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Abstract

Breast cancer (BC) is the most common type of cancer in women and has a high rate of
relapse and death. Notch signaling is crucial for normal breast development and homeosta-
sis. Dysregulation of Notch receptors and ligands has been detected in different BC sub-
types and shown to be implicated in tumor development, progression, drug resistance, and
recurrence. However, the effects of Notch ligands in various types of BC remain poorly
understood. In this study, we investigated the effects of the Notch ligand DLL1 in three differ-
ent human BC cell lines: MCF-7, BT474, and MDA-MB-231. We showed that DLL1 expres-
sion is higher in MCF-7 and BT474 than in MDA-MB-231 cells, and that these cells respond
differently to DLL1 downregulation. Functional assays in MCF-7 cells demonstrated that
siRNA-mediated DLL1 downregulation reduced colony formation efficiency, migration, pro-
liferation, caused cell cycle arrest at the G1 phase, and induced apoptosis. Gene expression
studies revealed that these effects in MCF-7 cells were associated with increased expres-
sion of the cell cycle arrest p21 gene and decreased expression of genes that promote cell
cycle progression (CDK2, SKP2), and survival (BCL2, BIRC5), unravelling possible mecha-
nisms whereby DLL1 downregulation exerts some of its effects. Moreover, our results dem-
onstrate that treatment with recombinant DLL1 increased MCF-7 cell proliferation and
migration, confirming that DLL1 contributes to these processes in this BC cell line. DLL1
downregulation reduced the colony formation efficiency of BT474 cells and decreased the
migration and invasion abilities of MDA-MB-231 cells but showed no effects in the prolifera-
tion and survival of these cells.

Conclusions

These findings provide further evidence that DLL1 exerts carcinogenic effects in BC cells.
The dissimilar effects of DLL1 downregulation observed amongst MCF-7, BT474, and
MDA-MB-231 cells is likely due to their distinctive genetic and biologic characteristics, sug-
gesting that DLL1 contributes to BC through various mechanisms.
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Introduction

Breast cancer is the most common cancer in women worldwide, and besides being the second
leading cause of death by this malignancy, it also accounts for nearly 30% of new cancer diag-
nosis [1]. BC is a highly heterogeneous disease that can be classified into various types based
on pathology, tumor grade and stage, and gene expression profile. According to the gene
expression signature BC can be divided into 4 subtypes: luminal A and luminal B (positive for
the oestrogen and progesterone receptors (ER* and PR")), HER2" (human epidermal growth
factor receptor), and triple-negative breast cancers (TNBC) [2]. The luminal A tumors (ER",
PR", HER2"), which represent the most common BC subtype, have high expression of ER-
related genes and lower expression of proliferative genes when compared to luminal B cancers
(ER*, PR*, HER2". Luminal B tumors tend to be of higher grade than luminal A and their
prognosis is slightly worse. Triple-negative breast cancers include a heterogeneous subgroup
of tumors that lack expression of the ER and PR hormone receptors, as well as of the HER2
protein, and exhibits the most aggressive phenotype and a poor clinical outcome [2]. Despite
early detection and targeted therapy, tumor recurrence and metastasis are the main cause of
death in BC patients [1]. Understanding the mechanisms implicated in BC is therefore crucial
for the design of more effective and targeted therapies.

The Notch signaling pathway is an evolutionarily conserved cell-to-cell communication
system composed of four receptors (NOTCH1-4) and five ligands (JAG1, JAG2, DLLI1, DLL3
and DLL4) crucial for embryonic development and tissue homeostasis [3]. Binding of the
extracellular region of a membrane-bound Notch ligand in one cell to a Notch transmembrane
receptor on a neighboring cell triggers Notch pathway activation, which results in the tran-
scription of numerous Notch-target genes that regulate various cellular processes, including
maintenance and self-renewal of stem cells, cell fate determination, growth, and survival. The
diversity of functional outcomes of Notch signaling is dependent on many different regulatory
mechanisms, such as receptor/ligand post-translational modifications, nuclear landscape, and
crosstalk with other signaling pathways [4,5].

The Notch pathway plays an important role in normal breast biology and it has been
reported to be a key oncogenic pathway in BC [5-7]. Its aberrant activation by virtue of muta-
tions or overexpression of its receptors and/or ligands has been detected in BC, correlated with
tumor initiation and progression, and more aggressive BC forms [4,6,8,9]. Notch receptors
and its ligands JAG1, JAG2 and DLL4 are highly expressed in human breast carcinomas.
NOTCH]1 and JAGI levels correlate with poor prognosis and poor patient overall survival
[4,10,11]. NOTCH4 is associated with BC stem cell activity and drug resistance [12], JAG2 is
related to the invasiveness and survival of cancer cells [13], and DLL4 overexpression is linked
to tumor metastasis [14].

DLL1 expression was shown to be undetectable in normal breast tissues but moderate to
high in BC [8], therefore being implicated in this pathology. Work from Chakrabarti and co-
workers showed that DLL1 is highly upregulated in ER* BC when compared to both normal
breast tissue and TNBC tumors. In addition, DLL1 overexpression correlates with poor sur-
vival of ER" BC patients, and promotes growth and metastasis of ER" tumors by promoting
cell proliferation, maintenance of BC stem cells and angiogenesis [15]. Another study showed
that siRNA-mediated downregulation of DLLI in BC cells inhibited their migration and inva-
sion abilities [16]. Despite these advances in unravelling DLLI role in BC, a better understand-
ing of its function in this very complex disease is critical for development of more effective
therapies.

In this study, we examined the role of DLLI in luminal A (MCF-7), luminal B (BT474) and
triple-negative, claudin-low (MDA-MB-231) BC cell lines and showed that DLL1 contributes
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to their carcinogenic features. In MCEF-7 cells, siRNA-mediated DLL1 downregulation
decreased colony formation, migration, cell proliferation, arrested cells in the G1 phase, and
induced apoptosis. On the other hand, treatment of MCF-7 cells with recombinant DLLI pro-
tein, which induces Notch pathway activation, lead to an increase in cell migration and prolif-
eration. In BT474 cells DLL1 downregulation impaired colony formation efficiency while in
MDA-MB-231 cells it reduced their migration and invasion abilities. Consistent with its func-
tional effects in MCF-7 cells, DLL1 downregulation lead to a decreased expression of genes
that promote cell cycle progression, proliferation and survival, and increased the levels of p21,
thereby unravelling possible mechanisms underlying the carcinogenic effects of DLLI in
MCEF-7 cells.

Material and methods
Cell culture and reagents

MCF-7 (ATCC HTB-22) and MDA-MB-231 (ATCC HTB-26), human breast adenocarcinoma
cell lines, were cultured in high glucose, pyruvate DMEM medium (#41966) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 100 pg/ml penicillin and streptomycin,
and 0.1 mM non-essential amino acids in the case of MCF-7 cells. BT474 (ATCC HTB-20),
human ductal carcinoma cells, were cultured in RPMI 1640 medium (#61870) containing 10%
FBS, 100 pg/ml penicillin and streptomycin. Cells were incubated at 37°C in a humidified
atmosphere and 5% CO,. Culture media was replaced every 2-3 days. HEK293E6 suspension
cells [17] were cultured in FreeStyle F17 media (#A13835) supplemented with 4 mM glutamax,
1% pluronic F-68 and 25 mg/mL geneticin, in a 93% air/7% CO2 atmosphere at 37°C and 110
rpm agitation. For protein production cell culture media without geneticin was used. Media
and cell culture reagents were from Gibco (Grand Island, New York, USA). The Notch path-
way signaling inhibitor DAPT (Sigma, D5942) was used at 5 uM.

Construction of recombinant human DLL1 expression plasmid, protein
production, and purification

The cDNA fragment containing the human DLLI signal peptide and sequences encoding the
full extracellular domain was amplified by polymerase chain reaction from human DLLI
c¢DNA (Sino Biological, #G11635-M, Beijing, China) using the primers: Fw: 5" - ATAGAA
TTCGCCGCCACCATGGGCAGTCGGTGCGCGCTGGC-3";and Rev: 5 = GTCAGATCTGGAT
CCACGCGGAACCAGCCAGGGGAATGGCCCGCCCTG-3". The amplified cDNA was cloned
into the mammalian pFUSE-IgG1-Fc vector (InvivoGen, pfuse-hglfcl, Toulouse, France) in
frame with Fc tag at the C-terminal region, using standard techniques. The resulting DLL1
expression plasmid (pFUSE-DLLI-Fc) was confirmed by restriction and sequencing analyses.
For the production of DLL1-Fc and Fc recombinant proteins, exponentially growing
HEK2932E6 cells were transfected with the generated pFUSE-DLLI1-Fc and pFUSE-IgG1-Fc
vectors (1pug DNA/1.5-1.8 x10° cells/mL) using polyethylenimine (Polysciences, #23966-2,
Eppelheim, Germany) as transfection reagent (DNA:polyethylenimine ratio of 1:2). Cells
were harvested 6-7 days post transfection. For the purification of DLL1-Fc protein, the cell
culture bulk was clarified by centrifugation, and the protein present in the resulting superna-
tant purified by Protein-A affinity and size exclusion (SEC) chromatography on Akta purifica-
tion systems. For the purification of control Fc protein, cells expressing Fc were disrupted by
homogenization (APV homogenizer 2000) before the centrifugation step. Protein purity was
evaluated by SDS-PAGE and analytical SEC and concentration determined by the Bradford
method.
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siRNA transfection

MCEF-7 and MDA-MB-231 cells, seeded at 3-4 x10* cells/cm?, were transfected 24 hours after
seeding at 60% confluency with 100 nM of Dharmacon Accel DLL1-siRNAs (A-013302-15
and A-013302-16 herein referred as DLL1-siRNA1 and DLL1-siRNA2, respectively, Colorado,
USA) and control non-targeting siRNA (D-001910-01) using HiPerFect transfection reagent
(Qiagen, La Jolla, California, USA) as per manufacturer instructions. BT474 cells were trans-
fected shortly after seeding (4-8 x10* cells/cm?) as above. As a control for the transfection effi-
ciency, cells were transfected with fluorescent-labelled control non-targeting siRNA (D-
001950-01). After 24 hours, transfection efficiency was monitored and medium replaced by
fresh culture media.

RNA purification and quantitative real-time RT-PCR (qRT-PCR)

This was performed as previously described [18]. Briefly, total RNA was obtained using
RNeasy Mini kit performing an on-column digestion of DNA with the RNase-free DNAse Set
(both from Qiagen, La Jolla, CA) following the manufacturer’s instructions. cDNA was gener-
ated from equal amounts of RNA by reverse transcription using the Advantage RT-for-PCR
kit (Clontech Laboratories, Mountain View, CA) as per the manufacturer’s instructions.
Amplifications were carried out using the Roche LightCycler 480 using specific primers and
FastStart DNA SYBR Green I mix (Roche Applied Science, Penzberg, Germany). All experi-
ments were performed in triplicate or quadruplicate as per the manufacturer’s instructions.
mRNA transcripts were normalized to hypoxanthine-guanine-phosphoribosyltransferase
(HPRT1) levels in the same sample, and the results were calculated using the advanced relative
quantification method. The relative mRNA expression levels were calculated as fold change
versus control samples. The expression levels of cell cycle genes were first evaluated in cDNA
samples obtained from RNAs of two independent assays with the RT? First Strand Kit by using
the human cell cycle PCR Array PAHS-020ZG and the RT?> SYBR Green qPCR Mastermix (all
from Qiagen) as per supplier s instructions. Data analysis of cell cycle PCR Array was per-
formed using the web-based data analysis software from Qiagen, and the results were then
confirmed using qQRT-PCR. The primers used in these assays are listed in Table 1.

Table 1. Primers used in gene expression analysis.

Primers
BCCIP
BCL2
BIRC5
CDC25A
CDK2
Cyclin D2
DLL1
HEY1
HEYL
HPRT1
MAD2L1
pl5

p21
PCNA
SKP2

Forward (5'-3")

Reverse (5'-3")

TCAAGAGTTGGTTCTACGCTTC CATGGGCAGAGCGATCTGT
ATGTGTGTGGAGAGCGTCAACC TGAGCAGAGTCTTCAGAGACAGCC
GTTGCGCTTTCCTTTCTGTC TCCGCAGTTTCCTCAAATTC
TGACATCTTTCAGCTCATCG CAGACAAAGTGGCTGTCACAG
ATGGAGAACTTCCAAAAGGTGGA CAGGCGGATTTTCTTAAGCG
GCGGGATATCGACCTGTGA ACCAGATTATGGACGCGTCTCT
CTTCCCCTTCGGCTTCAC GGGTTTTCTGTTGCGAGGT
GTTCGGCTCTAGGTTCCATGT CGTCGGCGCTTCTCAATTATT
GGAAGAAACGCAGAGGGATCA CAAGCGTCGCAATTCAGAAA
CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA
CGGACTCACCTTGCTTGTAAC TCCAGGACCTCACCACTTTC
CGTGGGAAAGAAGGGAAGAGT GCGGCCCGGATAATCC
GAGACTCTCAGGGTCGAAAACG ATTAGGGCTTCCTCTTGGAGAAG
GGCGTGAACCTCACCAGTAT TCACTCCGTCTTTTGCACAG
AGCCCGACAGTGAGAACATC GAAGGGAGTCCCATGAAACA

https://doi.org/10.1371/journal.pone.0217002.t001
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Immunoblotting analysis

Cells were lysed in Ripa buffer (Cell Signaling, #9808), containing protease inhibitors
(Roche, #04693132001). Protein concentration in total soluble protein extracts was deter-
mined by using the Pierce coomassie plus assay reagent (Thermo scientific, #23238, Bleis-
wijk, Netherlands) according to the manufacturer’s instructions. 20-50 pg proteins were
resolved by 4-12% SDS-PAGE, transferred to polyvinylidene fluoride membranes using a
Bio-Rad wet system (18 hours, 4°C), and blocked (5% skimmed milk in Tris-buffered saline
containing 0.1% Tween 20) for 1 hour at room temperature. Membranes were immuno-
blotted (18 hours, 4°C) with antibodies directed against BCL2 (#15071), BIRC5/Survivin
(#2808), CDK2 (#2546), p21 (#2947), SKP2 (#2652), all from Cell Signalling, DLL1 (Abcam
ab84620), and o-tubulin (Sigma, T6199). Primary antibodies were detected using anti-goat
(Sigma, A5420), anti-mouse (Sigma, A9309), or anti-rabbit (Sigma, A9169) HRP-conjugated
IgGs. Blots were developed with the enhanced chemiluminescence substrate western light-
ning plus ECL reagent (PerkinElmer, Groningen, The Netherlands) and digital images
acquired in a Bio-Rad imaging system. Protein band intensities were quantified by densitom-
etry analysis using the ImageJ Software. The relative expression levels were calculated as fold
change versus control samples, after normalization to a-tubulin band intensities in the same
sample.

Colony formation assay

To assess colony formation, MCF-7 and MDA-MB-231 cells were collected 24 hours after
transfection, (i.e. 48h post-seeding), washed once with PBS and seeded in 12-well plates at a
density of 250, 500, 750, and 1000 cells/well in complete media and cultured for 7-9 days.
BT474 cells were collected 48 hours after transfection/seeding and 5000-10000 cells were
seeded in 6-well plates. The medium was replaced every 3 to 4 days and the cells were moni-
tored by microscopy for colony formation at various days. At day 7-9, when well-developed
colonies were detected under the microscope, the cells were fixed with ice-cold 100% methanol
for 15 minutes and stained with 0.5% crystal violet in PBS/20% methanol for 15 minutes. Cell
images were acquired using a Leica DMI6000 inverted microscope at a magnification of 50x.
The number of colonies was determined by counting at least 6 representative fields of view
from triplicate wells for each cell line and condition tested.

Scratch wound-healing assay

Fifty-five to seventy hours after transfection, MCF-7 and MDA-MB-231 cells transfected with
siRNAs and control non-transfected cells at 90% confluency were submitted to serum starva-
tion for 16 hours in media with 0.5% FBS and scratches (2 lines across each well/condition)
were created thereafter by scrapping with a 10 pL pipette tip. To evaluate the effect of DLL1-Fc
protein in MCE-7 cells they were plated at 3-4 x10* cells/cm? on 24-well plates not coated
(control) or pre-coated with DLL1-Fc or Fc proteins (2.5 ug/mL PBS, 500 uL/well, 4°C for 17
hours followed by 1 hour blocking with 1% BSA). Fifty-six hours after seeding, cells at 80-90%
confluency were serum-starved, and scratches were performed as above. The scratched mono-
layers were then washed twice with serum free media and incubated in complete media.
Images of 3 different areas of the wound of each scratch were taken with a Leica DMI6000
microscope (50x magnification) at 0 hours and 20-72 hours after scratches. The area of each
wound was quantified using Image]J software and the % of wound closure calculated as follows:
[1-(wound area at t = 24-72 h/wound area at t = 0 h)x100].
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Transwell migration and invasion assays

The migratory and invasive capabilities of the cells were examined in 24-well transwell cham-
bers with 8.0-pum pore size polyethylene terephthalate membranes, non-coated or coated with
matrigel (Corning, #354578 and #354480, Massachusetts, USA), respectively. To evaluate the
effect of DLL1 downregulation in cell migration and invasion potentials, non-transfected and
siRNA-transfected cells were collected 48-72 hours post transfection and plated at a density of
1-2 x 10°> (MCF-7 and BT474) or 5 x 10* (MDA-MB-231) cells in the inserts in 100 pL media
with 0.5% FBS. To assess the effect of DLL1-Fc protein in the migratory capability of MCF-7,
4 x 10" cells/cm® were plated on 24-well culture plates not coated (control) or pre-coated with
DLL1-Fc or Fc proteins (2.5 pg/mL PBS, 500 uL/well, 4°C for 17 hours followed by 1 hour
blocking with 1% BSA). After 72 hours, cells were collected and 1 x 10° cells were plated in the
inserts of non-coated chambers as above. In both assays, bottom chambers were filled with
600 pL media supplemented with 10% serum. The cells were incubated for 14-24 hours
(MDA-MB-231) or 48-72 hours (MCF-7 and BT474). Thereafter, the non-invading or non-
migrating cells were removed from the top chamber with cotton swabs and PBS. Invading and
migrating cells on the bottom of the membrane were fixed in 100% ice-cold methanol for 15
minutes and stained with 0.5% crystal violet in 20% methanol for 15 minutes. Invasion and
Migration were quantitated by counting cells in 15 randomly-selected fields using a Leica
DMIRB microscope at a magnification of 200x.

Cell growth

Cell growth was determined 48, 72, 96, and 120 hours following transfection with siRNAs or
treatment with recombinant proteins by microscopy using the trypan blue exclusion method
and the MTT (Sigma, M2120) colorimetric method. For the MTT assays, cells were plated in
96-well plates and transfected as indicated above. At the end of the experiment, cells were incu-
bated in 120 pl fresh media containing 20 ul of MTT solution (5 mg/ml). After 2-4 hours, the
resulting MTT crystals were dissolved in DMSO (120 ul/well) and absorbance values were
determined at 570 nm using a microplate reader. Each condition was tested in triplicate or
quadruplicate for all assays.

Cell cycle and apoptosis assays by flow cytometry

Cell cycle progression was determined by using propidium iodide (PI). Cells were harvested at
72, 86, and 98 hours post-transfection, washed with PBS (300 g, 6 minutes, 4°C) and fixed with
ice-cold 70% ethanol (4°C for 4-16 hours). Thereafter, cells were washed three times in PBS
and resuspended in the FxCycle PI/RNA staining solution (Thermo Fisher, #F10797, Oregon,
USA) for 30 minutes at 37°C. Samples were analyzed on a Guava easyCyte flow cytometer
(Millipore). Results were calculated using the cell cycle program from the Flow]Jo software. For
the analysis of apoptosis, siRNA transfected, and control non-transfected cells were collected
at 72, 86, and 120 hours post-transfection and stained with FITC-conjugated annexin-V (Bio-
legend, #640906, California, USA) according to the manufacturer’s instructions. Data was ana-
lyzed using the FlowJo software (Tree Star, Inc.).

Statistical analysis

All results are presented as mean + standard deviation (SD) of at least three independent
experiments. Student’s t-test was used to evaluate the significance of differences between two
groups, and one-way ANOVA to evaluate differences amongst more than two groups. P
values < 0.05 were considered statistically significant.
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Results

DLL1 downregulation decreases the colony formation capability of luminal
MCEF-7 and BT474 BC cells

To assess the relevance of DLLI in BC, we first examined the expression levels of DLL1 in
three different tumorigenic BC cell lines: poorly aggressive luminal A MCF-7 and luminal B
BT474 cells, that express the estrogen receptor and retain an epithelial morphology, and the
highly aggressive, invasive and poorly differentiated TNBC MDA-MB-231 cells [19]. Our
qRT-PCR and immunoblotting results revealed that all three cell lines express DLL1, with
MCEF-7 and BT474 cells presenting higher levels than MDA-MB-231 cells (Fig 1A).

To investigate the functional role of DLL1 in these BC cells, MCF-7, BT474, and MDA-
MB-231 cells were transfected with two DLL1 specific siRNAs (DLL1-siRNA1 and DLLI-
siRNA2), to downregulate DLL1 expression, and with a non-targeting siRNA (Ctr), as a nega-
tive control. siRNA-mediated DLL1 downregulation was confirmed by qRT-PCR and immu-
noblotting. Our results showed that DLL1 mRNA levels were decreased by 80% in MCF-7 cells
and by 60% in BT474 and MDA-MB-231 cells, upon transfection with DLL1-siRNA1, in com-
parison to cells transfected with Ctr-siRNA (Fig 1B). Transfection with DLL1-siRNAZ2 also led
to a significant reduction of DLL1 mRNA levels in the cell lines under study but the reductions
were smaller than those obtained with DLL1-siRNA1 (Fig 1B). Analysis of the protein levels
showed that DLL1 was decreased in all the cell lines transfected with the specific DLL1-siR-
NAs. Consistent with the mRNA data, transfection with DLL1-siRNALI led to a significantly
higher reduction in the DLL1 protein levels in MCF-7 and BT474 cells, when compared to
DLL1-siRNA2 (Fig 1C).

As DLLI exerts its biological effects via activation of the Notch signaling pathway we next
evaluated the expression levels of the HEY1 gene, a classical Notch-target gene [4], upon DLLI
downregulation as a functional readout of DLL1-Notch pathway activation. Our results
showed that DLL1 downregulation by DLL1-siRNA1 was associated with an impairment in
the activation of the Notch signaling pathway in all cell lines, as evidenced by the significant
reduction in the expression levels of HEY1 (Fig 1D). qRT-PCR analysis revealed that the
HEY]1 levels were approximately 50% lower in MCE-7 cells and 30% reduced in BT474 and
MDA-MB-231 cells transfected with DLL1 siRNA1, when compared to the respective controls.
Consistent with a lower downregulation of DLL1 mRNA expression, HEY1 expression levels
were only 30% diminished in MCF-7 cells transfected with DLL1-siRNA2. Transfection with
DLL1-siRNA2 also inhibited HEY1 levels by nearly 30% in MDA-MB-231 cells, in comparison
to control cells. However, transfection of BT474 cells with DLL1-siRNA2 showed this siRNA
did not significantly affected the expression levels of HEY1 (Fig 1D). These results show that
transfection with DLL1-siRNALI results in a higher downregulation of DLL1 expression and
DLL1-mediated Notch pathway signaling activation in MCF-7 and BT474 cells. Since DLL1
has been shown to promote clonogenic growth of cancer cells in vitro [20], we assessed
whether its downregulation could impact the colony formation capability of BC cells. To test
this, cells transfected with the specific DLL1-siRNAs and Ctr-siRNA were collected 24-48
hours post-transfection, seeded at very low densities, and colony formation was monitored by
microscopy at various days. Non-transfected cells were used as control for siRNA transfec-
tions. A decrease in the number of colonies of MCF-7 and BT474 cells transfected with DLL1
siRNAs was observed starting at day 4 after seeding at low densities. Analysis of the number of
colonies at day 7-9, when the colonies were larger, showed that DLL1 downregulation by
DLL1-siRNAI lead to a decrease in the number of MCF-7 and BT474 colonies by 80% and
50%, respectively, when compared to the corresponding controls (Fig 1E and 1F). DLL1 down-
regulation by DLL1-siRNA2 caused a 45% reduction in the number of MCF-7 colonies

PLOS ONE | https://doi.org/10.1371/journal.pone.0217002 May 20, 2019 7/22


https://doi.org/10.1371/journal.pone.0217002

@ PLOS|ONE

DLL1 has carcinogenic effects in breast cancer cells

A
—
on
£ 025 o
% 0.20 ' S
< 9 N~ D
z o~ 0.15 . ~ <
g = o ¥ o
ES S & S
o [
5, E 0.010 DLL1 [
= 0.005 .
v O-tUDUTIN | ———
0.000
A AN N
QQ'«V/\ ;\?’
®
N\ ‘z;@
Q
C N
MCEF-7 BT474 MDA-MB-231
o [ o ) o [}
5 9 T 2 ? 9
‘» — — ‘» — — ‘» — —
5 = o s 4D 4 s o o4
6 o o 6 Ao o 6 a o
DLLY | oo | (o s s | (B 500
O-TUDULTN | v | | S o | —— —
1.0 05 03 1.0 04 0.15 1.0 04 04
E DLL1-si1 DLL1-si2
~ .
e
(@]
=
. . | T v -
- o O] ‘9‘_’ S O,j . .
o] P . W # = Beds &
it L SRR € .
) % ik . . -
A . <, £ . -
» & ad - * 5- .
— ¥ =
ol .. o - X3 ’
‘\l' j v o b :\.
o 2 - p -
s i N )
< % -
a
=

DLLL1 mRNA fold change OO

M HEY1 mRNA fold change O

Number of colonies,

relative to Ctr-si

relative to Ctr-si

% relative to Ctr-si

MCF-7 BT474 MDA-MB-231
1.5 5!
1.0 1.0 1.0
* *
* *
0.5 0.5 * 0.5
*
0.0 0.0 0.0
A d A N B AN . K
S ,s‘\’ ,90/ P ,9\'\' ,c:o' S P ,‘o"\’ ,90'
(’\’ \:\ \/\ C\' \:\/ \/N (’& \:» \/\
W N WY W
Q" Q Q° 9 Q" Q
1 MCF-7 BT474 MDA-MB-231
1.0 ! 1.0 1.0 *
*
*
*
0.5 0.5 0.5
0.0 0.0 0.0
A N ¥ AN . 5 A O ;
S ({’\'w ,50’ G ,fo‘\’ ,eo' > (c’\ ,s‘\’ ,%0'
NN NN (G P
W O ST
Q" Q Q" Q Q" 9
MCF-7 BT474 < &
150 150 MDA-MB-231
150
100 100 100
* *
50 " 50 -
0 0 0
Ao - A : -
SN S & RPN
DN DWW & N oS
O O T v
Q" Q" Q¥ QY

Fig 1. DLL1 downregulation impairs Notch pathway activation in BC cells and decreases MCF-7 and BT474 colony formation abilities. (A) Expression of
DLLI mRNA and protein levels in luminal A MCF-7, luminal B BT474, and triple-negative MDA-MB-231 cells were quantitated by qRT-PCR and
immunoblotting. The DLL1 mRNA values were normalized against the HPRT1 mRNA levels in the same samples. o-tubulin was used as the loading control.
(B-F) Cells were transiently transfected with DLL1 siRNAs (DLL1-si1/2), negative control siRNA (Ctr-si) or not-transfected (NT). (B) Total RNA was extracted
from the indicated cells 24-38 hours post-transfection and DLL1 mRNA levels were quantitated by qRT-PCR. (C) Total soluble protein extracts were prepared
from cells 72 hours following transfection and the levels of DLL1 protein were assessed by immunoblotting. The numbers under the bands indicate DLLI fold
changes relative to Ctr-siRNA transfected cells after normalization against a-tubulin. (D) qRT-PCR analysis of HEY1 mRNA in the indicated cells at 48-72
hours after transfection. The values in (B) and (D) were normalized against the HPRT1 mRNA levels in the same sample and calculated as mean fold change

(+ SD) relative to the respective control cells transfected with Ctr-siRNA. Graphs in (A, B and D) represents mean (+ SD) of at least three independent assays.
(E-F) Colony formation of MCF-7, BT474 and MDA-MB-231 cells at day 9 post transfection. Representative fields of crystal-violet-stained colonies for each
cell type of four independent assays are shown. The graphs show mean percentage of the number of colonies (+ SD) relative to the respective control cells
transfected with Ctr-siRNA from these assays. *, P < 0.05, compared with Ctr-siRNA transfected cells at the respective experimental condition.

https://doi.org/10.1371/journal.pone.0217002.g001

formed, compared to Ctr-siRNA. These results are in agreement with the observations that
DLL1-siRNA1 had a higher impact in the DLLI levels and Notch pathway activation in com-
parison to DLL1-siRNA2 (panel 1 in Fig 1B-1D, respectively). In BT474 cells DLL1-siRNA2
did not cause a significant decrease in colony forming ability, which is in agreement with our

data showing that this siRNA did not impair the activation of the Notch pathway in a consis-
tent manner (Fig 1D-1F). Contrary to MCF-7 and BT474 cells, no significant changes were
observed in the colony formation ability of MDA-MB-231 cells upon DLL1 downregulation
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with both siRNAs (Fig 1E and 1F). These results indicate that DLLI is required for colony for-
mation in BC luminal MCF-7 and BT474 cells.

Considering the results described above showing higher DLL1 downregulation and effects
in MCF-7 and BT474 cells upon transfection with the DLL1-siRNA1, this siRNA was the one
chosen to further study the effect of DLL1 downregulation in these cells. Studies in MDA-MB-
231 were performed using both DLL1 siRNAs.

DLL1 downregulation decreases MCF-7 cell migration and MDA-MB-231
cell migration and invasion abilities

We next performed scratch wound-healing assays to study the effect of DLL1 downregulation
in BC cell motility. To do this, scratches were performed in monolayers of MCF-7 and
MDA-MB-231 cells, non-transfected (NT) or transfected with DLL1 or control siRNAs 55 to
70 hours post-transfection and wound closure was followed by microscopy. Due to the fact
that BT474 cells grow in compact, slowly growing multi-layered colonies that rarely become
confluent, the scratch assay could not be performed in this cell line. Consistent with their
higher migratory phenotype, our results showed that the wound closure of MDA-MB-231 cells
occurred much faster than those of MCF-7 cells [19]. Importantly DLL1 downregulation
resulted in a significant delay in wound closure in MCF-7 (70-80% reduction) and MDA-MB-
231 (20% reduction) cells (Fig 2A and 2B). Twenty-four hours after wounding MCF-7 cells
transfected with DLL1-siRNA1 presented 9% wound closure, when compared to approxi-
mately 50% of wound closure in Ctr-siRNA and NT cells, respectively. Seventy-two hours after
wounding, MCF-7 cells transfected with DLL1-siRNA1 showed only 20% wound closure,
when compared to more than 85% closure in control cells (transfected with Ctr-siRNA or NT)
(Fig 2A). In MDA-MB-231 cells transfected with DLL1-siRNA1 and -siRNA2 only 50-55%
wound closure occurred 20 hours after wounding (75 h after transfection) while control NT or
transfected cells with Ctr-siRNA presented 63% and 74% wound closure, respectively (Fig 2B).

We next used a matrigel transmembrane invasion assay to study the effect of DLL1 downre-
gulation in the invasive properties of MCF-7, BT474, and MDA-MB-231 cells. For this, non-
transfected or cells transfected with DLL1-siRNAs and Ctr-siRNA were seeded in transwells,
at different time points after transfection, and their invasion capability evaluated. In MDA-
MB-231 cells, our results demonstrated that DLL1 downregulation by both DLL1 siRNAs (72
hours after transfection) decreased the number of invading MDA-MB-231 cells by an average
of 25%, when compared to control cells transfected with Ctr-siRNA (Fig 2C). In agreement
with published data [21] and due to the very low- or non-invasive phenotype of MCF-7 and
BT474 cells in the absence of invasion-stimulating factors [19,22], no invading MCF-7 and
BT474 cells were observed in these matrigel assays in all conditions tested (data not shown).

Altogether, these results suggest that DLL1 downregulation impairs BC cell migration and
MDA-MB-231 invasive cellular properties.

DLL1 downregulation impairs proliferation of luminal A MCF-7 BC cells

DLLI has been reported to be critical for proliferation in some cancer cells, such as glioma and
melanoma cells [23,24]. Thus, we next evaluated the effect of DLL1 downregulation on MCF-
7, BT474, and MDA-MB-231 cell growth. To do so, cells were transfected with DLL1-siRNA
or Ctr-siRNA and cell growth was evaluated by trypan blue exclusion by microscopy and by
the MTT assay at various time points starting 48 hours after transfection. Our results showed
that DLL1 downregulation significantly decreased MCF-7 cell growth at 48 and 72 hours after
transfection when compared to cells transfected with Ctr-siRNA. A higher reduction was
detected at 72 hours, with a 50% decrease in cell growth observed in the MCF-7 cells (Fig 3A
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Fig 2. DLL1 downregulation decreases migration of MCF-7 and MDA-MB-231 cells and the invasive potential of MDA-MB-231 cells. MCF-7 and
MDA-MB-231 cells were transiently transfected with DLL1 siRNAs (DLL1-si1/2), negative control siRNA (Ctr-si) or not-transfected (NT) as indicated.
(A-B) At 55-70 hours after transfection, cells at 80-90% confluency were scratched, and wound closure was evaluated by microscopy at various time
points. Representative images taken at the indicated times post-wounding from three independent experiments are shown. The graph represents mean
percentage values (+ SD) of wound closure at each analyzed time point from scratches of these assays. (C) MDA-MB-231 cells were collected 72 hours
after transfection and equal cell numbers were added to the upper chamber of 8-um-pore membranes coated with matrigel and their invasion was
measured. Representative fields of crystal-violet-stained cells that invaded to the lower surface of the membranes are shown in each condition. The
graphs show mean percentage values (+ SD) of invading cells of three independent experiments. *, P < 0.05, compared with Ctr-siRNA transfected cells.

https://doi.org/10.1371/journal.pone.0217002.9002
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and 3B). Assessment of BT474 and MDA-MB-231 cell growth from 48 up to 120 hours after
transfection showed that DLL1 downregulation did not significantly affect the proliferation of
these cells (Fig 3A and 3B).

DLL1 downregulation promotes G1 arrest and induces apoptosis of
luminal A MCF-7 BC cells

The significant decrease in the proliferation of MCE-7 cells upon DLL1 downregulation (Fig
3A and 3B) suggested that DLL1 influences MCE-7 cell cycle progression. Thus, we next exam-
ined cell cycle profiles of BC cells after transfection with DLL1-siRNA or Ctr-siRNA by flow
cytometry. Consistent with an impairment of proliferation with DLL1-siRNA1, analysis of cell
cycle progression of MCE-7 cells performed at 72, 86 and 98 hours after transfections showed
that DLL1 downregulation caused a cell arrest in the G1 phase and a decrease of cells in the S
and G2/M phases (panel 1 in S1 Fig). At 86 hours after transfection, MCF-7 cells transfected
with DLL1-siRNA1 showed a 40% increase in cell number in the G1 phase, and a 60% and
50% reduction in the S and G2/M phases of the cell cycle, respectively, when compared to cells
transfected with Ctr-siRNA or non-transfected cells (Fig 3C). In agreement with a lack of an
effect of DLL1 downregulation in BT474 and MDA-MB-231 cell proliferation (panels 2-3
from Fig 3A and 3B), cell cycle analysis of these cells demonstrated that DLL1 siRNA-mediated
downregulation did not impact BT474 and MDA-MB-231 cell cycle progression (Fig 3D and
3E and panels 2-3 in S1 Fig). The number of cells in the different phases of the cell cycle were
similar amongst cells transfected with the DLL1siRNAs, the Ctr-siRNA and the respective
non-transfected cells.

Accumulation of cells in the sub-G1 population was observed in MCE-7 cells upon
DLLI1-siRNAI transfection at later time points, when compared to cells transfected with Ctr-
siRNA and NT cells, suggesting the induction of apoptosis. To confirm this, we then examined
the effect of DLL1 downregulation in MCEF-7 apoptosis. Cells were collected at 72, 92 and 120
hours post transfection, stained with annexin-V and analyzed by flow cytometry. Our data
showed that MCEF-7 cells transfected with DLL1-siRNA1 exhibited a 2-fold increase in apopto-
sis when compared to control cells transfected with Ctr-siRNA and NT cells at 92 hours (Fig
4A) and 120 hours (data not shown) after transfection. Assessment of apoptosis in BT474 and
MDA-MB-231 cells up to 120 hours after transfection with DLL1-siRNAs, Ctr-siRNA and in
NT cells showed that DLL1 downregulation did not induce apoptosis in these cells (Fig 4B
and 4C).

Altogether, these data demonstrate that DLL1 has diverse effects in the human BC cell lines
under study and suggests different mechanisms in the mode of action of DLLI.

DLL1 downregulation in MCF-7 cells increases the expression of genes that
promote cycle arrest and decreases those involved in the promotion of cell
cycle progression and survival

To explore the mechanisms through which DLL1 may exert its functional effects in MCF7
cells, we investigated the effect of siRNA-mediated DLL1 downregulation in the expression of
genes that control the cell cycle. To this end, mRNA from MCE-7 cells transfected with
DLL1-siRNA or control siRNA were isolated at 53 and 60 hours after transfection and the
expression of 84 key genes involved in cell cycle control were quantified using a human cell
cycle PCR array. We found that DLL1 downregulation in MCF?7 cells is associated with a two-
fold or greater change in 13 cell cycle genes. These findings were further confirmed by
qRT-PCR in three independent assays at various time points starting at 53 h post-transfection.
The effect of DLL1 downregulation on the expression of PCNA gene, associated with cell
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Fig 3. DLL1 downregulation in MCF-7 cells decreases proliferation and induces cell cycle arrest in the G1 phase. MCF-7, BT474, and
MDA-MB-231 cells were not transfected (NT) or transfected with DLL1-siRNA (DLL1-si1/2), or negative control (Ctr) siRNA as indicated.

(A-B) Cellular growth was determined by microscopy using the trypan blue exclusion (A) and the MTT (B) methods at 72 hours after
transfection in MCF-7 and 72 up t0120 hours in BT474 and MDA-MB-231 cells. Values were calculated as relative percentage of cells transfected
with Ctr-siRNA, in each assay for each cell type. The graphs represent data (mean + SD) from at least three independent assays. (C-E) At 86 hours

PLOS ONE | https://doi.org/10.1371/journal.pone.0217002 May 20, 2019

12/22


https://doi.org/10.1371/journal.pone.0217002

@ PLOS | O N E DLL1 has carcinogenic effects in breast cancer cells

post-transfection cells were collected, fixed, stained with propidium iodide, and DNA content was analyzed by flow cytometry. Representative
histograms showing the effect of DLL1 downregulation in cell cycle progression from these assays are shown. Graph shows mean percentage
(+ SD) of cells in each phase of the cell cycle of four independent assays. *, P < 0.05, compared with cells transfected with Ctr-siRNA.

https://doi.org/10.1371/journal.pone.0217002.9g003

proliferation and shown to be highly expressed in almost all tumors, BC included [25], was
also evaluated. The results showed that MCEF-7 cells transfected with DLL1-siRNA1, which dis-
played a 75% decrease in DLL1 mRNA levels, presented significantly lower levels of several
genes that promote cell cycle transition, proliferation and cell survival in comparison to cells
transfected with Ctr-siRNA (Fig 5A). For instance, DLL1 downregulation increased by 2-fold
the mRNA levels of genes involved in cell cycle arrest p21 and p15 [26], and decreased by
3-fold the expression of the G1/S cell cycle progression gene CDK2, whose activity is enhanced
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Fig 4. DLL1 downregulation promotes apoptosis of MCF-7 cells. (A-C) MCF-7, BT474 and MDA-MB-231 cells were not-transfected (NT) or
transfected with DLL1-siRNAs (DLL1-si1/2), or negative control (Ctr) siRNA. At 92 hours (MCF-7) and 120 hours (BT474 and MDA-MB-231) after
transfection cells were collected, stained with annexin-V and apoptosis analyzed by flow cytometry. Representative dot plots showing the percentage of
apoptosis at each condition are represented. Graph shows percentage of apoptosis (mean + SD) of at least three independent assays, each one
performed in triplicate. *, P < 0.05, compared with cells transfected with Ctr-siRNA.

https://doi.org/10.1371/journal.pone.0217002.g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0217002 May 20, 2019 13/22


https://doi.org/10.1371/journal.pone.0217002.g003
https://doi.org/10.1371/journal.pone.0217002.g004
https://doi.org/10.1371/journal.pone.0217002

@ PLOS|ONE

DLL1 has carcinogenic effects in breast cancer cells

A

mRNA fold change

16 2 Ctrsi DLLI-SIT 500
T e 21| e ]
S 41 2160 .
£ 14 SKPZEI 5 120 W DLL1-si1
(S} X
¢ 3e-001 " °
© 1e-001 BIRCSI:I E 40
3e-002 =T 0
N R 2P I IS
Q\,V N o*(_;g Q,»\(,

Fig 5. DLL1 downregulation in MCF-7 cells upregulate genes involved in cell cycle arrest and represses genes that promote cell cycle progression,
proliferation and survival. Cells were transfected with DLL1-siRNA1 or Ctr-siRNA. (A) At 55-70 hours following transfection total RNA was extracted
and the expression of genes that control cell cycle arrest (1), cell cycle transition (2), proliferation (3), and survival (4) were quantified by QRT-PCR. The
values were normalized against the HPRT1 mRNA levels in the same sample and calculated as fold change relative to control cells transfected with Ctr-
siRNA. Results are represented as mean values (+ SD) from four independent assays. (B) The expression levels of the indicated proteins were determined
by immunoblotting 72 hours after transfection in total soluble protein extracts. o-tubulin was used as an internal control. The graph shows relative
expression of these proteins in cells transfected with DLL1-siRNA1 as compared to Ctr-siRNA transfected cells of at least three independent experiments.
*, P < 0.05, compared with cells transfected with Ctr-siRNA.

https://doi.org/10.1371/journal.pone.0217002.g005

in BC and was shown to be involved in BC formation [26]. Moreover, DLL1 downregulation
caused a 2-fold reduction in the expression levels of CDC25A and SKP2 genes, which are often
overexpressed in breast tumors and involved in BC pathogenesis [27,28]. Interestingly, the
expression levels of Cyclin D2, a gene involved in G1/S transition, with very low mRNA
expression levels in MCF-7 cells (as shown in this study) and often intensely downregulated in
BC [29], was significantly decreased (4-11-fold) upon DLL1 downregulation. The expression
of BCCIP, a gene suggested to suppress tumor initiation but required for tumor progression
[30], was reduced by 2-fold upon DLL1 downregulation. The mRNA levels of the prolifera-
tion-promoting genes PCNA and mostly MAD2L1, shown to be overexpressed in BC and
associated with aggressive tumors and worse prognosis and BC cell proliferation [31], were
also reduced by siRNA-mediated DLL1 downregulation (1.7- and 3.7-fold, respectively). The
levels of BIRC5/Survivin, expressed in most human cancers, but absent in normal tissues, and
shown to promote proliferation and inhibition of apoptosis of cancer cells including BC
[32,33], were also significantly reduced by DLL1 downregulation (2-fold). The expression lev-
els of BCL2, a gene that cooperates with pro-proliferative signal to support BC initiation and
progression and therapeutic resistance [34], were dramatically decreased (14.6-fold) upon
DLL1 downregulation. Furthermore, the effect of DLL1 downregulation in the protein levels
of p21, CDK2, SKP2, BCL2 and BIRC5 was also evaluated by immunoblotting. Consistent
with the mRNA levels, the protein levels of p21 showed a 2-fold increase upon DLL1 downre-
gulation while those of CDK2, BCL2, BIRC5 and mostly SKP2 were significantly reduced (Fig
5B). Since the expression levels of cyclin D2 are extremely low in MCE-7 cells, this protein was
undetectable by immunoblotting.

These results show that DLL1 downregulation modulates gene expression in MCF-7 cells in
a manner consistent with the promotion of cell cycle arrest at the G1 phase and induction of
apoptosis, and consequently suggests that DLL1 expression leads to the suppression of these
processes.
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Treatment of MCF-7 cells with recombinant DLL1 increases their
proliferation

Overall, the results described above show that DLL1 downregulation has a higher impact in
MCEF-7 cells. Thus, we next validated the role of DLL1 in MCF-7 cells. Recombinant cell free
immobilized ligands have been employed to stimulate the Notch pathway and elicit biological
effects in various cells [35,36]. Accordingly, and in order to perform similar assays human
recombinant DLL1-Fc protein, containing the DLL1 full extracellular domain fused to the Fc
portion of human IgG1, was produced in mammalian cells. The Fc region of human IgG1
alone was also obtained to be used as a control protein. The ability of DLL1-Fc protein to acti-
vate the Notch signaling pathway in MCF-7 cells was evaluated by measuring the expression
levels of the direct Notch-target genes HEY1 and HEYL [4] by qRT-PCR. DLL1-Fc protein
was able to significantly increase the expression of HEY1 and HEYL, when compared to con-
trol cells not treated or treated with Fc protein (Fig 6A). Furthermore, pharmacological inhibi-
tion of Notch pathway activation by the treatment with the y-secretase inhibitor DAPT (5 uM)
suppressed the DLL1-Fc-mediated HEY1 and HEYL induction (Fig 6A), confirming that
DLL1-Fc protein induced the expression of these genes through a mechanism which is depen-
dent on the activation of Notch. The effect of DLL1-Fc protein in MCEF-7 cell growth was ana-
lyzed by trypan blue exclusion and MTT assays. Cell count at various time points, starting 48
hours after cell incubation, showed a 50% increase in the number of MCE-7 cells incubated
with DLL1-Fc when compared to control MCEF-7 cells or cells incubated with Fc protein alone
(Fig 6B). Similar results were obtained in the MTT assay (Fig 6C). Assessment of cell motility
in the scratch wound-healing assays showed that a faster wound closure (2-fold increase)
occurred in MCE-7 cells treated with DLL1-Fc protein than in control cells not treated or
treated with the Fc protein (Fig 6D). Twenty-four hours after wounding, MCE-7 cells treated
with DLL1-Fc showed an average of 55% wound closure when compared to 30% wound clo-
sure in control cells or cells treated with Fc protein alone. Thirty-five hours after wounding,
the differences in the closure of the wounds were maintained, with MCE-7 cells incubated
with DLL1-Fc showing 65% wound closure when compared to 40% in the control non-treated
cells and in the cells incubated with Fc protein. Next, we confirmed the effect of DLL1-Fc in
MCEF-7 cell migration by performing transwell assays. As such, MCF-7 cells not treated or
incubated with DLL1-Fc or Fc alone for 72 hours were seeded in transwells and their migra-
tion evaluated at various time points. Our results showed that incubation with DLL1-Fc
increased the number of migrating MCF-7 cells, 72 hours after seeding, by an average of 75%
when compared to the control non-treated cells or cells stimulated with the Fc protein (Fig
6E).

Opverall, these results further demonstrate that DLL1 promotes MCE-7 cell proliferation
and migration.

Discussion

Accumulating evidence indicates that DLL1 might be involved in the development and pro-
gression of various types of cancer. For example, DLL1 expression is significantly higher in oli-
godendrogliomas than in normal brain cells and is associated with glioma cell proliferation
and survival [23]. In childhood neuroblastomas with MYCN gene amplification, DLLI is
highly expressed and implicated in the onset of this type of cancer by promoting cell prolifera-
tion and maintaining their undifferentiated status [37]. In multiple myeloma, DLL1-mediated
Notch activation has been shown to increase cell proliferation, promote clonogenic growth in
vitro, accelerate tumor growth initiation [20], and contribute to drug resistance [38]. Other
studies implicated DLLI in choriocarcinoma tumor growth and invasion [39] and in
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Fig 6. Human recombinant DLL1 activates the Notch pathway and promotes MCF-7 cell proliferation and migration.
(A) MCEF-7 cells were plated in tissue culture plates not coated (control) or pre-coated with DLL1-Fc or Fc proteins in the
absence (vehicle) or the presence of the Notch pathway inhibitor DAPT. Total RNA was extracted 17 hours thereafter and the
expression levels of the indicated Notch-target genes were quantified by qRT-PCR, and calculated as fold change relative to
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control non-treated cells. Graph represents data (mean + SD) from three independent experiments. *, P < 0.05, compared
with cells treated with Fc control protein. **, P < 0.05, compared with cells treated with DLL1-Fc without DAPT. (B-C) At
48-72 hours following cell seeding as described above in the absence of DAPT, cellular growth was determined by trypan
exclusion (B) and the MTT (C) methods. Values were calculated as percentage relative to those obtained in non-treated
control cells. (D) Monolayers of control not-treated or cells treated with DLL1-Fc or Fc proteins for 72 hours were scratched
and wound closure was measured at the indicated time points. Representative pictures taken at 0, 24 and 35 hours post-
scratches are shown. The graph represents percentage values (mean + SD) of wound closure at each time point from scratches
of three independent experiments. (E) Equal numbers of control non-treated or treated cells with DLL1-Fc or Fc proteins
were added to the upper chamber wells with 8.0-um pore membranes and allowed to migrate for 72 hours. Representative
images of migrating cells are shown. The graph represents percentage values (mean + SD) of migrating cells of three
independent experiments. *, P < 0.05, compared with controls not treated or with Fc protein. P values in (A) were calculated
by using Student’s t test. P values shown in (B-E) were calculated using one-way ANOVA.

https://doi.org/10.1371/journal.pone.0217002.9006

melanoma tumor metastasis [24]. Based on these evidences, and on the observation that DLL1
expression is generally increased in human breast cancers when compared to normal breast
tissues [8], we reasoned that DLLI could play a role in the tumorigenic process of BC. In this
study, we used three different in vitro models to analyze the effect of DLL1 in BC. We found
that DLL1 is significantly more expressed in luminal A MCF-7 and B BT474 BC cells when
compared to TNBC MDA-MB-231 cells, and that DLL1 downregulation decreases the carci-
nogenic features of these cells.

Functional assays revealed that DLL1 downregulation reduced the colony formation ability
of luminal A MCF-7 and luminal B BT474 BC cells, but had no significant impact in the colony
forming ability of MDA-MB-231 cells (Fig 1). These results suggest that DLLI is required for
the initial growth phases of these luminal BC cells. This hypothesis is consistent with data
showing that DLL1-Notch pathway activation increased the number of colonies of multiple
myeloma cells [20]. Cell motility studies performed in MCF-7 and MDA-MB-231 cells showed
that DLL1 downregulation decreased migration of MCF-7 and MDA-MB-231 BC cells (Fig 2).
In addition, DLL1 downregulation decreased the invasion potential of MDA-MB-231 cells
(Fig 2). Interestingly, these results support the role of DLL1 in promoting migration and inva-
sion of MDA-MB-231 cells, which are highly aggressive [19]. Indeed, according to reported
data [16] DLL1 might promote MDA-MB-231 cell invasion and migration through mecha-
nisms that rely on the expression of the metalloproteases MMP9 and MMP3, and VEGF.
Moreover, DLL1 downregulation significantly decreased the proliferation of MCF-7 cells but
not of BT474 and MDA-MB-231 cells (Fig 3). As opposed to DLL1 downregulation, treatment
of MCF-7 with DLL1 protein, that specifically induced Notch pathway activation, lead to
increased cell proliferation and migration (Fig 6). These findings clearly indicate that DLL1 is
involved in the promotion of MCEF-7 proliferation and migration. The results showing that
DLL1 downregulation reduced BT474 colony forming ability but not their proliferation under
normal culture conditions suggest that DLL1 is required for the initial growth of these cells
and colony formation but not for proliferation. Overall, these results are consistent with
reported data indicating that DLL1 promotes tumor growth of luminal BC but not TNBC cells
[15].

The inhibition of MCEF-7 cell proliferation by DLL1 downregulation was a consequence of
cell cycle growth arrest, as evidenced by the increase in the number of cells in the G1 phase
with the concomitant decrease of cells in the S and G2/M phases (Fig 3). Interestingly it has
been shown that ERo. receptor, highly expressed in luminal A BC but absent in TNBC, influ-
ences BC cell proliferation through the modulation of the S and G2/M phases of the cell cycle
[40]. In addition, it has recently been proven that DLLI exerts its function in BC cells through
the ER receptor. Accordingly, the absence of ER expression in MDA-MB-231 cells and the low
levels of this receptor in BT474, compared to MCF-7 cells [15], might underlie the fact that
DLLI downregulation did not impact MDA-MB-231 and BT474 cell cycle progression/
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proliferation. Cell cycle arrest of MCE-7 cells upon DLL1 downregulation was followed by
augmented apoptosis (Fig 4), indicating an association of these events. Similar to other cancer
types such as glioma and multiple myeloma [20,23], these findings suggest that DLLI contrib-
utes to the carcinogenic features of MCF-7 cells by promoting cell proliferation and survival.
In addition, and consistent with a lack of influence in cell proliferation, DLL1 downregulation
had no impact in cell cycle progression and survival of BT474 and MDA-MB-231 cells (Figs 3
and 4). Taken together, these results reveal that DLL1 can have dissimilar effects in BC cells
from different biological subtypes, and this is in agreement with published data [15]. The dif-
ferent cellular effects of DLL1 downregulation observed in MCF-7, BT474 and MDA-MB-231
cells are likely due to their genetic, epigenetic, and phenotypic variabilities and are in line with
the cell context-dependent mode of action of the Notch signaling pathway [4,5].

Having identified a crucial role for DLL1 in decreasing MCF-7 cell proliferation and sur-
vival, we evaluated the effect of DLL1 downregulation in the transcription of major regulatory
genes of these processes. Our findings revealed that DLL1 downregulation modulated the
expression of cell cycle and survival genes (Fig 5) in a mode consistent with the promotion of
cell cycle arrest, growth inhibition, and induction of apoptosis providing a mechanism, at least
partially, for its mode of action in luminal A MCF-7 BC cells. DLL1 downregulation decreased
the expression of CDC25A, CDK2, and SKP2 genes that are essential for G1/S cell cycle transi-
tion, PCNA and mostly MAD2L1 genes that promote proliferation, as well as the survival
genes BCL2 and BIRCS. In addition, DLL1 downregulation increased the expression of p15
and p21, which block cell cycle progression at the G1/S transition, and Cyclin D2 (Fig 5). The
MAD?2LI gene is highly expressed in BC and associated with poor prognosis and its downre-
gulation has been shown to reduce BC cell proliferation [31]. PCNA is highly expressed in
breast invasive ductal carcinoma [25], has been shown to be upregulated by the Notch signal-
ing pathway, and to mediate increased proliferation of cells transfected with active Notch [41].
High expression levels of CDK2, SKP2 and CDC25A are detected in several types of cancer,
BC included, and implicated in the promotion of cancer cell proliferation [27,28,42,43]. SKP2,
one of the most downregulated genes, has been identified as a downstream target of the Notch
signaling pathway and its upregulation by DLL4-Notch pathway activation is associated with
the degradation of p21 and accelerated cell cycle progression [44]. p21 is repressed by Notch
pathway activation [26,45] and DLL1-mediated Notch activation increased multiple myeloma
cell proliferation by decreasing p21 [20]. Accordingly, repression of CDK2, CDC25A, SKP2
and induction of p21 likely contributed to MCEF-7 cell cycle arrest at the G1 phase upon DLLI
downregulation. Interestingly, we observed that DLL1 downregulation considerably increased
the mRNA levels of Cyclin D2, a G1/S transition gene, whose expression is very low or absent
in some human cancers due to promoter hypermethylation [29,46]. The loss of Cyclin D2
expression is associated with BC evolution [29], and poor prognosis of prostate cancer [46].
Moreover, Cyclin D2 overexpression has been shown to inhibit cell cycle progression [47].
These findings demonstrated that cyclin D2 has tumor suppressive effects and suggest that its
upregulation could also contribute, to some extent, for the herein observed effects in MCF-7
cells upon DLL1 downregulation.

BIRCS5 (Survivin) is a cell survival gene regulated by the Notch signaling pathway [48],
highly expressed in invasive and in situ ductal carcinomas, associated with poor prognosis,
and shown to induce high proliferation of MCF-7 cells [32,33]. These observations may sug-
gest that reduction of BIRC5 also contributed to cell cycle arrest and the induction of apoptosis
in MCF-7 cells upon DLL1 downregulation. BCL2 is an anti-apoptotic protein essential for the
normal development and homeostasis of the breast that is often overexpressed in various BC
subtypes. In the context of ER* BC patients, BCL2 upregulation has been shown to mediate
tamoxifen resistance [34]. Interestingly, BCL2 has been shown to be a direct target of the
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Notch signaling pathway in a BC cell model [49]. The expression of this gene was highly
decreased by the downregulation of DLL1, suggesting that this may accounted for the
increased apoptosis observed in MCF-7 cells upon DLL1 downregulation.

Uncontrolled cellular proliferation and evasion of apoptosis are two of the hallmarks of
cancer [50], shown to be amongst the mechanisms via which aberrant Notch signaling exerts
its oncogenic potentials in many cancers, including BC [5]. Given that the Notch oncogenic
function in human cancers is frequently mediated by upregulation of genes that support
increased cell growth and survival, it is plausible that DLL1 promotes proliferation and sur-
vival of MCF-7 luminal A BC cells by mechanisms mediated partly through the modulation of
the expression of the genes indicated above.

In conclusion, the results from our study suggest that DLL1 contributes to the pro-carcino-
genic features of human BC MCF-7, BT474 and MDA-MB-231 cells. In MCE-7 cells, DLL1
supports proliferation and survival, partly through mechanisms that rely on the modulation of
the expression of key genes controlling these cellular processes (e.g. p21, CDK2, SKP2, BCL2,
and BIRC5). In BT474 cells, DLL1 promotes clonogenic growth and initial growth stages, and
in MDA-MB-231 cells it potentiates migration and invasion. Our findings shed light on the
role of DLL1 in different human BC cells and unravel possible mechanisms through which
DLL1 exerts its function in MCF-7 cells.

Supporting information

S1 Fig. Effect of DLL1 downregulation on the cell cycle progression of MCF-7, BT474 and
MDA-MB-231 cells. Cells were not transfected (NT), transfected with DLL1-siRNAs or nega-
tive control (Ctr) siRNA as indicated. At 72, 86 and 98 hours following transfections cells were
collected, fixed, stained with propidium iodide, and DNA content was evaluated by flow
cytometry. DLL1 downregulation in MCEF-7 cells, but not in BT474 and MDA-MB-231 cells,
resulted in an increase in the number of cells in the G1 phase population and a decrease in the
number of cells in the S and G2/M phases populations. The graph show mean percentage of
cells (£ SD) in each phase of the cell cycle at each analyzed time point from triplicate samples
in one of three independent experiments for each cell line.
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