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Methods: W e performed splice-sensitive array profiling using Affymetrix Exon Array and quantitative
RT-PCR analyses in 177 IBC compared to 183 non-IBC. We also assessed the prognostic value of the iden-

tified candidate genes and splice variants.

Keywords: Results: A 5-splice signature (HSPA8, RPL10, RPL4, DIDO1 and EVL) was able to distinguish IBC from non-
Inflammatory breast cancer 7 . . . . . . . K
Hemoglobin IBC tumors (p<_]0 ). This splice signature was associated Yv1th poor metastasis-free survwal in hormone
Splice signature receptor-negative non-IBC (p=0.02), but had no prognostic value in IBC. PAM analysis of dysregulated
Prognosis genes in IBC compared to non-IBC identified a 10-gene signature highly predictive of IBC phenotype
Biomarker and conferring a poor prognosis in non-IBC. The genes most commonly upregulated in IBC were 3 hemo-

globin genes able to reliably discriminate IBC from non-IBC (p<107%). Hb protein expression in epithelial

breast tumor cells was confirmed by immunohistochemistry.

Conclusion: IBC has a specific spliced transcript profile and is characterized by hemoglobin gene overex-

pression that should be investigated in further functional studies.

© 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction To the best of our knowledge, the role of alternative splicing in

Inflammatory Breast Cancer (IBC) is a very rare form of breast
cancer with a rapid onset of inflammatory signs of the breast,
including erythema and edema with or without a palpable mass
[1]. Due to its high propensity to metastasize, IBC is the most
aggressive form of breast carcinoma with a 5-year survival of about
40% [2]. Whereas there are major differences in terms of phenotype
and outcome, the medical management of IBC does not differ from
that of other locally advanced breast carcinomas and comprises
neoadjuvant chemotherapy, in combination with trastuzumab in
HER2-positive tumors, radical mastectomy and radiation. An
adjuvant hormone therapy was prescribed when indicated [1].
No specific therapy is available for IBC except perhaps for
bevacizumab, which has been shown to provide encouraging
results [3,4]. The potential prognostic factors of IBC remain
controversial.

Several groups have conducted intensive research to elucidate
oncogenesis and to identify therapeutic targets and prognostic fac-
tors specific to IBC. In vitro and in vivo models have allowed iden-
tification of several more or less IBC-specific candidate genes/
alterations, such as E-Cadherin, MUC1, WISP3/RhoC, lymphangio-
genesis genes. Studies based on human samples have been limited
by the rarity of IBC, the subjective nature of diagnostic clinical
signs and the scarcity of diagnostic biopsies. Studies before 2004
were conducted according to a monogenic approach and demon-
strated frequent negativity of hormone receptors, overexpression
of HER2 and EGFR, frequent TP53 mutations, overexpression of
VEGFs and other angiogenesis genes and chemokines/receptors
such as CXCR4/CCR7 and elF4GI [5,6].

First large-scale molecular studies on human IBC samples have
mainly focused on transcriptomics and have revealed a marked
heterogeneity of IBC. Few genes overlapped between the reported
gene expression signatures [7]. These studies demonstrated the
presence of the classical molecular subtypes of non-IBC tumors,
but with overrepresentation of HER2-enriched tumors and a low
prevalence of Luminal A tumors. This unbalanced distribution of
molecular subtypes between IBC and non-IBC may have hindered
the discovery of differences in gene expression that are specific
to IBC compared to non-IBC. However, consistent data - derived
from up to 137 IBC - suggest dysregulation of cell motility and
invasion genes, enhanced inflammatory signaling including the
NF-kB pathway, and attenuated TGFp signaling in IBC [8]. More
recently other profiling studies based on DNA copy number,
methylation, miRNA and targeted NGS, have been performed in
smaller series and further studies are required before any conclu-
sions can be drawn [9-16]. We can note that several of these
NGS studies revealed targetable mutations in PIK3CA or tyrosine
kinase coding genes.
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IBC has never been addressed. In order to identify differentially
expressed genes and splicing events, we therefore performed
splice-sensitive array profiling using Affymetrix Exon Array in a
well-defined series of 33 IBC compared to 28 non-IBC, and vali-
dated the results with quantitative RT-PCR in a large validation
set consisting of 144 IBC and 155 non-IBC samples. We also
assessed the prognostic value of the identified candidate genes
and splice variants.

Methods
Patients and samples

Tumor samples were collected from 360 women with invasive
breast adenocarcinoma, who underwent core biopsies (for IBC) or ini-
tial surgery (for non-IBC) at the Institut Curie/Rene Huguenin Hospital
(Paris and Saint-Cloud, France) between 1980 and 2012. For this study
approved by the Institut Curie/Rene Huguenin Hospital ethics internal
committee (IC-01), a written informed consent form was signed by
each patient. The samples were stored in liquid nitrogen until RNA
extraction and all contained more than 70% of tumor cells.

Breast tumor samples were obtained from 177 patients with IBC
and 183 patients with non-IBC (stage I to non-inflammatory stage
IIIB). The diagnosis of IBC was done if the patient had the simulta-
neous presence of diffuse erythema and edema (peau d’orange)
involving one third or more of the skin of the breast with or with-
out a measurable breast mass (staged T4d according to the AJCC
classification; Amin MB, Edge S, Greene FL. AJCC Cancer Staging
Manual. 8th ed. New York: Springer; 2016). Clinicopathological
characteristics are provided in Table 1 and are consistent with clas-
sical non-IBC and IBC tumor presentation and outcome. Median
follow-up was 12.1 years (range: 1.1-36.3 years) for non-IBC
patients and 4.3 years (range: 0.25-17.7 years) for IBC patients.
Metastases were detected in 62% (110/177) of IBC patients and
36% (66/183) of non-IBC patients.

All patients with IBC tumors, prospectively collected between
1988 and 2012 (with only 27 IBC samples collected between
1988 and 2003) received anthracycline-based +/- taxane neoadju-
vant chemotherapy, in combination with trastuzumab for HER2-
positive tumors after 2003, followed by hormone therapy when
indicated. Mastectomy with axillary node dissection was per-
formed after first-line systemic therapy in all non-metastatic
patients. All patients received radiation therapy.

Exon arrays

A training set of 33 IBC and 28 non-IBC (6 stage I, 10 II, 12 III)
samples was used to identify genes and alternatively spliced tran-
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Table 1
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Pathological and clinical characteristics of breast cancer samples in the training and validation sets.

Training set (n = 61)

Validation set (n = 299)

No IBC (%) IBC (%) p-value? No IBC (%) IBC (%) p-value®
Total 28 (100) 33 (100) 155 (100) 144 (100)
Age
<50 4(14.3) 16 (48.5) 0.0046 33 (21.3) 58 (40.3) 0.00036
>50 24 (85.7) 17 (51.5) 122 (78.7) 86 (59.7)
SBR histological grade ®
1 1(3.6) 0(0.0) 0.045°¢ 19 (12.5) 2(1.4) <1044
1 18 (64.3) 12 (37.5) 81 (53.3) 56 (40.0)
11 9(32.1) 20 (62.5) 52 (34.2) 82 (58.6)
Stage
[ 6 (21.4) 0(0.0) - 10 (6.5) 0 (0.0) -
1A 5(17.9) 0(0.0) 51(32.9) 0 (0.0)
1B 5(17.9) 0(0.0) 62 (40.0) 0(0.0)
1A 5(17.9) 0(0.0) 30(19.4) 0 (0.0)
1B 7 (25.0) 24 (72.7) 2(1.3) 115 (79.9)
\Y 0 (0.0) 9(27.3) 0(0.0) 29 (20.1)
ER status
Negative 6 (21.4) (65.6) 0.00060° 44 (28.4) 77 (56.2) <1044
Positive 22 (78.6) 11 (34.4) 111 (71.6) 60 (43.8)
PR status
Negative 9 (32.1) 24 (75.0) 0.00087°¢ 69 (44.5) 101 (74.3) <1074¢
Positive 19 (67.9) 8 (25.0) 86 (55.5) 35 (25.7)
ERBB2 status
Negative 23 (82.1) 17 (53.1) 0.017¢ 127 (81.9) 102 (73.4) 0.078
Positive 5(17.9) 15 (46.9) 28 (18.1) 37 (26.6) (NS)f
Molecular subtypes
HR- ERBB2- 3(10.7) 7 (21.9) 0.0048° 26 (16.8) 44 (32.6) <104
HR- ERBB2+ 2(2.7) 13 (40.6) 15 (9.7) 29 (21.5)
HR + ERBB2- 20 (71.4) 10 (31.3) 101 (65.2) 54 (40.0)
HR + ERBB2+ 3(10.7) 2(6.3) 13 (8.4) 8 (5.9)
Distant metastases
Yes 12 (42.9) (66.7) 0.062 54 (34.8) 88 (61.1) <104
No 16 (57.1) 11 (33.3) (NS) 101 (65.2) 56 (38.9)

Abbreviations: ER: estrogen receptor alpha; PR: progesterone receptor; ERBB2: human epidermal growth factor receptor 2; HR: hormone receptor. Bold values are statis-
tically significant (p-value < 0.05). ? Chi2 Test; ® Scarff-Bloom-Richardson classification; € Information available for 60 patients; ¢ Information available for 292 patients; ¢
Information available for 291 patients; { Information available for 294 patients; " Information available for 290 patients.

scripts differentially expressed between IBC and non-IBC on Affy-
metrix Human Exon 1.0 ST Array. RNA was extracted with miR-
NEasy kit (Qiagen). Target preparation was conducted using
100 ng of high quality and high integrity total RNA (RIN average
7.1, min/max:6/8.9) according to Affymetrix recommendations.
Data quality control was performed using Affymetrix Expression
Console. Data were deposited in GEO (GSE111477).

Dataset analysis and visualization were performed with
EASANA® (GenoSplice technology), which is based on the GenoS-
plice’s FAST DB® annotations [17]. Exon Array data were normal-
ized using quantile normalization. Background corrections were
performed with antigenomic probes and probes were selected as
described previously [18]. Only probes targeting exons annotated
from FAST DB® transcripts were selected to focus on genes with
mRNA sequences available in public databases [17,19]. Probe
selections to calculate expression level were performed as
described by Wang et al. [18]. Genes were considered to be signif-
icantly regulated when the fold change was >1.5 and uncorrected
P-value < 0.05. Statistical analyses were performed using Student’s
unpaired t-test on the splicing index to analyze Exon Array data, as
described previously [18]. The splicing index corresponds to a
comparison of gene-normalized exon intensity values between
the two groups analyzed. Results for exons datas were considered
to be statistically significant for uncorrected P-values < 0.05 and
fold changes > 2.0.

Exons predicted to be differentially expressed were filtered and
classified by manual inspection after uploading the Exon Array
data into the EASANA® visualization module, which is based on
the FAST DB® Client Edition annotations [17].

79

Quantitative RT-PCR

Selected genes and splice variants were validated using quanti-
tative real-time PCR both in 59 tumors of the training set (2 miss-
ing RNA for 2 non-IBC) and 299 independent breast tumor samples
comprising 155 non-IBC and 144 IBC tumors (ABI Prism 7900,
Perkin-Elmer Applied Biosystems, Foster City, CA),

Each sample was normalized on the basis of its TBP gene con-
tent (Genbank accession NM_003194) as an endogenous RNA con-
trol [20].

Results, expressed as N-fold differences in target gene expres-
sion relative to the TBP gene and termed “Ntarget”, were deter-
mined as Ntarget = 24C53mPle, The ACt value of the sample was
determined by subtracting the Ct value of the target gene from
the Ct value of the TBP gene.

The Ntarget values of the samples were subsequently normal-
ized so that the median Ntarget value for non-IBC tissues was
equal to 1.

Primer sequences are available on request. The cDNA synthesis
and PCR conditions have been described previously [20].

Immunohistochemistry

Tissue sections (4 um) were cut with a Leica RM2245 Semi-
automated Rotary Microtome and were adhered to Superfrost Plus
slides (MICROM, Walldorf, Germany), deparaffinized in xylene and
hydrated in a graded series of alcohol. Immunostaining was per-
formed in a Discovery XT Platform (Ventana Medical System, Tuc-
son, Arizona, USA, part of Roche Diagnostics) with antigen retrieval
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using EDTA buffer, pH 8 (CC1, Ventana Medical System) for pri-
mary antibodies anti-HbB (ref OM-B4339, purchased from Omics)
and anti-HbA1 (ref GTX42177, purchased from Genetex). Incuba-
tion and color development used biotinylated goat anti-mouse sec-
ondary antibody, and streptavidin-horseradish peroxidase
complex with DAB as substrate (DABMap Kit with Universal Sec-
ondary Antibody, Ventana Medical System).

Statistical analysis

Statistical analyses were performed with SEM and Graphpad
Prism softwares. The results were considered statistically signifi-
cant at p-values < 0.05 (*), <0.01 (**), or < 0.001 (***). Hierarchical
clustering was performed with GenANOVA software [21].

Metastasis-free survival (MFS) was determined as the interval
between initial diagnosis and detection of the first metastasis. Sur-
vival distributions were estimated by the Kaplan-Meier method,
and the significance of differences between survival rates was
ascertained with the log-rank test.

Results

IBCs have a specific gene expression pattern characterized by
hemoglobin genes

Exon-arrays results were first analyzed at the gene level in the
training set composed of 33 IBC and 28 non-IBC samples. Based on
Fold Change (FC) > 1.5 and p-value < 0.05, we identified 495 signif-
icantly dysregulated genes (287 upregulated and 208 downregu-
lated genes) in IBC compared to non-IBC (supplementary Table 1).

Interestingly, the 5 most commonly upregulated transcripts
observed in IBC included 4 genes coding for hemoglobins: HBB,
HBA1, HBA2 and HBD. Pathways analysis using Gene Ontology soft-
ware revealed that immune and inflammatory response pathways
were significantly activated in IBC with 43 (p = 8.10-11) and 33
(p = 9.10-13) dysregulated genes involved in these pathways,
respectively. No significant upregulation of genes involved in
hypoxia regulation or angiogenesis was observed in IBC samples.

The more downregulated gene in IBC was ESR1 and among the
most commonly downregulated genes in IBC there were many Hor-
mone Receptor-related genes (namely SCUBE2, TPRG1, STC2 and PGR).
This finding could be due to underrepresentation of luminal tumors
in IBC compared to non-IBC. The distribution of molecular subtypes
in both IBC and non-IBC from the training set was studied using
the SCMGENE (a three gene model ERBB2, ESR1 and AURKA used for
classifying the major breast cancer subtypes) [22] and the luminal A
subtype was not observed in IBC, but represented 40% (11/28) of
non-IBC tumors (p = 0.0004). The other subtypes included Basal-
like in 52% (17/33) and 32% (9/28), HER2-enriched in 39% (13/33)
and 14% (4/28), and luminal B in 9% (3/33) and 14% (4/28) of IBC
and non-IBC tumors, respectively (supplementary Table 2).

Further studies in the training set were restricted to basal-like
tumors, i.e. 17 IBC compared to 9 non-IBC tumors. Six hundred
twenty-one genes (511 up/110 down) were significantly dysregu-
lated between basal-like IBC and basal-like non-IBC tumors (sup-
plementary Table 3). Interestingly, many of these genes were
specifically dysregulated in the basal-like subtype, as only 121
upregulated and 38 downregulated genes were shared with the
495 genes dysregulated in all 33 IBC and 28 non-IBC samples
regardless of the subtype. However, no opposite dysregulation
was observed. Most importantly, hemoglobin genes were again
among the 5 most commonly upregulated genes.

The PAM (Prediction Analysis of Microarray) method [23]
applied to the 495 genes defined a 10-gene signature discriminat-
ing IBC from non-IBC with an 8.2% error rate in the training set, as 5
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(4 IBC and 1 non-IBC) of 61 samples were misclassified (p < 104).
These ten genes were HBA2, HBB, HBA1, HBD, STMN1, SCGB1D2,
CLEC3A, AF085868, FMO5 and USP41.

The robustness of this 10-gene signature was tested in the IBC
Consortium data set [8], including the Marseille cohort composed
of 71 IBC and 139 non-IBC samples, and the Antwerp cohort com-
posed of 41 IBC and 55 non-IBC samples, representing a total of
306 samples profiled using Affymetrix HGU133 Plus 2.0 microar-
rays, in which the probes targeting the USP41 gene were missing.
A 9-gene signature was therefore applied to these 2 cohorts. In
the Marseille cohort, 139 out of 210 samples (66%) were accurately
classified (p < 107) and, in the Antwerp cohort, 66 out of 96 sam-
ples (69%) were accurately classified (p = 0.001), confirming the
robustness of this gene signature in a totally independent data set.

The 10-gene signature was able to discriminate IBC from non-IBC in a
second validation set

The predictive value of the 10-gene signature was validated by
using the gold standard quantitative RT-PCR method in another
independent series of IBC and non-IBC, composed of 144 IBC and
155 non-IBC samples (Table 1). Based on the results obtained with
exon arrays in the training set of 61 tumors, we decided to assess
the mRNA expression levels of 24 genes using quantitative RT-PCR
in both the training set and the validation cohort.

This set of 24 genes included the 10 genes from the IBC/non-IBC
discriminating signature: HBA1, HBA2, HBB, HBD, STMN1, SCGB1D2,
CLEC3A, AF085868, FMO5 and USP41. We quantified the expression
of 9 dysregulated interferon-inducible genes IFI6, IFI27, IFI35, IFI44,
IFI44L, IFIT1, IFIT3, IFITM1 and MX1, as immune and inflammatory
pathways were significantly activated in IBC, and ADAMDEC1, also
involved in immune response, and one of the genes most commonly
upregulated and already reported in IBC transcriptome analysis [24].
We also quantified the expression of a number of highly upregulated
transcription factor coding genes such as DKK1 and ATF4. Two addi-
tional genes were finally selected: SFRS2B, one of the most commonly
upregulated splicing factors, and RRM2, the most commonly upregu-
lated gene common to the Marseille cohort and our training set.

On gRT-PCR, the expression of the following 14 genes was sig-
nificantly dysregulated between IBC and non-IBC in both cohorts:
HBA1, HBA2, HBB, HBD, RRM2, ADAMDECI1, IFl44, IFI44L, IFIT3,
MX1, DKK1, ATF4, STMN1 and FMO05 (Supplementary Table 4). Three
genes, CLEC3A, IFI35 and IFITM1, did not show any differential
expression between IBC and non-IBC in either the training set or
the validation set. Interestingly, the differential expression of the
genes coding for Hb between IBC and non-IBC was confirmed by
gRT-PCR in the training set and the validation set with the most
significant p-values, all <1077,

Hierarchical clustering of tumors using the 10-gene signature
previously identified revealed two major clusters composed of 25
of 33 IBC tumors and 25 of 26 non-IBC tumors in the training set
(p < 1077, supplementary Fig. 1) and 102 of 144 IBC tumors and
116 of 155 non-IBC tumors in the validation set (p < 1077, supple-
mentary Fig. 2). The robustness of this classifier to discriminate IBC
from non-IBC was therefore validated. When clustering was per-
formed with a signature restricted to Hb genes, the training set
and the validation set were divided in two major clusters com-
posed of 31 of 33 IBC tumors and 19 of 26 non-IBC tumors
(p < 107%) and 110 of 144 IBC tumors and 113 of 155 non-IBC
tumors (p < 10~%), respectively (data not shown). Overexpression
of Hb genes as a hallmark of IBC was therefore confirmed.

Hemoglobin proteins are detected in IBC cells

HbB and HbA staining were both heterogeneous in the Hb-
overexpressing IBC samples tested. Positive staining was clearly
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detected in erythrocytes (internal positive control) and membra-
nous and cytoplasmic positive staining was observed in tumor
cells. Hb expression was therefore confirmed in IBC samples and
cannot be considered to be artefactual (Fig. 1). Moreover in the
SUM149 IBC cell line, HbB transcript was 5 times more expressed
than in the MCF7 non-IBC cell line and HbB staining was also
detected by IHC (data not shown).

The 10-gene signature does not have any prognostic value in IBC

Patients with early onset of metastasis (i.e. during the first
6 months after diagnosis, 1 non-IBC and 4 IBC) and who presented
metastases at diagnosis (38 IBC) were excluded from this analysis
performed on 182 non-IBC and 135 IBC tumors. As expected, IBC
showed a particularly aggressive behavior and was associated with
more unfavorable prognostic features (Table 2) and poorer MFS
than non-IBC (p < 1074, HR = 0.36 [0.25-0.52]) (Supplementary
Fig. 3). MFS was significantly associated with histological grade
(p=0.035) and stage (p = 0.00021) in non-IBC, whereas only ERBB2
status had a prognostic value (p = 0.042) in IBC (Table 2).

The prognostic value of the 10-gene signature was evaluated in
IBC and non-IBC patients. In the validation set, the 10-gene signa-
ture was unable to distinguish IBC tumors according to their out-
come (p = 0.22, data not shown), although 27 patients had a
particularly good prognosis, probably correlated with a high pCR
rate in this group (44%, data not shown). This signature signifi-
cantly separated non-IBC patients into 3 groups with significantly
different metastasis-free survival (p = 0.03, HR = 0.40 [0.20-0.83])

Journal of Advanced Research 28 (2021) 77-85

(Fig. 2A). Differences in MFS remained significant when consider-
ing HR-negative non-IBC only (p = 0.008, HR = 0.24 [0.08-0.69])
(Fig. 2B). When only considering Hb gene expression, no impact
on MFS was observed in IBC (p = 0.75, data not shown) or non-
IBC (p = 0.34, data not shown) patients, but 2 groups of HR-
negative non-IBC were distinguished (p = 0.09) (Fig. 2C)

Identification of an exon expression signature predictive of IBC

Splicing events were identified by exon arrays. Based on fold-
change splicing-index and p-value, 266 exons representing 177
distinct genes were differentially regulated between IBC and
non-IBC. Aggressiveness and ability to metastasize of IBC may be
linked to epithelial to mesenchymal transition (EMT) propensity
but none of the genes currently associated with EMT, such as ENAH,
SLC37A2, MBNL1, FLNB, MLPH, ARHGEF11, FGFR2 or CD44, were
found among these dysregulated spliced transcripts [25-27]. After
manually curation of results using EASANA®, 10 splicing events,
representing 10 distinct genes, were selected as good candidates
for alternative splicing in IBC: EVL, RPL10, MYH10, HSPA8, DOCK?7,
DIDO1, RPL4, TRAK1, RGS1, and ZNF337. Specific primers were
designed to validate these alternative transcripts by RT-qPCR in
the training set and in the validation set.

The 10 splicing events differentially expressed between IBC and
non-IBC were all successfully confirmed in the validation set
(Table 3). The six spliced transcripts of HSPA8, RPL10, DIDO1,
MYH10, RPL4 and ZNF537 genes were upregulated, whereas the 4

%

5

Fig. 1. Hb protein expression in inflammatory breast cancer cells. Representative images of immunohistochemistry for HbB (a, b, ¢) and HbAT1 (d, e, f) in three inflammatory
breast cancer samples. Magnification x400. (a & d) Ductal invasive carcinoma not otherwise specified (NOS): (a) Faint cytoplasmic staining of rare carcinomatous cells with
focal intense and cytoplasmic staining of endothelial cells in the stroma (internal control); (d) Diffuse staining with moderate to intense incomplete membranous staining of
the invasive component. (b & e) Ductal in situ component: (b) Heterogeneous staining with cells displaying faint to intense cytoplasmic and membranous staining; (e) Diffuse
and intense membranous and cytoplasmic staining, (¢ & f) Ductal invasive carcinoma NOS: (c) Focal positive cells with moderate cytoplasmic staining. Vessel with positive
endothelial and red cells (internal control); (f) Moderate and intense cytoplasmic and membranous staining of most invasive carcinomatous cells. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Pathological and clinical characteristics of breast cancer samples in relation to metastasis-free survival (MFS).
Non-IBC IBC
Number of patients Number with metastases MEFS p-value Number of patients Number with metastases MEFS p-value
(%) (%) a (%) (%) a
Total 182 (100) 65 (35.7) 135 (100) 70 (51.9)
Age
<50 37 (20.3) 10 (27.0) 0.15 (NS) 58 (43.0) 29 (38.6) 0.54 (NS)
>50 145 (79.7) 55 (37.9) 77 (57.0) 41 (41.6)
SBR histological
grade®
I 20 (11.2) 2 (10.0) 0.035¢ 2(1.5) 0 (0.0)
1l 99 (55.3) 40 (40.4) 48 (36.6) 27 (56.3) 0.44 (NS) ¢
il 60 (33.5) 23(38.3) 81 (61.8) 41 (50.6)
Stage
I 16 (8.8) 3(18.8) 0.00021 0(0.0) 0(0.0) -
A 55 (30.2) 13 (23.6) 0 (0.0) 0(0.0)
1B 67 (36.8) 24 (35.8) 0 (0.0) 0 (0.0)
1A 35 (19.2) 18 (51.4) 0(0.0) 0(0.0)
1B 9 (4.9) 7 (77.8) 135 (100) 70 (51.9)
ER status
Negative 49 (26.9) 13 (26.5) 0.17 (NS) 76 (58.5) 35 (46.1) 0.49 (NS) ©
Positive 133 (73.1) 52 (39.1) 54 (41.5) 32 (59.3)
PR status
Negative 77 (42.3) 26 (33.8) 0.94 (NS) 95 (73.6) 49 (51.6) 0.41 (NS)
Positive 105 (57.7) 39 (37.1) 34 (26.4) 17 (50.0)
ERBB2 status
Negative 149 (81.9) 53 (35.6) 0.94 (NS) 88 (67.7) 50 (56.8) 0.042 ©
Positive 33 (18.1) 12 (36.4) 42 (32.3) 17 (73.8)
Molecular subtypes
HR- ERBB2- 28 (15.4) 8 (28.6) 0.84 (NS) 39 (30.5) 20(51.3) 0.19 (NS) ™
HR- ERBB2+ 17 (9.3) 5(29.4) 33 (25.8) 12 (36.4)
HR + ERBB2- 121 (66.5) 45 (37.2) 47 (36.7) 29 (61.7)
HR + ERBB2+ 16 (8.8) 7 (43.8) 9 (7.0) 5 (55.6)

Abbreviations: ER: estrogen receptor alpha; PR: progesterone receptor; ERBB2: human epidermal growth factor receptor 2; HR: hormone receptor. Bold values are statis-

tically significant (p-value < 0.05).

2 Log-rank Test; P Scarff-Bloom-Richardson classification; ¢ Information available for 179 patients; ¢ Information available for 131 patients; ¢ Information available for 130
patients; | Information available for 129 patients; " Information available for 128 patients.

spliced transcripts of DOCK7, EVL, TRACK1 and EGS1 genes were
downregulated in IBC.

A 5-variant signature (HSP8s, RPL10s, DIDO1s, EVLs, RPL4s) was
identified based on the most significantly dysregulated exons
between IBC and non-IBC in the RT-qPCR experiment (p < 1077
in Table 4). Clustering analysis revealed that this 5-variant signa-
ture separated the training set into two groups composed of 20
IBC and 6 non-IBC versus 20 non-IBC and 13 IBC (p = 0.0039). With
this 5-variant signature, the validation set was separated into 2
groups composed of 111 IBC and 39 non-IBC versus 116 non-IBC
and 36 IBC (p < 1077) (data not shown). The 5-variant signature
was therefore able to correctly discriminate IBC from non-IBC.

The possible impact of the 5-variant signature on the outcome
of IBC or non-IBC was then evaluated. No association between
the 5-variant signature and prognosis was observed in IBC or
non-IBC in either the training set or the validation set, except in
the subgroup of HR-negative non-IBC (p = 0.03, HR = 0.32 [0.11-
0.93]) (Fig. 3).

Discussion

Many transcriptome analyses have been published on IBC with-
out elucidating the molecular fingerprint of this unique aggressive
clinical entity [7]. The primary goal of the present work was to
evaluate, by using exon-array technology, whether the differential
expression of specific splice transcripts can help to elucidate the
oncogenesis or predict the prognosis of IBC.

In a cohort of unprecedented scale of patients with and without
IBC, we identified 10 spliced transcripts significantly dysregulated
in IBC tumors, and all of them where confirmed by qRT-PCR in a
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larger independent validation cohort. For the first time, spliced
transcripts of HSPA8, RPL10, DIDO1, EVL, MYH10, RPL4, DOCK?7,
TRAK1, ZNF337 and RGS1 genes were described in IBC. HSPA8 gene
encodes a member of the heat shock protein 70 family; RPL10 and
RPL4 genes encode ribosomal proteins that are components of the
60S ribosome subunit; DIDO1 is thought to be involved in apopto-
sis; EVL encodes actin-associated proteins involved in a range of
processes dependent on cytoskeleton remodeling and cell polarity;
MYH10 encodes a conventional non-muscle myosin; RGS1 protein
attenuates the signaling activity of G-proteins; DOCK7 is involved
in neurogenesis; TRAK1 regulates the endosome-to-lysosome traf-
fic, and ZNF337 is a zinc finger domain containing protein whose
function has yet to be determined. Alternative transcripts have
already been described for all of these genes in different tissues,
but no evidence has linked these transcripts to inflammatory char-
acteristics. None of these alternative transcripts is linked to EMT
whereas IBC is an example of a carcinoma that can metastasize
via clusters dissemination through an EMT process and several
alternative splicing events have been well described in association
with EMT [27,28]. However, the five spliced transcripts most com-
monly dysregulated, HSPAS8, RPL10, RPL4, DIDO1 and EVL, consti-
tute a “splice signature” that can be used to distinguish IBC from
non-IBC tumors (p = 3.9 10-3 in the training set and p < 1077 in
the validation set). This splice signature impacts MFS of non-IBC
patients without hormone receptor expression (p = 0.03), whereas
no prognostic value was observed in IBC patients. IBC phenotype
can therefore be distinguished by spliced transcript expression dif-
ferences with non-IBC, but this specific splicing is not sufficient to
explain the clinical presentation and the poor prognosis of IBC
patients. Functional studies would be interesting to validate these
protein isoforms as new potential therapeutic targets.
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Fig. 2. Prognostic value of the 10-gene and Hb gene signatures. Kaplan-Meier
estimates of metastasis-free survival according to the 10-gene signature in non-
IBC patients (A) and in HR-negative non-IBC patients (B). Kaplan-Meier estimates of
metastasis-free survival according to the Hb gene signature in HR-negative non-IBC

patients (C).

Table 3
Spliced transcript expression levels in the validation set.
Gene Median Ct of non IBC Median Ct of IBC p-value
(n = 155) (n = 144)
HSPA8's 27.98 (24.68-31.36) a 26.75 (24.00-32.35) <107
RPL10s 26.84 (22.65-29.37) 25.47 (22.89-30.36) <107
DOCK7 29.31 (25.93-32.28) 29.48 (25.01-36.95) 0.0047
s
DIDO1s 28.46 (25.06-30.96) 27.55 (25.04-33.84) <1077
EVL s 24.45 (20.88- 28.18 (20.61- <1077
undeterminated) undeterminated)
MYH10  27.85 (25.06-30.77) 27.19 (23.90-31.57) 0.000021
s
TRAK1s 27.47 (24.13-32.77) 28.20 (23.96-32.74) 0.00097
RPL4 s 28.52 (24.97-31.94) 27.10 (24.33-34.49) <1077
ZNF337 31.38 (27.75-34.63) 30.73 (27.99-37.30) 0.00061
s
RGS1 s 27.50 (23.91-31.31) 27.62 (22.78-34.21) 0.0093

2 Median (range) of gene Ct values (Cycle threshold).
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Fig. 3. Prognostic value of the 5-variant signature. Kaplan-Meier estimates of
metastasis-free survival according to the 5-variant (HSP8s, RPL10s, DIDO1s, EVLs,
RPL4s) signature in HR-negative non-IBC patients.

This analysis was also performed at the gene level. Overex-
pressed ADAMDECT1, IF144, IFI44L, IFIT3 and MX1 transcripts linked
with inflammatory process were all validated in IBC. No overex-
pression of IFITM1, IFI35 and CLEC3A genes was observed in the
training and validation set, whereas these genes are clearly linked
with inflammation and cell migration, two characteristics of IBC.
Conversely, ADAMDEC and RRM2 were overexpressed in IBC in
array analysis, confirmed by qRT-PCR, in agreement with published
studies [8,24].

A 10-gene expression signature specific for IBC was identified.
The 10 transcripts were able to correctly distinguish IBC from
non-IBC in the training set (p < 107’) and in the validation set
(p < 1077). This signature was associated with prognosis in non-
IBC patients in the validation set (p = 0.031) and more specifically
in patients with non-IBC HR-negative tumors (p = 3.7 1073).

Intriguingly, the most commonly upregulated genes in IBC com-
pared to non-IBC were genes encoding hemoglobins A1/A2, B and
D. When array analysis was restricted to basal subtype, these genes
were always most strongly upregulated and the 10-gene signature
identified by PAM analysis included hemoglobin genes. Previous
transcriptomic studies have reported high expression of hemoglo-
bin genes in IBC, but the authors did not consider this expression to
be clinically relevant [29] or attributed this finding to a sampling
artefact [30]. As IHC experiments in the present study demon-
strated that HbA1 and HbB are detected in breast tumor epithelial
cells of several samples and that protein expression is correlated
with RNA expression level, we concluded that Hb overexpression
may be a relevant marker for IBC. Indeed, expression levels of
the 3 Hb genes constitute a powerful signature to distinguish IBC
from non-IBC (p < 10~%). HbB expression has been found in many
non-erythroid cells in vertebrates, including activated macro-
phages, alveolar epithelial type II cells and mesangial cells. It has
been recently demonstrated that more than 70% of breast cancer
tissues were positive for HBB, while no expression was found in
normal breast tissue [31,32]. The involvement of HBB in breast
cancer aggressiveness was confirmed by selecting MDA-MB-231
clones that developed bone and visceral metastases [32]. In the
present IBC cohort, Hb gene expression was 6- to 9-fold higher
than in non-IBC, and the HbB transcript was the most strongly
upregulated transcript (FC 9.09, p = 9.10 '3). In the light of the
functional experiments conducted by Ponzetti et al., in which HBB
expression in non-IBC was an aggressiveness marker associated
with invasion, migration and high Ki67 level, we can therefore
speculate that HBB overexpression could at least partly explain
why IBC are the most aggressive breast cancers with high prolifer-
ative features and the highest metastatic propensity [33]. More-
over Zheng et al. have showed that increased intracellular
reactive oxygen species (ROS) in cultured breast CTCs triggers
HBB induction. They suggested that HbB is selectively deregulated
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in cancer cells, mediating a cytoprotective effect during blood-
borne metastasis [34]. With respect to IBC, one of the hypotheses
would be that they are more adaptable than non-IBC, with hemo-
globin expression arising from a gain in progenitor or stem-like
phenotype. Several recent studies suggest that breast cancer stem
cells (BCSCs) can be derived from differentiated mammary cells
due to gene mutations, a damaging physical stimulus, or the tissue
microenvironment and not necessary from mammary stem cells or
progenitor cells. The enhanced tumor plasticity through this gain
in stem cells clearly favours progression and metastasis [35]. Tar-
geting plasticity may represent a promising approach to repress
metastasis and treat IBC. Functional experiments to explore HBB
overexpression role and its inhibition in IBC are ongoing in our
laboratory.

Ponzetti et al., using publicly available databases, showed that
high HbB expression level was associated with lower overall sur-
vival. No correlation between the combined expression of the three
Hb genes and MFS for IBC and non-IBC patients was observed in
the training set and validation set of the present study. A trend
(p = 0.09) towards poorer MFS was simply observed in patients
with non-IBC HR-negative tumors. Regardless of the number of
genes considered, it was very difficult to identify a relevant prog-
nosis classifier for IBC patients, whereas these same signatures
are very efficient to distinguish IBC from non-IBC.

Conclusion

For the first time, these data support the hypothesis that IBC is
linked to a specific gene expression pattern of tumor cells marked
by overexpression of Hb genes and particular spliced transcripts.
However, functional studies are necessary to evaluate the cellular
relevance of these observations and whether these alterations
may represent new putative specific therapeutic targets.
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