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(22RV1 and LNCaP), and two androgen receptor-negative cell lines (DU145 and PC3), were compared to
human nontransformed, and differentiated, prostate epithelial cells (EPN), based on a RT-qPCR assay.

The results revealed, for the two androgen receptor-positive cell lines (Figure 4A), (i) a statistically
significant increase (with logy 2-AACtE 5, 1) of the expression levels of DIO1, DIO2, GPX2, SELENOS,
TXNRD1, and TXNRD?2; and ii) a statistically significant decrease (with log, 2-AACt < 1) of the expression
levels of SELENOF and SELENOI. Compared to EPN cells, LNCaP cells showed higher DIO3 and
SELENOT levels, but lower MSRB1, SELENOH, SELENON, and SELENOV levels. Compared to EPN
cells, 22RV1 cells showed higher expression levels of GPX4, SELENOK, and SEPHS2, and lower levels
of GPX1, GPX6, SELENOM, SELENOP, and SELENOT.

Figure 4. Fold change of gene expression level for each selenoprotein (indicated as the relative
expression) in (A) two androgen receptor-positive (LNCaP and 22RV1) and (B) two androgen
receptor-negative (DU145 and PC3) prostate cancer line cells, compared to the non-cancerous epithelial
cells (EPN) cells, as evaluated by the 27244 method, and reported on the log, scale. We considered
values higher and lower than +1 and -1 to be statistically significant, respectively. The statistically
significant p-values at <0.05 are indicated by *.
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As shown in Figure 4B, the two androgen receptor-negative cell lines showed: (i) a
statistically significant increase (with logy 2"28Ct > 1) of the expression levels of DIO1, DIO2, GPX2,
SELENOK, SELENON, SELENOS, SEPHS2, and TXNRD1; and (ii) a statistically significant decrease
(with logy 2"48Ct < 1) of the expression levels of SELENOF and SELENOI. Moreover, compared to
EPN cells, DU145 cells showed higher levels of TXNRD3 and lower levels of GPX1, GPX4, SELENOO,
and SELENOP, whereas PC3 cells showed higher levels of MSRB1, SELENOM, and SELENOP, and lower
levels of GPX6 and TXNRD3.

2.4. Gene Expression Levels of HUB Nodes in Prostate Cancer Cells, and Their Correlation with
Selenoprotein Expression

Then, we evaluated the gene expression profiles for the six HUB nodes (ABL1, EP300, FYN, MYC,
PSMB?2, and SRPK2) in all the prostate cancer cells, compared to normal prostate EPN cells (Figure 5A).

These analyses showed that (i) ABL1 had lower statistically significant levels (with logy 2-AACt £ 1)
in both androgen receptor-positive cell lines (22RV1 and LNCaP), but higher levels in the two androgen
receptor-negative cell lines, although these values were not statistically significant; (ii) the EP300, FYN,
MYC, PSMB2, and SRPK2 levels increased in all four prostate cancer cell lines, although the EP300 and
FYN levels were not statistically significant. In both androgen receptor-negative cells, the MYC levels
were not significant in the LNCaP cells, the PSMB2 levels were not significant in the DU145 cells, and the
SRPK2 levels were not significant in the PC3 cells.

To determine whether a correlation occurred between the gene expression levels of all HUB nodes
and the selenoproteins evaluated, we performed a Pearson correlation matrix analysis. Figure 5B shows
that (i) MYC and SELENOK were very correlated with each other and with DIO1, DIO2, and SELENOS;
(ii) ABL1 showed a slight correlation with MSRB1; and (iii) EP300, FYN, SRPK2, and PSMB2 were
correlated with GPX2.

Therefore, these data confirmed the correlation between selenoproteins and HUB nodes in prostate
cancer cells, and suggested the need to conduct more detailed studies to analyze the putative role of
these proteins as combined markers of progression or response to therapeutic approaches in prostate
cancer. In this regard, we preliminarily evaluated whether significant correlations occurred between
the combined gene expression of selenoproteins and HUB nodes (based on clustering in the matrix
analysis shown in Figure 5B), and the OS of prostate cancer patients; this analysis was performed using
the PROGgeneV2 online tool (http://genomics.jefferson.edu/proggene/index.php) [47]. Furthermore,
this analysis highlighted a statistically significant correlation (with p-value = 0.0091) between the
combined gene expression of GPX2, EP300, and PSMB2 (Figure 6), and the OS of prostate cancer
patients, thus confirming that the combined evaluation of some selenoproteins and HUB nodes,
could represent a new strategy to predict patient outcomes.
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Figure 5. Evaluation of the gene expression levels of HUB nodes in five prostate cell lines and their
correlation with the gene expression profiles of the selenoproteins. (A) Fold change of gene expression
levels for each HUB node, in two androgen receptor-positive (LNCaP and 22RV1), and in two androgen
receptor-negative (DU145 and PC3) prostate cancer line cells, compared to the non-cancerous EPN cells,
as evaluated by the 27224 method and reported as the log, scale. We considered values higher and
lower than +1 and —1 to be statistically significant, respectively. The statistically significant p-values at
<0.05 are indicated by *. (B) Pearson correlation matrix evaluated on the gene expression profiles of the
selenoproteins and HUB nodes, evaluated for EPN and prostate cancer cells. Color scale, from red
to green color, indicates from good to poor correlations between the gene expression levels of the
analyzed proteins.
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Figure 6. Kaplan-Mayer curves showing the correlations between overall survival (expressed in
percentage) and the combined gene expression of GPX2, EP300, and PSMB2 in prostate cancer patients,
which was based on the PROGgeneV2 online tool. High and low expression of selenoproteins are
reported by the red and green curves, respectively.

3. Discussion

The selenoprotein family has a well-established function in regulating oxidative cell balance [48],
and is involved in tumorigenesis and cancer progression [6]. Still, identifying tumor type-specific
selenoprotein profiles, and determining whether these proteins can predict prognosis or could serve as
therapeutic anticancer targets in cancer patients, represent critical challenges. In this study, we created
an interaction network of the twenty-five known selenoproteins and highlighted the presence of six
HUB nodes (ABL1, EP300, FYN, MYC, PSMB2, and SRPK?2) that play the strongest role in coordinating
the obtained network. Then, we evaluated the correlation between the gene expression of the
twenty-five selenoproteins and HUB nodes, and the OS of patients with the ten most common solid
tumor types, with the results demonstrating that (i) ten selenoproteins were not correlated with poor
OS of cancer patients; (ii) more correlations between selenoprotein gene expression and patient OS
were only observed for kidney, pancreas, and breast cancers; (iii) single selenoprotein expression and
OS of prostate cancer patients was not observed; and (iv) all HUB nodes were correlated with poor OS
for at least one cancer type.

To our knowledge, few selenoproteins have been studied in prostate cancer, and never altogether.
For example, GPX1, SELENOF, and SELENOP levels were significantly reduced in prostate cancer
models [49-51], whereas GPX2 was significantly increased [52]. Increased nuclear TXNRD1 levels
were found in high-grade, versus low-grade, human prostate cancers [53], and correlated with
prostate cancer progression and androgen-deprived castration-resistant prostate cancer (CRPC) cells,
suggesting that CRPC possesses an enhanced dependency on TXNRD1 [54]. Hence, our study aimed
to confirm, by experimental approaches, some of the correlations suggested by bioinformatics analyses,
and, thus, represented the first systematic evaluation of the expression levels of all twenty-five
selenoproteins in androgen receptor-positive and -negative prostate cancer cells. Through our analysis,
we confirmed higher levels of GPX2 and TXNRD1, and lower levels of GPX1, SELENOEF, and SELENOP
in the cancer cell lines compared to normal epithelial cells, which has already been observed and
reported in the literature. We also observed higher levels of DIO1, DIO2, and SELENOS, and lower
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levels of SELENOI in all the prostate cancer cell lines. The differences observed between androgen
receptor-negative or androgen receptor-positive cell lines can also be correlated with their different
molecular features [55-57]. Although the number of tested cell lines was small, the differences between
the androgen receptor-positive and androgen receptor-negative cell lines were not highlighted in
detail; rather, we only suggested that our analyses showed a different expression pattern for some
selenoproteins in prostate cancer compared to normal prostate epithelium. This observation should
be functionally evaluated and eventually expanded to a greater number of prostate cancer lines and
prostate tumor tissues; however, this task is beyond the scope of the current study.

Still, an interesting point of discussion is represented by the finding of lower levels of SELENOI in
prostate cancer cells vs. EPN. SELENOI, also known as ethanolphosphotransferase 1 (EPT1), is an
enzyme responsible for the final step in the Kennedy pathway that transfers phosphoethanolamine from
cytidine diphosphate ethanolamine to lipid acceptors, to produce ethanolamine glycerophospholipids,
such as phosphatidylethanolamine (PE). Hence, it plays an important role in maintaining the
normal homeostasis of ether-linked phospholipids in humans [58]. Interestingly, an analysis of
the concentrations of plasma phospholipids in prostate cancer patients showed that the levels of
phosphatidylethanolamine, and total phospholipids in these patients, were decreased, and correlated
with an increased pathologic grade and Gleason score [59]. We can then speculate that the lower levels
of SELENOI found in prostate cancer cells could be correlated to decreased levels of phospholipids,
and could represent a new putative marker of prostate cancer progression that warrants further study.

Moreover, as reported above, in our study we evaluated the gene expression levels of HUB
nodes and performed a correlation with the expression of the selenoproteins by correlation matrix
analysis (Figure 5B). We observed that: (i) MYC and SELENOK expression was strongly correlated
with each other, and with DIO1, DIO2, and SELENOS; (ii) ABL1 showed a slight correlation with
MSRB1; and (iii) EP300, FYN, SRPK2, and PSMB2 were correlated with GPX2.

Considering the first correlation cluster, SELENOK and SELENOS are two ER selenoproteins
that regulate ER stress and degradation [60]. Both of these proteins have a role in the ER-associated
protein degradation (ERAD) pathway, and interact with the valosin containing protein (VCP/p97)
for the retrotranslocation of misfolded proteins, from ER to the cytosol, via their polyubiquitination,
and they also play a role in cell survival [61-63]. Moreover, SELENOK showed peroxidase activity
capable of reducing harmful hydrophobic substrates, such as phospholipid hydroperoxides, and is
involved in membrane repair [64]. SELENOK was also found to be over-expressed in gastric, glial,
thyroid, testis, and cervix cancers, and its polymorphisms, in combination with selenium status, were
related to prostate cancer progression [65,66]. Recently, we showed that SELENOK was over-expressed
in two liver cancer cell lines, HepG2 and Huh?7 [18]. Furthermore, SELENOK inhibition by miR-181
and miR-544a was able to suppress the proliferation of glioma and hepatocellular carcinoma cells,
respectively [19,67]. Regarding SELENOS, its polymorphisms were associated with many tumors,
such as colorectal and gastric cancer [68], and were able to affect the expression levels of inflammatory
cytokines in plasma [69]. On the other hand, DIO1 and DIO2 are located on the plasma membrane and
ER, respectively, and are part of the iodothyronine deiodinase family and involved in regulating the
activity of thyroid hormones by deiodination reactions [61]. DIO2 was found to be highly expressed in
mesothelioma cell lines [70], and its inhibition resulted in the suppressed expression of prostate specific
antigen (PSA) in prostate cancer, thus representing a potential approach to overcoming castration
resistance [71]. Moreover, in prostate cancer, MYC activity was correlated with dysregulation of the
PIBK/AKT/mTOR pathway, which induced cellular survival. The therapeutic efficacy of targeting MYC
activity by interfering with its transcriptional program was also evaluated [72]. Detailed data about
the involvement of DIO1, SELENOK, and SELENOS in prostate cancer have not been available until
now; thus, additional data on these selenoproteins must be obtained to confirm their putative role in
prostate cancer and their possible functional correlation with MYC.
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In the second correlation cluster, MSRB1 is a selenoprotein located in the cytosol and the nucleus.
It is mainly known for its antioxidant and protein repair functions and its role as a switch for protein
function, via reversible oxidation/reduction of specific methionine residues [73,74]. MSRB1 contributes
to shaping cellular immune responses, and its silencing resulted in the induction of anti-inflammatory
cytokines (IL-10 and IL-1ra) [75]. High levels of MSRB1 were previously found in hepatocellular
carcinoma, and correlated with the MAPK pathway and epithelial-mesenchymal transition (EMT) [76],
and in low metastatic MCF7 human breast cancer cells [77]. ABL1 has been previously reported to
act as a switch between cellular, invasive and proliferative, states and can either promote invasion
and prostate cancer aggressiveness, or inhibit its progression, depending on the signal [78]. Hence, as
in the case of the first cluster, it will be interesting to plan further studies to analyze the correlation
between MSRB1 and ABL1.

Finally, in the third correlation cluster, we found that GPX2 was correlated with four HUB nodes
(EP300, FYN, SRPK2, and PSMB2). GPX2, a key molecule of the glutathione redox system that acts
in concert to provide a coordinated network of protection against ROS accumulation and oxidative
damage, has been suggested as a prognostic marker in CRPC, and its silencing is able to inhibit
prostate cancer growth [52]. Recently, high levels of EP300 were correlated to both prostate cancer
progression and chemotherapy resistance in metastatic CRPC patients, and it has emerged as a possible
co-target in chemo-resistant prostate cancer treatment [79]. FYN over-expression was demonstrated in
prostate cancer and suggested as an interesting therapeutic target [80]. Moreover, SRPK2 and PSMB2
over-expression was observed in prostate cancer, and correlated with a high Gleason score, advanced
pathological stage, tumor metastasis [81], and significantly poor 10-year metastatic rate in prostate
cancer, in younger men [82]. Overall, these data are consistent with the significant correlation found
between the combined gene expression of GPX2, EP300, and PSMB2, and OS in prostate cancer patients
(Figure 6). These observations confirm that the combined evaluation of some selenoproteins and HUB
nodes could have a better prognostic value, and could improve the prediction of patient outcomes.

4. Materials and Methods

4.1. Network Analysis

Through the Cytoscape software platform, for the visualization of complex networks and
their integration (http://www.cytoscape.org/), a network related to the interactions between the
selenoproteins was constructed, and used as reference for the human molecular interactome
(INTACT), where all interactions are derived from literature curation or direct user submissions.
As already reported in our recent paper, some statistical analyses on the following centrality
and topological measure parameters of networks were performed: node degree distribution,
clustering coefficient, stress centrality, closeness centrality, betweenness centrality, clustering
coefficient, network centralization, characteristic path length, avg. number of neighbors,
network density, and network heterogeneity [46]. The obtained network has been deposited
in the NDEX database (http://www.ndexbio.org/#/network/194d2011-7c7a-11e9-848d-0ac135e8bacf?
accesskey=d37870a03d06010b5b49c17e5411056441c9e7bac99ddde7d7354c8f4c68fd11).

4.2. Survival Gene Analysis

Using the PROGgeneV2 online tool (http://genomics.jefferson.edu/proggene/index.php) [47],
we evaluated the correlation between selenoproteins/HUB nodes gene expression and OS in
the ten most common solid tumor types, using different public datasets. The following ten
datasets were used to evaluate the correlation between selenoprotein gene expression and OS:
TCGA_COAD (Colon Adenocarcinoma), TCGA_PAAD (Pancreatic Adenocarcinoma), TCGA_SKCM
(Skin cutaneous melanoma), TCGA_LIHC (Liver hepatocellular carcinoma), TCGA_PRAD/GSE16560
(Prostate Cancer), TCGA_BRCA (Breast Cancer), TCGA_HNSC (Head and Neck squamous cell
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carcinoma), TCGA-LUAD (Lung adenocarcinoma), TCGA_KIRC (Kidney renal clear cell carcinoma),
and TCGA_BLCA (Bladder Urothelial Carcinoma).

4.3. Prostate Cancer Cell Lines

The expression of all twenty-five selenoproteins and HUB nodes was investigated by RT-qPCR
in an EPN line, two androgen receptor-positive cell lines (22RV1 and LNCaP), and two androgen
receptor-negative cell lines (DU145 and PC3).

EPN cells are a novel epithelial cell line derived from human prostate tissue that does not form
colonies in semisolid medium and does not form tumors once injected into nude mice. They express
the functional androgen receptor cytokeratin (numbered 1, 5, 10, and 14) and have wild-type p53 [83].
EPN cells were grown in DMEM/Ham'’s F-12 50/50 supplemented with fetal bovine serum (5%)
(Invitrogen, CA, USA), penicillin/streptomycin (100x) (Euroclone, Devon, UK), and Glutamax (100x)
(Invitrogen, CA, USA).

22RV1, DU145, LNCaP, and PC3cells were grown in RPMI (Roswell Park Memorial Institute)
supplemented with fetal bovine serum (Invitrogen, CA, USA) (10%), penicillin/streptomycin (100x)
(Euroclone, Devon, UK), and Glutamax (100x) (Invitrogen, CA, USA).

4.4. RNA Preparation and Reverse Transcription-qPCR (RT-qPCR)

Total RNA was extracted from five prostate cell cultures (EPN, 22RV1, DU145, LNCaP, and PC3),
using a RN Aeasy Mini Kit (Qiagen Inc.) according to the manufacturer’s instructions. The RNA
concentration and purity were determined using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA) at an optical density of 260/280 nm. Reverse transcription of RNA
was performed with 2 ug of RNA using a SuperScript VILO cDNA Synthesis kit (Life Technologies) in
a 20 pL reaction volume.

The mRNA sequence from the nucleotide data bank (NCBI, Bethesda, Maryland, USA) was
used to design primer pairs for RT-qPCR with an amplicon <100 bp, according to the manufacturer’s
instructions. Oligonucleotides were obtained from Eurofins. The list of primers is reported in Table S1.
RT-qPCR experiments were performed using a Step-One Real Time PCR System (Applied Biosystems).
Each aliquot of cDNA (2 uL) was amplified in a mixture (25 uL) consisting of the reverse and forward
primers (300 nM) and 2X SYBR Green PCR Master Mix (Applied Biosystems). The PCR conditions
consisted of an initial denaturation step of 95 °C for 5 min followed by 44 cycles of a two-step program:
(i) denaturation at 95 °C for 30 s; and (ii) annealing/extension at 60 °C for 1 min. Each assay included
a no-template control for each primer pair, and to ensure that RNA samples were not contaminated
with DNA, negative controls were obtained by performing the PCR assay on samples that were not
reverse transcribed. Moreover, experiments were performed in triplicate to ensure reproducibility
of the technique. f-Actin mRNA was used to normalize the data. All of the obtained data were
analyzed statistically.

Sample ACq values were calculated as the difference between the mean Cq obtained for each
selenoprotein transcript (seleno-mRNA) and the housekeeping gene. 2724Cd values were determined
to define the fold change of expression level for each seleno-mRNA in different prostate cancer cells
compared to the non-cancerous EPN cells. We reported values on the log, scale, and considered values
higher and lower than +1 and —1 to be statistically significant, respectively. The statistical comparison
between gene expression levels evaluated in the prostate cancer cell line vs EPN cells was calculated
by the T-test. P-values lower than 0.05 were considered statistically significant.

Moreover, a Pearson correlation matrix analysis, comparing the gene expression profiles of the
selenoproteins and HUB nodes evaluated for each prostate cancer cell line and the EPN cell line,
was performed using the MetaboAnalyst tool (https://www.metaboanalyst.ca/).
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5. Conclusions and Future Perspectives

In conclusion, our data add new insights into the cancer biology of selenoproteins, suggesting
that further experimental studies are necessary for a deeper understanding of the role of these
proteins, and the correlated hub nodes, as potential cancer prognostic markers and/or therapeutic
targets. Certainly, because the members of the selenoprotein family are strongly interconnected,
only a systematic approach should be used to obtain a global vision of the relationships between
these proteins and cancer. We are aware that our approach has limitations, such as the potential
risk of circular reasoning due to the lack of localization, and function annotations that are often
incomplete or unavailable, since the interactomes of many species are unmapped. Hence, to improve
the data quality in the interaction networks, it would be useful to analyze the properties of interacting
gene/protein pairs, and to verify that they have similar process and functional annotations, common
sub-cellular localizations, and shared interaction partners [84]. Moreover, experimental validation
of the proteins/genes evidenced by in silico studies is always necessary, because these data must be
considered as exploratory and used as a source of experimental and clinical hypotheses [23].

Indeed, using prostate cancer as a study model, our results suggest that some selenoproteins,
such as MSRB1, SELENOI, SELENOK, SELENOS, and GPX2 (in particular) can represent interesting
topics for further studies, being those proteins that are involved in inflammatory and metabolic/lipidic
pathways, correlated with HUB nodes, and involved in prostate cancer. Moreover, whether these
proteins are measurable in biological fluids, such blood, urine and saliva, should be verified, because they
could represent ideal new biomarkers for the dynamic monitoring of prostate cancer progression and
therapeutic approach responses.

Collectively, we confirmed that the role of all selenoproteins, rather than single members of
the family, should be further evaluated in specific cancer types. To that end, our group is currently
evaluating the expression of all twenty-five selenoproteins, at the mRNA and protein levels, in a group
of selected breast cancer cell lines and tissues (manuscripts in preparation).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/18/
6694/s1. Figure S1. Evaluation of topological properties of network. (A) node degree distribution, (B) average
clustering coefficient, (C) stress centrality, (D) closeness cenytrality and (E) betweenness centrality measure.
Figure S2. Kaplan-Mayer curves showing the overall survival (expressed in percentage) in solid cancer patients,
using PROGgeneV2 online tool, in the case of high and low expression of HUB nodes reported by red and green
curves, respectively. Table S1. List of primer sequences
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Abstract: Triple-negative breast cancer (TNBC) is a heterogeneous group of tumors characterized by
aggressive behavior, high risk of distant recurrence, and poor survival. Chemotherapy is still the
main therapeutic approach for this subgroup of patients, therefore, progress in the treatment of TNBC
remains an important challenge. Data derived from molecular technologies have identified TNBCs
with different gene expression and mutation profiles that may help developing targeted therapies.
So far, however, only a few of these have shown to improve the prognosis and outcomes of TNBC
patients. Robust predictive biomarkers to accelerate clinical progress are needed. Herein, we review
prognostic and predictive biomarkers in TNBC, discuss the current evidence supporting their use,
and look at the future of this research field.

Keywords: TNBC; BRCA1/2; HRR; PDL1; TILs; PI3KCA; PTEN; CTCs; CSC

1. Introduction

Triple negative breast cancer (TNBC) is a subtype of breast cancer lacking expression of estrogen
receptor (ER), progesterone receptor (PgR) and human epidermal growth factor receptor 2 (HER2) [1].
TNBC accounts for approximately 10-15% of all breast cancers and is characterized by aggressive
behavior, with trend to early relapse, metastatic spread, and poor survival [2]. Tumor heterogeneity
of TNBC has been addressed as reason for different clinical outcomes and response to therapies.
Lehmann et al. proposed a division of TNBCs into seven molecular subtypes: immunomodulatory
(IM), mesenchymal (M), mesenchymal stem-like (MSL), luminal androgen receptor (LAR), unstable
(UNS) subtype, and two basal-like subtypes (BL1 and BL2) [3]. Then, a subclassification refinement
was performed, to define only four groups BL1 (immune-activated), BL2 (immune-suppressed),
M (including most of the MSL), and LAR [4]. These classifications can, in theory, be used as prognostic
and predictive tool for better patient selection and personalized treatments. For instance, LAR tumors,
characterized by the expression of the androgen receptor (AR), are a subtype of TNBC that shares
with Luminal (ER+) tumors some biological and clinical features [5-7] and are potentially sensitive to
endocrine manipulation with AR antagonists.

However, sound clinical applications of this molecular classification are yet to appear [8].

In the last years, a great effort has been spent to identify new biomarkers and relative therapies,
but only few of these have proven useful in clinical trials. Beside poly ADP-ribose polymerase (PARP)
inhibitors, that have successfully been incorporated in the clinical practice in the BRCA1/2 subgroup
of patients [9,10], and checkpoint inhibitor Atezolizumab, that was recently approved as front-line
therapy in the metastatic setting [11], traditional chemotherapy without biomarker guide still remains
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the main therapeutic options for a large part of TNBC patients [12]. In this context, the implementation
of more refined “omics” assays, along with appropriately designed clinical trials, may lead to the
identification of new biomarkers to select new molecularly targeted therapies in TNBC. Several papers
have provided a critical overview of numerous biomarkers evaluated in the past years in TNBC. In this
review, we discuss the biomarkers that contributed to the development of new approved therapies in
TNBC. We also review the new biomarkers that are showing promising results in ongoing clinical trials.

2. BRCA1/2 and Other Genes Involved in DNA Repair

The relationship between the tumor-suppressive genes BReast CAncer type 1 and Type 2 (BRCA1/2)
and hereditary breast and ovarian cancer syndrome (HBOC) revolutionized clinical cancer genetics.
First, the identification of a germline BRCA1/2 mutations impacted cancer screening and prevention
practices in this subgroup of patients and their relatives. Later, the knowledge of the pathological
mechanisms of these mutations, led to the development of new therapeutic approaches, such as
poly (ADP-ribose) polymerase (PARP) inhibitors, selectively directed on BRCA 1 or BRCA 2 deficient
cells [13].

BRCA1 and BRCA?2 are autosomal dominant and tumor suppressor genes involved in the
preservation of genome integrity. Both genes play a crucial role in homologous recombination repair
(HRR) of DNA. The BRCA1 gene on chromosome 17921 has a broader role than BRCA2 in responding
to DNA damage; it controls the signal transduction pathway involved in HHR, including recognition
of genomic damage, checkpoint activation, recruitment of DNA repairing proteins, and decision of
whether DNA double strand breaks (DSBs) needs to be resected; in addition, it is also involved in
chromatin remodeling and transcription control [14,15]. The BRCA2 gene on chromosome 13 plays
the key role of recruiting the DNA recombinase RAD51 and localizing it to damaged DNA [16]. HRR
is a conservative, error-free, mechanism of DNA repair due to its ability to restore the original DNA
sequence. A small percentage of people (about one in 400, or 0.25% of the population) carry mutated
BRCA1 or BRCA2 genes. However, compared to other subtypes of breast cancers, women with TNBC
have a higher prevalence of germline BRCA mutations (gBRCAm), about 11-31% [17]. In addition
to the well-known germline mutations, a smaller proportion of somatic mutations in BRCA1/2 genes
(sSBRCAm) were also found in primary ovarian and breast carcinomas [18].

When BRCA1/2 genes are defective, DNA damage is repaired by non-conservative mechanisms
of DNA repair, such as non-homologous end joining (NHE]), in order to maintain cell viability.
This process of repairing DSBs is simpler than HHR and consists in joining the two broken DNA ends
without the homologous DNA sequence to guide the repair: it is, therefore, prone to joining errors with
mutation of the original sequence. In BRCA1/2-deficient cells, DNA DSBs repair is dependent on PARP1
protein [19,20]. PARP is an abundant, constitutively expressed nuclear enzyme that facilitates DNA
repair, cellular proliferation, and signaling to other critical cell-cycle proteins and oncogenes. At sites
of DNA damage, PARP activates intracellular signaling pathways that modulate DNA repair and
cell survival [21]. Therefore, inhibition of PARP1 in BRCA1/2-deficient cells can lead to severe, highly
selective toxicity in these cells [22]. This process has been called “synthetic lethality,” to highlight the
interaction that occurs between the two genes when the perturbation of either gene alone is viable but
the simultaneous perturbation of both genes results in the loss of viability [23].

In the past years, PARP inhibitors (PARPi) have been extensively studied as targeted therapy
for gBRCAm ovarian and breast cancer patients. In 2014, the US Food and Drug Administration
(FDA) approved the first PARPi, Olaparib, as monotherapy for patients with deleterious or suspected
deleterious gBRCAm advanced ovarian cancer [24]. Later, other PARP], such as nirapararib and
rucaparib were approved [25-28]. On January 2018, based on data from OlympiAD trial (NCT02000622),
FDA granted regular approval to Olpararib for the treatment of patients with deleterious or suspected
deleterious gBRCAm, HER2-negative metastatic breast cancer previously treated with chemotherapy
either in the neoadjuvant, adjuvant, or metastatic setting [9]. FDA also approved the BRACAnalysis
CDx® test (Myriad Genetic Laboratories, Inc., Salt Lake City, UT, USA), whose accuracy was established
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based on a retrospective/prospective analysis of the OlympiAD trial population. In the same year, FDA
approved talazoparib for patients with deleterious or suspected deleterious gBRCAm, HER2 negative
locally advanced or metastatic breast cancer, based on the phase IIl EMBRACA study results [10]. Based
on promising results in the metastatic setting, PARPi are under investigation also in the early diseases.
In particular, talazoparib is considered to be the most powerful PARPi candidate for single-agent
treatment in neoadjuvant setting [29]. Promising results derived from a pilot trial of the MD Anderson
Cancer Center (NCT03499353), in which gBRCA1/2m, HER2-negative, stage I-1II BC patients, received
neoadjuvant Talazoparib as single-agent during 4 to 6 months, without any chemotherapy, in order to
evaluate the pathological complete response (pCR) rate and tolerance. The primary end point was
residual cancer burden (RCB). Of 20 patients enrolled, 19 completed 6 months of treatment and 10 of
them had pCR (RCB-0: 53%) while two additional patients had RCB-I. The rate of RCB 0-I was 63%
overall, 57% in TNBC, and 80% in HR+, 53% in gBRCA1m, and 100% in gBRCA2m. Toxicities were
managed by dose reduction and transfusions [30].

Other PARPis, such as Niraparib, Rucaparib, and Veliparib, are still under clinical evaluation in
breast cancer both as monotherapy and in different combinations [31-33].

Several pre-clinical studies have shown that PARPis are able to inhibit cell growth and promote
the death of breast cancer cells that are wild type for BRCA1/2 [34]. A recent study assessed the efficacy
of 13 different PARPis in the treatment of 12 different breast cancer cell lines that are either wild
type or mutated for BRCA1/2. The TNBC cell lines MDA-MB-436 (BRCA1-deficient), MDA-MB231,
and MDA-MB-468 resulted sensitive to Talazoparib, suggesting that the benefit of Talazoparib might
extend to TNBC without BRCA1/2 mutations [35]. This suggests that we should identify additional
biomarkers for PARPis [36].

The term “BRCAness” has been used to describe a dysfunction in the BRCA-related DNA repair
mechanism that is not due to mutations of the BRCAI/2 genes.

Deficiencies in a number of tumor-suppressor genes involved in HRR, such as ATM and ATR,
may share the same therapeutic vulnerabilities with BRCAm tumors and confer sensitivity to PARP
inhibition. Therefore, tumors with mutations in other HRR genes may also respond to a PARP inhibitor
treatment [37].

On 2015, Domagala et al. performed genetic testing for 36 common germline mutations in genes
engaged in HRR, (i.e., BRCA1, BRCA2, CHEK2, NBN, ATM, PALB2, BARD1, and RAD51D), in 202
patients, including TNBC and hereditary non-TNBC patients. As a result, 22.2% of 158 patients in
TNBC group carried mutations in genes involved in DNA repair by HR [38]. Confirming data have
been reported by other group [39] and it has been demonstrated that homologous recombination
deficiency (HRD) can occur in sporadic cancer through genetic and epigenetic inactivation of other
components such as PALB2, BARD1, BRIP1, RAD51, RAD51C, RAD51D, ATM, FAAP20, CHECK2, FAM],
FANCE, FANCM, POLQ [5,34]. These findings confirm the hypothesis that HRD TNBC, shares similar
characteristics with gBRCAm TNBC, identifying new possible biomarkers of response to PARPi [40].
Instead of quantifying the effect of genetic variation in the HR pathway, researchers have developed
methods to score the competency of the HR pathway. Three scoring systems have emerged: HRD-loss
of heterozygosity (HRD-LOD), HRD-large-scale transition (HRD-LST), and HRD-telomeric allelic
imbalance (HRD-TAI) [41-43].

Based on these findings, some clinical trials are now testing the use of PARPis in patients with
BRCAm or HRD to maximize the number of individuals who may benefit from PARP inhibition [44—46].
The Phase I study Violette (NCT03330847) aims to assess the efficacy and safety of olaparib monotherapy
versus two combinations (olaparib in combination with AZD6738 and olaparib in combination
AZD1775), in TNBC patients prospectively stratified by presence/absence of qualifying tumor mutations
in 15 genes involved in HRR pathway (BRCA1, BRCA2, ATM, BARD1, BRIP1, CDK12, CHEKI,
CHEK?2, FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, or RAD54L). AZD6738 is an ATP
competitive, orally bioavailable inhibitor of the Serine/Threonine protein kinase Ataxia Telangiectasia
and Rad3 related (ATR), while AZD1775 is a small molecule WEE1 inhibitor used in combination
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with DNA-damaging agents in several trials [47]. Both, WEE1 and ATR, are kinases involved in the
regulation of cell-cycle and DNA repair. Preclinical in vitro and in vivo experiments demonstrate
that AZD1775 has synergistic cytotoxic effects when administered in combination with PARPis, while
cancer cells with defective DNA repair mechanisms or cell cycle checkpoints may be particularly
sensitive to ATR inhibition; this has led to the development of early-phase trials on three ATR inhibitors
(M6620, AZD6738, and BAY1895344) [48,49].

Somatic BRCA mutations (SBRCAm) were supposed to report a phenotype similar to tumors
from patients with germline mutations and response to PARPi [50]. A recent metanalysis, including
236 patients, with SBRCAm and 1204 patients with gBRCAm treated with PARPi for different cancers,
indicates similar response rates of PARPi therapy [51]. In ovarian cancer, where the rate of somatic
mutation is higher compared to the other cancers, PARPi have shown efficacy in patients carrying
mutations of BRCA1/2, either germline or somatic, but also in wild-type BRCA1/2 [52]. In breast
cancer, clinical trials evaluating the predictive role to PARPi of sSBRCAm are ongoing (NCT03990896,
NCT03286842, NCT04053322, NCT03344965, NCT03920488, NCT01434420, NCT03078036). To the
last ASCO meeting were presented the results from TBCRC 048 trial (NCT03344965), a phase II
study of olaparib monotherapy in 54 metastatic breast cancer patients, of which 40 patients ER+
HER2-, 3 HER2+, and 10 TNBC, divided in 2 cohorts based on germline mutations in non-BRCA1/2
DDR-pathway genes (cohort 1) and on somatic mutations in these genes or BRCA1/2 (cohort 2). Results
showed an ORR of 29.6% in Cohort 1 and 38.5% in Cohort 2, with sSBRCA1/2 or gPALB2 mutations
predictor of response in this last one [53].

Since BRCA1/2-deficient tumors have defects of DNA repair, the use of agents causing DNA
damage have been extensively investigated as candidate therapy to promote mechanisms of cell cycle
arrest and apoptosis in these tumors. Platinum drugs, causes platination of genomic and mitochondrial
DNA, forming intrastrand crosslink adducts which cause double-strand breaks that culminate in the
activation of apoptosis, especially when DNA lesions cannot be repaired [54]. This suggests that
BRCA mutational status is a promising biomarkers for platinum-based chemotherapy. In metastatic
setting, the 4th ESMO guidelines recommend anthracycline-taxane chemotherapy as first line for
treatment of advanced TNBC, while carboplatin may be considered for BRCA positive TNBC as
second line treatment [55]. Regarding sensibility to platinum agents of BRCAness phenotype in
this setting, the phase II TBCRO09 trial has shown a correlation between high HRD scores and their
predictive response to platinum-based chemotherapy, beyond BRCA1/2 mutations, in advanced first
and second line TNBC patients. In particular, ORR was 54.5% in patients with germline BRCA1/2
mutations, while, in patients without BRCA1/2 mutations, HRD-LOH/HRD-LST scores discriminated
responding and nonresponding tumors (12.68 and 5.11, respectively). Five of the six long-term
responders alive at a median of 4.5 years lacked germline BRCAI/2 mutations, and two of them had
increased tumor HRD-LOH/HRD-LST scores [56]. At the last ASCO 2020 meeting, were presented
results of SWOGS1416, a phase II randomized trial of cisplatin +/— veliparib in metastatic TNBC
and/or germline BRCA-associated breast cancer (NCT02595905). In this study 248 TNBC patients were
classified into the three groups (1) 37 gBRCA+ (2) 101 BRCA-like (3) 110 non-BRCA-like, based on
results of central gBRCA testing and of multi-pronged biomarker panel including myChoice HRD
score, somatic BRCA1/2 mutations, BRCAI methylation, and non-BRCA1/2 HR germline mutations.
Results showed that addition of Veliparib to cisplatin significantly improved PFS and numerically
improved OS and ORR, of BRCA-like sub-group of patients, that included 76% of HRD > 42, 17% of
BRCA1 promoter methylation, and 7% of HRR genes mutations [57].

In early settings, several neo-adjuvant clinical trials have evaluated the impact of adding platinum
to standard chemotherapy, however, its use remains controversial and it is not routinely recommended
in unselected TNBC or BRCA mutations carriers [58]. The neoadjuvant phase 2 trial of cisplatin in
TNBC by Silver et al. showed a pCR rate of 22% among all TNBC patients (n = 28). Between these,
germline BRCA1, low BRCAT mRNA expression or BRCA1 promoter methylation patients achieved
PCR [59]. The GeparSixto trial, which included stage II or Il TNBC and HER2+ patients, demonstrated
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significant improvement in pCR with carboplatin added to an anthracycline/taxane-based neoadjuvant
chemotherapy in TNBC patients [60]. This study tried also to prove a possible correlation between
BRCAness phenotype and response to platinum. The exploratory endpoints of the trial investigated
(1) whether the HRD assay predicts specifically for carboplatin response or independently of treatment
and (2) whether there is an association of HRD with long-term outcome in patients with BRCA
mutations detected in tumor tissue (tmBRCA) and in patients with high HRD without tmBRCA. Results
showed that the HR deficiency (defined as HRD score 42 and/or presence of tmBRCA) and HRD score
in non-tmBRCA were predictors of response, however, the HRD assay failed to identify a subset of
patients most likely to derive benefit from the addition of carboplatin [61]. In this context, the PrECOG
0105 phase II study of gemcitabine and carboplatin plus iniparib as neoadjuvant therapy for TNBC
and BRCA1/2 mutation-associated breast cancer, revealed that combination of gemcitabine, carboplatin,
and iniparib is active in the treatment of early-stage triple-negative and BRCA1/2 mutation-associated
breast cancer. In particular, responder patients with sporadic TNBC, lacking BRCAI/2 mutation, had an
elevated HRD-LOH score, suggesting that HRD assay could predict to platinum response [62]. In a
recent metanalysis including seven studies, with a total of 808 TNBC patients, among which 159 BRCA
mutated, was reported that the addition of platinum to chemotherapy regimens in the neoadjuvant
setting increases pCR rate in BRCA mutated as compared to wild-type TNBC patients, however,
this trend did not achieve statistical significance [63]. Recently, through a whole genomic sequencing
technique, researches developed a new weighted model called HRDdetect with a sensibility of 98.7%
to detect BRCA1/2 deficient samples [64]. Elevated HRDetect was significantly associated with clinical
improvement on platinum-based therapy in advanced breast cancer [65].

Preclinical data support a potential synergism between PARPi and platinum-based
chemotherapy [66,67]. The addition of low-dose veliparib (VELI) to carboplatin-paclitaxel versus
placebo was tested in HER2-negative, gBRCA1/2m, advanced BC (BROCADE 3 trial). Veliparib
increased PFS while no impact on OS was reported [68]. In the neoadjuvant setting, Veliparib
was assessed in the carboplatin-VELI arm of the randomized phase II ISP-Y 2 trial. In this trial,
the carboplatin-VELI arm enrolled 72 patients with HER2-BC, who received Veliparib plus carboplatin
during the paclitaxel sequence (VELI-CARBO) followed by doxorubicin and cyclophosphamide (AC).
The benefit of VELI-CARBO seemed to be restricted to the TNBC patients (51% pCR for VELI-CARBO
vs. 26% pCR in the control arm in TNBC) [69]. The randomized phase III trial (BrighTNess) was
subsequently conducted in 634 TNBC patients receiving neoadjuvant chemotherapy evaluating
VELI-CARBO vs. placebo-CARBO or double placebo, in combination with paclitaxel followed by four
cycles of AC. The pCR rate was higher in the CARBO-containing regimen (53% in VELI-CARBO and
58% in the placebo-CARBO vs. 31% in the control arm). Within the patients with gBRCA1/2m, no
significant differences were achieved, the pCR rate was 57% in the VELI-CARBO/paclitaxel arm, 50%
in the placebo-CARBO/paclitaxel arm, and 41% in the control paclitaxel arm. In summary, the trial did
not detect statistically significant differences between these subgroups [70].

Research is also focusing on biomarkers of resistance to PARPis. Acquired or innate resistance
to single-agent PARPis has been frequently observed in both preclinical and clinical studies [71-74].
The main mechanisms described are the reversion of BRCA and HRR gene mutations to wild-type,
the demethylation of promoter of HR genes, the mitigation of replication stress, the mutations in
PARP itself and/or drug efflux pumps [75-77]. In preclinical patient-derived BRCAm-xenograft (PDX)
models, the detection of RAD51 foci, a surrogate biomarker of HRR functionality, correlated with
resistance to PARPis regardless of the underlying mechanism restoring HRR function [78-82]. By using
in vitro and in vivo models of intrinsic resistance to PARPis, Yu-Yi Chu et al. described the role of
proteins like RTK, c-MET in PARP inhibition resistance [83,84].

The identification of biomarkers of resistance can drive the research of pharmacological strategies
to delay or prevent the development of the drug resistant phenotype. Emerging data suggest that
olaparib-resistant cancer models can be re-sensitized to olaparib when combined with AZD1775
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or AZD6738 [85-87], leading to early phase clinical trials combining ATR inhibitors and PARPis in
different cancers (NCT02723864, NCT03462342, NCT03682289, NCT02576444).

3. Biomarkers of Immunotherapy in TNBC

It is well-known that the immune system and cancer have a complex interplay: it is a multi-step
process, named cancer immunoediting, largely mediated by CD8+ cytotoxic T lymphocytes, and in
which both immune-stimulatory and inhibitory factors are involved. During the first phase, called
elimination phase, the innate and adaptive immune system recognize and reject tumor cells, then the
surviving tumor subclones can progress into a state of dormancy, the equilibrium phase, in which
tumor growth is limited and tumor cells are gradually selected through upregulation of pro-survival
pathways, changes in expression of molecules involved in immune suppression or angiogenesis.
These immune-edited tumor cells can then enter into the escape phase, in which the tumor growth is
uncontrolled [88].

Breast tumors have been historically considered non-immunogenic diseases, with a relatively
low mutation rate. However, among BC subtypes, TNBC is characterized by high mutation rate and
greater tumor-infiltrating lymphocytes (TILs). TILs are present both intratumorally and in adjacent
stromal tissues and are composed mainly of cytotoxic CD8+ lymphocytes, and, to a lesser extent, CD4+
T-helper cells, T-regulatory (Treg) cells, macrophages, mast cells, and plasma-cells.

The presence of intra-tumoral and stromal TILs has predictive and prognostic role; in TNBC
increased TILs at diagnosis have been associated with pathologic complete responses with neoadjuvant
chemotherapy and improved survival after adjuvant chemotherapy [89-91]. The association between
high number of stromal TILs and more favorable survival outcomes, in terms of overall survival (OS)
and disease-free survival (DFS) highlighted the prognostic value of immune antitumoral activity, while
the association between high TILs and response to chemotherapy established the predictive value of
TILs as marker of response to chemotherapy. This also suggests that the effect of chemotherapy may
be partially mediated by the immune system, making the investigation of immunotherapy in TNBC
particularly interesting [92-94].

Programmed cell death-1 (PD-1) is an immune checkpoint able to inhibit both adaptive and innate
immune response, and is expressed on the surface of immune cells, such as T cells, B cells, natural killer
(NK), macrophages, dendritic cells (DCs), and monocytes [95]. PD-1 controls induction of tolerance
to antigens and termination of immune response, playing a key role, under physiological condition,
in maintaining the immune tolerance and limiting the autoimmunity. In the tumor microenvironment
PD-1 is involved in the development of tumor immuno-tolerance [96,97]. PD-1 ligand, programmed
cell death-ligand 1 (PD-L1), is a transmembrane protein expressed both on tumor cells and immune
cells (DCs, B cells, T cells, macrophages), and it represents an “adaptive immune mechanism” that
cancer cells may use to escape anti-tumor immunity.

PD-1/PD-L1 ligation acts as pro-tumorigenic pathway, leading to deactivation of T-cell function and
resulting in the escape from immune surveillance [98-102]. PD-1/PD-L1 expression can be regulated by
various signals in cancer cells, such as (1) activation of PI3K/AKT pathway that promote the expression
of PD-L1 through increased extrinsic signaling and by downregulation of PTEN [103]; (2) MAPK
signaling pathway, involved in the conversion of extracellular signals into intracellular responses
and associated to PD-1/PD-L1 axis [104,105]; (3) JAK-STAT signaling pathway that provides a key
mechanism for extracellular signals to control gene expression, including the expression of PD-L1 [106];
(4) abnormal WNT signaling pathway, able to interfere with cancer immuno-monitoring and to promote
immune escape by a crosstalk mechanism between WNT activity and PD-L1 expression [107,108];
(5) NF-kB signaling pathway that mediates INF-y-induced PD-L1 expression [109,110]; (6) Hedgehog
signaling pathway that promotes the expression of PD-1/PD-L1 axis and which inhibition may induce
lymphocyte antitumor activity [111].

PD-L1 is commonly expressed in 20% of TNBC and has been related to distinctive characteristics
of BC, such as younger age, large tumor size, high grade, high proliferation, ER-negative status,
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and HER2-positive status. PD-L1 is expressed on about 10% of tumor cells (TC), while its expression on
tumor infiltrating immune cells (IC) is higher (40-65%). The predictive role of PD-L1 positivity on IC
has been validated in several clinical trials. The expression of both PD-1 and PD-L1 is associated with a
good outcome and it is correlated with better overall survival and higher sensitivity to chemotherapy,
confirming that the cytotoxic effect of chemotherapy is partially mediated by the immune response
against tumor [112-116]. The expression of PD-L1 on tumor infiltrating immune cells (IC) may also
play a role as biomarker as it has been shown in several clinical trials [117-119].

The introduction of immune checkpoint inhibitors (PD-1 inhibitors and PD-L1 inhibitors) as
strategy to wake up the immune cells and reduce the tumor growth, is playing a critical role in improving
treatment of TNBC. Atezolizumab (anti-PD-L1) is the first in class receiving the FDA accelerated
approval on March 2019, based on results from IMpassion 130 study that showed a significant OS
improvement (25 months vs. 18 months) in patients with IC PD-L1 expression (PD-L1+ IC > 1%),
treated with Atezolizumab plus nab-paclitaxel versus nab-placlitaxel alone as first line therapy for
metastatic TNBC [11,120]. FDA also approved the VENTANA PD-L1 (SP142) assay as a companion
assay to determine PD-L1 expression on IC. The analytical power of the VENTANA assay was evaluated
and compared with other two immunohistochemistry assays (22C3 and SP263) in a post-hoc exploratory
analysis of IMpassion 130 study. Overall, the VENTANA assay was predictive of atezolizumab efficacy
when performed either on the primary or on the metastatic tumor specimen. With the cutoff of >1% of
PDL+ IC, it identified a smaller population of pts as compared with 22C3 and SP263 assays, but with a
higher predictive performance [121].

In the same setting, results from Keynote-355 trial, evaluating the combination of Pembrolizumab
(anti-PD-1) plus chemotherapy as first line treatment of metastatic TNBC, have lately been presented at
ASCO meeting. This study confirms the importance of evaluating PDL1 expression as biomarker. PDL1
has here been evaluated with the 22C3 (DAKO PharmaDx) assay using the combined positive score
(CPS) defined as which is the number of PD-L1 staining cells (tumor cells, lymphocytes, macrophages)
divided by the total number of viable tumor cells, multiplied by 100. Indeed, pembrolizumab has
shown to improve progression-free survival (PFS) only in patients with a CPS score >10 [122]. Of note,
however, that the predictive value of the same assay had not previously confirmed in the Keynote-086
study, with Pembrolizumab used as monotherapy: in the cohort A of the study (enrolling previously
treated metastatic TNBC patients), PFS was similar irrespective of PD-L1 expression status [123].

Finally, in neo-adjuvant setting, conflicting results from Keynote-522 and NeoTRIPaPDL1 studies,
investigating the combination of standard chemotherapy with Pembrolizumab and Atezolizumab
respectively, showed that the role of PD-L1 expression as predictive marker of response to immune
checkpoint inhibitors is still controversial [124,125]. Particularly, matters of uncertainty are: What
is the best assay; what is the best cutoff to define PDL1-positivity; what drugs (pembrolizumab vs.
atezolizumab vs. others) these apply to; what disease setting (early vs. metastatic) these apply to.

Evaluating other predictive biomarkers, in addition to PD-L1 testing, may help to select patients
who could benefit from ICIL.

Microsatellite instability (MSI) is a hypermutable phenotype generally deriving from a deficit
in the DNA mismatch repair mechanism (deficient mismatch repair; dAMMR). MSI is evaluated by
identifying mutations involving microsatellites located throughout much of the genome as short DNA
sequences repeated in tandem. High levels of microsatellite instability (MSI-H), corresponding to
dMMR, were found across several cancers, such as endometrial and gastrointestinal cancers (20%-30%).
MSI-H is correlated to a high neoantigen burden and, therefore, to a high immunogenic potential and
sensitivity to immuno-checkpoint inhibitors, irrespective of the tumor histologic type. MSI-H/dMMR
was the first biomarker to grant a “site-agnostic” FDA approval to an anticancer drug: on October 2016,
based on the results of the Keynote 158 trial, Pembrolizumab was approved for use as monotherapy
on solid tumors with MSI-H or dMMR and without satisfactory therapeutic alternatives [126]. While
the frequency of MSI-H/dMMR in BC is very low (0%-1.5%) and its use as prognostic or predictive
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biomarker is still under investigation [127-129], the FDA approval allows using Pembrolizumab for
TNBC with MSI-H/dMMR.

Tumor mutational burden (TMB), calculated as the total number of mutations in a sample divided
by the length of the genomic target region (mut/Mb), is a good marker of tumor antigenicity. Since the
greater number of somatic mutations, it is probable that these mutations will yield to misfolded proteins
(neoantigens) capable of being immunogenic and providing targets for T-cell response. In several
tumors, such as lung cancer, melanoma, and colorectal cancers, TMB, easily evaluated by NGS
techniques, represents a good predictive biomarker for ICI response, since high TMB is associated with
high neoantigen burden, high T-cell infiltration and high response rate to ICI, regardless the PD-L1
status [130,131]. In BC, the predictive role of TMB is still controversial, recent data showed that overall
3.1%-5% of breast cancers are hypermutated, with high prevalence in TNBC and metastatic tumors;
these tumors seem to be more likely sensitive to PD-1 inhibitors after a preliminary analysis of clinical
and genomic data, also if no differences in terms of survival has been shown in patients with high TMB
treated with ICI [132-134]. In neoadjuvant setting, the GeparNuevo trial, investigating the addition of
Durvalumab (anti-PD-L1) to anthracycline/taxane-based chemotherapy, showed a significant trend for
increased pCR rates for PD-L1-positive patients in both PD-L1-TC in Durvalumab arm and PD-L1-IC
in placebo arm. In addition, they performed a predefined analysis of 149 samples assessing the
predictive value of TMB alone or in combination with an immune gene expression profile (GEP) for
PCR. Results from multivariate analysis showed an odds ratio for pCR per mut/Mb of 2.06 (95% CI
1.33-3.20, P = 0.001) among all patients, 1.77 (95% CI 1.00-3.13, P = 0.049) in the Durvalumab treatment
arm, and 2.82 (95% CI 1.21-6.54, P = 0.016) in the placebo treatment arm, confirming that further
analyses of TMB in combination with other immune parameters are still necessary, as well as the choice
of a standardized assay and a cut off value to define high mutational load [135,136]. Very recently,
FDA approved FoundationOne® CDx test to identify patients with solid tumors with TMB score who
may benefit from immunotherapy treatment with Pembrolizumab monotherapy. FoundationOne
CDx is a next-generation sequencing-based in vitro diagnostic device for detection of substitutions,
insertion and deletion alterations (indels), and copy number alterations (CNAs) in 324 genes and select
gene rearrangements, as well as genomic signatures including microsatellite instability (MSI) and
tumor mutational burden (TMB) using DNA isolated from formalin-fixed paraffin-embedded (FFPE)
tumor tissue specimens. The accelerated approval was based on data from a prospectively planned
retrospective analysis of 10 cohorts of patients with various previously treated unresectable or metastatic
solid tumors, who were enrolled in KEYNOTE-158 (NCT02628067), a multicenter, non-randomized,
open-label trial evaluating Pembrolizumab (200 mg every three weeks). TMB status was assessed using
the FoundationOne CDx assay and TMB-High (TMB-H) was defined as TMB >10 mut/Mb. The results
showed that patients with TMB-H in solid tumors who were treated with Pembrolizumab had a higher
overall response rate (29%) compared to patients with TMB [137].

Despite the promising results of PD-1/PD-L1 axis blockade, additional strategies to improve
the response rate and to overcome resistance to immunotherapy are ongoing, such as testing novel
immunomodulatory compounds, which might increase the activity of immunotherapy treatment and
contribute to convert “cold tumors” into “hot tumors.” This novel combinations are focusing on the
dual immune checkpoint blockade, which includes the introduction of antibodies against co-inhibitory,
such as anti-LAG-3 antibodies.

Lymphocyte-associated gene 3 (LAG3) is a transmembrane protein with structural homology
to the CD4 co-receptor and mainly expressed in activated CD4+ T cells, T-regulator cell, Tr1 cells,
activated CD8+ T cells, natural killer cells, dendritic cells, B cells, and exhausted effector T cells. LAG3
negatively regulates the proliferation, activation, and effector function of T cells [138]. The role of
LAGS3 as prognostic biomarker is still controversial and under investigation. Results from a recent
meta-analysis investigating the role of LAG3 as prognostic biomarker in several solid tumors, including
TNBC, showed that high expression of LAG3 can be associated with favorable outcome, particularly in
early stage tumor, also if there was a borderline statistical significance in their results, suggesting that
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the role of LAG3 as prognostic biomarker should be evaluated together with the expression of other
biomarkers reflecting an active host immunity, such as PD-L1 and CD8 [139].

The suggestion that other molecules can stimulate and increase the number of immune cells,
enhancing the anti-tumor immune function, is leading to new combination approaches of immune
checkpoint inhibitors and novel agents for the treatment of TNBC. The InCITe trial (NCT03971409) is
evaluating the combination therapy of Avelumab (anti-PD-L1) and Binimetinib (MEK 1/2 inhibitor),
Utomilumab (anti-4-1BB), or PF-04518600 (anti-OX40) in a multi-arm study for treatment of first or
second line in metastatic TNBC patients.

4. PIBKCA and PTEN Mutations as Predictive Biomarkers

The phosphatidylinositol 3-kinase (PI3K) pathway is a key regulator of survival, growth,
proliferation, angiogenesis, metabolism, and migration. It comprises a family of intracellular signal
transducer enzymes with three key regulatory nodes, PI3K, AKT, and mammalian target of rapamycin
(mTOR). PI3K activation phosphorylates and activates AKT, that regulates the functions of numerous
cellular proteins, including the FoxO proteins, mTOR complex 1 (mTORC1), and S6 kinase [140,141].
In many cancers, this pathway is overactive due to gain-of-function mutations of phosphatidylinositol-4,
5-bisphosphate 3-kinase, catalytic subunit, alpha (PIK3CA), loss-of-function alterations of the tumor
suppressor phosphatase and tensin homolog (PTEN), deregulation of receptor tyrosine kinase signaling,
and amplification and mutations of receptor tyrosine kinases [142,143]. These alterations occur in
approximately 35% of triple-negative and 45% of ER/PgR-positive, HER2-negative breast cancers [144].
PI3Ks are a family of lipid kinases that are divided into three classes based on their structures and
substrate specificities. Class IA PI3Ks are heterodimers that contain a p110 catalytic subunit and a
p85 regulatory subunit. The genes PIK3CA, PIK3CB, and PIK3CD encode three highly homologous
class IA catalytic isoforms: p110«x, p1103, and p1105, respectively [145]. In TNBC, the majority of
activating mutations occur in the p110a (alpha subunit encoded by PIK3CA), overall mutated in
~9% of primary TNBC. PIK3CA mutations result in activated alpha PI3K, leading to an activating
downstream pathway. PTEN alterations are also frequent in TNBC, with genetic loss of function
occurring in 15% [146,147]. The phosphatase PTEN exert its activity of tumor suppressor through
dephosphorylating phosphatidylinositol (3,4,5)-trisphosphate (PIP3), resulting in an inhibition of
AKT [148,149]. Inactivating mutations of PTEN, including truncating and frameshift mutations
or homozygous deletion, cause loss of function with consequent hyperactivation of AKT activity.
Single nucleotide variants hotspots mutations such as R130X, R233X, and R335X, allelic loss in loci of
the10q23 region were also reported [147,150,151]. A single amino acid substitution E17K of AKT1 was
described in several cancers, with the highest incidence 3.8%, in breast cancer. This mutation results
in a pathologic association of AKT1 with the plasma membrane and its constitutive activation [152].
Finally, mutations in mTOR were found in 1.8% of breast cancer [153]. The high frequency of
mutations of PIBK/AKT/mTOR pathway found in breast cancer provides the rationale to test new
inhibitors in combination with standard therapies. Several PI3K and AKT inhibitors are currently
under investigation in clinical trials, mostly in ER/PgR-positive HER2-negative subtypes. Despite
intense research efforts, so far, only PIK3CA mutations have proven to have a predictive value for
treatment with o-selective and (3-sparing PI3K inhibitors, Alpelisib and Taselisib respectively, in the
advanced setting [154-158]. Alpelisib, an oral «-specific PI3K inhibitor that selectively inhibits p110«,
was recently approved, based on results of phase IIl SOLAR-1 trial (NCT02437318), for postmenopausal
women, and men, with metastatic or advanced PIK3CA-altered, ER/PgR-positive, and HER2-negative
breast cancer, indicating that the integration of genomic testing for PIK3CA mutation may be useful in
the selection of therapy [154,155].

The predictive effect of PIK3CA mutations may also have future relevancy for TNBC. Recently,
Yuan et al. showed that combination of CDK4/6 inhibitor Ribociclib and Alpelisib caused the reduction
of p-RB and p-56, of MCL-1, induction of apoptosis, and an enhanced reduction of tumor growth in
a TNBC PDX model [159]. Other findings reported that same combination significantly increased
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tumor-infiltrating T-cell activation and cytotoxicity and decreased the frequency of immunosuppressive
myeloid-derived suppressor cells in a syngeneic TNBC mouse model [160]. These studies support the
development of new possible combinational approaches in TNBC.

LAR TNBG, in particular, are sensitive to endocrine manipulations with AR antagonists and
are enriched (approximately 40%-50%) in activating PIK3CA mutations [161,162]: this could confer
sensitivity to PI3K inhibitors and synergy with AR antagonists. Based on these findings, in the TBCRC
032 IB/II trial (NCT02457910) an oral antiandrogen, enzalutamide, has been evaluated with or without
taselisib in patients with AR+ metastatic TNBC. By RNA seq analysis, the authors noticed that patients
receiving the combination displayed decreased expression of genes involved in mTOR signaling
and increased expression of genes related to adaptive immunity after treatment. Overall this study
demonstrated that this combination can be given safely and appears to increase clinical benefit in
TNBC patients with AR+ tumors [163].

Loss of PTEN tumor suppressor activity has been investigated as biomarker of response to AKT
inhibitors, based on finding that PTEN-loss could enhance activation of AKT signaling. The randomized
Phase II study (GO29227, LOTUS NCT02162719) compared activity of Ipatasertib [164-167], a potent,
highly selective inhibitor of all three isoforms of Akt, plus Paclitaxel versus placebo plus Paclitaxel
as first-line treatment for patients with inoperable locally advanced or metastatic TNBC. Patients
were classified according to PTEN expression by immunohistochemistry (PTEN-low or PTEN-high)
and PIK3CA/AKT1/PTEN genomic alterations (PIK3CA, AKT1 or PTEN mutations) characterized by
NGS. Results have shown that the increase in median PFS was quite modest in the Intention-to-treat
population and PTEN-low subgroup but more pronounced in predefined analyses of the patient
population with PIK3CA/AKT1/PTEN-altered tumors, suggesting that a complete assessment of PI3K
pathway could have a predictive value rather than a single alteration [168].

At present, Phase III Ipatunity 130 trial (NCT03337724) is aiming to confirm data from LOTUS trial,
evaluating Ipatasertib in combination with Paclitaxel in PIK3CA/AKT1/PTEN-Altered, locally advanced
or metastatic, TNBC or ER/PgR-positive, HER2-negative patients. Genetic alterations will be evaluated
in relevant genes in the PI3K/Akt pathway, both in tissues and in blood samples, by NGS assay.

In the neoadjuvant setting, the phase II FAIRLANE study (NCT02301988), evaluating Paclitaxel
plus Ipatasertib or placebo in TNBC, partially supports the potential utility as biomarker for the
PIK3CA/AKT1/PTEN alterations; there was, indeed, in the trial, a numerically but non-significant
increase in pCR rates, with more pronounced results in patients with PTEN-low tumors (32% versus
6%) and PIK3CA/AKT1/PTEN-altered tumors (39% versus 9%) [169]. In contrast, in the phase Ib
study NCT03800836, evaluating the efficacy and safety of the combination of Ipatasertib, Tecentriq
(Atezolizumab), and chemotherapy (Paclitaxel or Nab-paclitaxel) as a first-line treatment option
for people with advanced TNBC, the objective response rate (ORR) was 73% (95% CI 53-88%),
irrespective of tumor biomarker status [170,171]. A confirmatory phase III study NCT04177108
investigating the combination of ipatasertib, atezolizumab and paclitaxel as first-line therapy for locally
advanced/metastatic TNBC cancer is still ongoing.

The predictive potential of PIK3CA/AKT1/PTEN alteration may is also supported by other AKT
inhibitors trials. In the PAKT trial, Capivasertib (AZD5363), a potent and selective oral inhibitor of all
three isoforms of the serine/threonine kinase AKT [172] has been evaluated in TNBC, showing that
addition of capivasertib to first-line paclitaxel therapy prolonged PFS and OS. Also in this case, benefits
were more pronounced in patients with PIK3CA/AKT1/PTEN-altered tumors [173].

In summary, alteration of PIK3CA/AKT1/PTEN pathway have not yet satisfied criteria for the
clinical use in TNBC, but diverse evidences support further research on this topic.
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5. Promising Molecular Biomarkers

5.1. New Targets of Antibody—Drug Conjugates in Triple Negative Breast Cancer

Antibody drug conjugates (ADCs) are a new class of anticancer drugs that share the same general
mechanism of action; they are designed as a monoclonal antibody that are conjugated with a potent
cytotoxin (so called payload). The monoclonal antibody is directed against an antigen on the surface of
the target cancer cell, and upon binding to the target antigen, they are internalized and release the
payload inside the cell, leading to selective cytotoxicity. This allows selective intracellular delivery of
very potent payload that, because of their inherent toxicity, could not be infused as free molecules
to the patient. As an additional mechanism of action, ADCs can elicit a potent immune response by
inducing dendritic cell maturation and CD8 and CD4+ T-cell infiltration [174,175].

For an ADCs to be effective, a critical factor is the target antigen, that has to be selectively expressed
(or, overexpressed) on the intended cancer cell. Therefore, the presence (or the overexpression) of the
target antigen can be tested as biomarker to identify potentially sensitive patients. Several molecules
have been identified in TNBC cells that meet these characteristics. The most promising ones are: (1) the
glycoprotein non-metastatic b (GPNMB); (2) trophoblast cell-surface antigen 2 (Trop-2); (3) LIV-1; (4)
the mucin 1-attached sialoglycotope CA6.

GPNMB was found highly overexpressed in aggressive tumors like TNBC, or in advanced setting,
where it is involved in processes like cell migration, invasion, angiogenesis, or epithelial-mesenchymal
transition [176-178]; in addition, it represents a biomarker of poor prognosis in breast cancer [179].
It is the target of Glembatumumab vedotin (CDX-011) a potent ADC conjugated with the
microtubule-disrupting agent monomethyl auristatin E (MMAE) [180]. The phase II EMERGE
trial, designed to evaluate CDX-011 activity in advanced GPNMB-expressing breast cancer versus
chemotherapy of the investigator’s choice, showed that this drug is well tolerated and more effective in
patients with TNBC and/or GPNMB-overexpressing breast cancers [181]. The following pivotal phase II
trial METRIC, designed to evaluating CDX-011 versus capecitabine in TNBC GPNMB-over-expressing
patients, confirmed results of safety from EMERGE trial, but the primary end point of PFS was not
met [182,183]. Nonetheless GPNMB remain a potentially useful target for other ADCs agents.

Trop-2 is a type I transmembrane glycoprotein, with a relevant role in migration, cell proliferation,
cell cycle progression, and metastasis [184-187]. Sacituzumab govitecan (IMMU-132) is the new
promising antibody targeting Trop-2, linked to topoisomerase-I inhibitor SN-38, the active metabolite of
irinotecan that induces DNA damage [188,189]. Results from a phase I/Il IMMU-132-01 (NCT01631552)
showed the efficacy of Sacituzumab Govitecan-hziy, with 33.3% ORR in heavily pretreated TNBC
patients [190]. Based on these results, on 22 April 2020, the FDA granted accelerated approval to
Sacituzumab Govitecan-hziy for adult patients with metastatic TNBC who received at least two prior
therapies for metastatic disease [190]. Currently, the randomized Phase III ASCENT clinical trial,
comparing Sacituzumab Govitecan-hziy versus treatment of physician’s choice, in metastatic TNBC
patients who progressed after at least two prior cytotoxic therapies, is ongoing (NCT0257445599).

LIV-1is a zinc transporter protein downstream target of STAT3, implicated in cell adhesion and
epithelial-to-mesenchymal transition [191-194]. Its target therapy, the monoclonal antibody against the
extracellular domain of LIV-1, Ladiratuzumab vedotin (SGN-LIV1A), showed high efficacy in preclinical
models [195], and is under evaluation in patients with metastatic breast cancers, with promising results
in metastatic TNBC (NCT03310957, NCT01969643, NCT04032704, NCT03424005, NCT01042379) [196].

CAG is selectively expressed on solid tumors and is, therefore, an ideal target for ADC therapy.
SAR566658 is an ADC directed against CA6 which carries DM4, a maytansine-derived anti-microtubule
agent as payload. Based on promising results from a phase I trial, a phase II study in CA6-positive
TNBC (NCT02984683) is currently ongoing [197].
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5.2. Circulating Tumor Cells as Prognostic and Predictive Biomarkers in TNBC

Detection of circulating tumor cells (CTCs) has a promising potential as minimally invasive
“liquid biopsies” that can facilitate prognosis, target therapy, or monitoring therapeutic response
to drugs in several cancers [198,199]. CTC counts in cancer patients have been used as a dynamic
prognostic biomarker in both early and metastatic cancer [200,201], while isolation and analysis of
CTCs have been shown to provide information on dynamic changes in tumor [202,203].

Over the past decade, several strategies were developed to capture CTCs based on biological
properties of the cells, like the expression of cell surface proteins, or biophysical properties using
filtration, microfluidics, and dielectrophoresis, or by applying high throughput imaging to unpurified
blood cell preparations [204]. Despite this, there are still certain technological limitations related
to sensitivity and specificity, and a lack of consensus regarding the isolation technique to be used,
the type of sample, the conditions of collection or storage, or the candidate biomarker to be used [205].
At present, the only one approved for application in the clinical practice is the CellSearch technology
(Menarini Silicon Biosystems, Huntingdon Valley, PA, USA), based on epithelial cell adhesion molecule
(EpCAM)-based CTC isolation technology, which was FDA patented on 2004 [206,207].

A consistent number of prospective studies have demonstrated that CTC counts in cancer patients
can be used as a dynamic prognostic biomarker in metastatic disease. More than a decade ago,
Cristofanilli et al. in a study involving 177 metastatic breast cancer (MBC) patients, demonstrated that
CTC count detected using the CellSearch was an independent prognostic factor for PFS and OS in
metastatic Breast Cancer. The cut-off of 5 CTCs/7.5 mL was identified to classify patients with good or
poor clinical outcome [208] and subsequent studies have confirmed the prognostic value of CTCs with
the same cut-off [202,209-212]. Moreover, other studies indicated that CTCs dynamics seem to reflect
treatment response as an indicator to monitor the effectiveness of treatments and guide subsequent
therapies in breast cancer [213]. Other studies revealed that CTCs counts loose its prognostic value in
MBC treated with targeted therapies in HER2 positive tumors [214,215]. A recent large, retrospective
study, involving 1944 MBC patients showed as CTCs enumeration should be used for prognostic
stratification of MBC in two defined group of patients identified as Stage IV indolent and Stage IV
aggressive, where Stage IV aggressive could better benefit from novel therapies compared with Stage
IV indolent [216]. In early breast cancer, CTCs count is also a prognostic biomarker, not correlated
with the other usual prognostic factors. The presence and also the quantity of CTCs has proven to be
associated with worse outcome, however, CTC detection methods with higher sensitivity could be
necessary considering the low number of cells found in early setting [217-223].

Several groups reported that the use of CellSearch platform for CTCs counts has limited
prognostic power in TNBC, because of the fact that in these tumors, cells tend to switch from
epithelial to mesenchymal phenotype, loosing EpCAM expression and exhibiting more stem cell-like
properties [224-226]. Moreover, data from clinical trials, evaluating the prognostic and predictive role
of CTCs in TNBC, are controversial. Munzone et al. retrospectively analyzed the CTC enumeration by
CellSearch in 203 patients with MBC, and found that baseline CTC counts were significantly associated
with OS but not with PFS in TNBC patients who were receiving new courses of systemic therapy [227].
CBCSG004 trial showed that baseline CTCs count is a prognostic but not a predictive factor to anticancer
therapies in TNBC [228]. The phase II trial (TBCRC019) has analyzed if CellSearch was effective in
TNBC, and whether CTC apoptosis and CTC clusters enhances the prognostic role of CTC in metastatic
TNBC patients treated with nab-paclitaxel with or without tigatuzumab. Results showed that patients
with elevated CTC at baseline, on day 15 and 29, had significant worse PFS versus not elevated,
while there was no apparent prognostic effect comparing CTC apoptosis versus non-apoptosis, or the
presence of CTC clusters [229]. The large, prospective, randomized study SWOG S0500, showed
that patients with TNBC and low CTC levels at baseline, and those who had CTC clearance after
chemotherapy treatment, had a longer OS compared with those who had elevated CTC levels [230].
A prospective study in TNBC comparing CellSearch and immunomagnetic enrichment/flow cytometry
methods revealed that CTC enumeration by two different assays was highly concordant. Both assays
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showed an association between baseline CTC levels and OS, and changes in CTC levels during
chemotherapy were significantly associated with time to progression and OS [231].

CTC analysis of the tnAcity trial reported better outcomes among patients with CTC levels at
baseline that were reduced or eliminated in subsequent cycles of chemotherapy, compared with CTC
levels that persisted post-baseline, suggesting that CTC clearance may predict the chemosensitivity of
metastatic TNBC tumors. However, as reported by the authors, this study has some limitations because
of the use of only CellSerch platform that can exclude populations of low- or non-EpCAM-expressing
cells, the possibility that during chemotherapy cells underwent an epithelial to mesenchymal transition
change, and the low number of patient samples (N = 126) [232]. Finally, Liu et al. developed a
combined CTC-NK enumeration strategy that allows to predict PFS in TNBC. They reported that
baseline CTC counts can predict PFS only in first-line TNBC patients but not in other TNBC lines of
therapy, while baseline CTC combined with NK enumeration (CTC-NK) can predict PFS of TNBC
patients regardless of their lines of therapy [233]. The 2019 AACR annual meeting reported a significant
correlation between high levels of co-expression of CCR5 and HER2 in CTCs in MBC. CCRS5 has been
associated with cancer stem cells and believed to drive metastatic process. The researchers suggest
that identifying CCR5 expression in CTCs could be used as a potential new biomarker for MBC with
potential therapeutic implications in patients with TNBC [234].

Single CTCs have been extensively studied in recent years because its detection could be
particularly useful for certain types of cancers, however, also actively growing, aggressive tumors tend
to release relatively low numbers of detectable CTCs into the circulation, and technical improvements
in their isolation are needed [235]. Factors leading to the generation of CTCs from a primary tumor
are unknown. The number of CTCs released in the bloodstream is enormously higher compared
to the number of metastatic lesions in patients, indicating that the majority of CTCs die in the
bloodstream, with only a minor fraction representing viable metastatic precursors. Mesenchymal
transformation, stromal-derived factors, or persistent interepithelial cell junctions may provide
survival signals that attenuate this apoptotic outcome [236,237]. Gene characterization of CTCs from
TNBC revealed their attitude to epithelial—mesenchymal transition (EMT) associated with increased
plasticity and aggressiveness, increase of resistance to cell death and chemotherapy, capability to
metastasize and senescence [238-242]. Since a consistent group of TNBC patients are negative to
CellSearch system, Abeu et al. used a method based on CellSearch system for enumeration and
a combination of immunoisolation and gene expression profiling, to molecularly characterize the
population. Gene profiling revealed the expression of hybrid EMT and stem cell markers associated
with poor prognosis and high aggressiveness, such as VIM, SNAIL1, TIMP1, CRIPTO1, CD49F, ALDH2,
CD44, and BCL11A [242]. Razmara et al. by using a PDOX models of triple-negative breast cancer
(TNBC), showed that CTC clusters and CTCs expressing a mesenchymal marker (vimentin) were
associated with metastatic burden in lung and liver [243]. While, Thangavel et al. reported that
evaluation of EMT-specific signature did not show significant differences between CTC cluster+ and
CTC cluster tumors, in a TNBC PDX model [244]. In particular, CTCs cluster, ranging from 2-50 cells,
were detected in the circulation of patients with metastatic cancers [245,246]. Although rare compared
with single CTC, CTC clusters are more efficient than individual CTCs in seeding metastatic colonies,
they are more resistant to apoptosis and may have an advantage in physically lodging in the Lumia
of vessels [235,238]. Several studies have detected CTC clusters in breast cancer [247-249] where the
expression of mesenchymal markers was found, rather than in single migratory cells [250]. Moreover,
most of the evidences of the clinical impact of CTC-clusters in breast cancer have been gathered from
prospectively designed clinical studies on rather homogeneous and well-selected cohorts of metastatic
patients [229,248,251-253].

In summary, CTCs, CTC clusters detection and their relative molecular characterization represent
a significant source of biomarkers. However, in TNBC, detection methods need to be improved in
order to not lose a consistent number of cells with mesenchymal phenotypes. Moreover, large trials are
needed to confirm their prognostic and predictive role.

219



Int. J. Mol. Sci. 2020, 21, 4579

Cancer cells can also disseminate their contents as free DNA fragments and exosomes into the
bloodstream via different mechanisms [254,255]. The quantitative analysis of DNA fragments in
the blood called circulating tumor DNA (ctDNA) has emerged as potential prognostic biomarker to
reveal the presence or absence of tumors or to predict relapse and metastasis. The identification of
tumor-specific genetic alterations could be used to lead personalized therapies, while, in metastatic
setting, liquid biopsy appears to be a good alternative to tissue biopsy [256]. Despite the potential
benefits of the use of DNA sequencing assays, ctDNA is still far to be integrated in the clinical practice.
The prognostic value of ctDNA is still under evaluation in TNBC tumors. In a retrospective cohort
of 164 patients with metastatic TNBC, the presence of a cell-free DNA fraction greater than 10%
was associated with worse outcomes, regardless of clinicopathological data [257]. A study from
Parsons et al. of NGS analysis of plasma-derived and tissue biopsies DNA from 26 patients with
metastatic TNBC, revealed a concordance of 70%, demonstrating the potential of liquid biopsies for
mutational profiling and serial monitoring [258]. High rate of concordance, 75% and 100% for PIK3CA
and AKT1 respectively, was also found in the analysis of comparison between plasma-based and
tissue-based DNA sequencing of LOTUS trial [259]. While, Vidula et al. revealed the presence of
BRCA somatic mutations in ctDNA not detected in primary tumors materials [260]. In early setting,
a prospective study on a cohort of 101 patients, showed that ctDNA levels at diagnosis was higher in
TNBC compared to HER2+ and ER+/HER2- [261]. In a study on 46 TNBC patients, ctDNA levels
detected by digital PCR, showed that no patient had detectable ctDNA after surgery, expect one patient
who experienced tumor progression during neoadjuvant chemotherapy. Despite this, pCR rate was
not correlated with ctDNA detection at any time point, while ctDNA positivity after one cycle of
chemotherapy was correlated with shorter DFS and OS [262]. Furthermore, Cavallone et al. reported
that ctDNA detection after neoadjuvant chemotherapy and before surgery was associated to DFS and
OS [263]. A phase II clinical trial (NCT03145961) is recruiting patients to evaluate whether ctDNA
detection can be used to detect residual disease after standard primary treatment in early-stage TNBC.

5.3. CSCs and Drug Resistance in TNBC

In the past years, numerous evidences highlighted the contribution of cancer stem cells (CSCs) in
tumorigenic potential, high risk of metastasis, and drugs resistance of TNBC [264]. CSCs represent a
small population of cancer cells with staminal phenotype; they expose CD44+/CD24~ and high
ALDH expression [265-267]. This signature is associated with high capability of self-renewal,
of proliferation and mammalian spheroids forming [268-270]. It is unclear if CSCs arise from
pathogenic mutations in resident stem cells, or if they are the result of mutations of quiescent cells [271],
anyway these CD44+/CD24~ cells show an EMT phenotype with a great tumorigenic ability invasion
and metastasis [265,272,273]. In this context, TNBC seems to have a significant number of stem cells
CD44+/CD24~ [266], and high expression of ALDH1 [3]. Breast cancer tissues of TNBC patients have
shown to express high stem cell markers [272,274,275] and the gene signature of TNBC cells seems
remarkably similar to that of mammary stem cells TNBC [264]. In an analysis of 466 invasive breast
carcinomas and eight breast cancer cell lines, basal-like breast cancer harbored the highest percentage
of tumor cells with the CSC phenotype CD44+CD24—/low and ALDHI1 positivity [276]. In clinical
studies, CD44+CD24—/low expression was associated with worse chemotherapy response, lymph node
metastasis, distant metastasis, recurrence, and worse DFS and OS [277,278]; while ALDH1-expression
predicted poor prognosis in TNBC patients [279-281]. As reported above, EMT phenotype confers
capacity to metastasize and drug resistance in TNBC, and several researches have highlighted that
EMT transition and enrichment for CSCs in TNBC tumors were correlated to invasiveness and drug
resistance [282-284].

In particular, it seems that over-expression of EMT pathways promote the generation of mammary
CSCs and is responsible of capacity of CSCs to survive in hard metabolic conditions because of
reduction of nutrients or hypoxia [282,285,286].
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Several evidences have reported that self-renewal activity of CSCs could be ascribed to the alteration
of different signal transduction pathways such as STAT signaling, SRC signaling, Wnt/f-catenin
signaling. In particular, STAT3 signaling is involved in the mechanism for self-renewal regulation of
CSCs, and conversion of non-CSCs into CSCs, through the regulation of IL-6-Jak1-STAT3-OCT3 [287]
or in tumorigenic potential, mammosphere-forming efficiency, and ALDH activity of breast cancer
cells through VEGFR-2/STATS3 signaling [288].

In TNBC patients, STAT3 activation is a biomarker of poor prognosis. The phosphorylated isoform
is preferentially expressed in TNBC cell lines [289], and it seems associated to initiation, progression,
metastasis, and chemotherapy resistance [290]. In this regard, STAT3 signaling inhibitors are in clinical
trials evaluation also in TNBC patients [291-293].

6. Discussion

TNBC is an intrinsically heterogeneous group of breast cancer and there is a need for effective
biomarkers that can help physicians in selecting the most appropriate treatment.

Several proposed biomarkers for TNBC have been studied in clinical trials demonstrating, so far,
modest clinical benefits. Mutations of BRCAI/2 genes turned out to be factors predicting the efficacy
of PARPis and alterations of other genes involved in homologous recombination seem promising in
this setting.

PD-L1 protein expression either in IC, tumor cells or both can be used as a predictive biomarker
for response to immunocheckpoint inhibitors. There are different commercially available assays
that use different antibodies as long as different scoring systems. However, there still is uncertainty
as to what is the best assay in TNBC and if the results apply to all immunocheckpoint inhibitors.
At present, however, data clearly support the use of the VENTANA SP142 assay to predict the efficacy
of Atezolizumab in metastatic TNBC.

Table 1 summarizes the main discussed biomarkers and their prognostic and predictive significance.

Table 1. Summary of biomarkers in triple negative breast cancer.

Prognostic/Predictive

Biomarker Main Function Assay Significance Target Therapy Ref.

Poor prognostic factor. High

BRCAT and BRACAnalysis CDx test ~ 'esponse to platinum-based

o s S epai [9,10,30,55,
BRCA2 genes DNA-double strand break repair

therapy and predictor for PARP inhibitors 58-60,63-65]

HRDetect assay N g S
HRD assay myChoice _"esPonse to PARP inhibitors
D -
HRR Homologous recombination CDx Fredictor of response to ATR inhibitor * [41,47,56,57,
genes repair of DNA patinum therapy in WEET inhibitor * 59-62]
neoadjuvant setting
High TILs correlates with
Tumor infiltrating lymphocytes Tissue more favorable survival
Stromal TILs involved in immune response ‘ . . outcomes and are predictive NA [92-94]
. Immunohistochemistry N
against the tumor for increased response to
neoadjuvant CT
High expression correlates .
PD-L1 protein  Tumor immune evasion process o o PDLL with higher survival rates in ~ Lmune checkpoint [11,117-125)
(SP142) Assay N ? inhibitors
trials with ICT
Mlcro:?‘a.lelhle ) ) B H15lf)loglcally/cytologlcally Predictor of response to )
instability High Immunogenic activity confirmed Pembrolisumat Pembrolizumab [126]
(MSI) MSI-H/dMMR
Tissue Higher sensitivity to AKT
- Immunohistochemistry ~ inhibitors and to combination L -
Pl3-kinase Cell proliferation of PIBKCA/PTEN or PI3k  therapy of PI3K and androgen Lok inhibitor [163,168-171,
pathway . S . AKT inhibitor * 173]
pathway genomic receptor inhibitors in LAR
sequencing by NGS tumors
Cell migration, invasion, . . .
GPNMB angiogenesis, lissue ) Poor prognostic factor Glembatumumab vedotin 179 16 1g3)
SO . Immunohistochemistry (Antibody-drug conjugate) *
epithelial-mesenchymal transition 7 7
g Cell cycle progression, migration,  Tissue . Sacituzumab Govitecan-hziy o
Trop-2 proliferation, metastasis Immunohistochemistry | °°F Prognostic factor (Antibody-drug conjugate)* 11891901
Cell adhesion, Tissue . . Ladiratuzumab vedotin
LIv-1 epithelial-mesenchymal transition ~ Immunohistochemistry Under investigation (Antibody-drug conjugate) * [196]
CA6 Tum.or ccn survival and Tissue . . Under investigation SA3566658*(Ant|b0dy-drug 1971
proliferation Immunohistochemistry conjugate)

* Under clinical investigation; ICI: immune checkpoint inhibitors.
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7. Conclusions

Despite many research efforts, only a few useful biomarkers have been identified so far in TNBC.
Some of these are already in the clinical practice. As new therapeutic agents are developed, parallel
preclinical and clinical research is needed to identify biomarkers for the responsive, or conversely,
the resistant patient population.
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Abbreviations

ADC Antibody Drug Coniugated

BC Breast Cancer

BL1/2 Basal-Like 1/2

BRCA12 BReast CAncer type 1 and Type 2

CSCs Cancer Stem Cells

CTCs Circulating Tumor Cells

dMMR Mismatch Repair deficiency

DSBs DNA Double Strand Breaks

DCs Dendritic Cells

DFS Disease Free Survival

EMT Epithelial Mesenchymal Transition

ER Estrogen Receptor

FDA Food and Drug Administration

FFPE Formalin-fixed paraffin embedded

GEP Gene Expression Profile

gBRCAmM germline BRCA mutations

GPNMB Glycoprotein non-metastatic b

HBOC Hereditary Breast and Ovarian Cancer Syndrome
HRD Homologous Recombination Deficiency
HRD-LOD HRD-Loss of Heterozygosity

HRD-LST HDR-Large Scale Transition

HRD-TAI HDR-Telomeric Allelic Imbalance
HER2 Human Epidermal Growth Factor Receptor 2
HR Homologous Recombination

HRR Homologous Recombination Repair

IC Immune Cells

ICI Immune Checkpoint Inhibitor

M Immunomodulatory

LAG3 Lymphocyte-associated gene 3

LAR Luminal Androgen Receptor

MAP Mitogen-Activated Protein

MBC Metastatic Breast Cancer

MHC Major Histocompatibility Complex
MMAE Microtubule-disrupting agent monomethyl auristatin E
MMR Mismatch Repair

MSI Microsatellite Instability

MSI-H High Microsatellite Instability

222



Int. J. Mol. Sci. 2020, 21, 4579

MSL Mesenchymal Stem-Like

mTOR Mammalian Target Of Rapamycin
mTORC1 mTOR complex 1

NGS Next Generation Sequencing

NHE] Non-Homologous End Joining

NK Natural Killer

ORR Objective Response Rate

0s Overall Survival

OXPHOS Oxidative Phosphorylation

pCR Pathological Complete Response

PARP Poly ADP-ribose polymerase

PARPi Poly ADP-ribose polymerase Inhibitors
PD-1 Programmed Cell Death-1

PD-L1 Programmed Cell Death Ligand-1

PDX Patient-Derived-Xenograft

PFS Progression Free Survival

PI3K Phosphatidylinositol 3-kinase

PIK3CA Phosphatidylinositol-4, 5-bisphosphate 3-kinase, catalytic subunit, alpha
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PTEN Phosphatase and Tensin Homolog

PR Progesterone Receptor

RCB Residual Cancer Burden

sBRCAm Somatic BRCA mutations

TC Tumor Cells

TIL Tumor Infiltrating Lymphocytes

TMB Tumor Mutational Burden

TNBC Triple Negative Breast Cancer

UNS Unstable
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Abstract: Background: There is growing evidence that patients with metastatic breast cancer whose
disease progresses from a new metastasis (NM) have a worse prognosis than that of patients whose
disease progresses from a pre-existing metastasis. The aim of this pilot study is to identify a blood
biomarker predicting NM in breast cancer. Methods: The expression of epithelial (cytokeratin 18/19) or
mesenchymal (plastin-3, vimentin, and N-cadherin) markers in the peripheral blood (PB) of recurrent
breast cancer patients undergoing chemotherapy with eribulin or S-1 was measured over the course
of treatment by RT-qPCR. The clinical significance of preoperative N-cadherin expression in the PB
or tumor tissues of breast cancer patients undergoing curative surgery was assessed by RT-qPCR
or using public datasets. Finally, N-cadherin expression in specific PB cell types was assessed by
RT-qPCR. Results: The expression levels of the mesenchymal markers N-cadherin and vimentin
were high in the NM cases, whereas that of the epithelial marker cytokeratin 18 was high in the
pre-existing metastasis cases. High preoperative N-cadherin expression in PB or tumor tissues was
significantly associated with poor recurrence-free survival. N-cadherin was expressed mainly in
polymorphonuclear leukocytes in PB. Conclusion: N-cadherin mRNA levels in blood may serve as a
novel prognostic biomarker predicting NM, including recurrence, in breast cancer patients.

Keywords: N-cadherin; EMT; breast cancer; new metastasis; eribulin; blood; biomarker

1. Introduction

Distant metastasis is the leading cause of mortality in patients with cancer, including breast cancer,
which is the most common malignancy in women worldwide despite the advent of new treatments [1].
Thus, controlling distant metastasis is important for prolonging survival.

Recently, the importance of the type of distant metastasis progression, namely new metastasis (NM)
versus growth of a pre-existing metastasis (PEM), has been highlighted, because the progression type
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can affect the prognosis of patients with metastatic cancer [2-4] (Figure S1). Interestingly, patients with
recurrent breast cancer who develop NM have a worse prognosis than that of those with PEM [2,3,5,6].
However, the differences between these two progression types has not affected treatment determination,
because both NM and PEM are classified clinically as a “progressive disease” (PD) according to the
diagnostic criteria of the Response Evaluation Criteria in Solid Tumors [7]. There have also been cases
of NM vs. PEM reported in colorectal and lung cancers [2] and liposarcoma [4]. This concept of distant
metastasis progression stems from phase 3 clinical trials of eribulin treatment of metastatic breast
cancer [8,9].

Eribulin mesylate (eribulin; Eisai Co., Tokyo, Japan) is a non-taxane microtubule inhibitor with a
novel mechanism of action involving irreversible blockade of mitosis at the G2/M phase, followed
by apoptosis [10]. Eribulin is currently approved for the treatment of certain patients with advanced
breast cancer in many countries worldwide, including Japan [8]. Interestingly, two different phase
3 clinical trials of patients with metastatic breast cancer showed that eribulin has more pronounced
effects on overall survival compared with progression-free survival [8,9]; one possible explanation
is that eribulin suppresses the incidence of NM, thus providing an increased survival benefit to
patients. The preclinical studies described herein were designed to assess whether eribulin has such an
anti-metastatic property, via reversion of epithelial-mesenchymal transition (EMT) [11,12]. Yoshida et
al. and Terashima et al. showed experimentally that eribulin suppresses metastasis of breast cancer
cells by inducing conversion of EMT to mesenchymal-epithelial transition (MET) [11,13]. EMT is the
process by which epithelial cells lose their cell-cell junctions and acquisition of front-rear polarization,
resulting in the formation of mesenchymal cells with migratory properties, and it is characterized by
loss of the epithelial markers E-cadherin and cytokeratins (CKs), together with increased expression of
mesenchymal markers such as N-cadherin and vimentin. EMT is observed during cancer progression;
it promotes invasion and metastasis by facilitating the motility of tumor cells [14,15]. These data
suggest that EMT may induce NM.

Thus, we hypothesized that monitoring the EMT status in real-time can predict NM and is
important for guiding the treatment of patients with recurrent breast cancer. We focused on liquid
biopsy, which is used to identify biomarkers in body fluids, mainly blood, and provides non-invasive
real-time information regarding tumor characteristics [16,17]. In this study, we monitored the expression
of EMT (mesenchymal) and MET (epithelial) markers in the peripheral blood (PB) of patients with
recurrent breast cancer undergoing chemotherapy with eribulin or S-1 (oral 5-fluorouracil derivative)
and identified N-cadherin as a useful marker predicting NM. Furthermore, we assessed the clinical
significance of preoperative N-cadherin expression in the PB of breast cancer patients undergoing
curative surgery.

2. Results

2.1. Type of Metastasis Progression in Patients with Recurrent Breast Cancer who underwent Chemotherapy
with Eribulin or S-1

The subjects comprised 56 and 19 patients who underwent chemotherapy with eribulin and S-1,
respectively. Of the 56 patients treated with eribulin, 35 received S-1 prior to eribulin. The patient
characteristics are shown in Table 1.

As shown in Table 2, the patients treated with eribulin had a significantly lower incidence of
NM than patients treated with S-1, although the time to treatment failure (TTF) was shorter in the
former ((a) in Table 2, p = 0.043). Moreover, the patients treated with S-1 followed by eribulin also
had a significantly lower incidence of NM under eribulin than under S-1 ((b) in Table 2, p = 0.025).
These results support previous clinical and experimental findings that eribulin suppresses NM via
conversion of EMT to MET in tumor cells [11-13]. Furthermore, these findings led us to hypothesize
that markers of EMT may be predictive of NM, which we tested using samples from the patients
treated with eribulin or S-1.
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Table 1. Characteristics of the 75 study patients.

(a) Total (n = 75)

Factor Eribulin (n = 56) S-1(n=19)
Age, years
Median (range) 57 (40-72) 59 (33-83)
Number of prior chemotherapy lines
Median (range) 3 (0-8) 0 (0-3)
Luminal 2
n (%) 29 (51.8) 8 (42.1)
Luminal/HER2
n (%) 3(5.4) 5(26.3)
HER2-enriched P
n (%) 6(10.7) 2(10.5)
TN¢
n (%) 18 (32.1) 4(21.1)

(b) Patients treated with both Eribulin and S-1

Factor S-1 Followed by Eribulin

Eribulin followed by S-1

(n = 35) (n=21)
Age, years
Median (range) 59 (43-72) 55 (40-71)
Number of prior chemotherapy lines
Median (range) 3 (1-8) 0 (0-5)
Luminal @
n (%) 16 (45.7) 13 (61.9)
Luminal/HER2
n (%) 2(5.7) 1(4.8)
HER2-enriched P
n (%) 6(5.8) 0(0.0)
TN¢
n (%) 11 (314) 7 (33.3)

2 Luminal, ER, or PgR-positive ® HER2-enriched, only HER2-positive ¢ TN, triple negative (ER/PgR/HER2-negative).

Table 2. Type of distant metastasis progression in patients undergoing S-1 or eribulin treatment.

(a) Total (n = 75)

Disease TTF ?, Median b ¢
Agent Progression (Range) NM (+) NM (=) P
S-1(n=19) 16 8 (2-56) 8 (50.0%) 8 (50.0%) 0.043
Eribulin (n = 56) 38 6 (1-43) 7 (22.6%) 31 (77.4%)
(b) S-1 followed by eribulin (1 = 35)
Disease TTE, Median
Agent Progression (Range) NM ) NM &) P
S-1 29 10 (3-59) 14 (48.3) 15 (51.7) 0.025
Eribulin 27 6 (1-22) 5(18.5) 22 (81.5)
(c) Eribulin followed by S-1 (n = 21)
Disease TTE Median
Agent Progression (Range) NM (+) NM (-) P
-1 4 7 (1-11) 1(25.0) 3 (75.0) 1.000
Eribulin 11 5 (1-16) 2(18.2) 9 (81.8)

a TTE, time to treatment failure; ® NM (new metastasis) (+), NM or NM + PEM (pre-existing metastasis);  NM (-),

PEM only.
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2.2. Expression of Epithelial and Mesenchymal Markers in Breast Cancer and Non-Epithelial Cell Lines

First, we examined if our selected markers reflect the EMT status by evaluating their expression
in various cell lines. The quantitated gene expression levels of the different markers are shown in
Figure 1a. The epithelial markers (CK18 and CK19) were expressed in all breast cancer cell lines,
whereas the mesenchymal markers (PLS3, vimentin, and N-cadherin) were expressed mainly in the
non-epithelial cell lines. PLS3, which is reportedly expressed in both epithelial and mesenchymal
cells [18], was expressed in most of the cell lines albeit at varying levels among them.
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Figure 1. Expression of epithelial and mesenchymal markers in breast cancer cell lines and tissues.
(a) Expression in invasive ductal carcinoma cell lines (#1-6: CRL1500, MCF-7, MDA-MB231, Mrknul,
SKBR3, and YMBI cells, respectively), a normal mammary epithelial cell line (#7: HMECs), and
non-epithelial cell lines (#8-12: Raji B lymphocytes, Jurkat T lymphocytes, HT1080 fibrosarcoma cells,
THP-1 monocytes, KMST-6 fibroblasts, respectively). The expression levels are expressed relative
to the level in HMECs (1.0). (b) Expression in normal and tumor tissues of breast cancer patients
obtained from The Center Genome Atlas (TCGA) dataset. T: tumor tissues; N: normal mammary
tissues. (c) Expression in tissues of breast cancer patients from TCGA dataset according to estrogen
receptor (ER) status. +: ER-positive; —: ER-negative.
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2.3. Expression of Epithelial and Mesenchymal Markers in Breast Cancer Tissues

We also assessed the expression levels of the epithelial and mesenchymal markers in breast cancer
tissues using The Center Genome Atlas (TCGA) datasets (Figure 1b,c). As shown in Figure 1b, CK18,
CK19, and N-cadherin levels were higher in tumor tissues (7 = 1093) than in normal tissues (1 = 112)
of breast cancer patients (p < 0.001). Unexpectedly, PLS3 and vimentin expression levels were lower in
tumor tissues than in normal tissues (p < 0.001).

Next, we compared marker expression between ER-positive (1 = 823) and ER-negative (1 = 219)
cases (Figure 1c). As expected, the expression levels of the mesenchymal markers were higher in the
ER-negative than ER-positive cases (PLS3, vimentin, and N-cadherin: p < 0.001, p <0.001, and p = 0.002,
respectively), whereas the expression levels of the epithelial markers were higher in the ER-positive than
ER-negative cases (CK18 and CK19: both p < 0.001). These results suggest that mesenchymal markers
are expressed in high-grade cancers with metastatic potential, because ER-negative tumors tend to be
associated with earlier relapse and worse prognosis compared with ER-positive tumors [19-22].

2.4. Expression of Epithelial and Mesenchymal Markers in the PB of Breast Cancer Patients

Next, we assessed the mRNA expression levels of the epithelial and mesenchymal markers in the
PB of 16 patients with recurrent breast cancer and 10 healthy volunteers (HVs) using Ueo and Beppu
cohorts (Figure 2a). CK18, vimentin, and N-cadherin expression in PB was statistically higher in the
patients with recurrent breast cancer than in HVs (p = 0.031, p = 0.004, and p = 0.031, respectively).
Other markers also had a tendency to be higher in PB from patients compared with HVs. These findings
indicate that these markers are expressed in circulating tumor cells (CTCs) or host cells in the PB of
breast cancer patients.

2.5. Expression of Epithelial and Mesenchymal Markers in the PB of Patients with Recurrent Breast Cancer
with NM or PEM

We compared the expression levels of epithelial and mesenchymal markers in the PB of patients
with recurrent breast cancer with NM (the total number of samples; 7 = 9 from 4 patients) versus PEM
(the total number of samples; n = 16 from 3 patients) using Ueo cohort. The changes in the expression
levels of the markers in a representative case of NM or PEM are shown in Figure 2b. Interestingly, the
expression level of N-cadherin increased consistently with time in the NM case, although the level of
the tumor markers CEA and CA15-3 were not elevated. In the PEM case, the expression of N-cadherin
was low, although CA15-3 was elevated. Furthermore, the expression levels of the mesenchymal
markers tended to be higher in the NM, whereas epithelial marker expression was higher in the PEM
cases (Figure 2c). Statistical differences in N-cadherin, vimentin, and CK18 levels between the NM
and PEM cases were found (p = 0.002, p = 0.027, and p = 0.011, respectively). These data suggest that
N-cadherin expression in PB is predictive of NM, and N-cadherin may reflect the real-time metastatic
potential of tumor cells.

2.6. Expression of Epithelial and Mesenchymal Markers in the PB of Patients with Recurrent Breast Cancer
undergoing Eribulin or 5-1 Rreatment

Next, we compared the levels of epithelial and mesenchymal markers in the PB of patients with
recurrent breast cancer undergoing eribulin (the total number of samples; n = 19 from 4 patients)
versus S-1 (the total number of samples; n = 17 from 8 patients) treatment (Figure 2d). Interestingly,
the expression of N-cadherin in PB was statistically lower in the patients treated with eribulin than in
those treated with S-1 (p < 0.001).

Moreover, the expression level of N-cadherin was decreased by eribulin treatment compared with
before treatment. The changes in N-cadherin expression in the breast cancer patients over the course
of eribulin or S-1 treatment are shown in Figure 2e. Among the eight patients treated with S-1, six
showed over a twofold increase in the N-cadherin expression compared with baseline, whereas only
one of the four patients treated with eribulin showed over a twofold increase in N-cadherin expression
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compared with baseline. These data further support that eribulin can induce the conversion of EMT to
MET, as reported previously [11-13].
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Figure 2. Expression of epithelial and mesenchymal markers in the peripheral blood (PB) of breast
cancer patients undergoing chemotherapy. (a) A comparison of expression levels of the markers in PB
between breast cancer patients just before eribulin or S-1 chemotherapy and healthy volunteers (HVs).
(b) Changes in the expression levels of the markers in representative cases of NM and PEM over the
treatment course of eribulin or S-1 treatment. Left: case #5 treated with S-1; right: case #9 treated with
eribulin. The expression levels are expressed relative to the level at pre-treatment (baseline; 1.0). BS;
baseline. (c) A comparison of expression levels of the markers in PB of breast cancer patients with NM
or PEM. The expression levels are expressed relative to the level at pre-treatment (baseline; 1.0). BS;
baseline. n; the total number of samples from patients. (d) A comparison of expression levels of the
markers in PB of breast cancer patients undergoing eribulin or S-1 treatment. The expression levels
are expressed relative to the level at pre-treatment (baseline; 1.0). BS; baseline. n; the total number of
samples from patients. (e) Changes in N-cadherin expression in breast cancer patients over the course
of eribulin or S-1 treatment. The expression levels are expressed relative to the level at pre-treatment
(baseline; 1.0). BS; baseline.
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2.7. Clinicopathological Significance of Preoperative N-Cadherin mRNA Expression in the PB of Breast Cancer
Patients undergoing Curative Surgery

The results of the abovementioned expression analyses motivated us to investigate the value
of preoperative N-cadherin expression in PB for predicting breast cancer recurrence in patients after
curative surgery, because recurrence is considered a type of NM.

0.30 0.30

0.20 . 0.20

%,

0.10 0.10

o = =

1 n 1} - o
(n=126) (n=182) (n=16) (n=83) (n=240)

Stage ER

N-cadherin expression level
:
N-cadherin expression level

HR=147(12-1.8)
logrank P = 0.00016

=
[ ) L
= — Low (n=167) s *
0.4 — High (n=159) &l
p=0.041
0.2 o~
© Expression
0.0 S |
o 1 2 3 4 5 6 7 o | =l . . :
Years after surgery 0 50 100 150 200
Time (months)
e
Breast cancer Primary cancer
Recurrence
Circulating N-cadherin level I:> “New” metastasis E:} Poor prognosis
Real-time \ Recurrent cancer

Malignant Potential
New metastatic lesion

Figure 3. Preoperative expression levels of N-cadherin mRNA in the PB of breast cancer patients
undergoing curative surgery. (a) N-cadherin expression in the PB of patients with breast cancer
according to TNM stage. (b) N-cadherin expression in the PB of patients with breast cancer according to
ER status. +: ER-positive; —: ER-negative. (c) The RFS of 326 patients with breast cancer after curative
surgery according to N-cadherin expression in preoperative PB. (d) The RFS of 3951 patients with
invasive ductal carcinoma from the Kaplan-Meier plotter dataset according to N-cadherin expression
in breast cancer tissues. (e) A proposed model showing the clinical significance of the circulating
N-cadherin level for predicting NM in breast cancer.

First, we assessed N-cadherin expression in the PB of the 326 patients with breast cancer using
Kyushu cohort. The N-cadherin levels ranged from 5.805 x 107> to 0.352 (median, 0.045). The median
expression level of N-cadherin in patients with TNM stage L, II, or III (126, 182, or 16 cases, respectively)
was 0.042, 0.048, or 0.051, respectively (Figure 3a). The median expression levels of N-cadherin in the
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ER-positive (n = 240) and ER-negative (1 = 83) cases were 0.045 and 0.047, respectively. There was no
significant difference in the N-cadherin level in PB according to TNM stage or ER status (Figure 3a,b).

Next, the relationships between clinicopathological factors and N-cadherin expression in blood
were examined in the 326 patients with breast cancer. The patients were divided into two groups (high
and low N-cadherin expression) as described in Materials and Methods. The cutoff level of N-cadherin
expression was 0.046. As shown in Table 3, there were no significant differences between the high and
low N-cadherin expression groups in terms of clinicopathological factors including age, tumor size,
nuclear grade, venous involvement, lymphatic involvement, lymph node metastasis, ER/PgR/HER2
status, and subtype.

Table 3. Relationships between clinicopathological factors and N-cadherin expression in PB of breast
cancer patients.

Low Expression (n = 167) High Expression (n = 159)

Variable 1 (%) 1 (%) p
Age (years) 0.092
<65 119 (71.3) 126 (79.2)

>65 42 (25.1) 28 (17.6)

unknown 6(3.6) 5(3.2)

Pathological tumor size 0.634
1 90 (53.9) 82 (51.6)

2,3 75 (44.9) 76 (47.8)

unknown 2(1.2) 1(0.6)

Nuclear grade 0.956
1,2 108 (64.7) 105 (66.0)

3 49 (29.3) 47 (29.6)

unknown 10 (6.0) 7 (4.4)

Venous involvement 0.402
(-) 155 (92.8) 143 (89.9)

(+) 8 (4.8) 11 (6.9)

unknown 4(2.4) 5(3.1)

Lymphatic involvement 0.070
(-) 111 (66.5) 91 (57.2)

(+) 52 (31.1) 65 (40.9)

unknown 4(2.4) 3(1.9)

Lymph node metastasis 0.194
-) 112 (67.1) 95 (59.7)

(+) 55(32.9) 63 (39.6)

unknown 0(0.0) 1(0.6)

ER 0.721
(-) 41 (24.6) 42 (26.4)

(+) 124 (74.3) 116 (73.0)

unknown 2(1.2) 1(0.6)

PgR 0.159
(-) 62 (37.1) 72 (45.3)

(+) 103 (61.7) 87 (54.7)

unknown 2(1.2) 0(0.0)

HER2 0.235
-(0,1) 104 (62.3) 97 (61.0)

+(2,3) 44 (26.3) 55 (34.6)

unknown 19 (11.4) 7 (4.4)

Subtype 0.076
HR ?+/HER2— 92 (55.1) 76 (47.8)

HR+/HER2+ 44 (26.3) 55 (34.6)

TND 12(7.2) 21 (13.2)

unknown 19 (11.4) 7 (4.4)

Correlations were analyzed by Fisher’s exact test. * HR, hormone receptor; ® TN, triple negative.
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2.8. Prognostic Significance of Preoperative N-Cadherin mRNA Expression in the PB of Breast Cancer Patients
undergoing Curative Surgery

Next, we assessed the prognostic significance, in terms of RFS, of N-cadherin expression in PB
using Kyushu cohort. The high N-cadherin expression group (n = 159) had a significantly worse
recurrence-free survival (RFS) (p = 0.041) than the low N-cadherin expression group (1 = 167)
(Figure 3c). Next, univariate and multivariate regression analyses of predictive factors for RFS
were performed (Table 4). Univariate analyses showed that lymphatic involvement, lymph node
metastasis, PgR-negative, and high N-cadherin expression were statistically significant prognostic
factors for RFS (p = 0.002, p = 0.002, p = 0.026, and p = 0.040, respectively). N-cadherin expression
and clinicopathological factors such as lymph node metastasis, and PgR status were included in the
multivariate analysis. N-cadherin expression in PB was not a significant independent prognostic factor
for RFS in patients with breast cancer according to the multivariate analysis (HR: 2.215, p = 0.092).

Table 4. Univariate and multivariate analyses of prognostic factors for recurrence-free survival (RFS)
in breast cancer patients.

. Univariate Multivariate
Variables
HR (95% CI ?) 4 HR (95% CI) 14

Age (years) (>65/<65) 0.410 (0.065-1.432) 0.181
Pathological tumor size (2 or 3/1) 2.064 (0.845-5.494) 0.113
Nuclear grade (3/1 or 2) 1.673 (0.648-4.135) 0.277
Venous involvement (+/-) 1.862 x 107 (0.609-1.609)  0.119
Lymphatic involvement (+/-) 4.127 (1.655-11.653) 0.002

Lymph node metastasis (+/-) 4.199 (1.685-11.860) 0.002  4.023 (1.610-11.380) 0.003
ER (+/-) 0.497 (0.205-1.268) 0.138

PgR (+/-) 0.363 (0.136-0.887) 0.026  0.380 (0.142-0.931)  0.034
HER2 (2 or 3/0 or 1) 2.13 (0.875-5.210) 0.094

N-cadherin expression in PB (high/low) 2.611 (1.046-7.380) 0.040  2.215(0.882-6.295)  0.092

2 (I, confidence interval.

2.9. Prognostic Significance of N-Cadherin mRNA Expression in the Tumor Tissues of Breast Cancer Patients
undergoing Curative Surgery

We investigated the prognostic significance of N-cadherin in the tumor tissues of breast cancer
patients treated with curative surgery using the Kaplan-Meier plotter dataset. “Systemically untreated
breast cancer patients” with any intrinsic subtype were selected for the analysis. These patients were
divided into two groups based on N-cadherin expression by selecting the “Auto Select best cutoff”
feature of the Kaplan-Meier plotter. As expected, the RFS was shorter in the high (17 = 1173) than low
N-cadherin expression group (1 = 2778) among all cases (p < 0.001, 1% FDR, Figure 3d).

These clinical results suggest that N-cadherin expression in PB reflects the metastatic potential of
tumor cells and is a potential biomarker predicting NM in breast cancer (Figure 3e).

2.10. Assessment of N-Cadherin mRNA Expression in PB Cell Fractions

Finally, we assessed the distribution of N-cadherin expression in PB cells of breast cancer patients
using Beppu cohort. The expression levels of N-cadherin and CKs in polymorphonuclear leukocytes
(PMNs), mononuclear cells (MCs), and red blood cells (RBCs) from 24 patients with breast cancer were
measured by RT-qPCR (Figure 4). The average ratios of N-cadherin relative expression in RBCs, MCs
and PMN:s to that in whole blood were 0.021, 0.417, and 14.375, respectively. N-cadherin expression
was much higher in PMNs than in MCs or RBCs (p < 0.001), indicating that N-cadherin is expressed
predominantly in PMNs within PB (Figure 4a).
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Figure 4. N-cadherin mRNA expression in different PB cell fractions. (a) N-cadherin expression in
three PB cell types in breast cancer patients. RBC: red blood cells; MC: mononuclear cells; PMN:
polymorphonuclear leukocytes. (b) N-cadherin, CK18, and CK19 expression in the PMNs and MCs of
breast cancer patients and healthy volunteers.

Next, we compared N-cadherin expression in PMNs and MCs between breast cancer patients
(n = 24) and HVs (n = 10) (Figure 4b). In PMNs, the median levels of N-cadherin, CK18, and CK19
expression were 1.698, 0.706, and 0.350 in breast cancer patients and 0.851, 0.249, and 0.167 in HVs,
respectively. In MCs, the median levels of N-cadherin, CK18, and CK19 expression were 0.264, 0.079,
and 3.214 in breast cancer patients and 0.195, 0.062, and 2.228 in HVs, respectively. The expression
levels of N-cadherin, CK18, and CK19 in PMNs were higher in breast cancer patients than in HVs
(p = 0.004, p = 0.003, and p = 0.003, respectively); however, in MCs, there was no statistical difference
in expression levels between breast cancer patients and HVs. These findings suggest the possibility
that N-cadherin-expressed cells are circulating tumor cells (CTCs) in PMN fraction of breast cancer
patients because CKs-expressed cells in PB are mainly cancer cells in patients with various epithelial
malignancies [23].
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3. Discussion

N-cadherin is a transmembrane glycoprotein that mediates calcium-dependent cell-cell adhesion,
mediated by post-translational modifications such as phosphorylation of the N-cadherin catenin
complex [24]. This protein is multifunctional and can interact with many different proteins and
be involved in many different functional events [25]. N-cadherin possesses seven glycation sites on
its ectodomain with ectodomains. Therefore, in order to obtain a real picture about its function it is
necessary to consider that: i) its adhesive function can be certainly regulated by gradual post-translational
modifications; ii) for example, its structural organization can strongly depend on its phosphorylation
status; and iii) its N-glycosylation sites can regulate N-cadherin-dependent cell adhesion. These points
are very interesting and need further investigations to elucidate which form of the N-cadherin complex
in blood can play a role in NM development.

In this pilot study, we demonstrated that N-cadherin expression in PB is a potentially useful
biomarker for predicting NM, which is associated with a poor prognosis in breast cancer, by sequential
monitoring of N-cadherin expression levels in the PB of patients undergoing chemotherapy. To our
knowledge, this is the first study to identify a biomarker predictive of NM. Furthermore, we observed
that breast cancer patients treated with eribulin, compared with S-1, have a low incidence of NM and
low expression of the mesenchymal marker N-cadherin in PB. This adds to the growing evidence that
eribulin suppresses NM by conversion of EMT to MET in tumor cells.

Cadherins are single-chain transmembrane glycoproteins that mediate calcium-dependent
homophilic cell-cell adhesion and play a critical role in regulating signaling pathways that maintain
essential gene transcription [26]. N-cadherin, one of most well-studied cadherins, is expressed mainly in
neural and mesenchymal tissues. In various malignancies including breast cancer, cells acquire motility
and invasiveness by upregulating N-cadherin during EMT [27-29]. We also reported that N-cadherin
is associated with tumor aggressiveness in esophageal carcinoma [30], and others demonstrated the
value of N-cadherin as a marker of invasive, malignant tumors [29,31], supporting our finding that
N-cadherin expression in PB may be a predictive biomarker of NM. The expression level of N-cadherin
may represent the real-time metastatic potential of tumor cells (Figure 3e).

Our prognostic analysis of N-cadherin expression in PB and tumor tissues showed that high
preoperative levels are associated with early recurrence in breast cancer patients undergoing curative
surgery. These observations provide new insight that recurrence in primary breast cancer after curative
surgery is a type of NM. Furthermore, this insight suggests that sequential monitoring of N-cadherin
expression in PB during postoperative follow-up may help determine the best treatment for patients
with breast cancer.

We also evaluated the specific cell type in PB that expresses the highest level of N-cadherin in
breast cancer patients. PMNs expressed the highest level of N-cadherin compared with MCs and RBCs.
Furthermore, expression of N-cadherin as well as the epithelial markers CK18 and CK19 in PMNs was
higher in breast cancer patients than in HVs, implying that N-cadherin is expressed mainly in CTCs,
similar to vimentin [32]. However, PMNs may express N-cadherin upon stimulation by tumor cells.
Further study is required to clarify the biological significance of N-cadherin expression in PMNs and
identify other PB cell types expressing N-cadherin.

There were some limitations to this study. First, a larger cohort is needed to validate the clinical
utility of sequential monitoring of N-cadherin expression in PB. Next, monitoring N-cadherin mRNA
levels in PB may not be suitable in the clinic because of the complication of the measurement system.
Measurement of N-cadherin protein levels may be more practical because proteins in blood are easily
measured by ELISA, as shown in a previous study that evaluated N-cadherin levels in the blood of
patients with malignant melanoma [33]. Finally, we focused only on PLS3, vimentin, and N-cadherin,
among the various EMT markers, as potential biomarkers of NM. Based on this pilot study, we plan to
perform comprehensive analyses in PB using RNA sequencing or mass spectrometry.
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4. Materials and Methods

4.1. Study Patients

The data from recurrent breast cancer patients treated with eribulin (56 cases) and/or S-1 (19 cases)
at Ueo Breast Surgical Hospital (Oita, Japan) from January 2015 to December 2017 were extracted from
the medical records. We chose the data from patients treated with S-1 (oral 5-fluorouracil derivative) as
a reference control to compare with those treated with eribulin. This is because both S-1 and eribulin
are often used as third-line chemotherapy agents, after anthracyclines and taxanes [1], for patients with
recurrent breast cancer in Japan, based on the findings of a randomized controlled trial (SELECT BC)
showing equivalent overall survival between S-1-treated and taxane-treated patients with metastatic
or recurrent breast cancer [34]. Furthermore, in contrast to eribulin, 5-fluorouracil was reported to
induce the conversion of MET to EMT [11,13]. Clinical data, including the progression of metastases
during either eribulin or S-1 treatment, from breast cancer patients were also investigated. In this
study, disease progression was defined as NM and/or growth of PEM based on systemic computed
tomography findings.

4.2. Patient Cohorts in Gene Expression Analysis

We used 3 patient cohorts (Ueo, Beppu, and Kyushu) and 2 public datasets (The Cancer Genome
Atlas (TCGA) and The Kaplan—Meier Plotter) for expression analysis. The details are described below.
All patients provided written informed consent to participate in this study, which was approved
by each institutional review board and the Ethics and Indications Committee of Kyushu University
(#577-00, #29-597).

4.3. Clinical Samples

To observe genes expression levels over time in blood, PB samples were processed from blood,
collected during routine examinations conducted over a 1-year period (2015-2016), from 20 patients
with HER2-negative breast cancer with relapse undergoing chemotherapy (eribulin or S-1) at Ueo
Breast Surgical Hospital (affiliated with Kyushu University Beppu Hospital), after obtaining written
informed consent (Ueo cohort). Inclusion criteria were Eastern Cooperative Oncology Group grade < 2
and adequate organ and hematological function. Eribulin was administered intravenously (1.4 mg/m?)
on days 1 and 8 of each 3-week cycle. S-1 was administered orally (40-60 mg) twice daily for 28
consecutive days, followed by a 14-day rest period.

Observation was continued until the patient experienced disease progression, according to systemic
computed tomography findings, or after 1 year of chemotherapy with eribulin or S-1 if no disease
progression was detected. The detailed clinical characteristics and sampling protocol are provided
in Figure S2 and Table S1. Immediately after collection, each 1 mL sample of blood was mixed with
4 mL ISOGEN-LS (Nippon Gene, Toyama, Japan) and stored at —80 °C until RNA extraction. Sixteen of
the blood samples from 16 cases were sent to Kyushu University Beppu Hospital for analysis without
knowledge of the histopathological or clinical results. Four cases dropped out in the middle of this
study. Samples from 12 cases total were processed for gene expression analysis.

Furthermore, gene expression was evaluated in three different fractions of blood cells:
polymorphonuclear leukocytes (PMNs), mononuclear cells (MCs), and red blood cells (RBCs) (Beppu
cohort). Blood samples were obtained from 24 breast cancer patients with invasive carcinoma who
underwent primary tumor resection at Kyushu University Beppu Hospital in 2017. Control blood
samples were obtained from 10 healthy volunteers (HVs) at Kyushu University Beppu Hospital.
The blood samples were immediately processed for isolation of the three cell types.

To determine the clinical significance of preoperative gene expression in the PB of patients
with primary breast cancer undergoing curative surgery, we used clinical data from breast cancer
patients described previously (Kyushu cohort) [35]. Briefly, a total of 594 patients with breast cancer
underwent primary tumor resection at the Department of Breast Oncology, National Kyushu Cancer
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Center (Fukuoka, Japan), from 2000 to 2008. Of these, 356 female patients with breast cancer without
distant metastases, preoperative therapy, or previous treatment for other cancers were included in
this study. Among these patients, 326 with invasive carcinoma were included in a survival analysis.
The observation period ranged from 0.3 to 6.9 years (median 3.8 years). Postoperative adjuvant
therapy was performed according to the guidelines set by the St. Gallen Consensus Conference [36].
The patients underwent clinical examinations at least every 3 months and mammography annually
and were further evaluated only if they exhibited symptoms.

The stages and grades of the tumors were classified according to the AJCC/UICC TNM classification
and stage groupings. All data including age, pathological tumor size, nuclear grade, venous
involvement, lymphatic involvement, lymph node metastasis, and the statuses of estrogen receptor
(ER), progesterone receptor (PgR), and human epidermal growth factor receptor (HER2) expression
were obtained from medical records. Recurrence-free survival (RFS) was defined as the period from
surgical treatment for cancer to detection of any sign of recurrence.

4.4. Cell Lines

Twelve human cell lines were used in this study: CRL1500, MCF-7, MDA-MB231, Mrknul,
SKBR3, YMBI (all breast intraductal carcinoma cell lines), HMEC (mammary epithelial cell line), Raji
(B lymphocytes), Jurkat (T lymphocytes), HT1080 (fibrosarcoma), THP-1 (monocytes), and KMST-6
(fibroblasts). The latter five are all non-epithelial tumor cell lines. Among the breast cancer cell lines,
CRL1500 and MCF7 cells are ER positive, MDA-MB231 cells are ER, PgR and HER2 negative (triple
negative), Mrknul cells are ER negative, SKBR3 cells are ER negative and HER2 positive, and the
ER/PgR/HER? status of YMBI cells is unknown. The cell lines were obtained from the Cell Resource
Center for Biomedical Research Institute of Development, Aging and Cancer, Tohoku University, and
were maintained in RPMI-1640 supplemented with 10% fetal bovine serum at 37 °C in a 5% humidified
CO, atmosphere. Upon reaching a subconfluent state, the cell cultures were homogenized and the
lysates stored at —80 °C.

4.5. Separation of Three Blood Cell Fractions

We used Polymorphprep™ (Alere Technologies AS, Oslo, Norway) to isolate three blood
cell fractions (PMNs, MCs, and RBCs) according to the manufacturer’s instructions, as described
previously [35]. Each fraction was mixed with ISOGEN II (Nippon Gene) and stored at —80 °C until
RNA extraction.

4.6. Total RNA Extraction

Total RNA was extracted from cell lines or blood samples using ISOGEN II or ISOGEN-LS,
respectively, according to the manufacturer’s instructions (Nippon Gene, Toyama, Japan).

4.7. Mesenchymal and Epithelial Markers

Plastin-3 (PLS3), vimentin, and N-cadherin were selected for evaluation as mesenchymal
markers [37]. PLS3 is a marker of circulating tumor cells, including not only epithelial cells but
also tumor cells undergoing EMT [18,38]. CK18 and CK19 were selected for evaluation as epithelial
markers, as the controls [23,37].

4.8. RT-qPCR

RT-qPCR of CK18, CK19, PLS3, vimentin, N-cadherin, RNA18S5, and GAPDH mRNA levels was
performed as described previously [39]. In brief, reverse transcription was performed using random
hexamers and M-MLYV reverse transcriptase (Invitrogen, Carlsbad, CA, USA). qPCR was performed
using LightCycler® FastStart DNA Master SYBR Green I (Roche Diagnostics, Basel, Switzerland). The
raw data are presented as the relative cDNA level from Human Universal Reference Total RNA (Clontech
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Laboratories, Palo Alto, CA, USA) and normalized to the level of the internal control gene (RNA18S5 or
GAPDH). Relative quantification of gene expression was calculated using the 24t method. The primer
sequences used for RT-PCR were as follows: CK18, forward 5-ATCTTGGTGATGCCTTGGAC-3" and
reverse 5'-CCTGCTTCTGCTGGCTTAAT-3"; CK19, forward 5'-CATGAAAGCTCCCTTGGAAGA-3" and
reverse 5'-TGATTCTGCCGCTCACTATCAG-3’; PLS3, forward 5'-CCTTCCGTAACTGGATGAACTC-3’
and reverse 5’-GGATGCTTCCCTAATTCAACAG-3’; vimentin, forward 5'-TACAGGAAGCTGCTGGA
AGG-3’ and reverse 5'-ACCAGAGGGAGTGAATCCAG-3’; N-cadherin, forward 5 -ATTGGACCATCA
CTCGGCTTA-3’ and reverse 5'-CACACTGGCAAACCTTCACG-3’; RNA18S5, forward 5'-AGTCCCT
GCCCTTTGTACACA-3 and reverse 5'-CGATCCGAGGGCCTCACTA-3’; and GAPDH, forward
5-TTGGTATCGTGGAAGGACTC-3" and reverse 5'-AGTAGAGGCAGGGATGATGT-3'.

4.9. TCGA Analysis

We used TCGA data to analyze the expression of CK18, CK19, PLS3, vimentin, and N-cadherin
in breast cancer tissues. The expression data of these genes in tumor tissues from 1093 breast cancer
cases and in normal tissues from 112 cases with breast cancer available in TCGA were obtained from
the Broad Institute’s Firehose pipeline (http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/
BRCA/20160128/). The sequencing data were normalized by quantile normalization, as described
previously [40].

4.10. Kaplan—Meier Plotter Survival Analysis

The Kaplan-Meier Plotter (www.kmplot.com), an online database that includes gene expression
and clinical datasets, was used to generate Kaplan—Meier plots for RFS as described previously [41].

4.11. Statistical Analysis

For the clinical analysis, the cases were divided into two groups according to N-cadherin expression
using the minimum p value approach, which is a comprehensive method to determine the optimal cutoff
point for survival risk classification among continuous gene expression measurements from multiple
datasets [42]. The variables were compared using the Mann-Whitney U test or Fisher’s exact test.
Survival curves were generated using the Kaplan-Meier method and compared by log-rank test. Cox
proportional hazards regression was used for univariate and multivariate analyses to calculate hazard
ratios for the factors associated with survival. A two-sided p < 0.05 was deemed statistically significant.
Statistical analyses were performed using JMP Pro 13 software (SAS Institute, Cary, NC, USA).

5. Conclusions

We demonstrated that N-cadherin mRNA expression in blood serves as a novel prognostic
biomarker for predicting NM and cancer recurrence in patients with breast cancer. Furthermore, we
provide clinical evidence that eribulin inhibits NM possibly via suppression of EMT. These findings
highlight the role of N-cadherin in NM, which serves as a guide for the treatment of breast cancer, and
provide a better understanding of the molecular mechanism of breast cancer recurrence.
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Abstract: Oncogenic v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (K-RAS) plays a key role
in the development and maintenance of pancreatic ductal adenocarcinoma (PDAC). The targeting of
K-RAS would be beneficial to treat tumors whose growth depends on active K-RAS. The analysis
of K-RAS genomic mutations is a clinical routine; however, an emerging question is whether the
mutational status is able to identify tumors effectively dependent on K-RAS for tailoring targeted
therapies. With the emergence of novel K-RAS inhibitors in clinical settings, this question is relevant.
Several studies support the notion that the K-RAS mutation is not a sufficient biomarker deciphering
the effective dependency of the tumor. Transcriptomic and metabolomic profiles of tumors, while
revealing K-RAS signaling complexity and K-RAS-driven molecular pathways crucial for PDAC
growth, are opening the opportunity to specifically identify K-RAS-dependent- or K-RAS-independent
tumor subtypes by using novel molecular biomarkers. This would help tumor selection aimed at
tailoring therapies against K-RAS. In this review, we will present studies about how the K-RAS
mutation can also be interpreted in a state of K-RAS dependency, for which it is possible to identify
specific K-RAS-driven molecular biomarkers in certain PDAC subtypes, beyond the genomic K-RAS
mutational status.

Keywords: pancreatic cancer; K-RAS oncogene; oncogene dependency; targeted therapies; biomarkers;
genomic mutations; transcriptomics; metabolomics

1. Oncogenic K-RAS: A Critical Driver for Pancreatic Cancer

Pancreatic ductal adenocarcinoma (PDAC) is a major cause of cancer-related death with an
overall five-year survival rate of only 8% [1,2]. PDAC is diagnosed at an advanced, inoperable
stage in the vast majority of cases and most of the patients diagnosed with surgically resectable
disease recur within the first 2-3 years after the operation [3]. Current systemic first-line
treatment for advanced inoperable PDAC includes polychemotherapy regimens such as folinic acid/
5-fluorouracil/irinotecan/oxaliplatin, (FOLFIRINOX),cisplatin/nab-paclitaxel/capecitabine/gemcitabine
(PAXG), gemcitabine/nab-paclitaxel, and gemcitabine monotherapy in a small sub-group of elderly,
frail, or unfit patients. Primary chemoresist/ance or recurrence rates in PDAC remain high, and overall
survival from the start of first-line ranges approximately from 8 to 12 months [4-6]. Currently,
no validated prognostic or predictive biomarkers exist for PDAC, except for general clinical criteria
(performance status, disease burden, CA19.9 levels), and no targeted or immune-based therapies have
proven to be effective so far, although a large number of clinical trials are ongoing and efficacy data for
novel treatments are awaited [7-9].
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The RAS pathway is one of the most frequently altered pathways in cancer, found in approximately
19% of all human cancer harboring RAS gene mutations [10]. Among the three major isoforms
of oncogenic RAS, K-RAS is the most frequently mutated [11-13]. Mutation of K-RAS is the
initiating genetic event of pancreatic intraepithelial neoplasias (PanINs) and is required to drive
PDAC development and tumor maintenance [14-18] Oncogenic mutant K-RAS is found in about 88% of
PDAC [10]. Oncogenic mutation in K-RAS protein leads to aberrant or constitutive signaling even in the
absence of growth factors, leading to increased proliferation, invasion, and metastasis [19]. Inactivating
mutations in crucially tumor suppressor genes, particularly CDKN2A/p16, TP53, and SMAD4, cooperate
with oncogenic K-RAS to promote aggressive PDAC tumor growth and metastasis [19-26].

K-RAS is a member of the RAS family of Guanosine Tri-Phosphate(GTP)-ases that regulates
several cellular processes including survival, proliferation, differentiation, migration, and apoptosis [27].
RAS proteins function as molecular switches promoting conversion from an inactive to an active
GTP-bound state. Though tightly controlled in normal cells, the mutation in K-RAS gene leads to
constitutive GTP-bound K-RAS, rendering constitutively activated RAS protein and determining
the persistent activation of downstream signaling pathways resulting in uncontrolled activation of
proliferation and survival pathways [28-31]. The mutations in K-RAS consist of single amino acid
substitutions and are predominant at residues G12, G13, and Q61. Oncogenic mutations of G12 or
G183 create a steric block that prevents the hydrolysis of GTP, whereas substitutions of Q61 interfere
with the coordination of a water molecule required for GTP hydrolysis; these point mutations lead to a
prevalence of the GTP-bound state and to the constitutive activation of K-RAS [19].

Once in its active form, K-RAS engages complex and dynamic downstream effectors such as the
RAF/MEK and the phosphatidylinositol 3-kinase (PI3K)/AKT pathway. The Mitogen-Activated Protein
Kinase (MAPK) pathway is a key mediator of oncogenic K-RAS signaling and BRAF is the principal
mediator of MAPK signaling in K-RAS dependent cancer growth. The BRAF V600E mutations are
mutually exclusive with K-RAS mutations [32]. However, genetic studies in mice models revealed that
BRAF V00F mutation is sufficient to induce PanIN formation in the pancreas of K-RAS wild-type (WT)
mice, and to develop lethal PDAC when combined with a TP53 mutation [33]. The PI3K-dependent
pathway drives tumor growth and cooperates with oncogenic K-RAS to develop PDAC [34,35].
The major driver mutations in this pathway that promote pancreatic tumor development include
mutations in the catalytic and regulatory PI3K subunit, amplification of the PI3K downstream effector
AKT2, and deletion/loss of tumor suppressor Phosphatase/TENsin homolog deleted on chromosome
10 (PTEN), a negative regulator of PI3K/AKT signaling [36-38].

Itis important to mention that a relatively large proportion of patients with PDAC display germline
mutations of some DNA damage repair (DDR) genes. Specifically, 18% of PDAC harbor mutations
in homologous recombination (HR) DDR pathways such as BRCAI and BRCA?2 [39], and the BRCA2
inactivation in combination with p53 deficiency promotes K-RAS driven PDAC development [40,41].

It goes without saying that the genomic landscape of PDAC shows multiple genetic events,
most of them contributing to tumor maintenance in cooperation with the K-RAS activation, most
likely with a different degree of dependency according to the history of the tumor development,
staging, or treatments. Deciphering the effective dependency of the tumor on K-RAS or on alternative
oncogenes is key to promote targeted therapies in PDAC.

2. Defining the K-RAS Dependency in PDAC

K-RAS mutation represents a common genetic event in PDAC, being mutated in almost 88% of
cases [10,42]. However, contrary to preclinical studies, clinical approaches have demonstrated poor
efficacy of treatments targeting the K-RAS pathway in PDAC tumors carrying a K-RAS mutation.
One of the potential explanations is the possibility that the genomic K-RAS mutation is not an efficacious
molecular determinant for tumor dependency on K-RAS activation. Indeed, the absence of K-RAS
gene mutations does not always correlate with K-RAS pathway inactivity due to the activation of the
other components of the network [43,44], and conversely, the presence of RAS mutations does not
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necessarily predict for dependency. This can depend on the activation of additional active molecular
pathways that can complement or subside for K-RAS activation. Thus, determining the genomic
mutational status of specific genes is not always beneficial for predicting pathway activation and the
drug response with targeted compounds [45].

Assessing K-RAS pathway activation status by more comprehensive methods will help better
predict the K-RAS dependency of tumors. Years have passed since the concept of oncogene addiction
was first proposed, linking single dominant oncogene to tumor growth and survival [46]. Omics
studies, such as genomics, transcriptomics, and metabolomics can lead to extensive molecular profiles,
which act as tools to reevaluate the traditional definition of addiction and oncogene dependency as a
functional definition based on the oncogene-driven phenotype, regardless of the presence or not of a
specific oncogenic gene mutation. A large number of observations in animal models and pancreatic
cancer cell lines revealed that the K-RAS gene, although mutated or overexpressed, is dispensable in a
subset of human and mouse K-RAS mutant PDAC cell lines. By using RNA interference, inducible
transgenic models or Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9
technology, it has been possible to classify two subtypes of PDACs harboring the K-RAS mutation:
tumors in which a K-RAS depletion led to apoptosis and thus they are considered as “K-RAS-dependent”
and others that are resistant to K-RAS depletion, without a sign of apoptosis, and considered as
“K-RAS-independent” [47-53]. The extensive molecular characterization of such models shed a light
on additional features that would be missed based on simple genomic classification of the tumor,
with the potential of a profound implication from a therapeutic and prognostic point of view.

The goal of this review is to provide an overview of emerging molecular markers of K-RAS oncogene
dependency, regardless of the genomic mutation status. Gene expression profile studies, in particular,
allow to understand if the K-RAS pathway could be activated by mutations of the K-RAS gene or
by many other mechanisms, and they help to deconstruct the K-RAS network contribution in tumor
progression [45,48,54]. In addition, metabolomics studies identified pathways and metabolites that are
specifically enriched in K-RAS-dependent PDAC to mediate a metabolic reprogramming relevant to
tumor growth. Thus, multiple and specific molecular biomarkers underlining the oncogenic phenotype
associated with a real dependency on K-RAS oncogene in PDAC are emerging. The translational value
of such information is manifold since i) it helps to find novel diagnostic biomarkers that could overcome
the limitation of a genomic-based approach for an effective determination of K-RAS dependency and
ii) it provides the ground for novel therapeutic strategies to define effective targeted therapy against a
subclass of PDAC patients, whose tumors have K-RAS dependency and actionable vulnerabilities.

In the next paragraphs, we will discuss molecular profiling based on transcriptomic and
metabolomics studies that provided novel markers for K-RAS dependency in PDAC.

3. Scores of K-RAS Dependency Based on Gene Expression Signatures

Specific gene expression signatures can be associated with oncogenic mutations and deregulated
signaling pathways in tumors [45,55]. Several studies demonstrated the potential of using gene
expression profiles of cancer cells to analyze oncogenic pathways [45,56]. Gene expression signature is
also a powerful tool for predicting drug response in vitro linked to specific molecular pathways [45,57,
58]. In tumor samples, gene expression signature can reveal molecular pathways that are activated
independently from mutation status, confirming that mutations were no obvious predictors for
pathway activation [44]. As an example, in bladder urothelial carcinoma, Epidermal Growth Factor
Receptor (EGFR)-, K-RAS-, and RAF-dependent pathways were activated in 42%, 22%, and 38% of
cases, but only three patients carried the EGFR mutation and no mutation in K-RAS or RAF was found.
Furthermore, reverse phase protein array (RPPA) demonstrated significant MAPK pathway activity in
both K-RAS-mutant lung adenocarcinoma and K-RAS wild-type samples [44].

Oncogenic K-RAS-specific signatures have been derived from cancer models [48,51,59].
Gene expression profiling studies in some cell lines and human tumors have allowed identifying
a more comprehensive K-RAS-dependent network able to understand the pathway activation’s
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status and to better describe the K-RAS-dependent molecular network [47,48]. In their studies,
Singh et al. [47] stratified K-RAS mutant pancreatic and lung cancer cell lines into K-RAS-dependent or
K-RAS-independent subtypes, according to the ability of K-RAS to support cell viability. Specifically,
the ablation of mutant K-RAS by RNAi affected cell viability and induced apoptosis with differential
sensitivity between cell lines. A K-RAS dependency index, in a subset of pancreatic and lung cancer
cell lines harboring oncogenic K-RAS, was defined based on caspase-3 cleavage values. To better
delineate the molecular mechanisms that distinguish K-RAS-dependent and independent cell lines,
a gene expression signature identifying genes differentially expressed in these two groups was derived.
The authors identified a 250 gene-based gene signature to define dependency in PDAC (Table 1).

With a different approach and models, Loboda et al. identified a 147 gene-based K-RAS gene
signature [48] that was associated with tumors with a K-RAS dependency (Table 1). By using a K-RAS
knockdown-based strategy, the authors demonstrated that in a panel of lung and breast tumor cell lines,
not all K-RAS mutated cells were dependent on K-RAS signaling, and some cells carrying wild-type
K-RAS exhibited a K-RAS dependency. Furthermore, the K-RAS dependency gene signature was
highly correlated with MEK and ERK phosphorylation and with the cellular response after a MEK
inhibitor treatment, suggesting the clinical relevance of such gene signature to predict the response to
K-RAS pathway inhibitors [48].

The potential translational value of these scores was validated by Mottini et al. [54] who showed
that the gene expression signatures identified by Loboda and Singh showed a high correlation among
them to classify K-RAS-dependent or K-RAS-independent PDAC cell lines according to signature
similarity scores. In addition, the authors demonstrated, for the first time, that both genetic signatures
derived by Loboda and Singh were able to identify a dependency on K-RAS in patient-derived xenograft
(PDX) models of PDAC, which is a more reliable, patient-like experimental system, demonstrating
the predictive capability of these two gene signatures identified by in-vitro cancer models. The
authors also reported an in-vivo discrepancy between the two K-RAS-dependent gene signatures; they
argued that the discrepancy could reflect the different approaches used to derive such signatures and
potentially be associated with differences in how the microenvironment can influence gene signatures,
in particular, the one identified by Singh et al. [47]. Indeed, classification of PDAC-PDXs using the
ones identified by Singh better match the molecular subtypes recently identified in PDAC patients by
applying tumor-specific factors [60,61]. On the other hand, the signature identified by Loboda might
be associated with a higher degree of cell-autonomous signature, which is potentially less influenced
by microenvironmental components. The authors concluded that, based on the evidence of PDX data
and The Cancer Genome Atlas (TCGA) data, using combined molecular signatures might be a robust
predictive tool to infer oncogene dependency from tumor biopsy or PDX models.

Table 1. Listing of upregulated and downregulated genes related to K-RAS pathway activation [45]
and to K-RAS dependency [44].

Ref Gene Symbol Methodologies

Up Regulated Genes

ADAMS, ADRB2, ANGPTL4, ARNTL2,C190rf10,
C200rf42, CALM2,CALU, CAPZA1, CCL20,
CD274, CDCP1, CLCF1, CSNK1D, CXCL1,

CXCL2,CXCL3, CXCL5, DENND2C, DUSP1,

DUSP4, DUSP5, DUSP6, EFNB1, EGR1, EHD1,

ELK3, EREG, FOS, FOXQ1, G0S2, GDF15, GLTP,

Down Regulated Genes

Loboda et al., 2010

HBEGF, IER3, IL13RA2, IL1A, IL1B, IL8, ITGA2,
ITPR3, KCNK1, KCNN4, KLF5, KLF6, LAMAS3,
LDLR, LHFPL2, LIF, MALL, MAP1LC3B,
MAST4, MMP14, MXD1, NAV3, NDRG1,
NFKBIZ, NPAL1, NT5E, OXSR1, PBEF1,
PHLDA1, PHLDA2, PI3, PIK3CD, PIM1,
PLAUR, PNMA2, PPP1R15A, PRNP, PTGS2,
PTHLH, PTPRE, PTX3, PVR, RPRC1, S100A6,
SDC1, SDC4, SEMA4B, SERPINB1, SERPINB2,
SERPINBS5, SESN2, SFN, SLC16A3, SLC2A14,
SLC2A3, SLC9A1, SPRY4, TFPI2, TGFA, TIMP1,
TMEM45B, TNFRSF10A, TNFRSF10B,
TNFRSF12A, TNS4, TOR1AIP1, TSC22D1,
TUBA1, UAP1, UPP1, VEGF, ZFP36

ABCC5, ARMCS, ATPAF1, AUTS2, Clorf96,
C6orf182, CELSR2, CENTB2, COQ7, DRD4,
ENAH, HNRPU, HTATSF1, ID4, ITSN1,
JMJD2C, KIAA1772, MIB1, MRPS14, MSI1,

MSI2, NUP133, OGN, PARP1, PIAS1, RASL10B,

RFPL3S, RTN3, SEC63, SF4, SH3GL2, SMAD9,

STARD?, TBC1D24,TMEFF1, TTC28, TXNDC4,

ZNF292, ZNF441, ZNF493, ZNF669, ZNF672

K-RAS pathway
signature derived from a
superset of lung cancer,
breast cancer, and colon
cancer gene
expression data
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Table 1. Cont.

Ref

Gene Symbol

Methodologies

Up Regulated Genes

Down Regulated Genes

Singh et al., 2009

SYK, ST14, TMEM30B, SPINT1, RAB25,
Clorf172, GRHL2, GALNT3, SCNN1A, EVAI,
ITGB6, Clorf74, PCDH1, Céorf141, HS3ST1,
CDS1, DNAJA4, CLDN7, SCEL, SCIN,
ANKRD22, MAL2, EHF, RAB17, Clorf106, TTCY,
DENNDIC, CEACAM6, MAPK13, LOC196264,
BSPRY, Clorf116, VSIG1, KIAA0703, TMPRSS4,
TGFA, EPN3, ERBB3, Clorf210, TMEM45B,
RALGPS2, CDA, CDH1, SYTL5, FRK, OVOL2,
RDHE2, LOC653857, B3GNT3, DPP4, PRSS22,
EPS8L1, RBM35B, EFNB2, CGNL1, LAMA3,
PGM2L1, ELF3, PLEKHA7, TIAF1, Cl1orf52,
EPB41L5, KRTCAP3, RAB11FIP4, PPL, DSC2,
TACSTD1, FER1L4, IRF6, TSPAN1, MAOA,
CLDN4 TMEM154 MYO1D, GPR115,
PPP1R14C, PKIB, TSPAN15, SH2D3A, AMPD3,
UBD, MTAC2D1, TMC5, AIM1, ACP6, AREG,
FAM102A, ZNF608, TMEMG65, KIAA1522,
Cborf4, NFATC3, KLF7, ELL2, OTUB2,
PLEKHG1, FUT2, SORL1, MSTIR, IKZF2, KRT7,
C4orf34, JAG1, HOOK1, DLG3, KCNMB4,
C1201f46, FLJ20273, RAC2, Geom1, KIAA1107,
STAP2, TACSTD2, SCARB2, CGN, PRSSS,
DHRS3, Clorf34, FBP1, ZNF468, GDPD3,
EGLN3, SEMA4B, ARHGEF3, LOC146795,
RIPK4, RASEF, PRKCH, SLC37A1, EPPK1,
PROM?2, STON2, JUP, EPHB3, RPS6KA2,
ALDH1A3, ROD1, PAK6, WFDC2, TMEMS7B,
SP110, C19orf21, TNFSF13, HPGD, EROIL,
ADAMS, ARSD, CYB561, FAM84B, FA2H, F11R,
ALAD, EMGI, IL13RA1, TNFRSF21, PON3,
FAMS83H, GNA15, VEGF, YWHAZ, ARHGEF10L,
SLC41A2, ACOT11, NR3C2, KIAA1217, GCHFR,
KALRN, INPP4B, ST3GALS5, SAMDY, LMCD1,
CD24, WFDC3, TMEM49, DOC1, AMDD,
CTNND1, TGOLN2, MCTP2, CST6, CSPG2,
CHCHD?, TMC6, TMEM125, PRRG4, GSN,
DKFZP779L1068 CEACAM1, CAB39, MXD1,
SHROOMS3, LYPD3, LAMC2, ENTPD3, PADII,
ADAM28, TMC4, DAAMI, IL23A, SNN, SOX4,
TXNIP, LLGL2, PRSS16, IDS, PTK6, CDH3,
CAPNS, MTUS1, STOM, CEACAM19, S100A16,
HOOK2, CDKN2A, APRIN, KLF5, DAPP1,
ABLIM3, PDE5A, REPS2, LRRC1, JUNB,
SLC40A1, ZNRF1, PSD4, KIAA1815, PAK1,
KIF21B, SLC44A3, ELF1, F5, SPINT2, FGFBP1,
TRIOBP, ROR1, ATP8B1, KRAS, IFIH1, TSGA10,
FUT3, EDG4, ZBTB25, TJP2, MALAT, 1 B3GNT5,
FUCA1, FOXP1, MET, GBP2, RPL41, NRP2,
SHROOM2, SERPINA1, TMTC2, GRKS5, UCA1,
LOC58489, CEACAMS5, RASD1, TSC22D3,
CBR3, ARHGDIB, FRMD4B, S100A6, ZNF626,
F3, EPHA1, PLS1, TAF9, RPH3A, SLC44A2,
FAMS83A, CNKSR1, KIAA0251, GPR110,
DENND?2D, BIK, KIAA0284, CAMP2, AZGP1,
BMF, CHMP4C.

HNRPU, SLC39A14, PARVB, SH2B3, FL]45482,
NEDD4, IPO7, SGPP1, USP47 HIST1HID,,
FGFR1, MRC2, MSX1, FGF2, TEAD4, AGPAT5,,
WDHDI1, B4GALT6, TTC28, NFIC, RAPGEF1,
ZIC2, RAB6IP1, RECK, LHFP, ST3GAL3 MSRB3,
SLC26A2, PMP22, MAGEH1, BMP6, ROBO3,
GJA7, TMEM20, MCOLN2, SEC61A2, IL11RA,
COPZ2, NIN, ANTXR1, RSAD1, EEF2K, ITPR2,
C14orf135, CWF19L1, ANKRD28, PPP4R2
TMEM118, TSPAN4, RAGE, DYRK4, FL]36166,
ALPK2, BCAP29, C140rf139, CSPG5, TTC7B
SATB2, TCF8, SLC35B4, OSTM1, IKIP, SFXN1,
TRIM7, KIAA1212, MGC39900, NFIX, PDLIM3,
MIB1, MLSTD2, LOC401068, ALS2CR4, PRG1,
APLN, FAM101B, LOC541471, HNRPA2B1,
RHOT1, LOC153346, DYRK3, EML1, RYK
KCTD15, PAX6, PLCB4, WDR35, CHRNA7,
LIX1L, ACTA2, HTRA1, ABP1, ANXA6,
HSPA12A, MAGEE1, SYDEI1, TUB, SMARCD3,
NUDT11, SYNGR1, MPHOSPH9, ADRA2C,
TXNRD1, EPB41L5, MPPE1, SLC1A3,
LOC439949, FL]10847

K-RAS dependency
signature derived from a
subset of K-RAS
dependent
primary lung tumors of
squamous carcinoma
and adenocarcinoma
subtypes

In an attempt to identify the mechanism for K-RAS independency in PDAC, Kapoor and
colleagues [50] discovered that, upon K-RAS suppression, about half of the tumors relapsed thanks to
activation of a transcriptional program controlled by the cooperation of the Yes-Associated Protein
1/TEA Domain Transcription Factor 2 (YAP1/TEAD?) transcription factors complex to promote cell
cycle, DNA replication, and tumor maintenance in the absence of oncogenicK-RAS. Transcriptomic
and network analysis profiles in the K-RAS-independent YAP1-driven tumors provided substantial
evidence on how YAP activation bypasses K-RAS mutations by supporting the transcriptional pathways
that are key K-RAS targets. Thus, YAP1 supports pathways activated by mutated K-RAS, and active
YAP1 pathway emerged as a putative marker and therapeutic target against pancreatic cancers showing
K-RAS independency [50].

It is worth noting that the above-cited studies indicate that, in certain cell lines, the definition of
K-RAS dependency might suffer a discrepancy, due to the type of in vitro biological assay. This likely
depends on cell-specific genetic mutations and molecular pathways activations, within the K-RAS
network, that are engaged under the relevant biological assay. For example, growing cells into
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two-dimensional (2D) or 3D cultures, or instead, a clonogenic assay, might differentially engage K-RAS
activation, generating differences and discrepancy for the K-RAS dependency outcome in the same
cell line. Such discrepancy indicates the need for an accurate and robust validation for biomarkers
of dependency, and it suggests that, besides in vitro-based studies, further validation of dependency
biomarkers in a more physiological context such as in vivo tumor models is required. Moreover, the
implementation of multiple transcriptional molecular scores for dependency would be of advantage
for an accurate definition of K-RAS dependency, in particular when this information aims to predict
drug response [54].

Transcriptomic approaches have also been instrumental to different molecular classifications of
pancreatic ductal adenocarcinoma subtypes. By examining expression data from human and mouse
cell lines, Collisson et al. classified PDAC into three subtypes termed "classical", "quasi mesenchymal”,
and exocrine-like [49]. Notably, the classical subtype was defined by high expression of adhesion
specific and epithelial genes and was reported to confer the best chance of survival. On the other
hand, the quasi-mesenchymal subtype showed a higher expression of mesenchymal associated genes
with a poorly differentiated phenotype and related to a poor prognosis. Bailey et al. [62] analyzed
transcriptomic data from tumor tissues containing the tumor microenvironment and identified a
new “immunogenic” subgroup associated with immune stroma cell populations. Expression analysis
defined four subtypes as “squamous”, “pancreatic progenitor”, “immunogenic”, and “aberrantly
differentiated endocrine exocrine”. The squamous subtype showed the worst overall survival and
overlaps with the quasi-mesenchymal tumor subtype defined by Collison et al. [49]. Tumors of the
squamous subtype were reported to be associated by the presence of gene expression programs and
regulatory networks involved in the inflammatory response, hypoxia, TGF( signaling, metabolic
reprogramming, and MYC activation, while immunogenic tumors were associated with a significant
immune infiltrate and upregulation of immune regulatory networks involved in acquired immune
suppression. In addition, Moffitt et al. [63] performed a microarray analysis of primary and metastatic
tumors, identified two tumor subtypes (“classical” subtype and a “basal-like” subtype), and two
stromal subtypes (“normal” subtype and “activated” subtype). The classical subtype was associated
with poor prognosis and most of the identified genes overlap with the “classical” group gene by
Collison et al. [49].

The above-described genetic classifications reflect the intrinsic molecular characteristics of tumors,
allowing a better definition of the clinical heterogeneity of cancers. A relationship between K-RAS
dependency and some of the above-classified subtypes have been investigated [49]. Specifically,
by using an RNAi-based assay to deplete K-RAS, it was observed that classical subtype tumors cells
were more dependent on K-RAS than quasi-mesenchymal PDAC cell lines. Interestingly, the gene
expression signature associated with K-RAS addiction validated by Singh et al. [47] suggests that genes
associated with an epithelial phenotype might represent potential biomarkers of K-RAS dependency in
PDAC. Kapoor et al. [50] demonstrated a significant association between K-RAS-independent tumors
and cells with the quasi-mesenchymal subtype; yet the ability of these genetic classifications to act as
predictive biomarkers of K-RAS dependency for translational purposes needs to be validated.

4. Scores of K-RAS Dependency Based on Metabolic Phenotypes Analyses

K-RAS oncogenic activation orchestrates metabolic reprogramming crucial for tumor growth,
proliferation, and survival. Metabolic phenotypes associated with K-RAS might represent a fingerprint
of K-RAS activation status as well as vulnerability at the metabolic level. The tumor microenvironment
of the PDAC is characterized by dense desmoplastic regions that make it poorly vascularized causing a
reduction in oxygen supply and reduced nutrient delivery to cells [64]. In this context, K-RAS promotes
glucose uptake and enhances glycolysis by inducing the expression of GLUT1, the glucose transporter,
and other key glycolysis enzymes including Hk1, Hk2, Pfk1, and LdhA [18]. In addition, in order to
promote the increase of glycolysis and support tumor cell viability, K-RAS increases the hexosamine
biosynthesis pathway (HBP) and the non-oxidative arm of the pentose phosphate pathway (PPP);
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the latter generates ribose-5-phosphate for de novo nucleotide biosynthesis [18,65]. Mitochondrial
reactive oxygen species (ROS) levels are also essential for K-RAS mediated transformation and growth
of PDAC cells [66,67]. Interestingly, in PDAC, low intracellular ROS levels were associated with
tumorigenesis compared to other tumors in which increased ROS levels were associated with tumor
progression [68,69]. A non-canonical glutamine metabolism pathway to maintain redox homeostasis
and instrumental to PDAC growth has also been described [66]. Beyond glycolysis and glutamine
metabolism, oncogenic K-RAS also promotes autophagy to recycle the metabolites and to maintain
cell viability and survival. A study from K-RAS-driven tumor cell lines and from PDAC patients
highlighted an increased expression of gene encoding protein related to autophagosome formation,
and the expression of these genes correlated with a worse clinical outcome in cancer patients [70].
Indeed, the pharmacological or genetic inhibition of core components of the autophagy process
impaired the growth of PDAC cell lines and PDAC development in a K-RAS-driven mouse model as
well as in PDAC-PDX models [71]. Furthermore, oncogenic K-RAS promoted macropinocytosis to
transport extracellular proteins as an amino acid source for the tricarboxylic acid (TCA) cycle to sustain
tumor growth [72]. Although the above-mentioned studies underline metabolic phenotypes that have
been associated with the activation of K-RAS, whether these pathways might represent biomarkers or
vulnerability of K-RAS-dependent tumors requires further investigation.

On the other hand, other studies performed a metabolomics approach in selected K-RAS-dependent
and K-RAS-independent PDAC cell lines after K-RAS depletion, in order to more specifically decipher
the key metabolic signatures associated with K-RAS dependency or independency. A widely integrated
transcriptomic and metabolomic analysis showed a significant gene expression profile of metabolic
features of K-RAS-independent tumors [73]. In this study, a subpopulation of cells that relapsed after
genetic and pharmacologic ablation of the K-RAS pathway was isolated. Further characterization
of these K-RAS resistant cells by transcriptomic analysis revealed the expression of key regulators
of mitochondrial functions, autophagy, and lysosome activity, while metabolomic assays revealed a
decrease of metabolic intermediates involved in tricarboxylic acid, impaired glycolysis, and dependency
on oxidative phosphorylation (OXHPOS) as energy source and for survival [73].

K-RAS-dependent PDAC cells showed a clear upregulation of the pyrimidine biosynthetic
pathways, as demonstrated by several reports. Codina et al. showed that after treatment with MEK
inhibitors, K-RAS-dependent PDAC cells exhibited MYC protein downregulation, which compromised
nucleotide biosynthesis, essential to support growth and the survival of K-RAS-dependent cell lines [52].
Metabolomics analysis conducted in K-RAS-dependent and independent PDAC cell lines further
validated the key role of pyrimidine biosynthesis and glutamine metabolism to characterize PDAC cells
with a K-RAS addiction [52]. In a different study, a 3D clonogenic synthetic lethal screening exploiting
a wide range of compounds identified dihydroorotate dehydrogenase (DHODH) inhibitors as major
pharmacological suppressors for the growth of K-RAS- dependent cell line. DHODH enzyme regulates
de novo pyrimidine biosynthesis and its inhibition reduced, beyond pyrimidine biosynthesis, cellular
levels of glutamine and glutamate, showing an antitumor effect in mice models [74]. Mottini et al. [54]
showed that the cytosine analog and U.S. Food and Drug Administration (FDA)-approved drug
decitabine induced the impairment of nucleotide biosynthesis and deoxyriboNucleotide TriPhosphate
(dNTP) pool homeostasis selectively in K-RAS-dependent PDAC but not in K-RAS-independent
PDAC cells, showing a selective cytotoxic effect. This depended on an intimate connection between
K-RAS-dependent tumor cells and the pyrimidine metabolism. Overall, these studies indicated
that the upregulation of key metabolites or enzymes belonging to the pyrimidine biosynthesis can
act as a metabolic biomarker to score a phenotypic dependency of PDAC cells on K-RAS (Table 2).
In this context, further investigation into the expression or activity of key enzymes of the pyrimidine
biosynthetic pathways as prognostic markers in PDAC is needed.
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Table 2. Comparison of previously published metabolic profiles of K-RAS-dependent and independent

pancreatic cancer cell lines and tumors.

Ref

Methodologies

Pathways/Metabolites Analyzed

Santana Codina N et al., 2018

Mottini C et al., 2019

Koundinya M et al., 2018

Viale A et al., 2014

LC-MS/MS analyisis in K-RAS sensitive
and resistant cells
LC/MS analysis from both dependent and
independent PDAC cell lines
Mass spectrometric analysis for K-RAS
dependent and independent cells and
tumor tissues

metabolomic analysis using a LC-MS/MS
in a subpopulation of dormant tumor cells
surviving K-RAS ablation

pentose phosphate pathway (PPP) and

nucleotide biosynthesis and glycolysis

nucleotide metabolism and pyrimidine
biosynthesis

de novo pyrimidine
biosynthetic pathway

Tricarboxylic acid cycle (TCA)
intermediates, nucleotide triphosphates,
deoxynucleotide triphosphates,
glutathione (GSH) and glutathione

disulphide levels

5. Scores of KRAS Dependency Based on Tumor Microenvironment and Immunogenicity

In the last few years, there has been growing interest in the role of the tumor microenvironment
in PDAC development due to its role in tumor progression, invasiveness, and promoting therapies
resistance. The pancreatic cancer microenvironment consists of cancer cells and non-neoplastic
cells including pancreatic stellate cells (PSCs), regulatory T cells (Tregs), tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), fibroblasts, and extracellular
matrix components [75,76]. The crosstalk between the microenvironment and cancer cells induces
the release of cytokines, chemokines, growth factors, and metalloproteases that help to recruit active
TAMs and cancer-associated fibroblasts (CAFs), which support tumor progression and metastasis [77].
Notably, these dynamic and reciprocal interactions promote desmoplasia, with a low tumor perfusion
microenvironment characterized by a dense desmoplastic stroma, which hinders drug delivery and
suppresses antitumor immune response [78,79]. In addition, PDACs are often immunologically
cold, as defined by the lack of effector T cells infiltrating the tumor. Traditionally, this phenomenon
is partially attributed to the low mutational load of PDAC. In this scenario, it is worth asking to
what extent mechanisms linked with K-RAS dependency or independency might play a role in the
immunogenicity and the immune response of PDAC, and thus, whether these immunogenic phenotypes
might act as biomarkers of tumor dependency. Various high-throughput genomic and transcriptomic
analyses have revealed a key role of K-RAS signaling in promoting mechanisms of escape from
immune surveillance [80]. K-RAS-mutated cancer cells secrete tumor-derived granulocyte-macrophage
colony-stimulating factor (GM-CSF), promoting the recruitment and expansion of MDSCs in the
microenvironment, which are able to suppress the antitumor activity of CD8 cytotoxic T cells [81].
Oncogenic K-RAS recruits myeloid cells through the secretion of cytokines including interleukin 6 (IL-6),
IL-13, CCL2, Granulocyte Colony-Stimulating Factor (G-CSF), Macrophage Colony-Stimulating Factor
(M-CSF), and GM-CSF [75]. Furthermore, evidence in mouse models showed that K-RAS-dependent
signaling activated CAFs through the induction of Hedgehog ligands, regulated extracellular matrix
(ECM) remodeling, and promoted collagen degradation by matrix metalloproteinases (MMPs),
facilitating angiogenesis, tumor cells invasion, and metastasis [17,18,80,82,83]. Integrated genomic,
transcriptomic, and immunological analysis on some PDAC subtypes revealed an immunosuppressive
microenvironment in the quasi-mesenchymal subtype described by Collison [49] that correlated with
high numbers of Tregs and M2 macrophages, and a low number of effector T cells. On the contrary,
the classical subtype consisted of abundant M1 macrophages, CD4 and CD8 T cells, and a low number of
Tregs and M2 macrophages, suggesting a immune responsive microenvironment [62,63]. Since classical
and quasi-mesenchymal subtypes have a strong correlation with K-RAS dependency and independency,
respectively, it would be important to further investigate if the immune-phenotypes correlate directly
with K-RAS dependency and how K-RAS modulation affects the immunogenic phenotypes of PDAC.
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6. Therapeutic Opportunities Against K-RAS-Dependent PDAC

Strategies developed to target K-RAS and its downstream effectors are likely to elicit a stronger
therapeutic response against K-RAS-dependent tumors. Far from exhaustive, this section will
provide some examples of these strategies, including direct K-RAS inhibitors, inhibitors of plasma
membrane association, inhibitors of downstream signaling, and of metabolic phenotypes. The first
compounds identified as capable of directly inhibiting mutant K-RAS proteins were small molecules
able to interfere with the K-RAS-Guanosine Diphosphate (GDP) complex and inhibit Son of Sevenless
homolog (SOS)-mediated nucleotide exchange [84-87]; other compounds instead efficiently were able to
bind to RAS-GTP, thus inhibiting signaling cascades downstream ofK-RAS. However, these compounds
have not yet been investigated in clinical settings [88,89]. The targeting of enzymes involved in the
post-translational modifications of K-RAS, necessary for protein activation, has been also investigated.
Farnesylation is a post-translational modification crucial for the proper plasma membrane localization
of K-RAS and downstream pathways activation. In this context, a farnesyltransferase inhibitor (FTI)
termed tipifarnib was developed as a potential inhibitor of K-RAS [90]. Moreover, deltarasin, a small
molecule that binds the prenyl-binding protein PDES}, that is crucial for plasma membrane localization
of farnesylated K-RAS, has also been developed [91,92]. However, clinical trials did not show a
significant anti-tumor effect and any survival benefit for patients [93,94].

Current efforts to block activated K-RAS are also focused on downstream K-RAS-dependent
pathways. One of the commonly studied pathways is the RAF-MEK-ERK pathway, and several MEK
inhibitors have been developed including trametinib and selumetinib [95,96]. Clinical trials’ results
related to these inhibitors failed to show clinical benefit and effect on survival in patients [97,98].
However, a few phase I/II studies are underway to test the efficacy of other MEK inhibitors including
pimasertib and refametinib in combination with gemcitabine [96,99,100]. Several small molecules have
been developed to target PI3K-, AKT-, and/or the Mammalian Target Of Rapamycin (mTOR)-dependent
pathway, but monotherapies with PI3K-dependent pathway inhibitors alone failed to show efficacy
in K-RAS-mutant cancers [101]. However, the combination of PI3K with RAF-MEK-ERK inhibitors
exhibited potent tumor growth inhibitory activity [33,87,102], but clinical results do not match with
those seen in preclinical models [103]. Importantly, in most of the clinical studies cited above,
the assessment for K-RAS dependency has not been performed before treatments, thus therapies were
not tailored for the patients’” population which were highly likely to respond.

Recently, preclinical evidence revealed a specific covalent inhibitor with high selectivity for
K-RASS!2C able to trap the inactive K-RAS-GDP complex, thus blocking nucleotide exchange and
RAS downstream signaling [104]. Currently, the agent is being evaluated in a phase I/II clinical trial
(NCT03600883) for patients with advanced solid tumors harboring a K-RASS!?C mutation. Nonetheless,
G12C mutations are rarely observed in PDAC (1%), and similar approaches targeting K-RASG12P and
K-RASC12V mutations, which constitute the prevalent K-RAS mutations in PDAC are needed [19].

Autophagy and macropinocytosis are both biological mechanisms that contribute to the growth
and survival of K-RAS mutant pancreatic cancer cells [71,72], and clinical studies are evaluating
hydroxychloroquine as autophagy inhibitors in combination with other chemotherapeutic drugs [105].

Finally, the dependency on pyrimidine metabolism in K-RAS-dependent PDAC has been exploited
in preclinical models by Mottini et al. [54]. Thanks to a computational drug repositioning approach using
K-RAS-driven signatures, authors repurposed 5-aza-2’-deoxycytidine (decitabine), an FDA-approved
drug, to inhibit K-RAS-dependent PDAC tumor growth. K-RAS-dependent PDACs were highly
sensitive to decitabine treatment, showing reduced cell viability and impaired tumor growth. On the
contrary, decitabine treatment in K-RAS-independent cell lines and tumors did show minimal or
no effect.

In conclusion, several therapeutics have been developed especially for treating K-RAS-driven
PDAC and tested in preclinical or clinical settings. However, in most cases, K-RAS dependency has not
been assessed on the treated population, and the response rate upon treatments has not been evaluated
on the basis of the effective K-RAS dependency of tumors. Based on the emergency of biomarkers
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for K-RAS dependency, as described in this review, the results of clinical trials and drug effectiveness
should be reevaluated for a complete assessment of drug efficacy in PDAC.

7. Conclusive Remarks

Mutated K-RAS is one of the most important and validated molecular antitumor targets in
PDAC and the development of therapeutics against K-RAS is under active preclinical and clinical
investigation. Treating tumors with an effective phenotypic dependency on K-RAS will result in an
increased likelihood to observe a therapeutic response. Scoring K-RAS dependency by means of
transcriptomic or metabolomics profiling has the potential to move forward to a new generation of
molecular stratification of tumors for diagnostic purposes. To accomplish this, key questions need to be
addressed: What are the tumor phenotypes under the active control of oncogenic K-RAS? Could such
phenotypes be readily probed into the clinical routine? Another important open question is whether
tumor heterogeneity, a key aspect limiting the effectiveness of targeted therapies, is relevant in the
case of K-RAS dependency, and therefore if a small percentage of K-RAS-independent cells might
co-exist in the bulk of dependent tumor cells, a circumstance that could potentially limit the efficacy of
any targeted therapies. Single cell-based resolution methodologies will be necessary to solve such a
question. Finally, it is important to understand how dependency would be also layered by stroma
and other tumor microenvironment components, thus increasing the arsenal of specific K-RAS-driven
molecular markers for certain PDAC subtypes.
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Abstract: Aim: Musashi 2 (MSI2), which is an RNA-binding protein, plays a fundamental role in the
oncogenesis of several cancers. The aim of this study is to investigate the expression of MSI2 in Oral
Squamous Cell Carcinoma (OSCC) and evaluate its correlation to clinic-pathological variables and
prognosis. Materials and Methods: A bioinformatic analysis was performed on data downloaded
from The Cancer Genome Atlas (TCGA) database. The MSI2 expression data were analysed for their
correlation with clinic-pathological and prognostic features. In addition, an immmunohistochemical
evaluation of MSI2 expression on 108 OSCC samples included in a tissue microarray and 13 healthy
mucosae samples was performed. Results: 241 patients” data from TCGA were included in the final
analysis. No DNA mutations were detected for the MSI2 gene, but a hyper methylated condition of
the gene emerged. MSI2 mRNA expression correlated with Grading (p = 0.009) and overall survival
(p = 0.045), but not with disease free survival (p = 0.549). Males presented a higher MSI2 mRNA
expression than females. The immunohistochemical evaluation revealed a weak expression of MSI2
in both OSCC samples and in healthy oral mucosae. In addition, MSI2 expression directly correlated
with Cyclin-D1 expression (p = 0.022). However, no correlation has been detected with prognostic
outcomes (overall and disease free survival). Conclusions: The role of MSI2 expression in OSCC
seems to be not so closely correlated with prognosis, as in other human neoplasms. The correlation
with Cyclin-D1 expression suggests an indirect role that MSI2 might have in the proliferation of OSCC
cells, but further studies are needed to confirm such results.

Keywords: MSI2; OSCC; oral cancer; musashi 2; prognosis

1. Introduction

Oral cancer (OC) belongs to the wider family of Head and Neck Cancers (HNCs). OC is a highly
relevant problem for global public health, with a clinical impact in terms of incidence, prevalence,
and mortality rates that do not tend to improve. It is reported to be the 11th most common malignancy
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worldwide [1]. Around 90% of OCs are histologically classified as squamous cell carcinoma (OSCC),
involving the mucosal surface of the oral cavity and tongue [2]. Oral carcinogenesis encompasses
multistep processes that drive the progression from normal mucosa to OSCC [3]. Changes in the DNA
sequence, accumulation of somatic mutations and epigenetic events are the main mechanisms that are
involved in tumor progression. In particular, epigenetic and post-transcriptional events, gained an
important role in cancer [4]. Key-regulators of these mechanisms are the RNA-Binding Proteins (RBPs)
that cause variations in protein expression, due to their involvement in splicing, mRNA-polyadenylation,
editing, and r-tRNA stabilization [5]. Musashi-2 (MSI2) is one of the most studied RBPs. In particular,
different studies evaluated its role in cancer. For example, MSI2 overexpression was linked to an
increase of invasion and metastasis in non-small cell lung carcinoma, whereas its depletion showed a
decrease of epithelia-mesenchymal transition [6]. In bladder cancer, the differentiation antagonizing
non-protein noding RNA (DANCR) long non-coding RNA (IncRNA) acts by sponging miR-149
increasing the expression of MSI2, getting worse a malignant phenotype [7]. In addition, MSI2
seems to be involved in patients’ prognosis, resulting as prognostic factor in gastric [8] and cervical
cancer [9]; in lung cancer, MSI2 emerged as a novel therapeutic target [10]. Several other factors that are
responsible of the regulation of cell proliferation and cell cycle control have been proposed as diagnostic,
prognostic, and therapeutic markers for certain malignancies. Among these, the cyclin D1 has been
deeply investigated and were shown to be essential for the tumorigenesis of melanoma, breast cancer,
and colon and oral squamous cell carcinoma (OSCC) [11]. Cyclin D1 belongs to the family of Cyclins
and it is essential in the regulation of cell proliferation, DNA repair, and cell migration control [12].
The aim of this study was to investigate the expression of MSI2 in OSCC samples, through a histologic
and bioinformatics analysis in order to evaluate its correlation to clinic-pathological variables and
prognosis. Furthermore, a staining for Cyclin-D1 has been performed on OSCC tissue microarray
(TMA) and the correlation of Cyclin D1 expression with MSI2 was investigated.

2. Results

2.1. Analysis of MSI2 Mutations, Gene Methylation and mRNA Expression in TCGA Database

A total 241 patients’ records were included in this analysis after extracting and matching
clinic-pathological data from the TCGA database. Table 1 summarizes the main clinical-pathological
characteristics of the included patients. DNA mutations and copy number alterations were not detected
for the MSI2 gene in patients with OSCC included in the TCGA database (0/241, 0%). The expression of
MSI2 mRNA (log2 (fpkm+1)) was relatively low ranging from 0.2785 to 2.7117 with a mean of 1.270734
(S.E. 0.030) and a median of 1,40673. According to the median value, patients were divided in low
(£1.40673) and high (>1.40673) MSI2 mRNA expression. Methylation status, measured in beta unit,
showed a hyper methylated condition of the gene in all of the patients analyzed, the values of gene
methylation ranged from 0.6802 to 0.9910 with a mean of 0.974483 (S.E. 0.0018993). The Spearman rank
correlation test did not show a significant correlation between mRNA expression and methylation
status of the gene (p = —0.44; p = 0.498); however, a higher methylation status was detected for
the low-expression group with results that were close to the statistical significance (Mann-Whitney
p =0.095). MSI2 mRNA expression correlated with Grading (p = 0.169; p = 0.009) and showed a
differential expression according to the gender (Mann-Whitney p = 0.001) with males” samples showing
a higher expression, while MSI2 methylation profile correlated to the age of patients (p = 0.140; p = 0.03)
(Table 2). Univariate and multivariate analyses were performed, aiming to investigate whether MSI2
mRNA expression in the TCGA database was able to predict prognosis. The results of the univariate
analysis were promising, showing a significant association between MSI2 mRNA expression (High vs
low) and overall survival (Hazard Ratio, HR = 1.488; 95% C.I. 1.013-2.185; p = 0.045); furthermore,
the results of the multivariate analysis (HR = 1.437; 95% C.I. 0.952-1.970; p = 0.084) were close to the
threshold of statistical significance. Conversely MSI2 mRNA expression did not correlate with disease
free survival (HR = 0.827; 95% C.I. 0.443-1.542; p = 0.549) in OSCC patients.
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Table 1. Clinical-pathological characteristics of patients included in The Cancer Genome Atlas

(TCGA) analysis.
Clinic-Pathological Information Groups Number of Patients

Age < 65 years old 144/241

> 65 years old 97/241

Male 158/241

Gender Female 83/241

1 43/241

Grade 2 147/241

3 51/241

1-2 76/241
Stage 34 165/241
Tongue 103/241

Subsite Gingivo-buccal 30/241

Floor of the mouth 46/241

Others 62/241

Table 2. Spearman rank correlation for the 241 Oral Squamous Cell Carcinoma (OSCC) patients
included in the TCGA database. * p < 0.05; ** p < 0.001.

Perineural MSI2 MSI12 Ki-67 Cyclin-D
Variable Age Grade Stage Gender " . mRNA mRNA mRNA
Invasion Methylation . . .
Expression  Expression  Expression
Age p=1 0.088 —0.084 0.243 0.060 0.140 —-0.121 —-0.069 0.033
8 p-value =1 0.175 0.197 0.001 ** 0.414 0.03 * 0.06 0.287 0.607
Grad p=1 —0.003 —0.066 0.100 —0.094 0.169 -0.105 0.053
rade p-value = 1 0.959 0307 0.176 0.146 0.009 ** 0.105 0418
Stage p=1 —-0.026 0.199 —-0.031 —-0.035 0.038 —-0.062
& p-value = 1 0.686 0.006 ** 0.632 0.587 0.561 0.340
Gend p=1 —0.090 —0.045 -0.220 0.042 0.043
ender p-value = 1 0.907 0.485 0.001 ** 0.520 0.505
Perineural p=1 -0.178 0.033 —-0.132 —0.038
Invasion p-value =1 0.014 * 0.650 0.071 0.606
. =1 —0.044 0.094 0.027
MSI2 Methyl °
$12 Methylation pvalue = 1 0.498 0.144 0.673
MSI2 mRNA p=1 -0.093 0.003
expression p-value =1 0.150 0.963
Ki-67 mRNA p=1 0.253
expression p-value = 1 0.000 **
Cyclin-D mRNA p=1
expression p-value =1

2.2. Immunohistochemical Analysis of MSI2 Expression on TMA

The IHC analysis of MSI2 protein expression was performed on a total of 108 patient’ samples
included in the TMA; such patients had been treated at the National Cancer Institute “Giovanni
Pascale” between 1997 and 2012. Table 3 reports the clinical pathological information of patients
included in the cohort. An analysis of protein expression in the TMA samples revealed that MSI2 is
not frequently expressed in OSCC, in fact 58.3% (63/108) cases analyzed resulted in being negative
for MSI2 expression. Of the remaining 41.7% (45/108) samples, only 5.6% (6/108) showed higher level
of MSI2 expression. The presence of MSI2 expression directly correlated with Cyclin-D1 expression
(p = 0.279; Chi-Squared p-value = 0.022) (Table 4), this last one resulted to be higher expressed in males
than in females (Mann-Whitney p-value = 0.024). The presence of MSI2 expression in the TMA cohort
did not correlate with overall survival (HR = 0.575; 95% C.I. 0.278-1.190; p = 0.136) (Table 5). In the 13
oral healthy mucosae analyzed the expression of MSI2 was faint and mainly confined to the basal layer
with a percentage of expression lower than 5% of the whole number of epithelial cells (Figure 1).
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Table 3. Clinical-pathological characteristics of patients included in the immunoistochemical analysis.

Clinic-Pathological Information Groups Number of Patients
Age < 65 years old 45/108
> 65 years old 63/108
Male 79/108
Gender Female 29/108
1 22/108
Grade 2 50/108
3 36/108
1-2 35/108
Stage 3-4 73/108
Tongue 67/108
Subsite Gingivo-buccal 23/108
Floor of the mouth 13/108
Others 5/108

Table 4. Spearman rank correlation for patients included in the TMA. Age. Cyclin-D1 and Ki-67 were
included as continuous variables. while Grade. Stage. Gender. and MSI2 as categorical variables.
*p < 0.05; ** p < 0.001.

MSI2 . .
Variable Age Grade Stage Gender Expression Ezci:s‘;]ii‘ ExKrle-:Zion
(Neg/Pos) P P
Age p=1 0.049 -0.151 —-0.062 -0.006 0.021 0.148
8 p-value = 1 0.617 0.122 0.528 0.955 0.865 0.226
Grad p=1 0.098 0.034 0.223 0.060 0.398
rade p-value = 1 0313 0.726 -0.066 —0.044 0.001 *
Stage p=1 —-0.008 0.497 0.721 —-0.004
8 p-value =1 0.993 0.676 0.468 0.977
Gend p=1 -0.088 -0.277 —-0.285
ender p-value = 1 0.364 0.023 * 0.031 *
MSI2 expression p=1 0.279 0.122
(Neg/Pos) p-value = 1 0.022 * 0.315
Cyclin-D1 p=1 0.485
expression p-value =1 0.000 **
Ki-67 expression p—vslie1= 1

Table 5. Multivariate Cox regression analysis for MSI2 adjusted for other clinic-pathological parameters.
*
p <0.05.

Overall Survival

Variables Hazard Ratio 95.0% C.L p-Value
Gender 1.904 0.964-3.759 0.064
Grade 1.162 0.706-1.911 0.555
Age 1.018 0.986-1.052 0.274
Stage 2.968 1.844-4.779 0.000 *
MSI2 (Pos/Neg) 0.621 0.299-1.288 0.201
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Figure 1. (A) Negative OSCC for MSI2; (B) Basal MSI2 positivity intensity +2; (C) 40% Normal mucosa
negative for MSI2 with mild positivity in a ductal epithelium; and, (D) normal mucosa mild positive
for MSI2 in the basal layer.

3. Discussion

OSCC represents more than 90% of oral cancers and it is one of the most aggressive cancers,
being characterized by a mortality rate reaching 50% of patients on average [13]. Continuous efforts
are made to better understand the processes that lead to its onset and progression, as well as to the
discovering of potential targets for its therapy. Similarly to other solid tumors, the onset of OSCC
results from the accumulation of a certain number of genetic or epigenetic alterations into the cells,
which cause cell cycle dysregulation and uncontrolled cell proliferation [14] Recently, the new “omic”
sciences provided a great amount of data that characterize the tumors at the molecular level and that
can lead to discovering specific biomarkers that could make the tumor treatment more efficient, precise,
and predictable [15]. A great contribution has been obtained from bioinformatics that allowed for
analyzing this enormous amount of data, giving them a clinical significance [16].

Musashi RNA-binding protein 2 (MSI-2) has been demonstrated to be involved in several
solid and blood cancers, where its expression emerged to be higher than in normal tissues and
correlate with the prognosis [17]. Its role seems to be explicated in different processes, among which:
epithelial-mesenchymal transition, migration, invasion, cell proliferation, and drug resistance [17].
While for many tumors, such as those arising from breast [18], cervical [9], colon [19], lung [6], etc. the
role of MSI-2 proteins has been extensively studied and some target therapies proposed, no results
regarding the role of MSI-2 in OSCC are reported in the literature. In this work, we combined
both a bioinformatics analysis of data that were extracted from electronic TCGA database and an
immunohistochemical evaluation of our samples to better understand the role of MSI-2 in oral cancer.
The first interesting result emerged from the analysis of genomic data revealed that no DNA mutations
and copy number alterations are detected for the MSI2 gene in patients with OSCC. A hyper methylated
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condition of the gene emerged in all the patients from the investigation of epigenetic modifications.
The analysis of transcriptomic data showed a relatively low expression of MSI2 mRNA in the OSCC
samples. However, the mRNA expression did not result to be significantly correlated to the methylation
status of the gene.

The associations between its mRNA expression and some clinicopathological characteristics of
patients have been analyzed to explore the clinical value of MSI2. The analysis revealed that MSI2
mRNA expression correlates with tumor grading and males show a higher level of MSI2 mRNA
expression when compared to female patients. No other clinical features seemed to significantly
correlate with MSI2 mRNA expression.

As to our knowledge, no difference between sexes has been highlighted in the literature until now
regarding the expression of these regulating molecules. Nevertheless, in our study Males showed
significantly higher expression levels of both MSI2 and Cyclin-D1. Such results emerged from the
analysis of TCGA database and they have been confirmed by our samples. This could be the decisive
contribution that big data can give us in the path towards increasingly personalized medicine [16].

Another question of this work aimed to investigate whether the expression of MSI2 in OSCC
patients could predict the prognosis. The results emerged from correlation analysis lay for a significant
association between high MSI2 mRNA expression and poor overall survival rate; meanwhile, the disease
free survival seems not to be correlated with the MSI2 mRNA expression level.

We performed the immunohistochemical evaluation of healthy mucosae and OSCC samples
to determine the expression levels of MSI2, in parallel with this bioinformatic analysis. It was of
great interest to discover that the protein expression of MSI2 was low or even absent both in healthy
samples and OSCC TMA and it did not correlate with any prognostic behavior. These data, combined
with those deriving from TCGA analysis, lead us to affirm that, unlike many other cancers [8,20,21],
for OSCC the expression of MSI2 appears to be a poor prognostic biomarker.

In addition to these results, some information regarding the potential biological functions of MSI2
in oral cancer emerged from the evaluation of the TMAs. In particular, the presence of MSI2 expression
directly correlated with Cyclin-D1 expression. Cyclin-D1 is a protein that plays a crucial role in cell
cycle regulation, including cell proliferation and growth, as well as DNA repair and cell migration
control [22]. Its key role in tumorigenesis of several tumors, among which oral cancer, has been
proposed [12], and a poor prognosis correlated to its overexpression [23]. Several mechanisms of cyclin
D1 overexpression in OSCC have been identified. They range from amplification to polymorphisms
and mutational events involving the oncogene CCND1, but a fundamental role of some signaling
pathway intermediaries has been also suggested [24]. Zhang et al. [25] demonstrated in their study
how MSI2 silencing inhibited leukemic cell growth and caused a decreasing of Cyclin D1 expression.
Han et al. [26] drew the same conclusions, showing how the MSI2 silencing induced cell cycle arrest
in GO/G1 phase, with decreased Cyclin D1 and increased p21 expression. In the same way, a study
investigating the role of MSI2 in Hematopoietic stem cell activity discovered a close correlation between
the expression profile of MSI2 and that of Cyclin D1 [27]. Given the results of our study, in a similar
manner, MSI2 could affect the Cyclin D1 expression in the cells of OSCC, but further studies are needed
to affirm this.

4. Methods and Materials

4.1. Analysis of MSI2 Expression and Methylation in The Cancer Genome Atlas (TCGA)

The gene expression RNAseq data HTSq-Fragments Per Kilobase Million (FPKM) were
downloaded from UCSC Xena Browser (https://xena.ucsc.edu/) [28]. Data were downloaded for
MSI2, MKI67, and CCND1 mRNA expression. This platform was also used to access and download
the methylation profile quantification for MSI2 (https://gdc.xenahubs.net/download/TCGA-HNSC/
Xena_Matrices/TCGA-HNSC.methylation450.tsv.gz; Full metadata—Illumina Human Methylation 450
expressed as beta unit). Data were organized in Microsoft Excel sheet and then pasted in cBioPortal
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for Cancer genomics in order to display visually the patients’ profile (http://www.cbioportal.org) [29].
Clinic-pathological and follow-up information were downloaded from Genomic Data Commons (GDC)
Data Portal (https://portal.gdc.cancer.gov/) [30].

4.2. Immunohistochemistry of MSI2 Expression in OSCC Tissue Microarray

The reporting recommendations for tumor marker prognostic studies (REMARK guidelines) [31]
were taken as a reference for carrying out this study. All of the patients filled written informed consent
for the use of their samples, according to the institutional regulations and the ethics committee of the
National Cancer Institute “Giovanni Pascale”, as “Bio-Banca Istituzionale BBI” Deliberation NO. 15 del
20 Jan. 2016, approved and registered the study. We decided to exclude patients with HPV-positive
tumors and those arising from the base of the tongue, tonsils, oropharynx, and lips. Patients with
a follow-up lower than eight months were also excluded. A total of 122 patients were included in
this study. Of them, 103 reported follow-up information (from 8 to 150 months—mean of 47.34 S.D.
34.609), meanwhile the microarray tissue was not evaluable for 14 patients. None of the patients
had undergone treatments prior to tissue collection. The patients were diagnosed of OSCC and 7
American Joint Committee on Cancer (AJCC) staging system was applied. An evaluation of 13 mucosae
samples from healthy subjects has been also performed. The paraffin blocks were cored in a 0.6 mm
support (area of 0.28 mm?) and then transferred to the recipient master block while using Galileo
TMA CK 3500® Tissue Microarrayer. As the control, we used an H&E staining of a 4-pum TMA section.
Immuno-histochemical staining was performed by using a mouse monoclonal antibody (Ab), which
was supplied by abcam (Mouse monoclonal Anti-MSI2 antibody [OTI2F10]—ab156770), in addition
staining for Cyclin-D1 (Ventana-Roche, SP4-R) and Ki-67 (Ventana-Roche) was also performed. We used
an automated staining device (Ventana-Roche), with a streptavidin-biotin horseradish peroxidase
technique (LSABHRP), in order to uncover the primary Abs. An optical microscope (OLYMPUS BX53,
at X200) detected immune-stained spots in four high power fields (HPFs) and they were analyzed by
ISE TMA Software (Integrated System Engineering, Milan, Italy). Two of the authors (GP and GT)
performed the observational quantification analysis in a joint session. Detre S. et al. method was
applied to assess the scoring of immunostaining [32]. The intensity (I) of expression was scored from 0
to 3 (0 = no staining; 1 = yellow; 2 = light brown; and, 3 = black brown/black). The relative number of
the positive stained cells (%) was scored from 0 to 4 (0 = 0%; 1 < 10%; 2 = 10-50%; 3 = 51-80%; 4 > 80%).
All of the samples resulted in only being stained in the cytoplasm. We decided to categorize patients in
negative/positive tumors because of the relative low expression of MSI2 in OSCC.

4.3. Statistical Analysis

SPSS statistical software 21.0 was used to perform all of the statistical analyses. Spearman
rank correlation analysis was performed to investigate the correlation of MSI2 expression to
clinic-pathological variables. We decided to use non-parametric tests because of the non-normal
distribution of the variable checked by means of the Shapiro-Wilk normality test. For such reason,
the Mann—-Whitney test was applied to explore the difference in expression between groups. Univariate
survival analysis was performed with the Kaplan-Meier method to estimate both overall survival
rates and disease-free survival, while comparing results between groups with the log-Rank test.
A multivariate Cox Proportional Hazard Model was built in order to assess the prognostic significance
of MSI2 expression after adjusting for covariates, including the clinic-pathological variables: age,
grading, staging (8th AJCC edition), and gender, as covariates.

5. Conclusions

The role of MSI2 expression in OSCC seems to be not so closely correlated with prognosis, as in
other solid and blood tumors. The MSI2 mRNA expression in oral cancer is higher in males and it
is correlated with tumor grade. The protein expression of MSI2 in OSCC samples is relatively low,
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but significantly correlated with Cyclin D1 expression. Further studies are necessary to investigate its
role in OSCC genesis, progression, and prognosis.
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