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FBLN2 is associated with basal cell markers Krt14 and ITGB1
in mouse mammary epithelial cells and has a preferential expression
in molecular subtypes of human breast cancer

Amr Ahmed WalyEldeen’ - Salwa Sabet - Shady E. Anis? - Torsten Stein®** . Ayman M. Ibrahim'*

Received: 5 April 2024 / Accepted: 24 July 2024 / Published online: 7 August 2024
© The Author(s) 2024, corrected publication 2024

Abstract

Background Fibulin-2 (FBLN2) is a secreted extracellular matrix (ECM) glycoprotein and has been identified in the mouse
mammary gland, in cap cells of terminal end buds (TEBs) during puberty, and around myoepithelial cells during early
pregnancy. It is required for basement membrane (BM) integrity in mammary epithelium, and its loss has been associated
with human breast cancer invasion. Herein, we attempted to confirm the relevance of FBLN2 to myoepithelial phenotype in
mammary epithelium and to assess its expression in molecular subtypes of human breast cancer.

Methods The relationship between FBLN2 expression and epithelial markers was investigated in pubertal mouse mam-
mary glands and the EpH4 mouse mammary epithelial cell line using immunohistochemistry, immunocytochemistry, and
immunoblotting. Human breast cancer mRNA data from the METABRIC and TCGA datasets from Bioportal were analyzed
to assess the association of Fbin2 expression with epithelial markers, and with molecular subtypes. Survival curves were
generated using data from the METABRIC dataset and the KM databases.

Results FBLN2 knockdown in mouse mammary epithelial cells was associated with a reduction in KRT14 and an increase
in KRT18. Further, TGFf3 treatment resulted in the upregulation of FBLN2 in vitro. Meta-analyses of human breast cancer
datasets from Bioportal showed a higher expression of Fbin2 mRNA in claudin-low, LumA, and normal-like breast cancers
compared to LumB, Her2 4+, and Basal-like subgroups. Fbln2 mRNA levels were positively associated with mesenchymal
markers, myoepithelial markers, and markers of epithelial-mesenchymal transition. Higher expression of Fbin2 mRNA
was associated with better prognosis in less advanced breast cancer and this pattern was reversed in more advanced lesions.
Conclusion With further validation, these observations may offer a molecular prognostic tool for human breast cancer for
more personalized therapeutic approaches.
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Introduction

Breast cancer is the most prevalent type of cancer and the
leading cause of mortality among women worldwide [1, 2].
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The complexity and heterogeneity of breast cancer make it
challenging to accurately describe the causing factors that
simultaneously promote cancer cells, and disease progres-
sion and eventually predict patient’s prognosis [3]. While
almost all breast cancers arise in the breast’s ductal lobular
units, cancer cells are enclosed within a complex microen-
vironment of stromal cells, including immune cells, fibro-
blasts, and adipocytes, all embedded in an ECM that is pro-
duced and interact with stromal cells [4-7].

In physiological conditions, ECM is required to main-
tain tissue homeostasis in conjunction with various cell
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components in response to cell-cell and cell-ECM inter-
action [8]. ECM remodeling associated with cancer devel-
opment occurs via the breakup of old ECM proteins using
various proteases, and the formation of new proteins includ-
ing fibrillar collagens, BM proteins, and other glycoproteins
that make up the ECM niche [9]. It is therefore essential
to dissect the ECM in the breast cancer microenvironment
and the mechanisms of tissue remodeling that govern tumor
development in different cancer subtypes.

FBLN2 is a secreted ECM glycoprotein that has been
associated with epithelial-mesenchymal (EMT) transition
during endocardium formation, and tissue remodeling dur-
ing myocardial fibrosis [10], in addition to elastin and col-
lagen fibers stability during vascular developmental stages,
and aortopathies [11]. In the mouse mammary gland,
FBLN?2 has been specifically detected at the myoepithe-
lial cells of TEBs during puberty and myoepithelial cells
during early pregnancy when the duct-associated ECM is
remodeled [12—-14]. FBLN2 can bind to multiple ECM-
related proteins, including integrins [15], laminin [16, 17],
fibronectin [18], aggrecan, versican [19], nidogen [20],
perlecan [21, 22], and tropoelastin [23]. We have recently
reported the importance of FBLN2 in the formation of a
stable BM during mammary gland morphogenesis and the
gradual loss of its expression in areas of tumor invasion in
human breast cancer [14].

In this study, we aimed to confirm the association of FBLN2
with myoepithelial phenotype in mammary epithelium and
further investigate the expression of FBLN2 in human breast
cancer subtypes in relevance to patients’ outcomes.

Materials and methods

Animal husbandry and mammary glands tissue
processing

All animals were kept according to the UK Home Office
guidelines and the project was approved by the University of
Glasgow ethics committee and in accordance with ARRIVE
guidelines (https://arriveguidelines.org). 6-week-old C57BL/6
mice were purchased from Harlan Laboratories UK. Inguinal
mammary glands from 7 weeks old were excised, fixed in
10% Neutral buffered formalin, and then processed to produce
formalin-fixed paraffin-embedded (FFPE) blocks.

Immunofluorescence

Three to 4 pm sections were routinely cut from FFPE
mammary glands tissues and staining was performed as
previously described [14]. Briefly, antigen retrieval was
performed using 1 mM EDTA buffer (pH 8) under high
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pressure and all incubations were performed at RT using a
humidity chamber. Sections were blocked with Image-iT™
FX Signal Enhancer (Invitrogen), and then incubated with
primary antibody for 30 min (anti-FBLN2 1:10,000 [24],
anti-Integrin p1(1:200) [Abcam, Ab52971], and anti-integ-
rin a3 (1:300) [Mike DiPersio lab]. Alexa Fluor conjugated
secondary antibodies (Alexa Fluor 488; Alexa Fluor 594,
Invitrogen) were used at 1:1000 dilution and incubated for
20 min in dark. Tissue sections were mounted using Pro-
Long® Gold antifade reagent with DAPI (Invitrogen) and
then imaged using a Leica TCS SP2 confocal microscope
with 63 X oil immersion lens.

Cell culture and transduction

EpH4 (normal mouse mammary epithelial cells) and Mouse
embryonic fibroblasts (MEFs) were maintained in Dulbec-
co’s Modified Eagle Medium (DMEM) supplemented with
10% FBS, 2 mM L-glutamine, and 1% penicillin/strepto-
mycin. Cells were cultivated in a humidified atmosphere
with 5% CO, at 37 °C. For TGFf3 treatment experiments,
cells were plated in 6-well plates at equal density per well,
incubated till 80-90% confluence and then media were
changed to serum-free medium with ascending concentra-
tions of TGFB3; 0.5, 2, 5, 25, and 50 ng/ml in addition
to a control untreated well. Cells were incubated for 24 h,
and then were harvested for protein and RNA isolation.
For the knockdown (KD) experiment, lentivirus produc-
tion for EpH4 cell transduction was performed as described
before [14]. Briefly, HEK-293 cells were transfected using
X-tremeGENE 9 (Roche Diagnostics Ltd., Burgess Hill,
UK), viral vector components (Thermo Fisher), and 3 pg of
Lentiviral shRNA three pLKO1-Puro vectors which target
all FBLN2 mouse variants regulated by human U6 promo-
tor (Clones: TRCN0000109479, TRCN0000109478, and
TRCNO0000109476 (Thermo Fisher) or scrambled control
(Scr) shRNA pLKO1-puro control vector (Thermo Fisher).
Cells were treated with the resulting transfection solution
overnight, followed by 24 h incubation with fresh medium,
after which virus-containing material was collected and fil-
tered using syringe-driven filters (Millipore Ltd., Living-
stone, UK). Filtered virus was then added to EpH4 cells in
a 6-well plate and incubated for 4 h at 37 °C in an incubator
containing 5% CO,, cells were covered with DMEM/10%
FBS media supplemented with 8 pg/mL polybrene (Sigma)
and cultured for an additional 24 h. Media were changed to
a freshly prepared medium that included 3 pg/ml of puro-
mycin (Sigma) to select for successfully transduced cells.
FBLN2 KD was confirmed using RNA and protein analyses
as previously reported [14].


https://arriveguidelines.org

Breast Cancer Research and Treatment (2024) 208:673-686

675

Immunoblotting

Protein isolation and western blot were performed as
previously described [14]. Briefly, equal concentrations
of denatured proteins, isolated with RIPA buffer, were
separated in 4-12% BIS-Tris-HCI gels using Novex
NuPage™ (Thermo Fisher) with 1xNuPage MES SDS
buffer. A Novex XCell IITM Blot module (Thermo Fisher)
transferred proteins onto Whatman® Protran® Nitrocel-
lulose Transfer Membrane (0.2 pm) (GE Healthcare Bio-
sciences). After blocking, blot was incubated for 2 h at RT
with primary antibody (Krt18 1:100 [Proteintech, 08-708-
1], Krt14 1:100 [Proteintech, 10-43-1], and B-actin 1:500
[Sant Cruz Biotechnologies, Sc-1615]). Blot was washed
thrice and then incubated for 1 h at RT with horseradish
peroxidase (HRP)-labeled secondary antibody (Thermo
Fisher) in blocking buffer. Blot was incubated with ECL
Western blotting detection reagent (Thermo Fisher), and
signal was detected using Fujifilm UK Ltd.'s Intelligent
Dark Box LAS-3000 (LAS-3000 v.2.2, Fujifilm).

RNA isolation and quantitative RT-qPCR

RNA was extracted and cDNA was produced using 500 ng of
RNA as previously described [14]. qPCR reactions were car-
ried out using a LightCycler® 480 Instrument (Roche). Each
reaction contained 0.25 pM in 1 pl of probe, 7.2 pM of both
forward and reverse primers in 1 pl, 10 pl of 2 X LightCycler®
480 TagMan Master Mix (Roche), 5 pl of diluted cDNA and
dH,O0 to a final reaction volume of 20 pl. Primers (Sigma)
used: Fbin2: Fwd 5'-tgttgttggegacacagcta-3', Rev 5'- ccat-
caaacactcgtcttggt-3’, Probe (#22), factin: Fwd 5'-aaggccaaccgt-
gaaaagat-3', Rev 5'-gtggtacgaccagaggcatac-3’, probe (#56). Rel-
ative mRNA expression was calculated by the 2742 method.

Flow cytometry

FBLN2 KD and Scr cells were trypsinised and resuspended
in PBS at 1 x 10° cells/ml. Cells were then stained with anti-
CD29 (710+, BD biosciences, 550,531) and anti-CD24
(PE+, BD biosciences, 550,531) antibodies in L15/10%
FCS for 30 min with frequent shaking, and then washed
thrice in L15/10% FCS and resuspended in 4',6-diamidino-
2-phenylindole dihydrochloride (DAPI) for dead cells stain-
ing. With the exclusion of dead cells, debris and clumped
cells, each line was analyzed based on forward- and side-
scatter, using BD FACSARIA II (BD) provided with FAC-
SDiva Version 6.1.3 software. 100,000 cells were tested per
experiment.

Human subjects and subtypes assessment

Histological sections from 65 patients’ tissues and stained
with FBLN2 were retrospectively analyzed upon categoriza-
tion to breast cancer subtypes. The study received an ethi-
cal approval from Cairo University ethics committee (IRB:
N-8-2017). Hormonal receptor and growth factor recep-
tors expression data (Era, PR, and Her2) were acquired
along with other clinical and pathological characteristics
of the patient cohort, such as tumor grade, lymph node
(LN) involvement, and lymph-vascular invasion. Patients’
clinical and histopathological characteristics were previ-
ously reported [14]. Patients were categorized as luminal
A (LumA), luminal B (LumB), Her2 +, and basal-like,
based on hormone receptor status, Her2 status, and Ki67
expression [25-27]. 37 patients had complete data for this
categorization as follows: lumA (n=8), LumB (n=13),
Her2 + (n=4), and basal-like (n=9). In addition, patients
were also sub-grouped according to their LN status. Statisti-
cal analysis of FBLN2 expression among subtypes was per-
formed using a Kruskal-Wallis test, while a Mann—Whitney
test was performed for Era, PR, Her2, LN status, and KI167.

Publicly available data and statistical analyses

Human breast cancer mRNA data were extracted from the
two largest online datasets METABRIC (2509 breast cancer
patients) and TCGA (825 breast cancer patients) through
Bioportal [https://www.cbioportal.org/] [28-31], as pre-
viously described [32]. In addition, we extracted data for
Fbln2 mRNA expression from whole transcriptome data
[RNA-seq] performed in breast cancer cell lines from two
datasets: the Cancer Cell Encyclopedia through Bioportal
[https://www.cbioportal.org/] (47 breast cancer cell line)
[33, 34], and the Human Protein Atlas (50 breast cancer
Cell line) [https://www.proteinatlas.org/] [35]. We further
extracted mRNA expression data from the Kaplan—Meier
(KM) database that comprises gene microarray data and
patient survival rates from Gene Expression Omnibus (Affy-
metrix HGU133A and HGU133 + 2 microarrays) (https://
kmplot.com/, 4929 breast cancer patients) [36]. Correla-
tion Matrix between Fbin2 versus luminal markers (KrtI8,
Krt19, Ddrl, Krt8), epithelial markers (Itgbl, Krt7, Krt5,
Krtl7, Krtl4), and other Fblns (Fbinl and Fbin5), using
data from the METABRIC database and the KM database.
Two variables’ correlation was assessed using Pearson’s cor-
relation. mRNA expression data analysis based on molecu-
lar subtypes was performed using data from the META-
BRIC and TCGA databases. One-way analysis of variance
(ANOVA) was performed to compare more than two groups,
and Tukey’s post hoc test was performed to test the differ-
ence between each two subgroups. Data were presented as
mean + SEM, and all tests were considered significant at a
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p value <0.05. GraphPad Prism 8 was used to create the
graphs.

Survival curves were generated using data from the
METABRIC dataset and the KM databases [36]. For META-
BRIC, data were mined, and overall survival (OS) statuses of
patients with different subtypes and the corresponding Fbin2
mRNA level per patient were downloaded and grouped as
high or low, based on their median expression as a cutoff.
Survival graphs were then plotted using survival module in
GraphPad, Prism8. In KM database, patients were divided
using an auto-selection feature based on median and quartile
expression levels of Fbin2 (valid Affy ID: 203886_s_at).
OS and relapse-free survival (RFS) were tested without fur-
ther criteria filtering. We analyzed the OS, RFS, and distant
metastasis-free survival (DMFS) with and without patient
filtering per molecular subtypes (LumA, LumB, Her2 +,
Basal), ER status (positive and negative), PR status (positive
and negative), Her?2 status (positive and negative), grades
(grade 1, 2, and 3), and lymph node status (positive and
negative). According to the Chi-squared test and Log-rank,
a p-value < 0.05 was considered statistically significant.

A

Fig.1 FBLN2 is co-localized with ITGfB1 and ITGa3 in the terminal
end buds of pubertal mouse mammary gland in mice. a Double stain-
ing of ITGP1 and FBLN2 in TEBs of the mouse pubertal mammary
gland showing co-localization of both markers at the cap cells, and
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Results

FBLN2 Co-localizes with ITGB1 and ITGa3 in the TEB
Cap Calls

We have previously reported that FBLN?2 is preferentially
expressed at the terminal end buds (TEBs) of the puber-
tal mouse mammary gland and not in the ductal epithe-
lium [14]. Using immunofluorescence, we here showed
that ITGB1 and ITGa3, markers of myoepithelial cells
[37-40] exhibit similar patterns of expression to FBLN2
(Supplementary Fig. 1). To further assess their relative co-
localization in the TEBs, we performed a co-immunofluo-
rescence staining which showed that FBLN2 is exclusively
expressed at the cap cells of TEBs, and not in luminal
cells, co-localizing with ITGP1 and ITGa3 (Fig. 1a, b and
supplementary Fig. 2).

not in the luminal cells (n=3). Bars represent 50 pm. b Immunoflu-
orescence staining of ITGa3 and FBLN2 in consecutive sections of
TEBs of pubertal mouse mammary gland showing co-localization of
both markers at the cap cells, and not in the luminal cells (n=3)
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Fig.2 Effect of TGFB3 treatment on FBLN2 expression in EpH4
cells. a Phase contrast microscopy of cells showing the transforma-
tion to a spindle-shaped morphology, reminiscent of myoepithelial
cells, upon treatment of cells with TGFf3. b Relative mRNA expres-
sion of Fbin2 upon treatment of EpH4 cells with different concen-
trations of TGFB3 showing the upregulation of Fbin2 in a dose-

TGFB3 stimulates FBLN2 overexpression in mouse
mammary epithelial cells

As TGFp3 is also mainly expressed in the cap cells of
TEBs [41] and drives BM protein expression, we asked
whether TGFp3 treatment will stimulate FBLN2 expres-
sion in mammary epithelial cells. TGFB3 treatment of
the morphologically normal mouse mammary cell line
induced the transformation to a spindle-shaped morphol-
ogy, a characteristic of myoepithelial cells, (Fig. 2a). It
also induced the expression of FBLN2 in a dose-inde-
pendent manner, evident both on mRNA and protein levels
(Fig. 2b and c); however, it was statistically insignificant.
Further, TGFP3 treatment of spontaneously immortal-
ized mouse embryonic fibroblasts (MEFs) resulted in an
equally dose-independent upregulation of the FBLN2 pro-
tein (Supplementary Fig. 3).

FBLN2 KD drives a luminal phenotype in mouse
mammary cells

To further examine the association of FBLN?2 to basal phe-
notype in mammary cells, we assessed the expression of the
myoepithelial/basal marker Krt14 [42, 43], and the lumi-
nal marker Krt18 [42, 44] in EpH4 cells in which FBLN2
was KD. Immunoblotting analysis of EpH4 cell lysates
with different levels of FBLN2 KD (80, 28, and 18%) [14]
showed a reduced expression of KRT14 and an increased

independent manner. Error bars represent the standard error of three
biological replicates. ¢ Immunoblotting of FBLN2 expression upon
treatment of EpH4 cells with ascending concentrations of TGF3,
confirming the upregulation of FBLN2 after TGFp3 treatment, rela-
tive to Pactin expression (n=3)

expression of KRT18 upon FBLN2 KD (Fig. 3a). Flow
cytometry analysis of one biological replicate confirmed
this shift toward luminal phenotype upon FBLN2 KD (Sup-
plementary Fig. 4). Immunofluorescence staining using
monolayered and Matrigel-embedded cells also showed
an increased expression of KRT18; however, the levels of
expression among cells appeared heterogeneous, where cells
with an increased expression of KRT18 being larger in size
in monolayer cultures (Fig. 2¢ and 3b).

Fbin2 mRNA is preferentially correlated to tuman
mammary basal markers

To investigate the preferential expression of FBLN2 in basal
cells in human breast cancer, we retrieved online datasets
from the Bioportal [28-30] (METABRIC dataset) and
assessed the correlation between mRNA levels of Fbin2 and
the available data on luminal, myoepithelial, EMT, stemness,
and mesenchymal markers. Generally, METABRIC dataset
analysis showed a negative correlation of Fbln2 with lumi-
nal markers (Krtl18, Krt19, Ddrl, and Krt8) [37-40], and a
positive correlation with myoepithelial cell markers (Krt/4,
Itghl, ITtga3, Krt7, Krt5, Krtl7, and Krti4) [37-40] and
mesenchymal markers (Fn, Vim, Cdh2, and Cdhlil) [45]
in the majority of the molecular and clinical subtypes of
breast cancer patients [including grouping based on hormo-
nal receptors, LN status, tumor grade, growth factor receptor
status, and tumor proliferation] (Fig. 4a). Markers of EMT
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Fig. 3 FBLN2 KD correlates with a reduction in the basal cell marker
Krtl4 and an increase in luminal cell marker Krt18. a Immunoblot-
ting analysis of Krt18 and Krtl4 in control and FBLN2 KD cells
using three shrl (70%), 2 (28%), and 3 (18%) FBLN2 expression
cells. Expression was relative to factin (n=3). b Immunofluores-

(Snal2, Zebl, Twistl, Zeb2,) [45] and markers of stemness
(Itga6, Epcam, Proml,Abcg2, Cd44, Aldhlal, Sox2, Thyl,
and Cd24) [46] showed different patterns of correlations
with Fbin2 (Fig. 4a and Supplementary Fig. 5a). Of note,
Fbin2 had significant positive correlations with Fbinl and
Fbin5 in all breast cancer subtypes (Fig. 4 and Supplemen-
tary Fig. 5). P values, and number of patients per group are
summarized in Supplemental Table 1.

Further, analysis of the retrieved dataset from TNMplot
tool in KM database showed the same pattern of correlation
with Fbin2 in breast cancer group (n=7569) (Fig. 4b); how-
ever, myoepithelial markers showed a negative correlation
with Fbin2, except for Itgb1, in the morphologically normal
breast group (n=242) (Supplementary Fig. 5b).

In addition, the relation of fbln2 to basal/mesenchymal
and stemness phenotype within mammary gland was vali-
dated using the data extracted from Girardi’s datasets [47]
(Supplementary Fig. 6).
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cence staining of Krt18 and Krt14 in Matrigel-embedded control and
FBLN2 KD cells [70% reduction in FBLN2 expression cells]. Scale
bars are 50 pm (n=3). ¢ Immunofluorescence staining of Krt18 and
Krtl4 in monolayered control and FBLN2 KD cells (n=3). Scale
bars are 50 pm

FbIn2 mRNA has a distinct expression in different
subtypes of human breast cancer

We have previously reported that FBLN2 contributes to BM
integrity in mouse mammary gland and human breast can-
cer [14]. Retrospective analysis of a previously examined
cohort of 65 human breast cancer patients [14] revealed
that FBLN2 generally had a higher expression in control
regions (safety margins) compared to DCIS and IDC. Fur-
ther, Her2 + and triple-negative patients had a higher expres-
sion of FBLN2 compared to LumA and LumB at lesions of
invasive ductal carcinoma (IDC), ductal carcinoma in situ
(DCIS), and control regions (Supplementary Fig. 7). To test
these observations in a larger dataset, we retrieved human
breast cancer mRNA profiles from the datasets META-
BRIC and TCGA, registered at the Bioportal [28-31],
with stratification of patients according to their molecular
and clinical subtypes. In METABRIC dataset, Fbin2 was
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METABRIC Luminal Markers myopithelial markers Mes enchymal markers EMT regulators
KRT18|KRTI9| DDRI | KRT8 |ITGBI [ITGA3| KRT7 | KRTS [KRTI7[KRTI14| FNI [ viM [ CDH2 [CDHI1[SNAIZ [ ZEBI [HIFIA| TWISTI | ZEB2
All breast (n=1980) | 021 | -0.13 | 030 | -0.17 | 03¢ | 003 [ 022 [ 025 [ 030 [ 031 [ 033 [ 025 [ 020 | 047 | 052 | 05 | 02 041 039
LumA (n=700) 021 | 003 [ 029 [ 007 [ 035 [-0.18 | 026 | 048 [ 015 [ o049 [ 038 [ 061 | 021 [ 067 | 086 | 041 | 0.2 052 | 044
LumB (n=475) 008 [ -009 [ 028 | 000 [ 037 | 004 [ 025 [ 021 [ 030 [ 047 [ 031 | 000 [ 046 | 005 | 028 | 029 | 020 025 042
HER2+ (n=224) 004 [ o1 [0a4 | 002 [04s | 012 [ 028 | 031 | 034 [ 029 | 043 | 059 | 031 [ 064 | 062 | 031 | 020 025 042
Chudindow (n=218) | 00+ | 0® | 009 | 004 [ 031 | 047 | 002 | 004 | 003 [ 049 [ 020 [ 039 [ 005 | 043 | 039 | 018 | -0.14 | 048 0.14
BasakLike (n=209) | 006 | 000 | 006 | 002 [ 012 | 009 | 045 | 007 [ 021 [ 020 [ 025 | 023 | 044 | 040 [ 034 | 007 | 006 | 022 0.14
Non-cancerous (n=6) [ 001 | 008 | o014 | 035 058 | 054 | 059 | 031 | 052 | 049 | 0.60 | 055 | 049 | o005 051 053
NormakLike (n=148) | 0.10 [ 005 | 031 | 010 | 035 | -0.28 [ 002 | 003 | 008 [ 006 [ o035 051 0.60
IDC (n=1537) 020 | -013 | 028 | -0.16 | 036 | 002 | 023 | 023 | 029 [ 029 | 034 | 059 | 026 | 060 | 0461 | 036 | 0.4 038 040
ILC (n=146) 0.9 | 005 | 045 | 016 | 023 | 004 | 016 | 034 | 033 [ 037 | 027 | 067 | oos | 057 | 056 | 033 | 005 [ o038 034 |06
IMDLC (n=211) 023 | 007 | 049 [ 009 [ 031 | 002 [ 029 | 036 [ 038 | 034 | 038 | 061 | om2 046 | 021 | 072 | 049 |o0.4
IMM (n=23) 058 | 0 [ 046 [-051 | o031 [ 031 [ 003 [ 048 | 057 | 052 [ 039 | 056 | 05 | 057 | 062 | 030 | 003 059 034 |02
I1BC (n=42) 042 | 034 | 049 [ 046 [ 032 | 004 | 015 | 004 | 008 | 004 [ 038 | 050 | 021 | 068 | 060 | 035 | 023 059 | 041 | o
Grade | (n=169) 007 | 003 | 028 | 008 | 0.47 012 | 037 | 027 | 026 | 031 040 | 068 | 023 | 071 | 072 | 045 | 0.8 055 042 |-02
Grade2(n=771) | 025 | 006 | 032 [ -0.16 | 035 | -0.10 | 0.24 [ 031 [ 030 [ 032 [ 038 | 063 | 020 | 061 | 067 | 038 | 0.2 052 040 |04
Grade3(n=952) | 021 | -0.19 | 027 | -0.16 | 028 | 002 | 023 | 023 | 032 [ 030 | 029 | 051 | 023 | 054 | 053 | 029 | 010 030 037 |-06
ER+ (n=1506) 022 |-0.11 | 033 | -015 | 037 | 005 | 028 | 031 | 033 [ 034 | 035 | 065 | 021 | 064 | 048 | 0.41 | 010 041 043 |08
ER- (n=474) 0.3 | -0.10 | 045 | -013 | 023 | 042 | 041 | 007 | 015 [ 021 | 024 [ 034 | 0u5s | 049 | 042 | 023 | 003 040 030
PR+ (n=1040) 022 | -009 | 032 | -013 | 037 | -0.07 | 030 | 028 | 030 [ o030 | 036 | 063 | 021 | 066 | 067 | 041 | 010 050 | 044
PR - (n=940) 022 | -015 | 027 | -0.19 | 030 | 002 | 014 | 022 | 030 [ 032 | 029 | 054 | 021 | 054 | 054 | 031 | 0.t 034 037
HER2+ (n=247) 0.4 | 00 [ 011 [-013 | 036 | 001 | 016 | 023 [ 027 | 022 | 032 | 052 [ 09 | 058 | 055 | 030 | 043 034 034
HER2-(n=1733) [ 022 [ -0.13 | 032 [ -0.17 | 03¢ | 003 | 023 [ 025 [ 030 [ 032 [ 033 | 059 | 022 | 060 | 061 | 036 | 0.1 042 041
High prokif. (n=617) | 0.15 [ -0.10 | 000 [ -0.25 | 032 | -0.09 | 0.20 | 025 [ 030 | 026 | 040 | 026 | 034 [ 058 | 058 | 024 | 010 026 038
Low prolif. (n=640) [ 023 | ool [ 032 | 002 | 035 [ -0.18 | 025 | 018 [ 017 |08 | 038 | 063 | 016 | 0.62 | 065 | 0.43 | 0.1 058 | 045
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Fig.4 Fbin2 mRNA expression positively correlates with basal and
mesenchymal markers in human breast cancer. a Correlation matrix
of data retrieved from online datasets (METABRIC) for FbIn2 against
luminal, myoepithelial, EMT, and mesenchymal markers. Numbers
refer to the R coefficient of Pearson correlation between Flbn2 and
each marker. b Correlation matrix generated by TNMplot.com for
Fbln2 with luminal, myoepithelial cell markers, EMT, mesenchy-

significantly upregulated in Claudin-low compared to LumA
(P <0.0001); however, it was upregulated in LumA when
compared to Her2 + (P <0.001) and LumB (P <0.0001)
(Fig. 5a).

In relation to hormonal and growth factor recep-
tors, ER-patients showed a significant increase in Fbin2

mal, stemness, and other Fbins in breast tumor. ER +Her2 — HP:
ER +Her2 —High proliferation, ER+Her2 —LP: ER+Her2—Low
Proliferation, IDC: Invasive Ductal Carcinoma, ILC: Invasive Lobu-
lar Carcinoma, IMM: Invasive Mixed Mucinous, IMDLC: Invasive
Mixed Ductal and Lobular Carcinoma, and IBC: Invasive Breast Car-
cinoma

expression when compared to ER + patients (P < 0.0001)
(Fig. 5b); however, no preferential expression was
observed based on PR and Her-2 status in this dataset
(Fig. 5c and d). According to tumor grade, Fbiln2 expres-
sion was significantly decreased in grade 3 compared to
grade 1 (P <0.01) and grade 2 (P <0.05) (Fig. Se). Fbin2
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«Fig.5 Preferential expression of FBLN2 in molecular subtypes of
human breast cancer. a—j Fbln2 mRNA expression in different clas-
sification of human breast cancer [molecular subtypes, ER status, PR
status, Her2 status, LN status, tumor grade, and tumor proliferation].
*P<0.05, **P<0.01, ***P<0.001. G1: grade 1, G2: grade 2, G3:
grade 3, ER + Her2— HP: ER +her2— High proliferation, ER + Her2—
LP: ER + Her2— Low Proliferation, IDC: Invasive Ductal Carcinoma,
ILC: Invasive Lobular Carcinoma, IMM: Invasive Mixed Mucinous,
IMDLC: Invasive Mixed Ductal and Lobular Carcinoma, and IBC:
Invasive Breast Carcinoma

expression did not significantly change upon subgrouping
based on LN status (Fig. 5f). Patients with higher tumor
proliferation ER + Her2- showed a significant downregu-
lation of Fbln2 compared to Lower proliferation group
(P <0.0001) (Fig. 5g). Based on pathological classifica-
tion of patients, Fbln2 was significantly downregulated
in IDC patients when compared to invasive lobular carci-
noma (ILC) (P <0.0001). Invasive mixed mucinous breast
cancer showed a significant downregulation of Fbin2
compared to IDC (P <0.001), ILC (P <0.0001), mixed
ductal carcinoma (P <0.001), and invasive breast cancer
(P <0.05) (Fig. 5h).

These patterns of expression appeared to be conserved
when analyzing the TCGA dataset (Molecular subtypes, ER
status, PR status, and LN status); however, Her2— patients
had a significantly lower expression of Fbin2 compared to
Her2 + patients (Supplementary Fig. 8). Our examination
of METABRIC dataset showed that the expression patterns
of Krti4, Itgpl, and Itga3 were the same patterns as Fbin2
expression in molecular subtypes ensuring the association
between fbin2 and basal markers (Supplementary Fig. 1).
Interestingly, methylation status of the FbIn2 promotor
across molecular subtypes supports the different expression
patterns of Fbin2 (Supplementary Fig. 9), suggesting that
expression of FBLN2 may be epigenetically regulated.

FBLN2 expression in human breast cancer cell lines

To investigate FBLN2 expression in the different molecular
subtypes of human breast cancer, meta-analyses of publicly
available datasets of breast cancer cell lines from Biopor-
tal [28—31] and the Human Protein Atlas [35] revealed that
FBLN?2 had a lower expression in cell lines that represent
LumA and LumB subtypes and had a higher expression in

Molecular Cancer

cBioPortal Human Protein Molecular Cancer

cBioPortal Human Protein

Cell lines Cell lines
Subtypes types (nTPM) Atlas (\'PKM)  Subtypes types (nTPM) Atlas (rPKM)
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Fig.6 FBLN2 expression in human breast cancer cell lines. Heat-
map of Fbln2 mRNA expression levels in different human breast
cancer cell lines categorized based on their molecular subtypes and
pathological classification. nTPM: Normalized transcript per million,
rPKM: Reads per kilobase per million mapped reads, IDC: Invasive

ductal carcinoma, ILC: Incasive Lobular Carcinoma, AC: Adenocar-
cinoma, MC: Medullary carcinoma, Sqc: Squamous cell carcinoma,
infDC: Inflammatory ductal carcinoma, and AnC: anaplastic carci-
noma
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«Fig. 7 Higher Fbin2 mRNA expression is associated with better
survival in less advanced human breast cancer. KM plots for overall
survival (a and b), and Relapse-free survival (c—m) based on Fbin2
expression levels, showing the stratification of breast cancer patients
based on grade, Her2 status, LN status, and therapy regimen. High
mRNA expression in red and low expression in black. The numbers
below each plot are the numbers of individuals at risk in each group

cell lines that represent Her2 + and triple-negative subtypes
(Fig. 6).

Higher FBLN2 expression is associated with better
survival in less advanced bbreast cancer

To evaluate the prognostic potential of FBLN2 expres-
sion in breast cancer patients, we assessed the relevance
of Fbin2 mRNA expression to patients’ survival status
using data from the KM plotter and METABRIC. With
multiple analyses in KM plotter dataset, higher Fbin2
expression was significantly associated with better OS in
patients with Her2— status (P=0.041, n=531) following
chemotherapy. RFS improved with higher Fbin2 expres-
sion in grade 2 patients (P =0.04, n=1177), unstratified
breast cancer patients following chemotherapy (P=0.047,
n=1935), Her2— patients following chemotherapy
(P=0.011, n=1555), LN-patients following chemother-
apy (P=0.047, n=1304), ER + patients following chemo-
therapy (P=0.0043, n=1229), grade 2 patients following
chemotherapy (P=0.0076, n=580), and grade 2 patients
following hormonal therapy (P=0.018, n=594). In contrast,
lower Fbin2 expression was associated with better OS in
grade 3 patients (P=0.041, n=586). RFS improved with
lower expression of Fbin2 in Her2 + patients (P =0.049,
n=695), ER-patients (P=0.036, n=1161), grade 3
patients (P=0.033, n=1300), normal following treatment
(P=0.014, n=119), and Her?2 + patients following treatment
(P=0.05, n=695) (Fig. 7).

In TCGA dataset, lower Fbln2 expression was asso-
ciated with better OS in LumB patients (P <0.05), and
higher Fbin2 expression was associated with better OS in
Her2 + patients (P <0.01) (Supplementary Fig. 10).

Discussion

We have recently demonstrated that FBLN2 is preferentially
expressed in TEB and not in the ductal epithelium during
puberty, and in the myoepithelial cells of ducts during early
pregnancy, at times of epithelial morphogenesis [13, 14].
We have further reported that FBLN2 contributes to BM
integrity during mouse mammary epithelial morphogenesis
and in human breast cancer [14]. Herein, our results con-
firmed the association of FBLN2 to myoepithelial phenotype
in pubertal mouse mammary gland and mouse mammary

epithelial cells. We further translated these results to human
datasets by exploring fbln2 mRNA expression in human cell
lines which confirmed the association of fbln2 with basal
molecular subtypes. Further we presented the correlation of
fbln2 with myoepithelial and basal cell markers in different
molecular subtypes with a preferential expression in basal
and claudin-low molecular subtypes.

Cell-ECM interaction is influential in regulating struc-
tural and functional features of mammary epithelial cells
and stromal activity during normal development and can-
cer progression [12, 32, 48-50]. Therefore, it is crucial to
disseminate the ECM composition of mammary and breast
cancer microenvironment. We have reported that Fbin2
KD results in reduction of ITGB1 in mammary epithelial
cells, associated with a disruption in COL IV sheath sur-
rounding mammary cells in vitro [14]. The current study
further confirms the association between FBLN2 and ITGf1
in puberal mouse mammary gland, particularly with pref-
erential expression in cap cells of TEBs. The association
between FBLN2 and ITGp1 has also been reported during
BM homeostasis of mouse skin [51]. ITGp1 is crucial for
maintaining the population of functional stem cells, mam-
mary morphogenesis, and lineage segregation of mammary
cells [52], which suggests relevance of FBLN2 to basal/mes-
enchymal and stemness phenotype in mammary gland. A
notion that was further confirmed through retrieving Fbin2
expression data from Giraddi’s dataset [47] (Supplementary
data 6). ITG-a3p1 was suggested to control tumor invasion
and growth in MMTV-cNeu mouse model [53]. The co-
localization of FBLN2 with integrins a3 and f1 suggests its
importance in cap cells function during normal mammary
morphogenesis, particularly with cell-ECM interaction-
based invasion of the surrounding fat pad. Our data further
report an upregulation of FBLN2 upon stimulation with
TGFP3 in a mammary epithelial cell line, EpH4 cells, and in
MEFs. TGFp signaling is crucial for mammary gland devel-
opment via balancing proliferation and morphogenesis [54],
via stimulating apoptosis, ECM remodeling, and suppression
of proliferation in mouse mammary gland [55, 56]. It has
previously been suggested that FBLN?2 is required for the
activation of TGFp signaling in cardiac tissue [10]. Here,
we report that this activation can be reciprocal in mouse
mammary cells, which further supports that FBLN2 may
potentially contribute to controlled mammary invasion dur-
ing epithelial morphogenesis.

In human breast cancer, we show a positive correlation of
FbiIn2 mRNA with basal markers (mesenchymal and myoep-
ithelial) and a negative correlation with luminal markers.
We, therefore, hypothesized that this preferential correla-
tion can affect FBLN2 expression in molecular subtypes,
particularly with the heterogeneous composition of tumor
microenvironment [57, 58]. Of note, Fbin2 mRNA had a
strong positive correlation with Fbinl and Fbln5, which
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agrees with previous reports on their cross-compensation
and sharing binding partners [13, 59].

In a previous study, FBLN2 has been poorly expressed
in seven human breast cancer cell lines where KRT19
(luminal marker) was highly expressed [60]. In our analy-
ses of multiple datasets, FbIn2 mRNA had a higher expres-
sion in normal-like and lumA breast cancers compared
to LumB, Her2 +, and Basal-like. Fbln2 also showed a
higher expression in claudin-low compared to LumA and
other subtypes. This expression pattern could partially
be attributed to the different expression levels of basal
markers in each subtype and indeed the level of breast
cancer development. For instance, Claudin-low subtypes
represent basal-like phenotype, with an increased EMT,
immune response, and cancer stem cell (CSC) signatures
[61]. Claudin-low tumors express variable keratin expres-
sion (keratins 5, 14, and 17), with low expression of Her2
and luminal markers such ER, PR, GATA3, Krt18 and
Krt19, as well as the luminal gene cluster [62]. LumA
tumors are ER +, PR+, and Her2 —, with a low prolifera-
tion index [25, 39]. KRT18 and KRT19 were positively
correlated with LumA, while KRT14, KRT5, and KRT6
were negatively correlated [40]. In different molecular
subtypes, perivascular FBLN2 has shown a preferential
expression in Luminal breast cancer subtypes compared to
basal and Her2 + subtypes [63]. Further, the high expres-
sion of Fbin2 in LumA may be originated from the main-
tenance of BM and/or ECM surrounding the tumor cells
as previously described [14].

LumB has a higher proliferation index compared to
LumA [39], with a reported high expression of KRT18
and KRT19 [40]. This may explain the lower expression
of Fbln2 in LumB tumors compared to LumA, as Fbln2
appears to be associated with low proliferative tumors,
according to our analysis. In contrast, Basal and Her2
showed a higher expression compared to LumB, but not
Lum A, which suggests an increased expression of Fbin2 in
tumor cells, particularly with EMT, myoepithelial turnover,
and tumor invasion [64—66]. These observations in human
breast cancer subtypes were further supported by protein
and transcriptome data from the Human Protein Atlas and
Bioportal repository, respectively. Further investigations are
required to disseminate the functional expression of FBLN2
in each subtype, and the epithelial versus stromal expres-
sion of FBLN2 in tumor microenvironment. Our analyses
of publicly available datasets revealed an inverse correla-
tion between Krt18 and Fbin2 expression across molecular
subtypes. Analysis of FBLN2 methylation status in META-
BRIC dataset showed the least methylation in basal-like
breast cancer (Supplementary Fig. 9), which agrees with
a recent report showing an increased metastasis and inva-
sion with methylation of Fbin2 in breast cancer [67, 68].
It is crucial, however, to disseminate the role of FBLN2 in
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tumor cells and BM/ECM at early versus advanced stages
of breast cancer.

Survival analysis of Fbin2 showed different prognosis
of breast cancer at different stages of tumor development,
where higher Fbin2 was associated with a better prognosis
in early stages; however, low FbIn2 was associated with a
better prognosis in advanced breast cancer. This agrees with
the notion that FBLN2 can potentially have a dual role as
a cancer promotor or inhibitor based on tumor status [69,
70]. We have previously reported that FBLN2 expression
in DCIS (relatively early stage of cancer progression [14])
can play a protective role against BM disruption, and there-
fore, high expression is advantageous [13, 14]. This indeed
is shown to be reversed in later stages, particularly during
metastasis, that may confer a growth advantage for meta-
static cells to invade and establish a niche for tumor growth.
A similar mechanism has been proposed in lung adenocar-
cinoma, where FBLN?2 can facilitate the development of the
new ECM surrounding tumor cells, perhaps originating from
tumor-associated fibroblasts [71].

The limitation of this study is the utilization of Fbln2
mRNA data, and not protein data, from publicly available
datasets that represent whole tissue transcriptome with no
dissection of tumor versus microenvironment expression.

In conclusion, FBLN2 is associated with basal cell mark-
ers and exhibits different expression patterns in molecular
subtypes, with the highest mRNA expression in Claudin-
low tumors. This may offer a promising molecular tool
for patients’ prognosis for more personalized therapeutic
approaches.
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