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There’s a crack in everything
that's how the light gets in.
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ABBREVIATIONS

AKT
Abl
ALK
AP-1
ATP
BAFF
BAFFR
Bcl

Bcr
BLC
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CBS
CDK4
clAP
cKIT
CML
COX-2
Cpd
DDR1
DEC
DHMEQ
DMARD
DNA
EBV
EGFR
ELC
erk

ESI

Et
FADD
FLS

RAC-a serine/threonine-protein kinase
Abelson proto-oncogene

Anaplastic lymphoma kinases
Transcription factor activator protein 1
Adenosine triphosphate

B cell-activating factor

B cell-activating factor receptor

Protein family which's founder was discovered at¢hromosomal
breakpoint of t(14;18) bearing human B-Cell Lymphema
Breakpoint cluster region

B lymphocyte chemoattractant
1-Butyl-3-methylimidazolium hexafluorophosphate
Bio-Structural Chemistry laboratory
Cyclin-dependent kinase 4

Baculoviral Inhibitor of Apoptosis repeat-caiting protein
Citokine receptor encoded by the kit gene

Chronic myelogenous (or myeloid) leukemia
Cyclooxygenase 2

Compound

Discoidin domain receptor tyrosine kinase 1
N-(3-dimethylaminopropylN'-ethylcarbodiimide
Dehydroxymethylepoxyquinomicin
Disease-modifying anti-rheumatic drug
Desoxyribonucleic acid

Epstein Barr virus

Epidermal growth-factor receptor

Epstein-Barr virus induced molecule 1 liganérmiokine
Extracellular signal-regulated kinases

lonisation electro-spray

Ethyl

Fas (TNFRSF6)-associated via death domain

Fibroblast-like synoviocyte
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FRET
GIST

HDAC
HEK
HelLa
HER
HS
HOBt
HTLV
ICAM-1
IKK

ILR
iINOS
IRAK
IkB
JNK
KA
LIGHT
LPS
LRR
LTB
LTPR
MAP
Me
MEK
MKK
mTOR
Myc
NDO
NEMO

Fluorescence resonance energy transfer
Gastrointestinal stromal tumor

Hydrogen

Histone Deacetylase

Human embryonic kidney

Cell line was derived from cancer cells takem Henrietta Lacks
Human Epidermal growth factor Receptor
Hypereosinophilic syndrome
1-Hydroxybenzotriazol

Human T-cell lymphotrophic virus
Intracellular adhesion molecule-1

IkB kinase

Interleukin

Interleukin receptor

Inducible nitric oxyde synthase
Interleukin receptor associated kinase
Inhibitor of NFkB

c-Jun N-terminal kinase

entkaurenoic acid

TNF superfamily member homologous to lymphats
Lipopolysaccharides

Leucine rich region

Lymphotoxinf

LymphotoxinB receptor

Mitogen activated protein

Methyl

MAP-erk kinase

Mitogen-activated protein kinase kinase
Mammalian Target of Rapamycin

Gene encoding for a transcription factor
Number of different orientations

NF«B essential modulator - also known &B kinase gamma (IKi)
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NF-kB
NIK
NLR
NSAID
NSCLC

OH
OMe
PAK
PDB
PDGFR
PDK
Ph
PI3K
PIP;
PIP;
Pr
PRR
RA
RCC
Rel
RHD
SLO
SRC
TAK1
Tec
TGF
TLC
TLO
TLR
T™MS
TNF

Nuclear FactokB

NF-kB inducing kinase

NACHT-LRR

Non-steroidal anti-inflammatory drug
Non-small cell lung cancer

Oxygen

Hydroxy

Methoxy

p21 activated kinases

protein databank

Platelet-derived growth-factor receptor
3-phosphoinositide dependent protein kinase-1
Pheny

phosphatidylinositol 3-kinase
Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol-3,4,5-trisphosphate
Propy!

Pathogen-recognition receptors
Rheumatoid arthritis

Renal cell carcinoma

Protein structurally related to the NdB- family
Rel Homology Domain

Secondary lymphoid organ

Sarcoma (proto-oncogenic tyrosine kinases)
TGF{ Activated kinase 1

Tyrosine-protein kinase encoded by the tec gene
Transforming Growth Factor

Thin Lame Chromatography

Tertiary lymphoid organ

Toll-like receptor

Trimethylesilane

Tumor necrosis factor
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TNFL
TNFR
TRADD
TRAF
VEGFR
VS

Tumor necrosis factor ligand

Tumor necrosis factor receptor
TNFRSF1A-associated via death domain
TNFR Associated Factor

Vascular endothelial growth-factor receptor

Virtual screening
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1. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic autoimmudisease
affecting around 1-2% of worldwide population wahmen/woman ratio of
2.5/1, and a worldwide geographical distributio@linically, RA manifests
as a symmetric arthritis associated with swellind pain in multiple joints.
It often initially occurs in the joints of the hgndrists, and feet, but disease
onset is insidious in most cases, and several moo#m elapse before
ascertaining a firm diagnosi$. An inflamed synovium is central to the
pathophysiology of RA and the main histological roypes are characterised
by pronounced angiogenesis, cellular hyperplasidggmmatory leucocytes
influx and changes in the expression of cell-siefadhesion molecules. As
the synovial lining becomes hyperplasic, the sutdjrundergoes striking
alterations in cellular number and content (T ¢délgells, macrophages and
plasma cellsj. A locally invasive synovial tissue (pannus) isrtHermed,
growing into the synovium region and leading to pinegressive destruction

of cartilage and bone (Figure 9.

Many cytokines such as tumor necrosis faator(TNFa) and
interleukin-B (IL-1B) are abundant in RA synoviuti. Produced by
macrophages and fibroblast-like synoviocytes (FOB)Fa and IL-13 likely
contribute to synovial inflammation by stimulatifitproblast proliferation
and increasing production of various cytokines,noblkkines as well as
enzymes that result in irreversible joint destruttiln turn, these cytokines
can activate macrophages in the environment armbitteaontinued cytokine

production.

19



Synovial <

membrang

Capsule

Synovial
membrane

Synoviocytes

Capillary
formation

Hyperplastic
synovial
membrane

Hypartrophic
synoviocyles

Extensive

angiogenesis Erédad Pannie
bona

Neutrophils

Figure 1: Evolution of RA in knee joifit

Such conditions create a positive feedback meshabietween FLS
and macrophages, perpetuating synovial inflammatibm the synovium,
these inflammatory mediators activate multiple doéllular signal
transduction and transcription factor pathways. tMok these signalling
pathways lead to the activation of the transcriptfactor NFkB, the

transcription factor activator protein 1 (AP-1) atice mitogen activated
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protein (MAP) kinases cascade which are espedialhgral in the regulation
of synovial inflammatiort? In 2002, the importance of NEB in constitutive
TNFa production in RA was demonstrated, predicting thlatking NF«xB
should be an effective therapeutic target for paighology**

2. Therapeutic principles

Medications which are used to treat RA are divigded four main
classes:
1. non-steroidal anti-inflammatory drugs (NSAIDsgluding
cyclooxygenase-2 (COX-2) inhibitors;
2. corticosteroids ;
3. disease-modifying anti-rheumatic drugs (DMARDS);

4. biologic agents.

NSAIDs are particularly helpful during the firstwenveeks in which
the patient develops symptoms. These drugs prqudeal relief of pain
and stiffness until a definitive diagnosis of RAndae establishetf. Both
traditional NSAIDs and COX-2 inhibitors have beasaciated with various
side effects (gastric and duodenal ulcers, incckaflaid retention,
exacerbation of hypertension, impairment of remadcfion in susceptible

patients):>*®

Corticosteroids are also potent suppressors of itlammatory
response in RA despite their dose-dependent sifdetef(skin thinning,
cataracts, osteoporosis, hypertension and hypeelipia)'**"*® Controversy
continues about their therapeutical scheme in tlathent of RA.
Nevertheless, some studies established that cst¢icnds decrease the

progression of RA%%
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Considering that drugs should be used to slow ddvendamage
caused by the disease rather than simply to costnmiptoms led to the
introduction of various agents known as DMARis.These drugs are
defined as medications that delay or stop the pssion of the diseasé.
Methotrexate emerged as the lead molecule of thighanmatic arsenal
(Figure 2)** This antimetabolite and antifolate drug was shawmave a
considerable protective effect in terms of joint stdection”?* It
demonstrated efficacy, durability, acceptableditxiand low cost?*?® An
observational study has shown that patients withv®w have been treated
with methotrexate have significantly lower morgalithan untreated
patients® Methotrexate became then the most widely usedealar in

combination with other DMARDs (like sulphasalazioe hydroxychloro-

quine)*?’
N
NH, NYNHz /" o oH
| -
j/\%N N-S=0 H
N H
N @ "
N
g o HN
NH L "NH
~“NoH NH
o)
~
07 “OH o  OH cl N

Figure 2: Methotrexate, sulphasalazine and hydroxychlonogfrom left to right)

But, as the last 20 years have seen an accumulaitimsights into
the pathogenetic pathways, new therapeutic tadgete been identified.
One of the major advances in the treatment of Réuoed with biologic
agents (also known as biologic DMARDS) produceaulgh expression of

recombinant DNA and modifying the immune respongeblocking the
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effect of the pro-inflammatory cytokinés. In 1999, infliximab (a
monoclonal antibody, figure 3) and etanercept &ofu protein)were the
first anti-TNFo registered and marketed. Then, several new biolagents
were designed to target specific cytokines likellland TNF,* or cell
surface molecule like IL-1F, IL-6R,***' and CD20 (phosphoprotein
expressed on the surface of all mature B-célf¥)Thousands of patients
have then been treated with anti-T@{Heading to the identification of
multiple mechanisms of action for these medicatiridowever, a wider
use of TNR antagonists resulted in reports of adverse effautiding
serious bacterial infections (i.e. tuberculo&igf,cancer? injection-site and
infusion reactions (like headache or naudtajpmune and autoimmune
disease (because of a reduction of the antibodiesnation)?*

demyelinating syndromé3 and heart failuré*

Figure 3: infliximab-TNFa compleX®

Morevover, controversies are reported in RA managgmshould
biologic agents be used as first-line therapy? #hglucocorticoid therapy
be used in early RA? Should these drugs be switchnetycled? In what
order? Nevertheless, majority of trials support thwerall superiority of

combination therapi€$. The most widely used treatment for RA is the
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combination of an anti-TNdF and methotrexatg, but such issues clearly
indicate a strong need in new approaches in tiagntent of RA. Moreover,
if methotrexate is a cheap medication (3 €/montiépta in Belgium, in

2009), anti-TNFR like infliximab or adalimumalare very expensive drugs
(between 1100€ and 1200€/month/patient in Belgiim2009)**" This

high cost illustrates the necessity of novel thewtie strategies. Finally,
cure remains an elusive goal and true remissioactieved by only a
minority of patients. Destructive process cannostopped as well as repair
of previous damage is unreached in most of patielitsremains a

considerable unmet need in RA therapy. Fortunatedyeral alternative
strategies are currently being investigated raikioge for a better future for
patients with this disease. Modulation of the k&--alternative activation
pathway is a promising approach considering regultdished by Dejardin

1*® and Claudicet al® In the following section, the two main NéB

et a
activation pathways are described in order to fgldhie interest of this new

strategy.

3. NF«B activation

Initially identified in activated B cells, the treeription factor NF-
KB rapidly emerged as essential for both innate asaptative immunity,
cell survival, apoptosis and inflammation amongecsf®** Being activated
in the RA synovium, this transcription factor caér the transcription of
inflammatory genes implicated in RA, including T&lFIL-1, IL-6, IL-8,
COX-2, inducible nitric oxyde synthase (INOS) amdracellular adhesion
molecule-1 (ICAM-1)>* In mammals, the Rel/NKB family is comprised of
p65 (Rel-A), c-Rel (Rel), Rel-B, p50 and p52. Thesteucturally related

proteins share extensive sequence similaritiesinvitiieir N-terminal Rel
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Homology Domain (RHD) that enables them to dimeriedranslocate into
the nucleus, and to bind to specific DNA sequencas)eckB sites. Among
the Rel/NFkB family, only p65, c-Rel and Rel-B contain a Crbamal
transcriptional activation domain. Therefore, thaye able to directly
activate the transcription. The two other membgS0Q and p52, are
synthesised as precursors called p105 and plQfeatesely. Proteins p50
and p52 can behave as transcriptional activatdgsugpon dimerisation with
p65, c-Rel, RelB or Bcl¥

It has been shown that two main pathways contelaittivation of
NF-kB. The first one, named classical MB- pathway (or canonical), is
triggered by inflammatory cytokines such as B\H.-1, or by bacterial and
viral proteins through pathogen-recognition recep{®RR) like TLRs and
NLRs (Figure 4f° These inducers activate the recruitment of specifi
adaptor proteins to their cognate receptors, whitdble the activation of a
cascade of kinases. Among them, TERetivated kinase 1 (TAK1) plays a
key role at the crossroad of the MB-and MAPK signalling pathways
(Figure 4). TAK1 is part of the MAP kinase subfaniii However, some
studies showed that ILBland TNFx signalling pathways are affected in
TAK1 KO mice®®* TAK1 activates the IKK complex by phosphorylating
the IKK[B subunit. Moreover, TAK1 acts on MKK®6 to triggerethctivation
of p38 and JNK (Figure 4). Upon TAK1 activationetlactivated IKK
complex phosphorylatexBa, the main inhibitor of the classical NéB
pathway, releasing NkB (e.g; p50/p65), which finally, translocates itie
nucleus’® This pathway is activated within minutes and mlien the
indispensable adaptor protein NEMO (or iYKholding together IKIg and
IKK a to form the IKK complex.
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TNFaq, IL6, IL1, ... CD4oL,
LTa1B2, ...

IKKy

- "
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» »
/MKK6 & kB
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INK kB ® . Ub

L
p50 o. P65 / IKKa % % IKka

Proteasome v

.
p100 * Rel-B

Classical ' Rel-B
Pathway

Figure 4: Classical (yellow) and alternative (orange) KE-activation pathways.

The second NkB pathway, called alternative NéB pathway (or
non-canonical), is induced by a subset of TNFL famembers as well as
by some viral protein%. This pathway is dependent on the stabilisation and
activation of the kinase NIK. The half-life of thigarticular kinase is
negatively controlled by TRAF2, TRAF3, c-IAP-1 and AP-2°%*% Upon
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activation of receptors like CD40, BAFF or BR, the inhibitory function of
TRAF2 and TRAF3 is alleviated. Then, stabilised Né#€tivates IKKx

leading to the processing of p100 into p52 (Figdy&**®* The latter, in
association with its main partner Rel-B, fulfils meedundant biological
functions such as secondary lymphoid organ (SLOyeldpment and

induction of specific chemokines involved in adéipgimmunity®*

4. NF«B alternative pathways as a therapeutic target

There is no doubt that cytokines inducing or pazgliby the NF<B
alternative pathway are involved in inflammatorysaiders. LBR was
demonstrated as a master receptor involved in¢keldpment of secondary
lymphoid organ (SLO), and molecular mechanisms rodirtg tertiary
lymphoid organ (TLO) formation required PR as wel®* TLO are
organized lymphocytic aggregates (B cell and T asdlas) forming at sites
of chronic inflammatiori>® Unlike SLO, TLO are not connected to afferent
lymph vessels and are not encapsulated, which émpliat they are directly
exposed to stimulating antigens and pro-inflamnyatgtokines. TLO arises
typically in non-lymphoid locations but the idegtif stromal cells initiating
their development is unknown. Nevertheless, TLOnftion was observed
in several mouse models of chronic inflammatoryhpkgies but also in
transgenic mice by ectopic expression of inducersamet genes of the
alternative pathwa$f For instance, constitutive tissue specific expoessf
LTB, BLC (B lymphocyte chemoattractant) or ELC (EpstBarr virus
induced molecule 1 ligand chemokine) into pancceediets or kidney is
sufficient to generate TL&. It is noteworthy that TLO has been detected in

a significant percentage of patients suffering fraseveral chronic
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inflammatory diseases like RA, but also Sjogremmdsome, multiple
sclerosis, ulcerative colitis or chronic hepati@s®> Thus, inhibition of
LTBR function in SLO and/or TLO could be beneficiat the treatment of
chronic inflammatory pathologies. Actually, admirggion of LTBR-Ig

fusion proteins (acting as a decoy receptor fon1d2 and LIGHT) has
been successfully used in a rodent disease modeatoltdgen-induced
arthritis or inflammatory bowel disease. This apato is under clinical

investigation®’

Besides TLO formation, another hallmark of mostoanmune
diseases is the exacerbated expression of the rpnEuBAFF. In the
synovial fluid of patients with RA, a high conceation of this cytokine is
observed and these conditions allow the survivalrafanted autoantibody
producing B cell§® Tremendous efforts have been accomplished for the
development of biological antagonists of BAFF, sastanti-BAFF antibody
or decoy receptors for BAFR.The rational of using specific inhibitors of
NF-kB alternative pathway would be their property thilit simultaneously
several TNFR mediating pathologic conditions, IKEBR and BAFFR. As
NIK has been shown to be critical for antigen-mestiainduction of bone
erosion in several mouse mod&lsthis kinase certainly represents an
attractive candidate. Thus, inactivation of NIK kvithemical compounds
could have the advantage to spread the inhibitiohewels of multiple

effectors of chronic inflammatiof.

As the NFkB transcriptional activation is associated witheggisl
cell functions, aberrant NkB regulation is also observed in many canékrs.
Various mouse models in which IKK/NEB activation has been blocked by
molecular biology highlighted the key role of MB- as a crucial promoter
of inflammation linked cancer$."* One of the most documented functions

of NFkB is its ability to promote cell survival throughet induction of
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target genes, the products of which inhibit thepamiic machinery in both
normal and malignant cell$/° NF«B also prevent programmed necrosis by
inducing genes encoding antioxidant protéfhas tumour cells frequently

use NFkB to achieve resistanae anticancer drugs and radiation therapy,

inhibition of NFkB activation emerge as a promising option to imprthwe
efficacy of conventional anticancer therapiedlthough, in this work, we
focused on NB related inflammatory disorders and the poteritisdrest

of NIK as therapeutic target.

5. NF«B inducing kinase

First described in 1997, NIK (or MAP3K14) is a iserthreonine
kinase belonging to the MAP3K family. 947 amino daciconstitute this
protein which contains a 256 residues kinase dorffaiimm 400 to 655 -
Figure 5)’

Upstream in the NKB activation cascade, members of the TRAF
family interact with NIK as negative regulators (AR2 and TRAF3)?
Interactions of the N-terminal domain of NIK withRAF3 induce
constitutive degradation of NIK by 19S proteasorkeeping alternative
activation pathway under contf8lOn the other side, interactions between
NIK et IKKa was demonstrated. It occurs with the C-terminamain of
NIK (residues 735 to 947) and induces l&Kikkhosphorylation on serine 176
(Figure 5)”°

Little information is reported in the literaturercerning the ATP
binding site of this kinase. Only three residuas described as essential for
the activity of NIK: KK429-430 and T559 (Figure 3)n one hand, as the
double mutant KK429-430AA disabled NIK, it was preged that at least
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one lysine induces the stabilisation of the phospl@nsfer in the kinase
pocket’” On the other hand, T559, belonging to the activatoop of NIK,
is reported as a phosphorylation site. As the phaggpation of T559
induces the amplification of the kinase activityMiK, the T559A mutant

reduces the IKig phosphorylation byNIK .2

kinase domain

——

| | I | |
1 400 655 735 947
w
TRAF3
binding domain o IKK e .
KK429-430 T559 binding domain

Figure 5: Primary structure of NIK

From a structural point of view, no data of the-&Ructure of NIK
are available, as well as the molecular mechanismthe potential

interactions of its kinase domain with ATP or IKK

6. Kinase ATP binding site

Protein kinases catalyse the transfer of the Id@tasphate group
from adenosine triphosphate (ATP) to the hydroxsdup of a serine, a
threonine or a tyrosine residue of the kinase fiteel another protein

substrate. Phosphorylation can create new recognisites for protein

30



binding or may alter the conformation of the phasplated enzyme and
modify its activation state or functi§i®® Protein kinase enzymes play
pivotal roles in signal transduction from the asémbrane to the nucleus

and in the cell-cycle contrét.

High structural similarities of kinase ATP bindisijes lend itself to
a description of key regions and interactions olebracross the kinome
(Figure 6). Most of them have a common fold cdirgjsof two lobes. The
N-terminus lobe consists of five antiparall@lstrands and one-helix.
Conversely, the C-terminus lobe is highly helidag(re 6).

N-terminus

C-terminus

Figure 6: 3D structure of a kinase dom&mh

The ATP binding site is a narrow hydrophobic pdckecated
between the two lobes which are linked by a flexitinge region (Figures 6
& 7). The top of the ATP binding site is formed tme G-loop, known as the
glycine-rich loop for its highly conserved GXGXXCotif (Figure 7).

31



N-terminus

hinge
region

activation
loop

C-terminus

Figure 7: 3D ATP-binding site with G-loop (red), hinge regi(pink), gatekeeper
(magenta), activation loop (green) and salt briiijee)

Kinases have a second loop (called activation,|figpres 7 & 8)
containing serine, threonine, or tyrosine residueghich may be
phosphorylated. The N-terminal side of the actoratioop is a highly
conserved DFG triplet. The aspartate residue (Rpialytically involved in
the phosphate transfer, and typically engagedsialtebridge interaction with
a conserved lysine residue and an aspartate/gltearaaidue (Figure 8).
This activation loop occupies a part of the ATPduig site when these
residues are not phosphorylated. Most of ATP-coitipet inhibitors
recognise the so-called "active conformation" a&f Kinas€® But targeting
this site with ligand-protein interactions is ndtetonly way to enhance
inhibitor selectivity. When the catalytic aspartafethe DFG triplet is in a

rotated-out conformation (known as DFG-out), itates out of the ATP
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binding pocket, and it is accompanied by a corredjpg rotation of the
adjacent phenylalanine (F) and glycine (G) resid(éhe phenylalanine
movement reveals a large hydrophobic pocket whicty rhe filled by
complementary groups of the ligand. The marketed ématinib targets this
DFG-out conformation, emphasising the potential dngnce of this

conformational state in ligand desigf’

typically hydrophobic

gk+3 residue gk+1 residue
(o} (0]
)]\/H
N N
| ;
o] H o gate keeper (gk),

typically hydrophobic residue,

*
*
.
.
-
-
-
=

. = specificity
binding " e
open to : ¢
solvent

site

S saltoridge
+ of conserved & Glu
Asp catalytic residues

hydrophobic
pocket,

occupied by
Phe of DFG

activation loop

Figure 8: 2D representation of a typical kinase ATP-bindsitg ™

The gatekeeper (gk) is another important amind afithe ATP
binding site (Figure 8). The size and the volumeahaf side chain of this
residue dictate the access to the hydrophobic pddoated behind the
gatekeeper, thereby defining a potential inhibdelectivity of the ATP site.
The peptide bonds forming the key hydrogen bonetcr motifs in the
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hinge region are thusly referenced asthkand gk3,° relative to the

position of the gatekeeper:
hinge residues =gk + 1 and gk + 3

Usually, the hinge region has one hydrogen as rditenaked by two
oxygen regarded as acceptors. Interestingly, thés®s derived from the
protein backbone and not from the side-chains ef rtsidues gkl and
gk+3. These residues recognise the ATP-purine moiety stabilise the
nucleotide into the pocket by two or three crititkbonds. This region is

also known to be targeted for the design of ATP-petitive inhibitors™

Kinases are at the crossroad of controversiesdegatheir status as
drug targets. As the cellular concentration of AiEPhigh, typically 1-5
mM,” % it was thought that a high concentration of ATRPapetitive
inhibitor would be needed, bringing potential tatyic Another concern is
that all protein kinases share a common cofactat ansimilar three-
dimensional structure of the catalytic site. Thdeatures increase the
difficulties for the design of adequate and seleckinase inhibitors. But it
can be seen that these have bseccessfullychallenged. Currently, ten
approved kinase inhibitors binding in the ATP birglsite are marketed for

the treatment of various diseases (Tabl& 1>

Being firstly discovered as a product of the bactarStreptomyces
hygroscopicus the mTOR (mammalian target of rapamycin) inhitsto
rapamycin (also known as sirolimus) and temsirofirate macrolides with a
high molecular weight (914 g/mole and 1030 g/mespectivelyf* They
are not reported in table 1. The eight others itdib present ordinary
structures and are indicated in the reported dese@able 1):
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Table 1. Chemical structure and known kinase targets lfaically approved kinase

inhibitors %4

Structure Name Known Indication
targets
NTX Bcr-
| Imatinb ~ Abl,  CML,
(Glivec; c- Abl, GIST,

S
| )E\\][::l\ i Novartis) PDGFR, HS
N~ NA NHM\I:::I\V/r/“\N// c-KIT,

NJ DDR1

NTX Ber-
| Nilotinib Abl, Imatinib-
(Tasigna; c- Abl, resistant
| \JN\ lé}\ Novartis) ~ PDGFR, CML
N7 N NH N CKIT,
0 DDR1

Erlotinib

(Tarceva; EGFR, NSCLC,
OSlIPharma HER2 pancreas
/Genentech cancer
/Roche)

Gefitinib EGFR, NSCLC

(Iressa; HERZ2,
Astra HER4
Zeneca)

Sorafenib c-KIT, Renal
(Nexavar; PDGFR, cancer
Bayer VEGFR

/Onyx) (b-raf)
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Structure Name

Sunitinib
(Sutent;
Pfizer)

Lapatinib
(Tykerb;
GSK)

Dasatinib
(Sprycel;
Bristol-
Myers
Squibb)

OH

Known

targets

c-KIT,
PDGFR,
VEGFR

HER2

Bcr-
Abl,
SRC
family,
Tec

family

Indication

Renal
cancer,
imatinib-
refractory
GIST

Breast

cancer

Imatinib-
resistant
CML

CML, chronic myelogenous leukaemia; DDR1, discoidomain receptor tyrosine
kinase 1;EGFR, epidermal growth-factor receptorST;lgastrointestinal stromal
tumours; HES, hypereosinophilic syndrome; NSCLCp-semall cell lung cancer;
PDGFR, platelet-derived growth-factor receptor; G vascular endothelial

growth-factor receptor.

Interestingly, while the initial research focuseargely on the

discovery of monospecific or highly selective kieasnhibitors for

therapeutic use, the clinical experience, and avigipp understanding of

kinase biology show that molecules with a broadatteon of inhibitory

activities can be even more effective’
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7. NIK inhibitors

Surprisingly, despite a demonstrated high intefestthe NF«B
alternative pathway, and particularly for NIK intibn, only three series of
molecules are described as NIK inhibitors in therditure: kaurene-3,

alkynyl alcohols4 andpyrazolo[4,3€]isoquinoliness:

7.1 Kaurenes

Kaurenes are tetracyclic diterpenes (Figure 9hesé asymmetric
hydroxylated molecules derived from thatkaurenoic acid (KA), isolated
from plants likeViguiera robusta In 2001, NIK was reported by Castriko

al. as one of the potential target of compouhs™®

Figure 9 : Kaurene reported as potential NIK inhibitors

In the published results, the authors reportecbuarassays based on
LPS-activated cells treated with kaurene diterpehigortunately, as the
alternative activation pathway was not yet desdiilibe authors did not
consider the two pathways distinctly. Their resudtgygest that kaurenes
inhibit a step preceding IKKactivation. Briefly, cells were then transfected
with a Myc-NIK expression vector which, after ovepeession, triggers
IKK B activationper se’”® In these conditions, the authors indicated that
kaurenes inhibited the Myc-NIK-dependent activatioh IKKp in the

absence of LPS stimulation. Although, some obsEmatsuggested that
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IKK B and NIK are involved in two distinct pathwai}sAnyway, NIK and
IKK B interdependence remains uncl®4rThese conclusions are therefore
not obvious and an enzymatic assay would clariBirtassumptions. No

further data on this series have been published.

7.2 Patents on alkynyl-alcohols and pyrazolo[4,8lisoquinolines

On december 2009, a new series was published lasiribitor.
The corresponding patent was based on the alkyoghal 4 moiety (Figure
10)1° Unfortunately, neither biological data nor struetactivity

relationships related to this series were describdide original patent.

Up to 2009, the pyrazolo[4@&isoquinoline templat® was theonly
scaffold reported and claimed as NIK inhibitor (g 10). This series was
submitted in 2002 and then published in 2005 byrAigeas a paterit?'%
This patent reports(...) pyrazoloisoquinolines derivatives are strong and

very specific inhibitors of NIK...). It is also claimeda method of treating a

disease condition associated with the increasevitigtof NIK comprising
administering to a patient suffering from said @ise condition a
therapeutically effective amount of a compouncdhefformulab (Figure 10)

or a stereoisomeric form or a pharmaceutically guedle salt of this

compouncb.
Rs 4
. Ry, N-N
"Re 2 >R
%%& 8 Xy ™
OH 7
~N
R4 6 5 4
R>
4 5

Figure 10 Alkynyl-alcohol4 and pyrazolo[4,3]isoquinolinyl 5 scaffolds
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8. Objectives

As the intracellular signal transduction respolesiior the survival
of immunity cells is identified and associated witle early development of
RA, it might be valuable to design a novel classirdfibitors targeting
kinases at the crossroad of multiple pathways agleto this pathology. As
NIK definitely represents an attractive target, aien, on one hand, to
understand and characterise this protein and, @mwttier hand, to discover,
design and synthesise new inhibitors. Being thengest starting point to
identify new inhibitors of NIK, we decided to clgyithe inhibitory
mechanism of pyrazolo[4 &isoquinolines. The study of the interactions of
these pyrazolo[4,8}isoquinolines with NIK was one of our main goala
reach it, we will proceed according to the follogisteps:

1. Molecular modelling and mutagenesis will be perfedio study
the kinase domain of NIK.

2. The only scaffold described as NIK inhibitor, therazolo[4,3-
clisoquinoline scaffold will be considered in a 3D-model of NIK
to identify the main potential interactions betwélease inhibitors
and their target.

3. Novel pyrazolo[4,Z]isoquinolines will be synthesised and their
inhibitory potency and specificity will be evaludt®n isolated
NIK and in a cellular test.

4. A virtual screening of molecular databases will developed to
identify an original scaffold for the design of NiKhibitors.

5. Various analogues of the most promising compounds he

synthesised to start a new and original seriesliéfihhibitors.
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Results
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1. Molecular modelling
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To learn more about the ATP-binding site of NIK d@odunderstand
the enzymatic mechanism, a molecular modelling ystwds initiated in
collaboration with the CBS laboratory of Profes§oiWouters. This study
enabled to identify the nature of amino acids ledadhto the catalytic cavity
and to understand the potential interactions tbatdcexist between those
residues and NIK ligands. Molecular modelling igrtha tool to interpret
activity results, to rationalise structure-activilationships and to improve
the affinity and selectivity of target modulator&inally, molecular
modelling is very helpful for designing novel sttwes and may therefore
cooperate closely with organic synthesis. Sincenystal structure or 3D-

model of NIK was available, we started to buildarBodel of NIK.

1.1 Sequence homology

The first step of a homology modelling is the itiigcation of a
protein used as template. The 3D-structure of @maptate has to be
available and its amino acids sequence must béoas as possible to the
sequence of NIK. Such research is possible by medina sequence
alignment software (BLASTP) dealing with every miat available in the
Protein DataBank (PDBY**°On the day of this experiment (October 9th,
2006), the closest accessible crystallised kinaas RAK1 (p21 activated
kinase 1; PDB code: 1YHW-A), the first reported teio of the aligned

sequences list (Figure 11) :
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Hatches on query sequence Hatches on hit sequences (sirt scale)

NIK ! 0 0 0 0 n 0 : f 0

1 500 1 10 30 6090 130 200 280 370 470 689

1 500
1 ' I 2, 1

NIK
[ . %% Low-conplexity regions
a

. nasked by SEG
Identity 25 56 Fi 108%

Figure 11: Sequences alignment to NIK performed by BLASTRvegare. PAK1 is
represented by the code 1YHW-A. A colour code repmés the identity level of
each aligned sequence and NIK.
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PAK1 shares 30% sequence identity and up to 48%ieseg
homology (similar residues) with NIK (Figures 12dal3). As this value is
satisfying enough to build a model, PAK1 was theasen to be the pattern
structure (template) to build the 3D kinase dontdiNIK.

Profile hitsz PROTEIN_KINASE_DOH
Pan hits

Hatches on query sequence

NIK !‘.V_IZI_//FWIIVMMFQ—I
PAK1

Figure 12 : Unidimentional alignment of NIK (blue) and PAK¥ellow, kinase
domain only)

The proper alignment of PAK1 and NIK sequences bASBTP is
reported below (Figure 13):

» Chain A, Crystal Structure Of Pakl Kinase Domain With One Point
Mutations (EK299r)
pdb|1F3M|D Chain D, Crystal Strocture Of Homan SerineTHREONINE KINASE PAR1
pdb|1F3M|C Chain C, Crystal Strocture Of Homan SerineTHREONINE RINASE PAR1 (PAR1 HUMAW, (Q13153)

Score = 104 bits (2

5 Expect = le-22
Identities = 76/248 (

) r
0%), Positives = 121/248 (48%), Gaps = 12/248 (4%)

ELMACAGLT--——— SPRIVPLYGAV 459

Query: 405 RLCRGSFGEVHRMEDEQTGFQCAVEKVRLEVFRAE

Sbjct: 27 EKIGRGASGTVYTAMDVATGQEVAIRQMNLQOQPKKELIINEILVMRENKNPNIVNYLDSY 86

Query: 460 REGPWVNIFMELLEGGSLGQLVEEQGCLPEDRALYYLGQATEGLEYLHSRRILHGDVEAD 519

Sbjct: 87 LVGDELWVVMEYLAGGSLTDVVTET-CMDEGQIAAVCRECLQALEFLHSNQVIHRDIKSD 145

VDV

Sbjct: 260

Figure 13: Sequence aligning of NIK (Query) and PAK1 (Subjéy BLASTP
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1.2 3D-model building

As the target/template alignment step is knowndaititical for the
quality of a model, we used the automated homolggygram
ESyPred3D This performs a consensus alignment between tngesees
of the target and the template. Th&MODELLER generates the 3D
coordinates?” The final 3D model of NIK shows a classical kieasructure
with the N-terminus side constituted by five ardigllel B-strands, the C-
terminus side rich im-helixes, and a cavity, in the middle of the pnotei

bordered by a flexible hinge region (Figure 14).

C-terminus

N-terminus

Figure 14 3D-model of NIK (kinase domain)

The catalytic pocket of NIK was refined by minigi®n to take into
account the protein flexibility. The position oktside-chains of the residues
located 20 A around L472 (the gk+3 hinge resitlwedre minimised by
means of thtMINIMIZE module, as implemented 8YBYL 8.6%

 Hinge residues, named gk+1 and gk+3 relativelyh® gatekeeper position, are
fundamental amino acids in kinase-ATP recognitiod @hosphorylation activity.
L472 was identified as the gk+3 residue and waretbee considered as central in
the ATP-binding site of NIK. More details about thénge region of NIK are
reported further in this chapter.
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1.3 Validation and critics of the model

1.3.1. Ramachandran plot

Ramachandran developed a plotting approach to susegaandy

values of every amino acid residues in the pratgincture (Figure 15§°

Figure 15 ¢ andy dihedral angles of amino acid residues in thegimostructure
(where R is the side chain)

The plot shows the possible conformations andy angles for the
polypeptide main chain (Figure 16). In the reponémt, red areas represent
the most favourable angles values:

- area A represents angles corresponding to-duelix;

- area B represents angles correspondind3tesheet

- area L represents angles corresponding to |leftib@helix.

Yellow, beige, and white areas represent additipna
authorised, generously authorised and forbiddemegalfor torsion angle
respectively (Figure 16). Ramachandran plot ofrttoelel of NIK proved to
be very satisfactory with 90.2% residues locatedtha most favoured
regions, 7.3% in the allowed regions, only fouridaess (1.6%) in the
generously allowed regionsp (and y torsion angles slightly larger than
usual) and two residues in the disallowed regiamgayourablep andy

torsion angles). It must be noticed that theseresidues (Q484, T401,
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Y391, E395, D544 and S572) are located far fromatigve site and the

hinge region. The torsion angles distribution ismarised in table 2.

QLU 395 (A)

180
133
90

454

Psi (degrees)
=
|

-45

=90 —

~b

-1359

~b

Phi (degrees)

135 180

Figure 16. Ramachandran plot of the model of NIK

Table 2 Summary of the Ramachandran plot distribution

Color Area Residues Residue %
red most favourable 221 90.2%
yellow additionally authorised 18 7.3%
beige  generously authorised 4 1.6%
white  forbidden 2 0.8%
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This Ramachandran plot is the first validation aofir onewly

developed homology model.

1.3.2.K430 orientation

Once the model was built, the residues reportegsaentials for the
kinase activity of NIK were analysed in a secondidadion study.
Literature reports that the double mutant KK429480of NIK is
inactive’” Nevertheless, an interaction between K430 and AdiPany
ligand in this pocket) was unfavourable. In thepgm®ed model, the side-
chain of K430 points out of the cavity (Figure 1Qonversely, K429 is
oriented to the pocket. This is in agreement wiith previously published
result (Figure 17). To confirm these positions, asdhese mutations have
always been studied simultaneou€ly,the design of the single mutants
K429A and K430A would be very helpful. By this wake specific role of
each lysine could be clarified. If K430 is notessal for the kinase activity
(or if the activity of the K430A mutant is presedven comparison to NIK
wild type), the orientation of this side chain vk validated in the model of

NIK. These results will be reported further (sectib2).
Finally, T559 is located on the C-terminus sideh# cavity at the

end of the activation loop. The orientation of g&le-chain allows a

phosphate transfer on its hydroxyl function (Figlivg.
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Figure 17: Model of NIK with residues KK430-429 and T559q(in left to right and
underlined in orange)

1.3.3 Identification of the key residues of NIK

The 3D-structures of the kinase domains of NIK &#&K1 were
then superimposed. As expected, the overall folgiagiern f-sheets,a-
helixes and main loops) was shown to be logicatgsprved (Figure 18).
The ATP-binding sites superimposition was analyaed the active site

residues common to majority of kinases were recaghi
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"’ )Activation
=71 ‘

Figure 18 General view of the superimposition of PAK1 (greand NIK (blue)

First, in the NIK structure, M469, which correspenied M344 in
PAK1, was identified as the gatekeeper (gk) residieen, residues E470
(gk+1) and L472 (gk+3) were logically located irethinge region. As
explained in the introductiogk+1 and gk+3 residues are responsible for the
stabilisation of the adenine moiety of the ATP.RAK1, hinge residues
gk+1 and gk+3 correspond to E345 and L347 respagtivn a co-crystal
structure where 3-hydroxystaurosporine is soakéd RAK1 (PDB code:
2HY8), both residues are involved in the stabilabf the aromatic ring of
3-hydroxystaurosporine (Figure 19). This observatigsumes the key role
of this region in the ATP-binding site, as explairgreviously. Finally, in
the back of the NIK active site cavity, a salt bedbetween residues K429
and E440, corresponding to the salt bridge betwR289 and E315 in
PAK1, is also preserved (Figure 20).
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Figure 19 Superimposition of NIK and PAK1 with co-crystatid 3-
hydroxystaurosporine

Close to this ionic interaction, the highly consahriplet DFG of
the activation loop is found in the model of NIkofin residue 534 to 536
(Figure 20). This loop is very well overlaid on tteenplate structure, and the

triplet corresponds exactly to residues from D4ADG409 in PAK1.

Finally, the G-loop of PAK1 contains the aminodscR77 to 282
with the sequence GQGASG. In this loop, the resdG77, Q278 and
G279 belong to thB-sheet preceding the flexible loop. This G-loopkiing
the anti-paralleB-sheets, is then shortened. This observation explahy
this region is not perfectly superimposed to theleh@f NIK. In fact, none
of the residues from 407 to 412 belonging to Nli¢ arcluded into any-
sheet in the model. Then, these residues form getoand more flexible
loop than in PAK1.
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Figure 20: Main residues identified in the ATP-binding siteNIK

Each key residue of the ATP-binding site is repbitetable 3:

Table 3: Main residues of the ATP-binding site of NIK aRdK1

Region PAK1 NIK

gatekeeper M344 M469

hinge region E345 and L347 E470 and L472
salt bridge R299 and E315 K429 and E440
activation loop triad 407-DFG-409 534-DFG-536
G-loop 277-GQGASG-282 407-GRGSFG-412
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In conclusion, a 3D-model of NIK was build, validdtand studied
with a rational approac® This tool is now available to reach
various goals. In a first step, the kinase domdirNtK will be
investigated deeper with the help of a mutagenstidy. Then,
various docking studies and virtual screening b@lperformed with
this model in order to understand the requiredramttons for NIK

inhibition and to identify new scaffolds.
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2. Mutagenesis
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To study into detail the kinase domain of NIK, #uivity of various
single mutants was considered. This study is direderived from the
molecular modelling. In this second step, the mad@lIK can be validated
or improved, residues interacting with ATP will beknowledged and key
regions for NIK inhibition will be identified. Thistudy started with the

selection of residues to be mutated.

2.1 Selection of key amino acid residues

To select the most interesting residues from th®-Ainding site of
NIK, three filters were applied on the 253 residigsmse domain of NIK
(Figure 21) as following: (i) a sequence alignmeénttating the natural
selection, (ii) an elimination based on the nawir¢he side chain, and (iii)

an evaluation of the 3D situation.

405 RLGRGSFGEYHRMEDKQTGFQCAYKKYRLEYFRAEELMACAGLTSPRIVPLYGAVREGPW 464
465 WNIFMELLEGGSLGOLYKEQGCLPEDRALYYLGOALEGLEYLHSRRILHGDYKADNYLLS 524
525 SDGSHAALCDFGHAVCLOPDGLGKSLLTGDYIPGTETHMAPEVYLGRECDAKNVDWVWSSCC 554
580 MMLHMLMNGCHPWTOFFRGPLCLKIASEPPPWREIPPSCAPLTAQATQEGLRKERIHRYSA 644
£45 AEL £47

Figure 21 Kinase domain sequence of NIK (residues from #0&47)

First step - This first filter, similar to a natural seleatiowas applied as
following: an alignment of the kinase domain segeerof NIK was
performed with the ten closest homologous protkinases reported in the
literature so far (September 2007) by meanBIoASTR™™ Every biological
species were taken together and the considerecsees shared until 32%

of homology with the sequence of NIK. Thesach residue of NIK not
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found each alignment was eliminated. Amino acidsovered in each

sequences and selected are reported in figure 22:

40% RLG.GSFGEV...ED..T.... A k.W.L..F...EL... A ..... I..LYG.Y..GP. 464
465 VoL ME s EvvnbaQiN s Banibpsasanbus EEYE s RETER Vs o NVE:: 524
SE s LeaBRGEA v B e pa s GTE.HMAREW. . ...... K.Dvws ., .C 584
ST L LHML G, CPWIGL P LT CELPPYLEL L L T 0T ORGP LR A B
645 LEL 847

Figure 22 Remaining residues after the first selectionyredtselection)

Second step Then, the aliphatic residues were removed (G/A,, and I).
Side chains of such amino acids contribute to thecwire, but gives weak
interactions (<0.7 kcal/mole) with ligands in comipan to residues forming
H-bond (<6 kcal/mole) or ionic interactions (<10akmol). After this

second filtration, 53 residues were remaining (Fég2B8):

405 B SEEne e s BB o Tl v i B BB e o e GF. 464
465 .. ..ME..E..... L Eovnniiiat EY...R...H...... M.... 524
SR urmawEn B e e s e e R e TESHMzEE e ssss K.D.Ws..C 584
5385 oM e PG s ann EiiR s ErnniGonnng Ol e KPR e Rivee s (644
645 E. 847

Figure 23 Remaining residues after the second filtratiap g&liphatic side chains )

Third step - The previously described model of NIK finallyepped in as
the third filter. In this final selection, eachtbie 53 remaining residues was
located into the 3D structure. By doing so, ressdaet of the ATP-binding
site were discarded. Only 9 of the 253 initial amiacids remained as

potential points of mutations (Figure 24):
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TPEG et e e T R R B e R R T R R T R 524
P2 s B e 584
B e 644
545 . 647

Figure 24: Remaining residues after the third filtrationps{8D location)

Interestingly, T559, the phosphorylation site, &#29, forming the
salt bridge with E440, are recovered in this seectD534 and F535,
forming the highly conserved DFG triplet, were stde as well. In return,
K430 was eliminated in the first phase. As expldibelow, the involvement
of this lysine in the mechanism of the phosphadedier remains unclear.
K430A was then evaluated anyway with the eighiofeihg single mutants:
K429A, D534A, F535A , F411A, F436A, H562A, E440AdEB560A.

2.2 Site directed mutations

The study of the NkB alternative activation pathway and the
protein NIK is the result of a fruitful collaborati with the laboratory of
Virology and Immunology (GIGA, University of Liege)Each single mutant
and measurement of its residual activity was dgtperformed by this team.
The selected residues were then mutated one bwmhéhe mutants were
evaluated for their ability to induce the altermatpathway. Each selected
residue was changed to alanine by site-directedageutsis from an
expression vector encoding wild-type NIK. The ipibf each mutant to
activate the NKB alternative pathway was evaluated by transient
transfection assays in HEK293T cells (human embcykidney 293T cells).

High expression of NIK induced a constitutive plpfbcessing in the
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alternative pathway (see Introduction, Figure Qells were then lysed 40
hours after transfection and the processing of paf@0p52 was analysed by
Western-blot™* Any loss of ability to activate this cascade vebile
detected by an increase of pl00 concentration ardbaease of p52
concentration when compared to the processing adilxy NIK wild type
(wt, Figure 25).

First, K430A undoubtedly induces the processinggtd0 into p52
(Figure 25). This mutation does not affect thdigbof NIK to induce the
alternative pathway. Therefore, K430 is not fundatal for the kinase
activity of NIK and the orientation of its side-chaoutside the cavity is
confirmed. Conversely, the mutation K429A was u@ab induce the same
processing. It was consequently demonstrated tha®Ks the unique lysine
interacting with ATP during the phosphate transkéoreover, this result is

completely in agreement with the proposed mod&I&f.

I 5§ §& S FFS S

RN - N

s L X ¥ ¢ W qQ W W I

N ¥ XY ¥ ¥ ¥ ¥ ¥X¥ ¥ £ =¥

< < S S S S S =<
— — [ e —— p52

Figure 25 NIK activity of each single mutant was measurgdwestern-blotting
subunits p100 and p52 (v = blank ; wt = wild type)

As previously suggested, the ammonium of K429imfng an ionic
interaction with the carbonate side chain of E4d@he model of NIK. The

mutant E440A prevents also the processing of piiicating the major
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part of this salt bridge into the kinase mechan(giigure 25). This result

also confirms the proposed 3D model of NIK.

The D534A mutant displays an important activityed¢. Belonging
to the activation loop motif DFG, this aspartatenisst probably involved in
the phosphate transfer. Similarly, the F535A matataffecting the DFG
triad strongly reduces the processing of p100[@&®. This result indicates a

significant inhibition of NIK as well (Figure 25).

On the C-terminus side of NIK, H562 is a residuese to the
phosphorylation site T559. The H562A mutant was® alnable to induce
the alternative pathway activation (Figure 25).isTiesult can be explained
by the vicinity of this histidine and T559. Theidtazole scaffold of H562 is
therefore expected to stabilise the transferred spihate or the

phosphorylated threonine.

Then, F436, located just above the ATP-binding sihd the salt
bridge formed by K429 and E440, seems also to aldgcisive role in the
activity of NIK since the mutant F436A does not ucd the pl00/p52
processing (Figure 25). This result can be expthimg the localisation of

F436 on top of the specificity pocket, a centrahpof the ATP-binding site.

Finally, no variation of activity is observed withutations F411A
and E560A, indicating these residues are less iapbrfor the kinase
activity (Figure 25). This information is interaugi in the frame of a better
understanding of NIK's mechanism. In fact, F411llddee suspected as a
key residue for NIK as it belongs to the G-loopaisd on the roof of the
enzymatic pocket. Equally, E560, which is justrbgahe phosphorylation
site T559, could also be involved in the phosphaensfer. These

experiments proved that it is not the case.
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In conclusion, the mutagenesis results show tlxabfshine selected
residues play a critical role into NIK activity: 486, E440, D534,
F535, H562 and obviously K42¥. So, the filtration strategy seems
clearly relevant, as well as the model of NIK whigioved to be
reliable. This mutagenesis study validates the tBlcgire of NIK
built by homology modelling. This model will be idered as the
starting point for the molecular docking and viltuscreening

detailed further.
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3. Docking
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To appraise the reliability of our model, the bimgli of the
previously reported pyrazolo[4@isoquinolines claimed as NIK inhibitors
was studied within the active site. Staurosporieported as a pankinase
inhibitor including NIK!* was also investigated in our model. Pyrazolo[4,3-
clisoquinolines5a-s and staurosporine (Table 4) were docked inside the
ATP-binding site of NIK using the automat&DLD program‘** For each
molecule, 20 conformations were generated and atedufollowing two
parameters:

1. the number of different orientations (NDO) adopteg one

molecule inside the NIK binding cleft;

2. the number of different orientations where the coomal is

found to be stabilised with at least one H-bondcwiite residue
L472 in the hinge region (NDO L472).

As explained in the introduction, the hinge resslgk+1 and gk+3
develop key interactions with adenine from ATP he kinase pocket. The
backbone of this region is clearly identified ae thighest common region
targeted by each ATP-competitive inhibitor. Moreeg@sely, the NH of
gk+3, the central H-bond donor of the hinge regimnstabilising each
known ATP-competitive kinase inhibitor. That is tle@ason why this residue

was selected to study the ligand interactions.
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Table 4 Structure and number of conformations adopted pyyazolo[4,3-
clisoquinolinesba-s NDO is the number of different orientations observeedra?0
dockings for 1 molecul\IDO L472 is the number of

different orientations observed with an H-bond riat¢ion

H
with residue L472 N__o
R5
Ry NN O O O
X R N N
(@)
N HsC H
R4 o
Rz /
HN\
pyrazolo[4,3e]isoquinoliness staurosporine
Docking
Cpd R R R R R
P ! 2 s ‘ ® "NDO NDO
L472
Staurosporine 1 1
5a @ @ H H H 4 1
5b @ @\ H H H 6 2
OMe
5c  Me @\ H H H 2 0
OMe
5d Me @ H H H 2 0
5e Me @ H H H 3 0

CF3
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Docking

Cpd R R R R R
P ! 2 3 4 > "NDO NDO
L472
5t Me @\ H H Me 1 0
CF,4
59 CF N7 H H H 2 0
- |
F F
5h  Me \©/ H H Me 2 1
5i Me @ H COMe H 4 2
5i Me N7 H COMe H 3 2
- |
5k Me 8\5/ H H Me 3 0
51 Me N~ H NMe, H 2 0
- |
5m  Me @ CR, H H 2 1
5 Me N7 CE H H 4 2
- |
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Docking

Cpd R R R R R
p 1 2 3 4 5 “NDO NDO

L472

50 Me

5q Me

5r Me

F

F

F

5p Me @ H NMe, H 3 2
©/CF3

55 Me CH,OMe H H H 5 1

Interestingly, the staurosporine moiety fits pettfe¢he catalytic
pocket of NIK (Figure 26), adopting a similar bindi orientation as
observed for 3-OH-staurosporine in PAK1 (Figure. 19)
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LYS-429

\\

R aLEU-472

Figure 26. (a) All of the 20 conformations obtained for staporine into the
modelled active site cavity of NIK and (b) view sthurosporine in the active site
cavity NIK illustrated with the Connolly surface.
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All of the 20 conformations generated lie in aqua orientation
with two H-bonds between the lactam ring of stapoosie and the NH and
CO moieties of L472 and E470, respectively, stainifj the ligand (Figure
26). In addition, hydrophobic interactions withipaktic residues L406,
V414, A427, L522 and C533 also contribute to thebiisation on both
sides of the aromatic plane. Conversely, when jo§4,3-clisoquinolines
5a-s are docked inside the ATP-binding site of NIK, gavedifferent
orientations (2 to 6) are observed for each comgdqliable 4), excepbf
and 5r for which a unigque binding orientation of the moh[4,3-
clisoquinoline motif is found. But these two compds do not interact with
L472 through an H-bound as requested. In additather pyrazolo[4,3-
clisoquinolines %c-5e, 5g, 5k, §l are not stabilised through H-bond

interaction with the hinge region residue L472.

To see if a unigue orientation of the pyrazolo[dj8equinoline
seriesb could be highlighted, another docking was congidein this new
study, compound$a-s were docked again inside the NIK binding cleft
imposing a H-bond between the NH of L472 and oreepior atom of the
ligand. By doing so, still two orientations wemeuhd, and are illustrated
using compoundsd (Figure 27 for orientation 1, and figure 28 for
orientation 2). In both orientations, the pyrazdl8jclisoquinoline scaffold
is stabilised by two H-bonds in the hinge regios,expected following a
constraint docking. But none of these two oridotet seems more plausible
than the other, or would allow a better understagaif the structure-activity
relationships in this series. Thus, this dockingdgtdoes unfortunately not
allow to highlight a unique, obvious orientationa@dmpound$a-sinto the

NIK binding cavity.

72



Figure 27: Orientation 1 of compounsd docked in the modelled ATP-binding site
of NIK when imposing a H-bond between the NH of P47View without (a) or
with (b) Connolly surface.
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a

GLU-440

Figure 28 Orientation 2 of compounsd docked in the modelled ATP-binding site
of NIK when imposing a H-bond between the NH of P47View without (a) or
with (b) Connolly surface.
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These two docking studies led to the conclusiont tha
particular affinity can be predicted for the pyriagd,3-
clisoquinoline seriest® Actually, since this molecular template was
claimed as potent and selective inhibitors of NiK!**a main and
obvious docking mode was expected. On the contragfther
affinity or relationship activity can be explainegven when a H-
bond is imposed between the ligand and the keyduesilL472.
Based on these observations, different hypothessaldc be
suggested:

1. although staurosporine, a confirmed NIK inhibitdits
perfectly its active site, the 3D-model of NIK istmeliable;

2. the pyrazolo[4,3]isoquinolines5a-s are effectively NIK
inhibitors but through a different mechanism of ibition, for
instance through interactions with an allostettie;si

3.the pyrazolo[4,3]isoquinolines 5a-s are not NIK

inhibitors.

To assess one of these assumptions, some pyr&&slo]
clisoquinolines %a-d) and analogous pyrazolo[3¢fisoquinolines
were synthesised simultaneously with this dockingys Their NIK
inhibitory potency was evaluated on isolated humecombinant
enzyme as well as on Hela cells where the kBFalternative

pathway was induced.
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4. Organic synthesis and commercial compounds
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In parallel to the docking studyyrazolo[4,3€]isoquinolines, plus
some molecular analogs, were synthesised to ewealttsir effective
inhibition potency against NIK. Also, the purchasé commercially
available molecules is reported. Finally, all lné$e molecules were assayed
on the enzyme NIK to evaluate their inhibitory putg.

4.1 Synthesis of pyrazolo[4,8}isoquinoline

The pyrazolo[4,3]isoquinolinesba-d are synthesised in four steps
(Scheme 1).

HN’N
R
o 0 = !
ML NaNoy, H _N
Ph R -
91 97% R,
6a R1 = Me 7a R1 = Me 5a R1 Ph R2 = Ph
6b R, =Ph 7b R, =Ph 5b R; =Ph; R, = 3-CH;0-phenyl

5¢ Ry =Me ; R, = 3-CH30-phenyl
5d Ry =Me;R,=Ph

H,N-NH,.H,0
86-88% EtOH
P20s 2-13%
POCI,
(o] N R1
. R
Ps . HNCY7T HosrT DEC N=( O
R2 OH — CH20|2 HN = N)J\Rz
Ph NH, 57-78% Ph H
9a R, =Ph 8a Ry =Me - Ph-R. =
9b R, = 3-CH;O-phenyl  8b Ry =Ph 10a R, =Ph;R,=Ph

10b R, =Ph; R, = 3-CH;0-phenyl
10c Ry =Me ; Ry, = 3-CH3;0-phenyl
10d Ry =Me; R, =Ph

Scheme 1 Synthesis of pyrazolo[4 8isoquinolines

Starting from the commercially available diketoBeash, oximes7a-
b are prepared with a high yield (91-97%) by reactid sodium nitrite in
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acidic conditiong’® Oximes7a-b further react with hydrazine hydrate to
form pyrazoles8a-b.**® Then, benzoic acida-b activated by HOBT/DEC
are condensed on pyrazolgs-b to form the corresponding amidéfa-d
Finally, the desired pyrazolo[4@isoquinolinessa-d (Table 5) are obtained
according to the Pictet-Gams reaction in poor weRF13%)"'’ Chemical
yield of this last step is very low due to the fation of several side

products and a delicate purification (Scheme 1).

4.2 Pyrazolo[3,4€lisoquinolines synthesis

As poor vyields and difficult purification were cumg the
pyrazolo[4,3elisoquinolines synthesis, an analogous scaffold basn
considered. By choosing more reachable molecalésigest series can be
synthesised, leading to more interesting potentstucture-activity
relationships. In the meantime, this new serieg vgay to step out of the
Aventis patent. For all those reasons, the pyr§2gle]isoquinoline
scaffold was chosen. This molecular structure, @oge to pyrazolo[4,3-
clisoquinolines was previously patented by Exeligis ALK (anaplastic
lymphoma kinase) inhibitors® Pyrazolo[3,4e]isoquinolineslla-l are then
synthesised in three steps, each of it being aortyomity to introduce new

structural variations at the;fR; andRg positions (Scheme 2).

The esterd3a-c and benzylcyanidd?2 react in basic conditions to
form the nitrile derivatived4a-cwith various R substituents. These nitriles
react further with Rsubstituted hydrazines to form the aminopyraztkes
h. Finally, the benzoyl derivativelba-creact with the aminopyrazold®a-

h in acidic conditions to form the required pyrazolof8jéoquinolineslla-

| with a wide range of yield (1-60%).
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EtONa,

Ph. EtO__R Ph. Re
. \”/ 6 EtOH
12 13aRg=H 14aRs=H
13b Rg= Me 14b Rg = Me
13c Ry = Et 14c Ry = Et
o
Rs '
+
16aRg=H 15a Rs = Me, R; = Me 1a-l
16b Rg = OH 15b Rs = Me, R;=H (structures
16c Rg= OMe 15¢ Rg=H,R;=H reported in

table 5)

15d Rg = H, R;= Me

15e Rg = Et, R, = Me

15f Rg = Et,R;=H

159 Rg = Me, R; = 2-pyridyl
15h Rg = Me, R; = Ph

Scheme 2 Synthesis of pyrazolo[3 dlisoquinolines.
In comparison to the synthesis of pyrazolo[di8equinolines, the

cyclisation step generating pyrazolo[&}soquinolines is a cleaner process

which does not involve the same purification issues

Thirteen pyrazolo[3,4]isoquinolines were synthesised following

this pathway (Table 5).

81



Table 5. Synthesised pyrazolo[3g}isoquinolines structures

Compound Rs R, Rs
1la Me Me H
11b Me H H
1llc H H H
11d Me Me OH
11le H Me H
11f Me H OH
119 H H OH
11h Et Me H
11i Et H H
11j Me H OMe
11k Me 2-pyridinyl H
111 Me Ph H

4.3 Commercial compounds

Finally, a panel of commercially available kinasghibitors or

molecules closely related to the structure of pylia#,3-clisoquinolines

was selected.



4.3.1 Fragments of pyrazolo[4,3-c]isoquinolines

To identify other pyrazoloisoquinolines as potdnhdK inhibitors
and with a view to develop SAR in this series, thgrazolo[4,3-

clisoquinolines scaffold was searched for into théQ@ databasé’

0 xn 0O \
~0 =N ~0 2N
19 20
e >N
\O P
Il
N
21

Figure 29 Commercial molecules structurally related to riecular templatd
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On 2,700,000 commercially available compounds, yragolo[4,3-
cliso-quinolines was regained in the database. Therscaffold was splitted
into pyrazolopyridine Y) and isoquinoline X) as starting structures to
identify structurally related molecules. The compds 17 to 22 were

identified as commercially available and boughg(ffe 29).

4.3.2 Kinase inhibitors

Another strategy to identify potential and noveKNhhibitors was
to search for molecules described as inhibitorsimdises structurally related
to NIK. As mentioned previously, NIK belongs t@tMAP kinase family.

Considering this approach, the following compoumnvdsre investigated

(Figure 30):
N* )
NH
OH
5O x
CF; CN
F 24 25
NH, CN NH,
S AP
NH, CN NH,
26 H 27
N__o
O N N O
H3C o H
P
HN
AN
28

Figure 30: Commercial molecules reported as kinase inhibitio the literature.
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Compound?4 is a selective p38 MAP kinase inhibitor with an AT
competitive mechanisfi** Compounds 25, 26 and 27 are MEK
inhibitors!***?® and staurosporin@8 is a multi-kinase inhibitor previously
mentioned in the molecular modelling and dockingdis™***" This

molecule is the reference inhibitor for each enzyerend cellular assay.

At this point, we own a diversified collection ofhemical
compounds formed by pyrazolo[4¢cBsoquinolinesba-d claimed in
a patent as NIK inhibitorS? analogous pyrazolo[3disoquinolines
1la-l, fragments like pyrazolopyriding¥ or isoquinolinesX, and
inhibitors of kinases described in the literatuseaative on kinase
structurally close to NIK. A biological evaluatioof all these
molecules is now considered and the results arertexp in the

following section.
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5. Biological evaluation
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5.1 Human recombinant NIK inhibition

A radiometric protein kinase assay, performed ly@nase GmbH,
Freiburg, Germany, measured the activity of NIpimasence of the potential
inhibitors, at a single concentration of 10 uM.eBl§, NIK was expressed in
Sf9 insect cells as human recombinant GST-fusiatepr and purified by
affinity chromatography using GSH-agarose. Thessabe, a recombinant
protein kinase (RBER-CHKtide) was expressel.ooli. The assay cocktail
was incubated at 30°C for 60 minutes with*JP]-ATP (1 uM, pH 7.5).
Incorporation of**P was measured with a microplate scintillation ¢eun

Staurosporine was chosen as referéhicg!

BP.ATP

B
&S

Substrate

Inhibitory potency of each previously describedlenale was then

Figure 31 ProQinaseén vitro enzymatic assay

reaction
—

aseury|

Fooaw

aseuly

COaw

®

0@ 8

evaluated (Table 6).
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Table 6. Inhibition of NIK in presence of pyrazoloisoqoimes 5a-d and 11a-I
(10uM). Mean + SD (n = 3).

HN—N
\
Xy R
N
Rz
S 11
Molecul R R R R R NIK inhibition
olecule
l S T
Staurosporin@8 79%
5a Ph @ _ ) i 6%
OMe
OMe
5d Me @ _ _ ) 204
1lla - R Me Me H 5%
11b - . Me H H 0%
11c - . H H H 4%
11d - - Me Me OH 8%
1lle - - H Me H 2%
11f - - Me H OH 0%
119 - - H H  OH 0%
11h - - Et Me H 0%
11i - R Et H H 0%
1] - - Me H  OMe 0%
11k ) - Me  2-pyridyl H 9%
| - _ Me Ph Y 0%

90



Although the inhibition of NIK in the presence d¢&grosporine was
confirmed, none of the pyrazoloisoquinolines (10ud)nificantly reduced
the NIK activity (Table 6). This corroborates theodelling study and
demonstrates that the pyrazolo[4]&oquinolines 5a-d are not NIK
inhibitors. Moreover, the pyrazolo[3g}soquinolineslla-l do not inhibit
NIK. Except staurosporine28, none of the commercial molecules
structurally close to pyrazolo[4@&isoquinolinesl7-22or reported as kinase
inhibitors 24-28blocked the kinase activity of NIK.

At this point, the pyrazolo[4,8lisoquinoline scaffold patented by
Aventis can not be considered as NIK inhibitor. danfirm this scaffold
can not inhibit other proteins of the MB alternative pathway, their
inhibition property was then investigated in a welf assay where this

alternative pathway was solely involved.

5.2 NF«B alternative pathway inhibition

The cellular assays regarding the alternative vpagh were
performed by Caroline Remouchamps and Corinne Gaunefler the
supervision of Emmanuel Dejardin from the laboratof Virology and
Immunology (GIGA, University of Liege). Briefly, pgzolo[4,3-
clisoquinolinesba-d were assayed using carcinoma Hela cells expressing
LTBR. The NFkB alternative pathway was induced or not by arBRT
agonist antibody. After induction, NIK was overegpsed and the
processing of pl00 into p52 was triggered by phospation of IKKa
(Figure 32). Then, the p100/p52 ratio was finalyalgsed by Western blot,

as reported on figure 33.
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IKka (& ¥ IKKa
» »

p100 * Rel-B

& Rel-B
p52

Figure 32 Alternative pathway activation assay

Staurosporine, which strongly inhibit isolated famrecombinant
NIK, also clearly blocks the p100/p52 processingfe 33). Here again,
none of the pyrazolo[4,8lisoquinolines 5ad inhibited the NF«B
alternative pathway. In fact, the processing d@into p52 was observed
in the presence (+) and in the absence (5aefl whatever the concentration
of the inhibitor (10, 20 or 50 uM). On the conyrdo the claims of the
original patent, the pyrazolo[4@isoquinolines5a-d cannot be considered

neither as NIK inhibitor nor as blocker of the MB-alternative pathway.
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Figure 33 Processing of p100 into p52 from Hela cells egpieg LTBR stimu-
lated by an LBR agonist antibody (AGO). Cells were incubated lisemce or in
presence of pyrazolo[4 &isoquinolines5a-d or with staurosporine. DMSO used

as cosolvent has no effect.

5.3 Multikinase Assay

With the aim of identifying the putative target thie pyrazolo[4,3-
clisoquinolines and pyrazolo[3disoquinolines, a multikinase screening
assay was performed. One compound of each sesgesarid 11f) was
selected to carry out this study. Their inhibitgsyotency (10 uM) was
evaluated on a panel of 263 kinases (Millipore Igfrofiler™, Table of

results in the Appendix).
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As a result, the inhibition of at least 50% waseed for 92 and 98
kinases over the 263 assayed in presencadadr 11f, respectively. Both
scaffolds are clearly good kinase inhibitor temggatHowever, no kinase
groups or families seems to be more affected thhare. Both pyrazolo-
isoquinolines inhibit indiscriminately more tharttérd of our kinase panel.
Nevertheless, among theds] particularly decreased (70%) the activity of
TAK1, a TGFf-activated kinase involved in the classical kE-pathway
(see Introduction, figure 4). To confirm this irgsting result, an enzymatic
assay on TAK1l was immediately performed with pylajZh3-

clisoquinolinesba-d.

5.4 TAK1 inhibition

The TAK1 dose-inhibitory potency of compoundsa-d was
evaluated using a Lanthascr@dBu Kinase Binding Assay (performed by
Invitrogen Limited, Paisley, Scotland, United Kirgd). Briefly, this assay
is based on the detection of the binding of a #rato a kinase by addition
of a Eu-labeled anti-tag antibody. The bindin@tkinase of both tracer and
antibody results in a high degree of FRET, whemiaplacement of the
tracer with a kinase inhibitor results in a lossFRET (Figure 34). The

results are reported in Table 7:

Table 7: ICsq of pyrazolo[4,3e]isoquinolinessa-d againsfTAK1.
Cpd TAK1 ICs (UM)

staurosporine  0.021

5a NI (at 10puM)
5b NI (at 150pM)
5¢c 0.58

5d 21

NI = no inhibition at the reported maximum concatitm
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Step 1: Mix kinase, antibody, tracer, and compound Step 2: Detect

Ey P'\.l exa, D
)_ k e " pBo
/\ Tracer Compound

(non-inhibitor)

Eu .
)k 0o @ o
f”\ Tracer Compound

(inhibitor)

Low TR-FRET

Figure 34: Schematic of LanthaScreenTM Eu Kinase Bindingafss

As expected, staurospori@8, the reference inhibitor in this assay,
strongly inhibits TAK1 with an 16, of 0.021 uM. From the four compounds
analysedb5c and5d, effectively inhibit TAK1 with an 1G, value of 0.58 and
2.1 pM respectively, whereas no inhibition was obseé at 10uM and
150uM for5a and5b respectively.

5.5 NF«B classical pathway inhibition

To access the effective inhibition of TAK1 in theanonical
activation pathway of NIK, a last assay was perfanusing Hela cells.
Briefly, 5¢ (50 uM), the best TAK1 inhibitor (g = 0.58 uM), was assayed
on carcinoma Hela cells where the KB-classical pathway was induced by
TNFa (100 U/mL). As readout, the TNFand IL-6 mRNA levels were
quantified (in presence or in absencebof and normalised with respect to
control conditions. As expected, ThFloubles the relative TNFMRNA-

level 1 h (x2.2) and 2 h (x1.9) following inductiomhereas the induction in
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presence ofbc is only x0.77 and x0.65 respectively (Figure 35NFa

strongly increases the relative IL-6 mRNA-level duh (x3.7) and 2 hours
(x3.8) after induction. Conversely, the additiorbofprevents an increase of
the normalised IL-6 mMRNA-levels which are x0.5 a®d7 when measured

1h and 2h after induction respectively.

3,0
S
= 25
§ 5c
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o
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=
x 1,0
£
Lf 0157 i l
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F 00" ‘ ‘ ‘ ‘
CTRL TNF1h TNF2h TNF1h TNF2h
4,5
[ 4!07
S
8 35
>
2 30
T 25
S
<Z( 2,0
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1S 1,0—
(o)
-
o,o—

CTRL TNF1h TNF2h TNF1h TNF 2h

Figure 35 Normalised TNE and IL-6 mRNA levels induced by TNH100 U/ml)
in absence or in presence of TAK1 inhibitec (50 uM). Measurements were
conducted 1h and 2h following TNFaddition. TNFx and IL-6 mRNA levels prior
to TNFa addition (CTRL) are considered as 1. Measd+
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5.6 Docking of pyrazolo[4,3¢]isoquinoline into TAK1

As the 3D-coordinates of TAK1 are available (PORIe 2EVA);?®
molecular interactions stabilisingc and 5d inside the TAK1 cavity were
analysed with a view to identify the structuralmeéts required for their
inhibitory potency. Wherbc or 5d are docked inside the TAK1 binding
cleft, all of the 20 conformations adopt a uniquermation corresponding to
a deep insertion in the cavity of the pyrazolo[dj3equinoline. The R
methyl points towards the entrance of the actite @figure 36a). Both
compounds are stabilised by:

1. two H-bonds with residues E105 and A107 intimge region;

2. hydrophobic interactions with residues V50, Aéitl L163.
So,5cand5d fit perfectly the TAKL ATP-binding site (Figure B6

Interestingly, the inactivity of compoundsa and 5b might be
explained by a steric clash between the phenylmiowosition R of the
pyrazolo[4,3¢€]isoquinoline ring and the residue Y106 of TAK1 d&ie
36¢).

Thus, this study highlights the molecular intei@td of
pyrazolo[4,3e]isoquinolines 5¢-d with TAK1. When the Rmethyl is
replaced by bulkier group such as a pherbd-f), the steric hindrance
certainly prevents its binding to TAK1 and suppessgheir inhibitory

potency against this kinase.

97



~

LEU-163

» \ LEU 163 \ LEU-163

TYR-1
. ‘ s .L“ \ r" ’ OLH

8 Ay v G,

NP S S L V'
-~
ALA- 7' ) JYR-106 ALA 06

Figure 36. Molecular interactions between TAK1 and %) (stick representation),
(b) 5d and (c)5a with sphere representation in the hinge region AKT. Pictures
made using PYMOL?®
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5.7 TAK1 inhibition as a perspective

In conclusion, a multikinase screen revealed adgounibitory
potency ofsd for TAK1, a kinase involved in the classical MB-activation
pathway. Then, a dose-response assay confirmethhii®tory potency of
5c¢-d against TAK1 with an 1§ of 0.58 and 2.1 uM respectively. Finally, a
docking study of both compounds brought to liglet tholecular interactions

110
1.

of pyrazolo[4,3e]isoquinolinessc-d with TAK

Regarding the interest for TAK1 inhibition, Taeg al. showed on
one hand that conditional deletion of TAK1 in knouk mice leads to
multiple organ defects, during development, anddeath, after 8-10
days™%*¥ suggesting that TAK1 is essential for the develepmOn the
other hand, a patent published in December 2008ridesl the interest of
TAK1 inhibitors in the cancer treatmerit.In this context, the pyrazolo[4,3-

clisoquinoline5c appears clearly as a novel interesting TAK1 irtbiti™

Molecular modelling can be used once more to agvstronger and
more specific TAK1 inhibitors based on the pyragl8-<clisoquinoline
scaffold. Orientation of the chemical struct&ekin the ATP-bonding site
of TAK1 is illustrated in figure 37:
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Figure 37. 2D representation of the pyrazolo[4]8soquinoline5d in the ATP
binding site of TAK1.

To improve the drug-enzyme interactions, the djwityi pocket™ or
hydrophobic pocket [ located behind the gatekeeper (M104) could be
targeted by adding a hydrophobic substituent on G8 the
pyrazoloisoquinoline (Figure 37). But the sterindrance of the methionine
side-chain is not propitious to favour the accesthis pocket. To enhance
inhibitor specificity, another substitution on Coutd be an interesting
proposal to target the DFG-out conformation of &EP-binding site, an
inactive kinase conformation (Figure 37)This strategy has to consider a
H-bond donor/acceptor link and an hydrophobic fiomal group targeting
an allosteric site. For instance, imatinib is thestnfamous example
considering this inhibition typE® Another hydrophobic region is also often

targeted in kinase inhibition. Called hydrophobaxket | (Figure 37), this
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site is smaller than the previous ones and is éac@ust above the gk+3
residue (A107). The methyl group of the pyrazolaetyois pointing right to
this site. Substitution by ethyl, propyl or isopybgould therefore be of
interest. Finally, as far as a nucleophilic cystemasidue is found in the
cavity, a covalent type inhibition could be consate An electrophilic
group on the scaffold could react with C174, atltheof the ATP-binding
site. Therefore, irreversible covalent bound isntlze third way to target

TAKL1. These suggestions emerge as perspectivéssofiork.

5.7 Conclusions

The initial goal of this work was to build a 3D-de of NIK and
study a series of known pyrazolo[4ssoquinolines, claimed as NIK
inhibitors% with a view to elucidate the required structurkneents for
NIK inhibition. In the absence of any experimergtductural data on this
enzyme, we built a 3D-model of NIK by using compima modelling
techniques. The binding of pyrazolo[4Bsoquinolines claimed as NIK
inhibitors was directly analysed in the putativévacsite. Surprisingly, this
study revealed a poor binding orientation of thepkate inside the ATP-
binding pocket of NIK. This suggested either a piabibitory potency or an
alternative mechanism of inhibition. Based on thedelling results, we
synthesised some pyrazolo[4]soquinolines %a-d) and studied their
inhibitory potency in two tests involving NIK: (8n isolated enzyme assay
using human recombinant NIK, and (ii) a cellulasaaswhere the alternative
NF-kB pathway is only involved. As a result, all syedlsed molecules
were completely deprived of any significant inhimit on both assays. On
the contrary to the original patent, this confirmbyse compounds were

neither inhibitor of NIK, nor of the alternative NdB activation pathway.
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By performing a multikinase screen usBjas example, the effective target
of these pyrazolo[4,8fisoquinolines in the NKB activation was

elucidated.

In the original paterit® the NIK inhibitory potency claimed by
Flohr et al. was based on the ability of pyrazolo[4]Bsoquinolines5 to
prevent TN and IL-6 release from human peripheral blood lynuytes
after stimulation by LPS or ILAL Such readout is inappropriate to
discriminate the alternative from the classicaivation pathway. On the
contrary, the present study demonstrated that plopk3-clisoquinolines
are not NIK inhibitors but are likely modulators tife classical NkB
pathway through TAKL1 inhibition. Then, these resatiow to re-assess the

inhibition mechanism in this serié¥.

As we aimed at designing inhibitors of the KB- alternative
activation pathway, we focused again our efforts\did. By demonstrating
a lack of inhibition potency of pyrazolo[4¢}isoquinolines against NIK, we
validated our model, which predicted a poor affinih this series. To
identify novel inhibitors of this enzyme, two diféat virtual screenings
(VS) based on this 3D-structure were performedamedeported in the next

section.
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6. Virtual Screenings
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Virtual (database) screening (VS) is an incredginghportant
component of the computer-based search for noeel mpounds. Two
fundamental different approaches are describedhénliterature. The first
one is based on a VS by docking ligands into theymatic active site. This
requires knowledge of the 3D-structure of the tergerotein binding site to
filter chemical structures by their likelihood tmb to the target. A second
approach is a VS where no data about the proteinctate are
necessary/available. In this case, one or morenmw@phores that are
known to bind to the target are used as a strdouiery™** Both screening
procedures extract potential ligands from one wer® databases according
to appropriate criteria, in order to screen an dndamber of relevant

structures.

In the previous chapters, several results baseth@@D model of
NIK were presented, including a mutagenesis studg a docking of
molecules reported as NIK inhibitors. As all théseestigations led to the
validation of the 3D-model, we started a VS studgdnl on a docking of

compounds extracted from databases to discoventpt& inhibitors.

6.1 Fragment database screening

6.1.1Fragment database

Various chemical libraries can be used to perfui® In this work,
the VS focused on small-size molecules. Variousaora triggered this
choice:

1. Chemical space can be more efficiently probgdstreening

collections of small chemical entities rather themge molecules librarie's®
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2. Small molecules usually present a high ligafidiency
(LE).b'136'137

3. This approach increases the chance of hit désgovhich can be
presumably readily optimisable in further developm&uch strategy offers
an original and unique possibility to design neadke by fragment evolution

or linking**®

A VS was then performed with an approach usingragnient
chemical library. There is no single definition thean categorically
distinguish between fragments and non-fragmentsthiaue are general rules
of thumb?®°
1. Fragments are smaller than drug-like molecul®ther it is
defined by MW or the number of heavy atoms (HA).

2. Fragments are less complex than drug-like nutdsc

3. Fragments should be highly soluble.

4. Fragments should be devoid of undesirable atedrfunctiona-

lity, facilitating rapid development to more potenblecules.

The exact nature of a fragment library is very maepending on
the screening protocol. In this study, the fragmeéatabase, built by Dr
Raphaél FrederickK® was based on molecular fragments belonging tada wi
variety of pharmaceuticals. It contains approxiryat®0 fragments and all
the combinations of these pieces can reconstit®é 8f the commercially

available drugd*'*?

® The ligand efficiency(LE) is the ratio of the binding free energ)Q) for a ligand
and its molecular size measured by the numberafjhatoms (HA):

LE = AGYHA = -RT In(IC 50)/HA = -0.592 In(ICsp)/HA = LE ¢,
LE is a useful metric for measuring the impact otivity of the addition of more

molecular bulk. Molecules that achieve a given poyewith fewer heavy atoms
(HA) are by definition more efficient.

106



6.1.1 Fragments screening

The selection of the fragments was performed i tsteps,

following the flowchart reported in figure 38:

Construction of a 413 molecular
fragments database

Hinge
Region

62

1

30

1
22

available
fragments

Figure 38 Fragments screening flowchart

First step: Using the automated softwa@OLD,*** each fragment
was docked 3 times in the modelled ATP-binding siteNIK. All these
structures were then visually analysed inside thi€ binding cleft. Only
fragments interacting with hinge region were seédFigure 38 From the
resulting 413 docked small-size molecules, 62 #tres effectively
displayed the critical H-bond interaction with tieckbone NH of L472.

Second step The 62 fragments interacting with the hinge ragio
were ranked following three different scoring fuoos: GOLDSCORE
CHEMSCOREand Astex Scoring Potential (ASP)'he GOLDSCORE

fitness function is made up of protein-ligand hygo bond energy, protein-
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ligand van der Waals (vdw) energy, ligand intewdlv energy and ligand
torsional strain energy? CHEMSCOREestimates the total free energy
change that occurs on ligand bindiy'** And theASPscoring function is
based on force fields or on regression, where patensare derived from a
set of experimental binding affinities and strueslf® For each score, a
theoretical ligand efficiency index (lfscore LEchemscore@nd LEsp)® was
calculated*"'*® Subsequently, a consensus LE indexLEwas obtained
by meaning the three individual LE components. T3@ fragments
possessing the best L& were selected. Finally, the 22 compounds
appearing as commercially available were purchasedevaluated for their

NIK inhibitory potency (Figure 39).

6.1.2 NIK inhibition by fragments

Typically, fragments bind to a target with an itly (Kp) ranging
from 100 to 10 mM. Detecting such a weak binding ishallenge for most
biochemical and binding assays and routine fragreengening has relied on
the development of a range of biophysical metHdddesting the 22
molecular fragments in the same radioactive enzgnaeisays was the only
option at our disposal. The residual activity ofKNWwas measured in
presence of the 22 fragments at a single concemtrat 100 uM. Briefly,
NIK, expressed in Sf9 insect cells as human recoartti GST-fusion
protein, was purified by affinity chromatographyings GSH-agarose. The
substrate, a recombinant protein kinase (RBER-Citi was also
expressed irE.coli. The assay cocktails were incubated at 30°C for 60
minutes with §-**P]-ATP (1 uM, pH = 7.5) and incorporation ofP was
measured with a microplate scintillation counteheTNIK inhibitory

potency of the fragment library was assayed at M(gigure 40).

¢ The theoretical ligand efficiency(LEscq is obtained by dividing the affinity
score value by the MW of the compound (L= score / MW).
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Figure 39 Molecular fragment commercially available (blaok not (red) selected
by virtual screening
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Figure 40 Human recombinant NIK inhibition level by the esgted 22 fragments
(100 pM). Mean 45D (n = 3).

At this concentration, fragment F152 was the orlgmical entity
with an inhibitory potency against NIK over 20%. €Be results were
considered as not strong enough to base the whiolleitor design on them.

It turned out that systems providing more sensiavel accurate binding
measurements should have been complementarily tosedcceed in this
fragment screening. For example, the surface plasresonance or the
nuclear magnetic resonance-based screening woulgyeappropriate to
detect this fragments bindind.'*°Regrettably, both techniques require pure
recombinant NIK availability. The production andrification of the kinase
was considered in this project by collaboratorsnfthe University of Liege

(ULg) with a view to crystallise it and work out 8matic assays. But this
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work was not achieved during this project, becanfsbig stability issues

with this kinase.

Nevertheless, it is interesting to observe thatthiis fragment-based
screening strategy, we selected molecules strlistuedated to the adenine.
Adenine is the molecular moiety which interactswifie hinge region of the

enzymatic pocket, this observation validates ourRgfroach.

6.2 Commercial compound database screening

A second VS approach based on commercial compomuasi€arried
on. Various chemical libraries like the NCI databa@National Cancer
Institute), the ACD (Available Chemical Directorg) ZINC library (over 8
million commercially-available compound§)are available to perform VS.
The latter, ZINC, was chosen, since it is free, \@ebessible, offers ligands
in a ready-to-dock 3D-format, and hits are purchksdor confirmatory
evaluation. Using the same strategy than useh&fragment based design,
this VS focused on small-size molecules. The V3dloart is depicted in

figure 41.

First step: Lipinski-style rules typical for fragments were sfhir
applied to the ZINC library>*>*** The selected descriptors were molecular
weight (150 < MW < 250), the hydrophobicity (logFP2.5) and the number
of H-bond donors (DH 2) and acceptors (HA 4) as the first filter. Then,
all of the qualifying structures were downloadeahirthe ZINC website and
transformed into &NITY hit list file (SYBY)'* for compatibility with our
modelling system. This resulted in a fragment-likeary of roughly 67,500

structures (Figure 41).
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ZINC database: over 8 million compounds

H bonds: < 2 donors ; £ 4 acceptors

logP <25 150 < MW < 250 l

67489

‘ Docking + Ranking ‘ l

2250

Hinge Region l

224

LE, . +
structure &
conformation
diversity

49

Figure 41 Virtual screening flowchart

Second step: The resulting molecules were then docked in the
ATP-binding site of NIK using the automateBOLD program with
parameters especially designed for a large databas®ening (7-8 fold
accelerationj!* The ATP binding site of NIK was delimited by a 20A
sphere around staurosporir@8, chosen as reference. As previously
described, three docking positions were generateddch compound. Their
affinity with NIK was then assessed using the samering functions as
previously described, namelyOLDSCORE CHEMSCOREand ASP. For
each score, a theoretical ligand efficiency indekEs{,,J was
calculated®'*® Afterwards, the consensus LE index (i was as well
obtained by means of the three individual LE conguis. Then, 2000

compounds possessing the best.Evalue as well as the 100 highest
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compounds in each individual L&.were selected. This led to a set of 2250

structures predicted to tightly bind NIK.

Third step: All these structures were at this time visually lgeed
inside the NIK binding cleft, and those that didt materact in the hinge
region were discarded (Figure)4Erom the resulting 1019 compounds, 324
structures effectively displayed the critical H-Hoimteraction with the

backbone NH of L472, but only 224 of them were caruially available.

Fourth step: From this last set, 49 compounds were chosen becau
of their structural diversity and their appropriatenformation inside the
NIK binding cleft (Appendix 2 & 3). Briefly, the pe of interaction of each
of the 224 structures in the hinge region was @ealy and at least one
structure per conformation was selected. Additicc@hpounds were also
chosen on the basis of their high JdJrindex. Compounds were ordered
from different retailers (Chembridge, Enamine, ASIBIScreen, Maybridge,
Vitas M, Alfa-Aesar, Key Organics, Oakwood, AcraoSjgma-Aldrich,

Specs, Asinex and Apollo).

6.3 NIK inhibition by screened commercial compound

6.3.1 Enzymatic evaluation

The NIK inhibitory potency of the 49 selected camupds was first
evaluated using the same radiometric protein kisasay than used for the
molecular fragments. The residual activity of NIlasvmeasured in presence

of each molecule at a single concentration of 50 gMm the 49 structures
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identified by VS, two molecule29 and 30) displayed an interesting NIK
inhibitory potency with around 60% NIK inhibitiort &0 uM (Figure 42).
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4290642 8 OH O
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1399397 (*
13096 ZINC-58187
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404455 I 29
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1389925 -
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2388341
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1601221 »

6404564 "
394716 i
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Figure 422 Human recombinant NIK inhibition level by the aeted 49 compounds
(50 uM) reported with ZINC codes. Molecul28 and30 are the two best inhibitors
and (*) denotes NIK inhibition < 0 %. Staurosperiwas used as reference. Mean +
SD (n = 3).

At this stage, this corresponds to an enrichmatd of about 4%,
still an excellent result taking into account thee wf a homology model
instead of experimental 3D-coordinates of NIK. ntesent study therefore

highlights the excellent potential of VS for theacbvery of novel hits.
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Compound29 (Figure 42) is a 1,4-naphthoquinone substitutetthén
2- and 5-position by a methyl and a hydroxyl maieggpectively. However,
quinones are Michael acceptors and known as DNglatikg agents. They
are also highly redox active molecules and can mpietéy lead to the
formation of reactive oxygen species including sagiele, hydrogen
peroxide and hydroxyl radicals. These speciesfin tan lead to oxidative
stress and the formation of oxidised cellular mamtecules> So, despite
the observed NIK inhibitor9 does not represent an interesting scaffold for

future drug development.

On the contrary, compoun®0, an 4H-isoquinoline-1,3-dione,

represents an interesting hit for the discovergeat’ potent NIK inhibitors.

6.3.2 Validation and optimisation of the 4H-isoquinoliftg3-dione
30as NIK inhibitor

O

CLx
O

ZINC-1601221
30

Figure 43. Structure of 4H-isoquinoline-1,3-dio3®

To validate the interest of the scaff@@ against NIK (Figure 43),
we started a research for molecules structuralted to this hit. Sixteen
commercially available analogs 80 were foundand bought from retailers
(Figure 44)*> Their NIK inhibitory potency was then determineds8 UM
(Figure 45).
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Figure 44 Isoquinolinedionenalogs31 - 46

At 50 pM, five analogs3l, 32, 39, 40and 46 were found to
significantly inhibit NIK (>20% inhibition, Figure45). Among them31
(53% inhibition at 50 uMjpand40 (44% inhibition at 50 pMyre the most
potent compounds. Compoun8l, a 2H,4H,5H,7H-2,7-naphthyridine-
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1,3,6,8-tetrone scaffold, is structurally differerftom the original
isoquinoline-1,3-dione template 80 and therefore could constitute a novel

interesting scaffold for the development of nové hhibitor.
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Figure 45: Inhibitory potency of isoquinolinedior&0 andanalogous compounds
(50 uM). Mean + SD (n = 3).

Compound40 is an isoquinoline-1,3-dione ring substitutedhie ¢-
position by an ethoxymethylene group. Is it intérgs to note that the
substitution in this position seems tolerated buoily avith a rather small
group. In fact, except compoudd (25% inhibition at 50uM) substituted by
a thiophenylmethylene moiety in this position, noolles41, 42, 44and45,
bearing a bulkier group, are completely inactiveNdi (inhibition <15% at
50 pM, figure 45). Another hypothesis to explaia Hctivity 0of40-41is the
presence of a Michael acceptor exocyclic doubledbehich is not present
in 41, 42, 44and45 (Figures 44 et 45). This reactive Michael acceptmht

play a role in the binding of these derivatives.
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The dose-response inhibitory potency of the mostm compounds
was performed. The required concentrationd)l@® reduce of 50% the NIK
activity was evaluated for compoung@8, 31, 32, 3940 as well as46, and
compared to that of staurosporir#8, chosen as reference (Table 8).
Although less potent than staurospori®®, remains the most interesting
NIK inhibitor with an 1G, value of 51 uM. The 2,7-naphthyridine-1,3,6,8-
tetrone31lis less potent with an igof 90 uM. Compounds32, 39,40 and
46 exhibit 1G5, values >100uM.

As a parameter for assay quality, the Z'-factos wsed for the low
and high controls of each assay pfateOur criterion for repetition of an
assayed plate is a Z -factor lower than6%4n this experiment, Z'-factors
did not drop below 0.77, indicating an excellensags quality. As an
additional control, a 1 % DMSO plate was included an indicator for
putative washing and/or pipetting variations. Tlacalated coefficient of

variation was 5.01 %.

Interestingly, compound80 and 31 are characterised by a high

ligand efficiency index (LEg)™*

LE.y, Of staurosporine is 0.22 only. So, the.}fof 30 and31 is above 0.3

of 0.42 and 0.39, respectively whereas the

which is usually described as a minimum for furtdevelopment®® and

thus corroborates their potency as novel NIK irtbilyi scaffolds (Table 8).

4The experimental ligand efficiency indexLE.,y) is the ratio of the coefficient
RT In(ICsp) and the number of heavy atoms (HA) of the comploun

LE exp = -0.592 In(IGs)/HA
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Table 8 : Concentration reducing of 50% of the NIK actvitiCsg) and ligand
efficiency index (LEyy) calculated from théCsoand the number of HA

Compound ICso (MM)  HA  LE &4 =-0.592 In(1Gsg)/ HA
Staurosporin@8 2.3 35 0.22

30 51 14 0.42

31 90 14 0.39

32 >100 11 ND

39 >100 18 ND

40 >100 16 ND

46 >100 14 ND

HA = heavy atoms, LE = ligand efficiency, ND = mgtermined.

6.3.3 Molecular docking 080 and31

To understand how these two compouf3@sand 31 achieve their
potency, we deeply investigated their binding camition inside the NIK
cavity. Both molecules were docked inside the NIKding site as
previously described. In order to take into accdbatprotein flexibility, the
best conformation was further refined using tMENIMIZE module
implemented inSYBYL 8.0(Tripos force field and Gasteiger-Hickel
charges). Key interactions stabilising the compaBtland31 are depicted

in figure 46.

Both inhibitors are deeply inserted in the NIK itavAs expected,
for each compound, one H-bond acceptor atcethe oxygen atom from
the carbonyl in position 1, onto the ligand is Hided to the L472 backbone
NH located in the NIK hinge region (ATP-bindinge&yit Additionally, both
compounds are also stabilised through a supplemyeHthond between one

H-bond donor atom,e. the nitrogen atom in position 2, onto the ligand an
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the L472 CO backbone. Except these two H-bonds,Nhée inhibitory
potency could be attributed mainly to the closepsheomplementarities and
van der Waals contacts between these two inhibéndsthe NIK active site
(Figure 46).

Figure 46: Compounds$0 (a) and31 (b) dockedn the ATP binding site of NIK
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6.4 NF«B alternative pathway inhibition by screened commetial

compounds

6.4.1 Biological evaluation

In parallel, the inhibitory potency of the 49 sééstcompounds was
evaluated in the NKB alternative pathway. These experiments were also
performed at the ULg (GIGA) by the group of Dr Eejardin. Briefly, each
compound was assayed using carcinoma Hela celiessipg LBR. The
NF-kB alternative pathway was induced (or not) by anBRTagonist
antibody. After induction, NIK was overexpressed ahe processing of
pl00 into p52 was triggered by phosphorylation EK&. Then, the
p100/p52 ratio was finally analysed by Western lalotl staurosporin28

was useds reference.

Up to 50 pM, the compounB0 did not inhibit the alternative
pathway. The Michael accept@® displayed a strong cytotoxicity at 5S0uM
and 10 uM. This is in accordance with the previpasscussed properties of
this quinone scaffold and its potential toxicity No inhibition was there-

fore observed foP9.

However, an interesting result was observed witimmound47 that
partially inhibited the alternative pathway at 50jakid 100uM (Figure 47).
This inhibitory potency of47 was unexpected, since no inhibition was
observed with this compound in the radiometric pssas previously
reported (Figure 42,). To elucidate the inhibitggtency of the NKB
alternative pathway, the biological propertiestaf pyrazoled7 were further

investigated.
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Figure 47: Processing of p100 into p52 from Hela cells expnestETRR stimulated
by an LTBR agonist antibody. Cells were incubated in absemdn presence af7
at10, 50 and 100 uM. DMSO, used as cosolvent, hasfaot.

A cell viability assay estimating the ATP productizvas performed
using a CellTiter-GI8 luminescent cell viability assayFigure 48).
Whatever the concentration appliet¥, did not impair theATP production
of the cultured Hela cells incubated for 6 hour$eTinhibition of the
p100/p52 processing observed in the assay involie@lternative pathway
is therefore not caused by toxicity issues.
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Figure 48 Hela cells ATP production in presence of compodinéhcubated for 6
hours at 10, 50 and 100uMT = not treated; DMSO was used as cosolvent

The inhibitory selectivity of 47 between both classical and

alternative NF«B activation pathways waalso evaluated. In this assay, the
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classical NF«B activation pathway only was activated by TaNfFigure
49). To bear out an inhibition of this pathway4yy the degradation okBa

was analysed.
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Figure 49 Classical (yellow) and alternative (orange) kB-activation pathways

By this assay, it was demonstrated that the pyea4® is not an

inhibitor of the classical NikB activation pathway. As reported in figure 50,
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when the classical pathway is activated by the BgomNFa, the

degradation of dBa is complete with compound?7 (50uM) or without

(DMSO). Conversely, when only the alternative pativis activated by a
LTBR agonist with the same incubation delagg,nhibits significantly the
processing of p100 into p52 (Figure 50).

DMSO Compound 47 (50 plvi)
Agonist LTBRO0,2 pg/ml NT - 1530°4H - - - 15 30°4H - -
TNFo 100 U/ml - - - - 1930 - - - - 1% 30
p100 —»
ps2 —

T

Figure 50: NF-kB activation pathway selectivity for compou#d NT = not
treated; DMSO was used as cosolvent

Taking into account these results, a new hit digptaa significant
and selective inhibition of the NKB alternative activation pathway was
identified. Similarly to the previous scaffoRD, also discovered by VS, a

validation and optimisation of this pyrazal@&was considered.

124



6.4.2 Validation of the 4-(2-chloroethyl)-3,5-dimethyl-ddyrazole
47 as inhibitor of the NFB the alternative pathway

Cl

47
ZINC-495184

Figure 51 Structure of 4-(2-chloroethyl)-3,5-dimethyl-1H+#ayole47

With a 2-chloroethyl function, the 3,5-dimethyl-iirazole 47
appears as a potential alkylating agent (Figure Sijch molecules are
reported to be DNA cross-linking and may therefbeetoxic for cells®
Their mode of action is characterised by an alikytabf a DNA basé?’
stopping the mitosis in the late G1 or S phase usxaf a destroyed
DNA.™® Such mechanism being extremely unspecific, it seemecessary
to measure the relative importance of the halogetion in47. For this
reason, but also with a view to establish the fisstucture-activity

relationships (SAR), various analogsdafwere synthesised or purchased.

First, the 3,5-dimethyl-4-propyl-1H-pyrazo#8 was synthesised in
order to evaluate the inhibition potency of theselt structure without any
potential alkylating properties. This compound vpaeparedin two steps
from the pentane-2,4-diord9. The acid 3-position of the diord9 was
deprotonated by the 1,8-diazabicyclo[5.4.0Jundemsié-(DBU) and reacted
with the iodopropane to form the 3-propyl-pentanedione50. Without
intermediate purification, the diong0 reacted with hydrazine hydrate to

form the pyrazolé8 (Scheme 3).
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Scheme 3 Synthesis of 3,5-dimethyl-4-propyl-1H-pyrazdi@

In parallel, various structurally related composiere searched in
commercial databases. Eleven available moleculgdadiing a common 4-
(2-ethyl)-3,5-dimethyl-1H-pyrazole moiety were poased. Every analogs

were then evaluated in the NB- alternative activation pathway (Figure 51).
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Figure 51: Commercial compounds structurally related o
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First, compound59 displayed an interesting inhibitory potency
against the alternative pathway. Unfortunatelys thhibition is explained by
an important toxicity for compoun89, expressed as a reduced cells ATP-
production (Figures 52).

&
9 39
90 50 10 Hv
LTPR Agonist - + -+ +
p100 — — . - — — —
p52  » S — o e —
Cell Viability assay with 59
5 160000
F 140000
© 120000
§ 100000
a2 0000
& 650000
E 40000
3 20000
0 —

DMSO 100 pM S0 10

Figure 52 Processing of p100 into p52 from Hela cells expresETRR stimulated
by an LTBR agonist antibody (LIGHT). Cells were incubatedahbsence or in
presence of compounds8, 53and 59 at 10uM and 50 pM. Onlyb9 displays a
partial inhibitory potency at 50 uM. A cell vialtili assay, expressed as ATP

production, shows an important toxicity for compdus® at 100pM and 50uM.
DMSO was used as cosolvent.
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Conversely, analogS1 and 52 inhibit the processing of pl100, as
reported in figure 53:

g
3 51 52 47
100100 50 10 100100 30 10 100100 50 10 (HVY)
LIGHT - + - + + + - + + + - + + +
p100 — ———————— — — ——— —— — .
p52—b s M . m— e —— T W— o - —

Figure 53. Processing of p100 into p52 from Hela cells espireg LTBR stimulated
by an LTBR agonist antibody (LIGHT). Cells were incubatedabsence or in
presence of compoundg, 51and52at10puM, 50 uM and 100 pM.

In comparison to the previously discovered fragménr 4-(2-
bromoethyl)-3,5-dimethyl-1H-pyrazolgl is significantly more potent and
inhibits partly the alternative pathway even at |10 (Figure 53). The
inhibitory potency of the 4-(2-amino-ethyl)-3,5-céthyl-1H-pyrazoles2 is
however less interesting with a partial inhibitioithe p100 processing only
at 100uM. Cell viability assays was also performedassess that the
observed inhibition is not induced by toxicity issuAs a resulfl impairs
the ATP production at 100 uM only (Figure 54).
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Figure 54 Cell viability assays, expressed as ATP produgctior compound$1
and52 at 100, 50 and 10 uM. DMSO was used as cosolvent.

Finally, in this series, two compounds displaymgood inhibitory
potency against the alternative pathway were ifledtiUnfortunately, these
two compounds47 and 51 are both potential alkylating agents and this
inhibition mechanism can not be excluded. So,g@kside-effects due to
a lack of specificity are underlying any furthervdepment of this series.
Nevertheless, it remains essential to assesshifsiion mechanism as well
as its effective target in this pathway. To our \femlge, 4-(2-halogeno-
ethyl)-3,5-dimethyl-1H-pyrazoles are the first stilee inhibitors of the NF-

KB alternative activation pathway.
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6.5 Conclusion

Fragment database ZINC database
Screening Screening
22 fragments 49 fragments

i ‘ﬁmo assay\
NIK

NIK assay Alternative pathway

inhibits NIK (20%)

l Validation / Optimisation l

Figure 55: VS summary

At the end, it is interesting to turn back to thest reported

structures identified by fragment screening. Eféghe detection techniques

were inappropriate for low affinities due to smalblecules, the compounds

selection was actually very coherent. Most of thieagments, reported in

the figure 39, are structurally very close to asteone of these three

scaffolds:

1. adenine, the natural substrate of kinases (fA®2r,, 152, f270,

396, f408, f190, f183, f302, f411, f400, f407, 84@nd f311);

2. isoquinolinedion@&0, identified by VS as a putative NIK inhibitor

(f212, f270, 231, f190, 302, f124, {311, and f}06
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3. pyrazole, as highlighted by VS with the sevésompoundst7
and 51 and inhibiting the alternative pathway (f068, f168, €16
f128, 392, f151, f403, f395 and f409).

So, even in absence of outstanding results, thendel used for high-

throughput docking is undoubtedly validated.

Thus, this VS study led to the discovery of twadeseof inhibitors
(Figure 55). First, the H-isoquinoline-1,3-dione30 exhibited an 1G, of
51uM against NIK. As this hit was validated, it @sponds to an
enrichment rate of about 2%. Although enrichmetdsan the range of 10%
to 30 % were previously reported by VS using experitally determined
3D structures, this is still an interesting ratierig into account (i) the use of
an homology model but not experimental 3D-coordisaif NIK for the VS,
and (ii) that the hit rate usually obtained by higloughput screening is
only 0.02% in most casé®. The present study is therefore another example
highlighting the potential of VS for the discoves/novel hits. Thanks to a
structural research, the 2H,4H,5H,7H-2,7-naphtyggel,3,6,8-tetrone31
was also evaluated and displayedi@g of 90 uM. Both inhibitors30 and
31displayed good LE, comparing to staurosporir28.'*®

The binding modes of both molecules within NIK wefinally
evaluated, and revealed essential features regpensor their NIK
inhibition potency. Particularly, these compoundseiiact with the hinge
region of NIK via a lactam moiety, similarly to staurosporine whigh i
known to be an ATP-competitive pan-kinase inhibit@ased on this
observation, it could be hypothesised that thedecutes inhibit NIK with a

similar mechanism.

The isoquinolinyl scaffold 080 was recently reported as a cyclin-

dependent kinase 4 (CDK4) inhibitdP.'** So, the screening of a selection
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of commercial compounds in the 3D-model of NIK kedthe discovery of
potent inhibitors previously validated on a strually related target
(CDKA4), corroborating the relevance of our strategywell as our tools.
Moreover, despite a common structural moiety wits tCDK4-inhibitor

series, the fragment based approach allows usdid apecificity issues. It
remains therefore to develop these scaff@@land31 which are, to the best
of our knowledge, the first validated NIK inhibisor(with the recently

patented alkynyl-alcohoff***

Secondly, 4-(2-halogenoethyl)-3,5-dimethyl-1H-mpotes like com-
pounds47 and 51 were identified adNF-kB alternative activation pathway
inhibitors. Their mechanism of action remains to dbarified and, being
potential alkylating agents, the specificity issu#sthis series must be
considered in the scaffold optimisation. Fortungtel first cell viability
assay performed revealed the absence of cytotpxifwt molecular
fragments47 (at 100, 50 and 10 uM) artil (at 50 and 10 uM)On this
account, these molecules are very promising infild of the alternative

pathway investigation.
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Conclusion and perspectives
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In the field of inflammation, our research focusedthe inhibition
of the NFkB alternative activation pathway, a new promisihgrapeutic
strategy against pathologies like RA. In this pioteascade, NIK was
considered as a promising target for drug desidre mumber of known
inhibitors for this kinase being very limited, wéudied this enzyme on

different levels.

In the absence of any experimental structural dat&llK, we built
and validated the first 3D-model of NIK using comgdé&ve modelling
methods. The ATP-binding site of NIK was then sigated deeper by
means of a mutagenesis study leading to the idmatidn of key amino
acids. On one hand, some highly recovered residuee by this way
recognised and located in the 3D-structure (K429 &559). Their role in
the phosphate transfer mechanism was confirmed®yeftfective inability
of their mutant to activate the corresponding pathwOn the other hand,
new residues identified by a four filters selectwere also acknowledged as
essential for the enzymatic activity of NIK (F438534, F535 and H562). In
the meantime, K430 was also demonstrated to be cessary for its

phosphorylation mechanism.

With a view to elucidate the required structurldmeents for NIK
inhibition, we started a docking study of a series pyrazolo[4,3-
clisoquinolines, claimed as NIK inhibitof$ The binding of these
pyrazolo[4,3e]isoquinolines was directly analysed in the puitactive site
of NIK, revealing a poor binding orientation of tteenplate. Conversely, the
docking of the pankinase inhibitor staurospori2® was consistent and
reproducible. This suggested either a poor inhipitpotency or an

alternative mechanism of inhibition for pyrazold4]isoquinolines %a-3.
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Based on this docking study, some pyrazolog}ig&quinolines %a-
d) and some structurally related pyrazolo[8]éoquinolines {1la-l) were
synthesised to evaluate their inhibitory potencytwo different assays
involving NIK. The first in vitro assay was performed with human
recombinant NIK. The second one was a cellularyasdere the alternative
NF-kB pathway only was induced by a BR agonist. As a result, all
synthesised molecules were completely deprived p¥y a&ignificant
inhibition on both systems. Nevertheless, staunosp@8, which was used
as positive control, validated the tests. Thesepmamds were then neither
inhibitor of NIK, nor of the NFB alternative activation pathway,

confirming the docking study and validating the Biadel of NIK.

To elucidate the potential target of these pyradeB-clisoquino-
lines in the NF«B activation, a multikinase screen was performadgisd
as exampleThis screening revealed interesting inhibition @migs of5d
against TAK1, a kinase which is involved in thessiaal NFKB activation
pathway. This was further confirmed by the deteation of the inhibitory
potency (IGy) of 5¢-d vs. TAK1. This study allowed then to re-assess the
inhibition mechanism of this series and led to labée 3D-model of NIK,

used to search for novel inhibitors by virtual seriag (VS).

The last part of this work was based on two d#iferVS strategies:
a commercial compounds database screening and ecufal fragment
database screening. Unfortunately, the fragmenteesmng led to the
identification of molecules with low affinities. Was due to the small-sized
selected compounds and to experimental technige&s) bhot adapted to
detect such binding. Conversely, the commercial pmumds database
screening was successful. We proceeded to comhiiausg filters including
high-throughput docking, using the 3D-homology moded ranking

through different scoring functions.
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From the 49 selected and assayed final compouwdsmolecules
exhibiting a NIK inhibitory potency of about 50% %@ uM were identified
(29 and 30). One of them 30) was characterised by ansCof 51uM.
Structural analogs of the isoquinolinedi@®were then searched, leading to
the identification of31 endowed with an inhibitory potency @garound 90
KUM. The binding modes of these two molecules within Mi&re evaluated,
revealing features responsible for their NIK inkitn potency. These two
chemical fragments are characterised by excellemqeranental ligand
efficiency (LEp), thus making them very potent and interestingtist

points for the development of new structures fdk Mihibition.

After the same VS study, compoudwas identified as inhibitor of
the NF«B alternative activation pathway. Another compoufiil),
structurally close td7, effectively inhibits this pathway as well, comfiing
the interest of this 4-(2-halogenoethyl)-3,5-diny&ttH-pyrazole scaffold.
Unfortunately, a halogeno-ethyl group seems todmegsary for the activity
of these pyrazole47 and51. Though, such chemical structures are potential
alkylating agents, leading to the fear of a lackspécificity in this series.
Nevertheless, this scaffold remains very intergshim several reasons:

1. As far as we know, this is the only series affely and
selectively inhibiting the alternative pathway aation of NF«B.

2. Up to now, the target remains uncertain anth&urdevelopments
could lead to the identification of (i) a new prgbaist of the alternative
pathway; (ii) a cytosolic form of NIK different fro of the kinase expressed
in insect cells as human recombinant GST-fusiortegmo(as used in the
radiometric assay) or (iii) an non-competitive memism of inhibition of
NIK, stabilising the phosphorylated form of the yme and leading to its
degradation. These hypotheses could explain a tdclctivity in the

radiometric enzymatic assay wiT.
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3. Despite the potential alkylation mechanism i tseries, this
mode of action remains to be demonstrated. In c&sehibition of NIK
(non-competitive or ATP-competitive inhibition, asuggested by the
docking of 47 in the hinge region of NIK shown in figure 56) \aus
pharmacomodulations around this scaffold could leabioisosteres o#7
and 51. Such molecular analogsould thendisplay the same (or better)

inhibition properties without any potential alkyiteg group.

For all these reasons, the discovery of the 4aladenoethyl)-3,5-
dimethyl-1H-pyrazole series by VS is a criticalpste the study of the
alternative pathway.

Figure 56: Docking of47 on the ATP-binding cleft of NIK
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We had chosen a strategy based on small moleildesification
and offering possibilities of designing new hitsdrpwing the lead chemical
structure. As we identified two scaffolds endoweithvgood affinities with
the hinge region of NIK, two possibilities exist &mplify rationally the
potency of these series:

1. Linking: This first strategy identifies new framents (by VS for
example) endowed with high affinities with othemimns of the ATP-
binding site of NIK. Then every validated fragméntchemically linked to
another to form a new original and specific infabiof NIK.

2. Evolution: This second strategy is based orerzetic algorithm
working with a "trial and error approach” to incseahe size and weight of

the lead structure inside of the modeled bindiedt.cl

By building, validating and taking advantage oflecollar modeling
tools, we finally succeeded in discovering molecdtagments inhibiting
NIK and the alternative pathway, both attractivegess for the treatment of
RA.
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Material and methods
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1. Molecular modelling

1.1 Homology modelling

The human M3K14 (NIK) sequence was obtained froe $iwiss-
Prot database (primary accession number Q9955&quedice alignment
was performed using BLAST{! through the Protein Data Bank
(BLOSUMG62 matrix)'°® The human PAK1 protein (PDB code 1YHW_A)
was selected as the most appropriate template., Bh@msensus amino acid
alignment and the 3D construction of the model wesformed by
ESyPred3D The quality of the model (including Ramachandrot)Rvas
analysed by means of PDBsum se’&rTo take into account protein
flexibility, the resulting model was minimised ugithe MINIMIZE module
included inSYBYL 8.@rogram-*®

1.2 Docking simulations

Every compound evaluated in a docking study wei# bsing the
SKETCH module, as implemented i8YBYL (version 8.0)% and their
geometry was optimised usinjlINIMIZE module. The minimisation
process uses thiROWELL method with theTRIPOSforce field (dielectric
constant ) to reach a final convergence of 0.01 kcal:moDocking
simulation was then performed (i) into the homolaggdel of the human
kinase NIK or (ii) into the 3D-structure of the kise domain of TAK1?®
with the automatedsOLD program. Concerning NIK, the active site was
defined including all residues in a volume of 7-1G%ound 3-OH-

staurosporine superimposed onto the model of NIK.
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A similar procedure was used to ddstkd inside the TAK1 binding
cleft using the 3D-coordinates obtained from X-giffraction!?® In the
case of TAK1, the active site was defined by a spbé& 15A around residue
A107 in the active site.

2. Chemistry

Every reagents, products and solvents were purdtessm ACROS
ORGANICS, SIGMA-ALDRICH or MERCK EUROLAB.

H NMR spectra were recorded at 20°C in CP&IDMSO4d; on a
400 MHz Jeol Spectrometer (Jeol JNM EX-400). Chemishifts are
reported ind ppm relative to tetramethylsilane (TMS) as a shglt 0 ppm
(d). Thin-Layer Chromatography (TLC) was performed aluminum
supported 0.25 mm silica gel plates (Merck 5719 @feshes). TLC plates
were visualized under 254 nm and 320 nm UV ligAtemental analyses (C,
H, N) were performed on a Thermo Finnigan FlashEA 21 apparatus.
Mass spectra were recorded on an 1100 series M3P 3pectrometer
equipped with an electrospray ionisation (ESI) seurFlash chromato-
graphy purifications were performed on a Biotagd $Rrification System
using silica or C18 Biotage FLASH+Cartridges. Microwave assisted
reactions were performed using an Initiator 16 imgode Microwave
system producing a 2.450 GHz controlled irradia{idiotage AB, Uppsala).
The temperature was measured with an IR sensoherottside of the

reaction vial.

Elemental micro analyses (C, H, N, S) were perémnon a

Thermo Finnigan FlashEA 1112 elemental analyser.
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Purity of compoundsba-d was also confirmed by LC with an
Agilent 1100 series system. System control, datheactdn and data
processing were accomplished with the ChemStatioftware (Agilent
Technologies, Santa Clara). The mobile phase cwmuaacetonitrile and
acetic acid (0.1%). Compounds were detected andphety was calculated
using a UV detector (wavelength= 240 nm). Two different methods were
used to analyse the reported compounds. Methogettion volume = 3 pL
in acetonitrile; gradient elution from 5% to 95%amfetonitrile over 2.4 min,
then 95% acetonitrile until 3.6 min; analytical woin C8 Zorbax Eclipse
Plus (4.6 mm x 50 mm, 1.8 um particle size); flater= 1.25 mL.min;
temperature = 40°C. Method 2: injection volume =5 in acetonitrile;
gradient elution from 5% to 95% of acetonitrile ove5 min, then 95%
acetonitrile until 8.0 min; analytical column Cl&rBax SB column (3.0
mm x 100 mm, 3.5 um particle diameter); flow rate05 mL.mint;
temperature = 40°C. Retention times were repaxteRt and R for these

two methods respectively.

1-Phenylbutane-1,2,3-trione-2-oxime 7a - The titled compound is

commercially available

1,3-Diphenyl-propane-1,2,3-trione 2-oxime 7b 240 mg (3.46 mmol) of
sodium nitrite were dissolved in water (2 mL), asdided dropwise to a
solution of 130 mg (0.58 mmol) of dibenzoylmethdtediluted into acetic

acid (10 mL). At room temperature, the solution wtised for 1 hour. The
reaction mixture was extracted three times withthgieether (20 mL). The
organic layers were combined and washed with aaatl aqueous solution
of sodium bicarbonate (30 mL). Solvents were evafgar under reduced
pressure, and the crude product purified by fldslermatography to give the
titte compound (Silica column; eluant AcOEt:cyclahae with a gradient
from 8% to 30% of AcOEt over 30 min; flow rate 4@/min). Yield: 81%.
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'H RMN (CDCk, 400 MHz):8 = 7.48-7.54 (m, 4H, kb, 7.63 (m, 2H,
Haron), 7.92 (d,J = 7.2 Hz, 2H, Ry, 8.10 (d,J = 7.2 Hz, 2H, Hyor), 8.33
(s, 1H, OH). Anal. Calcul. for gH:NOs: C, 71.14; H, 4.38; N, 5.53. Found:
C, 71.29; H, 4.62; N, 5.23. MS (ESI+) m/z 254.0 [N+, 276.1 [M+Na]

4-Amino-3-methyl-5-phenyl-1H-pyrazole 8a -At 0°C, hydrazine hydrate
(0.18 mL, 3.70 mmol) was added dropwise to a smutf commercially
available 1-phenylbutane-1,2,3-trione-2-oxiitae (0,37 mmol) in ethanol (4
mL). Then, the mixture was stirred for 7 hoursamim temperature. Solvents
were removed under reduced pressure and the cradaqp diluted in ethyl
acetate (10 mL). The solution was acidified by HFB! (15 mL) and the
organic layer discarded. The aqueous layer wasaimsatd by NaOH 1 N
(50 mL) and extracted with ethyl acetate (3 x 20)nithe organic layers
were combined, dried on magnesium sulfate, andstieent evaporated
under reduced pressure. The crude product was iquuriby flash
chromatography (Silica column; eluant: AcOEt:.cyerane from 20% a
100% of AcOEt over 45 min; flow rate: 40 mL.ritin Yield: 86%.'H
RMN (CDCl;, 400 MHz):6 = 2.37 (s, 3H, Ck), 7.31 (t,J = 7.6 Hz, 1H,
Harom), 7.42 (t,J = 7.6 Hz, 2H, Hon), 7.61 (d,J = 7.6 Hz, 2H, Hom. Anal.
Calcul. for GgH11N3: C, 69.34; H, 6.40; N, 24.26. Found: C, 69.30; H46.
N, 23.56. MS (ESI+) m/z 174.1 [M+H]

4-Amino-3,5-diphenyl-1H-pyrazole 8b — The title compound was
synthesised from 1,3-diphenyl-propane-1,2,3-trioReoxime 7b and
hydrazine hydratevith the same procedure than that used&ar Yield:
88%.'H RMN (CDCk, 400 MHz):6 = 7.25 (t,J = 7.4 Hz, 2H, Hon), 7.48
(t, J = 7.4 Hz, 4H, Hon), 7.68 (d,J = 7.4 Hz, 4H, Hon. Anal. Calcul. for
CisHisNs: C, 76.57; H, 5.57; N, 17.86. Found: C, 76.27;5t65; N, 17.62.
MS (ESI+) m/z 236.2 [M+H]
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4-Benzamido-3,5-diphenyl-1H-pyrazole 10a -Benzoic acid9a (92.6
mmol), hydroxybenzotriazole (HOBt; 185 mmol) andN-(3-
dimethylaminopropylN'-ethylcarbodiimide (DEC; 79.5 mmol) were added
to 4-amino-3,5-diphenyl-1H-pyrazole8b (92.6 mmol) diluted in
dichloromethane (30 mL). Two drops of BMimpF(1-butyl-3-
methylimidazolium hexafluorophosphate) were added the mixture was
heated in the microwave oven for 1 hour (70°C).ri[hveater (20 mL) was
added and the mixture extracted by ethyl acetate Z8 mL) The organic
layers were combined, dried on magnesium sulfate] the solvent
evaporated under reduced pressure. The crude pradscpurified by flash
chromatography (Silica column; Eluant: AcOEt:.cydshne from 20% to
71% of AcOEt over 40 min; flowrate: 40 mL.rfn Yield: 60%:H
RMN (CDCl;, 400 MHz):6 = 7.28-7.46 (m, 6H, k), 7.49 (t,J = 7.3 Hz,
2H, Hyom), 7.56 (1, = 7.3 Hz, 1H, Hon), 7.64 (d,J = 6.3 Hz, 2H, Hop,
7.72 (d,J = 6.3 Hz, 2H, Hop), 7.92 (d,J = 7.3 Hz, 2H, B, 9.96 (s, 1H,
HNamigd. Anal. Calcul. for GH;/N3O-H,O: C, 73.93; H, 5.36; N, 11.76.
Found: C, 74.03; H, 5.13; N, 11.42. MS (ESI+) m#0D2 [M+HJ", 362.2
[M+Na]”

4-(3-Methoxybenzamido)-3,5-diphenyl-1H-pyrazole 10b- The title
compound was synthesised from 3-methoxybenzoic @lcidnd 4-amino-
3,5-diphenyl-1H-pyrazol8b as starting material, and according to the same
procedure than that described fida. Yield: 60%.'H RMN (DMSO- d,

400 MHz):6 = 3.77 (s, 3H, OCH), 7.12 (d,J = 8.2 Hz, 1H, Hon), 7.26-
7.45 (m, 8H, Hom), 7.52 (d,J = 7.3 Hz, 1H, Hon), 7.64 (dJ = 7.3 Hz, 2H,
Harom), 7.72 (d,J = 7.3 Hz, 2H, Hon), 9.94 (s, 1H, HN). Anal. Calcul. for
CoHiNzO: C, 78.61; H, 4.88; N, 11.96; C, 78.04; H, 5.19;11.58. MS
(ESI+) m/z 369.2 [M+H], 391.3 [M+Na]
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4-(3-Methoxybenzamido)-3-methyl-5-phenyl-1H-pyraza 10c -The title
compound was synthesised from 3-methoxybenzoic $#righd 4-amino-3-
methyl-5-phenyl-1H-pyrazol@a as starting material, and according to the
same procedure than that describedlféa. Yield: 57%."H RMN (DMSO-

ds, 400 MHz):8 = 2.08 (s, 3H, Ch), 3.78 (s, 3H, OCH), 7.12 (d,J = 8.2
Hz, 1H, Hyon), 7.22-7.41 (M, 4H, Kor), 7.49 (S, 1H, Hon), 7.54 (dJ=7.5
Hz, 1H, Hyom), 7.6-7.7 (M, 2H, Hom), 9.69 (s, 1H, HN). Anal. Calcul. for
CisHi7N3O,: C, 70,34; H, 5,58; N, 13,67. Found: C, 70,51; 585; N,
13,36. MS (ESI+) m/z 308.2 [M+H]

4-Benzamido-3-methyl-5-phenyl-1H-pyrazole 10d The title compound
was synthesised from benzoic aéd and 4-amino-3-methyl-5-phenyl-1H-
pyrazole8a as starting material, and according to the saroeggiure than
that described fotOa. Yield: 75%."H RMN (CDCk, 400 MHz):3 = 2.26 (s,
3H, CHy), 7.34-7.51 (m, 6H, Kby, 7.61 (dJ =8.2 Hz, 2H, Hyp), 7.71 (dJ

= 7.5 Hz, 1H, Hon, 7.83 (d,J = 8.2 Hz, 1H, Hen. Anal. Calcul. for
CiH1sN30 1/2 H,O: C, 71.31; H, 5.63; N, 14.68. Found: C, 72.075k33;
N, 14.53. MS (ESI+) m/z 278.1 [M+H]

3,5-Diphenyl-1H-pyrazolo[4,3€]isoquinoline 5a - 4-Benzamido-3,5-
diphenyle-1H-pyrazolelOa (0.36 mmol) and phosphorus pentoxyde (3.60
mmol) were suspended in dry chlorobenzene (10 nuntaining N,N-
diethylaniline (0.36 mmol). Under argon atmosphettee mixture was
warmed up to 120°C and phosphorus oxychloride (&bdol) was added
dropwise. The temperature was maintained for 24rshoét the end, a
saturated solution of sodium bicarbonate (10 mL3 warefully added, and
the mixture was extracted by dichloromethane (30xni.). The organic
layers were combined, dried on magnesium sulfaté the solvents was
evaporated under reduced pressure. The crude predas purified by

preparative HPLC (C18 column and isocratic mobiege MeCN:AcOH
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0,1% 50:50) to give the title compoubd. Yield: 2%. m/z 340.2 [M+H]

362.2 [M+NaJ. *H RMN (CDCk, 400 MHz):8 = 7.35 (tJ = 7.5, 1H, Hiom),

7.46-7.71 (M, 9H, Hon), 7.97 (t,J= 8.2 Hz, 1H, Hon), 8.04 (d,J = 7.5 Hz,
1H, Hyom, 8.51 (d,J= Hz, 2H, Hon). Rt = 3.35 min; Rt = 7.49 min. MS
(ESI+) m/z 352.2 [M+H].

5-(3-Methoxyphenyl)-3-phenyl-1H-pyrazolo[4,3€]isoquinoline 5b - The
titte compound was synthesised from 4-(3-methoxyhendo)-3,5-
diphenyl-1H-pyrazole 10b as starting material and according to the
procedure described for compousd Yield: 7%. '*H RMN (CDCk, 400
MHz): 8 = 3.81(s, 3H, OC}H}, 7.11 (ddJ; = 2.2 Hz,J,= 8.1Hz, 1H, Hyn),
7.20-7.24 (m, 1H, Hor), 7.21 (d,J= 2.2 Hz, 1H, H.n, 7.35 (t,J= 7.3 Hz,
1H, Hyon), 7.46-7.50 (m, 3H, kb, 7.70 (t,J= 7.7 Hz, 1H, Hon), 7.95 (t,J

= 7.7 Hz, 1H, H,y 8.06 (d,J= 8.4 Hz, 1H, Hn), 8.52-8.50 (M, 3H, Kon.

Rt; = 3.30 min; Rt= 7.38 min. MS (ESI+) m/z 352.2 [M+H]

5-(3-Methoxyphenyl)-3-methyl-1H-pyrazolo[4,3¢lisoquinoline 5c -The
title compound was obtained from 4-(3-methoxybendair3-methyl-5-
phenyl-1H-pyrazolelOc as starting material and according to the proadur
described for compoun8a. Yield: 6%.'H RMN (CDCl;, 400 MHz):5 =
2.76 (s, 3H, CH3), 3.87 (s, 3H, OCH3), 7.03 J& 10.8 Hz, 1H, Hqn),
7.21-7.28 (M, 2H, Kony), 7.44 (tJ = 12.1 Hz, 1H, Hon), 7.59 (t,J=10.8
Hz, 1H, Huon), 7.81 (t,J= 10.8 Hz, 1H, Hom), 8.13 (d,J = 12.1 Hz, 1H,
Haom), 8.22 (d,J = 12.1 Hz, 1H, Hon). Rt = 2.78 min; Rt = 6.15 min. MS
(ESI+) m/z 289.3 [M+H].

3-Methyl-5-phenyl-1H-pyrazolo[4,3c]isoquinoline  5d - The title
compound was synthesised from 4-benzamido-3-mé&ipfienyl-1H-
pyrazole10d as starting material and according to the proeedascribed
for compoundsa. Yield: 13%."H RMN (CDClk, 400 MHz):3 = 2.76 (s, 3H,
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CH3), 7.51-7.60 (M, 4H, ), 7.68 (d,J= 7.5 Hz, 2H, Hn), 7.78 (t,J =
7.5 Hz, 1H, Hr), 8.10 (d,J = 8.5 Hz, 1H, Kon), 8.22 (d,J= 7.5 Hz, 1H,
Harom). Rt = 2.78 min; Rt= 6.15 min. MS (ESI+) m/z 260.1 [M+H]

3-0Oxo-2-phenyl-propionitrile 14a- The benzylcyanidé2 (87,2 mmol) was
added to the ethyl formiate estéBa (104,6 mmol) and the mixture was
stirred at room temperature. A solution of sodiutraaolate in ethanol 21%
(165,6 mmol) was then added and the reaction vimedsfor one minute at
room temperature. The organic layer was extractiéd dichloromethane (3
x 20 mL), acidified (HCI 3N, 4 mL), washed with atgrated solution of
sodium bicarbonate (10 mL) and dried on magnesuifate. Solvants were
finally removed under reduced pressure and theyatodias purified by
crystallisation of methanol (4 mL). Yield: 44%. Ang&alcul. for GH;NO:
C, 74.47; H, 4.86; N, 9.65. Found: C, 75.53; H44 N, 9.33. MS (ESI+)
m/z 146.2 [M+H].

3-Ox0-2-phenyl-butyronitrile 14b - The title compound is commercially

available

3-0Oxo-2-phenyl-pentanenitrile 14c -The title compound was prepared
from ethyl propionate estel3c and benzylcyanidd2 as starting material
and according to the procedure described for compada Yield: 44%'H
RMN (DMSO-d;, 400 MHz):8 = 1.21 (t,J = 7.6 Hz, 3H, CH3), 2.57 (d,=
7.6 Hz, 2H, CH2), 7.17 (1] = 7.4 Hz, 1H, Bon), 7.32 (t,J = 7.4 Hz, 2H,
Haron), 7.58 (d,J = 7.4 Hz, 2H, Hon), 11.00 (s, 0.1H, CHCN), 11.52 (s,
0.9H, CHCN). Anal. Calcul. for gH;;NO: C, 76,28; H, 6,40; N, 8,09.
Found: C, 77.02; H, 6,33; N, 8,37.

2,5-Dimethyl-4-phenyl-2H-pyrazol-3-ylamine 15a - 3-Oxo0-2-phenyl-
butyronitrile 14b (2,0 g) was diluted in ethanol (8 mL). Methylhyzire

150



(13,8 mmol) was then added at room temperature. fHaetion was
vigorously stirred under micro waves at 100°C dgyri20 minutes. The
reaction was followed by TLC (AcOEt: cyclohexanel)l:Solvents and
hydrazine excess were the removed from the reaotigture under reduced
pressure. The crude product was diluted into etlagetate (5 mL) and
acidified with HCI 3N (5 mL). Organic layer is demwled and aquous layer
was neutralised by NaOH 1N (15 mL) and extracteth wWcOEt (3 x 20
mL). The organic layers are combined and dried amSN,. Finally,
solvents were removed under reduced pressure. Qmadeict was purified
by flash chromatography (normal phase on silicatridge; mobile
phase:AcOEt:cyclohexane with a gradient from 5%9G% of AcOEt;
duration: 30 min.). Yield: 60%. Anal. Calcul. for;8:3N3. C, 70,56; H,
7,00; N, 22,44. Found: C, 72,00; H, 6,78; N, 22,26.

3-Amino-5-methyl-4-phenyl-2H-pyrazole 15b -The title compound was
prepared from 3-oxo-2-phenyl-butyronitrilé4b and hydrazine hydrate
according to the procedure described for compoiBa Yield: 42%.'H
RMN (CDCls, 400 MHz):3 = 2.31 (s, 3H, CH3), 3.76 (s, 2H, NH7.26 (t,
J=7.3Hz, 1H, Bon, 7.35(d,J = 7.3 Hz, 2H, Hon, 7.41 (t,J= 7.3 Hz,
2H, Haom). Anal. Calcul. for GHiiNs: C, C, 69,34; H, 6,40; N, 24,26.
Found: C, 70.69; H, 6.22; N, 24.12.

3-Amino-4-phenyl-2H-pyrazole 15c -The title compound was prepared
from 3-oxo-2-phenyl-propionitrilél4a and hydrazine hydrate according to
the procedure described for compour&h Yield: 37%.'H RMN (CDCl,
400 MHz):6 = 3.65 (s, 2H, Nb), 7.24-7.75 (m, 5H, K. MS (ESI+) m/z
160.1 [M+HT.

3-Amino-2-methyl-4-phenyl-2H-pyrazole 15d -The title compound was

prepared from 3-oxo-2-phenyl-propionitriid4a and methylhydrazine

151



according to the procedure described for compalial Yield: 63% Anal.
Calcul. for GgH1isN3: C, 78.74; H, 5.05; N, 16,02. Found: C, 78.74; 1215.
N, 15.31. MS (ESI+) m/z 260.1 [M+H]

3-Amino-5-ethyl-2-methyl-4-phenyl-2H-pyrazole 15e - The title

compound was prepared from 3-oxo-2-phenyl-pentamlenildc and
methylhydrazine according to the procedure desdrioe compoundl5a

Yield: 25% "H RMN (CDClL, 400 MHz):8 = 1.15 (tJ = 7.6 Hz, 3H, Ch),

2.64 (q,J = 7.6 Hz, 2H, CH), 3.54 (s, 2H, Nk 3.67 (s, 3H, Ch), 7.23-7.28
(m, 3H, Hyom, 7.40 (t,J = 7.7 Hz, 2H, Hon). MS (ESI+) m/z 202.1
[M+H]".

3-Amino-5-ethyl-4-phenyl-2H-pyrazole 15f- The title compound was
prepared from 3-oxo-2-phenyl-pentanenitridc and hydrazine hydrate
according to the procedure described for compolsa Yield: 37%.'H
RMN (CDCl;, 400 MHz):6 = 1.15 (tJ = 7.7 Hz, 3H, CH), 2.62 (qJ = 7.7
Hz, 2H, CH), 3.72 (s, 2H, Nb), 7.27 (tJ = 7.1 Hz, 1H, By, 7.34 (d,J =
7.1 Hz, 2H, Hion), 7.40 (t,J = 7.1 Hz, 2H, Hon).

3-Amino-5-methyl-4-phenyl-2-pyridin-2-yl-2H-pyrazole 15g - The title
compound was prepared from 3-oxo-2-phenyl-butyrimitl4b and 2-
pyridylhydrazine according to the procedure desttifor compoundl5a
Yield: 99%.'H RMN (CDCl, 400 MHz):8 = 2.14 (s, 3H, CH3), 3.26 (s,
2H, NH,), 6.63 (d,J = 25.2 Hz, 2H, Ron), 7.14 (dJ = 25.2 Hz, 2H, K,
7.31-7.35 (M, 3H, Kon), 7.80-7.85 (m, 2H, kb.). Anal. Calcul. for
CisHiaNg: C, 71,98; H, 5,64; N, 22,38. Found: C, 72.575:60; N, 22,83.
MS (ESI+) m/z 252.1 [M+H]

3-Amino-5-methyl-2,4-diphenyl-2H-pyrazole 15h -The title compound
was prepared from 3-oxo-2-phenyl-butyronitriildb and phenylhydrazine
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according to the procedure described for compdlbal Yield: 80%. Anal.
Calcul. for GgHisN5: C, 77,08; H, 6,06; N, 16,85. Found: C, 77,79; 1966,
N, 16,73H RMN (DMSO-ds 400 MHz):8 = 2.14 (s, 3H, CH3), 5.05 (s,
2H, NHy), 7.20 (t,J = 7.2 Hz, 1H, Hopn), 7.27-7.41 (M, 5H, Kon), 7.46 (t,J

= 8.0 Hz, 2H, Hon), 7.58 (d,J = 8.0 Hz, 2H, Hon. Anal. Calcul. for
CisHiNa: C, 71,98; H, 5,64; N, 22,38. Found: C, 72.575H0; N, 22,83.
MS (ESI+) m/z 251.1 [M+H]

1,3-Dimethyl-5-phenyl-3H-pyrazolo[3,4€lisoquinoline 1la - Benzal-
dehyde 16a (1,48mmol) is added to 3-amino-2,5-dimethyl-4-pHeit-
pyrazole15a (1,34 mmol) diluted in methanesulfonic acid (2 midth 2
drops of BMimpk. The reaction mixture is stirred under micro waaes
150°C for 15 minutes. The reaction is followed RyCT(AcOEt:cyclohexane
1:1). The mixture was then neutralised by additbbisodium hydroxide 1N
(3 mL), extracted with ethyl acetate (3 x 10 mLairied on magnesium
sulfate. Solvents were evaporated under reducessyme and the crude
product was purified by flash chromatography (iseemphase on C18
cartridge; mobile phase: water/MeCN with a gradigam 5% to 90% of
MeCN for 30min). Yield: 18%'H RMN (CDClL, 400 MHz):5 = 2.88 (s,
3H, CH3), 4.19 (s, 3H, NCH3), 7.44 {t+ 7.9 Hz, 1H, Hon), 7.52-7.85 (m,
3H, Hiom, 7.71 (d,J= 7.8 Hz, 2H, Heon), 7.80 (t,J= 7.9 Hz, 1H, Hon),
8.12 (d,J= 7.9 Hz, 1H, Hon), 8.33 (d,J= 7.9 Hz, 1H, Hon). MS (ESI+)
m/z 274.2 [M+H].

1-Methyl-5-phenyl-3H-pyrazolo[3,4<c]isoquinoline 11b - The title
compound was prepared from 3-amino-5-methyl-4-ph2Rhlypyrazolel5b

and benzaldehyd&6a according to the procedure described for compound
11a Yield: 6%."H RMN (CDCl;, 400 MHz):8 = 2.91 (s, 3H, CH3), 7.46-
7.56 (m, 4H, Hion), 7.70 (d,J= 7.8 Hz, 2H, Hn), 7.83 (t,J= 7.9 Hz, 1H,
Haromy), 8.16 (d,J= 7.9 Hz, 1H, Hon), 8.36 (dJ= 7.9 Hz, 1H, H,n). Anal.
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Calcul. for G/Hi3Ns: C, 78,74; H, 5,05; N, 16,20. Found: C, 77.855H)9;
N, 15.86.

5-Phenyl-3H-pyrazolo[3,4¢€]isoquinoline 11c - The title compound was
prepared from 3-amino-4-phenyl-2H-pyrazdl&c and benzaldehydé&6a
according to the procedure described for compoiba Yield: 55%.'H
RMN (CDCl;, 400 MHz):6 = 7.50 (t,J= 8.5 Hz, 1H, H.y), 7.54-7.60 (m,
3H, Hiom, 7.73 (d,J = 8.1 Hz, 2H, Hion), 7.83 (t,J= 8.1 Hz, 1H, Hon),
8.16 (d,J= 8.1 Hz, 1H, Hwn), 8.29 (d,J= 8.1 Hz, 1H, Hon), 8.45 (s, 1H,
Hi-pyrazo, 11.19 (s, 1H, NH).

5-(3-Hydroxyphenyl)-1,3-dimethyl-3H-pyrazolo[3,4€]isoquinoline 11d -
The title compound was prepared from 3-amino-2rbetinyl-4-phenyl-2H-
pyrazole 15a and 3-hydroxybenzaldehydisb according to the procedure
described for compountfla Yield: 7%. '*H RMN (DMSO-ds, 400 MHz):5

= 2.76 (s, 3H, CH3), 4.03 (s, 3H, NCH3), 6.92 J& 7.4 Hz, 1H, H,n),
7.02 (s, 1H, Ko, 7.03 (d,J= 7.4 Hz, 1H, Hyn), 7.34 (t,J= 7.8 Hz, 1H,
Harom), 7.52 (t,J= 7.8 Hz, 1H, Hom), 7.88 (tJ= 7.4 Hz, 1H, H.n), 8.04 (d,
J=7.8 Hz, 1H, Hon, 8.34 (d,J = 7.8 Hz, 1H, Hon), 9.68 (s, 1H, OH).
Anal. Calcul. for GgHisN3;O: C, 74,72; H, 5,23; N, 14,52. Found: C, 72.51;
H, 5,01; N, 13.11.

3-Methyl-5-phenyl-3H-pyrazolo[3,4clisoquinoline 1le - The title
compound was prepared from 3-amino-2-methyl-4-ph2hlypyrazole15d

and benzaldehyd&6a according to the procedure described for compound
11a Yield: 4%."H RMN (CDClL, 400 MHz):6 = 4.26 (s, 3H, NCH3), 7.44

(t, J=7.9 Hz, 1H, Hon), 7.52-7.61 (m, 3H, kb, 7.72 (d,J= 8.1 Hz, 2H,
Harom), 7.79 (t,J= 7.9 Hz, 1H, Hyn), 8.11 (d,J= 7.9 Hz, 1H, Hon), 8.24 (d,
J=7.9 Hz, 1H, Hon), 8.37 (s, 1H, Kpyrazol-
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5-(3-Hydroxyphenyl)-1-methyl-3H-pyrazolo[3,4¢]isoquinoline 11f - The
titte compound was prepared from 3-amino-5-methphényl-2H-pyrazole
15b and 3-hydroxybenzaldehydeb according to the procedure described
for compoundlila Yield: 3%."H RMN (DMSO-ds, 400 MHz):5 = 2.77 (s,
3H, CH3), 6.91 (dJ= 7.4 Hz, 1H, Hon), 7.01 (s, 1H, Hon), 7.02 (dJ=7.4
Hz, 1H, Hyon), 7.34 (t,J= 7.8 Hz, 1H, Hion), 7.52 (t,J= 7.8 Hz, 1H, Hron),
7.87 (t,J= 7.4 Hz, 1H, Hyn), 8.05 (dJ= 7.8 Hz, 1H, Hyn), 8.35 (dJ=7.8
Hz, 1H, Hyom), 9.66 (s, 1H, OH). Anal. Calcul. for,g,;NsO: C, 73,55; H,
4,24; N, 16,08. Found: 72.94; H, 4.60; N, 14.20.

5-(3-Hydroxyphenyl)-3H-pyrazolo[3,4c]isoquinoline 11g - The title
compound was prepared from 3-amino-4-phenyl-2Hqylean15c and 3-
hydroxybenzaldehydel6b according to the procedure described for
compoundlia Yield: 4%."H RMN (DMSO-ds, 400 MHz):8 = 6.92 (d,J=

7.4 Hz, 1H, Hion), 7.05 (s, 1H, Hon), 7.06 (dJ= 7.4 Hz, 1H, Hon), 7.34 (t,
J=7.8 Hz, 1H, Hn), 7.52 (t,J= 7.8 Hz, 1H, Hyon), 7.85 (t,J= 7.4 Hz, 1H,
Harom), 8.25 (dJ= 7.8 Hz, 1H, Hion), 8.41 (d,J= 7.8 Hz, 1H, H.n), 8.59 (s,
1H, NH), 9.67 (s, 1H, OH). Anal. Calcul. ford8;;N3O: C, 73,55; H, 4,24;
N, 16,08; O, 6,12. Found: 73,55; H, 4,07; N, 15.60.

1-Ethyl-3-methyl-5-phenyl-3H-pyrazolo[3,4<€]isoquinoline 11h -The title
compound was prepared from 3-amino-5-ethyl-2-medhghenyl-2H-
pyrazolel5eand benzaldehydEsaaccording to the procedure described for
compoundlla Yield: 14%.'H RMN (CDCl, 400 MHz):8 = 1.51 (t,J=
7.4 Hz, 3H, CH), 3.29 (gJ= 7.4 Hz, 2H, CH), 4.20 (s, 3H, NCH}, 7.44 (t,
J= 7.8 Hz, 1H, Hon), 7.52-7.57 (M, 3H, kb, 7.71 (d,J = 6.4 Hz, 2H,
Haron), 7.81 (t,J= 7.8 Hz, 1H, Hon), 8.12 (dJ= 7.8 Hz, 1H, Hon, 8.29 (d,
J= 7.8 Hz, 1H, Hon. Anal. Calcul. for GHi/N3: C, 79.41; H, 5.96; N,
14.62. Found: C, 79.24; H, 5.86; N, 14.08.
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1-Ethyl-5-phenyl-3H-pyrazolo[3,4c]isoquinoline  11i - The title
compound was prepared from 3-amino-5-ethyl-4-ph@hipyrazole 15f
and benzaldehyd&6a according to the procedure described for compound
11a Yield: 9%.'H RMN (CDCl, 400 MHz):8 = 1.51 (t,J= 7.7 Hz, 3H,
CHy), 3.32 (q,J= 7.7 Hz, 2H, CH), 7.47-7.57 (m4H, Hayon), 7.69 (d,J=

6.6 Hz, 2H, Hyn), 7.81 (t,J= 7.6 Hz, 1H, Hon), 8.16 (d,J= 7.6 Hz, 1H,
Harom), 8.33 (d,J= 7.6 Hz, 1H, Hon).

5-(3-Methoxy-phenyl)-1-methyl-3H-pyrazolo[3,4€lisoquinoline  11j -
The title compound was prepared from 3-amino-5-gietiphenyl-2H-
pyrazole 15b and 3-methoxybenzaldehydéc according to the procedure
described for compountila Yield: 1%'H RMN (CDCk, 400 MHz):5 =
2.91 (s, 3H, Ch), 3.88 (s, 3H, OC}}, 7.07 (ddJ, = 8.5 Hz,J,= 2.1 Hz, 1H,
Harom), 7.23-7.27 (m, 2H, Kb, 7.44-7.50 (m, 2H, kb)), 7.83 (tJ= 7.7 Hz,
1H, Hyom), 8.18 (dJ = 8.2 Hz, 1H,n), 8.36 (dJ = 8.2 Hz, 1Hoy), 10.69 (s,
1H, NH).

1-Methyl-5-phenyl-3-pyridin-2-yl-3H-pyrazolo[3,4-clisoquinoline 11k -
The title compound was prepared from 3-amino-5-gietkphenyl-2-
pyridin-2-yl-2H-pyrazole 15g and benzaldehydel6a according to the
procedure described for compouhtia Yield: 60%. *H RMN (CDCk, 400
MHz): 6 = 3.04 (s, 3H, Ck), 7.07 (ddJ; = 6.9 Hz,J,= 5.0 Hz, 1H, Hn),
7.25-7.59 (m, 4H, Kon), 7.78 (d,J = 7.6 Hz, 2H, Hom), 7.87 (q,J = 8.2 Hz,
2H, Hyom, 8.24 (d,J = 8.2 Hz, 1H, Hon), 8.44 (dJ = 8.2 Hz, 1H, Hon,
8.66 (d,J = 5.0 Hz, 1H, Hon), 8.74 (d,J =8.2 Hz, 1H, Hn). Anal. Calcul.
for C,)HigN4: C, 78.55; H, 4.79; N, 16.66. Found: C, 78.49;4-89; N,
16.01.

1-Methyl-3,5-diphenyl-3H-pyrazolo[3,4<]isoquinoline 11l - The title

compound was prepared from 3-amino-5-methyl-2,4eliyl-2H-pyrazole

156



15h and benzaldehydd6a according to the procedure described for
compoundlla Yield: 11%."H RMN (CDCk, 400 MHz):6 = 2.99 (s, 3H,
CHy), 7.47-7.57 (m, 7H, kbn), 7.77 (d,J = 7.8 Hz, 2H, Hn), 7.85 (t,J=

7.8 Hz, 1H, Hoon), 8.22 (d,J = 8.5 Hz, 1H, Heon), 8.34 (d,J = 8.5 Hz, 2H,
Haom), 8.41 (d,J= 8.5 Hz, 1H, H,n). Anal. Calcul. for GH./N3: C, 82.36;

H, 5.11; N, 12.53. Found: C, 82.48; H, 5.27; N951.

3,5-Dimethyl-4-propyl-1H-pyrazole 48 -1,8-Diazabicyclo[5.4.0Jundec-7-
ene (97.4 mmol) was added to a solution of 2,4gr@dione (97.4 mmol) in
tert-butyl methyl ether (25 mL) and toluene (10 mL)ddpropane (97.4
mmol) was added and the mixture was stirred at re@mperature for 5
hours. Solvents were removed under reduced preasdréhe crude product
was diluted into EtOH (25 mL). Then, the hydrazmglrate (97.4 mmol)
was added and the reaction mixture was stirred nigler at room
temperature. Solvents were evaporated under requesdure. The organic
layer was separated by AcOEt (3x 100 mL) afteriacation (pH = 5) by a
formic acid solution 1N (60 mL), dried on pBO, and solvents were
removed under reduced pressure. The title comp@uaduct crystallised
from the crude residue (yellow ail) to give 240nfg3¢b-dimethyl-4-propyl-
1H-pyrazole48 isolated by filtration. Yield: 2%*H RMN (CDCl, 400
MHz): 6 = 0.87 (tJ= 7.4 Hz, 3H, CH), 1.45 (gJ= 7.4 Hz, 2H, CH), 2.20
(s, 6H, (CH),), 2.30 (t,J = 7.4 Hz, 3H, CH), 9.93 (s, 1H, NH). Anal.
Calcul. for GgHi7Ns: C, 69.52; H, 10.21; N, 20.27. Found: C, 69.83; H,
10.04; N, 19.94.
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3. Biology

3.1 NIK enzymatic assay

This experiment was performed by ProQinase using the
33PanQinase technology (Figure 57)nhibitory potency of staurosporine
28 and molecules selected by M&re evaluated on human recombinant
NIK. DMSO was used as cosolvent and its final cotregion was 1%. NIK
was expressed in Sf9 insect cells as human recamb{®ST-fusion protein.
The kinase was purified by affinity chromatograplsing GSH-agarose.
The purity of the kinase was checked by SDS-PAGE/sktaining and the
identity was verified by mass spectroscopy. The Mtfivity was measured

as the incorporation on an artificial substraté®gf produced by hydrolysis

of [y-*P]-ATP.

The substrate (RBER-CHKtide) was an artificial idus protein
expressed in E.coli. It was consisting dfl-derminal GST-tag separated by a
thrombin cleavage site from a fragment of the humeimoblastoma protein
RB1, amino acids S773-K928 followed by 11 arginiasidues (ER) and a
peptide sequence: KKKVRSGLYRSPSMPENLNRPR (CHKtide).

BP.ATP Booww
Rooaw (EY o
reaction . h
@nsp | was

Figure 57: ProQinaseén vitro enzymatic assay

=
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All kinase assays were performed in 96-well Fldasted3TM from
Perkin Elmer (Boston, MA, USA) in a 5@ reaction volume. The reaction
cocktail was pipetted in 4 steps in the followingler: (i) 20 ul of assay
buffer; (ii) 5 ul of ATP solution (in H20); (iii)5ul of test compound (in 10
% DMSO); (iv) 10ul of substrate / 1Qu of enzyme solution (premixed).
The assay for NIK contained 60 mM HEPES-NaOH, pb& 3.mM MgCI2,

3 mM MnCI2, 3uM Na-orthovanadate, 1.2 mM DTT, 5@/ml PEG20000,
1 uM [y-**P]-ATP (approx. 5 x 18 cpm per well). The reaction cocktails
were incubated at 30°C for 60 minutes. The reactiaa stopped with 50l

of 2 % (v/v) HPQ,, plates were aspirated and washed two times VaghuR
0.9 % (w/v) NaCl. Incorporation ofPi was determined with a microplate

scintillation counter (Microbeta, Wallac).

The median value of the counts of each assay [jlat8) was
defined as "low control". This value reflects unsfie binding of
radioactivity to the plate in the absence of a girotkinase but in the
presence of the substrate. The median value afahets of each assay plate
(n=8) was taken as the "high contrdlg. full activity in the absence of any
inhibitor. The difference between high and low cohtvas taken as 100%
activity. As part of the data evaluation the lowntol value from a
particular plate was subtracted from the high aintalue as well as from
all compound values of the corresponding plate. fEs@&dual activity (RA,

in %) for each well was calculated by using théofeing formula:

RA (%) = 100 X [(cpm of compound — low control)high control — low control)]

3.2 NF«B alternative pathway cellular assay

Human LTBR-positive HelLa cells were used to evaluate the NIK

inhibitory potency expressed as the inhibitiontef processing of p100 into
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p52 (Figure 58). Briefly, HeLa cells were cultuiadMEM with 10% FBS
and plated in 6 well plates until they reach 80%aifluence.

IKKa ‘3% [KkKa
L] L

-
p100 *® Rel-B

o Rel-B

Figure 58: Alternative pathway activation assay

The cells were washed twice with PBS and incub&bed hours
with  Opimem-1 containing 10, 20 or 50 pM of inhdyit
(pyrazoloisoquinolines or commercial compounds etk by the virtual
screen). DMSO was used as cosolvent at a maxinmgeotration of 0.5%
(v/v). At this concentration, DMSO has no effecheR, an antibody acting
as agonist of human IBR (R&D Systems, Inc. / LIGHT) was added for 5

hours. Afterwards, the cells were washed twice WBS and lysed in SDS

160



0.5% containing a cocktail of protease and phogeainhibitors (Complete
and PhosStop, Roche). Protein extracts were gieghtiflicro BCA protein
kit assay, Pierce) and equal amounts of proteinu@Swvere loaded on SDS-
PAGE for analysing the processing of p100 into g&#.detecting p100 and
p52, an antibody anti-human p52 (Upstate Cell Siggd5-361) was used
and a goat anti-mouse HRP (DAKO) was used as sacpratibody prior

to measurement of chemiluminescence using the EiGtokn Pierce.

3.3 Multikinase assay

Thisradiometricassay was performed by Millipore using the Kinase
Profiler™ technology (Figure 59). Full protocolgavailable on the repor-
ted Millipore webpagé.'®®

oy 4+
ot —
ﬂ , Substrate

Substrate )
Negatively
Charged
Filter
Membrane

Figure 59 Millipore multikinase assay

© http://direct.millipore.com/techpublications/teé¢td1000enus.
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3.4 TAK1 enzymatic Assay

This experiment was performed by Invitrogen using LaSthaefi

Kinase Binding Assay technology (Figure 60).

Step 1: Mix kinase, antibody, tracer, and compound Step 2: Detect

Eu ?‘e!a.: D
)!L\ o np o
/\‘. Tracer Compound

(non-inhibitor}

Ep .
/JK *® o o
A Tracer Compound

{inhibitor}

Low TR-FRET

Figure 60: Schematic of LanthaScre@hEu Kinase Binding Assay

The tested compounds were screened in 1% DMSOirad f
concentration. Three-fold serial dilutions were awocted from the starting
concentration. All kinase/Antibody mixtures werdutid to a 2X working
concentration in the appropriate kinase buffer. e AlexaFluof (AF)
labelled tracer was prepared in kinase buffer dmal read out was on
fluorescence plate reader. The AF/Europimission ratio (665 nm and 615

nm respectively) were finally calculated.
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3.5 NF«B classical pathway cellular assay

HelLa cells were cultured in DMEM with 10% FBS aridted in 6-
well plates until they reach 80% of confluence. Th#s were washed twice
with PBS and incubated for 2 hours with Opimem-htaming 50uM of
inhibitor or DMSO alone. Then, TNé&+Pepro Tech Inc.) was added at 100
U/mL for O, 1 or 2 hours. Total RNA samples wem@ased with the Tripure
reagent (Roche Molecular Biochemicals). One miaogrof RNA was
submitted to reverse transcription using M-MLV neee transcriptase and
random primers (Invitrogen) in a total volume of 2D. Two microliters of
cDNA were submitted to real-time PCR using TagMa80 SDS (Applied
Biosystems) and SYBR Green detection (Eurogent€bg results were
normalised with the 18S transcript. PCR was peréatwith the following

primers for the following human transcript :

iI-6 : FW 5-CCAGGAGCCCAGCTATGAAC-3
and RV 5-CCCAGGGAGAAGGCAACTG-3,,
TNFo : FW 5-GGAGAAGGGTGACCGACTCA-3’
and RV 5-TGCCCAGACTCGGCAAAG-3,,

18S: FW 5’-AACTTTCGATGGTAGTCGCCG-3
and RV 5’- CCTTGGATGTGGTAGCCGTTT -3.
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3.6 Cell viability assay

HelLa cells were cultured in DMEM with 10% FBS apidted in 96
well plates until they reach 80% of confluence. Th#s were washed twice
with PBS and incubated for 6 hours with Opimem-htaming 100, 50, 10
uM of inhibitors or DMSO alone. Cell viability assayas performed using
CellTiter-GId® luminescent cell viability assay (Promega) thaedwine the
number of viable cells in culture. Detection wasdzh on the luciferase
reaction to measure the amount of ATP from vialeléscBriefly a volume
of CellTiter-GId® reagent equal to the volume of cell culture medivas
added to each well and mixed for 2 minutes to iedcell lysis. The plate
was incubated for 10 minutes at room temperaturestgbilise the
luminescent signal and, then, each well content twassferred in an
opaque-walled multiwell. The luminescent signal wesorded using a 96

microplate luminometer.
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Appendix 1. Multikinase screening residual activities (%) tmmpound$d
and11f with the 263 reported kinases

Kinase 5d 11f
Abl(h) 94 1
Abl(m) 66 2
Abl (H396P) (h) 62 2
Abl (M351T)(h) 54 8
Abl (Q252H) (h) 59 1
Abl(T315l1)(h) 50 53
Abl(Y253F)(h) 67 3
ACK1(h) 18 9
ALK(h) 51 32
ALKA4(h) 105 69
Arg(h) 89 1
AMPK(r) 39 78
Arg(m) 80 3
ARKS5(h) 3 72
ASK1(h) 0 68
Aurora-A(h) 8 52
AxI(h) 51 94
Blk(m) 67 21
Bmx(h) 22 19
BRK(h) 89 -2
BrSK1(h) 31 16
BrSK2(h) 26 39
BTK(h) 40 30
BTK(R28H)(h) 95 108
CaMKI(h) 66 104
CaMKIIB(h) 52 56
CaMKlly(h) 25 62
CaMKI3(h) 100 92
CaMKIll5(h) 11 42
CaMKIV(h) 88 114
CDK1/cyclinB(h) 44 109
CDK2/cyclinA(h) 40 93
CDK2/cyclinE(h) 29 90
CDKa3/cyclinE(h) 19 85
CDK5/p25(h) 17 49
CDK5/p35(h) 19 57
CDK7/cyclinH/MAT1(h) 72 96
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CDK9/cyclin T1(h) 54 47
CHK1(h) 6 88
CHK2(h) 18 92
CHK2(1157T)(h) 23 87
CHK2(R145W)(h) 22 95
CK1yl(h) 80 86
CK1y2(h) 57 74
CK1y3(h) 78 63
CK15(h) 81 49
CK1(y) 57 31
CK2(h) 96 94
CK2u2(h) 90 104
CLK2(h) 18 20
CLK3(h) 67 86
cKit(h) 71 15
cKit(D816V)(h) 100 56
cKit(D816H)(h) 12 5
cKit(V560G)(h) 9 4
cKit(V654A)(h) 9 15
CSK(h) 112 69
c-RAF(h) 84 1
cSRC(h) 78 17
DAPK1(h) 82 81
DAPK2(h) 76 57
DCAMKL2(h) 105 84
DDR2(h) 91 40
DMPK(h) 96 105
DRAK1(h) 32 70
DYRK2(h) 53 52
eEF-2K(h) 122 113
EGFR(h) 110 22
EGFR(L858R)(h) 50 8
EGFR(L861Q)(h) 66 6
EGFR(T790M)(h) 30 78
EGFR(T790M,L858R)(h 17 53
EphAl(h) 23 -1
EphA2(h) 79 0
EphA3(h) 86 5
EphA4(h) 89 2
EphA5(h) 83 -1
EphA7(h) 60 89
EphA8(h) 82 1
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EphB2(h) 86 1
EphB1(h) 77 1
EphB3(h) 80 2
EphB4(h) 86 0
ErbB4(h) 91 66
FAK(h) 8 91
Fer(h) 5 91
Fes(h) 11 59
FGFR1(h) 12 9
FGFR1(V561M)(h) 10 66
FGFR2(h) 40 43
FGFR2(N549H)(h) 16 14
FGFR3(h) 27 44
FGFR4(h) 99 90
Fgr(h) 58 2
Flt1(h) 18 12
FIt3(D835Y)(h) 0 30
Flt3(h) 6 76
Flt4(h) -2 7
Fms(h) 5 11
Fyn(h) 61 4
GCK(h) 7 25
GRK5(h) 66 100
GRK6(h) 68 83
GRK7(h) 43 102
GSK3u(h) 47 14
GSK33(h) 70 19
Haspin(h) 83 37
Hck(h) 71 6
HIPK1(h) 105 95
HIPK2(h) 67 80
HIPK3(h) 80 99
IGF-1R(h) 62 132
IGF-1R(h), activated 71 91
IKK a(h) 86 84
IKK B(h) 55 21
IR(h) 55 97
IR(h), activated 62 93
IRR(h) 83 97
IRAK1(h) 50 94
IRAK4(h) 51 90
Itk(h) 53 124
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JAK2(h) 24 79
JAK3(h) 39 110
JNK1al(h) 61 90
JNK2a2(h) 65 99
JNK3(h) 15 61
KDR(h) 8 21
Lck(h) 31 4
LIMK1(h) 26 17
LKB1(h) 85 5
LOK(h) 15 18
Lyn(h) 96 3
Lyn(m) 85 1
MAPK1(h) 56 67
MAPK2(h) 63 106
MAPK2(m) 34 72
MAPKAP-K2(h) 114 115
MAPKAP-K3(h) 105 98
MEK1(h) 68 99
MARKZ1(h) 54 76
MELK(h) 12 49
Mer(h) 5 75
Met(h) 79 77
MINK(h) 74 66
MKK4(m) 46 58
MKK6(h) 106 -6
MKK?7 B(h) 52 80
MLCK(h) 64 11
MLK1(h) 2 28
Mnk2(h) 14 68
MRCKaoa(h) 102 104
MRCK(h) 109 110
MSK1(h) 76 81
MSK2(h) 29 61
MSSK1(h) 78 83
MST1(h) 13 93
MST2(h) 23 89
MST3(h) 95 36
mTOR(h) 103 106
mTOR/FKBP12(h) 95 103
MuSK(h) 76 105
NEK2(h) 104 120
NEK3(h) 97 83
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NEK6(h) 99 108
NEK7(h) 96 106
NEK11(h) 111 17
NLK (h) 83 27
p70S6K(h) 68 76
PAK2(h) 92 98
PAK3(h) 81 91
PAKA4(h) 60 103
PAK5(h) 59 99
PAK6(h) 48 89
PAR-1Ba(h) 59 73
PASK(h) 96 80
PDGFR(h) 93 61
PDGFRy(D842V)(h) 24 7
PDGFRy(V561D)(h) 11 0
PDGFR3(h) 119 113
PDK1(h) 11 95
PhKy2(h) 72 115
Pim-1(h) 62 37
Pim-2(h) 73 35
Pim-3(h) 89 90
PKA(h) 109 61
PKBa(h) 106 90
PKBB(h) 110 107
PKBy(h) 90 41
PKCa(h) 99 99
PKCBI(h) 85 75
PKCBII(h) 98 109
PKCy(h) 68 90
PKC3(h) 66 14
PKCe(h) 91 86
PKCn(h) 95 16
PKCu(h) 103 86
PKCu(h) 43 66
PKCo(h) 91 26
PKCZ(h) 98 21
PKD2(h) 82 85
PKG1a(h) 99 96
PKGIB(h) 89 80
PIk1(h) 88 93
PIk3(h) 120 123
PRAK(h) 96 103
PRK2(h) 65 31
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PrkX(h) 87 73
PTK5(h) 82 6
Pyk2(h) 46 59
Ret(h) -1 7
Ret (V804L)(h) 1 75
Ret(V804M)(h) 2 65
RIPK2(h) 80 0
ROCK-I(h) 79 97
ROCK-II(h) 70 88
ROCK-II(r) 68 84
Ron(h) 99 68
Ros(h) 96 96
Rse(h) 116 86
Rsk1(h) 13 76
Rska1(r) 16 90
Rsk2(h) 5 67
Rsk3(h) 3 47
Rsk4(h) 9 69
SAPK2a(h) 103 58
SAPK2a(T106M)(h) 94 112
SAPK2b(h) 104 28
SAPK3(h) 102 94
SAPK4(h) 96 93
SGK(h) 76 88
SGK2(h) 83 10
SGK3(h) 107 108
SIK(h) 41 17
Snk(h) 69 60
Src(1-530)(h) 46 4
Src(T341M)(h) 27 82
SRPK1(h) 90 94
SRPK2(h) 98 95
STK33(h) 59 65
Syk(h) 69 99
TAKZ1(h) 30 80
TAO1(h) 36 45
TAO2(h) 66 50
TAO3(h) 49 69
TBK1(h) 28 86
Tec(h) activated 41 29
Tie2(h) 98 69
Tie2(R849W)(h) 71 76
Tie2(Y897S)(h) 79 61
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TLK2(h) 54 107
TrkA(h) 5 71
TrkB(h) 6 96
TSSK1(h) 38 106
TSSK2(h) 73 103
Txk(h) 45 6
ULK2(h) 45 86
ULK3(h) 40 55
WNK2(h) 84 50
WNK3(h) 67 45
VRK2(h) 64 54
Yes(h) 69 0
ZAP-70(h) 101 102
ZIPK(h) 81 97

Appendix 2 ZINC database screening (part 1)
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Appendix 3: ZINC database screening (part 2)
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In this work, we aimed to build a 3D-model of NIK and to study the binding of pyrazolo[4,3-
clisoquinolines with a view to highlight the structural elements responsible for their inhibitory potency.
However, in the course of this work, we unexpectedly found that the pyrazolo[4,3-c]isoquinolines
initially reported as NIK inhibitors were neither inhibitors of this enzyme nor of the alternative NF-kB
pathway, but were in fact inhibitors of another kinase, the TGF-3 activated kinase 1 (TAK1) which is
involved in the classical NF-kB pathway.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease
affecting around 1-2% of worldwide population. Patients with RA
have an increased risk of early death. This pathology is mainly
characterized by an uncontrolled proliferation and accumulation
of inflammatory cells within the synovial fluids, causing cartilage
and bone resorption. Many cell types contribute to the pathogen-
esis ranging from lymphocytes to stroma cells [1]. These cells
express a panel of inflammatory mediators that activate multiple
signaling pathways. Most of these signaling pathways lead to the
activation of the transcription factor NF-kB and MAPK cascade.

It was recently shown that two main pathways control the
activation of NF-kB. The first one, named classical NF-kB pathway,
is triggered by inflammatory cytokines such as TNFa or IL-1, or by
bacterial and viral proteins through pathogen-recognition recep-
tors (PRR) like TLRs and NLRs [2]. These inducers trigger the
recruitment of specific adaptor proteins to their cognate receptors,
which enable the activation of a cascade of kinases. Among them,
TGF-f3 activated kinase 1 (TAK1) plays a key role at the crossroad of
the NF-kB and MAPK signaling pathways (Fig. 1). TAK1 was first
discovered as a TGF-f3 activated kinase and is part of the MAP
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kinase subfamily [3]. However, recent studies showed that IL-13
and TNFa signaling pathways are affected in TAK1 KO mice [4,5].
TAK1 activates the IKK complex by phosphorylating the subunit
IKKP and acts on MKKG6 to trigger the activation of p38 and JNK
(Fig. 1). Upon TAK1 activation, the IKK complex phosphorylates
IkBa, the main inhibitor of the classical NF-kB pathway, releasing
NF-kB (e.g.; p50/p65), which finally, translocates into the nucleus
[6]. This pathway is activated within minutes and relies on the
indispensable adaptor protein NEMO, or IKKv, holding together
IKKRB and IKKa to form the IKK complex.

The second NF-kB pathway, called alternative NF-kB pathway,
is induced by a subset of TNFL family members as well as by some
viral proteins [7]. This pathway is dependent on the stabilization
and activation of the kinase NIK. The half-life of this particular
kinase is negatively controlled by TRAF-2, TRAF-3, c-IAP-1 and c-
IAP-2 [8,9]. Upon activation of receptors like CD40, BAFF or LTBR,
the inhibitory function of TRAF-2 and -3 is alleviated. Then,
stabilized NIK activates IKKa leading to the processing of p100 into
p52 [10-12]. The latter, in association with its main partner Rel-B,
fulfils non-redundant biological functions such as secondary
lymphoid organ development and induction of specific chemo-
kines involved in adaptive immunity [7].

Because a wide variety of pro-inflammatory cytokines play a
role in the development of RA, it might be valuable to design a
novel class of inhibitors targeting proteins at the crossroad of
multiple pathways relevant to this pathology. Among the potential
proteins, NIK certainly represents an attractive candidate since it is
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Fig. 1. Classical (yellow) and alternative (orange) NF-kB activation pathways.

involved downstream of many TNFR like CD40, RANK or LTBR
involved in the pathogenesis of RA.

According to our knowledge, presently only one series of
compounds has been claimed as NIK inhibitors. These are
characterized by a pyrazolo[4,3-c]isoquinoline ring substituted
in position 1, 3, 5, 7 and 9 (Fig. 2) [13]. Most of the chemical
modifications around the pyrazolo[4,3-c]isoquinoline template
involved the introduction of bulky, lipophilic groups such as
phenyl, trifluoromethylphenyl, pyridine or pentafluorophenyl in
the 5-position and introduction of small lipophilic groups like a
methyl or a trifluoromethyl in the 1- and 5-positions. Unfortu-
nately, poor information was given in the original patent relating
to their biological evaluation. For instance, the claimed NIK
inhibitory potency is only based on a whole cellular assay in
presence of some derivatives. No data on isolated NIK enzyme are
available.

At a structural point of view, the 3D-structure of NIK has not yet
been elucidated. The NIK amino acid sequence is comprised of 947
residues with a kinase domain containing 256 residues (400 to
655). Thus, the absence of any 3D-structure of this enzyme
hindered the discovery of novel NIK inhibitors.

In this work, we aimed to build a 3D-model of NIK and to study
the binding of the reported pyrazolo[4,3-c]isoquinolines with a

Rs
Rs ‘r\H\\l2
8 2 X2 R1
7
=N
R % s
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Fig. 2. Chemical structure of the pyrazolo[4,3-clisoquinoline scaffold reported by
Flohr as NIK inhibitors [13].

However, in the course of this work, we unexpectedly found
that the pyrazolo[4,3-c]isoquinolines initially reported as NIK
inhibitors were neither inhibitors of this enzyme nor of the
alternative NF-kB pathway, but were in fact inhibitors of another
kinase, the TGF-3 activated kinase 1 (TAK1) which is involved in
the classical NF-kB pathway. This was confirmed by the re-
synthesis and the enzymatic evaluation of representative pyr-
azolo[4,3-c]isoquinolines. These results strongly suggesting a
completely different mechanism of action for the pyrazolo[4,3-
clisoquinolines in modulating the NF-kB pathway, and allow to
review the state-of-the-art of NIK inhibitors and should without
any doubt be of value for scientists working in this field.

2. Material and methods
2.1. Homology modeling

The human M3K14 (NIK) sequence was obtained from the
Swiss-Prot database (primary accession number Q99558). Se-
quence alignment was performed using BLASTP [14], through the
Protein Data Bank (BLOSUM62 matrix)[15]. The human PAK1 (PDB
code TYHW_A) was selected as the most appropriate template, and
amino acid sequences were then aligned by means of the
ESyPred3D program [16]. Quality of the model has been analysed
by means of PDBsum server, and the Ramachandran plot is
available in supporting information [17]. To take into account
protein flexibility, the resulting model was minimized using the
MINIMIZE module included in SYBYL 8.0 program [18].

2.2. Docking simulations

Compounds 6a-s were built using the SKETCH module, as
implemented in SYBYL (version 8.0) [18], and their geometry was
optimized using MINIMIZE module. The minimization process uses
POWELL method with the TRIPOS force field (dielectric constant 1r)
to reach a final convergence of 0.01 kcal mol~'. Docking simulation
was then performed into the homology model of the human kinase
NIK with the automated GOLD program. The active site was defined
including all residues in a volume of 7 A around 3-OH-stauros-
porine superimposed onto the model of NIK.

A similar procedure was used to dock 6d inside the TAK1
binding cleft using the 3D-coordinates obtained from X-ray
diffractions [19]. In the case of TAK1, the active site was defined
by a sphere of 15 A around residue A107 in the active site.

2.3. Chemistry

TH NMR spectra were recorded at 20 °C in CDCl; or DMSO-dg on
a 400 MHz Jeol Spectrometer (Jeol JNM EX-400). Chemical shifts
are reported in § ppm relative to tetramethylsilane (TMS) as a
singlet at Oppm (8). Thin-layer chromatography (TLC) was
performed on aluminum supported 0.25 mm silica gel plates
(Merck 5719, 250 meshes). TLC plates were visualized under
254 nm and 320 nm UV light. Elemental analyses (C, H, N) were
performed on a Thermo Finnigan FlashEA 1112 apparatus. Mass
spectra were recorded on an 1100 series MSD Trap spectrometer
equipped with an electrospray ionization (ESI) source. Flash
chromatography purifications were performed on a Biotage SP1
Purification System using silica or C18 Biotage FLASH+" Car-
tridges. Microwave assisted reactions were performed using an
Initiator 16 Single-mode Microwave system producing a
2.450 GHz controlled irradiation (Biotage AB, Uppsala). The
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temperature was measured with an IR sensor on the outside of the
reaction vial.

The purity of compounds 6a-d was also verified by LC on an
Agilent 1100 series system. System control, data collection and data
processing were accomplished using ChemStation software (Agilent
Technologies, Santa Clara). The mobile phase contained acetonitrile
and acetic acid (0.1%). Compounds were detected and their purity
was calculated using a UV detector (wavelength: 240 nm). Two
different methods were used to analyse the reported compounds.
Method 1: injection volume = 3 pL in acetonitrile; gradient elution
from 5% to 95% of acetonitrile over 2.4 min, then 95% acetonitrile
until 3.6 min; analytical column C8 Zorbax Eclipse Plus
(4.6 mm x 50 mm, 1.8 wm particle size); flowrate = 1.25 mL min~';
1; temperature=40°C. Method 2: injection volume=5 L in
acetonitrile; gradient elution from 5% to 95% of acetonitrile over
4.5 min, then 95% acetonitrile until 8.0 min; analytical column C18
Zorbax SB column (3.0 mm x 100 mm, 3.5 wm particle size);
flowrate = 0.5 mL min~!; temperature =40 °C. Retention times
were reported as Rt; and Rt, for these two methods respectively.

2.3.1. 1,3-Diphenyl-propane-1,2,3-trione 2-oxime 2b

240 mg (3.46 mmol) of sodium nitrite were dissolved in water
(2 mL) and added dropwise to a solution of 130 mg (0.58 mmol) of
dibenzoylmethane 1b diluted into acetic acid (10 mL). At room
temperature, the solution was stirred for 1 h. The reaction mixture
was extracted three times with diethyl ether (20 mL). The organic
layers were combined and washed with a saturated aqueous
solution of sodium bicarbonate (30 mL). Solvents were evaporated
under reduced pressure, and the crude product purified by flash
chromatography to give the title compound (Silica column; Eluant
AcOEt: cyclohexane with gradient from 8% to 30% of AcOEt over
30 min; Flowrate 40 mL min'). Yield: 81%. '"H RMN (DMSO-dg,
400 MHz): § = 7.52-7.58 (m, 4H, Harom), 7.68 (t, 2H, Harom), 7.82 (d,
2H, Harom), 7.99 (d, 2H, Harom). Anal. Calcul. for CysH;1NO3: C,
71.14; H,4.38; N, 5.53. Found: C, 71.29; H, 4.62; N, 5.23. m/z 254.0
[M +H]", 276.1 [M + NaJ*

2.3.2. 4-Amino-3-methyl-5-phenyl-1H-pyrazole 3a

At 0°C, hydrazine hydrate (0.18 mL, 3.70 mmol) was added
dropwise to a solution of 1-phenylbutane-1,2,3-trione-2-oxime 2a
(0,37 mmol) in ethanol (4 mL). Then, the mixture was stirred for
7 h at room temperature. Solvents were removed under reduced
pressure and the crude product diluted in ethyl acetate (10 mL).
The solution was acidified by HCI 3N (15 mL) and the organic layer
discarded. The aqueous layer was neutralized by NaOH 1N (50 mL)
and extracted with ethyl acetate (3 x 20 mL). The organic layers
were combined, dried, and the solvent evaporated under reduced
pressure. The crude product was purified by flash chromatography
(Silica column; eluant: AcOEt:cyclohexane from 20% to 100% of
AcOEt over 45 min; flowrate: 40 mL min~!). Yield: 86%. '"H RMN
(CDCls, 400 MHz): 8 = 2.37 (s, 3H, CHs), 7.31 (t, 1H, Harom), 7.42 (t,
2H, Harom), 7.61 (d, 2H, Harom)- Anal. Calcul. for C;oH;1N3: C, 69.34;
H, 6.40; N, 24.26. Found: C, 69.30; H, 6.14; N, 23.56. m/z 174.1
[M+H]".

2.3.3. 4-Amino-3,5-diphenyl-1H-pyrazole 3b

The title compound was synthesized with the same procedure
than that used for 3a. Yield: 88%. 'H RMN (CDCls, 400 MHz):
&§=7.25(t, 2H, Harom), 7.48 (t, 4H, Harom), 7.68 (d, 4H, Harom). Anal.
Calcul. for C4sHy3N3: C,76.57; H, 5.57; N, 17.86. Found: C, 76.27; H,
5.65; N, 17.62. m/z 236.2 [M + H]".

2.3.4. 4-Benzamido-3,5-diphenyl-1H-pyrazole 5a

Benzoic acid 4a (92.6 mmol), hydroxybenzotriazole (HOBt;
185 mmol) and N-(3-dimethylaminopropyl)-N'-ethylcarbodii-
mide (DEC; 79.5 mmol) were added to 4-amino-3,5-diphenyl-

1H-pyrazole 3b (92.6 mmol) diluted in dichloromethane
(30 mL). Two drops of BMimpFg were added, and the mixture
was heated in the microwave oven for 1h (70 °C). Then, water
(20 mL) was added and the mixture extracted by ethyl acetate
(3 x 20 mL). The organic layers were combined, dried, and the
solvent evaporated under reduced pressure. The crude product
was purified by flash chromatography (Silica column; Eluant:
AcOEt:cyclohexane from 20% to 71% of AcOEt over 40 min;
flowrate: 40 mL min~'). Yield: 60% "H RMN (CDCl3, 400 MHz):
8 =7.28-7.46 (m, 6H, Harom), 7.49 (t, J = 7.3 Hz, 2H, Harom), 7.56
(t, J=7.3 Hz, 1H, Harom), 7.64 (d, J = 6.3 Hz, 2H, Harom), 7.72 (d,
J=6.3Hz, 2H, Harom), 7.92 (d, J = 7.3 Hz, 2H, Harom), 9.96 (s, 1H,
HNamide)- Anal. Calcul. for C;3H17N30-H,0: C, 73.93; H, 5.36; N,
11.76. Found: C, 74.03; H, 5.13; N, 11.42. m/z 340.2 [M +H]",
362.2 [M + NaJ".

2.3.5. 4-(3-Methoxybenzamido)-3,5-diphenyl-1H-pyrazole 5b

The title compound was synthesized from 3-methoxybenzoic
acid 4b and 4-amino-3,5-diphenyl-1H-pyrazole 3b as starting
material, and according to the same procedure than that described
for 5a. Yield: 60%. '"H RMN (DMSO-dg, 400 MHz): 8 = 3.77 (s, 3H,
OCH3),7.12(d, ] = 8.2 Hz, 1H, Harom), 7.26-7.45 (m, 8H, Harom), 7.52
(d, J=7.3Hz, 1H, Harom), 7.64 (d, J=7.3 Hz, 2H, Harom), 7.72 (d,
J=7.3Hz, 2H, Harom), 9.94 (s, 1H, HN). Anal. Calcul. for C3H;7N30:
C, 78.61; H, 4.88; N, 11.96; C, 78.04; H, 5.19; N, 11.58. m/z 369.2
[M+H]", 391.3 [M + NaJ*.

2.3.6. 4-(3-Methoxybenzamido)3-methyl-5-phenyl-1H-pyrazole 5c¢

The title compound was synthesized from 3-methoxybenzoic
acid 4b and 4-amino-3-methyl-5-phenyl-1H-pyrazole 3a as
starting material, and according to the same procedure than that
described for 5a. Yield: 57%. '"H RMN (DMSO-dg, 400 MHz): § = 2.08
(s, 3H, CH3), 3.78 (s, 3H, OCH3), 7.12 (d, ] = 8.2 Hz, 1H, Harom), 7.22—
7.41 (m, 4H, Harom), 749 (s, 1H, Harom), 7.54 (d, J=7.5Hz, 1H,
Harom), 7.6-7.7 (m, 2H, Harom), 9.69 (s, 1H, HN). Anal. Calcul. for
Cy8H17N302: C,70,34; H, 5,58; N, 13,67. Found: C, 70,51; H, 5,35; N,
13,36. m/z 308.2 [M + H]".

2.3.7. 4-Benzamido-3-methyl-5-phenyl-1H-pyrazole 5d

The title compound was synthesized from benzoic acid 4a and
4-amino-3-methyl-5-phenyl-1H-pyrazole 3a as starting material,
and according to the same procedure than that described for 5a.
Yield: 75%. "H RMN (CDCls, 400 MHz): § = 2.26 (s, 3H, CH3), 7.34-
7.51(m, 6H, Harom), 7.61(d,J = 8.2 Hz, 2H, Harom), 7.71 (d,] = 7.5 Hz,
1H, Harom), 7.83 (d, J=8.2Hz, 1H, Hirom). Anal. Calcul. for
Cy7H15N30-1/2H,0: C, 71.31; H, 5.63; N, 14.68. Found: C, 72.07;
H, 5.33; N, 14.53. m/z 278.1 [M +H]".

2.3.8. 3,5-Diphenyl-1H-pyrazolo[4,3-c]isoquinoline 6a

4-Benzamido-3,5-diphenyl-1H-pyrazole 5a (0.36 mmol) and
phosphorus pentoxyde (3.60 mmol) were suspended in dry
chlorobenzene (10 mL) and N,N-diethylaniline (0.36 mmol). Under
argon atmosphere, the mixture was warmed up to 120 °C and
phosphorus oxychloride (0.54 mmol) was added dropwise. The
temperature was maintained for 24 h. At the end, a saturated
solution of sodium bicarbonate (10 mL) was carefully added, and
the mixture was extracted by dichloromethane (3 x 20 mL). The
organic layers were combined, dried on magnesium sulfate and the
solvent was evaporated under reduced pressure. The crude
product was purified by preparative HPLC (C18 column and
isocratic mobile phase MeCN: AcOH 0.1% 50:50) to give the title
compound 6a. Yield: 2%. m/z 340.2 [M + H]*, 362.2 [M + Na]*. 'H
RMN (CDCl3, 400 MHz): § = 7.35 (t, J=7.5, 1H, Harom), 7.46-7.71
(m, 9H, Haom), 7.97 (t,J = 8.2 Hz, 1H, Hayom), 8.04 (d, J = 7.5 Hz, 1H,
Harom), 8.51(d,J = Hz, 2H, Haom). Rty = 3.35 min; Rt; = 7.49 min m/z
352.2 [M+HJ".
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2.3.9. 5-(3-Methoxyphenyl)-3-phenyl-1H-pyrazolo[4,3-
clisoquinoline 6b

The title compound was synthesized from 4-(3-methoxyben-
zamido)-3,5-diphenyl-1H-pyrazole 5b as starting material and
according to the procedure described for compound 6a. Yield: 7%.
'"H RMN (CDCls, 400 MHz): §=3.81(s, 3H, OCHs), 7.11 (dd,
J1=2.2Hz, J,=8.1Hz, 1H, Harom), 7.20-7.24 (m, 1H, Harom), 7.21
(d, J1 =2.2 Hz, 1H, Harom), 7.35 (t,J = 7.3 Hz, 1H, Harom), 7.46-7.50
(m, 3H, Harom), 7.70 (t,J = 7.7 Hz, 1H, Harom), 7.95 (t,J = 7.7 Hz, 1H,
Harom) 8.06 (d, J=8.4Hz, 1H, Harom), 8.52-8.50 (m, 3H, Harom)-
Rt; =3.30 min; Rt, = 7.38 min m/z 352.2 [M + H]".

2.3.10. 5-(3-Methoxyphenyl)-3-methyl-1H-pyrazolo[4,3-
clisoquinoline 6c¢

The title compound was obtained from 4-(3-methoxybenza-
mido)-3-methyl-5-phenyl-1H-pyrazole 5¢ as starting material and
according to the procedure described for compound 6a. Yield: 6%.
"H RMN (CDCl3, 400 MHz): § = 2.76 (s, 3H, CH3), 3.87 (s, 3H, OCH3),
7.03 (d, J=10.8 Hz, 1H, Harom), 7.21-7.28 (m, 2H, Harom), 7.44 (t,
J=12.1Hz, 1H, Harom), 7.59 (t, J=10.8 Hz, 1H, Harom), 7.81 (t,
J=10.8 Hz, 1H, Harom), 8.13 (d, J=12.1 Hz, 1H, Harom), 8.22 (d,
J=12.1Hz, 1H, Harom). Rt; =2.78 min; Rt; =6.15 min. m/z 289.3
[M +H]".

2.3.11. 3-Methyl-5-phenyl-1H-pyrazolo[4,3-c]isoquinoline 6d

The title compound was synthesized from 4-benzamido-3-
methyl-5-phenyl-1H-pyrazole 5d as starting material and accord-
ing to the procedure described for compound 6a. Yield: 13%. 'H
RMN (CDCls, 400 MHz): 8 = 2.76 (s, 3H, CH3), 7.51-7.60 (m, 4H,
Harom), 7.68 (d, ] = 7.5 Hz, 2H, Harom), 7.78 (t,J = 7.5 Hz, 1H, Harom),
8.10 (d, J=8.5Hz, 1H, Haom) 8.22 (d, J=7.5Hz, 1H, Hom)-
Rt; = 2.78 min; Rt; = 6.15 min. m/z 260.1 [M + H]".

2.4. NIK enzymatic assay

This experiment was performed by ProQinase using 33PanQi-
nase™ technology [31]. Inhibitory potency of staurosporine and
molecules 6a-d were evaluated on human recombinant NIK.
DMSO was used as cosolvent and its final concentration was 1%.
NIK was expressed in Sf9 insect cells as human recombinant GST-
fusion protein. The kinase was purified by affinity chromatography
using GSH-agarose. The purity of the kinase was checked by SDS-
PAGE/silver staining and the identity was verified by mass
spectroscopy. The NIK activity was measured as the incorporation
on an artificial substrate of >*P produced by hydrolysis of [y->>P]-
ATP. The substrate (RBER-CHKtide) was an artificial fusion protein
expressed in Escherichia coli. It was consisting of a N-terminal GST-
tag separated by a thrombin cleavage site from a fragment of the
human retinoblastoma protein RB1, amino acids S773-K928
followed by 11 Arg residues (ER) and a peptide sequence
KKKVRSGLYRSPSMPENLNRPR (CHKtide).

2.5. Alternative pathway assay

Human LTBR-positive HeLa cells have been used to evaluate the
NIK inhibitory potency expressed as the inhibition of the
processing of p100 into p52. Briefly, HeLa cells were cultured in
DMEM with 10% FBS and plated in 6 well plates until they reach
80% of confluence. The cells were washed twice with PBS and
incubated for 2 h with Opimem-1 containing 10, 20 or 50 wM of
inhibitors. DMSO was used as cosolvent at a maximal concentra-
tion of 0.5% (v/v). At this concentration, DMSO has no effect. Then,
an antibody acting as agonist of human LTBR (R&D Systems, Inc.)
was added for 5 h. Afterwards, the cells were washed twice with
PBS and lysed in SDS 0.5% containing a cocktail of protease and
phosphatase inhibitors (Complete and PhosStop, Roche). Protein

extracts were quantified (Micro BCA protein kit assay, Pierce) and
equal amounts of protein (15 pg) were loaded on SDS-PAGE for
analyzing the processing of p100 into p52. For detecting p100 and
P52, an antibody anti-human p52 (Upstate Cell Signaling 05-361)
was used and a goat anti-mouse HRP (DAKO) was used as
secondary antibody prior to measurement of the signal by
chemiluminescence using the ECL kit from Pierce.

2.6. Multikinase assay

KinaseProfiler™

protocole.

is a millipore technology using standard

2.7. TAK1 enzymatic assay

This experiment was performed by Invitrogen using LanthaSc-
reen™ Kinase Binding Assay technology [32]. The test compounds
were screened in 1% DMSO as final concentration. 3-fold serial
dilutions were conducted from the starting concentration. All
kinase/antibody mixtures were diluted to a 2x working concen-
tration in the appropriate kinase buffer. The 4x AlexaFluor®
labeled tracer was prepared in kinase buffer and the read out was
on fluorescence plate reader.

2.8. Classical pathway assay

Hela cells were cultured in DMEM with 10% FBS and plated in 6
well plates until they reach 80% of confluence. The cells were
washed twice with PBS and incubated for 2 h with Opimem-1
containing 50 wM of inhibitor or DMSO alone. Then, TNF-c (Pepro
Tech Inc.) was added at 100 U/mL for 0, 1 or 2 h. Total RNA samples
were isolated with the Tripure reagent (Roche Molecular
Biochemicals). One microgram of RNA was submitted to reverse
transcription using M-MLV reverse transcriptase and random
primers (Invitrogen) in a total volume of 20 L. Two microliters of
cDNA were submitted to real-time PCR using TagMan 7000 SDS
(Applied Biosystems) and SYBR Green detection (Eurogentec). The
results were normalized with the 18S transcript. PCR was
performed with the following primers for the following human
transcript: il-6: FW 5-CCAGGAGCCCAGCTATGAAC-3’ and RV 5'-
CCCAGGGAGAAGGCAACTG-3', TNFoe: FW 5'-GGAGAAGGGTGACC-
GACTCA-3' and RV 5'-TGCCCAGACTCGGCAAAG-3’ and 18S: FW 5'-
AACTTTCGATGGTAGTCGCCG-3’ and RV 5-CCTTGGATGTGG-
TAGCCGTTT-3'".

3. Results
3.1. Building of a 3D-model of NIK

Since no experimentally-derived structural data for NIK were
reported to date, a molecular model of this enzyme was first
developed using comparative modeling. This technique comprises
four main steps: (i) identification of a template, i.e. a protein of
known 3D-structure that shares sequence homology with the
target protein, (ii) alignment of the sequences of the target and
template, (iii) building and optimization of the 3D-model and
finally, (iv) quality assessment of the resulting structure. Following
a BLASTP alignment, we identified the protein PAK1 (p21 activated
kinase 1; PDB code: 1YHW_A) [20] as the best template. This
protein shares 30% sequence identity and up to 48% sequence
homology (similar residues) with NIK. As the target/template
alignment step is known to be critical to the quality of the models,
we used the automated homology program ESyPred3D [16]. This
performs a consensus alignment between the sequences of the
target, the template and other homologous proteins with the help
of several different alignment algorithms and then uses MODELLER
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[21] to generate the 3D-coordinates. The overall quality of the
resulting models was finally evaluated using different methods.
Ramachandran plots (available as Supporting Information) proved
to be very satisfactory with 90.2% residues located in the most
favored regions, 7.3% in the allowed regions, only four residues
(1.6%) in the generously allowed regions (Phi and Psi torsion angles
slightly larger than usual) and two residues in the disallowed
regions (unfavorable Phi and Psi torsion angles). It should be noted
that these six residues (Q484, T401, Y391, E395, D544 and S572)
are located far from the active site and the hinge region.

A superimposition of NIK with PAK1 (Fig. 3) shows that the
overall folding pattern (3-sheets, helices and main loops) is well
preserved. The ATP-binding site region is also highly preserved.
First, active site residues common to all serine-threonine kinases
were identified. In the NIK structure, M469, which corresponds to
M344 in PAK1, was identified as the gatekeeper (gk) residue. It is
one of the essential residues in the ATP-binding site. Indeed, the
nature of the gatekeeper (size and volume of the side-chain) is
variable from one kinase to another, thus dictating the access to a
specific pocket of the ATP-binding site (specificity pocket). Then,
residues E470 (gk+ 1) and L472 (gk+3) which correspond to
residues E345 and L347 in PAK1, were respectively identified in the
hinge region [22]. These two residues are responsible for the
stabilization of the adenine moiety of ATP. In the co-crystal
structure of the complex between PAK1 and 3-OH-staurosporine
(PDB code 2HY8), both residues are involved in the stabilization of
the aromatic ring of 3-OH-staurosporine. Finally, in the back of the
active site cavity, a salt bridge between residues K429 and E440
corresponding to the salt bridge between R299 and E315 in PAK1 is
also highly preserved.

The catalytic pocket of NIK was refined by minimization to take
into account the protein flexibility. The position of the side-chains
of the residues located 20 A around L472 were minimized by mean
of the MINIMIZE module as implemented in SYBYL 8.0 [18].

To appraise the reliability of our model, the binding of the
previously reported pyrazolo[4,3-c]isoquinolines was studied
within the modeled active site. Staurosporine, which is known
as a pankinase inhibitor including NIK [24] was also studied in our
model. At a structural point of view, staurosporine is far from the
template of the synthesized pyrazolo[4,3-c]isoquinolines.

3.2. Docking of pyrazolo[4,3-cJisoquinolines into the 3D-model of NIK

The pyrazolo[4,3-c]isoquinolines 6a-s (Table 1) and stauros-
porine were docked inside the ATP-binding site of NIK using the
automated GOLD program [25]. For each molecule, 20 conforma-
tions were generated and further evaluated following two

parameters: (i) the number of different orientations adopted by
one molecule inside the NIK binding cleft and (ii) the number of
different orientations where the compound is found to be
stabilized with at least one H-bond with the residue L472 in the
hinge region.

Interestingly, staurosporine fits perfectly the catalytic pocket,
adopting a similar binding orientation as observed for 3-OH-
staurosporine in PAK1 (Fig. 3). All of the 20 conformations
generated lie in the same orientation with two H-bonds between
the lactam ring of staurosporine and the NH and CO moieties of
L472 and E470, respectively, stabilizing the moiety (Fig. 4a and b).
In addition, hydrophobic interactions with aliphatic residues L406,
V414, A427, 1522 and C533 (not shown here for clarity) also
contribute to the stabilization on both sides of the aromatic plane.

Conversely, when pyrazolo[4,3-c]isoquinolines 6a-s are docked
inside the ATP-binding site of NIK, several different orientations
(2-6) were observed for each compound (Table 1), except for 6f
and 6r for which a unique binding orientation of the pyrazolo[4,3-
clisoquinoline motif was found. But these two compounds did not
interact with L472 through an H-bound as requested. In addition,
in some cases, the inhibitor is not stabilized through H-bond
interaction(s) with the hinge region residue L472. This interaction
was however shown to be critical for kinase inhibition [22]. To see
if an unique orientation could be highlighted, compounds 6a-s
were docked again inside the NIK binding cleft imposing a H-bond
between the NH of L472 and one acceptor atom of the ligand. By
doing so, two orientations (orientation 1 and orientation 2) were
found as illustrated in Fig. 4 using compound 6d as an example
(Fig. 4c and d for orientation 1, and Fig. 4e and f for orientation 2).
Although in both orientations the pyrazolo[4,3-c]isoquinoline
scaffold is well stabilized by two H-bonds in the hinge region (as
expected following a constraint docking), none of these two
orientations seems more plausible than the other or would allow a
better understanding of the structure-activity relationships in this
series. Thus, this docking study does not allow to highlight an
unique, obvious orientation of compounds 6a-s into the NIK
binding cavity.

Based on these observations, different hypothesis could be
suggested: (i) although staurosporine, a true NIK inhibitor
(discussed later), fits perfectly its active site, the 3D-model of
NIK is not reliable, (ii) the pyrazolo[4,3-c]isoquinolines 6a-s are
effectively NIK inhibitors but through a different mechanism of
inhibition, for instance through interaction with an allosteric site
or (iii) the pyrazolo[4,3-c]isoquinolines are devoid of NIK
inhibitory potency. To assess this assumption, some representative
pyrazolo[4,3-c]isoquinolines (6a-d) were synthesized and their
NIK inhibitory potency evaluated on isolated human recombinant

Fig. 3. (a) Superimposition of PAK1 (cyan) with 3-OH-staurosporine (yellow) and NIK (blue) and (b) view of NIK with main active site residues in cyan. Pictures made using

PYMOL [23].
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Table 1
Structure and docking results for the pyrazolo[4,3-c]isoquinolines 6a-s.
Cmpd Ry Ry R3 R4 Rs Docking
Number of Number of different
different orientations with
orientations H-bond with L472
Staurosporine 1 1

6b

6a é é H H H 4 1
6¢c Me @\ H H H 2 0

OMe
6d Me ij H H H 2 0
6e Me © H H H 3 0
CFg
6f Me @\ H H Me 1 0
CF3
NP
6 CF: H H H 2 0
23 3 0 |
F F
6h Me H H Me 2 1
6i Me @ H CooMe H 4 2
N7
6§ Me | H COOMe H 3 2
x
(S
6k Me _ H H Me 3 0
N =
6l Me | H NMe, H 2 0
\
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Table 1 (Continued )

Cmpd Ry Ry Rs Ry Rs Docking
Number of Number of different
different orientations with
orientations H-bond with L472
6m Me @ CF; H H 2 1
N7
6n Me | CFs H H 4 2
NS
F. F
60 Me H H H 4 1
= E
E
6p Me @ H NMe, H 3 2
CF3
6q Me H H H 4 1
6r Me @\ H H H 1 0
CF,
6s Me CH,0Me H H H 5 1

enzyme as well as on Hela cells where the NF-kB alternative
pathway was induced.

3.3. Chemistry

The pyrazolo[4,3-c]isoquinolines 6a-d were synthesized in four
steps (Scheme 1). Starting from the commercially available
diketones 1a-b, oximes 2a-b were prepared with a high yield
by reaction of sodium nitrite in acidic conditions [26]. The oximes
2a-b further reacted with hydrazine hydrate to form pyrazoles 3a-
b [26,27]. Then, benzoic acids 4a-b activated by HOBT/DEC were
condensed on pyrazoles 3a-b to form the corresponding amides
5a-d. Finally, the desired pyrazolo[4,3-c]isoquinolines 6a-d
(Table 1) were obtained according to the Pictet-Gams reaction
in poor yields due to the formation of several side products during
the reaction (Scheme 1) [28].

3.4. Biological evaluation

The NIK inhibitory potency of the prepared pyrazolo[4,3-
clisoquinolines (6a-d) was evaluated in two enzymatic systems (i)
isolated human recombinant NIK and (ii) cultured HeLa cells where
the alternative NF-kB pathway was induced by an LTBR agonist
antibody.

3.4.1. Human recombinant NIK inhibition

A radiometric protein kinase assay was used to measure the
residual activity of NIK in presence of the synthesized inhibitors at
a single concentration of 10 WM. Briefly, NIK was expressed in Sf9

insect cells as human recombinant GST-fusion protein and purified
by affinity chromatography using GSH-agarose. The substrate, a
recombinant protein kinase (RBER-CHKtide) was also expressed in
E.coli. The assay cocktails were incubated at 30 °C for 60 min with
[y->3P]-ATP (1 uM, pH 7.5). Incorporation of **P was measured
with a microplate scintillation counter. Staurosporine was chosen
as Ref. [24].

Although the inhibition of NIK in the presence of staurosporine
was >70%, none of the pyrazoloisoquinolines 6a-d significantly
reduced NIK activity at 10 wM (Table 2). This corroborates the
modeling study and demonstrates that the pyrazolo[4,3-c]iso-
quinolines 6a-d are not NIK inhibitors.

To confirm that these molecules could not inhibit other proteins
of the NF-kB alternative pathway, their inhibition property was
then investigated in a cellular assay where the alternative pathway
is solely involved.

3.4.2. NF-kB alternative pathway inhibition

Briefly, pyrazolo[4,3-c]isoquinolines 6a-d were assayed using
carcinoma HelLa cells expressing LTBR. The NF-kB alternative
pathway was induced or not by an LTBR agonist antibody. After
induction, NIK was overexpressed and the processing of p100 into
p52 was triggered by phosphorylation of IKKo (Fig. 1). The p100/
p52 ratio was finally analysed by Western blot. DMSO, used as
cosolvent, has no effect. The results are reported on Fig. 5.

Staurosporine which strongly inhibit isolated human recombi-
nant NIK also blocks this pathway (Fig. 5). Here again, none of the
pyrazolo[4,3-c]isoquinolines 6a-d inhibited the NF-«B alternative
pathway. In fact, the processing of p100 into p52 was observed in
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Fig. 4. (a) All of the 20 conformations obtained for staurosporine; (b) view of staurosporine in the active site cavity of NIK illustrated with the Connolly surface; (c and d) view
of 6d in the orientation 1 and (e and f) view of 6d in the orientation 2 inside the NIK binding cleft. Pictures made using PYMOL [23].

the presence (+) and in the absence (—) of 6a-d whatever the
concentration of the inhibitor used (10, 20 or 50 wM). On the
contrary to the claims of the original patent, the pyrazolo[4,3-
clisoquinolines 6a-d cannot be considered as NIK inhibitors
neither as blockers of the NF-kB alternative pathway.

3.4.3. Multikinase assay

With the aim to identify the putative target of the
pyrazolo[4,3-c]isoquinolines, a multikinase screening assay
was performed. The pyrazolo[4,3-c]isoquinoline 6d was selected
to carry out this study. The inhibitory properties of 6d were thus
evaluated on a panel of 263 kinases (Millipore KinaseProfiler™)
at 10 pM.

As a result, an inhibition of at least 50% was observed for 92
kinases over the 263 kinases assayed (data not shown). Interest-
ingly, among these, 6d particularly decreased (70%) the activity of
TAK1, the TGF-B-activated kinase which is involved in the classical
NF-kB pathway (see Fig. 1).

3.4.4. TAK1 inhibition

Following this result, the TAK1 dose-inhibitory potency of
compounds 6a-d were evaluated using an Invitrogen Lanthasc-
reen™ Eu Kinase Binding Assay [32]. Briefly, this assay is based on
the detection of the binding of a “tracer” to a kinase by addition of a
Eu-labeled anti-tag antibody. Binding of the tracer and antibody to
a kinase results in a high degree of FRET, whereas displacement of
the tracer with a kinase inhibitor results in a loss of FRET. The
results are reported in Table 3.

As expected, staurosporine, the reference inhibitor in this assay,
strongly inhibits TAK1 with an ICsq of 0.021 M. From the four
compounds analysed, only two, 6¢ and 6d, effectively inhibit TAK1
with an ICsq value of 0.58 and 2.1 WM, respectively, whereas no
inhibition was observed at maximum solubility for 6a and 6b.

As the 3D-coordinates of TAK1 were recently available (PDB
code 2EVA), [19] the molecular interactions stabilizing 6¢ and 6d
inside the TAK1 cavity were analysed with a view to identify the
structural elements required for their inhibitory potency.
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Scheme 1. Synthesis of pyrazolo[4,3-c]isoquinolines.

Table 2

Inhibition of NIK in presence of pyrazolo[4,3-c]isoquinolines 6a-d at 10 M. Results
are mean of 3 experiments.

Table 3

ICso of pyrazolo[4,3-c]isoquinolines 6a-d against TAK1 (N.I=no inhibition at
maximum solubility).

Cmpd NIK inhibition Cmpd TAK1 ICsq (M)
Staurosporine 72% Staurosporine 0.021
6a 6% 6a N.I
6b 0% 6b N.I
6¢ 18% 6¢ 0.58
6d 2% 6d 21
6a 6b
o O
¢% 333 S& s g8
~ g g & & & = F 3 61
- zc% ~ 85 888
- - + - 4+ + LTBR AGO LTBR AGO - - 4+ - 4+ &
— — S au| p100 P100| wm—— e s e
— — - — | P52 PO2| e e s ——
staurosporine
o O
g 9 = S =
S S g8
N Q Q8 8 =
- - 4 - 4+ 4 LTBR AGO
|- —— D100
6c ——— | 052 6d
O O
§E333 §45873s
~8 8§88 & 5 38 38 ° &
= - 4+ - 4 + LTBRAGO LTBR AGO - 4+ + + + + +
RS ———— ) 1 N ——

—— — s —— | P52 p52 | ™

Fig. 5. Processing of p100 into p52 from HeLa cells expressing LTBR stimulated by an LTBR agonist antibody (AGO). Cells were incubated in absence or in presence of
pyrazolo[4,3-c]isoquinolines 6a-d or with staurosporine. DMSO has no effect.
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Fig. 6. Molecular interactions between (a) 6d with stick representation, (b) 6d and (c) 6a with sphere representation in the hinge region of TAK1. Pictures made using PYMOL

[23].
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Fig. 7. Normalized TNFa and IL-6 mRNA-levels induced by TNFa (100 U/mL) in absence or in presence of TAK1 inhibitor 6¢ (50 uM). Measurements were conducted 1 h and
2 h following TNFa addition. TNFa and IL-6 mRNA-levels prior to TNFa addition (CTRL) are considered as 1. Mean + s.d.

When 6¢ or 6d are docked inside the TAK1 binding cleft, all of
the 20 conformations adopt the same orientation with the
pyrazolo[4,3-c]isoquinoline deeply inserted in the cavity and the
R;-methyl (see Fig. 1) pointing towards the entrance of the active
site (Fig. 6a). Both compounds are stabilized by (i) two H-bonds
with residues E105 and A107 in the hinge region and (ii)
hydrophobic interactions with residues V50, A61 and L163
(Fig. 6a and b). Indeed, 6¢ and 6d fits perfectly the TAK1 ATP-
binding site.

Interestingly, the inactivity of compounds 6a and 6b might be
explained by a steric clash between the phenyl group in position Ry
of the pyrazolo[4,3-c]isoquinoline ring and the residue Y106 of
TAK1 (Fig. 6¢).

This study thus suggest that pyrazolo[4,3-c]isoquinoline are
TAK1 inhibitors, at least when they are substituted in position R;
by a methyl group (6c-s). When this methyl is replaced by bulkier
group such as a phenyl (6a-b), the steric hindrance certainly
prevents the compounds to bind TAK1.

3.4.5. NF-kB classical pathway inhibition

Briefly, 6¢ (50 M), the best TAK1 inhibitor (ICso = 0.58 M), was
assayed using carcinoma HelLa cells stimulated by TNFo.. The NF-kB
classical pathway was induced by TNFa (100 U/mL), then the levels
of TNFa and IL-6 mRNA-levels were quantified in presence or in
absence of 6c¢. As expected (Fig. 7), TNFa doubles the relative TNFa
mRNA-level 1h (2.2-fold) and 2 h (1.9-fold) following induction,
whereas the induction in presence of 6c¢ is only 0.77-fold and 0.65-
fold respectively. TNFa strongly increases the relative IL-6 mRNA-
level 1 h (3.7-fold) and 2 h (3.8-fold) after TNFa-induction. On the
contrary, the addition of 6¢ prevents an increase of the normalized
IL-6 mRNA-levels which are 0.5-fold and 0.7-fold when measured
1 h and 2 h after induction respectively.

4. Discussion and conclusions

The initial goal of this work was to build a 3D-model of NIK to
study a series of known pyrazolo[4,3-c]isoquinolines, claimed as NIK
inhibitors, [13] with a view to elucidate the required structural
elements for NIK inhibition. In the absence of any experimental
structural data on this enzyme, we built a 3D-model of NIK by using
comparative modeling techniques. The binding of known pyra-
zolo[4,3-c]isoquinolines was directly analysed in the putative active
site. Surprisingly, this study revealed a poor binding orientation of
the template inside the ATP-binding pocket of NIK. This suggested
either a poor inhibitory potency or an alternative mechanism of
inhibition. Based on the modeling results, we synthesized some
pyrazolo[4,3-c]isoquinolines and characterized their inhibitory
activity in two tests involving NIK: (i) an isolated enzyme assay
using human recombinant NIK and (ii) a cellular assay where the
alternative NF-kB pathway only was involved. As a result, all
synthesized molecules were completely deprived of any significant
inhibition on both systems. On the contrary to the original patent,
this confirmed these compounds were neither inhibitor of NIK nor
even of the alternative NF-kB activation pathway. To elucidate the
potential target of these pyrazolo[4,3-c|isoquinolines, in modulat-
ing the NF-kB pathway, a multikinase screen was performed using
6d as example. This screening revealed interesting inhibition
properties of 6d for TAK1, a kinase which is involved in the classical
NF-kB activation pathway. This was further confirmed by determi-
nation of the inhibition (ICsp) of 6a-d vs. TAK1. By preventing the
increase of the TNFa and IL-6 mRNA-levels induced by TNFq, the
best TAK1 inhibitor 6¢ (ICso = 0.58 M) confirmed its ability to block
the classical NF-kB pathway.

Indeed, in the original patent, [13] the NIK inhibitory
potency claimed by Flohr was based on the ability of
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pyrazolo[4,3-c]isoquinolines to prevent TNFa and IL-6 release
from human peripheral blood lymphocytes after stimulation by
LPS or IL1[3. On the contrary, the present study demonstrated that
pyrazolo[4,3-c]isoquinolines are not NIK inhibitors but are likely
modulators of the classical NF-kB pathway through TAK1
inhibition. These results are of particular importance as they
allow to re-assess the mechanism of inhibition in this series.
Moreover it should be noted that recent results from Tang et al.
showed that conditional deletion of TAK1 in knockout mice led to
multiple organ defects during development and to death after 8-
10 days [29,30]. This suggests that inhibition of TAK1 is certainly
not advantageous.

Finally, this study led to a reliable 3D-model of NIK that could
be used to search for novel inhibitors of this enzyme.
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