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RESUMO

A introdugdo da terapia-alvo tem transformado significativamente o panorama geral de
terapia para cancro, oferecendo inUmeras vantagens relativamente a quimioterapia
convencional. Dentro destas metodologias, pequenos inibidores covalentes e quimeras de
alvo de protedlise (PROTACs) sdo utilizados para atingir especificamente proteinas
causadoras de doengas em células malignas, sem afetar células saudaveis. Esta
especificidade leva a que estas terapias sejam mais eficazes, reduzindo o risco de efeitos
secundarios. A vasta lista de proteinas passiveis de serem alvos deste tipo de tratamento
quimico, adicionam-se a tirosina quinase de Bruton (BTK) e a acil-proteina tioesterase 1
(APT1), que apresentam potencial terapéutico para o tratamento de tumores hematoldgicos
e outras doencas relacionadas. Neste estudo, desenvolvemos uma abordagem racional para
a identificacdo de pequenas moléculas covalentes que se ligam seletivamente a BTK e
PROTACs para APT1. Posteriormente, avalidmos a sua relevancia no tratamento de
cancros do sangue.

Primeiro investigamos o potencial terapéutico de uma pequena molécula covalente
(JS25) com atividade nanomolar contra BTK. A molécula JS25 foi derivada da estrutura
base de BMX-IN-1, um inibidor de BTK recém-descoberto, por meio de um estudo
direcionado a identificar regides da molécula que pudessem ser modificadas de modo a
aprimorar a sua eficécia e seletividade. Procurdmos também caracterizar o modo de ligacdo
de JS25 a BTK e confirmdmos a sua seletividade contra um painel de diferentes proteinas
relacionadas a via de sinalizacdo de BTK ou com uma cisteina igualmente posicionada a
cisteina 481 da BTK. A validacdo do seu efeito terapéutico foi realizada usando modelos
de animais de linfoma de Burkitt e modelos derivados de pacientes de linfoma difuso de
grandes células B e leucemia linfocitica cronica. Por altimo, exploramos a capacidade do
JS25 atravessar a barreira hematoencefalica e tratar a infiltracdo de células tumorais no
cérebro. JS25 apresentou uma alta eficcia de ligacdo a BTK e com seletividade e perfil
inibitério mais desejaveis em comparacdo com outros inibidores de BTK clinicamente
aprovados, nomeadamente Ibrutinib e Acalabrutinib. A previsdo estrutural do complexo
BTK/JS25 revelou uma importante interacdo com a tirosina 551, responsavel por inativar
BTK. JS25 também inibiu a proliferacdo de vérias linhas celulares tumorais de linhagens
mieloide e linfoide. Em modelos pré-clinicos de cancro de células B, o tratamento com

JS25 induziu uma morte celular mais pronunciada no modelo animal de linfoma de Burkitt,



causando uma reducdo de 30 a 40% do tumor subcutdneo e uma reducdo geral na
percentagem de metéastases e formacgdo de tumores secundarios. Em modelos derivados de
amostras de pacientes com linfoma difuso de grandes células B, a resposta terapéutica ao
JS25 foi maior comparativamente a do Ibrutinib, gerando assim uma eficacia generalizada
de 64%. Finalmente, em modelos de peixe-zebra, inoculados com amostras de pacientes
com leucemia linfocitica cronica, o JS25 foi mais rapido e mais eficaz na diminuicéo da
carga tumoral, produzindo efeitos terapéuticos superiores em comparacdo com lIbrutinib.

Na segunda parte deste estudo, foi feita a integracdo de plataformas computacionais e
bioquimicas para acelerar a identificacdo de PROTACs com seletividade para APT1. O
protocolo PRosettaC foi utilizado para prever o comprimento ideal do espacador,
configuracdo e eficacia de ligacdo prevista dos PROTACs a APT1 e E3 ubiquitina ligase.
Em combinacdo, varios ensaios bioquimicos foram utilizados para monitorar a inibicéo e
degradacdo de APTL e caracterizar a seletividade dos PROTACs sintetizados. Para além
disto, a atividade antitumoral do PROTAC mais promissor foi avaliada em linhas celulares
de cancros do sangue. De acordo com 0s modelos computacionais gerados, 0s PROTACs
com comprimentos de espacador mais curtos tiveram eficacia mais limitada ou menor
capacidade de degradar a APT1. Em contraste, PROTACs com espacadores mais longos
exibiram degradagcdo mais significativa e em concentragbes mais baixas, uma vez que
mimetizam a estrutura de substratos especificos para esta enzima. Dentro de todas as
moléculas geradas, destaca-se 0 PROTAC C8, que exibiu uma alta seletividade para APT1
e atividade em varias linhagens celulares de cancro do sangue. C8 exibiu seletividade
notavel para APT1, sem causar degradacdo significativa de outras hidrolases de serina,
nomeadamente as ABHDs, que sdo frequentemente alvos de inibidores da APTL.

Em concluséo, este estudo reforga as vantagens de modelos putativos computacionais e
da validagdo pré-clinica para gerar novos agentes terapéuticos que possam oferecer uma
melhor eficacia e seletividade, combinadas com uma reducdo de efeitos secundarios.
Espera-se que estas descobertas e esforcos aqui apresentados contribuam
significativamente para o desenvolvimento de tratamentos inovadores para 0 cancro e

outras doencas.

PALAVRAS-CHAVE: terapia-alvo, inibidores covalentes, PROTACs, cancros
hematoldgicos



ABSTRACT

Targeted therapy has significantly transformed the landscape of cancer treatment by
providing several advantages in contrast to conventional chemotherapy. Small covalent
inhibitors and proteolysis targeting chimeras (PROTACs) are designed to specifically
target disease-causing proteins in malignant cells, while leaving the healthy cells
unaffected. This specificity makes these therapies more effective and reduces the risk of
adverse side effects. Adding to the vast list of proteins amenable to targeting via these
chemical routes, Bruton’s tyrosine kinase (BTK) and acyl-protein thioesterase 1 (APT1),
have shown therapeutic promise for the treatment of haematological cancers and other
related diseases. Within this research, we employed a rational approach to develop
covalent small molecules that selectively bind to BTK, and PROTACs for APT1. We
subsequently evaluated their efficacy in treating blood cancers.

We first investigated the therapeutic potential of a small covalent molecule (JS25) with
nanomolar activity against BTK. JS25 was obtained from the scaffold of BMX-IN-1 (a
recently discovered BTK inhibitor), as part of our efforts to identify regions of the
molecule that could be modulated for improved efficacy and selectivity. We sought to
characterize the binding mode of JS25 to BTK and asserted its selectivity against a panel of
proteins related to BTK’s signalling pathway or with an equally placed cysteine as to the
cysteine 481 of BTK. Validation of its therapeutic effect was conducted using xenograft
mice models of Burkitt’s lymphoma, and patient-derived models of diffuse large B-cell
lymphoma and chronic lymphocytic leukaemia. Finally, we explored the capability of JS25
to cross the brain—blood barrier and treat infiltration of tumour cells in the brain. JS25
presented a high binding efficacy to BTK and with a more desirable selectivity and
inhibitory profile compared to the clinically approved BTK inhibitors Ibrutinib and
Acalabrutinib. Structural prediction of the BTK/JS25 complex revealed sequestration of
tyrosine 551 responsible for rendering BTK to its inactive state. JS25 also inhibited the
proliferation of myeloid and B-lymphoid cancer cell lines. In preclinical models of B-cell
cancers, JS25 treatment induced a more pronounced cell death in a murine xenograft model
of Burkitt’s lymphoma, causing a 30-40% reduction of the subcutaneous tumour and an
overall reduction in the percentage of metastasis and secondary tumour formation. In a

patient model of diffuse large B-cell lymphoma, the drug response of JS25 was higher than
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that of Ibrutinib, leading to a 64% on-target efficacy. Finally, in zebrafish patient-derived
xenografts of chronic lymphocytic leukaemia, JS25 was faster and more effective in
decreasing tumour burden, producing superior therapeutic effects compared to Ibrutinib.

In the second part, we integrated computational and biochemical platforms to help
accelerate the identification of novel PROTACs with improved selectivity for APT1.
PRosettaC protocol was utilized to predict the optimal linker length, configuration, and
binding efficacy of designed PROTACs to APT1 and E3 ubiquitin ligase. Activity-based
protein profiling and immunoblot assays were employed to monitor the inhibition and
degradation of APT1 and to assert their selectivity. Additionally, the anti-tumour activity
of the most promising APT1-targeting PROTAC was assessed in blood cancer cell lines. In
accordance with the computer modelling, PROTACs with shorter linker lengths had
limited or minimal effectiveness in degrading APT1. Conversely, PROTACs that
comprehended linkers with long alkyl chains exhibited potent degradation in the
nanomolar range, as these mimic the structure of substrates specific for this enzyme. Of
particular interest is the PROTAC C8, which exhibited a high selectivity for APT1 and
activity in several blood cancer cell lines. Notably, C8 displays remarkable selectivity for
APT1, without causing significant disruption of other serine hydrolases, such as ABHDs,
which are often the targets of APT inhibitors.

Overall, we endeavoured to harness the advantages of computational modelling and
preclinical validation to create novel targeted therapeutic agents that could offer superior
efficacy, selectivity, and safety profiles. It is hoped that the findings and efforts here
presented will make a significant contribution to the expanding field of targeted therapy
and pave the way for the development of innovative treatments for haematological cancers

and other ailments with unmet clinical treatments.
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1 General Introduction

1. General Introduction

1.1 Hallmarks of cancer

Cancer is a condition involving the abnormal growth of cells with the potential to invade or
spread to other parts of the body.* The set of functional capabilities acquired by the cells as
they turn from normalcy to neoplastic growth rates is crucial for their ability to form
malignant tumours and circumvent natural barriers.! These comprise for instance the
capability to sustain proliferative signalling, to evade growth suppressors, epigenetic
reprogramming, resist cell death, enable replicative immortality, induce vasculature,

activate invasion and metastasis, and avoid immune destruction (Fig. 1. 1).1
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Fig. 1. 1. Hallmarks of cancer (adapted).
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1.2 Epidemiology

According to the World Health Organization, cancers impose the largest worldwide
burden, with a 19 million incidence of new cases in 2020, also being one of the leading
causes of death every year.2 On the list of the most frequent cancers, breast cancer has the
highest frequency (58.5/100 000), followed by prostate (36.0/100 000), lung (28.3/100
000), colorectal (24.8/100 000), cervix uteri (15.6/100 000), and stomach (14.0/100 000).
Leukaemia (28.8%), lymphomas (13.8%) and nervous system cancers (11%) are the most
prevalent malignant diseases in subjects aged 19 years or younger. The overall risk of
developing cancer between the age of 0—74 years is 20.44%; with the highest risk of
malignancy for lung (3.78%), prostate (3.86%) and colorectal (2.71%) in men and for
breast (5.20%), colorectal (1.83%), and cervix uteri (1.39) in women.

Malignant diseases, such as cancer, have an enormous impact in public health-care,
imposing a dramatic clinical and economic burden.® Hence, it is of foremost importance to
reinforce the current strategies for cancer prevention, screening, diagnosis, and
management.® These include (1) prebiopsy, to enable a more efficient screening, diagnosis,
and therapeutic monitoring, (2) individualized medicine, to identify the interindividual
tumour variability and outline personalized and more efficient treatments, (3) and the
development of novel breakthrough therapies, to enhance efficacy and therapeutic benefits

against malignant cells.

1.3 Cancer treatment strategies

Treating cancer is a highly complex process. The choice of therapy depends upon the
location and grade of the tumour, as well as in the general health status of the patient.*
Given the heterogeneity of tumour cells, it is also unusual to have one single treatment.
Therapies are often given in combination, depending on the tumour type and severity.®
Conventional treatment approaches, such as surgery, chemotherapy, and radiotherapy, have
been in use, while significant advances are being made in recent times, including in stem
cell therapy and targeted therapy.® As new findings about the underlying biological
processes of tumour development emerge, novel treatments are also further refined to
improve clinical effectiveness and safety.> The most recommended conventional cancer

treatment strategies include surgical removal of tumours, followed by radiotherapy and/or
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chemotherapy as single treatments or in combination regimens.®> At an early stage of
disease progression, surgery can be the most effective among these modalities. Since its
first use in 19" and early 20" centuries in cancer treatment, surgery has remained an
important tool to treat localised tumours.® Nowadays, around 45% of cancer patients will
undergo some type of surgery, to remove malignant tissue from affected areas (data from
NHS). Radical prostatectomy is a surgical procedure that involves the removal of the
prostate and nearby tissues, and it is used in combination with radiation therapy in low-risk
prostate cancer patients.”® In early-stage Burkitt’s lymphoma, surgery is often used as first-
line treatment, to remove most affected tissue in specific organs (e.g., intestine) before or
after the start of chemotherapy.® In other types of non-Hodgkin lymphoma, surgery may be
useful in confirming or refuting disease diagnosis or, as splenectomy in the case of primary
splenic marginal zone lymphoma.*°

Radiotherapy is an important curative treatment modality for uncomplicated localized
tumours.!* Although the overall survival rates of radiotherapy have improved from about
30% to ~80% in the last two decades, cancer radiotherapy is limited by the maximum
tolerated dose to adjacent normal tissues.!! As an alternative, radiopharmaceutical therapy
is emerging as a safer and more effective targeted approach.!? Radiopharmaceutical
therapy radiation is systemically or locally delivered using pharmaceuticals that either act
preferentially in cancerous cells or accumulate by physiological mechanisms, thus resulting
in a higher efficacy with minimal toxicity.'?

For targeting both primary and metastatic cancers, stem cell transplantation has shown
promising efficacy in regenerating and repairing diseased or damaged tissues. This
modality is often used as a first-line treatment for many types of leukaemia and
lymphomas.>®

Chemotherapy and immunotherapy are products of the 20th century and have had a
significant impact in the treatment of cancer.® Chemotherapy is a type of cancer treatment
that uses one or more anti-cancer drugs to circumvent cancer cells from further growth and
division.® This type of therapy can affect the target cells in distinct manners. Some of the
treatments may directly alter the activity of cellular proteins, rendering them non-
functional, and affecting major cellular physiological pathways. Other drugs may target
some essential hormones and interfere with the body's overall metabolism.** Some of the
the most promising inhibitor therapies which have been used to treat solid cancers are
inhibitors of polyadenosine diphosphate-ribose polymerase, angiogenesis, histone
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deacetylase, hedgehog pathway, and of tyrosine kinases.®* Although chemotherapy has
reduced morbidity and mortality, virtually all chemotherapeutic agents damage healthy
cells, especially rapidly dividing and growing cells, such as those of the stomach and
intestinal lining.>'3 Drug resistance is also a major problem with chemotherapy, primarily
causing reduced drug uptake and increased drug efflux.® Moreover, selecting dosage of
chemotherapy can be quite difficult: if the dose is too low, it might be ineffective; but, if
too excessive, the toxicity will be intolerable to the patient. Standardization of the optimal
treatment effectiveness with minimum toxicity is also limited, as it is highly conditioned
by the pharmacokinetic variability found amongst patients.>*

Several new approaches have been developed in the last decade to modify and train a
patient's immune system to directly act on tumour cells by recognizing multiple cell
surface markers.'® For instance, supplementing the treatment regime with immunotherapy
(e.g., antibodies) has significantly improved the success rate of the chemotherapeutic drugs
in many cancer types, especially in triple-negative breast cancers and lymphomas.®*3
rituximab is routinely used in the treatment of patients with blood malignancies, such as
leukaemia and B-cell lymphomas, and can be safely added to chemotherapy regimens.®*®
Tisagenlecleucel, a clinically approved drug, treats B-cell lymphoblastic leukaemia by
effectively engineering the chimeric T-cell receptor (CAR-T) of the patient to target a
transmembrane protein called CD19 expressed on B-cells.'* Some other treatment plans
include prophylactic and therapeutic vaccines, interferons and interleukins that help initiate
tumour eradication by boosting the patient's immune system.®

Targeted therapy aims to deliver drugs (including antibodies) to specific genes or
proteins that are unique to each type of cancer, or to the tissue environment surrounding it,
inherently involved in tumour development.t® This differs from traditional chemotherapy
in which cytotoxic drugs attack rapidly dividing cells in general, without discriminating
healthy tissue. Therefore, targeted cancer therapies are expected to be more effective than
older forms of treatments and less harmful to normal cells.?® The efficacy of this therapy
depends on the precise release of therapeutics at the site of the disease, while minimizing
the off-target effects on normal tissues. It is frequently used in combination with
chemotherapy and other cancer treatments.® Small molecule inhibitors are one of the most
extensively used types of targeted therapies in oncology.!’” Due to their high permeability,
small molecule inhibitors can selectively block the activity of intracellular proteins and
disrupt the related-downstream signalling cascades. In addition, their size usually conforms
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to Lipinski's rule of five, which ensures their administration through the oral route.!’
PROteolysis-TArgeting Chimeras (PROTACs) work intracellularly by inducing selective
degradation of the protein of interest, through recruitment of the ubiquitin-proteasome
system.!” Because PROTACs are only required to bind to their targets, rather than
inhibiting their activity, many efforts have been made to redesigning previously ineffective
inhibitor molecules as PROTACs for next-generation drugs.*’

In the next sections, the fundamental aspects concerning the design and development of
targeted therapy agents against cancer are reviewed. This review will focus particularly on
the fundamentals of small covalent molecules and of PROTACs, and their respective
therapeutic targets, as these are the primary interests of this thesis.

1.3.1 Covalent inhibitors

Historical impact and prevalence. Covalent inhibitors (CIs) are rationally designed
molecules that block protein function by forming a covalent bond to their specific target
(Fig. 1. 2).18 Despite generally being avoided by the pharmaceutical industry due to safety
concerns, Cls have had a major impact in drug discovery and human health and can

provide many pharmacological advantages (Fig. 1. 3).18
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Fig. 1. 2. Mechanism of covalent bond formation.®

Aspirin, a non-steroidal anti-inflammatory drug that has been available on the market
since 1899, is one of the most successful cases. The mechanism by which aspirin exerts its
anti-inflammatory effects was not understood until 1971 when it was found to acetylate
S530 in the substrate-binding channel, leading to the irreversible inactivation of
cyclooxygenase 1 and suppression of prostaglandin production.?’?! Covalent drugs, such

as aspirin, were initially developed from or inspired by natural sources. B-Lactam
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antibiotics, including penicillin, were originally extracted from Penicillium molds and bind
to penicillin-binding proteins that are involved in bacterial cell wall synthesis, causing the
disruption of the bacterial cell-wall formation. These antibiotics were among the first
medications to prove effective against a broad range of bacterial infections caused by
staphylococci and  streptococci.?l  Within the first antiretroviral medications,
Azidothymidine (AZT) belongs to the class of nucleoside reverse transcriptase inhibitors,
and it is used in the treatment of the human immunodeficiency virus (HIV) infection.??
AZT is a mimic of thymidine and binds covalently through a phosphodiester bond to the
growing DNA chain. Since AZT lacks the 3'-hydroxyl group, it cannot participate in the
formation of a covalent bond with the next nucleotide, thus inhibiting reverse transcription.
This inhibition helps slow the progression of the disease, reduce viral load, and improve
immune system function.?> Omeprazole, a selective proton pump inhibitor approved for
treating gastro-oesophageal reflux disease, and clopidogrel, an antiplatelet medication used
to prevent strokes and heart attacks, are for instance two drugs that were approved for
medical use before the full elucidation of their mechanism of action. Both omeprazole and
clopidogrel are activated by cytochrome P450 enzymes, including CYP2C19, in the liver
to produce bioactive thiol metabolites.?* In cancer therapy, inhibitors of thymidylate
synthase and ribonucleotide reductases, were frequently used to treat a wide range of
cancers, including pancreatic and metastatic breast cancers.?’ In 2003, Bortezomib, a
dipeptide boronic acid that covalently binds to the catalytic site of 26S proteasome, was
approved for treating patients with multiple myeloma.?

Despite the fact that covalent inhibitors represent some of the most common and widely
used drugs in the world, such as the aforementioned aspirin and penicillin, compounds that
contain protein-reactive functional groups were often reluctantly used in drug screening
collections owing to their lack of selectivity and concomitant undesired engagement of off-
targets.® In addiction, successful Cls, such as omeprazole and clopidogrel, were often
discovered serendipitously through biological assays/phenotypic screening with their target
and brought to the market, with the mechanism of action only later elucidated.?*?3 It was
only until recently that a shift towards a more target-based and structure-guided approaches
to new ligand discovery were employed, with the inclusion of high-throughput screenings,
de novo molecular design, in silico prediction of pharmacological profiles, DNA-encoded
library technology, and fragment-based drug discovery.?2* These new approaches have
led to a predictable means of creating a new generation of covalent drugs that display



1 General Introduction

controlled target-reactivity termed “targeted covalent inhibitor”.?’ The advantages of
targeted covalent warheads are numerous and significant. Targeted Cls present a high
ligand efficiency and concomitant small size that results in favourable absorption,
distribution, metabolism, excretion, and toxicity (ADMET) properties, improved potency
and selectivity, enhanced ability to outcompete endogenous ligand binding, and sustained
target engagement resulting in less frequent dosing.?® The first successful examples of a
targeted covalent drugs were the EGFR (epidermal growth factor receptor) inhibitors,
Afatinib, Neratinib and Osimertinib, and the BTK (Bruton’s tyrosine kinase) inhibitors,
Ibrutinib and Acalabrutinib.?
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Fig. 1. 3. Timeline of the development of major covalent drugs (adapted).?*

Mechanistic features and pharmacological advantages. Covalent modification of
proteins is a two-step process governed by the affinity of the initial non-covalent binding,
Ki, and the rate of covalent bond formation, kinact. The rate of inactivation (kinact/Ki) is a
second-order event, which characterizes the efficacy of the covalent bond formation (Fig.
1. 4).825 The compound must first bind non-covalently to the target protein (Ki), placing
its reactive electrophile close to the specific nucleophile on the protein. The resulting
complex then undergoes covalent bond formation, which gives rise to the inhibited

complex (Kinact).'®%® In cases in which bond formation is effectively irreversible, k. will
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1 General Introduction

essentially be zero, with their concentration and time-dependent target inhibition governed
by Ki and Kinact.*® Fully reversible inhibitors never form the covalent complex, and so Kinact
is zero. For reversible covalent inhibitors, the covalent complex can dissociate and revert to
the non-covalent complex, and so the covalent bond for formation exists on a continuum
characterized by a range of values for both kinact and k-2.% This unique process allows rapid
dissociation of the small molecules from common reactive groups while retaining
persistent inhibition of the target.?! However, a potential drawback of reversible inhibitors
is that their efficiency and potency can be diminished by mass-action competition with
endogenous substrates.?® Irreversible inhibitors can overcome this problem, but selectivity
requires optimization. When potential off-target liabilities are surpassed, irreversible
inhibitors can display higher efficacy, since they provide a complete and permanent
blockade of the target protein, and a prolonged pharmacodynamic effect, depending on the

de novo resynthesis rate of the target protein.?%:%

a

E+l Eel
Initial non-covalent Final covalent
complex complex
b
Reversible covalent
Reversible non-covalent 0 Irreversible covalent
o} = 0
N
) 1 1
kz S 0
k2=1 k2=0Q

Fig. 1. 4. Kinetics of covalent bond formation. (a) Covalent bond formation: initial non-
covalent binding, Ki, and final covalent reaction, kinact. (b) The reversibility of covalent
bond formation exists on a continuum characterized by a range of values for
both Kinact and k2 (adapted).?®

Design and optimization. Design and optimization of Cls require a target that is amenable
to specific covalent modification, and the optimization of both

the non-covalent binding affinity (Ki) and the reactivity of the electrophilic warhead
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1 General Introduction

(Kinact).2+?®27 These parameters allow the potency and selectivity of Cls to be fine-tuned.
The non-covalent binding can be optimised though design of the overall compound
structure.?” However, the second part is optimised by a cautious selection of the covalent
warhead to assure appropriate reactivity and orientation within the active site. The warhead
should have sufficient reactivity to form the covalent bond to the residue in the active site,
but insufficient reactivity to non-specifically react with residues in other proteins.?’ Serine
and cysteine are two of the most targeted residues using covalent warheads (Fig. 1. 5) —
although threonine, tyrosine, lysine, histidine and arginine residues may also be targeted.?’
The order of reactivity of the same warhead can change as it is directed to different
residues. Serines are a much harder nucleophiles than cysteines and tend to react faster
with harder electrophiles, such as benzoxaborole (Fig. 1. 5, 4) and sulfonyl fluoride (Fig.
1. 5, 5).2" In contrast, cysteines are much softer nucleophiles and rapidly react with softer
electrophiles, such as Michael acceptors (Fig. 1. 5, 1, 2, and 3). Owing to these different
reactivities, covalent inhibitors can therefore be designed to target a nucleophile that is
unique or rare across a protein family, thus ensuring that covalent bond formation does not

occur with other related proteins, leading to a higher selectivity for the target protein.?’

O /
/ HN” \_
nr © @
cysteine
\\ ,
/YL @1/ ©/ \\
serine

Increasing reactivity —— —

Fig. 1. 5. Covalent warheads against cysteine (1, 2, 3) and serine (4, 5).%

From the initial design stages, a small set of candidate compounds can be synthesized and
screened for testing their ability to modify the target protein.?! De novo molecular design
and in silico predictions can also be used to identify innovative compounds in the early

stages of drug discovery.?* Other approaches comprise the incorporation of mildly reactive
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electrophilic functional groups into known reversible ligands to enhance the inhibition of
protein function.?! The most active compounds are then characterized to determine their
kinetic components (K; and kinact), thus allowing their activity to be optimized in a rational,
data-driven way.?*?®> Small modifications are also introduced to the inhibitor structure that
induce minor changes in the orientation of the electrophilic warhead relative to the
nucleophile on the target protein. The success of these efforts is monitored through the

increase in the rate of inactivation (kinact/Ki) of the target protein.?%-?

Clinical advances of targeted CI.

a) EGFR

Overexpressed EGFR is associated with the progression of a wide variety of cancers,
including non-small cell lung cancer (NSCLC), making it a key drug target.?! The
identification of EGFR as an oncogene has led to the development of anticancer
therapeutics directed against EGFR, including the first-generation reversible inhibitors
Gefitinib and Erlotinib.2! However, the disease in patients with NSCLC would eventually
progress, mostly due to the acquisition of the T790M ‘gatekeeper mutation’.?! This
mutation would not only diminish the binding affinity of reversible inhibitors, but it would
also promote the binding affinity of the mutant EGFR for ATP.2! To overcome this
problem, a second-generation of covalent inhibitors were rationally designed to contain an
acrylamide Michael acceptors that react with the cysteine residue (C797) in EGFR’s ATP-
binding site.?! In addition to modest activity against T790M, covalent second-generation
inhibitors provided prolonged pharmacological effects against EGFR signalling, thus being
more efficacious than reversible first-generation inhibitors.?! Afatinib was approved in
2013 as a first-line treatment for patients with metastatic NSCLC and with activating
mutations in EGFR. Despite the increased potency derived from covalent engagement, the
dose-limiting toxicity caused by inhibition of wild-type EGFR, prevented Afatinib from
improving overall survival when compared head-to-head to platinum-based
chemotherapy.? A third generation of EGFR covalent inhibitors followed. These
compounds maintain the acrylamide group to covalently bind C797 but exchange the

quinazoline moiety of first-generation and second-generation compounds for a pyrimidine
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1 General Introduction

to promote selectivity for the mutant EGFR(T790M).?! This approach not only increased
the affinity for T790M over wild-type EGFR, but also contributed to an improved safety

profile, even at high drug dosages, relative to Afatinib.?

b) Kinases with non-conserved residues

Kinases with non-conserved cysteine residues have been selectively targeted using Cls.
One main example is JAK3, a non-receptor tyrosine kinase that is mainly expressed in
leukocytes and involved in cytokine signalling. Covalently targeting the non-conserved
C909 in JAK3 has resulted in selective inhibition of JAK3 over other JAK family members
for treating autoimmune diseases.?! Several other covalent inhibitors of fibroblast growth
factor receptor, FGFR4, target the non-conserved C552 residue, resulting in a high
selectivity over FGFR1, FGFR2 and FGFR3.2! The acrylamide-containing FGFR4
inhibitor Fisogatinib is currently the subject of a phase 2 clinical trial for the treatment of
metastatic hepatocellular carcinoma (NCT04194801).

c) KRAS

KRAS is a crucial oncogene that encodes for the GTPase and is found to be mutated in
approximately 25% of all cancers, especially pancreatic, colorectal, and lung cancers.? In
its active form, wild-type KRAS binds to GTP and converts it to GDP. However,
numerous KRAS mutations attenuates GTPase activity, which results in lower rates of
GTP hydrolysis and higher RAS signalling, ultimately promoting tumorigenesis.?*?® Since
the discovery of the role of KRAS, attempts to drug it directly using traditional drug
discovery methods were unsuccessful: KRAS does not possess an accessible pocket for
drug targeting; competitive inhibitors have to overcome the picomolar binding affinities of
GTP and GDP; and active drugs developed against wild-type KRAS may display on-target
toxicity.?>?® There were several reasons why developing covalent inhibitors against the
KRAS(G12C) mutant was appealing: (1) it could enable selective cytotoxicity to cancer
cells by targeting the mutant KRAS; (2) the affinity provided by covalent engagement
would be beneficial as KRAS lacks a druggable pocket; (3) G12C mutations account for
12-14% of KRAS mutations in non-small cell lung cancer, providing a promising patient
group for direct benefit from KRAS(G12C) inhibition; (4) and position 12 in KRAS is
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located close to the effector-binding region and nucleotide-binding pocket, indicating that
covalent modification of KRAS(G12C) would impair its function.?! Sotorasib was the first
selective KRAS(G12C) inhibitor to enter clinical trials in 2018. A phase 2 clinical trial
investigating Sotorasib was successfully completed in 2020, and it was followed by FDA
approval for the treatment of patients with locally advanced or metastatic NSCLC.?!28
Other covalent KRAS(G12C) inhibitors have entered clinical trials. Adagrasib is being
investigated for patients with previously treated advanced solid tumours, harbouring the
KRAS(G12C) mutation (NCT05162443). JNJ-74699157 was also tested in patients with
several types of advanced solid tumour that express KRAS(G12C), including NSCLC and
colorectal cancer.??® Based on dose-limiting skeletal muscle toxicities and the lack of
efficacy at the 100 mg dose, JNJ-74699157 was not considered favourable for further

clinical development, and treatments were ceased.?®

d) SARS-CoV-2 main protease inhibitors

During the SARS-CoV-2 outbreak in 2021, a combination of nirmatrelvir and ritonavir
was used to treat mild-to-moderate COVID-19 (caused by SARS-CoV-2), marking the first
approved oral treatment for the disease.?! Nirmatrelvir covalently inhibits a key enzyme
responsible for viral replication and transcription, the MP™, The discovery of other covalent
inhibitors against SARS-CoV-2 MP™ emerged from extensive work on protease inhibitors
for SARS-CoV-1, which is the causative virus for severe acute respiratory syndrome
coronavirus 1 (SARS1).2! During the 2002-2003 SARS1 outbreak, researchers made the
discovery of rupintrivir, which is a mechanism-based inhibitor of the human rhinovirus
MP© Because SARS-CoV-2 MP™ shares 96% sequence identity with SARS-CoV-1 MP™,
and there is 100% sequence overlap of the catalytic sites, rupintrivir was adapted into a
SARS-CoV-2 MP™® inhibitor.?! This in turn enabled the identification of the a-
hydroxymethylketone-containing antiviral PF-00835231, which demonstrated potent
inhibitory effects against SARS-CoV-2 MP™. In later investigations, PF-00835231's oral
bioavailability was enhanced through substitution of the a-hydroxymethylketone moiety
with a nitrile group, which also functions as an electrophile.> As a result of further
optimization from PF-00835231, a potent reversible covalent inhibitor of SARS-CoV-2
was developed and named nirmatrelvir (PF-07321332). This inhibitor does not seem to

inhibit other human cysteine or serine proteases. The efficacy of nirmatrelvir was
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demonstrated in an in vivo study using a mouse-adapted SARS-CoV-2 model.?

1.3.2 PROTACs

The concept of PROTACs was first described by Kathleen Sakamoto, Craig Crews and
Ray Deshaies in 2001, under the premise that proteins could be intentionally pulled by a
chemical handle to a ubiquitin ligase for degradation.®® Since then, the field has grown
exponentially and has moved from peptide-based tools to multiple classes of fully synthetic
small molecules-based degraders, with major improvements in stability, cell permeability,

solubility and tissue distribution (Fig. 1. 6).!

: First PROTACs degrade 3
First PROTAC Crgasuiie AR KT-474 enters
METAP2 enters phase 1
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PROTACs for BTK,
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Fig. 1. 6. Timeline of PROTAC discoveries (adapted).?33!

Mechanistic features and pharmacological advantages. PROTACSs are heterofunctional
molecules that consist of a ligand for an E3 ubiquitin ligase, chemically tethered to a ligand
for the protein of interest (POI).2 The mechanism of PROTAC-mediated degradation
occurs in three major steps. First, the ternary complex is formed by PROTAC-mediated
proximity of the target protein to the E3 ubiquitin ligase. Second, the resultant ternary
complex promotes the transfer of ATP-activated ubiquitin to the surface of the target
protein by E2 ubiquitin-conjugating enzymes.?>*2 This transfer is accomplished via an
isopeptide bond between the C-terminal glycine of ubiquitin and a lysine side chain on the
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POI.32 This cycle is repeated to poly-ubiquitinate the target, marking it for proteasomal
degradation. Lastly, the poly-ubiquitinated protein is then recognized by the 26S
proteasome and degraded (Fig. 1. 7).23

A hook effect is commonly observed at high concentrations of PROTACs due to the
bifunctional nature of the degrader.?3® This occurs when the PROTAC saturates the
ligand-binding sites of both the POI and the E3 ubiquitin ligase, preventing the formation
of ternary complexes and leading to reduced degradation of the target. The hook effect can
limit the potency of a PROTAC and needs to be considered during the development of
these molecules.®

ternary complex
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Fig. 1. 7. Catalytic mechanism of PROTAC-mediated degradation (adapted).?®

PROTACS are designed to be substoichiometric target turnover molecules, meaning that
one PROTAC molecule can degrade multiple molecules of the target protein, due to the
PROTAC itself being recycled.?®3* The advantage of this substoichiometric catalytic
nature of PROTACS, offered by reversible engagement, is that it permits reduced dosage

and mitigates undesirable off-target effects.®

Recruiters of the protein of interest. The ligand for POI can be easily adapted to target
specific proteins, and this has enabled the rapid expansion of the PROTAC modality in
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various diseases.®® A significant proportion of targeted proteins are implicated in various
types of cancers, although other diseases have also been represented, including the
PROTACS targeting IRAK4 for the treatment of autoimmune and inflammatory disease;®
and PROTAC degraders of viral proteins for inhibition of the hepatitis C virus;*" and Tau
degraders for the treatment of Alzheimer’s disease.®

Ligands for the POI are not required to be functional or of high affinity, since
PROTACs can convert non-functional or low-affinity ligands into functional, potent
degraders.?>*° This can be exemplified by a PROTAC which induced degradation of a
multidomain co-regulator of transcription, TRIM24.%° Inhibitors of the TRIM24
bromodomain had showed little to no phenotypic consequences in TRIM24-endogenously
expressing cells, suggesting that inhibition alone was not sufficient as an anti-cancer
strategy in TRIM24-dependent cancers.®® Notably, the same ligand exhibiting lower
affinity and selectivity towards TRIM24, afforded a selective and efficient VHL/E3-
recruiting PROTAC. 3940

Having a reversible ligand for the POI offers many advantages. Reversible binding of
the ligand means that the ligand can be released, and the protein’s activity can be
reinstated, allowing for the potential of on-off regulation.?#! The use of reversible ligands
in PROTAC molecules also increases the stability of the molecule and prevents it from
being degraded or removed from the system.?®> However, one of the key disadvantages of
having a reversible warhead is that its reactivity can be difficult to control, as the binding
and release of the ligand will depend on the concentration of the PROTAC molecule.*
Furthermore, if the ligand is not reactive enough towards the POI, it can impair the
formation of the ternary complex, and the subsequent target degradation.*

PROTACs with covalent warheads have become a popular alternative for degrading
therapeutically challenging targets, due to the inherent advantages of Cls, such as their
high ligand efficiency (LE), sustained target engagement, and ability to outcompete
endogenous ligand binding.?® These advantages of covalent bond formation are particularly
attractive for PROTAC:S since, due to their large size (“beyond-rule-of-57), their catalytic
activity is at times dampened by poor cell permeability and an increased susceptibility to
transporter-mediated  efflux.234 Covalent binding can potentially mitigate these
disadvantages by allowing high affinity to be achieved, otherwise difficult to attain through
non-covalent interactions alone.?® Because Cl can achieve a higher LE (i.e., more binding

energy per molecule’s size) — and even for irreversible covalent inhibitors, where Kinact = O,
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the LE is essentially infinite — there is more opportunity to optimize the size and structure
of the remainder PROTAC.%? This can translate into a more favourable pharmacokinetic
profile, with improved cell permeability and reduced susceptibility to efflux, and ultimately
greater target degradation efficacy.?®

There have been reported numerous PROTACS that exploit these kinetic properties of
covalent warheads in PROTACs to degrade a range of targets.*! The reversible covalent
BTK PROTAC, RC-1, is a cyano-acrylamide-based molecule and has been found to have a
higher target occupancy rate and efficient degradation, compared to its reversible
noncovalent and irreversible covalent counterparts.** The DD-03-17 PROTAC, with
pomalidomide and the reversible covalent BTK inhibitor CGI1746, not only caused
selective degradation of wild-type BTK, but also the degradation of the lbrutinib-resistant,
C481S mutant BTK.*? In addition, DD-03-171 significantly inhibited tumour growth and
prolonged survival in mouse models of mantle cell lymphoma. The degrader MT-802 was
developed based on thalidomide and the irreversible covalent BTK inhibitor, Ibrutinib.
MT-802 exhibited activities in degradation of wild-type and mutant BTK and inhibited cell
proliferation in Burkitt lymphoma and chronic lymphocytic leukaemia cells.**** The
KRAS(G12C)-targeting PROTAC (LC-2) is a small molecule designed to selectively bind
and inhibit the mutant KRAS(G12C) protein.** LC-2 binds irreversibly to KRAS(G12C)
through a MRTX849* warhead and recruits the VHL/E3 ligase, inducing rapid and
sustained KRAS(G12C) degradation.*! Preclinical data also showed that LC-2 selectivity
engages KRAS(G12C), and it is effective against cancers associated with KRAS(G12C)
mutations. This targeted approach holds several advantages over traditional inhibitors,
including a greater selectivity and increased efficacy in targeting mutant proteins that
would otherwise be considered “undruggable” 4144

In PROTACS, reversible covalent POI ligands are theorized to combine the benefits of
covalent bond formation with the substoichiometric target turnover achieved by reversible
engagement.?®> Conversely, irreversible engagement (where Kinact = 0) abrogates this
fundamental concept of PROTAC’s mechanism, along with the benefits associated.?
However, very potent degradation has been observed with acrylamide PROTACSs that bind
irreversibly to BTK.*! In this case, it was showed that the rate of covalent bond formation
is slower relative to the rate of degradation, most likely due to the lower reactivity of
substituted acrylamides, and therefore, the activity observed may have been derived from
reversible binding.** Moreover, the degradation efficacy of the irreversible covalent
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PROTACs did not significantly differ between the wild-type and C481S mutant BTK,
suggesting that the covalent bond might not be a crucial factor in the PROTAC mode-of-
action.?3#! This data showcases that the measurement of the relative rates of covalent bond
formation and degradation are required to estimate how covalent binding can affect
PROTAC’s activity.*! Altogether, covalent warheads in PROTACs are a promising tool for
degradation of more therapeutically challenging targets, but the choice of reversible versus

irreversible should be evaluated on a case-by-case basis.?

Linker optimization. There are no generally accepted rules for de novo PROTAC linker
design that can ensure the generation of potent degraders, and some degree of empirical
trial and error is often required.®*® The most common motifs incorporated into PROTAC
linker structures are PEGs and alkyl chains of varying lengths (Fig. 1. 8). Modifications in
the individual glycol units, through incorporation of additional methylene moieties, have
also been reported. Other represented motifs include alkynes, triazoles and saturated
heterocycles such as piperazine and piperidine.®® Linker composition is important in
PROTAC design since it influences the flexibility/rigidity of the molecule.®>*¢ In addition,
the linker must also have the appropriate length to allow both the target protein and the E3
ligase to come into proximity, without steric clashing of both entities with each other,346

(0] - -
o o (N
PEG n N \)
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P Alkyl Piperazine
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O O )‘%/
Other glycol Triazole Piperidine

Fig. 1. 8. Chemical motifs most used in PROTAC-linker design.®

Selection of the optimal linker size to connect the two binding components is a key
challenge in PROTAC design.*’ In some cases, it has been shown that arbitrary
synthesized long linkers can successfully degrade their targets.*® In other cases, a protein—
protein interface between the target and the E3 ligase, supported by the presence of a

shorter linker, is important for cooperativity of the specific ternary complex.*®-®! By
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improving cooperativity, one can prevent targeting of other proteins, thus allowing for an
increased selectivity.3* Cooperativity (o) can be defined as the effect that POI:PROTAC
association has on the affinity of the PROTAC:E3 pairing, and it is defined as a =
KpPinay/K ptemary 3452 pogitive cooperativity occurs when the Kp®™Y js smaller than the
KpP"aY, This is often accomplished by the addition of stabilizing interactions between the
POI and the E3 ligase.3* Conversely, negative cooperativity occurs when the Kp®™" js
larger than the Kp®™Y due to antagonizing interactions between the POI and E3 ligase.
Increased cooperativity, in theory, stabilizes the ternary complex and can potentially
decrease the magnitude of the hook effect.*2 Structural insights into the ternary complex
structure of BRD4(BD2):MZ1:VHL/E3 revealed that MZ1, a PROTAC with a ten-atom
linker, was significantly folded to allow proximity between the two proteins. Indeed, it was
found that the surface complementarity of the two proteins plays a significant role in the
newly formed ternary complex, facilitated by positive interactions between the linker and
the two proteins.>* With these insights from the ternary structure, a next-generation BRD4
degrader, AT1, was designed, composed of a shorter linker, which induced selective BRD4
degradation while sparing BRD2 and BRD3.3*°! In subsequent studies, a macrocyclic
PROTAC (macroPROTAC-1) was designed with the goal of similarly stabilizing the
ternary complex. The crystal structure of macroPROTAC-1 showed it occupied a near-
identical BRD4(BD2):MZ1:VHL/E3 conformation. As expected, an increase in
cooperativity with BRD4(BD2) was observed, together with decreased cooperativity with
other members of the BET family leading to equally potent, but more selective degradation
of BRD4.>** The solved structure of BCL-XL:PROTAC-6:VHL/E3 ternary structure,
induced selective degradation of BCL-XL,; despite the fact the PROTAC 6 incorporated a
general BCL-2 family ligand, Venetoclax. The solved ternary complex structure showed
PROTAC 6 also adopted a folded configuration, allowing for an extensive interface
between BCL-XL and VHL/E3.3*%® Conversely, successful degradation of BTK was
achieved by employing longer linkers (PEG units > 5) to alleviate steric clashes between
BTK and CRBN/E3 observed with shorter linkers, demonstrating that increased PROTAC
potency can also be achieved in the absence of thermodynamic cooperativity between
POI:linker:E3.8 Similar linker dependencies in TBK protein degradation have also been
reported.>* Thus, formation of ternary complexes, provided by positive cooperative

interactions, are a strong indicator of successful target degradation.®*
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Recruiters of E3 ubiquitin ligase. E3 ligases are classified based on their mechanisms of
action and divided into two main classes: RING E3 ligases, which recruit E2 ubiquitin
conjugates via the RING domain and catalyse the transfer of ubiquitin directly to the
substrate; and the HECT (homologous to the E6-AP carboxyl terminus) E3 ligases, which
transfer ubiquitin to a substrate only after forming a thioester bond with ubiquitin.®? Cullin-
RING ligases (CRLs) are a type of RING E3 ligases that consist of a cullin protein (CUL),
an E2-binding subunit, and a target-binding subunit.3> The addition of the ubiquitin-like
molecule NEDDS8 (N) to target proteins via post-translational neddylation is initiated by N-
activating enzyme (NAE), and it is essential for the activation of E3 ligases. MLN4924, a
NAE-specific inhibitor was found to obstruct neddylation, thus deactivating CRL.%>¢ To
date, of the ~600 E ligases encoded by the human genome, fewer than 10 have been
recruited by successful protein degraders, and only four have been extensively exploited:
Von Hippel-Lindau (VHL), cereblon (CRBN), cellular IAP (clAP), and MDM2; with the
remaining examples of B-TrCP1, DCAF15, DCAF16, RNF4, and RNF114 (Fig. 1. 9).23%
It has been demonstrated all major classes of E3 ligases are amenable to targeted
degradation, thus the recruitment of E3 ligases is only limited by the availability of small-
molecules ligands.®” PROTACS that have been commonly used all recruit their respective
E3 ligase in a reversible way.?*>5” However, the discovery of PROTACs that covalently
recruit E3 ligase has recently gained momentum, as these still retain the ability to act
catalytically, if the POI ligand is reversible or reversible covalent.?® They also have the
advantage of simpler “pseudo-binary” kinetics since the binding is between E3:PROTAC
and POl (Fig. 1. 10).2 Moreover, covalent engagement increases pharmacokinetics
benefits since target degradation will depend upon the rate of E3 ligase and target turnover
instead of PROTAC clearance.?®
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Fig. 1. 9. Examples of E3 recruiting elements and respective E3 ubiquitin ligases employed
in recent years for PROTAC development.3°8
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Fig. 1. 10. Schematic of PROTAC with irreversible covalent ligand for the E3 ligase
(adapted).?
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There are numerous factors to take into consideration when choosing which E3 ligase to
recruit for effective PROTAC-mediated degradation. These include: (1) the subcellular
location of both E3 ligase and its neosubstrate; (2) tissue expression levels of the E3 ligase;
(3) its endogenous biological functions and the effects of perturbation; (4) the degree of
engagement of the E3 ligand that still permits the E3 ligase to perform its endogenous
functions; (5) the synergistic effects occurring from perturbing its endogenous function; (6)
and an empirical discovery and optimization of compatible neosubstrate:E3 ligase
pairing.23>® E3 ligases with a tissue-selective expression profile represent a particularly
attractive therapeutic opportunity for disease-specific PROTACs to overcome on-target
drug toxicity. Indeed, by recruiting an E3 ligase (containing CRBN) that is more
abundantly expressed in senescent cells than in normal tissues, it was possible to achieve a
22-fold BCL-XL degradation selectivity over platelets and reduce on-target toxicity.2%° In
addition, low fractional engagement of E3 ligases, as observed with RNF4 and DCAF16,
avoids perturbing its endogenous functions. In some cases, as it has been reported for
MDM2 and RNF114, antagonizing endogenous activity is desirable to elicit a
therapeutically beneficial synergistic effect. In others, maintaining endogenous functions of
other E3 ligases is important for mitigating off-target effects and potential toxicities.?®%!
Moreover, PROTACSs with matching POI binding components but with different E3 ligase
ligands (VHL versus CRBN) often show dramatic differences in potency for the targeted
substrate proteins.?3%2 As reported, cells resistant to the VHL-based PROTAC remained
sensitive to the CRBN-based PROTACSs and vice versa. This absence of cross resistance
suggests that acquired resistance can be surpassed by switching the recruited E3 ligase and
that the proteasome degradation machinery can remain functional in these resistant
cells.z362

CRBN is one of the substrate receptors for the CRL ligases containing DDB1,
CUL4A/B, and RBX1 (Fig. 1. 11). CRBN recognizes neosubstrates upon binding to
thalidomide and other less toxic immunomodulatory imide drugs (IMiD) analogues (e.g.,
lenalidomide and pomalidomide) by engaging in ternary complexes, subsequently leading
to the ubiquitination and proteasome-mediated degradation of these neosubstrates.3>3
Thalidomide exerts its effects by directly binding to the highly conserved C-terminal
region of CRBN. The conserved tyrosine residue at position 384 and tryptophan at position
386 are critical for the binding of thalidomide to CRBN, as alanine substitutions of these
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residues abolish the ability of CRBN to bind thalidomide.®*% In 2015, Winter et al.
demonstrated that CRBN recruiters could be linked to protein-targeting ligands to
selectively degrade specific proteins in cells and slow tumour progression in mice.% They
showed selective degradation of the transcriptional coactivator BRD4 and FKBP12 by
linking phthalimide to their previously developed BET family protein ligand JQ1 and
FKBP12 ligand SLF, respectively.%® In the same year, Lu et al. published IMiD-based
PROTACs for BRD4. Pomalidomide was used to hijack CRBN/E3 ligase.®*®’ The
resultant molecule demonstrated a fast and permanent degradation of BRD4 in all Burkitt’s
lymphoma cell lines tested, and a higher efficacy in cell proliferation inhibition and
apoptosis, relative to small molecules.®” These results have opened-up the possibility for a
fully synthetic drug-like heterobifunctional degraders that could be used to specifically

degrade target proteins, and potentially advance into clinical development.®?
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Fig. 1. 11. Schematic overview of cullin-RING E3 ligase. The substrate receptor protein
(CRBN), docked into CRL complex through binding to the adaptor protein (DDBL1),

NAE — MLN4924

mediates neosubstrate degradation via ubiquitin conjugation. MLN4924 is a specific
inhibitor of NAE, prohibiting NEDDS8 conjugation and consequently inhibiting CRL

activity.5>%

Pharmacological advantages. Targeted degradation through PROTACs offers numerous
advantages relative to small molecule inhibitors.}”? First, the target proteins of small
molecules require a druggable pocket or active site. In the entirety of the human proteome,
only 25% of proteins possess active sites or pockets amenable to inhibitor modification.
The remaining 75% include transcription factors, scaffolding proteins, and non-enzymatic
proteins, considered undruggable using this strategy. Second, small molecule inhibitors
operate via “occupancy-driven” pharmacology, where sustainably high systemic drug

levels are required to maintain an adequate intracellular concentration for therapeutic
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efficacy, which can elicit undesirable off-target effects. Third, small molecules generally
only disrupt the activity of one domain in multidomain scaffolding proteins, while the
functional activities of other domains and their interactions with other proteins and
substrates remain intact.!” In this way, the inhibition of multidomain proteins may lead to
compensatory mechanisms via activation of other alternative routes.® Conversely,
PROTACSs can recapitulate phenotypes of protein knockdown expression generated with
RNA interference (RNAI) and CRISPR-Cas9, combined with the temporal control, high
cell permeability, and pharmaceutical properties of typical small-molecule inhibitors.?®
Because PROTACs do not require an accessible pocket for targeting, they are better suited
for therapeutic targets in which inhibition alone is ineffective.!” Importantly, PROTACs
can be catalytically involved in multiple rounds of target protein degradation, possibly
reducing systemic drug exposure in the clinic and potential associated toxic side
effects.)’?® They can also display intracellular picomolar potencies, where degradation of
the protein target is fast achieved and sustained, as well as the inhibition of related-
downstream signalling cascades. Moreover, PROTACs can avoid the compensatory target
upregulation caused by constitutive administration of small-molecule inhibitors, observed

in some clinical cases.?®

Clinical advances. This foundational era of targeted degradation has been capped by the
first rationally designed PROTACs entering clinical trials in 2019 - ARV-110
(NCTO03888612) and ARV-471 (NCT04072952) — targeting the androgen and estrogen
receptors (AR and ER), respectively.3! Both of these degraders are currently in phase 2
trials, and have been followed into the clinic by degraders from Bristol Myers Squibb,
Nurix Therapeutics, Kymera Therapeutics, Dialectic Therapeutics, Foghorn Therapeutics
and others.3! The AR degrader ARV-110 was evaluated in heavily pretreated patients with
metastatic castration-resistant prostate cancer. Preliminary data indicated that doses of up
to 420 mg of ARV-110 were well-tolerated.®® Additionally, the data showed that ARV-110
caused degradation of the protein target in tumours and showed early signs of antitumor
activity, as evidenced by decreased levels of prostate-specific antigen. These data
supported the continued development of ARV-110 into phase 2 clinical trials.3% ARV-
471 entered clinical trials as a monotherapy for patients with locally advanced or metastatic
breast cancer.3! Preliminary data for ARV-471 revealed a manageable tolerability profile
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with good clinical efficacy, a 42% clinical benefit rate in a heavily pretreated patients and
evidence of greater ER degradation than fulvestrant and other clinical-stage selective ER
degraders.®* ARV-471 has now progressed to phase 2 (NCT04072952) in metastatic breast
cancer, and to a phase 1b study evaluating ARV-471 in combination with the CDK4/CDK6
inhibitor, palbociclib.3!

KT-474 is the first IRAK4 degrader to enter clinical trials (NCT04772885). The role of
IRAK4 in inflammatory conditions, as well as in B-cell lymphomas, is well established,
with several inhibitors currently under clinical investigation.®* However, no IRAK4-
targeting therapies have been approved yet. Alongside KT-474, NX-2127, a first-in-class
oral BTK degrader with IMiD-like activity, has entered phase 1 clinical trial for relapsed
and refractory B-cell malignancies (NCT04830137).3!

Additionally, the clinical development of molecular glues (although non-
heterofunctional degraders as PROTACS) such as CC-90009 and CC-92480, as well as
molecular glues from C4 Therapeutics and Novartis, showcases the advances made in
understanding and exploiting protein degradation as a therapeutic modality.3! These new-
generation CRBN modulators have been engineered to therapeutic target IKZF1/IKZF3
and GSPT1, and they can also induce or stabilize the interactions between an E3 ligase and
the POI to form a ternary complex, resulting in protein degradation.3!

Given the clinical progress in the past two decades, it is clear that targeted protein
degradation could become a key therapeutic modality and it has the potential to offer

patients new treatment options across diverse indications.®!

1.4 Therapeutic targets

1.4.1 TEC kinases

TEC kinases are the second largest family of nonreceptor tyrosine kinases and present a
cysteine residue of unique occurrence in their catalytic pocket, amenable to covalent
modification.”® This family is composed of five members, namely TEC (tyrosine kinase
expressed in hepatocellular carcinoma), BTK (Bruton’s tyrosine kinase), ITK (interleukin-
2-inducible T-cell kinase), BMX (bone marrow kinase in the X chromosome) and TXK

(resting lymphocyte kinase/RLK). TEC family proteins are abundantly expressed in
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hematopoietic tissues and are essential for the growth and differentiation of normal and
cancerous haematological cells.”

Comparable to other tyrosine kinases, TEC family of enzymes catalyze the transfer of
the y-phosphate from ATP to one or more amino acids in a protein substrate side-chains,
resulting in conformational changes that affect protein activity.”” TEC kinases present a
very conserved core catalytic structure (Fig. 1. 12), composed of an amino-terminal
pleckstrin homology (PH) domain; a carboxy-terminal catalytic tyrosine kinase domain,
preceded by proto-oncogene tyrosine kinase (SRC) homology 3 (SH3) and 2 (SH2)
domains; and a TEC homology domain that includes one or two proline-rich regions that
interact intramolecularly or intermolecularly with SH3 and contribute to kinase regulation
— with the exception of TXK, which lacks a PH domain and instead contains a
palmitoylated series of cysteines; and BMX that lacks the proline-rich region in the TH

domain and contains a slightly different sequence in the SH3.”%"

NH; BH [E— sH3 [-IEREN Catalytic domain [~COOH TEC, BTK and ITK

-

TH domain
NHg BH SH2 Catalytic domain }—COOH BMX
NH, PR sH3 AN Catalytic domain [-COOH TXK

Fig. 1. 12. Core structure of TEC family members. PH, pleckstrin homology; CS, cysteine
string; BH, BTK homology; PR, proline rich; TH, TEC homology; SH, SRC homology.”

TEC kinases are activated in response to cellular stimulation by antigen receptors,
integrins, growth factors, cytokines, and G protein-coupled receptors. This activation is
governed by two major steps: (1) membrane targeting, via interactions of their PH domains
with phosphatidylinositol (3,4,5) trisphosphate (PIP3) or other proteins; and (2) tyrosine
phosphorylation within the kinase activation loop. Protein interactions via the SH2 and
SH3 domains may also be required to disrupt intramolecular interactions and to localize the
kinases in signalling complexes.’"

Protein kinases are the second most targeted group for drug therapy, after the G-protein-
coupled receptors. Notably, TEC family kinases are involved in several pathologies,

including haematological, cardiovascular, immunological, infectious, and inflammatory
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diseases.’®"® They may be abnormally activated or found overexpressed. The most well-
known example is the targeting of BTK that has showed good prospects in the treatment of
blood cancers and autoimmune diseases, with five inhibitors already commercially
available, and many others currently in clinical trials.8%8! Ibrutinib was the first confirmed
irreversible inhibitor of BTK that binds to the C481 with outstanding clinical activity and
tolerability in B-cell malignancies. It is also found to be effective for inhibition of other
TEC family kinases, namely BMX and ITK.&

BMX is expressed in the endothelial and haematological lineages. It is found
overexpressed in prostate®?, cervical®, and breast cancers®. In prostate cancer, BMX is
intimately related with androgen-receptor pathway, and it is involved in the adaptive
compensatory mechanisms of castrate resistant prostate cancer.8® Due to high sequence
similarity to BTK, BMX inhibitors are typically dual BTK and BMX inhibitors.2® BMX-
IN-1 is the most well-known, selective, irreversible inhibitor of BMX that targets the
functional C496 in the catalytic pocket.” BMX-IN-1 inhibits intracellularly BMX at two-
digit nanomolar concentrations but requires single digit micromolar concentrations to
inhibit the proliferation of prostate cancer cell lines.”® In combinatorial regimens with the
AKT inhibitor, MK2206, BMX-IN-1 is able to potentiate BMX inhibitor’s antiproliferation
efficacy against prostate cancer cells.”® Additionally, BMX is inhibited by lbrutinib and
showed potential therapeutic effects in treating inflammatory and cardiovascular
diseases.®’

ITK is involved in T-cell receptor (TCR) signalling events essential for T-cell
development and for controlled expression of pro-inflammatory cytokines.®® ITK-
deficiency impairs T-helper type 2 cell (TH2) responses associated with allergy and
asthma, making ITK an attractive therapeutic target for such diseases.®® Data from three
highly selective ITK antagonists demonstrate putative therapeutic use for allergic-induced
asthma. Several inhibitors of ITK have been described, including ibrutinib.8%-%

TXK expression is mostly detected in some myeloid cell lines and T-cells.”> Moreover,
TXK is expressed in T-cell subsets, and was reported to act as a TH1 cell-specific
transcription factor, regulating IFN-y gene expression via binding to its promoter region,
increasing transcriptional activity.’

Similar to BMX, TEC displays a much broader expression, even extending to normal
somatic cells (e.g., cardiac endothelium).” The overexpression of TEC has been found to

be associated with tumorigenesis and liver cancer progression. Inhibiting TEC or
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degrading its phosphorylation may therefore impair the progression and development of
liver cancer.” A more recent study, identified TEC as a regulator in controlling pluripotent
cell fate in human pluripotent stem cells, acting through the regulation of fibroblast growth

factor-2 secretion.’2%2

1.4.2 Serine Hydrolases

Serine hydrolases (SerH) are a large and diverse group of enzymes that play a key role in
many pathophysiological processes, including blood clotting, digestion, nervous system
signalling, inflammation and cancer.®® A defining characteristic of SerH is the presence of
a catalytic serine at the active site, which is used for the hydrolysis of substrates (Fig. 1.
13). Many SerH have gained massive interest as therapeutic targets and are the focus of
intense drug discovery studies.®® Despite all recent efforts, most of the SerH remain poorly
characterized with respect to their physiological functions, as well as their relevance in

human diseases, and the majority lack selective, in vivo-active inhibitors.%

Ser-Enzyme ’
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Fig. 1. 13. Schematic representation of the serine hydrolase catalytic cycle.®

There are around 240 serine hydrolases in the human proteome that can be divided into
two subgroups: the serine proteases (~125) and the metabolic serine hydrolases (~115)
(Fig. 1. 14).%%% The metabolic SHs are composed of a range of lipases, peptidases,
esterases, thioesterases and amidases that hydrolyse small molecules, peptides or post-
translational ester (or thioester) protein modifications.®® The majority of metabolic SerH
have an a/B-hydrolase fold and a Ser-His-Asp catalytic triad, but this subfamily also
includes structurally and mechanistically distinct enzyme classes, which use Ser-Asp dyads

and Ser-Ser-Lys triads for catalysis.?%>%’
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Fig. 1. 14. The human serine hydrolases. The metabolic serine hydrolases are depicted
using blue lines. The remaining enzymes are serine proteases, with chymotrypsin-like
enzymes depicted using grey lines, subtilisin-like enzymes depicted using red lines, and

other smaller serine protease classes depicted using green lines.*®

Although several members of the metabolic serine hydrolase family have been
extensively characterized, including acetylcholinesterase, fatty acid amide hydrolase and
dipeptidyl peptidase 4, the majority are still not annotated with respect to their
physiological substrates and functions.** Serine proteases typically exist as inactive
precursors (that is, zymogens), which are activated by limited proteolysis following
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specific biological stimuli and are subsequently inactivated by endogenous protein
inhibitors.®¢%° Serine proteases have a chymotrypsin-like or subtilisin-like folds, and a
serine nucleophile that is activated by participating in a catalytic triad with conserved
histidine and aspartic acid residues.®*® These enzymes include the well-studied digestive
protease trypsin and the critical blood-clotting mediators, thrombin and activated factor
Xa.93'98'99

The broad biological importance of serine hydrolases has encouraged numerous
academic and industrial teams to design inhibitors for these enzymes, to be used as
chemical probes to investigate enzymatic function and as potentially new therapeutic
agents.*® These compounds range from small molecules to peptides and antibodies, and
they are being explored as potential treatments for various diseases.®® Several inhibitors of
SerH have been approved for clinical use, including inhibitors of thrombin,
acetylcholinesterase, and dipeptidyl peptidase, which are used to treat clotting disorders,
Alzheimer’s disease-associated dementia, and diabetes, respectively.®® Benzamidine is a
small molecule that has been approved for the treatment of thromboembolic disorders and
is also used to protect against tissue damage during cardiac surgery.’®® Aprotinin is a
protease inhibitor that is used to reduce bleeding during surgery.'®® Acetylcholinesterase
inhibitors, rivastigmine, donepezil, and galantamine, are used to treat dementia associated
with Alzheimer's disease.®® Furthermore, five dipeptidyl peptidase-4 inhibitors have been
approved for clinical use for the treatment of type 2 diabetes: sitagliptin, saxagliptin,
linagliptin, vildagliptin, alogliptin — although vildagliptin and alogliptin have not been
approved in the United States.®®

1.5 Thesis scope

Targeted therapy has revolutionized the field of cancer treatment by offering many
advantages over traditional chemotherapy. In this thesis in particular, the fundamental
aspects of developing covalent inhibitors and PROTACs for the treatment of blood cancers
will be addressed.

Chapter 2 will focus on the therapeutic potential of a small covalent molecule (JS25)

that inhibits BTK with nanomolar potency. Originally explored for treating prostate cancer,
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JS25 was found to be highly selective for BTK and could be important in treating blood
malignancies resulting from BTK’s abnormal expression. In this study, we characterize the
binding mode of JS25 to BTK and demonstrate its potential to inhibit the proliferation of
several haematological cancers and induce the degradation of BTK. The therapeutic effect
was also validated in cancer models of Burkitt’s lymphoma, diffuse large B-cell
lymphoma, and chronic lymphocytic leukaemia.

In Chapter 3, computational and ABPP-based methods were combined for rational
design and optimization of PROTACs that target with selectively the protein of interest,
APT1. PRosettaC is used to predict optimal linker length, configuration, and binding
efficacy, while immunoblot and ABPP-based assays were used to monitor APT1
degradation and selectivity. The most promising APT1-targeting PROTACs were
evaluated for their anti-tumour activity in haematological cancer cell lines.

By leveraging the strengths of computational modelling and preclinical validation, this
thesis aims to contribute to the ongoing efforts in developing effective BTK inhibitors and
to advance the development of PROTACs, with the final goal of generating novel
therapeutic agents with improved efficacy, selectivity, and safety profiles. Hopefully, all
the efforts contained in this thesis will contribute to the growing field of targeted therapy,
ultimately leading to the development of new and innovative therapies for cancer and other

diseases.
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2 Covalent targeting of BTK
2. Covalent targeting of BTK for the treatment of haematological cancers
2.1 Introduction

BTK is an essential component of multiple signalling pathways that regulate the functions
of healthy or cancerous hematopoietic cells, making it a promising therapeutic target for
blood cancers and autoimmune diseases.®® This inspired the development of many BTK
inhibitors (BTK:i), including the first clinically approved agent, Ibrutinib. To overcome off-
target effects and acquired resistance mechanisms to BTKi, significant efforts have been
made over the years in developing highly selective and potent molecules.®°

In this section we will address BTK’s role in the pathophysiological context and the
current progress in clinically approved BTKi for the treatment of haematological
malignancies, and ultimately discuss our contribution in the discovery of a new BTKi

(JS25) for the treatment of blood cancers.

2.1.1 Structure and pathophysiological functions

BTK was initially described as a critical mediator of B-cell receptor signalling in the
development and functioning of adaptive immunity.1? This protein was first discovered in
1993, and named after Ogden Bruton, who described X-linked agammaglobulinemia
(XLA) in 1952102103 X| A is a primary immunodeficiency disease caused by mutations of
the BTK gene in the X chromosome, of which caused a defective maturation of B-cells in
the bone marrow. BTK was thought to be expressed only in B-cells, since no other
development and functional defects were observed in other immune cells of XLA
patients.2 BTK was also found overexpressed in cancerous B-cells. BTK overexpression
inhibited the Fas/CD95-induced apoptosis, promoting the survival and continuous growth
of cancer cells. It was then hypothesised that inhibitors of BTK would likely to enhance the
drug sensitivity of B-lineage leukaemia/lymphoma cells.’** Nowadays, it is well-known
that BTK is expressed in a plethora of cells from the hematopoietic lineage, such as B- and
T-cells, monocytes, neutrophils, and mast cells®1%, and it has been shown to be an
effective target against autoimmune and inflammatory diseases'®®!%’, and several
haematological cancers,81:108:109

Similarly to other TEC kinases, BTK presents a highly conversed catalytic domain,
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bearing a functional cysteine (481) permissive to covalent binding (Fig. 2. 1).8! BTK is
generally located in the cytoplasm but is recruited to the cellular membrane upon binding
of the PH domain to phosphatidylinositol lipids in the membrane.®® After translocation,
BTK is first activated by phosphorylation at the Y551 site in the catalytic pocket; followed
by autophosphorylation of the Y223 in the SH3 domain as a result of Y551
phosphorylation, which can fully stabilize its active conformation.®® Moreover, the TH
domain possesses a zinc-finger motif which is essential for the optimal activity and
stability of BTK.8 BTK s activation is crucial for the development of healthy or malignant
cells, and it modulates several signalling pathways including B-cell receptor (BCR),
chemokine receptor, Toll-like receptors (TLR), and Fc-receptors (FcR) signalling (Fig. 2.
2).

Ibrutinib
Acalabrutinib
Zanubrutinib

1l
Y23 C4081 Y5051
NH, TH sH3 —JIETPII catalytic domain —COOH
1 138 215 280 377 659

Fig. 2. 1. Structure and interactions of BTK (adapted).t°

BCR signalling. BCR is a transmembrane protein located on the surface of B-cells.®
Signalling via the BCR triggers a series of signal cascades that promote several
physiological responses, including cell proliferation, differentiation, cytokine release and
apoptosis.2®8-110 There are two types of BCR signalling: tonic BCR and chronically
activated BCR.8!! Activated BCR signalling is an antigen-dependent process utilizing the
canonical nuclear factor-xB (NF-kB) pathway.!''2 When BCR is stimulated by antigen
binding, the signal triggers the phosphorylation ITAMs by SRC kinases, creating docking
sites for the activation of SYK. This in turn can further phosphorylate BLNK to provide a
scaffold for the recruitment and phosphorylation of various signalling molecules, including
SYK, BTK and PLCy2.%° Simultaneously, LYN phosphorylates tyrosine residues in the
cytoplasmic tail of CD19, which can then bind and activate PI3K and VAV family
proteins. PI3K phosphorylates PIP2 to produce PIP3, attracting BTK to cell membranes
and subsequently recruiting SYK and LYN to fully activate BTK.2 Once activated, BTK
can phosphorylate PLCy2, leading to Ca?* mobilization and activation of NF-xB and
MAPK/ERK pathways.® Tonic BCR is an antigen-independent process that maintains B-
cell survival through PI3K-AKT-mTOR signalling rather than NF-kB. PI3KS4 is a proximal
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component of both tonic and chronic activated signalling. Tonic BCR signalling does not
involve BTK 11113114 The distinction between tonic and chronically activated BCR
signalling is clinically relevant as it reflects disease sensitivity to BTKi.8%'!! For
lymphoma-subtypes that are tonic BCR signalling-dependent, such as germinal center B-
cell diffuse large B-cell lymphoma (GCB-DLBCL), BTK inhibition alone is ineffective,
requiring additional therapeutic targets such as SYK and CXCR4. In contrast, lymphoma
subtypes with chronic activated BCR signalling are sensitive to BTKi, and these include
chronic lymphocytic leukaemia (CLL), mantle cell lymphoma (MCL), Waldenstrom’s
macroglobulinemia (WM), and activated B-cell (ABC)-DLBCL.%

Chemokine receptor signalling. Chemokine receptors are G-protein coupled receptors
composed of seven transmembrane proteins (e.g., CXC) and three subunits (Ga, GB, Gy).%
BTK can be directly or indirectly activated by the Gafy subunits, via the PH and TH
domains, or even through its catalytic domain.88! The chemokine receptors CXCR4 and
CXCR5 are expressed on B-cells in different stages of their development and are important
for trafficking, lymphocyte homing and homeostasis.®! Due to its function downstream of
CXCR4 and CXCR5, BTK is involved in integrin-mediated adhesion and migration of B-

cells®®, and controls cellular responses to chemokines. 11611

TLR signalling. TLRs are a class of proteins that play a key role in the innate immune
system and are expressed in B- and myeloid cells.8%8! Upon activation, TLRs recruit the
MYDB88, which then induces the activation of the IRAKL, either alone or in combination
with an adaptor molecule.8* BTK interacts with all four proteins downstream of TLR
signalling, and it is intimately involved in cell activation and proliferation, antibody
secretion, class-switch recombination of immunoglobulins (e.g., IgM to I1gG) and

proinflammatory cytokine production from B-cells.8!

FcR signalling. BTK is an important modulator of FCR, whose balance regulates several
myeloid cell processes including activation, polarization and phagocytosis.®? FceRI
controls the activation of mast cells and subsequent histamine release; FcyRI activation
enhances antigen presentation and the release of proinflammatory cytokines from myeloid
cells.® BTK-dependent FcR activation is also required for osteoclast differentiation and
osteoclastogenesis in response to RANKL. Therefore, constitutive activation of BTK is
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linked to inflammatory diseases, such as rheumatoid arthritis and systemic lupus
erythematosus.8%107
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Fig. 2. 2. Role of BTK in BCR, TLR, chemokine receptor, and FcR signalling pathways
(adapted).®

Growing evidence of BTK vital role in healthy and cancerous cells inspired the
development of the first BTKi, LFM-A13, in 1999.8° LFM-A13 was an effective inhibitor
of JAK2 and of related downstream signalling molecules, such as BTK; also demonstrating
synergistic anti-leukaemia effects in vitro, with ceramide or vincristine.!*® Since then,
multiple BTKi have been gradually developed with improved selectivity and safety
profiles, and with remarkable efficacy for the treatment of haematological diseases and
autoimmune diseases.!'® BKTi can be divided into irreversible and reversible inhibitors
according to different mechanisms of action and binding modes.'?° Irreversible inhibitors
bind covalently via a Michael acceptor moiety to the wild type or mutant C481 present in
the conserved catalytic pocket of BTK. Reversible molecules bind to a specific pocket in
the SH3 domain through non-covalent interactions, such as hydrogen bonding or
hydrophobic interactions.!?® All the current clinically approved BTKi are irreversible
covalent molecules that induce permanent inhibition of BTK’s enzymatic activity, with the

exception of Pirtobrutinib which is a reversible non-covalent drug (Fig. 2.3). Numerous
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preclinical and clinical studies have initiated to evaluate the efficacy of novel BTKi as
single agents or in combination with other standard chemotherapy, immunotherapy, or
targeted agents, in order to expand indications to diseases with unmet clinical treatment.*®

In the next sections, we will further address the role of BTK in haematological cancers,

and the significant milestones in the preclinical discovery and clinical development of

BTKi.
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Fig. 2. 3. Chemical structures of the clinically approved BTK inhibitors.

2.1.2 Approved treatments against BTK

The irreversible BTKIi, Ibrutinib, was the first to be FDA-approved and it is associated with
high response rates in CLL, WM, and MCL and in chronic graft versus host disease
(cGVHD).*2*122 However, with a broad selectivity profile, Ibrutinib inhibits the whole
TEC family, EGFR, JAK3, HER2, BLK, and ITK kinases (Table 2. 1). Ibrutinib’s off-
target binding is often associated with adverse effects such as rash, diarrhoea, bleedings,
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infections, and atrial fibrillation, leading to treatment withdrawal in 9—23% of patients.*?®

Ibrutinib can also antagonize rituximab-induced antibody dependent cellular cytotoxicity
due to inhibition of its family member ITK, further limiting its use in combination
regimens.?* Despite the clinical success of lbrutinib, further refinement was required in
terms of adverse effects, fuelling the development of second-generation of compounds.
The second-generation BTKi are designed to maximize the potency and selectivity
against BTK combined with reduced activity against off-target kinases.®® These include
Acalabrutinib, Zanubrutinib, Pirtobrutinib, Tirabrutinib and Orelabrutinib. Acalabrutinib
was approved in 2017 for refractory and relapsed (R/R) MCL and in 2019 for CLL. With
higher selectivity than Ibrutinib, Acalabrutinib inhibits BTK, TEC, BMX, ITK and
TXK.123125 |n previously treated CLL patients, treatment with Acalabrutinib demonstrated
fewer AEs, including atrial fibrillation (9.4% versus 16.0%) and hypertension (9.4% versus
23.3%).%° Overall, AEs-related treatment discontinuation was five times less likely to occur
in patients administrated with Acalabrutinib, than with Ibrutinib. Zanubrutinib was
approved to treat marginal zone lymphoma (MZL), MCL and WM between 2019-2021,
and CLL in 2023.12312%6 Similar to Acalabrutinib, Zanubrutinib was less active against TEC
and ITK, and displayed a higher potency and selectivity for BTK than Ibrutinib, with fewer
toxicity effects.!?® Tirabrutinib was approved in Japan in 2020 for the treatment of
refractory primary central nervous system lymphoma (CNSL) and is in clinical
development in the United States and Europe for autoimmune disorders, CLL, Sjogren's
syndrome, pemphigus, and rheumatoid arthritis.2%12"12¢ However, Tirabrutinib also
significantly inhibits TEC kinase. The co-occupation of both BTK and TEC leads to the
hindrance of osteoclast differentiation and fosters bone loss that is propelled by M-CSF
and RANKL.*?° Orelabrutinib has received approval in China for the treatment of patients
with R/R MCL and CLL in 2020, and for R/R MZL in 2022.% Orelabrutinib showed
excellent safety profiles and tolerability after long-term administration on patients.8%131.132
Pirtobrutinib, the first non-covalent BTKIi, was granted FDA-approval in January 2023 for
the treatment of R/R MCL following two or more prior lines of systemic therapy.
Pirtobrutinib inhibits both BTK and BTK-C481 substitute mutants with similar
potencies.'* Patients with BTK-C481 mutations for whom previous BTK treatments had

failed, benefited from Pirtobrutinib treatment.3*
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Table 2. 1. Selectivity values (ICso/nM) for approved BTKi.!3>1%

Ib Aca Zan Pirt Tira Ore
BTK 15 5.1 0.5 1.8 5.6 1.6
BMX 0.8 46 14 70 4.3 n/r
TEC 10 126 44 65 77 n/r
TXK 2 368 2.2 20 116 n/r
ITK 4.9 >1000 50 103 >1000 n/r
EGFR 5.3 >1000 21 61 >1000 n/r
BLK 0.1 >1000 25 82 >1000 n/r
JAK3 32 >1000 >1000 97 >1000 n/r
HER2 6.4 ~1000 88 66 >1000 n/r
CLL,MCL, CLL,R/IR MZL, MCL, R/R CNSL CLL, R/R
Approval WM, MCL CLL, WM MCL  (Japan) MCL and
cGVHD MZL (China)

Ib: Ibrutinib; Aca: Acalabrutinib; Zan: Zanubrutinib; Pirt: Pirtobrutinib; Tira: Tirabrutinib;
Ore: Orelabrutinib; n/r: not reported; Bold numbers correspond to ICso < 10 nM.

2.1.3 BTK inhibitors in haematological diseases

Burkitt’s lymphoma (BL) is characterized by a fast-growing of tumour cells in the
lymphatic system, commonly associated with the infection of B-cells with the Epstein—
Barr virus.®*” BL cells are mostly dependent on the tonic BCR signalling (PI3K-AKT-
mTOR) for proliferation and survival. However, in high-grade BL, it has been reported
chronic activation of the BCR (NF-kB) signalling, rendering the cells more sensitive to
Ibrutinib treatment.'® Besides, knockdown expression of BCR-related proteins, such as
SYK and BTK, in specific BL-subsets, followed the same pattern of drug sensitivity,
confirming dual BL cell-dependence on both tonic and active BCR signalling.**°

BL patients can achieve remission in 70-90% of the cases, but the cure rate is lower in
low-income countries.” BL treatment include the combination of rituximab with

chemotherapy agents (e.g., cyclophosphamide, doxorubicin), or dose-adjusted EPOCH
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(etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin) with rituximab, in
case of older patients. Other forms of treatment include stem cell transplantation and
radiotherapy.® While some patients with chemotherapy-sensitive disease may achieve long-
term remissions, a few others will relapse soon after treatment completion and generally
within the first 6 months of follow-up.® Current treatment responses in R/R BL are
extremely poor, and new options are urgently needed. BTKi monotherapy has been proven
ineffective for the treatment of BL or R/R BL, but these molecules still retain sustainable
interest, as they could offer an improved efficacy and safety in combined regimens.*° In a
phase 3 trial, treatment responses to Ibrutinib-combined regimens with RICE (rituximab,
ifosfamide, carboplatin, and etoposide), or RVICI (rituximab, vincristine, ifosfamide,
carboplatin, and idarubicin), fell within the range previously reported with most rituximab-
based regimens in R/R non-Hodgkin lymphomas (NHL), thus showing no apparent benefit
of adding Ibrutinib to standard chemotherapy.'** The lack of identification of disease
subsets and overrepresentation of patients with non-BL pathologies, such as DLBCL,
contributed partly to the poor result outcome.!*! Despite being both non-Hodgkin
lymphomas, BL and DLBCL are two heterogeneous and distinct pathologies, and may
require additional treatment options and checkpoints. A more balanced representation of B-
cell NHL subtypes and their molecular variability in clinical trials, would be beneficial to
fully understand the advantages of using BTKi to treat B-cell NHL, specifically R/R BL.'#
Most recently, clinical trials have started in order to investigate the therapeutic benefits of
the novel BTKIi, JNJ-64264681%*?, in patients with R/R B-cell NHL, including R/R BL
(NCT04210219).

Diffuse large B-cell lymphoma is the most prevalent type of aggressive NHL and can be
categorized into two main subtypes that are defined by distinct genetic patterns and
mechanisms of oncogenic activation: germinal centre B-cell (GCB) and activated B-cell
(ABC). ABC-DLBCL is mainly dependent on BCR signalling.2>'*® Mutations in the
CARD11, MYD88, or other NF-xkB pathway components are present in about 40% of
cases, while around 20% of cases have mutations in CD79A/B, leading to downstream
kinase activation of SYK, BTK, PI3K, and PKCp. In GCB-DLBCL, PI3K/AKT activation
is relied upon primarily instead of NF-«B activation.8%%° The dissimilar genetic signatures
between ABC- and GCB-variants explain their differential response to chemotherapy.
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Additionally, it has been observed that ABC-variants are more responsive to Ibrutinib than
GBC-variants, with a 35% versus 5% complete or partial response rate reported in phase
1/2 clinical trials. However, the effectiveness of BTKi is modest in ABC-DLBCL when
compared to other currently available treatments, with an overall response rate (ORR) of
approximately 40%.8%14® patients diagnosed with ABC-DLBCL have a poorer prognosis
compared to GBC-variants following standard treatment, with reported OS rates of 31-56%
and 79-80%, respectively.8%14 |brutinib is under investigation in combining regimens with
other chemotherapy or immunotherapy agents, with ORR of 38-90% in early clinical trials
but requires further exploration.®% The combination of Ibrutinib with R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, and prednisone) was effective to a certain
extent.}4> However, this combination did not meet its primary endpoint in untreated ABC-
DLBCL patients, and the increased toxicity lead to treatment cessation.!*® As for the
second-generation BTKi, Acalabrutinib monotherapy showed an ORR of 33% in ABC-
patients in a phase 2 study;*’ and the ORR for Zanubrutinib monotherapy was similar
(29.3%), showing no major improvements. Most patients with the ABC- phenotype had a
lower survival outcome.**® On this account, single-agent BTKi or combination regimens in
DLBCL are limited. The ratio of added toxic effects versus the therapeutic benefit in
combinatory regimens should be carefully balanced.® Further studies are needed to
explore the molecular mechanisms underlying the resistance and poor outcomes, in order

to identify the patients that would benefit from mono- or combined therapy with BTKi.®

Chronic lymphocytic leukaemia is the most common leukaemia in the western world,
with a five-year survival rate, after the first diagnosis. It is characterized by the clonal
proliferation and accumulation of CD5+ mature B cells in the bone marrow, peripheral
blood, and lymphoid organs.8%14° CLL-cell survival and proliferation are maintained
through overexpression and constitutive phosphorylation of LYN, SYK, PKCp, BTK, and
PI3K.1® Previously, medications such as fludarabine, cyclophosphamide, and rituximab
were the initial treatment for CLL. As of 2021, the BTKi are often recommended for first-
line treatment, as these demonstrate a higher efficacy in managing CLL and a more
acceptable toxicity profile than conventional therapies.2® Ibrutinib was the first licensed
BTKi for CLL.%° The approval of lbrutinib was based on promising data from randomized

clinical trials. Long-term follow up revealed the ORR of Ibrutinib would remain relatively
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high (>70%) after six years of continuous treatments, with a complete response (CR) rate
increasing overtime. However, Ibrutinib monotherapy presented some disadvantages,
including a low complete remission, drug resistance and toxicity, and an undetectable
minimal residual disease (UMRD) — complete MRD eradication was hardly obtained with
Ibrutinib in CLL patients.8%1°01%1 Besides, continuous treatment with lbrutinib in R/R CLL
patients increased the possibility of long-term toxicities, undesirable drug interactions and
the development of acquired resistance.®%!® These limitations urged the exploration of
Ibrutinib-combinatory regimens with immunotherapy, chemoimmunotherapy (CIT),
CART-T cell therapy, and other targeted agents, in order to further improve the efficacy.
The most extensively investigated combined regimens with Ibrutinib, include anti-CD20
agents, such as ofatumumab, obinutuzumab, ublituximab, and rituximab.®2® Combination of
Ibrutinib with ublituximab or ofatumumab was highly tolerable and resulted in a rapid and
high response rate (ORR > 83%) in R/R CLL patients.8%%%2153 |n a phase 3 trial, Ibrutinib-
obinutuzumab therapy showed a 30-month progression free survival (PFS) of 79% in
previously untreated CLL patients, including high-risk patients with mutated and
unmutated immunoglobulin heavy chain variable region (IGHV).™® Based on the
promising results, lbrutinib-obinutuzumab therapy has been approved for the management
of treatment naive (TN) CLL patients in 2019. Ibrutinib-rituximab combination exhibited
superior PFS in both IGHV and IGHV mutated CLL patients.*®® This finding promoted the
approval of this combination strategy for previously TN CLL patients in 2020. However, it
has been reported that the addition of rituximab provides no additional benefits to Ibrutinib
immunotherapy.®® The addition of Ibrutinib has also been reported to enhance the efficacy
of CIT strategies, with an improved PFS and without additional toxicities for high-risk
patients, in a phase 3 study.*®® The OS with Ibrutinib also appeared comparable to more
intensive CIT regimens in studies that included younger and fit patients. These results
strongly supported the combination of Ibrutinib with CIT regimens, to achieve prolonged
survival and remission in CLL patients.®® Ibrutinib combined with targeted therapeutics,
such as BCL-2 inhibitor (Venetoclax), PI3K inhibitor (umbralisib), and STAT-1 inhibitor
(fludarabine), improved CR rates in both TN and R/R CLL patients.® Ibrutinib-Venetoclax
induced relatively high rate of uMRD (75% in peripheral blood and 68% in bone marrow),
and CR (46%). In patients without confirmed uMRD, continuous therapy achieved a
prolonged PFS (30-month: > 95%). This demonstrates favourable survival outcomes with
good tolerability in R/R patients.’>” CART-T cell therapy has shown excellent responses in
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some CLL patients. It was observed that Ibrutinib treatment increased the expansion of
CD19-directed CART-T cells, in association with reduced expression of
immunosuppressive molecules, including PD-1 on T-cells and CD200 on B-cells. Ibrutinib
exposure also promoted CART-T cell engraftment, improved tumour clearance, and
survival in human xenograft models of resistant acute lymphocytic leukaemia and CLL.*%®

Acalabrutinib, a second-generation BTKi known for its high selectivity, demonstrated
encouraging efficacy and safety profiles in different subgroups of patients with CLL.
Prolonged dosing of Acalabrutinib was well tolerated and induced a high ORR (95.8%)
and PFS (24 months: 94%).%° In previous treated CLL patients, Acalabrutinib showed no
improvements in the survival outcomes, but demonstrated fewer cardiovascular toxicities
than lbrutinib in a randomized phase 3 clinical trial.'®® In R/R patients intolerable to
Ibrutinib, Acalabrutinib exhibited a high ORR (81%) and favourable safety profiles,61:162
Combination of Acalabrutinib with obinutuzumab was beneficial with longer PFS in the
first-line treatment. However, a higher frequency of AEs was observed with this regime,
rendering this combination unacceptable for patient administration.'%31%* Acalabrutinib,
Venetoclax, and obinutuzumab combination also induce dose and durable remissions with
acceptable toxicities. Approximately 38% patients achieved a high CR with uMRD in the
bone marrow, after a median follow-up of 27.6 months.'® These results promoted the
evolution of this combination in an ongoing phase 3 trial (NCT03836261).2°

Zanubrutinib demonstrated a promising activity with a low rate of serious toxicities,
with an ORR of 78.3%, against Ibrutinib’s ORR of 62.5%, in a 15-month follow-up
period.8%166.167 No Jong-term adverse effects (AEs) were observed in four years of dosing
escalation study. Zanubrutinib versus Ibrutinib treatment was associated with lower rates
of atrial fibrillation (2.5% versus 10.1%) and AEs-caused discontinuation (7.8% versus
13.0%).2% Zanubrutinib combined therapies with immunotherapy or targeted therapy, are
also being investigated. In phase 1b study, Zanubrutinib-obinutuzumab treatment yield a
CR of 28% and 30% in TN and R/R CLL patients, respectively — a considerable
improvement from previous reported ORR for Zanubrutinib monotherapy (~3%).¢® Triplet
combination of Zanubrutinib, obinutuzumab, and Venetoclax showed promising efficacy
as the initial treatment for CLL and reached a high uMRD rate of > 89% in both peripheral
blood and bone marrow after 25.8 months. Additional observation after treatment and
clinical trials involving more patients are required to verify the benefits of the three-drug

combination strategy in CLL patients.?%16
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Orelabrutinib, Pirtobrutinib, and Tirabrutinib monotherapy has also shown promising
results in early-phase clinical trials in patients with R/R CLL, with ORR of respectively
91.3%™311%2 629%'%° and 96%"°. Pirtobrutinib also showed efficacy in pretreated and
Ibrutinib-resistant CLL patients, suggesting a wide therapeutic index and strong
efficacy.'®® Combination of Tirabrutinib and idelalisib or entospletinib, with or without
obinutuzumab, also showed therapeutic effects and acceptable safety profile, although CR
rates remained relatively low (<10%).1412 Multiple phase 3 clinical trials have been
launched to compare the efficacy and safety of Pirtobrutinib (NCT05023980,
NCT04965493, NCT05254743, NCT04666038) and Orelabrutinib (NCT04578613) to
other conventional CLL therapies, including Ibrutinib.2® Moreover, the novel BTKi,
DTRMWXHS-12 and Fenebrutinib are also currently under clinical investigation to treat
R/R CLL patients (NCT04305444, NCT01991184).8°

Although preclinical and clinical data have shown promising results, further studies are
required to confirm the therapeutic benefits of the novel BTKi and their combinatorial

strategies in treating CLL patients.®

Central nervous system lymphoma is a rare subset of non-Hodgkin lymphoma, affecting
mostly the brain, spinal cords, meninges, cerebrospinal fluids, and eyes.'’31"* CNS
involvement is detected in < 5% of patients at initial diagnosis, with 4 months of median
survival.}™>1® Amongst lymphoma subtypes, DLBCL accounts for 90% of the cases of
both primary and secondary CNSL, with the remainder consisting of T-cell lymphomas,
MCL, BL, CLL, MZL, and other poorly characterized low-grade lymphomas.*”® Due to the
blood-brain barrier, patients with CNSL respond poorly to most available therapies.
However, more recently BTKi have been extensively investigated as first-line treatments
for CNSL, either as a single-agents or in combination, for their ability to cross the blood-
brain-barrier.2% In primary CNSL-DLBCL, Tirabrutinib induced an ORR of 63.6% and a
median PFS of 2.9-5.8 months, in aphase 1/2 study conducted in Japan.'?® Similarly,
Ibrutinib showed desirable efficacy in a phase 2 study.8%'’7 Approximately 70% of the
patients with primary CNSL-DLBCL receiving Ibrutinib treatment, presented median PFS
and OS of 4.8 months and 19.2 months, respectively — much higher than what has been
reported for Tirabrutinib. The combination of Ibrutinib with anthracycline-based
chemotherapy significantly improved the CR (86%) for CNSL-DLBCL patients.8%178
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However, this combination was met with undesirable toxicity, including a higher risk for
invasive fungal infections by Aspergillus spp. A combination of Ibrutinib-rituximab, plus
methotrexate!’®® or lenalidomide®® also induced lasting antitumor response, even in
patients with poor prognosis, with an ORR ranging from 57% to 83%. In CNSL-MCL, the
use of Ibrutinib monotherapy was associated with higher response rates and longer PFS
and OS than the standard CNSL-directed chemotherapy (methotrexate, cytarabine, and
ifosfamide).}”®> The median OS was 16.8 months in treated patients, representing a
substantial improvement over the 4.4 months reported for other regimens. As for other
inhibitors, switching from Ibrutinib to Acalabrutinib has been shown not to affect the
quality of the response to R/R CNSL-MCL.7618 A 57-year-old patient achieved a
complete clinical radiological remission for almost 2 years after initiation with
Acalabrutinib.”® Therefore, the application of BTKi is a promising strategy in CNSL

patients, either as monotherapy or in combination.®°

Acute myeloid leukaemia (AML) is the most common leukaemia in older adults, with a
five-year survival rate of 29.5% and is characterized by uncontrolled proliferation of
abnormal myeloid progenitor cells in the bone marrow and blood.8? In primary AML,
BTK is found upregulated and constitutively phosphorylated.'83184 BTK phosphorylation is
induced by CD117 receptor signalling'® or activating mutations in the G-CSFR or
FLT3!%, and can stimulate CXCR4 signalling, being therefore intrinsically involved in
AML cell survival, migration and adhesion to stroma cells.!'®!" First-line treatment of
AML consists primarily of chemotherapy, divided into induction and consolidation
phases.’®” Induction therapy often includes cytarabine and an anthracycline, such as
daunorubicin or idarubicin, to achieve complete cancer remission. Consolidation typically
involves an additional three to five courses of intensive chemotherapy with cytarabine, to
eliminate the remaining small numbers of AML cells that go on undetected (UMRD
remission).'®” Hematopoietic stem cell transplantation is usually considered as an
alternative in case induction chemotherapy fails or even after cancer relapse, and it can also
be used as first-line therapy for patients with high-risk disease.!®” Because of the toxic
effects of chemotherapy and a greater chance of AML acquired resistance, different
treatments, such as BTKi, have been considered.'® Among these, one phase 2 trial is
evaluating the potential of Ibrutinib in preventing AML relapse after reduced-intensity
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conditioning (chemo- and immune suppressing therapy) and hematopoietic cell
transplantation for AML.184 Another phase 2/3 aims to investigate the efficacy of lbrutinib
in combined regimens with decitabine, aclacinomycin, cytarabine, G-CSF and sorafenib,
and with or without FLT3 inhibitor, in order to overcome drug-resistance in R/R FLT3
mutant AML.*®* The novel BTKi, Nemtabrutinib and Abivertinib, have shown promising
anti-tumour activity against acute myeloid leukaemia in preclinical models.1®
Nemtabrutinib is an orally administered reversible and non-covalent inhibitor of both wild
type BTK and Ibrutinib-resistant BTK-C481S mutant.?2® In xenograft models,
Nemtabrutinib showed a superior antitumor activity in CLL, DLBCL, and AML, compared
to lbrutinib.2® One phase 2/3 study showed a sustained anti-tumour activity and
manageable safety profile of Nemtabrutinib in B-cell malignancies, but no other follow-up
studies were performed to evaluate the efficacy in AML.'® Abivertinib also showed anti-
leukaemia effects, especially in FLT3 mutated AML cells, and was found to be more
sensitive than lbrutinib.! Furthermore, in cell and animal models, Abivertinib presented
synergistic efficacy with homoharringtonine, a natural plant alkaloid commonly used in
China, in both non- and mutated FLT3 AML cells.!8®

2.1.4 Adverse effects of BTK inhibitors

The AEs associated with BTKi are diverse and may include bleeding, infections,
haemorrhage, atrial fibrillation, and headache.’'®'®® Adverse events associated with
Ibrutinib often include infections, bleeding, and atrial fibrillation. Although the prevalence
of most AEs tends to decrease over time, long-term use of BTKi may lead to an increased
prevalence of hypertension. Therefore, Ibrutinib is not recommended for patients with a
high risk of cardiovascular and cerebrovascular diseases.''®! Acalabrutinib has a
comparable rate of infections and bleeding to lbrutinib, but a lower incidence of atrial
fibrillation. However, it can lead to frequent headaches, making it unsuitable for patients
with a history of headaches or migraines. Prolonged use of Acalabrutinib has been linked
to a higher incidence of ventricular arrhythmias and sudden deaths, with a median time to
event of 14.9 months. The incidence was higher in patients previously treated with
Ibrutinib.*1%%* In alternative, Zanubrutinib showed a higher incidence of haematological
AEs, but the reports of rash, atrial fibrillation, or bleeding are rare, suggesting a more

favourable safety profile.!® The most common AEs of Zanubrutinib were contusion,
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airway infection, neutropenia, and diarrhoea.!*®!% Patients with MCL who received
Zanubrutinib treatment experienced grade > 3 adverse events, but the treatment was only
discontinued by 9.3% of the patients. The study's long-term follow-up confirmed the
effectiveness and durability of the response, with an average progression-free survival of
33 months and good tolerability.8%!® BTKi are given continuously until unacceptable
adverse events occur, which may lead to treatment cessation.'*® As a result, careful
monitoring of adverse events and prompt interventions are necessary when administering
BTKi. Meanwhile, combination therapy is recommended as it helps to decrease the
duration of BTKi therapy and discontinuation of treatment before the onset of life-

threatening adverse events,%

2.1.5 Acquired resistance in BTK inhibition

Although BTKi-based treatments have been proven to be one of the most effective
strategies for several malignancies, cases of primary and secondary resistance often occur
and result in poor clinical outcomes. These merging mechanisms of resistance have
underlined the need for clinical biomarkers to predict sensitivity or resistance to BTKij.8%119
Mutated IGHV in WM or MYD88 mutations with CD79 in ABC-DLBCL are associated
with primary resistance to Ibrutinib.?*®#* Clinical analysis of R/R ABC-DLBCL samples
also revealed several genetic aberrations in CARD11, NFKBIE, TNFAIP3, and an IgH-
IRF8 translocation, all potentially enhancing NF-xB signalling.'®® Amongst patients
continuously treated with Ibrutinib, mutations in C481, T474, and T316 residues in BTK
are the most reported.2>!® Cysteine to serine mutations at the 481 site not only weakens
the ability of Ibrutinib to form a covalent bond with BTK, but also allows downstream
signalling, including the activation of PLCy2 and CARDI11, hence bypassing the inactive
BTK promoting distal BCR signalling activation, and consequently promoting the survival
and proliferation of cancer cells.!'® Strategies to overcome acquired resistance include the
development of non-covalent BTKi that do not dependent on C481 binding. Some
representatives of these include Fenebrutinib, Pirtobrutinib, Nemtabrutinib, Vecabrutinib,
and HMPL-760.8° Combinatorial regimens of BTKi with inhibitors of other BCR-related
proteins, such as PI3K, SYK, or BCL-2, also offer a great alternative to prevent the
activation of bypassing signalling pathways.8%1% Besides, BTKi can be combined with

immunotherapy and CAR-T cell therapy to enhance treatment response and durable
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remission, thus eliminating the requirement of continuous treatment with BTKi and
reducing the possibility of developing drug resistance.2%® Most importantly, and
especially for BTKIi resistant patients, prebiopsy with detection of mutations is crucial to
guide individualized treatment, and to guarantee the efficacy of BTKi in the appropriate

disease context.8%11°

2.2 Aim of the project

In this study, we investigate the therapeutic potential of a small covalent molecule (JS25)
with nanomolar potency against BTK (5.8 nM). JS25 was obtained from the scaffold of
BMX-IN-17°, a recently discovered molecule shown to also inhibit BTK, as part of our
efforts to identify regions of the molecule that could be modulated for improved efficacy
and selectivity. Initially, we had explored JS25 potential to target BMX for the treatment
of prostate cancer, but later experiments revealed that JS25 was highly selective for BTK,
and therefore, it could have therapeutic importance in blood malignancies that arise from
BTK'’s abnormal expression. Following the preliminary data, we sought to characterize the
binding mode of JS25 to BTK and asserted its selectivity against a panel of proteins
related to BTK’s signalling pathway or with an equally placed cysteine as to the C481 of
BTK. We further demonstrate that the lead compound has potential to inhibit the
proliferation of several haematological cancers and to induce the degradation of BTK.
Validation of its therapeutic effect was conducted in xenograft murine models of Burkitt’s
lymphoma, and in patient-derived models of diffuse large B-cell lymphoma and chronic
lymphocytic leukaemia. Finally, we explore the capability of JS25 to cross the brain—blood

barrier and treat infiltration of tumour cells in the brain.

2.3 Results
2.3.1 Discovery of a single-digit nanomolar BMX/BTK inhibitors

To evaluate substituent tolerability at each position and to establish an optimal vector
through positioning of different functionalities, a structure—activity relationship (SAR)
study was used to establish the limitations of the tool chemotype BMX-IN-1 (Fig. 2. 4). A

total of 24 analogues were synthesized in an attempt to both enhance potency and optimize
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physicochemical properties within the allowable SAR study (Fig. 2. 5). Upon systematic
evaluation, we found that analogues with substituents in position R® (Table 2. 2) of the
quinoline moiety had only marginal effects on BMX inhibition. Furthermore, any change
of the electrophilic warhead (position RY) for cysteine covalent ligation resulted in loss of
potency as illustrated for instance by the introduction of the enamide substituents in JS10
and JS11 (Table 2. 2). The substituents in the aromatic ring bearing the amide
functionality play an unexpected relevant role for the activity, affording different reactivity
patterns arising from non-covalent interactions. Introducing a strong electron-donating
group such as a methoxy group (OMe) (JS9E) in R? decreases potency by 4-fold. In
contrast, the use of a weak electron-donating group, such as a methyl substituent, has
different effects depending on the positioning. Thus, moving the methyl group to the ortho
position abolishes target inhibition (JS9C), while a methyl positioning in the meta position
slightly improved inhibition by 2-fold. Even more striking is the effect of no substituent in
the ring (JS9D), which increased inhibition by 6-fold. Since the electronic influence of the
methyl substituents in the different positions is not expected to account for these
differences, we consider that a conformational effect may play an important role. The ortho
substitution may increase the constraints for fitting into the pocket, while the removal of
the methyl groups affords less spatial restriction. Interestingly, substituents in position R*
were found to significantly enhance BTK inhibition relative to BMX-IN-1.

Michael acceptor 0] R1
cysteine binding region JJ\/
HN -
0O
H
YN

Sulfonamide
conjugation region

SAR derivatizations

BMX-IN-1

Fig. 2. 4. Structures of BMX-IN-1 and SAR explored derivatizations.

50



2 Covalent targeting of BTK

[e] o o (o]
HNJK&7 HNJk&é HN)Lé? HN)k67
| I |
N \@ i oM i o H i oH i
NN S ~ N ~N NN ~
§ N X N /S\\’ N § N
8} i'n N ! © i.n i'n X ‘ o iilli.l\\ ) i'n N !
N N” N7 N
JSOA (BMX-IN-1) JS9B Js9C JS9D

MeOZS’NQ

1828

JS29

Fig. 2. 5. Structure of the 24 analogues prepared. The modified regions in each analogue

are highlighted in red, yellow, green, and blue.
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With this SAR information in hand, we decided to prepare JS24-JS27 that were
designed to include substituents at position R* of the quinoline and incorporated features
from previous analogues that afforded a preferred overall profile, varying methyl
positioning in R? and retaining the acrylamide electrophilic warhead for cysteine covalent
binding. Compound JS24, which features a methyl sulfonamide at position 7, showed
considerable gain of inhibition potency from ICso 50 to 7.5 nM relative to the parent
molecule BMX-IN-1. Further derivatives that presented changes in the aniline core (R?)
with a methyl in the meta position (JS25) and without any substituent in this position
(JS26), but that featured the same methyl sulfonamide at R*, were designed and prepared.
Both compounds showed significantly improved activity (ICso of 3.5 and 9.1 nM,
respectively). Similarly, in JS27 we installed a substituted piperazine in the R* position
that affords less restraint relative to the aromatic phenyl-sulfonamide ring, but which
renders it the least active analogue of the series (13.7 nM) albeit considerably more potent
(~4-fold) relative to BMX-IN-1.

To date, all the reported BMX inhibitors also display the ability to inhibit BTK. To
determine if our leads were also binders of BTK, we evaluated inhibitory capacity of our
compounds against BTK. For the BTK ICso assay, we selected BMX-IN-1, the two
analogues with higher BMX inhibitory capacity: JS24, JS25 and JS27. The results showed
that all the leads are also potent BTK inhibitors, in the low nanomolar range (Table 2. 2).
The same inhibitory trend is observed with an increase of 62-, 33- and 15-fold potency
gain with JS25, JS24 and JS27, respectively, relative to BMX-IN-1.

2.3.2 JS25 is a selective TEC family inhibitor

To investigate in which targets the new BTKi could have an effect, we tested JS25 against
a panel of 36 kinases in the Eurofins DiscoverX's KINOMEscan® platform at a
concentration of 1 uM. It is important to note that from the extensive number of accessible
cysteine residues distributed across the whole kinome, not all are available for covalent
modification.'®>1%" BTK belongs to a restricted group that includes 10 other kinases that
share an equivalently placed cysteine in the ATP binding pocket. This group comprises
members from the TEC family (BMX, ITK, TXK and TEC), the EGFR family (EGFR,
HER2, HER4), JAK3, BLK and MAP2K?7. Therefore, we included the whole TEC, EGFR

and JAK family in our screening, and the SRC family and LKB1, which also have a
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cysteine within the same sequence alignment. We also included kinases involved in the
signal cascades of TEC family kinases. The KINOMEscan® platform is a binding assay
and the screening showed that JS25 displays a strong binding affinity against all the
members of TEC family that share an equivalently placed cysteine (Table 2. 3).

Table 2. 2. Biochemical ICso determination of compounds JS9-29.

BMX inhibition ICso (NM)? BTK inhibition ICso (NM)?
JS9A 36024 Js18 140 + 12 JS24 11.1+0.8
JS9B 240+ 25 Js19 470+179  JS25 5.8 % 0.04
JSOC 6900 2925  JS20 42 +13 JS27 243+0.3
JS9D  59+5.0 Js21 43+5 BMX-IN-1 36224
JSOE  1300+206  JS22 93.8+0.87
JS10 2100047250 JS23 41+6
JS11 n.d. JS24 75+04
JS12  n.d. JS25 3.5+ 0.02
JS13  n.d. JS26 9.1+0.3
JS14 890+ 27 Js27 13.7+0.7
JS15  1187+114  JS28 410 % 35
JS16  50+62 JS29 4412
JS17  45+10 BMX-IN-1  50.2+0.7

n.d. - not determined; 2average of triplicates, showing mean + S.D.; Paverage of duplicates,
showing mean + S.D.

As stated above, the TEC family has high sequence similarity and in particular residues
in the ATP binding kinase domain share 40-65% identity and 60-80% similarity. The ATP
binding sites are also highly conserved between the TEC and SRC families with 14
identical residues out of 18 that comprise the ATP binding pocket. In fact, one of the key
determinants of kinase selectivity — the gatekeeper residue — is a threonine in both the SRC
family and the TEC family members, except ITK. JS25 also binds BLK (and JAK3)
whereas no affinity was observed with other potential targets. These results reveal JS25 as
a selective probe for TEC kinases and suggest that any cellular activity mediated by JS25
is probably a result of inhibition of any of the TEC kinases rather than any off-target

inhibition of upstream and downstream regulators.
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Table 2. 3. Kinome selectivity of JS25 over 36-related kinases in the KINOMEscan®
platform. The results for primary screen binding interactions at 1 uM concentration are
reported as % DMSO control.

Family  Target % Ctrl Family  Target % Ctrl
TEC BMX 1.3 SRC FYN 99
BTK 0 SRC 92
ITK 4.7 YES1 85
TEC 0.4 BLK 16
TXK 3.4 FGR 93
EGFR  EGFR 87 LCK 80
HER2 89 HCK 95
HER3 91 LYN 100
HER4 66 mTOR  mTOR 100
JAK JAK1 93 LKB1 STK11 52
JAK2 81 PKB AKT1 100
JAK3 21 AKT2 94
TYK2 100 AKT3 99
FAK PTK2 93 PAK1 PAK1 100
PI3K PIK3CA 79 TAM AXL 93
PIK3CB 89 MERTK 89
PIK3CG 64 ABL ABL1-phosphorylated 100
PIK3CD 100 PDPK1 PDPK1 92

2.3.3 JS25 presents a more favourable selectivity profile

Compound intracellular selectivity is a crucial factor to take into consideration in drug
discovery, as in many cases, a lack of selectivity can translate into an increased toxicity in
clinical trials.'® To determine whether JS25 is a selective binder, we evaluated its
intracellular inhibitory capability against BTK, BMX, ITK, TXK, and TEC, and against
other BTK pathway-related proteins (BLK, EGFR, HER2, and JAK3). The selectivity of
JS25 was measured using the NanoBRET™ technology and defined as 1Cso kinase/ICso
BTK (Table 2. 4). 3JS25 showed an ICso value of 28.5 nM against BTK, and the value for
BMX was 49.0 nM, representing a ~2-fold increase in the selectivity towards BTK. Within
the TEC family kinases, JS25 presented a ~7-, ~8-, 15-, and 100-fold higher selectivity for

54



2 Covalent targeting of BTK

BTK, relative to TXK, TEC, ITK, and BLK, respectively. Importantly, the values of 1Cso
for EGFR, HER2, and JAK3 were higher than 3 uM. Overall, our data reveal that JS25 is
very selective for both BMX and BTK, but with lower reactivity for other proteins within
the TEC family, as well as for other proteins in BTK’s signalling pathways, possibly

mitigating the chances for off-target effects in the clinical stages.

Table 2. 4. Kinome selectivity of JS25 values obtained in the NanoBRET ™-based assays.

Kinase ICso (M)?2 Selectivity (kinase/BTK)

BTK 2.85 x 108+ 0.55 1

BMX 4.90 x 108+ 0.40 1.7
TXK 1.90 x 107+ 0.50 6.7
TEC 2.20 x 107+ 0.30 7.7
ITK 4.40 x 107+ 0.10 15.4
BLK 2.60 x 10 £ n.d. 104
EGFR >3 x10° n.d.
HER2 >3 x10° n.d.
JAK3 >3 x10° n.d.

n.d. — not determined; 2average of duplicates, showing mean £ S.D.

2.3.4 JS25 exhibits higher potency in inhibiting BTK compared to Ibrutinib,
Acalabrutinib and BMX-IN-1

Covalent modification of BTK is a two-step process that covers the affinity of the initial
non-covalent binding, Ki, and the rate of covalent bond formation, Kinact.?® The rate of
inactivation (kinact/Ki) is a second-order event, which describes the efficacy of the covalent
bond binding event. To characterise the covalent interactions of JS25 with BTK,
evaluation of the irreversible binding efficacy was performed as reported?®. Additionally,
we included Ibrutinib, Acalabrutinib and BMX-IN-1. The calculated kinetic parameters
Ki, Kinact, and Kinact/Ki, are shown in Table 2. 5. The data demonstrated similar binding
affinity between JS25, lIbrutinib, and BMX-IN-1 for BTK, as indicated by their
respective K; values: 0.77 nM, 0.59 nM, and 1.29 nM. Out of the 4 compounds,
Acalabrutinib presented the weakest binding affinity for BTK (K; = 15.07 nM). Most
importantly, the rate of covalent bond formation, Kinact, 0f JS25 is 10-fold faster (0.401
mint), compared with Ibrutinib (0.041 min™), Acalabrutinib (0.038 min™), and BMX-
IN-1 (0.038 min); consequently, JS25 efficiently inactivated BTK with a Kinact/K; of 8.72
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uM “1st displaying an increased rate of inactivation of approximately 8-fold relative to
Ibrutinib (1.17 uM “s1), 200-fold relative to Acalabrutinib (0.04 uM “s1), and 18-fold
relative to BMX-IN-1 (0.49 uM “Is1). The differences in kinetic properties between the
tested compounds, highlight the variances in their specific binding modes, and suggest an

improved complementarity of JS25 with the target protein.

Table 2. 5. Comparison of the kinetic parameters.

Compound Ki[nM] Kinact [Min] Kinact/ Ki [UM 1s7]
JS25 0.77 £0.06 0.401 = 0.064 8.72+£1.02
Ibrutinib 0.59 £ 0.03 0.041 £ 0.004 117 £0.13?
Acalabrutinib 15.07£0.51 0.038 = 0.005 0.04 +0.01°
BMX-IN-1 1.29 +0.50 0.038 = 0.008 0.49 £0.15°

a\V/alue with a 0.17 deviation from published results'®®
®\/alue with a 0.002 deviation from published results!*®
*Value with a 0.29 deviation from published results?®

2.3.5 Selectivity and inhibition is induced by hijacking M477, L408, and Y551

The putative 3D structure of JS25 covalently bound to BTK was generated. Autodock 4.2
software was used to predict the region where JS25 binds to BTK (noncovalent docking).
The crystal structure of this protein, reported together with an inhibitor (PDB: 6 TFP), was
used for the docking studies. Interestingly, the best 10 docking poses in terms of binding
affinity interact with BTK in the same region as other reported inhibitors?® (Fig. 2. 6, a).
Detailed analysis of the different poses shows that pose #10 localises the Michael acceptor
moiety near C481. Therefore, we covalently linked JS25 with this 3D orientation to this
cysteine residue of BTK and performed 0.5 us MD simulations in explicit water (Fig. 2. 6,
b). The simulations show that the complex is stable due to the occurrence of hydrogen
bonds and hydrophobic contacts between the ligand and the receptor. Hydrogen bonds are
established between the oxygen atoms of the sulfonamide and the main chain of M477
(which occupies about 30% of the total trajectory time). Equally, the aromatic ring
containing the sulfonamide group is engaged in a CH/zn interaction with the sidechain of
L408, which is maintained throughout the simulation time. We also analysed the dynamics
of Y551, as BTK inhibitors can be classified according to their ability to trigger the
‘sequestration’ of this tyrosine residue. In cells, sequestration of Y551 was shown to render
it inaccessible for phosphorylation!?. According to our calculations, Y551 is sequestrated
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around 60% of the whole trajectory (x* torsional angle close to 180 degrees). To validate
our simulation protocol, we performed MD simulations for the complex of BTK with
Ibrutinib (Fig. 2. 6, c), using the X-ray structure as the initial coordinates (PDB: 5P9J). As
in the X-ray structure, the MD simulations show a hydrogen bond between the —~NH2 group
of the ligand and the main chain of E475 (with a population of about 32%). As for the
dynamics of Y551, our calculations showed that this residue is inaccessible about 72% of

the time, which is consistent with the X-ray structure and experimental data.

CPR(L408)-—-
Ph-SO2-Me

t') 1:10 2:)0 M')O u'ao .'M‘W i 100 200 300 400 500 i 0 100 200 300 400 500
Time (ns) Time (ns) Time (ns)

Fig. 2. 6. Putative structure of BTK covalently inhibited. (a) The energetically best poses
for BTK as determined by docking calculations. (b) Overlay of 10 frames of BTK/JS25
complex sampled from 0.5 ps MD simulations, together with the distance between
sidechain of L408 and the aromatic ring (Ph-SO2,Me) of JS25, and the geometry of the
sidechain (y1 dihedral angle) of Y551 throughout MD simulations. (c) Overlay of 10
frames of BTK/Ibrutinib complex sampled from 0.5 ps MD simulations, together with
geometry of the sidechain (y1 dihedral angle) of Y551 through MD simulations. BTK is
shown as blue ribbons and carbon atoms of the ligand and Y551 are shown in green and

purple, respectively.

2.3.6 JS25 has a wide spectrum of activity in blood cancer cells

Having demonstrated JS25 is a potent inhibitor of BTK in biochemical assays, we turned

to its characterisation in standard cell lines of haematological cancers, related with an
57



2 Covalent targeting of BTK

abnormal expression of BTK, including BL, DLBCL, CLL, AML, and acute
promyelocytic leukaemia (APML). Acalabrutinib and Ibrutinib were also included to
validate the therapeutic relevance of JS25 in these cell lines. The results presented in Fig.
2. 7, a-f show that JS25 has a significant effect on viable cell growth in all the tested cells,
and it has the capability to inhibit the proliferation with similar or greater potency than the
clinically approved BTKi, Acalabrutinib and Ibrutinib. JS25 presented a 15-fold greater
efficacy than Ibrutinib, to inhibit the proliferation of Raji cells (BL), with an 1Cso value of
2.3 uM. In DoHH-2 (DLBCL), M01043 (CLL), and MOLM-13 (AML) cell lines, there
were no major improvements; however, in WA-C3CD5+ cells (CLL), the antiproliferative
potency of JS25 (3.5 uM) was approximately 7-fold greater than Ibrutinib (25.9 uM). In
addition, JS25 also presented a better efficacy than Ibrutinib in HL-60 cells (APML) with
an ICso value of 1.95 uM. Importantly, other non-B-cell lines (JURKAT, HEK293T, and
HBEC-5i), were not as sensitive to the treatment (Fig. 2. 7, g-i).

Degradation of BTK was also investigated by treating wild-type Raji cells with a 10 uM
concentration of JS25 and Ibrutinib. Western blot analysis showed that BTK degradation
was evident at 4h of treatment, and it was almost completed at 15h (Fig. 2. 7, j). These
results validate JS25 as a potential therapeutic candidate with applicability against
haematological cancers and demonstrates its ability to inhibit both the catalytic activity and

the expression of BTK in tumour cells.

2.3.7 JS25 effectively crosses the blood-brain-barrier

The permeability of JS25 on the blood-brain-barrier (BBB) was evaluated using an in vitro
HBEC-5i cell model. Ibrutinib and Acalabrutinib were included as controls. As shown in
Fig. 2. 8, JS25 and Acalabrutinib showed similar permeability to the BBB at 24h (28.5%
and 29.2%, respectively). However, this was comparatively lower than the permeability of
Ibrutinib (51.9%), due to higher retention rates of JS25 and Acalabrutinib in the cells.
Depending on the intracellular mechanism involved, a higher retention of the compound in
the BBB could result in its degradation, or in a greater durability of the treatment. These
findings suggest a potential avenue for the application of JS25 in treating more aggressive

forms of hematological cancers.
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Fig. 2. 7. Cell viability assays. (a) Raji. (b) DoHH-2. (c) HL-60. (d) MOLM-13. (e)
Mo1034. (f) WA-C3CD5+. (g) HEK293T. (h) JURKAT. (i) HBEC-5i. Cells were treated
with serial doses of Acalabrutinib, Ibrutinib, and JS25 for 72h. Error bars correspond to
the standard deviation of the mean, n=3 technical replicates. (j) Degradation analysis of
BTK after treating Raji cells with JS25 and Ibrutinib.
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Fig. 2. 8. Translocation profile of different compounds (15 uM) at 1h (a) and 24h (b). Error

bars correspond to the standard deviation of the mean, n=3 technical replicates.

2.3.8 JS25 has a superior therapeutic effect relative to Ibrutinib in a mice model of

Burkizt’s lymphoma

To further validate its therapeutic potency, JS25 was examined in a mouse Xxenograft
model inoculated subcutaneously with human lymphoma Raji cells (BL). This study
comprised a vehicle control group, and three treatment groups, including one dose of
Ibrutinib (10 mg/Kg), and two doses of JS25 (10 and 20 mg/Kg). The compounds were
administered through intraperitoneal injection once every two days for 14 days, and tumour
sizes were measured periodically (Fig. 2. 9, a). As shown in Fig. 2. 9, b, JS25 caused
significant reduction in the solid tumour sizes (around 30-40% in both dosages), while
Ibrutinib—treated groups did not show significant changes relative to the control.
Additionally, no weight fluctuations were observed by the end of the treatment (Fig. 2. 9,
¢). Considering that drug dosing strongly influences the existing number of metastases, we
sought out to determine the overall percentage in each experimental group (Fig. 2. 9, d-f).
Our quantitative analysis revealed that mice treated with JS25 had a significant reduction
in their secondary tumour formation (71-88%) (Fig. 2. 9, d); however, only mice treated
with the highest dose of JS25 (20 mg/Kg), presented a significant lower percentage of
metastases (70% reduction) (Fig. 2. 9, e-f). For both Ibrutinib and JS25 (10mg/Kg doses),
the reduction was similar and around 30% (Fig. 2. 9, e). Invasion of tumour cells was not
observed in the heart and kidneys; and drug-induced necrosis of normal cells was also not
observed. Our data shows JS25 has potential therapeutic effect in this mouse xenograft
model of BL, supported by the generalised reduction in the size of the primary tumours,

and in the reduction of secondary tumours and metastasis.
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Fig. 2. 9. JS25 treatment inhibits tumour growth of Burkitt’s lymphoma. (a) Schematic
representation of the in vivo assay. Blue arrows indicate days of treatment. (b) Tumour size
and (c) body weight were monitored periodically. (d, €) Quantification and analysis of the
metastases and tumour formation observed (n = 5/group), (b, **p = 0.0018 and 0.0090, d,
**p = 0.0086, *p = 0.0418, e, *p = 0.0386). Statistical analysis was conducted by one-way
ANOVA, followed by Dunnett’s test for significance: not significant (ns) p > 0.05; *p <
0.05 (*); **p < 0.01. (f) Example of neoplastic cells observed in the liver of the control and

JS25-treated groups.

2.3.9 JS25 demonstrates selective on target activity in patient samples of diffuse

large B-cell lymphoma

On the basis of its kinetic and cytotoxic efficiency, we tested the ability of JS25 to induce
targeted cell cytotoxicity on viable DLBCL tumour tissues, by collecting lymph node
samples from patients with the pathology (Fig. 2. 10, a). Solid tissues were dissociated,
cells were treated with JS25 and Ibrutinib, then fixed and permeabilised, and the resulting

monolayers were stained with fluorescent antibodies against surface markers: CD19 (clone
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HIB19), CD20 (clone L27), and CD79a (clone HMA47), along with DAPI. Imaging of the
primary cell monolayer was carried out and the viability and identity (cancer versus non-
cancer) of individual cells evaluated using deep learning driven image analysis. The on-
target cytotoxicity was identified by calculation of the DRS, which has been shown to
correlate with the clinical response for late-stage haematological cancer patients. This
score is measured by dividing the fraction of live cancer cells under treatment®! by the
fraction of live cancer cells of total cells under controls, averaging across multiple
concentrations. As shown in Fig. 2. 10, ¢, JS25 had on-target effect in 7 out of 11 patients
(~64%), and in 4 patients the “killing” was off-target or non-specific (~36%). Ibrutinib
presented an on-target toxicity in 5 out of 10 patients (50%) (Fig. 2. 10, b). Overall, JS25
presented a greater pharmacologic effect at the target of interest than Ibrutinib, supported

by the number of samples that were more sensitive to the treatment with JS25.
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Fig. 2. 10. Patient-derived model of DLBCL. (a) Schematic representation of the ex vivo
experiment. (b) Ibrutinib and (c) JS25/drug response score (DRS) calculated as 1-mean of
the RCF. Each concentration point for each sample was performed in 4 replicates, at 72h
hour incubation time point. Grey indicates a DRS > 0, white indicates DRS < 0. DRS
scores > 0 indicates on-target cytotoxic response, < 0 indicates general cytotoxicity or off-

target cytotoxic response.
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2.3.10 JS25 is more effective than Ibrutinib in patient-derived model of chronic
lymphocytic leukaemia

To evaluate the efficacy of JS25 in CLL patient samples, PBMCs were collected and used
to generate zebrafish patient-derived xenografts (zPDX). Here we compared JS25’s
efficacy with Ibrutinib, and Venetoclax was also included as a positive control.
Venetoclax is a BH3-mimetic BCL-2 inhibitor that induces significant cell death?®?, and it
is highly efficient for treating CLL; however, the rapid onset of apoptosis often leads to
tumour lysis syndrome complications.?® In contrast, Ibrutinib has a different dynamics,
and therefore is less prone to induce tumour lysis syndrome.?** CLL zPDXs with tumour
cells in circulation were randomly distributed into four conditions immediately following
injection: DMSO (control), Ibrutinib (Ib), JS25 and Venetoclax (VTX). After 48h of
treatment, all zPDXs were fixed and analysed by confocal microscopy to evaluate tumour
burden and incidence (Fig. 2. 11). Tumour incidence is the percentage of zPDXs with
tumours by the end of the assay, while tumour burden is the area occupied by PBMCs from
the cloaca region until the end of the tail (Fig. 2. 12, a-a’). In 2 out of the 3 CLL-zPDX,
JS25 was more efficient than Ibrutinib in reducing CLL disease burden (Fig. 2. 12, b-m).
In the CLL zPDX(2) (del17p+), JS25 treatment led to a reduction of the tumour burden of
45% when compared to Ibrutinib (Fig. 2. 12, f-i, and Fig. 2. 13, c-d), whereas in CLL
zPDX(3), JS25 reduces the incidence of zPDXs with tumours in 27% relative to Ibrutinib
and 25% in relation to DMSO controls and a tendency to reduce tumour burden (Fig. 2. 12,
j-m, and Fig. 2. 13, e-f). In all the zPDXs, Venetoclax has a major impact on tumour
incidence and burden, being able to induce a massive cell death of all CLL cells within 48h
(Fig. 2. 12), which is in accordance with the fast CLL cells killing effect observed in
patients. Altogether, our results suggest that JS25 has a higher therapeutic impact in CLL,

being faster and more effective than its counterpart Ibrutinib.
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Fig. 2. 11. Zebrafish patient-derived model of CLL. (a) Representative scheme of the
zPDX assay. (b) Percentage of CD19+CD5+ cells within CD45+ population from PBMCs
of each CLL patient.

dria DAPI Tg(Fli1:eGFP) endothelial cells
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Fig. 2. 12. Therapeutic effects of BTKi in zebrafish patient-derived xenografts of CLL. (a-
a’) Representative zPDX confocal image on where the therapeutic effects of the different
compounds were analysed. (b-m) Representative confocal images for each zPDX. Scale

bar represents 50 um.
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Fig. 2. 13. Analysis of the anti-tumour activity of BTKi in zebrafish patient-derived
xenografts of CLL. Percentage of zPDXs with tumour (a, ****p < 0.0001, ¢, **p = 0.0080,
****p < 0.0001, e, *p = 0.0183, **p = 0.0054, ****p < 0.0001) and tumour burden (b,
****p < 0.0001, d, *p = 0.0188, **p = 0.0045, ****p < 0.0001, f, ****p < 0.0001). The

outcomes are expressed as mean (a, ¢, and €) and mean + SEM (b, d, f). Data are from one

independent experiment and the number of xenografts analysed for tumour burden is

indicated in the representative images. The number of total zPDXs analysed at the end of

the assay is indicated below the respective charts. Each dot represents one zebrafish

xenograft. Statistical analysis was performed using Fisher’s exact test (tumour incidence)

and an unpaired t-test (tumour burden). Statistical results: ns > 0.05, *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.

2.4 Discussion

Selective inhibition of Bruton's tyrosine kinase is as a promising therapy for multiple

haematological cancers and autoimmune diseases. The first-in-class BTK inhibitor,
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Ibrutinib, has shown durable clinical responses, but its clinical efficacy has been limited
by off-target effects and the development of resistance. This prompted the development of
second-generation BTKi with improved therapeutic effects. In this context, we report the
discovery of a new inhibitor, JS25, a covalent small molecule with high potency and
selectivity for BTK.

We first explored a chemical scaffold that contains an archetypal tricyclic core of a
quinoline with a fused pyridinone, which is present in the covalent inhibitor BMX-IN-1.
We sought to introduce a chemical handle that may be used for further derivatization
whilst simultaneously tuning the physicochemical properties. We found that rational
modification introduced at the position 7 of the quinoline moiety leads to potent, single-
digit nanomolar inhibition of BMX and BTK. We characterised the covalent modification
of BTK of the most potent compound JS25 using Kinetic analysis. An improvement in the
covalent binding efficiency of JS25 to BTK was observed when compared to Ibrutinib,
Acalabrutinib, and BMX-IN-1, with an increase of ~8-200 fold in the rate of protein
inactivation (8.72 + 1.02 uMs™). The mechanism of target-specific covalent inhibition is
governed by an initial non-covalently binding event that places the reactive electrophile
close to the specific nucleophile on the target protein.2® The success of this initial fitting
dictates the rate of covalent bond-formation. Therefore, inhibitors’ structural variations can
affect covalent bond formation and consequent target inhibition, as observed in this study.
Moreover, the combined effect of a higher potency and faster rate of covalent bond
formation seen with JS25, can directly translate into less compound required to achieve the
same pharmacologic effect and therefore reducing the probability of side effects.?%

Our MD simulation studies of BTK covalently linked to JS25, demonstrated Y551 is
sequestrated around 60% of the whole trajectory, possibly rendering BTK inaccessible for
phosphorylation and causing its inactivation. Consistently, inactivation of BTK is usually
achieved through blocking of Y551 phosphorylation within the SH1 domain by SRC
kinases, consequently hindering autophosphorylation of Y223.2°° Many BTKi, both
covalent and non-covalent, act directly within the SH1 domain, thereby interfering with
cell survival and proliferation.

JS25 is also a dual inhibitor of BMX and BTK, and presented a lower reactivity for
TEC, ITK, and TXK, and non-reactivity towards EGFR, BLK, JAK3, and HER2.
Additionally, we showed that JS25 does not react with other SRC kinases. When
comparing JS25 selectivity profile with other BTKi, JS25 is less reactive than Ibrutinib
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for TEC, TXK, ITK, EGFR, JAK3, BLK, and HERZ2; less reactive for TEC and TXK than
Acalabrutinib; less reactive towards EGFR, JAK3 and HER2 than Zanubrutinib; and
less reactive towards TEC, TXK and BLK than Tirabrutinib, although slightly more
reactive against ITK. The BTKi Acalabrutinib, Zanubrutinib, and Tirabrutinib, are
second-generation inhibitors, and relatively to Ibrutinib, these molecules have fewer off-
target effects in early clinical trials. Dermatitis is a known adverse side effect attributed to
Ibrutinib’s off-targeting of EGFR?%’; and bleeding is attributed to the off-targeting of TEC
protein, although a recent study suggested it may be caused by inhibition of SRC (e.g.,
BLK), In clinical studies, patients treated with BTKi that have no off-target effect for
TEC kinase (e.g., Branebrutinib, Evobrutinib and Fenebrutinib), reported less or no
bleeding events.?’® For this reason, it is desirable that newly developed BTKIi, such as
JS25, have a higher selectivity for BTK and a lower reactivity towards this particular
group of kinases, as shown in this study. Overall, JS25 off-target profile suggests a more
favourable therapeutic index in comparison to other BTKi. However, some clarification
within clinical context is required to understand whether the JS25 selectivity profile will
translate into a higher efficacy and safety, particularly in combinatorial regimens with
other drugs.

In a cellular context, JS25 presented a wide spectrum of activity against several
myeloid/lymphoid B-cell cancers dependent on BTK expression. In addition to inducing
degradation of BTK, JS25 effectively crosses the BBB, but with higher retention rates than
Ibrutinib. However, this does not devaluate the therapeutic potential of JS25 in brain
cancers, since higher retention rates can result in longer pharmacological effects,
depending on the intracellular metabolism involved. Besides, clinical treatment with
Acalabrutinib (which showed a similar retention rate to JS25), did not affect the quality
of the response to MCL-cells infiltration in the brain.%®

As a proof of concept of the therapeutic potential, mice with BL were treated with JS25
and presented a reduction of 30-40% in the size of their solid tumours, and an overall
reduction in metastasis and secondary tumour formation, relative to Ibrutinib. The
percentage of metastatic cells present in the liver, lungs, brain/meninges, and spinal
cord/bone marrow, was similar between treated groups (30% reduction), although lower
with a higher JS25 dosage (70% reduction). Naturally, a variety of factors can impact
JS25’s distribution throughout the body and even decrease its availability in specific

organs.?® Thus, within these conditions, a higher drug dosage was more impactful in
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impairing tumour spread and growth in the mice. Nevertheless, in consistency with the in
vitro experiments performed here, treatment-induced cell death was significantly more
pronounced with JS25. Additionally, no weight fluctuations were observed by the end of
the treatment, even at the highest dose (20 mg/Kg), suggesting a safe and tolerable profile
for JS25 in animal models, within the doses tested.

The drug response score of JS25, in a DLBCL patient-model, was slightly higher than
Ibrutinib, proven by the overall increased cell death, leading to a 64% on-target efficacy.
Although the efficacy of BTKi in DLBCL has been shown, patient prognosis is still poor,
and several inhibitors are still struggling for indications expansion.l!® Several genetic
variations are in the basis of cellular resistance to Ibrutinib in B-cell cancers such as
DLBCL. Mutations that lead to acquired resistance to JS25 are still unknown and will
be important when evaluating its effectiveness and safety in the clinical stages.
Nonetheless, comprehensive drug responsive profiles such as those generated here, directly
translate the clinical outcome of JS25 efficacy, thus being a useful route to understand its
potential relevance in the clinic.

In zebrafish patient-model of CLL, in 2 out of 3 zPDXs, JS25 was more effective
and/or faster than Ibrutinib, reducing tumour incidence and tumour burden, thus
suggesting a competitive potential of JS25 over lbrutinib as a promising anti-cancer
therapy. CLL is a heterogeneous oncological disease of mature B-cells, in which BTK:i are
largely prescribed both as first-line and relapse therapy.?®® The responses to the currently
clinically approved therapies are diverse and commonly lead to a pathological partial
response with incomplete management of the symptoms.?1921 Therefore, there is an unmet
need to develop more effective and faster BTKi that produce higher anti-tumoral

responses.

2.5 Outlook

Small covalent inhibitors, when combined with prolonged inhibition and high selectivity to
the target protein, are a promising tool for the treatment of various diseases, including
cancer and autoimmune disorders. Among these inhibitors, JS25, a novel covalent
inhibitor of BTK, has shown significant potential in preclinical studies. The ability of JS25
to bind covalently to BTK at C481, a key amino acid residue, provides prolonged

inhibition and high selectivity to the target protein. Moreover, the efficacy of JS25 binding
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was showed to be more efficient than other BTKi in the market. Measurement of
selectivity-1Cso values, showed an improved selectivity pattern against EGFR and TEC
kinases, compared to Ibrutinib and the second-generation inhibitors, Acalabrutinib,
Tirabrutinib, and Zanubrutinib. JS25 also presented a broad spectrum of activity in
myeloid and lymphoid B-cell cancers, and demonstrated improved therapeutic efficacy
against Ibrutinib, in patient-derived DLBCL and CLL models, as well as in xenograft
models of BL, making it a promising drug candidate for clinical use. One of the most
significant findings in the preclinical studies of JS25 is its ability to cross the blood-brain
barrier, which indicates its potential to treat primary or metastatic forms of blood cancers
in the brain. Taken together, the results of these preclinical studies establish JS25 as a
promising candidate for clinical use, and we envisage its clinical application against
haematological cancers and other B-cell malignancies where patients may benefit from

BTK inhibition, such as in autoimmune diseases.
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3. Rationally designed PROTACSs to target APTs

3.1 Introduction

Acyl-protein thioesterases 1 and 2 (APT1 and APT2), are crucial in regulating protein S-
acylation, a reversible post-translational modification that controls protein recruitment to
membranes. Dysregulation of APT1 and APT2 is implicated in the development of several
diseases, including cancer and neurodegenerative disorders.?*22® Although PROTACS
have shown therapeutic potential in many diseases, the development of these molecules is
accompanied by various challenges, and their potential against serine hydrolases has
remained mostly underexplored.?!* The combination of computational and biochemical
platforms can help accelerate the identification of novel PROTACs that exhibit enhanced
efficacy and selectivity against desirable targets.

In this section we will cover the role of acyl-protein thioesterases and how
computational and biochemical platforms can assist in designing and optimizing
PROTAC:s for their degradation.

3.1.1 Pathophysiological roles and structure

S-Palmitoylation is a post-translational modification that directs the membrane
localization and trafficking of a wide range of cellular proteins.?*® This process involves a
coordinated palmitoylation cycle that relies on the action of both protein acyl transferases
(PATs) and APTs to redistribute S-palmitoylated proteins across different cellular
membrane compartments.?® APT enzymes are responsible for removing palmitoyl
modifications on cysteine residues of proteins, leading to redistribution of the substrate
(Fig. 3. 1).21%217 In particular, APT2 interacts with membranes by deforming the lipid
bilayer, extracting the acyl chain, capturing it in a hydrophobic pocket, and allowing for
hydrolysis and subsequent substrate removal.?'® Although the function of APTs remains
poorly understood, APTs have been found to be conserved individually across all
vertebrates, suggesting distinct functional roles for each enzyme.?!> APT1 is a member of

the a/B-hydrolase family of serine hydrolases encoded by the LYPLA1 gene.?® Its crystal
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structure reveals the presence of the catalytic triad S199-H209-D174, a unique feature of
o/B-hydrolases, and essential for its enzymatic activity.??® Originally identified as a

222 1 vitro studies

lysophospholipase??!, APT1 was later recognized as a thioesterase
demonstrate that APT1 can depalmitoylate various proteins, including Gsa, RGS,
HRAS?Y eNOS?2, and SNAP-232%4, APT1 also deacylates the G-protein of vesicular
stomatitis virus (VSV), HEF and hemagglutinin proteins of influenza virus, and the E2
glycoprotein of Semliki Forest virus (SFV), but not the E1 glycoprotein of SFV, indicating
its substrate specificity.??> APT1 is expressed in neuronal dendrites at the mRNA level and
regulates dendritic spine size in hippocampal neurons.??22" Knockdown or inhibition of
APT1 decreases dendritic spine volume.??®® APT2, encoded by the LYPLA2 gene, was first
discovered in mouse embryos and described as a lysophospholipase.??® It shares 67.7%
amino acid sequence identity with APT1 and contains a similar catalytic triad, S122-H210-
D176.28 Overexpression of APT2, but not APT1, leads to rapid depalmitoylation of GAP-

43, indicating the substrate specificity of APT2.2

Plasma membrane

/—\‘ _______ Cytosol
signals m—dH T
~

palmitoylation

SH /

de-palmitoylation

Golgi membrane

Fig. 3. 1. APTs as probes of dynamic S-palmitoylation. Palmitoylated cysteine residues are
hydrolysed by APTs in response to specific stimuli. This hydrolysis process leads to de-
palmitoylation of the protein, enabling it to detach from the plasma membrane and move to
the cytosol. The protein can then undergo re-palmitoylation by DHHC palmitoyl
transferases that are present in the Golgi membrane, transported back to the plasma

membrane, and then re-establish associations with signalling partners (adapted).??°
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In oncology, APTs are described as important regulators of the palmitoylation cycle of
the oncogene Ras — critical for its trafficking and oncogenic signalling3®2%! — although one
study has pointed to other enzymes being involved in this process.?*> Moreover, both
APT1 and APT2 have shown to promote tumour growth and metastasis of melanoma
cells.?® Suppressing their activity has proven effective in decreasing cancer cell
proliferation and survival, as well as impeding the migration and invasion of cancer cells in
both in vitro and in vivo settings.?*4?® Additionally, APTs have been shown to regulate
apoptosis mediated by CD95 in primary chronic lymphocytic leukemia cells.??” These
enzymes were found to promote depalmitoylation of CD95 by directly interacting with it,
resulting in impaired CD95-mediated apoptosis. Specific downregulation or inhibition of
APTs reversed this impairment.??’ In neurodegenerative disorders, APTs were identified as
regulators of the palmitoylation of disease-associated proteins.?*>2%¢ In a murine model of
Huntington’s disease, APT1 inhibition (which prevents removal of palmitoyl
modifications) has been shown to increase brain palmitoylation, restoring axonal transport,

synapse homeostasis, and survival signalling to wild-type levels without toxicity.?*®

3.1.2 Selective inhibition and degradation

Selective inhibitors for APTs have been developed that target their hydrophobic
substrate pocket, the catalytic serine, or both, and have shown promising results in
preclinical studies.?®>231:237 palmostatin B and M were the first probes found to effectively
target APTs in cells. Specifically, palmostatin B is a selective inhibitor of APT1, whereas
palmostatin M has been shown to target both APT1 and APT2 (Fig. 3. 2).%7 Optimization
of a potent triazole urea inhibitor, resulted in the discovery of a dual APT1/APT2 inhibitor
ML211, and of two reversible compounds ML348 and ML349 that act as selective
inhibitors for APT1 and APT2, respectively (Fig. 3. 2).2*52% |nhibitors of APTs have been
widely used to monitor the biological effects associated with the inhibition of APTs in cells
and to extrapolate the biological functions of these proteins,?15227:231231.238 | thejr |atest
work, Seneviratne and colleagues selectively degraded APT-2 against a panel of ~40 serine
hydrolases using degraders composed of fluorophosphonate-based warheads and
pomalidomide (e.g., FP-PROTAC), which act via a CRBN-mediated mechanism (Fig. 3.
2).22° It is important to note that achieving selectivity against APT-1 or APT-2 is

challenging due to their high sequence similarity.
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Fig. 3. 2. Chemical structures of selective inhibitors and degraders for APT1 or APT2.

3.1.3 Biochemical tools: Activity-based protein profiling

Developing drugs is a complex process that entails thorough characterization and precise
fine-tuning of a drug's efficacy and selectivity towards a desired target. To tackle these
hurdles, biochemical and proteomic approaches have been introduced to aid in profiling
targets within complex proteomes.®*?3 Within this field, activity-based protein profiling
(ABPP) surges an invaluable tool to study protein functions, as it enables researchers to
rapidly record changes in enzyme activity directly in native biological systems.®® Changes
in the enzyme activity are directly monitored by ABPP using small-molecule probes.?%
These chemical probes are designed to bind and covalently label a specific subset or family
of catalytically related enzymes at their active sites, and consist of two components: a
reactive group that is directed towards the active site of the enzyme; and a reporter tag,
such as a fluorophore or biotin, for detection, quantification, and/or

enrichment/identification of labelled enzymes.?*** The selectivity of ABPP probes for
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active enzymes allows for monitoring of changes in enzyme activities resulting from post-
translational modification and/or protein-protein/protein-small molecule interactions
without corresponding changes in protein abundance or mRNA expression, as inactive
forms of the enzyme are not labelled by the probes.?*

To conduct competitive ABPP, a native proteome is incubated with a small molecule
and then labelled with a fluorescent probe.®3242 The proteins are separated by SDS-PAGE,
and the fluorescence intensity of probe-labelled enzymes is quantified relative to a control
proteome, which is known as gel-based competitive ABPP.?*? For protein identification, a
complementary mass spectrometry-based platform may be introduced.?*® However, it
requires more time, larger amounts of samples compared to gel-based ABPP assays, and
more advanced equipment, thus it is usually reserved for more detailed analysis of lead
inhibitors.*® Regardless of whether gel-based or mass spectrometry-based format is used,
competitive ABPP has the benefit of enabling optimization of the potency and selectivity
of inhibitors in a cellular environment, without the need for protein purification (Fig. 3.
3).%% Several types of ABPP probes are used to study serine hydrolase activity. These
include fluorophosphonate (FP)-based probes, which covalently label the active site of
serine hydrolases; and clickable ones such as desthiobiotin-FP probes, which can be used
to isolate and identify labelled serine hydrolases by affinity purification.243244
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Fig. 3. 3. Competitive activity-based approach for the discovery of inhibitors for serine
hydrolases (adapted).®®

ABPP has been used to investigate the activity of serine hydrolases involved in the

metabolism of small molecules such as fatty acids and cholesterol, leading to the discovery
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of novel substrates and regulatory mechanisms.?*>24¢ Furthermore, ABPP studies can help
investigate the effects of mutations on the activity of serine hydrolases, by elucidating how
changes in the amino acid sequence of an enzyme can alter its activity and its role in the
cell.®® In drug discovery, the application of ABPP can prove advantageous in identifying
novel therapeutic targets and producing compounds that are more selective and effective
than traditional drugs.®® Overall, ABPP is an important tool for studying serine hydrolases

and has numerous applications in drug discovery and understanding biological processes.®®

3.1.4 Computational tools: PRosettaC

Despite the growing popularity of PROTACS, a significant amount of empirical screening
and optimization is often required to identify a suitable POI:PROTAC:E3 triad and to
optimize linker composition and length, to ultimately achieve successful protein
degradation.*”?*” The ability to model such ternary complexes through Rosetta-based
protocol (PRosettaC) could aid in the design of more potent PROTACS, significantly
reducing the number of linker designs required for efficient degradation and rationalizing

the structure-activity relationship of existing PROTAC series (Fig. 3. 4).47247

Distance Global docking Local docking Conformational Clustering
sampling under distance constraints sampling

i

Fig. 3. 4. An overview of the PRosettaC protocol. The protocol consists of the following

oS

consecutive steps: (1) sampling of the distance between the two ligand anchor points; (2)
constrained global protein—protein docking with PatchDock; (3) local docking with
RosettaDock; (4) generating constrained PROTAC conformations compatible with the

local docking solutions; (5) clustering of the top scoring results (adapted).*’

The PRosettaC software is a computational platform that can help in the discovery and

optimization of PROTACs.*” The software is designed to predict the ternary structure of
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POI:PROTAC:ES3 pairing, as well as the likely efficacy of a given PROTAC to induce
ternary complex formation. PRosettaC can also help to identify potential problems or
limitations with a given design. This includes issues with linker length or flexibility, as
well as potential clashes or steric hindrances that could interfere with the binding of the
PROTAC to its target.*’” This computational platform has been successfully employed for
modelling and predicting protein structures and interactions in various proteins, with the
ability to recover published structures of ternary complexes to near atomic resolution and
recapitulate experimental trends for two model systems with high accuracy.*’ Indeed,
PRosettaC has been successfully applied in the design of degraders for the blood-cancer
related protein BTK*', and the cell apoptotic-regulator proteins BCL-XL and BCL-2.24
The protocol involves multiple consecutive steps aimed at reducing the large
conformational search space, which includes the degrees of freedom for protein-protein
interaction, PROTAC internal conformation, and its relative pose to the protein-protein
complex.*” The input consists of the crystal structures of the POI and E3 ligase, each with
its own binding ligand, and a SMILES string representing the entire PROTAC.% The
protocol uses two anchor atoms in the two ligands, which are defined as part of the input.
The distance between the two anchor atoms in a PROTAC is estimated by generating 200
random pairs of ligand positions for each value starting from 1A and in increments of 1A.4
For each pair of ligand positions, a random conformation of the entire PROTAC is
generated which incorporates the "fixed" ligand positions. Successful generated PROTAC
conformations for each distance bin are summed-up, and their distribution is used to select
distance constraints. Geometrical constraints of the molecule can cause some pairs to fail
to generate a valid PROTAC conformation.*” The protein-protein interaction space is
sampled, with the bound ligands present, to generate docking solutions for the final ternary
complex, with the ability to model up to 100 random linker conformations that could
connect the two ligands, given their position in the docking solution.*” After sampling the
protein-protein interaction space and generating conformations for the proposed PROTAC,
potential ternary complexes are selected based on optimal linker conformations that avoid
steric clashes with the protein-protein interaction. The ternary complexes are scored and
clustered assuming that near-native solutions are sampled multiple times. Clusters are then
ranked based on the number of models and other parameters, with the top cluster
containing a near-native solution, defined as a structure with a Ca average distance of less

than 4A to the crystallographic conformation.*” Importantly, this computational model
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does not consider a PROTAC’s cell penetrance, efflux, kinetics of ternary complex
formation, ubiquitination efficiency, or rate of proteasomal degradation.?*” This implies
that the model's ability to induce ternary complex formation is the main determinant of a
PROTAC's activity, and other factors are not directly incorporated into the model.?*’
Nevertheless, creating a productive ternary complex remains a crucial starting point for
enhancing PROTAC activity, particularly by improving cooperativity in ternary complex
formation.*”?*" Therefore, this computational strategy focuses on binding modes where
there is intrinsic affinity between the two proteins, likely to exhibit positive cooperativity,
neglecting modes where protein-protein interactions do not contribute favourably to the
ternary complex.*’247

Overall, the PRosettaC software can help to accelerate the discovery and optimization
of PROTACs by allowing researchers to quickly evaluate the likely efficacy of potential
designs and identify promising candidates for further testing and development.*’ By
streamlining the drug discovery process, the software can help to accelerate the

development of new treatments for a wide range of diseases and conditions.*’

3.2 Aim of the project

In this study, we have integrated computational and ABPP-based methodologies to design
and optimize PROTACs for serine hydrolases, focusing on APT1 as a model target.
PRosettaC was utilized to predict the optimal linker length, configuration, and binding
affinity of the PROTAC to APT1. ABPP-based approaches were employed to monitor the
inhibition of APT1 in cell lysates treated with PROTACs, and to characterize the
selectivity of the PROTACs by comparing their activity towards APT1 with other closely
related enzymes. Additionally, degradation activity was evaluated through immunoblot
assays, and the anti-tumour activity of the most promising APT1-targeting PROTACS in

haematological cancer cell lines was also assessed.
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3.3 Results

3.3.1 PRosettaC-guided design of PROTACs

In this study, computational modelling was employed to predict the potential for ternary
complex formation of PROTACs and to guide the synthetic tasks. A sulfonyl fluoride-
warhead was selected due to its established ability to label serine residues. Moreover, given
the selectivity of APTs for substrates bearing longer alkyl chains, we hypothesized that
PROTACs with linkers bearing alkyl linkers would exhibit a higher probability to engage
APTs and form the tertiary complexes needed for PROTAC-mediated degradation. To this
end, we first generated a molecule with an eight-carbon chain linker, C8, which comprises
a benzenesulfonyl fluoride-warhead for APT binding, and a pomalidomide moiety for
CRBN recruitment (Fig. 3. 5, a). Using a proprietary pipeline to create models of the
APT1:C8:CRBN complex, we were able to predict nonclashing models for PROTAC
design. This run produced over 200 models, including a promising first cluster, with 53%
of the results. In PRosettaC, each model represents a possible solution for the ternary
complex found by the software. The clusters are ordered by the number of solutions they
include and the similarity between these model solutions. Clustering is performed by
applying the DBSCAN density-based clustering method, while using the RMSD between a
pair of models, to group neighbouring models together with a threshold of 4A. The first
cluster is therefore the most populated one (Fig. 3. 5, b). Every other cluster included less
than 3% of the results. Therefore, the first cluster was promising as an initial hypothesis for
the correct ternary complex formation. The likelihood of APT1:C8:CRBN pairing was
compared with the one for the aforementioned, FP-PROTAC (Fig. 3. 2). Even though
only APT2 is degraded by FP-PROTAC, the two proteins are very similar, and by
indication of the number of clusters produced and the similarity between the generated
results (RMSD: 0.17A), it suggests the previously obtained models have the potential to be
the foremost ones for tripartite formation (Fig. 3. 6). Clusters from different runs that
corresponded to the same overall solution (C8 and FP-PROTAC) were combined, and
reclustered to 1A and again to 0.5A RMSD, yielding the top 5 subclusters (Fig. 3. 5, c).
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FP-PROTAC C8-PROTAC
Fig. 3. 6. Results from the PRosettaC with FP-PROTAC (a) and C8 (b).

Next, we aimed to determine the minimal linker length that would result in the cessation of
PROTAC-mediated degradation of APT1 in silico (Fig 3. 7 and 3. 8, a-c). We generated a
series of PROTACs with varying linker lengths (R1, C-1-C7), while maintaining the
ligands for APT1 and CRBN. To assess the ability of the chosen models to accommodate
the newly generated PROTACSs, RDKit and Rosetta were used to compute the molecules

into models #1-5. This resulted in the generation up to 500 clusters, demonstrating that
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almost all pairs of PROTAC-model did produce tripart complex formation without

destructive steric interactions. However, molecules with shorter/rigid linkers, such as R1,

C-1, and CO, were unable to generate any results, suggesting their linker length is

potentially too short to allow adequate formation of a ternary complex (Fig. 3. 8).
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3.3.2 Benzenesulfonyl fluoride-based PROTAC induces degradation of APT1 via
CRBN-mediated proteolysis

To validate PROTAC-activity of designed molecules we first synthesized the C8 molecule.
We evaluated the effects of C8 in endogenous levels APT1, by treating a human Burkitt’s
lymphoma cell line (Raji) for 0-18h and with increasing concentrations of C8 (Fig. 3. 9, a,
and b). Pronounced loss of APT1 (> 80%) was observed at 4h for concentrations of C8 as
low as 0.5 uM. Marked depletion of APT1 was observed at 4 and 6h, with a partial
recovery in APT1 abundance at 18h. Next, we test the ability of C8 to induce CRBN-
mediated degradation of APT1. First, we confirmed that treatment with either
benzenesulfonyl fluoride (BSF) or pomalidomide (Pom) alone was insufficient to induce
APT1 degradation in Raji cells as demonstrated in Fig. 3. 9, ¢. The degradation by C8 was
dependent on proteasome function, as evidenced by the rescue of APT1 degradation upon
treatment with the proteasome inhibitor carfilzomib (Fig. 3. 9, d). Engagement of both
APT1 and CRBN was demonstrated by the abolition of C8-induced APT1 degradation
upon pretreatment with excess benzenesulfonyl fluoride or pomalidomide, respectively
(Fig. 3. 9, e). The dependence of APT1 degradation on CRL activity was rescued through
pretreatment with the NAE1 inhibitor MLN4924%4 (Fig. 3. 9, f), as expected for E3
ubiquitin ligases that rely on neddylation for effective E3 ligase activity?®>®!, Finally, to
confirm cellular requirement for CRBN recruitment, we used a CRBN-deficient human
MOLT-4 cell line (MOLT-4-CRBN™"). Whereas treatment of wild-type MOLT-4 cells
with C8 promoted degradation of APT1, exposure of MOLT-4-CRBN ™~ cells to C8 had
no effect (Fig. 3. 9, g). These data provide mechanistic evidence for CRBN-dependent
proteasomal degradation of APT1 by C8.
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Fig. 3. 9. Activity characterization, and chemical/genetic-rescue of C8-mediated
degradation. (a) Immunoblot for APT1 and GAPDH after treatment of Raji cells with 5
UM C8 for the indicated time exposures. (b) Immunoblot for APT1 and GAPDH after 4h
of treatment of Raji cells with the indicated concentrations of C8. (c) Immunoblot for
APT1 and GAPDH after a 4h treatment with the indicated concentrations of
benzenesulfonyl fluoride (BSF) and pomalidomide (Pom) in Raji cells. (d) Immunoblot for
APT1 and GAPDH after a 1h pretreatment with carfilzomib (5 uM), followed by a 4h-C8
treatment in Raji cells. (€) Immunoblot for APT1 and GAPDH after a 1h pretreatment with
the indicated concentrations of benzenesulfonyl fluoride and pomalidomide, followed by a
4h-C8 treatment in Raji cells. (f) Immunoblot for APT1 and GAPDH after a 1lh
pretreatment with MLN4924, followed by a 4h C8 treatment (0.5 uM) in Raji cells. (g)
Immunoblot for APT1, GAPDH and CRBN after treatment of MOLT-4-WT or MOLT-4-
CRBN™" cells with C8 (0.5 uM) for 4h.

3.3.3 Extended linkers correlate with a more favourable degradation profile

To validate the computed models, we synthesized all designed PROTACs previously
described (R1, C-1-C7). Moreover, we synthesized other molecules with a more complex
linker composition (F9-F12), to evaluate the significance of linker interactions with
adjacent residues to S199 of APT1, and the overall effects of flexibility and rigidity on the
binding mode. The modifications included the introduction of aromatic rings and free
amine groups, in addition to alkyl chains with various lengths (Fig. 3. 8, e-h). Finally, we
synthesized a PROTAC with a reversible warhead (R-PROTAC), and with similar

structure to the aforementioned APT1 inhibitor, ML348 (Fig. 3. 2 and 3. 8, d). To quickly
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obtain a small library of compounds for testing we designed a straightforward pathway to
derivatize pomalidomide and append the different linkers in a quick and simple synthetic
route. The synthesis started with attachment of piperazine to pomalidomide using boc-
piperazine. After boc deprotection the piperazine-derivatized pomalidomide was coupled
to different alkyl chains containing an alkyne and carboxylic acids at opposite ends using
HATU, yielding a series of pomalidomide alkynes containing a pyrazine linker and a series
of alkyl chains differing in size by one carbon. Click chemistry was then used to attach the
sulfonyl fluoride reactive group. A few compounds required additional steps to append
additional elements to the linkers. For example, compounds with extended linkers had an
additional HATU step to include the small flexible alkyl chains. Additionally, since the
PRosettaC modelling suggested that even the one carbon linker could be enough to
generate a ternary complex, we sought shorter compounds by using propiolic acid in the
HATU step and also directly attaching the pomalidomide-piperazine to the sulfonyl
fluoride building block to create shorter compounds that could act as inactive derivatives in
terms of degradation. For the non-covalent compound, the triazole urea was first formed
via an HATU coupling of 2-furoic acid with a piperazine derivative containing an azide.
This compound was then clicked to an alkyle-derivatized pomalidomide derivative.

APT1 PROTAC-engagement was first assessed by determining the inhibitory potential
for all compounds through a gel-based competitive ABPP assay (Fig. 3. 10 and 3. 14, a).
All synthesized degraders displayed binding efficacy to APT1 within the micromolar
range, apart from CO and C1, which showed to inhibit APT1 at concentrations lower than
1 pM. The inhibitory potential was not impaired by linker length, as evidenced by the
calculated average percentage of inhibited protein for shorter versus longer PROTACS
(Fig. 3. 11). Complex linker compositions (F9-12) impaired the engagement to APT1,
relative to the “simpler” alkyl-linker PROTACSs (C0-C8). However, partial recovery of the
inhibitory potential was observed when increasing linker length to include an alkyl chain
with 2 or 5 carbons, in F10 and F11, relative to the short and non-alkyl linker molecule F9
(Fig. 3. 14, a). The R-PROTAC is a reversible molecule, therefore the inhibitory potential

could not be observed in this type of experimental set-up.
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Fig. 3. 10. Gel competitive ABPP assays for APT1. The proteome of HEK293T cells
overexpressing APT1, was treated with the indicated concentrations of PROTACs for 30
min, followed by 1h incubation with FP-Rhodamine. The green signal intensity correlates

to the remaining active protein present in the sample mixture.
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Fig. 3. 11. Percentage of protein inhibited with (a) R1, C-1-C3 and (b) C4-C8 from
activity-based SDS-gel. The values correspond to the measured band intensity of

experimental conditions relative to the control (DMSO).

To determine the efficacy of the synthesized PROTACs in degrading APT1, western
blot analysis was performed on Raji cells treated for 4h (Fig. 3. 12 and 3. 14, b). The
results revealed that PROTACs with shorter linker lengths (R1, C-1, C0O, C2) induced only
modest degradation or were overall ineffective in degrading APT1, while linkers with
extended alkyl chains showed potent degradation of the target protein (Fig. 3. 12 and 3.
13). Interestingly, extended linker PROTACs that previously exhibited only mild
inhibitory potential in the micromolar range (C5, C6, C8) were found to degrade
endogenous APT1 by 50%, at concentrations as low as 200 and 500 nM. Furthermore,
PROTACs with complex linker compositions (F9-F10) did not show any significant
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improvements in target degradation, indicating that simpler and more flexible linkers may
be more effective in this context (Fig. 3. 14, b). In addition, substituting the irreversible
covalent warhead with a reversible one did not lead to any significant improvements
relative to C5, C6 and C8 (Fig. 3. 14, b). Moreover, the hook effect, which is commonly
observed in molecules that form ternary complexes, such as PROTACs, becomes apparent
at higher concentrations of 60 and 100 uM. This effect prevents the formation of ternary

complexes and leads to reduced degradation of the target protein as observed (Fig. 3. 12).
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Fig. 3. 12. Immunoblot analysis of APT1 degradation in Raji cells treated with the
indicated concentrations of PROTACSs for 4h.
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Fig. 3. 13. Percentage of protein degraded with (a) R1, C-1-C3 and (b) C4-C8 from
immunoblot analysis. The values correspond to the measured band intensity of

experimental conditions relative to the control (DMSO).
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Fig. 3. 14. Activity characterization of F9-F12 and R- PROTACs. (a) Gel competitive
ABPP assays for APT1. The proteome of HEK293T cells overexpressing APT1, was
treated with the indicated concentrations of PROTACs for 30 min, followed by 1h
incubation with FP-Rhodamine. (b) Immunoblot analysis of APT1 degradation in Raji cells
treated with the indicated concentrations of PROTACs for 4h.

To exclude potential issues with cell permeability that could hinder the efficacy of
PROTACS, we ascertain the extent of compound internalization in Raji cells, treated with
100 uM of four different PROTAC degraders: C-1, C8, F9, and F12. Cells were lysed
after medium removal, and the fluorescence signal intrinsic to all PROTACs, was
measured both in cells and in the media. Results demonstrated that all four PROTACs
were detected within the cells, thereby indicating their ability to cross cell membrane and
access the intracellular environment (Table 3. 1). Overall, our findings suggest that the
lack of degrader efficiency observed in our earlier experiments for C-1, F9, and F12, is

unlikely to be attributed to issues with cell permeability.

Table 3. 1. Detected fluorescence of C-1, C8, F9, and F12.

C-1 C8 F9 F12
Cell lysate 1.5 x 10° 36 x10° 67 x 10° 1.5 x 10°
Medium 18 x 108 0.06 x 108 0.17 x 10° 10 x 10°
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3.3.4 Selectivity for APT1 is conditioned by a linker

After the promising results observed in the gel-based ABPP assays, we were interested in a
more in-depth analysis of the proteome and to get the IDs of proteins being inhibited and
degraded by our compounds. To achieve this, a mass-spectrometry based ABPP was run.
Due to the challenged inherent to analysing an entire proteome we decided to start by
analysing the serine hydrolase family of enzymes by again using a fluorophosphonate
probe, in this case a desthiobiotin-containing fluorophosphonate probe. Briefly, cells were
treated with the corresponding PROTAC molecules for 4h and then harvested. Each
sample preparation was done together with a paired control sample treated only with
DMSO. Sample pairs were lysed, and general serine hydrolase labelling was then done
with fluorophosphonate-desthiobiotin for both samples. The samples were denatured,
reduced, and alkylated. Serine hydrolases that were labelled by the fluorophosphonate
probe were enriched using streptavidin-coated agarose beads and the remaining protein
content was eliminated by thoroughly washing the beads. Streptavidin-enriched proteins
were digested overnight with trypsin. Tryptic peptides were isotopically labelled with light
and heavy formaldehyde for protein quantification using a reductive dimethylation
technique. Each sample pair was combined and analysed by LC-MS/MS. Importantly,
PROTAC treated samples were labelled with light formaldehyde and DMSO-treated
samples were labelled with heavy formaldehyde. After data processing, heavy/light ratios
were calculated. If a serine hydrolase was inhibited/degraded, the light channel signal will
be decreased, resulting in a higher heavy/light ratio. Using this method, we identified ~32
serine hydrolases. For simplified analysis of the results, only the most relevant labelled
proteins for each molecule are represented (Fig. 3. 15). The full list of labelled serine
hydrolases can be found in Annex 1. From data analysis, C8 showed significant
degradation of APT1 with high statistical significance. APT2 and other lipid metabolizing
enzymes, such as ABHD6 and ABHD11 were also labelled, with a %log2FC of 35, 54, and
22 respectively, further suggesting the preference of C8 for these enzymes. It is worth
noting that C8 exhibits a high selectivity for APT1 while causing minimal disruption to
other ABHDs, which are frequently targeted by APT inhibitors. Conversely, F10 and R-
PROTAC display a lack of selectivity towards APTs and degrade ABHD enzymes non-
specifically.

The effect of benzenesulfonyl fluoride or pomalidomide alone on APT1 activity was
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analysed in a competitive ABPP gel-based experiment utilizing lysates derived from
transfected HEK293T cells. As observed, both benzenesulfonyl fluoride and pomalidomide
alone are uncapable to specifically target APT1 (Fig. 3. 16), suggesting the inhibition and
degradation observed for APT1 is not derived solely by the presence of a highly reactive

sulfonyl fluoride or the E3 ligase binder, pomalidomide.
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Fig. 3. 15. Mass spectrometry-based ABPP of Raji cells treated with selected PROTACS;
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serine hydrolases were enriched using a fluorophosphonate-biotin probe. A higher H/L
ratio, depicted in green, represents a higher level of inhibition and/or degradation. Raji

cells were treated for 4h with 5 uM of each compound.
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Fig. 3. 16. Gel-competitive ABPP assay for APT1. The proteome of HEK239T transfected

DMSO

cells, was treated with 1 and 30 UM concentrations of benzenesulfonyl fluoride (BSF) and

pomalidomide (Pom) for 30 min, followed by 1h incubation with FP-Rhodamine.

3.3.5 C8 presents anti-tumour activity in blood cancer cells

We next evaluated the efficacy of C8 in cell lines of haematological cancers, including
ones from lymphoid and myeloid lineages. In published studies, inhibition of APT1 and
APT2 has shown to be effective against leukemic cells.?®® Thus, we hypothesized C8
would have similar anti-tumour effect in blood cancer cell lines, where APTs are
expressed. In this study we included cell lines for BL, DLBCL, CLL, AML, APML, and
acute lymphoblastic leukaemia (ALL). As expected, C8 presented a pronounced effect in

inhibiting the proliferation of MOLT-4 (ALL) and MOLM-13 (AML), with ICso values of
90



3 PROTACs to target APTs

2.92 and 9.74 pM, respectively (Table 3. 2). In diffuse large B-cell lymphoma (DoHH-2)
the value was 9.7 uM and 10.8 uM for acute promyelocytic leukaemia (HL-60). However,
the antiproliferative consequences of APTs degradation were not as evidenced in chronic
lymphocytic cell lines, WA-C3CD5+ and M01043 (ICso: 34.3 and 19.3 puM). Importantly,
non-tumoral HEK293T cells were less sensitive to the treatment with a I1Cso value of ~ 43
MM. In addition, pomalidomide, which is used for the treatment of multiple myeloma and
under investigated for certain lymphoma cancers, was not active in Raji cells, suggesting
that any cellular activity mediated by C8 is likely a result of direct interaction with APT1
rather than any off-target inhibition of the pomalidomide warhead present in the PROTAC
molecule. Also, the lack of anti-tumour activity of F10 and R-PROTAC, helps to exclude
additional anti-tumour activity of pomalidomide. Furthermore, all PROTACs described in
this study incorporate a secondary amine as an exit vector in the pomalidomide warhead.
This chemical modification has been shown to be highly effective in mitigating off-target
effects, thus increasing the specificity and safety profile of pomalidomide-based
PROTACs.??

Table 3. 2. Viable cell growth inhibition of compounds (ICso: uM), 72h.

C8 F10 R-PROTAC  Pomalidomide
Raji (BL) 16.8 +0.01 n.d. n.d. n.d.
DoHH-2 (DLBCL) 9.74 £ 0.06
WA-C3CD5+ (CLL) 34.3+0.04
Mo01043 (CLL) 19.3+0.11
HL-60 (APML) 10.8 +£0.03
MOLT-4 (ALL) 2.92+£0.02
MOLM-13 (AML) 10.6 +£0.03
HEK293T (embryonic cells) ~43 £ n.d.

n.d. — not determined

3.4 Discussion

While the fundamental components of a PROTAC structure may appear straightforward,
the actual development of PROTACs is a complex and multifaceted process.?®® One of the

most critical aspects of PROTAC development is the linker design, which must be of

91



3 PROTACs to target APTs

appropriate length, flexibility, and stability to allow for efficient proximity-induced
degradation while avoiding steric hindrance and other potential complications.*’?%
However, determining the optimal linker length and composition can be a laborious and
time-consuming process that requires substantial empirical screening, chemical synthesis,
and iterative optimization.*’ Rosetta-based models, such as PRosettaC, provide a
promising, structure-based approach to circumvent this rate-limiting step of PROTAC
development.*’

In this study, we employed PRosettaC for guided design of serine hydrolase degraders,
specifically for APT1. Based on predictive scoring and likelihood for inducing target
protein degradation, eleven PROTACs with varying alkyl linker chains were synthesized
and tested for intracellular activity. An additional five molecules were synthesized to
assess substituent functionalities by altering linker composition and substituting the
covalent warhead for the POI with a reversible one. Results from immunoblot analysis,
showed that PROTACSs with shorter linker lengths had limited or minimal effectiveness in
degrading APT1, while those with extended alkyl chains exhibited potent degradation.
Moreover, PROTACs with more complex linker compositions did not result in any
significant improvement in target degradation, and their potential for APT1 degradation
was relatively lower than that of alkyl-PROTACs. APT enzymes, which are responsible for
catalysing reactions involving fatty acid derivatives®*, are more reactive towards long
chain fatty alkyl substrates. This suggests that shorter alkyl chains may not provide enough
free energy to counteract the entopic penalty of binding (increasing Km) or bind too deep in
the channel.?!> Besides, linker length and vector (the direction in which an E3 ligase is
recruited to a protein) can influence the overall cooperativity within the ternary complex
formation, affecting the rate of protein degradation.3* Consequently, in the extent of APT1
degradation, longer linkers were accompanied with a greater cooperativity, yielding a more
efficient cellular degradation. This was also supported by PRosettaC modelling, where
longer alkyl linkers provided the best clustering results. PROTAC engagement through the
hydrophobic channel is not surprising, since APT1 and APT2 react exceptionally fast with
aliphatic fluorophosphonate and hexadecylfluorophosphonate probes, but much slower
with PEG-fluorophosphonate probes.?'® In addition, APT1 and APT2 are known to be
inhibited by compounds with long fatty motifs, such as Palmostatin B and M,
demonstrating a clear preference of these enzymes for aliphatic substrates.?3” Predictably,
the compound C8, due to having a long alkyl linker, similar to the structural motifs found
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in lipids, showed a distinct activity for APTs. On the other hand, by using linkers that do
not have this hydrophobic characteristic, as in the case of F9-F12, the activity and
selectivity are lost. Consistently, C8 surfaced as a robust and specific APT1 degrader in an
initial proteomic analysis. Given the high selectivity for APT1 observed in this experiment,
it is possible to extrapolate that C8’s selectivity may be attributed not only to the reactive
moiety but also on the composition and length of the linker, which reinforced the
selectivity for APT1. However, the biochemical/proteomic approach here presented has
limitations, since the probes used are specific for enrichment of serine hydrolases and these
preliminary results can therefore only report on the selectivity within this enzymatic
family. As the benzenesulfonyl fluoride is a broadly reactive moiety that can also bind to
tyrosine and histidine residues®®, it is possible that other proteins could also be affected by
C8’s activity. Currently, a more extensive proteomics is being run to establish the full
degradome of selected compounds of the PROTAC library to gain a more comprehensive
understanding of the full range of targets being degraded.

In the cellular context, C8 presented a wide spectrum of activity against several
myeloid/lymphoid cancers. The same activity was not observed in HEK293T cells or with
single-treatment with pomalidomide in Raji cells, excluding the cellular activity that may
advent from off-target reactivity of the pomalidomide warhead. APTs are involved in post-
translational modifications of proteins, which can alter protein function and localization,
specifically of those related with cancer pathogenesis. However, the precise role of APTs
in cancer remains somehow conflicting, as some studies have suggested that other
enzymes, such as ABHDs, might be implicated.?®® The discovery of C8 as a potent and
selective molecule of APTL1, with less selectivity for ABHDs, provides an exciting
opportunity to investigate the effects of APTs degradation on cancer cells. Nonetheless,
further research is required to learn about the full scope of C8 target specificity and to

further establish APTs as promising therapeutic targets for cancer treatment.

3.5 Outlook

The field of targeted protein degradation using PROTACs has rapidly emerged in recent
years as a promising strategy for the development of novel therapeutics. As demonstrated

in this study, computational modelling can significantly accelerate the discovery process of
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PROTACSs by prioritizing biochemical screens and providing insights into linker design.
Additionally, advances in artificial intelligence may further enhance the accuracy and
speed of computational modelling for PROTAC discovery. Moreover, our findings suggest
that PROTACs with longer alkyl chains can exhibit highly potent degradation effects on
APT1, presumably by having a similar structure to that of substrates specific for these
enzymes. Of particular interest is the potent APT1 degrader, C8, which exhibited a high
selectivity factor compared to other serine hydrolases. The potential clinical applications of
C8 as a tool for evaluating the consequences of potent APT1 degradation in blood cancer
cells are promising. Furthermore, the identification of selective degraders such as C8 for
specific targets highlights the potential for PROTACs to be used as precision therapeutics,
offering a promising avenue for the development of novel cancer therapies. However,
further optimization will be required to improve its pharmacological properties and

increase its efficacy and safety profiles.

94






Conclusions



4 Conclusions

4. Conclusions

In recent years, small covalent inhibitors and PROTACs have gained significant
attention in the field of targeted therapy due to their promising pharmacological
advantages. These classes of drugs enable high potency against target proteins that are
important for cancer development, while causing minimum damage to healthy cells. This
in turn can increase therapeutic efficacy and minimize off-target effects.

The primary advantage of covalent inhibitors lies in their exceptional target selectivity
and potency. These properties are particularly crucial when tackling challenging diseases,
such as cancer, where precision and durability of therapeutic effects are vital to improve
clinical outcomes.

Despite the clinical approval of some BTK inhibitors, there remains a strong demand for
the development of this class of inhibitors for several reasons: (1) the need to expand their
potential clinical applications; (2) the imperative to investigate alternative molecules with
distinct selectivity profiles; (3) and the urgency to address drug resistance, which can
reduce their long-term efficacy of BTKi in treating diseases such as leukemia and
lymphoma.

The discovery of the novel covalent inhibitor JS25 contributes to this continuous pursuit
of precision medicine and addresses the ongoing demand for the development of more
effective BTK inhibitors. JS25 showed significant potential in preclinical models of BL,
CLL, and DLBCL, with prolonged inhibition and high selectivity for BTK. This selectivity
is crucial as it could minimize off-target effects, enhancing the safety profile of the drug
candidate, especially when combined with other therapeutic molecules. Most importantly,
JS25's potency and selectivity profile sets it apart from existing BTK inhibitors, potentially
providing a more effective and well-tolerated treatment option for patients with
haematological cancers and autoimmune diseases.

The ability of JS25 to cross the blood-brain barrier also indicates its potential to treat
primary and secondary forms of haematological cancers in the brain — a relatively rare but
significant occurrence among patients afflicted by these malignancies.

In the ongoing development of JS25 as a potential drug candidate, it will become
increasingly important to gain a comprehensive understanding of the resistance profile
exhibited by tumor cells when exposed to this inhibitor. As with many targeted therapies,
including BTKIi, the emergence of resistance mechanisms can pose a significant challenge
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to long-term treatments. Thus, investigating how tumor cells may adapt or gain resistance
to JS25 will be crucial for future treatment strategies, and to also establish safer
combination regimens.

Overall, JS25's distinct properties position it as a promising candidate for clinical
development, and it may offer a new approach to address BTK-related diseases,
particularly those with unmet clinical needs.

PROTACs, by utilizing the body's inherent protein degradation and stabilization
mechanisms, represent an innovative and promising frontier in drug discovery that has
advanced into clinical development. Protein degradation can offer superior efficacy
compared to mere inhibition, especially for proteins that lack well-defined binding sites
suitable for traditional small molecule inhibitors and possess complex scaffold functions
that are challenging to inhibit directly. Nevertheless, the design of PROTACs can be
complex, often demanding extensive empirical screening and iterative refinement.
Computational models can play a crucial role in expediting this critical phase of their
development.

The primary objective of this project was to devise a comprehensive methodology for
modelling POI:PROTAC:E3 ligase ternary complexes, using computational strategies
(PRosetaC) and combined it with activity-based biochemical assays. Utilizing this
approach, we have identified the first potent and highly selective APT1 degrader:
PROTAC C8. This study effectively demonstrated the usefulness of the software
PRosettaC in PROTAC design, successfully predicting the optimal linker type. The
employment of ABPP in evaluating PROTACs proved invaluable in showcasing the
selectivity of our compounds within the serine hydrolase family and other lipid-
metabolizing enzymes. Western blot analysis confirmed efficient degradation of APT1 for
multiple compounds in the library. A comparison of our findings with existing literature
and clinical trial PROTACs underscores the challenge of generalizing linker design,
indicating that an individualized approach supported by computational modeling tools may
be the key to success. It's important to note that targeted protein degradation hinges not
only on target engagement and linker design but also on effective E3 ligase recruitment
and efficient ubiquitination, which depends on appropriately positioned lysine/ubiquitin
accepting residues. This complexity underscores the dynamic nature of this evolving field
in chemical biology.

Notably, APT1 protein has been associated with the progression of several cancers,

Huntington’s and Alzheimer’s diseases, all of which continue to require substantial
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advancements in treatment options. The discovery of C8 introduces an exciting prospect
for the advancement of innovative blood cancer therapies, boasting distinct advantages
over conventional small molecules. C8 not only exhibited exceptional target specificity
and potency (within serine hydrolases), but also leverages the unique mechanisms of
PROTACSs, which include the ability to induce degradation of disease-associated proteins.
This innovative approach not only allows for a prolonged target suppression, but it also
addresses issues related to drug resistance.

Future work will aim to characterise the phenotypic effects of PROTAC-mediated
APT1 degradation in mice, evaluate the kinetics of ternary complex formation and
degradation using biophysical techniques. Moreover, performing global quantitative
proteomics would enable the full scope of degraded targets to be elucidated, which would
be important for mitigating off-target toxicity.

Overall, we highlighted how the integration of computational modelling protocols, such
as PRosettaC, can confer a high degree of assurance to our experimental findings, thus
reducing the time expended in the production of PROTACS for novel targets.

In summary, this thesis contributes with valuable insights into the rational design of
small covalent inhibitors and PROTACs for the treatment of heamatological malignancies.
As we delve through the exploration of these two distinct drug modalities, the discovery of
covalent molecules and PROTACSs served as a pivotal point for a meaningful comparison.
This comparison not only highlights their distinctive mode of action, but it also
underscores the potential advantages that they each bring to the field of targeted therapy.
Furthermore, the rational design of these novel compounds holds the promise of delivering
safer and more effective treatment options, representing a significant step forward in the

ongoing battle against cancer and other debilitating diseases.
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5. Materials and methods
5.1 Covalent targeting of BTK

5.1.1 Synthesis

Compound synthesis was performed by Dr Jodo Seixas (Scheme 5. 1 - 5. 4). Building
blocks and solvents were purchased from Sigma Aldrich, Alfa Aesar, Acros, or Fluka and
used without further purification. Proton and carbon nuclear magnetic resonance (*H and
13C NMR) spectra were recorded on a Bruker AVANCE 300 or 400 MHz spectrometers.
All chemical shifts are quoted on the o scale in ppm with TMS as an internal reference.
Coupling constants (J) are reported in Hz with the following splitting abbreviations: s =
singlet, d = doublet, t = triplet, m = multiplet. All compounds present > 95% purity.

6-bromo-4-hydroxyquinoline-3-carboxylate (1)

Diethyl 2-(ethoxymethylene) malonate (11.7 ml; 58.13 mmol) and 4-bromoaniline (10 g;
58.13 mmol) were heated to 145°C. After 23h, the solvent was evaporated affording an off-
white solid. Ph2O (25 ml) was added, and the reaction heated to 245°C. After 6h, no more
intermediate was detected by TLC (EtOAc:Hexane 20:80). Upon cooling to rt, a precipitate
was formed, and hexane was added to induce more precipitation. The precipitate was
filtered, washed with EtOAc and dried in vacuum to afford the title compound as an off-
white solid (6.9 g; 40% yield). *H NMR (300 MHz, d®-DMSO): § 8.60 (s, 1H), 8.22 (d, J =
2.4 Hz, 1H), 7.82 (dd, J = 8.7, 2.4 Hz, 1H), 7.58 (d, J = 8.7 Hz, 1H), 4.20 (q, J = 7.1 Hz,
2H), 1.27 (t, J = 7.1 Hz, 3H).

Ethyl 6-bromo-4-chloro-3-quinolinecarboxylate (2)
6-bromo-4-hydroxy-3-quinolinecarboxylate (13.4 g; 45.25 mmol) was suspended in SOCI>
(130 ml; 1.792 mol) and the mixture heated to 80°C. After 5h, a clear yellow solution was
obtained. The solvent was evaporated and the solid co-evaporated with DCM (5x) to
remove residual HCI. It was dried in vacuum to afford the title compound as a light-yellow
solid (14.4 g; 100% vyield). *H NMR (300 MHz, CDCls): § 9.37 (s, 1H), 8.71 (d, J = 2.0
Hz, 1H), 8.56 (d, J = 9.0 Hz, 1H), 8.12 (dd, J = 9.0, 2.0 Hz, 1H), 4.53 (q, J = 7.1 Hz, 2H),
1.47 (t, J=7.1 Hz, 3H).
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Ethyl 6-bromo-4-((4-methyl-3-nitrophenyl)amino)quinoline-3-carboxylate (3a)

Ethyl 6-bromo-4-chloro-3-quinolinecarboxylate 2 (800 mg; 2.543 mmol) and 4-methyl-5-
nitroaniline (387 mg; 2.543 mmol) were mixed in dioxane (15 ml) and heated to 90°C.
After 7h, TLC analysis (50% EtOAc/Hexane) no longer detected starting materials. The
yellow suspension was cooled to rt, diluted with H.O and NaOH (1M) added until pH=8
was reached. EtOAc was added and the phases were separated. The aqueous phase was
further extracted with EtOAc (2x), and the combined organics were washed with brine and
dried over MgSOas. After filtration, the solvent was evaporated to afford the title compound
as a bright-yellow solid (980 mg; 90% yield). *H NMR (300 MHz, CDCls): & 10.38 (s,
1H), 9.29 (s, 1H), 7.90 (d, J = 9.4 Hz, 1H), 7.74 (dq, J = 4.3, 2.2 Hz, 2H), 7.65 (d, J = 2.5
Hz, 1H), 7.25 (d, J = 8.3 Hz, 1H), 7.08 (dd, J = 8.3, 2.5 Hz, 1H), 4.45 (q, J = 7.1 Hz, 2H),
2.58 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H).

Ethyl 6-bromo-4-((3-methyl-5-nitrophenyl)amino)quinoline-3-carboxylate (3b)
Prepared using General Procedure A, reacting intermediate 2 with with 3-methyl-5-
nitroaniline. Compound 3b was isolated as a yellow solid (730 mg; 89% vyield). *H NMR
(300 MHz, CDCls): 6 10.35 (s, 1H), 9.30 (s, 1H), 7.92 (d, J = 8.8 Hz, 1H), 7.79-7.73 (m,
3H), 7.61 (s, 1H), 7.11 (s, 1H), 4.45 (q, J = 7.1 Hz, 2H), 2.39 (s, 3H), 1.45 (t, J = 7.1 Hz,
3H). *C NMR (75.5 MHz, CDCls): § 167.9, 151.5, 150.2, 149.6, 149.0, 143.5, 141.2,
135.1, 132.1, 128.4, 127.5, 120.8, 119.7, 119.2, 113.2, 109.1, 61.9, 14.4. HRMS (ESI): m/z
[M + H]* calc. for C19 H17BrNsOa: 430.0397; found: 430.0401.

Ethyl 6-bromo-4-((2-methyl-5-nitrophenyl)amino)quinoline-3-carboxylate (3c)

Prepared using General Procedure A, reacting intermediate 2 with 2-methyl-5-nitroaniline.
The reaction required heating at 90°C during 23h followed by 4h at 110°C. Compound 3c
was isolated as a yellow solid (730 mg, 89% yield). *H NMR (300 MHz, d5>-DMSO): §
9.29 (s, 1H), 8.87 (s, 1H), 8.52 — 8.47 (m, 1H), 7.98 — 7.90 (m, 3H), 7.66 (d, J = 2.4 Hz,
1H), 7.60 (d, J = 8.5 Hz, 1H), 3.85 (q, J = 7.1 Hz, 2H), 2.44 (s, 3H), 1.04 (t, J = 7.1 Hz,
3H). HRMS (ESI): m/z [M + H]" calc. for C1gH17BrN3O4: 430.0397; found: 430.0400. 3C
NMR could not be acquired because the compound is not sufficiently soluble in d5-DMSO,

db-acetone, d3-acetonitrile, or d*-methanol.
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Ethyl 6-bromo-4-((3-nitrophenyl)amino)quinoline-3-carboxylate (3d)

Prepared using General Procedure A, reacting intermediate 2 with with 3-nitroaniline.
Reaction time was 8h. Compound 3d was isolated as an orange solid (640 mg: 81% yield).
'H NMR (300 MHz, CDCls): 6 10.41 (s, 1H), 9.32 (s, 1H), 8.01 — 7.91 (m, 2H), 7.86 (t, J =
2.2 Hz, 1H), 7.79 — 7.70 (m, 2H), 7.51 — 7.42 (m, 1H), 7.28 — 7.23 (m, 1H), 4.47 (g, 1 = 7.1
Hz, 2H), 1.47 (t, J = 7.2 Hz, 3H). *C NMR (75.5 MHz, CDCls): & 167.9, 151.5, 150.1,
149.5, 149.0, 143.7, 135.1, 132.1, 130.0, 128.3, 126.6, 120.8, 119.4, 119.0, 115.9, 109.4,
62.0, 14.3. HRMS (ESI): m/z [M + H]* calc. for CigsHisBrNsOa: 416.0240; found:
416.0245.

Ethyl 6-bromo-4-((4-methoxy-3-nitrophenyl)amino)quinoline-3-carboxylate (3e)
Prepared using the General Procedure A, reacting intermediate 2 with 4-methoxy-3-
nitroaniline. Compound 3e was isolated as an orange solid (780 mg; 92% yield). *H NMR
(300 MHz, CDCl3): & 10.43 (s, 1H), 9.26 (s, 1H), 7.88 (d, J = 9.3 Hz, 1H), 7.73 — 7.70 (m,
2H), 7.59 (d, J = 2.7 Hz, 1H), 7.22 — 7.18 (m, 1H), 7.04 (d, J = 9.0 Hz, 1H), 4.45(q, J=7.1
Hz, 2H), 3.98 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H). *C NMR (75.5 MHz, CDCls): § 168.2,
151.7, 151.1, 150.4, 149.7, 139.7, 135.2, 134.9, 132.1, 128.4, 128.1, 120.4, 119.7, 118.9,
114.6, 107.8, 61.8, 57.1, 14.4. HRMS (ESI): m/z [M + H]" calc. for CisH17BrN3zOs:
446.0346; found: 446.0347.

Ethyl 7-bromo-4-(4-methyl-3-nitrophenylamino)quinoline-3-carboxylate (3a’)
Prepared using General Procedure A, reacting intermediate 2’ with 4-methyl-5-nitroaniline.
Reaction was completed after 3h. Compound 3f was isolated as a yellow solid (1.85 g;
85% yield). 'H NMR (300 MHz, CDCls): 6 10.54 (s, 1H), 9.31 (s, 1H), 8.26 (d, J = 2.0 Hz,
1H), 7.69 (d, J = 2.4 Hz, 1H), 7.48 (d, J = 9.1 Hz, 1H), 7.34 (dd, J = 9.1, 2.0 Hz, 1H), 7.28
(m, 1H), 7.13 (dd, J = 8.3, 2.4 Hz, 1H), 4.48 (g, J = 7.1 Hz, 2H), 2.60 (s, 3H), 1.49 (t, J =
7.1 Hz, 3H). *C NMR (75.5 MHz, CDCls): § 168.0, 152.1, 151.8, 151.3, 149.6, 141.5,
133.7, 132.4, 129.6, 128.8, 127.3, 126.4, 126.2, 117.9, 117.7, 108.0, 61.9, 20.1, 14.4.
HRMS (ESI): m/z [M + H]" calc. for C10H17BrN3O4: 430.0397; found: 430.0393.

Ethyl 7-bromo-4-(3-methyl-5-nitrophenylamino)quinoline-3-carboxylate (3b’)
Prepared using General Procedure A, reacting intermediate 2° with with 3-methyl-5-
nitroaniline. Reaction time was 17h.The crude was washed with cold EtOAc to remove

unreacted aniline. Compound 3b’ was isolated as an orange solid (740 mg: 58% yield). *H
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NMR (300 MHz, CDCls) & 10.41 (s, 1H), 9.31 (s, 1H), 8.35 — 8.08 (m, 1H), 7.79 (s, 1H),
7.63 (s, 1H), 7.46 (d, J = 9.1 Hz, 1H), 7.37 — 7.28 (m, 1H), 7.10 (s, 1H), 4.46 (g, J = 7.0
Hz, 2H), 2.39 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H). HRMS (ESI): m/z [M + H]" calc. for
C19H17BrN304: 430.0397; found: 430.0390.

Ethyl 7-bromo-4-(3-nitrophenylamino)quinoline-3-carboxylate (3d’)

Prepared using General Procedure A, reacting intermediate 2’ with with 3-nitroaniline.
Reaction time was 17h. Compound 3d’ was isolated as an orange solid (2.52 g: 95% vyield).
'H NMR (300 MHz, CDCls): & 10.41 (s, 1H), 9.31 (s, 1H), 8.24 (brs, 1H), 7.79 (s, 1H),
7.63 (s, 1H), 7.46 (d, J = 9.1 Hz, 1H), 7.34 — 7.28 (m, 1H), 7.10 (s, 1H), 4.46 (q, J = 7.1
Hz, 2H), 2.39 (s, 3H), 1.46 (t, J = 7.1 Hz, 3H). ¥3C NMR (75.5 MHz, CDCls): & 168.0,
152.3, 151.7, 151.2, 149.1, 144.0, 132.9, 130.3, 129.0, 127.2, 126.9, 126.3, 119.0, 118.2,
116.0, 108.8, 62.0, 14.4. HRMS (ESI): m/z [M + H]* calc. for C1gH1sBrN3O4: 416.0240;
found: 416.0244.

(6-bromo-4-((4-methyl-3-nitrophenyl)amino)quinolin-3-yl)methanol (4a)

Sodium borohydride (5.44 g; 143.99 mmol; 15 equiv.) was added portionwise to a stirred
solution of 3a (4.13 g; 9.599 mmol) in EtOH (35 ml) at 0°C. After 15h, TLC analysis (50%
EtOAc/Hexane) showed disappearance of starting material. The orange solution was
cooled in an ice-bath and quenched with NH4Cl ag.. The mixture was partitioned between
H20 and EtOAc. The phases were separated and the aqueous phase further extracted with
EtOAc (2x). The combined organics were washed with brine, dried over MgSO4 and

evaporated to dryness to afford the title compound as an orange solid (3.73 g; 100% vyield).

(6-bromo-4-((3-methyl-5-nitrophenyl)amino)quinolin-3-yl)methanol (4b)

Prepared using the procedure described for 4a. Compound 4b was obtained as an orange
solid (630 mg; 100%). *H NMR (300 MHz, d®-DMSO0): § 9.07 (s, 1H), 9.00 (s, 1H), 8.24
(s, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.48 (s, 1H), 7.28 (s, 1H), 6.85
(s, 1H), 5.47 (t, J = 5.4 Hz, 1H), 4.48, (d, J = 5.4 Hz, 2H), 2.31 (s, 3H). °C NMR (75.5
MHz, d®>-DMSO): § 152.2, 148.6, 146.9, 146.1, 140.6, 139.9, 132.3, 131.7, 128.7, 125.5,
125.3, 121.3, 119.6, 114.3, 106.5, 58.2, 20.9. HRMS (ESI): m/z [M + H]* calc. for
C17H1sBrNzO3: 388.0291; found: 388.0293.
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(6-bromo-4-((2-methyl-5-nitrophenyl)amino)quinolin-3-yl)methanol (4c)

Prepared using the procedure described for 4a. Compound 4c was obtained as an orange
solid (250 mg; 68% yield). *H NMR (300 MHz, d®-DMS0): § 9.03 (s, 1H), 8.20 (d, J = 2.1
Hz, 1H), 8.09 (s, 1H), 8.00 (d, J = 8.9 Hz, 1H), 7.87 (dd, J = 8.9, 2.2 Hz, 1H), 7.68 (dd, J =
8.3, 2.3 Hz, 1H), 7.50 (dd, J = 8.3, 0.9 Hz, 1H), 6.88 (d, J = 2.4 Hz, 1H), 5.47 (t, J = 5.5
Hz, 1H), 4.39, (d, J = 5.5 Hz, 2H), 2.50 (s, 3H). 3C NMR (75.5 MHz, d®-DMSO): & 152.0,
147.0, 146.5, 144.4, 141.5, 1345, 132.4, 131.7, 131.5, 128.2, 125.7, 125.2, 119.5, 115.0,
109.2, 58.3, 18.4. HRMS (ESI): m/z [M + H]" calc. for C17H1sBrN3Os: 388.0291; found:
388.0293.

(6-bromo-4-((3-nitrophenyl)amino)quinolin-3-yl)methanol (4d)

Prepared using the procedure described for 4a. Purification was carried out by column
chromatography over silica-gel (eluent: MeOH:DCM 0:100 to 5:95) to give compound 4d
as a yellow solid (250 mg; 42% yield). *H NMR (300 MHz, d®-DMSO0): § 9.06 (d, J = 5.4
Hz, 2H), 8.21 (d, J = 2.0 Hz, 1H), 7.99 (d, J = 8.9 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.64
(d, J=8.0 Hz, 1H), 7.49 — 7.42 (m, 2H), 7.00 (d, J = 8.0 Hz, 1H), 5.47 (t, J = 5.1 Hz, 1H),
4.48 (d, J = 5.1 Hz, 2H). 3C NMR (75.5 MHz, d5-DMSO): § 152.3, 148.6, 147.0, 146.3,
139.9, 132.4, 131.7, 130.5, 128.8, 125.5, 125.3, 120.9, 119.7, 113.7, 109.1, 58.2. HRMS
(ESI): m/z [M + H]" calc. for C16H13BrN3Os: 374.0135; found: 374.0134.

(6-bromo-4-((4-methoxy-3-nitrophenyl)amino)quinolin-3-yl)methanol (4e)

Prepared using the procedure described for 4a. Compound 4e was obtained as an orange
solid (600 mg; 93% vyield). *H NMR (300 MHz, d®-DMSO): & 8.97 (s, 1H), 8.67 (s, 1H),
8.26 (d, J = 2.1 Hz, 1H), 7.94 (d, J = 8.9 Hz, 1H), 7.83 (dd, J = 8.9, 2.1 Hz, 1H), 7.32 —
7.18 (m, 2H), 7.00 (dd, J = 9.0, 2.8 Hz, 1H), 5.40 (t, J = 5.4 Hz, 1H), 4.42 (d, J = 5.4 Hz,
2H), 3.85 (s, 3H). *C NMR (75.5 MHz, d®-DMSO): & 152.2, 147.0, 146.0, 141.1, 139.3,
138.2, 132.1, 131.7, 131.7, 126.5, 125.5, 124.6, 122.3, 119.2, 115.5, 112.3, 58.5, 56.9.
HRMS (ESI): m/z [M + H]" calc. for C17H15BrN3O4: 404.0240; found: 404.0244.

(7-bromo-4-(4-methyl-3-nitrophenylamino)quinolin-3-yl)methanol (4a”)

Prepared using the procedure described for 4a. Compound 4a’ was isolated as an orange
solid (770 mg; 100% yield). *H NMR (300 MHz, d®-DMSO): § 9.00 (s, 1H), 8.83 (s, 1H),
8.23 (d, J = 2.0 Hz, 1H), 7.88 (d, J = 9.0 Hz, 1H), 7.68 (dd, J = 9.0, 2.1 Hz, 1H), 7.32 —
7.21 (m, 2H), 6.86 (dd, J = 8.4, 2.5 Hz, 1H), 5.43 (t, J = 5.4 Hz, 1H), 4.51 (d, J = 5.4 Hz,
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2H), 2.39 (s, 3H). 1*C NMR (75.5 MHz, d®-DMSO0): & 152.9, 149.2, 149.1, 144.2, 141.7,
133.4, 131.3, 129.2, 127.8, 125.8, 123.0, 122.5, 122.4, 120.2, 110.6, 58.3, 18.9. HRMS
(ESI): m/z [M + H]" calc. for C17H1sBrN3Os: 388.0291; found: 388.0293.

(7-bromo-4-(3-methyl-5-nitrophenylamino)quinolin-3-yl)methanol (4b’)

Prepared using the procedure described for 4a. Compound 4b’ was isolated as a yellow
solid (620 mg; 96% yield). *H NMR (300 MHz, d®-DMSO): § 9.03 (s, 1H), 8.94 (s, 1H),
8.24 (d, J = 2.0 Hz, 1H), 7.88 (d, J = 9.0 Hz, 1H), 7.68 (dd, J = 9.0, 2.0 Hz, 1H), 7.48 —
7.45 (m, 1H), 7.25 (m, 1H), 6.84 (brs, 1H), 5.47 (t, J = 5.4 Hz, 1H), 4.52 (d, J = 5.4 Hz,
2H), 2.29 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for C17H15BrNsOs: 388.0291; found:
388.0294.

(7-bromo-4-(3-nitrophenylamino)quinolin-3-yl)methanol (4d”)

Prepared using the procedure described for 4a. Compound 4d’ was isolated as an orange
solid (810 mg; 91% yield). *H NMR (300 MHz, d®-DMSO): § 9.03 (s, 2H), 8.25 (d, J = 2.0
Hz, 1H), 7.87 (d, J = 9.0 Hz, 1H), 7.69 (dd, J = 9.0, 2.1 Hz, 1H), 7.62 (ddd, J = 8.1, 2.2,
0.9 Hz, 1H), 7.48 — 7.44 (m, 1H), 7.41 (d, J = 8.1 Hz, 1H), 5.82 (s, 1H), 5.51 (t, J = 5.5 Hz,
1H), 452 (d, J = 5.5 Hz, 2H). HRMS (ESI): m/z [M + H]" calc. for C1sH13BrNzOs:
374.0135; found: 374.0134.

6-bromo-4-((4-methyl-3-nitrophenyl)amino)quinoline-3-carbaldehyde (5a)

The alcohol 4a (2.34 g; 6.029 mmol) was suspended in DCM (150 ml) and the mixture
cooled to 0°C. DMP (3.83 g; 9.041 mmol; 1.5 equiv.) was added portionwise and the
reaction warmed to rt. After 2h, TLC analysis (5% MeOH in DCM) showed that the
reaction was completed. The solution was cooled to 0°C, and NaOH (1 M) was slowly
added. The mixture was stirred for 15 min at rt. Ho O was added and the phases were
separated. The aqueous phase was further extracted with DCM (3x). The combined
organics were washed with brine, dried over MgSO4 and taken to dryness to afford the title

compound as a yellow solid (1.75 g; 75% yield).

6-bromo-4-((3-methyl-5-nitrophenyl)amino)quinoline-3-carbaldehyde (5b)

Prepared using the procedure described for 5a. Compound 5b was obtained as an orange
solid (420 mg; 72% vyield). *H NMR (300 MHz, CDCls): § 11.26 (s, 1H), 10.10 (s, 1H),
8.90 (s, 1H), 7.97-7.88 (m, 2H), 7.83-7.74 (m, 2H), 7.66 (d, J = 2.1 Hz, 1H), 7.34-7.27
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(m, 1H), 2.46 (s, 3H). 13C NMR (75.5 MHz, CDCls): & 193.4, 155.0, 150.2, 149.7, 149.0,
141.6 (2), 136.0, 132.2, 129.5, 128.7, 121.4, 119.2, 118.9, 115.3, 113.7, 21.5. HRMS
(ESI): m/z [M + H]" calc. for C17H13BrN3Os: 386.0135; found: 386.0142.

6-bromo-4-((2-methyl-5-nitrophenyl)amino)quinoline-3-carbaldehyde (5c)

Prepared using the procedure described for 5a. Compound 5c¢ was obtained as a yellow
solid (165 mg; 72% vyield). *H NMR (300 MHz, d®-DMSO): & 10.18 (s, 1H), 9.94 (s, 1H),
8.97 (s, 1H), 8.07-8.02 (m, 2H), 7.93-7.88 (m, 3H), 7.67 (m, 1H), 2.42 (s, 3H). *H NMR
(300 MHz, CDCls): & 11.28 (s, 1H), 10.11 (s, 1H), 8.90 (s, 1H), 8.11 (dd, J = 8.4, 2.1 Hz,
1H), 7.91 (d, J = 8.9 Hz, 2H), 7.75 (dd, J = 9.0, 2.1 Hz, 1H), 7.55 (d, J = 8.4 Hz, 1H), 7.45
(d, J = 1.9 Hz, 1H), 2.48 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for C17H13BrNzOs:
386.0135; found: 386.0136.

6-bromo-4-((3-nitrophenyl)amino)quinoline-3-carbaldehyde (5d)

Prepared using the procedure described for 5a. Compound 5d was obtained as an orange
solid (200 mg; 65% vyield). *H NMR (300 MHz, CDCls): § 11.27 (s, 1H), 10.12 (s, 1H),
8.93 (s, 1H), 8.14 (dd, J = 8.1, 2.2 Hz, 1H), 8.03 (t, J =2.2 Hz, 1H), 7.93 (d, J = 9.0 Hz,
1H), 7.78 (dd, J = 9.0, 2.1 Hz, 1H), 7.64 (d, J = 2.1 Hz, 1H), 7.60-7.53 (m, 1H), 7.45 (d, J =
8.0 Hz, 1H). *C NMR (75.5 MHz, CDCls): & 193.4, 154.9 150.1, 149.7, 149.1, 142.0,
136.0, 132.2, 130.6, 128.8, 128.6, 120.8, 119.2, 119.1, 118.0, 113.9. HRMS (ESI): m/z [M
+ H]" calc. for C16H11BrN3zO3: 371.9978; found: 371.9986.

6-bromo-4-((4-methoxy-3-nitrophenyl)amino)quinoline-3-carbaldehyde (5€)

Prepared using the procedure described for 5a. Compound 5e was obtained as an orange
solid (370 mg; 70% vyield). *H NMR (300 MHz, CDCls): § 11.33 (s, 1H), 10.07 (s, 1H),
8.84 (s, 1H), 7.88 (dd, J = 8.9, 2.1 Hz, 1H), 7.77-7.70 (m, 2H), 7.63 (d, J = 2.1 Hz, 1H),
7.38 (dd, J = 8.8, 2.7 Hz, 1H), 7.14 (d, J = 8.9 Hz, 1H), 4.02 (s, 3H). 3C NMR (75.5 MHz,
CDCls): 6 193.3, 155.2, 151.6, 151.0, 149.7, 139.7, 135.8, 133.0, 132.1, 129.9, 128.7,
1215, 119.0, 118.8, 114.8, 1129, 57.1. HRMS (ESI): m/z [M + H]* calc. for
C17H13BrN304: 402.0084; found: 402.0088.

7-bromo-4-(4-methyl-3-nitrophenylamino)quinoline-3-carbaldehyde (5a’)
Prepared using the procedure described for 5a. Compound 5a’ was obtained as a brown
solid (220 mg; 85% vyield). *H NMR (300 MHz, CDCls): § 11.29 (s, 1H), 10.06 (s, 1H),
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8.85 (s, 1H), 8.18 (d, J = 2.0 Hz, 1H), 7.80 (d, J = 2.4 Hz, 1H), 7.40 - 7.32 (m, 2H), 7.30 —
7.24 (m, 2H), 2.62 (s, 3H). *C NMR (75.5 MHz, CDCls): § 193.3, 155.9, 151.8, 151.6,
149.7, 139.8, 134.1, 132.9, 131.4, 128.8, 127.9, 127.5, 127.4, 119.5, 116.6, 113.3, 20.2.
HRMS (ESI): m/z [M + H]" calc. for C17H13BrNsOs: 386.0135; found: 386.0135.

7-bromo-4-(3-methyl-5-nitrophenylamino)quinoline-3-carbaldehyde (5b”)

Prepared using the procedure described for 5a. Compound 5b’ was obtained as an orange
solid (480 mg; 82% yield). *H NMR (300 MHz, d®>-DMSO0): § 10.37 (s, 1H), 10.11 (s, 1H),
9.03 (s, 1H), 8.22 (d, J = 2.1 Hz, 1H), 7.92 (d, J = 9.1 Hz, 1H), 7.78 — 7.75 (m, 2H), 7.67
(dd, J = 9.0, 2.1 Hz, 1H), 7.38 (s, 1H), 2.34 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for
C17H13BrN30s: 386.0135; found: 386.0127.

7-bromo-4-(3-nitrophenylamino)quinoline-3-carbaldehyde (5d”)

Prepared using the procedure described for 5a. Compound 5d’ was obtained as a brown
solid (790 mg; 99% vyield). 'H NMR (300 MHz, CDCls): & 11.32 (s, 1H), 10.10 (s, 1H),
8.92 (s, 1H), 8.23 (d, J = 2.0 Hz, 1H), 8.17 — 8.05 (m, 1H), 8.03 —8.01 (m, 1H), 7.55 (t, J =
8.1 Hz, 1H), 7.50 — 7.41 (m, 1H), 7.38 (d, J = 9.1 Hz, 1H), 7.29 (dd, J = 9.1, 2.0 Hz, 1H).
HRMS (ESI): m/z [M + H]* calc. for C16H11BrN3sOs: 371.9978; found: 371.9975.

9-bromo-1-(4-methyl-3-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6a)

The aldehyde 5a (1.74 g; 4.505 mmol), triethylphosphonoacetate (894 pL; 4.505 mmol)
and K>CO3 (1.87 g; 13.516 mmol; 3 equiv.) were mixed in dry EtOH (30 ml) in a sealed
tube under Argon. The mixture was heated to 100°C overnight. After 16h, the reaction was
cooled to rt and the solvent evaporated. The crude was partitioned between H>O and
EtOAc. The aqueous phase was further extracted with EtOAc (3x) and the combined
organics washed with brine, dried over MgSO4 and taken to dryness to afford the title
compound as a dark brown solid (1.62 g; 88% yield).

9-bromo-1-(3-methyl-5-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6b)

Prepared using the procedure described for 6a. Compound 6b was obtained as a brown
solid (320 mg; 74% yield). *H NMR (300 MHz, CDCls): & 8.97 (s, 1H), 8.33 (s, 1H), 8.09
—7.88 (m, 3H), 7.67 (dd, J = 8.9, 2.1 Hz, 1H), 7.53 (s, 1H), 6.95 (d, J = 9.5 Hz, 1H), 6.80
(d, J = 2.1 Hz, 1H), 2.58 (s, 3H). 3C NMR (75.5 MHz, CDCls): § 162.9, 150.8, 149.4,
148.2, 142.7, 141.2, 140.6, 139.7, 135.6, 133.5, 132.6, 127.5, 125.1, 122.9, 121.4, 120.3,
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118.44, 113.8, 21.5. HRMS (ESI): m/z [M + H]" calc. for C19H13BrN303: 410.0135; found:
410.0132.

9-bromo-1-(2-methyl-5-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6c)
Prepared using the procedure described for 6a. Compound 6c was obtained as a dark
brown solid (165 mg; 68% yield). *H NMR (300 MHz, CDCls): § 9.02 (s, 1H), 8.45 (dd, J
=8.5, 2.4 Hz, 1H), 8.11 — 7.97 (m, 3H), 7.74 — 7.68 (m, 2H), 7.00 (d, J = 9.5 Hz, 1H), 6.80
(d, J = 2.0 Hz, 1H), 2.21 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C1gH13BrNzOs:
410.0135; found: 410.0133.

9-bromo-1-(3-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6d)
Prepared using the procedure described for 6a. Compound 6d was obtained as a dark
brown solid (150 mg; 71% yield). *H NMR (300 MHz, CDCls): § 9.01 (s, 1H), 8.53 (dd, J
=8.3,2.1 Hz, 1H), 8.21 (t, J = 2.1 Hz, 1H), 8.00 (dd, J = 10.4, 9.2 Hz, 2H), 7.87 (t, J = 8.1
Hz, 1H), 7.80 — 7.64 (m, 2H), 6.97 (d, J = 9.5 Hz, 1H), 6.80 (d, J = 2.1 Hz, 1H). HRMS
(ESI): m/z [M + H]" calc. for C1gH11BrN3Os: 395.9978; found: 395.9976.

9-bromo-1-(4-methoxy-3-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6e)
Prepared using the procedure described for 6a. Compound 6e was obtained as a dark
brown solid (255 mg; 65% yield). *H NMR (300 MHz, d®-DMS0): § 9.17 (s, 1H), 8.32 (d,
J=9.5Hz, 1H), 8.17 (d, J = 2.5 Hz, 1H), 7.98 (d, J = 8.9 Hz, 1H), 7.82 (m, 2H), 7.69 (d, J
= 9.0 Hz, 1H), 6.96 (d, J = 9.4 Hz, 1H), 6.83 (d, J = 2.0 Hz, 1H), 4.07 (s, 3H). HRMS
(ESI): m/z [M + H]" calc. for C19H13BrN3Oa: 426.0084; found: 426.0090.

8-bromo-1-(4-methyl-3-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6a°)
Prepared using the procedure described for 6a. Compound 6a’ was obtained as a brown
solid (220 mg; 96% yield). *H NMR (300 MHz, d®-DMSO): § 9.17 (s, 1H), 8.31 (d, J=9.5
Hz, 1H), 8.23 (m, 2H), 7.81 — 7.68 (m, 2H), 7.39 (dd, J = 9.4, 2.3 Hz, 1H), 6.94 (d, J=9.5
Hz, 1H), 6.73 (d, J = 9.4 Hz, 1H), 2.68 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for
C19H13BrN303: 410.0135; found: 410.0134.

8-bromo-1-(3-methyl-5-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6b”)
Prepared using the procedure described for 6a. Compound 6b’ was obtained as a brown
solid (345 mg; 81% yield). *H NMR (300 MHz, d5-DMSO): § 9.18 (s, 1H), 8.36 — 8.27 (m,
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3H), 8.24 (d, J = 2.3 Hz, 1H), 7.76 (brs, 1H), 7.36 (dd, J = 9.5, 2.3 Hz, 1H), 6.95 (d, J =
9.4 Hz, 1H), 6.69 (d, J = 9.4 Hz, 1H), 2.48 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for
C19H13BrN303: 410.0135; found: 410.0132.

8-bromo-1-(3-nitrophenyl)benzo[h][1,6]naphthyridin-2(1H)-one (6d’)

Prepared using the procedure described for 6a. Compound 6d’ was obtained as a brown
solid (500 mg; 60% yield). *H NMR (300 MHz, d®-DMSO): § 9.18 (s, 1H), 8.49 (m, 2H),
8.32 (d, J = 9.5 Hz, 1H), 8.24 (d, J = 2.3 Hz, 1H), 7.91 — 7.89 (m, 2H), 7.34 (dd, J = 9.4,
2.3 Hz, 1H), 6.95 (d, J = 9.5 Hz, 1H), 6.65 (d, J = 9.4 Hz, 1H). HRMS (ESI): m/z [M + H]*
calc. for C1gH11BrN3Os: 395.9978; found: 395.9975

N-(4-(1-(4-methyl-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-
yl)phenyl)methanesulfonamide (7a)

The bromo-quinoline 6a (280 mg; 0.683 mmol), 4-(methanesulfonylamino) phenyl boronic
acid pinacol ester (243 mg; 0.819 mmol; 1.2 equiv.), PdCI>(PPhs)2 (48 mg; 0.068 mmol;
0.1 equiv.) and Na2COs (1.025 ml; 2 M, 2.049 mmol; 3 equiv.) were mixed in dioxane (3
ml) under Argon. The mixture was heated to 90°C overnight. After 16h, TLC analysis
(MeOH:DCM 5:95) showed that the reaction was completed. The mixture was cooled to
RT and filtered through a Celite pad. The pad was further washed with EtOH and
MeOH/DCM (10%) until no more product was detected by TLC. The solvent was
evaporated and the crude applied in a silica column with a gradient up to 2% MeOH in
DCM. The desired fractions were collected and evaporated to dryness to afford the title

compound as a yellow solid (455 mg; 69%).

N-(4-(1-(3-methyl-5-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-
yl)phenyl)methanesulfonamide (7b)

Prepared using the procedure described for 7a. Compound 7b was obtained as a dark
yellow solid (160 mg: 64% yield). *H NMR (300 MHz, d®-DMSO0): § 9.92 (brs, 1H), 9.15
(s, 1H), 8.45 — 8.28 (m, 3H), 8.10 (d, J = 8.6 Hz, 1H), 7.98 (dd, J = 8.7, 1.9 Hz, 1H), 7.89
(s, 1H), 7.20 (d, J = 8.6 Hz, 2H), 7.15 — 7.02 (m, 3H), 6.95 (d, J = 9.5 Hz, 1H), 3.03 (s,
3H), 2.5 (s, 3H). *H NMR (300 MHz, CDClz): § 9.01 (s, 1H), 8.29 (s, 1H), 8.19 (d, J = 8.7
Hz, 1H), 8.09 (m, 1H), 8.03 (d, J = 9.5 Hz, 1H), 7.86 (dd, J = 8.7, 1.9 Hz, 1H), 7.59 (s,
1H), 7.19 (d, J = 8.6 Hz, 2H), 7.12 (d, J = 1.9 Hz, 1H), 7.04 (d, J = 8.6 Hz, 2H), 6.96 (d, J
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= 9.4 Hz, 1H), 6.57 (s, 1H), 3.07 (s, 4H), 2.56 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for
C26H21N40sS: 501.1227; found: 501.1224.

N-(4-(1-(2-methyl-5-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-
yl)phenyl)methanesulfonamide (7c)

Prepared using the procedure described for 7a. Compound 7c was obtained as an orange
solid (145 mg; 77% yield). *H NMR (300 MHz, d®-acetone): § 9.14 (s, 1H), 8.74 (brs, 1H),
8.53 — 8.44 (m, 2H), 8.34 (d, J = 9.5 Hz, 1H), 8.15 (d, J = 8.6 Hz, 1H), 8.03 — 7.91 (m,
2H), 7.38 — 7.31 (m, 2H), 7.23 — 7.13 (m, 3H), 6.95 (d, J = 9.5 Hz, 1H), 3.04 (s, 3H), 2.23
(s, 3H). HRMS (ESI): m/z [M + H]" calc. for C26H21N4OsS: 501.1227; found: 501.1223.

N-(4-(1-(3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)phenyl)
methanesulfonamide (7d)

Prepared using the procedure described for 7a. Compound 7d was obtained as a yellow
solid (85 mg; 51% vyield). *H NMR (300 MHz, d®-DMSO): § 9.93 (s, 1H), 9.15 (s, 1H),
8.62 (s, 1H), 8.58 — 8.47 (m, 1H), 8.34 (d, J = 9.5 Hz, 1H), 8.10 (d, J = 8.7 Hz, 1H), 7.97
(m, 3H), 7.18 (d, J = 8.2 Hz, 2H), 7.10 — 6.99 (m, 3H), 6.96 (d, J = 9.4 Hz, 1H), 3.03 (s,
3H). HRMS (ESI): m/z [M + H]" calc. for C2sH19N4OsS: 487.1071; found: 487.1071.

N-(4-(1-(4-methoxy-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-
yl)phenyl)methanesulfonamide (7e)

Prepared using the procedure described for 7a. Compound 7e was obtained as a dark
yellow solid (120 mg; 42% yield). *H NMR (300 MHz, d®-acetone): & 9.06 (s, 1H), 8.83 —
8.74 (brs, 1H), 8.24 (d, J = 9.5 Hz, 1H), 8.15 — 8.09 (m, 2H), 7.99 (dd, J = 8.7, 1.9 Hz,
1H), 7.82 (dd, J = 8.9, 2.6 Hz, 1H), 7.64 (d, J = 9.0 Hz, 1H), 7.40 (d, J = 8.6 Hz, 2H), 7.30
(d, J = 2.2 Hz, 1H), 7.27 (d, J = 2.1 Hz, 1H), 7.21 (dd, J = 1.9, 0.6 Hz, 1H), 6.88 (d, J = 9.5
Hz, 1H), 4.14 (s, 3H), 3.06 (d, J = 0.9 Hz, 3H). HRMS (ESI): m/z [M + H]+ calc. for
Co6H21N4O6S: 517.1176; found: 517.1176.

N-(4-(1-(4-methyl-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)
phenyl)methanesulfonamide (7a’)

Prepared using the procedure described for 7a. Compound 7a’ was obtained as an orange
solid (76 mg; 21%). *H NMR (300 MHz, d®-DMSO): § 9.97 (s, 1H), 9.16 (s, 1H), 8.33 —
8.30 (m, 2H), 8.26 (s, 1H), 7.84 — 7.77 (m, 4H), 7.57 (dd, J = 9.3, 2.2 Hz, 1H), 7.30 (d, J =
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8.7 Hz, 2H), 6.92 — 6.86 (m, 2H), 3.04 (s, 3H), 2.69 (s, 3H). HRMS (ESI): m/z [M + H]*
calc. for C2sH21N4OsS: 501.1227; found: 501.1227.

N-(4-(1-(3-methyl-5-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)p
henyl)methanesulfonamide (7b’)

Prepared using the procedure described for 7a. Compound 7b’ was obtained as an orange
solid (400 mg; 95%). HRMS (ESI): m/z [M + H]" calc. for C26H21N4O0sS: 501.1227; found:
501.1232.

N-(4-(1-(3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)phenyl)me
thanesulfonamide (7d’)

Prepared using the procedure described for 7a. Compound 7d’ was obtained as an orange
solid (90 mg; 31%). *H NMR (300 MHz, d5-DMSO0): § 9.92 (brs, 1H), 9.16 (s, 1H), 8.52 —
8.49 (m, 2H), 8.34 — 8.29 (m, 2H), 7.95 — 7.93 (m, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.52 (dd,
J=9.3, 2.2 Hz, 1H), 7.29 (d, J = 8.8 Hz, 2H), 6.91 (d, J = 9.4 Hz, 1H), 6.76 (d, J = 9.3 Hz,
1H), 3.03 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for C2sH19N4OsS: 487.1071; found:
487.1069.

Ethyl 4-(4-methyl-3-nitrophenylamino)-6-(4-(methylsulfonamido)phenyl)quinoline-3-
carboxylate

Prepared using the procedure described for 7a, from intermediate 3a. Compound INT1
was obtained as a yellow solid (265 mg; 73%). *H NMR (300 MHz, CDCls3): § 10.52 (s,
1H), 9.29 (s, 1H), 8.10 (d, J = 8.7 Hz, 1H), 7.87 (dd, J = 8.7, 2.0 Hz, 1H), 7.72 (d, J = 2.0
Hz, 1H), 7.67 (d, J = 2.5 Hz, 1H), 7.59 — 7.41 (m, 2H), 7.20 - 7.16 (m, 5H), 4.46 (9, J =7.1
Hz, 2H), 3.03 (s, 3H), 2.58 (s, 3H), 1.47 (t, J = 7.1 Hz, 3H). HRMS (ESI): m/z [M + H]"
calc. for CosH25N406S: 521.1489; found: 521.1486.

N-(4-(1-(4-methyl-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)
phenyl)butane-1-sulfonamide (7f — precursor of 14)

Prepared using General Procedure E, reacting intermediate 6a with 4-
(butylsulfonamido)phenylboronic acid. Compound 7f was isolated as a yellow solid (200
mg; 53% yield). *H NMR (300 MHz, d®-DMSO0): § 9.98 (s, 1H), 9.13 (s, 1H), 8.44 — 8.26
(m, 2H), 8.09 (d, J = 8.7 Hz, 1H), 7.98 (d, J = 8.6 Hz, 1H), 7.82-7.74 (m, 2H), 7.24 (d, J =
8.2 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 6.95 (d, J = 8.2 Hz, 2H), 3.12 (t, J = 7.9 Hz, 3H),
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2.65 (s, 3H), 1.65 (m, 2H), 1.36 (m, 2H), 0.84 (t, J = 7.2 Hz, 3H). HRMS (ESI): m/z [M +
H]" calc. for C29H27N40sS: 543.1697; found: 543.1694.

N-(3-(1-(4-methyl-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)
phenyl)methanesulfonamide (7g — precursor of 15)

Prepared using General Procedure E, reacting intermediate 6a with 3-
(methanesulfonylamino)phenylboronic acid pinacol ester. Compound 7g was isolated as an
orange solid (235 mg; 67% yield). *"H NMR (300 MHz, d®-DMSO0): & 9.81 (s, 1H), 9.16 (s,
1H), 8.34 (d, J = 9.5 Hz, 1H), 8.29 (m, 1H), 8.15 (d, J = 8.6 Hz, 1H), 7.91 (dd, J = 8.7, 1.9
Hz, 1H), 7.79 (d, J = 1.3 Hz, 2H), 7.35 (t, J = 7.8 Hz, 1H), 7.27 — 7.15 (m, 2H), 7.05 (d, J
= 1.8 Hz, 1H), 6.95 (d, J = 9.4 Hz, 1H), 6.58 (dt, J = 8.0, 1.2 Hz, 1H), 3.00 (s, 3H), 2.66 (s,
3H). HRMS (ESI): m/z [M + H]" calc. for C2sH21N4OsS: 501.1227; found: 501.1228.

Methyl 4-(1-(4-methyl-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-
yl)phenylcarbamate (7h — precursor of 16)

Prepared using General Procedure E, reacting intermediate 6a with 4-
(methoxycarbonylamino)benzeneboronic acid. Compound 7h was isolated as an orange
solid (166 mg; 50% yield). *H NMR (300 MHz, d®-DMS0): & 9.82 (s, 1H), 9.13 (s, 1H),
8.33 (dd, J = 9.4, 1.5 Hz, 2H), 8.08 (dd, J = 8.6, 1.4 Hz, 1H), 8.04 — 7.93 (m, 1H), 7.86 —
7.72 (m, 2H), 7.56 — 7.46 (m, 2H), 7.06 (dd, J = 8.7, 1.5 Hz, 2H), 7.03 — 6.91 (m, 2H), 3.69
(s, 3H), 2.68 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C27H21N4Os: 481.1506; found:
481.1507.

1-(4-methyl-3-nitrophenyl)-9-(pyridin-4-yl)benzo[h][1,6]naphthyridin-2(1H)-one (7i —
precursor of 17)

Prepared using General Procedure E, reacting intermediate 6a with pyridine-4-boronic acid
hydrate. Compound 7i was isolated as an orange solid (90 mg; 45% yield). *H NMR (300
MHz, d®-DMSO0): § 9.21 (s, 1H), 8.64 — 8.56 (m, 2H), 8.40 — 8.31 (m, 2H), 8.20 — 8.14 (m,
1H), 8.11 (dd, J = 8.7, 1.9 Hz, 1H), 7.87 — 7.75 (m, 3H), 7.15 - 7.12 (m, 2H), 6.98 (d, J =
9.5 Hz, 1H), 2.66 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for C24H17N4Os: 409.1295;
found: 409.1293.
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5-(1-(4-methyl-3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)pico
linonitrile (7j — precursor of 18)

Prepared using General Procedure E, reacting intermediate 6a with 6-(cyanopyridin-3-
yl)boronic acid. Compound 7i was isolated as an orange solid (92 mg; 44% vyield). *H
NMR (300 MHz, d5-DMS0): § 9.22 (s, 1H), 8.50 (m, 1H), 8.36 (d, J = 9.5 Hz, 1H), 8.29
(s, 1H), 8.20 (d, J = 8.6 Hz, 1H), 8.16 - 8.14 (m, 1H), 7.80 (m, 2H), 7.65 — 7.52 (m, 3H),
6.98 (d, J = 9.5 Hz, 1H), 2.66 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C25H1sNsOs:
434.1248; found: 434.1245.

1-(4-methyl-3-nitrophenyl)-9-(6-(trifluoromethyl)pyridin-3-yl)benzo[h][1,6]naphthyri
din-2(1H)-one (7k — precursor of 19)

Prepared using General Procedure E, reacting intermediate 6a with 2-
Trifluoromethyl(pyridin-5-yl)boronic acid. Compound 7i was isolated as an orange solid
(110 mg; 47% yield). 'H NMR (300 MHz, d®-DMSO): & 9.22 (s, 1H), 8.53 (d, J = 2.1 Hz,
1H), 8.36 (d, J = 9.5 Hz, 1H), 8.29 (s, 1H), 8.20 (d, J = 8.7 Hz, 1H), 8.13 (dd, J = 8.7, 1.9
Hz, 1H), 7.95 (d, J = 8.2 Hz, 1H), 7.83 (m, 1H), 7.65 — 7.54 (m, 3H), 6.97 (s, 1H), 2.62 (s,
3H). HRMS (ESI): m/z [M + H]* calc. for CasH1sFsN4Os: 477.1169; found: 477.1168.

1-(4-methyl-3-nitrophenyl)-9-(piperidin-1-yl)benzo[h][1,6]naphthyridin-2(1H)-one (71
- precursor of 20)

The bromo-quinoline 6a (250 mg; 0.609 mmol), piperidine (180 pL; 1.827 mmol; 3
equiv.), Pd(OAc)2 (8.4 mg; 37.4 umol; 0.06 equiv.), R-BINAP (46 mg: 73.1 umol; 0.12
equiv.) and Cs2CO3 (595 mg,1.827 mmol; 3 equiv.) were mixed in dioxane (5 ml) under
Argon. The mixture was heated to 90°C overnight. After 24h, LCMS analysis showed that
the reaction was completed. The mixture was cooled to rt and the solvent evaporated. The
crude was partitioned between EtOAc and sat NaHCOs. The phases were separated and the
aqueous phase further extracted with EtOAc (2x). The combined organics were washed
with brine and dried over MgSOa. After filtration, the solvent was evaporated to afford the
title compound as a yellow solid. The compound was used without further purification
(180 mg; 71% yield). *H NMR (300 MHz, d®-DMSO): & 8.87 (s, 1H), 8.26 — 8.18 (m, 2H),
7.84 (d, J =9.2 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.70 (dd, J = 8.2, 2.1 Hz, 1H), 7.50 -
7.46 (m, 1H), 6.85 (d, J = 9.4 Hz, 1H), 6.23 (d, J = 2.6 Hz, 1H), 2.74 (m, 4H), 2.60 (s, 3H),
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1.45 (m, 6H). HRMS (ESI): m/z [M + H]" calc. for C2sH23N4Os: 415.1765; found:
415.1763.

1-(4-methyl-3-nitrophenyl)-9-morpholinobenzo[h][1,6]naphthyridin-2(1H)-one (7m -
precursor of 21)

Prepared using General Procedure F, using morpholine as amine. Compound 7m was
isolated as an orange solid (290 mg; 95% yield). *H NMR (300 MHz, d®-DMSO): § 8.91
(s, 1H), 8.35 — 8.17 (m, 2H), 7.89 (d, J = 9.2 Hz, 1H), 7.81 — 7.65 (m, 2H), 7.53 (dd, J =
9.2, 2.6 Hz, 1H), 6.87 (d, J = 9.4 Hz, 1H), 6.23 (d, J = 2.6 Hz, 1H), 3.62 (m, 4H), 2.68 (m,
4H), 2.58 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for CasH21N4O4: 417.1557; found:
417.1557.

1-(4-methyl-3-nitrophenyl)-9-(4-(methylsulfonyl)piperazin-1-yl)benzo[h][1,6]naphthy
ridin-2(1H)-one (7n- precursor of 22)

Prepared using General Procedure F, using 1-(Methylsulfonyl)piperazine as amine.
Compound 7n was isolated as a yellow solid (285 mg; 95% yield). *H NMR (300 MHz,
CDCls): 6 8.83 (s, 1H), 8.10 — 7.86 (m, 3H), 7.69 — 7.52 (m, 2H), 7.35 (dd, J = 9.3, 2.6 Hz,
1H), 6.90 (d, J = 9.3 Hz, 1H), 6.36 (d, J = 2.6 Hz, 1H), 3.25 (t, J = 5.0 Hz, 4H), 2.95 — 2.89
(m, 2H), 2.85 — 2.82 (m, 2H), 2.82 (s, 3H), 2.71 (s, 3H).HRMS (ESI): m/z [M + H]" calc.
for C24H24N505S: 494.1493; found: 494.1492.

9-(4-(dimethylamino)piperidin-1-yl)-1-(4-methyl-3-nitrophenyl)benzo[h][1,6]naphtha
yridin-2(1H)-one (70 — precursor of 23)

Prepared using General Procedure F, using N,N-dimethylpiperidin-4-amine as amine.
Compound 70 was isolated as a yellow solid (215 mg; 77% yield). *H NMR (300 MHz, d®-
DMSO): & 8.87 (s, 1H), 8.23 (m, 2H), 7.85 (d, J = 9.2 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H),
7.70 (dd, J = 8.1, 2.1 Hz, 1H), 7.51 (m, 1H), 6.85 (d, J = 9.4 Hz, 1H), 6.25 (d, J = 2.6 Hz,
1H), 3.23 — 3.18 (m, 2H), 2.62 (s, 3H), 2.44 — 2.37 (m, 2H), 2.15 (s, 3H), 2.15 (m, 1H),
166 — 1.62 (m, 2H), 1.28 — 1.23 (m, 2H). HRMS (ESI): m/z [M + H]" calc. for
C26H28Ns03: 458.2187; found: 458.2185.
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8-(4-(methylsulfonyl)piperazin-1-yl)-1-(3-nitrophenyl)benzo[h][1,6]naphthyridin-2(1
H)-one (7d’n’- precursor of 27)

Prepared using the General Procedure F, reacting intermediate 6d with 1-
(Methylsulfonyl)piperazine. Compound 7d’n’ was obtained as a brown solid (355 mg;
98%). HRMS (ESI): m/z [M + H]" calc. for C23H22N505S: 480.1336; found: 480.1330.

N-(4-(1-(3-amino-4-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)
phenyl)methanesulfonamide (8a)

Intermediate 7a (335 mg; 0.669 mmol) was suspended in EtOH (40 ml) and heated to
reflux. Fe (224 mg; 4.016 mmol; 6 equiv.) and NH4Cl (215 mg; 4.016 mmol; 6 equiv.) in
H>O (20 ml) were added and the mixture heated to reflux. After 2h, TLC analysis
(MeOH:DCM 1:9) showed that the reaction was completed. The hot mixture was filtered
through a Celite pad and the pad further washed with EtOH and MeOH:DCM (2:8). The
solvent was evaporated and the crude partitioned between H.O and EtOAc. The phases
were separated and the aqueous phase was further extracted with EtOAc (3x). The
combined organics were washed with brine, dried over MgSO4 and taken to dryness to

afford the title compound as an off-white solid (330 mg; 100% yield).

N-(4-(1-(3-amino-5-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)
phenyl)methanesulfonamide (8b)

Prepared using the procedure described for 8a. Compound 8b was obtained as a bright-
yellow solid (85 mg; 70% yield). *H NMR (300 MHz, d®-DMSO0): § 9.90 (s, 1H), 9.07 (s,
1H), 8.25 (d, J = 9.4 Hz, 1H), 8.03 (g, J = 8.9 Hz, 2H), 7.70 (s, 1H), 7.35 — 7.21 (m, 4H),
6.87 (d, J = 9.5 Hz, 1H), 6.66 (s, 1H), 6.48 (s, 1H), 6.29 (s, 1H), 5.40 (s, 2H), 3.04 (s, 3H),
2.25 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for CzsH23N4O3S: 471.1485; found:
471.1484.

N-(4-(1-(5-amino-2-methylphenyl)-2-oxo0-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)
phenyl)methanesulfonamide (8c)

Prepared using the procedure described for 8a. Compound 8c was obtained as an orange
solid (70 mg; 68% yield). *H NMR (300 MHz, d®-DMSO): § 9.91 (s, 1H), 9.11 (s, 1H),
8.30 (d, J =9.5 Hz, 1H), 8.12 — 7.97 (m, 2H), 7.53 (d, J = 1.8 Hz, 1H), 7.32 (d, J = 8.7 Hz,
2H), 7.27 - 7.16 (m, 3H), 6.92 (d, J =9.4 Hz, 1H), 6.79 (dd, J = 8.2, 2.3 Hz, 1H), 6.45 (d, J
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= 2.3 Hz, 1H), 5.29 (s, 2H), 3.05 (s, 3H), 1.80 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for
C26H23N40sS: 471.1485; found 471.1485.

N-(4-(1-(3-nitrophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)phenyl)me
thanesulfonamide (8d)

Prepared using the procedure described for 8a. Compound 8d was obtained as a dark
yellow solid (60 mg; 92% yield). *H NMR (300 MHz, d®-DMSO0): § 9.91 (s, 1H), 9.09 (s,
1H), 8.27 (d, J = 9.5 Hz, 1H), 8.11 — 7.95 (m, 2H), 7.60 (d, J = 1.9 Hz, 1H), 7.36 — 7.27
(m, 3H), 7.23 (d, J = 8.8 Hz, 2H), 6.92 — 6.79 (m, 2H), 6.57 (dd, J = 6.7, 1.2 Hz, 2H), 5.55
(brs, 2H), 3.04 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C25H21N4O3S: 457.1329;
found: 457.1328.

N-(4-(1-(3-amino-4-methoxyphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-
yl)phenyl)methanesulfonamide (8e)

Prepared using the procedure described for 8a. Compound 8e was obtained as an orange
solid (85 mg; 78% vyield). *H NMR (300 MHz, d®-DMSO): § 9.93 (s, 1H), 9.07 (s, 1H),
8.26 (d, J = 9.5 Hz, 1H), 8.05 (d, J = 8.7 Hz, 1H), 7.97 (dd, J = 8.7, 1.9 Hz, 1H), 7.37 (d, J
= 1.9 Hz, 1H), 7.32 — 7.18 (m, 4H), 7.05 (d, J = 8.3 Hz, 1H), 6.88 (d, J = 9.4 Hz, 1H), 6.67
—6.53 (m, 2H), 5.11 (s, 2H), 3.91 (s, 3H), 3.04 (s, 3H). HRMS (ESI): m/z [M + H]" calc.
for CoeH23N404S: 487.1435; found: 487.1433.

N-(4-(1-(3-amino-4-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)
phenyl)methanesulfonamide (8a’)

Prepared using the procedure described for 8a. Compound 8a’ was obtained as a bright-
yellow solid (80 mg; 71% yield). *H NMR (300 MHz, d®-DMS0): & 9.96 (s, 1H), 9.10 (s,
1H), 8.26 — 8.23 (m, 2H), 7.84 (d, J = 8.7 Hz, 2H), 7.52 (dd, J = 9.4, 2.2 Hz, 1H), 7.30 (d, J
= 8.7 Hz, 2H), 7.15 (m, 2H), 6.84 (d, J = 9.4 Hz, 1H), 6.56 (d, J = 2.1 Hz, 1H), 6.48 (dd, J
= 7.8, 2.1 Hz, 1H), 5.20 (s, 2H), 3.04 (s, 3H), 2.21 (s, 3H). HRMS (ESI): m/z [M + H]*
calc. for CosH23N40O3S: 471.1485; found: 471.1483.

N-(4-(1-(3-amino-5-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)
phenyl)methanesulfonamide (8b”)

Prepared using the procedure described for 8a. Compound 8b’ was obtained as an orange
solid (295 mg; 70% yield). *H NMR (300 MHz, d®-DMSO): & 9.99 (s, 1H), 9.09 (s, 1H),
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8.25 — 8.22 (m, 2H), 7.86 - 7.81 (m, 4H), 7.54 (dd, J = 9.4, 2.3 Hz, 1H), 7.30 (d, J = 8.5
Hz, 2H), 7.21 (d, J = 9.3 Hz, 1H), 6.84 (d, J = 9.4 Hz, 1H), 6.61 (s, 1H), 6.34 (s, 2H), 3.04
(s, 3H), 2.22 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C2sH23N4O3S: 471.1485; found:
471.1483.

N-(4-(1-(3-aminophenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)phenyl)me
thanesulfonamide (8d’)

Prepared using the procedure described for 8a. Compound 8d’ was obtained as a brown
solid (140 mg; 85% yield). *H NMR (300 MHz, d®-DMSO): § 9.09 (s, 1H), 8.26 — 8.22 (m,
2H), 7.79 — 7.77 (m, 2H), 7.50 (dd, J = 9.3, 2.2 Hz, 1H), 7.29 — 7.23 (m, 3H), 7.12 (d, J =
9.3 Hz, 1H), 6.85 — 6.78 (m, 2H), 6.53 — 6.50 (m, 2H), 5.42 (s, 2H), 2.97 (s, 3H). HRMS
(ESI): m/z [M + H]" calc. for C2sH21N403S: 457.1329; found: 457.1329.

Ethyl 4-(3-amino-4-methylphenylamino)-6-(4-(methylsulfonamido)phenyl)quinoline-
3-carboxylate

Prepared using the procedure described for 8a. Compound INT2 was obtained as a yellow
solid (190 mg; 88%). 'H NMR (300 MHz, d®-DMSO0): 5 10.14 (s, 1H), 9.88 (s, 1H), 8.94
(s, 1H), 8.08 (d, J = 2.0 Hz, 1H), 8.04 — 7.96 (m, 1H), 7.92 (d, J = 8.7 Hz, 1H), 7.67 — 7.50
(m, 2H), 7.39 (d, J = 8.7 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 7.9 Hz, 1H), 6.45
(d, J=2.2 Hz, 1H), 6.33 (dd, J = 7.9, 2.2 Hz, 1H), 4.19 (g, J = 7.1 Hz, 2H), 3.02 (s, 3H),
2.11 (s, 3H), 1.29 (t, J = 7.1 Hz, 3H). HRMS (ESI): m/z [M + H]" calc. for C26H27N4O4S:
491.1753; found: 491.1748.

N-(4-(1-(3-amino-4-methylphenyl)-2-oxo0-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)
phenyl)butane-1-sulfonamide (8f — precursor of 15)

Prepared using the procedure described for 8a. Compound 8f was obtained as a bright-
yellow solid (163 mg; 91% yield). *H NMR (300 MHz, d®-DMSO): § 9.92 (s, 1H), 9.06 (s,
1H), 8.25 (d, J = 9.5 Hz, 1H), 8.04 (d, J = 8.6 Hz, 1H), 7.96 (dd, J = 8.7, 1.9 Hz, 1H), 7.70
— 7.48 (m, 2H), 7.39 (d, J = 1.9 Hz, 1H), 7.30 — 7.13 (m, 5H), 6.87 (d, J = 9.4 Hz, 1H),
6.61 (d, J = 2.1 Hz, 1H), 6.51 (dd, J = 7.8, 2.1 Hz, 1H), 3.12 (t, J = 7.4 Hz, 2H), 2.25 (s,
3H), 1.76 — 1.58 (m, 2H), 1.47 — 1.29 (m, 2H), 0.85 (t, J = 7.3 Hz, 3H). HRMS (ESI): m/z
[M + H]" calc. for C2gH29N403S: 513.1955; found: 513.1954.

119



5 Materials and methods

N-(3-(1-(3-amino-4-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-8-yl)
phenyl)methanesulfonamide (8g — precursor of 16)

Prepared using the procedure described for 8a. Compound 8g was obtained as a bright-
yellow solid (75 mg; 94% yield). HRMS (ESI): m/z [M + H]* calc. for C2sH23N4OsS:
471.1484; found: 471.1485.

Methyl 4-(1-(3-amino-4-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-
9-yl)phenylcarbamate (8h — precursor of 17)

Prepared using the procedure described for 8a. Compound 8h was obtained as a bright-
yellow solid (147 mg; 100% vyield). *H NMR (300 MHz, d®-DMSO): § 9.77 (s, 1H), 9.06
(s, 1H), 8.25 (d, J = 9.4 Hz, 1H), 8.08 — 7.91 (m, 2H), 7.51 (d, J =8.3 Hz, 2H), 7.43 (d, J =
1.8 Hz, 1H), 7.22 — 7.18 (m, 3H), 6.87 (d, J = 9.4 Hz, 1H), 6.61 (d, J = 2.1 Hz, 1H), 6.51
(dd, J = 7.8, 2.1 Hz, 1H), 5.25 (brs, 2H), 3.70 (s, 3H), 2.27 (s, 3H). HRMS (ESI): m/z [M +
H]" calc. for C27H23N40s: 451.1765; found: 451.1763.

1-(3-amino-4-methylphenyl)-9-(pyridin-4-yl)benzo[h][1,6]naphthyridin-2(1H)-one (8i
— precursor of 18)

Prepared using the procedure described for 8a. During phase separation, the aqueous phase
(pH~5) was adjusted to pH 7 with NaHCO3. Compound 8i was obtained as an orange solid
(75 mg; 100% yield). *H NMR (300 MHz, d®-DMSO): § 9.14 (s, 1H), 8.64 — 8.55 (m, 2H),
8.28 (d, J = 9.5 Hz, 1H), 8.11 (s, 2H), 7.51 (s, 1H), 7.31 — 7.23 (m, 2H), 7.20 (d, J = 8.2
Hz, 1H), 6.90 (d, J = 9.4 Hz, 1H), 6.66 (d, J = 2.1 Hz, 1H), 6.49 (dd, J = 7.8, 2.1 Hz, 1H),
5.33 (s, 2H), 2.25 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for C24H19N4O: 379.1553;
found: 379.1552.

5-(1-(3-amino-4-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyridin-9-yl)pico
linonitrile (8] — precursor of 19)

Prepared using the procedure described for 8a. Compound 8j was obtained as an orange
solid (79 mg; 97% yield). HRMS (ESI): m/z [M + H]" calc. for CzsH1sNsO: 404.1506;
found: 404.1507.
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1-(3-amino-4-methylphenyl)-9-(6-(trifluoromethyl)pyridin-3-yl)benzo[h][1,6]naphthy

ridin-2(1H)-one (8k — precursor of 20)

Prepared using the procedure described for 8a. Compound 8k was obtained as an orange
solid (99 mg; 100% yield). *H NMR (300 MHz, d®-DMSO): § 9.15 (s, 1H), 8.67 (d, J = 2.1
Hz, 1H), 8.29 (d, J = 9.5 Hz, 1H), 8.13 (brs, 2H), 7.95 (m, 1H), 7.88 (m, 1H), 7.33 (s, 1H),
7.19 (d, J = 7.8 Hz, 1H), 6.92 (d, J = 9.4 Hz, 1H), 6.64 (d, J = 2.1 Hz, 1H), 6.51 (dd, J =
7.7, 2.1 Hz, 1H), 5.33 (s, 2H), 2.21 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for
CasH1sF3N4O: 447.1427; found: 447.1426.

1-(3-amino-4-methylphenyl)-9-(piperidin-1-yl)benzo[h][1,6]naphthyridin-2(1H)-one
(81 — precursor of 21)

Prepared using the procedure described for 8a. Compound 8| was obtained as a yellow
solid (134 mg; 85% yield). HRMS (ESI): m/z [M + H]* calc. for C2sH2sN4O: 385.2023;
found: 385.2025.

1-(3-amino-4-methylphenyl)-9-morpholinobenzo[h][1,6]naphthyridin-2(1H)-one (8m
— precursor of 22)

Prepared using the procedure described for 8a. Compound 8m was obtained as an orange
solid (141 mg; 95% vyield).HRMS (ESI): m/z [M + H]* calc. for C23H23N4O2: 387.1816;
found: 387.1817.

Synthesis of 1-(3-amino-4-methylphenyl)-9-(4-(methylsulfonyl)piperazin-1-yl)benzo
[h][1,6]naphthyridin-2(1H)-one (8n)

Prepared using the procedure described for 8a. Compound 8n was obtained as a yellow
solid (285 mg; 88% vyield). *H NMR (300 MHz, CDCls): § 8.79 (s, 1H), 7.94 (dd, J = 16.9,
9.3 Hz, 2H), 7.33 (dd, J = 9.2, 2.6 Hz, 1H), 7.27 (m, 1H), 6.90 (d, J = 9.4 Hz, 1H), 6.78 (d,
J=2.6Hz, 1H), 6.68 (d, J = 6.4 Hz, 2H), 3.83 (s, 2H), 3.26 — 3.22 (m, 4H), 2.99 — 2.96 (m,
4H), 2.82 (s, 3H), 2.26 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for Cz4H26Ns03S:
464.1751; found: 464.1748.

1-(3-amino-4-methylphenyl)-9-(4-(dimethylamino)piperidin-1-yl)benzo[h][1,6]naphth
ayridin-2(1H)-one (8o — precursor of 23)

Prepared using the procedure described for 8a. The reaction required 12 eq. of Fe and
NH4ClI and 5h reaction time at 80°C. During phase separation, the aqueous phase (pH~5)
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was adjusted to pH 8 with NaHCO3s. Compound 8o was obtained as a yellow solid (85 mg;
46% yield). 'H NMR (300 MHz, d®-DMSO0): & 8.81 (s, 1H), 8.16 (d, J = 9.4 Hz, 1H), 7.79
(d, J = 9.1 Hz, 1H), 7.46 (dd, J = 9.4, 2.4 Hz, 1H), 7.13 (d, J = 7.8 Hz, 1H), 6.79 (d, J =
9.4, 1H), 6.71 (brs, 1H), 6.57 (d, J = 1.8 Hz, 1H), 6.49 — 6.37 (m, 1H), 5.22 (s, 2H), 3.34 —
3.30 (m, 2H), 2.50 (s, 3H), 2.42 — 2.36 (M, 2H), 2.16 (s, 6H), 2.16 (m, 1H), 1.70 — 1.66 (m,
2H), 1.30 — 1.22 (m, 2H). HRMS (ESI): m/z [M + H]* calc. for CasH3soNsO: 428.2445;
found: 428.2442.

1-(3-aminophenyl)-8-(4-(methylsulfonyl)piperazin-1-yl)benzo[h][1,6]naphthyridin-2(1
H)-one (8d’n’ — precursor of JS27)

Prepared using the procedure described for 8a. Compound 8d’n’ was obtained as an
orange solid (225 mg; 71% yield). *H NMR (300 MHz, CDCls): 6 8.92 (s, 1H), 8.14 (d, J =
9.4 Hz, 1H), 7.28 — 7.21 (m, 2H), 7.03 — 6.96 (m, 1H), 6.86 (d, J = 9.8 Hz, 1H), 6.77 — 6.68
(m, 2H), 6.46 (brs, 2H), 5.43 (s, 2H), 3.43 (m, 4H,) 3.20 (m, 4H), 2.89 (s, 3H). HRMS
(ESI): m/z [M + H]" calc. for C23H24Ns03S: 450.1594; found: 450.1600

1-(3-amino-4-methylphenyl)-9-bromobenzo[h][1,6]naphthyridin-2(1H)-one
Intermediate 6a (1.03 g; 2.511 mmol) was suspended in EtOAc (50 ml) and SnCl; (2.86 g;
15.065 mmol; 6 equiv.) was added. The mixture was heated to 85°C and after 2h, the
reaction cooled to rt and saturated NaHCO3 ag. was added. The phases were separated and
the aqueous phase further extracted with ethyl acetate (2x). The combined organics were
washed with brine, dried over MgSO4, taken to dryness to afford INT3 as a brownish solid
(650 mg; 68% yield). *H NMR (300 MHz, d®-DMSO0): § 9.11 (s, 1H), 8.25 (d, J = 9.4 Hz,
1H), 7.91 (d, J = 8.9 Hz, 1H), 7.78 (dd, J = 8.9, 2.1 Hz, 1H), 7.18 (d, J = 7.8 Hz, 1H), 6.99
(d, J=2.1Hz, 1H), 6.90 (d, J = 9.4 Hz, 1H), 6.53 (d, J =2.1 Hz, 1H), 6.45 (dd, J = 7.7, 2.1
Hz, 1H), 5.24 (s, 2H), 2.22 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C19H15BrN3O:
380.0393; found: 380.0390.

N-(2-methyl-5-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2
H)-yl)phenyl)acrylamide (9a; BMX-IN-1)

A stirred solution of 8a (90 mg; 0.191 mmol) in dry THF (20 ml) was cooled in an ice-bath
to -10°C for 20 min. DIPEA (133 uL; 0.765 mmol; 4 equiv.) was added and the mixture
stirred for 10 min at T < 4°C. After 10 min, acryloyl chloride was added and the mixture
further stirred at -10°C for 10 min. and then 1h at rt. THF was then evaporated and the
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crude redissolved in EtOAc and washed three times with NaHCOs3 (4%). The organics
were dried over MgSO4 and taken to dryness. The crude was applied in a silica column and
eluted with a gradient from 100:0 to 96:4 in DCM:MeOH. The desired fractions were
collected and taken to dryness to afford the title compound as a white solid. (20 mg; 20%
yield). *H NMR (300 MHz, d®-DMS0): § 9.85 (s, 1H), 9.78 (s, 1H), 9.11 (s, 1H), 8.30 (d, J
= 9.4 Hz, 1H), 8.08 (d, J = 8.7 Hz, 1H), 7.98 (dd, J = 8.7, 1.9 Hz, 1H), 7.69 (s, 1H), 7.52
(d, J = 8.1 Hz, 1H), 7.23-7.20 (m, 6H), 6.91 (d, J = 9.4 Hz, 1H), 6.57 (dd, J = 17.2, 10.2
Hz, 1H), 6.19 (d, J = 17.2 Hz, 1H), 5.74 (d, J = 10.2 Hz, 1H), 3.01 (s, 3H), 2.42 (s, 3H).
HRMS (ESI): m/z [M + H]" calc. for CooH25N404S: 525.1591; found: 525.1586. HPLC
Purity: 98.9%.

NOTE: BMX-IN-1 was also acquired from Calbiochem and the commercial compound
was used for in vitro experiments (including BMX and BTK ICso determination, kinetic

measurements, target engagement and cellular assays).

N-(3-methyl-5-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2
H)-yl)phenyl)acrylamide (9b)

Prepared using the procedure described for 9a. Compound 9b was obtained as a light-
yellow solid (8 mg; 10% yield). *H NMR (300 MHz, d®-DMSO): § 10.42 (s, 1H), 9.92 (s,
1H), 9.12 (s, 1H), 8.31 (d, J = 9.5 Hz, 1H), 8.08 (d, J = 8.8 Hz, 1H), 8.00 (dd, J =8.8, 1.9
Hz, 1H), 7.78 (s, 1H), 7.57 (brs, 1H), 7.44 (d, J = 1.9 Hz, 1H), 7.20 (brs, 4H), 7.09 (s, 1H),
6.92 (d, J = 9.4 Hz, 1H), 6.39 (dd, J = 17.0, 10.0 Hz, 1H), 6.22 (dd, J = 17.0, 2.2 Hz, 1H),
5.73 (dd, J =9.9, 2.1 Hz, 1H), 3.03 (s, 3H), 2.36 (s, 3H). HRMS (ESI): m/z [M + H]" calc.
for CogH2sN404S: 525.1591; found: 525.1576. HPLC Purity: 93.1%.

N-(4-methyl-3-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2
H)-yl)phenyl)acrylamide (9c)

Prepared using the procedure described for 9a. Compound 9c was obtained as a light-
yellow solid (40 mg; 55% vyield). *H NMR (300 MHz, d5-DMSO0): & 10.40 (s, 1H), 9.91
(brs, 1H), 9.14 (s, 1H), 8.35 (d, J = 9.5 Hz, 1H), 8.10 (d, J = 8.7 Hz, 1H), 8.01 (dd, J = 8.7,
1.9 Hz, 1H), 7.83 (dd, J = 8.4, 2.2 Hz, 1H), 7.72 (d, J = 2.1 Hz, 1H), 7.55 (d, J = 8.4 Hz,
1H), 7.32 (d, J = 1.8 Hz, 1H), 7.19 (m, 4H), 6.96 (d, J = 9.4 Hz, 1H), 6.39 (dd, J = 17.0,
10.0 Hz, 1H), 6.22 (dd, J = 17.0, 2.2 Hz, 1H), 5.74 (dd, J = 10.0, 2.2 Hz, 1H), 3.03 (s, 3H),
1.91 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for CagH2sN404S: 525.1591; found:
525.1587. HPLC Purity: 99.5%.
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N-(3-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2H)-yl)phe
nyl)acrylamide (9d)

Prepared using the procedure described for 9a. Compound 9d was obtained as a light-
yellow solid (27 mg; 50% yield). *H NMR (300 MHz, d®-DMSO0): § 10.50 (s, 1H), 9.91 (s,
1H), 9.12 (s, 1H), 8.31 (d, J = 9.4 Hz, 1H), 8.08 (d, J = 8.7 Hz, 1H), 8.03 — 7.91 (m, 2H),
7.83 (brs, 1H), 7.63 (t, J = 8.1 Hz, 1H), 7.34 (brs, 1H), 7.18 (m, 5H), 6.92 (d, J = 9.4 Hz,
1H), 6.42 (dd, J = 16.9, 10.0 Hz, 1H), 6.26 (dd, J = 16.9, 2.2 Hz, 1H), 5.77 (dd, J=9.7, 1.9
Hz, 1H), 3.03 (s, 3H). HRMS (ESI): m/z [M + H]* calc. for CagH2sN404S: 511.1435;
found: 511.1433. HPLC Purity: 98.0%.

N-(2-methoxy-5-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-
1(2H)-yl)phenyl)acrylamide (%)

Prepared using the procedure described for 9a. Compound 9e was obtained as a light-
yellow solid (38 mg; 43% yield). *H NMR (300 MHz, d®-DMSO0): § 9.73 (s, 1H), 9.10 (s,
1H), 8.29 (d, J = 9.5 Hz, 1H), 8.19 — 8.10 (m, 1H), 8.07 (d, J = 8.6 Hz, 1H), 7.97 (d, J =
8.7 Hz, 1H), 7.36 — 7.20 (m, 8H), 6.91 (d, J = 9.4 Hz, 1H), 6.74 (dd, J = 17.0, 10.2 Hz,
1H), 6.13 (dd, J = 17.0, 2.1 Hz, 1H), 5.68 (dd, J = 10.3, 2.1 Hz, 1H), 4.00 (s, 3H), 3.01 (s,
3H). HRMS (ESI): m/z [M + H]" calc. for C29H25N4OsS: 541.1540; found 541.1542. HPLC
Purity: 97.0%.

N-(2-methyl-5-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2
H)-yl)phenyl)but-2-enamide (10)

Prepared using the procedure described for 9a. Compound 10 was obtained as a pale-
yellow solid (30 mg; 41%). *H NMR (300 MHz, d®-DMSO): § 9.86 (s, 1H), 9.55 (s, 1H),
9.10 (s, 1H), 8.29 (d, J = 9.5 Hz, 1H), 8.02 (q, J = 8.6 Hz 2H), 7.69 (m, 1H), 7.49 (d, J =
8.1 Hz, 1H), 7.21 (brs, 6H), 6.91 (d, J = 9.4 Hz, 1H), 6.73 (dd, J = 15.1, 7.2 Hz, 1H), 6.27
(d, J = 15.3 Hz, 1H), 3.02 (s, 3H), 2.41 (s, 3H), 1.83 (s, 3H). HRMS (ESI): m/z [M + H]*
calc. for C3oH27N404S: 539.1748; found: 539.1746. HPLC Purity: 99.3%.

3-methyl-N-(2-methyl-5-(9-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naph
thyridin-1(2H)-yl)phenyl)but-2-enamide (11)
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Prepared using the procedure described for 9a. Compound 11 was obtained as a pale-
yellow solid (20 mg; 32%). 'H NMR (300 MHz, d5-DMSO): & 9.39 (s, 1H), 9.10 (s, 1H),
8.29 (d, J = 9.5 Hz, 1H), 8.08 — 7.96 (m, 2H), 7.72 (brs, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.16
(m, 6H), 6.91 (d, J = 9.4 Hz, 1H), 6.03 (s, 1H), 2.98 (s, 3H), 2.40 (s, 3H), 2.04 (s, 3H), 1.84
(s, 3H). HRMS (ESI): m/z [M + H]" calc. for C31H29N404S: 553.1904; found: 553.19009.
HPLC Purity: 99.3%.

N-(5-(9-(4-(butylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2H)-yl)-2-me
thylphenyl)acrylamide (14)

Prepared using the procedure described for 9a. Compound 14 was obtained as a pale-
yellow solid (33 mg; 20%). *H NMR (300 MHz, d5-DMSO): & 9.92 (s, 1H), 9.81 (s, 1H),
9.11 (s, 1H), 8.30 (d, J = 9.4 Hz, 1H), 8.07 (d, J = 8.6 Hz, 1H), 7.98 (d, J = 9.0 Hz, 1H),
7.69 (s, 1H), 7.50 (d, J = 8.1 Hz, 1H), 7.19 (brs, 6H), 6.91 (d, J = 9.5 Hz, 1H), 6.57 (dd, J =
17.1, 9.4 Hz, 1H), 6.19 (d, J = 17.0 Hz, 1H), 5.74 (d, J = 10.1 Hz, 1H), 3.09 (t, J = 7.8 Hz,
2H), 2.40 (s, 3H), 1.74 — 1.54 (m, 2H), 1.35 (q, J = 7.4 Hz, 2H), 0.83 (t, J = 7.3 Hz, 3H).
HRMS (ESI): m/z [M + H]" calc. for Cs2Hz1N4O4S: 567.2061; found 567.2060. HPLC
Purity: 95.2%.

N-(2-methyl-5-(9-(3-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-1(2
H)-yl)phenyl)acrylamide (15)

Prepared using the procedure described for 9a. Compound 15 was purified by semi-prep
HPLC, with an XBridge BEH C18 OBD column (130 A, 5 pm, 10 mm x 100 mm) with a
gradient 25:75 until 50:50 with a mixture (95:5 ACN:NaHCOz 10 mM) : (NaHCOs 10
mM). The title compound was obtained as a white solid (8 mg; 4%). *H NMR (300 MHz,
CDCls): 5 8.98 (s, 1H), 8.68 (s, 1H), 8.17 (d, J = 8.7 Hz, 1H), 8.07 — 7.94 (m, 2H), 7.88
(dd, J = 8.7, 1.9 Hz, 1H), 7.54 — 7.32 (m, 5H), 7.25 (m, 1H), 7.09 (dd, J = 8.1, 2.2 Hz, 1H),
6.98 — 6.84 (m, 2H), 6.56 (dd, J = 16.9, 1.3 Hz, 1H), 6.36 (dd, J = 16.9, 10.2 Hz, 1H), 5.85
(dd, J =10.2, 1.3 Hz, 1H), 2.98 (s, 3H), 2.34 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for
C29H25N404S: 525.1591; found 525.1594. HPLC Purity: 94.3%.

Methyl4-(1-(3-acrylamido-4-methylphenyl)-2-oxo-1,2-dihydrobenzo[h][1,6]naphthyri
din-9-yl)phenylcarbamate (16)

Prepared using the procedure described for 9a. Compound 16 was obtained as a pale-
yellow solid (55 mg; 36%). *H NMR (300 MHz, d5-DMSO): & 9.75 (s, 2H), 9.09 (s, 1H),
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8.29 (d, J = 9.5 Hz, 1H), 8.15—7.90 (m, 2H), 7.69 (d, J = 2.0 Hz, 1H), 7.53 - 7.46 (m, 3H),
7.32 —7.08 (m, 4H), 6.90 (d, J = 9.4 Hz, 1H), 6.58 (dd, J = 17.0, 10.1 Hz, 1H), 6.19 (dd, J
=17.0, 2.0 Hz, 1H), 5.73 (d, J = 10.4 Hz, 1H), 3.68 (s, 3H), 2.44 (s, 3H). HRMS (ESI): m/z
[M + H]" calc. for C3oH25N404: 505.1870; found 505.1869. HPLC Purity: 97.8%.

N-(2-methyl-5-(2-0x0-9-(pyridin-4-yl)benzo[h][1,6]naphthyridin-1(2H)-yl)phenyl)
acrylamide (17)

Prepared using the procedure described for 9a. Compound 17 was obtained as a yellow
solid (29 mg; 20%). *H NMR (300 MHz, d®-DMS0): § 9.76 (s, 1H), 9.17 (s, 1H), 8.56 (s,
2H), 8.32 (d, J = 9.5 Hz, 1H), 8.16-8.12 (m, 2H), 7.73 (s, 1H), 7.52 (d, J = 8.1 Hz, 1H),
7.38 (s, 1H), 7.26-7.20 (m, 3H), 6.94 (d, J = 9.6 Hz, 1H), 6.57 (dd, J = 16.5, 9.6 Hz, 1H),
6.20 (d, J = 16.5 Hz, 1H), 5.74 (d, J = 9.3 Hz, 1H), 2.43 (s, 3H). HRMS (ESI): m/z [M +
H]* calc. for C27H21N40O2: 433.1659; found: 433.1656. HPLC Purity: 95.8%.

N-(5-(9-(6-cyanopyridin-3-yl)-2-oxobenzo[h][1,6]naphthyridin-1(2H)-yl)-2-methylI
phenyl)acrylamide (18)

Prepared using the procedure described for 9a. Compound 18 was obtained as a light-
yellow solid (14 mg; 17%). *H NMR (300 MHz, d5-DMSO): § 9.75 (s, 1H), 9.19 (s, 1H),
8.61 (dd, J = 2.3, 0.8 Hz, 1H), 8.32 (d, J = 9.5 Hz, 1H), 8.16 - 8.13 (m, 2H), 8.06 (dd, J =
8.2, 0.8 Hz, 1H), 7.85 (dd, J = 8.2, 2.3 Hz, 1H), 7.67 (d, J = 2.2 Hz, 1H), 7.51 (d, J = 8.1
Hz, 1H), 7.25 — 7.22 (m, 2H), 6.94 (d, J = 9.4 Hz, 1H), 6.55 (dd, J = 17.0, 10.1 Hz, 1H),
6.17 (dd, J = 17.0, 2.0 Hz, 1H), 5.73 (dd, J = 10.1, 2.0 Hz, 1H), 2.42 (s, 3H). HRMS (ESI):
m/z [M + H]" calc. for C2sH20NsO2: 458.1612; found: 458.1610. HPLC Purity: 95.3%.

N-(2-methyl-5-(2-0x0-9-(6-(trifluoromethyl)pyridin-3-yl)benzo[h][1,6]naphthyridin-
1(2H)-yl)phenyl)acrylamide (19)

Prepared using the procedure described for 9a. Compound 19 was obtained as a yellow
solid (20 mg; 18%). 'H NMR (300 MHz, d®-DMSO): § 9.77 (s, 1H), 9.18 (s, 1H), 8.66 (s,
1H), 8.32 (d, J = 9.4 Hz, 1H), 8.17-8.14 (m, 2H), 7.87 (s, 2H), 7.67 (d, J = 2.2 Hz, 1H),
7.51 (d, J = 8.0 Hz, 1H), 7.25-7.22 (m, 2H), 6.94 (d, J = 9.4 Hz, 1H), 6.55 (dd, J = 17.1,
10.2 Hz, 1H), 6.17 (dd, J = 17.1, 2.2 Hz, 1H), 5.73 (d, J = 10.2 Hz, 1H), 2.39 (s, 3H).
HRMS (ESI): m/z [M + H]* calc. for C2sH20F3N4O2: 501.1533; found: 501.1534. HPLC
Purity: 98.3%.
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N-(2-methyl-5-(2-0x0-9-(piperidin-1-yl)benzo[h][1,6]naphthyridin-1(2H)-yl)phenyl)ac
rylamide (20)

Prepared using the procedure described for 9a. Compound 20 was further purified by
preparative TLC eluting with DCM:MeOH (96:4) to afford the title compound as a yellow
solid (70 mg; 34%). *H NMR (300 MHz, CDCls): § 8.76 (s, 1H), 8.26 (s, 1H), 8.03 — 7.79
(m, 3H), 7.38 — 7.27 (m, 2H), 6.97 - 6.90 (m, 2H), 6.62 (d, J = 2.6 Hz, 1H), 6.33 — 6.26 (m,
2H), 5.67 (t, J = 5.9 Hz, 1H), 2.74 (m, 4H), 2.29 (s, 3H), 1.48 (m, 6H). HRMS (ESI): m/z
[M + H]" calc. for Co7H27N4O2: 439.2129; found: 439.2127. HPLC Purity: 98.2%.

N-(2-methyl-5-(9-morpholino-2-oxobenzo[h][1,6]naphthyridin-1(2H)-yl)phenyl)acr
ylamide (21)

Prepared using the procedure described for 9a. Compound 21 was further purified by
preparative TLC eluting with DCM:MeOH (95:5) to afford the title compound as a light-
yellow solid (36 mg; 29%). *H NMR (300 MHz, CDCls): § 8.80 (s, 1H), 8.17 (s, 1H), 7.97
(t, J=9.4 Hz, 2H), 7.87 (s, 1H), 7.38 — 7.28 (m, 2H), 6.99 - 6.92 (m, 2H), 6.64 (d, J = 2.6
Hz, 1H), 6.41 — 6.26 (m, 2H), 5.70 (m, 1H), 3.68 (t, J = 4.8 Hz, 4H), 2.88 — 2.62 (m, 4H),
2.28 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for CasH2sN4O3: 441.1921; found:
441.1920. HPLC Purity: 97.0%.

N-(2-methyl-5-(9-(4-(methylsulfonyl)piperazin-1-yl)-2-oxobenzo[h][1,6]naphthyridin-
1(2H)-yl)phenyl)acrylamide (22)

Prepared using the procedure described for 9a. Compound 22 was obtained as a yellow
solid (45 mg; 25%). *H NMR (300 MHz, CDCls): § 8.83 (s, 1H), 8.11 — 7.95 (m, 4H), 7.35
—7.30 (m, 2H), 6.96 (d, J = 9.3 Hz, 2H), 6.68 (d, J = 2.6 Hz, 1H), 6.34 — 6.30 (m, 2H),
5.71 (m, 1H), 3.29 — 3.02 (m, 4H), 2.97 — 2.93 (m, 4H), 2.76 (s, 3H), 2.29 (s, 3H). HRMS
(ESI): m/z [M + H]* calc. for C27H28Ns504S: 518.1857; found: 518.1859. HPLC Purity:
96.7%.

N-(5-(9-(4-(dimethylamino)piperidin-1-yl)-2-oxobenzo[h][1,6]naphthyridin-1(2H)-yl)-
2-methylphenyl)acrylamide (23)

Prepared using the procedure described for 9a. Compound 23 was obtained as a light-
yellow solid (9 mg; 10%). *H NMR (300 MHz, CDCls): & 8.77 (s, 1H), 8.25 (s, 1H), 8.09 —
7.84 (m, 3H), 7.42 — 7.27 (m, 2H), 6.96 — 6.91 (m, 2H), 6.64 (d, J = 2.6 Hz, 1H), 6.40 —
6.23 (m, 2H), 5.75 - 5.58 (m, 1H), 3.30 (t, J = 12.1 Hz, 2H), 2.43 — 2.29 (m, 3H), 2.29 (s,
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3H), 2.26 (s, 6H), 1.70 - 1.66 (m, 2H), 1.44 — 1.38 (m, 2H). HRMS (ESI): m/z [M + H]*
calc. for C29H32N502: 482.2551; found: 482.2551. HPLC Purity: 99.5%.

N-(2-methyl-5-(8-(4-(methylsulfonamido)phenyl)-2-oxobenzo[h][1,6]naphthyridin-
1(2H)-yl)phenyl)acrylamide (JS24)

Prepared using the procedure described for 9a. Compound JS24 was obtained as a yellow
solid (35 mg; 43%). 'H NMR (300 MHz, d®-DMSO): § 9.98 (s, 1H), 9.68 (s, 1H), 9.13 (s,
1H), 8.37 — 8.23 (m, 2H), 7.83 (d, J = 8.6 Hz, 2H), 7.67 (s, 1H), 7.58 — 7.41 (m, 2H), 7.29
(d, J=8.7 Hz, 2H), 7.19 (dd, J = 8.0, 2.2 Hz, 1H), 6.98 (d, J = 9.3 Hz, 1H), 6.88 (d, J = 9.4
Hz, 1H), 6.56 (dd, J = 17.1, 10.1 Hz, 1H), 6.19 (dd, J = 17.0, 2.1 Hz, 1H), 5.74 (d, J = 10.1
Hz, 1H), 3.03 (s, 3H), 2.40 (s, 3H). HRMS (ESI): m/z [M + H]" calc. for C2gH25N404S:
525.1591; found 525.1591. HPLC Purity: 95.1%.
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Scheme 5. 1. Synthetic route for the preparation of compounds JS9a—e, JS10-13 and
JS14-23. a) Reflux (neat), 24h, then Ph2O, 5h at 240°C, 40%; b) SOCI>, reflux, 5h, 100%;
c) aniline, dioxane, 90°C, 6h, 90%; d) NaBH4, EtOH, rt, overnight, 100%; €) Dess-Martin
Periodinane, DCM, rt, 3h, 75%; f) Triethylphosphonoacetate, K>CO3, EtOH, 100°C,
overnight, 60%; g) boronic acid/ester, PdCl>(PPhs)2, Na.COs, dioxane, 90°C, overnight,

50% or amine, Pd(OAc)2, R-BINAP, Cs2CO3, dioxane, 85°C, overnight, 80%; h) Fe,
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NH4Cl, EtOH/H20, 80°C, 2h, 100%; i) acyl chloride, DIPEA, THF, -10°C to rt 5h, 25% or
alkyl halide, K2COs, DMF, rt, overnight, 35%.
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Scheme 5. 2. Synthetic route for the preparation of compounds JS24-27. a) Reflux (neat),
24h, then Ph0, 5h at 240°C, 40%; b) SOCIy, reflux, 5h, 100%; c) aniline, dioxane, 90°C,
overnight, 80%; d) NaBHa, EtOH, rt, overnight, 90%; e) Dess-Martin Periodinane, DCM,
rt, 3h, 80%; f) Triethylphosphonoacetate, K>COs, EtOH, 100°C, overnight, 70%; Q)
boronic acid/ester, PdCI>(PPhs)2, Na.COs, dioxane, 90°C, overnight, 20% or amine,
Pd(OAc),2, R-BINAP, Cs2COs, dioxane, 85°C, overnight, 90%; h) Fe, NH4CI, EtOH/H-0,
80°C, 2h, 70%; i) acryloyl chloride, DIPEA, THF, -10°C to rt 5h, 15%
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Scheme 5. 3. Synthetic route for the preparation of compound JS28. a) 4-
(methanesulfonylamino) phenyl boronic acid pinacol ester, PdCl(PPhs)2, Na2COs,
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dioxane, 90°C, o/n, 73%; b) Fe, NH4Cl, EtOH/H20, 80°C, 2h, 88%; c) acryloyl chloride,
DIPEA, THF, -10°C to rt, 5h, 10%.
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Scheme 5. 4. Synthetic route for the preparation of compound JS29. a) SnCl,, EtOAc,
85°C, 2h, 68%; b) acyl chloride, DIPEA, THF, -10°C to rt, 5h, 95%.

5.1.2 Biochemical activity assays: BMX and BTK

BMX and BTK kinase activity (ICso) were performed at Eurofins DiscoverX. Briefly, the
inhibition of the human recombinant BMX kinase is quantified by measuring the
phosphorylation of the substrate biotinyl-BABABAEEEPQYEEIPIYLELLP using a human
recombinant enzyme expressed in insect cells and the HTRF detection method. The test
compound, reference compound or water (control) are preincubated for 5 min at rt with the
enzyme (10 ng) in a buffer containing 50 MM HEPES/NaOH (pH 7.4), 10 mM MnCly, 3.6
mM DTT, 40 uM NasVVO4 and 0.005% Tween 20. Thereafter, the reaction is initiated by
adding 0.4 puM of the substrate biotinyl-BABABAEEEPQYEEIPIYLELLP and 0.7 uM
ATP, and the mixture is incubated for 60 min at rt. For control basal measurements, the
enzyme is omitted from the reaction mixture. Following incubation, the reaction is stopped
by adding 33 mM EDTA. The fluorescence acceptor (XL665-labeled streptavidine) and the
fluorescence S65 donor (anti-phospho-tyrosine-66K antibody labeled with europium
cryptate) are then added. After 60 min, the fluorescence transfer is measured at Aex=337
nm, Aem=620 nm and Aem=665 nm using a microplate reader. The enzyme activity is
determined by dividing the signal measured at 665 nm by that measured at 620 nm (ratio).
The results are expressed as a percent inhibition of the control enzyme activity. BTK
kinase activity (ICso) was performed through a radiometric assay with the KinaseProfiler
platform. BTK is incubated with 8 mM MOPS pH 7.0, 0.2 mM EDTA, 250 uM
KVEKIGEGTYGVVYK (Cdc2 peptide), 10 mM MgAcetate, and [gamma-33P]-ATP (10
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HM). The reaction is initiated by the addition of the Mg/ATP mixture. After incubation for
40 min at rt, the reaction is stopped by the addition of phosphoric acid to a concentration of
0.5%. 10 pL of the reaction is then spotted onto a P30 filtermat and washed four times for
4 min in 0.425% phosphoric acid and one in methanol prior to drying and scintillation

counting.

5.1.3 Putative 3D structure of JS25 linked to BTK

Structure predictions were performed by Dr Francisco Corzana. Docking studies with
AUTODOCK 4.2. AUTODOCK 4.2%7 was used to predict the region where JS25 binds
to BTK (PDB: 6TFP). Standard settings for autogrid (number of grid points in xyz: 126,
126, 126; spacing (A) = 0.375) and autodock (genetic algorithm, max. number of
evaluations = 250000, output=Lamarckian GA(4.2)) were selected with AutoDockTools
1.5.6. Molecular dynamic (MD) simulations. Simulations on JS25 or Ibrutinib bound to
BTK were performed with AMBER 20 package (University of California) and
implemented with GAFF2 force field?®®. For the BTK/Ibrutinib complex, the coordinates
of the reported X-ray structure were used as starting coordinates (PDB: 5P9J). The setup
for the molecular dynamics was performed as previously described?®, with the production

step set to 500 ns.

5.1.4 Kinome selectivity of JS25 by competitive assays

Selectivity across human kinome was determined for JS25 at 1 pM in a KINOMEscan®
screen. Screening hits are identified by measuring the amount of tag-kinase captured by the

tag-ligand immobilized on a solid support, in experimental versus in control samples.

5.1.5 In-cell selectivity of JS25

In-cell target engagement was performed at the Reaction Biology Corporation, using the
NanoBRET ™ Technology. Very briefly, HEK296T cells were transfected with kinase gene
and treated in duplicate with JS25 for 1h of incubation. The compound was diluted 10
times with 3-fold dilution, starting at 1 uM. Curve fits were performed only when %

NanoBret signal at the highest concentration of compounds was less than 55%. The 1Cso
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values were determined using the GraphPad Prism 8 (GSL Biotech LLC).

5.1.6 Inhibition kinetics characterisation of JS25

The BTK enzyme system and the ADP-Glo™ kinase assay were purchased from Promega
Corporation (V2941). Ibrutinib was acquired from BOC Sciences, and Acalabrutinib
from Advanced ChemBlock. In each kinase reaction, the concentration of BTK was set to
4 ng/uL. The peptide substrate Poly (4:1 Glu, Tyr) and ATP concentrations were set to
0.25 mg/mL and 50 puM, respectively. BTK was pre-incubated with different inhibitor
concentrations (8-fold serial dilutions, starting at 100 nM), over different time-periods (2-
60 min), before initiating the kinase reactions. Reactions were started by adding 2.5X Poly
E4Y1/ATP mixture. The reactions were carried out in a 384-well plate, and quenched
simultaneously with the addition of 5 uL of ADP-Glo™ reagent, to consume the remaining
ATP within 40 min. Then, 10 pL of kinase detection reagent were added into the wells and
incubated for 30 min to produce a luminescence signal. The signal was measured using an
Infinite M200 Microplate Reader (Tecan), with an integration time of 0.250 sec. The
observed rate constants for inhibition (kobs), at different inhibitor concentrations, were
determined from the slope of a semi-logarithmic plot of inhibition versus time and re-
plotted against inhibitor concentration (nM). The experimental values were fitted into a
hyperbolic function using GraphPad Prism 8, to obtain the K|, Kinact, and Kinact/Ki, as
described previously?®.

5.1.7 Cell culture

All cell lines were purchased from ATCC, except for DoHH-2 cells that were obtained
from DSMZ. Cells were cultivated in complete DMEM supplemented with 10% (vol/vol)
FBS (Gibco), and 1% of penicillin/streptomycin (Gibco). Cells were grown in a humidified

atmosphere of 5% CO; at 37°C, with the medium changed every other day.

5.1.8 Cell viability assay

Cells were inoculated at a density of 5 000 cells/well. Serial diluted compounds (starting at

50 uM) were added 24h later. The assay was performed in triplicates. After 72h of
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incubation, cellular viability was assessed by CellTiter-Glo® (Promega) according to the
manufacturer’s instructions. The values were normalised with the vehicle (DMSO) and the

ICso was calculated using GraphPad Prism 8.

5.1.9 In vitro analysis of the blood-brain barrier permeability

Human cerebral microvascular endothelial cells (HBEC-5i) were cultured as a monolayer
on attachment factor protein solution (AF)-coated T-flasks (Gibco), using DMEM:F12
medium (Gibco), supplemented with 10% FBS, 1% penicillin/streptomycin, and 40.0
pg/mL of endothelial cell growth supplement (ECGS) (Sigma), according to the
manufacturer’s instructions. The capacity of the compounds to cross the brain-blood-
barrier was evaluated using an in vitro HBEC-5i cell model, as previously described?®?.
Samples form the apical and basolateral side were collected and fluorescence intensity
measured using a Varioskan™ LUX multimode microplate reader. The retention was
considered the difference between the initial fluorescence of compounds (100%) and the

aggregated apical and basolateral fluorescence.

5.1.10 BTK degradation in Raji cells

Raji cells were inoculated at 0.5x10° cells/mL and JS25 was added at a final concentration
of 10 uM. At 0, 4 and 15h of incubation, cells were harvested and the pellets were
resuspended in lysis buffer (20 mM Tris-HCI, 150 mM NacCl, pH 8.0, 0.1% Triton X-100),
supplemented with EDTA-free Protease Inhibitor Cocktail (Merck) and DNase | (Merck).
The protein concentration was determined using the Pierce™ BCA Protein Assay Kit
(Thermo Scientific). Western blot was performed with rabbit BTK antibody (1:1000)
(3533, Cell Signaling Technology), mouse a-Tubulin antibody (1:5000) (5168, Merck),
goat anti-rabbit IgG (H+L) secondary antibody HRP (1:7000) (65-6120, Invitrogen), and
goat anti-mouse IgG (H+L) secondary antibody HRP (1:5000) (62-6520, Invitrogen).
Signal was revealed with Clarity Western ECL Substrate (Bio-Rad Laboratories), and band

intensity was measured using the ImageJ software (National Institutes of Health).
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5.1.11 Mice xenograft model of Burkitt’s lymphoma

Female adult BALB/c/NSG mice were injected subcutaneously with 1x10° Raji cells, in a
1:1 solution of Matrigel® Matrix (Corning) to create solid tumours. When tumours reached
180 mm? on average, mice were randomized into four groups (n = 6/group) and dosing
began every 2 days. JS25 and Ibrutinib were administered via Intraperitoneal injection, as
a mixture of 20% of Kolliphor® (Sigma-Aldrich) in PBS. Three treatment groups were
included based on a similar study reported by Li et al., 2014: one dose of Ibrutinib (10
mg/Kg), and two doses of JS25 (10 and 20 mg/Kg). Tumour size and body weight were
monitored periodically for 12 days. At the end of the experiment, mice necropsies were
performed. Stereological analysis was conducted by the Histopathology Unit at Instituto
Gulbenkian de Ciéncia and by the Comparative Pathology Unit at Instituto de Medicina
Molecular Jodo Lobo Antunes. Quantification of metastases and cell necrosis was
performed in all groups (n=5/group). Statistical analysis was conducted using one-way
ANOVA. Dunnet test was used to analyse the statistical significance between treatment

groups and the control.

5.1.12 Ex vivo model of diffuse large B-cell lymphoma

This experiment was performed by our collaborators in Exscientia. Primary material
collection and purification. Primary lymph node samples were taken from patients,
following hospital standard operating procedures. Clinical information including diagnosis
was collected by the study centre in a case report form. Target markers were confirmed by
flow cytometry at the final laboratory prior to use. Cell plating, assay, and screening.
Cells were plated at 10 000-20 000 cells per well in 384-well PerkinElmer Cell Carrier
Ultra plates, containing pre-spotted small molecules in DMSO distributed by a Labcyte
ECHO, in quadruplicate technical replicates in 4-point dose response curves starting at 10
MM and decreasing by 1:3. DMSO volume in each well including controls were kept
constant at 0.1% final volume of media. Plates were randomized and contained at least
fifteen DMSO vehicle control wells. Incubation took place for 72h at 37°C in air
supplemented with 5% CO. At the end of the incubation period, cells were stained with a
viability dye (Invitrogen), fixed and permeabilised using low-concentration formaldehyde
and Triton X-114 in DPBS, and the resulting monolayers stained with fluorescent

antibodies against surface markers (CD19 (eBiosciences, clone HIB19), CD20 (BD, clone
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L27), CD79a (BioLegend, clone HMA47) along with DAPI (Sigma). Fluorescent antibodies
were used in different non-overlapping fluorescent channels. Imaging and image
analysis. Imaging of the primary cell monolayer was performed using PerkinEImer CLS
spinning disk automated confocal microscopes, with non-overlapping, sequential,
fluorescent channel imaging. All images were taken with a 20x objective. Five fields were
Imaged, representing at least 50% of the well bottom, for each well (7 TIFF images in total
per field, one for each colour channel plus brightfield, and 405 nm for DAPI, and merged).
For analysis, images were subject to image illumination correction. Cell identification in
each image works by finding the cell nucleus (relying on DAPI staining) using classical
thresholding approaches. Segmentation was performed using proprietary algorithms.
Classification (cell antigen expression and viability) of each single cell was achieved using
deep convolutional neural networks trained on B-cells and other cells from B-NHL
samples stained with the specific markers utilized for these experiments, as well as on
fixable live/dead viability dye. The network considers variations in staining of the marker,
viability marker intensity (cytoplasm and membrane localized) along with other stain-
based characteristics. For this work, the networks had at least a 95% classification
accuracy. Information on the calculation of the drug response score (DRS), the relative cell
fraction and cell fraction can be found in Snijder et al., 2017. All raw Pharmacoscopy data

was visualized in R (3.6.1).

5.1.13 Zebrafish xenograft model of chronic lymphocytic leukaemia

This experiment was performed by our collaborators at Champalimaud Foundation.
Peripheral blood mononuclear cells isolation (PBMCs) and cryopreservation. Whole
blood (3-6 mL) from CLL patients was collected and PBMCs were purified by Ficoll-
Paque™ PLUS (GE Healthcare) density centrifugation. PBMCs processing for zebrafish
injection. The collected PBMCs were resuspended with 3 times their volume in RPMI
(Biowest) and centrifuged at 1 400 rpm, 4°C, for 7 min. Cell pellets were resuspended in
DPBS 1X (Biowest) supplemented with universal nuclease at 25 U/mL (Thermo
Scientific). Concentration was normalised to 5x108 cells/uL for zebrafish patient-derived
xenograft (zPDX) generation. Prior to drug efficacy analysis in zebrafish, cells were
distributed to proceed for flow cytometry, to determine the percentage of CD19+CD5+
cells within CD45+ population, from PBMCs of each CLL patient. The maximum tolerated

concentration was also determined for each compound in non-injected zebrafish larvae.
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Zebrafish patient-derived xenograft injection and drug administration. Zebrafish
larvae were anesthetized with Tricaine 1X and thawed PBMCs were microinjected into the
perivitelline space of anesthetized zebrafish larvae, at 48h post fertilisation. After injection,
zPDXs were sorted and randomly distributed into the different treatment groups in E2
medium:DMSO (control), JS25, Ibrutinib, and Venetoclax. zPDXs were maintained at
34°C and all drugs were renewed daily for 2 consecutive days. At the end of the assay, 4
days post-injection, zebrafish xenografts were sacrificed with an overdose of Tricaine 25X
and fixed in 4% formaldehyde (Thermo Scientific) overnight, followed by storage in 100%
methanol (VWR) at —20°C. Whole-mount immunofluorescence. Whole-mount
immunofluorescence protocol started by re-hydrating the xenografts through methanol
series (75% > 50% >25% in PBS 1X-Triton 0.1%). Next, xenografts were permeabilised in
PBS 1X with 0.1% (v/v) Triton and incubated in a blocking solution (containing 1% BSA
and 1.5% goat serum), for 1h at rt. Xenografts were incubated with the primary antibodies
(anti-cleaved caspase3, Cell Signaling Technology, clone Aspl75, 9661, 1:100; anti-
human mitochondria - Merck Millipore, clone 113-1, MAB1273, 1:50) diluted in the
blocking solution overnight at 4°C, followed by an additional overnight incubation with
1:400 of secondary antibodies: Alexa goat anti-rabbit 594 (35560, Thermo Scientific) and
Alexa goat anti-mouse 647 (84545, Thermo Scientific), and nuclei counterstaining with
DAPI at 50 pg/mL (Sigma-Aldrich). Imaging and quantification. All images were
obtained using a Zeiss LSM 980 Upright confocal laser scanning microscope. Xenografts
were mounted in in-house Mowiol mounting media and sequential images along tumour’s
depth (from cloaca until the end of the tail) with a 5 pm interval were acquired using the z-
stack function. Upon image acquisition, analysis was performed using ImageJ software.
For tumour burden, the area occupied by the PBMCs in each slice of the z-stack pile was
determined by using ImageJ software and summed up to get the tumour burden per
xenograft. To express the outcome as fold induction, values obtained for controls and
treatment conditions were normalised to the control. Tumour incidence was given by
dividing the number of zebrafish xenografts that presented tumour cells, between cloaca
and the end of the tail, per the total number of zebrafish xenografts alive at the end of the
assay (2 days post-injection). Statistical analysis of zebrafish patient-derived xenograft
data. Statistical analysis was performed using the GraphPad Prism 8. All data were
challenged by two normality tests — the D’Agostino & Pearson and the Shapiro-Wilk
normality tests. A Gaussian distribution was only assumed for datasets that pass both

normality tests and were analysed by an unpaired t test with Welch’s correction. By
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opposition, datasets that did not pass one or both normality tests were analysed by Mann-
Whitney test, an unpaired and non-parametric U test. Fisher’s exact test was used for

tumour incidence analysis.

5.2 PROTACs to target APTs

5.2.1 Synthesis

Compound synthesis was performed with the help of Dr Luis Carvalho. Building blocks
and solvents were purchased from Sigma Aldrich, Alfa Aesar, Acros, or Fluka and used
without further purification. Proton and carbon nuclear magnetic resonance (*H and *C
NMR) spectra were recorded on a Bruker AVANCE 300 or 400 MHz spectrometers. All
chemical shifts are quoted on the & scale in ppm with TMS as an internal reference.
Coupling constants (J) are reported in Hz with the following splitting abbreviations: s =

singlet, d = doublet, t = triplet, m = multiplet. All compounds present > 95% purity.

Tert-butyl 4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carbo
xylate (1a)

The 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (1.92 mmol) was dissolved
in DMSO. Boc-piperazine (2.3 mmol) and DIPEIA (2.3 mmol) were then added. The
reaction was stirred at 90°C overnight. The product was extracted with 3x10 mL of EtOAc,
and the organic layers were evaporated under reduced pressure. The mixture was purified
by flash column chromatography (eluent Hexane:EtOAc 50:50 to EtOAc 100%), resulting
in the product tert-butyl  4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-
yl)piperazine-1-carboxylate (84%) (Scheme 5. 5).

IH NMR (300 MHz, Chloroform-d) § 8.24 (s, 1H), 7.60 (dd, J = 8.4, 7.2 Hz, 1H), 7.42 (dd,
J=7.2,0.8 Hz, 1H), 7.15 (dd, J = 8.4, 0.9 Hz, 1H), 4.95 (dd, J = 12.1, 5.2 Hz, 1H), 3.64 (t,
J=5.1Hz, 4H), 3.27 (td, J = 4.6, 2.0 Hz, 4H), 2.18 — 2.07 (m, 1H), 2.06 — 1.94 (m, 4H),
1.48 (s, 9H).
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Scheme 5. 5. Synthetic route for the preparation of tert-butyl 4-(2-(2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carboxylate.

2-(2,6-dioxopiperidin-3-yl)-4-(piperazin-1-yl)isoindoline-1,3-dione (1b)

Prepared using the product from procedure la. Tert-butyl 4-(2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)piperazine-1-carboxylate (0.68 mmol) was dissolved in DCM and
TFA. The reaction was refluxed at 45°C for 3h. The mixture was cooled to rt. DCM was
added and evaporated 3 times. The resulting solid residue, 2-(2,6-dioxopiperidin-3-yl)-4-
(piperazin-1-yl)isoindoline-1,3-dione, was washed with diethyl ether (Scheme 5. 6).

O O
NH
N
TFA, DCM
O

N N CF;COOH
Boc

Scheme 5. 6. Synthetic route for the preparation of 2-(2,6-dioxopiperidin-3-yl)-4-
(piperazin-1-yl)isoindoline-1,3-dione.

4-(azidomethyl)benzenesulfonyl fluoride (2)

The 4-(bromomethyl)benzenesulfonyl fluoride (0.33 mmol) was dissolved in DMSO.
NaNs was added. The reaction was stirred at rt for 3h. The product was extracted with 3x1
mL of EtOAc, and the organic layers were evaporated under reduced pressure. The final
product, 4-(azidomethyl)benzenesulfonyl fluoride, was stored as a DMSO stock (Scheme
5.7).
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Scheme 5. 7. Synthetic route for the preparation of 4-(azidomethyl)benzenesulfonyl
fluoride.

1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-triazole-4-carboxylic acid (3)

Propiolic acid (0.29 mmol) was dissolved in DMSO. CuSO4 (0.014 mmol), sodium
ascorbate (0.028 mmol), and the azide (0.14 mmol) from procedure 2, were added. The
reaction was stirred at rt overnight. The product was extracted with 3x5 mL of EtOAc, and
the organic layers were evaporated under reduced pressure. The crude residue was washed
with diethyl ether. The compound was purified by flash chromatography (eluent EtOACc
100% to EtOAc:Acetone 1:3), resulting in the product 1-(4-(fluorosulfonyl)benzyl)-1H-
1,2,3-triazole-4-carboxylic acid (Scheme 5. 8).

'H NMR (500 MHz, Methanol-d4) § 8.63 (s, 1H), 8.09 (d, J = 8.5 Hz, 2H), 7.65 (d, J = 8.2
Hz, 2H), 5.86 (s, 2H).
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Scheme 5. 8. Synthetic route for the preparation of 1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-
triazole-4-carboxylic acid.

2-(1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-triazol-4-yl)acetic acid (4)

The but-3-ynoic acid (0.30 mmol) was dissolved in DMSO. CuSO4 (10% mmol), sodium
ascorbate (20% mmol), and the azide (1.2 eq.) from procedure 2, were added. The reaction
was stirred at rt overnight. The product was extracted with 3x5 mL of EtOAc and the
organic layers were combined and evaporated under reduced pressure. The mixture was
washed with diethyl ether, resulting in the pure product 2-(1-(4-(fluorosulfonyl)benzyl)-
1H-1,2,3-triazol-4-yl)acetic acid (97%) (Scheme 5. 9).
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IH NMR (500 MHz, Methanol-d4) & 8.07 (d, J = 8.5 Hz, 2H), 8.01 (s, 1H), 7.62 (d, J = 8.1
Hz, 2H), 5.79 (s, 2H), 3.78 (s, 2H).
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Scheme 5. 9. Synthetic route for the preparation of 2-(1-(4-(fluorosulfonyl)benzyl)-1H-
1,2,3-triazol-4-yl)acetic acid.

General preparation of starting material - PROTACs C2 — C8 (5)

Procedure for preparing PROTAC C2. Pent-4-ynoic acid (0.49 mmol) was dissolved in
DCM and the mixture was cooled to 0°C. HATU (0.53 mmol) was added, together with
DIPEIA (0.65 mmol). The reaction was stirred at 0°C for 30 min. The pomalidomide-
piperazine building block (0.44 mmol) from procedure 1b, was then added, together with
DIPEIA (0.92 mmol). The reaction was allowed to reach rt and stirred overnight. The
product was extracted with 6x2 mL of EtOAc, and the organic layers were evaporated
under reduced pressure. The mixture was purified by flash column chromatography (eluent
Hexane:EtOAc 50:50 to EtOAc 100%), resulting in the product 2-(2,6-dioxopiperidin-3-
yl)-4-(4-(pent-4-ynoyl)piperazin-1-yl)isoindoline-1,3-dione (86%) (Scheme 5. 10).

(PROTAC C2) HNMR 1H NMR (500 MHz, Chloroform-d) & 8.25 (s, 1H), 7.62 (dd, J =
8.3, 7.2 Hz, 1H), 7.45 (dd, J = 7.2, 0.7 Hz, 1H), 7.16 (dd, J = 8.4, 0.8 Hz, 1H), 4.96 (dd, J =
12.3, 5.3 Hz, 1H), 3.93 — 3.67 (m, 4H), 3.44 — 3.22 (m, 4H), 2.96 — 2.69 (m, 3H), 2.66 —
2.54 (m, 4H), 2.17 — 2.08 (m, 1H), 1.98 (t, J = 2.6 Hz, 1H).

Qiﬁﬁf mp 3,

HATU, DIPEIA, DCM
[ ] CF,COOH

Scheme 5. 10. General synthetic route for the preparation of PROTACs C2 — C8.
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tert-butyl 4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)m

ethyl)piperidine-1-carboxylate (6a)

The pomalidomide-piperazine building block from procedure 1b, was dissolved in acetone.
Tert-butyl 4-(bromomethyl)piperidine-1-carboxylate (1.2 eq.) was added to the reaction,
followed by TEA (1.2 eq.). The reaction was stirred at rt overnight. The product was
extracted with 3x10 mL of EtOAc, and the organic layers were evaporated under reduced
pressure. The mixture was purified by flash column chromatography (eluent
Hexane:EtOAc 50:50 to EtOAc 100%), resulting in the product tert-butyl 4-((4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)methyl)piperidine-1-carboxyl
ate (78%) (Scheme 5. 11).

@ix} "o @i%}

-
>

TEA, Acetone
CF3COOH N
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Scheme 5. 11. Synthetic route for the preparation of tert-butyl 4-((4-(2-(2,6-

IZ

dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)methyl)piperidine-1-

carboxylate.

2-(2,6-dioxopiperidin-3-yl)-4-(4-(piperidin-4-ylmethyl)piperazin-1-yl)isoindoline-1,3-
dione (6b)

Prepared using the product from procedure 6a. The 2-(2,6-dioxopiperidin-3-yl)-4-(4-
(piperidin-4-ylmethyl)piperazin-1-yl)isoindoline-1,3-dione was obtained by suspending
tert-butyl 4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)methy
l)piperidine-1-carboxylate (0.17 mmol) in DCM. TFA was added. The reaction was
refluxed at 50°C for 3h. The mixture was cooled to rt, and DCM was added and evaporated

3 times. The resulting solid residue was washed with diethyl ether (Scheme 5. 12).
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Scheme 5. 12. Synthetic route for the preparation of 2-(2,6-dioxopiperidin-3-yl)-4-(4-
(piperidin-4-ylmethyl)piperazin-1-yl)isoindoline-1,3-dione.

4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)methyl)ben
zenesulfonyl fluoride (PROTAC C-1)

The pomalidomide-piperazine building block from procedure 1b was dissolved in DMF.
TEA (0.222 mmol) was added to the solution, followed by 4-(bromome
thyl)benzenesulfonyl fluoride (0.121 mmol). The reaction was heated to 60°C overnight.
The reaction was allowed to reach rt and stirred overnight. The product was extracted with
3x2 mL of EtOAc, and the organic layers were evaporated under reduced pressure. The
mixture was purified by flash column chromatography (eluent Hexane:EtOAc 50:50 to
EtOAc 100%), resulting in the product 4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)piperazin-1-yl)methyl)benzenesulfonyl fluoride (73%) (Scheme 5.
13).

IHNMR 1H NMR (500 MHz, Chloroform-d) & 7.99 (s, 3H), 7.74 — 7.55 (m, 3H), 7.42 (d, J
= 7.2 Hz, 1H), 7.17 (d, J = 8.3 Hz, 1H), 4.95 (dd, J = 12.4, 5.4 Hz, 1H), 3.70 (s, 2H), 3.38
(s, 4H), 2.97 — 2.63 (m, 7H), 2.16 — 2.07 (m, 1H).

3CNMR 13C NMR (101 MHz, CDCI3) § 171.07, 168.31, 167.40, 166.82, 150.41, 147.37,
135.86, 134.27, 131.96, 131.71, 130.08, 128.67, 123.51, 117.75, 116.09, 62.26, 53.23,
51.16, 49.28, 31.53, 22.81.
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Scheme 5. 13. Synthetic route for the preparation of 4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
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dioxoisoindolin-4-yl)piperazin-1-yl)methyl)benzenesulfonyl fluoride (PROTAC C-1).

4-((4-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carbonyl)-
1H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride (PROTAC CO0)

The 1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-triazole-4-carboxylic acid (0.29 mmol) from
procedure 3, was dissolved in DMF and the mixture was cooled to 0°C. HATU (0.35
mmol) was added, together with DIPEIA (0.36 mmol). The reaction was stirred at 0°C for
30 min. The pomalidomide-piperazine building block (0.32 mmol) from procedure 1b, was
added, together with DIPEIA (0.36 mmol). The reaction was allowed to reach rt and stirred
overnight. The product was extracted with 3x5 mL of EtOAc, and the organic layers were
evaporated under reduced pressure. The mixture was purified by flash column
chromatography (eluent Hexane:EtOAC 50:50 to EtOAc 100%), followed by preparative
thin layer chromatography (EtOAc:Acetone 2:1), resulting in the product 4-((4-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carbonyl)-1H-1,2,3-triazol-1-
yl)methyl)benzenesulfonyl fluoride (15%) (Scheme 5. 14).

IHNMR 1H NMR (500 MHz, Chloroform-d) & 8.14 (d, J = 1.7 Hz, 1H), 8.10 — 7.95 (m,
3H), 7.63 (t, J = 8.3 Hz, 1H), 7.54 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 7.2 Hz, 1H), 7.18 (d, J =
8.4 Hz, 1H), 5.70 (s, 2H), 4.97 (dd, J = 12.4, 5.2 Hz, 1H), 4.56 (t, J = 4.6 Hz, 2H), 4.01 (q,
J=4.1Hz, 2H), 3.54 - 3.31 (m, 4H), 2.97 — 2.68 (m, 3H), 2.23 — 2.09 (M, 1H).

13CNMR 13C NMR (101 MHz, CDCI3) § 170.72, 168.01, 167.16, 166.59, 159.39, 149.93,
145.19, 141.91, 135.86, 134.16, 129.41, 129.06, 128.77, 123.38, 118.12, 116.46, 53.34,
51.68, 51.00, 49.22, 46.66, 42.77, 31.41, 22.66.
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Scheme 5. 14. Synthetic route for the preparation of 4-((4-(4-(2-(2,6-dioxopiperidin-3-yl)-

1,3-dioxoisoindolin-4-yl)piperazine-1-carbonyl)-1H-1,2,3-triazol-1-yl)methyl)benzenesulf
onyl fluoride (PROTAC CO0).

4-((4-(2-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-2-oxo
ethyl)-1H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride (PROTAC C1)

The 2-(1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-triazol-4-yl)acetic acid (0.27 mmol) from
procedure 4, was dissolved in DMSO. The mixture was cooled to 0°C. HATU (0.29 mmol)
was added, together with DIPEIA (0.29 mmol). The reaction was stirred at 0°C for 30 min.
The pomalidomide-piperazine building block (0.18 mmol) from procedure 1b, was added,
together with DIPEIA (0.29 mmol). The reaction was allowed to reach rt and stirred
overnight. The product was extracted with 3x5 mL of EtOAc, and the organic layers
evaporated under reduced pressure. The mixture was purified by flash column
chromatography (EtOAc 50:50 to EtOAc:Acetone 50:50), resulting in the product 4-((4-(2-
(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-2-oxoethyl)-1H-
1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride (67%) (Scheme 5. 15).

IHNMR 1H NMR (400 MHz, Chloroform-d) & 8.29 (s, 1H), 8.00 (d, J = 8.5 Hz, 2H), 7.70
(s, 1H), 7.62 (dd, J = 8.4, 7.2 Hz, 1H), 7.48 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 7.2 Hz, 1H),
7.14 (d, J = 8.3 Hz, 1H), 5.64 (s, 2H), 4.97 (dd, J = 12.1, 5.3 Hz, 1H), 3.93 (s, 2H), 3.91 —
3.74 (M, 4H), 3.46 — 3.20 (M, 4H), 2.96 — 2.65 (M, 3H), 2.20 — 2.06 (m, 1H).

3CNMR 13C NMR (101 MHz, CDCI3) § 170.88, 168.16, 167.85, 167.13, 166.61, 149.74,
142.85, 142.52, 135.88, 134.12, 133.46, 133.21, 129.26, 128.86, 123.35, 123.27, 118.14,
116.56, 53.17, 51.60, 50.39, 49.22, 46.19, 41.86, 31.40, 31.22, 22.64.
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Scheme 5. 15. Synthetic route for the preparation of 4-((4-(2-(4-(2-(2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-2-oxoethyl)-1H-1,2,3-triazol-1-yl)methyl)ben
zenesulfonyl fluoride (PROTAC C1).

General preparation of PROTACs C2 - C8

Procedure for PROTAC C2. The 2-(2,6-dioxopiperidin-3-yl)-4-(4-(pent-4-ynoyl)pipe
razin-1-yl)isoindoline-1,3-dione (0.095 mmol) from procedure 5, was dissolved in DMSO.
CuSO4 (0.0094 mmol), sodium ascorbate (0.019 mmol), and the azide (0.11 mmol) from
procedure 2, were added. The reaction was stirred at rt overnight. The product was
extracted with 6x1 mL of EtOAc, and the organic layers were evaporated under reduced
pressure. The mixture was purified by preparative thin layer chromatography
(EtOAc:Acetone 2:1), resulting in the product 4-((4-(3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)methyl)benzene
sulfonyl fluoride (68%) (Scheme 5. 16).

(PROTAC C2) 'H NMR (400 MHz, Chloroform-d) § 8.10 — 7.99 (m, 3H), 7.63 (dd, J =
8.4, 7.2 Hz, 1H), 7.51 — 7.41 (m, 4H), 7.14 (d, J = 8.4 Hz, 1H), 5.61 (s, 1H), 4.97 (dd, J =
12.1, 5.2 Hz, 1H), 3.97 — 3.58 (m, 4H), 3.45 — 3.21 (m, 4H), 3.10 (t, J = 6.9 Hz, 2H), 2.99 —
2.70 (m, 5H), 2.20 — 2.06 (M, 1H).

(PROTAC C2) 3CNMR (126 MHz, CDCI3) § 170.74, 170.36, 168.04, 167.14, 166.60,
149.81, 147.82, 142.99, 135.89, 134.17, 129.27, 128.89, 128.81, 128.31, 123.37, 122.25,
116.56, 53.10, 51.54, 50.57, 49.24, 45.50, 32.21, 31.42, 22.66, 21.00.
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Scheme 5. 16. Synthetic route for the preparation of 4-((4-(3-(4-(2-(2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)methyl)be
nzenesulfonyl fluoride (PROTAC C2).

4-((4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)methyl)
piperidin-1-yl)methyl)benzenesulfonyl fluoride (PROTAC R1)

The 2-(2,6-dioxopiperidin-3-yl)-4-(4-(piperidin-4-ylmethyl)piperazin-1-yl)isoindoline-1,3-
dione (0.18 mmol) from procedure 6b, was dissolved in DMSO. The 4-
(bromomethyl)benzenesulfonyl fluoride (0.2 mmol) was added, followed by TEA (0.38
mmol). The reaction was stirred at rt overnight. The product was extracted with 3x10 mL
of EtOAc, and the organic layers were evaporated under reduced pressure. The mixture
was purified by flash column chromatography (Hexane:EtOAc 50:50 to EtOAc:Acetone
50:50), resulting in 4-((4-((4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)pipera
zin-1-yl)methyl)piperidin-1-yl)methyl)benzenesulfonyl fluoride (37%) (Scheme 5. 17).

IHNMR 1H NMR (400 MHz, Chloroform-d) & 8.02 (s, 1H), 7.95 (d, J = 8.0 Hz, 2H), 7.64
~7.53 (m, 3H), 7.39 (d, J = 7.1 Hz, 1H), 7.16 (d, J = 8.4 Hz, 1H), 4.95 (dd, J = 12.2, 5.3
Hz, 1H), 3.59 (s, 2H), 3.35 (q, J = 5.4 Hz, 4H), 2.94 — 2.69 (m, 5H), 2.63 (d, J = 5.0 Hz,
4H), 2.27 (d, J = 7.0 Hz, 2H), 2.15 — 2.07 (m, 1H), 2.02 (td, J = 11.5, 2.4 Hz, 2H), 1.76 (d,
J=12.4 Hz, 2H), 1.36 — 1.18 (m, 2H).

13C NMR (101 MHz, CDCI3) & 171.14, 168.38, 167.45, 166.81, 150.51, 135.79, 134.25,
131.63, 131.37, 129.97, 128.54, 123.50, 117.53, 115.87, 69.65, 64.61, 62.66, 53.94, 53.63,
51.06, 49.26, 33.11, 31.87, 31.54, 30.99, 29.40, 22.81.
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Scheme 5. 17. Synthetic route for the preparation of 4-((4-((4-(2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)piperazin-1-yl)methyl)piperidin-1-yl)methyl)benzenesulfonyl
fluoride (PROTAC R1).

2-(2,6-dioxopiperidin-3-yl)-4-(4-(4-ethynylbenzoyl)piperazin-1-yl)isoindoline-1,3-dion
e (7)

The 4-ethynylbenzoic acid (0.684 mmol) was dissolved in DMF and the mixture was
cooled to 0°C. HATU (0.513 mmol) was added, together with DIPEIA (0.821 mmol). The
reaction was stirred at 0°C for 30 min. The pomalidomide-piperazine building block (0.427
mmol) from procedure 1b, was added, together with DIPEIA (0.821 mmol). The reaction
was allowed to reach rt and stirred overnight. The product was extracted with 3x2 mL of
EtOAc, and the organic layers were evaporated under reduced pressure. The mixture was
purified by flash column chromatography (eluent Hexane:EtOAc 50:50 to EtOAc 100%),
resulting in the product 2-(2,6-dioxopiperidin-3-yl)-4-(4-(4-ethynylbenzoyl)piperazin-1-
yl)isoindoline-1,3-dione (87%) (Scheme 5. 18).
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Scheme 5. 18. Synthetic route for the preparation of 2-(2,6-dioxopiperidin-3-yl)-4-(4-(4-
ethynylbenzoyl)piperazin-1-yl)isoindoline-1,3-dione.
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4-((4-(4-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carbo
nyl)phenyl)-1H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride (PROTAC F9)

The  2-(2,6-dioxopiperidin-3-yl)-4-(4-(4-ethynylbenzoyl)piperazin-1-yl)isoindoline-1,3-
dione (0.085 mmol) from procedure 7, was dissolved in DMSO. CuSO4 (0.0087 mmol),
sodium ascorbate (0.017 mmol), and the azide (3 eq.) were then added. The reaction was
stirred at rt overnight. The product was extracted with 3x2 mL of EtOAc. The organic
layers were evaporated under reduced pressure. The mixture was purified by flash column
chromatography (EtOAc 50:50 to EtOAc:Acetone 50:50), resulting in the product 4-((4-(4-
(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carbonyl)phenyl)-1
H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride (77%) (Scheme 5. 19).

IHNMR 1H NMR (400 MHz, Chloroform-d) & 8.04 (d, J = 8.3 Hz, 2H), 7.88 (d, J = 8.1
Hz, 2H), 7.81 (s, 1H), 7.67 — 7.59 (m, 1H), 7.53 (dd, J = 12.3, 8.3 Hz, 4H), 7.46 (d, J = 7.1
Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 5.73 (s, 2H), 4.95 (dd, J = 12.2, 5.3 Hz, 1H), 4.14 — 3.64
(m, 4H), 3.51 — 3.20 (M, 4H), 2.94 — 2.67 (m, 3H), 2.16 — 2.08 (m, 1H).
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Scheme 5. 19. Synthetic route for the preparation of 4-((4-(4-(4-(2-(2,6-dioxopiperidin-3-
yl)-1,3-dioxoisoindolin-4-yl)piperazine-1-carbonyl)phenyl)-1H-1,2,3-triazol-1-
yl)methyl)benzenesulfonyl fluoride (PROTAC F9).

tert-butyl (3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-
oxopropyl)carbamate (8a)

The 3-((tert-butoxycarbonyl)amino)propanoic acid (0.20 mmol) was dissolved in DCM
and the mixture was cooled to 0°C. HATU (0.33 mmol) was added, together with DIPEIA
(0.33 mmol). The reaction was stirred at 0°C for 30 min. The pomalidomide-piperazine
building block (0.22 mmol) from procedure 1b, was added, together with DIPEIA (0.33
mmol). The reaction was allowed to reach rt and stirred overnight. The product was

extracted with 3x10 mL of EtOAc, and the organic layers were evaporated under reduced
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pressure. The mixture was purified by flash column chromatography (eluent
Hexane:EtOAc 50:50 to EtOAc 100%), resulting in the product tert-butyl (3-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)carbamate
(76%) (Scheme 5. 20).

IH NMR (500 MHz, Chloroform-d) & 7.99 (s, 1H), 7.60 (dd, J = 8.2, 7.4 Hz, 1H), 7.43 (d, J
= 7.0 Hz, 1H), 7.13 (d, J = 8.4 Hz, 1H), 5.33 (s, 1H), 4.95 (dd, J = 12.2, 5.3 Hz, 1H), 3.90 —
3.74 (m, 2H), 3.66 (t, J = 4.9 Hz, 2H), 3.49 — 3.39 (m, 2H), 3.37 — 3.21 (M, 4H), 2.92 —
2.63 (M, 3H), 2.55 (t, J = 5.4 Hz, 2H), 2.15 — 2.07 (m, 1H), 1.41 (s, 9H).
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Scheme 5. 20. Synthetic route for the preparation of tert-butyl (3-(4-(2-(2,6-

dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)carbamate.

3-(7-(4-(3-aminopropanoyl)piperazin-1-yl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione
(8b)

The tert-butyl (3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-
3-oxopropyl)carbamate (0.15 mmol) from procedure 8a, was suspended in DCM. TFA was
added and the reaction was refluxed at 45°C for 3h. The reaction was cooled to rt and the
solvent was evaporated to near completion. Diethyl ether was added, causing the product to
precipitate. The product was filtered and washed with diethyl ether 3 times, yielding the
TFA salt of 3-(7-(4-(3-aminopropanoyl)piperazin-1-yl)-1-oxoisoindolin-2-yl)piperidine-
2,6-dione (Scheme 5. 21).
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Scheme 5. 21. Synthetic route for the preparation of 3-(7-(4-(3-aminopropanoyl)piperazin-
1-yl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione.

N-(3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopro
pyl)-4-ethynylbenzamide (9)

The 4-ethynylbenzoic acid (0.096 mmol) was dissolved in DMF and the mixture was
cooled to 0°C. HATU (0.092 mmol) was added, together with DIPEIA (0.092 mmol). The
reaction was stirred at 0°C for 30 min. The pomalidomide-piperazine building block (0.076
mmol) from procedure 8b, was then added, together with DIPEIA (0.092 mmol). The
reaction was allowed to reach rt and stirred overnight. The product was extracted with
3x10 mL of EtOAc, and the organic layers were evaporated under reduced pressure. The
mixture was purified by flash column chromatography (eluent Hexane:EtOAc 50:50 to
EtOAc 100%), resulting in the product N-(3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo
isoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)-4-ethynylbenzamide (39%) (Scheme 5. 22).

IH NMR (500 MHz, Chloroform-d) & 8.45 (s, 1H), 7.74 (d, J = 8.5 Hz, 2H), 7.64 — 7.58
(m, 1H), 7.52 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 7.1 Hz, 1H), 7.27 (d, J = 6.0 Hz, 2H), 7.13
(d, J = 8.4 Hz, 1H), 4.96 (dd, J = 12.4, 5.3 Hz, 1H), 3.91 — 3.74 (m, 4H), 3.67 (t, J = 4.9
Hz, 2H), 3.39 — 3.24 (m, 4H), 3.19 (s, 1H), 2.96 — 2.72 (m, 3H), 2.71 — 2.66 (M, 2H), 2.20
~2.06 (M, 1H).
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Scheme 5. 22. Synthetic route for the preparation of N-(3-(4-(2-(2,6-dioxopiperidin-3-yl)-
1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)-4-ethynylbenzamide.

4-((4-(4-((3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-

oxopropyl)carbamoyl)phenyl)-1H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride
(PROTACs F10-F11)

Procedure for PROTAC F10. The alkyne N-(3-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxo
isoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)-4-ethynylbenzamide (0.029 mmol) from
procedure 9, was dissolved in DMSO. CuSO4 (0.003 mmol), sodium ascorbate (0.006
mmol), and the azide (0.088 mmol) from procedure 2, were then added. The reaction was
stirred at rt overnight. The product was extracted with 3x5 mL of EtOAc. The organic
layers were evaporated under reduced pressure. The product was purified by preparative
HPLC (H2.O:ACN 95:5 to 5:95), resulting in the product, 4-((4-(4-((3-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3-oxopropyl)carbamoyl)phe
nyl)-1H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl fluoride (52%) (Scheme 5. 23).

(PROTAC F10) *H NMR (400 MHz, Chloroform-d) & 8.09 (s, 1H), 8.05 (d, J = 8.5 Hz,
2H), 7.91 — 7.81 (m, 4H), 7.62 (dd, J = 8.3, 7.2 Hz, 1H), 7.58 — 7.51 (m, 2H), 7.46 (dd, J =
7.3,0.7 Hz, 1H), 7.44 — 7.38 (m, 1H), 7.14 (dd, J = 8.4, 0.9 Hz, 1H), 5.74 (s, 2H), 4.96 (dd,
J=12.2,5.3 Hz, 1H), 3.95 — 3.77 (m, 4H), 3.72 (t, = 4.9 Hz, 2H), 3.32 (dt, J = 17.5, 5.1
Hz, 4H), 3.02 — 2.70 (m, 5H), 2.16 — 2.09 (m, 1H).
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Scheme 5. 23. Synthetic route for the preparation of 4-((4-(4-((3-(4-(2-(2,6-dioxopiperidin-
3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-3oxopropyl)carbamoyl)phenyl)-1H-1,2,3-
triazol-1-yl)methyl)benzenesulfonyl fluoride (PROTAC F10).

tert-butyl  (1-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-
yl)-6-oxohexyl)amino)-1-oxopent-4-yn-2-yl)carbamate (10)

The 2-((tert-butoxycarbonyl)amino)pent-4-ynoic acid (0.075 mmol) was dissolved in DMF
and the mixture was cooled to 0°C. HATU (0.074 mmol) was added, together with DIPEIA
(0.075 mmol). The reaction was stirred at 0°C for 30 min. The pomalidomide-piperazine
building block (0.062 mmol) from procedure 8b, was added, together with DIPEIA (0.075
mmol). The reaction was allowed to reach rt and stirred overnight. The product was
extracted with 3x10 mL of EtOAc, and the organic layers were evaporated under reduced
pressure. The mixture was purified by flash column chromatography (eluent
Hexane:EtOAc 50:50 to EtOAc 100%), resulting in the product tert-butyl (1-((6-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-6-oxohexyl)amino)-1-oxope
nt-4-yn-2-yl)carbamate (74%) (Scheme 5. 24).

IH NMR (500 MHz, Chloroform-d) 5 8.67 (s, 1H), 7.63 (dd, J = 7.4, 0.8 Hz, 1H), 7.45 (d, J
= 7.1 Hz, 1H), 7.17 (d, J = 8.4 Hz, 1H), 6.58 (t, J = 5.7 Hz, 1H), 5.43 (s, 1H), 4.98 (dd, J =
12.2, 5.3 Hz, 1H), 4.27 (s, 1H), 3.99 — 3.59 (m, 4H), 3.42 — 3.24 (m, 6H), 2.93 — 2.71 (m,
4H), 2.65 — 2.56 (M, 1H), 2.38 (t, J = 7.3 Hz, 2H), 2.17 — 2.08 (m, 2H), 1.67 (p, J = 7.3 Hz,
2H), 1.55 (p, J = 7.2 Hz, 2H), 1.46 (s, 9H), 1.41 (p, J = 8.2 Hz, 2H).
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Scheme 5. 24. Synthetic route for the preparation of tert-butyl (1-((6-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-6-oxohexyl)amino)-1-
oxopent-4-yn-2-yl)carbamate.

tert-butyl  (1-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-
yl)-6-oxohexyl)amino)-3-(1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-triazol-4-yl)-1-oxopro
pan-2-yl)carbamate (11)

The tert-butyl (1-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-
yl)-6-oxohexyl)amino)-1-oxopent-4-yn-2-yl)carbamate (0.046 mmol), from procedure 10,
was dissolved in DMSO. CuSO4 (0.0048 mmol), sodium ascorbate (0.0096 mmol), and the
azide (0.14 mmol) from procedure 2, were added. The reaction was stirred at rt overnight.
The product was extracted with 3x5 mL of EtOAc, and the organic layers were evaporated
under reduced pressure. The product was purified by preparative HPLC (H20:ACN 95:5 to
5:95), resulting in the product tert-butyl (1-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)piperazin-1-yl)-6-oxohexyl)amino)-3-(1-(4-(fluorosulfonyl)benzyl)-
1H-1,2,3-triazol-4-yl)-1-oxopropan-2-yl)carbamate (68%) (Scheme 5. 25).

IH NMR (500 MHz, Chloroform-d) & 8.64 (s, 1H), 7.61 (dd, J = 8.4, 7.2 Hz, 1H), 7.43 (d, J
= 7.1 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H), 6.56 (t, J = 5.9 Hz, 1H), 5.41 (s, 1H), 4.96 (dd, J =
12.2, 5.3 Hz, 1H), 4.25 (s, 1H), 3.90 — 3.63 (m, 4H), 3.42 — 3.19 (m, 6H), 2.90 — 2.70 (m,
4H), 2.58 (ddd, J = 16.8, 6.8, 2.6 Hz, 1H), 2.35 (t, J = 7.3 Hz, 2H), 2.14 — 2.06 (m, 2H),
1.65 (p, J = 7.4 Hz, 2H), 1.53 (p, J = 7.1 Hz, 2H), 1.43 (s, 9H), 1.41 — 1.32 (m, 2H).
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Scheme 5. 25. Synthetic route for the preparation of tert-butyl (1-((6-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-6-oxohexyl)amino)-1-oxope

nt-4-yn-2-yl)carbamate.

4-((4-(2-amino-3-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin
-1-yl)-6-oxohexyl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)methyl)benzenesulfonyl
fluoride (PROTAC F12)

The tert-butyl (1-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-
yl)-6-oxohexyl)amino)-3-(1-(4-(fluorosulfonyl)benzyl)-1H-1,2,3-triazol-4-yl)-1-oxopropan
-2-yl)carbamate (0.031 mmol) from procedure 11, was suspended in DCM. TFA was
added and the reaction was refluxed at 45°C for 3h. The reaction was cooled to rt and the
solvent was evaporated to near completion. Diethyl ether was added, causing the product to
precipitate. The product was filtered and washed with diethyl ether 3 times. The product
was further purified by preparative HPLC (H2O:ACN 95:5 to 5:95), resulting in the
product as the TFA salt of 4-((4-(2-amino-3-((6-(4-(2-(2,6-dioxopiperidin-3-yl)-1,3-
dioxoisoindolin-4-yl)piperazin-1-yl)-6-oxohexyl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-
yl)methyl)benzenesulfonyl fluoride (Scheme 5. 26). The solid was purified by preparative
HPLC (51%).
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Scheme 5. 26. Synthetic route for the preparation of tert-butyl (1-((6-(4-(2-(2,6-
dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)piperazin-1-yl)-6-oxohexyl)amino)-1-oxope
nt-4-yn-2-yl)carbamate (PROTAC F12).
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tert-butyl 4-(2-azidoacetyl)piperazine-1-carboxylate (12a)

The starting compound tert-butyl 4-(2-chloroacetyl)piperazine-1-carboxylate (1.16 mmol)
was dissolved in DMSO. NaN3 (5.8 mmol) and Nal (5.8 mmol) were added. The reaction
was stirred at 60°C for 3h. The product was extracted with 3x10 mL of EtOAc, and the
organic layers were evaporated under reduced pressure. The mixture was purified by flash
column chromatography (Hexane:EtOAc 50:50), resulting in the product tert-butyl 4-(2-
azidoacetyl)piperazine-1-carboxylate (95%) (Scheme 5. 27).

/—\ ClI NaN3, Nal /—\ N3
BocN N ————— > BocN N{
___/ O DMSO ___/ O

Scheme 5. 27. Synthetic route for the preparation of tert-butyl 4-(2-azidoacetyl)piperazine-

1-carboxylate.

2-azido-1-(piperazin-1-yl)ethan-1-one (12b)

The starting compound tert-butyl 4-(2-azidoacetyl)piperazine-1-carboxylate (0.37 mmol)
from procedure 12a, was dissolved in DCM and then TFA was added. The reaction was
refluxed at 50°C for 3h. The solvent was evaporated. DCM was added and then evaporated
two times. The compound was obtained as the TFA salt of 2-azido-1-(piperazin-1-yl)ethan-
1-one (Scheme 5. 28).

—\ N;  TFA DCM —\ N;
BocN N{ > HN N{ CF3COOH

0 0

Scheme 5. 28. Synthetic route for the preparation of 2-azido-1-(piperazin-1-yl)ethan-1-
one.

2-azido-1-(4-(furan-2-carbonyl)piperazin-1-yl)ethan-1-one (13)

Furan-2-carboxylic acid (0.55 mmol) was dissolved in DMF, and the mixture was cooled
to 0°C. HATU (0.55 mmol) was added, together with DIPEIA (0.57 mmol). The reaction
was stirred at 0°C for 30 min. The TFA salt of 2-azido-1-(piperazin-1-yl)ethan-1-one (0.37
mmol) from procedure 12b, was added, together with DIPEIA (0.57 mmol). The reaction
was allowed to reach rt and stirred overnight. The product was extracted with 3x5 mL of

EtOAc, and the organic layers were evaporated under reduced pressure. The mixture was
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purified by flash column chromatography (eluent Hexane:EtOAc 50:50 to EtOAc 100%),
resulting in the product 2-azido-1-(4-(furan-2-carbonyl)piperazin-1-yl)ethan-1-one (89%)
(Scheme 5. 29).

'H NMR (500 MHz, Chloroform-d) § 7.51 (d, J = 1.8 Hz, 1H), 7.09 (d, J = 3.5 Hz, 1H),
6.52 (dd, J = 3.4, 1.7 Hz, 1H), 3.98 (s, 2H), 3.86 (s, 4H), 3.79 — 3.70 (m, 2H), 3.54 — 3.45
(m, 2H).

(s
CF3COOH
@) o)
()~
OH HATU, DIPEIA, DMF

Scheme 5. 29. Synthetic route for the preparation of 2-azido-1-(4-(furan-2-

carbonyl)piperazin-1-yl)ethan-1-one.

2-(2,6-dioxopiperidin-3-yl)-4-(4-(5-(1-(2-(4-(furan-2-carbonyl)piperazin-1-yl)-2-
oxoeth yl)-1H-1,2,3-triazol-4-yl)pentanoyl)piperazin-1-yl)isoindoline-1,3-dione
(R-PROTAC)

The  2-(2,6-dioxopiperidin-3-yl)-4-(4-(hept-6-ynoyl)piperazin-1-yl)isoindoline-1,3-dione
(0.12 mmol) from procedure 5, was dissolved in DMF. CuSOs (0.014 mmol), sodium
ascorbate (0.028 mmol), and the azide 2-azido-1-(4-(furan-2-carbonyl)piperazin-1-
yl)ethan-1-one (0.14 eq.) from procedure 13, were added. The reaction was stirred at rt
overnight. The product was extracted with 5x5 mL of EtOAc, and the organic layers were
evaporated under reduced pressure. The mixture was purified by flash column
chromatography (EtOAc 50:50 to EtOAc:Acetone 50:50), resulting in the product 2-(2,6-
dioxopiperidin-3-yl)-4-(4-(5-(1-(2-(4-(furan-2-carbonyl)piperazin-1-yl)-2-oxoethyl)-1H-1,
2,3-triazol-4-yl)pentanoyl)piperazin-1-yl)isoindoline-1,3-dione (77%) (Scheme 5. 30).

IH NMR (500 MHz, Chloroform-d) & 8.13 (s, 1H), 7.62 (dd, J = 8.4, 7.2 Hz, 1H), 7.55 (s,
1H), 7.50 (dd, J = 1.8, 0.9 Hz, 1H), 7.45 (dd, J = 7.2, 0.8 Hz, 1H), 7.16 (d, J = 8.3 Hz, 1H),
7.09 (dd, J = 3.5, 0.9 Hz, 1H), 6.51 (dd, J = 3.5, 1.8 Hz, 1H), 5.25 (s, 2H), 4.97 (dd, J =
12.3, 5.4 Hz, 1H), 3.94 — 3.76 (m, 6H), 3.74 — 3.61 (m, 6H), 3.41 — 3.24 (m, 4H), 2.94 —
2.69 (M, 5H), 2.41 (t, J = 7.2 Hz, 2H), 2.17 — 2.08 (m, 1H), 1.85 — 1.69 (m, 2H).

13C NMR (126 MHz, Chloroform-d) & 171.61, 170.96, 168.23, 167.19, 166.63, 163.94,
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162.29, 159.17, 149.92, 148.14, 147.43, 144.16, 135.85, 134.14, 123.44, 122.60, 118.03,
117.64, 116.42, 111.66, 51.87, 51.01, 50.38, 49.23, 45.71, 42.35, 41.45, 32.92, 31.42,
28.83, 25.29, 24.61, 22.68.

O\ N/_\N N3 (o) Q\N o N
g - N”
™ uSO, (0] N (\N
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DMF N

Scheme 5. 30. Synthetic route for the preparation of 2-(2,6-dioxopiperidin-3-yl)-4-(4-(5-
(1-(2-(4-(furan-2-carbonyl)piperazin-1-yl)-2-oxoethyl)-1H-1,2,3-triazol-4-yl)pentanoyl)pip
erazin-1-yl)isoindoline-1,3-dione (R-PROTAC).

5.2.2 Ternary structure of the degraders linked to APT1 and CRBN

Structure predictions were performed with the help of Dr Daniel Zaidman. Prediction of
the ternary complex was performed by running the PRosettaC software
(https://prosettac.weizmann.ac.il/pacb/steps). The program was run on the structures of
APT1 (PDB: 6QGS) and CRBN-Pomalidomide (PDB: 4TZ4). The method relies on two
main  software packages: the chemoinformatics python package RDKit
(https://www.rdkit.org/), used to rapidly generate multiple conformations of the PROTAC;
and the Rosetta modelling suite (https://www.rosettacommons.org/), used to choose the
best conformation of the PROTAC in the context of the two proteins (APT1 and CRBN).

5.2.3 Determination of ICsg values for APT1 by competitive ABPP

HEK293T cells were transfected with the vector pcDNA3.1+ (Invitrogen) containing the
human APT1 gene, using FuGene transfection reagent (Promega) according to the
manufacturer’s instructions. Cells were harvested, resuspended in PBS, and lysed by
sonication. The proteome was kept at -80°C until further use. Soluble proteome at 1 mg/mi

(50 puL) was treated with varying concentrations of test compound (starting at 30 pL) for
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30 min at room temperature. ActivX™ TAMRA-FP Serine Hydrolase Probe
(Thermofisher) was added to a final concentration of 4 uM. The reaction was incubated for
1h, quenched with Laemmli sample buffer, followed by SDS-PAGE gel separation. The
results were visualized by in-gel fluorescent scanning (Bio-RAD). The percentage activity
remaining was determined by measuring the integrated optical density of the APT1 bands
relative to a DMSO control. ICso values were determined from dose-response curves using
GraphPad Prism 8.

5.2.4 Cell culture

All cell lines were purchased from ATCC. MOLT-4 wild type and MOLT-4-CRBN~
were kindly provided by Dr Georg Winter from CeMM, Austria. Cells were cultivated in
complete DMEM supplemented with 10% (vol/vol) FBS (Gibco), and 1% of
penicillin/streptomycin (Gibco). Cells were grown in a humidified atmosphere of 5% CO>

at 37°C, with the medium changed every other day.

5.2.5 Cell viability assay

Cells were inoculated at a density of 5 000 cells/well. Serial diluted compounds (starting at
100 pM) were added 24h later. The assay was performed in triplicates. After 72h of
incubation, cellular viability was assessed by CellTiter-Glo® (Promega) according to the
manufacturer’s instructions. The values were normalised with the vehicle (DMSO) and the

ICso was calculated using GraphPad Prism 8.

5.2.6 Immunoblotting

Cells were lysed using RIPA buffer supplemented with protease inhibitor cocktail (Roche)
and DNase | (Merck), left on ice for 15 min. Protein concentration was determined using
BCA assay (Pierce). Western blot was performed with rabbit APT1 antibody (1:500)
(ab91606, Abcam), mouse a-GAPDH (1:5000) (ab8245, Abcam), rabbit cereblon (71810,
Cell Signaling Technology), goat anti-rabbit 1gG secondary antibody HRP (1:7000) (65-
6120, Invitrogen), and goat anti-mouse IgG secondary antibody HRP (1:5000) (62-6520,
Invitrogen). Signal was revealed with Clarity Western ECL Substrate (Bio-Rad
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Laboratories), and band intensity was measured using the ImageJ software (National
Institutes of Health).

5.2.7 Cell permeability

Cells were inoculated at a density of 1x10° cells/well, and compounds were added at a
final concentration of 100 uM. After 30 min of incubation, cells were centrifuged and both
soluble and solid fractions were collected for analysis. The pellet was lysed prior to the
analysis. Fluorescence signal was measured at the wavelengths (emission/excitation) of
280 and 500 nm, using a MiniMax™ 300 Imaging cytometer (SpectraMax®).

5.2.8 Proteomics

Proteome treatment. Raji cells were cultured at 15M per flask, with a working volume of
30 mL. Compounds were added at a final concentration of 5 uM. After a 4h-incubation at
37°C, cells were harvested by centrifugation. The pellet was lysed, and protein
concentration was normalized to 1 mg/mL. Each experiment consisted of two samples (500
pL each), one sample treated with PROTAC and a paired sample treated with DMSO. Both
PROTAC- and DMSO-treated samples were labelled with fluorophosphonate desthiobiotin
probe (10 pL, 5 uM final concentration) for 1h at rt. The reaction was quenched by adding
the samples to to pre-chilled methanol (2 mL). Preparation of proteomics samples. The
protein content of the samples was precipitated with cold solvents and buffers kept on ice.
CHCIz (0.5 mL) and PBS (1 mL) were added, and the mixture was vortexed.
Centrifugation (5 000 x g, 10 min, 4°C) was used to concentrate the precipitated protein at
the interface of the CHCIs and the methanol/PBS layers. The removed and the protein solid
was washed with cold 1:1 methanol:CHCI3z (3 x 1 mL). The protein solid was sonicated
into 500 pL of 6 M urea in PBS). TCEP (50 pL, 100 mM in DBPS, basified using K.CO3)
was added, and the suspension was incubated at 37°C for 30 min, with shaking to
redissolve proteins. Proteins were alkylated with 70 pL of 400 mM iodoacetamide in PBS
for 30 min at rt. The sample was then diluted with 5 mL of 0.25% SDS in PBS. Probe-
labelled proteins were enriched using pre-washed streptavidin-beads (100 pL/sample)
while rotating for 2.5h. Streptavidin beads were pelleted by centrifugation (1 000 x g, 1
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min) and thoroughly washed with 3x5 mL of 0.25% SDS, 3x1 mL of PBS and 3x1 mL of
MilliQ H20. Proteins were digested overnight using proteomics grade trypsin (20 pg
trypsin in 2 mL 2M urea, with 100 mM TEAB buffer; 200 pL/sample) while shaking at
37°C. Tryptic peptides were labelled with either light or heavy formaldehyde, via reductive
dimethylation, using sodium cyanoborohydride. The reaction was carried out at rt for 1h.
32 pL of 1% NH4OH in water was added, followed by 16 puL of formic acid (5% final).
Heavy and light samples were combined, and the beads were filtered using a Bio-Spin
column. Samples were lyophilized prior to LC-MS/MS analysis. The analysis was carried
out by the Cambridge Center for proteomics (United Kingdom). Protein identification
and quantification. Proteomics raw data were analysed using MaxQuant software
(version 2.3.0.0) with standard settings, unless otherwise specified. A multiplicity of 2 was
set with a maximum number of labelled amino acids of 3. Reductive dimethylation
technique was used for isotopic labelling. Light label was programmed as dimethyl lysine
(lysine 0) and dimethyl n-terminal (n-term 0), and heavy label was programmed as
dimethyl lysine (lysine 6) and dimethyl n-terminal (n-term 6). Trypsin/P was set as the
digestion enzyme with 2 as the maximum number of missed cleavages. Oxidation of
methionine and acetylation of the N-terminal were included as variable modifications and
carbamidomethylation of cysteine was included as a fixed modification. The “Re-quantify”
option was enabled and advanced ratio estimation was turned on. A Fasta file containing
the human proteome and downloaded from uniport was used, together with a concatenated
target decoy fasta file, and contaminants were included. Minimum peptide length was set
to 7, with a maximum peptide mass of 4 600 Da. “Match between runs” was enabled with
the default parameters. An overall false discovery rate (FDR) value of 0.01 was used. After
data processing, the results table was filtered for serine hydrolases and the heavy/light

ratios were plotted.
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7. Annex

7.1 Annex 1 - Full list of serine hydrolases detected by chemical proteomics

Protein names

Abhydrolase domain-containing protein 16A

Acylamino-acid-releasing enzyme
Acyl-protein thioesterase 1
Acyl-protein thioesterase 2

Alpha/beta hydrolase domain-containing

protein 11

Alpha/beta hydrolase domain-containing

protein 17A

Alpha/beta hydrolase domain-containing

protein 17B
Alpha-enolase
Cathepsin G
Dipeptidyl peptidase 2
Dipeptidyl peptidase 3
Dipeptidyl peptidase 8
Dipeptidyl peptidase 9
Fatty acid synthase

Isoamy| acetate-hydrolyzing esterase 1
homolog

Lysophospholipase-like protein 1
Lysosomal protective protein
Lysosomal Pro-X carboxypeptidase
Lysosomal thioesterase PPT2
Monoacylglycerol lipase ABHD12
Monoacylglycerol lipase ABHD6
Neutral cholesterol ester hydrolase 1
Phospholipase ABHD3

Platelet-activating factor acetylhydrolase 2,

cytoplasmic

Platelet-activating factor acetylhydrolase IB

subunit gamma

Prolyl endopeptidase

Prolyl endopeptidase-like

Protein phosphatase methylesterase 1
Serine protease HTRAZ2, mitochondrial
S-formylglutathione hydrolase
Testis-expressed sequence 30 protein
Tripeptidyl-peptidase 2

Abbreviation
ABHDI16A
APEH
LYPLA1
LYPLA2

ABHD11

ABHD17A

ABHD17B
ENO1
CTSG
DPP2
DPP3
DPP8
DPP9
FASN

1AH1
LYPLAL1
CTSA
PRCP
PPT2
ABHD12
ABHDG6
NCEH1
ABHD3

PAFAH2

PAFAH1B3
PREP
PREPL
PPME1
HTRAZ2
ESD
TEX30
TPP2

7 Annex

Average H/L ratio

F10
0.91
0.93
1.04
1.40

1.09

0.91

0.86

0.85
0.89

0.80
0.81
0.97

0.79
1.25
0.73
0.72
0.89

0.85

1.04

0.93

0.91
0.58
0.95

0.73
0.84
0.61

R-PROTAC
0.87
0.71
0.84
0.82

0.92

0.72

0.02
0.92
0.70

0.83
0.75
0.83

0.29
0.85

0.81
0.95
0.94
0.87

0.74

0.93

0.82
0.79

1.01
1.11
0.71

C8
0.81
0.83

30.26
10.68

6.80

1.48

1.08
1.13

1.10
0.98
1.21

5.82
1.13

1.00
0.89
16.37
1.01

4.52

0.83

1.04
0.94
0.81

0.93
1.05
1.02
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Structural and biophysical insights into the mode
of covalent binding of rationally designed potent
BMX inhibitorsf
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The bone marrow tyrosine kinase in chromosome X (BMX) is pursued as a drug target because of its role
in various pathophysiological processes. We designed BMX covalent inhibitors with single-digit nanomolar
potency with unexploited topological pharmacophore patterns. Importantly, we reveal the first X-ray
crystal structure of covalently inhibited BMX at Cys496, which displays key interactions with Lys445,
responsible for hampering ATP catalysis and the DFG-out-like motif, typical of an inactive conformation.
Molecular dynamic simulations also showed this interaction for two ligand/BMX complexes. Kinome
selectivity profiling showed that the most potent compound is the strongest binder, displays intracellular
target engagement in BMX-transfected cells with two-digit nanomolar inhibitory potency, and leads to
BMX degradation PC3 in cells. The new inhibitors displayed anti-proliferative effects in androgen-receptor
positive prostate cancer cells that where further increased when combined with known inhibitors of
related signaling pathways, such as PI3K, AKT and Androgen Receptor. We expect these findings to guide
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Introduction

Over recent years, the development of covalent kinase inhibitors
has gained more traction both in academia and pharmaceutical
industry.' Historically, irreversible covalent inhibitors were
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development of new selective BMX therapeutic approaches.

considered unsafe because of their lack of selectivity and con-
comitant undesired engagement of off-targets. However, these
potential liabilities can be overcome and the development of
covalent small molecule kinase inhibitors has recently seen
renewed interest. Irreversible covalent inhibitors can display
higher efficacy, since they achieve high target occupancy and a
prolonged pharmacodynamic effect, depending on the de novo
re-synthesis rate of the target protein.*” Supporting the value
and “renaissance” of covalent inhibitors, since October 2018 six
kinase-targeting small molecule covalent inhibitors® were
approved by the FDA for clinical use: the EGFR inhibitors
Afatinib®, Neratinib®, Osimertinib® and Dacomitinib® and
the BTK inhibitors Ibrutinib® and Acalabrutinib®.”** However,
not all kinases are accessible for covalent binding since the
covalent bond formation depends on the nature and positioning
of the target amino acid.”>™® One such kinase of interest is the
epithelial and endothelial tyrosine kinase, commonly known as
bone marrow tyrosine kinase in chromosome X (BMX). BMX is a
major member of the TEC family of non-receptor tyrosine
kinases, together with ITK, TEC, BTK and TXK [reviewed in
ref. 16 and 17]. TEC kinases are activated by many cell-surface
receptor-associated signaling complexes and are recruited to the
plasma membrane or specific micro-environments by a variety

RSC Chem. Biol., 2020, 1, 251-262 | 251
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of lipids and proteins. Through this mechanism, they are
involved in signal transduction in response to a myriad of
extracellular stimuli, including those mediated by growth-
factor receptors, cytokine receptors, G-protein coupled receptors,
antigen-receptors, integrins and death receptors. Moreover, TEC
kinases regulate many of the major signaling pathways, such as
those of PI3K, PKC, PLCy, AKT, STAT3 and p21-activated kinase
1 (PAK1)'®" and are responsible for a variety of cell processes,
including regulation of gene expression, calcium mobilization,
actin reorganization/motility and survival/apoptosis.'®'”

BMX is widely expressed in granulocytes, monocytes, cells of
epithelial and endothelial lineages, as well as brain, prostate,
lung and heart.">">* It is specifically involved in tumorigenicity,
adhesion, motility, angiogenesis, proliferation and differentia-
tion. Moreover, it has been found to be overexpressed in
numerous cancer types, such as breast,>*** prostate,®*’
colon®® and cervical carcinoma,” which suggests that elevated
levels of BMX increase cancer-cell survival. BMX is also required
for stem-cell maintenance and survival®> and its up-regulation
provides a survival benefit to both primary tumors and cancer
stem cells that are highly resistant to apoptosis and many
chemotherapeutic agents.

Homozygous BMX knockout mice have a normal life span
without any obvious altered phenotype, which suggests that
therapies based on BMX inhibition might have few side
effects’® and although BMX is a key regulator it might not
represent a fundamental effector. Therefore, by considering the
existence of multiple downstream target proteins, the integra-
tion in multiple and diverse signaling pathways, and the fact
that it regulates proliferation, migration and has an anti-
apoptotic effect, BMX emerges as a potential target for multiple
aspects of cancer therapy. Recent studies also highlighted that
modulation of BMX activity sensitizes cells to therapeutic
agents to improve response to chemotherapy DNA damaging
agents or radiation. These studies show strong evidence that
both direct inhibition of BMX and modulation of related path-
ways result in increased therapeutic efficacy.>®3"3?

BMX-IN-1 is one of the most potent BMX inhibitors (ICsy:
8.0 nM) reported in the literature, which also binds to BTK with
very high affinity (ICso: 10.4 nM).** Like other BMX covalent
inhibitors, it reacts with a cysteine residue (Cys496) in the ATP
binding site. This residue is a unique occurrence found in the
ATP binding pocket and is present in all five members of the
TEC family kinase members. Therefore, by virtue of structural
homology these compounds could also be covalent inhibitors
of the other kinases in the TEC family.

In this study, we describe the discovery of JS24-JS27, which
are among the most potent covalent inhibitors of BMX reported
to date and possess topological pharmacophoric features not
exploited in the BMX inhibitors’ chemical space. We asserted
the selectivity against a panel of 36 kinases that possess an
equally placed cysteine or up- and downstream regulators of
the BMX signaling pathway. We further demonstrated that the
lead compounds have the potential to inhibit proliferation of
androgen-receptor-positive prostate-cancer cells (LNCaP) and
their inhibitory potential is enhanced in a co-treatment
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regimen with known PI3K, AKT and androgen receptor inhibi-
tors (LY294002, AKT1/2 and Flutamide, respectively). As part of
our efforts to explore this scaffold to identify regions of the
molecule amenable to conjugation we also report the first X-ray
structure of BMX with a covalent inhibitor as well as MD
simulations on two complexes with this receptor, which provide
insight into the mode of binding and will contribute towards
the future development of inhibitors with improved efficacy
and selectivity.

Results and discussion
Discovery of a single-digit nanomolar BMX inhibitor

To evaluate substituent tolerability at each position and to
establish an optimal vector through positioning of different
functionalities, a structure-activity relationship (SAR) study was
used to establish the limitations of the tool chemotype BMX-IN-1.
A total of 24 analogues were synthesized in an attempt to both
enhance potency and optimize physicochemical properties
within the allowable SAR study (Fig. S1, ESIT). Upon systematic
evaluation, we found that analogues with substituents in posi-
tion R® (Fig. 1a) of the quinoline moiety had only marginal
effects on BMX inhibition Furthermore, any change of the
electrophilic warhead (position R, Fig. 1a) for cysteine covalent
ligation resulted in loss of potency as illustrated for instance by

BNX inhibition
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Fig.1 Compound structures and biochemical characterization of their
inhibitory effects on BMX and BTK. (a) The structures of BMX-IN-1, the SAR
explored (shown in Fig. S1, ESIt) and JS24-JS27 leads generated in this
study. (b) Eurofins DiscoverX in vitro BMX activity evaluation by measuring
the phosphorylation of a biotinylated peptide with human recombinant
enzyme expressed in insect cells and HTRF detection method, tested in
duplicate, showing mean + S.D. Cells were treated for 1 h and ICsq values
were calculated and plotted by using GraphPad Prism 8 based on a
sigmoidal dose response curve. (c) Eurofins DiscoverX in vitro BTK activity
evaluation by measuring scintillation count with a radiometric assay tested
in duplicate, showing mean + S.D. Cells were treated for 1 h and ICsg
values were calculated and plotted by using GraphPad Prism 8 based on a
sigmoidal dose response curve. (d) Projection of BMX and BTK inhibitor
space with a multidimensional scaling algorithm. Green: BTK inhibitors;
orange: BMX inhibitors; grey: BMX-IN-1; red: 3S24-327.
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the introduction of the enamide substituents in JS10 and JS11
(Fig. S1, ESIt). The substituents in the aromatic ring bearing
the amide functionality play an unexpected relevant role for the
activity, affording different reactivity patterns arising from non-
covalent interactions. Introducing a strong electron-donating
group such as a methoxy group (OMe) (JS9E) in R> decreases
potency by 4-fold. In contrast, the use of a weak electron-
donating group, such as a methyl substituent, has different
effects depending on the positioning. Thus, moving the methyl
group to the ortho position abolishes target inhibition (JS9C),
while a methyl positioning in the meta position slightly
improved inhibition by 2-fold. Even more striking is the effect
of no substituent in the ring (JS9D), which increased inhibition
by 6-fold. Since the electronic influence of the methyl substi-
tuents in the different positions is not expected to account for
these differences, we consider that a conformational effect may
play an important role. The ortho substitution may increase the
constraints for fitting into the pocket, while the removal of the
methyl groups affords less spatial restriction.

Interestingly, substituents in position R* (Fig. 1a and Fig. S2,
ESIt) were found to significantly enhance BMX inhibition
relative to BMX-IN-1 (Fig. 1a and Fig. S2, ESIT). With this SAR
information in hand, we decided to prepare JS24-JS27 that were
designed to include substituents at position R* of the quinoline
and incorporated features from previous analogues that
afforded a preferred overall profile, varying methyl positioning
in R?> and retaining the acrylamide electrophilic warhead for
cysteine covalent binding. Details for the synthesis of JS24-JS27
can be found in the ESI} (Schemes S1-S4). Compound JS24,
which features a methyl sulfonamide at position 7, showed
considerable gain of inhibition potency from IC5, 50 to 7.5 nM
relative to the parent molecule BMX-IN-1 (Fig. 1a and b).
Further derivatives that presented changes in the aniline core
(R?) with a methyl in the meta position (J$25) and without any
substituent in this position (JS26), but that features the same
methyl sulfonamide at R*, were designed and prepared. Both
compounds showed significantly improved activity (ICs, of 3.5
and 9.1 nM, respectively; Fig. 1a and 1b).

Similarly, in JS27 we installed a substituted piperazine in the
R* position that affords less restraint relative to the aromatic
phenyl-sulfonamide ring, but which renders it the least active
analogue of the series (13.7 nM) albeit considerably more
potent (~4-fold) relative to BMX-IN-1 (Fig. 1a and b).

Modulation of physicochemical profile, BTK inhibition and
pharmacophore diversity

Taking into account that BMX-IN-1 does not exhibit an optimal
physicochemical profile, we aimed at lowering the lipophilicity
and increasing water solubility within the established SAR. Initial
investigations showed an improved profile when the sulfonamide
aromatic ring was replaced by cyclic aliphatic amines (Table S1,
ESIt). These observations prompted us to use 1-(methylsulfonyl)-
piperazine in compound JS27. Consequently, we were able to
obtain the analogue with the best in silico lipophilicity and water
solubility profile (clog P = 2.32 and log S = —4.36; Table S1, ESIT).
Interestingly, compound JS26 shows a slightly improved reduction

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

of clogP. The presence of a methyl group (compounds JS24
and JS25) increases hydrophobicity and, consequently, removal
of this group (JS26-JS27) decreases the hydrophobicity and the
partition coefficient.

We anticipated that some analogues could have limited
membrane permeability, which is of utmost importance for
any drug, in particular if a molecule is targeting cytoplasmic
proteins. For assessment of drug permeability, we relied on
parallel artificial membrane permeability assay (PAMPA) per-
formed at Pion Inc. with the PAMPA Evolution™ instrument
(Table S1, ESIt). We observed that compounds JS24 (6.8 x
10"% cm s ') and JS25 (3.8 x 10~ ° cm s~ ') show a lower PAMPA
permeability relative to BMX-IN-1 (8.9 x 10~ ° cm s~ '), whereas
compounds with the unsubstituted backbone aniline (JS26
and JS27) show increased permeability (19 x 10 ° cm s~ and
12 x 10°® ecm s, respectively). As shown in Fig. 1a, the four
leads share a similar scaffold and only compound JS27 displays
a distinct structural feature. Because other analogues display
similar clog P values with improved PAMPA permeability (up to
45 x 10°® cm s~ '; Table S1, ESIt), the observed increased
permeability may be mostly a result of intramolecular inter-
actions, such as hydrogen bonding, more than the lipophilic
contribution, because the algorithm for clogP calculation does
not consider 3D conformations. In addition, we measured particle
sizes by using dynamic light scattering (DLS). Up to 95% of false
positive readouts in high-throughput screens originate from
colloidal aggregation.>® This phenomenon is driven by the
physicochemical properties of the small molecule and buffer
conditions. Generally, aggregates bind non-specifically to pro-
teins, sequestering and denaturating them. Our data shows that,
regardless of their limited solubility, compounds JS24-]JS27 do
not form aggregates at the relevant inhibitory concentrations,
which rules out unspecific binding to BMX (Table S1, ESIt).

To date, all the reported BMX inhibitors also display the
ability to inhibit Bruton’s tyrosine kinase (BTK). To determine
if our leads were selective binders of BMX, we evaluated
inhibitory capacity of our compounds against BTK. For the
BTK ICs, assay (KinaseProfiler by Eurofins DiscoverX), we
selected BMX-IN-1, the two analogues with higher BMX inhibi-
tory capacity (JS24 and JS25) and JS27, which presents the best
in silico physicochemical profile, and also offers the possibility
of derivatization. The results showed that all the leads are also
potent BTK inhibitors, in the low nanomolar range (Fig. 1c).
The same inhibitory trend is observed with an increase of 62-, 33-
and 15-fold potency gain with JS25, JS24 and JS27, respectively,
relative to BMX-IN-1. Interestingly, in this assay BMX-IN-1 dis-
plays 7-fold higher ICs, against BTK than BMX.

We aimed to modulate the physicochemical properties of the
molecules to enhance the overall “drug-likeness” profile of the
ligands. Ligand efficiency (LE) and lipophilic efficiency (LipE)
are two important metrics that are associated with improved
prospects for good drug properties (e.g. bioavailability) and are
used as criteria for progression of the most promising candi-
dates across drug discovery pipelines.® LE is used to compare
binding efficacy of inhibitors/ligands relative to their size, and
LipE is used to compare binding efficacy by taking into
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Table 1 Ligand efficiency and lipophilic efficiency of BMX-IN-1 and
JS24-3S27 against BMX and BTK

Compound LE (BMX) LipE (BMX) LE (BTK) LipE (BTK)
BMX-IN-1 0.26 3.36 0.23 2.50

JsS24 0.29 4.17 0.29 4.00

JS25 0.30 4.43 0.30 4.22

JS26 0.30 4.45 Nd Nd

Js27 0.30 5.54 0.29 5.29

LE - ligand efficiency; LipE - lipophilic efficiency; Nd - not defined.

consideration the lipophilicity of the molecules. With regards
to BMX inhibition, compound JS27 displayed a major
LipE improvement relative to BMX-IN-1 (5.54 versus 3.36)
empowered by the drastic reduction in clogP as a result
of the introduction of the aliphatic sulfonamide. Analogues
JS24-JS26 displayed mild LipE improvement (4.17, 4.43 and
4.45), which is mainly due to their structural similarity with
BMX-IN-1. However, the LE improvement is mostly driven by
the increased potency of all analogues rather than a decrease in
the molecules’ size (Table 1). Similarly, the designed ligands
offer a greater improvement of LE and LipE metrics with
respect to BTK binding, relative to BMX-IN-1, driven also by a
drastic potency gain.

Finally, we analyzed the pharmacophore diversity of the
designed ligands against that of known BMX and BTK inhibitors.
Ligand data was collected from ChEMBL v24, pre-processed as
previously described®® and projected to the plane by means of a
learning algorithm (Fig. 1d). It is apparent that BTK has been
more often interrogated with small molecules (green) and that
the studied chemotypes are more diverse in regard to topological
pharmacophore arrangements relative to previously described
BMX modulators (blue). Compounds JS24-JS27 (yellow) focus on
unexplored regions in BMX inhibitor space but overlaps with
previously studied BTK chemotypes. Indeed, our compounds
have shown potent activities against BTK, which is fully in line
with the output of the learning algorithm. Altogether, our data
shows that compounds JS24-JS27 explore a new chemical
space and provides a rationale to re-investigate and potentially
repurpose BTK inhibitors as leads for future development of
BMX ligands and vice versa.

JS24-]JS27 show strong binding interactions with BMX

We further characterized the binding interaction between
JS24-JS27 and BMX by using differential scanning fluorimetry
(DSF) and surface plasmon resonance (SPR). Purified recombi-
nant human BMX protein (hBMX) was first subjected to thermal

View Article Online

RSC Chemical Biology

scanning in the absence and presence of JS24-JS27, and the
respective protein melting temperature (Ty,) calculated. As
shown in Table 2, BMX-IN-1 increases the T, value by
8.04 °C. Among the lead inhibitors, JS24 displayed the highest
stabilization, with an increase in Tm of 11.34 °C. Compounds
JS27 (10.81 °C), JS26 (9.34 °C) and JS25 (9.30 °C) showed high
stabilization of the protein, which also suggests direct binding
to BMX with a higher affinity relative to parent scaffold BMX-
IN-1 (Table 2 and Table S2, ESIt). The binding of JS24-JS27 to
BMX immobilized surfaces was then monitored in real-time by
SPR assays (Table 2 and Fig. S3, Table S3, ESIT). BMX-IN-1 was
shown to bind to BMX with an affinity of K, = 69 nM. It is
important to note that it was not possible to accurately fit the
dissociation rate constant of BMX-IN-1 interaction with BMX
because of the initial non-covalent binding event. In contrast,
JS24-JS27 Ky, values could not be determined due to the even
higher prolonged off-rates, which were outside the range of the
instrument specifications. The results suggest that compounds
JS24-JS27 have higher affinity interactions with BMX, showing
comparable association rates (k,, from 5.4 x 10%-1.4 x
10° M~ s ") but, most importantly, very slow dissociation rates
(koge < 1 x 107* s71), which is in agreement with the covalent
nature of the interaction (Table 2).

JS24-]S27 displays greater irreversible binding efficacy relative
to BMX-IN-1

The inactivation of BMX occurs in a two-step process that is
governed by two parameters: the affinity of the initial non-
covalent binding, K;, and the rate of the subsequent covalent
bond-forming reaction with the thiol of the cysteine residue,
Kinact- The rate of inactivation (kinac/Kj) is a second-order event,
which describes the efficiency of covalent bond formation,.*”
Therefore, we evaluated the irreversible binding efficiency of
our rationally designed compounds, as previously described.*®
The kinetic analysis presented in Table 3, reveals that com-
pound JS25 exhibits the best binding fit with the target, with an
inhibition rate constant of 323 pM. This represents an increase
in excess of 10-fold relative to BMX-IN-1 (K;: 4.07 nM). The other
leads display a similar binding affinity among themselves
(1.93-2.52 nM), lower than JS25 and approximately 2-fold
higher than BMX-IN-1. However, the rate of covalent bond
formation of the bound inhibitor (determined by kinac) Shows
that compounds JS24, JS$25, and JS26 showed slightly improved
efficiency (0.335, 0.378 and 0.443 min "', respectively) in com-
parison to BMX-IN-1 (0.217 min ') and JS27 (0.166 min ).
Consequently, the irreversible binding efficiency of JS25

Table 2 Melting temperature (T,,) shift calculated with a DSF assay and kinetic constants calculated from SPR

Compound Aveg. Tr, (°C) apo-BMX Ty, (°C) ATy, (°C) kon/M st kom/s ™" Kp/M
BMX-IN-1 60.17 + 0.32 52.13 4 0.11 8.04 + 0.32 7.4 x 10° 5.10 x 107* 6.9 x 1078
JS24 63.57 & 0.01 52.23 + 0.06 11.34 £ 0.01 1.4 x 10° <1x10"* Nd“

JS25 61.43 & 0.48 52.13 £ 0.11 9.30 & 0.48 5.4 x 10* <1x10* Nd*

JS26 61.47 + 0.21 52.13 4 0.11 9.34 + 0.21 7.2 x 10* <1x107* Nd“

Js27 62.94 + 0.06 52.13 + 0.11 10.81 + 0.06 9.9 x 10* <1x10* Nd“

Nd - not determined. “ K, not measured due to very prolonged off-rates (outside instrument specifications).
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Table 3 Determination of the kinetic parameters Kj, Kinact, Kinact/Ki®

Compound K; [nM] Kinaet [min™"] Kinacd/ Ky [AM ' s71]
JS25 0.32 4+ 0.05 0.378 £ 0.034 19.4 £ 1.55
JS26 1.93 £+ 0.18 0.443 £ 0.003 3.86 + 0.34
Js24 2.52 + 0.01 0.335 £ 0.001 2.22 + 0.01
Js27 2.15 + 0.13 0.166 + 0.003 1.29 + 0.10
BMX-IN-1 4.07 = 0.06 0.217 £ 0.005 0.89 & 0.20°

“ Results tested in duplicate, showing mean + S.D. ? Value with a 0.06
uM ' 57! deviation from published results.*®

(19.4 uM " s is the highest of the series, whereas BMX-IN-1
shows the lowest result (0.89 uM ' s~ ") relative to the remaining
inhibitors. Overall, these results provide quantitative evidence
that the improved activity is mostly driven by changes in the
binding complementarity between the compound and target
rather than faster rate of covalent binding. Thus, taking into
account that all the analogues have the same Michael acceptor
moiety, the enhanced activity must be a result of the structural
modifications introduced in the scaffold.

JS24 covalently modifies cysteine 496 in BMX

Mass spectrometry (MS) studies confirmed the covalent bind-
ing of JS24 at cysteine 496 of BMX. The truncated hBMX was
analyzed by native MS and the protein mass found was 30899
Da (Fig. 2a). The protein was then treated with 2.5 mM of JS24
at room temperature for 30 min in PBS pH 7.4 and directly
analyzed by denaturing MS. The protein was fully denatured
and cleaned on a reverse phase column, discarding any non-
specific binding, to retain only any covalently linked com-
pound. The mass found upon incubation with JS24 is 31424
Da, which is 525 Da larger than the apo-form of hBMX (Fig. 2b).
This result suggests covalent conjugation of a single molecule
of JS24 to hBMX. Furthermore, MS/MS analysis after digestion
of the drug conjugated hBMX indicates the covalent modifica-
tion at cysteine residue 496 (Fig. 2c).

The first X-ray structure of BMX with covalent inhibitor

To characterize the inhibition mechanism and binding mode
of JS24 to BMX at the atomic level, we tested a variety of
commercial crystallization screens to obtain a protein crystal
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Fig. 2 Mass spectrometric analysis of BMX and JS24 conjugated to BMX.
(@) Native MS analysis of hBMX. The measured molecular weight is
indicated. (b) Denaturing MS analysis of drug-conjugated hBMX. The
measured molecular weight is indicated. (c) Tandem MS analysis of the
drug conjugated tryptic peptide of hBMX labelled on the sequence (top)
and MS/MS mass spectrum (bottom). The red asterisk indicates the Cys site
to which JS24 is covalently linked.
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suitable for X-ray diffraction. Crystals were grown through
co-crystallization of BMX protein at a final concentration of
10 mg mL ™', with a 2-fold molar excess concentration of
inhibitor JS24, in a lead condition that consists of 0.2 M
imidazole-malate buffer, pH 5.5, and 42% v/v PEG 600. The
X-ray crystal structure of BMX in complex with inhibitor JS24
was determined at 2.0 A resolution (PDB ID: 6199) with a well-
defined electron density map around the BMX ATP binding
pocket in which the inhibitor is bound (Fig. 3a). The values of
the equivalent isotropic atomic displacement parameters for the
ligand atoms within the pocket are comparable to those of the
protein atoms they are interacting with, an indication of full
ligand occupancy of the binding site. Not surprisingly, an increase
is observed in the sulfonamide aromatic ring because this group
is more exposed to the solvent and hence more mobile.

The crystal structure shows the expected covalent binding
between the acrylamide warhead and Cys496. Other major
interactions of the inhibitor with the enzyme active site are
mediated through hydrogen bonds between the nitrogen in
the quinoline ring and Ile492, and between the Lys445 and the
oxygen located in the fused pyridinone ring (Fig. 3b). The
hydrogen bond between JS24 and Lys445 is actually one of
the key points to regulate BMX activity. The conserved B3 Lys
interacts with oC-helix Glu residue to form a salt bridge
required for ATP catalysis. The binding of JS24 to Lys445 alters
this interaction between the B3 Lys and the aC-helix Glu and
consequently inactivates BMX. The aromatic rings of JS24 are
engaged in CH/r interactions with the side chains of Tyr491,
Ala443, Val431, and Leu543 (Fig. S4, ESIt). Compound JS24 is
further stabilized by a hydrogen bond between a water molecule
(W1) and the carbonyl oxygen of the acrylamide group. A second
water molecule (W2) stabilizes the first (W1) through a hydrogen
bond, and forms hydrogen bonds with the peptide nitrogen of
Cys496 and the terminal amide group of Asn499 (Fig. 3b).

The crystal structure also shows that the DFG-motif adopts
an out-like conformation (Fig. 3c) in which the Asp554 side
chain is positioned in the back cleft, away from the ATP
binding pocket, and the Phe555 aromatic ring points up into
the gatekeeper region blocking the B3 Lys445-oC Glu460 ion
pair formation. Both the activation loop and the DFG-out-like
conformation are similar to what is observed in the only
reported BMX crystal structure with non-covalent inhibitors
Dasatinib and PP2.?° The positioning of the BMX DFG-motif is
reminiscent of an inactive conformation or DFG-out, typically
found in BTK and other kinases inactive structures,’® and it is
also commonly observed in type II inhibitor complexes.** In the
apo-BTK (PDB: 3P08), the DFG-in Asp539 rotates towards the
ATP binding pocket to chelate magnesium and the DFG-in
Phe540 is positioned in the back cleft to allow the formation
of the  Lys430-aC Glu445 ion pair, which is important for
catalysis. In BMX/JS24 complex the DFG-out-like Asp554 points
down and away from the ATP binding pocket and the Phe555
swings up to block the ion pair formation (Fig. 3d). However,
relative to the DFG-out-like structure in BMX/JS24 complex with
a BTK DFG-out structure (PDB: 3PIY), both structures display
complete rotation of the DFG-aspartate residue away from the
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Fig. 3 Crystal structure of the BMX-JS24 complex (a). Representation of the co-crystal structure of BMX catalytic domain in complex with 3S24 (PDB
code 6199). The panel shows the well-defined electron density around the inhibitor, which is bound to BMX ATP binding pocket through a covalent bond
with a cysteine residue (Cys496). (b) Non-bonding interactions of JS24 in the ATP binding pocket. (c) BMX DFG-motif adopting the out-like
conformation. (d) Analysis of the BMX-DFG®U"*¢ motif conformation and BTK DFG™. (e) Analysis of the BMX DFG®"t"€ conformation with BTK DFGU,

ATP binding pocket. Only the BTK DFG-out Phe540 residue
rotates away from the core of the protein and towards the ATP
binding pocket to create a back pocket capable of accepting an
aromatic moiety (Fig. 3e).

Finally, the positioning of the sulfonamide aromatic ring is
also of utmost importance. This group does not interact with
any important residue and it is in fact pointing out of the ATP
pocket (Fig. S4, ESIt). Interestingly, this feature would allow for

256 | RSC Chem. Biol., 2020, 1, 251-262

the installation of a linker or chemical handle in this region
of the molecule without altering significantly the inhibitor
binding capacity of the lead compound.

Molecular dynamics (MD) simulations on BMX covalently
linked to JS24 and JS27

We performed then 0.5 ps MD simulations on BMX covalently
linked to JS24 (Fig. 4a and b). Computational details can be

This journal is © The Royal Society of Chemistry 2020
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(@ and b) Structural ensembles derived from 0.5 us MD simulations on BMX covalently linked to 3S24 and JS27. (c) Population of the most relevant

hydrogen bonds between the ligands and BMX derived from the MD simulations. (d) Evolution of the Lys445-Glu460 distance along the MD simulations
of both complexes. See also Videos 1 and 2 (ESIt). 3S24, 3S27, Lys445, Glu460, Asp554 and Phe555 are shown as sticks. The protein is shown as ribbons

and only the first conformer (time = 0 ns) is shown for clarity.

found in the ESL{ According to these calculations, the binding
mode found in the X-ray structure is retained in solution. Both
hydrogen bonds releveled by the crystallographic studies, one
between the backbone of Ile492 and the nitrogen atom of the
quinoline and the other one between the side chain of Lys445 and
the carbonyl oxygen of the quinoline ring, are populated in the
complex (Fig. 4c). Also, as it occurs in the X-ray structure, JS24 is
engaged in CH/n interactions with the side chains of Val431,
Ala443, Tyr491 and Leu543 (Fig. S5, ESIt). The MD calculations
show that the DFG-motif also adopts an out-like conformation in
solution (Fig. 4a). Thus, Phe555 precludes the ion pair formation
between Lys445 and Glu460, which is supported by the distance
between the side chains of Lys455 and Glu460 (Fig. 4d). Asp554
side chain is located away from the ATP binding pocket (Fig. 4a).
The good agreement between the X-ray and the structure proposed
by the simulations prompted us to propose a 3D-model for BMX
linked to ligand JS27. To this purpose, JS27 covalently linked to
Cys496 was superimpose on the X-ray structure of the BMX/JS24
complex. and used as starting structure in the simulations. The
simulations show that JS27 adopts a similar pose in the binding
site than JS24 (Fig. 4b). Thus, JS27 is engaged in the same hydrogen
bonds with the receptor as in BMX/JS24 complex, with populations
close to 61.0% and 34.6% for the interactions involving Lys445 and
Ile492, respectively. The aromatic system of the ligand interacts
with the hydrophobic residues Val431, Ala443, Tyr491 and Leu543
through hydrophobic interactions (Fig. S5, ESIt). As in BMX/JS24
complex, the binding of JS27 impedes the ion pair Lys445-G1460
formation (Fig. 4d). Significantly, in both complexes, the sulfona-
mide group of the ligands does not stablish any contact with the
receptor and is exposed to the solvent.

JS25 is a selective TEC family inhibitor

Most of BMX inhibitors reported to date offer poor selectivity
because they are both BMX and BTK inhibitors. Their cellular
effect is often attributed to off-target activity either upstream or

This journal is © The Royal Society of Chemistry 2020

downstream of BMX signaling pathways. To investigate in
which targets the new inhibitors could have an effect we tested
potent inhibitor JS25 against a panel of 36 BMX-related kinases
in the Eurofins DiscoverX’s KINOMEscan™ platform at a
concentration of 1 uM.

It is important to note that from the extensive number of
accessible cysteine residues distributed across the whole
kinome not all are available for covalent modification.’*™*
BMX belongs to a restricted group that includes 10 other
kinases that share an equivalently placed cysteine in the ATP
binding pocket. This group comprises members from the TEC
family (BTK, ITK, TXK and TEC), the EGFR family (EGFR, Her2,
Her4), JAK3, BLK and dual specificity mitogen-activated protein
kinase 7 (MAP2K7). Therefore, we included the whole TEC,
EGFR and JAK family in our screening, and the Src family and
Lkb1, which also have a cysteine within the same sequence
alignment. We also included kinases involved in upstream (Src,
FAK, PI3K, mTOR, PDK1) and downstream (Akt, PAK1, TAM)
regulation of BMX signaling pathway and non-receptor tyrosine
protein kinase Abl. The KinomeScan platform is a binding
assay and the screening showed that JS25 displays a strong
binding affinity against all the members of TEC family that
share an equivalently placed cysteine and within these, higher
affinity is observed towards BMX, BTK and TEC (Table 4).

As stated above, the TEC family has high sequence similarity
and in particular residues in the ATP binding kinase domain
share 40-65% identity and 60-80% similarity. The ATP binding
sites are also highly conserved between the TEC and Src
families with 14 identical residues out of 18 that comprise
the ATP binding pocket. More specifically, BMX shares a 57%
similarity to Src and most importantly, one of the key determi-
nants of kinase selectivity — the gatekeeper residue - is a Thr in
both the Src family and the TEC family members except ITK.*®
It is therefore not surprising that JS25 also binds Blk (and JAK3)
whereas no affinity was observed with other potential targets.

RSC Chem. Biol., 2020, 1, 251-262 | 257
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Table 4 Kinase selectivity of JS25 over 36 BMX-related kinases in the KINOMEscan™ platform. The results for primary screen binding interactions at

1 uM concentration are reported as % DMSO control

Family Target % Ctrl Family Target % Ctrl
TEC BMX 1.3 Src FYN 99
BTK 0 SRC 92
ITK 4.7 YES1 85
TEC 0.4 BLK 16
TXK 3.4 FGR 93
EGFR EGFR 87 LCK 80
ERBB2 89 HCK 95
ERBB3 91 LYN 100
ERBB4 66 mTOR MTOR 100
JAK JAK1(JH1domain-catalytic) 93 Liver Kinase B1 STK11 52
JAK2(JH1domain-catalytic) 81 Pkb AKT1 100
JAK3(JH1domain-catalytic) 21 AKT2 94
TYK2(JH1domain-catalytic) 100 AKT3 99
FAK PTK2 93 PAK1 PAK1 100
PI3K PIK3CA 79 TAM AXL 93
PIK3CB 89 MERTK 89
PIK3CG 64 Abl ABL1-phosphorylated 100
PIK3CD 100 PDPK1 PDPK1 92

These results reveal JS25 as a selective probe for TEC kinases
and suggest that any cellular activity mediated by JS25 is
probably a result of inhibition of any of the TEC kinases rather
than any off-target inhibition of upstream and downstream
BMX regulators.

Intracellular BMX inhibition and degradation by JS25

To validate target affinity and identification for JS25, we per-
formed an intracellular target engagement kinase assay with
HEK293 cells expressing NanoLuc®-BMX fusion vector with
Promega’s NanoBRET™ TE Intracellular Kinase Assay. The cell
proliferation depends on BMX kinase activity that was used to
monitor the cellular activity of the compounds (ICs,). As shown
in Fig. 5a, the IC;5, determination showed the inhibitory capa-
city of JS25 (ICso: 44.8 nM) is 10 times greater than BMX-IN-1
(ICs0: 495 nM), which aligns with the previous observations of
an increased biochemical potency with similar activity

ey
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Fig. 5 (a) Intracellular target engagement in HEK293 cells transiently
transfected with BMX expressing NanoLuc®-BMX fusion vector with
Promega’s NanoBRET™ TE Intracellular Kinase Assay. Assay performed at
Reaction Biology Corporation (USA), with concentrations tested in dupli-
cate, showing mean + S.D. Cells were treated for 1 h and ICsg values were
calculated and plotted by using GraphPad Prism 8 based on a sigmoidal
dose response curve. (b) 3S25 (10 pM) and BMX-IN-1 (10 pM) induce
degradation of wild-type BMX in PC3 cells. Sampling was taken after 24 h
and 72 h of incubation with 3S25 and BMX-IN-1. Band intensity was
measured using Imaged and normalized with a-Tubulin band intensity.
Differences between groups were revealed through 2way-ANOVA. Data
are mean =+ standard deviation obtained from at least three independent
measurements (n = 3). See ESI{ for additional data and analysis.
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difference. We next investigated whether the treatment of
wild-type PC3 cells with JS25, as well as BMX-IN-1 (as a control),
would induce degradation of BMX. After 24 and 72 h, it was
possible to verify that the level of expressed BMX protein in PC3
cells decreased upon treatment with JS25 as well as with the
control molecule (Fig. 5b and Fig. S11, ESIf). This data
indicates that JS25 is able both inhibit catalytic activity and
degrade BMX it in cells.

Cancer cell growth inhibition by BMX inhibitors

The role of BMX in different pathologies is not yet fully validated.
Nevertheless, it has been implicated in many regulatory
mechanisms and despite the absence of a BMX dependent
disease model, prostate cancer cell lines have been used to
evaluate anti-proliferative effects of the inhibitors in a cellular
context. In a previous experiment (unpublished results) we
screened several inhibitors from Table S1 (ESIt) in a collection
of cell lines representing prostate, brain, blood, breast, ovary,
lung, bone marrow and lymphoid tumour tissues. Compounds
were incubated with cells for 72 h in a 386 well-plate format to
monitor dose-dependent impact on viable cell growth by using
the CellTiter-Glo®™ luminescent assay, which quantifies ATP and
the presence of metabolically active cells. The study included
JS24, BMX-IN-1 and the structurally similar compounds JS10
and JS11 which do not bind to BMX (Fig. S1 and Table S1, ESIT).

The results presented in Table 5 show that JS10 and JS11
(non-binders) have little or no effect on viable cell growth of the
majority of the tested cell lines. BMX-IN-1 demonstrated more
potent inhibitory effects relative to JS24 in the four prostate
cancer cell lines that were included in the panel, 22RV1, PC3,
LNCaP and DU145, particularly in those dependent on androgen
receptor signaling (LNCaP and 22RV1). In contrast, androgen
receptor negative cells (DU145 and PC3) were overall more
resistant to treatment. In addition, JS24 showed potent inhibitory
effects against LNCaP and 22RV1 but also against PC3,
which are androgen receptor negative cells. Furthermore, both
compounds were also potent inhibitors of viable cell growth for

This journal is © The Royal Society of Chemistry 2020
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Table 5 Viable cell growth inhibition of compounds BMX-IN-1, JS10, JS11 and JS24 in a panel of prostate, brain, blood, breast, ovary, lung and

lymphoid cancer cells?

Tissue Cell line BMX-IN-1 Js24 Js1o0 Js11

Prostate LNCaP 1.81 £ 0.05 4.4 + NC 9.7 = NC 10.41 £ NC
22 RV1 2.07 + 0.06 6.66 + 0.09 4.86 £+ 0.11 7.3 £ NC
PC3 10.98 + 1.13 4.8 + NC ND 20.12 + NC
DU145 17.7 = NC ND ND ND

Brain U-87MG 5.33 + 0.19 5.04 + 0.01 ND ND
SK-N-MC 2.36 £ NC 8.53 + 0.44 11.19 +£ NC 8.24 + NC

Blood Jurkat 5.99 + NC 5.48 + ND 9.71 + 1.48 6.36 + 0.17
Kasumi 3.13 + 0.06 5.12 + 0.12 4.37 £ 0.04 10.14 £ 0.07

Breast MDA-MB-231 23.61 £+ 0.48 ND ND ND

Ovary CAOV3 7.68 + 0.13 8.56 + NC 17.30 &= NC 19.31 £ NC
OVCAR3 ND ND ND ND

Bone marrow H1299 ND 7.28 + 0.37 19.42 + NC ND

Lung RS4(11) 1.176 £ 0.06 2.09 + NC 5.06 + NC 6.66 + NC

Lymphoid DAUDI 1.68 £+ 0.07 1.27 + 0.05 2.57 + 0.09 4.57 £+ 0.12

“ Viable cell growth was measured after 72 h incubation in 386 well-plate format. GI5, values were tested in triplicate and are reported as the mean
=+ SD in pM. ND, non-determined, no growth inhibition observed within the concentrations tested. NC, non-calculated. When ambiguous fit was
observed curves were top (100%) and bottom (0%) constrained and GIs, was determined with 4-P least squares fit. In these cases, SD is not

calculated by GraphPad Prism 8.

RS4 (11) (lymphoblast) and DAUDI (T-lymphoblast) cells, in
which BTK is highly overexpressed. Altogether, these results
demonstrate BMX inhibition impacts viable cell growth of
prostate cancer cells and prompted us to investigate further
the importance of the androgen receptor and related BMX
pathways in these cell lines.

Androgen-receptor positive prostate-cancer cells are sensitive to
JS24-J827

Based on the results showed in the previous section, we tested
the ability of compounds JS24-JS27 to inhibit the proliferation
of LNCaP and PC3 prostate cancer cell lines by using CellTiter-
Glow®™. The androgen-receptor negative PC3 cells are resistant
to the treatment, with no significant anti-proliferative effect at
the maximum concentration tested (10 pM). With androgen-
receptor positive cells LNCaP a different profile was observed.
BMX-IN-1 and JS24 showed a GIs, of 1.7 and 1.5 puM, respec-
tively. Compound JS27 was the least active (GI5, 9.3 uM), and
JS25 and JS26 inhibited proliferation with a GIs, of 6.6 and
7.7 uM, respectively, as shown in Fig. 6.

To determine whether the growth inhibition was due to
apoptosis, we carried out fluorescence-assisted cell sorting
analysis with propidium iodide staining. LNCaP cells were
incubated with BMX-IN-1 and JS24-]JS27 for 64h, at 10 uM
and results showed that no marked differences in the percen-
tage of necrotic events relative to the vehicle control, which
suggests that in these conditions these molecules do not
enhance cell death (Fig. S6, ESIT). It is not surprising that all
these compounds show only moderate proliferation inhibitory
potential in prostate-cancer cell lines and it remains questionable
whether modulation of BMX per se is relevant or not, towards anti-
proliferative effects.®® In fact, a large body of evidence in the
literature shows that selective or dual BMX/BTK inhibitors have
poor anti-proliferative effects in BMX-dependent models, most
probably from dynamic compensation of signaling mechanisms.
Focus has been placed on the modulation of BMX activity to

This journal is © The Royal Society of Chemistry 2020

a ® BMXAN-1 Gl 1.7+0.7 uM b » BMX-N-1 Gl 11.5£2.2 uM
= JUs24 Gl 15:23 uM = Us24 Gl 114+41 M
4 US25  Gl,:66+23 uM 4 JS25 Gl 121407 uM
v US26 Gl 7714 uM v JS26 Gl 101£13 uM
o Js27 Glyy 9.3+0.4 uM * Js27 Gl N.d

100

Percent survival
@

S
Percent survival
@

3

0+ r T r T T ]
-75 -70 -65 -60 -55 -50 —45

0 T T T T T 1
-75 -70 65 60 -55 -50 —45

Log [concentration/M] Log [concentration/M]

Fig. 6 Anti-proliferative activity of compounds BMX-IN-1 and JS24-
JS27 against LNCaP (a) and PC3 (b) prostate-cancer cell lines. Briefly,
proliferation in LNCaP and PC3 cells was measured after 96 h incubation,
in 96-well plates with BMX-IN-1 and JS24-J3S27. Glsq values are reported
in uM and are the mean of three individual experiments performed in
triplicate. N.d., non-determined, no growth inhibition observed within the
concentrations tested.

sensitize prostate-cancer cells to other therapeutic agents because
anti-proliferative effects are only observed in combination with
inhibitors of related pathways.*”> BMX-IN-1 growth inhibition of
RV-1 cells could only be potentiated with the Akt inhibitor
MK2206;>* ABT-737, a non-covalent inhibitor only induces
apoptosis upon co-treatment with PI3K inhibitors;*® the dual
BMX/BTK inhibitor CTNO6 requires co-treatment with autophagy
inhibitor chloroquine (CQ) or docetaxel to inhibit PC3 cells
growth®® and a similar profile is observed with the dual BMX/
Src inhibitor CTA095 to synergize with CQ and paclitaxel.**

The activation of BMX in response to PI3K signaling is just
one of the mechanisms through which the levels of BMX become
increased in prostate cancer.***> A very recent study*® showed
that BMX expression in prostate cancer is suppressed directly
through androgen receptor as a result of binding to BMX.
Consequently, BMX expression rapidly increases in response to
androgen deprivation therapy which enhances tyrosine kinase
signaling and the subsequent emergence of castration-resistant
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prostate cancer. This study further highlights the potential use
of BMX inhibitors in combination therapy, in this case in
combination with AR targeting. To further validate this hypo-
thesis and assess the effect of our inhibitors with other drugs,
we performed a co-treatment regimen with known inhibitors of
related upstream and downstream pathways.

Co-treatment of LNCaP cells with JS24-JS26 and androgen
receptor antagonist, PI3K and AKT inhibitors

As shown above, BMX inhibition alone induces limited cell death
in BMX-expressed cell lines owing to the existence of compensatory
mechanisms in signaling pathways. To evaluate whether our BMX
inhibitors could potentially be used in combination treatment
regimens, we sought to look at the synergistic anti-proliferative
effects of BMX inhibitors when combined with other therapeutic
agents, which pre-sensitize prostate cancer cells. For this purpose,
LNCaP cells were co-treated in a combinatorial fashion with
compounds JS24-26, AKT1/2 (AKT inhibitor), Flutamide (androgen
receptor antagonist) and LY294002 (PI3K inhibitor). Cell viability
was evaluated after 5 days with CellTiter-Glo®™ and compared with
the overall anti-proliferative effects of the compounds alone. An
optimization study was performed by screening several concentra-
tions (Fig. S7, ESIt) to determine the ideal conditions to obtain
initial viability above 80% with the individual inhibitors alone
(Fig. S8, ESIT). Based on these results, we tested JS24 (at 3 uM),
JS25 (5 uM) and JS26 (6 uM) with AKT1/2 (1 uM), Flutamide (50 M)
and LY294002 (3 pM). Results are shown in Fig. 7.
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Fig. 7 Anti-proliferative activity in LNCaP cells of compounds JS24-JS26
in combination with AKT1/2 (AKT inhibitor), Flutamide (androgen receptor
antagonist) and LY293002 (PI3K inhibitor). (a) Cells co-treated with JS24
(3 uM), IS25 (5 pM) and JS26 (6 puM) with AKT1/2 (1 uM); (b) 3S24 (3 pM), IS25
(5 uM) and 3526 (6 pM) with Flutamide (50 pM); (c) 3S24 (3 pM), IS25 (5 uM)
and JS26 (6 uM) with LY294002 (3 uM). Values are reported in % cell viability
normalized to DMSO controls and are the mean of three individual experi-
ments performed in triplicate. Determined P-values are illustrated as ns (P >
0.05), * (P < 0.05), ** (P < 0.01), *** (P < 0.001) and **** (P < 0.0001).
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Although the control concentrations of JS24-26 and the
inhibitors did not have an effect on reducing cell viability upon
co-treatment, a marked viability decrease was observed in all
tested conditions. With AKT1/2 a decrease in cell viability
ranging from 48% (with JS24) to 63% (with JS$26) was observed,
relative to control AKT1/2. With Flutamide, the most effective
combination was with compound JS25 (63% cell viability
reduction) and the least effective with JS24 (44% reduction).
Finally, co-treatment with LY294002 decreased cell viability by
35% (with JS24 and JS26) and 59% (with JS25). Overall, these
results demonstrate a synergistic effect between JS24-26 and
AKT1/2, Flutamide and LY294002 in cancer cell proliferation
capable of overcoming the compensatory mechanisms of BMX
inhibition, and open the possibility of becoming useful mole-
cules for drug combination approaches.

Conclusions

We explored a chemical scaffold that contains an archetypal
tricyclic core of a quinoline with a fused pyridinone, which is
present in BMX covalent inhibitor BMX-IN-1. We sought to intro-
duce a chemical handle that may be used for further derivatization
whilst simultaneously tuning the physicochemical properties. We
found that rational modification introduced at the position 7 of the
quinoline moiety leads to potent, single-digit nanomolar inhibition
of BMX and BTK. Topological pharmacophoric features are outside
the chemical space previously explored in BMX inhibition, and
afford molecules with more favorable physicochemical profiles
with a reduced clog P and increased permeability (JS26 and JS27).
We also unveiled the X-ray crystal structure of BMX with a covalent
inhibitor (JS24), which shows the protein with the “DFG-out like”
motif typical of an inactive conformation. The crystal structure also
shows that the “tail substituent”, opposite to the acrylamide war-
head points outside the ATP pocket, which suggests an exit vector
for further derivatizations. A comparable pose for ligands JS24 and
JS27 were proposed by extensive MD simulations performed on the
complexes with BMX.

We determined the rate of covalent modification and, to our
knowledge, this is the highest value reported in the literature.
The kinetic analysis showed that this is mostly driven from the
potency of the first reversible binding event (K; = 323 pM) and
shows that our rational design afforded a preferred fit for the
BMX binding pocket. In a cellular context, most potent com-
pound JS25 also showed low nanomolar potency in a target
engagement assay (45 nM) in BMX-dependent cells (transfected
HEK293) which is 10-fold superior to the reference ligand.
Treatment of PC3 cells with JS25 also led to degradation BMX.
Furthermore, all lead compounds displayed anti-proliferative
effects in androgen-receptor positive prostate cancer cells that
where further increased when combined with known inhibitors
of related signaling pathways, further highlighting the potential
of combinatorial effects with BMX-related pathways.

As stated above, selectivity among members of the TEC
family is hard to achieve. Interestingly, available data shows
that therapeutically active drugs are not selective molecules.

This journal is © The Royal Society of Chemistry 2020
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Ibrutinib, developed as a covalent BTK inhibitor, has been
approved by the FDA for the treatment of chronic lymphocytic
leukemia, mantle cell leukemia (MCL) and Waldenstrom
macroglobulinemia and is currently in multiple clinical trials
because it has proved efficacy in different indications, such as
non-small cell lung cancer and autoimmune diseases.””*”"*?
With a broad selectivity profile, Ibrutinib inhibits the whole
TEC family, EGFR, JAK3, Her2, Blk and Itk kinases. Acalabrutinib,
a second generation BTK inhibitor that was also granted FDA
approval for MCL is more selective, and only inhibits BTK, TEC,
BMX and TXK.* Other BTK inhibitors in clinical development
(Spebrutinib, Zanubrutinib and Tirabrutinib) also display a broad
selectivity for kinases with a cysteine as the Cys496 residue in
BMX, consequently, it is reasonable to extrapolate that the
compounds developed here can become therapeutically useful
as BMX inhibitors and find application in other TEC-related B-cell
malignancies. The most potent compound JS25 also has a multi-
target profile and is active against all five TEC kinases, JAK3 and
BLK. As such, we are currently evaluating the utility of these new
molecules in B-cell related lymphocytic diseases where TEC-
kinases play a prominent role."”"
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64% “on-target” efficacy. Finally, in zebrafish patient-derived xenografts of chronic
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B ruton’s tyrosine kinase (BTK) belongs to the TEC family
of cytoplasmatic kinases and presents a functional cysteine
in the 481 position prone to covalent binding." BTK is
expressed in many cells of the hematopoietic lineage, including
B- and T-cells, monocytes, neutrophils, and mast cells.”

Expression of this protein is essential for the development and
function of mature B-cells, and inactivating mutations in the
BTK gene cause primary immunodeficiency disease X-linked
agammaglobulinemia in humans and X-linked immunodefi-
ciency in mice.” Moreover, constitutive activation of BTK in
systemic lupus erythematosus results in an accumulation of
antibody-secreting plasma cells." BTK is also a proximal
component of the B-cell receptor, and it is activated by
upstream Src-family kinases through intermediate signaling
generated by PI3 kinase.”® Once activated, BTK phosphor-
ylates phospholipase-Cy (PLCy), leading to Ca®" mobilization
and activation of NF-kB and MAP kinase pathways, promoting
proliferation and survival of B-cells.” BTK also induces the
dependent proinflammatory production of cytokines IL-6 and

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

IL-10%° and controls integrin-mediated adhesion of B-cells*®
and their responses to chemokines, such as SDF-1.""'"
Deregulation of BTK is observed in some autoimmune

. 13,14
diseases

and in hematological cancers, including myeloid
and B-lymphocytic leukemias (acute myeloid leukemia (AML),
acute lymphocytic leukemia (ALL), chronic lymphocytic
leukemia (CLL)), Waldenstrom’s macroglobulinemia (WM),
mantle cell lymphoma (MCL), Burkitt’s lymphoma (BL), and
diffuse large B-cell lymphoma (DLBCL), further indicating

that BTK is an effective target for numerous pathologies.l’ls’16
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Since its first description, multiple BTK inhibitors (BTKi)
have been developed. The irreversible BTK inhibitor ibrutinib
was the first FDA-approved BTKi and is associated with high
response rates in relapsed/ refractor?r CLL, WM, and MCL and
in chronic graft versus host disease. 718 However, with a broad
selectivity profile, ibrutinib inhibits the whole TEC family,
EGFR, JAK3, Her2, Blk, and ITK kinases. Ibrutinib’s “off-
target” binding is usually associated with adverse effects such as
rash, diarrhea, bleedings, infections, and atrial fibrillation,
leading to treatment withdrawal in 9—23% of patients."”
Ibrutinib can also antagonize rituximab-induced antibody-
dependent cellular cytotoxicity due to inhibition of its family
member ITK, further limiting its use in combination
regimens.”’ Despite the clinical success of ibrutinib, further
refinement was required in terms of adverse effects, fueling the
development of highly selective BTKi. Acalabrutinib and
zanubrutinib are the most recently FDA-approved inhibitors
and show clinical potential with improved selectivity and with
fewer adverse effects relative to ibrutinib. Acalabrutinib was
approved in 2017 for MCL and in 2019 for CLL. With higher
selectivity than ibrutinib, acalabrutinib inhibits only BTK,
TEC, BMX, and TXK.'”*' Zanubrutinib was approved in 2019
to treat MCL in adults who previously received therapy.'”**
Zanubrutinib is similar to acalabrutinib with less activity on
TEC and ITK and also displays higher potency and selectivity
for BTK than ibrutinib, with fewer “off-target” effects. In this
study, we investigate the therapeutic potential of a small
covalent molecule (JS25) with nanomolar potency against
BTK (5.8 nM). JS25 was obtained from the scaffold of BMX-
IN-1, a recently discovered molecule that has been shown to
also inhibit BTK, as part of our efforts to identify regions of the
molecule that could be modulated for improved efficacy and
selectivity.”>** Initially, we had explored the JS25 potential for
treating prostate cancer, but later experiments revealed that
JS25 was highly selective for BTK, and therefore, it could have
therapeutic importance in blood malignancies that derive from
BTK’s abnormal expression. Following the preliminary data,
we sought to characterize the binding mode of JS25 to BTK
and asserted its selectivity against a panel of eight kinases
related to BTK’s signaling pathway or with an equally placed
cysteine as to the Cys481 of BTK. We further demonstrate that
the lead compound has potential to inhibit the proliferation of
several hematological cancers and to induce the degradation of
BTK. Validation of its therapeutic effect was conducted in
xenograft murine models of Burkitt's lymphoma, and in
patient-derived models of diffuse large B-cell lymphoma and
chronic lymphocytic leukemia. Finally, we explore the
capability of JS25 to cross the brain—blood barrier and treat
infiltration of tumor cells in the brain.

B EXPERIMENTAL SECTION

Putative 3D Structure of JS25 Linked to BTK. Docking
Studies with AutoDock 4.2. AutoDock 4.2>° was used to
predict the region where JS25 binds to BTK (PDB: 6TFP).
Standard settings for autogrid (number of grid points in xyz:
126, 126, 126; spacing (A) = 0.375) and autodock (genetic
algorithm, max. number of evaluations = 250,000, output =
Lamarckian GA(4.2)) were selected with AutoDockTools
1.5.6.

Molecular Dynamics (MD) Simulations. Simulations on
JS25 or ibrutinib bound to BTK were performed with the
AMBER 20 package (University of California) and imple-
mented with the GAFF2 force field.”® For the BTK/ibrutinib

complex, the coordinates of the reported X-ray structure were
used as starting coordinates (PDB: SP9]). The setup for the
molecular dynamics was performed as previously described,””
with the production step set to 500 ns.

Selectivity Determination against BTK. In-cell target
engagement was performed at Reaction Biology Corporation,
using NanoBRET technology. Very briefly, HEK296T cells
were transfected and treated in duplicate with JS25 for 1 h of
incubation. The compound was diluted 10 times with 3-fold
dilution, starting at 1 pM. Curve fits were performed only
when the % NanoBret signal at the highest concentration of
compounds was less than 55%. The ICy, values were
determined using GraphPad Prism 8 (GSL Biotech LLC).

Inhibition Kinetics Characterization. The BTK enzyme
system and the ADP-Glo kinase assay were purchased from
Promega Corporation (V2941). Ibrutinib was acquired from
BOC Sciences, and acalabrutinib from Advanced ChemBlock.
In each kinase reaction, the concentration of BTK was set to 4
ng/uL. The peptide substrate Poly (4:1 Glu, Tyr) and ATP
concentrations were set to 0.2§ mg/mL and 50 uM,
respectively. BTK was preincubated with different inhibitor
concentrations (8-fold serial dilutions, starting at 100 nM)
over different time periods (2—60 min), before initiating the
kinase reactions. Reactions were started by adding a 2.5X Poly
E4Y1/ATP mixture. The reactions were carried out in a 384-
well plate and quenched simultaneously with the addition of §
uL of the ADP-Glo reagent to consume the remaining ATP
within 40 min. Then, 10 4L of the kinase detection reagent was
added into the wells and incubated for 30 min to produce a
luminescence signal. The signal was measured using an Infinite
M200 Microplate Reader (Tecan) with an integration time of
0.250 s. The observed rate constants for inhibition (k) at
different inhibitor concentrations were determined from the
slope of a semilogarithmic plot of inhibition versus time and
replotted against inhibitor concentration (nM). The exper-
imental values were fitted into a hyperbolic function using
GraphPad Prism 8 to obtain Kj, ki, and k;p,/Kj, as described
previously.”®

Cell Culture. All cell lines were purchased from ATCC,
except for DoHH-2 cells that were obtained from DSMZ. Cells
were cultivated in complete DMEM supplemented with 10%
(vol/vol) FBS (Gibco) and 1% of penicillin/streptomycin
(Gibco). The cells were grown in a humidified atmosphere of
5% CO, at 37°C, with the medium changed every other day.

Cell Viability Assay. Cells were inoculated at a density of
5000 cells/well. Serially diluted compounds (starting at SO
uM) were added 24 h later. The assay was performed in
triplicates. After 72 h of incubation, cellular viability was
assessed by CellTiter-Glo (Promega) according to the
manufacturer’s instructions. The values were normalized with
the vehicle (DMSO), and the IC;, was calculated using
GraphPad Prism 8.

In Vitro Analysis of the Blood—Brain Barrier Perme-
ability. Human cerebral microvascular endothelial cells
(HBEC-5i) were cultured as a monolayer on attachment
factor protein solution (AF)-coated T-flasks (Gibco), using
DMEM/F12 medium (Gibco), supplemented with 10% FBS,
1% penicillin/streptomycin, and 40.0 pg/mL endothelial cell
growth supplement (ECGS, Sigma), according to the
manufacturer’s instructions. The capacity of the compounds
to cross the brain—blood barrier (BBB) was evaluated using an
in vitro HBEC-5i cell model, as previously described.”’ Samples
from the apical and basolateral sides were collected, and
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fluorescence intensity was measured using a Varioskan LUX
multimode microplate reader. The retention was considered
the difference between the initial fluorescence of compounds
(100%) and the aggregated apical and basolateral fluorescence.

BTK Degradation in Raji Cells (Burkitt’s Lymphoma).
Raji cells were inoculated at 0.5 X 10° cells/mL, and JS25 was
added at a final concentration of 10 M. At 0, 4, and 15 h of
incubation, the cells were harvested, and the pellets were
resuspended in lysis buffer (20 mM Tris—HCI, 150 mM NaC],
pH 8.0, 0.1% Triton X-100), supplemented with EDTA-free
Protease Inhibitor Cocktail (Merck) and DNase I (Merck).
The protein concentration was determined using the Pierce
BCA Protein Assay Kit (Thermo Scientific). Western blot was
performed with rabbit BTK antibody (1:1000; 3533, Cell
Signaling Technology), mouse a-Tubulin antibody (1:5000;
5168, Merck), goat anti-rabbit IgG (H + L) secondary
antibody HRP (1:7000; 65-6120, Invitrogen), and goat anti-
mouse IgG (H + L) secondary antibody HRP (1:5000; 2-6520,
Invitrogen). The Signal was revealed with the Clarity Western
ECL Substrate (Bio-Rad Laboratories), and band intensity was
measured using Image] software (National Institutes of
Health).

Mice Xenograft Model of Burkitt's Lymphoma. Female
adult BALB/c/NSG mice were injected subcutaneously with 1
X 10° Raji cells, in a 1:1 solution of Matrigel Matrix (Corning)
to create solid tumors. When tumors reached 180 mm® on
average, mice were randomized into four groups (n =6/
group), and dosing began every 2 days. JS2S and ibrutinib were
administered via i.p. injection, as a mixture of 20% of Kolliphor
(Sigma-Aldrich) in PBS. Three treatment groups were
included based on a similar study reported by Li et al.: one
dose of ibrutinib (10 mg/kg), and two doses of JS25 (10 and
20 mg/kg). Tumor size and body weight were monitored
periodically for 12 days. At the end of the experiment, mice
necropsies were performed. Stereological analysis was con-
ducted by the Histopathology Unit at Instituto Gulbenkian de
Ciencia and by the Comparative Pathology Unit at Instituto de
Medicina Molecular Jodo Lobo Antunes. Quantification of
metastases and cell necrosis was performed in all groups (n =
S/group). Statistical analysis was conducted using one-way
ANOVA. The Dunnet test was used to analyze the statistical
significance between the treatment groups and the control.

Ex Vivo Model of Diffuse Large B-Cell Lymphoma.
Primary Material Collection and Purification. Primary lymph
node samples were taken from patients, following hospital
standard operating procedures. Clinical information including
diagnosis was collected by the study center in a case report
form. Target markers were confirmed by flow cytometry at the
final laboratory prior to use.

Cell Plating, Assay, and Screening. Cells were plated at
10,000—20,000 cells per well in 384-well PerkinElmer Cell
Carrier Ultra plates, containing prespotted small molecules in
DMSO distributed by a Labcyte ECHO, in quadruplicate
technical replicates in 4-point dose—response curves starting at
10 M and decreasing by 1:3. DMSO volume in each well
including controls were kept constant at 0.1% final volume of
media. Plates were randomized and contained at least 15
DMSO vehicle control wells. Incubation took place for 72 h at
37 °C in air supplemented with 5% CO,. At the end of the
incubation period, the cells were stained with a viability dye
(Invitrogen), fixed, and permeabilized using low-concentration
formaldehyde and Triton X-114 in DPBS, and the resulting
monolayers were stained with fluorescent antibodies against

surface markers (CD19 (eBiosciences, clone HIB19), CD20
(BD, clone L27), and CD79a (BioLegend, clone HM47) along
with DAPI (Sigma)). Fluorescent antibodies are used in
different nonoverlapping fluorescent channels.

Imaging and Image Analysis. Imaging of the primary cell
monolayer was performed using PerkinElmer CLS spinning
disk automated confocal microscopes, with nonoverlapping,
sequential, fluorescent channel imaging. All images were taken
with a 20X objective. Five fields were imaged, representing at
least 50% of the well bottom, for each well (seven TIFF images
in total per field, one for each color channel plus brightfield,
and 405 nm for DAPI, and merged). For analysis, the images
were subject to image illumination correction. Cell identi-
fication in each image works by finding the cell nucleus
(relying on DAPI staining) using classical thresholding
approaches. Segmentation was performed using proprietary
algorithms. Classification (cell antigen expression and viability)
of every single cell was achieved using deep convolutional
neural networks trained on B-cells and other cells from B-NHL
samples stained with the specific markers utilized for these
experiments, as well as on the fixable live/dead viability dye.
The network considers variations in staining of the marker and
viability marker intensity (cytoplasm and membrane localized)
along with other stain-based characteristics. For this work, the
networks had at least 95% classification accuracy. Information
on the calculation of the drug response score (DRS), the
relative cell fraction, and cell fraction can be found in Snijder et
al. All raw Pharmacoscopy data were visualized in R (3.6.1).

Zebrafish Xenograft Model of Chronic Lymphocytic
Leukemia. Peripheral Blood Mononuclear Cell (PBMC)
Isolation and Cryopreservation. Whole blood (3—6 mL)
from CLL patients (Supporting Table S1) was collected, and
PBMCs were purified by Ficoll-Paque PLUS (GE Healthcare)
density centrifugation.

PBMC Processing for Zebrafish Injection. The collected
PBMCs were resuspended in RPMI (Biowest) with 3 times
their volume and centrifuged at 1400 rpm, 4 °C, for 7 min. Cell
pellets were resuspended in DPBS 1Xx (Biowest) supplemented
with universal nuclease at 25 U/mL (Thermo Scientific).
Concentration was normalized to 5 X 10° cells/uL for
zebrafish patient-derived xenograft (zPDX) generation. Prior
to drug efficacy analysis in zebrafish, the cells were distributed
to proceed for flow cytometry, to determine the percentage of
CD19+CDS5+ cells within the CD45+ population, from
PBMCs of each CLL patient. The maximum tolerated
concentration was also determined for each compound in
noninjected zebrafish larvae (Supporting Figure S1).

Zebrafish Patient-Derived Xenograft Injection and Drug
Administration. Zebrafish larvae were anesthetized with
Tricaine 1X, and thawed PBMCs were microinjected into
the perivitelline space of anesthetized zebrafish larvae at 48 h
post fertilization. After injection, zPDXs were sorted and
randomly distributed into the different treatment groups in E2
medium/DMSO (control), JS25, ibrutinib, and venetoclax.
zPDXs were maintained at 34 °C, and all drugs were renewed
daily for 2 consecutive days. At the end of the assay, 4 days
post injection, zebrafish xenografts were sacrificed with an
overdose of Tricaine 25X and fixed in 4% formaldehyde
(Thermo Scientific) overnight, followed by storage in 100%
methanol (VWR) at —20 °C.

Whole Mount Immunofluorescence. The whole mount
immunofluorescence protocol was started by rehydrating the
xenografts through methanol series (75% > 50% > 25% in PBS
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Figure 1. Putative structure of BTK covalently inhibited and cell viability assays. (a) Chemical structure of JS25 and other BTK inhibitors used. (b)
The energetically best poses for BTK as determined by docking calculations. (c) Overlay of 10 frames of BTK/JS2S complex sampled from 0.5 us
MD simulations, together with the distance between the sidechain of Leu408 and the aromatic ring (Ph-SO,Me) of JS25, and the geometry of the
sidechain (y' dihedral angle) of Tyr551 throughout MD simulations. (d) Overlay of 10 frames of BTK/Ibrutinib complex sampled from 0.5 s MD
simulations, together with the geometry of the sidechain (y1 dihedral angle) of TyrS51 through MD simulations. BTK is shown as blue ribbons,
and carbon atoms of the ligand and TyrS51 are shown in green and purple, respectively. (e) Cell viability of Raji, (f) DoHH-2, (g) WA-C3CDS+,
(h) Mo1034, (i) MOLM-13, (j) HL-60, (k) HEK293T, (1) JURKAT, and (m) HBEC-Si. Cells were treated with serial doses of acalabrutinib,
ibrutinib, and JS2S for 72 h. Error bars correspond to the standard deviation of the mean, n = 3 technical replicates. (n) Degradation analysis of
BTK after treating Raji cells with JS25. (o) Translocation profile of different compounds (1S M) at 1 h and (p) 24 h. Experiments were performed
in triplicates on at least three different days using independently grown cell cultures. Error bars correspond to the standard deviation of the mean.
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1X-Triton 0.1%). Next, the xenografts were permeabilized in
PBS 1x with 0.1% (v/v) Triton and incubated in a blocking
solution (containing 1% BSA and 1.5% goat serum) for 1 h at
room temperature. The xenografts were incubated with the
primary antibodies (anti-cleaved caspase 3—Cell Signaling
Technology, clone Aspl7S, 9661, 1:100; anti-human mito-
chondria—Merck Millipore, clone 113-1, MAB1273, 1:50)
diluted in the blocking solution overnight at 4 °C, followed by
additional overnight incubation with 1:400 of secondary
antibodies: Alexa goat anti-rabbit 594 (35560, Thermo
Scientific) and Alexa goat anti-mouse 647 (8454S, Thermo
Scientific), and nuclei counterstaining with DAPI at 50 yug/mL
(Sigma-Aldrich).

Imaging and Quantification. All images were obtained
using a Zeiss LSM 980 Upright confocal laser scanning
microscope. Xenografts were mounted in in-house Mowiol
mounting media, and sequential images along tumor’s depth
(from cloaca until the end of the tail) with a S m interval were
acquired using the z-stack function. Upon image acquisition,
analysis was performed using Image] software. For tumor
burden, the area occupied by the PBMCs in each slice of the z-
stack pile was determined by Image]J software and summed up
to obtain the tumor burden per xenograft. To express the
outcome as fold induction, values obtained for controls and
treatment conditions were normalized to the control. Tumor
incidence was given by dividing the number of zebrafish
xenografts that presented tumor cells between cloaca and the
end of the tail, per the total number of zebrafish xenografts
alive at the end of the assay (2 days post injection).

Statistical Analysis of Zebrafish Patient-Derived Xeno-
graft Data. Statistical analysis was performed using GraphPad
Prism 8. All data were challenged by two normality tests—the
D’Agostino—Pearson and Shapiro—Wilk normality tests. A
Gaussian distribution was only assumed for data sets that pass
both normality tests and were analyzed by an unpaired t-test
with Welch’s correction. By opposition, data sets that did not
pass one or both normality tests were analyzed by the Mann—
Whitney test, an unpaired and nonparametric U test. Fisher’s
exact test was used for tumor incidence analysis.

B RESULTS

JS25 Exhibits Higher Potency in Inhibiting BTK
Compared to lbrutinib, Acalabrutinib, and BMX-IN-1.
Covalent modification of BTK is a two-step process that covers
the affinity of the initial noncovalent binding, Kj, and the rate
of covalent bond formation, ki’ The rate of inactivation
(kinact/Ky) is a second-order event, which describes the efficacy
of the covalent bond binding event. To characterize the
covalent interactions of JS25 with BTK, evaluation of the
irreversible binding efficacy was performed as previously
described.” Additionally, we included ibrutinib, acalabrutinib,
and BMX-IN-1 (Figure 1a). The calculated kinetic parameters
K, kp.o and ky,/K; are shown in Table 1. The data
demonstrated similar binding affinity between JS25, ibrutinib,
and BMX-IN-1 for BTK, as indicated by their respective K;
values: 0.77, 0.59, and 1.29 nM. Out of the four compounds,
acalabrutinib presented the weakest binding affinity for BTK
(K; = 15.07 nM). Most importantly, the rate of covalent bond
formation, ki, of JS25 is 10-fold faster (0.401 min™')
compared with ibrutinib (0.041 min™'), acalabrutinib (0.038
min~!), and BMX-IN-1 (0.038 min™"); consequently, JS25
efficiently inactivated BTK with a k;,,./K; of 8.72 uM™" 57,
displaying an increased rate of inactivation of approximately 8-

Table 1. Comparison of the Kinetic Parameters

compound K; [nM] Kinaet [min™']  kipoee/ Ky [pMT 7]
JS25 0.77 + 0.06 0401 + 0.064 8.72 + 1.02
ibrutinib 0.59 + 0.03  0.041 + 0.004 1.17 + 0.13¢
acalabrutinib 15.07 + 0.51 0.038 + 0.005 0.04 + 0.01°
BMX-IN-1 129 + 0.50  0.038 + 0.008 0.49 + 0.15°

“Value with a 0.17 deviation from published results (Liclican et al,,
2020).** ®Value with a 0.002 deviation from published results
(Liclican et al., 2020).** “Value with a 0.29 deviation from published
results (Wang et al. 2017).%

fold relative to ibrutinib (1.17 uM™" s™'), 200-fold relative to
acalabrutinib (0.04 uM™' s7'), and 18-fold relative to BMX-
IN-1 (049 uM™" s7'). The differences in kinetic properties
between the tested compounds highlight the variances in their
specific binding modes and suggest an improved complemen-
tarity of JS25 with the target protein.

Selectivity and Inhibition for BTK are Induced by
Hijacking of Me477, Leu408, and Tyr551. The putative
3D structure of JS25 covalently bound to BTK was generated.
AutoDock 4.2 software was used to predict the region where
JS25 binds to BTK (noncovalent docking). The crystal
structure of this protein, reported together with an inhibitor
(PDB: 6TFP), was used for the docking studies. Interestingly,
the best 10 docking poses in terms of binding affinity interact
with BTK in the same region as other reported inhibitors”"
(Figure 1b). A detailed analysis of the different poses shows
that pose #10 localizes the Michael acceptor moiety near
Cys481. Therefore, we covalently bound JS25 with this 3D
orientation to this cysteine residue of BTK and performed 0.5
us MD simulations in explicit water (Figure 1c). The
simulations show that the complex is stable due to the
occurrence of hydrogen bonds and hydrophobic contacts
between the ligand and the receptor. Hydrogen bonds are
established between the oxygen atoms of the sulfonamide and
the main chain of Me477 (which occupies about 30% of the
total trajectory time). Equally, the aromatic ring containing the
sulfonamide group is engaged in a CH/r interaction with the
sidechain of Leu408, which is maintained throughout the
simulation time (Figure 1c). We also analyzed the dynamics of
Tyr551, as BTK inhibitors can be classified according to their
ability to trigger the “sequestration” of this Tyr residue. In
cells, sequestration of Tyr551 was shown to render it
inaccessible for phosphorylation.”’ According to our calcu-
lations, TyrSS1 is sequestrated around 60% of the whole
trajectory (' torsional angle close to 180°). To validate our
simulation protocol, we performed MD simulations for the
complex of BTK with ibrutinib (Figure 1d), using the X-ray
structure as the initial coordinates (PDB: SP9J). As in the X-
ray structure, the MD simulations show a hydrogen bond
between the —NH, group of the ligand and the main chain of
Glu475 (with a population of about 32%) and a hydrophobic
contact between the phenyl group of ibrutinib and (population
about 83%). As for the dynamics of TyrSS1, our calculations
showed that this residue is inaccessible about 72% of the time,
which is consistent with the X-ray structure and experimental
data.

JS25 Presents a More Favorable Selectivity Profile
than Ibrutinib and Acalabrutinib. Compound selectivity is
a crucial factor to take into consideration in drug discovery, as
in many cases, a lack of selectivity can translate into increased
toxicity in clinical trials.”" It is also important to note that
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selectivity toward specific TEC kinases and other pathway-
related proteins is particularly difficult, as these share a high
sequence and structural similarity, including a reactive cysteine
in the catalytic pocket.”” To determine whether JS25 is a
selective binder, we evaluated its inhibitory capability against
BTK, BMX, ITK, TXK, and TEC and against other BTK
pathway-related proteins (BLK, EGFR, ERBB2, and JAK3).
The selectivity of JS25 is shown in Table 2, and it is defined as

Table 2. Kinome Selectivity of JS25

kinase ICs, (M)“* selectivity (kinase/BTK)
BTK 2.85 x 107 + 0.55 1

BMX 490 x 107* + 0.40 1.7

TXK 1.90 X 1077 + 0.50 6.7

TEC 220 X 1077 + 0.30 7.7

ITK 440 X 1077 + 0.10 15.4

BLK 2.60 X 107 + n.d. 104

EGFR >3 x 1076 nd.

ERBB2 >3 x 107¢ nd.

JAK3 >3 x 1076 nd.

“Average of duplicates, showing mean + S.D. “n.d.: not determined.

ICy, kinase/ICs, BTK. JS25 showed an ICs, value of 28.5 nM
against BTK, and the value for BMX was 49.0 nM,
representing an ~2-fold increase in the selectivity toward
BTK. Within the TEC-family kinases, JS2S presented ~7-fold,
~8-fold, 15-fold, and 100-fold higher selectivity for BTK,
relative to TXK, TEC, ITK, and BLK, respectively.
Importantly, the values of ICy, for EGFR, ERBB2, and JAK3
were all higher than 3 M. Overall, our data reveal that JS25 is
very selective for both BMX and BTK, but with lower reactivity
for other proteins within the TEC family, as well as for other
proteins in BTK’s signaling pathways, possibly mitigating the
chances for “off-target” effects in the clinical stages.

JS25 Has a Wide Spectrum of Activity in Blood
Cancer Cell Lines. Having demonstrated JS2S5 as a potent
inhibitor of BTK in biochemical assays, we turned to its
characterization in standard cell lines of hematological cancers,
related to an abnormal expression of BTK, including BL,
DLBCL, CLL, AML, and acute promyelocytic leukemia
(APML). Acalabrutinib and ibrutinib were also included to
validate the therapeutic relevance of JS25 in these cell lines.
The results presented in Figure le—m show that JS25 has a
significant effect on viable cell growth in all of the tested cells,
and it has the capability to inhibit the proliferation with similar
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Figure 2. JS2S treatment inhibits the tumor growth of Burkitt’s lymphoma and induces selective ex vivo cytotoxicity in primary DLBCL samples.
(a) Schematic representation of the in vivo assay. Blue arrows indicate days of treatment. (b) Tumor size and (c) body weight were monitored
periodically. (d, e) Quantification and analysis of the metastases and tumor formation observed (n = S/group), ((b) **p = 0.0018 and 0.0090, (d)
#*kp = 0.0086, *p = 0.0418, (e) *p = 0.0386). Statistical analysis was conducted by one-way ANOVA, followed by Dunnett’s test for significance:
not significant (ns) p > 0.05; *p < 0.05 (*); **p < 0.01. (f) Example of neoplastic cells observed in the liver of the control and JS25-treated groups.
(g) Schematic representation of the ex vivo experiment. (h) JS2S and (i) ibrutinib/drug response score (DRS) calculated as 1-mean of the RCF.
Each concentration point for each sample was performed in four replicates at 72 h incubation time point. Blue indicates DRS > 0, and white
indicates DRS < 0. DRS scores > 0 indicate “on-target” cytotoxic response, and <0 indicates general cytotoxicity or “off-target” cytotoxic response.

F

https://doi.org/10.1021/acsptsci.2c00163
ACS Pharmacol. Transl. Sci. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsptsci.2c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00163?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.2c00163?fig=fig2&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.2c00163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

a

Flow Cytometry

Blood Collection f S 0 8383
o - S :
PBMC o DMSO | 55 070 | .
O Ibrutinib | JS25 i 't g '
[\ Q 8 604 5228
CD5 zPDX | Venetoclax - S &
- =)= =) e ©
P > | - T E 50
i &< tumor incidence &
Yo a, 48h of treatment tumor burden 0-
#O#2 #3
CLL patients

CLL zPDX#1

CLL zPDX#2

CLL zPDX#3

d e f g

p " q

1004 ns ns

[}
[ =
5 g
2 4
E .8
g °
x £
o S
a =
N
o
o
X
DMSO Ib JS25 VTX
n= 36 37 35 35
S *

100 6 -
5 °
£ 80-] S °
2 °

S 4
£ 60 23 .
= =
X 40 2 )
3 51
N 20-] =
S S
< ol E o
° DMSO b JS25 VTX DMSO b 4525 \VIX
n= 41 39 35 44
_ 5
g
S c4
= 5]
~ el
= 53
§ o
5 T
s 5
o 1
o
=X
DMSO Ib JS25 VTX

n= 74 74 55 34

Figure 3. Comparison of the therapeutic effects of BTK inhibitors in zebrafish patient-derived xenografts of CLL disease. (a) Representative
scheme of the zPDX assay. (b) Percentage of CD19+CDS+ cells within the CD4S+ population from PBMCs of each CLL patient. (c—c’)
Representative zPDX confocal image on where the therapeutic effects of the different compounds were analyzed (white rectangle). (d—o)
Representative confocal images for each zPDX. Percentage of zPDXs with tumor ((p) ***¥p < 0.0001, (r) **p = 0.0080, ****p <0.0001, (t) *p =
0.0183, **p = 0.0054, ****p < 0.0001) and tumor burden ((q) ****p <0.0001, (s) *p = 0.0188, **p = 0.0045, ****p <0.0001, (u) ****p <
0.0001). The outcomes are expressed as AVG (b, p, r, t) and AVG + SEM (fold induction-normalized values to controls) (g, s, u). Data are from
one independent experiment, and the number of xenografts analyzed for tumor burden is indicated in the representative images. The number of
total zZPDXs analyzed at the end of the assay to generate the tumor incidence is indicated below the respective charts. Each dot represents one
zebrafish xenograft. Statistical analysis was performed using Fisher’s exact test (tumor incidence) and an unpaired test (tumor burden). Statistical
results: ns > 0.05, *p < 0.05, **p < 0.01, ***¥p < 0.001, and ****p < 0.0001. Scale bar represents S0 ym.

or greater potency than the FDA-approved BTKij, acalabruti-
nib, and ibrutinib. JS25 presented 15-fold greater efficacy than
Ibrutinib to inhibit the proliferation of Raji cells (BL), with an
ICs, value of 2.3 uM (Figure le). In DoHH-2 (DLBCL),
Mo1043 (CLL), and MOLM-13 (AML) cell lines, there were
no major improvements (Figure 1fhji); however, in WA-
C3CDS+ cells (CLL), the antiproliferative potency of JS25

(3.5 uM) was approximately 7-fold greater than Ibrutinib (25.9
uM; Figure 1g). In addition, JS25 also presented better efficacy
than ibrutinib in HL-60 cells (APML) with an ICg, value of
1.95 uM (Figure 1j). Importantly, other non-B-cell lines
(JURKAT, HEK293T, and HBEC-Si) were not as sensitive to
the treatment (Figure lk—m). Degradation of BTK was also
investigated by treating wild-type Raji cells with a 10 uM
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concentration of JS25 and ibrutinib. Western blot analysis
showed that BTK degradation was evident at 4 h of treatment,
and it was almost completed at 15 h (Figure 1n). These results
validate JS25 as a potential therapeutic candidate with
applicability against hematological cancers and demonstrate
its ability to inhibit both the catalytic activity and the
expression of BTK in tumor cells.

JS25 Effectively Crosses the Blood—Brain Barrier. In
several types of blood cancers, infiltration of malignant white
blood cells occurs in the central nervous system (CNSi) and is
only detected in 3—5% of patients at initial diagnosis, and 30—
40% of patients at relapse.” In relapsed and refractory MCL
CNSi, monotherapy with BTKi has been proven to be
effective, with an objective response rate of 68%. This efficacy
is attributed to the ability of these drugs to cross the BBB and
reach the tumor site.”* The permeability of JS25 on the BBB
was evaluated using an in vitro HBEC-S5i cell model. Ibrutinib
and acalabrutinib were included as controls. As shown in
Figure lo,p, JS25 and acalabrutinib showed similar perme-
ability to the BBB at 24 h (28.5 and 29.2%, respectively).
However, these were comparatively lower than the perme-
ability of ibrutinib (51.9%), due to higher retention rates of
JS25 and acalabrutinib in the cells. Depending on the
intracellular mechanism involved, higher retention of the
compound in the BBB could result in its degradation or in
greater durability of the treatment. These results open a
possibility for JS25 to become useful for the treatment of more
aggressive forms of hematological cancers.

JS25 Has a Superior Therapeutic Effect Relative to
Ibrutinib in a Xenograft Model of BL. To further validate
its therapeutic potency, JS25 was examined in a mouse
xenograft model inoculated subcutaneously with human
lymphoma Raji cells (BL). This study comprised a vehicle
control group and three treatment groups, including one dose
of ibrutinib (10 mg/kg) and two doses of JS25 (10 and 20 mg/
kg). The compounds were administered through intra-
peritoneal injection once every two days for 14 days, and
tumor sizes were measured periodically (Figure 2a). As shown
in Figure 2b, JS25 caused a significant reduction in the solid
tumor sizes (around 30—40%), while ibrutinib—treated groups
did not show significant changes relative to the control.
Additionally, no weight fluctuations were observed by the end
of the treatment (Figure 2c). Considering that drug dosing
strongly influences the existing number of metastases, we
sought to determine the overall percentage in each
experimental group (Figure 2d—f and Supporting Table S2).
Our quantitative analysis revealed that mice treated with JS25
had a significant reduction in their secondary tumor formation
(71—88%; Figure 2d); however, only mice treated with the
highest dose of JS25 (20 mg/kg) presented a significantly
lower percentage of metastases (70% reduction; Figure 2e—f
and Supporting Table S2). For both ibrutinib and JS25 (10
mg/kg doses), the reduction was similar and around 30%
(Figure 2e). Infiltration of tumor cells was not observed in the
heart and kidneys, and drug-induced necrosis of normal cells
was also not observed. Our data show that JS25 has a potential
therapeutic effect in this mouse xenograft model of BL,
supported by the generalized reduction in the size of the
primary tumors, and in the presence of secondary tumors and
metastasis.

JS25 Demonstrates Selective “On-Target” Activity in
the Primary Samples of DLBCL Patients. On the basis of
its kinetic and cytotoxic efficiency, we tested the ability of JS25

to induce targeted cell cytotoxicity on viable DLBCL tumor
tissues, by collecting lymph node samples from patients with
the pathology (Figure 2g). Solid tissues were dissociated; cells
were treated with JS25 and ibrutinib, then fixed, and
permeabilized; and the resulting monolayers were stained
with fluorescent antibodies against surface markers: CD19
(clone HIB19), CD20 (clone L27), and CD79a (clone
HM47), along with DAPL Imaging of the primary cell
monolayer was carried out, and the viability and identity
(cancer versus non-cancer) of individual cells were evaluated
using deep learning-driven image analysis. The “on-target”
cytotoxicity was identified by calculation of the DRS, which has
been shown to correlate with the clinical response for late-stage
hematological cancer patients. This score is measured by
dividing the fraction of live cancer cells under treatment” by
the fraction of live cancer cells of total cells under controls,
averaging across multiple concentrations. As shown in Figure
2h and Supporting Figure S2a, JS25 had an “on-target” effect in
7 out of 11 patients (~64%), and in 4 patients, the “killing”
was off-target or nonspecific (~36%). Ibrutinib presented “on-
target” toxicity in S out of 10 patients (50%) (Figure 2i and
Supporting Figure S2b). Overall, JS25 presented a greater
pharmacologic effect at the target of interest than ibrutinib,
supported by the number of samples that were more sensitive
to the treatment with JS25.

JS25 is More Effective than Ibrutinib in Zebrafish
Patient-Derived Xenografts of CLL. To evaluate the
efficacy of JS25 in CLL patient samples, PBMCs were
collected and used to generate zebrafish patient-derived
xenografts. Here, we compared JS25’s efficacy with ibrutinib’s,
and venetoclax was also included as a positive control.
Venetoclax is a BH3-mimetic Bcl2 inhibitor that induces
significant cell death,®® and it is highly efficient for treating
CLL; however, the rapid onset of apoptosis often leads to
tumor lysis syndrome complications.”” In contrast, ibrutinib
has different dynamics and therefore is less prone to induce
tumor lysis syndrome.**

CLL zPDXs with tumor cells in circulation were randomly
distributed into four conditions immediately following
injection: DMSO (control), ibrutinib (Ib), JS2S, and
venetoclax. After 48 h of treatment, all zPDXs were fixed
and analyzed by confocal microscopy to evaluate tumor burden
and incidence (Figure 3a). Tumor incidence is the percentage
of zPDXs with tumors by the end of the assay, while tumor
burden is the area occupied by PBMCs from the cloaca region
until the end of the tail (Figure 3c—c’). In 2 out of the 3 CLL-
zPDX, ]JS25 was more efficient than ibrutinib in reducing the
CLL disease burden (Figure 3d—u). In CLL-zPDX#2 (dell7p
+), JS2S treatment led to a reduction of the tumor burden by
~45% when compared to ibrutinib (Figure 3h—k,1,s), whereas
in CLL-zPDX#3, JS25 reduces the incidence of zPDXs with
tumors to 27% relative to ibrutinib and 25% in relation to
DMSO controls (Figure 3l—o,t,u) and a tendency to reduce
tumor burden (Figure 3l—o,tu). In all of the zPDXs,
venetoclax has a major impact on tumor incidence and
burden, being able to induce massive cell death of all CLL cells
within 48 h (Figure 3d—u), which is in accordance with the
fast CLL cell killing effect observed in patients. Altogether, our
results suggest that JS25 has a higher therapeutic impact in
CLL, being faster and more effective than its counterpart
ibrutinib.
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B DISCUSSION

Selective BTK inhibition is well viewed as a promising therapy
for multiple hematological cancers and autoimmune diseases.
Ibrutinib was the first-in-class BTKi, and although it is well
tolerated with a durable response, its clinical use has been
limited, prompting the development of second-generation
BTKi. Here, we report a new inhibitor, JS25, a covalent small
molecule with high potency and selectivity for BTK.

We first characterized the covalent modification of BTK by
JS25 using kinetic analysis. An improvement in the covalent
binding efficiency of JS25 to BTK was observed when
compared to ibrutinib, acalabrutinib, and BMX-IN-1, with an
increase of ~8—200-fold in the rate of protein inactivation
(8.72 + 1.02 uM™" s7'). The mechanism of target-specific
covalent inhibition is governed by an initial noncovalently
binding event that places the reactive electrophile close to the
specific nucleophile on the target protein.”” The success of this
initial fitting dictates the rate of covalent bond formation.
Therefore, inhibitors’ structural variations can affect covalent
bond formation and consequent target inhibition, as observed
in this study. Moreover, the combined effect of higher potency
and a faster rate of covalent bond formation seen with JS25
directly translates into less compound required to achieve the
same pharmacologic effect, thereby reducing the probability of
side effects.”

Our MD simulation studies of BTK covalently linked to
JS25 demonstrated that TyrSS1 was sequestrated around 60%
of the whole trajectory, possibly rendering BTK inaccessible
for phosphorylation and causing its inactivation. Consistently,
inactivation of BTK is usually achieved through blocking of
TyrSS1 phosphorylation within the Src homology type 1
(SH1) domain by Src kinases, consequently hindering
autophosphorylation of Tyr223.”” Many BTKij, both covalent
and noncovalent, act directly within the SH1 domain, thereby
interfering with cell survival and proliferation.

JS25 is also a dual inhibitor of BMX and BTK and presents
lower reactivity for TEC, ITK, and TXK and nonreactivity
toward EGFR, BLK, JAK3, and Her2. Additionally, we had
previously shown that JS25 did not react with other Scr
kinases.”> On comparing the J$25 selectivity profile with other
BTKi (Supporting Table S3), we find that JS2S is less reactive
than ibrutinib for TEC, TXK, ITK, EGFR, JAK3, BLK, and
Her2; less reactive for TEC and TXK than acalabrutinib; less
reactive toward EGFR, JAK3, and Her2 than zanubrutinib; and
less reactive toward TEC, TXK, and BLK than tirabrutinib,
although slightly more reactive against ITK. The BTKi
acalabrutinib, zanubrutinib, and tirabrutinib are second-
generation inhibitors, and relative to ibrutinib, these molecules
presented fewer “off-target” effects in early clinical trials.
Dermatitis is a known adverse side effect attributed to
ibrutinib’s “off-targeting” of EGFR;*' and bleeding is attributed
to the “off-targeting” of the TEC protein, although a recent
study suggested it may be caused by inhibition of Scr (eg,
BLK)."” In clinical studies, patients treated with BTKi that
have no “off-target” effect for TEC kinase (e.g., branebrutinib,
evobrutinib, and fenebrutinib) reported less or no bleeding
events.” For this reason, it is desirable that newly developed
BTKi, such as JS25, have higher selectivity for BTK and lower
reactivity toward this particular group of kinases, as shown in
this study. The ]S25 “off-target” profile suggests a more
favorable therapeutic index in comparison to other BTKi.
However, some clarification within the clinical context is

required to understand whether the JS25 selectivity profile will
translate into higher efficacy and safety, particularly in
combinatorial regimens with other drugs.

In the cellular context, JS25 presented a wide spectrum of
activity against several myeloid/lymphoid B-cell cancers
dependent on BTK expression. In addition to inducing
degradation of BTK, JS25 effectively crosses the BBB, but
with higher retention rates than ibrutinib. However, this does
not devaluate the therapeutic potential of JS25 in brain
cancers, since higher retention rates can result in longer
pharmacological effects, depending on the intracellular
metabolism involved. Besides, clinical treatment with acalab-
rutinib (which showed a similar retention rate to JS25) did not
affect the quality of the response to MCL-cell infiltration in the
brain.”*

As a proof of concept of the therapeutic potential, mice with
BL were treated with JS25 and presented a reduction of 30—
40% in the size of their solid tumors, and an overall reduction
in metastasis and secondary tumor formation, relative to
ibrutinib. The percentage of metastatic cells present in the
liver, lungs, brain/meninges, and spinal cord/bone marrow was
similar between treated groups (30% reduction), although
lower with a higher JS25 dosage (70% reduction). Naturally, a
variety of factors can impact JS25’s distribution throughout the
body and even decrease its availability in specific organs.”
Thus, within these conditions, a higher drug dosage was more
impactful in impairing tumor spread and growth in the mice.
Nevertheless, in consistency with the in vitro experiments
performed here, treatment-induced cell death was significantly
more pronounced with JS25. Additionally, no weight
fluctuations were observed by the end of the treatment, even
at the highest dose (20 mg/kg), suggesting a safe and tolerable
profile for JS25 in animal models, within the doses tested.

The drug response score of JS25, in a DLBCL patient
model, was slightly higher than that of ibrutinib, proven by the
overall increased cell death, leading to 64% “on-target” efficacy.
Several genetic variations are on the basis of cellular resistance
to ibrutinib in B-cell cancers such as DLBCL,** including the
missense cysteine-to-serine mutation at position 481 in BTK,
and the compensatory upregulation of the PI3K/AKT
signaling pathway. Mutations that lead to acquired resistance
to JS25 are still unknown and will be important when
evaluating its effectiveness and safety in the clinical stages.
Nonetheless, comprehensive drug-responsive profiles such as
those generated here directly translate the clinical outcome of
JS25 efficacy, thus being a useful route to understand its
potential relevance in the clinic.

In the zebrafish patient model of CLL, in 2 out of 3 zPDXs,
JS25 was more effective and/or faster than ibrutinib, reducing
tumor incidence and tumor burden, thus suggesting a
competitive potential of JS25 over ibrutinib as a promising
anticancer therapy. CLL is a heterogeneous oncological disease
of mature B-cells, in which BTKi are largely prescribed both as
first-line and relapse therapy.* The responses to the current
FDA- and EMA-approved therapies are diverse and commonly
lead to a pathological partial response with incomplete
management of the symptoms.*®*” Therefore, there is an
unmet need to develop more effective and faster BTKi that
produce higher antitumoural responses.

Bl CONCLUSIONS

Small-molecule covalent inhibitors combine prolonged inhib-
ition with high selectivity to the target protein. We showed that
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JS25 binds covalently to BTK at Cys481, and this binding is
more efficient than other BTKi in the market. The measure-
ment of selectivity ICs, values shows an improved selectivity
pattern against EGFR and TEC kinases compared to ibrutinib
and the second-generation inhibitors, acalabrutinib, tirabruti-
nib, and zanubrutinib. JS25 also presented a broad spectrum of
activity in myeloid and lymphoid B-cell cancers and
demonstrated improved therapeutic efficacy against ibrutinib
in patient-derived DLBCL models, as well as in xenograft
models of BL and CLL. JS25 also possesses the potential to
treat metastatic forms of blood cancers in the brain, as proved
by its ability to cross the blood—brain barrier. Taken together,
our results establish JS25 as a therapeutically relevant BTKij,
with demonstrated antiproliferative effects and improved
selectivity profile, and we envisage its clinical use against
hematological cancers and autoimmune diseases.
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