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Simple Summary: Breast cancer in men is a rare disease; however, morbidity and mortality in male
breast cancer (MBC) patients is a serious concern. The identification of specific molecular features
in MBC is essential for developing more appropriate and targeted therapeutic strategies for MBC
patients. In this study, by transcriptome analysis of 63 MBCs characterized for germline mutations
in the most relevant BC susceptibility genes, mainly BRCA1/2, we highlighted possible differences
in the molecular pathways underlying MBC pathogenesis in relation to germline mutation status.
Furthermore, we identified two distinct subgroups of MBCs of clinical relevance, which are charac-
terized by different biological features and prognosis. Overall, our results showed that transcriptome
profiling by RNA sequencing is a valuable approach to dissect the molecular heterogeneity of MBC
and suggest that the transcriptome matched with germline profiling may lead to the identification of
MBC subtypes with possible relevance in the clinical setting, which is a primary step to improve the
clinical management of MBC patients.

Abstract: Male breast cancer (MBC) is a rare and understudied disease compared with female
BC. About 15% of MBCs are associated with germline mutation in BC susceptibility genes, mainly
BRCA1/2 and PALB2. Hereditary MBCs are likely to represent a subgroup of tumors with a peculiar
phenotype. Here, we performed a whole transcriptome analysis of MBCs characterized for germline
mutations in the most relevant BC susceptibility genes in order to identify molecular subtypes with
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clinical relevance. A series of 63 MBCs, including 16 BRCA2, 6 BRCA1, 2 PALB2, 1 RAD50, and
1 RAD51D germline-mutated cases, was analyzed by RNA-sequencing. Differential expression and
hierarchical clustering analyses were performed. Module signatures associated with central biological
processes involved in breast cancer pathogenesis were also examined. Different transcriptome profiles
for genes mainly involved in the cell cycle, DNA damage, and DNA repair pathways emerged
between MBCs with and without germline mutations. Unsupervised clustering analysis revealed
two distinct subgroups, one of which was characterized by a higher expression of immune response
genes, high scores of gene-expression signatures suggestive of aggressive behavior, and worse overall
survival. Our results suggest that transcriptome matched with germline profiling may be a valuable
approach for the identification and characterization of MBC subtypes with possible relevance in the
clinical setting.

Keywords: male breast cancer; transcriptome profiling; germline mutations; BRCA1/2; molecular subtypes

1. Introduction

Compared with breast cancer (BC) in women, BC in men is a rare and less investigated
disease. Inherited mutations in BRCA1, BRCA2, and PALB2 predispose to male BC (MBC)
and account for up to 15% of all cases [1–3]. Additional genes, mainly belonging to or
functionally linked to the DNA repair pathways connected to BRCA1/2, may also be
involved in MBC predisposition [3–6].

While traditionally thought to be similar to late-onset post-menopausal estrogen/
progesterone receptors (ER/PR)-positive female BC [7,8], increasing evidence indicates
that MBC may be different, with unique molecular subtypes suggesting gender-specific
differences in terms of biological and clinical behavior [9–11]. Thus, the identification of
specific molecular features in MBC is essential for developing more appropriate clinical
management for MBC patients.

In this context, transcriptome profiling is a proven strategy that is able to identify and
characterize BC subgroups of biological and clinical relevance. Based on transcriptome
profiles, the intrinsic heterogeneity in female BCs sharing the same molecular subtype
and/or hormonal receptor status has been dissected [12], and differentially expressed
genes and pathways between female BCs associated and non-associated with BRCA1/2
germline mutations have been also identified [13,14].

To date, only a few studies have been performed to comprehensively characterize MBC
transcriptome profiles [15–17]. A different transcriptomic landscape in female and male
BC has been observed, and the molecular subtypes identified in MBC are not attributable
to any of the molecular subtypes identified in female BC [15–17].

Overall, little is known about the intrinsic molecular subgroups of MBCs, and no
specific data are available with regard to BRCA1/2 germline mutation status. Previous
studies suggest that MBCs associated with BRCA1/2 germline mutations may be character-
ized by biological characteristics indicative of aggressive behavior [10,18]. Interestingly, a
molecular MBC subgroup characterized by biological aggressiveness and a trend toward
worse prognosis was identified by gene expression profiling [16].

In this study, we analyzed the transcriptome profiles of MBCs characterized for
germline pathogenic variants in the main BC susceptibility genes in order to identify MBC
subgroups with possible clinical relevance. The characterization of new, intrinsic molecular
subtypes could eventually improve our understanding of the mechanisms underlying MBC
pathogenesis and may offer new biomarkers for the clinical management of MBC patients.

2. Materials and Methods
2.1. Study Population

Cases were selected within the Italian multicenter study on MBC, which comprises
samples and data from more than 700 MBCs [3,19], on the basis of availability of tumor
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samples that could provide an adequate quantity and quality of RNA to carry out molecular
analyses and to have an equal ratio of cases with and without germline pathogenic variants
(from now on referred to as mutations).

BRCA1 and BRCA2 mutation analysis was performed in the frame of genetic coun-
seling programs at the center of origin for all MBC cases, as previously reported [19]. The
majority of cases negative for BRCA1/2 mutations were retested using Next-Generation
Sequencing for germline mutations in 50 cancer-related genes, allowing the identification
of mutations in other BC susceptibility genes [3]. To further enrich the series of cases with
germline mutations, tumor samples from kConFab were also recruited [20]. A total of
63 MBCs, comprising 26 cases with germline mutations (16 BRCA2, 6 BRCA1, 2 PALB2,
1 RAD50, 1 RAD51D) and 37 cases without germline mutations were included in this study
(Supplementary Table S1).

All MBCs were characterized for the main clinical–pathologic features, including age
at diagnosis, follow-up data, tumor histotype, histologic grade, nodal status, estrogen and
progesterone receptors (ER/PR), and HER2 expression, as previously described [19]. The
MBC patients analyzed in this study underwent surgery without neoadjuvant therapy
administration.

For each MBC case, informed consent was obtained. The study was approved by the
Local Ethical Committee (Sapienza University of Rome, Prot. 669/17).

2.2. RNA Isolation and Sequencing

RNA from breast tumors was extracted from microdissected FFPE sections using the
MiReasy FFPE kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Microdissection was performed to assure that each tumor sample contains at least 70% of
tumor cells. RNA quality and quantity were assessed on a 2100 Bioanalyzer instrument
(Agilent Technologies, Santa Clara, CA, USA).

Libraries were prepared using the TruSeq RNA Access Library Prep kit (Illumina,
San Diego, CA, USA) following the manufacturer’s protocol. This kit, optimized for
sequencing RNA from FFPE tissues, allows the sequence-specific capture of RNA-coding
regions. RNA sequencing was performed in paired-end mode (2 × 75 bp) on an Illumina
NextSeq platform.

A bioinformatic pipeline including FastQC for quality control, trimmomatic (version 36)
to remove the adapter sequence (if present) and the very short reads (read length < 25 bp),
STAR (version 2.5.3a) for alignment on reference homo sapiens hg19 (Ensembl version
GRch37), and RSeQC-FPKM for counting reads was used to analyze the data. Overall,
a mean of 80% of the reads were mapped to the coding region of the reference human
genome, with an average depth of about 20 million reads per sample.

2.3. Data Analysis
2.3.1. Differential Gene Expression Analysis

For differential expression analysis, R package DESeq2 was used. Batch effects correc-
tion was also evaluated but unnecessary. Differentially expressed loci between different
groups were assessed based on a log2 fold change <−0.58 (down-regulated genes) or >0.58
(up-regulated genes) and an adjusted p-value <0.05 (Benjamini–Hochberg FDR correction
for multiple testing).

2.3.2. Gene Enrichment and Pathway-Based Analysis

Gene ontology (GO)-based analysis of the differentially expressed genes was per-
formed using the Database for Annotation, Visualization and Integrated Discovery (DAVID)
(http://david.abcc.ncifcrf.gov/; accessed on 22 July 2020) and Enrichr (http://amp.pharm.
mssm.edu/Enrichr/; accessed on 22 July 2020) in order to determine the biological rele-
vance of up/down-regulated genes within the considered groups. GO enrichment analysis
was mainly performed based on biological process (BP) and molecular function (MF), while
pathway analysis was carried out by using the Kyoto Encyclopedia of Genes and Genomes

http://david.abcc.ncifcrf.gov/
http://amp.pharm.mssm.edu/Enrichr/
http://amp.pharm.mssm.edu/Enrichr/
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(KEGG). UniProtKB/TrEMBL entry (UP_Keywords) and the Reactome Pathway were also
interrogated. A Benjamini–Hochberg-adjusted p-value <0.05 was used to filter the terms of
GO and pathway analysis.

Module signatures associated with key biological processes in female and male BC
were computed as previously reported [16,21] and used to highlight further differences
between MBC subgroups by the Wilcoxon rank-sum test.

2.3.3. Clustering Analysis

The identification of subgroups with distinct gene expression patterns was also per-
formed using unsupervised hierarchical clustering analysis on the sample correlation
matrix, using the 2000 most variable transcripts among tumor samples. Cluster stabil-
ity was evaluated by multiscale bootstrap resampling with 10,000 bootstrapped datasets
using Pvclust [22].

2.3.4. Statistical Analyses

Clinical–pathologic characteristics between different groups were compared by using
the t-test and Fisher exact test where appropriate.

Survival time was calculated from the date of interview to the date of death from
any cause (overall survival, OS) or the last follow-up for alive patients, as previously
described [23]. The analysis was focused on 10-year survival. OS was estimated using the
Kaplan–Meier method, and differences between groups of patients were assessed by the
log-rank test.

A p value <0.05 was considered statistically significant. All statistical analyses were
performed with the R software (www.r-project.org accessed on 22 July 2020) and STATA
version 13.1.

3. Results

A total of 63 MBCs, comprising 26 cases with germline mutations (germline-mutated
MBCs), including 16 BRCA2, 6 BRCA1, 2 PALB2, 1 RAD50, 1 RAD51D, and 37 cases without
germline mutations (non-mutated MBCs) were analyzed. The main clinical–pathologic
characteristics of MBC cases are reported in Table 1.

Table 1. Clinical–pathologic characteristics of the 63 MBCs analyzed in this study and comparison between germline-
mutated and non-mutated cases.

Characteristic 1
MBCs
(N. 63)

Germline-
Mutated MBCs

(N. 26)

Non-Mutated MBCs
(N. 37) p-Value 2

N % N % N %

Mean age at diagnosis ± SD (range) 65.5 ± 11.0 (40–91) 65.0 ± 12.3 (43–85) 65.7 ± 10.1 (40–91) 0.8
Mean follow-up, years ± SD (range) 7.3 ± 3.1 (1–10) 6.8 ± 3.2 (1–10) 7.6 ± 3.2 (1–10) 0.3

Tumor histotype
Invasive ductal carcinoma 60 95.2 25 100.0 35 92.1

Other 3 4.8 0 0.0 3 7.9 0.3
Histologic grade

1 6 9.8 0 0.0 6 16.2
2 29 47.6 10 41.7 19 51.4
3 26 42.6 14 58.3 12 32.4 0.03

www.r-project.org
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Table 1. Cont.

Characteristic 1
MBCs
(N. 63)

Germline-
Mutated MBCs

(N. 26)

Non-Mutated MBCs
(N. 37) p-Value 2

N % N % N %

Lymph node status
Negative 31 52.5 13 54.2 18 51.4
Positive 28 47.5 11 45.8 17 48.6 1.0

ER status
Negative 3 4.9 2 8.3 1 2.7
Positive 58 95.1 22 91.7 36 97.3 0.6

PR status
Negative 4 6.7 3 13.0 1 2.7
Positive 56 93.3 20 87.0 36 97.3 0.2

HER2 status
Negative 47 85.5 17 81.0 30 88.2
Positive 8 14.5 4 19.0 4 11.8 0.5

1 Some data for each pathologic characteristic are not available. 2 p-value < 0.05 in bold text.

Briefly, mean age at first BC diagnosis was 65.5 years (range 40–91 years), and the
mean follow up was 7.3 years (range 1–10). As expected, MBCs were mostly ER and PR
positive (95.1% and 93.3%, respectively) and HER2 negative (85.5%). Clinical–pathologic
characteristics were compared between germline-mutated and non-mutated cases. As
shown in Table 1, germline-mutated MBCs were more likely to have higher histologic
grade (p = 0.03). Notably, only one triple negative (ER-, PR-, HER2-) MBC was present in
our series, and it was a non-mutated case.

Differential expression analysis was firstly performed to characterize the specific tran-
scriptome profiles in MBCs with and without germline mutations. A total of 410 differen-
tially expressed genes, of which 204 were up-regulated and 206 were down-regulated (Sup-
plementary Table S2), emerged in germline-mutated compared with non-mutated MBCs.

Principal component analysis (PCA) and heatmap of correlation coefficients are re-
ported in Supplementary Figure S1. Although a general similarity among all MBC samples
was observed (correlation values > 0.6), the PCA plot showed that the set of differentially ex-
pressed genes was able to discriminate between germline-mutated and non-mutated MBCs.

Gene set enrichment analysis of differentially expressed genes between germline-
mutated and non-mutated MBCs revealed different transcriptome profiles for genes in-
volved in the cell cycle, cell division, translational initiation, and DNA damage and repair
pathways (Table 2).

Table 2. Enrichment analysis of up-regulated (N = 204) and down-regulated (N = 206) genes in germline-mutated MBCs
compared with non-mutated MBCs. Only the terms considered as the most representative and interesting among the
significant ones are reported.

Category Term Expression 1 Count Genes p-Value

UP_KEYWORDS Cell cycle ↑ 22

KIFC1, PARD6B, DBF4B,
TICRR, DLGAP5,

FOXM1, RBL1, KNTC1,
KIF18B, AURKA,

CENPE, UBE2C, SYCP2,
CDKN3, CCNE2, CDC45,

NCAPG, HJURP, CIT,
CCNA2, ASPM, MELK

4.70 × 10−7
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Table 2. Cont.

Category Term Expression 1 Count Genes p-Value

UP_KEYWORDS Cell division ↑ 13

KIFC1, PARD6B, KNTC1,
KIF18B, CENPE,

AURKA, UBE2C, SYCP2,
CCNE2, NCAPG, CIT,

CCNA2, ASPM

8.00 × 10−4

UP_KEYWORDS Mitosis ↑ 10

KIFC1, NCAPG, KNTC1,
KIF18B, CENPE,

AURKA, UBE2C, CIT,
CCNA2, ASPM

0.002

KEGG_PATHWAY hsa03010:Ribosome ↓ 9
RPS25, RPS17, RPL34,
RPLP1, RPL26, RPS9,

RPL24, RSL24D1, RPL4
0.003

GOTERM_BP_DIRECT GO:0051301—cell division ↑ 13

KIF14, KIFC1, PARD6B,
KNTC1, KIF18B, CENPE,
AURKA, UBE2C, SYCP2,

CCNE2, NCAPG,
CCNA2, TUBA1C

0.005

GOTERM_BP_DIRECT GO:0006413~translational
initiation ↓ 9

RPS25, RPS17, RPL34,
RPLP1, RPL26, EIF3L,

RPS9, RPL24, RPL4
0.009

UP_KEYWORDS DNA damage ↑ 9
XRCC2, TICRR, FOXM1,
BRIP1, ATAD5, RAD54B,
POLQ, RAD54L, BARD1

0.032

GOTERM_CC_DIRECT GO:0070062—extracellular
exosome ↓ 40

KRT6C, NAMPT, C3,
CSF1, SORL1, HEXB,
CLU, ITM2B, RPS25,

AZGP1, GPM6A,
SERINC1, RPL34, RPLP1,

FAT2, HSPA6,
IGKV1D-12, LTF, RPL4,

PRKACB, PDGFD,
ARL6IP5, MUC13,

RHOBTB3, PLAT, FLOT2,
TMC5, RPL26, RPS9,

RPL24, ENDOD1,
SERPINI1, NUCB1,

GNB2, RPS17, NUCB2,
CYBRD1, CYFIP2,

CA2, LRP2

0.039

GOTERM_CC_DIRECT GO:0005783—endoplasmic
reticulum ↓ 18

CAST, EEF1B2, CAMLG,
CLU, SORL1, APH1B,

VASH1, LRPAP1, FMO5,
EPHA4, BRINP1, NUCB2,
BCAP29, RAB38, ANO7,
LRP2, KCNQ1, ARL6IP5

0.040

UP_KEYWORDS DNA repair ↑ 8
XRCC2, TICRR, FOXM1,
BRIP1, RAD54B, POLQ,

RAD54L, BARD1
0.041

KEGG_PATHWAY hsa04110:Cell cycle ↑ 6 CCNE2, CDC45, RBL1,
TTK, ESPL1, CCNA2 0.044

1 ↑ up-regulated genes, ↓ down-regulated genes.
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Specifically, based on pathway and GO analysis, key genes in cell cycle regulation
(FOXM1 and AURKA) and DNA damage and repair (BARD1, BRIP1 and XRCC2) were
significantly up-regulated in germline-mutated MBCs compared with non-mutated MBCs
(Supplementary Figure S2A–E).

Analysis of gene-expression module signatures showed differences between germline-
mutated and non-mutated MBCs for proliferation (AURKA signature, p = 0.0002) and
HER2 (ERBB2 signature, p = 0.003) signaling (Figure 1). In particular, germline-mutated
MBCs showed higher proliferation and HER2 signaling module scores compared with
non-mutated cases.
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An unsupervised clustering analysis using the 2000 most variable transcripts among
all tumor samples was also performed. Using this approach, two distinct MBC clusters
emerged (Figure 2A): Cluster 1, which included 41 MBCs, and Cluster 2, which included
22 MBCs (approximately unbiased (AU) probability of 88% and 87%, respectively).
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Cluster 1 contained 18 germline-mutated MBCs, including 16 BRCA1/2- and two
PALB2-mutated MBCs, while Cluster 2 contained eight germline-mutated MBCs, including
six BRCA1/2- and two RAD-mutated MBCs. Although Cluster 1 included most germline-
mutated cases, the frequency of mutated cases in the two clusters was not significantly
different (chi-square p = 0.5). No statistically significant differences between Cluster 1 and
Cluster 2 cases with regard to clinical–pathologic characteristics emerged (data not shown).
Interestingly, the single triple-negative MBC in our series, which is a non-mutated case,
clustered in Cluster 1.

Differential expression analysis between the two clusters revealed 431 differentially
expressed genes, of which 197 were up-regulated and 234 were down-regulated in Cluster 1
compared with Cluster 2 (Supplementary Table S3). Enrichment analysis highlighted an
up-regulation for genes mainly involved in immunity, of both innate and adaptive response,
in Cluster 1 (Table 3).

Table 3. Enrichment analysis of up-regulated (N = 197) and down-regulated (N = 234) genes in Cluster 1 compared with
Cluster 2 MBCs. Only terms considered as the most representative and interesting among the significant ones are reported.

Category Term Expression 1 Count Genes p-Value

UP_KEYWORDS Immunity ↑ 16

MICB, S100A8, IFITM2,
GSDMD, IDO2, C4BPB, LY9,

APOBEC3H, IGKV1-12,
TLR9, IGHV3-11, NUDCD1,

IGHV3-23, IGKV1D-39,
IGKV3-20, IGHV3-13

0.002

UP_KEYWORDS Immunoglobulin domain ↑ 16

IGHG1, MICB, IL18RAP,
MPZL2, LY9, PIGR, SIRPB1,

SIGIRR, IGHV3-11,
LINGO1, IGSF5, IGHV3-23,

IGKV1D-39, IGKV3-20,
IGHV3-13, LAG3

0.003

GOTERM_MF_DIRECT GO:0003823~antigen
binding ↑ 8

IGHG1, IGHV3-11, MICB,
IGHV3-23, IGKV1D-39,

IGKV3-20, IGHV3-13, LAG3
0.005

REACTOME_PATHWAY
R-HSA-166663:R-HSA-

166663 Initial triggering of
complement

↑ 6
IGHG1, IGHV3-11,

IGHV3-23, IGKV1D-39,
IGKV3-20, IGHV3-13

0.015

REACTOME_PATHWAY
R-HSA-2029481:R-HSA-

2029481 FCGR
activation

↑ 6
IGHG1, IGHV3-11,

IGHV3-23, IGKV1D-39,
IGKV3-20, IGHV3-13

0.017

REACTOME_PATHWAY

R-HSA-2029485:R-HSA-
2029485 Role of

phospholipids in
phagocytosis

↑ 6
IGHG1, IGHV3-11,

IGHV3-23, IGKV1D-39,
IGKV3-20, IGHV3-13

0.019

REACTOME_PATHWAY

R-HSA-198933:R-HSA-
198933 Immunoregulatory

interactions between a
Lymphoid and a

non-Lymphoid cell

↑ 8
KLRB1, IGHV3-11, MICB,

IGHV3-23, IGKV1D-39,
IGKV3-20, IGHV3-13, HCST

0.019

REACTOME_PATHWAY

R-HSA-173623:R-HSA-
173623 Classical

antibody-mediated
complement activation

↑ 6
IGHG1, IGHV3-11,

IGHV3-23, IGKV1D-39,
IGKV3-20, IGHV3-13

0.022
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Table 3. Cont.

Category Term Expression 1 Count Genes p-Value

UP_KEYWORDS Immunoglobulin V region ↑ 5
IGHV3-11, IGHV3-23,

IGKV1D-39, IGKV3-20,
IGHV3-13

0.022

UP_KEYWORDS Adaptive immunity ↑ 8

IGHV3-11, MICB,
IGHV3-23, IGKV1D-39,

IGKV3-20, LY9, IGKV1-12,
IGHV3-13

0.025

REACTOME_PATHWAY
R-HSA-5690714:R-HSA-
5690714 CD22 mediated

BCR regulation
↑ 5

IGHV3-11, IGHV3-23,
IGKV1D-39, IGKV3-20,

IGHV3-13
0.035

REACTOME_PATHWAY
R-HSA-2454202:R-HSA-

2454202 Fc epsilon receptor
(FCERI) signaling

↑ 5
IGHV3-11, IGHV3-23,

IGKV1D-39, IGKV3-20,
IGHV3-13

0.035

1 ↑ up-regulated genes, ↓ down-regulated genes.

Among relevant genes differentially expressed between the two subgroups, statis-
tically significant different expression levels were observed for NAT1, which was up-
regulated in Cluster 2 (p = 0.007) (Supplementary Figure S2F).

Differences between Cluster 1 and Cluster 2 also emerged for the majority of the
gene-expression module signatures evaluated (Figure 3), including proliferation (AURKA
signature, p = 0.02), HER2 signaling (ERBB2 signature, p = 0.0003), invasion and metastasis
(PLAU signature, p = 0.03), apoptosis (CASP3 signature, p = 0.01), and immune response
(STAT1 signature, p = 0.005). Specifically, Cluster 1 showed higher expression scores com-
pared with Cluster 2 cases for all modules except for apoptosis signaling. No differences
between MBC Cluster 1 and Cluster 2 and ER signaling emerged (Figure 3).
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The Kaplan–Meier survival estimate, which was performed to evaluate the OS prob-
ability, showed a worse outcome for MBC cases in Cluster 1 compared with the cases in
Cluster 2 (log-rank test p = 0.043) (Figure 2B).

4. Discussion

In order to identify molecular subtypes with possible clinical relevance, we investi-
gated the transcriptome profiles of a series of MBC cases all characterized for germline
mutations in the most relevant BC susceptibility genes [3]. To the best of our knowledge,
this is the first gene expression study performed in MBC using RNA sequencing, which
is an approach demonstrated to provide considerable advantages in terms of number of
identifiable differentially modulated transcripts [24–26]. Given that MBCs associated with
germline mutations in BRCA are likely to represent a subgroup with a peculiar phenotype,
analyzing transcriptome profiles by genetic factors could provide additional insights to
better stratify patients eligible for a personalized management.

Differential expression analysis in MBCs with and without germline mutations showed
a statistically significant up-regulation of genes involved in cell cycle regulatory pathways,
such as FOXM1 and AURKA, in germline-mutated compared with non-mutated MBCs.
In line with these findings, a significant overexpression of cell cycle-related genes, in
particular FOXM1, has been observed in BRCA-mutated compared with non-mutated
female BC cases [14]. FOXM1 plays a central role in the regulation of the cell cycle, and
the up-regulation of FOXM1 in BRCA-mutated BCs has been suggested as a result of
response to DNA damages [14]. Furthermore, FOXM1 overexpression was identified as
an independent marker of poor prognosis in MBC [27]. Overall, our findings together
with these data point to FOXM1 as a key regulator and potential prognostic factor in MBC,
particularly for germline-mutated cases.

Similarly, a higher frequency of AURKA amplification, a key regulator of the mitotic
cell division process, has been reported in tumors from BRCA-mutated female BC cases
compared to non-mutated cases, suggesting a possible cooperation between AURKA over-
expression and BRCA inactivation in tumor development and progression [28]. Consistent
with the high expression of the AURKA gene in germline-mutated cases, we found a statis-
tically significant difference in the AURKA (i.e., proliferation) gene-expression signature
between germline-mutated and non-mutated MBCs. Overall, these findings add to our
previous data showing that BRCA-associated MBCs may exhibit pathological features
suggestive of biological aggressiveness [10].

The up-regulation of genes belonging to DNA damage and repair pathways also
emerged in germline-mutated compared with non-mutated MBCs. These results may
suggest a possible compensatory mechanism in germline-mutated tumors. The activation of
an alternative DNA repair mechanism in tumors with defects in homologous recombination
genes, such as those found mutated in this MBC series, has provided the rationale for the
development of targeted therapy using PARP inhibitors (PARPi) [29]. Overall, our results
may indicate distinct underlying molecular pathways in MBCs associated with germline
mutations in homologous recombination genes, which may influence the managements
of this subset of patients [30]. Studies on larger series of germline-mutated MBC cases,
possibly characterized for somatic alterations, are needed to further shed light on molecular
mechanisms underlying mutated tumors and on potentially actionable molecular targets.

To further characterize MBC subgroups without any a priori classification, an alter-
native approach based on unsupervised clustering was used. This analysis showed two
distinct MBC subgroups (Cluster 1 and Cluster 2), which are not attributable to known
clinical–pathologic features.

Immune response emerged as the most relevant process able to discriminate Cluster 1
and Cluster 2 at the transcriptional level. Avoiding the immune destruction and the
tumor-promoting inflammation are currently widely accepted as hallmarks of cancer
development, and understanding the composition and interaction between cancer and the
immune system in the tumor microenvironment is essential for the clinical applicability
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of immunotherapy strategies, which is a cutting-edge cancer treatment [31]. To date, little
is known about the role of the immune system in MBC; thus, these findings are open to
further analysis.

The investigation of key biological processes using gene module scores showed that
Cluster 1 tumors were associated with higher scores of immune responses, tumor invasion
and metastasis, proliferation, and HER2 signaling modules as well as a lower score of
apoptosis module compared with MBCs in Cluster 2. Notably, MBC cases in Cluster 1
displayed worse clinical outcome. Overall, these findings indicate that MBCs in Cluster 1
may be more aggressive than those in Cluster 2. Furthermore, germline-mutated MBCs
were associated with higher proliferation and HER2 signaling module scores, suggesting
that Cluster 1 cases may share some biological features of aggressiveness with germline-
mutated cases.

A previous study by Johansson et al. showed two MBC subgroups, termed luminal M1
and M2, which were characterized by different biological features and clinical outcome [16].
In particular, the luminal M1 subgroup was characterized by a trend toward a worse
prognosis and down-regulation of NAT1, which is a gene with possible prognostic and
predictive significance in MBC [16]. In this study, NAT1 was down-regulated in Cluster 1.
It is noteworthy that high NAT1 expression was reported to have a role in ER+ female BC
as a predictive marker of response to tamoxifen [32], which is the most often used first
antiestrogen drug in MBC patients eligible for endocrine therapy [33].

Despite some similarities, the subgroups identified by Johansson et al. and by this
study did not exactly overlap. The investigation of key biological processes using gene
module scores showed that similar to Luminal M1 tumors, Cluster 1 tumors were asso-
ciated with tumor invasion and metastasis, proliferation, and HER2 signaling modules.
However, in our study, the ER signaling module did not emerge as a discriminating pro-
cess between subgroups as in Johansson et al. [16]. These differences may be due to the
different methodology used in the two studies (microarray vs. RNA-seq), and also to
the enrichment for germline-mutated cases in our series, which may have influenced the
unsupervised clustering.

Overall, our results indicate that although phenotypically similar, e.g., ER/PR+ and
HER2-, MBCs may display different molecular subtypes that may help in identifying sub-
groups of patients that may benefit from specific treatment approaches besides endocrine
therapy, highlighting the need to include male breast patients in clinical trials, as recently
suggested by the FDA [34].

We can speculate that germline-mutated and Cluster 1 MBC cases, characterized by
the activation of the cell cycle pathway, might benefit from the use of CDK4/6 inhibitors in
combination with endocrine therapy, which is a treatment approved for MBC patients with
ER/PR-positive, HER2-negative advanced or metastatic cancer [33,35].

Both germline-mutated and Cluster 1 MBC cases were characterized by a high HER2
score, suggesting that the HER2 pathway may be active; thus, they might benefit from
treatment with trastuzumab, as previously reported in female BC [36,37].

Furthermore, germline-mutated MBC cases within Cluster 1, characterized by high
immunity pathway expression, might be possible candidates for a synergistic use of PARPi-
based therapies and immunotherapy, which is a novel therapeutic strategy proven to be
effective in several solid tumors, including breast cancer, and particularly in cases with
mutations in homologous recombination genes [38].

Given the rarity of MBC and the low frequency of germline mutations [3], the number
of cases analysed in this study is comparable to that of previous studies on gene expression
profiling in MBC [15,16]. Unfortunately, some clinical pathologic data were missing, and
data on adjuvant therapy were not available.

Very recently, transcriptomic gene risk signatures obtained from several multipara-
metric tests, including Prosigna, MammaPrint, and Oncotype Dx, have been shown to
provide comparable prognostic information in male and female BC [8]. On the other
hand, a previous study based on the comparison of the somatic landscape in male and
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female BCs highlighted the molecular uniqueness and heterogeneity of MBC genetics, for
which specific clinical management should be required. [39]. In this context, additional
molecular studies on well-characterized larger series, enriched for germline-mutated cases,
are needed to validate our results and to correlate the identified MBC molecular subgroups
with somatic alterations, treatment, and prognosis.

5. Conclusions

In conclusion, our results indicate that germline mutation status could impact on MBC
transcriptome profiles, defining subgroups that may be driven by different underlying
molecular pathways. Overall, transcriptome profiling by RNA sequencing might be a
valuable approach to dissect the molecular heterogeneity of MBC and to identify MBC
subgroups of biological and clinical relevance, which is a primary step to improve the
clinical management of MBC patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13184515/s1, Figure S1: PCA plots and heatmaps of correlation coefficients by
using all transcripts (A and C respectively) and the set of differentially expressed genes between
germline-mutated and non-mutated MBCs (B and D respectively), Figure S2: (A–E) Boxplots showing
the expression, as normalized counts, of relevant differentially expressed genes in MBCs with and
without germline mutations: BARD1, BRIP1, XRCC2, FOXM1, AURKA. (F) Boxplots showing the
expression, as normalized counts, of NAT1 gene in Cluster 1 compared to Cluster 2. The Benjamini–
Hochberg FDR adjusted p-value is reported, Table S1: Pathogenic mutations identified in the analyzed
MBC series, Table S2: List and functional annotation of the 410 differentially expressed genes in
germline-mutated compared with non-mutated MBCs, Table S3: List and functional annotation of
the 431 differentially expressed genes in Cluster 1 compared with Cluster 2 MBCs.

Author Contributions: Conceptualization, L.O.; Data curation, V.Z., V.S., I.Z., S.B., A.C., G.G., L.C.,
D.C., M.G.T., S.B.F., kConFab and D.P.; Formal analysis, V.Z., V.S., V.V., A.B. and P.R.; Funding
acquisition, L.O.; Investigation, V.Z. and V.S.; Methodology, V.Z., V.S., V.V., A.B. and P.R.; Project
administration, L.O.; Supervision, L.O.; Writing—original draft, V.Z., V.S. and L.O.; Writing—review
and editing, V.Z., V.S., V.V., A.B., P.R., I.Z., S.B., A.C., G.G., L.C., D.C., M.G.T., S.B.F., kConFab, D.P.
and L.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fondazione AIRC (Associazione Italiana Ricerca sul
Cancro) under IG 2018 grant number ID. 21389, LILT (Lega Italiana per la Lotta Contro i Tumori)
under IG 2019, P.I. Ottini Laura, and Italian Ministry of Education, Universities and Research–
Dipartimenti di Eccellenza-L. 232/2016.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Sapienza University of Rome
(protocol code 669 and date of approval 06/07/2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors wish to thank all the patients who participated in our study. The
authors wish also to thank the heads and the staff of the institutions participating in the Italian
multicenter study on MBC for supporting the recruitment of patients and data collection; Heather
Thorne, Eveline Niedermayr, Sharon Guo, all the kConFab research nurses and staff, the heads and
staff of the Family Cancer Clinics, and the Clinical Follow Up Study (which has received funding from
the NHMRC, the National Breast Cancer Foundation, Cancer Australia, and the National Institute
of Health, USA) for their contributions to this resource, and the many families who contribute
to kConFab. kConFab is supported by a grant from the National Breast Cancer Foundation and
previously by the National Health and Medical Research Council (NHMRC), the Queensland Cancer
Fund, the Cancer Councils of New South Wales, Victoria, Tasmania and South Australia, and the
Cancer Foundation of Western Australia. Virginia Valentini is supported by FIRC-AIRC (triennial
fellowship “Carlo Zanotti”). Agostino Bucalo contributed to this paper as a recipient of the Ph.D.
program of Molecular Medicine of the Sapienza, University of Rome.

https://www.mdpi.com/article/10.3390/cancers13184515/s1
https://www.mdpi.com/article/10.3390/cancers13184515/s1


Cancers 2021, 13, 4515 13 of 14

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rizzolo, P.; Silvestri, V.; Falchetti, M.; Ottini, L. Inherited and acquired alterations in development of breast cancer. Appl. Clin.

Genet. 2011, 4, 145–158. [CrossRef]
2. Silvestri, V.; Zelli, V.; Valentini, V.; Rizzolo, P.; Navazio, A.S.; Coppa, A.; Agata, S.; Oliani, C.; Barana, D.; Castrignanò, T.;

et al. Whole-exome sequencing and targeted gene sequencing provide insights into the role of PALB2 as a male breast cancer
susceptibility gene. Cancer 2017, 123, 210–218. [CrossRef]

3. Rizzolo, P.; Zelli, V.; Silvestri, V.; Valentini, V.; Zanna, I.; Bianchi, S.; Masala, G.; Spinelli, A.M.; Tibiletti, M.G.; Russo, A.; et al.
Insight into genetic susceptibility to male breast cancer by multigene panel testing: Results from a multicenter study in Italy. Int.
J. Cancer 2019, 145, 390–400. [CrossRef]

4. Pritzlaff, M.; Summerour, P.; McFarland, R.; Li, S.; Reineke, P.; Dolinsky, J.S.; Goldgar, D.E.; Shimelis, H.; Couch, F.J.; Chao, E.C.;
et al. Male breast cancer in a multi-gene panel testing cohort: Insights and unexpected results. Breast Cancer Res. Treat. 2017, 161,
575–586. [CrossRef]

5. Silvestri, V.; Rizzolo, P.; Zelli, V.; Valentini, V.; Zanna, I.; Bianchi, S.; Tibiletti, M.G.; Varesco, L.; Russo, A.; Tommasi, S.; et al. A
possible role of FANCM mutations in male breast cancer susceptibility: Results from a multicenter study in Italy. Breast 2018,
38, 92–97. [CrossRef] [PubMed]

6. Fostira, F.; Saloustros, E.; Apostolou, P.; Vagena, A.; Kalfakakou, D.; Mauri, D.; Tryfonopoulos, D.; Georgoulias, V.; Yannoukakos,
D.; Fountzilas, G.; et al. Germline deleterious mutations in genes other than BRCA2 are infrequent in male breast cancer. Breast
Cancer Res. Treat. 2018, 169, 105–113. [CrossRef] [PubMed]

7. Ottini, L. Male breast cancer: A rare disease that might uncover underlying pathways of breast cancer. Nat. Rev. Cancer 2014,
14, 643. [CrossRef]

8. Bayani, J.; Poncet, C.; Crozier, C.; Neven, A.; Piper, T.; Cunningham, C.; Sobol, M.; Aebi, S.; Benstead, K.; Bogler, O.; et al.
Evaluation of multiple transcriptomic gene risk signatures in male breast cancer. NPJ Breast Cancer 2021, 7, 98. [CrossRef]

9. Gucalp, A.; Traina, T.A.; Eisner, J.R.; Parker, J.S.; Selitsky, S.R.; Park, B.H. Male breast cancer: A disease distinct from female breast
cancer. Breast Cancer Res. Treat. 2019, 173, 37–48. [CrossRef]

10. Silvestri, V.; Barrowdale, D.; Mulligan, A.M.; Neuhausen, S.L.; Fox, S.; Karlan, B.Y.; Mitchell, G.; James, P.; Thull, D.L.; Zorn,
K.K.; et al. Male breast cancer in BRCA1 and BRCA2 mutation carriers: Pathology data from the Consortium of Investigators of
Modifiers of BRCA1/2. Breast Cancer Res. 2016, 18, 15. [CrossRef]

11. Vermeulen, M.A.; Slaets, L.; Cardoso, F.; Giordano, S.H.; Tryfonidis, K.; van Diest, P.J.; Dijkstra, N.H.; Schröder, C.P.; van Asperen,
C.J.; Linderholm, B.; et al. Pathological characterisation of male breast cancer: Results of the EORTC 10085/TBCRC/BIG/NABCG
International Male Breast Cancer Program. Eur. J. Cancer 2017, 82, 219–227. [CrossRef] [PubMed]

12. Ng, C.K.; Schultheis, A.M.; Bidard, F.C.; Weigelt, B.; Reis-Filho, J.S. Breast cancer genomics from microarrays to massively parallel
sequencing: Paradigms and new insights. J. Natl. Cancer Inst. 2015, 107, djv015. [CrossRef] [PubMed]

13. Larsen, M.J.; Thomassen, M.; Tan, Q.; Lænkholm, A.V.; Bak, M.; Sørensen, K.P.; Andersen, M.K.; Kruse, T.A.; Gerdes, A.N. RNA
profiling reveals familial aggregation of molecular subtypes in non-BRCA breast cancer families. BMC Med. Genom. 2014, 7, 9.
[CrossRef]

14. Akbari, V.; Kallhor, M.; Akbari, M.T. Transcriptome mining of non-BRCA1/2 and BRCA1/2 familial breast cancer. J. Cell Biochem.
2019, 120, 575–583. [CrossRef]

15. Callari, M.; Cappelletti, V.; De Cecco, L.; Musella, V.; Miodini, P.; Veneroni, S.; Gariboldi, M.; Pierotti, M.A.; Daidone, M.G. Gene
expression analysis reveals a different transcriptomic landscape in female and male breast cancer. Breast Cancer Res. Treat. 2011,
127, 601–610. [CrossRef]

16. Johansson, I.; Nilsson, C.; Berglund, P.; Lauss, M.; Ringnér, M.; Olsson, H.; Luts, L.; Sim, E.; Thorstensson, S.; Fjällskog, M.L.; et al.
Gene expression profiling of primary male breast cancers reveals two unique subgroups and identifies N-acetyltransferase-1
(NAT1) as a novel prognostic biomarker. Breast Cancer Res. 2012, 14, R31. [CrossRef]

17. Humphries, M.P.; Sundara Rajan, S.; Droop, A.; Suleman, C.A.B.; Carbone, C.; Nilsson, C.; Honarpisheh, H.; Cserni, G.; Dent, J.;
Fulford, L.; et al. A Case-Matched Gender Comparison Transcriptomic Screen Identifies eIF4E and eIF5 as Potential Prognostic
Markers in Male Breast Cancer. Clin. Cancer Res. 2017, 23, 2575–2583. [CrossRef]

18. André, S.; Pereira, T.; Silva, F.; Machado, P.; Vaz, F.; Aparício, M.; Silva, G.L.; Pinto, A.E. Male breast cancer: Specific biological
characteristics and survival in a Portuguese cohort. Mol. Clin. Oncol. 2019, 10, 644–654. [CrossRef]

19. Ottini, L.; Silvestri, V.; Rizzolo, P.; Falchetti, M.; Zanna, I.; Saieva, C.; Masala, G.; Bianchi, S.; Manoukian, S.; Barile, M.;
et al. Clinical and pathologic characteristics of BRCA-positive and BRCA-negative male breast cancer patients: Results from a
collaborative multicenter study in Italy. Breast Cancer Res. Treat. 2012, 134, 411–418. [CrossRef]

20. Thorne, H.; Mitchell, G.; Fox, S.; kConFab Consortium. kConFab: A familial breast cancer consortium facilitating research and
translational oncology. J. Natl. Cancer Inst. Monogr. 2011, 2011, 79–81. [CrossRef]

21. Desmedt, C.; Haibe-Kains, B.; Wirapati, P.; Buyse, M.; Larsimont, D.; Bontempi, G.; Delorenzi, M.; Piccart, M.; Sotiriou, C.
Biological processes associated with breast cancer clinical outcome depend on the molecular subtypes. Clin. Cancer Res. 2008, 14,
5158–5165. [CrossRef]

http://doi.org/10.2147/TACG.S13226
http://doi.org/10.1002/cncr.30337
http://doi.org/10.1002/ijc.32106
http://doi.org/10.1007/s10549-016-4085-4
http://doi.org/10.1016/j.breast.2017.12.013
http://www.ncbi.nlm.nih.gov/pubmed/29287190
http://doi.org/10.1007/s10549-018-4661-x
http://www.ncbi.nlm.nih.gov/pubmed/29335925
http://doi.org/10.1038/nrc3806
http://doi.org/10.1038/s41523-021-00301-0
http://doi.org/10.1007/s10549-018-4921-9
http://doi.org/10.1186/s13058-016-0671-y
http://doi.org/10.1016/j.ejca.2017.01.034
http://www.ncbi.nlm.nih.gov/pubmed/28292559
http://doi.org/10.1093/jnci/djv015
http://www.ncbi.nlm.nih.gov/pubmed/25713166
http://doi.org/10.1186/1755-8794-7-9
http://doi.org/10.1002/jcb.27413
http://doi.org/10.1007/s10549-010-1015-8
http://doi.org/10.1186/bcr3116
http://doi.org/10.1158/1078-0432.CCR-16-1952
http://doi.org/10.3892/mco.2019.1841
http://doi.org/10.1007/s10549-012-2062-0
http://doi.org/10.1093/jncimonographs/lgr042
http://doi.org/10.1158/1078-0432.CCR-07-4756


Cancers 2021, 13, 4515 14 of 14

22. Suzuki, R.; Shimodaira, H. Pvclust: An R package for assessing the uncertainty in hierarchical clustering. Bioinformatics 2006, 22,
1540–1542. [CrossRef]

23. Zanna, I.; Silvestri, V.; Palli, D.; Magrini, A.; Rizzolo, P.; Saieva, C.; Zelli, V.; Bendinelli, B.; Vezzosi, V.; Valentini, V.; et al. Smoking
and FGFR2 rs2981582 variant independently modulate male breast cancer survival: A population-based study in Tuscany, Italy.
Breast 2018, 40, 85–91. [CrossRef] [PubMed]

24. Xu, X.; Zhang, Y.; Williams, J.; Antoniou, E.; McCombie, W.R.; Wu, S.; Zhu, W.; Davidson, N.O.; Denoya, P.; Li, E. Parallel
comparison of Illumina RNA-Seq and Affymetrix microarray platforms on transcriptomic profiles generated from 5-aza-deoxy-
cytidine treated HT-29 colon cancer cells and simulated datasets. BMC Bioinform. 2013, 14 (Suppl. 9), S1. [CrossRef]

25. Zhao, S.; Fung-Leung, W.P.; Bittner, A.; Ngo, K.; Liu, X. Comparison of RNA-Seq and microarray in transcriptome profiling of
activated T cells. PLoS ONE 2014, 9, e78644. [CrossRef]

26. Hung, J.H.; Weng, Z. Analysis of microarray and RNA-seq expression profiling data. Cold Spring Harb. Protoc. 2017, 2017.
[CrossRef] [PubMed]

27. Abdeljaoued, S.; Bettaieb, I.; Nasri, M.; Adouni, O.; Goucha, A.; El Amine, O.; Boussen, H.; Rahal, K.; Gamoudi, A. Overexpression
of FOXM1 Is a Potential Prognostic Marker in Male Breast Cancer. Oncol. Res. Treat. 2017, 40, 167–172. [CrossRef] [PubMed]

28. Tang, A.; Gao, K.; Chu, L.; Zhang, R.; Yang, J.; Zheng, J. Aurora kinases: Novel therapy targets in cancers. Oncotarget 2017, 8,
23937–23954. [CrossRef]

29. Davar, D.; Beumer, J.H.; Hamieh, L.; Tawbi, H. Role of PARP inhibitors in cancer biology and therapy. Curr. Med. Chem. 2012, 19,
3907–3921. [CrossRef]

30. Giordano, S.H. Breast Cancer in Men. N. Engl. J. Med. 2018, 378, 2311–2320. [CrossRef]
31. Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Ostrand-Rosenberg,

S.; Hedrick, C.C.; et al. Understanding the tumor immune microenvironment (TIME) for effective therapy. Nat. Med. 2018, 24,
541–550. [CrossRef]

32. Bieche, I.; Girault, I.; Urbain, E.; Tozlu, S.; Lidereau, R. Relationship between intratumoral expression of genes coding for
xenobiotic-metabolizing enzymes and benefit from adjuvant tamoxifen in estrogen receptor alpha-positive postmenopausal
breast carcinoma. Breast Cancer Res. 2004, 6, R252–R263. [CrossRef] [PubMed]

33. Hassett, M.J.; Somerfield, M.R.; Baker, E.R.; Cardoso, F.; Kansal, K.J.; Kwait, D.C.; Plichta, J.K.; Ricker, C.; Roshal, A.; Ruddy, K.J.;
et al. Management of Male Breast Cancer: ASCO Guideline. J. Clin. Oncol. 2020, 38, JCO1903120. [CrossRef]

34. US Department of Health and Human Services, Food and Drug Administration, Oncology Cener of Excellence, Center for
Drug Evaluation and Research and Center for Biologics Evaluation and Research. Male Breast Cancer: Developing Drugs for
Treatment Draft Guidance for Industry. August 2019. Available online: www.fda.gov/media/130061/download (accessed on
23 September 2019).

35. Hansra, D.; Jackson, S.; Sequeira, J.; Vazirani, R.; Alvarez, R. Male patient with metastatic stage IV breast cancer achieves complete
remission on second line Abemaciclib, Fulvestrant and Leuprolide: A case report. Mol. Clin. Oncol. 2020, 12, 120–125. [CrossRef]

36. Paik, S.; Kim, C.; Wolmark, N. HER2 status and benefit from adjuvant trastuzumab in breast cancer. N. Engl. J. Med. 2008, 358,
1409–1411. [CrossRef] [PubMed]

37. Perez, E.A.; Reinholz, M.M.; Hillman, D.W.; Tenner, K.S.; Schroeder, M.J.; Davidson, N.E.; Martino, S.; Sledge, G.W.; Harris, L.N.;
Gralow, J.R.; et al. HER2 and chromosome 17 effect on patient outcome in the N9831 adjuvant trastuzumab trial. J. Clin. Oncol.
2010, 28, 4307–4315. [CrossRef] [PubMed]

38. Vikas, P.; Borcherding, N.; Chennamadhavuni, A.; Garje, R. Therapeutic Potential of Combining PARP Inhibitor and Immunother-
apy in Solid Tumors. Front. Oncol. 2020, 10, 570. [CrossRef]

39. Moelans, C.B.; de Ligt, J.; van der Groep, P.; Prins, P.; Besselink, N.J.M.; Hoogstraat, M.; Ter Hoeve, N.D.; Lacle, M.M.; Kornegoor,
R.; van der Pol, C.C.; et al. The molecular genetic make-up of male breast cancer. Endocr. Relat. Cancer 2019, 26, 779–794.
[CrossRef]

http://doi.org/10.1093/bioinformatics/btl117
http://doi.org/10.1016/j.breast.2018.04.017
http://www.ncbi.nlm.nih.gov/pubmed/29709729
http://doi.org/10.1186/1471-2105-14-S9-S1
http://doi.org/10.1371/journal.pone.0078644
http://doi.org/10.1101/pdb.top093104
http://www.ncbi.nlm.nih.gov/pubmed/27574194
http://doi.org/10.1159/000458156
http://www.ncbi.nlm.nih.gov/pubmed/28376490
http://doi.org/10.18632/oncotarget.14893
http://doi.org/10.2174/092986712802002464
http://doi.org/10.1056/NEJMra1707939
http://doi.org/10.1038/s41591-018-0014-x
http://doi.org/10.1186/bcr784
http://www.ncbi.nlm.nih.gov/pubmed/15084249
http://doi.org/10.1200/JCO.19.03120
www.fda.gov/media/130061/download
http://doi.org/10.3892/mco.2019.1955
http://doi.org/10.1056/NEJMc0801440
http://www.ncbi.nlm.nih.gov/pubmed/18367751
http://doi.org/10.1200/JCO.2009.26.2154
http://www.ncbi.nlm.nih.gov/pubmed/20697084
http://doi.org/10.3389/fonc.2020.00570
http://doi.org/10.1530/ERC-19-0278

	Introduction 
	Materials and Methods 
	Study Population 
	RNA Isolation and Sequencing 
	Data Analysis 
	Differential Gene Expression Analysis 
	Gene Enrichment and Pathway-Based Analysis 
	Clustering Analysis 
	Statistical Analyses 


	Results 
	Discussion 
	Conclusions 
	References

