSD1
properties of TCP.

To this end, nine points concentration of ABRg and6.8 (50 uM, 25 uM, 12.5 uM,
6.13 uM, 3.1 uM, 1.6 pM, 0.8 uM, 0.4 uM and 0.2 pBre incubated with purified
recombinant LSD1 and the residual activity measwth Amplex®’Red-peroxidase

coupled assay using TCP as a positive control (Eigu and Table 6.1).
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Figure 6.7: Dose-response curves showing the enzytimaactivity of probes 6.7 (A), 6.8 (B) and TCP (C).

The X-axis is in logarithm of concentration (M, Mg); the Y-axis is the % of relative fluorescentitufiRFU)
compared to 100% activity (LSD1 + substrate). Dregae fitted with nonlinear regression and are shawmeans *
STD (n=3).

Table 6.1: I1Csos values determined with enzymatic evaluation of 8.and 6.8 as LSD1 inhibitors.
Enzymatic results are expressed as % RFU normdlispre-treatment level (LSD1 + Substrate, no intbibi+ STD
(n=3).

Compound ICso (UM £ STD, n=3)

TCP 21+2.4
6.7 1.3+1.0
6.8 3.3+1.3

Enzymatic results proved that the incorporatiomhef alkyne moiety if6.7 and6.8 did
not interfere with LSD1 inhibition and actually emtted the TCP potency. The probe
6.7 was also assessed as anti-MAO A and B agent amithdy to what observed in
LSD1, the introduction of the alkyne moiety rara to the TCP core promoted an
increased potency, impeding MAO activities at pMga (Table 6.2). Thereforg.7
could be potentially employed as an ABP to fluoessky label LSD1 and MAO.
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Table 6.2:1Csos values determined with enzymatic evaluation of 8.as MAOI.

Values are shown as means (UM) + STD (n=3).

Compound ICso MAO A (uM+STD, n=3) 1Cso MAO B (uM +STD, n=3)
TCP 14.4+0.7 1.9+0.6
6.7 2.4+0.8 0.4+0.06

Since the scope of this project included labellietjular LSD1, the ability of the probe

to modulate cell viability was also examined. Connpds were tested in HL-60 cells at
eight different concentration points (30 uM, 10 3WM, 1.0 uM, 3 uM, 0.1 puM, 0.03

MM, 0.001 pM, and 0.0003 puM) and following 72 hatreent, viable numbers were
measured with CellTiter-Gfo(Table 6.3).

Table 6.3:ICs0s values obtained with cytotoxicity evaluation of & and 6.8 in HL-60 cells.
Values are shown as means (UM) = STD (n=3).

Compound ICs0 HL-60 (uM+STD, n=5)
TCP 84+15.0
6.7 1.20+0.8
6.8 1.74+0.3

Cell viability results revealed the ability of badh7 and 6.8 to modulate cell growth of
HL-60 cells at uM range. ABP8.7 and 6.8 were also tested in MV4-11 and THP-1
cells at 10 uM and 1 pM, significantly decreasihg tell proliferation at 1 and 10 uM

in both the cell lines.
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6.5. LSD1 labelling experiments

Given the favourable biological properties@? and6.8, we proceeded to assess their
ability to fluorescently label LSD1, following thevo step labelling procedure reported
by Krysiak etal.>?® A preliminary proof-of-concept experiment was cadriout to
estimate the potency of the ABP, by examining thngty of protein and probe
required for CC and LSD1 visualisation. To this gepdrified recombinant LSD1 (16.5
pHg and 3.5 pg concentration) was incubated @ifhand6.8. The probes were used in
excess compared to theshdn order to saturate the enzymatic pocket and latmab
potentially, a better visualisation of the labell@atein. ABPs6.7 or 6.8 and LSD1
were allowed to interact for 1 h at room tempematand next, TAMRA-azide was
conjugated via CC. To visually detect the labelliegents, SDS-PAGE and in-gel

scanning were employed (Figure 6.8).

Figure 6.8: In-gel fluorescent scanning results diSD1 labelling with 6.7 and 6.8 conjugated via CC wh
TAMRA.

Fluorescence was recorded with ImageQU&RMAS 4000 Image Analyzer with a Fujinon VRF43LMD3risand a
575DF20 filter at 573 nm.
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Imaging results strikingly demonstrated the sudoésspplication of6.7 and 6.8 as
click reagents to label LSD1. However, the quarditprotein determined the quality of
the labelling procedure as with reduced amountrayme (3.5 pg), lower intensity
signals were detected. Additionally, no substardifferences were recorded between
the two probes.

Prompted by these results, we further evaluatedlbiigy of the probes to compete for
LSD1 catalytic site and labelling the enzyme with ia situ labelling competition
experiment. To this end, AB®7 (10 uM) was incubated with LSD1 (16.5 pg) for 1 h,
along with the LSD1 inhibitord.100r 4.11 (200 nM), whereby the activity was widely
described in Chapter 4. After incubation, TAMRAdi was introduced by click
chemistry to the alkyne moiety 6f7.

Figure 6.9: Molecular structure of LSD1 inhibitors used in a competition assay with ABPs 6.7 and 6.8.

Figure 6.10: Results of irsitu competitive assay using in-gel fluorescent scanmjrof ABP 6.7 with LSD1
inhibitors 4.10 and 4.11.

(A) Experimental conditions; (B) Loading controlq@assie blue staining); (C) Fluorescence intensigluation
with ImageJ (compared to control = recombinant LSDidly); in the X-axis are reported the differewinditions

used and Y-axis are reported the measured fluarestensity.
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In-gel scanning revealed th@t7 competed with LSD1 inhibitor4.10and4.11 for the
enzyme catalytic site. The simultaneous incubatibthe probe with the potent LSD1
suppressorgienerated in fact 20% decrease in signal (Figure 6.10) compareddo th
fluorescence intensity produced &y alone (corresponding to 100% fluorescence).
Similar results were obtained compet®@ and4.11 simultaneous incubation (Figure
6.11).

Figure 6.11: Results of irsitu competitive assay using in-gel fluorescence scangiof ABP 6.8 with LSD1
inhibitor 4.11.

(A) Experimental conditions; (B) Loading controlq@assie blue staining); (C) Fluorescence intensigluation
with ImageJ (compared to control = recombinant LSil); in the X-axis are reported the differenndiions used

and Y-axis are reported the measured fluorescesmsity.

We next assessed the ability6o? and6.8to label the LSD1 in complex proteomes. For
such experiments, we used AMLSs lines.

HL-60 cells were stimulated with 5 uM or 10 uM abpes6.7 and6.8 for 24 h and 72
h. To avoid interference of lyses buffers composevith the CC conditions, cells were
lysed by sonication. The amount of protein was stég for each CC reaction to 2
mg/mL and TAMRA-azide was added to the cells lysdteg with ligand (TBTA) and

the reducing agents (TCEP). The mixture was allotea@act for 1 h in the presence of
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catalytic amounts of Cu Electrophoresis of soluble and insoluble lysasetfons was
next performed?® However no fluorescent signal was detected withh sarocedure.

After a first unsuccessful attempt, we next inceglathe CC reaction time in cell lysates
from 1 h to 12 h and 24 h. Anyhow, even upon prgéthreaction times, we were
unable to visualise the labelled enzyme. Similanditions were also experimented
using THP-1 and MV4-11, two AMLs lines whereby b@lr and 6.8 demonstrated
anti-proliferative activities. Unfortunately, algothis occasion, the CC reaction did not

yield a significant result.

6.6. Discussion

In this project, the aim of synthesising a molecylebe for LSD1 labelling has been
partially achieved. The ABMB.7 was successfully applied as a CC reagent to label
purified LSD1 with a rhodamine chromophore. AnotA&P, 6.8, containing a small
tether (propargyl linker) between the TCP core #énmel bioorthogonal CC partner
alkyne, was also able to efficiently label the LS the molecules demonstrated to
interact with both LSD1 and MAO families of oxidasethe optimisation of the
labelling protocols with such ABPs, could providevaluable way for fluorescently
visualise both families of enzymes.

The fluorescently labelling abilities &.7 and 6.8 were next exploited in am situ
competitive assay. The probes were incubated w81 along with the LSD1
inhibitors 4.10 and 4.11 The results obtained proved the ability of thebas to
compete for LSD1 catalytic site as a decreaseuiordéiscence was detected, suggesting
that4.10 and4.11 occupation of the catalytic pocket, prevented tB®1 interaction
with the ABPs.

Disappointingly, the probe failed to label LSD1 ancomplex biological system as
whole cells.

These conclusions held true after adjusting thelnCC protocol used by Krysiait al.
for MAOs labelling with alkyne containing Deprengérivatives:2>-334However, with
longer reaction times, longer time-course treatmeith the ABPs as well as using
different AMLs lines, the click chemistry reactinth TAMRA azide did not proceed

in our case, to any visualising extent. The celed used express only endogenous
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LSD1 and thus the amount present were probablguffitient to be visualised with the
used ABP’s. The inefficiency of the CC in cells sipgens could reside in many factors
and first of all the used chromophore. Although TRRtazide properties of evenly
distribution in cells and efficiently diffuse intoytosol and nucleus have been widely
proved in unpermebilised cef§, the results reported here suggested a potential
inability of the fluorophore to diffuse across tbells membranes and reach its click
partner. The chromophore could have associate @vifarent intracellular organelles
and accumulate in other cell compartmédtss®® limiting the quantity needed to
perform CC. The use of different commercially aablé fluorophores-azide and light
microscopy observation of fixed cells could haverbemployed to evaluate the extent
of these hypothesised events in influencing the ABEncy. To perform the CC we
used TBTA as ligand and TCEP as a reducing ageBTAT was used at
substoichiometric amounts in relation to the" €ancentrations (0.1:1 mM), due to its
poor solubility®21:32° Therefore to increase the CC vyield and enablefittwescence
visualisation we could have increased the TBTA eom@tion or employed other
available ligands, such as the water-soluble Bikydroxypropyltriazolylmethyl) amine
(THPTA) 321333 Fyrthermore, although TCEP is commonly used aal@able reducing
agent in bioconjugation®!34%t can reduce the azide conjugated with the chpihnce

to amine and therefore interfere with the CC reactiield>*!
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6.7. Conclusions and future work

In conclusion, two molecular probes were evaluagdlkyne reactive partners in CC
reaction for LSD1 labelling.

Both the tested probes were able to inhibit LSD2yaratically at uM range and cell
evaluations prove their ability to hinder cellufapliferation. Both probes were able to
label pure His-tagged human recombinant LSD1 wlemugated with click chemistry
with an azide containing reporter rag (TAMRA-azideartially fulfilling the aims of
the project. In situ labelling competitive experiments were also acdwshpd.
Unfortunately, we were not able to visualise LSDIcell lysate and further work will
be carried out to optimise these pioneering expamis

Using cells overexpressing exogenous LSD1 couldease the amount of LSD1 and
increment the chance of successfully label thestgogotein. Light microscopy analysis
of the fate of the reporter tag in cell lysate cowlelp to identify more suitable
fluorophores for LSD1 visualisation in AMLs. Usingferent ligands instead of TBTA
and other reducing agents could also improve they(@d and potentially enable a
better visualisation of the labelled enzyme.

Notwithstanding, these molecules are the first ABEcific for labelling LSD1, opening

new venues for LSD1 labelling studies.
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Chapter 7 - Towards the discovery of novel inhibitors
of LSD1

7.1. Introduction

In this project, resulting from multiple collabai@ts, compounds of different natures
were evaluated as potential inhibitors of LSD1. Tindecules were first assessed in an
enzymatic assay using AmpfRed!’® Having LSD1 a salient role as an oncog&e,

the anticancer potential of enzymatically activieiliitors was examined in cancer cells.

7.2. Evaluation of TCP analogues from a library ofctive

phenylcyclopropylamines

A series of substituted phenylcyclopropylamines thasfirst series of compounds to be
tested (Figure 7.1). These were synthesised by. Rdahter Haufe group at the
University of MlUnster and display substituentste TCP core. The majority of them

also have a fluoro group at the cyclopropyl ring.
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Figure 7.1: Library of phenylcyclopropyl amines MAOIs tested as LSD1 inhibitors.

The compounds were first tested with AmiBed at 50 uM and 10 pM and molecules
proving to suppress LSD1 at such doses were tested broader range of
concentrations in order to determine theoggdrom dose-response curves (Table 7.1).
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Table 7.1: ICsos values obtained with enzymatic evaluation of fluinated TCP measured with AmpleX’Red
assay.

Enzymatic results are expressed as % RFU normalispre-treatment level (LSD1 + Substrate, no intbifi+ STD
(n=3).

LSD1 enzymatic activity
Structure (ICso pM%STD n=3)

7.1 (TCP) 21
7.2 > 50
7.3 6.8+1.3
7.4 > 50
7.5 >50
7.6 > 50
7.7 1.240.1
7.8 > 50
7.9 1.542.8
7.10 > 50
711 > 50
7.12 > 50
7.13 > 50
7.14 > 50
7.15 6.7+0.3
7.16 4.1%0.03
7.17 8.2+0.8
7.18 9.2+0.05
7.19 8.4+0.3
7.20 >50
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Figure 7.2: Dose-response curves determined with Astex®Red assay.
The X-axis is the logarithm of concentration (M, Isi9; the Y-axis is the % of relative fluorescentitu(RFU)
compared to 100% activity (LSD1 + substrate, nahitbr). Data were fitted with nonlinear regressiand are

showed as means + STD (n=3P was used as a positive control.

Figure 7.3:Dose-response curves determined with Amplé&Red assay.
The X-axis is the logarithm of concentration (M, Isl9; the Y-axis is the % of relative fluorescentitu(RFU)
compared to 100% activity (LSD1 + substrate). Dregge fitted with nonlinear regression and are datashowed as

means = STD (n=3). TCP was used as a positive dontro

244



Chapter 7

Compounds7.3, 7.5 7.7, 7.15 7.16 7.18 and 7.19 were more active than TCP,
implying that compounds wittrtans configuration and bearing fluoro at the cyclopriopy
ring, have enhanced activity compared to phenytgycdpylamines with cis
configuration.

Compound?.2, with a hindering benzyl on the cyclopropyl nitemgwas devoid of
activity. The substituents at TCP scaffold greatijuenced the drugs effect on LSD1
enzymatic inhibition. Phenyl substitutions imeta potentiated the activity: the
fluorinated phenylcyclopropylamines containing N&@as able to inhibit LSD1 activity
at low uM range (Igss < 10 uM) andmetasubstituted molecules with strong donor
groups (-OMe and -F) displayed the best activivghin the series. Surprisingly,16
albeit having ais configuration, demonstrated to contrast the enzgleraethylation at
low concentrations. Derivatives with €Bnd ES substituents at the phenyl ring also
revealed to actively suppress LSD1.

Thereatfter, the enzymatically active compouid$7.9, 7.15 7.16 7.18and7.19were
selected for cellular evaluations. The time couasel concentrations were chosen
according to the biological results obtained witlr €@SD1 inhibitors. HL-60, THP-1,
MV4-11, OCI-AML3 and KASUMI cells were treated withcreasing concentration the
inhibitors (0.001 uM, 0.003 uM, 0.1 pM, 0.3 uM, Mu3 uM, 10 uM and 30 puM).
Following 72 h treatment, cell survival rates wdetected with CellTiter-Gfa
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Figure 7.4: Dose-response curves showing the effeatf fluorinated phenylcyclopropylamines 7.3 on AMLs

proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mo), Y-axis is the % of RLU (relative luminescenceitu

compared to 100% activity (vehicle control, DMSOata are shown as means = STD (n=5).

Figure 7.5:Dose-response curves showing the effects of fluogited phenylcyclopropylamines 7.7 on AMLs

proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mo), Y-axis is the % of RLU (relative luminescenceitu

compared to 100% activity (vehicle control, DMS@jror bars correspond to STD (n=5).
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Figure 7.6: Dose-response curves showing the effeaif fluorinated phenylcyclopropylamines 7.15 on ANls

proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mo}, Y-axis is the % of RLU (relative luminescenceity

compared to 100% activity (vehicle control, DMSO#ata are shown as means = STD (n=5).

Figure 7.7:Dose-response curves showing the effects of fluoaited phenylcyclopropylamines 7.16 on AMLs

proliferation (72 h).
The X-axis is in logarithm of concentration (M, Mo), Y-axis is the % of RLU (relative luminescenceity

compared to 100% activity (vehicle control, DMSOata are shown as means = STD (n=5).
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Table 7.2:1Cso0s values obtained with cytotoxicity evaluation oflfiorinated phenylcyclopropylamines on AMLs
proliferation.
Values are reported in uM + STD (n=5); nt: noteest

Compounds
Cell line 7.3 7.7 7.15 7.16 717 718 7.19
OCI-AML3 >30 nt 1.0£3.2 nt >30 nt >30
MV4-11 >30 1.9+0.3 4.9+04 8.2+0.4 nt >30 nt
KASUMI nt 3.4x0.2 nt nt >30 nt >30
THP-1 >30 8.5+03 1.6+03 7.0£02 >30 nt >30
HL-60 18.6£1.7 nt 3.9+0.4 nt nt >30 nt

The results obtained in cellular experiments stilegry the data observed with the
enzymatic assay. Compounds/, 7.15 and 7.16 which were able to suppress the
activity of recombinant LSD1 at low concentrationere the most potent anti-AML
agents. However, the Nitro substituted derivaitv& displayed only moderate activity
in HL-60 cells, whereas fluorinated TCP derivats@ntaining Ck and ES 7.1719
despite being more active than TCP in the cells-fiesay, were unable to modulate
cells growth at the tested concentrations.

To verify whether the anti-proliferative effects ndinked to LSD1 suppression, we
examined the downstream expression levels of miaeaunarkers associated with
LSD1 pharmacological inhibition. We chose to periothe experiments witly.7,
which hindered MV4-11 cell line proliferation atwoconcentrations. This AML model
is representative of the FLT-3 mutation, associateth poor prognosis of AML
patients and drug-resistant®3° Immunoblotting of MV4-11 cells treated with.7
(0.3 uM, 1 uM, 3 uM, and 6 puM) proved a concenbratilependent accumulation of
methylated histone (Figure 7.8). In addition, weameed the expression levels of
CD86 and after 48 h incubation (3 uM), flow cytompetesults revealed an increase in
the analysed parameter by 98.4%, further substarttiat the pharmacological effects
are LSD1-dependent.
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Figure 7.8: Molecular effects of fluorinated tranykypromine 7.7 on MV4-11 cells.

(A) Western blot: cells were treated with increasimnaentrations of7.7 and protein separated with 14%
polyacrylamide gel. Blotting membranes were prolmdahti-H3K4me2, H3 (total) angtactin (control);(B) CD86
induction: cells were gated based on FSC and SS@mgders. In the X-axis is reported the mean flumese
increase of treated cells stained with CD86-FITC wgafjed antibody and the fluorescent increase ofctimgrol
(untreated cells). The Y-axis is the cell coui@) Statistical significance for CD86 evaluations detieed with

Student’s t-test; values are expressed as mearisridrease (compared to control) £ STD (n=3); ***¥p0.0001.
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7.3. Evaluation ofCis-cyclopropylamines

A total of fourcis-cyclopropylamines provided by Prof. Sven Mangedingroup at the
Ghent University, Belgium, were also tested as iptesd. SD1 inhibitors (Figure 7.9).
The compounds were synthesised based on dockidgstas potent MAO inhibitors
and are racemicis-cyclopropylamine with an alkoxy group at the 24ipioa of the
cyclopropyl ring, replacing the more common phesupstituent*

Figure 7.9:Cis-cyclopropylamines molecular structure.

The compounds however were inactive at the maxirtested concentration (50 puM).
Despite that,7.21 and 7.24 proved to bind covalently to MAOs and hinder the
monoamine oxidases activity at nM concentrations. addition, the compounds
inactivate preferentially MAO B. Enzymatic and camgtional studies revealed in fact
that 7.24 is four times more selective towards MAO B (5 nM)d over 20-fold more
potent than TCP. Lacking the activity on LSD1, doenpound structure can be used as
a lead to design selective MAO B inhibitors to beptoyed as antidepressaft.
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7.4. Evaluation of a library of pargyline analogues

In 2005, pargyline, a known MAO inhibitor, was igéd in linking LSD1 activity to
AR-dependent gene activatidff. Based on this study, Culharet al generated a
peptide, corresponding to the N-terminal H3, having Lys in position 4, modified
with a propargyl moiety (Scheme 72.Such structures were extremely active as
LSD1 inhibitor. Subsequent MS and NMR studi®srevealed the mechanism
underlying the demethylase inhibition by the pegtiithis would start with the oxidation
of the amine to the propargylic iminium ion, whighdergoes Michael addiction to the

N® of the flavin ring, forming a stable adduct.

Scheme 7.1:Mechanism based inhibition of modified H3 N-termina peptide (7.25) containing a propargyl
moiety.

Adapted from Culhanet al?'?

In keeping with these works and with the goal ofding new suitable scaffolds for
LSD1 inhibition, we tested a series of propargylaenierivatives (Figures 7.10).
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Figure 7.10: Pargyline analogues tested as LSD1 itditors.

Within this series, only compound.33 displayed enzymatic activity at 30 pM.
However, this was devoid of anti-proliferative patial in AML cell lines.
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7.5. Conclusions

In this project we evaluated 49 compounds with igechemical nature as LSD1
inhibitor. Several compounds belonging to a senésTCP analogues designed as
MAOiIs efficiently suppress the LSD1 activity in allefree assay (UM concentrations)
and actively inhibit the proliferation of AML cellines. For this series, the
stereochemistry appears to be crucial as the congsowithtrans configurations were
more efficient than theis. Micromolar concentrations of compouid’ were able to
increase cellular levels of H3K4me2 and induce @kpression of CD86 in MV4-11,
linking the pharmacological profile with the LSDdhibition.

Cis-cyclopropylamines and pargyline analogues wemirtrast unable to hinder LSD1
enzymatic activity at the maximal dose of 50 uM. nitheless, thecis-
cyclopropylamine?.4 revealed to be a potent MAOI and the structuratuiees will be

exploited for the design of novel antidepressant.
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General conclusions and final remarks

The research conducted here broadened the cumentiédge on the epigenetic target
LSD1. The study encompassed two phases: a firstvbeee we researched on potential
reversible inhibitors and a second one on irrebé&Fsnhibitors of LSD1.

Based on previous studies on the SNAG-domain ofl-3pave synthesised truncated
peptide analogues of this LSD1 binding partner.l&gth scanning, ala-scanning and
single-point mutations to the critical amino acid SNAG we generated a series of
peptides with interesting biological activity. Theork extended the knowledge on
LSD1 protein recognition and LSD1 binding mode wttle SNAG-family of proteins.
In addition, several X-ray tri-dimensional crystfuctures of the synthetic peptides
bound to the LSD1 catalytic pocket supported thekwdhis could be further exploited
for virtual screening and docking studies. The &gt arrest cancer cell proliferation
and modulate the LSD1-dependent transcriptionddvpays such as H3K4me2 levels in
AMLs and TMPRSS2, mimicking the activities of cosal inhibitors. The findings of
the first part of the work were then combined ta@h display technology to research
onto novel non-covalent-inhibitors based on PRSFKYRpeptide. Such peptide
demonstrated high affinity to the LSD1 catalytitesand therefore, it was used as a
competitor of a Phage display library of peptidelstee peptides were identified with
this technique and albeit these displayed poorviactin a cell-free assay, the
information acquired could be used as a startingtgo carry onto the application of
Phage display technology to target LSD1.

The second part focused on the search of novelerséle inhibitors of LSD1. Based
on the structure of TCP we developed an efficignttetic method for the generation
of multiple structural analogues. Eighteen new TG@&tivatives were generated,
displaying hindering elements at the phenyl ringeif ability to suppress LSD1 was
evaluated with a fluorometric assay and the reswdteealed an improved activity
compared to the TCP scaffold. The active analogwers next evaluated in an extended
panel of acute myeloid leukaemia cells where theywed nM potency in arresting
cancer cells growth and promoting cell differentiat In addition, selected molecules
displayed enhanced potency compared to TCP intengethe proliferation of prostate
adenocarcinoma cells. Surprisingly, in the coursthis study, synthetic intermediates

of TCP analogues presented exceptional cellulactsf Being protected at the nitrogen
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of TCP cyclopropyl ring, the compounds lacked theyeatic activity but were potent
anti-cancer agents in prostate and leukaemia tuisnéwom this initial observation, we
made additionaN-protected synthetic intermediates to have a farihgght on such
unexpected pharmacology. The data gathered suiagéghtin LSD1 mediated process
involved in the observed effects; however, moreaesh is required to further clarify
the exact mechanism of action.

We also explored activity based probes to laberacently LSD1 by synthesising a
TCP analogue with an alkyne moiety. The moleculs @®ploited as a bioorthogonal
partner of an azide containing imaging tag. We waeased to verify that the ABP
successfully labelled recombinant LSD1. However, ware unable to fluorescently
label LSD1 in whole cells. Further work is needed such area to optimise the

visualisation of cellular LSD1.

Collectively, this thesis constitutes a valuablethodological framework to target

LSD1 pharmacologically, providing several approact@ough which reversible and

irreversible inhibitors can be designed. Additidyalt further supports the role of

LSD1 in cell growth in a spectrum of cancer catiek bolstering the hypothesis that
selective LSD1 inhibitor might represent an effeetiherapeutic tool in the future.
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Chapter 8 - Experimental procedures

8.1. General procedures for Chemistry

All chemicals were purchased from Sigma Aldrichntaster Synthesis GmbH, Alfa
Aesar, and Novabiochem. All Fmoc-amino acids, stlveand reagents for peptide
synthesis were purchased from AGTC.

Resins were purchased from Millipore AGTC.

All anhydrous solvents were purchased as Aldiscine/seal bottles. All solvents were
reagent grade and, when necessary, purified aed @y standard methods. TLC was
used to monitor the reaction and performed on alium-backed silica gel coated
plates (Merck DC, Alufolien Kieselgel 604z with spots visualized by UV-lighti(
254 nm) or stained with dyes (potassium permangas@tition or ninhydrin), followed
by heating. Organic solutions were dried over anbyysl MgSQ prior to product
concentration. Product concentration after reastemd extractions involved the use of
a rotary evaporator operating at reduced presduca.@0 Torr and the terin vacuo
refers to solvent concentration at reduced presstneducts were normally purified
with column flash chromatography using silica gdN Kieselgel 60, 40-63im, 230-
400 mesh ASTM).

NMR spectra were recorded on a Bruker AC 400 spewtter at 400 MHz foftH NMR
and 100 MHz for'3C NMR; Spectral data were reprocessed with Brukepspin 3.2
software or MESTRENOVA. The spectra were calibratedhe residual deutereted
solvent peak (CDGJ] CDsOD, DMSO46). The chemical shifts are reportedjifppm)
units followed by brackets containing spectra deta this order: multiplicity (s:
singlet, d: doublet, t: triplet, g: quartet, m: miyplet, br: broad), coupling constants
(reported in Hz), number of protons (from integraji 3*C HNMR were reported with
chemical shifts.

High-resolution mass spectra (HRMS) were acquiteadugh the EPSRC National
Mass Spectrometry Service Centre, Swansea. Mefioigts were determined with a
STUART Melting point SMP10. Infra-red (IR) spectngere determined with Perkin
Elmer, Spectrum GX, FT-IR system. The spectra vemraysed with Spekwin 32 and
reported as absorptions as wavelengths id.cm
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When necessary, gross purification was performel RBiotage Isolera Four using a 12
g C18 cartridge and a gradient from 95:5 waterhawedl — 5:95 water: methanol with
0.05% TFA additive over 50 minutes and a flow rates0 mL/min. Collection was
monitored by UV at 214 and 254 nm.

RP-HPLC analyses were performed with an Agilent hhetogies 1200 series
chromatograph with an Agilent Technologies ZORBAXIligse XDB-C18 (5 um,
4.6x150 mm) column. Gradient used: 95:5 water: arahwith 0.05% TFA additive to
5:95 water: methanol over 15 min returning to 9%a#&er: methanol over 5 min at a
flow rate of 1 mL/min. Small scale purification washieved with STDi prep RP-HPLC
on a Agilent Technologies 1200 series chromatogtaghg an Agilent Technologies
ZORBAX Eclipse XDB-C18 (5 um, 9.4x250 mm) columnthwia flow rate of 4
mL/min (same gradient as above).

MALDI-ToF was performed on a Shimadzu Biotech MALDOF spectrometer
(Kratos), using as a matrix composedyano-4-hydroxycinnamic acid in HPLC-grade
methanol (5 mg/500 pL) used in a proportion of &ith the tested peptide. Automated
synthesis was performed on a 24-reactor block SYWR@tiple Peptide Synthesizer
(Syro I, Multisyntech GmbH)equipped with a vortexing unit (Multisyntech, Witte
Germany).
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8.2. General procedures for Biology

Unless otherwise stated, all the reagents werehpsedd from commercial sources as
Sigma Aldrich (Poole, UK) and Fisher Scientific (Ighborough, UK). Centrifuge used
were RC-M150 GC, RC-5B UltraPro80, Sorvall GmbHptbairg and 5451C Mini spin
plus, Eppendorf AG, Hamburg. The raw data colleetede normalised to controls and
ICs0s and statistical significance were determined gusdraphPad Prism 6 software
(San Diego, CA).

8.2.1. Cell culturing

The diverse AML cell lines used for the biologi@laluations were obtained from
DMSZ (German Collection of Microorganisms and Ce€lultures) and European
Collection of Cell Cultures. They were authentidatey DNA-fingerprinting. Prof.
Kristian Bowles, UEA Medical Centre, Norwich, UKrqvided the library of AML cell
lines. The cell lines were used at low passage eurign a maximum of 6 months post-
resuscitation and tested regularly for mycoplasmiection.

AML cell lines (THP-1, HL-60, MV4-11, KASUMI, OCI-ML3, and U937) were
cultured in RPMI 1640 medium (GIBCO) supplementathvi0% Foetal Calf Serum
(FCS, GIBCO) and 5% of 2 mM L-glutamine and petimistreptomycin (P/S, Fisher).
Cells were grown at 37 °C with 5% @QCells concentration was maintained at 25%10

cells/mL.
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8.3. Experimental procedures for Chapter 2

8.3.1. Solid phase peptide synthesis (SPPS)

8.3.1.1. Swelling resin (Wang, Rink AM, NOVA-peq)

Dry resin (100-600 mg) was placed in a SPPS readtbra sintered filter and covered
with DMF. The resin was shaken in an orbital shaker45 min and if necessary
deprotected with a solution of 20% pyridine in DN#A/%).

8.3.1.2. Resin loading

Wang resin was loaded with the symmetrical anhgdpcbcedure followed capping of
unreacted amino acids. To this end, the resin wasted for 10 min with a solution
composed of 9:1 pyridine:acetic acid.

Rink Amide resin was loaded with the first aminada® equiv.), PyBOP (5 equiv.) and
DIPEA (10 equiv.), which were added to the depret#gcesins and allowed to react in
DMF for 45 min with constant agitation. The reswading with rink amide was

repeated twice to ensure complete loading.

8.3.1.3. PyBOP coupling and deprotection

Chain elongation was achieved using 2.5 equiv.rofggted amino acid with respect to
resin loading. Amino acids were dissolved in DM &yBOP (2.5 equiv.) DIPEA (5
equiv.) were used as coupling agents. The reaatiature was allowed to react for 45
min 45 min followed by washing off the resin withVIB. The coupling reaction was
repeated twice for each amino acid. Removal of Fgroaps was achieved using 20%
piperidine in DMF over 10 min followed by washingthvDMF. The deprotection step
was repeated to ensure completion (2 additionagjneach one 5 min, for a total of 3
times). Once chain elongation was completed, tkenre/as dried down using DCM
followed by DCM:MeOH 1:1 and dried by applicatiori wacuum. Coupling and
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deprotection steps were monitored with colorimetiggts such as ninhydrin (Kaiser) or
chloranil.

8.3.1.4. Kaiser test and chloranil tests

Kaiser test

After 5 washes with EtOH, a small amount of reseads were used to verify the
absence of free amine by adding 3 drops of eackeKdest solution to the beads,
followed by heating. The blue colour appearancecatdd the presence of free amine
and therefore the incomplete coupling.

Kaiser test solutions

Solution A: 2% KCN/HO (v/v);

Solution B: 5% ninhydrin (w/v) 98% pyridine (v/v) in Ethanol,
Solution C: 4:1 phenol (w/v) in EtOH,;

Chloranil test
After 5 washes with DMF, a small amount of resirade were used to verify the
absence of free amine by adding 3 drops Chlorasildolution to the beads followed by

heating. The green colour appearance indicatedrésence of free amines.

Chloranil test solutions
Solution A: 2% Chloranil in DMF (w/v);
Solution B: 2% acetaldehyde in DMF (v/v);

8.3.1.5. Automated synthesis

Automated peptide synthesis was employed for tmemggion of peptideg.3 2.4, 2.5,
2.6 and 2.7 using FmodBu strategy and PyBOP/DIPEA as coupling reagentsod~
deprotection was achieved with 20% piperidine sotuin DMF (v/v%).

General scheme for automated peptide synthesmisrsin Table 8.1
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After completion, the completed peptide was remalveth the automated synthesiser
and the resin beads washed from any residual DMl multiple DCM washes. Global

deprotection and purification were performed nextlascribed below.

Cycle Steps Conditions Time
1 Swelling DMF shaking (5 mL) 1Th
First amino acid (5 equiv.)
PyBOP (5 equiv.)
Loading 3 h; the loading is repeated twice
DIPEA (10 equiv.)
2 Washing DMF (5 mLx3) 5 min; the washes are repeated three times
Piperidine (20%) Solution in DMF (2
Fmoc removal ! 15 min; the cleavage is repeated twice
m
Washing DMF (5 mL) 5min
Second amino acid
PyBOP (2 equiv.)
Coupling DIPEA (2.5 equiv.) 1 h; the coupling is repeated twice
DMF (2 mL)
Washing DMF (5 mL) 5 min; the washes are repeated three times
3 Solution of piperidine (20% in DMF)
Fmoc removal 15 min; the cleavage is repeated twice
Washing DMF (5 mL) 5 min; the washes are repeated three times

The Cycle 3 is repeated until the last amino acid of the desired sequence is loaded

Manual

DCM 4 min
washing

Table 8.1 Protocol for automated peptide synthesis with Syra.
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8.3.1.6. Global deprotection and resin cleavage

Global deprotection and resin cleavage were actiduwe treating the resin with a
cleavage cocktail composed by TFA:DCM:TIPS 95:2%:for 3 h with constant
agitation. The TFA solution containing the crud@tme was filtered off and the resin
washed with neat TFA (2 mL). The TFA containedhe trude was removed by rotary
evaporation and the residue precipitated #OEThe excess of ED was decanted and
the peptide recovered by filtration. The peptideswdgssolved in ED with drops of
acetic acid if necessary and lyophilised.

8.3.1.7. Peptide purification

Analytical RP-HPLC was employed to determine theitpuof the product after
synthesis and between purification steps. Grosfigation was performed on a Biotage
Isolera Four using a 12 g C18 cartridge and a gradrom 95:5 water:methaneb
5:95 water:methanol with 0.05% TFA additive overrabthutes and a flow rate of 20
mL/min. Collection was monitored by UV at 214 anB42nm. Fractions were then
reassessed by analytical RP-HPLC. Fractions susp@ctcontaining the target peptide
were recovered by lyophilisation, their mass deteeth using MALDI-TOF and
purified further using STDi-preparative RP-HPLC anAgilent Technologies 1200
series chromatograph using an Agilent Technolog®®BAX Eclipse XDB-C18 (5
pum, 9.42x50 mm) column with a flow rate of 4 mL/mkinal identity of peptides was
confirmed by RP-HPLC and MALDI.

8.3.1.8. Preparation of symmetric anhydride

Fmoc-Valine-OH (0.404 g, 1.19 mmol, 10 equiv.) whssolved in dry DCM and a
minimum amount of DMF (drops). Subsequently, DICO92 mL, 0.595 mmol, 5
equiv.) was added dropwise at 0 °C. The mixture almsved to stir for 30 min and
then the solvents evaporatedvacuo The symmetrical anhydride was then dissolved in
DMF (minimum amount) and added to 70 mg of swoléang resin (in DMF) for 20
min (loading 1.7 mmol/g). The mixture was allowedshake for 4 h. After that time,

the solution was drained and the resin transfdoedvessel for peptide synthesis.
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8.3.1.9. Acetylation at the N-terminus

(Proline acetylation — structure 2.7)
A solution of acetic anhydride (5 drops) and pyreli(100 uL) in DMF was added to
the resin. The resin was shaken for 30 min and t&shed several times to remove

excess of reagents.

8.3.1.10. Dimethylation ofN,N Fmoc-lysine-OH*4

To a solution of Fmoc-lysine-OH (1 g, 2.3 mmol), &7/formaldehyde solution (0.84
mL, 21.71 mmol) and AcOH (0.36 mL) in 1,4-dioxah&BH; (0.7 g, 18.62 mmol) was
added in portions at 0 °C. After half of the NaBMas added, another portion of 37%
formaldehyde (0.84 mL, 21.71 mmol) was added tar¢laetion mixture. The pH of the
reaction mixture was maintained at 3-6 by the aoidiof AcOH (drops). The reaction
mixture was then warmed to room temperature amcedtovernight. The mixture was
diluted with HBO (6 mL) and the pH adjusted to 6. The organic eyuls were removed
in vacuoand the aqueous phase extracted with DCM 10 tifies.combined organic
phases were dried over MgSO4, filtered and conatedrin vacuum to give a yellow
oil (0.87 g, 87% yield). The modified amino acid smaurified by Biotage Isolera as
described in the General procedures and then ustéh@ isynthesis .22 and2.23 H
NMR (DMSO-dg) 6 7.87 (d,J=7.5 Hz, 2H CH), 7.72-7.67 (m, 2H), 7.40 7.0 Hz,
2H CH), 7.30 (t, 2HJ = 7.3 Hz, CH), 7.22 (d, 1H = 7.5 Hz, NH), 4.26-4.17 (m, 3H,
OCH, CH), 3.79-3.86 (m, 1H, 8, 2,44 (t, 2HJ = 7.5 Hz, H) 2.30 (s, 6H, N(CH)2),
1.73-1.54 (m, 2H, K, 1.50 -1.37 (m, 2H, §, 1.33-1.27 (m, 2H, B; °C NMR
(DMSO-ds) 6 173.7 (C=0), 156.2 (C=0), 143.8 (C), 140.7 (C), .B2{CH), 127.1
(CH), 125.2 (CH), 120.1 (CH), 65.6 (GH 56.0 (CH), 53.7 (Ch, 46.6 (CH),
41.8(CHp), 30.1 (CH), 23.1 (CH), 22.7 (CH).

The spectroscopic data are consistent witt*thedported in the literature.
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8.3.1.11. Peptide characterization

Sequence Yield  MALDI-TOF ( m/2)

21 PRSF 32% Expected 504.58, Found 505.35 [M+Hj27.34 [M+Naj.
2.2 PRSFLV 20%  Expected 717.87, Found 718.49 [M*H]

Expected, 1001.63 Found 1002.06 [M+H]024.06 [M+Nal.
2.3 PRSFLVRK 19 %
2.4  PRSFLVRKP 21 %  Expected 1098.34, Found 1099.04 [M%H]L21.03 [M+Nal.
25 RSELV 35 0 Expected 520.62, Found 520.59.
26 PRSEL 34 % Expected 617.63, Found 618.50 [M+H]

2.7  Acetyl-PRSFLV 21%  Expected, 758.44, Found 760.43 [M+H]

Expected 717.42, Found 719.06 [M+H]

2.8  PRSFLVcoon) 22%

29 ARSFLV 34 % Expected 691.83, Found 691.40 [M*H]

2.10 PASFLV 32 % Expected: 632.76, Found 654.09 [M+Na]

211 PRAFLV 38 % Expected: 701.87, Found 702.12, 703.15 [M+H]

212 PRSALV 44 % Expected 641.77, Found 641.19.

2.13 PRSFAV 15% Expected 675.79, Found 675.75.

2.14 PRSFLA 21 % Expected 689.82, Found 689.4.1

2.15 PLSFLV 14 %  Expected found 673.83, Found 675 [M+Hj97 [M+Na], 712.99

[M+K] *,
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2.16

2.17

2.18

2.19

2.20

2.21

2.22

2.23

2.24

2.25

2.26

2.27

2.28

PKSFLV

PRSMLV

PRSYLV

PRLYLV

PRSK(Cbz)LV

LRSK(Cbz)LV

PRSK(me2)LV

PRSK(me2)VKRKP

PRSK(me2)L

PRSFAA

ARAFAA

PRAAAA

PRSFQTV

31 %

38 %

40%

21 %

36 %

21%

18%

17%

28 %

24 %

12 %

15%

25 %

Experimental procedures

Found 712.16, Found 713.19 [M+H]

Expected 701.89, Found 701.97.

Expected 733.87, Found 733.76; 755.54 [M+N&y1.73
[M+K] *.

Expected 759.95 Found 759.78, 781.78 [M+NaL.gL [M+K]".

Expected 831.50, Found 832.70.

Expected 847.53, Found 848.75 [M+H$70.93 [M+Na], 886. 94
[M+K] *.

Expected 752.49, Found 752.78.

Expected 1106.74, Found 1100.16.

Expected 626.42, Found 627.53 [M*H]

Expected 647.74, Found 648.02 [M*H]

Expected 604.34, Found 605.19 [M+.H]

Expected 554.33, Found 555.36 [M*H]

Expected 703.81, Found 703.77.
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8.3.2. Biological studies

Prof. Andrea Mattevi's group at Biocristallograplayporatory, Department of Biology
and Biotechnology “Lazzaro Spallanzani” at Universaf Pavia, Italy performed the
LSD1 inhibition assay. CompoundC2584 used for AML cell lines evaluation was
provided by Prof. Antonello Mai at University La@anza, Rome, Italy. The LNCaP
prostate cancer work was conducted at Universitgamithampton in the laboratory of
Dr. Simon Crabb. The AMLs work was performed in taboratory of Dr. Maria

O’Connel, University of East Anglia, Pharmacy degeant.

8.3.3. Enzymatic studies

The LSD1 enzyme assay consists of a peroxidasdemugssay, which monitors
hydrogen peroxidase production (a side product3id1 demethylation) in the presence
of different concentrations (2-100M range) of mono-methylated H3K4 peptide
substrate with the inhibitor under analysis (glotmige 1-30QuM, depending on the
inhibitors’ level of activity). The data gathere@se fitted to a Michaelis-Menten model
for competitive inhibition and a value for the disgtion constank; was calculated for
each peptide

Snail-1 analogues were soaked in solution withtatgof LSD1-CoREST complex for
3 h, then instantly frozen at a temperature of KOOX-ray scanning and multiple
computer software were employed to generate aadrgstucture with a resolution of
3.0A,
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8.3.4. Cell-based studies

Anti-proliferative activity on different cancer cell lines

The anti-proliferative activity of SNAG-like pepg8dPRSFLV (2.2), PRSMLV (2.17),
PRLYLV (2.19, LRSK(Cbz)LV (2.21), andPLSFLV (2.195 were assessed in SK-
MEL28, A549 and THP-1 and HL-60 cells.

. SK-MEL28 and A549

SK-MEL28 and A549 cells were cultured in RPMI164@dum with 10% Foetal Calf
Serum (FCS), 2 mM L-glutamine and penicillin/stamtcin (P/S) and grown at 37 °C
in an atmosphere of 5% GOCells were seeded at a density of 4500 cellsiwel 96
well plate with complete growth medium for 12 hours achieve optimum cell
adherence. The media was then removed and SKMEtel8 were treated with
different concentrations oPRSFLV (500 puM, 200 pM, 100 pM, 50uM, 25 uM),
dissolved in Phosphate buffered saline (PBSRSFLV, PRSMLV and
LRSK(Cbz)LV were added to A549 cells, previously dissolvedgiowth media at
different concentrations (2 mM, 1.5 mM, 1 mM, 79,600 puM, 250 uM, 125uM, 62
MM, 31 uM and 15 puM). After 72 h, the medium comitag the treatment was removed
from the plates and 200 pL of fresh pre-warmed ¢inawedia was added to each well.
A solution of MTT reagent (5QL, 2 mg/mL) was added and after 2 hours incubation,
removed and replaced with 2QQ of DMSO and 25uL of Sorensen’s glycine buffer
(0.1 M glycine, 0.1 M NaCl, pH 10.5). For each cioth 5 experimental replicates
were carried out. The absorbance of each well wad at 570 nm. Collected raw data

were analysed using GraphPad Prism 6 to calculammand the standard deviation.

. THP-1 and HL-60

THP-1 and HL-60 cell lines were cultured in RPMI 406 medium (GIBCO)
supplemented with 10% Foetal Calf Serum (FCS, GIB@®d 5% of 2 mM L-
glutamine and penicillin/streptomycin (P/S, Fish&lls were grown at 37 °C with 5%

CO,. Cells concentration was maintained at 25xdIs/mL.
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Anti-proliferation assay was carried out using Migagent (CellTiter96® Aqueous
One Solution, Cell Proliferation Assay). THP-1 &tid-60 cells were plated in 96 well
plates at a concentration of 5*%1cells/well and 3x1®cells/well respectively and
immediately treated with iL of peptide diluted in growth media at the follogifinal
concentrations: 2 mM, 1 mM, 5QM, 250 uM, 125 uM, 62 uM, 31 uM and 15uM.
Peptides PRSMLV, LRSK(Cbz)LV, PRLYLV and compound MC2586 were
evaluated in THP-1 cells. Peptide®RSK(Cbz)LV, PRLYLV and PLSFLV were
evaluated in HL-60 cells. After 72 h of incubatisith the compounds, 10 pL of pre-
warmed MTS reagent was added to each well and &ftér of incubation, the
absorbance was measured at 492 nm on a BMG PolaSJRRMA plate reader
(BMG Labtech). Each experimental condition was atpe five times. Data were
analysed using GraphPad Prism 6. Western blot sisaBxperimental methods are

reported in the methods session of Chapter 4 (pag8g
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8.4. Experimental procedures For Chapter 3

All chemicals and reagents were of the highestityuahd obtained from Sigma Aldrich
(Poole, UK), Fisher Scientific (Loughborough, UKnless stated otherwise. All
procedures including biopanning, amplification aiichtion, were followed according

to the procedures detailed in the manufacturersuak

8.4.1. Phage-Display

8.4.1.1. Phage library

The phage library Ph.D.™-12 was purchased from Newgland Biolabs (Ipswich,
Massachusetts, USA). The combinatorial library @&31pfu per mL consists of
approximately 1.28xF0random 12 amino acid sequences displayed on thenpior
coat protein of the M13 filamentous phage. Theseevigtroduced to phage DNA by
electroporation and once amplified can give ratsagproximately 100 copies of each
sequence. The general motif of a displayed pejgide-GGGS where X represents any
amino acid and GGGS is a short amino acid spa@rlitiks the C-terminus of the
peptide to the N-terminus of the plll protein.

8.4.1.2. Bacterial host maintenance for phage progation

M13 was supplied with New England Biolabs library. Ht is s a male specific
coliphage that propagates in the ER2738 strai&.ofoli (F'; TET?). M13 possess a
mini transposon conferring antibiotic resistanced aselectivity towardskE. coli
population bearing F-pilu€. coli culture was prepared by streaking a small quaafity
ER2738 glycerol stock in 10 mL of LB medium (10 fgBacto-Tryptone, 5 g of yeast
extract and 5 g NaCl per 1 L of dgB)) and incubating overnight at 37 °C. For phage
propagation, 2 mL of this culture were added toril8of fresh LB broth in a sterile 250
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mL erlenmeyer flask and further propagated for B.5t 37 °C in an orbital shaker
(Stuart S150, Staffordshire, UK, 150 rpm).

8.4.1.3. Phage cycle — panning and purification

Four rounds of biopanning were performed. In thst fround of biopanning, gL of
magnetic beads (MagneticHtNi-Promega UK) were washed with TBST 0.1%
(3x1mL, 50 mM Tris buffered saline, 150 mM NaCl, gtb + 0.1% Tween- Fisher
Scientific UK). Blocking buffer (0.1 M NaHC&water solution, pH 8.6) was added and
incubated on ice for 1 h with gentle rocking (StudmTR6, London, UK). In the
meantime, 2QuL of LSD1 protein full length (10 nM) in TBST 0.1%470 uL) was
incubated with 1QuL Ph.D.™-12 library for 20 min at rt. The blockinmffer was
removed from beads with TBST 0.1% washes (1 mL®htein and library were
subsequently incubated with the washed beads fanidOwith gentle rocking. After
that time, beads were washed 10 times with TBS%QBb mLx3, 50 mM Tris buffered
saline, 150 mM NaCl, pH 7.5 + 0.5% Tween) and thage-bound was eluted (1 mL,
0.1 M glycine, pH 2.2, 10 min, x 3 times), and maliged with 15QL Tris-HCI (1 M,
pH 9.1). The eluates were titered to quantify thage on LB/IPTG/X-gal plates using
the blue plaque-forming assay.

The glycine eluate 3 was then amplified in 1:100tdd E. coli ER2738 overnight. To
purify the phage, the culture was centrifuged (Her@326K, Wehingen, Germany,
17320 xg, 4 °C, 10 min) to pellet the ER2738 cellke resulting supernatant was
removed and centrifuged again (17320 xg, 4 °C, B),mand 80% of the resulting
supernatant was removed and treated witl' bBits volume with PEG/NaCl (20%
(w/v) polyethylene glycol-8000, 2.5 M NaCl) thercirbated at 4 °C overnight. After
overnight precipitation the resulting suspensiors wantrifuged (17320 xg, 4 °C, 10
min) to pellet the phage. The supernatant was rechand discarded and the pellet was
re-centrifuged briefly. Any residual supernatanosed. The phage pellet was then
suspended in 1 mL of TBS (50 mM Tris-HCI (pH 7.530 mM NacCl), transferred to a
micro-centrifuge tube, and centrifuged (18620 xgC4 5 min). The supernatant was
removed and 1/6volume PEG-NaCl was added and precipitated orfdced h. The

resulting suspension was centrifuged (18620 xgC4 fO min) and any residual
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supernatant removed. The resulting phage pelletresasispended in 0.2 mL TBS. The
phage was again quantified by titering on LB/IPT&A plates.

In the second round a negative selection was peddr The amplified phage 55,&
(1x10'*pfu) was pre-incubated with the beads in the aleseftarget. The supernatant
from this step was then reacted with the target positive selection as above and beads
changed. For the third and fourth round the phage ®luted with a specific LSD1
binder, PRSFLVRKP (1 mg/mL solution 10 minx3). The remainder of tbend was

completed as before.

8.4.1.4. Phage DNA extraction and sequencing

Six individual, well-separated plaques were remadiveth a titering plate with a sterile
pipette tip. The isolated plaque was added immelyidb a tube of 10 mL overnight
culture ofE.coli ER2738, diluted 1:100. The tubes were incubateahimrbital shaker
at 37 °C for 4.5 h. After amplification, the tubesre centrifuged (17320 xg, 1 min),
and 500uL of the phage-containing supernatant was recoveP&f>-NaCl (20QuL,
20% PEG-8000, 2.5 M NaCl) was added to the supamhand incubated at rt for 20
min. The resulting suspension was centrifuged tefpthe phage (18620 xg, 4 °C, 10
min). Any remaining supernatant was discarded. gélket was next suspended in 100
uL of lodide buffer (10 mM Tris-HCI pH 8.0, 1 mM EIX[ 4 M Nal) and 25QuL of
EtOH were added before incubation at rt to preaipisingle stranded phage DNA. The
resulting precipitate was centrifuged (14,000 rd@,min, 4 °C) and the supernatant
removed and discarded. The resulting DNA pellet washed with EtOH (0.5 mL,
70%, stored at -20 °C) re-centrifuged briefly amy aesidual supernatant discarded,
then driedin vacuo The pellet was suspended in @@H30uL). The ssDNA was then
sent for sequencing to Source Biosciences (Camibtit). 4Peaks (A. Griekspoor and
Tom Groothuis, mekentosj.com) was used to prockeschromatograms. ExXPASy
translate tool was used to deduce the amino addesees of the phage displayed
peptides. A BLAST search was performed for idecdifion of homologies between the

obtained peptides and known proteins.
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8.4.1.5. Phage plaque formation assay

Reagents

 IPTG/X-gal Stock: To 25 mL DMF, 1.25 g of IPTG (isoproppD-
thiogalactoside) and 1 g X-gal (5-bromo-4-chloroiddolyl-p-D-galactoside)
were added. The DMF solution was aliquoted ancestat -20 °C.

* LB/IPTG/X-gal Plates: In 1 L of LB medium 15 g of agar were added and the
solution autoclaved. After cooling, 1 mL of IPTGg& was added and 20 mL
of media dispensed in a petri dish. Plates weredtat 4 °C.

e Top Agar: 10 g Bacto-Tryptone, 5 g yeast extract, 5 g Na@l @ng of
electrophoresis grade agarose were mixed in 1ddbbO and autoclaved. The
agar was dispensed into aliquots and once solidiievas stored at rt and

melted in a microwave as needed.

Top agar was melted in a microwave until dissoleed 3 mL were dispensed in a
sterile centrifuge tubes (as many as the phagdiatik). LB/IPTG/X-gal plates were
warmed at 37 °C. Phages were next serially dilfedO) in LB broth (16-10* for
eluates and £a10'! for amplified eluates) and 10 pL added to stegjpendorf tubes.
To each tube of phage, 200 uL of an overnight callof ER2738 were added. The
infected cells were transferred one at the timeetatrifuge tubes containing the melted
Top agar cooled. After brief vortexing, these wpmired onto the pre-warmed LB
plates and spread evenly with a gentle rotatiore plates were incubated at 37 °C
overnight. The day after, the formed single bluggpkes were counted and the number
obtained multiplied by the dilution factor for thaliate, in order to achieve the phage
titer in plaque-forming units (pfu) per 10 pL.

273



Experimental procedures

8.4.1.6. LSD1 expression and purification

Cloning of LSD1 Protein expression and purificatiori

The plasmid petl5b-His-tagged full length human LSkas kindly provided by Fei
Lan in Dr. Yang Shi lab (Harvard University, Bosfand was expressed B coli
BL21 RIPL Codon Plus (DE3) (Stratagene). The pro&ipression was induced with
0.1 mM IPTG (isopropyB-D-thiogalactopyranoside) for 16 h at 37 °C. Bactetitiure
was then centrifuged at 6,500 rpm for 10 min a€4After discarding the supernatant,
the bacteria pellet was lysed in 40 mM Tris-HCI 819, 300 mM NacCl, 0.2 % Triton
X-100, 5% glycerol, 10 pg/mL DNase | and 10 mM Mgfdl the presence of complete
EDTA-free protease inhibitors (Roche). The lysataswsonicated on ice then
centrifuged at 15,000 rpm for 20 min at 4 °C. Thpesnatant was applied to a 6.4 mL
Ni2* column (Sigma) in binding buffer (40 mM Tris-HOHB.0, 300 mM NaCl and 5%
glycerol) and eluted using a linear gradient u2% mM imidazole in binding buffer
on an AKTA Prime FPLC system. To identify the fiant containing LSD1, SDS-
PAGE was performed with BIO-RAD electrophoresistays(12% polyacrylamide gel)
stained with Coomassie Brilliant Blue (BIORAD). Thactions containing His-LSD1
were pooled, concentrated on a 30 kDa MWCO Amidlberf LSD1 was then applied
to a size exclusion column (HiLoad 26/60 Superde®, ZsE HealthCare) equilibrated
in 20 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.5 mM EDTA, mM DTT and 5%
glycerol. The fractions containing LSD1 were pab#nd diluted 1:5 into 20 mM Tris-
HCI (pH 8.0), 5% glycerol before being applied t®Qasepharosé column (Sigma).
LSD1 was eluted with a 5-30% linear gradient us2igmM Tris-HCI pH 8.0, 5%
glycerol and 1 M NaCl. The fractions containing ipad LSD1 were pooled together.
Protein concentration was determined by Bradforgdays(BIORAD). Protein was
aliguoted (100 pL) and stored at -80°C.

T Protocol provided by Dr. Patrick Duriez, Cancer Resle UK, University of Southampton.
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8.4.2. Enzymatic assay

8.4.2.1. Ample®Red solutions

- Preparation of Amplex®Red

The reactive Ample¥Red was freshly made for each reaction well andb@hgL added
were composed of:

. 1 pL of 10 U/mL of horseradish peroxidase recoutdd in Reagent Buffer
(InVitrogen)

. 48.5 uL of 50 mM Potassium Phosphate buffer

. 0.5 pL of Ample®Red (InVitrogen) previously reconstituted in DMSO

For each reaction well, 50 pL of such solution watded.

- Preparation of Amplex® Red Stop solution

One vial of Ample®Red Stop reagent (InVitrogen) was dissolved in Tm5of EtOH
and gently vortexed until dissolution. An equal amoof EtOH containing the stop
solution and ddkD were mixed together and 30 pL of such mixtureavagtded to each

reaction well.

8.4.2.2. Protocol for Ample®Red

Inhibitor's stocks were prepared in DMSO and theluted in 50 mM Potassium
phosphate buffer pH 7.5 (1:1 mix of monobasic aib@sic). The desired concentration
(10 pL of drug 5x final concentration) was adde@&tGREINER 96 well non-binding
white plate followed by 30 pL of pure human reconanit Histag-LSD1 protein
diluted in 50 mM Potassium phosphate buffer at 4600mg/mL concentration. The
protein and the tested inhibitor were incubatedt atith gentle rocking for 10 min.
After that time, 10 pL of peptide substrate coroggping to the first 21 amino acid of
human histone 3 di-methylated on lysine 4 (sequence
ARTK(me2)QTARKSTGGKAPRKQLA, Peptide Synthetic, PRRI) were then added

at a concentration of 15€M (30 uM final concentration) and incubated forr2h at rt

with gentle rocking. Subsequently, 50 uL of Am@iRed/HRP mixture were added to
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each reaction well and incubated at rt with geshtiaking. After 30 min of incubation,
the reaction was quenched by adding 20 pL of AnfiRRed Stop Solution (InVitrogen)
to each reaction well. The fluorescence was read BMG Cell star microplate reader
(Ex: 530 nm; Em: at 590 nm). Raw data were coltt@ed analysed with GraphPad
Prism 6. The results were expressed as the reftimeescence unit (RFU) compared to
100% of enzymatic activity (LSD1 + substrate, nailiitor). Data were fitted with

nonlinear regression and are shown as means + 1I$93),

8.4.3. Peptide synthesis

To synthesise peptidg 1, 3.3 and 3.4, SPPSwas employed using Fmad3u strategy
and PyBOP/DIPEA as coupling reagents. Proceduresrdsin swelling, loading,
coupling and deprotection, global deprotection @hehvage, purification steps are
described in Chapter 2.

8.4.4. Peptide characterisation

3.1: RKQHAIPLIWPA, yield 37 %
Maldi-TOF (m/2): Expected 1428.728, Found: 1430.71, 1431.73 [M;A4p3.78
[M+Na]*, 1468.81 [M+KT.

3.3: GGTKAPRLEHGP, yield: 35 %
Maldi-TOF (m/2): Expected: 1218.36; Found: [M+H]219.50.

3.4:NPHTHTHGAFVS, yield: 42 %

Maldi-ToF (m/2): Expected 1303.383, Found: 1304.1305.09 [M+HB26.15
[M+Na]*, 1327.14 [M+H+Na'], 1342.13 [M+KT, 1343.12 [M+H+K™].
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Maldi-TOF Spectra
PRSFLVRKP

Peptide 3.1

Peptide 3.3
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Peptide 3.4
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8.5. Experimental procedures Chapter 4

8.5.1. Synthesis of irreversible inhibitors TCP anlagues

4.2
Methyl 4-formylbenzoate3*°

4-Formylbenzoic acid4(1) (10.0 g, 66.0 mol, 1.0 equiv.) was dissolved mmyalrous
MeOH (100 mL) with cooling (-5 °C) and acetyl chitte (24.1 g, , 21.2 mL, 0.33 mol,
5.0 equiv.) was added dropwise over a period ofml@. After 30 min, the reaction
mixture was warmed to rt and stirred overnight. Tbéatiles were removeh vacuo
and the residue dissolved in EtOAc (70 mL), washtth 1 N NaOH, (100 mLx3)
followed by sat. NaHC® (50 mL x 3), HO (50 mLx3) and brine (50 mLx3). The
organic phase was dried over MgSénd filtered. The solvent was remowvedvacuo
and the desired produdt2 was obtained (9.8 g, 91%) as a crystalline whiled ghat
was used without further purifications R 0.4, (petroleum ether/EtOAc 3:7): mp 180
°C; IR 1716, 1684, 1428 ctnH NMR (CDCE) & 3.91 (s, 3H), 7.94 (d] = 8.5 Hz,
2H), 8.19 (d,J = 8.3 Hz, 2H), 10.00 (s, 1H3C NMR (CDCE) § 52.6, 129.6, 130.3,
135.2, 139.3, 166.2, 191.7; HRMS (ESM)yz calcd. for GHoO3 [M+H]" 165.0546,
found 165.0545.

The spectroscopic data are consistent witi*thagported in the literature.
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4.3
(E)-Methyl 4-(3-(tert-butoxy)-3-oxoprop-1-en-1-yl)benzoate

To a solution of K&Bu (7.3 g, 64.6 mmol, 1.1 equiv.) in dry THF (100) tert-butyl
dietyl phosphonacetate (16.3 g, 15.4 mL, 64.6 mrhdl, equiv.) was slowly added
(dropwise) at -5 °C for a period of 15 min. The tahe was stirred for 1 h while
mantaining the same temperature. Compodn2 (9.8 g, 58.7 mmol, 1 equiv.),
dissolved in dry THF (40 mL), was then added drgawio the mixture with vigorous
stirring at -5 °C for a period of 20 min. Th reactimixture was then warmed to rt and
stirred overnight. After that time, the reactionxtnre was poured into iced-8 (100
mL) and extracted with EtOAc (100 mLx5). The orgaphases were combined (500
mL) and washed with sat. NaHE@QLO0 mL), HO (100 mL) and brine (100 mL) and
dried over MgS@ evaporation of the solvem vacuoreleased.3 (14.9 g, 98%) as a
white crystalline solid that was used without ferthpurification: R=0.64 (petroleum
ether/ EtOAc 2:8); mp 64 "CH NMR (CDCh) & 1.52 (s, 9H), 3.90 (s, 3H), 6.43 (d,J =
16.0 Hz, 1H)7.53-7.59 (m, 3H), 8.04 (@= 8.0 Hz, 2H).23C NMR (CDC}) § 28.2,
52.3, 80.9, 122.6, 127.8, 130.1, 131.2, 139.0, 114P65.8, 166.5; HRMS (ES/z
calcd for GsH1904 [M+H] " 263.1278, found 263.1278.

The spectroscopic data are consistent witt*thiagported in the literature.
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4.4
(£)-trans-4-methyl[2-(tert-butoxycarbonyl) cyclopropyl)]benzoate'’®

Trimethylsulfoxonium iodide (15 g, 68.1 mmol, 1.@uev.) was added in small portions
to a suspension of NaH (2.27 g, 68.1 mmol, 60 wi%nineral oil, 1.21 equiv.) in dry
DMSO (60 mL). The solution was stirred for 45 miime olefin4.3(14.9 g, 56.8 mmol,
1 equiv.) dissolved in DMSO (60 mL), was then addeopwise to the formed ylide
and the reaction stirred overnight at rt. After gdation, the reaction mixture was
poured into iced water (100 mL) and extracted iat®Ac (70 mLx10). The organic
phases (700 mL) were combined and washed withNedttCQ; (200 mL), HO (200
mL) and brine (200 mL) and dried over Mg&Rurification of the crude yellow oil by
silica gel column chromatography (petroleum etB#@Ac 8.9:1.9) afforded.3 (3.7 g,
23%) as a white crystalline solid;£0.66 (petroleum ether /EtOAc 8:2)p 40 °C; IR
1715, 1609, cny;, 'H NMR (CDCk) § 1.26 (ddd] = 4.8, 6.4, 8.5 Hz, 1H), 1.46 (s, 9H),
1.57 (m, 1H), 1.88 (ddd] = 4.4, 5.5, 8.6 Hz, 1H), 2.4 (ddd= 4.1, 5.4, 9.5 Hz, 1H),
3.9 (s, 3H), 7.1 (dJ = 8.3 Hz, 2H), 7.9 (d) = 8.4 Hz, 2H);13C NMR (CDCk) § 16.5,
24.6, 24.8, 27.1, 50.9, 79.8, 124.9, 127.6, 12B43,07, 165.8, 171.0; HRMS (ESI)/z
calcd. for GeH240sN [M+NH4]* 294.1700, found 294.1704.

This compound is reported in the literafdfealthough characterisation data was not
provided.
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4.5
(£)-trans-[2-(4-(methoxycarbonyl)phenyl]cyclopropanecarboxylic acid'’®

Trifluoroacetic acid (19.7 g, 13.2 mL, 0.17 mol, &8uiv.) and triethylsilane (3.86 g,
5.3 mL, 33.25 mmol, 2.5 equiv.) were added to atsm of4.4 (3.7 g, 13.4 mmol, 1
equiv.) in DCM (40 mL). The reaction mixture wasrsid at rt and monitored by TLC.
After completion, the reaction mixture was co-evaped with acetonitrile (15 mLx3)
to give 4.5 (2.1 g, 72%) as a white crystalline solid that weed without further
purification: mp 123 °C; IR 3307, 1716, 1608, 14/&m*; *H NMR (CDsOD) § 1.43
(ddd,J=4.6, 6.5, 8.5 Hz, 1H), 1.60 (ddd= 4.6, 5.3, 9.4 Hz, 1H), 1.92 (dddi= 4.1,
5.4, 8.5 Hz, 1H), 2.51 (ddd,= 4.0, 6.3, 9.2 Hz, 1H), 3.90 (s, 3H), 7.25 Jd8.4 Hz,
2H), 7.93 (d,J = 8.44 Hz, 2H);**C NMR (CD:0OD) § 17.9, 25.6, 26.9, 52.5, 127.1,
129.4, 130.7, 147.6, 168.7, 176.4; HRMS (ES8I)z calcd. for G2H1104 [M-H]~
219.0663, found 219.0659.

This compound is reported in the literafdfealthough characterisation data was not
provided.
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4.6
(£)-trans-4-methyl-2-[(tert-butoxycarbonyl)amino]cyclopropyl benzoate!’®

The acid4.5(2.1 g, 9.5 mmol, 1.0 equiv.), diphenylphosphomijda (2.86 g, 2.27 mL,
10.5 mmol, 1.1 equiv.) and triethylamine (1.44 §81mL, 14.3 mmol, 1.5 equiv.) were
combined intert-butanol (11 mL) under argon, heated at reflux altmived to react for
72 h. After that time, the reaction mixture wasledado rt, diluted with EtOAc (20 mL)
and washed with saturated J0&s solution (20 mLx3). The organic layer was
separated and the aqueous layer further extractbdBtOAc (20 mL). The organic
layers were combined (40 mlywashed with sat. NaHG®@10 mL), H.O (10 mL) and
brine (10 mL) and dried over MgSOConcentratiorin vacuo afforded a yellow oil
which was purified by silica gel column chromatqarg (Hexane/EtOAc 8:2) affording
4.5(1.6 mg, 42%) as a white crystalline solid=B.57 (Hexane /EtOAc 8:2); mp 45 °C;
H NMR (CDCk) & 1.20-1.24 (m, 2H), 1.43 (s, 9H), 2.07 (tH= 3.1, 7.6 Hz, 1H),
2.70-2.78 (m, 1H) 3.9, (s, 3H), 7.15 M= 8.5 Hz, 2H), 7.9 (dJ = 8.4 Hz, 2H);*C
NMR (CDChk) 6 14.8, 26.3, 28.0, 28.1, 28.4, 55.3, 113.8, 12738.4, 132.7, 157.9;
168.7; HRMS (ESln/zcalcd. for GsH1gN1O4 [M—H]~276.1241, found 276.1243.

This compound is reported in the literafdfealthough characterisation data was not

provided.
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4.7
(£)-trans-4-2-[(tert-butoxycarbonyl) amino)cyclopropyl]benzoic acid'’®

To a suspension ef.6 (1.6 g, 5.7 mmol, 1 equiv.) in THF:B: (3:1 ratio), LIOH (0.4
g, 17.32 mmol, 3 equiv.) was added and the reatti@mted to 50 °C and stirred for 3 h.
The reaction progress was monitored by TLC and atimpletion, the reaction mixture
was diluted with water (10 mL) and acidified to gF2 with sat. KHS®@ The aqueous
layer was extracted with EtOAc (20 mLx3) and thenbmed organic layers (60 mL)
were washed with sat. NaHG(Q@O mL), O (10 mL) and brine ¥0 (10 mL) and
dried over MgS@ Solvent concentratiom vacuoafforded4.7 (1.3 g, 82%) as a white
solid. The product was used in the following stefhaut further purification: IR 3314,
2873, 1681, 1453 cth 'H NMR (CD;0D) § 1.21-1.25 (m, 1H), 1.43 (s, 9H), 2.04 (4d,
= 3.9, 7.9 Hz, 1H), 2.69-2.65 (m, 1H), 7.19 {d= 8.3 Hz, 2H), 7.91 (dJ = 8.3 Hz,
2H); *C NMR (CD:0OD) & 17.1, 25.8, 28.7, 35.0, 80.3, 126.9, 129.4, 1304B.5,
158.9, 169.9; HRMS (ESIm/z calcd. for G7H2sNOs [M+H]* 273.1961, found
273.1962.

This compound is reported in the literafdfealthough characterisation data was not

provided.
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Coupling procedure (4.8a-s)

To a stirring suspension of the acdlg in DCM, 2 equiv. of DIPEA were added and
the mixture stirred until obtaining a clear solati®@ubsequently, HOBt (0.2 equiv.) and
EDCI (1.5 equiv.) were added and stirred for 30.riiime desired amin@-s Table 4.8,
1.2 equiv.) was added to the stirring mixture ahd teaction further stirred at rt
overnight. After that time, the reaction mixturesadiluted with DCM and washed with
2 N HCl and 1 N NaOH. The organic layers were caorallj washed with sat. NaHGO

H-0 and brine and dried over Mga@oncentratioin vacuoafforded amideg.8a-s.

Compound Amine Yield
4.8-a Glycynamide hydrochloride 42%
4.8-b benzylamine 67%
4.8-c phenethylamine 63%
4.8-d dibenzylamine 56%
4.8-e 4-phenylbenzylamine 58%
4.8-f 2-thiophenethylamine 51%
4.8-g cyclohexanemethylamine 52%
4.8-h cylohexaneethylamine 57%
4.8-i 4-fluorobenzylamine 59%
4.8-j 4-bromobenzylamine 61%
4.8-k 4-chlorobenzylamine 56%
4.8-1 4-methoxybenzylamine 51%
4.8-m 4-nitrobenzylamine 56%
4.8-n 1-(2-pyridyl) piperazine 36%
4.8-0 1-(2-pyrimidyl )piperazine 43%
4.8-p 1-tosylpiperazine 65%
4.8-q 1-(methylsulfonyl)piperazine | 56%
4.8-r 1-(2-fluorophenyl)piperazine | 45%
4.8-s 2-(piperazin-1-yl)benzonitrile | 53%

Table 8.2: Amine used in the coupling reaction forlte generation of intermediates 4.8-a-s.
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Boc-deprotection (4.9-4.27)

The amides4.8a-9 were dissolved in HCI (6 N) in THF with cooling@the reaction
monitored by TLC. Amide%.8-b, 4.8-¢ 4.8-¢ 4.8-f were deprotected with 4 N HCI,
whereas amidd.8-m, 4.8-n, 4.8-0,4.8-q, 4.8-r, 4.8-swere deprotected with 3 N HCI.
After completion, the deprotected amines were @dutwith acetonitrile and
concentratiorin vacuoafforded the deprotected amines that were washiddiethyl
ether. Compound4.9-4.27were then analysed by HPLC and purified by RP-HPLC
Gross purification was performed on a preparatieHPLC gradient from 95:5 water:
methanol- 5:95 methanol: water with 0.05% TFA additive 088rminutes and a flow
rate of 20 mL/min. Collection was monitored by Uv244 and 254 nm. The collected
fractions were assessed by analytical RP-HPLC hedonhes suspected to have the

desired compound diluted in water (5 mL), lyoptatisand fully characterised.

4.9
4-(t)-trans-2-aminocyclopropyl)-N-(2-amino-2-oxoethyl)- benzamide hydrochloride

Yield 15%, yellow oil;*H NMR (CDsOD) & 1.38-1.42 (m, 1H), 1.47-1.52 (m, 1H),
2.43-2.48 (m, 1H), 2.91-2.94 (m, 1H), 3.74 (s, 1402 (s, 1H), 4.08, (s, 1H), 7.31 (dd,
J=2.7,8.0 Hz, 2H), 7.85 (8 = 7.60 Hz, 2H);}*C NMR (CD:0D) § 14.6, 22.3, 32.3,
42.3, 127.5, 128.9, 133.5, 144.3, 169.2, 172.8; IBRMESI) m/z calcd. G2H16N302
[M+H]* 234.1237, found 234.12068. Purity 96%. For thimpound was not possible

to achieve a good IR spectra due to the low yield.
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4.10
4-((x)-trans-2- aminocyclopropyl)-N-benzylbenzamide hydrochloride!’®

Yield 71%, yellow crystalline solid; mp 200 °C; B336, 3289, 3075, 1674, 1437 ¢m

'H NMR (CD;0D) 6 1.36-1.42 (m, 1H), 1.46-1.51 (m, 1H), 2.46 (ddig; 3.3, 6.6, 9.9
Hz, 1H), 2.90-2.92, (m, 1H), 4.6 (s, 2H), 7.11-7(&9 3H), 7.22-7.35 (m, 4H), 7.81 (d,
J=8.2 Hz, 2H)3C NMR (CD:;0D) § 14.3, 22.4, 32.2, 44.4, 127.5, 128.2, 128.5,129.7,
129.5, 134.1, 140.2, 143.9, 169.6; HRMS (EBl calcd. for G7H1gN201 [M+H]™*
267.1492, found 267.1495; Purity 99%.

This compound is reported in the literafdfealthough characterisation data was not

provided.

4.11
4-(t)-trans -2-aminocyclopropyl)-N-phenethylbenzamide hydrochloride

Yield 67%, yellow solid; mp 180 °C; IR 3283, 163/45 cm!; *HNMR (CDsOD) §
1.36-1.42 (m, 1H), 1.48 (ddd,= 4.2, 6.7, 10.3 1H), 2.42 (ddd= 3.5, 6.3 Hz, 10.3
1H), 2.90 (tJ = 7.7 Hz, 3H), 3.58 (t) = 7.2 Hz, 2H), 7.17-7.20 (m, 1H), 7.24-7.29 (m,
6H) 7.72 (d,J = 7.7 Hz, 2H);3CNMR (CD:;OD) & 14.3, 22.4, 32.3, 36.3, 42.6,
127.3,127.4, 128.6, 129.5, 129.9, 134.3, 140.6,8141%9.7; HRMS (ESIm/z calcd.
for C1gH21N20 [M+H]™ 281.1648, found 281.1648. Purity 96%.
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4.12
4-(t)-trans-2-aminocyclopropyl)-N,N-dibenzylbenzamide hydrochloride

Yield 52%, yellow solid; IR 3214, 1645.7, 1620, 24&n*; 'HNMR (CDsOD) § 1.37-
1.38 (m, 1H), 1.49-1.56 (m, 1H), 2.43 (ddds= 3.2, 6.4, 9.8 Hz, 1H), 2.96-2.90 (m,
1H), 4.43 (br s, 2H), 4.66 (br s, 2H), 7.12 (b2Hl), 7.24-7.30 (m, 7H), 7.32-7.39 (m,
5H), 7.43-7.50 (m, 2H)’*CNMR (CD;OD) § 14.1, 22.3, 32.3, 53.7, 127.6, 128.0,
128.2, 128.7, 129.8, 129.9, 135.5, 142.2, 174.2M8RESI)m/zcalcd. for G4HzsN201
[M+H]*, 357.1961, found 357.1960. Purity 99%.

4.13
N-([1,1'-biphenyl]-4-ylmethyl)-4- (+ trans -2 -aminocyclopropyl) benzamide
hydrochloride

Yield 34% yellow solid; IR 3402, 3045, 1715, 163840 cm';

'H NMR (CDsOD) & 1.38-1.43 (m, 1H), 1.46-1.50 (m, 1H), 2.43 (ddd3.5, 6.3, 10.2
Hz, 1H), 2.92 (dddJ = 3.7, 7.9, 11.6 Hz, 1H), 4.61 (s, 2H), 7.26-7.89 @H), 7.30-
7.34 (m, 1H), 7.39-7.45 (m, 4H), 7.56-7.60 (m, 4AHB3 (d,J = 8.4 Hz, 2H);*C NMR
(CDsOD) 6 14.3, 22.4, 32.2, 44.1, 127.4, 127.8, 128.0,1228,7, 128.9, 129.7, 134.0,
139.2, 141.3, 142.0, 143.8, 169.6. Purity 95%.
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4.14
4-(t)-trans -2-aminocyclopropyl)-N-(2-(thiophen-2-yl)ethyl)benzamide hydrochloride

Yield 47%, yellow solid; mp 218 °C; IR 3318, 277977, 1626, 1505 ¢ *H NMR
(CD30D) & 1.37-1.42 (m, 1H), 1.48 (ddd,= 4.56, 6.7, 10.2 Hz, 1H), 2.43 (ddii=
3.6, 6.0, 9.0 Hz, 1H), 2.90-2.94 (m, 1H), 3.13)(t 7.0 Hz, 2H), 3.61 (t)=7.0 Hz,
2H), 6.88 (ddJ = 1.0, 3.4 Hz, 1H), 6.91-6.94 (m, 1H) 7.20 (dd 1.0, 4.8 Hz, 1H),
7.25 (d,J=8.4 Hz, 2H), 7.75 (d] = 8.4 Hz, 2H):}*C NMR (CD:0D) 5 14.3, 22.4, 30.1,
32.2, 42.7, 124.7, 126.3, 127.4, 127.8, 128.6,11,3¥42.5, 143.7, 169.7. Purity 97%.
For this compound it was not possible to obtain HRil&ta.

4.15
4-(t)-trans-2-aminocyclopropyl)-N-(cyclohexylmethyl)benzamide hydrochloride

Yield 58%, yellow solid; mp 198 °C; IR 3335, 1719696, 1459 cmy; 'H NMR
(CDsOD), § 0.94-1.03 (m, 2H), 1.18-1.31 (m, 4H), 1.33-1.44 (i), 1.48-1.52 (m,
1H), 1.58-1.69 (m, 2H), 1.71-1.82 (m, 3H), 2.412(#n, 1H), 2.88-2.92 (m, 1H) 3.20
(d, J = 6.9 Hz, 2H), 7.26 (d) = 8.2 Hz, 2H), 7.76 (dJ = 8.2 Hz, 2H);3C NMR
(CDsOD) 6 14.3, 22.4, 26.9, 27.6, 32.3, 39.2, 39.4, 47.7,.4,2128.6, 134.3, 143.6,
169.8; HRMS (ESI)m/z calcd. for G/H2sN20 [M+H]*, 273.1961, found 273.1962.
Purity 97%.
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4.16
4-(t)-trans-2-aminocyclopropyl)-N-(2-cyclohexylethyl)benzamide hydrochloride

Yield 33%, yellow solid; mp 79 °C; IR 3318, 163%3D, 1449 crit; tHNMR (DMSO-
d6) 5 0.84-0.96 (m, 2H), 1.08-1.31 (m, 5H), 1.36-1.44 Bi), 1.45-1.51 (m, 1H), 1.64-
1.80 (m, 5H), 2.43 (ddd] = 3.5, 5.5, 10.1 Hz, 1H), 2.81-2.89 (m, 1H), 3.229%B(m,
2H), 7.25 (dJ = 8.3 Hz, 2H), 7.75 (d] = 8.3 Hz, 2H), 8.39 (1) = 6.0 Hz, 1H), 8.64 (br
s, 2H);®®*CNMR (CDsOD) § 14.3, 22.4, 27.4, 27.6, 32.2, 34.3, 36.8, 37.98,3827.4,
128.6, 134.3, 143.6, 169.6; HRMS (E®i)z calcd. for GgH2N20 [M+H]* 287.2118,
found 287.2119. Purity 98%.

4.17
4-((t)-trans-2-aminocyclopropyl)-N-(4-fluorobenzyl)benzamide hydrochloride

Yield 45%, yellow solid; mp 98 °C; IR 335, 2486,216 1516, 1458 ci *H NMR
(CDs0D) 6 1.37-1.42 (m, 1H), 1.49 (ddd= 4.7, 7.0, 10.2 Hz, 1H), 2.43 (ddil= 3.6,
6.5, 10.0 Hz, 1H), 2.89-2.96 (mMH), 4.53, (s, 2H), 7.0 (1}=8.7 Hz, 2H), 7.26 (d
J=8.2, 2H), 7.36 (m, 2H), 7.81 (d=8.3 Hz, 2H);*C NMR (CD;OD) § 14.3, 22.4,
32.3, 43.8, 116.2, 127.5, 128.5, 130.4, 133.9,3,3643.9, 163.5 (dJr-c=220 Hz),
169.6; HRMS (ESI)m/z calcd. for G7H1sFiIN2O [M+H]* 285.1398, found 285.1402.
Purity 96%.
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4.18
4-((%)-trans -2-aminocyclopropyl)-N-(4-bromobenzyl)benzamide hydrochloride

Yield 65 %, white solid; mp 97 °C; IR 3320, 303%68, 1637, 1533, 14893 ¢in
IHNMR (CD:OD) § 1.37-1.42 (m, 1H), 1.46-1.51 (m, 1H), 2.44 (dde 3.2, 6.3, 9.7
Hz, 1H), 2.90-2.93 (m, 1H), 4.52 (s, 2H), 7.26 J& 8.0 Hz, 4H), 7.47 (d] = 8.3 Hz,
2H), 7.83 (d,J = 8.3 Hz, 2H)}CNMR (CD:0OD) § 14.4, 22.4, 32.3, 43.9, 121.8, 127.5,
128.8, 130.5, 132.6, 133.9, 139.6, 144.00, 169.RMS (ESI) m/z calcd. for
CiH1aBIN2O [M+H]*345.0597, found 345.0602. Purity 98%.

4.19
4-((t)-trans-2-aminocyclopropyl)-N-(4-chlorobenzyl)benzamide hydrochloride

Yield 15%, yellow solid; mp 102 °C IR 3301, 23543%, 1556, 1515 crh) tHNMR
(CDsOD) § 1.36-1.41 (m, 1H), 1.48 (ddd= 4.2, 6.7, 10.2 Hz, 1H), 2.43 (ddiz= 3.1,
6.2, 9.9 Hz, 1H), 2.90-2.94 (m, 1H), 4.5 (s, 2HR77(d,J = 8.3 Hz, 2H), 7.32 (s, 4H),
7.81 (d,J = 8.3 Hz, 2H);"*CNMR (CDsOD) & 14.7, 22.8, 32.4, 43.9, 123.4, 127.4,
128.8, 129.7, 130.2, 132.9, 139.0, 144.1, 172.1;M8R(ESI) m/z calcd. for
C17H16CIN2O [M+H]* 301.1102, found 301.1102. Purity 94%.
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4.20
4-((%)-trans-2-aminocyclopropyl)-N-(4-methoxybenzyl)benzamide hydrochloride

Yield 52%, yellow solid; mp 123 °C; IR 3364, 1671528 cm’; *HNMR (CDsOD) &

1.36-1.41 (m, 1H), 1.49 (ddd= 4.6, 6.7, 10.5 Hz, 1H), 2.44 (ddb= 3.4, 6.3, 9.8 Hz,
1H), 2.91, (ddd) = 4.0, 7.9, 11.7 Hz, 1H), 3.76 (s, 3H), 4.48 (s),26487 (d,J = 8.6

Hz, 2H), 7.25 (d,) = 8.4 Hz, 2H), 7.26 (d) = 8.4 Hz, 2H), 7.79 (d) = 8.1 Hz, 2H);
13CNMR (CD;0D) § 14.3, 22.4, 32.3, 43.9, 55.7, 114.9, 127.5, 1282B.8, 132.2,
134.1, 143.9, 160.4, 169.5; HRMS (E8&i)z calcd. for GsH2:N20, [M+H]* 297.1598,
found 297.1595. Purity 98%.

4.21
4-((%)-trans-2-aminocyclopropyl)-N-(4-nitrobenzyl)benzamide hydrochloride

Yield 17%, brown solid; IR 3283, 1643, 1591, 1516 'H NMR (CD:;OD) &: 1.38-
1.44 (m, 1H), 1.45-1.49 (m, 1H), 2.43 (ddb= 3.3, 6.5, 9.8 Hz, 1H), 2.91-2.95 (m,
1H), 4.68 (s, 2H), 7.31 (d,= 7.6 Hz, 2H), 7.58 (d] = 8.8 Hz, 2H), 7.77 (d] = 7.6 Hz,
2H), 8.2 (d,J = 8.8 Hz, 2H)3C NMR (CD:OD) § 14.4, 22.4, 32.3, 43.9, 124.6, 127.6,
128.8, 129.3, 133.6, 144.2, 148.1, 148.5, 169.MBRESI)m/zcalcd. for GH1eNzOs
[M+H] *312.1343, found 312.1343. Purity 94%.
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4.22

4-((x)-trans -2-aminocyclopropyl)phenyl)4-(pyridin-2-yl)piperazin-1-yl)methanone
hydrochloride

Yield 13%, orange oil; IR 3358, 1603, 1545, 1435'cANMR (CDsOD) § 1.37-1.43
(m, 1H), 1.51 (ddd) = 4.4, 6.6, 11.1 Hz, 1H), 2.48 (dddl= 3.5, 6.3, 10.0 Hz, 1H),
2.93 (dddJ=4.4,7.6, 11.2 Hz, 1H), 3.8 (br s, 8H), 7.06)&, 6.5 Hz, 1H), 7.32 (d] =
8.0 Hz, 2H), 7.42 (dJ = 9.2 Hz, 1H), 7.48 (dJ = 8.0 Hz, 2H), 8.0 (dd) = 1.24, 7.9
Hz, 1H), 8.05 (dtJ = 1.6, 8.5 Hz, 1H)!*CNMR (CDs;OD) & 14.3, 22.4, 32.2, 44.8,
47.2,114.3,127.8, 128.8, 131.1, 134.5, 137.5,8.445.7, 153.7, 172.6; HRMS (ESI)
m/zcalcd. for GoH23N4O [M+H]" 323.1866, found 323.1869. Purity 95%.

4.23
4-(t)-trans-2-aminocyclopropyl-phenyl)-(4-(pyrimidin-2-yl)piperazin-1-yl)methanone
hydrochloride

Yield 22 %, red oil; IR 3353,1678, 1632, 1551H NMR (CD;0D) § 1.39-1.45 (m,
1H), 1.47 (ddd, = 4.5, 6.9, 10.1 Hz, 1H), 2.44 (dd#i= 3.6, 6.4, 10.2 Hz, 1H), 2.92-
2.96 (m, 1H), 3.53 (br s, 2H), 3.82 (br s, 4H),43(Br s, 2H), 6.66 (tJ = 4.7, Hz, 1H),
7.29 (d,J = 8.2 Hz, 2H), 7.42 (d) = 8.3 Hz, 2H), 8.35 (dJ = 4.8 Hz, 2H);**C NMR
(CDsOD) 5 14.2, 22.4, 32.1, 40.4, 41.7, 111.8, 127.7, 12836,2, 142.3, 159.1, 162.8,
172.45; HRMS (ESI)m/z calcd. for GsH2oNsO [M+H]"324.1819, found 324.1824.
Purity 95%.
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4.24
4-((t)-trans-2-aminocyclopropyl)phenyl)(4-(phenylsulfonyl) piperazin-1-
yl)methanone hydrochloride

Yield 25%, white solid; IR 3392, 1637, 1652, 155f% 'H NMR (CD;OD) & 1.33-
1.38 (m, 1H), 1.45-1.50 (m, 1H), 2.41-2.43 (m, 1BI®5 (s, 3H), 2.87-2.89 (m, 1H),
3.00 (br s, 4H), 3.56 (br s, 2H), 3.77 (br s, 2HR2 (d,J = 7.6 Hz, 2H), 7.30, (d] =
7.6 Hz, 2H), 7.44 (d) = 7.8 Hz, 2H), 7.65 (dJ=7.9 Hz, 2H);*3C NMR (CD:0D) 5
14.2, 215, 22.3,32.2,44.2, 47.2, 127.7, 1288,9, 130.9, 133.8, 134.5, 142.4, 145.6,
172.2; HRMS (ESI)m/z calcd. for GiH26N303S [M+H]* 400.1689, found 400.1687.
Purity 97%.

4.25
4-(t)-trans-2-aminocyclopropyl)phenyl(4-(methylsulfonyl)piperazin-1-yl)methanone
hydrochloride

Yield 37%, white solid; IR 3387, 1614, 1562 ¢mHNMR (CDsOD) & 1.37-1.42 (m,
1H), 1.47 (ddd) = 4.5, 6.8, 10.3 Hz, 1H), 2.42 (dd#i= 3.6, 6.6, 10.2 Hz, 1H), 2.87 (s,
3H), 2.89-2.93 (m, 1H), 3.26 (br s, 4H), 3.57 (b2H), 3.8, (br s, 2H), 7.28 (d,= 8.2
Hz, 2H), 7.41 (dJ = 8.3 Hz, 2H);®*CNMR (CD;0D) § 14.2, 22.4, 32.0, 34.8, 46.7,
68.0, 127.8, 128.6, 134.7, 142.4, 172.3; HRMS (E8i} calcd for GsH2aN3OsS
[M+H]+ 324.1380, found 324.1380. Purity 99%.
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4.26
4-((x)-trans-2-aminocyclopropyl) phenyl)4-(2-fluorophenyl)piperazin-1-yl)methanone
hydrochloride

Yield 44%, yellow solid; IR 3387, 1603, 1505, 143it; *H NMR (CDsOD) § 1.37-
1.42 (m, 1H), 1.44 -1.49 (m, 1H), 2.42 (ddds 3.2, 6.3, 9.7 Hz, 1H), 2.89-2.93 (m,
1H), 3.16 (br s, 4H), 3.66 (br s 2H), 3.94 (br ,2H03-7.13 (m, 4H), 7.28 (d,= 7.6
Hz, 2H), 7.42 (dJ = 7.8 Hz, 2H);**C NMR (CD;0OD) § 14.5, 22.4, 32.4, 54.9, 68.0,
117.7,122.3, 126.6, 127.9, 128.4, 128.9, 134.3,9.342.6, 156.6 (dF.c= 245.8 Hz),
172.19; HRMS (ESIn/z calcd. for GoH23F1N3O [M+H]* 340.1820, found 340.1821.
Purity 96%.

4.27
2-(4-(4-(x)-trans-2-aminocyclopropyl)benzoyl)piperazin-1-yl)benzonitrile
hydrochloride

Yield 39%, white solid; IR 3353, 2856, 2221, 163862 cm!; 'H NMR (CD:OD) &
1.38-1.42 (m, 1H), 1.44-1.51 (m, 1H), 2.40-2.45 (H), 2.92 (ddd,] = 4.2, 8.0, 11.0
Hz, 1H), 3.18 (br s, 2H), 3.56-3.59 (m, 1H), 3.6683(m, 3H), 3.71-3.74 (m, 2H), 3.95
(br's, 1H), 7.14 () = 7.4 Hz, 1H), 7.19 (d) = 8.2 Hz, 1H), 7.29 (d] = 8.0 Hz, 2H),
7.43 (d,J = 8.0 Hz, 2H), 7.57-7.61 (m, 1H), 7.65 (dtk 2.07, 9.06 Hz, 1H}3C NMR
(CD:OD) § 14.2, 22.4, 32.2, 43.7, 62.2, 107.7, 119.1, 121P@,0, 127.7, 128.7, 135.1,
135.3, 135.4, 142.3, 156.6, 172.3; HRMS (EBW calcd. for GiHaaN4O [M+H]",
347.1866, found 347.1869. Purity 96%.
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8.5.2. Biology evaluation Chapter 4

All the AML work was conducted under supervisionf. Stuart Rushworth at the

Biomedical Research Centre, University of East AngDr. Stuart conducted the
CD34 cells preparation whereas | performed the flonomgtry evaluations. LNCaP

viability measurements following LSD1 inhibitorseitment was performed by Dr.
Simon Crabb’s research group at the UniversityamitBampton, Cancer Research UK.
The procedures for LNCaP cells culturing and celbility are reported in Chapter 2.

8.5.2.1. Cell viability experiments

For cytotoxicity assays, 100 pL of cells suspenswas plated at a density of
5x10¢ cells/mL in 96 well plates. Drugs (250 mM stockere dissolved to the
appropriate concentration in RPMI complete medid®x{inal concentration) and 10
pL of each concentration was immediately addetiegptated cells. Each condition was
repeated five times. After treatment, cells werkucead for the reported amount of time.
Cell viability was then measured using CellTitee®(Promega, Southampton, UK) by
adding 100 pL of the reagent to each well. Aftemii@ of incubation at rt, 100 pL of
cell suspension + reagent were transferred intohdaewGREINER 96 well plate to
eliminate stray light. Bioluminescence was recordeca BMG Cellstar microplate
reader. The raw data collected were normalisedméral (vehicle control).

For the initial evaluation with TCP, the conceritras used were:

1uM, 3 uM, 10 uM, 30 uM and 100 uM. Cells weretarndd for 48 h and 72 h. After
the appropriate interval, viable cells were analyséth CellTiter-GI&. Luminescence
values were normalised to pre-treatment levels atatistical significance was
determined with two-way ANOVA and corrected for mple comparisons using
Dunnett’s test.

For two-dose analyses, enzymatically active comgsumwere tested after 72 h
treatment, while compounds10and4.11 were tested at 24 h, 48 h, 72 h and 120 h.
Cell viability was then measured using CellTitee®l Statistical significance was

determined as above.
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To obtain dose-response curves, cells were treaitddthe appropriate compounds at
10 uM, 3 uM, 1 uM, 0.3 uM, 0.1uM, 0.03 puM, 0.01 pI003 uM and 0.001 pM
concentrations. luminescence values were normatisque-treatment levels and data

fitted with a nonlinear regression model using GRgd Prism 6.

8.5.2.2. Washout experiment

In a 96 well plate, 100 pL of THP-1, HL-60, MV4-1KASUMI, OCI-AML3 and
U937 cells suspension were plated at a densityx@fScells/mL and treated with 10
pL of LSD1 inhibitors (200 nM final concentratio®).10 4.11 and 4.14 or left
untreated. Cells were allowed to grow for 6 h aftdrahat time, inhibitor-containing
medium was removed by centrifugation and replacid fresh media (inhibitor-free).
Cells were further cultured for 72 h and then \eablimbers measured using CellTiter-
Glo®. Viability values obtained were normalised to fesatment levels (vehicle
control) and data obtained during continuous anidegoutreatment were statistically
analysed. Statistical significance was determinét ane-way-ANOVA and corrected

for multiple comparisons using Dunnett’s test.
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8.5.2.3. SDS-PAGE and Immunoblotting

Solutions and buffers

. 10% APS: 23 mg ammonium persulfate crystal were dissolved230 pL
ddH0. The solution was stored at 4 °C.

. 4% (w/v) SDS: 4 g of SDS were dissolved in 90 mL of ddHwith gentle
stirring and brought to a final volume of 100 mLtivddHO.

. 10% (w/v) SDS 10 g of SDS were dissolved in 90 mL of ddHwith gentle
stirring and brought to a final volume of 100 mLtivddHO.

. 1.5 M Tris-HCI, pH 8.8: 27.23 g of Tris-base (18.15 g/100 mL) were digsol

in 80 mL of ddHO. The pH was adjusted to 8.8 with 6 N HCI. Totaluwne was
brought to 150 mL with dd¥D and the solution stored at 4 °C.

. 0.5 M Tris-HCI, pH 6.8: 6 g of Tris-base were dissolved in 60 mL of d@H
with gentle stirring. pH was adjusted to 6.8 withN61ClI. Total volume was brought to
100 mL with ddHO and the solution stored at 4 °C.

. 1xTBS: 6.05 g of Tris Base and 8.76 g of NaCl were disstlin 800 mL of
ddH0. The pH was adjusted to 7.5 with 1 M HCI. Thewoé was brought to 1 L with
ddHO. TBS was kept at 4 °C.

. 20xTBST: 48.4 g of Tris-base, 160 g NaCl, 62 mL of 5 M HZ), mL

Tweerf 20, were dissolved in 1 L of dd8 (final volume). The pH was adjusted to 8.6
with 6 N HCI and the solution was stored at rt.

. 5xSDS running buffer (1 L): 30.0 g of Tris-base, 140 g of glycine and 5 g of
SDS were dissolved in 1 L of dd@6l. The pH was adjusted to 8.3 and the solution
stored at 4 °C.

. 1xSDS transfer buffer (1 L): 3.0 g of Tris-base, 14.4 g of Glycine were
dissolved in 900 mL of dd¥D. Then, 100 mL of MeOH were added before use.
Transfer buffer was used at 4 °C and prepared farstach experiment.

. 2xSDS loading buffer:1.52 g of Tris-base, 20 mL of glycerol, 2.0 g SR
mL B-mercaptoethanol and 1 mg Bromphenol Blue were gaddde40 mL of ddHO.
The pH was adjusted to pH 6.8 with 1N HCI. Aftemtie stirring, the volume was
brought to 100 mL. The solution was stored at 4 °C.
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. 14% SDS polyacrylamide gel (resolving gel), recip®r two gels:

4.2 mL ddRO, 7.47 mL 30 % acrylamide (BIORAD), 160 pL of 18®S, 160 pL
10% APS and 16 pL Tetramethylethylenediamine (TEMERre mixed and gently
vortexed. For each polyacrylamide gel we used # 5ofrgel mix.

. 5% Stacking gel for each gel2 mL of 30% acrylamide mix, 3 mL of 0.5 M
Tris-HCI (pH 6.8), 0.12 mL of 10% (w/v) SDS and 6.mL of ddHO were mixed and
gently vortexed.

. Stripping buffer (1 L): 15 g of glycine, 1 g of SDS and10 mL of Tweer 20
were disolved in 1 L of dd¥D. The pH was adjusted to 2.2 with 1 N HCI.

Antibodies

Antibodies for immunoblotting were purchased frorallGSignalling (anti-H3K4me2
#9725) or Abcam (anti-H3 ab100938, and Goat antkrdgG (HRP) ab97080). The
antibodies from Cell signalling were diluted to Q0D in 3% Bovine serum albumin
(BSA) dissolved in TBST (w/v); the antibodies froAbcam were diluted 1:5000
(primary) or 1:10000 (secondary) in 3%BSA dissoluedBST.

Cell preparation

KASUMI cells suspension was plated in a 24 wellglat a concentration of 25510
cells/mL (1 mL /well). Stock o#.11 (1 pL, 200 uM), prepared in complete RPMI
medium, was added to the plated cells for a filmaicentration of 200 nM. Cells were
cultured for 2 h, 4 h, 6 h, 48 h and 72 h. Aftee tippropriate time-course, the cell
culture plate with the treated cells was placedcerand cells harvested. The wells were
washed repeated with cold PBS to ensure the ciglteof all the cells in the well. Cells
were then centrifuged at 16,000 rpm for 20 min a€4nd maintained on ice through
the procedure. The cells pellet was re-centrifugedfly to discard any remaining
supernatant. To each sample, 50 pL of 1xSDS loablirftpr were added and after a
gentle mix, the samples were sonicated 3 timed@et5 seconds each at level 3 in an
ultrasonic bath SW3H (Fisher). Cellular proteinsravenaintained at -20 °C until
electrophoresis and heated in a heating block @omin at 95 °C prior to use. After

heating, samples were centrifuged at 16,000 rpanrmcrocentrifuge for 1 min.
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Gel electrophoresis

Protein lysates were separated by electrophoresisggyua sodium dodecyl sulfate-
polyacrylamide gel (SDS-PAGE) on a mini (8.6x6.7)cfarmat SDS-PAGE gel

(BIORAD) along with 8 pL of molecular weight markéFisher) that served as the
ladder. Gel electrophoresis was run at 80 V forn#@ for stacking gel and 150 V

(constant) for the resolving gel (60-70 min).

Immunoblotting

After electrophoresis, gels were placed in 1xtr@ngfuffer for 10 min and proteins
were transferred from the gel to a polyvinyliden#udride (PVDF) membrane (GE
healthcare) with 0.2 um pore size. Prior to the tle membrane was soaked for 1 min
in MeOH and then equilibrated for 5 min in transiferffer. The protein transfer was
carried out on ice at 300 mA for 100-120 min, iBIORAD Trans-Blof system with
continuous stirring. After the transfer, the blogtimembrane was washed briefly with
TBST and blocked for 1 h at rt with 3% BSA (w/vo)TBST and incubated overnight
with the primary Ab. The membrane was washed wHBST repeatedly for a total of
five washes (five minutes/wash) to remove excessgry Ab and this was followed by
an incubation with secondary Ab conjugated witinsbereadish peroxidase. Detection
was performed with Chemoluminescent substrate (gviedPico Super ECL reagent,
Pierce) 2 mL per membrane and the bands of intenese visualised on an
ImageQuart LAS 4000 Image Analyser.

Stripping for re-probing
For loading control, the membrane was re-probedH8r (total), after a stripping
procedure following Abcam protocol.

Stripping procedure

The stripping buffer (20 mLxmembrane) was incubatétl the memebrane for 10 min
(twice). The membrane was then washed for 10 mih RBS (twice) and five minutes
with TBST (twice). The membrane was blocked with B®A and the remaining steps

were performed as described above.

300



Experimental procedures for Chapter 4

8.5.2.4. Flow-cytometry

Flow cytometry was performed in a BD Accddti C6 Flow Cytometer and data
analysed using BD AccU C6 Software version 1.0.264.15. Antibodies for GD8
CD14, CD11b and CD34 or Isotype controls were paseld from Myltenyi Biotec.

CD86 expression

Cells were plated at a concentration of 25xd€lls/mL (1 mL) in a 24 well plate. The
plated cells were treated with 1 pL of 200 uM sto€K.10 4.11and4.14 prepared in
complete RPMI media to achieve a final concentrattd 200 nM, or left untreated
(vehicle control). Cells were further cultured fad h, 48 h and 72 h. After the
appropriate time-course, 250 pL of treated andeadd cell samples were centrifuged
for 4 min at 1000 rpm in a pre-cooled centrifug€ @. The supernatant was discarded
and cell pellet was washed twice with filtered P@X pm filter), and re-centrifuged.
Any remaining supernatant was discarded. To thetdcesamples, 2 puL of anti-CD86
fluorescent isothiocyanate (FITC) conjugated Aloiiel FM95) diluted in 100 pL of
PBS were added whereas to the untreated samplep? kITC-conjugated human IgG
diluted in 100 pL of PBS were added. Samples weseliated with the Abs for 20 min
in the dark at 4 °C and washed with ice cold PB&tnove excess Abs. Samples were
centrifuged at 1000 rpm for 4 min in a pre-cooletdfuge (4 °C). Washing was
repeated twice and any remaining supernatant diedarTo each pellet, 100 pL of
filtered PBS were then added and the fluorescexamimed by flow cytometry. The %
of fluorescence increase compared to control (atdce cells, stained with , IgG1l
control) was recorded in three independent experisnand analysed using GraphPad
Prism 6. Statistical significance was determinethwivo-way ANOVA and corrected

for multiple comparisons with Bonferroni’s test.
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CD11b-CD14 expression

Cells were plated at a concentration of 25xd€lls/mL (1 mL) in a 24 well plate. The
plated cells were treated with 1 pL of 200 uM stadk4.10 or 4.11, prepared in
complete RPMI media (final concentration of 200 ndf)left untreated. Cells were
cultured for 48 h. Next, 250 pL of each sample weastrifuged for 4 min at 1000 rpm
in a pre-cooled centrifuge (4 °C). The supernateat discarded and the cell pellet was
washed twice with filtered PBS and re-centrifug€ells were then co-stained with 2
pL of anti-CD14 (FITC- conjugated) and 2 pL of a@11b (phycoerythrin -PE
conjugated) diluted in 100 pL of PBS. Untreated [gas were co-stained with
irrelevant antibodies (Isotype controls, FITC-cajgted mouse IgG or PE conjugated)
also diluted in 100 puL of PBS. Samples were incedbdor 20 min in the dark and
excess Abs were washed with ice cold PBS. Sampbes eventrifuged at 1000 rpm for
4 min in a pre-cooled centrifuge (4 °C). Washingswepeated twice and any residual
supernatant discarded. To each sample, 100 uLltefeld PBS was added and the
fluorescence analysed by flow cytometry. The %ense in fluorescence compared to
control (untreated cells, stained with Isotype oois) was recorded in three
independent experiments and analysed using GrapRism 6. Statistical significance
was determined with two-way ANOVA and corrected foultiple comparisons with

Bonferroni’s test.

CD34+ expression

Hematopoietic CD34 cells were isolated from AML patient’s voluntedmlowing
informed consent. CD34cells were isolated from bone marrow mononuclezstis
using human CD34 MicroBead selection kit (Miltenyi Biotec). CD34cells were
incubated with increasing concentration 010 and 4.11 and the cells were further
cultured for 48 h and 72 h. CD34ells were treated as above and stained with anti
CD34 FITC conjugated antibody (clone 8G12). The bemof cells expressing the
CD34 surface marker were counted using BD ACMurC6 Software. For CD34
experiments, at least 3 different donor samplegwseed to obtain the results presented.
Cell type was confirmed by microscopy and flow ey&dry. Statistical significance was
determined with one-way ANOVA and corrected for tjplé comparisons with

Dunnett’s test.
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8.6. Experimental procedures Chapter 5

Procedures for the synthesis of compounds are d@h#e sas the ones reported for

Experimental procedures in Chapter 4.

5.1
tert-butyl-(t)-trans-2-(4-phenethyl carbamoyl)phenylcyclopropyl carbamate

Yield: 63%, white solid; IR 3393, 3376, 1701, 168516 cm'; tHNMR (CDCk) §
1.17-1.20 (m, 2H), 1.44 (s, 9H), 2.05 (3.0, 7.7 Hz, 1H), 2.68-2.77 (m, 1H), 2.92 (t,
J=7.0 Hz, 2H), 6.73 (qJ=7.2 Hz, 2H), 4.87 (br s, 1H), 6.08 (br s, 1H),37(d, J=8.1
Hz, 2H), 7.21-7.24 (m, 3H), 7.39-7.34 (m, 2H), 7.68 J=8.4 Hz, 2H);*CNMR
(CDCls) 6 16.8, 22.1, 28.5, 33.1, 35.8, 41.2, 80.8, 12512%,5, 125.8, 127.6, 127,76,
131.21, 137.9, 143.6, 156.7, 166.2; HR&%& calcd for GsH29N2Oz[M+H] " 381.2173,
found 381.2173. Purity 98%.
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5.2
tert-butyl (1)-trans-2-(4-(2-thiophenethyl carbamoyl)phenylcyclopropyl carbamate

Yield 51%, white solid; mp; 94 °C; IR: 3358, 3332,71685, 1448.65 cr)

'HNMR (CDCbk) & 1.61-1.19 (m, 2H), 1.43 (s, 9H), 2.02-2.05 (m, 1RB8-2.76 (m,
1H), 3.06 (t,J= 6.4 Hz, 2H), 3.62 (gJ=6.4 Hz, 2H), 4.93 (br s, 1H), 6.33 (br s, 1H),
6.83-6.87 (m, 1H), 6.95 (dd=3.4, 4.9 Hz, 1H), 7.10-7.16 (m, 3H), 7.61 J&B.3 Hz,
2H); *CNMR (CDCB) § 15.5, 23.9, 27.5, 28.9, 31.8, 40.12, 78.6, 12P24,3, 125.3,
125.8, 125.9, 131.0, 140.2, 143.6, 155.1, 166.1BM8 m/z calcd GiH27N203S
[M+H] *387.1737, found 387.1737. Purity 99%.

5.4
tert-butyl-(x)-trans-2-phenylcyclopropyl) carbamate

Yield 72%, white solid*HNMR (CDCh) &: 1.12-1.19 (m, 2H), 1.45 (s, 9H), 2.03 (ddd,
J=2.9, 6.3, 9.4 Hz, 1H), 2.71-2.74 (m, 1H), 7.12%B.04 Hz, 2H), 7.17 (dJ=7.2 Hz,
2H), 7.23-7.27 (m, 1H).

The spectroscopic data are consistent with thegported in the literature.
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5.5
tert-butyl-(t)-trans)-2-(4-(benzylcarbamoyl) phenyl)cyclopropyl carbamate)

Yield 67%, white solid!HNMR (CDCk) & 1.20-1.24 (m, 2H), 1.46 (s, 9H), 2.06-2.11
(m, 1H), 2.74-2.79 (m, 1H), 4.65 (@= 6.4 Hz, 2H), 6.40 (br s, 1H), 7.8 (@= 8.7 Hz,
2H), 7.29-7.35 (m, 1H), 7.46-7.39 (m, 4H), 7.14Jd; 7.8 Hz, 2H)13CNMR (CDCk)

6 14.4, 16.9, 23.0, 28.7, 44.1, 68.0, 126.5, 1272y.7, 128.0, 129.0, 132.0, 138.4,
144.9, 156.2, 167.1. ESIS m/z367 [M+H]".

The compound is reported in the literattf&although characterisation data are not

provided. For the compound was not possible toeaehihe HRMS data.

5.6
tert-butyl ()-trans-2-(4-(2-(1H-indol-3-yl) ethyl)carbamoyl)phenylcyclopropyl
carbamate

Yield 47%,pale yellow solidmp 120 °C; IR 3372, 3314, 1528 ¢in

HNMR (CDCk) & 1.14-1.19 (m, 2H), 1.45 (s, 9H), 2.00-2.06 (m, 1PF5-2.66 (M,
1H), 3.05 (t,J=7.04 Hz, 2H), 3.75 (q] = 6.5 Hz, 2H), 6.31 (br s, 1H), 6.9 (br s, 1H),
7.06 (d,J = 7.8 Hz, 2H), 7.11 (t) = 7.0, 1H), 7.19 (t) = 7.0, 1H), 7.36 (dJ = 8.3 Hz),
7.5 (d,J = 8.3 Hz, 2H), 7.62 (d) = 7.8 Hz, 1H), 8.4 (br s, 1H}3CNMR (CDCb) &
14.5, 16.6, 21.0, 25.2, 28.5, 40.3, 80.0, 111.2,9,1118.6, 119.6, 122.2, 122.4, 126.3,
127.0, 127.4, 132.4, 136.5, 144.7, 156.3, 16MBMS m/zcalcd. GsHzoN3Os [M+H]*
420.2282, found 420.2284. Purity 98%.
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4.6a
Methyl 4-(t)-trans -2-((ethoxycarbonyl) amino)cyclopropyl)benzoate

Yield 57%; white solid; IR3324, 1718, 1684, 1614, 1522 ¢mH NMR (CDCh) &
1.22-1.29 (m, 5H), 2.11 (ddd= 3.2, 6.5, 9.4 Hz, 1H), 2.75-2.82 (m, 1H), 3.903(),
4.13 (g,J = 7.0 Hz, 2H), 4.97 (br s, 1H), 7.17 @z 8.3 Hz, 2H) 7.93 (dJ = 8.3, 2H):
13C NMR (CDCk) 14.6, 16.8, 33.3, 41.1, 52.2, 61.7, 126.3, 12728,3, 146.0, 155.8,
166.7; ES MS m/z264 [M+H]".

The compound is reported in the literattf®although characterisation data are not

provided. For this compound was not possible toeaehHRMS data.

4.7a
4-(1)-trans-2-(ethoxycarbonyl-amino) cyclopropyl)benzoic acid

Yield 64%; white solid; IR 3318, 3012, 1730, 1538% H NMR (CDsOD) § 1.21-
1.28 (m, 5H), 2.1 (dddJ = 3.2, 7.0, 10.8 Hz, 1H), 2.74-2.78 (m, 1H), 4.43X= 7.0
Hz, 2H), 4.08 (qJ = 7.0 Hz, 2H), 7.21 (d] = 8.4 Hz, 2H) 7.93 (d] = 8.4 Hz, 2H):33C
NMR (CDsOD) ¢ 14.6, 16.8, 34.2, 42.1, 61.7, 127.2, 128.7, 12830,6, 148.6, 159.7,
168.4; HRMSm/zcalcd. for GsH1eN1O4 [M+H]* 250.1074, found 250.1077.

The compound is reported in the literattf&although characterisation data are not

provided.
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5.7
ethyl-(t)-trans-2-(4-(phenethylcarbamoyl)phenyl)cyclopropylcarbamate

Yield: 54%, white solid; IR: 3312, 3191, 1689, 163545, 1510 crk H NMR
(CDCls) 6 1.20-1.27 (m, 5H), 2.07-2.11 (m, 1H), 2.72-2.76 1), 2.92 (tJ = 6.9 Hz,
2H), 3.69 (qJ = 6.9, Hz, 2H), 4.12 (q] = 6.9 Hz, 2H), 7.14 (d] = 7.9 Hz, 2H), 7.19-
7.24 (m, 3H), 7.28-7.34 (m, 2H), 7.58 @M= 7.8 Hz, 2H);**C NMR (CDC}) 5 14.6,
16.4, 25.2, 33.1, 35.7, 41.1, 61.0, 126.6, 12628,9, 128.7, 128.8, 132.4, 138.8, 144.4,
157.1, 167.2; HRMSn/z calcd. for GiH2sN20s [M+H]* 353.1860, found 353.1860.
Purity 98%.

5.8
ethyl(t)-trans-2-(4-(2-(thiophenethyl)carbamoylphenyl)cyclopropyl carbamate

Yield 49%; white solid; IR 3318, 3214, 1689, 165551, 1510 crd; *H NMR (CDCk)

§ 1.20-1.23 (m, 5H), 2.06-2.10 (m, 1H), 2.70-2.74 @Hl), 3.13 (tJ = 6.5 Hz, 2H),
3.69 (q,J = 7.04 Hz, 2H), 4.11 (g] = 6.5 Hz, 2H), 6.85 (dd] = 0.9, 3.3 Hz, 1H), 6.94
(dd, J = 3.4, 5.1 Hz, 1H), 7.13-7.17 (m, 3H), 7.61 (U= 8.1 Hz, 2H):¥*C NMR
(CDCl) & 14.6, 16.4, 25.2, 29.9, 33.1, 41.3, 61.0, 12425.8, 126.6, 127.0, 127.1,
132.3, 141.3, 141.5, 157.1, 167.2; HRM®z calcd. GoH2sN20sS [M+H]* 359.1424,
found 359.1425. Purity 98%.

307



Experimental procedures

8.6.1. Biological evaluation

General procedures for biological experiments eperted in Chapter 4.

Enzymatic assay protocol is reported in Chaptewl3ereas the procedures for cell
viability using CellTiter-GI&, washout, Western blot, CD11b-CD14, CD86 and CD34
analyses are reported in Chapter 4.

Cell viability on prostate cancer lines was perfednn the laboratory of Dr. Wafa Al-
Jamal at University of East Anglia, Pharmacy deparit. Cell viability on myeloma
cell lines were performed at Biomedical Researcht@e University of East Anglia in

the laboratory of Prof. Kristian Bowles.

8.6.1.1. Cell viability on prostate cancer lines (MT assay)

Briefly, LNCaP, PC3 and DU145 cells were trypsidisstained with Trypan Blue (0.4
%, 1:1) and counted using a hemocytometer. Celle ween seeded in 96-well plates
(LNCaP 1.5x16cells/well, PC3 and DU145 9x3i@ells/well) in complete medium 24
h prior incubation. The following day.11 stock (100 mM) diluted in complete
medium was added to the cells. Untreated cells weeel as a 100 % viability control.
After 72 incubation, cells were incubated with MEb6lution at 0.84 mg/mL final
concentration for 2 h. Formazan crystals were dissbin 200 uL. DMSO and
absorbance was read at 560 nm using FLUOstar OfiBM& Labtech (UK)] plate
reader. Six replicates per condition were used. rEkalts were expressed as the % of

cell viability (average = SD) and normalised to wohcells (pre-treatment levels).
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8.7. Experimental procedures Chapter 6

6.2
4-(hex-5-yn-1-yloxy) benzaldehyde3*

To solution of 4-hydroxybenzaldehydel (5 g, 40.9 mmol, 1 equiv.) in anhydrous
DMF (60 mL), 6-chloro-hex-1-yne (7.1 g, 7.4 mL, 4Inmol, 1.5 equiv.), KI (3.4 g,
20.5 mmol, 0.5 equiv.) andKOs (11.3 g, 81.8 moles, 2 equiv.) were added with
stirring. The mixture was heated at 80 °C andegdifor 3 days. After cooling to rt, the
reaction mixture was diluted in EtOAc (375 mL) wadhwith RO (175 mLx 3) and
brine (125 mLx3). The organic layers were combiaed dried over MgS© After
filtration, the organic layers were concentrategdacuoand precipitated in diethyl ether
and hexane to give.2 (7.2 g, 35.6 mmol, 87%) as a white crystallinedsdiH NMR
(CDCls) 6 1.70-1.77 (m, 2H), 1.92-1.99 (m, 3H), 2.30 @d2.5, 6.5 Hz 2H), 4.08 (8=
6.7 Hz, 2H), 6.99 (d)=8.5 Hz, 2H), 7.83 (d}=8.6 Hz, 2H), 9.88 (s, 1H); HRMS (ESI)
m/zcalcd.for Ci13H1502 [M+H]*203.1067, found 203.1065;

The spectroscopic data are consistent witt*thpteviously reported.

6.3
(E)-ethyl 3-(4-(hex-5-yn-1-yloxy) phenyl) acrylate'”’

Triethyl phosphonoacetate (8.1 g, 7.2 mL, 36.2 mrhd equiv.) was added dropwise
over 15 min to a stirring suspension of KBu (4.06 g, 36.2 mmol, 1.1 equiv.) in
anhydrous THF (100 mL) at -5 °C; the mixture waged for 45 min. After that time,

6.2 (7.2 g, 33.2 mmol) previously dissolved in anhydrolfHF (35 mL), was added

dropwise to the stirring reaction. The reaction wasmed to rt and allow stirring for
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further 16 h. After completion, the reaction midwras poured into iced2B (100 mL)
and extracted with EtOAc (100 mLx3). The organiels were combined, and washed
with sat. NaHC®(100 mL), HO (100 mL) and brine (100 mL) and dried over MgSO
Concentrationn vacuoafforded6.3 (9.7 g, 98%) as a white solid. The compound was
used in the next step without further purificatiéd:NMR (CDCk) § 1.33 (t,J=7.5 Hz,
3H), 1.68-1.75 (m, 2H), 1.68-1.93 (m, 2H), 1.97J&2.48 Hz, 1H), 1.33 (td]=2.1, 7.0
Hz, 2H), 4.0 (tJ=6.3 Hz, 2H), 4.24 (¢)=7.2, 2H), 6.3 (dJ=16.4 Hz, 1H), 6.8 (d]=8.7

Hz, 2H), 7.45 (dJ=8.7 Hz, 2H), 7.63 (dJ=16.0 Hz, 1H);**C NMR (CDCE) § 14.4,
18.1, 24.9, 28.2, 60.3, 67.4, 68.7, 83.9, 115.4,0,1127.1, 129.7, 144.3, 160.7, 167.4;
HRMS (ESI)m/z calcd.for C17H2103 [M+H] " 273.1485, found 273.1487.

6.4

(£)-trans-ethyl2-(4-(hex-5-yn-1-yloxy)phenyl)cyclopropanecarboxylate!’?

Trimethyl sulfoxomium iodide (11.7 g, 53.3 mmol21equiv.) was added in small
portions to a suspension of NaH (2.13 g, 53.3 ms@8% in mineral oil, 1.21 equiv),
in dry DMSO (45 mL) and the stirred for 45 min. Tolefin 6.3 (9.6 g, 44.4 mmol, 1
equiv.) was then added dropwise with mixing and rémction stirred at rt overnight.
After completion, the reaction mixture was pounetiiced HO (70 mL) and extracted
with EtOAc (70 mLx10). The organic phases (700 migre combined and washed
with sat. NaHC@® (200 mL) HO (200 mL), brine (200 mL) and dried over MgsO
Purification with silica gel column chromatograpfiyexane/EtOAc, 8:2) afforde@.3
as a white solid (4.9 g, 39%jt NMR (CDCE) § 1.23-1.29 (m, 3H), 1.52-1.57 (m, 1H),
1.67-1.74 (m, 2H), 1.81 (ddd=4.1, 5.4, 8.1 Hz, 2H), 1.85-1.92 (m, 2 H), 1.96 (t
J=2.84 Hz, 1H), 2.27 (td]=2.8, 7.4 Hz, 2H), 2.48 (ddd=4.3, 6.8, 9.5 Hz, 1H), 3.95 (t,
J=6.0 Hz, 2H), 4.16 (qJ=7.1 Hz, 2H),6.80 (dJ=8.3 Hz, 2H), 7.0 (dJ=8.3 Hz, 2H);
13C NMR (CDCE) 6 14.3, 16.7, 18.1, 23.6, 25.0, 25.8, 28.2, 60.63,688.6, 84.0,
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114.5, 127.4, 131.8, 157.7, 174.02RMS (ESI) m/z calcd. for CigH230s [M+H]*
287.1642, found 287.1645.

6.5
(x)-trans-2-(4-(hex-5-yn-1-yloxy)phenyl)cyclopropanecarboxylic acid

Compound6.4 (4.9 g, 17.1 mmol) was taken up in aqueous NaOM (8B mL) and
MeOH (8 mL). The reaction was monitored by TLC after 3 h, the solution was
acidified with 2 N HCI and the salt filtration affited compound.4 (4.3 g, 98%), as a
white solid. The compound was used in the followstgp without purification: IR
3283, 1701, 1513 ¢ 'H NMR (CD:OD) § 1.10-1.15 (m, 1H), 1.38-1.43 (m, 1H),
1.63-1.61 (m, 3H), 1.82-1.90 (m, 1H), 2.19-2.27 8H), 2.32 (dddJ=4.3, 6.1, 9.5 Hz,
1H), 3.9 (t,J=6.4 Hz, 2H), 6.8 (dJ=8.5 Hz, 2H), 7.02 (dJ=8.5 Hz, 2H).1°*C NMR
(CDsOD) 6 16.8, 18.9, 25.9, 26.4, 26.9, 29.5, 68.5, 69.77,8415.5, 120.3, 128.1,
134.1, 143.2, 158.9; HRMS (ESt)/z calcd. for CieH1703 [M—H]™ 257.1183, found
257.1181.

6.7
(x)-trans-2-(4-(hex-5-yn-1-yloxy)phenyl)cyclopropanamine

The acid6.5 (4.3 g, 16.6 mmol, 1 equiv.), diphenylphosphoryidaz(5.0 g, 3.93 mL,
16.6 mmol, 1.1 equiv.) and triethylamine (2.5 ¢ 8L, 24.9 mmol, 1.5 equiv.) were
combined intert-butanol (50 mL) under argon, heated at reflux ‘@pand allowed to
react for 72 h. After that time, the reaction wasled to rt and then diluted with EtOAc
(70 mL) and washed with saturated.N@&:s solution (100 mLx2). The organic layer
was separated and the aqueous layer further eadrasith EtOAc (70 mL). The
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organics layers were combined (140 mwgshed with sat. NaHGO(100 mL), HO
(100 mL) and brine (100 mL) and dried over MgSQhe crude product was
concentratedin vacuo to afford a browm oil which was purified by colum
chromatography (Hexane/EtOAc, 8:2). Intermediété (2.6 g, 8 mmol, 49%) was
obtained as a pale yellow solid and treated with4C| aqueous (7 mL) overnight with
cooling. The deprotected amine was co-evaporateld agetonitrile and purified by
preparative RP-HPLC. Purification affordéd’ as a pale yellow solid (1.6 g, 78%): IR
3297, 2348,1600, 1512, 1454 ¢mtH NMR (CD;OD) § 1.22-1.29 (m, 1H), 1.30-1.37
(m, 1H), 1.63-1.71 (m, 2H), 1.82-1.90 (m, 2H), 2286 (m, 3H), 2.30 (ddd}=3.5,
6.5, 10.2 Hz, 1H), 2.75 (ddd=3.5, 4.2, 7.1 Hz, 1H), 3.96 #=6.3 Hz, 2H), 6.85 (d,
J=8.5 Hz, 2H), 7.07 (dJ8.5 Hz, 2H);**C NMR (CD;0D) § 13.5, 18.9, 22.1, 26.4,
29.7, 31.8, 68.8, 70.4, 84.7, 115.7, 128.6, 13159.9; HRMS (ESI)m/z calcd. for
C1sH20NO [M+H]* 230.1539, found 230.1539. Purity 95%.

8.7.1. Biology and in vitro click chemistry

The procedure for the enzymatic assay with AmpiRed and cytotoxicity evaluation
were performed according to the procedures destribe Chapter 4 in this section.
MAO enzymatic evaluation was performed in the lalbary of Prof. Hailfe at the

University of Minster.

8.7.2.In situ labelling of purified human recombinant His-LSD1

8.7.2.1. Cycloaddition reaction, protein electrophiesis and in-gel
fluorescence scanning®

Human recombinant His-tagged LSD1 stock (0.38 mg/més diluted to 16.5 pg, 3.5
p1g in 50 mM Potassium phosphate buffer pH 7.5 dixl of monobasic and dibasic) in
a final volume of 44 uL. The protein was incubateith 10 pL of probe6.7 or 6.8

(dissolved in phosphate buffer pH 7.5) at concéiotnaof 5 M and 10 uM for 1 h at rt.
After that time, TAMRA-azide (ThermoFisher) (1 péaction, 5 mM stock in DMSO)
was added to each sample, followed by 1 mM TCERL{teaction, 50 mM stock in dd
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H-0), and 100 puM TBTA (3 plL/reaction, 1.7 mM stock DMSOtert-BuOH 1:4
(v/iv)). Samples were vortexed and 1 mM of CySOD plL/reaction, 50 mM stock in
H-O) was added to initiate the 1,3-cycloaddition tiess giving the total reaction
volume of 50uL. Samples were allowed to react at rt for 1 h weatrifuge (350 rpm).
The reaction was quenched with @02 x SDS loading buffer and samples denaturated
for 5 min at 95 °C on a heating block. Labelledtgio samples (5QL sample) were
loaded on a 10% polyacrylamide gel along with 10 @flladder PageRuler™
Prestained NIR Protein Laddeand fluorescence was recorded with ImageQifant
LAS 4000 Image Analyzer with a Fujinon VRF43LMD3risand a 575DF20 filter.
Gels were then subjected to Coomassie BrillianteB(&isher) staining to verify

equivalent protein loading.

8.7.2.2. Competition assay

Human recombinant His-tagged LSD1 stock (0.38 mg/mdas diluted to 16.5 pg, in 50
mM Potassium phosphate buffer pH 7.5 (1:1 mix ofnolmsic and dibasic) and
incubated with probe8.7 or 6.8 (10 pM) and 200 nM of LSD1 inhibito#.100r 4.11.

After that time, Cycloaddition reaction (using TAMFRazide) protein electrophoresis

and in-gel fluorescence scanning were performeabase.

8.7.2.3. Labelling experiments with AML cellg?®

THP-1, HL-60 and MV4-11 were plated at a conceitrabf 5x1¢ on Petri dishes
(150%25 mm) with complete RPMI 1640 media, 10% FOC%,L-glutamine (2mM) and
1% Pens/Strep. Probés7 and6.8 were diluted at a concentration of 5 uM or 10 uM
and added to the plated cells. Cells were alloweedutture for 24 or 72 h (3T, 5%
CQO). After that time, cells were transferred on ato@rge tube and centrifuged at
15000 rpm for 4 min at 4 °C. The pellet was wastwide with PBS to remove the
excess of probe and any supernatant remainingrdestaTo the pelleted cells, 10 mL
of PBS was added and cells centrifuged for 1 h°&.4Cell pellet was suspended in 500
puL of PBS and lysed by sonication. Soluble andlinde fractions were separated by

centrifugation at 15000 rpm 30 min 4 °C. Insoluptdlets were suspended in 500 pL
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PBS by sonication under ice cooling. Protein cotre¢gion was measured (BCA Kit,
Thermo Fisher) and adjusted to 2 mg/mL with PBSe $amples (44 pL probe-bound
cell lysate) were subjected to CC and SDS-PAGEeasribed above.

Amplex®Red was used to measure the compounds tgctiVhe details of the

experiment are reported in Chapter 3.
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8.8. Experimental procedures for Chapter 7

The enzymatic evaluations and cell culturing praced were performed according to
the description reported in Chapter 3 and Chapgarctions.

Cytotoxicity assay

For cytotoxicity assays, 100 pL of AMLs suspenswas plated at a density of
5x1¢ cells/mL in 96 well plates. Drugs (250 mM stockere dissolved to the
appropriate concentration in RPMI complete medid@x(final concentration) and 10
puL of each concentration (0.001 puM, 0.003 uM, OM, 0.3 puM, 1 uM, 3 uM, 10 uM
and 30 uM) was immediately added to the platedsc&ach condition was repeated
five times. After 72 h treatment, cell viability wameasured using CellTiter-Glo
(Promega, Southampton, UK) by adding 100 pL ofréegent to each well. After 10
min of incubation at rt, 100 pL of cell suspensiorreagent were transferred into a
white GREINER 96 well plate to eliminate straighght. Bioluminescence was
recorded in a BMG Cellstar microplate reader. Tdwe data collected were normalised

to control (vehicle control) and dose-response euletermined with GraphPad 6.

CD86

1 mL of cell suspension (density 1¥)@vas plated in a 24 well plate and treated with 3
UM of 7.2. Cells were stimulated for 48 h at 37ifiGan atmosphere of 5% GQ@\fter
that time, cells were harvested in ice pellete®@2 xg for 10 min at 4 °C and the
supernatant discarded. The pellet was re-suspandBaD pL of cold PBS (Phosphate
buffer saline, Fisher) and 10uL of CD86-FITC antibgMiltenyi Biotec) was added.
The cells incubated in the dark at 2 °C for 10 rifine antibody was then washed with 2
mL of cold PBS and centrifuged at 300 xg for 10 matr4 °C. The supernatant was
aspirated completely and then 1 mL of PBS was ad8achples were analysed by flow
cytometry (Becton Dickinsons FACSCalibur I)

Raw data were collected and standard deviationmeasured. Result were expressed

as themean of the different experiments and analysed GritdgphPad Prism 6.
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Western blot

MV4-11 cells suspension was plated in a 24 weltepkat a concentration of 255210
cells/mL (1 mL /well). Stock o¥.7 was prepared in complete RPMI medium and was
added to the plated cells for final concentratioh®.3 uM, 1 uM, 3 uM and 6 uM.
Cells were cultured for 72 h and then processedessribed in Chapter 4. Blotting
membranes were probed for H3K4me2, H3 (total) Arattin (4 pL in 20 mL of

3%BSA). Visualisation was performed as describe@hapter 4.
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Appendix
1. NMR spectra

H NMR SPECTRUM of 4.2

Chemical shift (