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c Metabolomics and Cell Biology Platforms, Gustave Roussy Cancer Campus, Villejuif 94805, France 
d San Raffaele Open University, Rome 00166, Italy 
e Bioinformatics and Genomics, Centre for Genomic Regulation (CRG), Barcelona 08003, Catalonia, Spain 
f Institute of Bioorganic Chemistry, Polish Academy of Sciences, Poznan, Poland 
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A B S T R A C T   

The molecular complexity of human breast cancer (BC) renders the clinical management of the disease chal
lenging. Long non-coding RNAs (lncRNAs) are promising biomarkers for BC patient stratification, early detec
tion, and disease monitoring. Here, we identified the involvement of the long intergenic non-coding RNA 01087 
(LINC01087) in breast oncogenesis. LINC01087 appeared significantly downregulated in triple-negative BCs 
(TNBCs) and upregulated in the luminal BC subtypes in comparison to mammary samples from cancer-free 
women and matched normal cancer pairs. Interestingly, deregulation of LINC01087 allowed to accurately 
distinguish between luminal and TNBC specimens, independently of the clinicopathological parameters, and of 
the histological and TP53 or BRCA1/2 mutational status. Moreover, increased expression of LINC01087 pre
dicted a better prognosis in luminal BCs, while TNBC tumors that harbored lower levels of LINC01087 were 
associated with reduced relapse-free survival. Furthermore, bioinformatics analyses were performed on TNBC 
and luminal BC samples and suggested that the putative tumor suppressor activity of LINC01087 may rely on 
interferences with pathways involved in cell survival, proliferation, adhesion, invasion, inflammation and drug 
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sensitivity. Altogether, these data suggest that the assessment of LINC01087 deregulation could represent a 
novel, specific and promising biomarker not only for the diagnosis and prognosis of luminal BC subtypes and 
TNBCs, but also as a predictive biomarker of pharmacological interventions.   

1. Introduction 

Breast cancer (BC) is a heterogeneous group of diseases distin
guishable by their biological and clinical features [1]. Based on the 
immunohistochemical expression of the progesterone receptor (PR), 
estrogen receptor (ER), Erb-B2 receptor tyrosine kinase 2 (ERBB2, best 
known as the human epidermal growth factor receptor 2, HER2) and the 
proliferation marker Ki67, BCs have been classified into four surrogate 
intrinsic subtypes: luminal A (lumA), luminal B (lumB), HER2 positive 
(HER2+) and triple-negative breast cancer (TNBC) [1,2]. 

Among BC subtypes, TNBC regroups tumors with different clinical, 
histological and molecular imprints [1]. TNBC is clinically defined by a 
lack of ER, PR and HER2 receptors and does not respond to the precision 
medicines currently approved for the care of the other types of BC, such 
as the immunotherapies with pertuzumab and trastuzumab, or targeted 
chemotherapy with lapatinib [3]. However, a phase III trial showed an 
enhancement of the anticancer activity of the immunotherapy atezoli
zumab when combined with nanoparticle albumin-bound (nab)–pacli
taxel on the progression-free survival (PFS) of metastatic TNBC patients 
[4]. Moreover, polyadenosine diphosphate-ribose polymerase (PARP) 
inhibitors (i.e. olaparib) have been used in metastatic TNBC patients 
that harbor mutation in BRCA1 gene [5]. TNBCs are particularly 
aggressive, exhibiting a high risk of recurrence and metastasis, as well as 
the worst prognosis compared to the other BC subsets [3,6]. 

Luminal BCs are clinically defined as hormone-receptor positive tu
mors: ER+ and/or PR+ [1]. Additionally, lumA BCs are HER2- Ki67low 

whereas lumB BCs can be either HER2+ or HER2- Ki67high. In compar
ison to TNBCs, the luminal subtypes are associated with better prognosis 
and survival, lumB having a slightly worse prognosis than lumA BCs [1]. 
The management of luminal BC subtypes depend on various criteria 
including prognostic and predictive factors as well as comorbidities. 
Generally, lumA and HER2- lumB BCs at early stages are treated by 
endocrine therapy and can be implemented with chemotherapy (i.e. 
anthracycline and/or taxanes), especially for patients at high risk of 
recurrence [1,3]. In patients with advanced tumors and that do not 
present visceral crisis or significant organ function impairment, endo
crine therapy alone or in combination with drugs (i.e. cyclin-dependent 
kinases (CDK) 4/6 inhibitors or everolimus) represents the first line of 
treatment [1,3,7,8]. Concerning HER2+ lumB patients, early BCs with 
tumor size over 1 centimeter or with axillary lymph node involvement 
usually benefit from chemotherapy plus a dual HER2-targeted therapy 
(trastuzumab and pertuzumab) and in association with adjuvant hor
mone therapy. Instead, advanced HER2+ lumB BCs are treated with 
anti-HER2 agents plus chemotherapy [1,3]. 

Advancements in the ‘omics’ technologies have provided a deeper 
understanding of the molecular heterogeneity within and between BC 
subtypes, identifying promising genetic and epigenetic biomarkers [9]. 
In fact, BC molecular signatures, in association with the canonical his
tological tests, not only improved disease detection but also its thera
peutic management [9,10]. 

An increasing number of studies is exploring the role of long non- 
coding RNAs (lncRNAs) in human diseases, such as BC [11–13]. 
LncRNAs consist of mRNA-like molecules longer than 200 nucleotides in 
length that have no or limited protein-coding potential [14,15]. They 
are involved in a variety of cellular phenomena such as epigenetic, 
transcriptional and post-transcriptional regulation as well as chromatin 
remodeling [16]. However, the majority of lncRNAs remains function
ally uncharacterized [17]. LncRNAs can be classified into five main 
categories: sense, antisense, bidirectional, intronic and intergenic, ac
cording to their position and direction of synthesis on the genome with 

respect to the nearest protein coding gene [18]. The involvement of 
lncRNAs in breast carcinogenesis, metastasis and chemotherapy resis
tance has been reported [13,19–21]. In addition, due to their dysregu
lated expression, some lncRNAs have been recognized as promising 
subtype-specific biomarkers for early detection of BC and disease 
monitoring [19,22]. 

In the present study, we investigated the clinical role of the long 
intergenic non-coding RNA 01087 (LINC01087) in BC tissues. We 
assessed: i) LINC01087 expression in different molecular and histolog
ical human BC subtypes; ii) its association with the mutational status of 
TP53 and BRCA1/2; iii) the prognostic value of LINC01087 in TNBC, 
lumA and lumB BCs; and iv) LINC01087 cellular network through in- 
depth bioinformatic analyses. 

Our findings indicate that aberrant expression of LINC01087 may 
contribute to breast oncogenesis. LINC01087 could be considered as a 
novel and highly specific diagnostic marker of luminal and TNBC mo
lecular subtypes. Precisely, in comparison to healthy breast tissue, the 
downregulation of LINC01087 was associated with TNBCs whereas its 
upregulation was characteristic of the luminal subtypes. Moreover, 
LINC01087 demonstrated a prognostic interest, with a lower level of 
LINC01087 indicating a worse prognosis in TNBC patients but a better 
prognosis in luminal patients. 

2. Materials and Methods 

2.1. Patient samples 

Sixty-one breast tissue specimens (17 luminal A, 9 luminal B, 4 
HER2+ and 15 TNBC breast tumor samples, 12 paired adjacent non- 
tumor tissues, 4 normal tissues derived from plastic surgery) were 
collected from cancer patients attending the Senology Department of the 
“Istituto Nazionale dei Tumori - Fondazione G. Pascale” of Naples, Italy. 
All breast tissues were snap-frozen in liquid nitrogen after surgery and 
cryopreserved at -80◦ before their analysis. Histological and molecular 
tests were performed to evaluate the immunoprofile of each breast tis
sue. All patients provided their written informed consent for the 
research purpose of these clinical materials according to the tenets of the 
Helsinki Declaration. This study was approved by the Istituto Nazionale 
Tumori - Fondazione G. Pascale Ethics Committee (protocol number 3 of 
03/25/2009). 

2.2. Laser-capture microdissection 

Human breast tissue samples were all subjected to laser-capture 
microdissection (LCM). Frozen sections of each tissue sample were 
embedded in Optimal Cutting Temperature (OCT) compound, cut at 14 
μm thickness and placed on polyethylene sulfide (PPS) membrane slides 
(Microdissect GmbH, Herborn, Germany). Then, all PPS slides were 
fixed in 70% ethanol for 1 minute, stained with haematoxylin and eosin 
for 30 seconds, followed by three dehydration steps in 90%, 95% and 
99% ethanol for 1 minute each, then air-dried. Finally, about 10 to 20 
million μm2 of microdissected tissue were obtained from each stained 
sample using Leica LMD6000 microdissection system (Wetzlar, Ger
many), according to the manufacturer’s instructions. 

2.3. RNA extraction and reverse transcription-quantitative real-time PCR 

Total RNAs were extracted from microdissected tissues or cells in 
culture using Qiazol Lysis reagent and purified with RNeasy Mini Kit 
(Qiagen, Hilden, Germany). RNA quantity and purity were evaluated by 
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NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA), whereas 
RNA integrity (RIN) was assessed using the Experion™ Automated 
Electrophoresis System (Bio-Rad Laboratories, Hercules, CA, USA). 

LINC01087 RNA expression was evaluated by reverse transcription- 
quantitative real-time PCR (RT-qPCR). First, 1 μg of total RNA was 
reverse transcribed using Superscript IV VILO Master MIX (Thermo 
Fisher Scientific). Then, 100 ng of cDNA were amplified with specific 
LINC01087 Taqman probe (Hs01902268_u1, Thermo Fisher Scientific), 
carrying out the qPCR on the StepOne Real-time PCR system (Applied 
Biosystems, Foster City, CA, USA), according to the manufacturer’s in
structions. Relative gene expression was calculated according to the 2- 

ΔΔCt method, normalizing the level of LINC01087 to GAPDH mRNA, the 
endogenous control. Samples were run in three replicates per experi
ment. Data were represented as mean ± standard deviation (SD) and 
were analyzed using GraphPad Prism software package (Graphpad® 
Software, San Diego, CA, USA). P-value ≤0.05 was considered statisti
cally significant. 

2.4. High-throughput RNA sequencing 

Ribo-Zero Gold rRNA removal kit was used to remove ribosomal 
RNA from 500 ng of total RNA according to the manufacturer’s rec
ommendations. Next, total purified RNA was used to generate cDNA 
indexed libraries by using the TruSeq® Stranded Total RNA Sample 
Preparation kit. Briefly, double-stranded cDNA fragments were synthe
sized from total purified RNAs, ligated to adaptors after being end- 
repaired and adenylated, then enriched by PCR amplification. After, 
PCR products were purified using AMPure XP beads (Beckman Coulter, 
Brea, CA, USA), quantified and quality assessed on the Agilent Bio
analyzer 2100 system (Agilent Technologies). Finally, indexed libraries 
were pooled in equimolar ratios before sequencing. Sequencing was 
carried out on the Illumina HiSeq 1500 platform to generate 100 bp 
paired-end reads, following the manufacturer’s protocols. All reagents 
(unless specified otherwise) were purchased from Illumina Inc (San 
Diego, CA, USA). 

2.5. Cell culture 

Human breast cancer cell lines (MCF7, BT474, BT549, HCC1937, 
BT20, Hs578 T) and one normal human breast cell line (MCF10A) were 
kindly provided by the cell culture facility of CEINGE-Biotecnologie 
Avanzate s.c.a.r.l. (Naples, Italy). MCF10A cells were maintained in 
Dulbecco’s modified Eagle medium/nutrient mixture F-12 (DMEM/F12) 
supplemented with epidermal growth factor (EGF) 20 ng/ml, insulin 10 
μg/ml, hydrocortisone 0.5 mg/ml, cholera toxin 100 ng/ml, 5% equine 
serum and 1% penicillin–streptomycin. MCF7 cells were cultured in 
Eagle’s minimum essential medium (EMEM) supplemented with 2 mM 
glutamine, 1% non-essential amino acids (NEAA), 10% fetal bovine 
serum (FBS) and 1% penicillin–streptomycin. All the other breast cancer 
cell lines were maintained in Roswell Park Memorial Institute (RPMI)- 
1640 medium, supplemented with 10% of FBS and 1% pen
icillin–streptomycin. Cells were cultured in a humidified atmosphere 
containing 5% CO2 at 37 ◦C. All cell lines were negative for mycoplasma 
contamination and were passaged <10 times after and reviving the 
frozen stocks. All reagents (unless specified otherwise) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). The media and supplements 
for cell culture were purchased from Gibco-Life TechnologiesTM (Grand 
Island, NY, USA) and plasticware from Corning Inc (New York, NY, 
USA). 

3. Bioinformatics and statistical analyses 

3.1. Transcriptomic data analysis 

RNA-seq data were processed using grape-nf pipeline (https://github 
.com/guigolab/grape-nf). Reads were aligned to the human reference 

genome hg19 with STAR 2.4.0 j [23]. GENCODE reference annotation 
(v19) was used to guide the aligner [15]. Up to 4 mismatches per 
alignment were allowed. In particular, we used: “–out
FilterMismatchNoverReadLmax 0.04” parameter that is listed as one of 
the ENCODE standard options that are specified in the STAR manual 
[24]. Gene and transcript quantifications were performed using RSEM 
[25]. Differentially expressed lncRNAs were identified using limma 
R/Bioconductor package (v3.5.0). Resulting empirical Bayes moderated 
t p-values were adjusted by Benjamini-Hochberg (BH) procedure. Only 
lncRNAs with an associated adjusted p-value ≤0.05 and absolute log2 
Fold Change ≥2 were considered to be differentially expressed. 

For in silico analyses, RNA-seq data of BC patients from the Cancer 
Genome Atlas (TCGA) were downloaded from the website Genomic Data 
Commons (https://portal.gdc.cancer.gov), and data on breast cell lines 
from the Expression Atlas database (http://www.ebi.ac.uk/gxa) (Sup
plementary Table S16). Analysis of lncRNA differential expression was 
performed using limma R/Bioconductor. Resulting empirical Bayes 
moderated t p-values were adjusted using the Benjamini-Hochberg (BH) 
procedure. A gene was determined as significantly differentially 
expressed when the adjusted p-value was ≤0.05 and absolute log2 FC 
was ≥2. The edgeR R/Bioconductor package was applied to normalize 
RNA-seq data with consideration for lncRNAs only. 

Receiver operating characteristic (ROC) curves were generated and 
area under the ROC curves (AUC) was calculated to assess the diagnostic 
value of LINC01087 using "caret", "MASS", "verification" and "pROC" R 
packages [26,27]. 

Fisher’s exact and Wilcoxon rank-sum tests were executed to 
compare the expression of LINC01087 between i) BC subtypes; ii) clin
icopathological parameters; iii) histological status and iv) BRCA1, 
BRCA2 and TP53 mutational status in BC patients (cBioPortal data, http 
s://www.cbioportal.org) (Supplementary Table S16). 

3.2. Survival curve analysis 

To test the role of LINC01087 as a biomarker of BC prognosis, sur
vival curves were plotted using an online survival analysis tool, namely 
“Kaplan-Meier Plotter” (http://kmplot.com/analysis/). The effect of the 
down-expression of LINC01087 was explored on RFS, DMFS and OS by 
merging data from different datasets. The individual datasets used are 
listed in Supplementary Table S3. Survival curves were generated by 
selecting as filters “the best cutoff” and “JetSet best probe set“. Forest 
plots were generated with meta R package using the results computed 
with the Kaplan-Meier Plotter on the basis of pan-cancer sequencing 
data (Supplementary Table S16). 

3.3. GO, KEGG, REACTOME and STRING analyses 

Segregation between TNBC patients of the TCGA database with in
termediate (TNBC LINC01087int) versus low (TNBC LINC01087lo) 
expression levels of LINC01087 was established using a cut-off value of 
0.0242 CPM. Segregation between luminal BCs with high (lum LIN
C01087hi) versus intermediate (lum LINC01087int) levels of LINC01087 
was established using a cut-off value of 3.331 CPM. Computed cut-off 
values matched LINC01087 expression in normal samples, with LIN
C01087lo corresponding to the first quartile and LINC01087hi to the 
fourth (Fig. 1c). Limma R/Bioconductor package determining the coding 
genes that were differentially expressed in TNBC and luminal BCs. GO 
terms annotation was performed using the Ensembl BioMart tool (www. 
ensembl.org), and KEGG and REACTOME pathways annotation was 
performed by means of the Comparative Toxicogenomics Database 
(ctdbase.org) (Supplementary Table S16). We used the R package 
gprofiler2 for GO, KEGG and REACTOME pathway enrichment analyses 
(p-value were adjusted using the Benjamini-Hochberg procedure). 
Protein-protein interaction (PPI) network was computed using the 
application programming interface (API) of the STRING database 
(string-db.org) in order to draw an interaction network representing 
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only "experimentally determined" direct interactions. As an input, we 
selected the genes that were associated with GO terms represented by ≥
20 genes for luminal A BC and TNBC, and by ≥ 5 genes for luminal B BC. 
In particular, we used the API to obtain a file containing the most 
confident interactions of each protein (i.e. with the highest combined 
scores, corresponding to the column "score" in the output file) [28]. 
Then, the "neighbor" proteins corresponding to interactions with an 
"experimentally determined" score ("escore") >0 were selected. Two and 
five interactants were displayed in the network for each selected protein 
in the lumA and lumB analyses, respectively. Finally, the network with 
the selected proteins was graphed using the STRING database. In this 
representation, each protein corresponds to a node and the experimen
tally validated interactions between proteins are represented by edges. 

4. Results 

4.1. LncRNA expression profile in human breast samples 

To identify a lncRNA signature in BC subtypes and to examine the 
role of a dysregulated expression of lncRNAs in breast carcinogenesis, 
we applied two complementary approaches. 

First, we investigated the expression profile of lncRNAs by high- 
throughput sequencing of rRNA-depleted RNA samples extracted from 
61 laser-microdissected breast tissues (Fig. 1a). 

A total of 30 lncRNAs appeared differentially expressed (DE) be
tween normal and malignant breast samples using a p-value≤0.05 and 
an absolute log2FC≥|2| as filters (Fig. 1a). For the subsequent analysis, 
we evaluated the expression profile of lncRNAs across different BC 
subtypes. Forty-four and 43 lncRNAs displayed differential expression 

Fig. 1. LINC01087 is deregulated across 
normal and tumor breast samples. (a) Heatmap 
demonstrating differential expression of 
lncRNAs between normal breast tissues and 
overall breast tumors. Each column represents a 
breast tissue sample whose attributed molecu
lar subtype is color-coded in the top bar of the 
heatmap. Each row represents a single lncRNA 
identified by its corresponding Ensembl ID. In
dividual values are expressed as log10(FPKM +
0.5). (b, c) Box plots illustrating the level of 
expression of LINC01087 in normal and malig
nant human breast samples derived from (b) the 
RNA-seq data set and (c) the TCGA database. 
Box and whisker plots illustrate the expression 
level of LINC01087 as log2(CPM + 0.5). Data 
show median, quartiles, and individual values. 
Data were compared using Wilcoxon rank-sum 
test, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤

0.0001. (d-f) Diagnostic value of LINC01087 in 
BC. ROC curve analysis of LINC01087 in TNBC 
(d), luminal A (e) and luminal B (f) tissues. 
LINC01087 expression levels were extracted 
from the TCGA database. AUC, area under the 
curve; CPM, count per million; FC, fold change; 
FPKM, fragments per kilobase of exon per 
million fragments mapped; HER2, epidermal 
growth factor receptor 2; Lum A, luminal A; 
Lum B, luminal B; ROC, receiver operating 
characteristic; TNBC, triple-negative breast 
cancer.   
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between TNBC and normal breast, or lumA BC, respectively (Supple
mentary Figure S1a, b; Supplementary Table S1). 

Next, in order to extend the cohort of samples and to validate the DE 
lncRNAs identified in the transcriptomic analysis, available TCGA data 
from 813 samples (113 normal, 427 lumA, 121 lumB, 37 HER2+ and 115 
TNBC patients) were screened for differential expression of lncRNAs in 
silico. Among the 9789 lncRNAs detected, 14 long intergenic non-coding 
RNAs (LINCs) were identified as DE across BC classes, using a p-val
ue≤0.05 and a log2FC≥|0.585| as filters (Supplementary Figure S1c, 
Supplementary Table S2). 

4.2. LINC01087 expression is deregulated in TNBC and in luminal BC 
tissues 

Among the list of lncRNAs significantly modulated in our RNA- 
sequencing (RNA-Seq) dataset of BC patients, LINC01087 exhibited a 
decreased expression specifically in TNBC versus normal breast tissues 
(log2FC=-2.5, p = 0.016; Fig. 1b, Supplementary Figure S1, Supple
mentary Table S1). This sharp drop in the expression of LINC01087 in 
TNBC was not only confirmed by RT-qPCR on the same samples (Sup
plementary Figure S2a), but also by interrogating the TCGA database 
(Fig. 1c, Supplementary Figure S1c, Supplementary Table S2). 

Additionally, our transcriptomic analysis revealed an increased 
expression of LINC01087 specifically in both lumA and lumB BCs as 
compared to normal breast tissues (Fig. 1b, Supplementary Figure S1, 
Supplementary Table S1). Despite being unsignificant by RT-qPCR 
(Supplementary Figure S2a), this enhanced level of LINC01087 in 
luminal BCs versus normal samples was validated in the cohorts recor
ded in the TCGA databank (Fig. 1c, Supplementary Figure S1c, Sup
plementary Table S2). 

Importantly, LINC01087 exhibited the largest delta of expression out 
of the 43 lncRNAs differentially regulated between TNBC and lumA BC 
samples: log2FC=-5.8, p = 0.0002 (Supplementary Table S1). The same 
observation was made across the 26 lncRNAs that showed differential 
levels of expression between TNBC and lumB BC tissues: log2FC=-5.6, p 
= 0.0009 (Supplementary Table S1). 

To confirm the diagnostic performance of LINC01087 in TNBC and 
luminal BCs, receiver operating characteristic (ROC) curves were built 
using TCGA data. The computed area under the ROC curves (AUC) 
indicated that the level of LINC01087 is a good diagnostic biomarker of 
TNBC (AUC = 0.889; p = 3.91e-06), and a fair biomarker of luminal BCs 
(lumA: AUC = 0.685;p = 0.0037; lumB: AUC = 0.716;p = 0.0058) 
(Fig. 1d-f). 

Regarding the expression level of LINC01087 in HER2+ samples, it 
also appeared downregulated in the TCGA analysis compared to normal 
and luminal breast tissues (Supplementary Figure S2b). Nevertheless, 
due to a limited number of HER2+ samples in our cohort (n = 4) 
(Supplementary Figure S2c) and the conflicting results with respect to 
the TCGA data (n = 37) (Supplementary Figure S2b), interpretation of 
the RNA-sequencing data did not allow to conclude on the expression 
levels of LINC01087 in HER2+ samples. 

The altered expression of LINC01087 was also witnessed in BC cell 
lines, first in silico by extracting its expression values from the Expression 
Atlas database, then in vitro by quantitating it in human breast cell lines 
(Supplementary Figure S2d, e). 

Altogether, these data revealed that LINC01087 was significantly 
downregulated in TNBCs and upregulated in luminal BCs and that 
assessing its level could distinguish/diagnose these BC subtypes. 

4.3. LINC01087 deregulation predicts the clinical outcome of TNBC and 
luminal BC patients 

To analyze the prognostic value of LINC01087, we investigated the 
association between LINC01087 expression and overall survival (OS) 
and relapse-free survival (RFS) in patients affected with various types of 
cancers, through Kaplan-Meier Plotter (KMplot) web-based tool 

(kmplot.com) on the basis of pan-cancer sequencing data [29]. The 
forest plot illustrated that LINC01087 expression was predictive of a 
significant extension of OS in no less than 6 cancer types, among which 
BC ranked third (HR = 0.63, 95% CI = 0.46-0.87, p = 5e-03), after 
thyroid and liver carcinomas (Fig. 2). Moreover, expression of 
LINC01087 was associated with a longer RFS in BC, which ranked first 
among different types of cancer (HR = 0.54, 95% CI = 0.35-0.83, p =
5e-03) (Supplementary Figure S3). 

Additionally, we used publicly available data of BC patients from the 
KMPlot database. KMplot allowed to assess the impact of LINC01087 on 
the survival of multiple cohorts extracted from various databases, such 
as Gene Expression Omnibus (GEO). The effect of the down-expression 
of LINC01087 was explored particularly on RFS and, when the num
ber of samples available in the database was sufficient, on distant 
metastasis-free survival (DMFS) and OS, by merging data from different 
datasets (Fig. 3). A summary of the individual datasets used for the 
estimation of each survival curve is given in Supplementary Table S3. 

In a first analysis comprising BC tissues without further consider
ation of their subtype classification, patients presenting a reduced 
expression of LINC01087 in BC samples exhibited lower RFS (n = 1764; 
p<1e-16), DMSF (n = 664; p = 0.0007) and OS (n = 626; p = 7.3e-06) 
(Fig. 3a-c). Overall, low expression of LINC01087 correlated with 
poorer clinical outcome. 

High-throughput techniques permitted to refine patient prognosis 
and response to treatments based not only on immunohistochemical 
markers (ER, PR and HER2) and the traditional clinicopathological 
variables (tumor size, tumor grade and nodal involvement), but also on 
gene expression patterns. KMplot allows filtering BC patients according 
to the receptor and lymph node status, histological grade, type of 
treatment as well as tumor intrinsic subtype. The latter is defined based 
on immunohistochemical markers (ER, PR and HER2) and can be further 
sub-classified according to gene expression patterns. 

In this line, we restricted LINC01087-related RFS analyses to TNBC 
cases, defined as ER-, PR- and HER2- BC patients (Fig. 3d). In addition, 
we analyzed LINC01087-related RFS in TNBC patients of the basal-like 
breast cancer (BLBC) subtype (Fig. 3e). The BLBC subtype is defined 
by a cluster of genes expressed in the basal or outer layer of the mam
mary gland epithelium. It accounts for about 60-90% of TNBCs and is 
characterized by an aggressive clinical course and resistance to targeted 
therapies [30]. Low expression of LINC01087 correlated with poorer 
RFS in TNBC patients (n = 161; p = 2e-04), including the most prevalent 
subtype, BLBC (n = 118; p = 0.00012) (Fig. 3d, e). 

Current routine clinical management of breast cancer is also based 
on the evaluation of the histological tumor grade and nodal involve
ment. These two parameters are widely recognized as markers of 
aggressiveness and are related to a poorer prognosis in BC patients [1, 
31]. Thus, to strengthen the prognostic role of a down-expression of 
LINC01087 in TNBCs, we evaluated the RFS of patients diagnosed with 
advanced TNBC (i.e. positive lymph node status [N+] and grade 3 [G3] 
tumor) harboring or not basal-like features (Fig. 3f,g). In these aggres
sive TNBCs, the expression level of LINC01087 was remarkably pre
dicting patient outcome, independently of the BLBC sub-classification. 
Indeed, worsen RFS was observed in TNBC patients whose aggressive 
tumor expressed low levels of LINC01087 (n = 29; p = 7e-04), partic
ularly the most prevalent subtype: BLBC (n = 22; p = 1e-04) (Fig. 3f, g). 
These multivariate analyses evidenced an association between a low 
expression of LINC01087 and a worsen outcome in all selected cohorts, 
particularly of the TNBC subtype. 

Similarly to TNBC, the relationship between LINC01087 upregula
tion and the survival of luminal patients has been explored using 
KMplot. In particular, we used different datasets to evaluate the effect of 
the overexpression of LINC01087 on RFS and OS (Fig. 3h-j). The indi
vidual datasets used for the estimation of each survival curve are listed 
in Supplementary Table S3. 

High expression of LINC01087 correlated with extended RFS in pa
tients affected with lumA (n = 841; p = 9.2e-07) and lumB (n = 407; p =
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0.0057) breast cancers (Fig. 3h, i). Similarly, an extended OS was wit
nessed in lumA BCs expressing a high level of LINC01087 (n = 271; p =
0.0019; Fig. 3j). Thus, survival curves demonstrated that high expres
sion of LINC01087 was associated with better outcome in the luminal 
subtypes. 

The hazard ratio (HR) value was lower in TNBC patients than in the 
lumA and lumB cohorts, with a significant 63, 52 and 35% lower risk of 
relapse, respectively, for tumors expressing higher levels of LINC01087 
(Fig. 3d, h, i). Taking into account that normal breast tissue expresses an 
intermediate expression level of LINC01087 as compared to TNBC and 
luminal malignant tissues (Figs. 1b, c), LINC01087 seemed to be asso
ciated with a better prognosis in two distinct cellular environments. On 
one hand, higher expression of LINC01087 in TNBC brings its level 
closer to physiological levels, correlating with reduced aggressiveness of 
the disease. On the other hand, despite a constitutive overexpression of 
LINC01087 in luminal BCs, a further increase of its level was associated 
with better RFS. 

Taken together, these multivariate analyses evidenced an association 
between a lower level of LINC01087 and a worsen outcome in all 
selected cohorts of both TNBC and luminal BC subtypes. Therefore, the 
altered expression level of LINC01087 could be considered as a prog
nostic biomarker in TNBC and luminal BC patients. 

4.4. LINC01087 deregulation is associated with molecular subtypes, 
independently of the histological or mutational status of breast cancer 

To determine whether the modulated expression of LINC01087 could 
contribute to the development and/or progression of breast cancer, we 
investigated its association with common clinical parameters and the 

histological origin of the tumor within the cohort of BC patients avail
able in the TCGA database. 

At first sight, we assessed the association between the level of 
expression of LINC01087 and clinicopathological features in BC patients 
of the TCGA database (e.g. age, gender, tumor stage and size). The size of 
the tumor appeared significantly associated with LINC01087 expression 
in the TCGA analysis (Supplementary Table S4). Moreover, a signifi
cant positive correlation between the expression of LINC01087 and 
hormone-related genes appeared. Indeed, LINC01087 was detected in 
PR-positive and ER-positive BCs but absent or strongly down-regulated 
in samples deficient for these hormone receptors (Supplementary 
Figure S4, Supplementary Table S4). 

Regarding the histological parameters, the expression of LINC01087 
appeared differentially regulated across the different breast tumor his
totypes. Indeed, it was less abundant in aggressive and invasive meta
plastic carcinomas as compared to infiltrating ductal carcinomas or 
lobular carcinomas (adjusted p-values of 0.0038 and 0.00001, respec
tively; Fig. 4a). 

However, by subdividing the most represented histological subtype, 
namely infiltrating ductal carcinoma, according to its molecular features 
(lumA, lumB or TNBC), when such information was available, we 
noticed a dichotomous clustering of the samples based on the expression 
profile of LINC01087. In details, within infiltrating ductal carcinomas, 
specimens expressing a high level of LINC01087 were almost exclusively 
luminal BCs, whereas tumors harboring low levels of LINC01087 
appeared to be of the TNBC subtype (Fig. 4b). 

Altogether, these data corroborated a predominant association be
tween the downregulation of LINC01087 and the TNBC molecular 
subtype, as well as LINC01087 upregulation and the luminal subtypes, 

Fig. 2. Association between LINC01087 expression and OS in cancer patients. Forest plot of HR for OS assessed by cancer histotypes (BC highlighted in bold). The 
HRs were obtained from the Kaplan-Meier plotter. With the exception of breast cancer listed first for emphasis, tumors are ranked in ascending order of p-values. 
Horizontal lines represent CI. BC, breast cancer; CI, confidence interval; HR, hazard ratio; OS, overall survival. 
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independently of the histological nature of BC. Next, we investigated if 
the dysregulated expression of LINC01087 could be a prognostic indi
cator of BC aggressiveness. Considering the important role played by the 
detection test of BRCA1/2 gene mutations in assessing the risk of BC 
development as well as its prognosis and therapy responsiveness, we 
analyzed the possibility that LINC01087 expression might vary 
depending on the mutational status of BRCA1/2 [1,32]. Moreover, 
approximately 41% of BCs present a mutation in the gene TP53 [1]. 
These TP53 mutations have a negative prognostic value and are asso
ciated with an aggressive phenotype, such as TNBC, as well as with 
chemoresistance [33]. Therefore, we compared the expression of 
LINC01087 in BC patient samples harboring mutations in these three 
major tumor suppressors BRCA1 (BRCA1m), BRCA2 (BRCA2m) or TP53 
(TP53m) with a control arm carrying wild-type copies of these genes 
(BRCA1wt, BRCA2wt, TP53wt). This latter analysis revealed a signifi
cantly reduced expression of LINC01087 in BC patients bearing BRCA1 

and TP53 mutated tumors in comparison to wild-type samples. In 
contrast, no significant differences were observed for BRCA2 (Fig. 4c,d). 

To refine our analysis, we investigated the expression level of 
LINC01087 according to the mutational status of all three genes, rather 
than one single, at a time (Fig. 4e). In comparison to wild-type BC 
samples (Fig. 4c), the expression of LINC01087 was effectively weaker 
in BC patients bearing mutations of TP53, regardless of the BRCA1 
mutational status. In the absence of mutated TP53, neither BRCA1 nor 
BRCA2 mutations were associated with an aberrant expression of 
LINC01087 (Fig. 4e). 

In the next step, we aimed at weighing the importance of the 
mutational status over the molecular subtype of BC on the regulation of 
LINC01087 expression. As we did for the histological data, when the 
information was available, we subdivided the largest cohort of patients 
with mutated tumor suppressors, namely BCs with a single mutation in 
TP53 (i.e. BRCA1wt and BRCA2wt), based on their molecular features. 

Fig. 3. The expression level of LINC01087 predicts survival of BC patients. Kaplan-Meier Plotter database was used to generate, by merging data from different 
datasets, the survival curves according to the level of expression of LINC01087. (a-c) Kaplan–Meier analysis of RFS (a), DMFS (b) and OS (c) of breast cancer patients 
expressing high (red curves) versus low (black curves) level of LINC01087. (d-e) RFS analyses for LINC01087 expression of TNBC breast cancer patients (d; n = 161; 
*p = 2e-04) and, more specifically in patients affected by a TNBC of basal intrinsic subtype (e; n = 118; *p = 0.00012). (f-g) RFS analyses according to the expression 
level of LINC01087 in patients with advanced TNBC (grade 3 tumor, lymph node involvement) either without (f; n = 29; **p = 7e-04) or with (g; n = 22; ***p = 1e- 
04) basal intrinsic features. (h-i) RFS analyses for LINC01087 expression of luminal A (h; n = 841; ****p = 9.2e-07) and luminal B (i; n = 407; **p = 0.0057) breast 
cancer patients. (j) OS analysis for LINC01087 expression of luminal A breast cancer patients (n = 271; **p = 0.0019). BC, breast cancer; BLBC, basal-like breast 
cancer subtype; DMFS, distant metastasis-free survival; G3, grade 3 tumor; N+, positive lymph node status; OS, overall survival; RFS, relapse-free survival; TNBC, 
triple-negative breast cancer. 
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Once again, within TP53m BC patients, LINC01087 was barely 
expressed in TNBC, whereas its level was higher in the luminal A and B 
subtypes (Fig. 4f). Thus, despite the presence of mutations in genes 
affiliated with tumor aggressiveness, the level of LINC01087 expression 
was still segregating TNBC and luminal cancers. 

In conclusion, these findings highlight the potential value of 
LINC01087 downregulation for diagnosing TNBCs and its upregulation 
for the diagnosis of luminal molecular subtypes, regardless of the clin
icopathological parameters, histological nature and TP53/BRCA1/2 
mutational status of BC. 

4.5. In silico analysis of the molecular and cellular impact of LINC01087 
in TNBC 

Although the number of annotated lncRNAs is ever-expanding, most 
of them still have unclear biological functions. They have been involved 
in chromatin remodeling and regulatory activities at the epigenetic, 
transcriptional and post-transcriptional levels. Consequently, their 
deregulation could contribute to oncogenesis [13]. LINC01087 

(Ensembl ID: ENSG00000224559) is an intergenic lncRNA whose gene 
spans over 12.591 bp on the 2q21.1 chromosome and contains two 
exons (exon 1: 2.154 bp; exon 2: 1.362 bp) and one intron of 9.075 bp. In 
physiological conditions, its detection is restricted to the breast and 
testis (GTEx expression data) (Supplementary Figure S5). Thus, we 
could not exclude that its deregulation impacts breast carcinogenesis 
and tumor aggressiveness. This hypothesis is supported by the intimate 
relationship that we uncovered between LINC01087 downregulation 
and the poor prognosis TNBC subtype, as well as its upregulation and a 
better clinical outcome in luminal BCs. 

In order to get insights into the putative functions of LINC01087 in 
BC aggressiveness, we first compared the transcriptomic profile of TNBC 
samples expressing intermediate level of LINC01087 (TNBC LIN
C01087int) versus the specimens harboring the weakest expression of 
this lncRNA (TNBC LINC01087lo). The cut-off applied to segregate 
LINC01087lo and LINC01087int was 0.0242 CPM (corresponding to a 
log2[CPM + 0.5] value of -0.93). 

Forty-three genes appeared significantly regulated (i.e. p-val
ue≤0.05, log2FC≥|0.585|) and were all positively associated with 

Fig. 4. The deregulation of LINC01087 segregates BC molecular subtypes, regardless of the histological and mutational status of BC. (a) Evaluation of LINC01087 
expression in patients affected with different histological BC types. (b) Focus on the level of expression of LINC01087 in infiltrating ductal carcinomas based on BC 
molecular classification. (c-e) Representation of LINC01087 expression in BC patients harboring tumors with wild-type (wt) or mutant (m) versions of the tumor 
suppressors TP53, BRCA1, and BRCA2. (c) Wild-type controls: WT/0,0,0 = TP53wt, BRCA1wt, BRCA2wt. (d) TP53m = TP53 mutated tumors (regardless of the 
mutational status of BRCA1&2); BRCA1m = BRCA1 mutated (regardless of TP53 & BRCA2 mutations); BRCA2m = BRCA2 mutated (regardless of TP53 & BRCA1 
mutations). (e) 0,0,1 = TP53wt, BRCA1wt, BRCA2m; 0,1,0 = TP53wt, BRCA1m, BRCA2wt; 1,0,0 = TP53m, BRCA1wt, BRCA2wt; 1,0,1 = TP53m, BRCA1wt, 
BRCA2m; 1,1,0 = TP53m, BRCA1m, BRCA2wt. Of note, other combinations of mutations were not observed among the cohorts available. (f) LINC01087 expression 
in TP53m tumors subdivided according to their molecular subtype. The level of LINC01087 expression is reported as log2(CPM + 0.5) for each patient’s BC sample 
extracted from both TCGA and cBioPortal databases. (c-e) Symbols indicate significant changes with respect to WT/0,0,0 (wild-type controls) (**p ≤ 0.01, ****p ≤
0.0001), or to TP53m (§p ≤ 0.05), or to BRCA2m (#p ≤ 0.05), or to 0,0,1 (TP53wt, BRCA1wt, BRCA2m) (&p ≤ 0.05) samples. BC, breast cancer; CPM, counts per 
million; duct, ductal; LumA, luminal A; LumB, luminal B; NOS, not otherwise specified; TNBC, triple-negative breast cancer. 
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LINC01087 expression in TNBC (Supplementary Figure S6a). Out of 
the 10 most upregulated genes, three had been attributed tumor sup
pressive functions in malignant tissues: TMEFF2, TFF1, and NEFM 
(respective log2FC of 3.98, 3.84, and 3.05; Supplementary Figure S6b) 
[34–36]. 

Furthermore, we analyzed the biological activity of these 43 genes 
associated with LINC01087 expression in TNBCs by conducting Gene 
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and 
REACTOME functional annotation and enrichment analyses. The 3 
largest clusters of genes were tagged with the GO terms “protein bind
ing”, “membrane”, and “integral component of membrane” (Fig. 5a, 
Supplementary Tables S5-S7). Ten genes were shared among these 3 
clusters. They encoded 9 plasma membrane-bound proteins CNTNAP2, 
DSCAML1, IGSF9B, KLHDC7A, LRFN2, NSG1, SLC9A3, TMEFF2 and 
TMPRSS6, together with CLGN, which is mostly detected in the nucleus 

and endoplasmic reticulum (ER) (genecards.org). Of note, NSG1 is not 
only enriched at the plasma membrane but can be found in the nucleus, 
ER, Golgi apparatus, endosome and lysosome. CNTNAP2, DSCAML1, 
SLC9A3, TMEFF2 and TMPRSS6 are also detected in the extracellular 
milieu (genecards.org). 

Additionally, a gene ontology enrichment analysis revealed an over- 
representation of DE genes involved in the “transport of inorganic cat
ions/anions and amino acids/oligopeptide” and encoding the solute 
carrier (SLC) membrane transporters SLC9A3, SLC4A9, and SLC17A8 
(Fig. 5b, Supplementary Table S8). 

Finally, to further deepen the biological processes related to 
LINC01087, we mapped the protein-protein interaction (PPI) network of 
19 out of the 43 candidate genes (in bold in Supplementary Table S5) 
belonging to the largest (≥ 20 genes) GO annotated clusters (Fig. 5a). 
The assay was performed using the Search Tool for the Retrieval of 

Fig. 5. Biological functions and interaction 
network of some factors whose expression is 
positively correlated with LINC01087 in TNBC. 
(a, b) Bar graphs display the main ontology 
terms attributed to the 43 genes whose expres
sion was positively correlated with LINC01087 
level in TNBCs according to GO, KEGG, and 
REACTOME gene annotation (a) and enrich
ment (b) analyses. Panel a illustrates the an
notated clusters of at least 4 genes (see 
Supplementary Tables S5 to S7 for details). 
Panel b displays the only gene ontology anno
tation that was significantly enriched (see 
Supplementary Table S8 for details). Sub- 
categories of the GO hierarchy are color- 
coded: “Biological process” [BP] in red; 
“Cellular component” [CC] in orange; “Molec
ular function” [MF] in fuchsia. REACTOME 
gene ontology (REACT) is in blue. (c) PPI 
network established using STRING database. 
Nodes represent proteins while experimentally 
validated PPIs are represented by edges. Input 
data (underlined in red) consisted of proteins 
whose corresponding gene belonged to GO an
notated clusters of ≥ 20 members (panel a) and 
present in the STRING database. The protein 
attributed to the significantly enriched ontology 
term (panel b) is circled in black (i.e. SLC9A3). 
Some proteins known to intervene in breast 
carcinogenesis are underlined in blue (i.e. 
TP53, ESR1). GO, gene ontology; KEGG, Kyoto 
encyclopedia of genes and genomes; PPI, 
protein-protein interaction; STRING, search 
tool for the retrieval of interacting genes/pro
teins; TNBC, triple-negative breast cancer.   
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Interacting Genes/Proteins (STRING) online database. The resulting 
map confirmed strong interconnections between 15 of these proteins 
mostly associated with (a) cell survival (e.g. PIDD1, TFF1); (b) cell cycle, 
proliferation and differentiation (e.g. BEX1, TMEFF2, TTC23 L), (c) 
transporter activity (e.g. ABCC8, CYP2A6, SLC9A3, SYT9), or (d) cell 
adhesion and extracellular matrix (ECM) remodeling (e.g. CNTNAP2, 
DSCAML1, LRFN2, NEFM, TMPRSS6) (Fig. 5c). 

Taken together, these results suggested that LINC01087 might 
stimulate the expression of factors mostly located at cell and organelle 
membranes and responsible for sensing, exchanging with, and remod
eling the extracellular milieu. Several of these targets are known tumor 
suppressors, which could explain a better prognosis of TNBCs harboring 
higher level of LINC01087. 

4.6. In silico analysis of the molecular and cellular impact of LINC01087 
in luminal BC 

Next, we repeated the in silico analyses on luminal BC samples of the 
TCGA database in order to consolidate our findings on the influence of 
LINC01087 on BC tumorigenesis. 

First, we determined the transcriptional imprint that distinguishes 
luminal BCs expressing a high level of LINC01087 (Lum LINC01087hi) 
from the specimens harboring an intermediate level (Lum LIN
C01087int). The cut-off value applied to segregate LINC01087int from 
LINC01087hi was computed at 3.331 CPM, corresponding to a log2(CPM 
+ 0.5) value of 1.93 (Fig. 1c). 

A total of 345 genes in lumA and 30 genes in lumB emerged as 
significantly modulated (i.e. log2FC≥|0.585|, p-value≤0.05) upon 
LINC01087 overexpression (Supplementary Figure S6 and Supple
mentary Tables S9, S10). The elevated number of DE genes in lumA BC 
was unexpected and might reflect cellular heterogeneity within each 
individual lumA BC tissue and/or between specimens recorded in the 
TCGA database. 

Nonetheless, some concordant results were observed between TNBC 
and lumA BC. Indeed, two genes were upregulated in both TNBC and 
lumA BC upon variations of LINC01087 expression, namely SYT9 
encoding the calcium-binding synaptotagmin 9, and ANKRD30B 
encoding ankyrin repeat domain 30B, a breast cancer antigen. Addi
tionally, some families of modulated genes with well-defined structural 
and/or functional characteristics were represented in the two BC sub
types: cytochromes P450 (↑CYP2A6, ↑CYP3A4, ↑CYP3A7), solute car
riers (↑SLC17A8, ↑SLC9A3, ↑SLC4A9, ↑SLC6A4, ↑SLC16A6, ↓SLC6A12, 
↓SLC15A1, ↓SLC38A3, ↓SLC28A1), tetratricopeptide repeat domain- 
containing factors (↑TTC6, ↑TTC23 L, ↑TTC34) and Kelch domain- 
containing proteins (↑KLHDC7A, ↓KLHDC8A). Although LINC01087 
function remains undetermined to date, these similarities may point 
toward a series of genes intimately regulated by this lncRNA (Supple
mentary Figure S6, Supplementary Table S9). 

Similarities of transcriptional profiles were also observed between 
the two luminal BC subtypes. In particular, we noticed a positive link 
between the level of LINC01087 and the expression of different mem
bers of the multigene family POTE. Precisely, POTEH, and POTEI were 
upregulated in both LINC01087hi lumA and lumB BCs, while POTED, 
POTEE, POTEF, POTEG and POTEJ were found overexpressed only in 
LINC01087hi lumA samples (Supplementary Figure S6, Supplemen
tary Tables S9, S10). This family regroups poorly investigated cancer/ 
testis antigens [37,38]. Moreover, a decreased expression of some S100 
genes was witnessed upon LINC01087 upregulation: S100A8 and 
S100A9 in lumA BC and S100A7 in lumB samples (Supplementary 
Tables S9, S10). These extracellular factors regulate various biological 
processes including apoptosis, cell proliferation, adhesion, or leukocyte 
migration [39]. Other genes modulated upon LINC01087 upregulation 
in luminal BCs have been associated with breast carcinogenesis such as 
MSLN, CAMP, RARRES1, and CPA4 [40–43]. The expression of MSLN 
was strongly reduced in LINC01087hi lumA BCs (log2FC=-2.7; Supple
mentary Figure S6c, Supplementary Table S9), whereas CAMP, 

RARRES1, and CPA4 showed negative regulation in LINC01087hi lumB 
BCs (log2FC=-3.4, -2.2, and -1.66, respectively; Supplementary Figure 
S6d, Supplementary Table S10). 

Finally, we proceeded to GO, KEGG and REACTOME functional 
annotation analyses on the 100 most up- and down-regulated genes in 
lumA and lumB BCs. In accordance with the results obtained for TNBC, a 
majority of genes differentially expressed between LINC01087hi and 
LINC01087int luminal BC samples clustered under the ontology anno
tation “protein binding”, indicating their integration into protein com
plexes (Fig. 6a, Fig. 7a, Supplementary Tables S11-S13). 

In both lumA and lumB BCs, an enrichment analysis highlighted a 
predominance of factors ascribed to the “extracellular region” among 
the genes whose expression varied with LINC01087 upregulation. 
(Fig. 6b, Fig. 7b, Supplementary Tables S14 and S15). 

These sets of genes included the aforementioned factors related to 
breast carcinogenesis, namely CAMP, CPA4, RARRES1, S100A7 in lumB 
specimens and MSLN in lumA BC, among others (Supplementary Ta
bles S14). 

Furthermore, a significant enrichment in clusters of genes assigned 
to immune functions, mostly innate immunity, was uncovered in lumA 
and lumB BCs (Fig. 6b, Fig. 7b, Supplementary Tables S14, S15). In 
lumA BC, these clusters regrouped S100A8, S100A9, the genes encoding 
the transcription factor FOSL1 (log2FC=-0.97), the chemokine CCL7 
(log2FC=-0.91) and the matrix metallopeptidase MMP1 (log2FC=-1.28). 
In lumB BC, they regrouped S100A7 and CAMP which encodes the 
antimicrobial peptide cathelicidin (Supplementary Tables S14, S15). 
All these genes have been involved in breast tumorigenesis [44–49]. 

Exclusively in lumA BC, 14 “biological processes” were significantly 
enriched across the plethora of genes modulated upon upregulation of 
LINC01087. These biological processes regroup more than 80 genes 
involved in tissue development and cell differentiation, including the 
aforementioned MSLN, FOSL1, or S100 and SLC genes (Fig. 7b, Sup
plementary Tables S14, S15). Furthermore, we evidenced an enrich
ment in clusters of genes related to the G protein-coupled receptor 
(GPCR) signaling pathway. It included GNRHR, which encodes the re
ceptor of the gonadotroping-releasing hormone (GNRH) (Fig. 7, Sup
plementary Tables S13-S15). GNRHR was significantly up-regulated in 
LINC01087hi lumA BCs (log2FC = 1.07), exhibiting a positive correla
tion with LINC01087 (Supplementary Table S9). Interestingly, GPCRs 
play a critical role in the initiation and progression of hormone- 
refractory BC [50]. In this line, certain drugs targeting GPCRs have 
been designed for BC treatment [51]. Goserelin is a GNRH agonist 
indicated for endocrine therapy of pre-menopausal woman affected by 
ER+ luminal BCs [51]. Considering the favorable input of LINC01087 on 
the prognosis of BC, its upregulation could reduce the aggressiveness of 
ER+ luminal BC by sensitizing the tumor to GNRH though increased 
production of its receptor. Finally, upregulation of LINC01087 coincided 
with an enrichment of genes belonging to the hypoxia-inducible factor 
pathway (Fig. 7b, Supplementary Table S15). This pathway is 
commonly involved in cancer progression, angiogenesis, metastasis and 
resistance to therapy [52]. The two genes falling into this cluster, 
namely CA9 and EPO which respectively encode the carbonic anhydrase 
IX and eritropoietin, were downregulated in LINC01087hi lumA BC 
samples (log2FC=-1,72 and -1.71, respectively) (Supplementary Table 
S9). Therefore, as both EPO and CA9 are protumoral factors, their 
decreased expression upon LINC01087 upregulation provides further 
clues in favor of a tumor suppressor activity of this lncRNA [53–56]. 

At last, PPI network analyses were carried out on the genes that were 
modulated upon upregulation of LINC01087, and that were affiliated 
with annotated clusters of ≥ 5 genes for lumB and ≥ 20 genes for lumA 
BC samples (Figs. 6c and Fig. 8). 

In both luminal subtypes, the majority of the genes organized 
themselves within one large network of physical interactions at the 
protein level, with only a limited number of candidates isolated in sat
ellite PPI networks (Figs. 6c and Fig. 8). 

In the lumB subtype emerged a network of proteins responsible for 
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monitoring genome integrity and expression, such as DDX39A, RAD52, 
RTEL1, SMG1 and the zinc finger proteins ZNF431 and ZNF587. This 
first network appeared intimately connected with the NF-κB signaling 
pathway (including IKBKB) that plays a critical role in regulating cell 
viability and inflammation (Fig. 6c). 

In the lumA subtype, a core network of inflammation-related factors 
included some components of the NF-κB signaling cascade (e.g. NFKB1, 
NFKBIZ), chemoattractants (e.g. CCL7, S100A8/A9), as well as chemo
kine and pattern recognition receptors (e.g. CCR2, CXCR4, MYD88, 
TLR10, NLRP8) (Fig. 8). This network appeared closely connected with 
elements of the response to hypoxia (e.g. CA9, EPO) or involved in cell 
proliferation and adhesion including the Wnt/β-catenin pathway (e.g. 
WNT3A, WNT5B, FZD1, FZD9, ACAN, NCAM1). Remarkably, compo
nents of these oncogenic networks were mostly downregulated at the 
transcriptional level when the levels of LINC01087 increased (Fig. 8). 

Collectively, despite distinct malignant microenvironments between 
BC subtypes, these results obtained in luminal BCs supported the ob
servations made in TNBC whereby LINC01087 upregulation would im
proves clinical outcome through transcriptional interference with 

factors promoting breast carcinogenesis. 

5. Discussion 

Considering the negative impact that the heterogeneity of BC exerts 
on the clinical decision making, there is an urgent need for identifying 
specific biomarkers allowing to easily and precisely distinguish between 
the different BC subtypes [1,10]. 

In the last decade, cumulative studies emphasized the functional 
relevance of lncRNAs in breast cancer and proposed their consideration 
to classify the heterogeneous collection of BC subtypes [19]. These 
findings have provided knowledge on the regulatory mechanisms that 
drive breast tumorigenesis [13,22]. In the routine clinical research and 
practice, the perturbation of lncRNAs expression has raised consider
ation for improving the care of BC. Therefore, we first applied a 
high-throughput sequencing approach, followed by bioinformatics an
alyses in order to define a specific signature of lncRNAs in the different 
BC subtypes. Among all the lncRNAs identified, we focused our attention 
on a strongly modulated intergenic lncRNA named LINC01087, which 

Fig. 6. Biological functions and interaction 
network of some factors whose expression var
ies along LINC01087 deregulation in luminal B 
BC. (a, b) Bar graphs display the main ontology 
terms attributed to the 30 genes that were 
differentially expressed between LINC01087hi 

and LINC01087int luminal B BC samples, ac
cording to GO, KEGG and REACTOME gene 
annotation (a) and enrichment (b) analyses. 
Panel a illustrates the annotated clusters that 
included ≥ 4 genes (see Supplementary Tables 
S12 and S13 for details). Panel b displays gene 
ontology annotations that were significantly 
enriched (see Supplementary Table S14 and 
S15 for details). Panels a and b indicate the 
total number (written in black) of genes allo
cated to each ontology annotation. Panel a also 
indicates the number of genes up- or down- 
regulated in red and green, respectively. Sub
categories of the GO hierarchy are color-coded: 
“Biological process” [BP] in red; “Cellular 
component” [CC] in orange; “Molecular func
tion” [MF] in fuchsia. REACTOME gene 
ontology (REACT) is in blue. (c) PPI network 
established using STRING database. Nodes 
represent proteins while experimentally vali
dated PPIs are represented by edges. Five in
teractants were displayed in the network per 
selected protein. Input data (underlined in red 
or green if up- or down-regulated, respectively) 
consisted of proteins whose corresponding gene 
belonged to GO annotated clusters of ≥ 5 
members (panel a) and present in the STRING 
database. BC, breast cancer; GO, gene ontology; 
KEGG, Kyoto encyclopedia of genes and ge
nomes; PPI, protein-protein interaction; 
STRING, search tool for the retrieval of inter
acting genes/proteins.   
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had been under-investigated so far. 
In the present study, we described a deregulated expression of 

LINC01087 as a diagnostic and prognostic biomarker for TNBC and 
luminal BCs. In both RNA-sequencing and bioinformatics analyses, 
LINC01087 was weakly expressed in TNBC patient samples and highly 
expressed in luminal samples as opposed to normal specimens. Such 
differential expression between TNBC and luminal subtypes has been 
validated in vitro and in silico in breast cancer cell lines. Our observation 
concerning LINC01087 deregulation in BCs has been comforted by 
contemporary investigations [57,58]. 

The clinical behavior of TNBCs remains difficult to predict. Gener
ally, TNBCs have the worst clinical outcome and highest rate of recur
rence within the first 5 years that follow diagnosis [1,59]. Efforts are 
being made to identify some biomarkers that could stratify patients into 
subgroups with low versus high risk of recurrence and short- versus 

long-term survival. Thus, the potential prognostic value of LINC01087 
was studied using the Kaplan-Meier plotter online database. The sur
vival curves showed that a down-expression of LINC01087 was sub
stantially correlated with a lower RFS in TNBC patients, especially in 
advanced stages characterized by a lymph node involvement and a 
high-grade tumor. Thus, quantitative detection of LINC01087 may be 
clinically useful for the diagnosis and monitoring of the TNBC subtype 
and its gradation and, consequently, as a prognostic biomarker in TNBC 
patients. 

The same considerations also referred to the luminal BCs that 
generally have a better prognosis compared to the TNBCs [1]. Following 
interrogation of the KMplot database, we reported that high levels of 
LINC01087 correlated with extended RFS in both luminal A and B co
horts, as well as prolonged OS in luminal A patients. 

The deregulated expression of LINC01087 appeared specific of the 

Fig. 7. LINC01087 biological functions in 
luminal A BCs. (a, b) Bar graphs display the 
main ontology terms attributed to the 345 
genes that were differentially expressed be
tween LINC01087hi and LINC01087int luminal 
A BC samples, according to GO, KEGG and 
REACTOME gene annotation (a) and enrich
ment (b) analyses. Panel a illustrates the an
notated clusters that included ≥ 22 genes (see 
Supplementary Tables S11 and S13 for details). 
Panel b displays gene ontology annotations that 
were significantly enriched (see Supplementary 
Tables S14 and S15 for details). Panels a and b 
indicate the total number (written in black) of 
genes allocated to each ontology annotation. 
Panel a also indicates the number of genes up- 
or down-regulated in red and green, respec
tively. Subcategories of the GO hierarchy are 
color-coded: Red, GO Biological process terms 
[BP]; Orange, GO Cellular component terms 
[CC]; Fuchsia, GO Molecular function terms 
[MF]; Green, KEGG pathways; Blue, REAC
TOME [REACT] pathways). GO, Gene ontology; 
KEGG, Kyoto Encyclopedia of Genes and 
Genomes.   
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BC subtype, thus offering an opportunity to distinguish between luminal 
BCs and TNBCs. Moreover, the expression of LINC01087 seemed to 
exhibit tumor suppressive properties, allowing to predict a better sur
vival in BC subtypes. Additionally, ROC curves confirmed the diagnostic 
value of LINC01087 for TNBC as well as lumA and lumB BCs. Thus, the 
level of LINC01087 expression within the tumor might have both 
diagnostic and prognostic utility. 

BC is a complex genetic disease that shows a high prevalence of TP53 
mutations, particularly in TNBCs [1]. Detection of alterations in TP53 is 
considered as a negative prognostic factor due to its association with 
more aggressive BC subtypes when compared to BC subjects who possess 
wild-type copies of TP53 [60]. In addition, BC patients that harbor TP53 
mutations can carry alterations in the genes BRCA1 or BRCA2, thus 
increasing cancer aggressiveness [61]. Therefore, to evaluate the impact 
of LINC01087 on BC prognosis, we measured its level of expression 
according to the mutational status of BRCA1 and BRCA2, as well as to 
that of TP53. Interestingly, we noticed a significant decrease of 
LINC01087 in TP53-mutated specimens, together with a similar trend in 
BRCA1-mutated ones. Nevertheless, these correlations ultimately 
depended on the TNBC molecular subtype, which is naturally enriched 
in the samples mutated for TP53 and/or BRCA1. In this line, TP53 
mutated BC patients harboring high levels of LINC01087 belonged to 
luminal subtypes. Altogether, these results comforted that the expres
sion level of LINC01087 can determine the molecular subtype of BC, 
independently of its mutational status. 

Prospective clinical studies gathering a larger number of patients and 
covering the different clinicopathological, histological and mutational 
subtypes of BC will be required to consolidate our findings on the 
diagnostic and prognostic value of a downregulated LINC01087 in 

TNBC, as well as of an upregulated LINC01087 in luminal BCs. 
In the scenario of a potential role of LINC01087 in breast carcino

genesis and cancer aggressiveness, we initiated some in silico in
vestigations to characterize the molecular and cellular processes that 
LINC01087 may regulate in both TNBC and luminal BC. First, we per
formed a comparative analysis of the transcriptomic profiles of TNBC 
samples harboring intermediate versus low level of LINC01087, and of 
luminal BC samples harboring high versus intermediate level of 
LINC01087. In this setting, intermediate expression of LINC01087 cor
responds to its level in normal breast tissue. Such comparisons within 
each individual BC subtypes, rather than between normal and malignant 
tissues, limit transcriptomic bias caused by oncogenic aberrations. They 
allowed the identification of genes differentially expressed along vari
ation of LINC01087 expression. Next, we investigated the biological 
functions of these genes thanks to gene ontology annotation and 
enrichment analyses. Finally, we deepened our functional study by 
modeling the protein-protein interaction network of the main annotated 
and enriched clusters of DE genes. 

This work uncovered a transcriptional signature of individual factors 
and families of proteins that underwent modulation upon enhanced 
expression of LINC01087 in both TNBC and lumA subtypes. This imprint 
consisted of an upregulation of SYT9, ANKRD30B, several cytochromes 
P450 and TTC factors, and of mixed regulations of SLC solute carriers 
and of KLHDC proteins. Moreover, we reported some homologies be
tween the transcriptomic profiles of LINC01087hi lumA and lumB BCs. 
In particular, various members of the POTE and S100 families showed 
up- and down-regulation, respectively, in both luminal subtypes. Also, 
LINC01087 upregulation coincided with modulations of inflammation- 
related genes, including S100 proteins, in the two luminal subtypes. 

Fig. 8. Protein-protein interaction network of 
some factors whose expression varies along 
LINC01087 deregulation in luminal A BC. PPI 
network established using STRING database. 
Nodes represent proteins while experimentally 
validated PPIs are represented by edges. Input 
data consisted of proteins whose gene (i) was 
significantly modulated (underlined in red or 
green if up- or down-regulated, respectively) 
between LINC01087hi and LINC01087int 

luminal A BC samples, (ii) belonged to GO an
notated clusters of ≥ 20 members, and (iii) was 
present in the STRING database (see Fig. 7, 
Supplementary Tables S9, S11, S13). Five in
teractants were displayed in the network per 
selected protein. Proteins attributed to signifi
cantly enriched ontology terms are circled in 
black (see Supplementary Table S14). BC, 
breast cancer; GO, gene ontology; PPI, protein- 
protein interaction; STRING, Search tool for the 
retrieval of interacting genes/proteins.   
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Collectively, these (families of) genes shared between BC subtypes 
would represent putative molecular targets of LINC01087, supporting its 
apparent tumor suppressive activity. Although the function of most of 
these targets remains poorly understood, particularly in breast cancer, 
some of them have been involved in breast carcinogenesis. 

Cytochromes P450 are enzymes achieving multiple functions such as 
the oxidation of lipids, steroids, and drugs [62,63]. Alteration of 
expression or activity of CYP2A6 impacts cancer incidence and resis
tance to chemotherapy, notably in BC [62]. In TNBC, we observed a 
positive correlation between the levels of CYP2A6 mRNA and 
LINC01087. 

S100 proteins promote cancer by stimulating cell proliferation, 
dissemination, and angiogenesis [39]. Thus, overexpression of S100A7, 
A8 and A9 has been associated with tumor aggressiveness, metastasis 
and a poor prognosis in ER- BC when compared to ER+ BC [39]. Con
cerning S100A7, it displays a contrasting role according to the ER status, 
acting as a tumor suppressor gene in ER+ BCs and as an oncogene in ER- 
BCs [39]. Also, S100A7, S100A8 and S100A9 play a decisive role in 
igniting inflammation and favoring immune evasion [39]. In this line, 
the expression of S100A9 in ER- PR- BCs induces inflammatory cytokines 
and is associated with unfavorable OS [64]. In the present work, gene 
expression of S100A8 and S100A9 (forming the calprotectin), and of 
S100A7 (also known as psoriasin), was attenuated upon upregulation of 
LINC01087 in lumA and lumB BCs, respectively. 

On top of S100s, upregulation of LINC01087 interfered with a 
plethora of immune-related genes in both luminal BC subtypes. For 
instance, IKBKB encoding a component of the NF-κB signaling pathway, 
as well as CAMP and LY6G5B (lymphocyte antigen 6 family member G5B) 
were differentially expressed in lumB BC. Conversely in lumA BC, 
overexpression of LINC01087 modulated the level of other components 
of the NF-κB signaling cascade (e.g. NFKB1, NFKBIZ) and of the che
mokine CCL7 and some pattern recognition receptors like TLR10 and 
NLRP8, among others. Considering the well-accepted contribution of 
inflammation to cancer initiation and progression and, by contrast, of 
cancer immunosurveillance in eliminating malignant entities, 
LINC01087-mediated control of pro- and anti-inflammatory molecules 
could impact breast carcinogenesis [65,66]. 

Moreover, variation of the level of LINC01087 in the different BC 
subtypes coincided with a modulated expression of factors (mostly 
secreted) regulating genome integrity and expression, cell survival, cell 
proliferation, or again cell adhesion and invasion. Some of them have 
documented implication in breast carcinogenesis and will be presented 
below. 

Cell survival is, at least partially, under the control of the NF-κB 
pathway [67]. As abovementioned, components of this signaling 
cascade appeared modulated upon expression of LINC01087 in both 
lumA and lumB BCs. In TNBC, PIDD1 (p53-induced death domain pro
tein 1) was upregulated in LINC01087hi samples. PIDD1 interacts with 
caspase 2 to regulate apoptosis [68]. PIDD1 is associated with breast 
cancer cell survival, and its overexpression induces apoptosis in 
TP53-deficient tumor cells [69]. The gene TFF1 (trefoil factor 1) un
derwent a remarkable increase in TNBC samples expressing a higher 
level of LINC01087. This gene exhibits lower expression in TNBC as 
compared to non-TNBC [70]. In particular, its expression relies on the 
status of the hormonal receptor, due to the presence of an ER response 
element in its promoter region [34,71] In preclinical murine models, 
deficiency in TFF1 increased breast cancer cell tumorigenicity and the 
development of mammary tumors [34]. A role for TFF1 in 
TP53-mediated apoptotic process has been described through down
regulation of miR-504 in gastric cancer. Another report defined a 
tumor-suppressor role of TFF1 via the activation of the TP53/caspase 
pathway and the downregulation of miR-18a in retinoblastoma [72,73]. 
In the clinic, TFF1 expression correlated with a favorable survival in BC 
[70]. 

Cell proliferation and adhesion is notably controlled by the Wnt/ 
β-catenin pathway which is remarkably activated in breast cancers [74, 

75]. In LINC01087hi lumA BCs, we found a downregulated expression of 
WNT3A, WNT5B and FZD9, which integrate this signaling cascade. 
Mesothelin (encoded by MSL) was less expressed in lumA BC harboring 
high levels of LINC01087. MSLN has been described to promote invasion 
and metastasis in breast cancer cells [76]. Similarly, the overexpression 
of MSL in TNBC has been correlated with basal-like phenotype, as well as 
distant metastases and decreased survival [42]. The mechanism behind 
the metastatic potential of MSL overexpression has been attributed to its 
ability to stimulate the expression of matrix metalloproteinases (MMPs) 
-7 and -9 which play a major role in tumor progression and metastasis, 
for instance in pancreatic and ovarian cancers [77,78]. 

Based on the previous observations, we could speculate that the 
deregulation of LINC01087 has an impact on BC invasiveness and 
metastasis. In luminal BCs, the overexpression of LINC01087 may be 
responsible for the downregulation of the pro-invasive and pro- 
metastatic MSL and S100 proteins. By contrast, the downregulation of 
LINC01087 in TNBC would promote the synthesis of these factors thus 
increasing tumor aggressiveness, and reduce patient survival. Further 
functional investigations will be necessary to confirm this hypothesis. 

Carboxypeptidase A4 (CPA4) is an exo-carboxypeptidase whose 
overexpression has been linked with cancer progression in several types 
of malignancies. For instance, its accumulation is associated with 
aggressiveness and unfavorable prognosis in TNBC [41]. In lumB BC 
samples, CPA4 was downregulated upon overexpression of LINC01087. 
Neurofilaments like NEFM (neurofilament medium polypeptide) show a 
deregulated expression in several malignancies. A frequent and 
cancer-specific DNA methylation-associated silencing of NEFM has been 
reported in BC and correlates with disease progression [36]. In TNBC, 
we witnessed a strong upregulation of NEFM in samples with a high level 
of LINC01087. 

As a last example, ABCC8 belongs to the ATP-binding cassette (ABC) 
transporter gene family that controls the exchange of various molecules 
across membranes, including drugs [79]. The contribution of ABC genes 
in cancer progression and chemo-resistance, as well as their role in the 
prediction of therapy outcome and prognosis, is established [80,81]. 
Surprisingly, in BC patients, low levels of ABCC8 have been associated 
with poor prognostic and predictive clinical markers (i.e. high expres
sion of the proliferation marker Ki67, ER-negative status, or high grade 
tumors) [82,83]. Accordingly, the expression of ABCC8 was increased in 
TNBC harboring enhanced level of LINC01087. 

Collectively, by confronting our in silico data with the literature, 
multiple variations of genes observed upon increased expression of 
LINC01087 in TNBC and luminal BC subtypes support a tumor sup
pressive activity of this lncRNA. However, further wet-lab experiments 
will be needed to validate the molecular targets/interactors of 
LINC01087 in BC. Such basic knowledge could ultimately be exploited 
for therapeutic purposes. 

6. Conclusions 

In summary, LINC01087 is an intergenic lncRNA involved in breast 
carcinogenesis. Detection of LINC01087 downregulation represents a 
potential biomarker for the diagnosis and prognosis of TNBC patients, 
while its upregulation could be exploited for the diagnosis and prognosis 
of luminal BC patients. Such diagnostic and prognostic indicators may 
contribute to improve treatment management of BCs. 
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