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A B S T R A C T

Metastasis is the main cause of cancer related deaths, and unfolding the molecular mechanisms underlying
metastatic progression is critical for the development of novel therapeutic approaches. Notch is one of the key
signaling pathways involved in breast tumorigenesis and metastasis. Notch activation induces pro-metastatic
processes such as migration, invasion and epithelial to mesenchymal transition (EMT). However, molecular
mediators working downstream of Notch in these processes are not fully elucidated. CYR61 is a secreted protein
implicated in metastasis, and its inhibition by a monoclonal antibody suppresses metastasis in xenograft breast
tumors, indicating the clinical importance of CYR61 targeting. Here, we aimed to investigate whether CYR61
works downstream of Notch in inducing pro-metastatic phenotypes in breast cells. We showed that CYR61
expression is positively regulated by Notch activity in breast cells. Notch1-induced migration, invasion and
anchorage independent growth of a normal breast cell line, MCF10A, were abrogated by CYR61 silencing.
Furthermore, upregulation of core EMT markers upon Notch1-activation was impaired in the absence of CYR61.
However, reduced migration and invasion of highly metastatic cell line, MDA MB 231, cells upon Notch in-
hibition was not dependent on CYR61 downregulation. In conclusion, we showed that in normal breast cell line
MCF10A, CYR61 is a mediator of Notch1-induced pro-metastatic phenotypes partly via induction of EMT. Our
results imply CYR61 as a prominent therapeutic candidate for a subpopulation of breast tumors with high Notch
activity.

1. Introduction

Breast cancer is the most frequently diagnosed cancer and the
leading cause of cancer related deaths among women (Ferlay et al.,
2013). Metastasis is the main reason of the deaths, decreasing five-year
survival rates from 85 % for patients with regional metastasis to 27 % in
case of distant metastasis (Howlader et al., 2017). Uncovering the
molecular mechanisms underlying metastatic progression is of utmost
interest to define targetable molecules for the development of novel
therapeutic approaches.

Notch signaling, which is long known for its importance in devel-
opment and tissue homeostasis, is also one of the key signaling path-
ways involved in metastasis in several cancer types including breast
(Siebel and Lendahl, 2017). Upon interaction of Notch receptors
(Notch1-4) with ligands (Delta-like-ligand1, -3, -4 and Jagged1, -2),
two subsequent cleavages release Notch intracellular domain, which
translocates to the nucleus to activate its target genes. High expression

levels of Jagged1 and Notch1 in gastric cancer (Yeh et al., 2009) and
both Jagged1 and Jagged2 in breast cancer patients (Sethi et al., 2011;
Xing et al., 2011) were correlated with invasiveness and metastasis,
pointing to the clinical importance of Notch signaling in metastatic
progression. At the cellular level, several cell line studies revealed that
Notch activation induces pro-metastatic cellular processes, including
migration, invasion, and epithelial to mesenchymal transition (EMT) in
glioma (Zhang et al., 2012), hepatocellular carcinoma (Wang et al.,
2012; Zhou et al., 2012), lung (Matsuno et al., 2012; Xie et al., 2012),
stomach (Hsu et al., 2012) and pancreas (Bao et al., 2011) cancers.
Specifically in breast cancer cell lines, Notch signaling activation by
different factors such as hypoxia (Xing et al., 2011), IL6 signaling
(Studebaker et al., 2008) or KLF4 expression (Yu et al., 2011), increased
migration and invasion abilities of the cells, while its inhibition reduced
brain metastasis of breast cancer cell line MDA MB 231 (McGowan
et al., 2011). In parallel, Notch activation at the downstream of hypoxia
or TGFβ signaling induced EMT, along with upregulation of the core
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EMT regulators such as SNAI1 and SNAI2 (also known as Slug, a direct
target of Notch pathway) (Chen et al., 2010; Zhang et al., 2010). NFκB
(Wang et al., 2006; Zhang et al., 2012), GATA3 (Yang et al., 2011) and
STAT3 (Hsu et al., 2012) were implicated in downstream of Notch
signaling in inducing metastatic phenotypes in glioblastoma, pancreas,
lung and stomach cancers. In breast cancer cell lines, Jagged2 expres-
sion and consequent Notch activation was shown to induce invasion
through AKT phosphorylation (Xing et al., 2011). Apart from the few
molecules mentioned above, downstream mediators of Notch during
induction of metastasis are not fully elucidated. Distinct functions of
different Notch receptors in breast cancer and metastasis await further
investigation. Here, we mainly focused on Notch1, which is one of the
first receptors to be associated with breast cancer. It has been widely
studied in different cancer types and was shown as an important player
for disease progression in different contexts (Guo et al., 2011;
Ranganathan et al., 2011).

CYR61 (also known as CCN1) is a secreted protein that has a well-
established pro-tumorigenic role in breast cancer. Its high expression is
correlated with poor prognosis and lymph node metastasis (Jiang et al.,
2004; Tsai et al., 2000). CYR61 overexpression increased migration and
invasion, while its silencing decreased invasion and transendothelial
migration of breast cancer cells (Huang et al., 2017; Li et al., 2012;
Sanchez-Bailon et al., 2015; Sarkissyan et al., 2014). In xenograft
models, CYR61 was implicated in metastasis of breast cancer cells
mainly through generation of a pro-angiogenic tumor microenviron-
ment and increased vascularization, which correlate with its ability to
promote vascular endothelial growth factor secretion (Espinoza et al.,
2014; Harris et al., 2012; Tsai et al., 2002). Silencing of CYR61 reduced
extravasation of breast cancer cells to lung and subsequent lung me-
tastasis (Huang et al., 2017). Furthermore, induction of Vimentin, Twist
and N-cadherin in response to CYR61 overexpression in pancreatic
cancer and osteosarcoma cells suggest that CYR61 might exert its me-
tastatic functions through regulation of EMT (Haque et al., 2012, 2011).

In this study, we investigated whether CYR61 plays a role in the
downstream of Notch signaling to develop a pro-metastatic phenotype
in breast cells. We found that CYR61 expression is regulated by Notch
activity both in normal breast (MCF10A) and breast cancer (MDA MB
231) cell lines. We showed that in MCF10A cells, CYR61 is required for
Notch1-induced migration, invasion and anchorage independent
growth. Furthermore, Notch1 activation was only able to upregulate
mesenchymal markers in the presence of CYR61, suggesting that EMT
could be the underlying mechanism in the manifestation of pro-meta-
static phenotypes exerted by Notch1 – CYR61 interaction.

2. Materials and methods

2.1. Cell lines, viral infections and treatments

MCF10A and MDA MB 231 cells were obtained from ATCC.
MCF10A were cultured in high glucose containing DMEM-F12 (GIBCO)
supplemented with 5 % Horse Serum (Biological Industries), 20 ng/ml
EGF (Sigma), 0.5 μg/mL Hydrocortisone (Sigma), 100 ng/ml Cholera
Toxin (Sigma), 10 μg/mL Insulin (Sigma) and 1 % Penicillin/
Streptomycin (GIBCO). MDA MB 231 breast cancer cell line was cul-
tured in high glucose containing DMEM (GIBCO) supplemented with 10
% Fetal Bovine Serum (FBS) (GIBCO) and 1 % Penicillin/Streptomycin
(GIBCO). All cell lines were maintained in a humidified incubator with
5 % CO2 at 37 °C. Notch signaling was activated by overexpression of
Notch1 intracellular domain using either MSCV-NICD retrovirus
(Yalcin-Ozuysal et al., 2010) or pLenti-GFP-NICD lentivirus. NICD
cDNA from MSCV-NICD was subcloned into pLenti-GIII-CMV-GFP-2A-
Puro (abm) with BamHI and XbaI for GFP labeling in addition to Notch
activation. Notch activity was inhibited by silencing of canonical Notch
mediator CSL via shRNA expressed from pLKO.1 vector (shCSL)
(Procopio et al., 2015; Zengin et al., 2015) or 90 μM DAPT treatment.
CYR61 was silenced by expression of shRNA from pLKO.1 vector

(shCYR61) and CYR61 cDNA was overexpressed using lentiviral vector
(Huang et al., 2017). Empty MSCV or pLenti-GFP vectors for NICD and
CYR61 expression, and shRNA against GFP for shCSL and shCYR61
were used as controls. Equal volume of DMSO was used as control for
DAPT treatments. Viruses were prepared and cells were infected as
described previously (Yalcin-Ozuysal et al., 2010; Zengin et al., 2015).
Stable cell lines were generated by 10 μg/ml puromycin selection. Viral
titrations were assessed on NIH-3T3 cells, which were seeded on 6-well
plates and infected with serial virus dilutions. 48 h after infection the
cells were transferred to 10 cm plates in the presence of 10 μg/ml
puromycin. Puromycin selection continued until uninfected cells die.
Then colonies formed in every virus dilution were counted and viral
preps that have equal colony forming capacity were used in the ex-
periments.

2.2. RNA isolation and qRT-PCR

Total RNA was isolated by using Pure-link RNA Mini Kit (Ambion)
and treated with PureLinkTM DNase (Invitrogen) to prevent DNA
contamination. cDNA was synthesized with Fermantas First Strand
cDNA Synthesis Kit (Thermo Scientific) from 1 μg total RNA using
random hexamer primers. PCR amplification and detection was done on
Roche- LightCycler 96 Real Time PCR Detection System using Maxima
SYBR Green qPCR Master Mix (Thermo Scientific). TATA box binding
protein (TBP) was used for normalization as housekeeping gene and
relative mRNA levels were calculated using delta-delta Ct method. Each
experiment is normalized to its own control condition. At least three
independent experiments were done and Student’s t-test method was
used for statistical analysis. Following primer pairs were used: CYR61
5′-AAGGGGCTGGAATGCAACTT-3′, 5′-CTGCCCGGTAACTTTGACCA-3′;
HEY2 5′-AAGATGCTTCAGGCAACAGG-3′, 5′-GCACTCTCGGAATCCTA
TGC-3′; Jagged1 5′-GACTCATCAGCCGTGTCTCA-3′, 5′-GGGGAACACT
CACACTCAAA-3′; Jagged2 5′-CAATGGTGGCATCTGTGTTG-3′, 5′-GCG
ATACCCGTTGATCTCAT-3′; Notch1 5′-CACTGCGAGGTCAACAC
AGA-3′, 5′-GCACACTCGTCCACATCGTA-3′; Notch2 5′-TGTGCCTCAAA
TCCATGCCT-3′, 5′-ATGGTACACCGCTGACCTTG-3′; Notch3 5′-GCAGC
GATGGAATGGGTTTC-3′, 5′-CTGCCAGGTTGGTGCAGATA-3′; Notch4
5′-TTCCACTGTCCTCCTGCCAGAA-3′, 5′-TGGCACAGGCTGCCTTGGA
ATC-3′; SNAI1 5′-CTAGGCCCTGGCTGCTACAA-3′,5′-TGTGGAGCAGGG
ACATTCG-3′; SNAI2 5′-CTCCTCATCTTTGGGGCGAG-3′, 5′-TTCAATGG
CATGGGGGTCTG-3′; TBP 5′-TAGAAGGCCTTGTGCTCACC-3′, 5′-TCTG
CTCTGACTTTAGCACCTG-3′; ZEB15′−CCCAGGTGTAAGCGCAGAAA-
3, 5′-GTCTGGTCTGTTGGCAGGTC-3′; ZEB2 5′-ATAAGGGAGGGTGGA
GTGGAA-3′, 5′-GTTAATTGCGGTCTGGATCGTG-3′.

2.3. Protein isolation and western blot analysis

Total protein was isolated by freshly prepared RIPA Lysis Buffer and
homogenized with 26 G syringe. Protein concentrations were de-
termined with Bradford assay. 60 μg of protein sample were run on
SDS-Gel and transferred to PVDF membranes for detection by chemi-
luminescence by using Vilber Fusion SL Imaging System. Images were
quantified by ImageJ Gel Analysis Tool. Intensity values of related
bands were normalized to values of Beta-actin housekeeping protein.
Student’s t-test was used for statistical calculations. Following primary
antibodies were used: anti-β-actin (Abcam, AB75186, 1/3000), anti-
CYR61 (Abcam, AB127988, 1/400), anti-HEY2 (Abcam, AB184246, 1/
500), anti-SNAI2 (Cell Signaling Technology, 9585S, 1/1000), anti-
Vimentin (Cell Signaling Technology, 5741 P, 1/1000).

2.4. Wound healing migration assay

24 h after seeding 1 × 106 MCF10A and 7.5 × 105 MDA MB 231
cells/well on 12-well plates, cells were treated with a final concentra-
tion of 10 μg/ml mitomycin C for two hours. Then, scratch was in-
troduced with a 10 μl pipette tip and mitomycin C containing medium
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was replaced with serum free medium. Cells were observed under Leica
DMI8 confocal microscope in incubation chamber for 3 days at 37 °C
with 5 % CO2. Three positions per well were monitored and the open
areas were quantified by MRI Wound Healing Tool macro on ImageJ.
Open area percentages were calculated for each position in three in-
dependent experiments and Student’s t-test was used for statistical
analysis.

2.5. Invasion analysis

Three channel lab-on-a-chip system (Initio) was used for invasion
analysis (Fig. S4). Growth factor reduced matrigel (BD) was mixed with
pre-cooled serum free medium in 1:1 ratio, loaded into the middle
channel and polymerized at 37 °C for 30 min. Then, lower channel was
loaded with 20 % serum containing medium and upper channel with
GFP-labeled 1 × 106 MCF10A or MDA MB 231 cells/ml in serum free
medium. Chips were incubated vertically at 37 °C, 5 % CO2 in humi-
dified incubator for three days. Each day chips were placed flat and
visualized under Leica DMI8 confocal microscope. Each position was
scanned throughout the matrigel for 500 μm and a Z-stack image was
generated. For quantification, a specific threshold value for each day
was applied to images of all conditions on the same experiment. Then,
the distance of each bright pixel to the starting line segment, which
defines the border of matrigel channel, was calculated by a Python
program we developed. For each position, data are transformed in order
to standardize Day 1 distribution to have a mean of zero and standard
deviation of 1. Then, the distribution of distances were displayed using
box plots on RStudio (RStudio Team, 2016). Student’s t-test was used
for statistical analysis.

2.6. Soft agar colony formation assay

30,000 cells/well in 0.35 % noble agar (BD Difco) were plated on
top of a solidified layer of 0.5 % noble agar prepared in growth medium
in 6-well plates. Cells were fed with fresh growth medium twice a week
for 8 weeks. Then, colonies were stained with 0.005 % crystal violet
and analyzed under Leica DMI8 confocal microscope. For each condi-
tion, five fields per well were analyzed. From each field, three images
(each focused on a different Z layer) were taken. Only the colonies that
were in focus and bigger than 30 μm in diameter were counted. Total
colony numbers were normalized to control condition in each of three
independent experiments. Student’s t-test was used to calculate statis-
tical significance.

3. Results

3.1. CYR61 expression is regulated by Notch signaling in breast cell lines

In order to understand whether CYR61 expression is controlled by
Notch signaling, we activated this pathway in normal breast epithelial
cell line MCF10A, which has very low levels of endogenous Notch ac-
tivity (Mazzone et al., 2010; Rustighi et al., 2009; Shao et al., 2015;
Stylianou et al., 2006). Overexpression of the active form of the Notch1
receptor is known to induce transformation, resistance to apoptosis,
epithelial to mesenchymal transition, migration and invasion in
MCF10A cells (Mazzone et al., 2010; Rustighi et al., 2009; Stylianou
et al., 2006; Zhang et al., 2015). So, we activated Notch signaling via
overexpression of Notch1 intracellular domain (NICD) as well and used
expression of one of the well-known Notch target genes, HEY2, as a
readout for pathway activation. HEY2 mRNA expression was increased
by 250 fold (Fig. 1A), while its protein expression was upregulated by
3.6 fold (Fig. 1B and C), indicating that Notch1 is activated successfully
in MCF10A cells. In response to Notch1 activation, CYR61 expression
was increased by 9 fold at the mRNA level (Fig. 1A) and by 26 fold at
the protein level (Fig. 1B and C). CYR61 was previously shown to po-
sitively regulate Jagged1 expression and Notch1 intracellular domain in

pancreatic cancer cell lines (Haque et al., 2012; Kim et al., 2015). Thus,
we overexpressed CYR61 to test whether it regulates Notch pathway
components in MCF10A cells as well. We observed that overexpression
of CYR61 did not affect the mRNA expression of Notch receptors or
Jagged ligands (Fig. S1). Although our data do not exclude the possi-
bility that CYR61 acts upstream of Notch signaling in MCF10A cells, it
indicates that there is no regulation at the transcriptional level.

In order to elucidate whether transcriptional control of CYR61 by
Notch signaling could be extended to different breast cell types, in MDA
MB 231 cells we silenced CSL (also called RBPjκ), the transcriptional
mediator of canonical Notch signaling that works downstream of all the
Notch receptors. MDA MB 231 is a metastatic basal type breast cancer
cell line that expresses all the Notch receptors and has high endogenous
Notch activity (Azzam et al., 2013; Bolos et al., 2013; Harrison et al.,
2010; Nagamatsu et al., 2014; Stylianou et al., 2006). Infection of MDA
MB 231 cells with shRNA against CSL (shCSL) decreased HEY2 mRNA
expression by 70 % (Fig. 1 D) and protein expression by 63 % (Fig. 1E
and 1 F), indicating the inhibition of Notch activity. Then, we analyzed
expression of CYR61 and showed that both mRNA (Fig. 1D) and protein
(Fig. 1E and 1 F) levels were decreased by 55 %.

Taken together, our data showed that mRNA and protein expression
of CYR61 is positively regulated by Notch signaling activity in both
normal breast and breast cancer cell lines.

3.2. CYR61 is a mediator of Notch1-induced migration and invasion

Since both Notch signaling and CYR61 are implicated in metastasis
of breast cancer, next we investigated whether CYR61 plays a func-
tional role downstream of Notch signaling in pro-metastatic behaviors
of breast cells. First, we generated two conditions in which Notch sig-
naling was activated in the absence or presence of CYR61. For this
purpose, we co-infected MCF10A cells with one type of virus for
overexpression of Notch1 Intracellular domain (NICD) and another one
for silencing of CYR61 (shCYR61). We showed that Notch1-induced
CYR61 upregulation was abrogated by the expression of shRNA against
CYR61 (shCYR61) (Fig. S2A and S2B). In NICD overexpressing cells,
CYR61 protein levels decreased to 31 % in response to shCYR61 in-
fection (Fig. S2C).

We analyzed the effects of CYR61 silencing on Notch1-induced
migration by wound healing assay. At all time points we analyzed after
scratching, MCF10A cells overexpressing NICD (NICD – Control) closed
the wound better than control infected cells (Fig. 2A). On the other
hand, cells with active Notch1 receptor failed to close the gap as quickly
when CYR61 was silenced (NICD – shCYR61) (Fig. 2A). Open area of
the control cells (Control – Control) declined slowly over time, to 84 %,
57 % and 30 % at 12, 24 and 36 h, respectively (Fig. 2B). Cells with
active Notch1 signaling in the presence of endogenous CYR61 (NICD –
Control) closed the gap faster, showing 69 %, 28 % and 12 % of open
area at the respective time points (Fig. 2B). However, percentage of
open area was significantly increased in the absence of CYR61 (NICD –
shCYR61) to 85 %, 68 % and 44 % at the same time points, regardless of
Notch1 activation (Fig. 2B). These results indicate that CYR61 upre-
gulation is required for Notch1-induced migration in MCF10A cells.

Next, we investigated whether Notch1-induced invasion is affected
by the absence of CYR61. For this purpose, we utilized a three channel
lab-on-a-chip system, which allows day by day visualization of cell
invasion through 3D matrigel environment towards serum rich medium
(Fig. S3). As expected, control MCF10A cells (Control – Control), non-
invasive per se, did not move towards matrigel considerably, while
Notch1 activation in the presence of endogenous CYR61 (NICD –
Control) resulted in the invasion of MCF10A cells within matrigel to-
wards serum (Fig. 2C and Fig. S4). Silencing of CYR61 (NICD –
shCYR61) reduced Notch1-induced invasion to a level comparable to
the control condition (Figs. 2C and S4). In order to quantify invasive-
ness of the cells, we applied threshold to the z-stack images, and then
measured the distance of all the bright pixels to the border line between
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matrigel and cell channels (Fig. 2C, vertical white dashed line seg-
ments). The quantification of three independent experiments (images
shown in Figs. 2C and S4) together demonstrates that cells with Notch1
activity (NICD – Control) invaded longer distances than the control
(Control - Control), while silencing of CYR61 significantly decreased
the distance invaded even though Notch1 signaling was activated
(Fig. 2D). Altogether, our data suggest that CYR61 is required for
Notch1-induced invasion of MCF10A cells.

Migration and invasion of MDA MB 231 cells are impaired by γ-
secretase inhibitors that prevent the cleavage of all the Notch receptors,
thus inhibiting their activity. (Azzam et al., 2013; Harrison et al., 2010).
We next asked whether these phenotypes could be attributed to reduced
CYR61 expression upon Notch inhibition. For the migration and inva-
sion assays, we treated MDA MB 231 cells with DAPT, a γ-secretase
inhibitor. Similar to silencing of CSL, DAPT also works as a pan-Notch
inhibitor. HEY2 mRNA expression was significantly reduced in response
to DAPT treatment, suggesting that Notch signaling is inhibited (Fig. S5,
right panel).For our purpose, we infected MDA MB 231 cells with either
control or CYR61 overexpressing virus. Then, stably infected cells were
treated with DAPT. As intended, in response to DAPT treatment CYR61
expression was downregulated by 50 % in control infected cells and
upregulated by 2.9 fold in the overexpression group (Fig. S5, left panel).

Migration capacity of MDA MB 231 cells treated with DAPT in the
presence or absence of CYR61 overexpression was assessed by wound
healing assay (Fig. 3A). DAPT treatment (DAPT – Control) resulted in a
significant increase in the percentage of open area 27 h after the
treatment (Fig. 3B). Notably, CYR61 overexpression (DAPT – CYR61)
did not rescue the wound closure defect in DAPT treated cells, but on
the contrary, it reduced the closure rate significantly at all the analyzed
time points (Fig. 3B). Conceivably, invasion of MDA MB 231 cells was
reduced in response to DAPT treatment (DAPT – Control) (Figs. 3C and
S6). In the presence of CYR61 overexpression (DAPT – CYR61), the

inhibitory effect of DAPT treatment was slightly reduced but an ap-
parent rescue was not observed (Fig. 3D).

Altogether, our data show that Notch1-induced migration and in-
vasion depend on CYR61 upregulation in normal cells. However, re-
storation of CYR61 expression is not sufficient to rescue anti-migratory
or anti-invasive effects of Notch inhibition in metastatic breast cancer
cells.

3.3. CYR61 is a mediator of Notch1-induced anchorage independent growth

Anchorage independent growth is considered as another pro-meta-
static trait (Mori et al., 2009). Both Notch activity and CYR61 over-
expression were independently shown to induce anchorage in-
dependent growth of cancer cells (Guo et al., 2011; Lin et al., 2004).
Therefore, to further elucidate the role of CYR61 in pro-metastatic
functions of Notch, we analyzed anchorage independent growth capa-
city of MCF10A clones in soft agar (Fig. 4A). In order to make sure that
the stable clones maintained the expression patterns during soft agar
assay, relative mRNA expression of HEY2 and CYR61 were analyzed.
Notch activity remained high in NICD infected cells as demonstrated by
increased HEY2 expression (Fig. S7, right panel). Furthermore, cells
stably expressing NICD had increased CYR61 levels compared to control
cells, while shCYR61 infection kept CYR61 levels lower (Fig. S7, left
panel). Colony formation capacity in soft agar was increased by 1.9 fold
in MCF10A cells with Notch1 activation (NICD – Control), while CYR61
silencing (NICD – shCYR61) reduced it significantly (Fig. 4B). Overall,
our data indicate that CYR61 is a downstream mediator of Notch1
signaling in inducing anchorage independent growth.

Fig. 1. CYR61 expression is positively regulated by Notch signaling in breast cells. (A) mRNA and (B) protein expressions of CYR61 and Notch target gene HEY2 were
analyzed 48 h after infection of MCF10A cells with control or Notch1 intracellular domain (NICD) overexpressing virus. (C) Densitometric analysis of the above three
western blots are shown. (D) mRNA and (E) protein expression of CYR61 and HEY2 were analyzed 48 h after infection of MDA MB 231 cells with virus expressing
shRNA against Notch mediator CSL (shCSL) or GFP (Control). (F) Densitometric analysis of the above three western blots are shown. Relative expression levels were
normalized to control. Data is represented as mean±S.D. of three independent experiments. (I, II and III stand for three independent infection experiments.)
(*p< 0.05, **p<0.009).
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3.4. CYR61 is required for Notch1-induced upregulation of mesenchymal
markers

Epithelial to mesenchymal transition (EMT) is a process that plays a
critical role in many stages of cancer progression including migration,
invasion, stem cell traits and metastasis (Lamouille et al., 2014).
Therefore, we investigated whether the deficiency in Notch1-induced
migration, invasion and anchorage independent growth upon CYR61
silencing could be explained by impaired EMT. We analyzed the ex-
pression of EMT core regulators, SNAI1, SNAI2 (also known as Slug),
ZEB1 and ZEB2 in response to Notch1 activation in the presence or
absence of CYR61. mRNA expression levels of all the core regulators
were increased upon Notch1 activation, but reduced significantly when
CYR61 was silenced (Fig. 5A). The same pattern was observed for
protein expression level of SNAI2, which was increased by approxi-
mately 3 fold upon Notch1 activation and decreased significantly in the
absence of CYR61 (Fig. 5B, and 5C). In addition, protein expression of
Vimentin increased 3-fold upon Notch1 induction and decreased with
CYR61 inhibition (Fig. S8A and S8.B).

In MDA MB 231 cells, CYR61 mRNA and protein expression levels
were significantly reduced in cells treated with DAPT (DAPT – Control)
(Fig. S9A right panel, Fig. S9B and Fig. S9C right panel). EMT core
regulator SNAI2 protein levels were strikingly downregulated in re-
sponse to Notch pathway inhibition by DAPT treatment (DAPT –
Control) and remained low despite CYR61 overexpression (DAPT –
CYR61) (Fig. 5D and 5E). However, SNAI2 mRNA expression was not
significantly altered upon either DAPT treatment or CYR61 over-
expression (Fig. S9A left panel). A similar expression pattern was also
observed in mRNA and protein expression level of Vimentin (Fig. S9A
middle panel, Fig. S9B and Fig. S9C left panel).

Overall our data suggest that transcriptional regulation of CYR61 by
Notch signaling activity is conserved between normal and cancer breast
cell lines. However, functional requirements for upregulation of CYR61
expression in Notch induced migration and invasion depends on the
cellular context, which correlates with the ability to elevate SNAI2
protein levels.

4. Discussion

Small molecule inhibitors that target γ-secretases and monoclonal
antibodies against Notch receptors and ligands are being tested in a
significant number of clinical trials against several cancer types in-
cluding breast and pancreatic cancers (Lamy et al., 2017; Takebe et al.,
2014). Thus, it is crucial to understand the downstream molecular
networks that control the outcome of Notch activation or inhibition in
different contexts. In this respect, to the best of our knowledge, we
showed for the first time that CYR61 is a mediator of Notch1 induced
pro-metastatic phenotypes in normal breast cells partly via induction of
EMT. CYR61 – Notch interaction has been previously investigated in
endothelial cells and pancreatic cancer. In endothelial cells, CYR61
activated Notch signaling in an integrin-dependent manner (Chintala
et al., 2015). In pancreatic cancer cell lines, silencing of CYR61 reduced
Jagged1 expression and Notch1 intracellular domain protein levels
placing CYR61 upstream of Notch signaling as a positive regulator
(Haque et al., 2012; Kim et al., 2015). In the present study, we showed
that CYR61 did not affect mRNA expression of Notch receptors or li-
gands in MCF10A cells (Fig. S1), failing to suggest that it acts upstream
of Notch. Furthermore, in pancreatic cancer cells inhibition of Notch
signaling by DAPT (γ-secretase inhibitor) treatment had no effect on
CYR61 expression (Haque et al., 2012), contrary to the substantial

Fig. 2. CYR61 silencing impairs Notch1-induced migration and invasion of MCF10A cells. (A) Representative images of MCF10A cells with Notch1 activation in the
absence (NICD – shCYR61) or presence (NICD – Control) of CYR61 at 0, 12, 24 and 36 h after scratching are shown. (B) Percentage of open area for each condition are
plotted for 12, 24 and 36 h after scratching. Each dot represents one area analyzed and line segment represents average of three independent experiments. (C) Z-stack
images of GFP labeled MCF10A cells with Notch1 activation in the absence (NICD – shCYR61) or presence (NICD – Control) of CYR61 at day 1, 2 or 3 after loading are
shown. Dashed lines mark the middle channel filled with matrigel. Black arrows show direction of invasion. The images of one representative experiment out of three
are shown. (D) Following thresholding of the Z-stack images, distance of each bright pixel to starting line (vertical dashed line indicating the beginning of matrigel
channel) was calculated in three independent experiments. All the distance values from three independent experiments were plotted after the data were normalized
to day 1 for each condition. (Scale bar: 100 μm) (*p< 0.02, **p<0.07 × 10−2, *** p< 0.03 × 10-3, **** p<0.05 × 10-10).
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evidence we provide here that both DAPT treatment and CSL silencing
reduced CYR61 mRNA and protein levels in breast cancer cell line MDA
MB 231. Overall, the way Notch signaling and CYR61 interact should be
considered as a tissue specific process, which can go in both directions.

Here, we focused on Notch1 receptor in MCF10A cells, but it is
plausible to consider that Notch – CYR61 interaction might not be
limited to a single Notch receptor. In MDA MB 231 cells, CYR61 ex-
pression was downregulated in response to Notch inhibition via silen-
cing of CSL or treatment of DAPT, both of which inhibit the Notch
pathway through all four receptors. In recent years, Notch3 was im-
plicated in aggressive phenotypes such as resistance to therapy (Diluvio
et al., 2018; Sansone et al., 2016) and invasiveness in both breast
cancer (Leontovich et al., 2018) and T-cell acute lymphoblastic leu-
kemia (T-ALL) (Franciosa et al., 2016). In T-ALL, both Notch1 and
Notch3 act through the same mediator, CXCR4, which is associated to
hypoxic tumor environment that enhances metastasis, same as CYR61
(Ferrandino et al., 2018; Kuonen et al., 2012; Pitt et al., 2015). T-ALL
tumor cells that overexpress active Notch1 receptor were positive for
CXCR4 that kept them in contact with vascular endothelial cells in the
bone marrow niche, and increased infiltration of tumor cells to distant
tissues such as liver and lung (Pitt et al., 2015). In another T-ALL model
that was generated by overexpression of Notch3 ICD, tumor cells also
expressed high levels of CXCR4 (Ferrandino et al., 2018). In parallel
with the Notch1 T-ALL model, migration of Notch3 ICD positive cells
from thymus to bone marrow and infiltration to spleen were dependent

on CXCR4 function (Ferrandino et al., 2018). Therefore, whether
CYR61 acts downstream of Notch3, similar to Notch1, in induction of
pro-metastatic traits in breast cancer is a legitimate question that re-
quires further investigation.

The pro-tumorigenic role of CYR61 in breast cancer was mainly
established in cancer cell lines. Specifically, inhibition of CYR61 sup-
pressed migration, invasion and metastasis of MDA MB 231 cells
(Huang et al., 2017; Sanchez-Bailon et al., 2015). Reduced CYR61 also
sensitized MDA MB 231 cells to anoikis (Huang et al., 2017), which is
consistent with our observation showing that Notch1-induced ancho-
rage independent growth being impaired upon CYR61 silencing in
MCF10A cells. Overall, our findings demonstrate that the pro-meta-
static role of CYR61 also applies to an immortalized yet normal breast
cell line, MCF10A, downstream of Notch signaling. Thus, the data we
present expand the implications of CYR61 inhibition to the earlier
stages of tumorigenesis, which is modeled here by a normal cell line,
MCF10A, acquiring pro-metastatic traits by Notch1 activation.

In MDA MB 231 cell line, which models advanced stages of breast
cancer and is highly metastatic, CYR61 overexpression failed to rescue
anti-migratory and anti-invasive phenotypes observed upon Notch in-
hibition. This result suggests that at the advanced stage of breast
cancer, Notch activity regulates a range of downstream molecules and
its overall function could not be attributed to CYR61 alone. This ob-
servation could also be associated with a negative feedback loop that
regulates molecules acting in migration. In addition to the downstream

Fig. 3. Overexpression of CYR61 does not rescue impaired migration and invasion of MDA MB 231 cells upon DAPT treatment. (A) Representative images of MDA MB
231 cells treated with Notch inhibitor DAPT in the absence (DAPT – Control) or presence (DAPT – CYR61) of CYR61 overexpression at 0, 9, 18 and 27 h after
scratching are shown. (B) Percentage of open area for each condition are plotted for 9, 18 and 27 h after scratching. Each dot represents one area analyzed and line
segment represents average of three independent experiments. (C) Z-stack images of GFP labeled MDA MB 231 cells treated with Notch inhibitor DAPT in the absence
(DAPT – Control) or presence (DAPT – CYR61) of CYR61 overexpression at day 1 or 2 after loading are shown. Dashed lines mark the middle channel filled with
matrigel. Black arrows show direction of invasion. The images of one representative experiment out of three are shown. (D) Following thresholding of the Z-stack
images, distance of each bright pixel to starting line (vertical dashed line indicating the beginning of matrigel channel) was calculated in three independent
experiments. All the distance values from three independent experiments were plotted after the data were normalized to day 1 for each condition. (Scale bar: 100 μm)
(*p< 0,05 × 10−3, ** p< 0.05 × 10-10).
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role of CYR61 in the Notch pathway shown here, CYR61 is also a target
of YAP/TAZ complex, which is involved in the regulation of tissue
homeostasis and cancer development as the major effectors of Hippo
pathway (Zhang et al., 2011). YAP/TAZ was shown to activate its own
negative regulators LATS1/2, which in turn limit cell migration induced

by YAP activation (Moroishi et al., 2015). Overexpression of CYR61 in
MDA MB 231 cells could trigger a similar negative feedback loop,
which would result in reduced migration.

Our results suggest that SNAI2 could have a central role in EMT
deregulation at the early stages of Notch induced breast tumorigenesis.
Although we observed a positive correlation between expression of
CYR61 and SNAI2 in MCF10A cells, decrease in SNAI2 expression upon
Notch inhibition could not be rescued by CYR61 overexpression in MDA
MB 231 cells. Since failure of CYR61 overexpression to restore SNAI2
protein levels in MDA MB 231 cells correlates with inability to rescue
impaired migration and invasion phenotypes, SNAI2 emerges as a key
player in Notch induced pro-metastatic traits. Apart from its core role in
EMT, it was also reported and consistent with our findings that SNAI2 is
an indispensable player for migration, invasion and metastasis of dif-
ferent cancer cell types including breast; acting downstream of different
signals such as Notch, NK-κB, AKT, VEGF, RUNX2 and p63 (Chimge
et al., 2011; Dang et al., 2015; Fenouille et al., 2012; Ferrari-Amorotti
et al., 2014; Kim et al., 2017; Liu et al., 2018). Therefore, potential role
of Slug in Notch-mediated migration and invasion, particularly focusing
on downstream of Notch- CYR61 axis in early stage, and other potential
players taking over the role of CYR61 at the later stages of breast cancer
with high Notch activity should be further investigated.

Along with the experimental data, correlation of high CYR61 ex-
pression with increased recurrence, poor prognosis and lymph node
metastasis in breast cancer patients (Jiang et al., 2004; Mayer et al.,
2017) highlight CYR61 as a prominent candidate for the development
of therapeutic strategies. In this respect, it is promising that primary
tumor growth and lymph node metastasis in MDA MB 231-derived
xenograft tumors were suppressed by a monoclonal antibody against
CYR61 (Li et al., 2012). In light of our findings that place CYR61 as a
crucial mediator of Notch induced pro-metastatic traits, we could
speculate that a subpopulation of breast cancer patients at the early
stages of the disease could benefit from a combination of both Notch
and CYR61 inhibitors. Moreover, a tight regulation of Notch signaling is

Fig. 4. CYR61 silencing reduces the number of soft agar colonies formed by
MCF10A cells with active Notch1 signaling. (A) Representative images from
three different focal planes of the same area showing soft agar colonies of
MCF10A with Notch1 activation in the absence (NICD – shCYR61) or presence
(NICD – Control) of CYR61. Only colonies in focus and are larger than 30 μm in
diameter were counted. Arrows indicate the counted colonies in each focal
plane. (Scale bar: 100 μm). (B) Quantification of three independent experiments
are shown. Total colony numbers were normalized to control condition for each
experiment. (I, II and III stand for three independent experiments.) (*p< 0.05).

Fig. 5. CYR61 silencing impairs Notch1-induced upregulation of mesenchymal markers. (A) mRNA expressions of mesenchymal marker genes, CYR61 and HEY2, (B)
protein expression of SNAI2 were analyzed 48 h after co-infection of MCF10A cells with two viruses; one for activating Notch1 signaling (NICD), and the other for
silencing CYR61 (shCYR61). (C) Densitometric analysis of three SNAI2 western blots shown in (B). (D) SNAI2 protein expression were analyzed 48 h after treatment
of MDA MB 231 cells with Notch inhibitor DAPT in the presence or absence of CYR61 overexpression. (E) Densitometric analysis of three SNAI2 western blots shown
in (D). Data is represented as mean± S.D. of three independent experiments. Relative expression levels were normalized to control condition (Ctrl-Ctrl). Ctrl-Ctrl
represents infection with two control viruses in MCF10A experiments (A–C), and one control virus infection and DMSO treatment in MDA MB 231 experiments (D
and E). TBP and Actin were used as endogenous controls for mRNA and protein analysis, respectively. (I, II and III stand for three independent infection experiments.)
(First condition (Ctrl-Ctrl) in all the western blot images were cropped from a nonadjacent lane on the same gel with the other two conditions.) (*p< 0.05,
**p<0.008, ***p<0.02 × 10−5).
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crucial for the maintenance of tissue homeostasis, and thus side effects
of Notch inhibitors are relevant concerns. In this respect, CYR61 in-
hibitors could also be considered as a feasible alternative in the clinic
for patients who suffer from side effects of or do not respond to Notch
inhibitors.
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