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Inhibitor of DNA Binding 2
Inhibits Epithelial-Mesenchymal
Transition via Up-Regulation of
Notch3 in Breast Cancer

Gheck for

Abstract

Breast cancer is the second leading cause of cancer death in women worldwide. Incurable metastatic breast
disease presents a major clinical challenge and is the main cause of breast cancer-related death. The epithelial-
mesenchymal transition (EMT) is a critical early promoter of metastasis. In the present study, we identified a novel
role for the inhibitor of DNA binding 2 (Id2), a member of the basic helix-loop-helix protein family, during the EMT
of breast cancer. Expression of I[d2 was positively correlated with Notch3 in breast cancer cells. Low expression of
Id2 and Notch3 was associated with worse distant metastasis-free survival in breast cancer patients. The present
study revealed that 1d2 activated Notch3 expression by blocking E2A binding to an E-box motif in the Notch3
promoter. The Id2-mediated up-regulation of Notch3 expression at both the mRNA and protein levels resulted in an
attenuated EMT, which was associated with reduced motility and matrix invasion of ER-positive and -negative
human breast cancer cells and the emergence of E-cadherin expression and reduction in the mesenchymal marker
vimentin in triple-negative breast cancer cells. In summary, our findings identified Id2 as a suppressor of the EMT
and positive transcriptional regulator of Notch3 in breast cancer. 1d2 and Notch3 may serve as novel prognostic
markers in a subpopulation of ER-positive breast cancer patients.
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Introduction key molecules in the EMT and elucidating the underlying mechanisms of

Breast cancer is the most common malignant tumor in women and the
second leading cause of cancer death of women worldwide [1, 2].
Different types of breast cancer cells, such as luminal A and B, Her-2, and
triple-negative breast cancer (TNBC) display diverse histopathological
features, genetic and genomic variability, and clinical outcomes.
Metastatic breast cancer remains clinically challenging and very difficult
to cure. Recent studies demonstrated that the epithelial-to-mesenchymal
transition (EMT) plays a pivotal role in cancer metastasis [3], including
breast cancer [4,5]. The EMT is characterized by the loss of epithelial-like
properties, including tight-junction proteins and E-cadherin, and the
acquisition of mesenchymal properties, such as the intermediate filament
protein, vimentin [6,7]. These processes increase tumor aggressiveness
and enhance the metastatic spread of breast cancer. Therefore, identifying

the EMT will ultimately result in novel treatment options to suppress
breast cancer metastasis.

Address all correspondence to: Guo-Jun Zhang, Xiang'an Hospital of Xiamen
University, 2000 East Xiang'an Rd, Xiamen, Fujian, China. E-mail: gjzhang@xah.xmu.
edu.cn or Thomas Klonisch, Dept. of Human Anatomy and Cell Science, Max Rady
College of Medicine, Rady Faculty of Health Sciences, University of Manitoba,
Winnipeg, Canada. E-mail: Thomas.Klonisch@umanitoba.ca

!"These authors contributed equally to this work.

Received 18 April 2018; Accepted 23 July 2018

© 2018 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1936-5233/18

https://doi.org/10.1016/j.tranon.2018.07.015


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2018.07.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.tranon.2018.07.015

1260  ID2 inhibits EMT via upregulating Notch3 in breast cancer

Basic helix-loop-helix (bHLH) transcription factors are key
regulators of cell cycle progression, proliferation [8], differentiation,
and lineage commitment [9]. bHLH proteins are obligate dimers that
dimerize through their HLH domains and bind DNA through the
basic domains to regulate the transcription of target genes, which
contain E-boxes (CANNTG) in their promoters [10]. The E2A gene
encodes two class I bHLH members (E12 and E47), which are
formed by means of variant splicing [11]. The E2A proteins (E12/
E47) regulate the expression of target genes by homodimerization or
heterodimerization with Class II bHLH proteins [12,13]. Previous
studies have shown that E12/E47 proteins are distributed broadly in
most adult tissues [12]. Specifically, the expression of epithelial
markers was repressed upon E12/E47 binding to the E-pal element in
the E-cadherin promoter, which resulted in the suppression of the E-
cadherin gene [14,15].

E12 and E47 can be negatively regulated by the class V bHLH
Inhibitor of DNA-binding protein family (Id) members, which lack
the basic DNA binding element [16,17]. Upon heterodimerization,
Id proteins block the binding of E12 or E47 to DNA. Id1, 2, and 3
are ubiquitously expressed in mammalian tissues [18,19]. Id proteins
have diverse and complex biological effects depending on the cell
lineage and differentiation state [20]. Both Id1 and Id2 are involved
in the regulation of cell growth and differentiation during the normal
development of the mammary gland [21]. Id2-deficient mice display
impaired lobule-alveolar development during pregnancy and intrinsic
defects in cell proliferation, survival, and lactogenic differentiation
[22]. Previous studies demonstrated that overexpression of 1d2 could
antagonize the TGF-B-mediated induction of the EMT and Id2 has
anti-oncogenic potential in normal mouse mammary epithelial cells
(NMuMG), murine lens epithelium, and human renal proximal
tubule epithelial cells [23-25]. 1d2 regulates cell differentiation,
proliferation, development, and tumorigenesis [18,19,26]. Signals
from the extracellular microenvironment can promote the role of 1d2
in tumorigenesis [27-29]. Overexpression of 1d2 is linked to tumor
progression in pancreatic cancer, neuroblastoma, and lung cancer
[30-32]. In addition, elevated Id2 protein levels indicate poor clinical
outcome in TNBC patients [33]. The cellular localization of Id2 has
been recognized as an important factor in determining the outcome.
In breast cancer, cytoplasmic, but not nuclear, localization of 1d2
protein is associated with reduced invasive capacity and less aggressive
tumor phenotypes [34,35]. It is possible that the regulation,
degradation, or localization of the Id2 mRNA and protein all have
specific functions during breast cancer. However, this idea requires
further clarification.

Notch signaling plays important fundamental roles in normal
development. Notch transmembrane receptors (Notch 1-4) signal
through ligand (i.c., Jagged and Delta-like family proteins) binding,
and then undergo proteolytic cleavage, which results in the release of the
Notch intracellular domain (NICD) that then translocates to the nucleus
to promote the expression of downstream target genes, such as Hes1 and
Hey-1 [36,37]. Notch signaling has been implicated in many processes,
including cell fate determination and oncogenesis. Notch signaling has a
role in mammary gland development [38-40] and Notch3 marks
clonogenic mammary luminal progenitor cells in transgenic mice [41]. A
recent study connected Notch3 with Wnt signaling by showing that
Notch3 can uniquely modulate the expression of the Wnt signaling
receptor, Frizzled7 (FZD7) in a human luminal progenitor-enriched
subpopulation. This report concluded that Notch3 was considered a key
gene for luminal cell commitment [42].
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TGF-B is a key cytokine promoting the EMT [43], and bone
morphogenetic protein 7 (BMP7) can suppress the EMT by
antagonizing TGF-B [44]. BMP7, 1d2, and Id3 have also been
found to delay the injury-induced EMT of lens epithelial cells [23].
BMP?7 has also been reported to abolish TGE--mediated alpha-SMA
expression by restoring 1d2 levels [24]. Ectopic Id2 or Id3 expression
renders human mammary carcinoma epithelial cells refractory to
growth inhibition and EMT induced by TGF-B. Knockdown of
endogenous 1d2 or Id3 sensitizes epithelial cells to BMP, leading to a
robust growth inhibition and induction of transdifferentiation [20].
Intriguingly, our group recently showed that Notch3 could repress
the EMT in breast cancer [45,46]. Although certain evidence points
to a role for Id2 and Notch3 in the maintenance of the epithelial
phenotype [47], the relationship between 1d2 and Notch3 in human
epithelial breast cancer cells remains largely unknown. Public
database analysis of a large cohort of breast cancer patients revealed
a significant association between Id2 and Notch3 and distant
metastasis-free survival (DMEFS; http://co.bme.lu.se/gobo). In the
current study, we describe two E-boxes in the Notch3 promoter. We
identified E-box 1 as a docking site for the 1d2/E2A heterodimer,
which leads to the activation of Notch3 expression. Notch3 signaling
antagonized the EMT and resulted in the epithelial phenoconversion
of ER-/PR-/Her2- TNBC cells. We conclude that Id2 is a novel
regulator of Notch3 expression and attenuates the mesenchymal
dedifferentiation of human breast cancer cells.

Materials and Methods

Cell Culture and Establishment of Stable Cell Line

MCE-7, T47D, SKBR3, BT549, and MDA-MB-231 cell lines
were obtained from the American Type Tissue Collection and
cultured in DMEM medium supplemented with 10% fetal bovine
serum (FBS) (Gibco, CA, USA) and antibiotics. MDA-MB-231-1d2
and the control cell line were generated by stable transfection with 2
ng pcDNA3-Id2 or pcDNA3, respectively, by Lipo2000 (Life
Technology, NY, USA) and selection with G418 (1000 pg/ml) for 3
to 4 weeks.

Plasmids Construction and Small Interfering RNA

pCS2.E12, pcDNA3.E47, pCLE.N3ICD, and control vectors
were purchased from Addgene (Cambridge, MA, USA). The
pcDNA3.Id2 was obtained by cloning a PCR product of full-
length human Id2 into the eukaryotic expression vector pcDNA3.1.
The Notch3 promoter region (-900 to —-650 upstream of exon 1) was
subcloned into the Kpnl/Xhol sites of the luciferase reporter gene
pRL-SV40 (Promega, WI, USA), and named pGL3-Notch3-E1. The
region +161 to +292 downstream of exon 1 was subcloned into the
Kpnl/Xhol sites and named pGL3-Notch3-E2. These Notch3
promoter regions were generated by PCR with the primers listed in
Supplementary Table S1. Id2, E2A, Notch3, and control siRNAs
were synthesized by the Genepharma Company (Suzhou, China).
The oligonucleotides sequences of the siRNAs are listed in
Supplementary Table S2.

RNA Purification and Real-Time PCR Analysis

Total RNA was isolated from cells using TRIzol (Life Technology,
NY, USA) following the manufacturer's instructions and stored at -
80 °C. Reverse transcription was performed using the PrimeScript RT
reagent kit (Takara Bio Inc., Dalian, China) according to the
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Figure 1. 1d2, E12 and E47 dysregulate Notch3 expression in breast cancer cells. (A, B) The mRNA expression level of 1d2 and Notch3 was
analyzed by gRT-PCR in breast cancer cell lines. (C) Id2 and Notch3 protein levels were analyzed by western blot in breast cancer cell lines. (D, E)
The mRNA expression level of E12 and E47 was analyzed by gRT-PCR in breast cancer cell lines. (F, G) Expression of Id2 and Notch3 mRNA and
protein in 1d2 overexpressing MDA-MB-231 cells were analyzed by gRT-PCR and western blot, respectively. (H, 1) The expression of |d2 and
Notch3 mRNA and protein in 1d2 knock-down MCF-7 cells were analyzed by gRT-PCR and western blot, respectively. (J, K, L) The expression of
E47 and Notch3 in MCF-7 cells was analyzed by qRT-PCR and western blot 48 h after transfection of pcDNA3-E47. (M, N, O) The expression of
E12 and Notch3 in MCF-7 cells was analyzed by gRT-PCR and western blot 48 h after transfection of pCS2-E12.
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manufacturer's instructions. QRT-PCR was performed using SYBR
Premix Ex Taq (Takara Bio Inc., Dalian, China) on a CFX96 Real-
Time PCR Detection System (Bio-Rad, CA, USA). The primer
sequences for QRT-PCR are listed in Supplementary Table S1. PCR
reactions were performed at 50 °C for 2 min, 95 °C for 2 min, 40
cycles of 95 °C for 15 s and 60 °C for 1 min, 10 min at 72 °C, and
finally 4 °C. The relative expression levels for each gene were
normalized to B-actin as an internal control.
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Immunoblor Analysis

Protein extraction and western blot were performed as described
previously [48]. Briefly, cells were lysed in RIPA buffer with 1 mM
phenylmethylsulfonyl fluoride and phosphatase inhibitors (5 mM
sodium orthovanadate). Protein lysates were separated by SDS-
PAGE, transferred to PVDF membrane, and immunoblotted with
primary antibodies at 4 °C overnight. A list of primary antibodies is
given in Supplementary Table S3.
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Figure 2. E2A inhibits Notch3 expression by antagonizing 1d2. (A) Schematic representation of the E-box binding sites in the Notch3 promoter. (B,
C) The ChlIP assays for MCF-7 cells were performed with anti-E2A and anti-ld2 antibodies. The pull-down of E2A or |d2 protein from the IP
complex was analyzed by western blot using E2A or |d2 antibodies. Rabbit IgG was used as a control for the ChIP assays. (D) The Co-IP assay for
E12- or E47-expressing MCF-7 cells was performed using an anti-ld2 antibody to pull-down the protein complex, and then E2A and 1d2 antibodies
were used for western-blot. Rabbit IgG was used as a control for the IP assay. (E, H) After co-transfection of different amounts of pcDNAS-E47 or
pCS2-E12 2/5 in the presence of reporter plasmids pGL3-Notch3-E1 in MCF-7 cells, dual-luciferase reporter assays were performed to detect the
luciferase activity in the cell lysates. (F, I) Dual-luciferase reporter assays were also performed on MCF-7 cells after cotransfection of pcDNA3-E47
or pCS2-E12 2/5 with pcDNAS.1.1d2 and reporter plasmid pGL3-Notch3-E1. (G, J) DuaHuciferase reporter assays were also performed on MCF-7
cells after cotransfection of pcDNA3-E47 or pCS2-E12 2/5 with pGL3-Notch3-E2.
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Figure 3. Alteration of 1d2 and Notch3 expression in EMT or MET models. (A, B, C, D) The expression of I1d2 and Notch3 proteins were
analyzed by western blot following the treatment of MCF-7 with TGF- (2, 5, 10 ng/ml) for 72 h. LE: Long Exposure; SE: Short Exposure.
(E, F, G, H) Id2 and Notch3 proteins were analyzed by western blot following treatment of MCF-7 cells with BMP7 (10, 50, 100 ng/ml) for

72 h. LE: Long Exposure; SE: Short Exposure.

Immunofluorescence

Fix cells with 4% paraformaldehyde for 15 minutes at room
temperature (RT), RT), wash cells 2 times with 1x phosphate-
buffered saline (PBS) at RT, cover with 0.5% triton X-100
(Solarbio, Tongzhou Dist., Beijing, China) 5 to 8 minutes, wash
cells 2 times with 1x PBS at RT, blocked with reagent 2.5% goat
serum. Solute primary antibody 1:250 by 2.5% goat serum,
incubate with primary antibody overnight at 4 °C, washed cells 3
times with PBS, incubate with secondary antibody(1:1000) for 1

hours at RT, wash cells 3 times with 1x PBS at RT. Mount in DAPI
(Solarbio, Tongzhou Dist., Beijing, China) 3-5 minutes, wash cells
3 times with 1x PBS at RT. A list of primary antibodies is given in
Supplementary Table S3.

Wound Healing Assay

Cells were pretreated with mitomycin C (25 mg/ml) for 30 min
before an injury line was made with a 2-mm wide plastic tip on cells
plated in culture dishes at 90% confluency. After rinsing in PBS,
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(MCEF-7). Five randomly chosen widths of the injury line were
selected for quantitation.

breast cancer cells were allowed to migrate in complete medium, and

photographs were taken (x40) after 24 h (MDA-MB-231) or 48 h
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Transwell Migration and Invasion Assay

Cell culture inserts (8uM pore size; BD, CA, USA) and matrigel
invasion chambers (BD, CA, USA) were used according to the
manufacturer's instructions. A total of 2 x 10> MDA-MB-231 cells
or5 x 10° MCE-7 cells in serum-free medium were inoculated in the
upper chamber after breast cancer cells had been serum-starved for 24
h. Complete medium was added to the bottom chamber. The cells
that migrated to the underside of the filter were stained with 0.1%
crystal violet after 24 h for MDA-MB-231 and 48 h for MCE-7. For
the invasion assays, cells were stained and counted after 48 h for
MDA-MB-231 and 72 h for MCF-7. The cell numbers in five
different fields for each well were counted independently by two
investigators and the average numbers are shown.

Chromatin Immunoprecipitation (ChIP) Assay

Breast cancer cells were fixed with 1% formaldehyde for 10 min at
RT, lysed, and sonicated. Samples were precleared for 1 h with
protein G beads, and ChIP was performed overnight using an anti-
E2A antibody (Cell Signaling Technology, Inc. MA, USA) or control
normal rabbit IgG (Santa Cruz Biotechnology, Inc.). After washing
and elution of the beads, cross-linking was reversed, and protein was
digested with proteinase K. ChIP DNA was isolated using the
QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany) and
analyzed by quantitative PCR using Brilliant SYBR Green Master Mix.
The PCR primer pairs were designed to amplify a 250 bp E-box1
fragment and a 132 bp E-box2 fragment (Supplementary Table S1).

Dual-Luciferase Reporter Assay

The luciferase assay was performed using the Dual Luciferase
Reporter Assay System (Promega, Madison, USA) according to the
manufacturer's instructions. The luciferase activity was measured 48
h after transfection. MCF-7 cells were transiently transfected with
pGL3-Notch3-E1 or pGL3-Notch3-E2 in the presence of pCS2.
E12, pcDNA3.E47, pcDNA3.1d2, or control vector in 24-well plates
and pRL-SV40 (Promega, Madison, USA) was used as a control
vector to normalize for the transfection efficiency.

Statistical Analysis

All experiments were performed in triplicate. Data are shown as the
mean value + S.E.M. unless otherwise stated and statistically analyzed
by the two-sided Student's #test. The levels of significance were set at
*P < .05 and **P < .01. The survival curves were plotted using the
Kaplan—Meier method, and statistical relevance between groups was
calculated using the log-rank test.

Results

1d2 is Co-Expressed With Notch3 and Up-Regulates Notch3
Expression in Breast Cancer Cells

The Gene Set Analysis (GSA)-Cell line database revealed the 1d2
mRNA expression levels in a panel of human breast cancer cell lines

[49]. GSA-Cell lines clustered by genes selected by PAM50 analysis
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were identified as luminal (ERBB3- and ESR1-positive) or basal-like
(ESR1-negative, CAV1-positive). The basal-like cell lines contained
two major subdivisions: basal A (KRT5- and KRT14-positive) and
basal B (VIM-positive). Elevated 1d2 expression was observed in the
luminal and basal A subgroups compared to the basal B subgroup
(Supplementary Fig. S1A4). Similar expression profiles were obtained
for Notch3 in the different subgroups (Supplementary Fig. S1B).
Consistent with the GSA-Cell line database, we confirmed higher
expression of both Id2 and Notch3 mRNA and protein in ER+ breast
cancer cells (MCF-7 and T47D) but lower expression in ER- (MDA-
MB-231 and BT'549) or HER2-positive (SKBR3) cell lines (Figure 1, A—
(). More importantly, lower levels of Id2 had poor prognoses in the
subgroup of luminal B, ER(+) and lymph node negative patients as
evidenced by shorter DMEFS (all 2 < .05, Supplementary Fig. S1,C-F).
Intriguingly, a low expression level of Notch3 was also associated with
shorter DMES (database ID: 25379, n = 358, P = .02201, Supplemen-
tary Fig. S1,G). Thus, these data suggested there might be a potential link
between 1d2 and Notch3 in ER+ breast cancer.

We further investigated a potential role for Id2 in the regulation of
Notch3 expression by either silencing or overexpressing Id2 in human
breast cancer cells. Overexpression of 1d2 in MDA-MB-231 increased
Notch3 mRNA expression by 1.75 fold (Figure 17), which resulted in an
increase in full-length Notch3 (Notch3-FL) and Notch3-ICD protein
levels (Figure 1G). In contrast, Id2 silencing resulted in a 57% decrease in
Notch3 mRNA expression (Figure 1H). Notch3-FL and ICD proteins
were also significantly down-regulated in MCF-7 cells (Figure 17). These
results demonstrated a consistent trend in Notch3 expression by either
up-regulation or down-regulation of Id2 in breast cancer cells.

1d2 Up-Regulates Notch3 by Antagonizing E2A

To investigate whether Id2 regulated Notch3 expression by
antagonizing E2A, a negative regulator of the DNA-binding protein
family, we try to find the relation among Id2, Notch3 and E2A. In
accordance with the expression of Id2 and Notch3, the expression of
E2A (E12/E47) was higher in MCF-7 than MDA-MB-231 cells
(Figure 1, D—E). Then we expressed cither E47 or E12 in MCF-7
cells. We found that Notch3 mRNA was reduced by ectopic E47
expression (42%, Figure 1/) or E12 expression (31%, Figure 1M).
Accordingly, the protein levels of Notch3-ICD and Notch3-FL were
decreased by 38% and 51% in E47-expressing MCF-7 cells (Figure 1,
K-L), respectively, or 60% and 61% in E12-expressing MCF-7 cells
(Figure 1, N-0), respectively.

We identified two E-boxes (CANNTG) as potential binding sites
for the Id2/E2A heterodimer [10] that were located at -799 to -783
bp (E-box 1) and+ 192 to +197 bp (E-box 2) in exon one of Notch3
(Figure 2A4). First, western blot results confirmed that E2A and 1d2
antibodies efficiently pull-down E2A and Id2 protein from the IP
complex (Figure 2, B and C). Next, we performed ChIP assays with
primer pairs spanning the two E-box binding sites to investigate
whether Id2 and E2A bind to the Notch3 promoter. Our ChIP data
revealed a strong binding of E2A to E-box 1 and E-box 2 (Figure 2B),
but strong binding of Id2 to only E-box1 (Figure 2C). To investigate

Figure 4. |[d2/Notch3 axis attenuated EMT. (A, B, C, D) After the silencing of Id2 by siRNA or transfecting of the I1d2 expression vector in MCF-7 for
48 h, the representative micrographs (x200) were taken, and E-cadherin and vimentin expression were analyzed by western blot. (E, F, G, H)
Immunofluorescence was also performed to analyze the expression of E-cadherin and vimentin in 1d2 siRNA-expressing MCF-7 cells or 1d2-
expressing MDA-MB-231 cells. (I) Following transfection with |d2 siRNA or cotransfection of Id2 siRNA and pCLE.Notch3-ICD in MCF-7 cells, 1d2,
Notch3, E-cadherin and vimentin expression were analyzed by western blot. (J) Following cotransfection of the 1d2 expression vector and Notch3
siRNA in MDA-MB-231 cells, 1d2, Notch3, E-cadherin and vimentin expression were analyzed by western blot.
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Figure 5. |[d2 expression inhibited EMT via Notch3 and triggered phenoconversion. (A, B, C, D, E, F) Following transfection with Id2 siRNA
or cotransfection of 1d2 siRNA and pCLE.Notch3-ICD in MCF-7 cells, representative micrographs (x200) were taken to document cell
motility in wound healing assays and transwell assays for migration and invasion. (G, H, I, J, K, L) Following cotransfection of the 1d2
expression vector and Notch3 siRNA in MDA-MB-231 cells, representative micrographs (x200) were taken to document cell motility in
wound healing assays and transwell assays for migration and invasion. All experiments were performed at least three times, and data
were statistically analyzed by the two-sided ¢ test. *, P <.05; **, P <.01; ***, P <.001. Error bars indicate S.E.M.
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whether Id2 forms a complex with E2A, IP analyses were performed
in E47 and E12 expressing MCF-7 cells. The data demonstrated that
both E47 and E12 proteins bound to endogenous 1d2 (Figure 2D).

To address whether 1d2 antagonizes E2A to the E-box in the
Notch3 promoter, pGL3-Notch3-E1 and pGL3-Notch3-E2 lucifer-
ase reporter systems were employed. Both ectopic E47 and E12
expression decreased the luciferase activity of pGL3-Notch3-E1 by
1.4 to 3.22 fold in the E47-transfected MCF-7 cells (Figure 2E) and
1.14 to 2.0 fold in the E12-transfected MCEF-7 cells (Figure 2H) in a
dose-dependent manner. The inhibitory effect of E47 and E12 on the
luciferase activity of pGL3-Notch3-E1 was partially rescued by 1d2
(Figure 2, F and I). However, both ectopic E47 and E12 expression
had no effects on the luciferase activity in the MCF-7 cells containing
the pGL3-Notch3-E2 luciferase construct (Figure 2, G and J). Taken
together, these data suggest that 1d2 up-regulates the expression of
Notch3 at the transcriptional level through an interaction with E2A at
the binding site of E-box 1 in the Notch 3 promoter.

Concordance of 1d2 and Notch3 Expression in TGF-B-Induced
EMT or BMP-Induced MET Models

To investigate the roles of Id2 and Notch3 in the progression of the
EMT, we treated MCF-7 cells with TGF- and quantified the
expression of Id2 and Notch3. TGF-B treatment decreased the 1d2
protein level by more than 30% (Figure 3, A and B), and Notch3-FL
and Notch3-ICD protein levels by over 80% in a dose-dependent
manner (Figure 3, C and D). Treatment of MCF-7 cells with BMP7
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caused a dose-dependent increase of Id2 (up to 2.7 fold) (Figure 3, E
and F) and Notch3 (Notch3-FL and Notch3-ICD, 2.3 fold; Figure 3,
G and H) protein levels.

Overexpression of 1d2 Increases Epithelial Marker and Knock-
Down of 1d2 Induces Mesenchymal Markers

To investigate the effect of Id2 on the epithelial-mesenchymal
phenoconversion of breast cancer cells, we knocked down 1d2 with
siRNA in MCF-7 cells or overexpressed 1d2 in MDA-MB-231 cells.
We observed morphological changes associated with the EMT in
MCE-7 cells following Id2 knockdown. Compared to MCEF-7 cells,
the morphology of Id2 siRNA-expressing cells was changed from an
epithelial-like phenotype to a fibroblast-like morphology (Figure 4A).
In addition, these cells had decreased E-cadherin and increased
vimentin as demonstrated by western blot and immunofluorescence
(Figure 3, C-F). In contrast, MDA-MB-231 cells, which normally have a
spindle-shaped, mesenchymal morphology, exhibited a cobblestone-like,
epithelial phenotype when expressing Id2 (Figure 4B). These Id2-
expressing cells had increased E-cadherin and decreased vimentin as
shown by western-blot and immunofluorescence (Figure 3, D-H).
Furthermore, when Notch3 was over-expressed in the silincing-1d2
MCE-7 cell, the expression of E-cadherin was partially rescued
and vimentin was re-inhibited (Figure 4/), while opposite change of E-
cadherin and vimentin were observed when Notch3 was silenced in
the overexpressing-Id2 MDA-MB-231 cell (Figure 4/), suggesting
that Id2 inhibits EMT through the activation of Notch3 in breast cancer.
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Figure 6. Proposed model of how |d2 and Notch3 attenuate EMT in breast cancer. (A) the E2A-E2A homodimerization with the co-
repressors (CoR) binds to E-box sequences of Notch3 promoter and inactivates Notch3 transcription, permitting the repression of E-
cadherin and up-regulation of vimentin to ultimately induce EMT in breast cancer. (B) the Id2-E2A heterodimerization E2A complex
releases the binding with E-box of Notch3 promoter and activates Notch3 transcription, permitting the repression of vimentin and up-

regulation of E-cadherin to attenuate EMT in breast cancer.
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1d2/Notch3 Axis Inhibited Cell Motility and Cell Invasion
Wound healing and matrix invasion assays were performed to
investigate the effect of the Id2/Notch3 axis on the motility and
invasiveness of MCF-7 cells. Wound healing assays showed that 1d2
knockdown increased the cellular mobility by 22.3% whereas
overexpression of Notch3 attenuated this increase (Figure 5, A and
B). 1d2 silencing caused a 4.3-fold increase in migration (Figure 5, C
and D) and a 3.2-fold enhancement of invasion (Figure 5, E and F) by
MCE-7 cells compared to scrambled siRNA. Ectopic Notch3-ICD
expression was sufficient to attenuate the increase the migration and
invasion of MCF-7 (Figure 5, C—F). Conversely, wound healing
assays revealed a 22% decrease in cell motility upon ectopic 1d2
expression in MDA-MB-231, which was partially rescued by specific
knockdown of Notch3 (Figure 5, G and H). Upon overexpression of
1d2 in MDA-MB-231 cells, transwell migration was reduced by 78%
(Figure 5, I and ]) and invasion by 89% (Figure 5, K and L).
Intriguingly, specific silencing of Notch3 by siRNA blocked the
inhibitory effects of Id2 overexpression on the migration and invasion
of MDA-MB-231 cells (Figure 5, I-L). Thus, these data suggest that
the inhibitory effect of Id2 on EMT is partially mediated by Notch3.

Discussion

The identification of molecules and mechanisms that regulate the
invasive phenotype of breast cancer cells is important for under-
standing tumor metastasis and to identify novel therapeutic targets.
Both Notch3 [41,50] and Id2 [34] are indispensable during the
development of the mammary gland. In this study, we showed
coexpression of Id2 and Notch3 in various human breast cancer lines
with higher expression in the luminal type compared to basal-like
breast cancers. As shown in Figure 6, we found that I1d2 blocked the
binding of the bHLH transcriptional factor E2A to E-box 1 of the
Notch3 promoter and increased Notch3 gene activity. Concomitant
up-regulation of Id2 and Notch3 diminished the migration and
invasion of breast cancer cells, which was associated with a
mesenchymal-to-epithelial (MET) phenoconversion. A public GSA-
Patient database search (http://co.bmc.lu.se/gobo) of a cohort of
breast cancer patients revealed that patients in the Id2+ (database:
26582 and 26,740) and Notch3+ (database: 25379) luminal B
primary breast cancer subgroup had longer distant metastasis-free
survival (DMES; all P < .05, Supplementary Fig. S1, C-E). This
association suggested that Id2 and Notch3 may be potential
prognostic biomarkers for a subgroup of ER+ breast cancer patients.

This study is the first report to find two E-box motifs (-788 to -793
and+ 192 to 197) within the Notch3 promoter that serve as binding sites
for the bHLH factor E2A, a negative transcriptional regulator of Notch3.
The E-box 1 motif (-788 to ~793) might serve as a docking site for Id2,
which competes with E2A. 1d2 binding effectively antagonized E2A
transcriptional repression and allowed the activation of Notch3
transcription (Supplementary Fig. S1G). This finding is consistent with
previous reports that Id2 is a negative regulator of E2A for the activation
of downstream target genes [23-25].

Intriguingly, we found that the Id2/Notch3 axis plays a novel role
in the epithelial-mesenchymal and mesenchymal-epithelial transi-
tion. Several TGF-f or BMP epithelial phenoconversion models
showed that Id2 plays a key role in maintaining a MET-like epithelial
phenoconversion [20,24,34,47]. Moreover, 1d2 is part of a network
of interacting molecular switches that governs mammary epithelial
cell phenotypes [21] (i.e., prevents down-regulation of E-cadherin
and P4 integrin [47,51]). Additionally, Ohashi et al. reported that
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Notch3 is a key factor that limits the overexpression of ZEBs, which
are transcription factors that are essential for TGF-B-mediated EMT
[52]. Notch3 could be involved in luminal cell differentiation by
modulating Wnt signaling via FZD7 [42]. Thus, addressing the
interplay between Id2 and Notch3 may be a significant mechanism
for EMT. Indeed, our study identified a novel Id2-Notch3-EMT
axis whereby the inhibitory function of 1d2 on E2A facilitates up-
regulation of Notch3 expression, and this opposes functional
EMT.

The Id2-Notch3-EMT axis revealed in the present study together
with our recent publication on Notch3 [45,46] and previous report
on Id2 [34] indicate that Id2 and Notch3 signaling might be
important in the progression of breast cancer. However, previous
reports for the role of Id2 or Notch3 in the migration or invasion of
breast cancer cells remain controversial. Differentiated breast cancer
cells, such as T47D and MCEF-7, strongly express Id2 and Notch3. In
contrast, the mesenchymal and invasive MDA-MB-231 has very low
Id2 and Notch3 protein levels. Ectopic expression of 1d2 in MDA-
MB-231 and MDA-MB-436 markedly reduced the invasiveness of
these TNBC cells [34,35]. We confirmed that overexpression of 1d2
in MDA-MB-231 cells coincided with a reduced migratory and
invasive phenotype and up-regulation of Notch3. Ectopic 1d2
expression appeared to initiate a complex epithelial-like phenocon-
version with a reduced migratory behavior of MDA-MB-231 cells.
These results differed markedly from the aggressive phenotype
associated with the up-regulation of Notch3. Human mammary
epithelial cells with ectopic Wnt-1 expression showed tumorigenic
transformation accompanied by Notch activation and elevated
expression of Notch members, including Notch3 [53]. In MCE-7
cells, autocrine IL-6 triggered Notch3-dependent mammosphere
formation, resistance to hypoxia, and invasive behavior [54]. Notch3
signaling is associated with an invasive/metastatic phenotype and poor
survival in patients with hepatocellular carcinoma [55]. In contrast,
high Notch3 transcript levels correlated with better overall survival
only in ER+ breast cancer patients [56]. These controversial reports did
not investigate the involvement of Id2 and suggest a potental 1d2-
independent regulation of the Notch3 gene by other factors (e.g., Wnt,
IL6). In this study, the enhanced cell migration/invasion upon Id2
silencing is critically rescued by the presence of Notch3, which supports a
role for Notch3 in the prevention of the aggressive breast cancer behavior.

The association of 1d2 expression with disease severity and poor
prognosis is contradictory and differs in different human tumor types.
Although the reasons are largely unknown, recent reports suggest that
not only the overall Id2 levels but the specific intracellular localization
of Id2 in tumor cells may be critical in assessing Id2 function. A
negative correlation was reported for Id2 protein expression and
histological grade in breast cancer [51] whereas tissue immunodetec-
tion studies identified Id2 as a predictor of poor prognosis in TNBC
[33]. The intensity of the cytoplasmic, but not nuclear, staining of
Id2 protein was positively correlated with patient survival [35].
Recently, qRT-PCR analysis of 2688 genes in breast cancer tissue
(n = 80) and histologically normal epithelium samples (n = 16)
revealed that the expression of Id2 was reduced in luminal type A and
B breast cancer patients [57]. For Notch3, high transcript levels
correlated with better overall survival only in ER+ breast cancer
patients (n = 3554) [56]. We also demonstrated that breast cancer
patients with moderate to high Id2 and Notch3 mRNA expression
had significantly longer distant metastasis-free survival (DMES) when
using the GSA-Patient database. Cumulatively, these data suggest that
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1d2 and Notch3 may qualify as predictors of better prognosis in ER+
breast cancer patients.

In summary, the results of this study investigated whether Id2 was
a novel positive regulator of Notch3 by blocking E2A binding to an
E-box motif in the Notch3 promoter. The Id2/Notch3 axis promotes
a differentiated non-invasive phenotype in breast cancer cells, and
both Id2 and Notch3 may serve as novel biomarkers of good
prognosis for breast cancer subtypes.

Supplementary data to this article can be found online at hteps://
doi.org/10.1016/j.tranon.2018.07.015.
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