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Simple Summary: We propose in this article to review the state of knowledge about predictive and
prognosis biomarkers in metastatic breast cancer through the prism of molecular profiling studies.

Abstract: The past decade was marked by several important studies deciphering the molecular
landscape of metastatic breast cancer. Although the initial goal of these studies was to find driver
oncogenic events to explain cancer progression and metastatic spreading, they have also permitted
the identification of several molecular alterations associated with treatment response or resistance.
Herein, we review validated (PI3KCA, ESR1, MSI, NTRK translocation) and emergent molecular
biomarkers (ERBB2, AKT, PTEN, HRR gene, CD274 amplification RB1, NF1, mutational process) in
metastatic breast cancer, on the bases of the largest molecular profiling studies. These biomarkers will
be classed according the level of evidence and, if possible, the ESCAT (ESMO) classification. Finally,
we will provide some perspective on development in clinical practice for the main biomarkers.

Keywords: metastatic breast cancer; molecular profilig; molecular biology; targeted therapy; precision

medicine; biomarker

1. Introduction

Since the earliest studies of cancer biology, breast cancer (BC) has been acknowledged
as a heterogeneous disease. Early findings by pathologists pointed to morphological features
associated with different outcomes that could predict prognosis [1]. During the latter part
of the 20th century, the identification of predictive and prognostic biomarkers in BC was
reserved to pathologists, which led to the identification of the hormone-receptors (HR) [2]
and the human epidermal growth-factor receptor 2 (HER2) [3] and, therefore, to the develop-
ment of the corresponding immunohistochemistry staining. On the contrary, the beginning
of the 21th century was marked by a considerable international effort to further dissect
tumors’ heterogeneity and to define the molecular landscape of cancers [4-8]. Previously
based on immunochemistry, genomic discoveries led to a new subgroup classification, with
the identification of four molecular subtypes (luminal A, luminal B, basal-like and HER2-
enriched) in BC, associated with different outcomes and treatment response [9-12]. Despite
improvements in the classification and management of BC, as well as the development of
endocrine therapy [13] and anti-HER?2 targeted therapy [14], metastatic BC remains in most
cases an incurable disease, which will result in over 600,000 deaths worlwide in 2020 [15].
A series of more recent studies have therefore aimed to define the molecular landscape of
metastatic BC, in order to identify the driving molecular events involved in tumor progres-
sion and metastatic spread. In particular, four major studies have recently reported the
genomic characterization of very large cohorts of patients with metastatic BC (Table 1). First,
Razavi et al. [16]. reported the molecular landscape of 1918 tumor sample (1000 metastasis,
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918 primary tumor from formalin-fixed paraffin embedded (FFPE) tumor biopsy samples)
from mBC patients using a hybridization capture-based next-generation sequencing as-
say, which analyzes all protein-coding exons of between 341 and 468 cancer-associated
genes. Among HR+/HER2—mBC, TP53, ESR1, ERBB2, ARID1A, NF1 and KMT2D were
more frequently mutated in metastatic setting versus early tumors. Interestingly, authors
showed that activating ERBB2 mutations and NF1 loss-of-function mutations were more
common in endocrine-resistant tumors and were mutually exclusive with ESRI mutation.
Angus et al. [17] reported the whole genome sequencing of 442 snap-frozen metastatic
tissue biopsies from mBC, similar to the prior study; TP53, ESR1, NF1 mutations were
more frequent in a metastatic setting in HR+/HER2— mBC but also KTM2C, PTEN and
AKT1. The authors also found that the APOBEC mutational signature was increased in a
metastatic setting, mainly related to prior exposure to endocrine therapy, highlighting effects
of systemic treatment on the tumor genome. Bertucci et al. [18] performed whole-exome
sequencing of 617 tumor samples (543 metastatic sites and 74 breast tumors, frozen biopsies)
from mBC patients. Others studied several genes, including TP53, ESR1, GATA3, KMT2C,
NCOR1, AKT1, NF1, RIC8A and RB1, finding that they were more frequently mutated in
HR+/HER2— mBC. These cancers also showed an increase in mutational signatures S2,
53, 510, S13 (APOBEC) and S17. In metastatic TNBC, the frequency of somatic biallelic
loss-of-function mutations in genes related to homologous recombination DNA repair was
increased compared to early TNBC. Finally, Aftimos et al. [19] reported the results of targeted
gene sequencing from 381 primary tumor and metastatic pairs of breast cancer patients
(FFPE and frozen samples). In line with prior studies, ESR1, PTEN, CDH1, PI3KCA, and
RB1 mutations were enriched in a metastatic setting.

Table 1. Largest studies of whole molecular profiling in breast cancer.

. Alterations Enriched in Sequencing
Study Patients Samples Subtypes Metastatic Setting Approach (Depth)
TP53 (85%) for TNBC, NF1
. 1000 metastatic 1364 HR+/HER2— (20%) for ER-/HER2+ BC, .
Razavi 1918 biopsies (purity > 30%) 224 HER2+ TP53 (25%), ESR1 (15%), targeted sequencing
etal. [16] 91% r'nfar 1})7 ; 168 TNBC ERBB2 (5%), ARID1A (7%), (MSK-IMPACT, 771 x)
priumary biopsie NF1 (5%), KMT2D (5%) for
ER+/HER2— BC
279 ER+/HER2— TP53 (32%), ESR1 (19%), NF1
Angus 442 44?2 metastatic biopsies 77 HER2+ (11%), KMT2C (11%), PTEN Whole Genome
etal. [17] (purity > 30%) 58 TNBC (14%) and AKT1 (7%), in Sequencing (107 x)
28 Unknown ER+/HER2— BC
_ TP53 (29%), ESR1 (22%),

Bertucci 543 metastatic biopsies 381 3]::5{ ITI{EII_{HZE-IEZ GATA3 (18%), KMT2C (12%) Whole Exome
etal. [18] 617 (purity > 30%) 182 TNBC NCOR1 (8%), AKT1 (7%), NF1 Sequencing (~20,000
’ 74 breast tumors 24 Unknown (7%), RIC8A (4%) and RB1 genes, 120x)

(4%) in ER+/HER2— BC
228 ER+ /HER2— In the all cohort: ESR1, PTEN,
. . CDHI1, PIK3CA, and RB1 .
Aftimos Primary tumor and 51 HER2+ . targeted sequencing
381 . . mutations; MDM4 and MYC
etal. [19] metastasis pairs 71 TNBC e (>100x)
amplifications; and ARIDIA
31 Unknown

deletions were enriched

All of these studies showed an increase of molecular alteration leading to more biolog-
ical heterogeneity and reflecting effect of anti-tumor treatment.

However, not all molecular alterations have the same level of evidence of clinical
actionability. In order to prioritize potential targets according to their proven therapeutic
utility, the European Society of Medical Oncology (ESMO) developed the ESMO Scale for
the clinical actionability of molecular targets (ESCAT). This classification is based on six
levels of evidence, wherein the highest (tier 1) identifies anomalies suitable for routine
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clinical use based on prospective data and the lowest (tier X) corresponds to alterations for
which there is no evidence for their therapeutic utility [20] (Table 2).

Table 2. ESCAT ESMO Scale for the clinical actionability of molecular targets adapted from Condorelli
and Mateo et al. [20,21].

ESCAT
Evidence Tier

Level of Evidence

A

B C

Clinical Implication

I: Alteration-drug
match is associated
with improved
outcome in clinical
trials.

Prospective, randomized
clinical trials show that the
alteration—-drug match in a
specific tumor type results in a
clinically meaningful
improvement of a survival end
point.

Clinical trials across tumor
types or basket clinical trials
show clinical benefit
associated with the
alteration-drug match, with
similar benefit observed
across tumor types.

Prospective, non-randomized
clinical trials show that the
alteration-drug match in a
specific tumor type, results in a
clinically meaningful benefit as
defined by ESMO MCBS 1.1.

Access to the
treatment should be
considered standard
of care.

IL: Alteration—drug
match is associated
with antitumor

Retrospective studies show
patients with the specific
alteration in a specific tumor

Prospective clinical trial(s) show
the alteration—drug match in a
specific tumor type results in

Treatment to be
considered
‘preferable’ in the
context of evidence

activity but the type experience clinically increased responsiveness when NA collection either as a
magnitude of the meaningful benefit with the treated with a matched drug; rospective registr
benefit is matched drug compared with ~ however, no data are currently prosp gt Y
unknown. alteration-negative patients. available on survival end points. OF as a prospective
clinical trial
III:
Alteration—drug Clinical benefit demonstrated . .
match suspected to  in patients with the specific An;l ti,rzt}on t}:at hi a smlllar
improve outcome alteration (as tiers I and II pre 11C © d une dl.oréa .1rnIp actas Clinical trials to b
based on clinical above) but in a different tumor an aiready Sh.l led tier e tria 3 to be
trial data in other type; limited/absence of abnormality in the same gene or NA dls§ussed with
tumor type(s) or clinical evidence available for E:;gg;i;z;dogsﬁ?‘?et ?lai:liecal patients
with similar the patient-specific cancer type data PP
molecular or broadly across cancer types
alteration
Treatment should
Evidence that the alteration or ‘only be considered’
IV: Pre-clinical a functionally similar in the context of early
evidence of alteration influences drug Actionability predicted in silico NA clinical trials. Lack of

actionability

sensitivity in preclinical
in vitro or in vivo models

clinical data should
be stressed to
patients.

V: Alteration—drug
match is associated
with an objective

Prospective studies show that targeted therapy is associated with objective responses, but this does

Clinical trials
assessing drug

response but not lead to improved outcomes. comblr}atlon
. L. strategies could be
without clinically ¢
i i considered.
meaningful benefit.
The finding should

X: Lack of evidence
for actionability

No evidence that the genomic alteration is therapeutically actionable.

not be taken into
account for clinical
decisions.

Herein, we review the contributions of molecular profiling in identifying the predic-
tive and prognostic biomarkers in metastatic BC and their clinical relevance in terms of
response/resistance to treatments according to the ESCAT classification.

2. Biomarkers of Response

According to the ESCAT, only five molecular alterations are associated with BC treat-
ment efficacy with the highest level of evidence (ESCAT I): ERBB2 amplification, germline
BRCA1/2 mutations, PI3KCA mutations, microsatellite instability (MSI) and NTRK translo-
cations. Considering that ERBB2 amplifications are usually assessed by immunochemistry
or in situ hybridization and BRCA1/2 mutations by germline testing, they will not be
included in this review.
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2.1. PIK3CA Mutations (ESCAT IA)

Phosphatidylinositol 3-kinases (PI3Ks) are a family of lipid kinases involved in the
cell cycle and cell proliferation. They are divided into four classes based on their structures
and substrate specificity. The PIK3CA gene, encoding the class I catalytic isoform p110«,
is involved in the PI3K/AKT/mTOR pathway [22], and up to 40% of HR+ metastatic BC
have a PIK3CA mutation.

The efficacy of targeting PIK3CA mutations in patients with HR+/HER2— BC was
demonstrated in the randomized phase IIl SOLAR-1 trial. In this trial, 572 patients pretreated
with endocrine therapy were randomized to receive fulvestran plus alpelisib, a PI3K-inhibitor,
versus placebo. The addition of alpelisib improved median progression-free survival (PFS)
from 5.7 to 11 months in the subgroup of patients with PIK3CA mutations. In particular,
three hotspot mutations of PIK3CA (E542K, E545K /A, H1047R /L) predicted the efficacy of
alpelisib, whereas no benefit was described among patients with non-mutated BC [23].

The prognostic impact of PIK3CA mutation has been evaluated in several studies
without clear conclusions. A recent analysis of 649 mBC patients from SAFIR02 trial
(NCT02299999) found that, in HR+/HER2— mBC, PIK3CA mutations are associated with
poor overall survival (OS) and resistance to chemotherapy [24], as well as in HER2+
metastatic BC, wherein PIK3CA mutations are associated with poor outcomes and resistance
to HER2-targeted therapy [25]. In contrast, in metastatic triple-negative BC (TNBC), PIK3CA
mutations are associated with a better outcome with a 10-month increase in median OS, in
part due to a higher proportion of PI3K mutations in patients with primary HR+/HER2—
BC who become triple-negative upon relapse [24].

2.2. MSI and NTRK Fusion Cases (ESCAT IC)

Microsatellite instability (MSI) has led to the first FDA-agnostic drug approval based
on a tissue biomarker independent of tumor subtype. Indeed, MSI is predictive of the
efficacy of pembrolizumab in different cancer types [26,27]. However, in BC, MSl is a very
rare event, occurring in less than 1% of cases, and its prognostic impact is still unclear.

Similarly, NTRK fusion can be found in several types of cancer [28], and the spectrum
of NTRK-rearranged cancers is increasing with the growing use of molecular profiling. In
BC, NTRK alterations are found almost exclusively in secretory carcinoma, an ultra-rare
TNBC subtype characterized by ETV6-NTRK3 gene fusion [29]. Several NTRK inhibitors
have been developed, and a high response rate has been reported in a case of BC [30].

2.3. AKT Mutations and PTEN Deletion (ESCAT IIA)

AKT-activating mutations and PTEN deletions are found in 7% of metastatic BC [18],
leading to the activation of the PI3K/AKT/mTOR pathway. Despite preclinical observa-
tions that PTEN loss of function is associated with the efficacy of mTOR inhibitors such as
everolimus, PTEN mutations or low protein expression did not predict everolimus activity
in patients with HR+/HER2— metastatic BC in the TAMRAD and Bolero-2 trials [31,32].
Conversely, in HER2+ metastatic BC with PTEN loss or PI3KCA mutations, everolimus
improved PFS [33], highlighting how a similar molecular alteration may have distinct
predictive power depending on the BC subtype.

Various AKT inhibitors have been developed and clinically tested. Given the poor
efficacy of AKT inhibitors as monotherapy (except in the rare context of germline PTEN
mutation [34], such as Cowden’s syndrome), several trials have evaluated the combination
of AKT inhibitors with other agents. In two small phase II randomized trials with 140 and
124 patients, the addition of capivasertib [35] or ipatasertib [36] to paclitaxel in a first-line
setting for metastatic TNBC was associated with a median improvement in PFS of 5 months
in patients with a PIK3CA or AKT mutation or low PTEN status. However, these alterations
failed to predict the benefit of ipatasertib in the largest prospective phase III clinical trial,
IPATunity130 [37], which enrolled 255 mTNBC patients, so they have not yet attained
ESCAT I targetability.
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In terms of prognosis, PTEN alterations have only been associated with worse out-
comes in early HER2+ BC [38] and not in other subtypes [39], while their prognostic value
in the metastatic setting is still unknown. Similarly, AKT alterations, assessed indirectly by
phosphorylated AKT (pAKT) immunochemistry, were not predictive of poor outcomes in
several retrospective studies [40,41].

2.4. Homologous Repair Deficiency/Somatic Alteration of BRCA1/2 (ESCAT IIIA)

Based on two large phase III clinical trials, two PARP inhibitors, talazoparib and
olaparib, are currently approved in germline BRCA1/2 mutated advanced BC [42,43].
However, somatic alterations in BRCA1/2 can also be found in about 3% of patients with
both early and advanced BC, while germline mutations can affect other genes involved in
the homologous repair pathway [18,44,45]. PARP inhibitors have therefore been evaluated
in patients with germline or somatic alterations in homologous recombination-related
(HRR) genes, with promising results.

First, in a small phase II trial enrolling 13 patients with advanced HER2— BC and
non-BRCA HRR genes mutations, talazoparib induced a significant responses rate of 25%,
mainly in patients with germline PALB2, CHEK2 or FANCA mutations [46]. The efficacy of
talazoparib in metastatic BC with BRCA1/2 somatic mutation is currently being evaluated
in an ongoing clinical trial [47]. Olaparib has also been evaluated in patients with advanced
HER2— BC and somatic or germline mutations in HRR genes (except germline BRCA1/2)
in the TBCRCO048 trial. In this study, among 54 patients, the response rate in patients with a
somatic BRCA1/2 mutation was about 50% and the median PFS 6.3 months [48]. Finally,
Rucaparib was tested in 41 patients with a wild-type BRCA1/2 germline mutation and
in patients with advanced BC with homologous recombination deficiency. Five patients
(13.5%) showed clinical benefit, including three patients with high loss of heterozygosity
(1 complete response and 2 partial responses), one patient with a somatic BRCA1 mutation
(stable disease) and one patient with a somatic BRCA2 mutation (partial response) [49].

In term of prognosis, while the outcomes of metastatic BC in patients with germline
BRCA1/2 mutations do not differ from non-carriers or untested subgroups in large real-life
databases [50], the prognostic value of the somatic mutation of HRR genes has not been
reported to date.

2.5. ERBB2 Mutations (ESCAT IIB)

ERBB2-activating mutations can be found in about 4% of HR+/HER2— metastatic BC,
mainly in the lobular histotype [51]. In vitro studies have shown that ERBB2 mutations are
associated with resistance to endocrine therapy, indeed in a HER2 mutant breast cancer
cell model, authors found that HER2-mutated cells were resistant to estrogen deprivation,
similarly to ESR1 mutation, and sensitive to fulvestran plus neratinib [51]. Recent results
from the SUMMIT trial, a randomized phase II trial that enrolled 45 patients, showed an
overall response rate of 35% and a median PFS of 8.2 months in patients with HR+/HER2—
advanced BC with an activating HER2 mutation and prior CDK4/6 inhibitor treatment
treated with trastuzumab-neratinib and fulvestrant [52]. Further studies are ongoing, but
anti-HER? targeted therapies in this setting appear to be an effective strategy.

2.6. Immunotherapy

The only validated biomarker for predicting response to immune checkpoint inhibitors
in metastatic TNBC is PD-L1 expression, assessed by immunohistochemistry. Indeed,
PD-L1 positivity predicted the efficacy of atezolizumab (SP142, cut-off > 1%) [53] and
pembrolizumab (CPS, cut-off > 10%) [54] in combination with first-line chemotherapy for
advanced TNBC in two phase 3 trials.

Several studies have shown that a high tumor mutational burden (TMB) predicts
the efficacy of immunotherapy in several type of cancer [55,56]. BC is generally consid-
ered a “medium” mutational burden [57], although this classification is made difficult
by its biological heterogeneity and because molecular profiling studies have not found
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reproducible results. Bertucci et al. showed that TMB was higher in the metastatic setting
compared to the early setting in luminal and TNBC [18]. However, Angus et al. did not
identify differences in TMB levels between advanced and early BC and among subtypes [17].
Finally, Aftimos et al. reported a higher TMB in the metastatic setting among luminal and
HER2-amplified BC but not in TNBC [19]. These differences may reflect the fact that TMB
in the metastatic setting is probably more influenced by previous treatments and tumor
progression than intrinsic tumor biology.

Nevertheless, in the TAPUR trial, 28 patients with metastatic BC with high TMB were
treated with pembrolizumab monotherapy, reaching a response rate of 21% and a median
PFS of 10.6 weeks [58]. However, similar results have been reported in unselected patients
with metastatic TNBC [59], making TMB a poor predictive biomarker in BC.

In addition, results from the SAFIR-Immuno trial have recently been reported. In
this study, 199 patients were randomized to receive durvalumab vs. chemotherapy as a
maintenance treatment for advanced BC [60]. Interestingly, the authors found that CD274’s
(encoding for PD-L1) gain/amplification was associated with better outcomes for the
durvalumab group, with a median overall survival not reached vs. 8.8 months. Similarly,
recent data from the GeparNuevo trial reported that CD274 amplification was predictive of
durvalumab efficacy in the neo-adjuvant treatment of early TNBC [61].

Although further validation in larger cohorts is needed and it is not yet clear whether
patients with CD274’s gain/amplification may have a better outcome independently of
immunotherapy, these results have identified a promising molecular biomarker and, to date,
the only biomarker of response to immunotherapy in both early and advanced settings.

3. Biomarkers of Resistance
3.1. ESR1 Mutations (ESCAT IA)

ESR1 encodes the estrogen receptor «, and activating mutations result in constitutive
ligand-independent ER activity. ESR1’s mutations have been widely described among
HR+/HER2— metastatic BC [62], particularly as a consequence of exposure to prior en-
docrine treatment with an aromatase inhibitor [17-19]. The predictive value of ESR1
mutations has recently been prospectively evaluated in the phase IIIl PADA-1 trial [63].
In this trial, 1017 patients receiving aromatase inhibitor and palbociclib as first-line treat-
ment for metastatic HR+HER2— BC were screened at regular intervals for ESR1 mutation
in circulating blood. Patients detected with increased circulating ESR1 mutation without
tumor progression were randomized to remain on current therapy or to switch to fulves-
trant (known to be more effective in the presence of ESR1 mutation) in combination with
palbociclib. Median progression-free survival in patients who switched before disease pro-
gression was significantly increased (11.9 months vs. 5.7 months). In addition to validating
the ctDNA monitoring strategy and early treatment intervention, this study provided a
prospective validation of ESRI mutation with regards to biomarker aromatase inhibitor
resistance and fulvestrant sensitivity.

3.2. RB1 (ESCAT 1V)

Several phase III clinical trials have shown PFS and OS improvements with CDK4/6
inhibitors combined with endocrine therapy in HR+/HER2— metastatic BC [64-66]. This
class of drugs is the new gold standard in first-line treatment. However, little is known
about the resistance mechanisms to CDK4/6 inhibitors. The RB1 gene controls the G1-S
transition through the transcriptional repression of E2F1-proliferation-related target genes,
including the cyclin-dependent kinase CDK4/6. Several studies have shown that RB1
deleterious mutations are associated with poor outcomes [18,67,68], with a median PFS of
less than 4 months on endocrine therapy plus CDK4/6 inhibitors. Beyond the negative
predictive value of RB1 deleterious mutations for CDK4/6 inhibitors, these alterations
identify a subset of patients with very poor outcomes, worse than those treated without
CDK4/6 inhibitors, which also suggests a prognostic value of RBI1 mutations.
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3.3. NF1 Mutation (ESCAT IV)

NF1 mutation is found in about 7% of metastatic BC cases, mainly HR+/HER2— [17-19].
NF1 inhibits Ras activation and, when mutated, leads to the activation of the RAS pathway.
Bertucci et al. showed that NF1 mutation was an independent prognostic factor associated
with poor outcome [18]. Interestingly, NF1 mutation and ESRI mutations were mutually
exclusive and more frequent in the lobular subtype [69]. Preclinical data also suggest that NF1
is involved in endocrine-therapy resistance. In term of actionability, despite some positive
results of MEK inhibition in NF1-related germ cell tumors [70], none of the five patients with
NF1 mutations treated with selumetinib (a MEK inhibitor) showed an objective response in
the SAFIRO02 trial [18]. Thus, the predictive value of NF1 is still unclear but may be improved
in the near future with the development of a RAS pathway’s inhibitor.

3.4. APOBEC Mutagenesis (ESCAT IV)

Beyond single-gene alterations, large molecular profiling studies have provided infor-
mation on mutational signatures defined several year ago by Alexandrov et al. [57]. Among
these signatures, the APOBEC signature was found to be enriched in the HR+/HER2—
metastatic BC [17,18]. APOBEC mediates genomic mutations from C to T and has been de-
scribed as an independent prognostic factor associated with worse outcomes [18]. In vitro
studies using lentivirus-based system enable the promotion of APOBEC mutagenesis in
breast cancer cells have shown that APOBEC mutagenesis induces resistance to endocrine
therapy [71], leading to the idea that targeting APOBEC could overcome resistance to
endocrine therapy. Targeting mutational processes remains a major challenge; however,
interesting preclinical data suggest the efficacy of DDR-related gene inhibitors in APOBEC
mutagenesis [72-74], although no clinical data are yet available.

4. Discussion

In this review, we have summarized the current role of tumor profiling in breast cancer
by considering the clinical impact on key predictive and prognostic molecular biomarkers
in metastatic BC. Despite significant progress in the understanding of breast carcinogenesis
and tumor progression, we must admit that only a few molecular alterations are currently
taken into account in the decision-making process of clinical practice (Figure 1). For this
reason, the ESMO guidelines do not recommend the use of the multigene next-generation
sequencing (NGS) of tumors in breast cancer [75], since PARP inhibitors are only approved
for germline BRCA1/2 mutations and since the Solar-1 trial enrolled patients selected for cer-
tain hot-spot PI3KCA mutations that can be detected by targeted sequencing. However, this
statement is likely to change in the near future. Indeed, as discussed earlier in this review,
several promising predictive and prognostic biomarkers are emerging from studies based
on the comprehensive genomic profiling of large cohorts of metastatic BC. In line with these
results, ESMO also recommend including mBC patients in molecular screening programs
in order to assess targeted therapies. The level of evidence for the use of circulating tumor
DNA monitoring, including ESRI mutation, is improving, with prospective trials that have
longitudinally evaluated the predictive and prognostic role of ctDNA in the metastastic
setting, such as the PADA-1 trial [63] or the BIOLTALEE trial [76]. In addition, several
ongoing prospective phase IlII clinical trials are testing earlier treatment switching based
on increased ctDNA. The Serena-6 trial evaluates whether AZD9833 (an oral SERD) plus
CDK4/6 inhibitor is superior to standard therapy in HR+/HER2— advanced breast cancer
with a detectable ESRI mutation prior to progression (NCT04964934). Beyond the ESR1
mutation, TRAK-ER trial is evaluating the early detection of molecular relapse with ctDNA
monitoring and treatment with palbociclib plus fulvestrant vs. the standard endocrine
therapy in patients with HR+/HER2— early BC (NCT04985266). If these trials confirm the
results of the PADA-1 trial, they are likely to introduce molecular profiling into daily care.
We have to highlight here that ctDNA and “liquid biopsy” can be a useful tool for mBC.
Indeed, all of the previous studies cited a focus on tumor biopsies, whereas, for a large
proportion of mBC patients, especially those with HR+/HER2— mBC, metastases can only
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be localized in bones, leading to the technical failure of molecular analysis. Similarly to
ESR1 mutation assessed with ctDNA, testing for PIK3CA mutations in ctDNA is concordant
with the testing of tumor tissue and the prediction of alpelisib efficacy [77]. In terms of
prognosis, molecular profiling’s results reflect the significant heterogeneity of BC. As we
have seen, the same molecular alteration can have opposite prognostic value in different
BC subtypes, such as PTEN deletion and PI3KCA mutations. Nevertheless, some molecular
alterations, such as RB1 mutation, highlight a subgroup of metastatic BC patients with
a very poor outcome. As the new antibody conjugates, such as trastuzumab-deruxtecan
and sacituzumab-govitecan, have revolutionized the treatment paradigm for advanced
BC, showing efficacy beyond their original target [78-81], and it is likely that the treatment
strategy for advanced BC will change rapidly in the future with the identification of patients
with difficult-to-treat mBC who may benefit more from the introduction of these drugs
earlier in the course of the disease.

Fulvestrant [Palbociclib Ribociclib, abemaciclib Oral SERDs
e r i yy, T-DXd, margetuximab,
= Lapatinib Pertuzumaly & - T-DM1 - tucatinib, neratinib
{#ﬁ T-DXd SYD935, combination strategies
. Olapariby Talazoparib Combination strategies

. Alpelisit
Atezolizumab ‘ . Pembrolizumab

. Pembrolizumab

Larotrectinib i * Entractinib

AKT inhibitors, PARP inhibitors,
neratinib

Figure 1. Timeline of main biomarker-based agents approved in metastatic breast cancer. ER, es-
trogen receptor; PR, progesteron receptor; SERDs, selective estrogen receptor degraders; T-DM1,
trastuzumab emtansine; T-DXd, trastuzumab deruxtecan; gBRCA, germaline BRCA; PI3K, phos-
phoinositide 3-kinase; PD-L1, programmed death-ligand 1; MSI, microsatellite instability; NTRK,
Neurotrophic Tyrosine Receptor Kinase; AKT, Alpha-serine/Threonine Kinase; PTEN, Phosphatase
and Tensin Homolog; sBRCA, somatic BRCA.

5. Conclusions

Finally, although molecular profiling for mBC is not yet recommended, we believe
that, in the near future, it is likely to be implemented in clinics, given the growing number
of promising biomarkers that have the potential to provide guidance for personalized
treatment strategies.

Author Contributions: Conceptualization, B.V., M.B., S.H. and B.P; writing—original draft prepara-
tion, B.V.,, M.B., S.H. and B.P; writing—review and editing, B.V.,, M.B., S.H. and B.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: B.V. received consultant fees from: Lilly, Pfizer, Netcancer, Pierre Fabre, Seagen,
Daichii Sankyo (to my institution), Gilead, Novartis (to my institution), MSD (to my institution).
Received travel expanses from Lilly, Novartis, Pfizer, Accord Healthcare, Amgen; B.P. received
consultant fees from: Puma Biotechnology, Pierre Fabre, Novartis, Myriad Genetics, received re-
search funding: Pfizer (Inst), Puma Biotechnology, Merus; travel, accommodations, expenses: Pfizer,
AstraZeneca, MSD Oncology, Novartis. M.B. and S.H. declare no conflict of interest.



Cancers 2022, 14, 4203 90f 12

References

1.

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bloom, H.J.G.; Richardson, W.W. Histological Grading and Prognosis in Breast Cancer: A Study of 1409 Cases of which 359 have
been Followed for 15 Years. Br. J. Cancer 1957, 11, 359-377.

Walker, K.J.; McClelland, R.A.; Candlish, W.; Blamey, R.W.; Nicholson, R.I. Heterogeneity of oestrogen receptor expression in
normal and malignant breast tissue. Eur. J. Cancer 1992, 28, 34-37.

Tsutsui, S.; Ohno, S.; Murakami, S.; Hachitanda, Y.; Oda, S. Prognostic value of c-erbB2 expression in breast cancer. J. Surg. Oncol.
2002, 79, 216-223.

Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490, 61-70.

Cancer Genome Atlas Research Network. Comprehensive genomic characterization of squamous cell lung cancers. Nature
2012, 489, 519-525.

Cancer Genome Atlas Research Network. Comprehensive molecular characterization of urothelial bladder carcinoma. Nature
2014, 507, 315-322.

The Cancer Genome Atlas Research Network; Weinstein, J.N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott,
K.; Shmulevich, I; Sander, C.; Stuart, ].M. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 2013, 45, 1113-1120.
[CrossRef]

Ciriello, G.; Gatza, M.L.; Beck, A.H.; Wilkerson, M.D.; Rhie, S.K,; Pastore, A.; Zhang, H.; McLellan, M.; Yau, C.; Kandoth, C.; et al.
Comprehensive Molecular Portraits of Invasive Lobular Breast Cancer. Cell 2015, 163, 506-519. [CrossRef]

Serlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; et al.
Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. USA
2001, 98, 10869-10874. [CrossRef]

Sotiriou, C.; Neo, S.-Y.; McShane, L.M.; Korn, E.L.; Long, PM.; Jazaeri, A.; Martiat, P; Fox, S.B.; Harris, A.L.; Liu, E.T. Breast
cancer classification and prognosis based on gene expression profiles from a population-based study. Proc. Natl. Acad. Sci. USA
2003, 100, 10393-10398. [CrossRef]

Ayers, M.; Symmans, W.; Stec, J.; Damokosh, A.; Clark, E.; Hess, K.; Lecocke, M.; Metivier, J.; Booser, D.; Ibrahim, N.; et al.
Gene Expression Profiles Predict Complete Pathologic Response to Neoadjuvant Paclitaxel and Fluorouracil, Doxorubicin, and
Cyclophosphamide Chemotherapy in Breast Cancer. J. Clin. Oncol. 2004, 22, 2284-2293. [CrossRef]

McConkey, D.J.; Choi, W.; Shen, Y.; Lee, LL.; Porten, S.; Matin, S.F.; Kamat, A.M.; Corn, P; Millikan, R.E.; Dinney, C.; et al.
A Prognostic Gene Expression Signature in the Molecular Classification of Chemotherapy-naive Urothelial Cancer is Predictive of
Clinical Outcomes from Neoadjuvant Chemotherapy: A Phase 2 Trial of Dose-dense Methotrexate, Vinblastine, Doxorubicin, and
Cisplatin with Bevacizumab in Urothelial Cancer. Eur. Urol. 2016, 69, 855-862.

Osborne, C.K. Tamoxifen in the Treatment of Breast Cancer. N. Engl. ]. Med. 1998, 339, 1609-1618.

Vogel, C.L.; Cobleigh, M.A.; Tripathy, D.; Gutheil, ].C.; Harris, L.N.; Fehrenbacher, L.; Slamon, D.J.; Murphy, M.; Novotny, W.E,;
Burchmore, M.; et al. Efficacy and Safety of Trastuzumab as a Single Agent in First-Line Treatment of HER2-Overexpressing
Metastatic Breast Cancer. J. Clin. Oncol. 2002, 20, 719-726.

Cancer du Sein. Available online: https://www.who.int/fr/news-room/fact-sheets/detail /breast-cancer (accessed on 17 June 2022).
Razavi, P; Chang, M.T.; Xu, G.; Bandlamudi, C.; Ross, D.S.; Vasan, N.; Cai, Y.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; et al.
The Genomic Landscape of Endocrine-Resistant Advanced Breast Cancers. Cancer Cell 2018, 34, 427-438.e6. [CrossRef]

Angus, L.; Smid, M.; Wilting, S.M.; Van Riet, ].; Van Hoeck, A.; Nguyen, L.; Nik-Zainal, S.; Steenbruggen, T.G.; Tjan-Heijnen,
V.C.G.; Labots, M.; et al. The genomic landscape of metastatic breast cancer highlights changes in mutation and signature
frequencies. Nat. Genet. 2019, 51, 1450-1458. [CrossRef]

Bertucci, F; Ng, CK.Y,; Patsouris, A.; Droin, N.; Piscuoglio, S.; Carbuccia, N.; Soria, ]J.C.; Dien, A.T.; Adnani, Y.; Kamal, M.; et al.
Genomic characterization of metastatic breast cancers. Nature 2019, 569, 560-564, Erratum in 2019, 572, E7. [CrossRef]

Aftimos, P; Oliveira, M.; Irrthum, A.; Fumagalli, D.; Sotiriou, C.; Gal-Yam, E.N.; Robson, M.E.; Ndozeng, J.; Di Leo, A.; Ciruelos,
E.M.; et al. Genomic and Transcriptomic Analyses of Breast Cancer Primaries and Matched Metastases in AURORA, the Breast
International Group (BIG) Molecular Screening Initiative. Cancer Discov. 2021, 11, 2796-2811. [CrossRef]

Condorelli, R.; Mosele, E; Verret, B.; Bachelot, T.; Bedard, P,; Cortes, J.; Hyman, D.; Juric, D.; Krop, L.; Bieche, I.; et al. Genomic
alterations in breast cancer: Level of evidence for actionability according to ESMO Scale for Clinical Actionability of molecular
Targets (ESCAT). Ann. Oncol. 2019, 30, 365-373. [CrossRef]

Mateo, J.; Chakravarty, D.; Dienstmann, R.; Jezdic, S.; Gonzalez-Perez, A.; Lopez-Bigas, N.; Ng, C.; Bedard, P.; Tortora, G;
Douillard, J.-Y.; et al. A framework to rank genomic alterations as targets for cancer precision medicine: The ESMO Scale for
Clinical Actionability of molecular Targets (ESCAT). Ann. Oncol. 2018, 29, 1895-1902. [CrossRef]

Engelman, J.A.; Luo, ].; Cantley, L.C. The evolution of phosphatidylinositol 3-kinases as regulators of growth and metabolism.
Nat. Rev. Genet. 2006, 7, 606—-619. [CrossRef]

André, E; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A. Alpelisib for
PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer. N. Engl. J. Med. 2019, 380, 1929-1940.

Mosele, F,; Stefanovska, B.; Lusque, A.; Dien, A.T.; Garberis, I.; Droin, N.; Le Tourneau, C.; Sablin, M.P,; Lacroix, L.; Enrico, D.;
et al. Outcome and molecular landscape of patients with PIK3CA-mutated metastatic breast cancer. Ann. Oncol. 2020, 31, 377-386.
Rasti, A.R.; Guimaraes-Young, A.; Datko, F; Borges, V.E; Aisner, D.L.; Shagisultanova, E. PIK3CA Mutations Drive Therapeutic
Resistance in Human Epidermal Growth Factor Receptor 2—Positive Breast Cancer. JCO Precis. Oncol. 2022, 6, €2100370. [CrossRef]


http://doi.org/10.1038/ng.2764
http://doi.org/10.1016/j.cell.2015.09.033
http://doi.org/10.1073/pnas.191367098
http://doi.org/10.1073/pnas.1732912100
http://doi.org/10.1200/jco.2004.05.166
https://www.who.int/fr/news-room/fact-sheets/detail/breast-cancer
http://doi.org/10.1016/j.ccell.2018.08.008
http://doi.org/10.1038/s41588-019-0507-7
http://doi.org/10.1038/s41586-019-1056-z
http://doi.org/10.1158/2159-8290.cd-20-1647
http://doi.org/10.1093/annonc/mdz036
http://doi.org/10.1093/annonc/mdy263
http://doi.org/10.1038/nrg1879
http://doi.org/10.1200/po.21.00370

Cancers 2022, 14, 4203 10 of 12

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Cortes-Ciriano, I.; Lee, S.; Park, W.-Y; Kim, T.-M.; Park, PJ. A molecular portrait of microsatellite instability across multiple
cancers. Nat. Commun. 2017, 8, 15180. [CrossRef]

Fusco, N.; Lopez, G.; Corti, C.; Pesenti, C.; Colapietro, P; Ercoli, G.; Gaudioso, G.; Faversani, A.; Gambini, D.; Michelotti, A.; et al.
Mismatch Repair Protein Loss as a Prognostic and Predictive Biomarker in Breast Cancers Regardless of Microsatellite Instability.
JNCI Cancer Spectr. 2018, 2, pky056.

Amatu, A.; Sartore-Bianchi, A ; Siena, S. NTRK gene fusions as novel targets of cancer therapy across multiple tumour types.
ESMO Open 2016, 1, e000023. [CrossRef]

Tognon, C.; Knezevich, S.R.; Huntsman, D.; Roskelley, C.D.; Melnyk, N.; Mathers, J.A.; Becker, L.; Carneiro, F.; MacPherson,
N.; Horsman, D.; et al. Expression of the ETV6-NTRK3 gene fusion as a primary event in human secretory breast carcinoma.
Cancer Cell. 2002, 2, 367-376.

Shukla, N.; Roberts, S.S.; Baki, M.O.; Mushtaq, Q.; Goss, P.E.; Park, B.H.; Gundem, G.; Tian, K.; Geiger, H.; Redfield, K; et al.
Successful Targeted Therapy of Refractory Pediatric ETV6-NTRK3 Fusion-Positive Secretory Breast Carcinoma. JCO Precis. Oncol.
2017, 2017, 1-8. [CrossRef]

Treilleux, I.; Arnedos, M.; Cropet, C.; Wang, Q.; Ferrero, J.-M.; Abadie-Lacourtoisie, S.; Levy, C.; Legouffe, E.; Lortholary, A.;
Pujade-Lauraine, E.; et al. Translational studies within the TAMRAD randomized GINECO trial: Evidence for mTORC1 activation
marker as a predictive factor for everolimus efficacy in advanced breast cancer. Ann. Oncol. 2015, 26, 120-125. [CrossRef]
Hortobagyi, G.N.; Chen, D.; Piccart, M.; Rugo, H.S.; Burris, H.A., III; Pritchard, K.I.; Campone, M.; Noguchi, S.; Perez, A.T.; Deleu,
I; et al. Correlative Analysis of Genetic Alterations and Everolimus Benefit in Hormone Receptor-Positive, Human Epidermal
Growth Factor Receptor 2-Negative Advanced Breast Cancer: Results From BOLERO-2. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol.
2016, 34, 419-426.

André, F; Hurvitz, S.; Fasolo, A.; Tseng, L.-M.; Jerusalem, G.; Wilks, S.; O'Regan, R.; Isaacs, C.; Toi, M.; Burris, H.A,; et al.
Molecular Alterations and Everolimus Efficacy in Human Epidermal Growth Factor Receptor 2-Overexpressing Metastatic
Breast Cancers: Combined Exploratory Biomarker Analysis From BOLERO-1 and BOLERO-3. |. Clin. Oncol. 2016, 34, 2115-2124.
[CrossRef]

Kingston, B.; Bailleux, C.; Delaloge, S.; Schiavon, G.; Scott, V.; Lacroix-Triki, M.; Carr, T.H.; Kozarewa, I.; Gevensleben, H.; Kemp,
Z.; et al. Exceptional Response to AKT Inhibition in Patients With Breast Cancer and Germline PTEN Mutations. JCO Precis. Oncol.
2019, 3, 1-7. [CrossRef]

Schmid, P.; Abraham, J.; Chan, S.; Wheatley, D.; Brunt, A.M.; Nemsadze, G.; Baird, R.D.; Park, Y.H.; Hall, P.S.; Perren, T.; et al.
Capivasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel As First-Line Therapy for Metastatic Triple-Negative Breast Cancer:
The PAKT Trial. J. Clin. Oncol. 2020, 38, 423—433. [CrossRef]

Kim, S.-B.; Dent, R; Im, S.-A,; Espié, M,; Blau, S.; Tan, A.R.; Isakoff, S.J.; Oliveira, M.; Saura, C.; Wongchenko, M.].; et al.
Ipatasertib plus paclitaxel versus placebo plus paclitaxel as first-line therapy for metastatic triple-negative breast cancer (LOTUS):
A multicentre, randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Oncol. 2017, 18, 1360-1372. [CrossRef]
Turner, N.; Dent, R.A.; O’Shaughnessy, J.; Kim, S.B.; Isakoff, S.]J.; Barrios, C.; Saji, S.; Bondarenko, I.; Nowecki, Z.; Lian, Q.; et al.
Ipatasertib plus paclitaxel for PIK3CA /AKT1/PTEN-altered hormone receptor-positive HER2-negative advanced breast cancer:
Primary results from cohort B of the IPATunity130 randomized phase 3 trial. Breast Cancer Res. Treat. 2022, 191, 565-576.

Krop, LE.; Paulson, J.; Campbell, C.; Kiermaier, A.C.; Andre, F.; Fumagalli, D.; De Haas, S.; Salgado, R.; Denkert, C.; Loibl, S.;
et al. Genomic correlates of response to adjuvant trastuzumab (H) and pertuzumab (P) in HER2+ breast cancer (BC): Biomarker
analysis of the APHINITY trial. J. Clin. Oncol. 2019, 37, 1012. [CrossRef]

Luen, S.J.; Asher, R.; Lee, C.K,; Savas, P.; Kammler, R.; Dell’Orto, P.; Biasi, O.M.; Demanse, D.; JeBailey, L.; Dolan, S.; et al.
Association of Somatic Driver Alterations With Prognosis in Postmenopausal, Hormone Receptor-Positive, HER2-Negative Early
Breast Cancer: A Secondary Analysis of the BIG 1-98 Randomized Clinical Trial. JAMA Oncol. 2018, 4, 1335-1343.

Andre, F; Nahta, R.; Conforti, R.; Boulet, T.; Aziz, M.; Yuan, L.X.H.; Meslin, F,; Spielmann, M.; Tomasic, G.; Pusztai, L.; et al.
Expression patterns and predictive value of phosphorylated AKT in early-stage breast cancer. Ann. Oncol. 2008, 19, 315-320.
[CrossRef]

Aleskandarany, M.; Rakha, E.A.; Ahmed, M.A.; Powe, D.G.; Ellis, I.; Green, A.R. Clinicopathologic and molecular significance of
phospho-Akt expression in early invasive breast cancer. Breast Cancer Res. Treat. 2011, 127, 407-416. [CrossRef]

Litton, ] K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Gongalves, A.; Lee, K.-H.; Fehrenbacher, L.; Yerushalmi, R.; Mina, L.A.; Martin, M.;
et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation. N. Engl. |. Med. 2018, 379, 753-763.
[CrossRef]

Robson, M.E.; Tung, N.; Conte, P; Im, S.-A ; Senkus, E.; Xu, B.; Masuda, N.; Delaloge, S.; Li, W.; Armstrong, A.; et al. OlympiAD
final overall survival and tolerability results: Olaparib versus chemotherapy treatment of physician’s choice in patients with a
germline BRCA mutation and HER2-negative metastatic breast cancer. Ann. Oncol. 2019, 30, 558-566. [CrossRef]

Davies, H.; Glodzik, D.; Morganella, S.; Yates, L.R.; Staaf, J.; Zou, X.; Ramakrishna, M.; Martin, S.; Boyault, S.; Sieuwerts, A.M.;
et al. HRDetect is a predictor of BRCA1 and BRCA2 deficiency based on mutational signatures. Nat. Med. 2017, 23, 517-525.
[CrossRef]

Winter, C.; Nilsson, M.P.; Olsson, E.; George, A.M.; Chen, Y.; Kvist, A.; Torngren, T.; Vallon-Christersson, J.; Hegardt, C.; Hakkinen,
J.; et al. Targeted sequencing of BRCA1 and BRCAZ2 across a large unselected breast cancer cohort suggests that one-third of
mutations are somatic. Ann. Oncol. 2016, 27, 1532-1538. [CrossRef]


http://doi.org/10.1038/ncomms15180
http://doi.org/10.1136/esmoopen-2015-000023
http://doi.org/10.1200/po.17.00034
http://doi.org/10.1093/annonc/mdu497
http://doi.org/10.1200/jco.2015.63.9161
http://doi.org/10.1200/po.19.00130
http://doi.org/10.1200/jco.19.00368
http://doi.org/10.1016/s1470-2045(17)30450-3
http://doi.org/10.1200/jco.2019.37.15_suppl.1012
http://doi.org/10.1093/annonc/mdm429
http://doi.org/10.1007/s10549-010-1012-y
http://doi.org/10.1056/nejmoa1802905
http://doi.org/10.1093/annonc/mdz012
http://doi.org/10.1038/nm.4292
http://doi.org/10.1093/annonc/mdw209

Cancers 2022, 14, 4203 11 of 12

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Gruber, ].J.; Afghahi, A.; Hatton, A ; Scott, D.; McMillan, A.; Ford, ].M.; Telli, M.L. Talazoparib beyond BRCA: A phase II trial of
talazoparib monotherapy in BRCA1 and BRCA2 wild-type patients with advanced HER2-negative breast cancer or other solid
tumors with a mutation in homologous recombination (HR) pathway genes. J. Clin. Oncol. 2019, 37, 3006. [CrossRef]

Vidula, N.; Blouch, E.; Horick, N.K,; Basile, E.; Damodaran, S.; Liu, M.C.; Shah, A.N.; Moreno-Aspitia, A.; Rugo, H.S.; Ellisen,
L.; et al. Phase II multicenter study of talazoparib for somatic BRCA1/2 mutant metastatic breast cancer. J. Clin. Oncol.
2021, 39 (Suppl. S15), TPS1110.

Tung, N.M.; Robson, M.E.; Ventz, S.; Santa-Maria, C.A.; Nanda, R.; Marcom, PK.; Shah, P.D.; Ballinger, T.].; Yang, E.S.; Vinayak, S.;
et al. TBCRC 048: Phase II Study of Olaparib for Metastatic Breast Cancer and Mutations in Homologous Recombination-Related
Genes. J. Clin. Oncol. 2020, 38, 4274-4282. [CrossRef]

Patsouris, A.; Tredan, O.; Nenciu, D.; Tran-Dien, A.; Campion, L.; Goncalves, A.; Arnedos, M.; Sablin, M.-P.; Gouraud, W,;
Jimenez, M; et al. RUBY: A phase II study testing rucaparib in germline (g) BRCA wild-type patients presenting metastatic breast
cancer (mBC) with homologous recombination deficiency (HRD). J. Clin. Oncol. 2019, 37, 1092. [CrossRef]

Mailliez, A.; D’'Hondt, V.; Lusque, A.; Caron, O.; Cabel, L.; Goncalves, A.; Debled, M.; Gladieff, L.; Ferrero, J].-M.; Petit, T.; et al.
Abstract PD10-08: Outcomes of germline BRCA carriers versus non-carriers in the french national metastatic breast cancer ESME
cohort 2008-2016. Cancer Res. 2021, 81, PD10-08. [CrossRef]

Nayar, U.; Cohen, O.; Kapstad, C.; Cuoco, M.; Waks, A.G.; Wander, S.A.; Painter, C.; Freeman, S.; Persky, N.S.; Marini, L.; et al.
Acquired HER2 mutations in ER+ metastatic breast cancer confer resistance to estrogen receptor-directed therapies. Nat. Genet.
2019, 51, 207-216. [CrossRef]

Jhaveri, K.L.; Goldman, J.W.; Hurvitz, S.A.; Guerrero-Zotano, A.; Unni, N.; Brufsky, A.; Park, H.; Waisman, ].R.; Yang, E.S.H.;
Spanggaard, I.; et al. Neratinib plus fulvestrant plus trastzuzumab (N+F+T) for hormone receptor-positive (HR+), HER2-
negative, HER2-mutant metastatic breast cancer (MBC): Outcomes and biomarker analysis from the SUMMIT trial. J. Clin. Oncol.
2022, 40 (Suppl. S16), 1028.

Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.; Shaw Wright, G.; et al.
Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl. J. Med. 2018, 379, 2108-2121. [CrossRef]
Cortes, J.; Cescon, D.W.; Rugo, H.S.; Nowecki, Z.; Im, S.-A.; Yusof, M.M.; Gallardo, C.; Lipatov, O.; Barrios, C.H.; Holgado, E.; et al.
Pembrolizumab plus chemotherapy versus placebo plus chemotherapy for previously untreated locally recurrent inoperable or
metastatic triple-negative breast cancer (KEYNOTE-355): A randomised, placebo-controlled, double-blind, phase 3 clinical trial.
Lancet 2020, 396, 1817-1828. [CrossRef]

Palmeri, M.; Mehnert, J.; Silk, A.; Jabbour, S.; Ganesan, S.; Popli, P.; Riedlinger, G.; Stephenson, R.; de Meritens, A.; Leiser, A.; et al.
Real-world application of tumor mutational burden-high (TMB-high) and microsatellite instability (MSI) confirms their utility as
immunotherapy biomarkers. ESMO Open 2022, 7, 100336. [CrossRef]

Samstein, R.M.; Lee, C.-H.; Shoushtari, A.N.; Hellmann, M.D.; Shen, R.; Janjigian, Y.Y.; Barron, D.A.; Zehir, A.; Jordan, E.J;
Omuro, A; et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer types. Nat. Genet.
2019, 51, 202-206. [CrossRef]

Alexandrov, L.B.; Nik-Zainal, S.; Wedge, D.C.; Aparicio, S.A.; Behjati, S.; Biankin, A.V.; Bignell, G.R.; Bolli, N.; Borg, A,;
Borresen-Dale, A.-L.; et al. Signatures of mutational processes in human cancer. Nature 2013, 500, 415-421. [CrossRef]

Alva, A.S.; Mangat, PK.; Garrett-Mayer, E.; Halabi, S.; Hansra, D.; Calfa, C.J.; Khalil, M.E; Ahn, E.R.; Cannon, T.L.; Crilley, P;
et al. Pembrolizumab in Patients With Metastatic Breast Cancer With High Tumor Mutational Burden: Results From the Targeted
Agent and Profiling Utilization Registry (TAPUR) Study. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2021, 39, 2443-2451.

Adams, S.; Schmid, P; Rugo, H.S.; Winer, E.P,; Loirat, D.; Awada, A.; Cescon, D.W,; Iwata, H.; Campone, M.; Nanda, R;;
et al. Pembrolizumab monotherapy for previously treated metastatic triple-negative breast cancer: Cohort A of the phase II
KEYNOTE-086 study. Ann. Oncol. 2019, 30, 397-404. [CrossRef]

Bachelot, T.; Filleron, T.; Bieche, I.; Arnedos, M.; Campone, M.; Dalenc, F,; Coussy, F.; Sablin, M.-P.; Debled, M.; Lefeuvre-
Plesse, C.; et al. Durvalumab compared to maintenance chemotherapy in metastatic breast cancer: The randomized phase II
SAFIR02-BREAST IMMUNO trial. Nat. Med. 2021, 27, 250-255. [CrossRef]

Denkert, C.; Schneeweiss, A.; Rey, J.; Karn, T.; Braun, M.; Huober, ].B.; Sinn, H.-P.; Zahm, D.M.; Hanusch, C.; Marmé, F.; et al.
Biomarkers for response to immunotherapy in triple-negative breast cancer: Differences between survival and pCR biomarkers.
J. Clin. Oncol. 2022, 40, 583. [CrossRef]

Fribbens, C.; O’Leary, B.; Kilburn, L.; Hrebien, S.; Garcia-Murillas, I1.; Beaney, M.; Cristofanilli, M.; Andre, F,; Loi, S.; Loibl, S.;
et al. Plasma ESR1 Mutations and the Treatment of Estrogen Receptor-Positive Advanced Breast Cancer. J. Clin. Oncol. 2016, 34,
2961-2968. [CrossRef]

Bidard, F.-C.; Hardy-Bessard, A.-C.; Bachelot, T.; Pierga, J.-Y.; Canon, J.-L.; Clatot, F.; Andre, F; Rouge, T.D.L.M.; Pistilli, B.; Dalenc,
F; et al. Abstract GS3-05: Fulvestrant-palbociclib vs continuing aromatase inhibitor-palbociclib upon detection of circulating
ESR1 mutation in HR+ HER2— metastatic breast cancer patients: Results of PADA-1, a UCBG-GINECO randomized phase 3 trial.
Cancer Res. 2022, 82, GS3-05. [CrossRef]

Finn, R.S.; Martin, M.; Rugo, H.S.; Jones, S.; Im, S.-A.; Gelmon, K.; Harbeck, N.; Lipatov, O.N.; Walshe, ] M.; Moulder, S.; et al.
Palbociclib and Letrozole in Advanced Breast Cancer. N. Engl. . Med. 2016, 375, 1925-1936. [CrossRef]

Im, S.-A; Lu, Y.-S.; Bardia, A.; Harbeck, N.; Colleoni, M.; Franke, F.; Chow, L.; Sohn, J.; Lee, K.-S.; Campos-Gomez, S.; et al.
Overall Survival with Ribociclib plus Endocrine Therapy in Breast Cancer. N. Engl. J. Med. 2019, 381, 307-316. [CrossRef]


http://doi.org/10.1200/jco.2019.37.15_suppl.3006
http://doi.org/10.1200/jco.20.02151
http://doi.org/10.1200/jco.2019.37.15_suppl.1092
http://doi.org/10.1158/1538-7445.sabcs20-pd10-08
http://doi.org/10.1038/s41588-018-0287-5
http://doi.org/10.1056/nejmoa1809615
http://doi.org/10.1016/s0140-6736(20)32531-9
http://doi.org/10.1016/j.esmoop.2021.100336
http://doi.org/10.1038/s41588-018-0312-8
http://doi.org/10.17863/cam.31889
http://doi.org/10.1093/annonc/mdy517
http://doi.org/10.1038/s41591-020-01189-2
http://doi.org/10.1200/jco.2022.40.16_suppl.583
http://doi.org/10.1200/jco.2016.67.3061
http://doi.org/10.1158/1538-7445.sabcs21-gs3-05
http://doi.org/10.1056/nejmoa1607303
http://doi.org/10.1056/nejmoa1903765

Cancers 2022, 14, 4203 12 of 12

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Johnston, S.; Martin, M.; Di Leo, A.; Im, S.-A.; Awada, A.; Forrester, T.; Frenzel, M.; Hardebeck, M.C.; Cox, J.; Barriga, S.; et al.
MONARCH 3 final PFS: A randomized study of abemaciclib as initial therapy for advanced breast cancer. NPJ Breast Cancer
2019, 5, 5. [CrossRef]

Condorelli, R.; Spring, L.; O’shaughnessy, J.; Lacroix, L.; Bailleux, C.; Scott, V.; Dubois, J.; Nagy, RJ.; Lanman, R.B.; Iafrate,
A.].; et al. Polyclonal RB1 mutations and acquired resistance to CDK 4/6 inhibitors in patients with metastatic breast cancer.
Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2018, 29, 640-645.

O’Leary, B.; Cutts, R.J.; Liu, Y.; Hrebien, S.; Huang, X.; Fenwick, K.; André, F,; Loibl, S.; Loi, S.; Garcia-Murillas, I.; et al. The
Genetic Landscape and Clonal Evolution of Breast Cancer Resistance to Palbociclib plus Fulvestrant in the PALOMA-3 Trial.
Cancer Discov. 2018, 8, 1390-1403. [CrossRef]

Sokol, E.; Feng, Y.; Jin, D.; Basudan, A.; Lee, A.; Atkinson, ].; Chen, ].; Stephens, P.; Frampton, G.; Gupta, P; et al. Loss of function
of NF1 is a mechanism of acquired resistance to endocrine therapy in lobular breast cancer. Ann. Oncol. 2019, 30, 115-123.
[CrossRef]

Klesse, L.].; Jordan, ].T.; Radtke, H.B.; Rosser, T.; Schorry, E.; Ullrich, N.; Viskochil, D.; Knight, P.; Plotkin, S.R.; Yohay, K. The Use of
MEK Inhibitors in Neurofibromatosis Type 1-Associated Tumors and Management of Toxicities. Oncology 2020, 25, e1109-e1116.
[CrossRef]

Law, E.K,; Sieuwerts, A.M.; LaPara, K.; Leonard, B.; Starrett, G.J.; Molan, A.M.; Temiz, N.A.; Vogel, R.I; Gelder, M.E.M.-V.; Sweep,
F.C.GJ,; et al. The DNA cytosine deaminase APOBEC3B promotes tamoxifen resistance in ER-positive breast cancer. Sci. Adv.
2016, 2, €1601737. [CrossRef]

Nikkilg, J.; Kumar, R.; Campbell, J.; Brandsma, I.; Pemberton, H.N.; Wallberg, F.; Nagy, K.; Scheer, I.; Vertessy, B.G.; Serebrenik,
A.; et al. Elevated APOBEC3B expression drives a kataegic-like mutation signature and replication stress-related therapeutic
vulnerabilities in p53-defective cells. Br. J. Cancer 2017, 117, 113-123. [CrossRef]

Buisson, R.; Lawrence, M.S.; Benes, C.H.; Zou, L. APOBEC3A and APOBEC3B Activities Render Cancer Cells Susceptible to ATR
Inhibition. Cancer Res. 2017, 77, 4567-4578. [CrossRef]

Green, A.M.; Budagyan, K.; Hayer, K.E.; Reed, M.A_; Savani, M.R.; Wertheim, G.B.; Weitzman, M.D. Cytosine Deaminase
APOBEC3A Sensitizes Leukemia Cells to Inhibition of the DNA Replication Checkpoint. Cancer Res. 2017, 77, 4579-4588.
[CrossRef]

Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.; Barlesi, F; Lolkema, M.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-Bernstam,
F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers: A report from
the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491-1505. [CrossRef]

Bianchini, G.; Malorni, L.; Arpino, G.; Zambelli, A.; Puglisi, F.; Mastro, L.D.; Colleoni, M.; Montemurro, E; Bianchi, G.; Paris, I.;
et al. Abstract GS3-07: Circulating tumor DNA (ctDNA) dynamics in patients with hormone receptor positive (HR+)/HER2
negative (HER2-) advanced breast cancer (aBC) treated in first line with ribociclib (R) and letrozole (L) in the BioltaLEE trial.
Cancer Res. 2022, 82 (Suppl. 54), GS3-07.

Dumbrava, E.; Call, S.; Huang, H.; Stuckett, A.; Madwani, K.; Adat, A.; Hong, D.; Piha-Paul, S.; Subbiah, V.; Karp, D.; et al.
PIK3CA mutations in plasma circulating tumor DNA predict survival and treatment outcomes in patients with advanced cancers.
ESMO Open 2021, 6, 100230. [CrossRef]

Bardia, A.; Hurvitz, S.A.; Tolaney, S.M.; Loirat, D.; Punie, K.; Oliveira, M.; Brufsky, A.; Sardesai, S.D.; Kalinsky, K.; Zelnak, A.B.;
et al. Sacituzumab Govitecan in Metastatic Triple-Negative Breast Cancer. N. Engl. |. Med. 2021, 384, 1529-1541.

Rugo, H.S.; Bardia, A.; Marmé, E; Cortes, J.; Schmid, P; Loirat, D.; Tredan, O.; Ciruelos, E.; Dalenc, F.; Gémez Pardo, P; et al.
Primary results from TROPiCS-02: A randomized phase 3 study of sacituzumab govitecan (SG) versus treatment of physician’s
choice (TPC) in patients (Pts) with hormone receptor—-positive/HER2-negative (HR+/HER2—) advanced breast cancer. J. Clin.
Oncol. 2022, 40, LBA1001.

Cortés, J.; Kim, S.-B.; Chung, W.-P; Im, S.-A.; Park, YH.; Hegg, R.; Kim, M.H.; Tseng, L.-M.; Petry, V.; Chung, C.-E; et al.
Trastuzumab Deruxtecan versus Trastuzumab Emtansine for Breast Cancer. N. Engl. J. Med. 2022, 386, 1143-1154. [CrossRef]
Modi, S.; Jacot, W.; Yamashita, T.; Sohn, J.; Vidal, M.; Tokunaga, E.; Tsurutani, J.; Ueno, N.T.; Prat, A.; Chae, Y.S; et al. Trastuzumab
Deruxtecan in Previously Treated HER2-Low Advanced Breast Cancer. N. Engl. J. Med. 2022, 387, 9-20. [CrossRef]


http://doi.org/10.1038/s41523-018-0097-z
http://doi.org/10.1158/2159-8290.cd-18-0264
http://doi.org/10.1093/annonc/mdy497
http://doi.org/10.1634/theoncologist.2020-0069
http://doi.org/10.1126/sciadv.1601737
http://doi.org/10.1038/bjc.2017.133
http://doi.org/10.1158/0008-5472.can-16-3389
http://doi.org/10.1158/0008-5472.can-16-3394
http://doi.org/10.1016/j.annonc.2020.07.014
http://doi.org/10.1016/j.esmoop.2021.100230
http://doi.org/10.1056/nejmoa2115022
http://doi.org/10.1056/nejmoa2203690

	Introduction 
	Biomarkers of Response 
	PIK3CA Mutations (ESCAT IA) 
	MSI and NTRK Fusion Cases (ESCAT IC) 
	AKT Mutations and PTEN Deletion (ESCAT IIA) 
	Homologous Repair Deficiency/Somatic Alteration of BRCA1/2 (ESCAT IIIA) 
	ERBB2 Mutations (ESCAT IIB) 
	Immunotherapy 

	Biomarkers of Resistance 
	ESR1 Mutations (ESCAT IA) 
	RB1 (ESCAT IV) 
	NF1 Mutation (ESCAT IV) 
	APOBEC Mutagenesis (ESCAT IV) 

	Discussion 
	Conclusions 
	References

