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ABSTRACT

Current treatment against most human cancers is based on DNA-damaging agents, such as
chemotherapy or radiotherapy, that eradicate highly proliferative tumor cells. Unfortunately, a
significant percent of them become resistant to the treatment, thus leading to tumor relapse and/or
metastasis, which eventually results in to patient death. One of the elements involved in the
acquisition of therapy resistance is the DNA damage response (DDR) pathway, which coordinates
cell cycle, DNA repair and apoptosis. We previously identified a novel form of the IKKa kinase, that
we called IKKa(p45), as an upstream regulator of ATM-mediated DNA repair downstream BRAF. We
have now demonstrated that under non-damaged conditions, IKKa is already in a complex with ATM
whose activity is regulated by NEMO. We have demonstrated that NEMO is dispensable for ATM-
IKKa complex activation but is required for driving active ATM and IKKa to the sites of damage, thus
leading to efficient DNA damage resolution. Moreover, recognition of damaged DNA by NEMO
requires PARP activity since PARP1 depletion or inhibition results in defective recruitment of active
ATM to the damaged sites and accumulation of DNA breaks. We propose that compounds that
inhibit IKKa function in DDR, such as PARP or BRAF inhibitors in combination with conventional DNA
damaging agents will provide a more durable therapeutic strategy for the treatment of cancer

patients.
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RESUMEN

La terapia actual contra la mayoria de los canceres esta basada en el uso de agentes que dafian el
ADN, como la quimioterapia o la radioterapia, que erradican las células tumorales proliferantes.
Desafortunadamente, un porcentaje significativo de los tumores se vuelven resistentes al
tratamiento, recaen y/o metastatizan, causando eventualmente la muerte del paciente. Uno de los
mecanismos implicados en la adquisicion de la resistencia terapéutica es la via celular de Respuesta
al Dafio del ADN (DDR), que coordina el ciclo celular, la reparacion del ADN y la apoptosis.
Previamente identificamos una forma nueva de la quinasa IKKa, llamada IKKa(p45), que regula la
reparacion del ADN mediante la activacién de ATM tras ser activada en respuesta a agentes dafiinos
de manera dependiente de BRAF. En el presente estudio mostramos que IKKa forma un complejo
con ATM en condiciones previas al dafio, cuya actividad estd regulada por NEMO. Nuestros
resultados revelan que NEMO no es imprescindible para la activacion de este complejo ATM-IKKa,,
pero es necesario para trasladar las formas activas de ATM e IKKa a los sitios de dafio, permitiendo
una reparacién eficiente del ADN. Ademas, hemos observado que NEMO necesita la actividad de
PARP1 para poder detectar los sitios dafiados del ADN, debido a que la disminucidon o inhibicién de
PARP1 resulta en un reclutamiento defectuoso del ATM activado y, por lo tanto, en la acumulacién
de roturas del ADN. Basandonos en estos resultados, proponemos la utilizacién de inhibidores de la
funcion de IKKa en DDR, como los inhibidores de PARP o BRAF, en combinacion con los regimenes
de tratamiento convencionales de pacientes con cancer para mejorar la estrategia terapéutica de

pacientes con cancer.
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11. COLORECTAL CANCER

The intestinal epithelium is continuously self-renewing through the combination of different cellular
processes involving cell proliferation, differentiation, migration, and cell death. The maintenance of
the equilibrium between these processes is complex but crucial for tissue homeostasis. Thereby,
the alteration of one of these processes can lead to intestinal tumorigenesis. Colorectal cancer (CRC)
is characterized by the abnormal and uncontrolled growth of colonic and rectum cells, caused by

the accumulation of multiple genetic and epigenetic alterations.
11.1 Epidemiology of colorectal cancer

CRC is the third most common cancer in men and women worldwide, accounting for approximately
9% of cancer-related death®. Generally, most CRC (about 95%) are considered sporadic and there
are multiple risk factors (hereditary and environmental), such as other intestinal diseases, obesity,
high fat diet, sedentary lifestyle, alcohol consumption, and long-term smoking, that increase the
probability of developing CRC. Inherited CRCs are less common (about 5%-10%) and can be
subdivided into polyposis syndromes, such as familial adenomatouspolyposis (FAP), and non-

polyposis syndromes, such as Lynch syndrome?.
11.2 Molecular mechanisms of colorectal cancer development and progression

Normally, CRC tumorigenesis initiates with the transformation of normal colorectal epithelial cells
by spontaneous mutations, environmental mutagens, and genetic or epigenetic alterations. The
development of normal colon epithelial cells to aberrant crypt foci, followed by early and advanced
polyps with subsequent progression to early cancer and then advanced cancer has been traditionally
explained by the adenoma-carcinoma sequence (Figure I1). In the classical model, CRC cancer arises
from a dysplastic polyp in an aberrant crypt, which usually presents a driver mutation in APC gene?,
that evolves into an early adenoma (<1cm in size). Then, the adenoma progresses to an advanced
adenoma before finally becoming colon carcinoma and invasive colon cancer. Progressive
accumulation of mutations and epigenetic alterations that cause hyperproliferation such as
KRAS/BRAF, SMAD4, or TP53 mutations allow the malignant transformation of these adenomas into

colon carcinoma and metastasis®>.
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Figure 11. The adenoma-carcinoma sequence. CRC tumorigenesis is initiated by adenomas or serrated
polyps, which driven by a series of defined genetic alterations, progress into colon carcinoma and then, in

invasive CRC. Created with BioRender.com.

At the molecular level, CRC development and progression are driven by three major molecular
mechanisms. The most common is the chromosomal instability (CIN) mechanism, which occurs in
70-85% of sporadic CRC cases and is characterized by aneuploidy, structural chromosomal
abnormalities, loss of heterozygosity at tumor suppressor genes, and chromosomal
rearrangements®. Indeed, these alterations are associated with mutations in specific oncogenic or
tumor suppressor genes such as APC, KRAS, BRAF, SMAD4, or TP53, which regulate cell proliferation
and cell cycle’. Another important mechanism in CRC is Microsatellite instability (MSI), which is
caused by dysfunctional DNA mismatch repair® and is associated with genetic hypermutability®. The
CpG island methylation phenotype (CIMP) comprises the third pathway to CRC. CIMP-positive
tumors can be divided depending on their CIMP levels. CIMP"&" tumors often showed mutations in
BRAF, MLH1 methylation, and silencing of MGMT or CDKN2A, whereas CIMP"% tumors are
associated with KRAS mutations'®. The presence of the three mechanisms (CIN, MSI, CIMP) is not
mutually exclusive and they influence several physiological pathways including WNT pathway,
MAPK pathway, PI3K pathway, TGFB signalling pathway, Notch pathway, and NF-kB pathway,
among others!!. In addition, CRC cells are highly influenced by the stromal and immune cells of the
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tumor microenvironment (TME), particularly TME inflammation affects CRC tumorigenesis and

modules cell polarization'?.

11.3 Colorectal cancer classification

Classically, colon cancer classification is performed based on TNM. In this system, stages are
assigned based on the characteristics of the primary tumor (T), the extent of regional lymph node
involvement (N), and the presence of distant metastasis (M). Using this system CRC tumors are
classified in four different stages (I, II, lll and IV), with subcategories'®. Although TNM is currently
the most common guideline for CRC staging and an important basis to determine the treatment
method, it is not a reliable tool for prognosis prediction. Indeed, the outcome after therapy for CRC
patients is very variable, even when patients are assigned in the same TNM category**, underlining

the necessity of a better understanding of CRC molecular basis.

The emergence of the omics technology allowed the integration of genetic, transcriptomic, and
proteomic data from different biological features. Recently, a new classification system that divided
CRC tumors into four groups depending on their molecular characteristics was described, known as
consensus molecular subtypes (CMS). CMS1 tumors are characterized by MSI, CIMP, and strong
immune infiltration; CMS2 tumors showed canonical features such as WNT signalling activation;
CMS3 tumors carry KRAS mutations with metabolic features; and CMS4 tumors present stromal

infiltration and TGFP activation®®.

11.4 Colorectal cancer treatment

Treatment options for CRC patients include surgery, chemotherapy, targeted therapy,
immunotherapy, gene therapy, and combination therapies. The standard guideline for primary
colon cancer is surgical resection of the area containing the tumor and lymphoid nodes. Surgery is
usually accompanied by chemotherapy/radiotherapy at adjunvancy (after surgery, to eliminate

remaining tumor cells) or neoadjuvancy (prior to surgery, to reduce tumor mass)°.

Regarding chemotherapy, the most commonly used chemotherapeutic agents include 5-
Fluorouracil (5-Fu), Irinotecan (Iri.), Oxaliplatin, Calcium folinate, and Capecitabine. These agents
are usually given together in different combination treatments: FOLFOX (5-Fu+Calcium folinate +
Oxaliplatin), FOLFIRI (5-Fu + Iri. + Calcium folinate), CALPEOX (Capecitabine + Oxaliplatin) and
FOLFOXIRI (5-Fu + Iri. + Calcium folinate + Oxaliplatin)?®.
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Targeted therapies can be divided into two categories: small molecule signal transduction inhibitors
and monoclonal antibodies’. Small inhibitors can eliminate cancer cells by specifically blocking
signalling pathways necessary for tumor growth and proliferation. In contrast, monoclonal
antibodies recognize tumor cells through specific antigens inducing their eradication. Examples of
this targeted therapy are the clinically approved anti-EGFR antibody (Cetuximab) for KRAS wild-type
CRC?® or anti-VEGF (Bevacizumab) for blocking angiogenesis'®. Targeted therapies can be also used
in combination with chemotherapy for advanced and metastatic CRC cancer, to enhance their

effectiveness against tumor cells?’.

Immunotherapy fights tumors by activating the immune system to directly attack tumor cells. Some
immune checkpoint inhibitors have been approved for CRC treatment, such as the PD-1 inhibitors
nivolumab and pembrolizumad?®. Regarding gene therapy, recent clinical studies have shown

promising results, however efficient and reliable delivery methods are still under development??.

The appearance of new therapeutic agents and combination therapies has considerably improved
cancer treatment in the last years. However, therapeutic resistance is still a major problem in cancer
patients because it is the main cause of relapse and death. For that reason, uncovering druggable

mechanisms involved in therapy resistance is one of the main focus of cancer research.
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12. DNA DAMAGE RESPONSE PATHWAY

The maintenance of genome integrity and fidelity is essential for the proper function and survival of
all organisms. However, the genome is constantly assaulted by endogenous factors and by a large
variety of exogenous genotoxic agents. To counter this threat, cells have evolved an intricate
network of mechanisms to detect DNA damage, signal its presence and mediate its repair,
collectively termed as the DNA damage response (DDR)?%?3, In order to ensure genome integrity,
DDR coordinates accurately the complex network of signal sensors, transducers, and effectors?*.
DNA damage is directly recognised by DDR sensors, which activate the signalling cascade of DDR
transducers, resulting in the activation of DDR effectors, that are involved in the regulation of a wide
variety of cellular processes such as DNA replication, DNA repair, cell cycle control, and programmed
cell death?. Failure to repair DNA lesions may result in blockages of transcription and replication,
mutagenesis, and cellular cytotoxicity, which has been shown to be involved in a variety of

genetically inherited disorders, aging, and carcinogenesis?®?’.
12.1 DNA damage and repair

Based on its origin, DNA damage can be categorized as endogenous or exogenous DNA damage.
Most of the endogenous DNA damage arises from the chemically active DNA engaging oxidative
reactions with reactive oxygen species (ROS), that are naturally present within cells?®. But it could
also be generated due to the accumulation of replication errors, DNA base mismatches,
spontaneous base deamination, or DNA methylation?®. On the other hand, exogenous DNA damage
occurs when DNA is injured by environmental, physical, and chemical agents, such as UV radiation,

ionizing radiation, alkylating agents, and crosslinking agents®C.

DNA lesions can vary from breaks in phosphodiester bonds of the DNA helix -such as single-strand
breaks (SSBs)3! and double-strand breaks (DSBs)3?- to base damage including pyrimidine dimers,
mismatches, and crosslinks. SSBs are often generated from oxidative damage or from the defective
activity of the DNA topoisomerase 1 (TOP1) enzyme. Unresolved SSBs during DNA replication can
be converted to more deleterious DSBs, resulting in chromosome breakages and translocations,

leading to severe genome instability®3.

The type of ends and the structures of the DNA breaks dictate the selection and the recruitment of

repair factors34. Although some breaks can be repaired by direct reversal® and interstrand crosslink
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(ICL)*® mediated via proteins such as O°-methylguanine methyltransferase (MGMT), most are
mediated by series of protein phosphorylation events. There are five major DNA repair pathways
that are active throughout different cell cycle stages®’: Base excision repair (BER), Nucleotide
excision repair (NER) and Mismatch repair (MMR) for SSBs, Homologous recombination (HR) and

Non-homologous end joining (NHEJ) for DSBs (Figure 12).
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Figure 12. DNA repair pathways. Specific types of DNA damage (SSBs or DSBs) result in the activation of
specific signalling and repair cascades. For the repair of DSBs PIKK members (ATM, ATR and DNA PKc) are
crucial regulators. DSBs could be repaired through rapid non-homologous end joining (NHEJ) or through
higher fidelity homologous recombination (HR). PARP1 is key to mediating multiple DNA damage repair

pathways. Created with BioRender.com.

In BER pathway, a DNA glycosylase recognizes and excises damaged base, while DNA polymerases
(POLB), nucleases (XRCC1) and ligases (LIG1, LIG3) mediate lesion reparation®. NER pathway is used
to correct SSBs involving helix-distorting bulky lesions and is mediated by two different mechanisms:
transcription-coupled (TC) NER, which repairs damaged active transcription sites of RNA polymerase
I, or global-genome (GG) NER, which fills in the gap formed by ssDNA due to base pairing disruption.
Endonucleases XPF-ERCC1/4 and XPG cut the damaged strands, then DNA polymerases POLS and
POLe and ligase LIG1 perform damage reparation®. MMR pathway is activated to repair DNA
replication errors containing a mismatched nucleotide, insertions, or deletions. In this pathway,
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damage is detected by either MSH2-MSH6 or MSH2-MSH3 complexes and removed by exonuclease
EXO1%,

Depending on the cell cycle phase, DSBs can be repaired by NHEJ or HR*'. In NHEJ pathway, DSBs
are recognised by Ku70/Ku80 heterodimers. This complex binds to DNA PKcs (DNA-dependent
protein kinase catalytic subunit) and activates it, which mediates the recruitment of DDR factors
including Artemis, XRCC4, LIG4, XLF, and APLF*?>*3, In alternative NHEJ, PARP1 is recruited to the
damage site by the MRE11-Rad50-NSB1 (MRN) complex, POLQ repairs the damage and XRCC1 and
LIG1/3 handle the ligation***>. In NHEJ broken ends are ligated without the need of a homologous

template, therefore it can operate in any phase of the cell cycle.

By contrast, HR is restricted to S/G2 phases because sister-chromatin sequences are used as the
template for DNA repair®®. This highly regulated pathway starts with the generation of 3’ single-
stranded DNA (ssDNA) overhangs through resection of 5’DNA ends, promoted by endonucleases
including the MRN complex?’. Then, DDR effectors BRCA1/2 (Breast cancer 1 and 2) and Rad51

locate the area of homology in the undamaged template, allowing DNA synthesis and ligation“®,

DNA repair pathway selection is critical for maintaining genomic stability and is strictly regulated
during different cell cycle phases. One key element that determines whether DSBs are repaired by
NHEJ or HR is the DDR member 53BP1 (TP53-Binding protein 1)*°. Despite that 53BP1 is not essential
in NHEJ pathway performance, it abrogates DSBs resection during the G1 phase, conserving DSB
ends and thereby favouring NHEJ over HR. Upon entry into S phase, BRCA1 assists in switching the
mode of DSBs repair towards HR pathway by excluding 53BP1-RIF1 complexes and allowing DSBs

end resection®%°2,

12.2 DNA-damage signalling

The DDR signalling is primarily mediated by proteins of the PIKKs (phosphatidylinositol 3-kinase-like
protein kinase) family and members of PARP (poly(ADP-ribose) polymerase) family??2. DDR is
initiated with the recruitment and activation of these key DDR proteins into sites of damage, which

orchestrate a large network of cellular processes to maintain genomic integrity.
The PIKK family

The central components of DDR signal transduction response are three members of PIKKs family

ATM (Ataxia telangiectasia mutated), ATR (ATM- and Rad3-related), and DNA PKcs>2. All these
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proteins are huge polypeptides with similar domain organization and common structural features.
In their C-terminal is located the PI3K kinase domain, which harbours the catalytic site of the kinases,
whereas the N-terminal region is poorly conserved between family members and is believed to be

important for the interaction with various substrates®3.

Deficiency of these PIKKs members is linked to a diverse group of pathologies such as
neurodegeneration, immune deficiency, and cancer. Mutations in ATM are found approximately in
0.5-1.0% of the population®*, predisposing carriers to cancer. People with mutations is both alleles
of ATM suffer from ataxia-telangiectasia (AT), a neurodegenerative disorder that occurs early in
childhood®>. Mutations in ATR are rare and they are associated with a rare disease called Seckel
syndrome, characterized by growth retardation and microcephaly®®. The DNA PKcs mutations are
associated with autoimmune diseases and patients with DNA PKcs presented classical SCID (severe

immune deficiency) phenotype®’.

ATM is the master regulator of DSB repair signalling and stress responses®®. Upon damage, ATM can
be activated through different pathways. In the canonical form, activation of ATM is dependent of
both DSBs and the MRN complex, which is considered the primary sensor of DSBs. MRN recruits the
ATM homodimer, induces its monomerization and promotes the interaction of ATM monomers with
DNA ends and its DDR substrates®>®°, ATM can also be activated by autophosphorylation at Ser1981,
promoted by acetylation of Lys3016 by the acetyltransferase TIP60fL. Indeed, Ser1981
phosphorylation has been widely considered a marker of ATM activation. But not only by DSBs,
recent studies have demonstrated that other DNA structures such as SSBs, topoisomerase cleavage
complexes, splicing intermediates, and R-loops or oxidative stress could also induce ATM

activation®2°,

ATM is the apical kinase responsible for global orchestration of cellular responses to DSBs, which
include DNA repair, checkpoint activation, apoptosis, and alterations in chromatin structure and
transcription®®. To achieve this, ATM phosphorylates hundreds of substrates in response to DNA
damage. ATM activation promotes DNA repair via both NHEJ and HR. On one hand, ATM-dependent
activation and recruitment of 53BP1 to damaged sites prevents end resection and promotes
NHEJ®78, However, ATM implication on NHEJ could be extended by direct phosphorylation of DNA
PKcs and other NHEJ factors (such as Artemis), promoting efficient DNA repair®. On the other hand,
several factors involved in HR pathway such as BRCA1, BRCA2, BLM and EXO1 are also targets of
ATM and it also supports efficient recruitment of CtIP (CtBP-interacting protein) necessary for DSBs

46



end resection and HR initiation’%’?, The complex mechanisms whereby ATM-regulated 53BP1 and

BRCA1 assemblies counteract each other are still emerging.

Another important step in the repair of DSBs is the phosphorylation of the histone variant H2A.X on
Ser139 that occurs in a megabasepair chromatin region surrounding DNA breaks’?’3. The
phosphorylation of H2A.X, also known as yH2A.X, is primarily catalysed by ATM”%, but also by DNA
PKcs”®> and ATR’®, This phosphorylation generates a binding site for MDC1 (mediator of DNA damage
checkpoint 1), which acts as a molecular scaffold recruiting chromatin modifiers to relax
heterochromatin around DSBs 7778, Thereby yH2A.X is considered central for the efficient
accumulation of DNA repair factors at break site, and for that reason, it has been widely used as

marker of DNA damage.

By contrast, ATR is activated in response to many different types of DNA damage, including DSBs,
base adducts, crosslinks, and particularly by replication stress’®. When replication is blocked, DNA
polymerases are unable to continue coupled to replicative helicase, generating ssDNA tracts that
rapidly become coated with RPA (Replication protein A). ATR is recruited to ssDNA in association
with its partner ATRIP (ATR-interacting protein). Then, ATR activator TOPBP1 (topoisomerase-
binding protein-1) binds and activates ATR in ATRIP-dependent manner, leading to phosphorylation
of the downstream effectors involved in DNA repair and stabilization of replication forks8%8!, ATR
has common substrates with ATM®2, but it also has unique targets particularly involved in the
Fanconi Anemia (FA) pathway, which promotes the repair of DNA interstrand crosslinks.

Furthermore, ATR has been reported to phosphorylate ATM in response to UV exposure®3,

Regarding DNA PKcs, it is activated when it is recruited to DBSs by Ku proteins and its major role is
to promote NHEJ®, Mechanistically, NHEJ is started by the binding of Ku70/80 and DNA PKcs binding
to DSBs, resulting in DNA PKcs holoenzyme which allows DNA-end tethering. Subsequently,
additional NHEJ core factors are recruited for the ends to be closely aligned and ligated®>2,
Activation of DNA PKcs dependent of ATM and ATR phosphorylation may be also important for DNA
repair®’. However, recent evidence suggests that DNA PKcs also phosphorylates ATM to restrain its
activity®®. Indeed, the common target sharing and the interdependent activation of PIKKs members

highlight the functional importance of their crosstalk for an effective DNA repair.
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Figure 13. PIKK-dependent DNA damage induced cell cycle checkpoint signalling. Once activated, these
kinases can phosphorylate several downstream effectors to execute cellular responses that lead either to cell
cycle arrest or to apoptosis. While ATM and ATR have prominent roles in mediating cell cycle checkpoints
through the activation of Chk1/2 and p53, DNA PKc usually activates the p53- mediated apoptosis pathway.

Created with BioRender.com.

Apart from their role in DNA repair signalling, ATM, ATR and DNA PKcs also operate as cell cycle
checkpoints® (Figure I3). The two most studied targets of ATM and ATR are the protein kinases Chk2
and Chk1, respectively®®. Together with ATM and ATR, these kinases act to reduce CDK (cyclin-
dependent kinase) activity by several mechanisms, some of which involve activation of the p53
transcription factor or phosphorylation and subsequent degradation of Cdc25 phosphatase.
Inhibition of CDKs slows down or arrests cell cycle progression at G1-S, intra S and G2-M cell cycle
checkpoints, to increase the time available for DNA damage repair before replication or mitosis
occurs®®2, Both ATM and ATR contribute to control the intra-S and G2/M checkpoints, whereas it
is believed that G1/S checkpoint is controlled primarily by ATM rather than ATR®. DNA PKcs mostly
controls G2/M checkpoint in ATM-deficient cells®*. After DNA reparation is completed efficiently,
DDR is inactivated and the normal cell cycle is restored. Alternatively, if the damage is severe and
cannot be repaired, DDR signalling triggers programmed cell death by apoptosis or cellular

senescence®.

48



The PARP family

One of the earliest events in DDR is the recruitment of PARP family member PARP1 (poly(ADP-
ribose) polymerase 1) to diverse types of DNA lesions. PARP1 catalyses the polymerization of ADP-
ribose (PAR) units, resulting in the attachment of either linear or branched PAR polymers to itself or
to multiple target proteins. This poly(ADP)ribosylation, also known as PARylation, contributes to
DNA repair, stabilization of DNA replication forks, and modification of the chromatin structure®®. For

that reason, the roles of PARP1 in DDR have been widely studied in the last years.

PARP1 structure is highly conserved among eukaryotes and compromises three main domains: an
amino-terminal DNA-binding domain (DBD) containing three zinc finger motifs and nuclear
localization signal; a BRCT (BRCA1 C terminus) domain, containing automodification domain; and a
highly conserved carboxy-terminal domain that contains active site and NAD+ binding site. Together
these domains mediate the response of PARP1 to different kinds of activators, including DNA

damage®”%8,

Induced by DNA damage, PARP1 is rapidly recruited to damage sites through its DNA-binding ability
and catalyses the synthesis of PAR chains on itself, histones and other proteins®. This enzymatic
reaction results in the attachment of ADP-ribose units to Glu, Asp or Lys residues of acceptor
proteins by transesterification reaction?, DDR proteins can bind to PAR chains both covalently and
non-covalently resulting in their recruitment to sites of DNA damage'®. Target proteins that interact
with PAR chains non-covalently usually contain PAR-binding modules (PBM), which frequently

overlap with important functional domains that can be activated through PAR binding®2.

PARP1 is implicated in different DDR pathways for the reparation of DNA damage (Figure 12). SSBs
are very rapidly detected and bound by PARP1, followed by PARylation and activation of PARP1 and
its target proteins involved in NER or BER pathway (such as XRCC1, LIG3, POLP), stimulating the
repair process'?104 Regarding DSBs repair, PARP1 is required for the robust detection of this type
of break and for the initial response through its interaction with MRE11 and ATM®71%%, Indeed, both
MRE11 and ATM contain PAR-binding motifs and their interaction with PAR stimulates their
recruitment and activity'°. Thereby PARP1 deficiency or inhibition results in delayed activation of
ATM downstream targets such as yH2A.X, p53 or SMC1 among others'®’. Moreover, it has been

described that PARP1 has a role in both HR pathway, regulating DNA end resection and recruiting
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indirectly BRCA1 to DSBs!® and in NHEJ pathway, through direct interaction and activation of DNA

PKcs and mediating alternative NHEJ together with MRE1110:110,

Apart from its role in DNA repair, several studies have shown that PARP1 regulates a broad range of
biological processes in the nucleus including chromatin regulation (interacting with histones and
chromatin remodelers)!?, replication fork stabilization*'?, gene expression (controlling component

of the transcription machinery)!*3, ribosome biogenesis!'* and RNA processing 1%°.
12.3 DNA damage response and cancer therapy

Defects in the DDR pathway cause genomic instability in normal cells, aiding in cancer initiation and
progression via accumulation of driver genomic aberrations. In contrast, active DDR is considered
also one of the main contributors of the appearance of resistance to current antitumoral therapies
in cancer cells, which are based on the genotoxic agents (such as radiotherapy or chemotherapy)
that directly or indirectly induce DNA damage and activate specific DNA repair pathways. Thus, a
deeper understanding of DDR mechanisms provides new targetable vulnerabilities in cancer cells
that can be exploited for clinical benefit with specific use of DDR inhibitors!'®. Not only to enhance
the effectiveness of standard genotoxic treatments against resistant cancer cells, but also to exploit
synthetic lethality in cancers with specific DDR alterations. The synthetic lethality concept was
proposed a long time ago to describe the condition whereby a defect of either one of two genes has

no/little effect, but the combination of both genes leads to cell death'?’.

PARP inhibitors (PARPi) were the first clinically approved drugs designed to exploit synthetic
lethality'8. They trap PARP1 at the site of DNA damage, binding to its catalytic site and blocking
auto-PARylation, thus preventing its release and removing PARP1 from its normal catalytic cycle and
affecting DNA repair''®. PARPi compounds can be classified into three allosteric types with different
potency to retain PARP1 on DNA break?%2!, HR-deficient tumor cells, particularly cells carrying
mutations in BRCA1 and BRCA2, were found to be highly sensitive to PARPi, because they only rely
on NHEJ to repair DSBs. Therefore, blockage of PARP1 function leads to accumulation of genome

instability and increases cell death in HR-deficient cancer cells.

Despite the remarkable success of PARPi therapy in improving both progression-free and overall
survival, most cancers eventually develop resistance. Several genetic and epigenetic mechanisms
involved in PARPI resistance have been identified, including BRCA reversion mutations, formation

of RAD51-ssDNA filaments, loss of expression of 53BP1-Rif1-SHIELDIN antiresection pathway and
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fork protection'??. In order to overcome this resistance, several promising targets have been

identified as alternative objectives to lead to PARPi hypersensitivity!?3,

However, the use of other antitumor agents targeting key components of the DDR is currently
limited to early-phase clinical trials '?*. ATM and ATR inhibitors are prime targets of DDR inhibitors,
given their central role in activating DDR for both SSBs and DSBs. Inhibitors of these kinases have
been tested in monotherapy or in combination with chemotherapy, radiotherapy, and PARP
inhibitors in clinical trials of different solid tumours!?®>. DNA PKcs inhibitors that block NHEJ have
been tested in combination with radiotherapy, as NHEJ is the predominant pathway to repair the
damage generated by radiotherapy?®. Inhibitors of Chkl and WEE1 that prevent checkpoint
regulation are also emerging and being tested because of their capacity in potentiating the effect of

DNA damaging agents and overcoming PARPi resistance!?’.

All in all, the complex nature of DDR emphasizes the need for further investigation to uncover the
intricate and dynamic DDR protein network to maximize the benefit of the implementation of DDR

inhibitors in cancer treatment strategies.
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13. NF-kB SIGNALLING PATHWAY

Nuclear factor-kB (NF-kB) pathway is considered a central coordinator of immune system and
inflammation. It was found more than 30 years ago as a DNA-binding factor in the nucleus of
activated B cells that specially recognizes an enhancer element found in the gene encoding the
immunoglobulin-k light chain'?®, Further investigation demonstrated the impact of NF-kB pathway
in different biological processes and its contribution to tumorigenesis by direct modulation of

cellular functions such as proliferation, apoptosis inhibition or cellular migration?>13°,
13.1 NF-kB family, structure and classification

NF-kB transcription factors

The mammalian NF-kB family is composed of five transcription factors (TF): RelA (p65), RelB, c-Rel,
p105/p50 (NF-kB1) and p100/p52 (NF-kB2). All the members can form homodimers and
heterodimers and shuttle from the cytoplasm to the nucleus in response to cell stimulation. NF-kB
dimers can bind to specific DNA sequences (consensus kB sites) and both induce and repress
expression of target genes through the recruitment of coactivators and corepressors'3132, The
genes regulated by NF-kB include those controlling apoptosis, cell adhesion, proliferation, the
innate- and adaptative-immune responses, inflammation, the cellular-stress response, and tissue

remodelling?33134,

All NF-kB members share a highly conserved N-terminal Rel homology domain (RHD) that includes
the nuclear localization signal (NLS) responsible for DNA binding, dimerization, and interaction with
the inhibitor proteins®®. RelA, RelB and c-Rel are synthetized in their mature form and contain a
transcription activation domain (TAD) necessary for the positive regulation of gene expression. p50
and p52 subunits are synthesized as large precursors p105 and p100, respectively, and require
proteolysis of the C-terminus (which contains multiple ankyrin repeats) to mature!3¢. They lack TAD,
thus p50 and p52 may repress transcription unless associated with TAD-containing NF-«kB
members?3’. Despite structural similarities and their ability to bind DNA, different studies have

demonstrated that all NF-kB subunits have distinct and non-overlapping functions.
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Inhibitor of NF-kB (IkB)

In unstimulated cells, NF-kB proteins are predominantly localized in the cytoplasm bound to a family
of NF-kB inhibitor proteins (IkB), which include IkBa, IkBp, IkBg, IkBy, IkB{ and Bcl-3 (B-cell lymphoma
3-encoding protein). The proteins of this family are characterized by C-terminal ankyrin repeats that
are essential for their interaction with NF-kB factors. Through these motifs they bind to NF-kB
dimers masking their NLS, thereby retaining them in the cytoplasm and preventing their nuclear
translocation and subsequent DNA binding?38. Moreover, IkB proteins also present a nuclear export
sequence (NES) in the N-terminal, reflecting their involvement in maintaining the equilibrium of NF-
kB dimers shuttling process!3>13°, Degradation of IkB is a rapidly induced signalling event that is
initiated upon specific phosphorylation by Inhibitor of KappaB kinase (IKK) complex that marks the
inhibitor protein for ubiquitination and subsequent proteasomal degradation4?. Degradation of IkB
drastically alters the dynamic balance between cytoplasmatic and nuclear localization signals to

encourage nuclear translocation of NF-kB factors and promote gene transcription.

Apart from NF-kB pathway regulation, alternative nuclear functions for various IkB have been
identify'#L. It has been described a physical association of IkBa to histone deacetylases (HDACs) that
increases NF-kB-independent transcription by cytoplasmatic retention of HDACs. In addition,
previous studies from our group demonstrated that IkBa can also interact with the chromatin at
specific genomic regions to regulate gene transcription through modulation of the chromatin editing
polycomb repression complex 2 (PRC2). Indeed, phosphorylated and SUMOylated IkBa can bind
directly to the acetylated N-terminal tail of histones, specially H4, and this association facilitates the
recruitment of PRC2 to specific genes related with development, stemness and tissue

homeostasis4?714°,

IkB kinase complex (IKK complex)

The IKK kinase complex is the master coordinator of the NF-kB signalling pathway. It is composed
by two catalytic subunits IKKa and IKKB and the regulatory subunit IKKy/NEMO®, Biochemical

purification of this complex showed a molecular size from 700 to 900 kDa**

, revealing the presence
of other components such as Hsp90, Cdc37 and ELKS, although their attachment to core IKK complex
is transient and stimulus-dependent?#®-15°, This core complex catalyses the phosphorylation of kB
at serine residues (Ser32/36 IkBa, Ser19/23 IkBB, Ser18/22 IkBe) leading to its degradation and

inducing NF-kB pathway activation®®%.
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The kinases IKKa and IKKB show a similar structure (50% sequence identity), which includes a N-
terminal kinase domain (KD), a scaffold/dimerization domain (SDD) with a helix-loop-helix motif
(HLH), that modulates kinase activity, and leucine zipper (LZ), which allows homo- or
heterodimerization of the kinases, and a C-terminal NEMO-binding domain (NBD) that permits
recognition and binding to NEMO*>2. Moreover, IKKB contains a ubiquitin-like domain (ULD), that is
not found in IKKa, which is critical for its catalytic activation and seems to be involved in the
positioning of IKK complex with IkBa'®3. Both proteins exhibit kinase activity towards IkBa, although
itis reported that IKKB has higher efficiency than IKKa. In contrast, IKKa presents a predicted nuclear

localization signal>*, that is related with NF-kB-independent nuclear activities.

One of the most important IKKa nuclear function is the regulation of gene expression through
phosphorylation of Histone 3 (H3) at Serl10. This phosphorylation induced by TNFa stimulation
triggers subsequent CBP-mediated acetylation on Lys14 of H3, modulating chromatin accessibility

and promoting NF-kB gene expression (for instance IkBa, IL-6 and IL-8)>51%6,

The activation of these subunits is induced by the phosphorylation of two serine residues in the
kinase domain: Ser176/180 for IKKa and Ser177/181 for IKKB. This event leads to a conformational
change in the activation loop, which activates their catalytic function'>”*8, Even though it has been
intensively studied, the molecular mechanisms of IKK activation are still not fully understood.
Consensually, TGFB-activated kinase 1 (TAK1) has been identified as one IKK kinase (IKKK). TAK1 is
activated and recruited into the proximity of IKK complex by a wide variety of proinflammatory
mediators, phosphorylating and activating the kinases in the cytoplasm, and resulting in the
initiation of NF-kB pathway!>%®, RIP1 (Receptor interacting protein 1) and MEKK3 (MAPK/ERK
kinase kinase 3) kinases have also been postulated to play a role in IKK phosphorylation and TNFa-
mediated NF-kB activation2-163_ Even though IKKa and IKKB kinases are very similar and are present
in the same complex, several biochemical and genetic approaches have indicated that they have

different substrates and non-overlapping functions.

NF-kB essential modulator (IKKy/NEMO) is the non-catalytic regulatory subunit of the IKK complex
and is required for the activation of IKK and NF-kB pathway. NEMO is a 48 kDa polypeptide
containing several domains that are crucial for its regulatory function including a N-terminal a-
helical region followed by two coiled-coil domains (CC), that function as the interaction interface
with IKKa and IKKB; a ubiquitin-binding domain (UBAN), that allow NEMO to recognise and bind
K63-polyubiquitination chains; and C-terminal zinc-finger region (ZNF), involved in the interaction
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with substrates'®1¢> Indeed, NEMO has been shown to interact with many proteins that participate
in NF-kB activation. Recently, a series of studies have revealed the existence of stimuli-induced
posttranslational modifications of NEMO that are involved in NF-kB pathway regulation, including
polyubiquitination, SUMOylation and phosphorylation 16, Additionally, NEMO has also been shown
to interact with several negative regulatory proteins including deubiquitinases (A20 and CYLD) and

phosphatases (PP2A)67:168,

The gene encoding NEMO (/KBKG gene) is located on X chromosome thereby mutations in this gene
are associated with inherited diseases, such as Incontinentia pigmenti, characterized by severe skin
disorder and neurological disorders that are lethal in males'®®, and X-linked recessive anhidrotic
ectodermal dysplasia associated with immunodeficiency (EDA-ID) associated with perturbed

immune response and recurrent infections’°.

13.2 Activation of NF-kB signalling pathway

The NF-kB signalling pathway can be activated by a variety of factors eliciting different responses.
Classical NF-kB pathway (canonical)

The canonical NF-kB pathway is mainly induced by PAMP (Pathogen-associated molecular patterns)
and pro-inflamatory cytokines, such as Interleukin-1 (IL-1), Tumor necropsis factor (TNFa) or Toll-
like receptor (TRL) ligands like lipopolysaccharides (LPS). The stimulation of receptors initiates the
signalling cascade and the recruitment of several proteins (TRADDs, FADDs, clAPs, LUBAC, TRAFs,
RIP1, among others) that result in the activation of TAK17%172, which catalyses the phosphorylation
of IKK complex. Subsequently, active IKK complex phosphorylates IkBs in the N-teminal serine
residues'®, Then, the ubiquitin-ligase machinery SCF (Skp-1/Cullin/F-box) will recognise the
phosphorylated kB, inducing its polyubiquitination and proteasomal degradation’3. The
degradation of IkBs liberates NF-kB dimers (except for p52/RelB dimer), thereby they translocate to

the nucleus to activate specific gene transcription'’4 (Figure 14).
Alternative NF-kB pathway (non-canonical)

Activation of non-canonical NF-kB signalling is induced by specific members of TNF cytokine family,
including CD40 ligand, B-cell-activating factor (BAFF), lymphotoxin-B (LTB) and Receptor activator
for NF-kB ligand (RANKL)">7177, Contrary to canonical NF-kB pathway, non-canonical NF-kB pathway

totally depends on IKKa activity (is IKKB and NEMO independent) and specifically mediates the
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activation of p52/RelB NF-kB dimer. Upon ligand induction, NF-kB inducing kinase (NIK) is stabilized
which phosphorylates and activates IKKa'’®. Under normal conditions NIK is targeted for continuous
degradation by TRAF3, which is degraded upon TNF receptor activation'’®. Then, IKKa
phosphorylates NF-kB precursor p100, causing its proteolysis processing into the active form p52.
After this processing, p52/RelB heterodimer translocate to the nucleus and promote the regulation
of genes related with specific immunological processes such as lymphoid organogenesis and

lymphocyte function!®18! (Figure 14).
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Figure 14. NF-KB pathway. In the canonical NF-kB pathway (left) the stimulation of multiple receptors leads
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to the activation of the IKK complex (IKKa, IKKB and NEMO) which catalyses the phosphorylation of the
inhibitor IkB. This phosphorylation is essential for signalling the ubiquitination and protein degradation of
IkB, leading NF-kB members free to translocate to the nucleus an promote gene transcription. In the
alternative NF-kB pathway (right), upon ligand induction, active IKKa phosphorylates p100, and as a result, it
is processed into the active form p52 and together with RelB, translocates to the nucleus an active gene

transcription. Created with BioRender.com.
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Activation of NF-kB pathway through DNA damage

Apart from extracellular signals, NF-kB pathway can also be activated by double-strand breaks (DBS)
produced by genotoxic agents. In this DNA damage-dependent NF-kB activation the regulatory

subunit NEMO has found to be required with an IKK-independent function'®283 (Figure 15).

Upon genotoxic stress, NEMO is SUMOylated in its ZF domain at lysine residues 277 and 309 by
protein inhibitor of activated STATy (PIASy). Mutations in this SUMO acceptor lysines have minimal
impact in the canonical NF-kB activation but totally abrogate DNA damage-dependent NF-kB
activation. Moreover, even though the ZF domain is crucial for NEMO SUMOylation, the interaction
between NEMO and PIASy is controlled by the CC region located in N-terminal. The SUMOylation of

NEMO alters its intracellular distribution promoting its nuclear localization84-186,

Another crucial element in DNA damage-dependent NF-kB signalling activation is PARP1. PARP1 is
capable of directly sensing DNA damage and its PARylation activity serves as a scaffold for the
recruitment of elements, a step that might be critical for NF-kB activation. Indeed, automodified
PARP1 has been shown to rapidly assemble a signalling complex containing PARP1, NEMO, ATM and
PIASy. It is described that PIASy directly binds to PAR chains by a PAR binding motif in its C-teminal.
This interaction between PIASy and PARP1 is required for NEMO SUMOylation and nuclear
accumulation®”188  Additionally, also other elements have been found to promote NEMO
SUMOylation, such as the nuclear complex formed by p53 inducible death domain-containing

protein (PIDD) and RIP1, which resulted SUMOylated itself'8:1%,

Following DNA damage, nuclear events trigger the activation of the kinase ATM that will associate
with NEMO and phosphorylate it on Ser85°%. This phosphorylation is a prerequisite for subsequent
NEMO monoubiquitination but not for SUMOylation®2, However, SUMOylation and
phosphorylation are both required for DNA damage-dependent NF-kB activation. The
monoubiquitination of NEMO is catalysed by cellular inhibitor of apoptosis-1 (clAP1) and occurs in
the same lysine residues that are SUMOylated®1%3, It is still unclear if NEMO has to be
deSUMOylated prior to ubiquitination or if both posttranslational modifications can coexist.
However, kinetic analysis of these modifications indicates that NEMO proceeds through transient
SUMOylation  before  phosphorylation and  subsequent  monoubiquitination.  The
monoubiquitination of NEMO is also associated with its cellular distribution, appearing to promote

its nuclear export for cytoplasmic signal transduction and NF-kB activation®®,
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Figure 15. DNA damage dependent NF-kB activation. In response to genotoxic treatments, NEMO
translocates to the nucleus, forms a complex with ATM, PARP1 and PIASy and suffers several posttralational
modifications, including SUMOylation, phosphorylation and ubiquitination. Then, this activated NEMO,
together with ATM, is exported to cytoplasm and forms a complex with ELKS and TAK1, which results in the

activation of IKK complex and subsequent NF-kB activation. Created with BioRender.com.

ATM has also been reported to have a putative cytoplasmic role mediating NF-kB activation. It is
described that NEMO and ATM form a cytoplasmatic complex with ELKS (protein rich in glutamic
acid, leucine, lysine, serine), that recruits TAK1 and regulates its activation upon damage®®>1%,
Moreover, ATM activates TRAF6, resulting in Ubc13-mediated K63-polyubiquitination and clAP1
recruitment that will stimulate TAK1 phosphorylation'®”. Then, this NEMO/ATM/ELKS/TAK1
complex activates IKK complex by mechanisms that still remain to be elucidated, thus resulting in

the activation of NF-kB pathway.
13.3 NF-kB independent IKK functions and cancer association

The substrate spectrum of IKK complex is not only restricted to IkBs and precursors, but it also

includes a wide range of NF-kB pathway intrinsic (such as RelA) and external substrates (such as
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p53), remarking the implication of its members in other physiological processes independently from
NF-kB pathway 8, Particularly, these unconventional and NF-kB independent functions of IKK
members (especially nuclear IKKa) have been shown to be related with multiple protumoral

mechanisms in several cancer types.

In breast cancer, the nuclear activity of IKKa increases phosphorylation and recruitment of estrogen-
induced transcription factors, such as estrogen receptor alpha (ERa), steroid receptor coactivator 3
(SCR-3), E2F transcription factor 1 (E2F1), to promoters of genes required for cell cycle progression
(CYCLIN D1 and C-MYC, for example), enhancing transcription and inducing proliferation of cancer
cellst9200  Additionally, upon activation, IKKa enters into the nucleus of cancer cells and

phosphorylates p27/Kip1 inducing its nuclear export and resulting in enhanced cell proliferation?°?,

In prostate cancer, IKKa negatively regulates in the nucleus the expression of the metastasis
suppressor Maspin, facilitating the recruitment of DNA methyltransferase activity to its promoter2%2,
In lung cancer, nuclear IKKa phosphorylates CREB-binding protein (CBP) to increase its affinity for
p65 and NF-kB pathway, but as a result its association with p53 is reduced, decreasing p53-
dependent gene expression?%. In skin cancer, nuclear IKKa promotes G2/M phase progression by
binding to H3 in 14-3-3c locus and preventing its hypermethylation by SUV39h1, which results in
de-repression of 14-3-3c that controls the cytoplasmatic export of cell cycle-regulatory phosphatase
CDC25%%, Indeed, high levels of nuclear active IKKa are predictive of higher metastatic capacity in

squamous cell carcinoma (SCC)?%,

Regarding CRC cancer, nuclear IKKa phosphorylates the nuclear co-repressors silencing mediator for
retinoid and thyroid receptors (SMRT) and nuclear receptor co-repressor (NCoR), leading to their
cytoplasmic export by 14-3-30 and the transcriptional activation of genes, including Notch target
genes such as HES1, HES5 and HERP2?°6297, Moreover, IKKa contributes to oncogenic

transformation of the intestine through the regulation of stemness-related genes?®,

A few years ago, our group identified a truncated form of IKKa with a predicted weight of 45 kDa,
called IKKa(p45). It is generated by the proteolytic cleavage of full length IKKa in the endosomal
compartment and is present in different cell types, but specially in the nucleus of cancer cells.
Activated IKKa(p45) has been shown to prevent apoptosis of CRC cells in vitro and is required for
tumor growth in vivo. IKKa(p45) presents the KD but lacks some regulatory domains at the C-

terminal region. For that reason, many of the described nuclear functions of IKKa are associated
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with this truncated form including H3 phosphorylation, regulation of specific gene transcription and
cancer progression. In fact, nuclear active IKKa(p45) together with full length IKKat and NEMO forms

a complex that regulates the phosphorylation of SMRT and H320%:210,
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Figure 16. NF-kB independent IKKa function in DDR. The truncated form of IKKa, p45-IKKa, is rapidly
activated in response to DNA damage downstream BRAF, TAK1 and p38a and regulates different elements
of DNA repair machinery through direct ATM and 53BP1 phosphorylation, leading to efficient DNA repair and

cell survival. Created with BioRender.com.

Additionally, in response to damage, this truncated form is phosphorylated and activated
downstream BRAF/TAK1/p38 MAPK, inducing its nuclear translocation. Importantly, it regulates
DNA damage response (DDR) activation through direct phosphorylation of ATM (Figure 16). Active
p45-1KKa is essential for an efficient DNA repair, therefore inhibition of IKKa or BRAF abrogates the
activation of key DDR elements, compromising DNA repair and synergistically potentiating the
antitumoral effect of chemotherapy/radiotherapy in CRC, leading to the eradication of resistant

cells?1,
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Due to their association with tumorigenesis?!?, inside and outside NF-kB pathway, chemical
inhibition of IKK members has become an attractive approach for cancer therapy. There is a variety
of inhibitors including natural products, biomolecular and peptide inhibitors and synthetic small-
molecule inhibitors with different inhibitory strategies?!3. Some of them have been shown enhance
the sensitivity of cancer cells to standard chemotherapy-induced death, through suppression of
genes encoding antiapoptotic and antioxidant molecules?!*. However, the inhibitors developed to
date have showed severe toxic effects, as they are not specific enough and affect intensely cellular
homeostasis?'>. Therefore, further investigation for identifying specific mechanisms involved in IKK
activation and regulation of their protumoral functions will open new doors for the development of

new therapeutic strategies.
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14. MALIGNANT MELANOMA

Malignant melanoma (MM) is the most serious type of skin cancer. It arises from the malignant
transformation of melanocytes, the pigment-producing cells in the basal layer of the epidermis and
hair follicles, predominantly found in the skin and eyes. Melanocytic neoplasms range from benign

lesions, termed naevi, to malignant ones like melanoma?*®.

14.1 Malignant melanoma epidemiology

Skin cancer is a common cancer (fifth in both men and women) in the Western world with an
increasing incidence. Malignant melanoma is the least common (1% of all skin cancer cases) but the
deathliest skin cancer, with about 48,000 melanoma-related deaths every yearl. It is highly
aggressive and metastatic with a 5-year survival rate of less than 15%. The major risk factor of MM
development is ultraviolet radiation by sun exposure (and subsequent sunburns)?'7:28, As well as
sun exposure, distinct inherited genetic alterations have been associated with melanoma, even
though they account for a small proportion of melanoma cases (around 8-12% of cases)?%.
Furthermore, the presence of atypical melanocytic naevi, which have larger and more asymmetric

and irregular forms, is also an additional risk factor?2°,

14.2 Molecular biology of Malignant Melanoma

The malignant transformation of melanocytes is a result of a process that requires a complex
interaction between exogenous and endogenous events. Mutations in critical growth regulatory
genes, production of autocrine growth factors, and loss of adhesion receptors contribute to
disrupter intracellular signalling in melanocytes, allowing them to escape from their tight regulation

by keratinocytes and resulting in an uncontrollable proliferation??%222,

Initially, a normal melanocyte acquires an initiating drive mutation that leads to melanocyte
hyperplasia and naevi development. Further accumulation of molecular alterations will give these
melanocytic neoplasms malignant potential becoming them dysplastic naevi’?. Then, these
dysplastic naevi can progress into radial-growth-phase (RGP) and vertical-growth phase (VGP) and
develop melanoma, that depending on its invasive capacity can be considered in situ melanoma
(cancer cells are mainly restricted to the epidermis), invasive melanoma (cancer cells can enter the

subjacent mesenchymal tissue) and metastatic melanoma (melanoma cells colonized other
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tissues)??*. However, not all melanomas pass through each phase and can progress directly to

metastatic malignant melanoma??>,

Multiple driver mutations and alterations in several signalling pathways have been identified to

impulse MM progression?2®:
MAPK Signalling pathway

The principal molecular pathway activated in melanocytic tumors is the Mitogen-activated protein
kinase (MAPK) signalling pathway. This pathway regulates cell fate decisions, such as proliferation,
differentiation, apoptosis, and stress responses, downstream of receptor tyrosine kinases (RKT),

cytokines, and heterotrimeric G-protein-coupled receptors??7:228,

MAPK family is highly conserved in eukaryotes??® and is formed by kinases that phosphorylate their
own (autophosphorylation) and substrates dual serine and threonine residues to activate or
deactivate their target?®’. In mammals, the MAP kinases can be grouped into three main families?3*:
extracellular-signal-regulated kinases (ERKs), which respond primarily to growth factors and
mitogens to induce cell growth and differentiation?3?; Jun amino-terminal kinases (JNKs), that are
activated by environmental stress and inflammatory cytokines and play an important role in
apoptosis, inflammation, cytokine production, and metabolism?33; and stress-activated proteins
kinases (p38MAPK), which are also activated upon environmental stresses and inflammatory
cytokines and contribute to inflammation, apoptosis, cell differentiation, and cell cycle regulation?3*.
In the majority of solid tumors, including melanoma, the canonical MAPK signalling pathway formed

by RAS/RAF/MEK/ERK is commonly affected and hyperactivated?3>23¢,

In MM, the most commonly mutated component of MAPK pathway is BRAF. Indeed, BRAF is
mutated in 50-70% of melanomas, being the substitution of a glutamic acid for valine at position
600 (V600E) the most common mutation. Also, the upstream activator of BRAF, NRAS is mutated in
between 15-30% of melanomas, and in this gene, the most common substitution is leucine for a
glutamine at position 61 (Q61L). Mutations in NRAS and BRAF, stimulate constitutive activation of

ERK signalling, promoting proliferation and survival in tumor cells?37-23° (Figure 17).
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Figure 17. Schematic representation of MAPK oncogenic signalling in MM. In normal situation, upon ligand
binding, receptor tyrosine kinase (RTK) homodimerize leading to activation of NRAS signalling cascade. One
of NRAS downstream targets in BRAF, that will subsequently activate MEK and ERK to activate several
transcription factors responsible of cell growth and survival. MM patients are characterized by mutations in
BRAF or NRAS, which result in constitutive activation of this pathway, resulting in anormal cell proliferation,

and in the case of NRAS mutations, resistance to BRAF inhibitor treatments. Created with BioRender.com.

Cell cycle regulation pathway

Uncontrolled cell cycle progression is another hallmark characteristic of melanoma development.
Multiple components involved in this process have been found to be mutated in MM including
cyclin-dependent kinase inhibitor 2A (CDKN2A), retinoblastoma-associated protein (RB), cyclin D1,
and cyclin-dependent kinase 4/6 (CDK4/6). Particularly, mutations in CDKN2A are associated with
familial melanomas. Indeed, as CDKN2A encodes the two proteins p16™*A and p14AfF, which
regulate cell cycle by inactivating CDK4/6 or RB, germline mutation in this gene leads to uncontrolled
cell cycle progression?4%-242_|n addition, mutations in TP53 have also been identified in melanoma,

especially in metastatic melanoma?*3.
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AKT signalling pathway

Dysregulation in the protein kinase B (AKT) pathway occurs in 70% of melanomas, which results in
AKT amplification and PTEN loss by epigenetic silencing®*. AKT activation of this pathway is
controlled positively by PI3K kinases and negatively by PTEN and is involved in cell metabolism,
growth, proliferation, and apoptosis?*>. Moreover, this pathway is also implicated in the activation

of NF-kB pathway and IKKa, which have also been described to have protumoral functions in MIM?%,
14.3 Malignant melanoma classification

Histopathologically, MM is diagnosed using the TNM guideline, in which classification is established
by tumor thickness (T), lymph node involvement (N), and presence of metastasis (M). In this type of
cancer, the most important criteria for assessing prognosis, and further treatment, are tumor
thickness and presence of ulceration, related with poor prognosis?*’. Moreover, different
histological subtypes can be distinguished: superficial spreading melanoma, nodula melanoma,
acral lentiginous melanoma, and lentigo-maligna melanoma?*®. However, this subdivision has no

prognostic importance and little correlation with treatment outcomes.

The increasing understanding of MM molecular basis has associated genetic alterations with disease
progression and response to treatments. Therefore, subclassifications of melanoma based on their
molecular features have emerged and are continuously evolving?2%, For example, The Cancer
Genome Atlas analysis of a large cohort of melanoma samples classified four different genetic
subtypes based on activating mutations: BRAF-mutant melanomas, Ras-mutant melanomas, NF1-

251

mutant melanomas, and triple-wild-type melanomas®>'. The emergence of these molecular

classifications imposed relevant implications in the treatment strategies of MM patients?>2,

14.4 Malignant melanoma treatment

MM treatment option totally depends on the tumor stage, location and size and it varies from
patient-to-patient reflecting the specific characteristics of tumor cells. Treatment for primary
melanoma usually includes surgery to remove the tumor?*. In contrast, treatment options for late-

stage melanoma may include targeted therapy, immunotherapy, chemotherapy, or radiotherapy?>3.

Until now, chemotherapy and radiotherapy have shown very little benefit as adjuvant or palliative

strategies. Alkylating agents, such as Dacarbazine and Temozolomide (TMZ), generate DNA damage
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by introducing alkyl groups to guanine bases, eventually causing cell death. They both are able to
cross the blood-brain barrier, making them useful treatments for brain metastasis?>*. However,
different clinical trials evaluating these alkylating agents and other cytotoxic chemotherapies (such
as platinums, taxanes or nitrosoureas) have evidenced that single treatment of these
chemotherapeutic agents has modest activity in improving patient survival. For that reason, there

is an increasing interest in the development of combination therapy regiments?>>2%¢,

Regarding targeted therapies, because of the high prevalence of BRAF mutations in MM and its
essential contribution to tumor, several inhibitors of BRAFV600E (such as Vemurafenib, Dabrafenib
or Encorafenib) are currently used in the clinical practice alone or in combination with MEK/ERK
inhibitors (such as Trametinib, Cobimetinib or Binimetinib) to block MAPK pathway reactivation 2°7~
259 However, in BRAF wild-type tumors treatment with Vemurafenib results in increased MAPK
signalling due to stabilization of BRAF/cRAF dimers, which can be mitigated by second-generation
RAF inhibitors such as PLX7904 and PLX8394260-262_ Drugs targeting other altered molecular

pathways are also being developed?®3.

MM is also considered a strong candidate for immunotherapy?®*. The American Food and Drug
Administration (FDA) has approved the use of monoclonal antibodies that block immune checkpoint
interactions, such as Ipimumab (blocks CTLA-4) or Pembrolizumab and Nivolumab (block PD-1), for
patients with unresectable or metastatic melanoma due to their strong and durable responses?6>266,
This immune checkpoint blockade therapy is also given in combination with BRAF and MEK

inhibitors in BRAF mutant patients2®”,

Despite considerable progress made in the treatment of patients with advanced MM, the majority
of the patients experience a disease progression due to acquired resistance, highlighting the

importance of uncovering additional mechanisms of tumor progression and therapy resistance.
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OBJECTIVES

1. Characterize the interactomes of IKKa under basal conditions and upon cellular damage.

a. Uncover the candidate elements that support IKKa activation after damage.

b. Identify downstream effectors of IKKa involved in DNA damage response (DDR).

2. Study the functional relevance of the IKKa-DDR axis in the therapeutic resistance of cancer

cells.

a. Validate experimentally the contribution of the different IKKa-associated elements to

the DNA damage repair.

b. Propose and validate novel biomarkers to predict therapy response or resistance.

c. Design new therapeutic strategies to eradicate cancer cells.
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MATERIALS AND METHODS

MML1. CELL LINES AND REAGENTS

CRC cell line CaCo2 [ATCC, Ref. HTB-37], melanoma cell lines NRAS mutated SK-MEL173 [ATCC, Ref.
CVCL_6090], BRAF mutated SK-MEL37 [ATCC, Ref. CVCL_3878] and SK-MEL131 [ATCC., Ref.
CVCL_6081] and metastatic SK-MEL93 [ATCC, Ref. CVCL_5651], and HEK293T [ATCC, Ref. CRL-3216]
were obtained from the American Type Culture Collection [ATCC, USA]. All adherent cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) [Invitrogen] plus 10% fetal bovine serum
(FBS) [Biological Industries], 4.5 g/L glucose [Life Technologies], 2 mM L-glutamine [Biological
Industries], 56 U/mL penicillin and 56 pg/mL streptomycin [Biological Industries] and were

maintained in a 5% CO; incubator at 37°C.

Large cell ymphoma SU-DHL10 cell lines (PARP1/2 WT, PARP1 KO and PARP2 KO) were provided by
Dr. Jose Yelamos laboratory (IMIM). Suspension cells were grown in Roswell Park Memorial Institute
medium (RPMI 1640) [Invitrogen] supplemented with 10% FBS, 4.5 g/L glucose, 2 mM L-glutamine,

56 U/mL penicillin and 56 pg/mL streptomycin and were maintained in a 5% CO> incubator at 37°C.

For cell treatment, chemotherapeutic agents 5-FU [Accord, Ref. 606544.3], Irinotecan [Fresenius
Kabi, Ref. 687014.3], Doxorubicin [Accord, Ref. 174247] and Temozolomide [Sun Pharmaceutical
Industries, Ref. 47335-890-80], PARP inhibitor Olaparib (AZD2281) [Selleckchem, Ref. S1060], BRAF
inhibitors Vemurafenib (PLX4032) [Selleckchem, Ref. S1267], AZ628 [Selleckchem, Ref. S2746] and
Sorafenib (BAY 43-9006) [Selleckchem, Ref. S7397], CRM1 inhibitor Leptomycin B [Sigma, Ref.
L2913] and Biotin [Sigma, Ref. B4639] were used at indicated concentrations. Cells were also

damaged irradiating them in GS Gene linker UV Chamber [Bio-rad] at 130mJ.

MM2. CELL TRANSFECTION

Transfection is the process of introducing nucleic acids into cells. In cell biology research the term is
used for non-viral methods in eukaryotic cells. For this, we used PEI (Polyethylenimine, Linear, MW
25.000) [Polysciences Inc., Ref. 23996]. PEl is a high-charge cationic polymer that readily binds highly
anionic substrates, such as DNA and other negatively charged molecules and it works as a carrier

vector.
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1. Dilute 4l PEI per ug of DNA into 1/10 of the final volume of serum-free DMEM (1ml for 10
mm plate). Mix gently and incubate 5 min at room temperature (RT).

2. Add desired pg of DNA, mix and incubate 20min at RT. Add the solution to the culture plate
gently.

3. Overnight (O/N) after transfection, change the medium to DMEM plus 10% FBS.

4. Analyse 48h after transfection.

MM3. CELL INFECTION

Lentivirus production

To produce virus, HEK293T cells were transfected according to cell transfection protocol (see

above). Plasmid used are:

e 10 pg of the DNA of interest
e 7 ug pCMV-dR8.2 (packing plasmid) [Addgene, Ref. 8455]
e 3 ug pMD2.G (envelop plasmid) [Addgene, Ref. 12259]

e 1 ug pCS2EA (GFP vector to control transfection efficiency]

48h after transfection, viral supernatants are collected and filtered using a 45 pm filter and directly

used or concentrated by ultracentrifugation (20000 rpm for 3h at 42C) and storage at -802C.

Cell infection and selection

Cell infection with viruses carrying plasmids described above was performed as follows:

e Plate the target cells in a 6-well plate, 24h prior to viral infection.

e Add virus-containing media or 100-200 pL of concentrated virus plus 10 pg/uL Polybrene
[Sigma, Ref. H9268].

e After 24h remove medium and add fresh medium.

e Add selection with specific antibody, usually puromycin (1.25 ug/mL) or Hygromycin (800

ug/uL). Culture the cells with the antibiotic selection for 3-5 days.

MMa4. CRISPR-Cas9 GENE MODIFICATION

The CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats) is a nuclease system

originally used by bacteria as a defence system against external DNA, which recognizes the CRISPR
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DNA sequences in the genome of the bacteria and the Cas9 is the enzyme that uses these sequences
to perform a double-strand break (DSB) in the DNA. This system has been optimized to use it in

genome editing and knock-out (KO) cell line generation.

For introduce this system in mammalian cell lines, we used the plasmid /entiCRISPRv2 [Addgene,
Ref. 52961], designed by Zhang Lab?%®. This plasmid has the Cas9 coding sequence and a cloning site
to introduce the single-guide RNA (sgRNA), called sgRNA scaffold. The sgRNA of 20 bp is designed
as near as TSS of the gene as possible and next to a 3’ PAM sequence (NGG), which is used by the
Cas9 enzyme to bind to the DNA and perform the DSB. This normally causes changes in the coding
frame which leads to aberrant proteins or premature STOP codons, resulting in the impossibility to
generate the targeted protein from the altered DNA. The sgRNAs for NEMO/IKBKG gene were
designed using Benchling [RRID:SCR_013955] (Table MM1) and ordered from Sigma, adding
restriction enzyme sites for Esp3l [ThermoFisher, Ref. ER0451] (CACCG at 5’ in the Forward primer

and CAAA at 5’ in the reverse one). In order to clone the sgRNAs into the different plasmids:

- Digest and dephosphorylate 5 pg of plasmid with Esp3l restriction enzyme and FastAP
(Alkaline Phosphatase) [ThermoFisher, Ref.EF0651] for 30 min at 372C.
- Purify the 11 kb fragment and discard the 2 kb fragment using the GFX PCR DNA and Gel
Band Purification Kit [GE Healthcare, Ref.28903471].
e Run all the digestion reaction in 0,7% Agarose gel.
e Cutthe 11 kb band and add 500 pL of Capture Buffer.
e Incubate 15-30 min at 60 2C until agarose is completely liquid.
e Purify the DNA using the GFX columns.
e Elute in 50 pL of Elution Buffer Type 6.
- In parallel, phosphorylate and anneal each pair of oligos using the T4 Polynucleotide Kinase
(PNK) enzyme.
e Use 1 pL of each oligo (stock 100 uM), 1 uL of 10x T4 Ligation Buffer [New England
Biolabs (NEB)], 6.5 uL ddH,0 and 0.5 uL T4 PNK [NEB, Ref. M0201S].
e Leave 37°C for 30 min.
e 952 for 5 min.
e Lower the temperature to 252C at 52C/min
e Dilute the phosphorylated and annealed oligos 1/200.

- Ligate the oligos with the digested plasmid
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e 50 ng of digested plasmid, 1 puL of annealed oligos, 1 puL of 10x T4 Ligase Buffer [NEB],
ddH20 up to 10 pL, 1 plL of T4 Ligase [NEB, Ref. M0202S].
e Incubate at RT for 10 min.
- Transform the ligation reaction into XL1 Blue bacteria (perform all steps under the hood).
e Thaw bacterial glycerol stock on ice (100 pL).
e Mix the ligation reaction with the bacteria.
e Incubate 30 min onice.
e Add 1 mL of LB (without antibiotic) and incubate 20-30 min at 37 2C.
e Seed 200 pl into LB-agar plate supplemented with Ampicillin and incubate at 37 ¢C
O/N.
- Pick some colonies and extract plasmid DNA.
- Sequence plasmids by Sanger sequencing using U6-promoter forward primer (upstream of

the sgRNA).

Table MM1. sgRNA used for NEMO KO generation.

Target Specie Forward Reverse

CRISPR NEMO sgRNA Human CACCGTGGGCGAAGAGTCTCCTCTG AAACCAGAGGAGACTCTTCGCCCAC

Using CRISPR-Cas9 technology, viral production and cell infection procedures HEK293T and Caco2
NEMO KO cells lines were obtained. After puromycin selection, the pool of cells was plated as single
cells in 96-well plates to isolate clones. Cell sorting was performed on FACS Aria [BD Biosciences].
DAPI staining [Molecular Probes] was used to exclude dead cells. All data were analyzed with FlowJo
software [Tree Star]. Individual cells were placed in separated wells and allowed to expand up to

have enough cells to get cell lysates to isolate genomic DNA and total proteins.

MMS5. CELL LYSATES

Lysates from cells were obtained for posterior proteomic analyses. Depending on the cell

fractionation desired different lysis buffers and lysis protocols are used.

1- Soluble/Insoluble extracts: by this method the cytoplasmatic and nuclear soluble proteins

and the chromatin insoluble proteins will be separated.

e Remove the medium and wash cells with PBS. Discard supernatant.
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Lysate cells with ice-cold ColP lysis buffer (PBS plus 0.5% Triton X-100, 1mM EDTA,
100mM NA-orthovanadate (Na3VOas), 0.25mM phenyl-methylsulfonylfluoride (PMSF)
and complete protease inhibitor cocktail [Roche, Ref.11836153001]. For adherent
cells, scrape cells from the plate and recover the sample in an eppendorf tube. For
suspension cells, directly add the lysis buffer to the pellet of cells (previously
centrifugated at 300 rcf for 5 min) and resuspend.

Incubate 20 min on ice.

Centrifuge at maximum speed for 10 min at 42C.

Recover the supernatant (soluble extract), keep 5 pL for measuring the protein
concentration by Bradford and add the adequate volume of 6X Loading Buffer
(50mM Tris-HCl pH 6.8, 1.4M B-mercaptoethanol (B-ME), 2% SDS, 0.1% bromophenol
blue, 10% glycerol in H,0).

Resuspend the pellet (chromatin/insoluble extract) in PBS with 1% SDS and sonicate
2-3X for 10 seconds with 10% amplitude with a Digital Sonifier [Brandson].

Add 6X Loading buffer and boil at 959C for 10 min.

Keep the samples at -202C.

2- Cytoplasm/Nuclear fractions: by this method proteins from the cytoplasm and the nucleus

are separated. Nuclear fraction will include soluble and insoluble proteins.

Lysate the cells with ice-cold Buffer A pH 7.9 (10 mM Hydroxyethyl
piperazineethanesulfonic acid (HEPES) [Sigma, Ref. H-3375], 1.5 mM MgCl;, 10mM
KClI,0.5 mM DTT, 0.05% NP40 and complete protease inhibitor cocktail.

Incubate on ice for 20 min.

Centrifuge at 1000 rcf for 10 min at 42C.

Recover the supernatant (Cytoplasm fraction) and wash pellet with Buffer A (two
times the amount used at the beginning) and centrifuge again.

Discard supernatant and resuspend the pellet (nuclear fraction) in PBS plus 1% SDS
and sonicate 2-3X 10 sec with 10% amplitude.

Add 6X Loading Buffer to the samples and boil at 952C for 10 min.

Keep the samples at -202C.
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MM6. WESTERN BLOT

Western blot (WB) is a common method used in molecular biology to detect specific proteins from

cell lysates. Briefly, denatured proteins are separated by gel electrophoresis based on their

molecular weight and transferred to a membrane where they will be detected using specific

antibodies. For protein visualisation, membranes are incubated with secondary antibodies

conjugated to HRP that catalyse the reaction to generate a light signal.

1.
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Carry out protein separation using standard SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) at 120V.

Transfer the proteins to a Polyvinylidene difluoride (PVDF) membrane [Millipore, Ref.
IPVH00010] at 400mA for 1h.

Block the membrane with 5% non-fat milk in Tris buffered saline plus Tween20 (TBS-T) buffer
(50mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05% Tween 20 [VWR, Ref. 8.22184], in H,0) rocking
1h at RT.

Incubate the membrane with the primary antibody in blocking solution (Table MM2) rocking
O/N at 4°C.

Wash 6X in TBS-T buffer rocking 5 min at RT.

Incubate the membrane with the secondary antibody (HRP-conjugated) in blocking solution
(Table MM2) rocking 1h 30min at RT.

Wash 6X in TBS-T buffer rocking 5 min at RT.

Peroxidase activity was visualised incubating the membranes with ECL solution [Biological
Industries, Ref. 20-500-120] or [GE Healthcare, Ref. RPN2232], that contains a
chemiluminescent HRP substrate.

Develop the chemiluminescent signal in an autoradiography film [GE Healthcare, Ref.

28906844].



Table MM2. Antibodies used in WB.

Immunoglobulins /HRP

Antibody Company Reference Specie Dilution
IKKa Abcam ab32041 Rabbit 1:1000
p-IKK (Ser176/180) Cell Signalling #2697 Rabbit 1:1000
IKKB Abcam ab32135 Rabbit 1:1000
NEMO Santa Cruz sc-8338 Rabbit 1:1000
p-ATM (Ser1981) Merck Millipore 05-740 Mouse 1:1000
ATM Abcam ab199726 Rabbit 1:1000
p-ATR (Ser428) Cell Signalling #2853 Rabbit 1:1000
ATR Cell Signalling #2790 Rabbit 1:1000
DNA PKc Cell Signalling #12311 Mouse 1:1000
p-Chk1 (Ser345) Cell Signalling #2348 Rabbit 1:1000
p-Chk2 (Thr68) Cell Signalling #2661 Rabbit 1:1000
Chk1 Cell Signalling #2360 Mouse 1:1000
PARP1 SN - Mouse 1:500
ELKS Santa Cruz sc-135215 Rabbit 1:1000
yH2A.X (Ser139) Cell Signalling #2577 Rabbit 1:1000
p-ERK1/2 (Thr202/Tyr204) Cell Signalling #4370 Rabbit 1:1000
ERK1/2 Cell Signalling #9102 Rabbit 1:1000
p-BRAF(Ser445) Cell Signalling #2696 Rabbit 1:1000
BRAF Cell Signalling #14814 Rabbit 1:1000
Lamin B Santa Cruz sc-6216 Goat 1:1000
PP1 Santa Cruz sc-7482 Mouse 1:10000
Histone H3 Abcam ab1791 Rabbit 1:5000
Tubulin-a Sigma Aldrich T6074 Mouse 1:10000
Polyclonal Goat anti-Rabbit | Dako P0448 Rabbit 1:2000
Immunoglobulins/HRP

Polyclonal  Rabbit  anti-Mouse | Dako P0260 Mouse 1:2000
Immunoglobulins/HRP

Polyclonal Rabbit anti-Goat | Dako P0449 Goat 1:2000
Immunoglobulins /HRP

Veriblot for IP detection Reagent | Abcam ab131366 Rabbit 1:2000
HRP

Monoclonal Rat anti-Mouse | Abcam ab131368 Mouse 1:2000
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MM?7. BiolD METHOD AND BIOTIN IMMUNOPRECIPITATION

Proximity-dependent biotinylation (BiolD) screen are excellent tools to capture in cellulo
interactomes for a large variety of baits, including transient and weak affinity interactions, as well
as localization-specific proximity components?®27°, This identification method is based on the
fusion of a E. coli Biotin Ligase (BirA) with a bait protein (IKKa), that after biotin addition will
biotinylated the proteins that are close to or interact with our protein of interest. BirA catalyzes the
formation of biotinoyl-5’-AMP that reacts with accessible amine groups of exposed lysine residues.
Thus, proteins that are proximal or interact with the bait will be irreversibly biotinylated. Then, these

biotinylated proteins can be precipitated and identify by different proteomic techniques.

BirA-IKKa plasmid encoding IKKa protein sequence in the C-terminus of BirA (R118G) sequence was
obtained from Protein Technologies unit form CRG by subcloning IKKa coding sequence into

pcDNA3.1-mycBiolD vector [Addgene, Ref. 35700] (Figure MM1).

AMPR promoter,Begl, Acll, SspL pRS-marker, Sall, SgrDI,Mfel,Nrul,M1ul, Spel
Pvul, Scal CMV enhancer, Ndel, SnaBI
Fspl, Acll CMY¥ promoter, CspCT

T7 promoter,T7,+3
Ajul,Pasl
BmgBI1
Xeml
BstXI

BIOID2-IKKalpha
8594 bp

BssHIT

Tthilll
PFIFL

Fspl

KasI,Narl,+2
Eagl
AvrII, TspHL, Xmal, +1

SV4@ promoter,+2
PBABE 3',NsiT, SexAl
Flori-F,Alol,Psil Bsgl,Bsul6l

bGH poly(A) signal,Flori-R Bsrl
BGH-rev, Xbal, Bsgl, Hpal, Acc651, KpnL, HindI 11, +2

Ajul
Bsml, EcoRV
BbvCI

Figure MIM1. BiolD plasmid. BirA-IKKa plasmid encoding IKKa protein sequence in the C-terminus of BirA

(R118G) sequence. Created with Benchling.com.

Biotin Immunoprecipitation (Biotin IP)

e Seed 3x10° HEK293T cells carrying BirA-IKKa plasmid per condition.

e Treat with 50uM Biotin O/N
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e Perform cell lysis as explained above and from each sample separate 100 pL for the input.

e Capture the biotinylated proteins adding 100uL Streptavidin Sepharose beads [Cytiva,
Ref. 17511301] (previously blocked with 10% BSA 100 mg/mL and washed with lysis
buffer).

e Incubate with rotation at 42C for 2h.

e Spin down the beads by centrifuging them for 2 min at 300 rcf at 42C. Remove the
supernatant.

e Wash 5X with 500 pL lysis buffer, centrifuging between washes.

e After the final wash, remove the supernatant, add 100-150 pL 1x Loading buffer and boil
10 min 95°C.

MM8. MASS SPECTOMETRY

Mass spectrometry (MS) is technique that allows us to distinguish chemical entities with different
mass-to-charge ratio. It is used in proteomics for the characterization and sequencing of proteins.
This permits the study of cellular processes involving proteins such as cell signalling processes,
structure of protein complexes or post-translational modifications. Usually, components are first

separated by liquid chromatography (LC) following coupled MS (LC-MS/MS) to enhance detection.

Cell lysates and Biotin Immunoprecipitation

Total lysates from HEK293T cells carrying BirA-IKKa plasmid, and pretreated with 50uM Biotin O/N,
were obtained lysing cells with ColP lysis buffer, sonicating 3X for 15 sec at 10% amplitude and then,
centrifugating them at 1000 rcf for 10 minutes. Precipitation of biotinylated proteins was performed
incubating with Streptavidin Sepharose beads for 2h and apart from 5X washes with ColP lysis
buffer, 3X more washes with PBS. As a technical control HEK293T cells transfected with empty BirA

plasmid were used.

Sample digestion and phosphopeptide enrichement

- Add 10 mM solution of DTT [Sigma, Ref. D9163] and let the reaction proceed for 1 hour at
37°C.

- Prepare 20 mM IAM (lodoacetamide) [Sigma, Ref. 11149] by mixing 100 puL 100 mM IAM with
400 pL 200 mM ABC. Add the appropriate volume of 20mM IAM to the sample and alkylate

for 30 minutes at room temperature in the dark.
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- Dilute samples with 200 mM ABC to have samples at 2M Urea before adding the
endoprotease LysC. Dissolve a vial of LysV (10UA) [Wako, Ref. 129-02541] in 1 mL of TEAB
50 mM [Sigma, T7408] to have a solution of 2,4 pg/ uL of LysC.

- Add the required amount of endoprotease LysC in the sample to have a ratio 1:10 ratio
enzyme:protein (w:w). You can dilute the enzyme with the appropriate volume of 200 mM
ABC.

- Digest O/N at 372C at 650 rpm in the thermos-mixer.

- Dilute samples with 200 mM ABC to have samples at less than 1M Urea before adding
sequence-grade trypsin [Promega, Ref. V5111].

- Add the required amount of sequence-grade trypsin in the sample to have a 1:10 ratio
enzyme protein (w:w). You can dilute the enzyme with the appropriate volume of 200 mM
ABC.

- Stop the reaction by adding formic acid (10% of final total volume) [Merck, Ref.
1.00264.0100].

- Enrich sample in phosphopeptides using Titanium Dioxide (TiO,) beads [Titansphere, 5 uM,
GL sciences Inc.].

- Clean up the sample with Hypersep C18 columns [Thermo, Ref. 60108-305]:

o Column conditioning: Activate the selected columns with methanol 100%

o Column equilibration: Equilibrate the selected columns with 5% formic acid in water.

o Sample loading: Acidified samples are slowly loaded twice into the selected columns.

o Column wash: Wash the selected columns with 5% formic acid in water.

o Sample elution: Elute the sample from the selected columns with 5% formic acid in a
1:1 solution acetonitrile:water (v/v).

o Evaporate the solvent of the eluted sample to dryness using a speed-vac system.

o For mass spectrometric analysis redissolve the sample in 0,1% formic acid in water.

- Evaporate the solvent of the samples with a speedvac.

- Dissolve the samples in 0,1% formic acid in water to a final concentration of 1 mg/mL.

Sample Injection

- 45% of each sample was injected in an Orbitrap Eclipse with a 90 min gradient using a 2 cm
Trap-column and 122 cm 3 um column. Each sample was injected twice with the acquisition

methods: DDA_TOP20_CID and DDA_TOP20_MSA. To avoid carry over, BSA runs were added
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between the samples. BSA controls were included both in the digestion and LCMSMS

analysis for quality control.

Data analysis

The data has been searched using the search algorithm Mascot v2.6 (www.matrixscience.com)

against a SP_Human (UniProt, February 2020) database. Protein/peptide identification was obtain
using the Proteome Discovered software v2.4. The protein-protein interactions have been scored
with the Significance Analysis of INTeractome (SAINT) software?’%, that allows to select bona fide
interactions and remove nonspecific interactions in an unbiased manner. Peptides have been
filtered based on false discovery rate (FDR) and only peptides showing an FDR lower than 5% have

been retained. Protein network was done using cytoscape software (www.cytoscape.org).

MM9. CO-IMMUNOPRECIPITATION

Co-Immunoprecipitation (Co-IP) assay is widely used technique to identify physiologically relevant
protein-protein interactions by using specific antibodies to indirectly capture proteins that are
bound to a specific target protein. The immune complex formed by the specific antibody and target
protein is precipitated on a beaded support to which an antibody-binding protein is immobilized
(Protein A or G). Then the precipitated proteins be analysed by WB. Protein-protein interactions can

be strengthened by crosslinking the binding partners.

1. Use 3 x 106 cells per condition.

2. Remove the medium and wash cells with PBS

3. Crosslink proteins by using the reversible crosslinker DSP (1mM) [Thermo scientific, Ref.
22586] for 10 min at RT

Lysate cells with 1 mL ice-cold lysis buffer following the protocol described above.

From each fraction separate 100-150 pL as the input.

Add 2-5ug of specific antibody or unspecific IgG and leave rotating O/N at 42C (Table MM3).

N oo &

Add 100-150 pL Sepharose A beads [Cytiva, Ref. 17078001] (previously hydrated and blocked
with lysis buffer with 10% BSA 100 mg/mL).

8. Incubate rotating 2h at 42C.

9. Centrifuge 300 rcf for 2 min. Discard the unbound fraction.

10. Wash 5X with lysis buffer, centrifuging between washes at 1200 rpm for 2 min.

11. Add 100-150 pL 1x Loading Buffer and boil 10 min 952C. Store at -20°C.

83



Table MM3. Antibodies used in Co-IP experiments.

Antibody Company Reference Specie
IKKa(p45) Millipore MABF222 Mouse
Mouse IgG Sigma 18765 Mouse

MM10. SIZE EXCLUSION CHROMATOGRAPHY ASSAY

Size exclusion chromatography (SEC) assay separates molecules based on their size by filtration
through a gel, which consist of spherical beads containing pores of a specific size distribution.
Separation occurs when molecules of different sizes are included or excluded from the pores within
the matrix. Small molecules diffuse into the pores and their flow through the column is retarded
according to their size, while large molecules do not enter into the pores and are eluted faster.
Consequently, proteins and protein complexes separate based on their size as they pass through

the column and are eluted in order of decreasing molecular weight (MW).

1. Lysate cells with 200 pL ice-cold lysis buffer following the protocol described above.

2. Load the lysates on Superdex200 gel filtration column [Cytiva, Ref. 17104301], previously
packaged and washed with PBS.

3. Allow the solution enter into the matrix and leave between 5-10 drops to pass before start
collecting.

4. Collect one drop per fraction (For Biotin IP 2 drops per fractions were collected).

5. Add 20 pL 6x SDS-Laemmli buffer and boil 10 min 952C

6. Store at-202C.

MM11. IMMUNOFLUORESCENCE

Immunofluorescence (IF) is used for a direct visualization of protein expression and localization.
Proteins are detected using specific antibodies and then a secondary antibody with a conjugated
fluorochrome is used to detect protein levels. For adherent cell lines, cells are cultured in a glass
coverslip and all the steps are performed in the same coverslip and mounted on a slide in the last
step. However, for suspension cells in order to obtain a monolayer of cells in a slide a cytospin has

to be performed before IF steps.

1. For adherent cells seed 1x10° cells per condition and for suspension cells take 1x10° cells per

condition (final volume 150-200 pL).
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Table MMA4. Antibodies used in IF and IHC experiments.

1gG

Antibody Company Reference Specie Dilution
p-ATM (Ser1981) Merck Millipore | 05-740 Mouse 1:500
ATM Abcam ab199726 Rabbit 1:500
p-53BP1(Ser1618) Cell Signalling #6209 Rabbit 1:500
p45-1KKa SN - Mouse 1:100
yH2A.X (Ser139) Cell Signalling #2577 Rabbit 1:500
yH2A.X (Ser139) Upstate 05-636 Mouse 1:500
Ki-67 Novocastra NCL-Ki67-MM1 | Mouse 1:500
Alexa Fluor 488 donkey-anti-rabbit IgG | Invitrogen A21206 Donkey-anti-rabbit | 1:1000
Alexa Fluor 488 donkey-anti- mouse | Invitrogen A21202 Donkey-anti-mouse | 1:1000
18G

Alexa Fluor 647 donkey-anti-rabbit IgG | Invitrogen A31573 Donkey-anti-rabbit | 1:1000
Alexa Fluor 647 donkey-anti- mouse | Invitrogen A31571 Donkey-anti-mouse | 1:1000

2. Cytospin of suspension cells:

e Mount the slide, the paper and the cuvette in the metal holder.

e Add up to 200 pL of cells into each cuvette.

e Centrifuge at 500 rpm for 3 min.

e Extract the slide, paper and cuvette without disturbing cell monolayer.

3. For adherent cells, remove the medium and wash with PBS.

4. Fix the cells with Paraformaldehyde (PFA) 4% [Sigma, Ref. P6148, 4% in PBS] for 30 min at

4eC.

5. Wash 3X with PBS rocking 5 min at RT.

6. Permeabilization and blockage with 4% milk and 0.3% Triton X-100 [Surfactant Amps,

Thermo Scientific, Ref. 28340] in PBS for at least 1h at 4C.

7. Incubate with the appropriate dilutions of primary antibodies in the same permeabilization

solution and leave O/N at 42C (Table MM4).

8. Wash 5X with PBS.

9. Incubate with the secondary antibodies, diluted in PBS plus 4% milk for 1h30min at RT (Table

MM4).
10. Was 5X with PBS.
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11. Mount in 4,6-diamino-2-phenilindole (DAPI) Fluoromount-G [Southern Biotech, Ref. 0100-

20] onto a slide.

12. Images were taken in an SP5 upright confocal microscope [Leica], using the Leica Application

Suite software.

MM12. RNA ISOLATION

Total RNA from cells was extracted with the RNeasy Mini Kit [Qiagen, Ref. 74106], following

manufacturer’s instructions:

=
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Lysate cells with 350 pL RLT buffer plus 3.5 uL B-mercaptoethanol.

Homogenise with a 21G needle.

Add 1 volume of 70% ethanol and transfer it to a RNeasy MinElute spin column.
Centrifuge at 8000 rcf for 20 sec.

Add 350 pL of RW1 Buffer. Centrifuge at 8000 rcf for 20 sec.

Add 10 pL of diluted DNase I. Incubate for 15 min at RT.

Add 350 pL of RW1 Buffer. Centrifuge at 8000 rcf for 20 sec.

Add 500 pL of RPE Buffer. Centrifuge at 8000 rcf for 2 min.

Centrifuge at 20000 rcf for 5 min and discard the supernatant.

10. For elution, add 15 pL of H20. Centrifuge at 20000 rcf for 1 min.

11. RNA concentration is quantified with a NanoDrop spectrophotometer [Thermo Scientific]

MM13. RT-qPCR

Quantitative real time polymerase chain reaction (qRT-PCR) is a technique used to amplify and

simultaneously quantify specific DNA regions. First, complementary DNA (cDNA) has to be

synthesised from RNA sample by retrotranscription, using the Transcriptor First Strand cDNA

Synthesis Kit [Roche, Ref. 04897030001].
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Mix 2 ug of extracted RNA (see above) with H,0 up to 11 plL.

Add 2 uL of anchored-oligo(dT)18 primer.

Denature the template-primer mixture by heating the tube for 10 min at 652C in a block
cycler with a heated lid. This step ensures denaturation of RNA secondary structures.

Cool the tube on ice immediately.

Add 7 uL of a mix containing (x1 reaction): 4 uL of buffer, 2 uL of dNTPs, 0.5 uL RNase

inhibitor and 0.5 pL Transcriptor Reverse Transcriptase.



6. Incubate at 30 min at 552C in the block cycler.

7. Inactivate Transcriptor Reverse Transcriptase by heating to 852C for 5 min and keep at 42C.

8. Dilute the sample 1:20 with H,0 and store at -202C.

After cDNA synthesis, qRT-PCR was performed in the LightCycler480 system, using a SYBR Green |

Master Kit [Roche, Ref. 04887352001]. Samples were normalised to the mean expression of the

housekeeping genes TBP, GAPDH, ACTB. Primer used are listed in the Table MM5.

1. Prepare the mix containing (x1 reaction): 5 pL of SYBR Green | Master Kit, 2 pL of H,0, 0.5 pL

(10 uM) of forward primer and 0.5 uL of reverse primer (10 uM).

ok N

Add 8 pL of the mix to a 384-wells plate.
Add 2 pL of diluted cDNA.

Seal the plate and centrifuge at 150 rcf for 1 min.

Table MMS5. Primers used for RT-qPCR.

Perform the RT-gPCR in LightCycler 480 machine [Roche].

Target Specie Forward Reverse

ATM Human CATTTTGATGAGGTGAAGTCCATTG CGTCATCAATAACTCCACCACAATC
ATR Human CCGCAAAAGGAGATTTGGTA TTCGGAAGTGCTGTCATCTG
DNAPKe | Human CATGGAAGAAGATCCCCAGA TGGGCACACCACTTTAACAA
chicl Human TCTGCTCCTCTAGCTCTGCT TGGGAGACTCTGACACACCA
Chk2 Human CTGTTGGGACTGCTGGGTAT CGTAAAACGTGCCTTTGGAT
538P1 Human CTTTAGCCGCCAGTCTTCAC CTTGGGAACGTGGCTGTTAT
Rad51 Human CGACTCTCCCTGTCTTCCTG TTTCCCGGAAGCTTTATCCT
NBS1 Human GAGGCTGGCCTCTACATCAC GAGGCTGGCCTCTACATCAC
MRE11 Human | 6 cGGAATTCAGGTTTACG CAGGCCGATCACCCATACAA
Rad50 Human CCTTGCTTCGGCCTCAGTTA TTGTGTCTGACGTACCTGCC
PARPL Human CCGCAAAAGGAGATTTGGTA TTCGGAAGTGCTGTCATCTG
cbK12 Human AACAGTGGACAGCCCAAAAC GACTGACCGACTGCCTTCTC
P53 Human CTTTGAGGTGCGTGTTTGTG GGGCAGTGCTCGCTTAGT

TBP Human TGCCCGAAACGCCGAATATAATC GTCTGGACTGTTCTTCACTCTTGG
GAPDH Human GTCATCCCTGAGCTGAACG CTCCTTGGAGGCCATGTG

ACTB Human GCACCACACCTTCTACAATGAGC TAGCACAGCCTGGATAGCAACG
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MM14. COMMET ASSAY

One method to analyse DNA-damage is by comet assay, or single cell gel electrophoresis assay,
which is based on the capacity of denatured and damaged DNA fragments to migrate when
performing an electrophoresis. Conversely, intact DNA migrates slower and stays inside the nucleus.
Analysis of the size and shape of DNA “tail” reflects the quantity of DNA-damage in the cells. Comet
assays were performed using the Comet Assay Kit [Trevigen, Ref. 4250-050-K]. The alkaline assay
was used because is more sensitive and can detect both single and double-stranded breaks and

other types of DNA-damage, like DNA adducts.

1. Use 10-12,5 x103 cells per condition.

2. Combine 35 pL of cells diluted in PBS with 250 pL molten LMAgarose at 372C and pipette 60
pL onto CometSlide.

Keep the slides at 42C for 30 minutes.

Immerse slides in 42 Lysis Solution O/N

Immerse slides in Alkaline Unwinding Solution for 1h at 4C.

IS A

Perform electrophoresis at 21V for 30 minutes immersing slides in 42C Alkaline
Electrophoresis Solution.

7. Was with dH,0 twice and with 70% ethanol, 5 min each.

8. Dry samples at 372C until the LMAgarose is completely gone.

9. Stain DNA with 100 pL of diluted SYBR Safe for 30 min.

10. Wash with dH,0.

11. Allow slides to dry at 379C.

12. 25 pictures of every replicate were taken using a Nikon Eclipse Ni-E epifluorescence

microscope and tail moment was calculated using the OPENCOMET plugin for Image).

MM15. VIABILITY ASSAYS

Viability assays have been used in this study for analysing the dose-response to drugs of different
cell lines. The number of viable cells has been measured by analysing the ATP present in the

medium, which allows identifying the quantity of metabolically active cells in culture.

1. 5000-10000 cells were plated in 96-well plates with 100 pL of complete medium.
2. Growing cells were treated with increasing concentrations of different treatments (see

MM1), in monotherapy or in combination at the indicated concentration for 72h or 1 week.
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To study the ability of cells to recovery from damage, after treatment, drug washout was
performed and cells were leave with fresh complete medium for 72h.
3. Cell viability was measured using the CellTiter-Glo 3D Cell Viability Assay [Promega, Ref.

G7571].

e Equilibrate the plate and CellTiter Glo Reagent at RT for approximately 40-45 min.

e Add 15 plL of CellTiter-Glo Reagent to every well.

e Mix contents for 5 min on an orbital shaker to induce cell lysis.

o Allow the plate to incubate at room temperature for 25 min.

e Record luminescence (measurement of 1 second per well) in an Orion Il multiplate

luminometer.

MM16. ANNEXIN V BINDING ASSAY

An early marker of apoptosis is phosphatidylserine (PS), which is transported from the inner to the
outer part of the plasma membrane when pro-apoptotic signals are released. It has been
demonstrated that annexin V can specifically bind to PS. For this reason, for analysing increase of
apoptosis in cells under certain conditions the annexin V binding assay can be used. Apoptosis in
treated cells was determined by flow cytometry using the standard Annexin V Apoptosis Detection

Kit APC [Thermo Fisher, Ref. 88-8007].

1. Use 1x10° cells per condition.

2. Wash cells with PBS.

3. Wash cells with 1X Binding Buffer (Prepared from 10x Binding buffer: 0.1M HEPES pH7.4,
1.4M NaCl, 10mM MgCl, in ddH,0) plus 2.5mM CaCl, and centrifuge at 500 rcf for 5 min at
RT.

4. Resuspend in 200 uL of 1X Binding Buffer and incubate 15 min 5 pl of fluorochrome-
conjugated Annexin V [BD pharmingen, Ref. 556422], in the dark at RT.

5. Wash cells in 1 mL of 1X Binding Buffer and centrifuge at 500 rcf for 5 min at RT.

6. Resuspend in 200 puL of 1X Binding Buffer and add 5 plL of Propidium lodide [Thermo Fisher,
Ref.P3566], for staining the DNA content.

7. Incubate 10 min at RT in the dark.

8. Analysis of the cells in the LSRFortessa analyser [BD Biosciences].
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MM17. CELL CYCLE ANALYSIS

The study of cell cycle distribution by flow cytometry permits to estimate the percentages of a cell

population in the different phases of the cell cycle. Staining the total DNA with different fluorescent

dyes, such as DAPI, is one of the most direct way of staging the cells based on DNA content. Cell

cycle was analyzed by flow cytometry using a standard Cell Permeabilization Kit [Life Technologies,

Ref. GAS004] for the detection of intracellular antigens:

A w N

Use 1x108 cells per sample.

Trypsinisize adherent cells and centrifuge at 150 rcf for 5 min at RT.

Wash cells with PBS.

Add 100 pL of Fixation medium (Reagent A) and incubate for 15 minutes at room
temperature.

Wash 2X with PBS and centrifuge at 500 rcf for 5 min at RT.

Add 100 pL of Permeabilization medium (Reagent B) and incubate for 25 minutes at room
temperature.

Wash 2X with PBS and centrifuge at 500 rcf for 5 min at RT.

Resuspend in PBS with DAPI, for staining the DNA content, and incubate at least 1h.

Analyse the cells in the LSRFortessa analyser [BD Biosciences]

MM18. CRYTAL VIOLET STAINING

Crystal violet staining is widely used for visualization of cell colonies. The amount of crystal violet

staining is directly proportional to the cell biomass that is attached to the plate. It is a quick and

reliable assay which relies on the detachment of adherent cells from cell culture plates during cell

death.
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Gently aspirate supernatant of cells in a 12-well culture plate.

Rinse once with 1 mL PBS

Fix with ice-cold 100% methanol for 10 minutes (keep in freezer)

Gently cover the cells with 0.5% crystal violet solution in 25% methanol. Incubate for 10-15
minutes at RT.

Remove the crystal violet and wash cells with water several times.

Allow the cells to dry at RT.



MM19. PARAFFIN EMBEDDING OF TUMOR SAMPLES

For

long-term conservation of samples and to perform immunohistochemistry and

immunofluorescence analysis, samples have to be paraffin embedded.

1.

2
3
4
5
6.
7
8
9

Collect the tissues from the organs of interest in ice-cold PBS and place them in a cassette.

Fix in 4% PFA rocking O/N at RT. Wash x2 in PBS 15 min rocking at RT.

. Wash in 25% and 50% ethanol rocking 15 min each at RT.
. Wash in 75% ethanol rocking O/N at 4eC.
. Wash in 90% ethanol rocking 30 min at RT.

Wash x3 in absolute ethanol and xylene rocking 1 h each at RT.
Place tissue in embedding moulds and incubate in paraffin 1 h at 652C.
Change paraffin and incubate O/N at 652C.

Change paraffin and cool down at -202C.

10. Unmould the block and store it at 42C.

MM20. IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) combines histological, immunological and biochemical techniques for

the identification of specific tissue components by means of a specific antigen/antibody reaction

tagged (directly or most commonly indirectly) with a visible label. IHC allows us to visualize the

distribution and localization of specific cellular components within cells and in the proper tissue

context. Starting material is usually 2,5 or 4um paraffin sections.

1.

v
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Dewax the slides heating them at 652C, for 2 h or O/N if they have been re-paraffined, to
melt all the paraffin.

Rehydration battery: xylene | and Il 15 min each, absolute ethanol | and Il, 96%, 70% and

50% ethanol 10 min each and distilled water for 10min.

Antigen retrieval: citrate-based antigen retrieval (sodium citrate pH 6.0) was used, at 1002C
for 20 min without pressure. Then, retain in buffer 1h allowing cooling down.

Wash x3 with PBS rocking 5 min at RT.

Blockage of endogenous peroxidase activity with 1.5% H,0, [Sigma, Ref. H1009] for 20 min.
Wash x3 with PBS rocking 5 min at RT.

Permeabilization and blockage with 0.3% Triton X-100, 1% BSA in PBS for 1 h.

Incubate the appropriate dilutions of the primary antibodies in PBS containing 0.05% BSA,
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10.

11.
12.

13.

O/N at 4°C (Table MMA4).

Wash x3 with PBS 5 min at RT.

Incubate with the secondary antibodies, using the Envision+ System HRP Labelled Polymer
anti-Rabbit [Dako, Ref. K4003] or anti-Mouse [Dako, Ref. K4001] for 90 min at RT.

Wash x5 with PBS 5 min at RT.

Develop the samples with 3,3'-diaminobenzidine (DAB) [Dako, Ref. K3468] for the
appropriate time, wash x5 in PBS 5 min at RT and counterstain with haematoxylin [Merck,
Ref. 1092530500] and mount with DPX [Merck, Ref. 1.01979.0500]

Images were obtained with an Olympus BX61 microscope.

MM21. HAEMATOXYLIN AND EOSIN STAINING

Haematoxylin and eosin (HE) staining is widely used for correct visualisation of cell structures. Cell

nucleus is stained by haematoxylin (dark-purple) and cytoplasm by eosin (pink), although other cell

structures can also be stained, such as components from the extracellular matrix. With this

objective, tissue paraffin embedded samples were sectioned appropriately and stained with HE.

6
7
8.
9

10.

11.
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Dewax the slides heating them at 652C, for 2 h or O/N if they have been re-paraffined, to
melt all the paraffin.

Rehydration battery: xylene | and Il 15 min each, absolute ethanol I and Il, 96%, 70% and
50% ethanol 10 min each and distilled water for 10min.

Staining with haematoxylin for 30 sec [Merck, Ref. 1092530500]. Wash with tap water for 5
min.

80% ethanol 0.15% HCI for 30 sec. Wash with distilled water for 30 sec.

Ammonia water [NH,(aq)] 0.3% for 30 sec. Wash with distilled water for 30 sec.

96% ethanol for 5 min.

Counterstaining with eosin for 3 sec [Bio-Optica, Ref. 05-10003/L].

Wash x3 with absolute ethanol 1 min each.

Dehydration battery: absolute ethanol I and II 5 min each and xylene | and Il 5 min each.
Mount in DPX [Merck, Ref. 1.01979.0500].

Images were obtained with an Olympus BX61 microscope.



MM22. ANIMALS

Animal models or model organisms are widely used in biomedical research to investigate human
diseases or biological processes. The classical vertebrate model is the house mouse (Mus musculus),
which shares around 95% of its genome with humans. Mice can be genetically manipulated to mimic
human diseases or conditions and can be inbred to maintain uniformity within strains, allowing for
more accurate and repeatable experiments. They have an accelerated lifespan, and an entire life
cycle can be studied within 2-3 years. They are cost-effective and efficient research tool: they are
small, reproduce quickly and are relatively easy to house and transport. Sacrifice of adult mice was
done using exposure to CO,. In all procedures, animals were kept under pathogen-free conditions
and all animal work was conducted according to the guidelines from the Animal Care Committee at
the Generalitat de Catalunya. These studies were approved by the Committee for Animal

Experimentation at the Institute of Biomedical Research of Bellvitge (Barcelona).

For in vivo experiments, fragments of human BRAF V660E mutant malignant melanoma tumor
obtained with the informed consent of the patient and following all recommendations of Hospital
del Bellvitge Ethics Committee, the Spanish regulations, and the Helsinki declaration’s Guide were
transplanted and expanded in nude mice as orthoxenografts. To perform drug testing, equivalent
pieces of individual tumors were implanted orthotopically as skin patches. When tumors started
growing, animals were randomly ascribed to the different groups of treatment. Temozolomide (40
mg/kg) was administered intraperitoneally in 20% DMSO and Vemurafenib (75 mg/kg) was
administered orally, and in the double treatment Temozolomide was given 1 hour after
Vemurafenib. Animals were treated every day (expect the weekend) for 21 days and tumors
measured every 2-3 days. At day 21 animals were euthanized and tumors collected, photographed

and measured.

MM23. BIOINFORMATIC ANALYSIS

Transcriptomic dataset corresponding to colorectal cancer (CRC) patients GSE39582272 was
downloaded from GEO?7® (v2.62.2) repository as series matrix. GSE39582 raw cel files were
processed using RMA normalization method as implemented in Bioconductor R package affy?’4.
Annotation of Affymetrix microarray was performed using Bioconductor R package hgu133plus2.db

(v3.13.0). This dataset included 562 patients with disease-free survival and stage clinical data.
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Expression data of 329 CRC patients with available clinical data from the TCGA Portal was

downloaded from the open-access resource CANCERTOOL?7>.

Association of the gene expression with relapse was assessed in the cancer transcriptomic data sets
using a Kaplan-Meier estimates and Cox proportional hazard models. Patients were classified into
two subgroups according to a cutoff point obtained using the survminer (v.0.4.9) package for each
group of patients. A standard log-rank test was applied to assess significance between subgroups.
This test was selected because it assumes the randomness of the possible censorship. All the survival
analyses and graphs were performed with R using the survival?’® (v.3.3-1) and survimer packages

and a p-value<0.05 was considered statistically significant.

MM24. QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters, including number of events quantified, standard deviation and statistical
significance, are reported in the figures and in the figure legends. GraphPad Prism 6 software was
used for statistical analysis and p-value<0.05 is considered significant. Statistical significance among
groups was determined by Student’s t-test (data fitting normal distribution) or Mann Whitney U test
(data not fitting normal distribution) for two-group comparison or one-way ANOVA with Tukey’s

correction for multiple comparison testing.
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RESULTS







RESULTS: PART |

R1. ATM is in a complex with IKKa under basal conditions.

Previous studies from our group identified a truncated form of IKKa, IKKa(p45), localized in the
nuclear compartment of CRC cancer cells that promotes tumor growth. This truncated form of IKKa
is phosphorylated and activated in response to damage and regulates DNA damage response (DDR)
pathway activation through direct ATM phosphorylation?'!. However, the mechanisms regulating

the role of IKKa in response to damage remains unexplored.
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Figure R1. IKKa associates with ATM in CRC cells. (A) Soluble extracts from CaCo2 cells untreated (left panel)
or 30 minutes after UV treatment (right panel) were obtained and loaded on a Superdex200 column. One

drop per fraction was collected and analyzed by western blot with the indicated antibodies.

We addressed this issue by studying the interactome of IKKa in CRC cells under basal conditions and
following DNA damage. We first obtained protein lysates from CaCo2 cells untreated or exposed to
UV light and analyzed them by Size-exclusion chromatography. In basal conditions, IKKa, IKKpB,
NEMO and the IKK-related protein ELKS were identically eluted in fractions 3 and 4 (Figure R1A, left
panels), likely corresponding to the canonical IKK complex. However, upon UV treatment, whereas
full-length IKKa and IKKa(p45) continue coeluting with NEMO and ELKS in fractions 4-7, the
coelution of them with IKKB were restricted to fraction number 6 (Figure R1A, right panels). These
results indicate that there is a change in the composition of IKKa containing complexes upon

damage.
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Unexpectedly, the DDR element ATM was coeluting with IKKa (full-length and IKKa(p45)) NEMO and
ELKS not only after damage but also in basal conditions, suggesting that ATM might be in a complex
with IKKa previous to damage. This observation is in agreement with the notion that IKKa

participates in a cellular response together with ATM that requires a rapid activation upon damage.

Nevertheless, the coelution on the Size-exclusion chromatography does not indicate the interaction
between proteins. To directly study the interactome of IKKa, we use the novel BiolD identification
method. This method is based on the fusion of a Biotin Ligase (BirA) protein with a target protein,
that in presence of biotin, will biotinylated proteins that are close to or interact with the protein of
interest, in this case IKKa. Then these biotinylated proteins can be identified by different proteomic
techniques?”’.
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Figure R2. IKKa interacts with ATM previous to damage and translocates to the chromatin upon UV
exposure. Immunoprecipitation of biotinylated proteins from soluble extract (A) and chromatin extract (B)
of HEK-293T cells transfected with BirA-IKKa plasmid, pretreated with Biotin (50uM, O/N) and treated with
UV light (130mJ) as indicated. WB analysis demonstrated the presence of endogenous IKKa (85kDa) and BirA-

IKKa fusion protein (120kDa) in the precipitates.

We transfected HEK293T cells transfected with the fusion protein BirA-IKKa (Figure MM1) and
treated them with Biotin (50uM) O/N. To identify elements involved in the response of IKKa to
damage, we performed biotin immunoprecipitations in cells untreated and exposed to UV light (130
mJ) for 15 or 60 minutes and analyzed by western blot (WB) for the presence of candidate

interactors.

In previous work, our group demonstrated that the direct interaction of IKKa with ATM increase in
early timepoints after damage, as ATM is a direct substrate of active IKKa(p45) and its activation
induces DDR?!%, However, we here observed that ATM and IKKa coelute also in basal conditions,
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suggesting that they form a constitutive complex that is activated in response to damage. By WB
analysis of the precipitates from soluble cell lysates, we confirmed the direct interaction of ATM and
IKKa in basal conditions. Interestingly, after exposure to UV light, the biotinylated ATM was
undetectable in these precipitates (Figure R2A). As ATM functions activating DNA damage response
pathway and regulating cell cycle, it seems unlikely that biotinylated ATM was lost due to
degradation. Therefore, we precipitated biotinylated proteins from the chromatin extracts. We
found that the levels of biotinylated ATM increase after UV treatment in a time dependent manner
(Figure R2B), suggesting that the ATM that interacted with IKKa translocated to the chromatin
fraction upon damage. Furthermore, our results further confirmed that IKKa interacts with histones,
and in particular with yH2A.X (a marker of DNA damage), in response to damage, supporting its
function in DNA repair. We confirmed these results obtained by BiolD by co-immunoprecipitation
assays (Co-IP) with the antibody targeting IKKa(p45) in CaCo2 cells untreated or exposed to UV light
(Figure R3A).
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Figure R3. IKKa interaction with ATM in basal conditions in CRC cells. (A) Co-immunoprecipitation assay

with the anti-IKKa(p45) antibody from CaCo2 cells treated as indicated with UV light (130 mJ).

To gain further insight of ATM- IKKa complex, we combined the BiolD method with the Size-
exclusion chromatography technique. We confirmed that IKKa and ATM interaction in untreated
cells takes place in the context of the macromolecular complex that eluted in fractions 3 to 6 (Figure
R4A, left panels). Moreover, it could be observed that in cells exposed to UV there is a considerable
reduction in the levels of interacting ATM and IKKa in these soluble lysates (Figure R4A, right
panels), which is in accordance with the concept that this ATM- IKKa complex functions in repairing

damaged-chromatin.
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Figure R4. IKKa forms a complex with ATM. (A) Soluble extracts from untreated (left panel) or UV treated
(right panel) HEK293T BirA-IKKa, pre-treated with Biotin (50uM, O/N), were fractionated in Superdex200

column. Two drops per fraction were collected and precipitated with Streptavidin beads.

R2. IKKa interactome in response to damage.

To further study the interactome of IKKa in response to cellular damage, we performed an unbiased
Liquid Chromatography Mass spectrometry (LC-MS) of biotin immunoprecipitates from cells
expressing BirA-IKKa, untreated or treated with UV light. As a control we used cells transfected with

empty BirA plasmid.

The results of LC-MS analysis revealed that in basal conditions the most significant IKKa interactors
are members of NF-kB pathway (such as IKKB/IKBKB, NEMO/IKBKG, NFKB2/p100 and NFKB1/p105)
or Hsp90/Cdc37 chaperone. Notably, ATM was also identified in the analysis as significant IKKa
interactor in basal conditions, consistent with previous results. However, after UV treatment the
interaction between IKKa and most of NF-kB members decreased and new possible interactors
appeared, including different members of DDR pathway such as PARP1, RAD51, POLD2, POLDIP2 or
APEX1 (Figure R5A). Therefore, LC-MS analysis revealed that the interactome of IKKa in basal
conditions and in response to damage is different, further supporting an NF-kB-independent IKKa

role in DNA damage repair.

Although the interaction of IKKa and most NF-kB members is reduce upon damage, LC-MS data
showed that the interaction between IKKa and NEMO was maintained stable after exposure to UV
light, which was confirmed by WB (Figure R2A and R3A). Interestingly, NEMO is localized at the
crossroad of the different nodes (untreated, UV 15 min and UV 60 min) in the IKKa interactors
network suggesting that it may play a role in the transfer from NF-kB-related IKKa complexes to
DDR-related complexes (Figure R5B). Supporting the possibility that NEMO might play a role in
defining IKK substrate specificity, it was previously found that NEMO is required for directing IKKB
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function towards IkBa?’8. Thus, we studied whether NEMO was regulating IKKa activity in response

to damage.
A £E
>
S5©e3
NN
O>>
zZ55
POLD2 Qe
XPC
APEX1 Qo
PARPI| @
POLDIP2 oQ
IDH3A| - ©O
ATM
CHEK1
RAD51
GAPDH
CHUK | @
HSP90AA1
HSP90AB3P
HSP90AA2P Dotplot - AvgSpec
IKBKG g —
CDC37 .
NFKB2 Relative AvgSpec
NFKB1
O O o
IKBKB <0.01 £0.05>005
B FKBP5 BFDR
IDH3a  IDH3G
PMPCA VARS2
RADS51
ENOY a2 | 5P =
TST
ETFB
ACADVL
IARS2 SRM
MID1IP1
gt UV 60 min
CLPX Gl
APEX1
HSPS0AA2P GFM2 AARS1 PMPCB
CHEK1
PoLD2 RNPEP
CHUK NFKB2 ACADM
NFKB1
HSPS0AB3P
HSP3S0AB1 NIPSNAP1
FKBP5
HSPI0AA1T
IKBKB POLDIP2 . "
s Significant
interactor
XPC Uy 15 min GAPDH == = = non-significant
interactor
NEMO
CDCa7
NO UV ATM ARk L Node size is proportional
PYGB to the average spectral
counts

Figure R5. IKKa interactome in response to damage. (A) Representation of the results obtained in the mass
spectrometry analysis of streptavidin precipitates from HEK-293T cells expressing the fusion protein BirA-

IKKa. (B) Network of selected proteins identified as putative IKKa interactors in cells untreated or treated for

15 or 60 minutes with UV light.
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R3. NEMO regulates chromatin association of IKKa and IKKa -interacting ATM

Since the interaction between NEMO and IKKa was stable upon treatment and NEMO coeluted with
IKKa and ATM in the size exclusion chromatography assay, we propose NEMO as a possible element
of the ATM-IKKa complex. NEMO was found to exert a central role in the activation of the NF-kB
pathway in response to damage via ATM and PARP1 8, However, it is not known whether NEMO is
involved in damage response independently of NF-kB. To study this possibility, we generated NEMO
Knock-Out (KO) cell lines using CRISPR-Cas9 system and tested if the absence of NEMO produces

deregulations in damage response.

A B
WT NEMO KO WT NEMO KO

UV (min) 0 5 15 30 60 90 0 5 15 30 60 90 UV (min) o 5 15 30 60 90 0 5 15 30 60 90

WB: . WB:

E . s ATM o
PETH * . . !!7 250 kDa T esesew . -0k
E a

ATV S g g o - o - —— — p-IKK - - - -

RN —— USSR L B - il 5 0:
- - W S o Sy — — =
ATR [*==— H3 15KDa

S m _ 250 kDa
Chromatin extract

DNA-PKC b o o o = == S o e # _160 (D2
o o o DD
P-ChK2 i .
p-Chk1 e el - 50 kDa

ChK1 o s s ——— 50 kDa

IKko S S - - -5,

_ 50kDa
IKKa(pds) = R S sl o

NEMO il e 48 ~50kDa

LTI T — - - o — 50 kD2

Soluble extract

Figure R6. Normal DDR activation, but defective ATM chromatin accumulation in NEMO deficient cells. WB
analysis of soluble (A) and chromatin (B) extracts from Caco2 NEMO WT and NEMO KO cells exposed to UV
light (130 mJ) and collected at the indicated time points.

Comparative analysis of WT and NEMO KO CaCo2 cells exposed to different damaging agents such
as UV light (Figure R6A) revealed that NEMO-deficient cells displayed proper activation of different
DDR elements, as indicated by the increase of phosphorylated ATM, Chk1, Chk2 and yH2A.X upon
time. yH2A.X is the phosphorylated form of H2A.X downstream PIKK kinases and it is considered a
marker of DNA damage. It should be noticed that NEMO KO cells do have increased levels of ATR

and DNA PKc, raising the possibility that they might have some DDR alterations. Indeed, by RT-qPCR
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analysis we found upregulation of several DDR genes in NEMO KO cells in basal conditions, but in
general there were not significant differences in their activation in response to treatment (Figure

R7A).
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Figure R7. The expression of DDR key genes is induced upon treatment in CRC cells. (A) RT-qPCR analysis of
normalized expression of selected DDR genes in untreated or 5-Fu+lrinotecan (50pug/mL + 20ug/mL, O/N)
treated Caco2 NEMO WT and NEMO KO cells.
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Figure R8. Defective nuclear accumulation of ATM in NEMO deficient CRC cells in response to damage. (A)

WT NEMO KO
—Untr.=m UV

Representative images of ATM staining in NEMO WT and NEMO KO Caco?2 cells exposed to UV light (130 mJ,

30 min). (B) Quantification of the percentage of positive cells displaying nuclear ATM.

Although ATM activation by damage was apparently normal in NEMO KO cells, we observed that
the chromatin levels of ATM were significantly reduced in NEMO-deficient cells (Figure R6B).
Remarkably, immunofluorescence analysis of cellular ATM distribution showed that whereas in WT
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cells the majority of ATM is translocated to the nucleus in response to damage, in NEMO KO cells
most of ATM was accumulated in the cytoplasm (Figure R8A and R8B), suggesting that NEMO might

be involved in the nuclear localization of ATM.

To further study this failure in nuclear translocation or retention of ATM, cells were treated with the
CRM1/exportin 1 inhibitor Leptomycin B, that prevents the export of proteins by binding to CRM1.
Pretreatment of cells with leptomycin B leads to nuclear ATM accumulation upon damage
specifically in NEMO WT cells. In contrast, NEMO KO cells did not show any detectable increase in
nuclear ATM accumulation upon damage, indicating that NEMO deficiency inhibits nuclear shuttling

of ATM (Figure R9A and R9B).
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Figure R9. Defective nuclear translocation of ATM in NEMO deficient CRC cells in response to damage (A)
Representative images of ATM staining in NEMO WT and NEMO KO CaCo2 cells pre-treated with Leptomycin
B for 16 hours (5ug/uL) and then left untreated or exposed to UV light for 30 minutes (130mlJ). (B)

Quantification of the percentage of cells showing the indicated subcellular distribution of ATM.

A more extensive analysis of active ATM cellular localization revealed that UV-treated NEMO KO
cells showed significantly reduced percentage of cells positive for nuclear p-ATM and contained
cytoplasmic activated ATM (Figure R10A and R10B). This decrease in nuclear p-ATM correlates with

fewer cells positive for the DNA damage marker yH2A.X (Figure R10C). Interestingly, in the few
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NEMO KO cells displaying nuclear p-ATM, this protein does not colocalize with yH2A.X indicating a
defect in the recognition of DNA damage sites by ATM (Figure R10A and R10D).
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Figure R10. Active ATM fails to detect DNA damage sites in NEMO deficient CRC cells upon UV exposure.
(A) Double immunofluorescence analysis of p-ATM and yH2A.X in CaCo2 WT and NEMO KO cells exposed to
UV light (130 mJ, 30 min). (B-D) Quantification of the percentage of cells positive for nuclear p-ATM (B),
positive for yH2A.X (C) and percentage of cells with co-localizing p-ATM and yH2A.X (D).

When comparing different damaging agents, we found that NEMO-deficient cells treated with
chemotherapy (CT), which produces damage directly in the DNA, showed a higher percentage of p-
ATM and yH2A.X double positive cells compared to NEMO KO cells treated with UV light (Figure
R11A and R11C), even though the percentage of p-ATM positive cells was comparable (Figure R10B
and R11B). Notably, the number of colocalizing p-ATM/yH2A.X dots in these double positive cells
was significantly reduced in NEMO KO cells compare to the WT cells (Figure R11D). Similar results

were obtained from the analysis of the ATM-downstream element 53BP1 (Figure R12A, R12B and
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R12C), indicating a failure in the recruitment of DDR elements to the sites of damage in the absence

of NEMO.
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Figure R11. p-ATM fails to localize DNA damage sites in the absence of NEMO upon chemotherapy
treatment. (A) Representative images of p-ATM and yH2A.X double IF staining in cells treated with 5-Fu+Iri.
combination (50ug/mL + 20ug/mL, O/N). (B and C) Quantification of the percentage of cells treated with

chemotherapy displaying nuclear p-ATM (B) or colocalizing p-ATM and yH2A.X (C). (D) Quantification of the
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Figure R12. Failure in the recruitment of DDR elements to damage sites in NEMO deficient CRC cells upon
treatment. (A) Double IF analysis of p-53BP1 and yH2A.X in Caco2 WT and NEMO KO cells treated for 16
hours with 5-Fu+Iri (50pug/mL + 20pg/mL). (B and C) Quantification of the percentage of cells positive for

nuclear p-53BP1 (B) and cells with colocalizing p-53BP1 and yH2A.X (C).
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Figure R13. Cellular distribution of IKKa(p45) upon treatment. (A) Representative images of IKKa(p45)
staining in NEMO WT and NEM KO CaCo2 cells untreated or exposed to chemotherapeutic combination 5-

Fu+Iri. (50pg/mL + 20pg/mL, O/N). (B) Quantification of percentage of cells positive for nuclear IKKa(p45).

Similar to ATM, we detected increased levels of cytoplasmatic IKKa(p45) in both untreated and CT-
treated NEMO KO cells (Figure R13). This is in agreement with the WB data in Figure R6A in which
we observe that NEMO KO cells have slightly more IKKa(p45). However, neither nuclear
translocation of IKKa(p45) nor p-IKK accumulation in the chromatin extracts upon damage (Figure

R6B) were observed in NEMO KO cells, suggesting that NEMO is not necessary to its activation.
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Figure R14. NEMO regulates ATM-IKKa complex translocations to DNA damage sites. Immunoprecipitation

of soluble (A) and insoluble (B) biotinylated proteins from WT and NEMO KO HEK-293T cells expressing BirA-
IKKa plasmid, pretreated with Biotin and treated with UV light as (130 mJ) indicated.

Altogether, these results indicate that NEMO has a role in regulating nuclear localization of ATM
and IKKa, but they do not prove that NEMO is regulating IKKa activity towards ATM and DDR. To
formally test this possibility, we conducted a biotin immunoprecipitation from WT and NEMO KO
expressing BirA-IKKa. WB analysis of the precipitates indicate that the fraction of ATM that

interacted and was biotinylated by IKKa was the one that translocates to the chromatin upon
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damage in a NEMO-dependent fashion (Figure R14A and R14B). Of note, the levels of biotinylated
YH2A.X were also significantly reduced in NEMO KO cells compared to WT cells, suggesting that
neither active IKKa(p45) nor IKKa-associated ATM were recruited to sites of damaged DNA in the
absence of NEMO (Figure R14B). Together these data suggest that NEMO regulates the
translocation of the ATM-IKKa complex to chromatin, being necessary for the recognition of damage

sites.

R4. NEMO-deficient cells are unable to repair DNA damage efficiently and are more

sensitive to damaging agents.

The actual possibility that NEMO facilitated the recognition of damaged DNA by the ATM-IKKa
complex and the subsequent recruitment of the DDR machinery (i.e. 53BP1) suggested to us that
NEMO deficient cells would not repair DNA damage correctly. To investigate this possibility, we
measure the total DNA damage in WT and NEMO KO cells treated with CT at different time points
by Comet Assay. CaCo2 NEMO-deficient cells exhibited higher amount of DNA damage, even in basal
conditions, that increased significantly for at least 72h, a time point when WT cells have already

repaired the damage (Figure R15A).
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Figure R15. NEMO deficient CRC cells present higher amount of DNA damage and are more sensitive to
chemotherapy treatment. (A) Comet assay of Caco2 WT and NEMO KO cells, treated with chemotherapy
combination 5-Fu+lri. (10 pg/mL + 4 pg/mL). Tail moment was measured 24h or 72h after treatment. (B)

Dose-response curves of Caco2 WT and NEMO KO cells treated with 5-Fu+lri. as indicated for 72h.
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We anticipated that this lower capacity of NEMO-deficient cells to repair DNA damage could related
with higher sensitivity to damaging treatments. As anticipated, dose-response curves of 5-FU+lri.
demonstrated that NEMO KO cells were more sensitive to CT than WT cells (Figure R15B). We also
studied the apoptosis in these cells by flow cytometry analysis of Annexin V binding and Propidium
lodide (PI) incorporation. In our analysis, the proportion of both apoptotic (Annexin V positive) and
dead cells (Pl positive) increased upon UV treatment, decreasing cell viability, but without significant
differences between WT and NEMO KO cells (Figure R16A). However, we observed a tendency of a

larger apoptotic population in NEMO-deficient cells even in basal conditions (Figure R16B).
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Figure R16. NEMO deficiency does not produce significant increase in apoptosis. (A) Cytometry analysis of
Annexin V binding in CaCo2 WT and NEMO KO cells, untreated or exposed to UV light (130 mJ) for 1h. (B)

Quantification of Annexin V positive cells relative to untreated CaCo2 WT cells.

We also studied the possibility that NEMO deficiency was affecting proliferation of CRC cells. Crystal
violet staining of CaCo2 cells seeded at the same concentration and maintained in culture for 72
hours suggested that NEMO KO cells grow differently compared to WT cells (Figure R17A). By IF of
Ki67 staining, a marker of proliferation, we detected that NEMO KO cells have three times less Ki67
positive cells. In untreated WT cells, the proportion of positive Ki67 cells is almost 80%, but this
percentage was reduced to 20% in NEMO-deficient cells (Figure R17B and R17C). Of note, these
percentages do not change upon 24h of CT treatment. Moreover, whereas these proliferative cells

were distributed randomly in Caco2 WT colonies, in NEMO KO colonies Ki67 positive cells were
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mainly found in the centre of the colonies. Nevertheless, by flow cytometry analysis, we did not
detect any alteration in cell cycle distribution in NEMO deficient cells, just a slight accumulation of

NEMO KO cells in GO phase (Figure R17D).
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Figure R17. NEMO deficiency slows down cell proliferation but does not affect cell cycle distribution. (A)
Representative image of crystal violet staining of Caco2 WT and NEMO KO cell colonies. 1x10° cells were
seeded and leaved growing for 72h. (B) Representative images of Ki67 staining in Caco2 WT and NEMO KO
cells untreated or treated with chemotherapy 5-Fu+Iri. (50ug/mL + 20ug/mL, O/N). (C) Quantification of Ki67
positive cells. (D) Quantification of cell cycle distribution analyzed by flow cytometry showing DAPI

incorporation of Caco2 WT and NEMO KO cells untreated or exposed to UV light.

R5. IKKa-ATM complex requires PARP1 to be recruited to DNA damage sites

NF-kB activation by genotoxic stresses requires sequential modifications of nuclear NEMO, for which
the SUMO-1 ligase PIASy and ATM have been implicated. Apart from them, previous studies have
demonstrated that PARP1 is also required for DNA damage induced NF-kB pathway activation, being
its PARylation activity required for the recruitment of PIASy and ATM to NEMO*®’. PARP1 also acts
a DNA damage sensor, promoting the recruitment and activation of repair elements to the sites of
damage. We studied the activation and nuclear translocation of ATM in PARP WT, PARP1 KO and
PARP2 KO SU-DHL-10 cells (B cell lymphoma cell line, provided by Jose Yelamos lab) treated with

chemotherapeutic agent Doxorubicin (6h).
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WB results showed that ATM activation is not PARP dependent, even though PARP1 KO cells seem
to have some defect in ATM phosphorylation, as indicated by the reduction in the upper p-ATM
band (Figure R18A). Interestingly, defective chromatin recruitment of active ATM was observed
specifically in PARP1 KO cells (Figure R18B). In addition, IF analysis of p-ATM and yH2A.X confirmed
a strong reduction in the number of cells displaying nuclear p-ATM in PARP1 KO cells upon damage,
which seems to accumulate perinuclear (Figure R19A and R19B). Indeed, even though H2A.X
phosphorylation was PARP-independent (Figure R19C), p-ATM and yH2A.X colocalization was
abolished in PARP1 deficient cells (Figure R19D).
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Figure R18. PARP1 is required for proper p-ATM activation and chromatin accumulation. WB analysis of
soluble (A) and chromatin (B) extracts from SU-DHL-10 WT, PARP1 KO and PARP2 KO cells exposed to

doxorubicin treatment (2ug/mL) for 6 hours.

Our initial mass spectrometry analysis of biotinylated proteins in the BiolD-IKKa system led to the
identification of PARP1 as a new IKKa interactor induced by damage (Figure R5A and R20A). Based
on that observation, we hypothesized that PARP1 may also be involve in the regulation of the ATM-
IKKa complex, allowing the recognition of DNA damage sites. Interestingly, using BiolD method, we
observed that NEMO deficiency precluded the damage-induced association of IKKa with PARP1 in
the chromatin (Figure R20B). This defect in the IKKa-interacting PARP1 chromatin translocation in

the absence of NEMO correlates with the recognition failure of DNA damage sites by ATM and IKKa.
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Figure R19. Active ATM fails to detect DNA damage sites in PARP1 deficient cells upon chemotherapy
treatment. (A) Double immunofluorescence analysis of p-ATM and yH2A.X in SU-DHL-10 WT, PARP1 KO and
PARP2 KO cells treated with doxorubicin (2ug/mL) for 6 hours. (B-D) Quantification of the percentage of cells
positive for nuclear p-ATM (B), positive for yH2A.X (C) and percentage of cells with co-localizing p-ATM and

yH2AX (D).

To study whether PARP1 activity was required for ATM recruitment DNA damaged-sites, we used
the PARP inhibitor Olaparib. PARP inhibitors trap PARP1 at DNA lesions and disrupt its catalytic cycle,
blocking its PARylation activity and leading to replication fork progression and consequent DSB

formation. By IF we determined the levels of nuclear p-ATM in Caco2 WT and NEMO KO cells,
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treated with 5-FU+lIri. alone or in combination with Olaparib. We found that inhibition of PARP
activity did not affect the subsequent activation and accumulation of phosphorylated ATM in the
nucleus induced by CT (Figure R21A and R21B). However, treatment with Olaparib significantly
reduces the proportion of WT cells with colocalizing p-ATM/yH2A.X to the levels of CT-treated
NEMO KO cells. The effect of Olaparib in p-ATM recruitment to damaged sites was attenuated in

NEMO-deficient cells, which already showed reduced p-ATM/yH2A.X colocalization (Figure R21C).

A Input Biotin IP B Input Biotin IP
WT NEMO KO WT NEMO KO WT NEMO KO WT NEMO KO
UV (min.) 0 15 60 0 15 60 0 15 60 0 15 60 UV (min.) 0 15 60 0 15 60 0 15 60 0 15 60
WB: WB:
- v - o= == = _100 kDa - -100 kDa
PARP1 PARP1 ’ e
- . —— < cleaveage e e < cleaveage
< BirA-IKKa oo . "' < BirA-IKKa
o Bwewe FROEND o W
[} = S5 S G B8 B 8 <end. <end.
Soluble extract . Chromatin extract

Figure R20. IKKa-interacting PARP1 requires NEMO to accumulate in damage sites. Inmunoprecipitation of
soluble (A) and insoluble (B) biotinylated proteins from WT and NEMO KO HEK-293T cells expressing BirA-
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Figure R21. PARP inhibition reduces pATM/yH2A.X colocalization in CRC cells. (A) Representative images of
p-ATM and yH2A.X double IF staining in CaCo2 WT cells treated with 5-Fu+Iri. (50ug/mL + 20ug/mL, O/N)
alone or in combination with PARP inhibitor Olaparib (10uM, O/N). (B and C) Quantification of the percentage
of CaCo2 WT and NEMO KO cells treated with the combination treatment displaying nuclear p-ATM (B) or
colocalizing p-ATM and yH2A.X (C).
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In agreement with these results, PARP inhibition led to a significant accumulation of DNA damage
upon CT treatment in NEMO WT CaCo2 cells, which was comparable to the levels observed in single
agent-treated and double agent-treated NEMO-deficient cells (Figure R22A). Indeed, combination
treatment of CT with Olaparib did not generate additional damage to NEMO KO cells. These
observations indicate that NEMO-dependent PARP1 functions are involved in the recognition of

damaged DNA by active ATM and correct DNA repair.

All together, these data demonstrate that NEMO and PARP1 are crucial regulators of the ATM-IKKa
complex function in response to damage and that, in absence of these enzymes, the ATM-IKKa
complex fails to recognize the DNA damage sites in the chromatin, thus precluding the subsequent

recruitment of additional DDR elements and compromising DNA repair.

A ns

B WT
I MEMO KO

Tail moment

Figure R22. PARP activity inhibition increased DNA damage in CRC cells. (A) Comet assay of CaCo2 WT and
NEMO KO cells, treated with 5-Fu+lri. alone (10pg/mL + 4pg/mL) or in combination with PARP inhibitor

Olaparib (2uM). Tail moment was measured after 72h of treatment.

R6. High levels of NEMO are predictive of poor prognosis in CRC patients.

Finally, we studied whether NEMO expression levels could provide information on the prognosis of
CRC patients. Bioinformatic analysis of CRC public datasets Marisa (n=562, p<0.0001) and TCGA
(n=329, p=0.011) demonstrated that NEMO/IKBKG levels were sufficient to identify patients
displaying the poorest disease-free-survival (Figure R23A and R23B). A more detailed analysis of the
Marisa dataset demonstrated that high levels of NEMO are associated with worse prognosis in

patients at stages Il (n=264, p=0.0011) (Figure R24A), Il (n=205, p=0.0078) (Figure R24B) and IV
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(n=60, p=0.028) (Figure R24C). Importantly, the prognosis value of NEMO was restricted to tumors

carrying high ATM expression (n=295, p=0.013), being patients with ATM high and NEMO high

tumors the ones with the worst disease-free survival (Figure R25A and R25B).
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Figure R23. NEMO/IKBKG has prognostic value in CRC patients. (A and B) Kaplan-meier representation of

DFS probability over time for CRC patients with high or low expression of NEMO/IKBKG in Marisa (A) and

TCGA (B) datasets.
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groups from stage Il (A), stage Il (B) and stage IV (C), from Marisa CRC dataset.
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meier representation of DFS probability over time for patients with high or low expression of NEMO/IKBKG

inside the group of tumors with high ATM (A) and low ATM (B) levels, from Marisa dataset.

Using the molecular classification of CRC from Guinney and collaborators?®, we found that NEMO-
high tumors were categorized mostly in CMS2 (46%, n=85) and CMS4 (32%, n=59). Notably, 20% of
NEMO-low tumors were categorized in CMS1 (n=76) (compared with 8% of the NEMO-high tumors
(n=15) (Figure R26A)), which is characterized by increased microsatellite instability and high
mutational load. These data are consistent with the idea that NEMO is essential for ATM function

on DNA repair and genome stability maintenance.
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Figure R26. NEMO/IKBKG low expression is associated with higher genomic instability in CRC patients. (A)

|15

Pie charts showing the molecular subtype distribution, according to Guinney et al.”, in patients carrying

NEMO/IKBKG high and low tumors, form Marisa dataset.
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ABSTRACT

Invasive malignant melanoma (MM) is an aggressive tumor with no curative therapy in advanced
stages. Chemotherapy has not demonstrated its efficacy in MM and current treatment for tumors
carrying the most frequent BRAFV600E mutation consists of BRAF inhibitors alone or in combination
with MAPK pathway inhibitors. We previously found that BRAF inhibition prevents activation of the
DNA-damage repair (DDR) pathway in colorectal cancer thus potentiating the effect of
chemotherapy. We now show that different chemotherapy agents inflict DNA damage in MM cells,
which is efficiently repaired, associated with activation of the ATM-dependent DDR machinery.
Pharmacologic inhibition of BRAF impairs ATM and DDR activation in these cells, leading to
sustained DNA damage. Combination treatments involving DNA-damaging agents and BRAF
inhibitors increase tumor cell death in vitro and in vivo, and impede MM regrowth after treatment

cessation.

We propose to reconsider the use of chemotherapy in combination with BRAF inhibitors for MM

treatment.

SIGNIFICANCE

Chemotherapy has low impact on Malignant Melanoma eradication. This lack of efficacy can be

circumvented by combination treatments leading to BRAF/MEK inhibition.
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INTRODUCTION

Malignant melanoma (MM) is the main cause of death by skin cancer worldwide, with about 48,000
melanoma-related deaths every year (see GLOBOCAN at http:gco.iarc.fr). MM progression primarily
depends on tumor stage at diagnosis but it varies from patient to patient, likely reflecting specific
characteristics of tumor cells. In advanced non-resectable MM, treatment options include MAPK
and BRAF inhibitors, BRAF being the principal mutated oncogene in MM, or check-point
immunotherapy. Chemotherapy (CT) or radiation therapies have shown little benefit as adjuvant or
palliative strategies and alkylating agents with cytostatic activity such as temozolomide (which in
the body is converted to the active metabolite MTIC that generates DNA damage through
methylation of the 0-6 position of guanine) are not highly active in MM. Temozolomide is able to
cross the blood-brain barrier, making it useful to treat brain tumors such as glioblastoma or
astrocytoma? and also brain metastases from different primary tumors, including MM?2. Even though
itis not an FDA approved compound, temozolomide is used for treating patients with advanced MM
because of its CNS penetration and favorable toxicity profile3. In general, treatment choice may
depend on the characteristics of the patient, the degree of dissemination of the tumor, their
location in the different areas of the body and the specific weaknesses (biochemistry and genetics)

of tumor cells (see https://www.mayoclinic.org/diseases-conditions/melanoma/diagnosis-

treatment/drc-20374888). Despite considerable progress made in the treatment of patients with

advanced MM, the majority of the patients under treatment with BRAF and MEK inhibitors
experience a disease progression due to acquired resistance and new insights are needed to
overcome or reverse this process. This fact highlights the importance of uncovering additional

mechanisms of tumor progression and therapy resistance in MM.

As mentioned, the principal molecular pathway activated in melanocytic tumors is the MAPK, mainly
associated with mutations in the serine/threonine kinase BRAF or its upstream activator NRAS.
Other pathways altered in MM are CDKN2A/p16INK4A, CDK4 or p14ARF #°, Racl 6, PTEN/RAS 7 and
the NF-kB kinase IKKa®. IKKa was found to exert multiple pro-tumorigenic functions in colorectal

9-11

cancer °711, prostate 2, squamous cell carcinoma 3 and MM &,

Because of the high prevalence of BRAF mutations in MM (about 50% of all MM display mutated
BRAF) and its essentially contribution to tumor progression 4, several inhibitors of BRAFV600E (the
principal mutated form in patients), such as Vemurafenib, Dabrafenib or Encorafenib, are currently

used in the clinical practice alone or, most commonly, in combination with MEK/ERK inhibitors'>=*7.
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The American Food and Drug Administration (FDA) initially approved Vemurafenib (PLX4032) and
Cobimetinib for advanced-stage melanoma treatment in 2011 and Dabrafenib plus Trametinib in
2013, and recently Encorafenib with Binimetinib in 2018. Paradoxically, treatment of BRAF wild type
tumors with Vemurafenib results in increased MAPK signaling due to stabilization of BRAF/cRAF
dimers *¥%° which can be mitigated by second-generation RAF inhibitors such as PLX7904 and
PLX8394%°. We recently demonstrated that in human colorectal cancer, BRAF not only acts through
the more conventional MAPK pathway, but it is also required for IKKa activation (mainly its
IKKa(p45) form) in response to damaging agents thus facilitating ATM phosphorylation and
induction of ATM-dependent DNA damage repair (DDR). Consequently, BRAF or IKK inhibition in
combination with CT led to irreversible DNA damage and tumor eradication both in vitro and in

vivo??.

Here, we mechanistically and functionally demonstrate the therapeutic potential of DNA damaging
agents in combination with BRAF inhibitors for the eradication of MM cells. This strategy may not
only prevent acquired resistance to BRAF inhibitors on those patients with BRAF-mutant MM but
also offer a new therapeutic perspective for the use of BRAF inhibitors even in BRAF-WT and RAS

mutated MM patients.

RESULTS AND DISCUSION

Different damaging agents activate the DDR pathway in MM cells carrying activated
IKKo(p45).

We found that UV light induced DDR pathway activation in different MM cell lines as indicated by
the presence of the phosphorylated forms of ATM, Chk1 and Chk2, which was associated with H2A.X
phosphorylation (yH2A.X) (Figure 1A) in western blot (WB) assays. Different DNA damaging agents
such as Temozolomide, 5-fluorouracil plus irinotecan (5-FU+iri) or ionizing radiation (IR) also
imposed phosphorylation of ATM, Chk1/2 and H2A.X in SKMEL37 cells (Figure 1B). DDR activation
by Temozolomide was time and dose dependent as shown by WB assay on SK-MEL37 cells (Figure
1C). In contrast with that reported in CRC cells, we detected comparable high levels of
phosphorylated IKKa(p45) in untreated and treated MM cells (Figures 1A-C), likely as consequence
of constitutive activation of the RAS/RAF pathway in these cells, which acts upstream of IKKa(p45)
induction 22. Our results indicate that MM cells are prone to activate DDR elements including ATM,
Chk1/2 and H2A.X in response to different DNA damaging agents.

122



A B

> F
&
SK-37 SK-131 SK-173 SK-93 O§ «;‘DS\Q'
uv(13omJ) - + -+ -+ -+ =
p-ATM - - -350 kDa p-ATM ;’7'.3= -350 kDa
ATM === emes @BgR - — 350kDa ATM s s —= == -350 kDa
p-Chk2 = am» - _ @ —a@ 61kDa p-Chk2 — @RS  51kDa
p-Chk1 - - - w= -54 kDa p-Chk1 w @ .. 541Dz
Chk] ==l s @S == -54kDa Chk1 *=wse e = -54kDa
IKKO S s s s 85 kD2 IKKa | seesmsme—s= -85 kDa
Tubulin = es SEp @SS == e= 50Dy Tubulin eeesesesse» -50 kDa

: : Chromatin fraction
Chromatin fraction
H2A X e - -15 kDa
YHZAX @» @ @ = -i5kDa ¥

-IKK -45 kDa
pIKK =——we mmer esem == 45kDa PR .-

H3 e ambem- @B awem -5 (Da H emamamam— 1 D2

C

TMZ [uM] 25 333 50 100 250
TMZ(h) 0 316 3163 16 3 16 3 16

p-ATM AT e & B350 kDa

ATM e e o o == o e g o == e -350 kDa
p-Chk2 —--;-.-... 61kDa
P-CIKY o g e A S -5 kD2

Chk1 ereresewe>ereseseres -54 kDa

IKKa _‘.:_-______- -85 kDa

Tubulin _50 kDa

Chromatin fraction
VHIAX = @D = - @ =@P-15kDa

p-IKK 2 - -45 kDa

H3 ereobepesesesemsasaseses -5 <03

Figure 1. Different damaging agents activate the DDR pathway in MM cells carrying activated IKKa(p45).
(A) WB analysis of four different MM cell lines (SK-MEL37, SK-MEL131, SK-MEL173 and SK-MEL93) colleted
without treatment or 1h after UV exposure (130mlJ). (B) WB analysis of SK-MEL37 treated with different DNA
damaging agents: TMZ (50uM, 3h), 5-Fu+Irinotecan (50 pg/mL + 20 pg/mL, 3h), UV (130 mJ, 1h) and IR (10
Gy, 1h). (C) WB analysis of SK-MEL37 treated with TMZ for 3h or 16h at the indicated concentrations.
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BRAF inhibition prevents ATM and DDR activation in response to DNA damage-

based treatments associated with decreased IKKa induction.

We then tested whether DDR triggered by damage was dependent on BRAF and IKKa(p45) activity.
Treatment of MM cells with different BRAF inhibitors imposed a variable reduction of Chk1/2 and
ATM phosphorylation after Temozolomide treatment (Figure 2A), which parallels their specific
effect on ERK1/2 and IKKa(p45) phosphorylation (Figure 2A) and cell growth inhibition (Figure 2B).
In time-course assays, Vemurafenib and AZ628 similarly precluded DDR activation induced by TMZ
(Figure 2C) and 5-FU+iri (Figure 2D), which was again cell line specific. In particular, whereas in the
BRAF mutated cell line SK-MEL37 both inhibitors have similar effects, in the NRAS mutated cell line
SK-MEL173 only the more general BRAF inhibitor AZ628 affected cell survival and DDR activation.
Of note that yH2A.X levels were very variable among experiments and conditions likely reflecting

that it is not only a DNA damage sensor but also a phosphorylation target of ATM.

Thus, effective inhibition of BRAF activity and IKKa(p45) phosphorylation in MM cells precludes DDR

pathway function in response to DNA damaging agents.

Combination of DNA damaging agents with BRAF inhibitors imposes irreversible

DNA damage and tumor cell eradication in vitro.

We speculated that limited efficacy of CT on MM might be linked, at least in part, to their DNA
damage repair capacity. To test this possibility, we treated different MM cell lines with TMZ alone
or in combination with the general BRAF inhibitor AZ628. Combination treatment produced a
superior effect compared with single treatments in all tested MM cell lines (SK-MEL37, SK-MEL131
and SK-MEL173) after 1 week (Figure 3A). We observed a similar beneficial effect of drug
combinations in 1-week-treatment dose response assays (Figure 3B, left panels). Importantly,
differences between single and combination treatment were more pronounced after 72 hours of
washout mainly associated with a partial reversion of single TMZ treatment effect (Figure 3B, right
panels). These results indicate that the effects of TMZ on MM cell growth that are reversed after

treatment cessation, are mainly prevented in the combination treatment with BRAF inhibitors.
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Figure 2. BRAF inhibition prevents ATM and DDR activation in response to DNA damage-based treatments.

(A) WB analysis of SKMEL-37 and SKMEL-173 melanoma cells pre-treated with BRAF inhibitors Vemurafenib

(10 uM, 16h), AZ628 (10 uM, 16h) or Sorafenib (1 uM, 16h) and then treated with Temozolomide (50 uM 3h).

(B) Dose-response curves of two different MM cell lines (SK-MEL37 and SK-MEL173) treated for 72 hours

with the BRAF inhibitors, Vemurafenib or AZ628. (C-D) WB analysis of SK-MEL37 and SK-MEL 173 cells

treated with Temozolomide (50 uM) (C) or 5FU+Iri (50 pg/mL + 20 pug/mL) (D) for 1h, 3h and 6h alone or in

combination with the BRAF inhibitors Vemurafenib or AZ628 (16h, 10 uM).
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We speculated that MM cells escape from growth arrest in the single TMZ treatment as result of
effective DNA repair. By Comet Assay, we determined the amount of DNA damage in SK-MEL37 cells
treated under different experimental conditions. We found that TMZ treatment imposes a
significant amount of DNA damage after 1 week of treatment that is completely reverted after 3
days of treatment cessation. In the combination treatment of TMZ plus AZ628 (Figure 3C) or

Vemurafenib (Figure 3D), DNA damage persisted after treatment withdrawal.
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Figure 3. Combination of DNA damaging agents with BRAF inhibitors imposes irreversible DNA damage and
tumor cell eradication in vitro. (A) Quantification of viability in SK-MEL37, SK-MEL131 and SK-MEL173 after
treatment with Temozolomide (100 uM) and AZ628 (200 nM) for 1 week, as single treatments or in
combination. (B) Dose-response curves of SK-MEL37 and SK-MEL173 cell lines treated as indicated with TMZ
or TMZ+AZ628. Left panels show cell survival after 1 week of treatment, and right panels indicate cell survival
after 1 week of treatment plus 72h of washout. (C-D) Comet assay of SK-MEL37 cell line treated with
Temozolomide (50 uM) and AZ628 (200 nM) (C) or Vemurafenib (200 nM) (D), alone or in combination. The

tail moment was measured after 72h of treatment and 72h after treatment washout.

These results are in agreement with that obtained by Robb and collaborators in thyroid cancer cell
lines carrying mutant BRAFV600E 23 and provides a mechanistic explanation for the superior effect

of the combination strategy.
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TMZ plus Vemurafenib treatment leads to In vivo eradication of patient-derived

MM cells.

We then tested the efficacy of CT in combination with BRAF inhibitors for the eradication of patient-
derived MM in vivo. We transplanted equivalent fragments of two different human MM tumors
carrying the BRAFV600E mutation to nude mice. When tumors started growing, we randomly
ascribed transplanted mice to the different groups of treatment: i) vehicle (n=7+5), ii) TMZ (n=6+6),
iii) Vemurafenib (n=7+5) and iv) TMZ plus Vemurafenib (n=7+6). Our results demonstrated that both
TMZ and Vemurafenib treatments imposed a slight delay in tumor growth when compared with
vehicle treatment, which was significantly improved by the combination of TMZ plus Vemurafenib
(Figure 4A). Analysis of tumor volume and weigh at sacrifice confirmed the higher effect of the
combination treatment in comparison with TMZ and Vemurafenib alone (Figure 4B). More detailed
analysis of tumor sections after H&E staining indicated that reduced tumor growth in the TMZ and
combination treatment (TMZ plus vemurafenib) was associated to the presence of pleomorphic and
anaplastic cells with enlarged nuclei, nucleoli and cytoplasms, with the combination-treated tumors
displaying a significant increase in the presence of apoptotic and cariorexic cells (identified by the
presence of nuclear fragment distributed throughout the cytoplasm) (Figure 4C). Of note that the
presence of small tumors containing giant cells in the combination treated mice implies a very low
tumor cellularity compared with the rest of conditions. In addition, immunohistochemistry analysis
with the proliferation marker ki67 indicated a significant reduction in proliferation in the TMZ-
treated tumors that was slightly higher in the TMZ+Vem treatment, which was linked to an increase

in DNA damage as determine by the presence of yH2A.X positive cells (Figure 4D).

Together our results indicate that DNA damaging agents, which are poorly effective in the
eradication of human MM, could be repurposed in therapeutic regimes with BRAF inhibitors that

are currently used in the clinical practice.
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Figure 4. In vivo eradication of MM cells by combination treatment using TMZ plus Vemurafenib. (A)
Growth curves of a BRAFV600E mutant patient-derived MM orthotopically implanted in nude mice and
treated as indicated. Tumor volumes were determined every 2-3 days. (B) Photograph of tumors from each
group of treatment recovered at the end of the experiment. Quantification of the weight of the tumors in
the different groups of treatment (vehicle, n=7+5; TMZ, n=6+6; vemurafenib, n=7+5 and TMZ+vemurafenib,
n=7+6). Dashed bars represent the analysis of a second human MM tumor analyzed. (C) Representative
images from H&E staining of tumors in each group of treatment (low magnification images of one tumor and
high magnification of two different tumors). (D) IHC analysis of the proliferation marker ki67 and the DNA
damage marker yH2A.X and quantification of the number of ki67 and yH2A.X positive cells per 20X field from
a minimum of 10 fields counted. Significance of the differences was calculated by unpaired t-test comparing
the different treatments with the vehicle (*) or with single TMZ treatment (#). ****p<0.0001, **p<0.01,

n.s.=non-significant.
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METHODS

Cell lines

MM cell lines SK-MEL37 and SK-MEL131 (BRAF V600E) and SK-MEL173 (NRAS Q61K) were obtained
from the cell line repository of Institut Mar d’Investigacions Médiques (IMIM). All cell lines were
confirmed as mycoplasma negative by PCR, and were grown in Dulbecco’s modified Eagle’s medium
(Invitrogen) plus 10% fetal bovine serum (Biological Industries) and were maintained in 5% CO,

incubator at 37°C.

Cell lysis and Western Blot (WB)

Cells were lysed 20 min at 4°C in 200 pL of PBS plus 0.5% Triton X-100, 1mM EDTA, 100 mM Na-
orthovanadate, 0.25 mM phenylmethylsulfonyl fluoride, and complete protease inhibitor cocktail
(Roche). Lysates were analyzed by western blotting using standard SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) techniques. Briefly, protein samples were boiled in Laemmli buffer, run
in polyacrylamide gels, and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore).
The membranes were incubated overnight at 4°C with the appropriate primary antibodies. After
being washed, the membranes were incubated with specific secondary horseradish peroxidase-
linked antibodies from Dako and visualized using the enhanced chemiluminescence reagent from

Amersham.

Cell viability assays

3000 cells were plated in 96-well plates with Dulbecco’s modified Eagle’s medium. After 1 day in
culture, growing cells were treated with Temozolomide, AZ628 and Vemurafenib, alone or
combination for 72 hours or 1 week at the indicated concentrations. Cell viability was determined
using the CellTiter-Glo® 3D Cell Viability Assay (Promega) following manufacturer’s instructions in
an Orion Il multiplate luminometer (Berthold detection systems). All the experiments were

conducted in triplicate.

Comet Assay

50000 cells were plated in 12-well plates with Dulbecco’s modified Eagle’s medium. After 1 day in
culture, melanoma cells were treated with Temozolomide alone or in combination with BRAF

inhibitors AZ628 or Vemurafenib for 72 hours. Comet Assays were performed using CometAssay
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Trevigen Kit (4250-050-K) following manufacturer’s instructions. Pictures were taken using a Nikon
Eclipse Ni-E epifluorescence microscope and tail moment was calculated using the OPENCOMET

plugin for Image J.

Immunohistochemical staining (IHC)

Tissues were fixed in 4% formaldehyde overnight at room temperature and embedded in paraffin.
Paraffin embedded sections of 4um were first deparaffinized in xylene, rehydrated and endogenous
peroxidase activity was blocked (20 min, 1,5%H,0,). IHC was performed following standard
techniques with EDTA- or citrate-based antigen retrieval depending on the primary antibody used
and developed with the Envision+System HRP Labelled Polymer anti-Mouse [Dako #K4001] or anti-
Rabbit [Dako #K4003] and 3,3’-diaminobenzidine (DAB) from DAKO [Dako #K3468]. Images were

obtained with an Olympus BX61 microscope.

Antibodies

We used antibodies against p-Chkl (Ser345) #2348; p-Chk2 (Thr68) #2661; Chk1l #2360, p-ATR
(Ser428) #2853, p-ERK (Thr202/Tyr204) #4370, ERK1/2 #9102, p-RAF #2696, BRAF #14814, p-IKK
(Ser176/180) #16A6 and yH2A.X (Ser139) #2577 from Cell Signalling; p-ATM (Ser1981) 05-740 from
Millipore; ATM Ab199726, IKKae Ab32041 and H3 Ab2621 from Abcam; Tubulin #T6074 from Sigma;
ki67 #NCL-Ki67-MM1 from Leica Biosystems. Secondary antibodies Anti-Rabbit-HRP P0448 and Anti-
Mouse-HRP P0260 were from DAKO.

Animal Studies

Fragments of human BRAF V600E mutant MM tumor obtained with the informed consent of the
patient and following all recommendations of Hospital del Bellvitge Ethics Committee, the Spanish
regulations, and the Helsinki declaration’s Guide were transplanted and expanded in nude mice as
orthoxenografts. To perform in vivo drug testing, equivalent pieces of individual tumors were
implanted orthotopically as skin patches. When tumors started growing, animals were randomly
ascribed to the different groups of treatment. Temozolomide (40 mg/kg) was administered
intraperitoneally in 20% DMSO and Vemurafenib (75 mg/kg) was administered orally, and in the
double treatment Temozolomide was given 1 hour after Vemurafenib. Animals were treated every
day (expect the weekend) for 21 days and tumors measured every 2-3 days. At day 21 animals were

euthanized and tumors collected, photographed and measured. In all our procedures, animals were
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kept under pathogen-free conditions, and animal work was conducted according to the guidelines
from the Animal Care Committee at the Generalitat de Catalunya. The Committee for Animal
Experimentation at the Institute of Biomedical Research of Bellvitge (Barcelona) approved these

studies.

Statistical Analysis

Statistical parameters, including number of events quantified, standard deviation and statistical
significance are reported in the figures and in the figure legends. Statistical analysis has been
performed using GraphPad Prism6 software (GraphPad) and p<0.05 is considered significant. Two-
side Student’s t test was used to compare differences between two groups and Two-Way ANOVA

test was used to compare differences among multiple groups.
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DISCUSSION

D1. IKKa implication in DNA damage response pathway

It has been widely demonstrated that IKKa is implicated in tumor initiation and cancer progression
both dependently and independently from NF-kB pathway. Specially, its nuclear-specific activities
have added intricacy to its biological functions and opened the door to new mechanisms to be
explored. Our group discovered a truncated form of IKKa, IKKa(p45)?°° that is localized in the nuclear
compartment of cancer cells and is activated in response to damage?!!. Moreover, we demonstrated
that upon damage, this active IKKa(p45) accumulates in DNA damage sites and contributes to the
regulation of the DDR pathway by directly phosphorylating the DDR central element ATM?!%, In this
thesis, we provided new evidence of the implication of IKKa in damage response and studied the

elements involved in the regulation of this damage-induced IKKa function.

Using the novel BiolD identification method, we have shown that, upon DNA damage induced by
UV exposure, the interactome of IKKa changes from NF-kB-related interactors to DNA damage-
related interactors, including several elements of the DDR signalling pathway, such as Chk1, Rad51,
PARP1 and DNA polymerases, among others. In agreement with our results, IKKa has been
previously described to be involved in p53-dependent autophagy and cell apoptosis by promoting
Chk1-p53 complex formation and Chk1 activation?’®2%°, Regarding DNA damage resolution, IKKa
ensures NHEJ allowing 53BP1-RIF1 recruitment to DNA damage sites?'!. However, the identification
of PARP1 or POLD2 in the mass spectrometry analysis suggest that it might also take part in the
alternative-NHEJ repair pathway?®. Furthermore, IKKa has also been related with HR repair
pathway dysregulation through non-canonical NF-kB factor p100/p5228%283, These findings support

the idea that the implication of IKKa in DDR signalling is beyond ATM activation.

Interestingly, we here describe the presence of a complex containing ATM and IKKa, which is stably
formed in basal conditions and functions in response to damage preserving efficient DNA repair. As
mentioned, previous mass spectrometry analysis of our group identified four residues of ATM
(Ser1974, Ser1987, Ser2058 and Thr2059) which are direct substrates of IKKa phosphorylation upon
UV exposure?!!, These four sites are distinct from ATM auto-phosphorylation sites, that includes the
activation marker Ser1981%%*, However, IKKa deficiency precludes ATM phosphorylation at Ser1981
indicating that IKKa-mediated ATM phosphorylation is essential for subsequent ATM activation. We
propose that phosphorylation of Ser1974, Ser1987, Ser2058 and Thr2059 by IKKa may induce a
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conformational change that facilitates Ser1981 auto-phosphorylation. On the other hand, ATM has
been also described to phosphorylate IKKa at Ser473 in response to cisplatin-induced damage?®>.
The phosphorylation of this residue might not be related with IKKa activation, as the inhibition of
ATM activity does not abrogate the phosphorylation of IKKa(p45) at Ser180%!!, but it has been
shown to be essential for the nuclear translocation of IKKa upon treatment?®>. This intricated
relationship between IKKa and ATM and the cellular necessity to act rapidly to overcome damage
enforce the idea of a IKKa-ATM complex formed previous to damage. Then, after DNA damage
generation, IKKa, and subsequently ATM, will be activated downstream BRAF/TAK1/p38-MAPK and
both elements will be translocated to the nucleus and accumulated in DNA damage sites, allowing

the recruitment and activation of other DDR elements involved in DNA repair (Figure D1).

Previous publications demonstrated that the activation of IKKa(p45) is independent of NF-kB
pathway since it is independent of IKKB and NEMO presence?'!. However, at that time, we could
not discard NEMO involvement in the IKKa-ATM complex regulation. As observed in the size
exclusion chromatography assay, NEMO and ELKS coelute with IKKa(p45) and ATM in the same
fractions in untreated and UV-exposed cells. In contrast, the coelution of IKKa-ATM and NEMO with
IKKB is reduce to one fraction upon UV treatment, supporting the concept that IKKB is not involved
in damage-dependent IKKa function. Moreover, the protein-protein interaction network from the
MS data showed that NEMO is localized at the crossroad of the different condition nodes suggesting

that it may play a role in the transfer from NF-kB-related interactors to DDR-related interactors.

D2. NEMO as a guide-dog for the recognition of damaged DNA by IKKa-ATM

complex upon treatment.

NEMO is the regulatory element of IKK complex and is essential for canonical NF-kB activation
ensuring the activity of IKKB towards IkBa?’. Similar to IKKa, NEMO has also been shown to shuttle
between cytoplasm and the nucleus. Indeed, nuclear NEMO links the DDR pathway and NF-kB
pathway via ATM2, Our group has already demonstrated that NEMO associates with nuclear
IKKa(p45) and supports its function in the chromatin?®®. We now propose that NEMO acts also as

the essential regulator of IKKa-ATM complex function (Figure D1).

In accordance with previous results, IKKa(p45) activation in response to damage is independent of
the presence of NEMO, as well as the phosphorylation of ATM and other key DDR elements such as
Chk1, Chk2 and yH2A.X. However, NEMO deficiency impairs nuclear translocation of the IKKa-ATM
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complex leading to defective recruitment of activated ATM to the sites of DNA damage upon
treatment. Nuclear export inhibition by CRM1 inhibitor did not result in the accumulation of nuclear
ATM in NEMO KO cells, indicating that NEMO is necessary for the nuclear import of ATM. Moreover,
by IF analysis, we not only observe that in the absence of NEMO there is less nuclear total ATM, but
also that the remaining nuclear ATM is not able to localize the DNA damage sites in the chromatin
(marked by yH2A.X dots) generated by different damaging treatments such as UV exposure and CT
combination 5-Fluorouracil plus Irinotecan. This failure in the recognition of DNA damage sites
might be related with a dysregulation of DNA damage sensors MRE11-RAD50-NBS1 (MRN complex)
or PARP1. MRN complex is essential for detecting DBS and inducing the recruitment and activation
of ATM®0, We found that NEMO deficient cells fail to promote MRE11 and PARP1 transcription upon
damage, which could contribute to the phenotype observed in the NEMO KO cells. However, further
investigation of the protein levels of these sensors is required to obtain a conclusive explanation of

p-ATM recruitment failure.

One question that this work opens is how ATM could be activated if it is not able to be recruited to
damage sites. Classically, inactive ATM homodimers are recruited to DSBs in an MRN-dependent
manner. MRN complex favours the recruitment of TIP60 that will acetylate ATM homodimers,
inducing its autophosphorylation in different residues and promoting ATM monomerization?8®,
However, apart from this canonical pathway, it has been described that ATM could be activated
though different mechanisms. The crosstalk between different PIKK members could explain proper
ATM nuclear activation, as it has been widely demonstrated that they are able to phosphorylate
each other upon different stresses?®’2%, Indeed, NEMO deficient cells showed higher levels of ATR
and DNA PKc that might compensate the ATM failure in damage sites and explained the comparable
phosphorylation levels of H2A.X?°%2%2, Furthermore, ATM could also be activated directly in the
cytoplasm. For instance, it is described that in response to ROS presence cytoplasmatic ATM is

activated?®.

Following this line, we propose that the lack of difference in the ATM activation in NEMO deficient
cells could also be explained by cytoplasmatic activation downstream BRAF and IKKa. In response
to UV exposure, IKKa(p45) is activated downstream BRAF, TAK1 and p38-MAPK in the cytoplasm
and then this active IKKa(p45) is the one that translocates to the nucleus and go to damaged
chromatin?'!. We have consistently shown that the interaction of ATM and IKKa is stable in basal

conditions and is not dependent of NEMO. Thus, upon damage active IKKa(p45) will be able to
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phosphorylate ATM. However, NEMO seems to be required for the translocation of this active IKKa-
ATM complex to DNA damage sites. In fact, in the absence of NEMO, this complex maintains quite
stable in the soluble cell fractions. Surprisingly, in the absence of NEMO there is an accumulation of
endogenous IKKa in the chromatin extract, even though it fails to interact with yH2A.X, suggesting
that effective DNA repair is linked to IKKa chromatin dissociation. Nevertheless, in order to elucidate
the exact mechanism by which ATM is activated in NEMO deficient cells further investigation is

required.

D3. Essential contribution of NEMO for proper DNA repair, treatment response and

patient outcome.

Our observations unequivocally revealed that NEMO is required for a correct recruitment of ATM
to damage sites. ATM is the master transducer of DDR signalling, since it recruits and activates
numerous substrates involved in DDR and DNA repair. For that reason, it could be expected that
NEMO deficient cells present defects in specific DNA repair mechanisms, such as NHEJ or HR, thus
leading to increased genome instability. In this work we have not study deeply the impact of NEMO
deficiency in these different DDR pathways. However, we certainly observe a reduction in the
activation and recruitment of 53BP1 to DNA damage sites, suggesting that NHEJ might be affected.
The impairment of DNA repair mechanisms is followed by the accumulation of total DNA damage in
NEMO deficient cells, which correlates with higher sensitivity to treatment and increased cell death.
Of note, even though NEMO KO cells showed more apoptotic cell population, significant differences

were not observed.

In addition, we observed that NEMO deletion strongly reduced the ability of the cells to form cell
colonies. IF analysis of the proliferation marker Ki67 confirmed that NEMO KO showed significantly
smaller number of proliferative cells, which were found mainly in the inside of the colony, resulting
in a peculiar growth expansion in culture plates. However, comparative analysis of cell cycle phase
distribution did not show differences between WT and NEMO KO cells, confirming that this
characteristic is independent from ATM cell cycle checkpoint function and might be related with

other NEMO functions, since the cytoplasmatic ATM activity is not dependent of NEMO.

From a clinical perspective, ATM is one of the most commonly aberrant genes in sporadic cancers,
however only a 10-15% of CRC tumors show mutations in ATM and they are not associated with

patient prognosis?®#?%>, CRC tumors are commonly characterized by chromosomal (CIN) and
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microsatellite instability (MSl), associated with defective DNA repair mechanisms®2%, which in the
new molecular classification system are categorized in the CMS1 group®®. In this study, we have
provided proof-of-concept that ATM requires NEMO for its DNA repair function, being essential for
maintaining genomic fidelity. In line with this findings, analysis of NEMO expression in CRC patients
demonstrated that a higher percentage of patients with tumors with low expression of NEMO are
categorized in this CMS1 subgroup (around 20% of patients), compared to patients with high NEMO

levels (8% of patients).
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Further bioinformatic analysis of different public data sets demonstrated that NEMO has prognostic
value in CRC, since high levels of NEMO were associated with poorest disease-free-survival in
general, but also specially in the subset of stage Il patients, which is particularly relevant for the

clinical context. The prognostic significance of NEMO in the outcome has already been observed in
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uveal melanoma?®’, but without explanation of the underlying mechanism. Importantly, and in
accordance with our in vitro results, the prognosis value of NEMO was restricted to patients with
high ATM expression tumors. Indeed, the patients with high NEMO and high ATM expression are
the ones with the worst disease-free survival, which could be related with treatment resistance

development due to their higher DNA repair capacity.

D4. PARP1 as the new player of IKKa-ATM-NEMO complex: therapeutic

implications.

To date there is no evidence that NEMO has the ability of sensing DNA damage by itself. Therefore,
the question we tried to answer was: how NEMO detects and drives the ATM- IKKa complex to the
DNA damage sites? Generally, DSBs ends are recognised and bound by DNA damage sensors such
as MRN complex members, Ku70-Ku80 complexes or PARP1%L. PARP1 is also required for damage-
induced NF-kB pathway activation, being its PARylation activity essential for the recruitment of
elements to NEMO, including ATM*®7, The mass spectrometry analysis revealed that PARP1 is one
of the damage-related IKKa new interactors, whose interaction increase response to UV exposure.
However, in the absence of NEMO, the accumulation of IKKa-interacting PARP1 in the chromatin is
compromised. This decrease in the levels of PARP1 in the chromatin explains the defect of the
recognition of damage sites by ATM-IKKa complex in NEMO deficient cells. Indeed, depletion of
PARP1, but no PARP2, totally abrogates the recruitment of active ATM to damage sites. Therefore,
if in the absence of PARP1, NEMO is not able to bind to the chromatin, DNA damage will not be
adequately sensed and signalled, and as a consequence, active ATM and IKKa will not be recruited

thus compromising DNA repair (Figure D1).

The discovery of PARP1 as a second regulator of ATM-IKKa complex activity opens the door to new
strategies for blocking the DDR-related IKKa function (Figure D2). For a long time, inhibitors of IKK
members, including NEMO, have been tried to be developed to block their association with
inflammation and tumorigenesis?®®-3%, The majority of them are not very specific of one isoform
and showed significant toxicity and side effects associated with NF-kB inhibition. Recently, several
chemical compounds specific for IKKa inhibition were reported3®!, however further investigation is
required to be presented as new possible drugs for cancer treatment. Importantly, PARP inhibitors
are already approved for cancer treatment, being especially efficient for HR-deficient cancer patient
treatment by exploiting synthetic lethality'8. We here have demonstrated that pretreatment of CRC

cells with clinically approved PARP inhibitor Olaparib before CT treatments mimics NEMO
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deficiency, blocking the ATM recognition of damaged sites and enhancing DNA damage up to NEMO

KO cell levels treated with CT alone.

PARP inhibitors are not presently approved for CRC patient treatment, even though several studies
and clinical trials have shown promising results of the viability of PARP inhibitors for improvement
of response to current therapy regimens in CRC patients3%2. Specially, CRC tumor cells carrying
inactivating mutations in ATM have increased sensitivity to PARP inhibition, which has also been
found in gastric and lung cancers3%3=3%_|n line with this, it has been postulated that cells that exhibit
MSI and CIN may also be susceptible to PARP inhibition3%. For that reason, we propose that CRC
patients categorized in the subgroup CMS1 could be perfect receptors of combination treatment of
DNA damaging agents and PARP inhibitors, including patients with low NEMO expression levels.
Oddly, PARP inhibition has not incremental effect in NEMO KO cells in the accumulation of DNA
damage. Further investigation will be required, but a plausible explanation could be the gain of
function of other DDR elements, such as ATR or DNA PKc, to compensate the deficiency of ATM in
NEMO lacking cells. If this is the case, the combination of PARP inhibitors with DDR inhibitors (ATR
inhibitors or DNA PKc inhibitors) could enhance tumor Kkilling and overcome therapy

resistance3%73%8,
D5. Clinical applications of inhibition of damage-related IKKa function.

In the second part of this thesis, we study the possibility to extrapolate the previous results obtained
in CRC to other solid tumors. Our group has consistently demonstrated that the nuclear truncated
form of IKKa, IKKa(p45), has important alternative protumoral role in damage response and DNA
repair. As mentioned above, IKKa(p45) is activated in response to damage downstream BRAF and,
as we now have revealed, its function is regulated by NEMO and PARP1. Therefore, the inhibition of
BRAF block the activation of IKKa(p45), abrogating the activation of key DDR elements,
compromising DNA repair and potentiating the effect of CT against CRC tumor cells, both in vitro
and in vivo. BRAF inhibitors are widely used in clinical practice, especially for the treatment of BRAF-
mutated metastatic melanoma patients. Contrary to BRAF inhibitors, DNA damaging agents such as
CT or radiotherapy have been shown very little benefit and are usually used for palliative therapy.
For that reason, we aimed to investigate the potential benefits of combining BRAF inhibitors with

chemotherapy treatment in Malignant melanoma (MM).
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We demonstrated that DDR activation upon damage in MM cells was independent from cell BRAF
status. However, the ability of BRAF inhibitors to block DDR activation it was BRAF status-
dependent. For cell lines carrying BRAFV600E common mutation clinically approved inhibitor
Vemurafenib was able to abrogate ATM activation and decrease cell viability. In contrast, melanoma
cells with mutations in NRAS, upstream activator of BRAF, were resistant to Vemurafenib, even
though comparable results were obtained when a more general BRAF inhibitor (AZ628) was used.
Thus, it could not be totally discarded the potential of combination treatment in melanoma patients
with NRAS mutations or non-BRAFV600E mutation through the development of more specific

chemical inhibitors30310,

Tumor cells DDR Activation Reapired DNA damage
BRAF and Tumour regrowth

DNA damaging
agents IKKa

ATM/IKKa

NEMO/PARP1

Tumor cells Increased DNA damage

and Cell death
BRAF |— BRAFi

DNA damaging
agents IKKa

ATM

V

—

ATM/IKKa

NEMO/PARP1 — PARPi

Figure D2. New therapeutic propose model. Combination DNA damaging agents in combination with
chemical inhibitors of IKKa-ATM-NEMO axis, such as BRAF inhibitors or PARP inhibitors, prevents the correct
function of DDR pathway, increasing the antitumoral effect of DNA damage agents for the eradication of

cancer cells. Created with BioRender.com.

In addition, we have demonstrated, not only that treatment of melanoma cells with BRAF inhibitors
generates more DNA damage and increase cell death upon CT treatment, but also that BRAF
inhibition blocks the capacity of cells to repair damaged DNA though the abrogation of DDR
activation (Figure D2). Consequently, cell cycle is not restored thus abolishing the possibility of
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tumor cell regrowth, which is associated with tumor relapse. This superior effect of the combination
therapy was confirmed in vivo, therefore we propose the reevaluation of chemotherapy as

treatment option for advanced MM patients in therapeutic regimes with BRAF inhibitors.

Altogether, our data demonstrate that inhibition of IKKa-ATM-NEMO axis with chemical inhibitors
that block the activation of DDR elements (such as BRAF inhibitors) or dysregulate the recognition
of damage sites (such as PARP inhibitors) could be proposed in combination with DNA damaging

agents a new therapeutic strategy for cancer patients (Figure D2).
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CONCLUSIONS

PART I- The impact of NEMO in the regulation of damage-related IKKa function

1. IKKa is in a complex with ATM and NEMO under non-damaged conditions

2. The interactome of IKKa changes in response to DNA damage.

3. NEMO is not necessary for the activation of IKKa(p45), ATM and other DDR elements such
as Chk1/2 upon treatment with damaging agents.

4. NEMO is essential for the translocation of the active ATM-IKKa complex to the sites of
damage.

5. NEMO requires PARP1 activity for the recognition of damage sites leading to effective DNA
damage resolution.

6. High levels of NEMO are predictive of poor prognosis in CRC patients.
PART lI- New therapeutic strategies for Malignant melanoma (MM) patients

1. Combination of DNA damaging agents and chemical inhibitors of IKKa-ATM-NEMO axis
represents a new therapeutic strategy for MM patients.

2. Activation of ATM and downstream DDR elements is reduced in MM cells upon BRAF
inhibition.

3. BRAF inhibition induces accumulation of DNA damage in MM cells.

4. Combination treatment of chemotherapy and BRAF inhibitors increase MM cell death in

vitro and in vivo and impede tumor regrowth.
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