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Translational research has revolutionized how we develop new treatments for cancer patients. The change from an organ-
centric concept guiding treatment choice towards deep molecular analysis, driving a personalized approach, is one of the
most important advances of modern oncology. Several tools such as next generation sequencing and RNA sequencing
have greatly improved the capacity to detect predictive and prognostic molecular alterations. Detection of gene mutations,
amplifications, and fusions has therefore altered the history of several diseases in both a localized and metastatic setting.
This shift in perspective, in which attention is focused on the specific molecular alterations of the tumor, has opened the
door to personalized treatment.
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1. The Revolution of Tumor Treatment: from Tumor Site to Molecular
Alterations

During the last few years, cancer patient treatment has been completely revolutionized as several molecular alterations
have been identified as drivers of cancer development and progression . This biomarker-based approach has
historically proceeded from basic science to validation in the clinic. Thus, to guide treatment choice, attention has
gradually turned to biomarkers rather than the anatomic site of origin of a given tumor . Due to this change, large groups
of patients whose tumors bear a particular molecular feature have been successfully treated with a single targeted drug.
The first example of molecular-based medicine for cancer patients was the use of endocrine therapy in luminal breast
cancer B, However, the point probably marking the revolution towards a precision medicine approach was the approval of

imatinib in patients with chronic myeloid leukemia bearing the t (9,22) translocation that creates a BCR-ABL fusion kinase
4,

The identification of druggable molecular alterations marked a new era in oncology . The most important results were
achieved in breast BIZEIE and lung cancer LALLIL2 and melanoma 221, In breast cancer, apart from identifying hormonal
receptors as therapeutic agents, other pinpointed biomarkers such as PIK3CA (Phosphatidylinositol 4,5-bisphosphate 3-
kinase catalytic subunit alpha isoform) or ERBB2 (human epidermal growth factor receptor 2) mutations have completely
altered the therapeutic approach in luminal breast cancer patients L4I13116] poreover, the detection of HER2 amplification
as a driver has also contributed immensely to locating another important subgroup of patients who definitely benefit from
anti-HER?2 inhibition in all clinical settings LAILEILI A fundamental shift was also observed in patients diagnosed with non-
small cell lung cancer (NSCLC). The identification of EGFR (Epidermal Growth Factor Receptor) mutations 22 and EML4-
ALK (echinoderm microtubule-associated protein-like 4- Anaplastic lymphoma kinase) translocation 211

Pinpointing specific molecular characteristics (such as microsatellite instability across all solid tumors), somatic or
germline mutations, (such as BRCA, BRAF or ERBB2 HERR) [22[23124](25] or gene fusions (FGFR and NTRK) 28127 ¢ould
guide treatment choice in this field, improving patient outcomes independently of tumor location. To properly apply these
molecular-based treatments, it is ultimately necessary to distinguish which patient groups will probably benefit or not from
this type of therapy by identifying specific biomarkers predictive of response or resistance 28],

Although genomics seems to be a really relevant start point to plan a precision approach for cancer patients, it is clear
that molecular phenotype measurements and characterization are a needed arm to the understanding of tumors to
improve the precision medicine approach. In some cases, the use of proteomic could also help when several molecular
alterations are detectable, making it difficult to identify the most relevant driver to be targeted 22, Moreover, genetic
mutations do not always result in the predicted change of the corresponding protein, and many other factors contribute to
tumor behavior, such as protein modifications, metabolism, and the microbiome (391811 Another important field to try to
improve a precision medicine approach is metabolomic B2, The importance of it is not only for the identification of



targetable biomarkers but also for the identification of pharmacological phenotype able to understand the mechanisms of
inter-patient variability in response to drug therapy 3. Metabolomics can also help in evaluating drug resistance and
disease relapse 2425 |eading to opportunities for the development of novel therapeutic strategies 22,

Identifying those molecular features has led to a clinical strategy in which testing upfront or after the first-line failure may
provide certain novel therapeutic opportunities. In umbrella trials, patients diagnosed with the same type of solid tumors
are treated according to their molecular features, while in basket trials, patients diagnosed with different types of solid
tumors with a common driver molecular alteration are selected and treated with a specific inhibitor €. As an example, a
multisite study (including >1000 patients with non-small cell lung cancer) showed that matching was associated with
longer survival than was seen in patients without genotype-directed treatment. Likewise, two meta-analyses [E7E8! jn
70,000 patients reported that trials with a personalized strategy led to a higher proportion of responding patients and
longer progression-free and overall survival than trials with unselected patients. Standout results were obtained in patients
diagnosed with tumors harboring ERBB2 mutations or NTRK or FGFR fusions (Figure 1).
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Figure 1. Personalized treatment: an integrated precision approach. How to personalize cancer treatment from the
molecular evaluation of primary tumor or metastases evaluating liquid biopsy, tumor-derived organoids, and tumor-derived
xenografts.

In the MOSCATO 01 trial, cancer treatment was planned according to genomic analyses. A potentially actionable
molecular alteration was identified in 411 of 843 patients. A total of 199 patients were treated with a targeted agent
matched to a genomic alteration. The Progression-Free survival 2/1 (PFS2/1) ratio was >1.3 in about one-third of the
patients. Although objective responses were observed in only 11% of patients, progression-free survival with this
molecularly guided strategy was longer than obtained by the previous line of therapy in one-third of 194 patients. This
study suggested that high-throughput genomics could improve outcomes in molecularly selected patients when treated
accordingly B9,

2. Precision Molecular Oncology: Understanding the Role of New Drivers
with Novel Drugs

Several potential targets for novel drugs have been identified using high-throughput technologies, and several compounds
have recently been approved or are under investigation.

One of the most prevalent molecular alterations in solid tumors is PIK3CA mutations. The PI3K/AKT/mTOR (The
phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of the rapamycin (mTOR))pathway is an intracellular
signaling pathway implicated in cell proliferation. This pathway can be activated at several points, but PIK3CA mutations
and PTEN(Phosphatase and tensin homolog) function loss are the most frequent detectable molecular alterations 49, For
this reason, several basket trials have been conducted or are still ongoing to assess the role of PIK3CA inhibitors in
several solid tumors. In luminal breast cancer, the incidence of PIK3CA mutations is about 30% in primary tumors and
metastases. In a phase lll trial enrolling PIK3CA mutant luminal breast cancer patients progressing to hormonal treatment,
adding alpelisib, a specific p110a PIK3CA inhibitor, to fulvestrant significantly improved antitumor activity (response rate
26.6% vs. 12.8%) and progression-free survival (11 vs. 5.7 months) over a combination of placebo plus fulvestrant,



leading to its regulatory approval. These results confirm that PIK3CA mutations could be drivers in metastatic luminal

breast cancer and suggest the importance of detecting this molecular alteration in selected patients. Other more specific

novels PI3K inhibitors are currently under clinical development (Table 1).

Table 1. Novel targeted agents against PIK3CA?, FGFR?, and NTRK® molecular alterations under development for solid

tumors in phase | trials.

Class of
inhibitors

PI3K
inhibitors

FGFR
inhibitors

NTRK
inhibitor

Novel targeted agents under development for solid tumors in phase I trials

Compound name

GDC0077 [4l

MEN1611 (PA799)

[42]
AMG319 [43]

CH5132799 44

AZD4547 [43]

NVP-BGJ398 (48]

E-7090 47

LY2874455 (48]

TAS-120 49

BLU-554 3%

H3B-6527 B4

FGF-401 (52

LOX0O-195 53]

TSR-011 34

DS-6051b 53]

Mechanism of action

Potent PI3K alpha inhibitor

PI3K alpha inhibitor

AMG319 is a PI3K3 inhibitor. Preclinically, target inhibition
abrogates Treg-mediated immunosuppression, augmenting CD8+
T-cell antitumor activity

Oral pan-PI3 kinase inhibitor

A potent and selective inhibitor of FGFR 1, 2, and 3

Oral, selective, ATP-competitive inhibitor of FGFR1, 2, and 3

An oral and selective inhibitor of FGFR1, 2, and 3

Inhibitor of FGFR 1, 2, 3, and 4

Potent and highly specific against wildtype FGFR1-4 as well as
against some FGFR2 kinase domain mutations

A potent and selective inhibitor of FGFR4

Selective and covalent inhibitor of FGFR4

Potent and selective, reversible-covalent small-molecule inhibitor
of FGFR4

A selective inhibitor of TRK

Dual ALK* and TRK inhibitor

Inhibitor with high affinity for ROS1 ® and TRK

Phase

lla

la/b

1 PIK3CA= Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha; FGFR 2= Fibroblast Growth Factor
Receptor; NTRK 3= Neurotrophic tropomyosin receptor kinas; ALK 4= Anaplastic lymphoma kinase; ROS1 ®= c-ros

oncogene 1.



Activation of fibroblast growth factor receptor (FGFR) pathways also plays a major role. FGFRs are made up of four highly
conserved transmembrane tyrosine kinases receptors (FGFR1-4) and FGFR5, which lacks an intracellular kinase
domain. All these receptors are activated by fibroblast growth factor (FGF), participating in cell survival and proliferation.
Deregulation of the FGF signaling axis is implicated in oncogenesis, tumor progression, and resistance to anticancer
therapy across several solid tumors, with a prevalence below 10%. Multiple trials studying diverse solid tumors have
proposed the aberrant FGFR signaling pathway as a potential therapeutic target, and several inhibitors are under
development. FGFR alterations may consist of amplification, mutations, and gene-fusion, yet the specific role of each one
and their contribution in predicting drug response is not clear 81, In early clinical trials, promising results were reported in
patients who show FGFRZ2 amplification in gastric cancer and patients with FGFR2 and FGFR3 translocations in
cholangiocarcinoma and urothelial cancers, respectively. Disappointingly, only modest levels of clinical activity have been
reported for patients with other aberrations, such as FGFR1 amplification7 or FGFRZ2 mutation, in advanced-stage
endometrial cancer B4, Urothelial cancer is one of the tumors that most harbors FGFR alterations. In particular, the
luminal | subtype is characterized by a lack of benefit from immunotherapy and a higher rate of mutations in the gene
encoding for FGFR, detectable in about 20% of all urothelial cancers 8. In a phase Il study B treating patients
diagnosed with locally advanced and unresectable or metastatic urothelial carcinoma with FGFR alterations, the potent
FGFR1-4 tyrosine inhibitor erdafitinib demonstrated antitumor activity, achieving objective responses in 40% of previously
treated patients. Interestingly, patients who had undergone previous immunotherapy also achieved the same benefit.
FGFR2 activation by point mutations and FGFR1-3 amplification or overexpression are also observed in subsets of
patients with advanced cholangiocarcinoma. The most common alterations are chromosomal fusions consisting of FGFR2
exons 1 to 17, encoding the intact extracellular and kinase domains, fused in-frame to a 3' partner that possesses a
protein dimerization domain. Multiple FGFR-selective inhibitors are being tested in clinical trials in cholangiocarcinoma
patients harboring FGFR pathway alterations (Table 1).

BRAF mutations are major oncogenic drivers in 7% of solid tumors 9. BRAF inhibition has led to significant improvement
in melanoma. In colorectal cancer, BRAF mutation has been associated with specific clinicopathological features as well
as a very poor prognosis. BRAF mutations are more prevalent in proximal colon tumors, poorer differentiation, mucinous
histology, and older females (1. However, several clinical trials testing BRAF inhibitors as single agents in BRAF-mutant
colon cancer patients saw the response in less than 5%, mostly of short duration. This lack of efficacy was attributed to
feedback EGFR activation resulting in MAPK (mitogen-activated protein kinase) signaling pathway reactivation. Based on
this hypothesis, the combination of BRAF/MEK inhibitors plus monoclonal antibodies against EGFR has been explored. In
a phase lll trial, 665 metastatic colorectal patients with BRAF-V600E mutation who had experienced treatment failure with
one or two prior regimens were recruited to receive binimetinib, encorafenib, and cetuximab versus irinotecan-based
chemotherapy. This triplet therapy was well tolerated with a manageable safety profile. Moreover, it showed a better
response rate than chemotherapy (26% vs. 2%) as well as significantly improved overall survival (OS) for those receiving
the triple targeted agent combination (9 vs. 5.4 months), becoming a new standard of care for previously treated BRAF
V600E—mutant metastatic colorectal cancer patients and underlining the need to uncover BRAF mutations in all advanced
colon cancer patients 62,

Recently, NTRK fusions have also been detected as a possible target 3. The neurotrophic tyrosine receptor kinases
(NTRK) plays a key role in nervous system development. These are three receptors, TrkA, TrkB, and TrkC, with a tyrosine
kinase intracellular domain able to activate signaling pathways like MAPK, PI3K/AKT, and PLCy/PKC (phospholipase-Cy
and protein kinase C signal pathways) resulting in enhanced migration, cell differentiation, synapse formation, and
proliferation. In NTRK fusions, the 3'-region is fused with a 5' region of a fusion partner, resulting in a chimeric receptor
protein with dimerization, and thus, uncontrolled activation of the TRK kinase domain leads to chimeric proteins with
constitutively activated or overexpressed kinase function conferring dominant oncogenic potential. These oncogenic
fusions can be either intra or interchromosomal. All three NTRK genes are potentially affected. These alterations are
considered rare, being present in about 0-25%, with the highest occurrence in secretory breast cancer, mammary analog
secretory cancer (MASC) of salivary glands, congenital mesoblastic nephroma and infantile fibrosarcoma thyroid cancers,
spitzoid melanomas, and gastrointestinal stromal tumors (GIST) 3], The presence of NTRK fusion seems to indicate early
alterations in solid tumors, so the use of specific inhibitors would supposedly improve clinical outcomes. Larotrectinib, a
selective TRK inhibitor, was tested in adults and children whose tumors harbored an NTRK 1-2-3 fusion. The overall
response rate was 75%. Other NTRK inhibitors are currently under investigation, and some have shown clinical activity in
patients resistant to first-generation inhibitors due to the development of secondary mutations (Table 1 and Figure 2).

Figure 2. Molecular alterations driving precision oncology.
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