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Abstract

Cancer is the second leading cause of death globally. A main hallmark in cancer is the functional
deregulation of crucial molecular pathways via driver gene mutations that lead to abnormal gene
expression, giving cells a selective growth advantage. Molecular analysis on tissues originated from
a wide range of anatomical areas has shown that mutations in different members of several
pathways are implicated in different cancer types. In the last decades, significant efforts have been
made in order to incorporate this knowledge into the daily medical practice, providing substantial
insights towards clinical diagnosis and personalized therapies. However, since there is still a strong
need for more effective drug development, a deep understanding of the involved signaling
mechanisms and the interconnections between these pathways, is highly anticipated. Here, a
systemic analysis on cancer patients of the Pan-Cancer Atlas project was performed, with the aim
to select the ten most highly mutated signaling pathways (p53, RTK-RAS, lipids metabolism, PI-3-
Kinase/Akt, ubiquitination, b-catenin/Wnt, Notch, cell cycle, homology directed repair (HDR) and
splicing) and to provide a detailed description of each pathway’s main deregulation mechanisms,

along with corresponding therapeutic applications currently being developed or applied.

Keywords

Molecular oncology, precision medicine, cancer patients, mutations, clinical implementation, clinical
studies
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NMEPIAHWH

O kapkivog atroteAei TNV deUTEPN auTia BavdATou TTOYKOOWiwG. 'Eva atmmd Ta XapakTnpioTIKA
YVWPIoUATO TOU KApPKivou gival N AEITOUPYIKH attToppUBuIcn KOUBIKWY HMOPIOKWY HOVOTTATIWV HECW
odNywv HETAANGEEWY TTOU CUVETTAYOVTal W QUOIOAOYIKR YOVIIOKN éK@pacn, TTpoodidoviag oTa
KUTTaPO €va €KAEKTIKO augnTikd TTAEoVEKTNUA. Moplakry avaAuon I0TWV TTPOEPXOMEVWY aTTd [ia
TTOIKINIO AVOTOMIKWYV TTEPIOXWV, €XEl OEIEEl TTWG PETAANGEEIC Oe BIA@OPETIKA HEAN TWV POVOTTATIWV
QUTWYV, EPTTAEKOVTAI O€ OIAPOPETIKOUG TUTTOUG Kapkivou. TIG TeAeuTaiceG OeKAETIEG, €XEI YiVEl
TPOOTIABEIa eVOWUATWONG QUTAG TNG yvWong oTnV KaBnuepivly 10TpIK TTPAELN, TTOPEXOVTAG
0OUCI0O0TIKEG TTPOGBOUG TOOO o€ £TTTEDO KAIVIKNAG SIAyvwaong, 600 Kal O€ ETTITTEDO ECATOUIKEUNEVWV
Bepatreiv. Map’ 6Aa autd, n TTAPAPEVOUOA AVAYKN aVATITUENG ATTOTEAEOUATIKOTEPWY BEPATTEIWVY,
KaBIoTd €mMTOKTIK TNV Babid KATavonon TO00 TWV EUTTAEKOMEVWY ONUOTOOOTIKWY UNXAVIGUWY,
000 Kal TwV PETAEU TOUG SIOCUVOETEWY. 2TNV TTApoUCa epyaacia dievepyiBnke CUCTNUIKY avaAuaon
o¢ Kapkivotrabeic Tou Tpoypduuatog Pan-Cancer Atlas, mpokeiyévou va emmAexBolv T1a OEKQ
ouxvoTepa peTaAAayuéva onuatodoTikG povottdma (p53, RTK-RAS, uetapBoAiopég Aimdiwy, PI-3-
Kinase/Akt, ouBikitivwon, b-catenin/Wnt, Notch, Kuttapikdg KUKAOG, €mididpOwon Yéow oudAoyou
avaouvouaopol (HDR) kail patioupa). MapdAAnAa TTapéxetal pia AETTTOPEPNS TTEQIYPAPH TWV
KUPIOTEPWY PNXOVICUWY SiIaTdpagéng KABe povoTraTiou, evw yiveTal Adyog Kal yia TIG avTiOTOIXEG

€0paIWPEVEG AAAG KOl OPIOUEVEG AVOTITUCOOUEVEG BEPATTEUTIKEG EQAPHOYEG.

AEZEIZ-KAEIAIA:

Mopiakr} oykoAoyia, 1aTpikf) akpiBeiag, aoBeveig e Kapkivo, JETOANGEEIG, KAIVIKA eQapuoyr, KAIVIKEG
MEAETEG
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Scope

The aim of this thesis is to review the current knowledge of the most frequently dysregulated
cancer-related signaling cascades and to address the attractive perspectives arising from

ongoing experimental studies in the context of clinically implemented personalized medicine.
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1.

INTRODUCTION

1.1. Personalized therapeutic strategies require understanding of the underlying

signaling pathways’ mechanisms

In 2020, over 19 million people were diagnosed with cancer and cancer was the
cause of death for approximately 10 million (Sung et al., 2021). These rates indicate that
cancer constitutes one of the most critical health threats and that there is an imperative
need for new more effective therapies. In order to achieve the latter, it is critical to
comprehend the main routes whereby different cancer types arise and progress. As cancer
is a genetic disease arising from a variety of causative mutations, its effective treatment
requires personalized molecular approaches. A robust impetus towards this direction was
given especially after the completion of the Human Genome Project (HGP) in 2003
(Goodwin et al., 2016; Carrasco-Ramiro et al., 2017). Several individualized anti-cancer
therapies have been developed and applied since then (Imai et al., 2006; Sharma et al.,
2015; O'Connor et al., 2015).

Cancer can be regarded as a collection of diseases which all share a common
feature; the deregulation of key signaling cascades that leads to uncontrolled cellular
proliferation (Parui et al., 2019). Malignancies arise from alterations in the DNA sequence
of genes, as well as from epigenetic changes (Sever et al., 2015; Okugawa et al., 2015;
Martincorena et al., 2015; Baylin et al., 2016; Feinberg et al., 2016). Such alterations lead
to the activation of oncogenes or to the inactivation of tumor-suppressor genes (Lodish et
al., 2000). In either cases, signal transduction pathways in which these genes are involved,
become deregulated, thus leading to cellular stress-related outcomes like the evasion of
growth suppressors, resistance to cell death (apoptosis), cell cycle deregulation, as well as

increased invasive and metastatic potential (Hanahan et al., 2011).

Traditionally, the most widely used way to discriminate cancer types from each other
is by their anatomical site. However, recently, it has become clear that the underlying
dysregulated pathways are able to provide vital information capable of separating and
clustering cancer types more thoroughly (Sanchez-Vega et al.,, 2018). Several signaling
cascades, including the b-cateninWnt, RTK/RAS, p53 and Sonic Hedgehog (SHH)
pathways, are cancer-related due to genetic variations that often occur in the respective
genes (Vogelstein et al., 2004; Dempke et al., 2017). Identification of mutations in genes
implicated in such pathways, reveals the causative driver events of carcinogenesis (Pon et
al., 2015) and therefore constitutes a topic of paramount importance in precision medicine
and for the development of efficient tailored-made drug therapies targeting each cancer

type at the molecular level.
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1.2.

Personalized cancer therapy is a treatment strategy that takes into account the
molecular profile of patients in order to segregate them into groups which are more likely to
benefit from different therapeutic approaches (Johnson et al., 2015). Especially during the
past fifteen years, numerous targeted therapies have been approved, extending the
survival rates of cancer. For instance, administration of monoclonal antibodies such as
cetuximab, that is used in colorectal cancers overexpressing the EGFR gene (Saltz et al.,
2004), as well as tyrosine kinase inhibitors like crizotinib, which is used for non-small cell
lung cancers (NSCLC) positive for ALK fusions (Shaw et al., 2013), have been dynamically
integrated into oncology practice. Beyond pharmacogenetic approaches, there is an
increasing interest for gene editing approaches and especially for the clustered regularly
interspaced short palindrome repeats (CRISPR)/Cas9 system, which is being tested in
multiple clinical trials for its ability to genetically modify immune cells ex vivo (e.g. PD-1
knockout T-cells), thus enhancing the anti-cancer immune response when infused back to
the patient (Zhan et al., 2019; Khalaf et al., 2020). Additional studies and clinical
implementations of CRISPR/Cas9 are highly anticipated as a means to pave the way for
the development of more effective anti-cancer therapies that target specific genetic

alterations, thereby restoring their function.

Systemic analysis determines prevalent mutated carcinogenic pathways

The aim of this study is to underscore the importance of the underlying mechanisms
in crucial carcinogenic signaling pathways. To this purpose, attention was focused on the
signaling pathways that are most frequently found mutated in cancers. In particular, cancer-
related pathways previously reported by Pan-Cancer Atlas project studies have been
investigated (Sanchez-Vega et al., 2018; Knijnenburg et al., 2018; Seiler et al., 2018; Ge et
al., 2018; Peng et al., 2018; Thorsson et al., 2018) and the frequencies of each driver
mutation to the corresponding pathways have been calculated. For this analysis publicly
available data of 10,439 tumor samples from 32 TCGA Pan-Cancer Atlas studies (Cerami
et al., 2012) were used. The results suggest that the top ten rated pathways may be sorted
in the following descending order of driver mutational frequency: p53, RTK-RAS, lipids
metabolism, PI-3-Kinase/Akt, ubiquitination, b-catenin/Wnt, Notch, cell cycle, homology

directed repair (HDR) and splicing.

From TCGA Pan-Cancer Atlas publications (available in https://www.cell.com/pb-
assets/consortium/pancanceratlas/pancani3/index.html) the available pathways' gene lists
(3,004 genes in total) were collected. Then, only genes belonging to the OncoKB cancer
gene list (340 genes) - as it had been formed until February 2021 — were filtered. Using the

Onco Query Language (OQL) provided by cBioPortal, a search was held specifically for
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somatic driver mutations in these genes in 10,439 mutationally profiled tumor samples
(10,066 primary, 364 metastatic and 9 samples of recurrent origin) of 32 TCGA Pan-
Cancer Atlas studies. In order to avoid misleading results, the samples of metastatic and
recurrent origin were separated from those of primary origin and the attention was focused
on the latter, which represented the vast majority in the final dataset (7,915 out of 8,276
samples). Data were extracted from the cBioPortal for Cancer Genomics open-access
resource. Somatic driver mutations were identified for 204 out of the 340 cancer genes in
this particular dataset, so the interest was directed to the pathways these genes participate
in. Data management, calculations and graph construction were performed using Spyder

IDE, a scientific python development environment.

2. MAIN BODY

Numerous TCGA Pan-Cancer Atlas efforts have been made to elucidate the
genomic background of cancer, each focusing on the deregulation of a different
physiological cellular procedure (Sanchez-Vega et al., 2018). Each one of these procedures
involves a number of signaling pathways that, in turn, contain genes with a distinct
tumorigenic potential (Figure 1). Furthermore, the mutational data analysis held here, has
shown that most cancers are characterized by the deregulation of a group of pathways,
rather a single signaling pathway, but in a distinct pattern from each other, while in some
tumor types, a stage-dependent pathway perturbation also seems to apply (Figure 2). For
the needs of this review, the findings on the ten most frequently mutated signaling pathways
are described. In the next sections, a description of how specific genetic
alterations/mutations on a given pathway’s encoding genes lead to signaling deregulation
during carcinogenesis and/or cancer progression is being held. For each pathway, a brief
description of its link to cancer is provided, along with a description of the most highly
mutated involved genes, followed by their percentile frequencies, as calculated in this
analysis. In addition, some related targeted therapies that have been approved by the Food
and Drug Administration (FDA) and are currently being integrated into clinical practice, as

well as some emerging therapies which are currently being tested in clinical trials are listed.
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Figure 1. Somatic driver mutational frequency of 204 cancer genes involved in 27 signaling
pathways implicated in 6 major cellular procedures. For the calculations, mutational data from
10,439 tumor samples were examined. Percentages refer to the total number of samples examined

(10,439).
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Figure 2. Crucial signaling pathways implicated in 25 cancer types/subtypes per disease
stage. For this analysis, 5,283 tumor samples with available mutational profile and disease
stage were examined. Here, only signaling pathways altered in at least 20 of the examined
samples of each cancer type/subtype are shown. N: number of samples examined; n:
number of samples that harbor somatic driver mutations in each signaling pathway; pdm:
proportion of samples of a particular cancer type/subtype that harbor at least one somatic
driver mutation in genes of a particular signaling pathway.
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2.1. The p53 pathway

The importance of TP53 gene malfunction in cancer development becomes
perceived by the fact that it occupies the first place in the ranking of genes found to be
most frequently genetically altered in cancer (Levine et al., 2009; Aubrey et al., 2016). The
transcription factor p53 and the other components of p53 pathway function cooperatively to
ensure that the cell will respond effectively against a variety of stress signals that threaten
the DNA replication fidelity. In order to do so, these effectors trigger cell cycle arrest,
senescence or apoptosis (Oren et al., 2003; Harris et al., 2005). Furthermore, except for
determining cell fate after DNA damage, p53 pathway is also implicated in many other
cellular procedures such as the preservation of genetic stability, the inhibition of blood
vessel formation, the regulation of metabolism, while it has antioxidant properties
(Vogelstein et al., 2000; Jones et al., 2005; Sablina et al., 2005; Labuschagne et al., 2018).

Actually, there is only a small number of cancer types / subtypes where p53 pathway
is likely not perturbed (e.g. Uveal Melanoma) (Figure 3). In the majority of cancer types,
more than 30 % of the samples examined harbored driver mutations in at least one key
gene of this pathway, while in some cases this percentage exceeded 90 % (e.g.
Esophageal Squamous Cell Carcinoma). Although the number of cancer patients with a
gene variant in this signaling cascade is extended, however there are only a few different
genes affected. Among those patients, 93.66 % had a driver mutation in TP53, whereas
CDKN2A and ATM genes were affected in 7.71 % and 6.27 % respectively, dictating the

simultaneous presence of some of these aberrant variants in a number of cases.
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Figure 3. Alteration rate of 27 signaling pathways across 36 cancer types/subtypes. For this
analysis, 10,066 tumor samples of primary origin and with available mutational profiles
were examined for the presence of somatic driver mutations in the 204 genes of interest.
Here, only cancer types/subtypes with more than 50 analyzed samples are shown. From
left to right, signaling pathways are displayed in descending order of total mutational
frequency. n: number of samples examined.

There is an enormous variety of TP53 driver mutations in cancer. These mutations
can be located in virtually any region of the gene, thus affecting the ability of the p53
protein to appropriately interact with either its protein effectors or the DNA. According to
this analysis, arginine residues of positions 273, 248 and 175, which all belong to the DNA-
binding domain (Muller et al., 2013), are the most frequently substituted, representing 7.06
%, 5.87 % and 4.41 % of patients that have an affected TP53 gene. R273 variants have
been associated with an increased proliferative and invasive potential, which in the case of
R273H, is exerted by the inhibition of tumor suppressor KLF6 (Li et al., 2014; Sun et al.,
2020). Similar effects seem to occur when a R248 mutant is present, but this time, this is
attributed to the robust binding of certain variants — mainly the mutp53R?48Q - to STAT3
protein and the subsequent strong activation of the latter (Schulz-Heddergott et al., 2018;
Klemke et al., 2021). In the case of R175H variant, a radical change in p53 conformation
triggers the activation of a new gene panel which results, among other events, to elevated
c-Met protein levels that are capable of inducing tumor invasion (Yu et al., 2012; Grugan et
al., 2013).

In addition to missense and other mutation types, the CDKN2A gene is frequently

affected by non-sense mutations, as it was found that R80*, R58*, W110*, E120*, Y44* and
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E88* together constitute almost 1/3 of cancer cases that harbor a defective CDKN2A gene.
Such alterations force the protein p16™**? to lose its Cdk-binding ability, thereby being
unable to prevent the G1/S transition and shutting down one of the cell cycle’s checkpoints
(Parry et al., 1996; Rutter et al., 2003; Kannengiesser et al., 2009). From the rest 2/3 of
cases, an aberrant splicing involving the D153 residue occurs as often as in 5.16 % of all
CDKN2A-affected cancer patients. Changes in this position may inactivate both CDKN2A
gene products, i.e. p16™N%4 and p14”RF, leading to loss of cell cycle control via both pRB
and p53 inactivation (Rutter et al., 2003).

In this dataset, non-sense mutations leading to premature truncated forms of the
ATM protein product, represented more than one third of all ATM mutated cases, with
R250* being the main representative. In such cases, the final gene product loses its
functionality, either partially or completely, leaving cell without one of its main DNA damage
sensors and thereby vulnerable to malignant transformation (Easton et al., 2015). The
current analysis has also revealed that R337C/H are the most common missense
mutations of the ATM gene in cancer, accounting together for 7.94 % of all ATM variant
carriers. Although these substitutions have previously been identified by sequencing
(Griffith et al., 2018; Nahar et al., 2018), their functional impact has not been elucidated yet
(Jette et al., 2020).

As expected, the dynamic presence of these genes on the mutational cancer map,
has made the p53 pathway — and especially the TP53 component — an attractive
therapeutic target. Among a plethora of p53-targeting strategies, the most promising fall
into one of the following categories: restoring the function of aberrant p53 protein or
impeding the interaction between wt-p53 and its main negative regulator, MDM2 protein
(Levine et al., 2009; Duffy et al., 2020; Zhu et al., 2020). In this context, APR-246, a
mutant-p53 conformation resetting agent, is probably the most promising compound (Bykov
et al., 2018; Duffy et al., 2020) and the only therapy of this category that is currently being
tested in a phase Il clinical trial (NCT03745716); on the other hand, a phase Il trial of
idasanutlin (NCT02545283), another emerging MDM2 inhibitor, was recently terminated
due to low efficacy. The results of such clinical trials, as well as the efforts to improve the

properties of the relevant compounds are highly anticipated.

Apart from p53, there are four FDA approved anticancer drugs targeting CDKN2A
signaling: abemaciclib (Kim et al., 2017), palbociclib (Dhillon et al., 2015), ribociclib (Syed
et al., 2017) and trilaciclib (Dhillon et al., 2021). All these therapeutic agents act as CDK4/6

inhibitors and therefore, their administration may be beneficial in cases of an inactivated
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2.2.

CDKN2A gene (Gopalan et al., 2014; Young et al., 2014; Su et al., 2019). The rationale
behind ATM deficient-related therapeutic approaches is completely different from those
discussed so far; instead of trying to restore the gene function, at this case the goal is to
cause synthetic lethality. There is evidence that this is feasible by further weakening DNA
repair mechanisms via administration of appropriate inhibitors, mainly PARP and ATR
inhibitors, either alone or in combination (Mateo et al., 2015; Schmitt et al., 2017; Lloyd et
al., 2020). Ongoing clinical trials may show whether the promising preclinical results can be

translated into clinical practice.

The RTK-RAS pathway

RTK-RAS is probably the most thoroughly studied cancer-related signaling pathway.
Its involvement in a multitude of crucial physiological processes, such as cell growth,
proliferation, differentiation, angiogenesis, integrin signaling and cell migration (Downward
et al., 2003; Kinbara et al., 2003; Molina et al., 2006; Castellano et al., 2016; Imperial et al.,
2019), among many others, makes it clear that deregulation of this pathway can facilitate

both tumor initiation and tumor progression.

Indeed, this analysis showed that in 12 out of 36 cancer types and subtypes
examined, more than 30 % of patients beared driver mutations in RTK-RAS pathway’s
genes, with this percentage climbing above 80 % in Papillary Thyroid Cancer, Cutaneous
Melanoma and Mucinous Adenocarcinoma of the Colon and Rectum. On the other hand,
as with the p53 pathway, no Uveal Melanoma patient was affected (Figure 3). Regarding
the involved genes, KRAS, BRAF and NF1 were found as the predominantly mutated ones,
being altered in 26.05 %, 17.06 % and 13.06 % of RTK-RAS perturbed cases respectively,
while alterations in all cancer-related receptor tyrosine kinase-encoding genes of this
pathway (in descending order of mutational frequency: EGFR, ERBB2, FGFR3, FLT3,
FGFR2, ERBB3, RET, KIT, MET, ERBB4, PDGFRA, ALK, FGFR1, NTRK3, NTRK1,
ROS1, NTRK2, IGF1R and FGFR4), represented 33.2 % of all carriers.

As it was ascertained in this cohort, KRAS is almost exclusively changed by
missense mutations and this happens in a selective way; variants involving residues G12,
G13, Q61 and A146 correspond to more than 95 % of all cases (75.41 %, 11.68 %, 5.84 %
and 3.67 % respectively). Codon 12, 13 and 61 mutants decrease the GTP-hydrolysis rate,
with the first and the latter also being capable of increasing the rate of GDP-exchange
(Smith et al., 2013; Cook et al., 2021), while codon 146 mutants act mainly through the
second mechanism (Feig et al.,, 1988; Poulin et al., 2019). Both mechanisms lead to

increased levels of the activated GTP-bound form of KRAS protein, resulting in
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uncontrolled mitogenic processes via a constitutively active signal transduction (Waters et
al., 2018; Cook et al., 2021).

By far the most prevalent mutated codon of BRAF gene is the 600", being involved
in 81.74 % of all BRAF-mutated primary tumors in this dataset, while rearrangement of
BRAF with a variety of genes seemed to occur in only 4.36 % of these samples. In the
majority of cases where a V600 variant exists, valine residue is substituted by glutamic
acid. V600E mutation enhances serine/threonine kinase activity of BRAF protein by 500
times and abrogates the signaling cascade’s dependency to extracellular signals, creating
a vigorous signaling toward cell growth and proliferation and therefore oncogenic
transformation (Davies et al., 2002; Cantwell-Dorris et al., 2011; Falini et al., 2016).

In contrast to BRAF, there is no hotspot position being altered in NF1 gene. This
becomes clear from the most common somatic mutation of NF1, R2450* which barely
exceeds 3 % of all identified variants in this cohort. Non-sense mutations, frameshift
deletions and splice-site variants are the most frequent mutation types for this gene in
cancer, accounting for 39.91 %, 20.83 % and 15.79 % of all identified variants respectively.
Regardless of the mutation type, in the majority of NF1-affected cases, this leads to the
loss of neurofibromin’s GTPase-activating function, resulting in sustainably high GTP-
bound levels of RAS proteins and thereby in a continuous tumor-promoting signaling
process via RTK-RAS and PI3K/AKT pathways’ hyperactivation (Ding et al.,, 2008;
Upadhyaya et al., 2008; Brems et al., 2009; Hodis et al., 2012).

In regard to the development of targeted anti-cancer therapies, RTK-RAS is the
most extensively utilized signaling pathway. Indicatively, 64 targeted therapies have
already been approved by the FDA, regarding 18 out of the 37 pathway’s genes for which
driver mutations were identified in the current dataset (Table 1) (Dumbrava et al., 2018).

Here, the focus will be spotted on the two most frequently altered genes of this pathway.
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Table 1. FDA approved drugs targeting the signaling of 18 cancer-related genes of the RTK-RAS
pathway. Drugs that specifically target only the corresponding gene are shown in blue color. Drugs
granted with a Breakthrough Therapy Designation but not yet approved by the FDA, are not included

in this table.

Gene Signaling

Drugs

ABL1

ALK

BRAF

EGFR

ERBB2

FGFR1

FGFR2

FLT3

KIT

KRAS
MET
NRAS

NTRK1

NTRK2

PDGFRA

PTPN11

RET

ROS1

Bosutinib, Brigatinib, Dasatinib, Ibrutinib, Imatinib, Niotinib, Pazopanib, Ponatinib,
Regorafenib, Sunitinib, Tivozanib, Vandetanib

Alectinib, Brigatinib, Ceritinib, Crizotinib, Entrectinib, Gilteritinib, Lorlatinib,
Sunitinib

Binimetinib, Cobimetinib, Dabrafenib, Dasatinib, Encorafenib, Regorafenib,
Sorafenib, Trametinib, Vemurafenib

Afatinib, Brigatinib, Ceritinib, Cetuximab, Dacomitinib, Erlotinib, Gefitinib, Ibrutinib,
Lapatinib, Lorlatinib, Mobocertinib, Necitumumab, Neratinib, Osimertinib,
Panitumumab, Vandetanib.

Afatinib, Dacomitinib, Everolimus, Gefitinib, Ibrutinib, Lapatinib, Margetuximab,
Metformin, Mobocertinib, Nelfinavir, Neratinib, Pertuzumab, Sirolimus,
Temsirolimus, Trastuzumab, Trastuzumab Emtansine, Trastuzumab-ANNS,
Trastuzumab/Hyaluronidase-oysk

Brigatinib, Dasatinib, Erdafitinib, Infigratinib, Lenvatinib, Nintedanib, Pazopanib,
Ponatinib, Regorafenib, Sorafenib, Sunitinib, Tivozanib, Vandetanib

Brigatinib, Ceritinib, Erdafitinib, Infigratinib, Lenvatinib, Nintedanib, Pazopanib,
Regorafenib, Sorafenib, Sunitinib, Vandetanib

Brigatinib, Cabozatinib, Ceritinib, Fedratinib, Gilteritinib, Ibrutinib, Midostaurin,
Nintedanib, Pexidartinib, Sorafenib, Sunitinib, Vandetanib

Axitinib, Cabozatinib, Dasatinib, Fedratinib, Imatinib, Infigratinib, Lenvatinib,
Midostaurin, Nilotinib, Pazopanib, Pexidartinib, Ponatinib, Regorafenib, Sorafenib,
Sunitinib, Tivozanib

Binimetinib, Cobimetinib, Sotorasib, Trametinib
Cabozatinib, Capmatinib, Crizotinib, Tepotinib, Tivozanib
Binimetinib, Cobimetinib, Trametinib

Cabozatinib, Crizotinib, Entrectinib, Larotrectinib, Lorlatinib, Regorafenib,
Sorafenib, Sunitinib

Cabozatinib, Entrectinib, Larotrectinib, Lorlatinib, Sorafenib, Sunitinib

Axitinib, Dasatinib, Ibrutinib, Imatinib, Lenvatinib, Midostaurin, Nilotinib,
Nintedanib, Olaratumab, Pazopanib, Ponatinib, Regorafenib, Sorafenib, Sunitinib,
Tivozanib

Binimetinib, Cobimetinib, Trametinib

Alectinib, Brigatinib, Cabozatinib, Ceritinib, Fedratinib, Ibrutinib, Lenvatinib,
Pazopanib, Ponatinib, Pralsetinib, Regorafenib, Selpercatinib, Sorafenib,
Sunitinib, Vandetanib

Brigatinib, Cabozatinib, Ceritinib, Crizotinib, Entrectinib, Lorlatinib

[20]



2.3.

After many years where KRAS gene was considered untargetable (Cox et al., 2014;
Keeton et al., 2017; Liu et al., 2019; Sheridan et al., 2020), in 2021, a milestone in anti-
cancer drug discovery was completed with the approval of the first KRAS-targeted therapy;
sotorasib, an eclectic KRAS G12C inhibitor, was approved for adult NSCLC patients who
had previously been treated with at least one systemic therapy (Blair et al., 2021). Another
selective KRAS G12C inhibitor, adagrasib, owing to its tolerability and clinical
effectiveness, has granted a Breakthrough Therapy Designation by the FDA and its
approval is expected to come soon (Riely et al., 2021). With several more clinical trials
underway (e.g. JDQ443 / NCT04699188, Mesenchymal Stromal Cells-derived Exosomes
with  KRAS G12D siRNA / NCT03608631 and Anti-KRAS G12Vv mTCR PBL /
NCT03190941), a new era seems to be emerging for cancer treatment.

Over the last ten years, 3 selective BRAFY®%E inhibitors have been approved from
the U.S. Food and Drug Administration: vemurafenib (Flaherty et al., 2011), dabrafenib
(Ballantyne et al., 2013) and encorafenib (Shirley et al., 2018). These therapeutic agents,
especially in combination with MEK inhibitors cobimetinib, trametinib and binimetinib
respectively, have provided substantial progress-free survival (PFS) and overall survival
(OS) benefit to melanoma, non-small cell lung cancer and thyroid cancer patients harboring
this specific variant (Robert et al., 2015; Garnock-Jones et al., 2015; Dummer et al., 2018;
Odogwu et al., 2018; Ascierto et al., 2020; Salama et al., 2020).

Lipid metabolism

Both lipid synthesis and catabolism are essential for the cell, given the broad range
of cellular processes where these are involved in, including maintenance of membrane
functionality, protein trafficking, immune cell responses, signaling, as well as coverage of
metabolic demands such as energy production and storage (Zhou et al., 2004; Groux-
Degroote et al., 2008; Wang et al., 2010; Hishikawa et al., 2014; Gyamfi et al., 2019). It has
been shown that cancer cells, in order to retain a high proliferative potential, they have to
reset some aspects of their metabolism and this may happen through genetic alterations in
genes regulating both processes (DeBerardinis et al., 2008; Vander et al., 2009; Hanahan
etal., 2011).

According to the present analysis, more than 40 % of patients of one in three cancer
types / subtypes are characterized by driver mutations in genes involved in lipids
metabolism. In Uterine Endometrioid Carcinoma, Astrocytoma, Oligodendroglioma and
Oligoastrocytoma this proportion touched or exceeded 80 %, while, as with the two

pathways discussed above, no primary Uveal Melanoma tumor of this dataset was affected

[21]



(Figure 3). At the gene level, PIK3CA, PTEN and IDH1 were found genetically altered in
4521 %, 27.56 % and 16.93 % of patients with a disorder in the related pathway
respectively, occupying the first places in the mutagenicity ranking.

Over 95 % of PIK3CA somatic alterations in cancer are missense mutations with
three substitutions comprising almost half of them: E545K, H1047R and E542K. All these
substitutions exert a gain-of-function impact on the PI3K protein but through two different
mechanisms. Amino acid residues E545 and E542 are located in the helical domain of
pllOalpha protein and their substitution by a lysine residue attenuates the inhibitory
interaction between the catalytic subunit (pl1l0alpha) and the nSH2 domain of the
regulatory subunit (p85alpha) of PI3K protein, promoting the continuous activation of PI3K
(Zhao et al., 2008; Leontiadou et al., 2018). A constitutive PI3K activation is also the result
of the kinase domain variant H1047R, but this time, pl110alpha abolishes its C-terminal
tail's self-inhibitory capacity (Gkeka et al., 2014). Both mechanisms lead to a strong
activation of PI3K downstream effectors, such as AKT and P70S6K proteins, which
mediate protein synthesis, cell growth, cell proliferation, angiogenesis, survival and thus
contribute to tumorigenic transformation (Ikenoue et al., 2005; Kang et al., 2005; Bader et
al., 2006; Dogruluk et al., 2015). At the same time, the hyper-activated PI3K/AKT signaling
induces the expression of genes involved in fatty acids anabolism, a process that will
generate building blocks essential for the new cells construction (Rohrig et al.,, 2016;

Snaebjornsson et al., 2020).

PTEN alterations show greater variety than PIK3CA alterations, with missense
mutations, frameshift indels and non-sense mutations representing 91 % of all carriers. The
most prevalent mutations involve R130, R233 and T319 amino acid residues and are found
in 17.5 %, 5 % and 4.74 % of all affected patients. In the majority of cases, arginine in
position 130 is either substituted by a glutamine or a glycine residue, or, as in the cases of
R233 and T319, the codon that is responsible for encoding it, is converted to a stop codon.
Whereas truncating mutations such as R130*, R233* and T319* lead to an unstable, non-
functional protein product (Georgescu et al., 1999; Papa et al., 2014; Rashmi et al., 2014),
R130Q and R130G variants generate stable proteins, which however lack their
phosphatase activity (Papa et al., 2014; Leslie et al., 2014). Absence or non-functionality of
the PTEN protein prevents PIP3 dephosphorylation, which then accumulates and recruits
PI3K signaling effectors such as AKT proteins and PDK1 (Salmena et al., 2008).
Furthermore, it was recently shown that PTENR!3? mutants tend to accumulate at the cell
periphery where they form leading edges that increase tumor invasiveness and further
activate PIBK/AKT signaling axis (Choi et al., 2021).
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A very impressive paradigm of a predominant mutational hotspot is offered by the
IDH1 gene. Of the 467 somatic driver mutations that were identified in an equal number of
cancer patients, 466 involved an R132 replacement, with histidine being the most frequent
substitute (388/466 cases), while cysteine, glycine, serine and leucine substitutions
occurred in 50, 16, 11 and 1 patients respectively. These variants, which are mapped in the
catalytic pocket of the enzyme, make isocitrate dehydrogenase-1 convert the normal final
product of its catalytic activity, alpha-ketoglutarate (aKG), into R(-)-2-hydroxyglutarate
(2HG), with a concomitant NADPH consumption (Kloosterhof et al., 2011; Clark et al.,
2016). The following 2HG-mediated inhibition of aKG-dependent deoxygenases, such as
TET2 and JMJD2A/C, is able to cause global gene expression changes which along with
the redox stress arising from the declined NADPH levels, reflect the tumorigenic impact of
these mutations (Dang et al., 2010; Shim et al., 2014; Parker et al., 2015; Clark et al.,
2016). Likewise, even though the decreased levels of two lipogenesis components,
NADPH and aKG (Yang et al., 2012), would be expected to abrogate lipid synthesis,
certain lipid precursors, such as glycerol-phosphates and glycerophosphocholine are
present in elevated quantities, while others such as myo-inositol phosphate, are present in
reduced levels compared to unaffected tumors, suggesting that cancer cells harboring
IDH1 variants, alter their phospholipid expression profile, probably in a tumor-assisting
manner (Reitman et al., 2011; Esmaeili et al., 2014; Zhou et al., 2019).

As made clear from the above, signaling changes involving lipids metabolism
regulators perturb a wide spectrum of cellular processes and contribute to cancer
development. This observation has led to the development of therapies that mitigate these
changes. Currently, there are 11 clinically available therapies that target the signaling of 4
out of the 24 lipid metabolism-related genes for which driver mutations in this dataset were
found (Table 2) (Dumbrava et al., 2018).

Table 2. FDA approved drugs targeting the signaling of 4 cancer-related genes of the lipid metabolism
pathway. Drugs that specifically target only the corresponding gene are shown in blue color.

Gene Signaling Drugs

IDH1 Ivositenib

Alpelisib, Copanlisib, Duvelisib, Everolimus, Metformin, Midostaurin, Sirolimus,

PIK3CA o
Temsirolimus

Alpelisib, Copanlisib, Duvelisib, Everolimus, Idelalisib, Midostaurin, Sirolimus,

PIK3R1 Temsirolimus, Umbralisib

Alpelisib, Copanlisib, Duvelisib, Everolimus, Metformin, Midostaurin, Sirolimus,

PTEN N
Temsirolimus
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2.4,

As the results of this study suggest, when lipid metabolism is dysregulated on
account of a genetic change, this alteration invariably affects one of its aforementioned
PI3K/AKT signaling-mediating regulators. Hence, inhibition of PI3K/AKT signaling axis is
the main goal of personalized medicine for the treatment of tumors bearing such
alterations. When PI3K catalytic subunit inhibitors, both isoform-specific, such as alpelisib,
and pan-isoform, such as copanlisib and duvelisib, as well as selective MTOR inhibitors,
including everolimus and temsirolimus, are employed, they seem to offer a significant PFS
— or even OS - benefit to patients dealing with a variety of blood or solid malignancies
(Hudes et al., 2007; Motzer et al., 2008; Benjamin et al., 2011; Markham et al., 2017; Blair
et al.,, 2018; Markham et al., 2019; Hasskarl et al., 2018). In addition, ivosidenib, an
inhibitor of all IDH1R**2 mutants, has been approved by the FDA for the treatment of acute
myeloid leukemia (AML) patients harboring these variants (Dhillon et al., 2018), while its
effectiveness in other IDH1-deficient cancer types is tested in several ongoing clinical trials
(e.g. advanced and metastatic cholangiocarcinoma / NCT02989857, chondrosarcoma /
NCT04278781, cholangiocarcinoma — chondrosarcoma — glioma — other advanced solid
tumors / NCT02073994, recurrent ependymoma — recurrent Ewing Sarcoma — recurrent
hepatoblastoma / NCT04195555 etc).

The PI3K/AKT pathway

The impact PI3K/AKT signaling network has on diverse cellular functions is well
established. Many of these, including cell growth and proliferation, survival, motility, cellular
metabolism, immune system functions and angiogenesis are tightly intertwined with cancer
development and progression and as a result a lot of research has been dedicated to
unraveling the deregulation mechanisms of this pathway in cancer (Katso et al.,, 2001;

Engelman et al., 2006; Courtney et al., 2010; Fruman et al., 2017).

The importance of PI3K/AKT axis deregulation for cancer development is reflected
by the fact that in 26 out of the 36 cancer types of this dataset, more than 10 % of patients
carried at least one driver mutation in genes involved in this pathway. Uterine malignancies
showed the highest mutational rates with 93.3 % of Uterine Endometrioid Carcinoma
patients being affected, while the corresponding proportion of the remaining uterine tumors
analyzed also exceeded 60 %. On the other hand, less than 5 % of Serous Ovarian
Cancer, Papillary Thyroid Cancer, Pheochromocytoma, Uveal Melanoma and Acute
Myeloid Leukemia patients appeared to bear such changes (Figure 3). Among all
PI3K/AKT-deregulated tumors examined, 53.75 % harbored driver mutations in PIK3CA,
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32.76 % in PTEN and 12.93 % in PIK3R1, with the rest of the genes in this pathway being
altered in less than 6 % of the tumors each. Interestingly, simultaneous genetic alterations
in two or even all of the above mentioned top mutated genes, were present in 16.34 % of
these patients. As driver mutations and therapeutic applications regarding PIK3CA and
PTEN genes were discussed earlier in this report, now the PIK3R1 gene will be discussed.

Somatic mutations in PIK3R1 gene exhibit a highly scattered pattern. The absence
of predominant hotspots is reflected by the mutational rates of the most prevalent genetic
changes of this gene; 6.67 % for R348*, 5.67 % for X582_splice and 4 % for G376R. R348*
is a truncating but gain-of-function mutation that exerts its tumorigenic impact in both a
PISK/AKT-dependent and a PI3K/AKT-independent manner. In addition to activating
PI3K/AKT signaling, p85alpha mutants, by being localized into the nucleus, promote the
activation of ERK and JNK kinases, thereby inhibiting FASL-mediated apoptosis and
inducing cell survival, growth, proliferation and invasion (Seton-Rogers et al., 2014;
Cheung et al., 2014). Even though X582_splice alteration has been previously identified
and considered pathogenic (Moukarzel et al.,, 2021), however its exact functional
consequences have not been elucidated yet. Finally, the nSH2 domain-located G376R
substitution, acts in the same way as the previously discussed E545 and E542
substitutions of pll0alpha protein, thus attenuating the inhibitory interaction between the
regulatory and the catalytic subunit of PI3K complex and enhancing the PI3K/AKT signaling
(Sun et al., 2010; Li et al., 2021).

Overall, the PI3K/AKT signaling-promoting behavior of p85alpha mutants, places
PIK3R1-targeting in the same therapeutic context as the other major effectors of this
pathway, PIK3CA and PTEN, and as it is shown in Table 2, the available agents targeting
these genes’ signaling are in essence the same. In addition to PI3K and MTOR inhibitors,
significant efforts are being made for developing AKT inhibitors (Song et al.,, 2019;
Martorana et al., 2021). Most of the ongoing clinical trials test agents exerting a pan-AKT
(AKT1, AKT2 and AKT3) inhibition. Of those, capivasertib and ipatasertib have
demonstrated the most encouraging results and are now tested in several phase lll trials
(NCT03997123/ NCT04493853/ NCT04862663/ NCT04305496 and NCT03072238/
NCT03337724/ NCT04060862/ NCT04650581/ NCT04177108 respectively), mainly

regarding breast and prostate cancer patients.

2.5. The ubiquitin pathway

Ubiquitination is a reversible modification that leads either to protein degradation or
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to the regulation of protein-protein interactions. Many proteins’ function is adjusted this
way, making ubiquitination essential for the appropriate execution of an assortment of
cellular events, namely inflammation, translation, endocytosis, DNA damage response,
protein trafficking, differentiation and signal transduction (Pickart et al., 2000; Deng et al.,
2000; Spence et al., 2000; Hicke et al., 2001; Katzmann et al., 2002; Huen et al., 2007;
Mukhopadhyay et al., 2007). Thus, deregulation of ubiquitin pathway can lead to cancer

initiation and/or progression.

Mutations in genes encoding components or regulators of ubiquitination machinery
are not uncommon in cancer samples. The present analysis demonstrates that such
alterations are present in more than 10 % of patients in two out of three cancer types
(24/36). The highest rates belonged to Uterine Carcinosarcoma, Mucinous
Adenocarcinoma of the Colon and Rectum, Uterine Endometrioid Carcinoma and Breast
Invasive Lobular Carcinoma, ranging from ~42 % to ~57 %. Contrariwise,
Oligodendroglioma, Papillary Thyroid Cancer, Leiomyosarcoma, Uveal Melanoma and
Pheochromocytoma exhibited the lowest rates with less than 3 % of the patients affected
(Figure 3). At the gene level, the most frequently mutated genes, FBXW7, EP300 and
CREBBP were found mutated in 196 %, 10.72 % and 9.88 % of
ubiquitination/deubiquitination-deficient tumors, while the mutational rate of 9 more genes
ranged between ~5 % and ~9 % (in descending order of mutational frequency: KMT2B,
RNF43, VHL, MAP3K1, KMT2A, SPOP, BAP1, KEAP1 and BRCAL).

Three arginine residues of FBW?7 protein - R465, R505 and R479 - represent 43.59
% of all FBW7 somatic driver mutations in primary tumor samples. All these positions are
located into the WD40 domain. This domain serves as the substrate-binding site of the
SCF complex (a type of E3 ligase), which is responsible for the ubiquitin-labeling and the
subsequent proteasome-mediated degradation of its protein effectors (Yumimoto et al.,
2015; Yeh et al.,, 2018). The superficial localization these residues have in the WD40
domain, makes their substitution capable of precluding the interaction potential of FBW?7,
probably by changing both hydrophobic and electrostatic interactions with its substrates, as
well as by limiting the contact surface owing to the shorter substitutes’ sidechains (mainly
cysteine, histidine, glycine and glutamine) (Close et al., 2019). Given that several FBW7
interactors act as regulators of cell growth, apoptosis and proliferation (Oberg et al., 2001;
Koepp et al., 2001; Yada et al., 2004; Wei et al., 2005; Mao et al., 2008; Inuzuka et al.,

2011), prevention of their degradation may result in tumorigenesis.

Even though EP300 gene is usually altered by non-sense mutations, however, the
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most recurrent changes belong to three other categories. The D1399N substitution is the
most prevalent somatic mutation of this gene, accounting for 7.29 % of EP300-mutated
primary tumors in the working dataset. Missense mutations in this position have been
proved to change the conformation of the p300 protein histone acetyltransferase (HAT)
domain, leading to abolishment of its autoacetylation activity, which is essential for
appropriate function (Liu et al., 2008; Delvecchio et al., 2013). The subsequent inability of
p300 to stimulate other tumor suppressors in the nucleus, such as RB1, BRCA1, p53 and
AP-2alpha (Grossman et al., 2000; Pao et al., 2000; Chan et al., 2001; Friedrichs et al.,
2005; Salloum et al., 2017), paves the way for the predominance of its spatial distinct,
cytoplasmic ubiquitin ligase activity, which targets p53 for degradation (Shi et al., 2009).
These changes, together with the reduced global levels of histone H3 acetylation (Attar et
al., 2017), contribute to the tumorigenic impact of this genetic alteration. The second and
third most prevalent mutations of the EP300 gene are the frameshift deletion M1470Cfs*26
and the splice site variant X1429_splice, and were each identified in 2.6 % of EP300-

affected patients. However, their functional impact is not clear yet.

Missense mutations involving R1446 are the most recurrent somatic genetic
changes in CREBBP gene, followed by frameshift indels involving 11084 and substitutions
of D1435, accounting for 7.91 %, 5.65 % and 2.82 % of CREBBP-affected primary tumors
respectively. Both R1446 and D1435 are located into the HAT domain, which is responsible
for the catalytic activity of CBP transcriptional coactivator. Substitution of these amino acid
residues, reduces the acetyl-CoA binding affinity of CBP, thereby impairing its
acetyltransferase activity (Pasqualucci et al., 2011; Peifer et al., 2012; Merk et al., 2018).
Consequently, CBP can neither activate p53 tumor suppressor nor inactivate BCL6 proto-
oncoprotein. Furthermore, as with its structurally and functionally related p300 protein, CBP
also exhibits an E4 ubiquitin ligase activity targeting p53 for degradation in the cytoplasm
(Shi et al.,, 2009). These observations, in conjunction with the arised extended
transcriptional changes, dictate a tumor promoting effect for these mutations (Pasqualucci
et al.,, 2011; Mondello et al.,, 2020). The functional impact of frameshift deletion
11084Sfs*15, which is found in 4.52 % of CREBBP-altered samples thus far remains

obscure.

Proteins involved in either the attachment or the removal of ubiquitin moieties are
barely exploited in clinical practice (Deng et al., 2020). An exception to this rule is provided
by thalidomide analogues lenalidomide and pomalidomide, which have been approved for
the treatment of various blood malignancies and exhibit their anti-tumor activity by

changing the specificity of cereblon protein, the substrate recognition component of CRL4
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E3 ubiquitin ligase complex (Lu et al., 2014; Stewart et al., 2014). Nonetheless, targeting of
the proteolytic machine is primarily oriented to proteasome inhibition, with three inhibitors -
bortezomib, carfilzomib and ixazomib - already approved for the treatment of multiple
myeloma and mantle cell lymphoma (Fricker et al., 2020), while other agents, such as
CEP-18770 and NPI-0052 (marizomib) (Dick et al., 2010) are currently being tested in
clinical trials as potential treatment options for solid tumors (NCT00572637 and
NCT03345095 respectively).

The WNT/b catenin pathway

The WNT/b catenin pathway is one of the best-studied signaling cascades in cancer
development. This robust association is underscored by the pathway’s implication in many
cancer-related cellular functions such as cell proliferation, stem cell maintenance,
differentiation, cell-cell adhesion, morphogenetic processes, migration, angiogenesis and
immune evasion (Nelson et al.,, 2004; Gattinoni et al., 2009; Petersen et al., 2009;

Spranger et al., 2015; Junge et al., 2017).

Mutations of WNT/b catenin components are common in cancer patients. However,
this analysis showed that this happens in a more limited number of cancers compared to
the pathways discussed so far. Specifically, the proportion of patients with at least one
driver mutation in this pathway exceeded 10 % in only 9/36 cancer types examined.
Intestinal malignancies appeared in the forefront of the mutational landscape with at least
80 % of Colon Adenocarcinoma, Rectal Adenocarcinoma and Mucinous Adenocarcinoma
of the Colon and Rectum patients harboring driver alterations. On the other hand, no such
alterations were found in Uveal Melanoma or Leiomyosarcoma patients (Figure 3). Among
WNT/b catenin effectors, the APC, CTNNB1 and RNF43 genes were found mutated in
48.59 %, 26.41 % and 14.94 % of the affected samples, respectively, while four other
genes (in descending order of mutational frequency: AMER1, AXIN1, TCF7L2 and AXIN2)

exhibited a driver mutational rate between ~5 % and ~8 %.

The most frequent alteration type in APC gene is non-sense mutation, present in
40,6 % of patients. Conversion of arginine-encoding codons into stop codons
predominantly takes place at positions 1450, 876 and 1114 of APC protein (8.51 %, 4.84 %
and 4.64 % respectively). R1450 is located into the so called mutation cluster region (MCR)
(Miyoshi et al., 1992). Truncation of APC protein in this position leads to the loss of all axin-
and most b catenin-binding sites, therefore abrogating the ability of APC to negatively

regulate b catenin via the formation of the destruction complex AXIN-APC-CK1lalpha-
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GSK3beta (Fearnhead et al., 2001; Azzopardi et al., 2008; Pai et al., 2017; Imperial et al.,
2018). Similar is the case regarding the two other truncations, as R1114* mutant also loses
the axin- and most b catenin-binding sites, whereas R876* variant loses all these sites
(Ficari et al., 2000; Mihalatos et al., 2003). In all three cases, the subsequent b catenin
accumulation and nuclear entry permits the TCF/LEF1 transcriptional complex activation
and thereby promotes cellular proliferation and tumorigenesis (Pai et al., 2017).

Somatic mutations in CTNNB1 gene are almost exclusively missense mutations. In
particular, amino acid substitutions at six specific positions (32, 33, 34, 37, 41 and 45)
represent more than 85 % of all affected patients in this dataset. Among them, S33, S37
and D32 replacements were proved the most prevalent, affecting 18.51 %, 17.44 % and
16.01 % of all cases. The protein region between D32 and S45 participates in the
phosphorylation of b catenin from CKlalpha and GSK3beta (both components of its
destruction complex), as well as in the interaction of phosphorylated b catenin with its E3
ligase substrate recognition component, FBW1 (Kitagawa et al., 1999; Kikuchi et al., 2003).
Consequently, mutations in these protein sites exert similar signaling implications to the
ones exerted by APC, as b catenin escapes proteasomal degradation and confers an
increased proliferative potential to the cell (Morin et al., 1997; Rubinfeld et al., 1997; Liu et
al., 2002; Kikuchi et al., 2003; Rebouissou et al., 2016).

Almost seventy-three percent of RNF43-mutated primary tumors carry a frameshift
deletion in this gene, while the second most frequent alteration type is a non-sense
mutation (~17 %). By far the most common alteration of the RNF43 protein is G659Vfs*41,
being present in approximately 60 % of all RNF43-mutated tumors. Interestingly, despite its
recurrent presence in cancer samples, this frameshift deletion leaves protein function
intact, with the relevant RNF43-mutant being able to exert its E3 ubiquitin ligase activity (Tu
et al., 2019); this results in the tagging of FZD family (frizzled transmembrane proteins)
WNT receptors for proteasomal degradation and in the inactivation of WNT/b catenin
signaling (Koo et al., 2012; Hao et al., 2012). The second and third most frequent somatic
mutations of the RNF43 protein are R519* and R145*, affecting only 2.52 % and 1.89 % of
all carriers. Both of them lead to a truncated protein with a WNT signaling-enhancing role,
however the exact mechanism differs depending on the truncation position. The catalytic
RING domain of RNF43 lies among P270 and 1316 (Tu et al., 2019; UniProt Consortium,
2021), and as such the R519* mutant retains its E3 ubiquitin ligase activity. Nonetheless, it
simultaneously gains the ability to snare CKlalpha at the plasma membrane, thus assisting
b catenin to escape degradation (Spit et al., 2020). On the other hand, R145* variants lack

this catalytic activity and are therefore expected to abort their FZD degradation and b
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catenin destabilization role (Tu et al., 2019).

Significant efforts have been made regarding WNT/b catenin network targeting,
mainly for the development of small molecule stabilizers of the b catenin destruction
complex components or destabilizers of the b catenin-TCF/LEF interaction, as well as
antibodies and regulatory peptides that directly or indirectly affect - mostly inhibit - WNT or
FZD proteins (Anastas et al., 2013; Pai et al.,, 2017; Jung et al., 2020). Four such
constructs have exhibited the most encouraging results and their efficacy is currently
evaluated in phase Il clinical trials of both solid and blood cancer patients. In this context,
WNT974 (NCT02278133) — a porcupine inhibitor that precludes WNT secretion and
activity, Foxy-5 (NCT03883802) — a WNT5a mimetic, PRI-724 (NCT01606579) — an
antagonist of the b catenin coactivator CBP, and DKN-01 (NCT03395080) — a monoclonal
antibody that neutralizes the activity of WNT/b catenin axis inhibitor DKK1, are now in the

spotlight of WNT pathway targeting.

The Notch pathway

Notch is a cancer-related signaling pathway well known for its involvement in a
variety of developmental processes, as well as cellular differentiation, proliferation, stem
cell maintenance, angiogenesis, EMT, inflammation and apoptosis (Hori et al., 2013; Bray
et al.,, 2016; Siebel et al.,, 2017). Notch pathway compounds were found genetically
changed at least to one in ten patients in fifteen out of thirty-six assessed cancer types.
Uterine Carcinosarcoma exhibited the highest driver mutational rate (40.35 %), followed by
Mucinous Adenocarcinoma of the Colon and Rectum (33.93 %) and Bladder Urothelial
Carcinoma (29.02 %), while other gynecological and upper digestive tract malignancies
were also highly affected. On the other side, no Pheochromocytoma patient and no more
than 2 % of Leiomyosarcoma, Uveal Melanoma and Papillary Thyroid Cancer patients
carried such alterations (Figure 3). At the gene level, the most frequently mutated
components or regulators of Notch pathway appeared to be identical to the above
discussed ubiquitination pathway’s; FBXW7, EP300 and CREBBP were found altered in
33.65 %, 18.41 % and 16.97 % of Notch-impaired tumors respectively, while somatic driver
events in each of the SPEN, NCOR1 and NOTCH1 genes, were detected in ~12 % of

cases.

Upon NOTCH receptors activation by their ligands (e.g. Delta-like protein 1, protein
jagged-1 etc), the NOTCH-intracellular domain (NICD) is released and transferred into the

nucleus where it acts as a transcription regulator. NICD is one of the FBW7 substrates
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(Oberg et al., 2001) and mutations within the FBW7 WD40 domain have been reported to
impede this interplay, therefore leading to NICD accumulation and enhanced Notch
signaling which may lead to tumorigenic outcomes (Pancewicz et al., 2010; Yeh et al.,
2016; Close et al., 2019). Furthermore, despite the previously reported p300 requirement
for NICD transcriptional activity manifestation (Oswald et al., 2001; Wallberg et al. 2002), it
was recently demonstrated that loss of function mutations in either the EP300 or CREBBP
gene can also activate Notch axis due to the subsequent low histone acetylation levels of
FBXW7 promoter (Huang et al., 2021), suggesting the existence of additional
transcriptional NICD co-activators.

So far, no targeted therapies for Notch signaling regulation have entered clinical
practice. However, remarkable efforts have been made to overcome the obstacles Notch
pathway places in this route, given the highly context-specific behavior of this signaling axis
in cancer (Majumder et al., 2021). To this end, diverse strategies have been utilized,
targeting NOTCH biosynthesis enzymes, receptor-ligand interplay, NOTCH cleavage-
performing effectors or NICD-containing transcriptional complexes assemblage (Pannuti et
al., 2010; Takebe et al., 2014; Majumder et al., 2021). The most encouraging results come
from the development of inhibitors against gamma-secretase - which is responsible for the
final NICD-releasing NOTCH cleavage — and Delta-like protein 3, a NOTCH ligand, with
some of the relevant cancer-related clinical trials being in advanced stages. Specifically,
the efficacy of gamma-secretase inhibitors (GSIs) nirogacestat/PF-03084014
(NCT03785964) and MK0752 (NCTO00756717) is currently evaluated in phase Il trials in
adults with desmoid tumors and early stage breast cancer patients in combination with
tamoxifen respectively, while the tesirine conjugated anti-Delta-like protein 3 mAb
rovalpituzumab (Rova-T) (NCT03061812) is also tested in a phase lllI clinical trial in small-
cell lung cancer (SCLC) patients with disease progression following platinum-based

chemotherapy and overexpressing Delta-like protein 3.

The cell cycle pathway

The cell cycle is a set of fine-tuned, strictly inspected processes which mediate
between the end of two consecutive cell divisions and are responsible for the apt
preparation of the cell toward a complete, equal and accurate cell material distribution
between daughter cells. Consequently, functional disruption of key cell cycle mediators can
provoke loss of proliferation control, as well as a disturbance of the genomic integrity, both
of which constitute fundamental features of cancer (Malumbres et al., 2009; Matthews et
al., 2021).
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Driver somatic mutations of crucial cell cycle components are present in more than
10 % of patients in 25 % of cancer types studied. For some malignancies the occurrence
rate exceeds even 20 %, with Bladder Urothelial Carcinoma, Head and Neck Squamous
Cell Carcinoma and Lung Squamous Cell Carcinoma patients being affected in 30.24 %,
22.52 % and 20.04 % of cases respectively; at the same time no such alterations were
found in Renal Clear Cell Carcinoma, Acute Myeloid Leukemia, Uveal Melanoma or
Pheochromocytoma patients (Figure 3). Indisputably, RB1 and the previously discussed
CDKN2A are the most commonly changed cell cycle genes, as mutations of them were
identified in 44.43 % and 41.11 % of all cell cycle-perturbed primary tumors respectively;
despite ranking third in the relative ranking of mutational frequency, the CDKN1A gene was

found mutated in 6.76 % of assessed tumors.

Somatic mutations were highly dispersed along RB1 gene, with 203 of the 928
amino acid-encoding codons found to be implicated in a driver event in this dataset. Even
though more than 40 % of these genomic changes were nonsense mutations, the most
recurrent is the splice site mutation X405 _splice, which nevertheless accounts for only ~3
% of RB1l-mutated tumors. Among the nonsense alterations, R320* and R552* were the
most prevalent, being present in 2.09 % of cases each. All three of these alterations,
constitute inactivating mutations that impair both RB1 functional domains (A- and B-boxes)
(Cowell et al.,, 1994; Richter et al., 2003; Ayari et al.,, 2014; Yu et al.,, 2018). Such
alterations incapacitate one of the cell cycle restriction points, as a non-functional or absent
RB1 protein permits E2F-mediated G1/S transition, thereby enhancing the cell's
proliferative potential and contributing to tumorigenesis or tumor progression (Trimarchi et
al., 2002; Burkhart et al., 2008).

Somatic driver genomic alterations in CDKN1A gene are extremely rare, as only 51
out of 10,066 (~0.5 %) assessed primary tumor samples appeared to be affected, with the
majority detected in Bladder Urothelial Carcinoma (39/51) and Hepatocellular Carcinoma
(7/51) patients. Frameshift indels and nonsense mutations represent the lion’s share of
CDKN1A gene alterations. Q10* and M38Nfs*10 are the most recurrent among them,
accounting for 7.84 % and 5.88 % of p21-deficient tumors. Although experimentally
uncharacterized, both mutations are expected to abrogate p21 functionality due to loss of
most functional domains. Such aberrations are likely to assist tumor progression, as
deficient p21 is unable to prevent cell cycle progression and DNA synthesis through cyclin-
CDK complexes or PCNA inhibition (Xiong et al., 1993; Waga et al., 1994; Jackson et al.,
2002; Poole et al., 2004; Forster et al., 2008), while in the case of M38Nfs*10 frameshift
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insertion, the intact 33 NH2-terminal amino acid residues, where procaspase-3 binding
domain is located, might further facilitate tumor progression due to sustenance of p21 anti-
apoptotic activity (Suzuki et al., 1999; Yu et al., 2005).

Thus far, therapeutic targeting of the cell-cycle is largely based on CDK4/6 inhibition
(Suski et al., 2021). Three such inhibitors, palbociclib, ribociclib and abemaciclib have
already received FDA approval, either as monotherapy or in combination with hormone
therapies, for the treatment of advanced HR+/HER2- breast cancer (Dhillon et al., 2015;
Syed et al., 2017; Kim et al., 2017). Recently, another CDK4/6 inhibitor, trilaciclib, was also
approved for the prevention of chemotherapy-induced myelosuppression in small cell lung
cancer (SCLC) patients (Dhillon et al., 2021). In parallel, many more such inhibitors are
currently being tested in clinical trials for their potential to confer a similar or even improved
anti-tumor activity as the already available ones, but accompanied by less toxicity. Of
these, dalpiciclib (SHR6390) is the only compound currently tested in phase lll trials
(NCT03966898 and NCT03927456), while many pan-CDK inhibitors are evaluated in
earlier phases of clinical development (Dumbrava et al., 2018). Apart from CDKs, several
inhibitors of other cell-cycle components such as CHK1, PLKs and Aurora proteins have

also entered clinical testing (Otto et al., 2017).

The HDR pathway

Homology-directed DNA repair (HDR) is one of the two major mechanisms that are
responsible for double strand breaks (DSBs) repair, and in fact the most precise one
(Karran et al., 2000; Chen et al., 2018). Given the detrimental impact DSBs have on
genomic stability (van Gent et al., 2001), malfunction of HDR pathway could facilitate
malignant transformation (Khanna et al., 2001). The present analysis showed that somatic
driver mutations in HDR pathway components are not rare events in cancer. In particular,
23.71 % of Uterine Endometrioid Carcinoma patients harbored such mutations, while the
relative fraction of five gastrointestinal cancer types — Mucinous Adenocarcinoma of the
Colon and Rectum, Stomach Adenocarcinoma, Diffuse Type Stomach Adenocarcinoma,
Tubular Stomach Adenocarcinoma and Colon Adenocarcinoma — was 21.43 %, 17.39 %,
13.89 %, 12.66 % and 10.95 % respectively. In contrast, less than 1 % of Papillary Thyroid
Cancer and Oligodendroglioma patients and no Oligoastrocytoma patients carried such
alterations (Figure 3). Among HDR compounds, BRCA2, BRCA1 and TP53BP1 were the
most frequently affected genes, being genetically altered in 25.17 %, 14.73 % and 13.01 %
of HDR-impaired patients, respectively; the relative mutational rate of 8 additional genes (in
descending order of mutational frequency: BRIP1, RAD51B, NBN, RAD50, BLM, SLX4,
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BARD1 and PALB2) ranged between ~5 and ~9 %.

Almost 41 % of somatic BRCA2 gene alterations are truncating mutations, most of
which result in loss of multiple BRCA2 functional domains. However, the most recurrent
BRCAZ2 protein changes are the frameshift insertion N1784Kfs*3, the frameshift deletion
K1691Nfs*15 and the missense mutation R2842C, which were detected in 3.4 %, 2.72 %
and 2.04 % of all BRCA2-mutated primary tumor samples in this cohort, respectively. The
R2842 substitution by a cysteine residue has been demonstrated to mitigate HDR
efficiency (Caburet et al., 2020). Although N1784Kfs*3 and K1691Nfs*15 have been
previously identified (Sun et al., 2020), however their exact functional consequences
remain unresolved. Nevertheless, the final shortened variants lack crucial BRCA2 C-
terminal domains, such as some of the RAD51-binding sites, the DNA-binding domain and
their nuclear localization sequences (NLSs) (Lee et al.,, 2014; Chen et al., 2018), likely
dictating a loss of function effect. A dysfunctional BRCA2 protein is incapable of efficiently
recruiting RAD51 at DSB sites, making RAD51 nucleoprotein filament formation difficult
and therefore hindering homology-directed invasion of damaged DNA to the intact sister
chromatid (Moynahan et al., 2001; Liu et al., 2010). The subsequent HDR deficiency
makes cells to rely on other, error-prone DSB repair mechanisms (Tutt et al., 2001),

thereby contributing to genome instability, one of the cancer hallmarks.

As for BRCA2, nonsense is also the predominant mutation type of BRCAL gene
(~41 %). At the protein level, the most common changes appeared to be the frameshift
insertion E111Gfs*3 and the nonsense mutations E720* and E572*, which account the first
for 3.49 % and each of the last two for 2.33 % of all BRCALl-affected tumors. Despite the
previous identification of all three variants (Rebbeck et al., 2018), their functional
conseguences have not been experimentally validated yet. However, the truncation sites of
these mutants dictate the loss of coiled-coil domain, RAD50- and RAD51-binding domains
and the two BRCT domains, while E572* and E111Gfs*3 variants are additionally expected
to lack one or both BRCAL nuclear localization sequences respectively (Scully et al., 1997,
Zhong et al., 1999; Clark et al., 2012; Christou et al., 2013). Such variants are most likely
unable to both prevent 53BP1-mediated inhibition of the initial HDR step, viz., DNA end
resection by MRE11-RAD50-NBS1 (MRN) complex (Bunting et al., 2010), and to recruit
and stabilize the RADS51 protein onto the DSB sites (Christou et al., 2013), thus resulting in
HDR deficiency.

Nonsense mutations and frameshift deletions account for ~80 % of TP53BP1 gene’s

driver somatic alterations in cancer. The corresponding most repetitive protein changes are
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E737* (6.58 %), N1017Mfs*20 (6.58 %) and E711Nfs*12 (3.95 %). All three constitute
truncating mutations leading to loss of both the NLS and the four C-terminal functional
domains of 53BP1 protein. It was recently demonstrated that such changes result in
significant retardation of DSB repair, suggesting impairment of the 53BP1-mediated non-
homologous end joining (NHEJ) repair mechanism (Zhang et al., 2021). Although 53BP1
can act as an HDR’s negative regulator (Bunting et al., 2010; Panier et al., 2014), the
predominant role of NHEJ on DSB repair, primarily during the G1 phase, when the HDR is
inactive (Mao et al., 2008), renders 53BP1 deficiency a genome stability-threatening

situation.

Targeted therapy of HDR-deficient tumors is highly based on synthetic lethality
concept (Yap et al., 2011; Furgason et al., 2013; Brown et al., 2017), wherein mutations in
different genes can lead to cell death when co-occurring. In this context, BRCA1/2-deficient
tumors, which lack the ability of accurately repairing DSBs, can be treated with single
strand break (SSB) repair inhibitors, such as inhibitors of the base excision repair-
mediators PARP1/2 (Helleday et al., 2008). Four such agents, olaparib, rucaparib, niraparib
and talazoparib, are clinically available for the treatment of pretreated advanced breast,
ovarian and fallopian tube or primary peritoneal cancer patients harboring BRCA1/2
mutations (this restriction does not apply for niraparib), either germline or/and somatic
(Deeks et al., 2015; Syed et al., 2017; Scott et al., 2017; Hoy et al., 2018; Arora et al.,
2021). Several more PARPis are in clinical development with three of them, fluzoparib
(NCT03863860), pamiparib (NCT03519230) and veliparib (NCT02470585, NCT02163694
and NCT02152982), currently being tested in phase lll trials. In addition to BRCA1/2m —
PARPIis couple, increasing evidence demonstrates that synthetic lethality also occurs after
ATR inhibition in HDR-deficient tumors carrying inactivated ATM (Kwok et al., 2016;
Menolfi et al.,, 2020; Topatana et al., 2020), with active ongoing phase Il clinical trials
testing two such agents: berzosertib (NCT02567409, NCT03517969 and NCT02595892)
and ceralasertib (NCT03330847, NCT03328273, NCT03787680 and NCT02937818) in a

variety of human cancers.

2.10. The splicing pathway

Splicing is the process of exon joining following intron exclusion that happens during
the conversion of pre-mRNA to its mature translatable form. Under certain circumstances,
an aberrant splicing procedure can prove oncogenic (David et al., 2010; Dvinge et al.,
2016; Climente-Gonzéalez et al., 2017; Rahman et al., 2020). This study revealed that

somatic driver events involving splicing machinery components are not uncommon in
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malignancies. Thus, cancers from different anatomical regions, namely, Uveal Melanoma,
Oligodendroglioma, Uterine Endometrioid Carcinoma, Lung Adenocarcinoma, Mucinous
Adenocarcinoma of the Colon and Rectum and Bladder Urothelial Carcinoma exhibited an
occurrence rate of 23.75 %, 18.52 %, 13.92 %, 10.95 %, 10.71 % and 10.24 %
respectively. In contrast, less than 1 % of Glioblastoma Multiforme and Pheochromocytoma
patients and no Papillary Thyroid Cancer or Leiomyosarcoma patient harbored such
genetic changes (Figure 3). At the gene level, SPEN, CDK12 and FUBP1 appeared as the
most commonly altered genes, being involved in 20.82 %, 19.89 % and 17.84 % of
splicing-impaired tumors, whereas the corresponding proportion of four more genes
fluctuated between ~8 % and ~14 % (in descending order of mutational frequency: RBM10,
SF3B1, DDX3X and U2AF1).

The SPEN gene, which encodes for SMRT/HDAC1-associated repressor protein
(SHARP or SPEN), is mostly affected by nonsense mutations and frameshift deletions (~81
% of driver events). These changes display a dotted appearance along the gene,
something clearly dictated by the occurrence rate of the most recurrent protein alterations,
11052Sfs*40, A2251Qfs*102 and P2495Lfs*4 (2.68 % each). None of them has been
functionally characterized so far. However, the undetectable SPEN protein levels
accompanying an insertion/truncation in position 1184 (Légaré et al., 2015), dictate a loss
of function in 11052Sfs*40 variant as well. Furthermore, all three variants lack their C-
terminal SPOC domain (UniProt Consortium, 2021), which is essential for SPEN
transcriptional corepressor activity, as it is utilized for its interaction with SMRT/NCoR
(Ariyoshi et al., 2003). SPEN-deficient cells are incapable of hindering ERalpha oncogenic
effects, thus facilitating tumor formation (Légaré et al., 2015). However, the mechanism via
which abolishment of SPEN splicing-related activity — likely a link between RNA splicing
and mMRNA nuclear export machines (Hiriart et al., 2005) — may contribute to

tumorigenesis, remains unclarified.

Nearly 80 % of patients affected by a somatic driver mutation in CDK12 gene harbor
a fusion, a frameshift deletion or a nonsense mutation. Nevertheless, R890H substitution is
the most recurrent variation (3.74 %), followed by the frameshift deletion P683Qfs*70 and
the CDK12-IKZF3 fusion (2.8 % each). The operational consequences of these particular
alterations have not been experimentally delineated yet. The R890 is located into the
kinase domain (aa residues 737 - 1020) (Bartkowiak et al., 2015). Amino acid substitutions
very close to this position have been demonstrated to either prevent CDK12 interaction
with its protein partner cyclin K or considerably decrease CDK12’s kinase activity (Ekumi et

al., 2015). In addition, P683Qfs*70 truncation makes the corresponding variant to lose
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almost its entire kinase domain. The inability of aberrant CDK12 to phosphorylate the C-
terminal domain of RNA polymerase I, makes it incapable of exerting its transcription-
activating role on its several HDR pathway target genes as well as other DNA damage
response (DDR) components (Blazek et al., 2011; Ekumi et al., 2015; Krajewska et al.,
2019). Furthermore, CDK12-deficiency may promote proximal alternative last exon (ALE)
splicing of certain DDR genes, such as ATM, thus limiting the abundance of their full-length
protein product (Tien et al., 2017), and in this way impeding DNA repair processes and

further contributing to genome instability and cancer development.

The FUBP1 gene, encoding for far upstream element-binding protein 1 (FBP),
displays a significant variety of mutation types, with the most frequent one, frameshift
deletions, detected in 37.5 % of all carriers. The frameshift deletion S11Lfs*43 is the most
frequently repeated somatic alteration, being present in 9.38 % of patients, followed by the
R430C substitution (8.33 %) — the only missense mutation identified in 96 FBP-affected
patients — and frameshift indels involving 1301 (5.20 %). All these changes have been
identified by massive sequencing approaches, but not yet characterized (Cancer Genome
Atlas Network, 2012; Schneeweiss et al., 2018; Yaeger et al., 2018). Variants harboring
either S11Lfs*43 or 1301-involving out-of-frame mutations, namely deletions 1301Yfs*22
and 1301Nfs*22 as well as insertion 1301Nfs*4, lose more than 90 % or at least half of their
protein body respectively, which suggests a loss of function effect. Although known as a
positive regulator of MYC proto-oncogene (Duncan et al., 1994), it is the previously
reported FBP participation in a MYC-repressing complex with FIR (Hsiao et al., 2010) that
is consistent with a tumor-promoting scenario. Additionally, it has been demonstrated that
FBP loss hampers proper MDM2 splicing, giving rise to the tumorigenesis-accelerating
MDM2-ALT1 splice variant (Jacob et al., 2014).

Therapeutic targeting of splicing pathway is still far from entering the clinic. However,
strategies have been developed toward this direction. These include three main
approaches: (i) spliceosome assembly disruption through the inhibition of core spliceosome
components (e.g. SF3B1) or their regulators (e.g. SRPKs and CLKs) using small
molecules, (ii) control of the utilized splicing regulatory elements (exonic and intronic
splicing enhancers or silencers) or inhibition of cancer-related aberrantly expressed splicing
factors by oligonucleotides and (iii) targeting of abnormal splice isoforms (Lee et al., 2016;
Urbanski et al., 2018; Zhang et al., 2021). Currently, the first strategy has come to the fore,
being the only approach to include compounds under clinical evaluation. Thus, two SF3B-
complex (a component of U2 snRNP) inhibitors, E7107 (NCT00459823 and
NCT00499499) and H3B-8800 (NCT02841540) are now tested in phase | trials for their
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safety and anti-tumor activity against solid and hematological malignancies, respectively.

3. DISCUSSION AND CONCLUSIVE REMARKS

In this study, the most popular cancer-related signaling pathways were sorted by their
somatic driver mutational rate. By focusing on the first ten pathways in terms of mutational
frequency, the cancer types where these cascades are most frequently found disturbed were
outlined, the signaling consequences of the most repeatedly identified alterations/mutations in
key members of these pathways were described and their therapeutic exploitation was
discussed, while in several cases literature gaps were addressed, which, if covered, would

undoubtedly upgrade cancer treatment opportunities.

In the main body of this article, it became clear that there is a remarkable diversity of
mechanisms by which somatic mutations can drive cell signaling perturbance in cancer. This
complexity becomes even wider if considering the simultaneous deregulation of multiple
signaling cascades in many tumor types. For example, somatic driver mutations in key
regulators of RTK-RAS, lipid metabolism and WNT/b catenin pathways, co-occurred in nearly
40 % of Mucinous Adenocarcinoma of the Colon and Rectum patients in the dataset examined.
Furthermore, mutations in different regions of a single gene, may deregulate distinct signal
transduction networks. Such a paradigm is offered by the R348* mutation of PIK3R1 which, in
contrast to other protein region alterations, whose functional consequence is usually limited to
PISK/AKT axis activation, additionally enhances MAPK signaling, making cells sensitive to MEK
and JNK inhibition (Cheung et al., 2014). These insights underscore the importance of patient
mutational profiling for therapeutic decision-making, as well as the value of filling knowledge

gaps regarding the functional characterization of cancer-related variants.

Several recurrent cancer-related variants remain uncharacterized. These involve
components of crucial signaling pathways, including PI3K/AKT, ubiquitination, cell cycle and
splicing. CREBBP and FUBP1 genes offer some of the most interesting cases. The cellular
compartment-dependent roles of CBP either as a histone acetyltransferase or as an E4
ubiquitin ligase and their opposing impact on p53 activation (Shi et al., 2009), make clarification
of 11084-involving frameshift effects a very interesting task with potential therapeutic value. In
regard to FUBP1 gene, S11Lfs*43, R430C and the three identified 1301-involving frameshift
indels, together account for more than one fifth of FUBP1-affected tumors. The recent inclusion
of FUBP1 in the “long-tail driver” category of the less-frequently mutated genes, due to its
alternative splicing regulatory role on several oncogenes and tumor suppressors (Elman et al.,

2019), renders the unraveling of such mutational effects, a highly attractive concept.
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New horizons in cancer treatment can also arise from more adequately understood cancer
contributors. Thus far, targeting of the ubiquitin-proteasome system (UPS) is primarily based on
proteasome inhibition. However, the broad use of this strategy is limited by problems caused by
the accumulated ubiquitin-labeled proteins (Deng et al., 2020). Therefore, targeting earlier steps
of the process might surmount this hurdle. The tumor-suppressor FBXW?7, which is mutated in
1/5 of ubiquitination-deficient tumors, is an appealing target, given its role in the destabilization
of many proto-oncoproteins (Sailo et al., 2019). In addition, regarding the well-studied and
clinically exploitable synthetic lethality concept, exploration of new DDR member couples apart
from BRCA1/2-PARPs, may also prove valuable. Such an opportunity may be provided by
TP53BP1, one of the most frequently mutated members of the major DNA DSB repair pathways
(HDR and NHEJ), the driver mutations of which are mutually exclusive with those of BRCA1/2
in 80 % of cases, thus providing an opportunity for the extension of the synthetic lethality
concept to HDR-proficient tumors. The previously revealed synthetic lethal interaction between
53BP1 and DNA polymerase theta, the key mediator of another DSB repair mechanism called
theta mediated end joining (TMEJ) (Wyatt et al., 2016; Feng et al., 2019), is in line with this

notion.

Although focused on just one of the —omics areas, this work can still provide a useful
overview considering the current knowledge on signaling pathway dysregulation in cancer.
Understanding the impact molecular events like the above have on cell signaling would provide
a better exploitation of the already existing targeted therapies, while it would also facilitate the
enrichment of the current therapeutic arsenal with agents targeting frequently affected but still
undruggable pathways such as splicing pathway, thus opening up new opportunities for more

effective combinatorial therapies.
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