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Abstract
Rationale: NOTCH4 receptor has been implicated in triple-negative breast cancer (TNBC)
development and breast cancer stem cell (BCSC) regulation. However, the potential of NOTCH4 as a
BCSC marker and the underlying mechanisms remain unclear.
Methods: In this study, we determined the expression and activation of NOTCH4 in breast cancer cell
lines and tumor samples by qRT-PCR, western blotting and immunohistochemistry. Subsequently, in vitro
and in vivo serial dilution experiments were performed to demonstrate the application of NOTCH4 as an
efficient mesenchymal-like (ML)-BCSC marker in TNBC. Stable overexpression of activated NOTCH4
and knockdown cell lines were established using lentivirus. RNA-seq and qRT-PCR were employed to
reveal the downstream effectors of NOTCH4, followed by dual-luciferase reporter and chromatin
immunoprecipitation assays to identify the genuine binding sites of NOTCH4 on SLUG and GAS1
promoters. Transwell assay, mammosphere formation and chemoresistance experiments were
performed to determine the effects of SLUG, GAS1 and NOTCH4 on the mesenchymal-like
characteristics of TNBC cells. Survival analysis was used to study the relation of NOTCH4, SLUG and
GAS1 with prognosis of breast cancer.
Results: NOTCH4 is aberrantly highly expressed and activated in TNBC, which contributes to the
maintenance of ML-BCSCs. Furthermore, NOTCH4 shows significantly higher efficiency in labeling
ML-BCSCs than the currently commonly used CD24-CD44+ marker. Mechanistically, NOTCH4
transcriptionally upregulates SLUG and GAS1 to promote EMT and quiescence in TNBC, respectively.
The effects of NOTCH4 can be mimicked by simultaneous overexpression of SLUG and GAS1.
Moreover, SLUG is also involved in harnessing GAS1, a known tumor suppressor gene, via its
anti-apoptotic function.
Conclusions: Our findings reveal that the NOTCH4-SLUG-GAS1 circuit serves as a potential target for
tumor intervention by overcoming stemness of ML-BCSCs and by conquering the lethal chemoresistance
and metastasis of TNBC.
Key words: NOTCH4, SLUG, GAS1, mesenchymal-like breast cancer stem cell (ML-BCSC), TNBC
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Introduction
Breast cancer is the most common and second
death-leading cancer type in women [1]. Transcriptome profiling according to the intrinsic molecular
portraits of breast cancer has identified several major
subcategories, such as Luminal, HER2+ and Triplenegative [2], of which Triple-negative Breast Cancer
(TNBC) is a heterogenous and refractory subtype,
featured by enhanced chemoresistance, relapse, and
metastasis [3, 4]. The malignant features of TNBC is
proposed to be mediated by breast cancer stem cells
(BCSCs) [5-7], for which the current commonly used
markers are CD24-CD44+ [8-10] and aldehyde
dehydrogenase (ALDH) [11-13], with CD24-CD44+
labeling the Mesenchymal-like CSCs and ALDH+
defining the Epithelial-like counterpart [14].
However, our recent work showed that TNBC cells
intrinsically express high level of CD44, with almost
the whole cell population defined as CD24-CD44+
upon flow cytometry analysis [15], indicating the
inefficiency of CD24-CD44+ as a BCSC marker in
TNBC. Therefore, novel markers are in desire to more
efficiently and accurately enrich TNBC BCSCs, in
benefit of precisely targeting BCSCs for prognostic
and therapeutic purposes.
NOTCH pathway, highly conserved through
evolution and involved in regulating stem cell
maintenance and cell fate control, is frequently
dysregulated and implicated in cancer occurrence,
chemoresistance, relapse, and metastasis [16-19].
Previous studies have demonstrated that NOTCH
receptors can function as either oncogene or tumor
suppressor gene via divergent downstream signaling
pathways [20], depending on the cellular context [21].
Among all four NOTCH receptors, NOTCH4 is more
attractive in TNBC for the following reasons: (1) it was
initially identified in virus triggered mouse mammary
tumor (initially designated as int-3) and thus directly
linked to tumor initiation [22]; (2) NOTCH4 has been
reported to be implicated in cancer progression [23]
and BCSC regulation [24], and function as a
melanoma stem cell marker [25]; (3) NOTCH4 has
been recently shown to play a role in TNBC, as two
independent groups observed high expression of
NOTCH4 in TNBC [26, 27] to highlight its clinical
significance. However, whether NOTCH4 could be
used as a BCSC marker in TNBC and what are the
underlying mechanisms have not been clearly
answered yet.
In the present study, we reported that NOTCH4
could be used to enrich ML-BCSCs in TNBC. The
NOTCH4+ BCSCs were highly potential in tumor
initiation and were characterized by enhanced
invasion and chemoresistance ability. Mechanistically, NOTCH4 induced EMT via direct upregulation
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of SLUG, a master regulator of EMT in both normal
and CSCs, and caused quiescence by transcriptionally
activating GAS1, a well-known cell cycle arrest
regulator [28] and Hedgehog pathway potentiator
[29]. Subsequently, SLUG and GAS1 worked together
to facilitate the maintenance of the ML-BCSC
portraits. We further demonstrated that interference
of SLUG and GAS1 could destruct the malignant
phenotypes induced by NOTCH4. Our results
provided a pre-clinical promise for TNBC treatment
to overcome the metastasis and chemoresistance by
targeting the NOTCH4-SLUG-GAS1 circuit.

Materials and Methods
Ethics statement
All paraffin sections used in this study were
obtained from Shanghai Cancer Center (Shanghai,
China). Written informed consent was obtained from
all patients before surgery, as advocated by the
regional ethics committee. The study was approved
by Fudan University Shanghai Cancer Center
Institutional Review Board (FUSCC 050432–4-1212B).
All mouse experiments were conducted in accordance
with standard operating procedures approved by the
University Committee on the Use and Care of
Animals at University of Science and Technology of
China (USTCACUC1401020).

Cell culture and tumor transplantation
Breast cancer cell lines SUM149 and SUM159
were purchased from Asterland Bioscience, cultured
in Han’s F12 medium supplemented with 5% FBS
(Ausbian, Sydney, Australia) and 1% streptomycin/
penicillin, 1 mg/mL hydrocortisone, and 5 mg/mL
insulin (Beyotime, Shanghai, China). MDA-MB-231,
MDA-MB-436, T47D, MCF-7, BT474, SK-BR-3 were
purchased from ATCC and were cultured according
to ATCC recommendations. The cells were
maintained in a 37 °C incubator with 5% carbon
dioxide (CO2). Cell identity was monitored by STR
profiling and mycoplasma contamination was
routinely monitored by PCR. All mice were housed in
AAALAC-accredited specific pathogen-free rodent
facilities at University of Science and Technology of
China. 4-5 weeks old female nude mice were
purchased from Charles River (Beijing, China),
housed in sterilized and ventilated microisolator
cages, and supplied with autoclaved commercial
chow and sterile water. Tumorigenicity was
conducted by injecting 1 million of MDA-MB-231 cells
or SUM149 cells, which were suspended in FBS and
mixed with Matrigel at equal volume, into the fourth
mammary fat pads of mice, with 3-4 replicates in each
group. Tumor occurrence and growth were
monitored and/or measured once a week. Tumor was
http://www.thno.org
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considered as a spheroid and the volume was
calculated as V=4π/3× (Length/2) × (Width/2)2.

Plasmid construction
cDNA of NOTCH4 Intracellular Domain
(NICD4) was synthesized at Sangon Biotech
(Shanghai, China) and cloned into pSIN-EF1α-IRESpuro vector using OneStep kit (#C112, Vazyme,
Nanjing, China). FLAG tag was introduced at the
C-terminus of NICD4 to facilitate ChIP experiment.
SLUG and GAS1 coding sequences were amplified
from cDNA of NICD4-overexpressing SUM149 using
the indicated primer pairs BamHI-SLUG-Fd & EcoRISLUG-Rv and BamHI-GAS1-Fd & EcoRI-GAS1-Rv,
followed by seamless cloning into pSIN-EF1α-IRESNEO or pSIN-EF1α-IRES-BSD vector. The primers
were listed in Table S1. shRNA vectors used in this
study were constructed following our previously
reported SuperSH method [15] and the shRNA
sequences were obtained from the TRC project. The
pLKO.1-puro vector was purchased from Addgene
(#8453). The primers used for shRNA vector
construction were attached in Table S2.

Lentiviral production and infection
The lentivirus vectors were co-transfected with
two packaging vectors psPAX2 (#12260, Addgene,
Watertown, MA) and pMD2.G (#12259, Addgene) at a
ratio of 2 μg: 1 μg: 1 ug into packaging cell HEK293T
using 12 μg Polyethylenimine (Sigma, MA, USA) in 6
well cell culture plate, followed by 48 h incubation
before harvesting the supernatant containing virus.
Target cells were infected with the filtered
lentivirus-containing supernatant in the presence of
polybrene (Sigma) for 24 h and selected with 2 μg/mL
puromycin (Sigma) or 5 μg/mL blasticidin (Gibco,
NY, USA) for at least 7 days to establish stable cell
lines. When pLKO.1-mCherry vector was used, the
infected cells were sorted by FACS at least twice to
purify the stable infectants.

Quantitative Real-Time PCR (qRT-PCR) and
RNA sequencing
Total RNA was extracted by Trizol (Takara,
Beijing, China) and reverse-transcribed into cDNA
according to the manufacturers’ recommendations
(Vazyme). Quantitative real-time PCR (qRT-PCR) was
performed using a SYBR Green Kit (Vazyme) on an
ABI-7500 device (Applied Biosystem). TATA-binding
protein (TBP) was used as internal control. qRT-PCR
primers are listed in Table S3. The extracted total
RNA of SUM149-CTRL, SUM149-NICD4, MCF-7CTRL and MCF-7-NICD4 was sequenced and
analyzed at Singeron Biotechnology (Nanjing, China).
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Chromatin Immunoprecipitation (ChIP) Assay
Quantitative ChIP analysis was performed as
previously described [20]. Cells were cultured to
80-90% confluency and then crosslinked with 1%
formaldehyde (Sigma) at RT for 10 min. After
neutralization with glycine (125 nmol/L, Sangon),
cells were lysed in SDS lysis buffer. The antibody
against FLAG (Sigma) was used to pull down the
DNA and protein complex, and the purified DNA
was subjected to qRT-PCR. We designed primers
encompassing the predicted RBP-Jk binding sites in
promoter regions of SLUG and GAS1. Subsequently,
1% of total chromatin supernatant before immunoprecipitation was used as input. The primers used
were provided in Table S4.

Luciferase reporter assay
The wild-type or corresponding mutated
versions of SLUG and GAS1 promoters were cloned
into KpnI & NheI digested psiCHECK2 vector to
replace the original SV40 promoter (Promega, WI,
USA). Mutants were generated by overlapping PCR.
The primers were listed in Table S5. To determine the
promoter activity with or without NICD4, HEK293T
cells were seeded in 96-well black polystyrene microplate (Corning, NY, USA) and then the promoter
reporter plasmids were co-transfected with NICD4
overexpressing plasmid or empty plasmid using
lipo3000 (Invitrogen) according to the manufacturer’s
instructions. 36 hours after transfection, luciferase
activity
was
measured
according
to
the
manufacturer’s instructions (Promega).

Mammosphere formation assay
For primary and second mammosphere formation assay, 50,000 of SUM149 and 10,000 MDA-MB231 cells were plated onto 6-well ultra-low attachment
plates (Corning). Cells were cultured in complete
MammoCultTM medium kit (STEMCELL, MA, USA)
for 10 days. The number of spheres were counted
under microscope with a threshold diameter of 100
um and representative pictures were taken. For
secondary mammosphere formation assay, the
primary spheres were collected and digested by 0.25
% trypsin at 37°C and plated as previously described
[20]. For serial dilution mammosphere formation
assay, cells were plated into 96-well ultra-low
attachment plates (Corning) at a series of dilution (10,
100, 1,000 and 10,000) and cultured for 10 days. Half
culture medium was exchanged every two days for
each well. Sphere number was counted under
microscope. The data was analyzed and plotted using
the ELDA tool [30] (http://bioinf.wehi.edu.au/
software/elda/).

http://www.thno.org
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Immunohistochemistry Staining and
Semi-quantitation
Patient breast cancer tissues and their
corresponding adjacent normal tissues were obtained
from Shanghai cancer hospital affiliated with Fudan
University. The sections of paraffin-embedded human
tissues were dewaxed and rehydrated in xylene and
graded alcohol solutions. Anti-NOTCH4 (1:100, CST)
primary antibody was used to stain NOTCH4. The
expression of NOTCH4 in breast cancer tissues was
assessed in terms of the intensity of immunostaining
and scored based on the following four grades:
0=absent; 1=weekly positive; 2=moderate; 3=strong.
We counted and graded up to 500 cells of epithelial
cells in all samples. The immunohistochemical score
(H-score) was calculated using the following
equation: H-score=Σ(1+i) ×Pi × 100, where i=0,1,2,3
and Pi is the proportion of cells exhibiting the relevant
staining intensity [31].

MTT cell proliferation assay
1000 of SUM149 or 500 of MDA-MB-231 cells
were seeded into each well of 96-well plates, with 6
replicates for each group and detected at the 3rd, 5th,
and 7th day. At the indicated time points, 20 μL of
MTT stock solution (5 mg/mL, Biosharp, China) was
added into each well and incubated for 4 hours at
37°C. Subsequently, the supernatant was removed
and 100 μL DMSO was added to dissolve the purple
product formazan by gently shaking the plates at RT
for 10 min. The optical density at 490 nm (OD490) was
measured and the values obtained at the 3rd, 5th, and
7th day were normalized to the 3rd day.

Chemoresistance assay
MTT assay technique was used to assess the
cytotoxicity effect of Docetaxel (DOC) in cell lines
used in this study. 5000 SUM149 or 3000
MDA-MB-231 cells per well in 96-well plates were
plated and allowed to attach for 24 h. Subsequently,
medium was changed with fresh medium containing
a serial of concentrations of DOC and cultured for 3
days followed by MTT assay. IC50 value was
estimated from dose-response curves obtained using
GraphPad Prism 6.0. At least three independent
experiments were carried out.

Transwell assay
In general, 50,000 of SUM149 or 20,000 of
MDA-MB-231 cells were carefully dropped into upper
wells (Corning) pre-coated with 15% matrigel (BD,
NJ, USA) and incubated at 37°C for 36 h with
complete medium but devoid of FBS, during which
the lower wells were filled with complete medium.
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Then the cells in the upper wells were carefully wiped
off and the upper wells were fixed with
methanol-acetic acid mixture (3:1) for 30 min,
followed by staining with 0.5% crystal violet for 30
min at RT. Three independent experiments were
performed at triplicates. Data was presented as
Mean±SD.

ALDEFLUOR assay and flow cytometry
ALDEFLUOR assay was performed following
the manufacturer’s protocol (STEMCELL). For
staining of fluorescence-conjugated antibodies,
namely FITC-CD24 (1:40), PE-CD44(1:20) and
APC-NOTCH4 (1:40, BioLegend, CA, USA), against
certain cell surface markers, cells suspended in
antibody diluent was incubated on ice for 30 min and
then washed twice with cold PBS. When combined
staining of ALDEFLUOR assay and NOTCH4 was
performed, ALDEFLUOR assay was carried out first.
For cell cycle analysis, cells were fixed in 70% alcohol
at 4 °C for at least 4 h, followed by staining with
propidium iodide (Sigma) in the presence of 1%
RNase A (Takara) at 37 °C for 30 min. For apoptosis
analysis, cells were stained with propidium iodide
(Sigma) and APC-Annexin V (BD), according to the
manufacturer’s recommendations. Analysis of the
samples were completed on Moflo Astrios or
CytoFlex (Beckman Coulter), equipped with a
405/448 nm channel for DAPI to delineate dead cells,
a 488/513 nm channel for ALDEFLUOR or FITC, a
561/579 nm channel for PE, and a 640/671 channel for
APC detection.

Western blotting analysis
Total cell protein was extracted by lysing cell
pellets with RIPA lysis buffer supplemented with
protease inhibitor cocktail (Beyotime), followed by
quantifying with BCA kit (Thermo Fisher, NY, USA).
Equal amount of total protein of each sample was
separated by 10% SDS-PAGE and transferred to PVDF
membrane. Antibodies used were listed in Table S6.
Signal was detected using Western Chemiluminescence Substrate (Millipore, MA, USA) on
chemiluminescence apparatus (SAGE, Beijing, China).

Statistics
All data were presented as the mean ± SD unless
otherwise specified. Date analyses were performed
using Student’s t-test or one-way ANOVA test with
GraphPad Prism Version 6.0e (CA, USA). p<0.05 was
considered statistically significant and the p-values in
figures were indicated with stars as follows: * p<0.05,
** p<0.01, *** p<0.001.

http://www.thno.org

Theranostics 2020, Vol. 10, Issue 5

Results
NOTCH4 is highly expressed in TNBC
patients and predicts poor prognosis
Since the four NOTCH receptors were reported
to exert diverse functions in physiological and
pathological processes including cancer, we propose
that they might play differential roles in breast cancer.
We determined the mRNA level of NOTCH receptors
in breast cancer cells and observed that NOTCH4 was
highly expressed in TNBC cells (Figure 1A), implying
an important role of NOTCH4 in TNBC. This
TNBC-specific expression pattern was further
observed at protein level in western blotting (Figure
1B). Interestingly, the accumulation of NICD4 implied
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that NOTCH4 was aberrantly activated in TNBC cells.
We next stained cell surface NOTCH4 for flow
cytometry analysis and observed that TNBC cells
contained a significantly higher proportion of
NOTCH4+ population compared with non-TNBC
cells (Figure 1C) (NOTCH4+ population accounting
for 19.96±2.75% in SUM149, 54.99±3.11% in SUM159,
36.62±4.89% in MDA-MB-231 and 35.66±2.89% in
MDA-MB-436). Our discovery of the enriched
NOTCH4+ population was in consistence with the
report of Rosemarie et al, who used a NOTCH4
activity reporter and found that NOTCH4 activity
was higher in TNBC cell lines [32].

Figure 1. NOTCH4 was highly expressed in TNBC cell lines and indicated poor prognosis in TNBC patients. (A) Quantitative real-time PCR was
performed to determine the mRNA expression level of NOTCH1-4 in four Non-TNBC cell lines and four TNBC cell lines, with TBP used as internal control. The
relative-expression data was normalized to generate the heatmap. (B) NICD4 was detected by western blotting, with β-ACTIN as loading control. (C) Flow
cytometry analysis was performed to determine the level of cell surface NOTCH4. Representative pictures of three independent experiments were shown (left),
NOTCH4+ percentage was shown as Mean±SD (right). (D) IHC staining of paraffin sections in breast tumors and para-tumor tissues from patients with antibody
specific to NOTCH4, Scale bar: 50 μm (left). Semi-quantitative IHC score (H-score) was calculated to indicate NOTCH4 expression in breast tumors and
para-tumors (right). (E-F) Overall survival analysis of NOTCH4 expression in clinical RNA-seq data from TCGA at PROGgene-V2
(http://genomics.jefferson.edu/proggene/), (E) unsorted dataset of BRCA and (F) TNBC-limited subset, with Hazard Ratio (HR) and p-value indicated. * P<0.05, **
P<0.01, *** P<0.001.

http://www.thno.org
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We then performed immunohistochemistry
staining of NOTCH4 in patients’ breast tumors and
corresponding para-tumor tissues and revealed that
NOTCH4 was highly expressed in tumors compared
with para-tumor tissues, demonstrating the dysregulated expression of NOTCH4 in breast cancer. Again,
we observed significant upregulation of NOTCH4 in
TNBC, in comparison with other two subtypes
(Luminal and HER2+) of breast cancer (Figure 1D).
The higher expression of NOTCH4 in TNBC agreed
with previous reports [26, 27]. Our further analysis of
public database indicated that higher expression level
of NOTCH4 significantly correlated with poorer
overall survival of breast cancer patients (Figure 1E,
Figure S1A-S1B). This negative correlation was even
more remarkable when we focused on the TNBC
cohort (Figure 1F). These data together suggested that
aberrant expression and activation of NOTCH4 might
promote TNBC malignancy.
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implying stronger stemness in NOTCH4+ population.
Furthermore, the NOTCH4+ cells of both SUM149 and
MDA-MB-231 exhibited higher sphere-formation
frequency in serial dilution mammosphere assay,
demonstrating that the NOTCH4+ population
enriched CSCs in vitro (Figure 2E-2F, Figure
S2F-S2G). To further demonstrate that the NOTCH4+
subpopulation enriched CSCs in vivo, we performed
serial dilution tumor transplantation using SUM149 to
assess the CSC frequency of the sorted NOTCH4-,
NOTCH4+, and total populations. The significantly
higher CSC frequency of the NOTCH4+ population
reflected enriched CSCs (Figure 2G, Figure S2H).
Taken together, these results demonstrated that
NOTCH4 enriched BCSCs that were characterized to
be potent in tumorigenesis and invasion, but slow in
proliferation. Accordingly, NOTCH4+ could be used
as a BCSC marker in TNBC.

NOTCH4 enriches BCSCs in TNBC

NOTCH4 is an efficient ML-BCSC marker in
TNBC

Given previous reports indicating NOTCH4 to
be involved in BCSC regulation [24, 33], we asked
whether the NOTCH4+ cells would show characteristics of BCSCs. To explore this, we first sorted the
NOTCH4- and NOTCH4+ subpopulations by FACS to
determine their invasiveness, proliferation and
tumorigenesis ability. We found that the NOTCH4+
population were more invasive but less proliferative
than the NOTCH4- counterpart in both SUM149 and
MDA-MB-231 (Figure 2A-2B, Figure S2A-S2B).
Furthermore, NOTCH4+ cells in both cell lines were
more potent in tumorigenesis in vivo (Figure S2C).
Besides, NOTCH4+ MDA-MB-231 cells showed
stronger lung metastasis ability (Figure S2D) in
contrast to NOTCH4- cells. These results suggested
that the NOTCH4+ cells were endowed with more
malignant features.
To determine whether the NOTCH4+ population
enriched BCSCs, we sorted NOTCH4+ and NOTCH4cells and cultured them in vitro for 10 days, followed
by FACS analysis. We observed that the sorted
NOTCH4+ cells recapitulated the whole population
including both NOTCH4+ cells and NOTCH4- cells,
with a similar ratio to that of the initial SUM149 cell
culture (Figure 1C, 2C), whereas NOTCH4- cells
rarely generated NOTCH4+ cells. These results
suggested that the NOTCH4+ population enriched
CSCs that were self-renewal to maintain the CSC pool,
as well as to differentiate to generate more
differentiated progenies. We then detected the
expression of stemness factors (NANOG, OCT4,
SOX2) in NOTCH4- and NOTCH4+ populations. As
expected, we observed higher levels of stemness
factors in NOTCH4+ cells (Figure 2D, Figure S2E),

Since the NOTCH4 enriched BCSCs were shown
to be more invasive and less proliferative, regarding
to our previous work declaring the two states of CSCs
[14], the NOTCH4+ cell population was likely to adapt
a mesenchymal-like status with enhanced invasiveness and quiescent proliferation. Whereupon, we
wondered the similarity or difference between the
NOTCH4+ marked BCSC population and the
previously reported BCSCs enriched by CD24-CD44+
or ALDH+. To illuminate this, we co-stained NOTCH4
with CD24/CD44 or ALDH for flow cytometry
analysis. Interestingly, NOTCH4+ population was
observed to overlap more with CD24-CD44+
population, but less with the ALDH+ population
(Figure 2H, Figure S2I). Furthermore, when we
re-examined our IHC staining of NOTCH4, the
NOTCH4+ cells were more frequently found to
localize near the interface of tumor and stroma
(Figure 1D, 2I), indicating a pro-invasion role of
NOTCH4. These data support that NOTCH4+ cells are
in a mesenchymal-like state and thus might promote
invasion and metastasis.
We have previously shown that TNBC cells are
almost 100% CD44+ [15], therefore NOTCH4+ might
be a more promising CSC marker alternative to CD24CD44+ in TNBC. To explore this possibility, we
performed tumor transplantation in a serial dilution
to compare the tumor formation frequency of the
following BCSC enriched populations, namely
ALDH+CD24-CD44+,
CD24-CD44+,
ALDH+,
+
+
+
NOTCH4 and CD24 CD44 NOTCH4 . Our results
showed that the tumorigenesis frequency of
NOTCH4+ population was slightly higher than that of
population.
Nevertheless,
NOTCH4+
ALDH+
http://www.thno.org
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population displayed significantly more efficient
tumorigenesis than CD24-CD44+ population. More
excitingly, the addition of CD24-CD44+ further
improved the tumorigenesis efficiency of NOTCH4+
population, although with only a slight degree
(Figure 2J-2K, Figure S2J). Another interesting
characteristic of CD24-CD44+ ML-BSCSs is their
chemoresistance, which has been reported to be
conferred by both cell cycle quiescence [34, 35] and
EMT [36, 37], and these were observed in NOTCH4+
cells in our results. To determine whether NOTCH4+
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cells were endowed with enhanced chemoresistance,
we tested the sensitivity of sorted cells to docetaxel
(DOC). We found that NOTCH4+ cells were relatively
more resistant to docetaxel than the NOTCH4population, as indicated by increased IC50 concentration (Figure S2K). These results demonstrated that
NOTCH4 enriched BCSCs with similar traits of the
previously defined ML-BCSCs characterized by
CD24-CD44+ in TNBC, but with a remarkably higher
efficiency.

Figure 2. NOTCH4 enriched BCSCs in TNBC cells. (A-F) NOTCH4+ and NOTCH4- cells were sorted from SUM149 by FACS to measure the following
characteristics: (A) invasion ability by transwell assay; (B) proliferation ability by MTT assay; (C) in vitro differentiation ability by flow cytometry with the initial FACS
graph showed as an insert; (D) fold change of stemness gene expression level by qRT-PCR, with TBP used as internal control; (E) mammosphere formation ability,
Scale bar: 100 μm. (F) Serial dilution assay was performed to determine the sphere-formation frequency; data was calculated by the online tool ELDA. (G) Sorted
SUM149 cells were transplanted in situ into nude mice at indicated serial dilutions to assess the BCSC frequency; data was calculated by the online tool ELDA
(http://bioinf.wehi.edu.au/software/elda/). (H) NOTCH4, ALDEFLUOR and CD24/CD44 were co-stained to determine the percentage of overlapping population in
SUM149. (I) A representative picture of IHC staining of NOTCH4 in TNBC paraffin sections, using dashed lines to indicate the tumor and stroma edges. (J-K)
Comparison of BCSC enrichment ability between NOTCH4 and the present commonly used BCSC markers as well as their combinations, using serial transplantation
assay of SUM149, CSC frequency (J) and pairwise p values (K) were calculated. Triple independent experiments were carried out and representative results were
shown. * P<0.05, ** P<0.01, *** P<0.001.

http://www.thno.org
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Overexpression of NICD4 mimicked the
phenotypes of NOTCH4+ cells in TNBC cell
lines
To further explore the underlying mechanisms
of NOTCH4 in regulating BCSCs, we constructed
NOTCH4 intracellular domain (NICD4)-overexpressing TNBC cell lines in SUM149 and MDA-MB231 (Figure 3A). Functionally, we observed significantly enhanced invasion in NICD4-overexpressing
cells (Figure 3B). However, upon NICD4
overexpression both cell lines suffered from
dramatically inhibited proliferation (Figure 3C),
which did not result from elevated apoptosis (Figure
S3A), but might resulted from cell cycle arrest at
G0/G1 phase (Figure S3B), similar to previous
observations in other cancer cells [38, 39]. Besides,
NICD4 overexpression increased mammosphere
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formation ability in both primary and secondary
mammosphere formation assay (Figure 3D).
Furthermore, NICD4 upregulated the stemnessassociated transcription factors in SUM149 and
MDA-MB-231 (Figure 3E). NICD4 also increased
CD24-CD44+ proportion in SUM149, whereas not in
MDA-MB-231 that was shown to be almost 100%
CD24-CD44+ (Figure 3F) [15]. Moreover, docetaxel
chemoresistance ability of the NICD4-overexpressing
cells was found to be reinforced (Figure 3G).
Interestingly, when we determined NICD4 expression
in two taxane-resistant SUM159 cell lines established
in our lab, remarkably elevated NICD4 level was
observed (Figure S3C). These results indicated that
NOTCH4 activation was involved in chemoresistance
of TNBC.

Figure 3. Overexpression of NICD4 induced ML-BSCS characteristics. (A) NICD4 overexpression was confirmed in TNBC cell lines SUM149 and
MDA-MB-231 by western blotting, with β-ACTIN used as loading control. (B-G) The biological functions of NICD4 overexpression in SUM149 and MDA-MB-231
cells were assessed: (B) invasion ability by transwell assay, (C) proliferation by MTT assay, (D) primary and secondary mammosphere formation ability, (E) master
stemness regulating transcription factors expression level, (F) CD24-CD44+ BCSC percentage, and (G) chemosensitivity to docetaxel by MTT assay. Triple
independent experiments were carried out and representative results were shown. * P<0.05, ** P<0.01, *** P<0.001.
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Figure 4. Activated NOTCH4 (NICD4) induced an ML-BCSC expression profile. (A-D) GSEA analysis of RNA-seq data of NICD4 overexpressing
SUM149 exhibited enrichment of (A) stemness regulating genes, (B) mesenchymal-like transition associated genes, (C) invasion enhancing genes and (D) cell cycle
arrest associated genes. (E) GO analysis of the RNA-seq data indicated enriched motility associated genes. (F) qRT-PCR was performed to validate the significantly
changed genes associated with cell cycle arrest and EMT related genes in 3 TNBC cell lines overexpressing NICD4, including SUM149, MDA-MB-231 and SUM159.
The RNA-seq results of SUM149 were also presented in the heatmap for comparison. TBP was used as internal control. Data was shown as log2 of fold change relative
to the control group of each cell line.

On the contrary of overexpression, we tried to
inhibit NOTCH4 activity to determine whether the
above-mentioned effects could be reversed. We
abandoned the usage of γ-secretase inhibitors (GSIs)
because NOTCH4 activation was reported to be
merely inhibited by GSIs [20, 24]. Therefore, we used
shRNA mediated knockdown. However, probably
due to the relatively low endogenous NOTCH4
mRNA level in breast cancer, we could only achieve a
partial knockdown efficiency (Figure S3D).
Nevertheless, we observed that even partial
knockdown of NOTCH4 resulted in observable
proliferation inhibition (Figure S3E). To understand
why knockdown of NOTCH4 displayed a similar
proliferation-inhibiting
phenotype
to
NICD4
overexpression, we analyzed apoptosis and cell cycle
and found that the reduced cell proliferation was not
due to cell cycle arrest but as a result of elevated
apoptosis (Figure S3F). Furthermore, the incomplete
interference of NOTCH4 showed a moderate
inhibitory effect on mammosphere formation ability

and invasion ability in both SUM149 and
MDA-MB-231 cells, but significantly impaired
chemoresistance (Figure S3G-S3I). These results
implied that NOTCH4 pathway might play an
important role in maintaining BCSC survival through
inhibiting apoptosis.

NICD4 overexpression induced an expression
profile associated with EMT and cellular
quiescence in TNBC cells
To explore the underlying mechanisms of
NOTCH4 in regulating TNBC ML-BCSCs, we
performed RNA-seq of NICD4-overexpressing
SUM149. In accordance with the above phenotypes,
we observed that the profile of NICD4-overexpressing
group enriched for genes associated with enhanced
“stemness” (Figure 4A) using GSEA analysis [40],
indicating that NOTCH4 promoted self-renewal of
BCSCs. Besides, we also identified an EMT profile
(Figure 4B), an enhanced invasion profile (Figure 4C)
and a cell cycle arrest signature (Figure 4D).
http://www.thno.org
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Furthermore, Gene Ontology (GO) analysis also
enriched for pathways related to mobility,
corresponding to the elevated invasion capacity of
NICD4-overexpressing cells (Figure 4E). These results
confirmed our previous functional assays at
transcriptomic level. Next, we performed qRT-PCR to
confirm the most significantly changed genes
associated with EMT and cell cycle regulation in the
RNA-seq results in three TNBC cell lines, namely
SUM149, MDA-MB-231 and SUM159. We found that
SLUG and GAS1 were consistently and most
dramatically upregulated in NICD4-overexpressing
cells (Figure 4F), suggesting that NOTCH4 might
promote cell invasion via SLUG and induce
quiescence through GAS1.
However, analysis of the RNA-seq data of a
non-TNBC cell line, MCF-7, did not display the
above-described mesenchymal-like stem features.
Surprisingly, NICD4 overexpression seemed to
comprehensively suppress the expression of stemness
associated genes, promote neuron-like differentiation,
and inhibit invasiveness and mesenchymal-like
features in MCF-7 (Figure S4A-S4E). GO analysis also
revealed similar portraits, as NICD4 overexpression
in MCF-7 resulted in significant enrichment of
negative regulators of cell mobility and genes toward
neuron-like differentiation (Figure S4F). Therefore,
NICD4 seemed to exert quite different effects on the
molecular and phenotypic portraits in TNBC and
non-TNBC cells, suggesting the function of NOTCH4
was cell-context dependent.
Taken together, activated NOTCH4 induced
mesenchymal-like features in TNBC cells, consistent
with its reported roles in promoting TNBC invasion
and metastasis, which might be mediated by SLUG
and GAS1.

NICD4 transcriptionally upregulates SLUG to
induce EMT
SLUG has long been reported as a master
transcription factor in regulating EMT both physiologically and pathologically [41], and demonstrated to
be a direct target of NOTCH4 in cardiac development
where it plays important roles in regulating EMT
during cardiac cushion cellularization [42]. Therefore,
we hypothesized that NOTCH4 might induce EMT
and invasion via upregulating SLUG in TNBC. To
demonstrate this, we firstly analyzed the correlation
between NOTCH4 and SLUG in breast cancer
database online (http://r2.amc.nl). We found that
NOTCH4 showed a significantly positive correlation
with SLUG but not SNAIL (the SLUG congener)
(Figure 5A, Figure S5A-S5B), implying a specific
regulation of NOTCH4 on SLUG but not SNAIL. We
then performed western blotting to detect a panel of
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EMT and MET markers, including SNAIL and SLUG
(Figure 5B). We still observed dramatic upregulation
of SLUG but not SNAIL at protein level, indicating the
specific regulation role of NICD4 on SLUG. Besides,
we observed expected changes of other EMT-MET
markers, such as downregulated E-Cadherin (E-Cad)
and upregulated VIMENTIN (VIM), suggesting a
transition
towards
mesenchymal-like
state.
Interestingly, knockdown of SLUG in NICD4overexpressing cells significantly reversed the NICD4
enhanced invasion, and incredibly impaired the
mammosphere formation and chemoresistance ability
(Figure 5C-5F, Figure S5C-S5F). Unexpectedly, we
observed significantly elevated apoptosis in NICD4
overexpressing cells after SLUG knockdown (Figure
S5G), implying that SLUG was involved in the
anti-apoptotic role of NOTCH4 (Figure S3F). Besides,
SLUG overexpression was shown to induce enhanced
invasion and stemness significantly in TNBC cells
(Figure S5H-S5J).
To determine how NOTCH4 regulated SLUG
expression in TNBC, we investigated the SLUG
promoter region for potential RBP-Jk binding sites
using JASPAR [43] and obtained three potential sites
(Figure 5G). To identify the genuine binding sites, we
firstly performed ChIP assay against FLAG-tagged
NICD4 and found that site-1 and site-2 were
significantly enriched (Figure 5H). Furthermore, we
cloned the promoter region of SLUG into a dualluciferase reporter vector and mutated the potential
binding sites one by one or simultaneously, which
were then co-transfected with NICD4-overexpressing
plasmid into HEK293T cells. We observed that the
mutations in either site-1 or site-2 could partially
attenuate the NICD4-upregulated luciferase activity
and simultaneous mutation of both sites almost
completely abolished the induction of SLUG
promoter activity by NICD4 (Figure 5I). These results
demonstrated that SLUG was a direct target of
NOTCH4. Taken together, we concluded that
NOTCH4 induced EMT via direct transcriptional
activation of SLUG in TNBC. Our data also suggested
an important role of SLUG in protecting NOTCH4+
cells from apoptosis.

NICD4 induces cellular quiescence via
transcriptionally upregulating GAS1
In search for genes responsible for the NICD4
induced cell cycle arrest, we noticed that GAS1
(Growth Arrest-specific Protein 1) was dramatically
and consistently upregulated in NICD4-overexpressing cells (Figure 4F). GAS1 has been well
known for its role in establishing cell cycle arrest at
G0/G1 phase by inhibiting DNA synthesis [28, 44]. It
was later demonstrated to act as a co-receptor of
http://www.thno.org
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Hedgehog pathway to augment the spreading range
of the Shh [29]. To explore whether NOTCH4
maintains ML-BCSC dormancy via GAS1, we
analyzed the expression correlation of NOTCH4 and
GAS1 (http://r2.amc.nl) and found a significant
positive correlation (Figure 6A, Figure S6A-S6B).
Moreover, NICD4 overexpression in both SUM149
and MDA-MB-231 resulted in significant induction of
GAS1 protein (Figure 6B). We also detected the
expression of Cyclin D1 (CCND1), whose downregulation has been also regarded as an indicator of
G0/G1 cell cycle arrest, and observed significantly
reduced CCND1 expression upon NICD4 overexpression (Figure 6B). Furthermore, when we
knocked down GAS1 in NICD4-overexpressing cell
lines (Figure 6C, Figure S6C), the inhibited
proliferation and cell cycle arrest were rescued
(Figure 6D-6E, Figure S6D-S6E). Concomitantly,
knockdown of GAS1 in NICD4-overexpressing cells
also resulted in reduced stemness of TNBC cells,
represented by reduced percentage of CD24-CD44+
population in SUM149 (Figure 6F) and mammosphere
formation ability in both tested cell lines (Figure 6G,
Figure S6F). Besides, knockdown of GAS1 partially
abolished the NICD4 induced chemoresistance
(Figure 6H, Figure S6G). Since GAS1 has been
reported to enhance Hedgehog pathway, we analyzed
our RNA-seq data using GSEA and found an enriched
profile of Hedgehog signaling activation in NICD4overexpressing group (Figure S6H), implying that
GAS1 might also be involved in NOTCH4+ ML-BCSC
maintenance
through
potentiating
Hedgehog
pathway [45, 46]. The role of GAS1 on G0/G1 arrest in
TNBC was further confirmed by GAS1 overexpression, which resulted in obviously reduced
CCND1 expression and G0/G1 arrest (Figure S6IS6J). However, overexpression of GAS1 alone also
resulted in increased apoptosis (Figure S6K), which
was consistent with previous studies showing that
GAS1 was able to induce apoptosis [47, 48].
To determine the regulation manner of NOTCH4
on GAS1 expression, we searched for potential
binding sites of RBP-Jk on the promoter region of
GAS1 using JASPAR [43] and obtained 4 potential
sites (Figure 6I). Interestingly, three out of the four
sites clustered within a short region of about 100
nucleotides (Cluster-1), implying that GAS1 was very
likely to be regulated by RBP-Jk dependent
transcription factors. To determine whether GAS1
was directly regulated by NOTCH4, we performed
both ChIP and promoter reporter assay as described
above. We indeed observed significant enrichment of
the predicted regions of both the separate site-1 and
the cluster-1, indicating the recruitment of NICD4 to
these regions (Figure 6J). Subsequent promoter
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reporter assay demonstrated that all four sites were
functional for NICD4 to activate GAS1 expression
(Figure 6K). In summary, the above results
demonstrated that GAS1 was a direct target of
NOTCH4 and was essential for NICD4 induced
proliferation quiescence.

SLUG and GAS1 cooperate to maintain the
NOTCH4+ ML-BCSCs
In the above results, we have noticed that either
knockdown of SLUG in NICD4-overexpressing cells
or overexpression of GAS1 by itself induced apoptosis
(Figure S5G, S6K). These observations suggested a
potential of GAS1 in inducing apoptosis, which might
be suppressed by SLUG. Indeed, GAS1 has been
reported to induce apoptosis in cancer, such as glioma
[47] and breast [48], and SLUG has been demonstrated
to inhibit apoptosis in breast cancer and is essential
for the survival of cancer cells during metastasis [49].
As expected, after knockdown of GAS1 following
SLUG interference in NICD4-overexpressing cells, the
apoptosis induced by SLUG interference was
significantly alleviated (Figure 7A-7B), accompanied
by a release of cell proliferation suppression (Figure
S7A) but a significant decrease in sphere formation
ability (Figure S7B). Furthermore, introduction of
SLUG into GAS1-overexpressing cells obviously
attenuated GAS1 induced apoptosis (Figure 7C-7D).
Given our above results, it was not surprising to
observe that co-overexpression of GAS1 and SLUG in
parental cells mimicked the effects of NICD4 overexpression, including enhanced invasion, inhibited
proliferation, elevated mammosphere formation
ability and chemoresistance (Figure S7C-S7F).
To further confirm our above results that
NOTCH4 upregulated SLUG and GAS1 expression in
TNBC cells, we sorted NOTCH4- and NOTCH4+
subpopulations to detect the endogenous SLUG and
GAS1 expression. Expectedly, we observed higher
expression of both SLUG and GAS1 in NOTCH4+ cells
compared with the NOTCH4- counterpart (Figure 7E).
We also confirmed the expression of NOTCH4, SLUG,
GAS1 and CCND1 in different subtypes of breast
cancer cell lines and observed expected expression
patterns. NOTCH4 and SLUG were almost
exclusively expressed in TNBC cell lines and GAS1
was expressed at higher level in TNBC cell lines,
whereas CCND1 expression was lower in TNBC cell
lines (Figure 7F). We expanded this observation to
more cell lines by analyzing the RNA-seq data
retrieved from Cancer Cell Line Encyclopedia (CCLE)
(Figure S7G), demonstrating that SLUG and GAS1
were positively correlated with NOTCH4 in TNBC
cell lines.
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Figure 5. NICD4 directly upregulated SLUG expression to induce EMT. (A) Gene expression correlation between NOTCH4 and SLUG or SNAIL was
plotted via R2 (https://hgserver1.amc.nl/cgi-bin/r2/main.cgi) using dataset from TCGA-BRCA. (B) Markers for EMT (VIM, SNAIL and SLUG) and MET (E-Cad) were
detected at protein level in NICD4-overexpressing SUM149, MDA-MB-231, and SUM159. (C) SLUG was interfered by shRNA in NICD4 overexpressing cells or
control cells. The knockdown efficiency was determined by western blotting, using β-ACTIN as loading control. (D-F) We then determined (D) invasion ability by
transwell assay, (E) mammosphere formation capability and (F) chemosensitivity via MTT assay after SLUG knockdown in SUM149 cells, the groups represented by
numbers in (F) were the same as in (C). (G) Schematic depiction of the SLUG promoter with putative binding sites (colored rectangles) indicated. Primer sets for
ChIP analyses were indicated by the arrows and the designed mutants were shown below. (H) ChIP and qRT-PCR were subsequently performed. The results of each
primer were expressed as % Input material. IgG was used as control. (I) Dual-luciferase reporter assays of the SLUG promoter region. The relative luciferase signal
ratio (Relina Luc. /Firefly Luc.) was further normalized to that of the group transfected with control vector. Triple independent experiments were carried out and
representative results were shown. ns=not significant, ** P<0.01, *** P<0.001.

We then asked whether our discovery could
predict clinical outcome. To answer this question, we
utilized the Kaplan-Meier plotter [50] to analyze the
association between the expression level and distant
metastasis-free survival (DMFS) or relapse free
survival (RFS) in breast cancer. We found that each of
NOTCH4, SLUG and GAS1 predicted poor DMFS
(Figure S8A). More interestingly, when focusing on
the patients who received chemotherapy, we
observed that high expression of each of NOTCH4,
SLUG and GAS1 was associated with significantly
worse DMFS and RFS (Figure 7G), whereas CCND1,
downregulated in ML-BCSCs, didn’t display such a
trend (Figure 7G, Figure S8A). Similar results were
observed in TNBC patients, although with a weaker
significance due to the small cohort (Figure S8B-S8C).
The potential to predict earlier metastasis and relapse

after
chemotherapy
suggested
that
the
NOTCH4-SLUG-GAS1 circuit was involved in
promoting metastasis and chemoresistance.
As illustrated in Figure 7H, NOTCH4 was
aberrantly highly expressed and activated in TNBC,
and could be used to enrich ML-BCSCs.
Mechanistically, SLUG and GAS1 were among the
direct downstream key effectors, if not only, of
NOTCH4
in
maintaining
the
ML-BCSC
characteristics. SLUG and GAS1 cooperated to exert
the effects of NICD4 in TNBC, including enhanced
invasiveness and chemoresistance, as well as cellular
quiescence. Moreover, SLUG also functioned to
diminish the pro-apoptosis role of GAS1, thus
harnessing the previously regarded tumor suppressor
gene to serve as a tumor promoting gene.
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Discussion
In this work, we showed that NOTCH4 was
significantly upregulated and aberrantly activated in
TNBC cells, and that NOTCH4 overexpression was
related to reduced overall survival. Hereafter, we
demonstrated that NOTCH4+ could efficiently enrich
BCSCs in TNBC cells, which showed characteristics of
ML-BCSCs, such as enhanced invasion and migration,
cellular quiescence and elevated chemoresistance. As
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expected, NOTCH4+ BCSCs were shown to overlap
with the CD24-CD44+ subpopulation but not the
ALDH+ counterpart, and resided at the invasive
frontier of breast tumors, consistent with our previous
two-state BCSC theory [14]. We then performed
RNA-seq of NICD4-overexpressing cells and found
that constitutive activation of NOTCH4 dramatically
triggered a molecular profile of enhanced stemness,
EMT, elevated invasion ability and cellular
quiescence.

Figure 6. NICD4 induced cell cycle quiescence via transcriptionally activating GAS1. (A) Expression correlation between NOTCH4 and GAS1 was
plotted using above the mentioned tool R2. (B) Induction of GAS1 protein by NICD4 overexpression and expression of Cyclin D1 (CCND1) was determined by
western blotting, using β-ACTIN as loading control. (C) GAS1 was interfered by lentiviral shRNA. The knockdown efficiency was determined by western blotting,
using β-ACTIN as loading control. (D-H) In SUM149, we then determined (D) cell proliferation by MTT assay, (E) cell cycle distribution by flow cytometry, (F)
CD24-CD44+ percentage by flow cytometry, (G) mammosphere formation capability and (H) chemosensitivity by MTT assay, after GAS1 knockdown by shRNA. (I)
Schematic depiction of the GAS1 promoter to indicate the putative binding sites (colored rectangles). Primer sets for ChIP analyses are indicated by the arrow pairs,
with the designed mutants shown below. (J) ChIP and qRT-PCR were subsequently performed and the results of each primer was expressed as % Input material. IgG
was used as control. (K) Dual-luciferase reporter assays of the GAS1 promoter region. GAS1-WT: vector containing the wild-type sequence of the GAS1 promoter.
GAS1-Δ234, simultaneous mutation of cluster-1; GAS1-Δ1234, simultaneous mutation of all four predictive RBP-Jk binding sites. The relative luciferase signal ratio
(Relina Luc. /Firefly Luc.) was further normalized to that of the group transfected with control vector. ns=not significant, * P<0.05, ** P<0.01, *** P<0.001.
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Figure 7. SLUG and GAS1 cooperated to facilitate NOTCH4 function in maintaining the ML-BCSC characteristics and predicted metastasis
and relapse in TNBC patients after chemotherapy. (A) SLUG alone or both SLUG and GAS1 were knocked down in NICD4-overexpressing SUM149 and
MDA-MB-231. (B) Apoptosis of the indicated cells in (A) was assessed using flow cytometry. (C) GAS1 alone or both SLUG and GAS1 were overexpressed
simultaneously in SUM149 and MDA-MB-231. (D) Apoptosis assay was performed to the indicated cells in (C). Bars showed the percentage of cells distributed in
different status, namely, viable cells, early apoptosis (Early-Apop. in short), late apoptosis (Late-Apop. in short) and dead cells. (E) Western blotting to determine the
expression of the indicated proteins in sorted NOTCH4neg and NOTCH4pos cells of both SUM149 and MDA-MB-231 (neg, negative; pos, positive). (F) Western
blotting to determine the expression pattern of the indicated proteins in TNBC and non-TNBC cell lines. β-ACTIN was used as loading control. (G) DMFS and RFS
analysis of NOTCH4, SLUG, GAS1 and CCND1 using Kaplan-Meier tool with cohort received chemotherapy. (H) A schematic summary of the findings of this work.
NOTCH4 aberrant activation induces and maintains ML-BCSCs status by transcriptionally activating SLUG and GAS1, which work together to endow NOTCH4+
cells with enhanced EMT and cellular quiescence, and eventually leading to TNBC metastasis and chemoresistance. *** P<0.001.

Mechanistically, both SLUG and GAS1 were
identified and further demonstrated to be direct
targets of NICD4. Interestingly, the binding sites for
SLUG identified in this study are just the same as
those reported by Niessen K. et al, supporting that

SLUG is a genuine direct target of NOTCH4 not only
in heart development but also in TNBC ML-BCSC
maintenance and survival [42]. Besides, GAS1 was
identified as a novel NOTCH4 target gene in this
work to contribute to cancer stemness, although GAS1
http://www.thno.org
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has long been regarded as a tumor suppressor gene
due to its canonical role in inhibiting cell proliferation
[48]. Noteworthily, evidence emerges recently to
support a role of GAS1 in regulating stem cells [47] as
well as CSCs, mainly contributed to hedgehog
pathway activation [51]. Otherwise, we also observed
a pro-apoptotic role of GAS1 when it was
overexpressed alone in TNBC cells, which could be
alleviated by SLUG. These results depicted such a
scenario, where the higher NOTCH4 activity in TNBC
cells harnessed the previously regarded tumor
suppressor GAS1 to serve as an accomplice in tumor
progression [36], both as a cell cycle arrester and a
mediator to hedgehog signaling, in maintaining the
ML-BCSC status.
The above results suggested that the
NOTCH4-SLUG-GAS1 circuit might serve as a
promising target to treat TNBC. Our results
confirmed this conception, as interference of either
SLUG or GAS1 significantly abrogated the malignant
traits of TNBC cells. However, the current widely
used γ-Secretase inhibitors (GSI), such as MK-0752
and RO4929097, although efficient in inhibiting the
activation of NOTCH1-3, were shown to be inefficient
in inhibiting NOTCH4 activation [20, 24] and showed
minimal clinical activity [52]. In fact, there is emerging
evidence showing that NOTCH pathway can also be
activated in non-canonical manners where ligand
binding as well as γ-Secretase is not required [53, 54].
Hopefully, there are more inhibitors being developed
in laboratory, which provide the possibility to target
NOTCH4 activation [55, 56]. Another possible reason
for the higher NICD4 in TNBC was attributed to the
disrupted pathways targeting NICD4 for degradation
under normal circumstances [53, 57]. In addition, we
unexpectedly observed a tumor suppressor function
of NOTCH4 in the non-TNBC cell line MCF-7, where
forced activation of NOTCH4 induced cell
differentiation and inhibited invasion. Indeed,
seemingly controversial results have been previously
reported in melanoma to state that NOTCH4
functions as either a cancer stem cell marker [25] or a
tumor-suppressor gene [58]. These results reflect the
cell-context dependent roles of NOTCH4 and
highlight the significance of targeting NOTCH4
signaling in defined subtypes to achieve a precision
therapy.
In conclusion, our work demonstrated that
NOTCH4 might supplant CD24-CD44+ in labeling
TNBC stem cells for its accuracy and revealed the
mechanisms by which NOTCH4 regulated stemness,
chemoresistance and invasion of the TNBC cells.
NOTCH4 drove ML-BCSCs into a quiescent state to
acquire chemoresistance through GAS1, and induced
EMT via upregulating SLUG to increase invasion and
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metastasis. In the meanwhile, SLUG also served to
eliminate the pro-apoptotic side-effect of GAS1.
Hence, NOTCH4-SLUG-GAS1 composed up a circuit
to promote ML-BCSC maintenance by simultaneously
inducing EMT and cellular quiescence, which could
be a potential therapeutic target to inhibit metastasis
and chemoresistance of TNBC.

Abbreviations
ALDH, aldehyde dehydrogenase; BCSC, breast
cancer stem cell; DMFS, distant-metastasis free
survival; EMT, epithelial-to-mesenchymal transition;
ER, estrogen receptor; GSIs, γ-secretase inhibitors,
H-Score,
histochemical
staining-score;
IHC,
immunohistochemistry; ML-BCSC, mesenchymal-like
breast cancer stem cell; NICD4, NOTCH4 intracellular
domain; OS, overall survival; RFS, relapse free
survival; TCGA, The Cancer Genome Atlas; TNBC,
triple-negative breast cancer.

Acknowledgements
This work was supported by National Key
Research and Development Program of China
(2018YFA0507501; 2016YFA0101202), NSFC grant
(81773155; 81772799; 81530075; 81930075), Program
for Outstanding Medical Academic Leader (2019L
J04), MOST grant (2015CB553800), Shenzhen Science
and Technology Innovation Commission Project,
Shenzhen Municipal Government of China (KQTD201
70810160226082), Fudan-SIMM Joint Research Fund
(FU-SIMM20172007), Fudan University Research
Foundation (IDH1340042) and Research Foundation
of the Fudan University Shanghai Cancer Center
(YJRC1603).

Authors' contributions
L. Zhou, D. Wang, D. Sheng, S. Liu and L. Zhang
designed experiments, analyzed the data, and drafted
the manuscript; L. Zhou, D. Wang, D. Sheng, J. Xu.,
W. Chen, Y. Qin, R. Du, X. Yang and X. He performed
experiments and collected data under the overall
instruction of N. Xie, S. Liu and L. Zhang. All authors
read and approved the final manuscript.

Ethics approval and consent to participate
All experiments performed in this study
involving human participants were in accordance
with the ethical standards of the Research Ethics
Committee of Fudan University and with the 1964
Helsinki declaration and its later amendments. All
written informed consent to participate in the study
was obtained from breast cancer patients to collect
tumor samples.

http://www.thno.org

Theranostics 2020, Vol. 10, Issue 5

2420

Consent for publication
The authors have approved this manuscript for
publication.

19.

Availability of data and material

20.

All data analyzed and mentioned during this
study are included either in the article or in the
Supplementary Data. Materials used in this study are
available upon reasonable request to the
corresponding author Dr. Suling Liu and Dr. Lixing
Zhang.

Supplementary Material
Supplementary figures and tables.
http://www.thno.org/v10p2405s1.pdf

Competing Interests
The authors have declared that no competing
interest exists.

21.
22.
23.
24.
25.
26.
27.
28.

References

29.

1.

30.

2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

16.
17.
18.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019;
69: 7-34.
Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene
expression patterns of breast carcinomas distinguish tumor subclasses with
clinical implications. Proc Natl Acad Sci U S A. 2001; 98: 10869-74.
Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, et al.
Phenotypic and molecular characterization of the claudin-low intrinsic
subtype of breast cancer. Breast Cancer Res. 2010; 12: R68.
Liu R, Shi P, Nie Z, Liang H, Zhou Z, Chen W, et al. Mifepristone Suppresses
Basal Triple-Negative Breast Cancer Stem Cells by Down-regulating KLF5
Expression. Theranostics. 2016; 6: 533-44.
Idowu MO, Kmieciak M, Dumur C, Burton RS, Grimes MM, Powers CN, et al.
CD44(+)/CD24(-/low) cancer stem/progenitor cells are more abundant in
triple-negative invasive breast carcinoma phenotype and are associated with
poor outcome. Hum Pathol. 2012; 43: 364-73.
Lin X, Chen W, Wei F, Zhou BP, Hung MC, Xie X. Nanoparticle Delivery of
miR-34a Eradicates Long-term-cultured Breast Cancer Stem Cells via
Targeting C22ORF28 Directly. Theranostics. 2017; 7: 4805-24.
Tang T, Guo C, Xia T, Zhang R, Zen K, Pan Y, et al. LncCCAT1 Promotes
Breast Cancer Stem Cell Function through Activating WNT/beta-catenin
Signaling. Theranostics. 2019; 9: 7384-402.
Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF.
Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A. 2003; 100: 3983-8.
Honeth G, Bendahl PO, Ringner M, Saal LH, Gruvberger-Saal SK, Lovgren K,
et al. The CD44+/CD24- phenotype is enriched in basal-like breast tumors.
Breast Cancer Res. 2008; 10: R53.
Gao R, Li D, Xun J, Zhou W, Li J, Wang J, et al. CD44ICD promotes breast
cancer stemness via PFKFB4-mediated glucose metabolism. Theranostics.
2018; 8: 6248-62.
Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M, et
al. ALDH1 is a marker of normal and malignant human mammary stem cells
and a predictor of poor clinical outcome. Cell Stem Cell. 2007; 1: 555-67.
Zhou L, Sheng D, Wang D, Ma W, Deng Q, Deng L, et al. Identification of
cancer-type specific expression patterns for active aldehyde dehydrogenase
(ALDH) isoforms in ALDEFLUOR assay. Cell Biol Toxicol. 2019; 35: 161-77.
Liu B, Du R, Zhou L, Xu J, Chen S, Chen J, et al. miR-200c/141 Regulates Breast
Cancer Stem Cell Heterogeneity via Targeting HIPK1/beta-Catenin Axis.
Theranostics. 2018; 8: 5801-13.
Liu S, Cong Y, Wang D, Sun Y, Deng L, Liu Y, et al. Breast cancer stem cells
transition between epithelial and mesenchymal states reflective of their
normal counterparts. Stem Cell Reports. 2014; 2: 78-91.
Zhou L, Sheng D, Deng Q, Wang D, Liu S. Development of a novel method for
rapid cloning of shRNA vectors, which successfully knocked down CD44 in
mesenchymal triple-negative breast cancer cells. Cancer Commun (Lond).
2018; 38: 57.
Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate control
and signal integration in development. Science. 1999; 284: 770-6.
Liu S, Dontu G, Wicha MS. Mammary stem cells, self-renewal pathways, and
carcinogenesis. Breast Cancer Res. 2005; 7: 86-95.
Rajakulendran N, Rowland KJ, Selvadurai HJ, Ahmadi M, Park NI,
Naumenko S, et al. Wnt and Notch signaling govern self-renewal and

31.
32.
33.

34.

35.
36.
37.
38.

39.
40.

41.

42.
43.

44.
45.

differentiation in a subset of human glioblastoma stem cells. Genes Dev. 2019;
33: 498-510.
Xie C, Zhu J, Jiang Y, Chen J, Wang X, Geng S, et al. Sulforaphane Inhibits the
Acquisition of Tobacco Smoke-Induced Lung Cancer Stem Cell-Like
Properties via the IL-6/DeltaNp63alpha/Notch Axis. Theranostics. 2019; 9:
4827-40.
Wang D, Xu J, Liu B, He X, Zhou L, Hu X, et al. IL6 blockade potentiates the
anti-tumor effects of gamma-secretase inhibitors in Notch3-expressing breast
cancer. Cell Death Differ. 2018; 25: 330-9.
Lobry C, Oh P, Aifantis I. Oncogenic and tumor suppressor functions of Notch
in cancer: it's NOTCH what you think. J Exp Med. 2011; 208: 1931-5.
Uyttendaele H, Marazzi G, Wu G, Yan Q, Sassoon D, Kitajewski J.
Notch4/int-3, a mammary proto-oncogene, is an endothelial cell-specific
mammalian Notch gene. Development. 1996; 122: 2251-9.
Sun Y, Lowther W, Kato K, Bianco C, Kenney N, Strizzi L, et al. Notch4
intracellular domain binding to Smad3 and inhibition of the TGF-beta
signaling. Oncogene. 2005; 24: 5365-74.
Harrison H, Farnie G, Howell SJ, Rock RE, Stylianou S, Brennan KR, et al.
Regulation of breast cancer stem cell activity by signaling through the Notch4
receptor. Cancer Res. 2010; 70: 709-18.
Lin X, Sun B, Zhu D, Zhao X, Sun R, Zhang Y, et al. Notch4+ cancer stem-like
cells promote the metastatic and invasive ability of melanoma. Cancer Sci.
2016; 107: 1079-91.
Nagamatsu I, Onishi H, Matsushita S, Kubo M, Kai M, Imaizumi A, et al.
NOTCH4 is a potential therapeutic target for triple-negative breast cancer.
Anticancer Res. 2014; 34: 69-80.
Wang JW, Wei XL, Dou XW, Huang WH, Du CW, Zhang GJ. The association
between Notch4 expression, and clinicopathological characteristics and
clinical outcomes in patients with breast cancer. Oncol Lett. 2018; 15: 8749-55.
Del Sal G, Ruaro ME, Philipson L, Schneider C. The growth arrest-specific
gene, gas1, is involved in growth suppression. Cell. 1992; 70: 595-607.
Martinelli DC, Fan CM. Gas1 extends the range of Hedgehog action by
facilitating its signaling. Genes Dev. 2007; 21: 1231-43.
Hu Y, Smyth GK. ELDA: extreme limiting dilution analysis for comparing
depleted and enriched populations in stem cell and other assays. J Immunol
Methods. 2009; 347: 70-8.
Cheon KW, Lee HS, Parhar IS, Kang IS. Expression of the second isoform of
gonadotrophin-releasing hormone (GnRH-II) in human endometrium
throughout the menstrual cycle. Mol Hum Reprod. 2001; 7: 447-52.
D'Angelo RC, Ouzounova M, Davis A, Choi D, Tchuenkam SM, Kim G, et al.
Notch reporter activity in breast cancer cell lines identifies a subset of cells
with stem cell activity. Mol Cancer Ther. 2015; 14: 779-87.
Simoes BM, O'Brien CS, Eyre R, Silva A, Yu L, Sarmiento-Castro A, et al.
Anti-estrogen Resistance in Human Breast Tumors Is Driven by
JAG1-NOTCH4-Dependent Cancer Stem Cell Activity. Cell Rep. 2015; 12:
1968-77.
Yano S, Takehara K, Tazawa H, Kishimoto H, Urata Y, Kagawa S, et al.
Cell-cycle-dependent drug-resistant quiescent cancer cells induce tumor
angiogenesis after chemotherapy as visualized by real-time FUCCI imaging.
Cell Cycle. 2017; 16: 406-14.
Zeuner A. The secret life of quiescent cancer stem cells. Mol Cell Oncol. 2015;
2: e968067.
Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong ST, et al.
Epithelial-to-mesenchymal transition is not required for lung metastasis but
contributes to chemoresistance. Nature. 2015; 527: 472-6.
Cao J, Wang X, Dai T, Wu Y, Zhang M, Cao R, et al. Twist promotes tumor
metastasis in basal-like breast cancer by transcriptionally upregulating ROR1.
Theranostics. 2018; 8: 2739-51.
Vercauteren SM, Sutherland HJ. Constitutively active Notch4 promotes early
human hematopoietic progenitor cell maintenance while inhibiting
differentiation and causes lymphoid abnormalities in vivo. Blood. 2004; 104:
2315-22.
Noseda M, Chang L, McLean G, Grim JE, Clurman BE, Smith LL, et al. Notch
activation induces endothelial cell cycle arrest and participates in contact
inhibition: role of p21Cip1 repression. Mol Cell Biol. 2004; 24: 8813-22.
Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. 2005;
102: 15545-50.
Chakrabarti R, Hwang J, Andres Blanco M, Wei Y, Lukacisin M, Romano RA,
et al. Elf5 inhibits the epithelial-mesenchymal transition in mammary gland
development and breast cancer metastasis by transcriptionally repressing
Snail2. Nat Cell Biol. 2012; 14: 1212-22.
Niessen K, Fu Y, Chang L, Hoodless PA, McFadden D, Karsan A. Slug is a
direct Notch target required for initiation of cardiac cushion cellularization. J
Cell Biol. 2008; 182: 315-25.
Khan A, Fornes O, Stigliani A, Gheorghe M, Castro-Mondragon JA, van der
Lee R, et al. JASPAR 2018: update of the open-access database of transcription
factor binding profiles and its web framework. Nucleic Acids Res. 2018; 46:
D260-D6.
van Roeyen CR, Zok S, Pruessmeyer J, Boor P, Nagayama Y, Fleckenstein S, et
al. Growth arrest-specific protein 1 is a novel endogenous inhibitor of
glomerular cell activation and proliferation. Kidney Int. 2013; 83: 251-63.
Bhateja P, Cherian M, Majumder S, Ramaswamy B. The Hedgehog Signaling
Pathway: A Viable Target in Breast Cancer? Cancers (Basel). 2019; 11.

http://www.thno.org

Theranostics 2020, Vol. 10, Issue 5

2421

46. Cao Y, Lin SH, Wang Y, Chin YE, Kang L, Mi J. Glutamic Pyruvate
Transaminase GPT2 Promotes Tumorigenesis of Breast Cancer Cells by
Activating Sonic Hedgehog Signaling. Theranostics. 2017; 7: 3021-33.
47. Lopez-Ornelas A, Vergara P, Segovia J. Neural stem cells producing an
inducible and soluble form of Gas1 target and inhibit intracranial glioma
growth. Cytotherapy. 2014; 16: 1011-23.
48. Jimenez A, Lopez-Ornelas A, Estudillo E, Gonzalez-Mariscal L, Gonzalez RO,
Segovia J. A soluble form of GAS1 inhibits tumor growth and angiogenesis in
a triple negative breast cancer model. Exp Cell Res. 2014; 327: 307-17.
49. Kim S, Yao J, Suyama K, Qian X, Qian BZ, Bandyopadhyay S, et al. Slug
promotes survival during metastasis through suppression of Puma-mediated
apoptosis. Cancer Res. 2014; 74: 3695-706.
50. Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, et al. An online
survival analysis tool to rapidly assess the effect of 22,277 genes on breast
cancer prognosis using microarray data of 1,809 patients. Breast Cancer Res
Treat. 2010; 123: 725-31.
51. Zhou M, Hou Y, Yang G, Zhang H, Tu G, Du YE, et al. LncRNA-Hh
Strengthen Cancer Stem Cells Generation in Twist-Positive Breast Cancer via
Activation of Hedgehog Signaling Pathway. Stem Cells. 2016; 34: 55-66.
52. Lee SM, Moon J, Redman BG, Chidiac T, Flaherty LE, Zha Y, et al. Phase 2
study of RO4929097, a gamma-secretase inhibitor, in metastatic melanoma:
SWOG 0933. Cancer. 2015; 121: 432-40.
53. Palmer WH, Deng WM. Ligand-Independent Mechanisms of Notch Activity.
Trends Cell Biol. 2015; 25: 697-707.
54. Nandagopal N, Santat LA, Elowitz MB. Cis-activation in the Notch signaling
pathway. Elife. 2019; 8.
55. Filipovic A, Lombardo Y, Faronato M, Abrahams J, Aboagye E, Nguyen QD, et
al. Anti-nicastrin monoclonal antibodies elicit pleiotropic anti-tumour
pharmacological effects in invasive breast cancer cells. Breast Cancer Res
Treat. 2014; 148: 455-62.
56. McClements L, Annett S, Yakkundi A, O'Rourke M, Valentine A, Moustafa N,
et al. FKBPL and its peptide derivatives inhibit endocrine therapy resistant
cancer stem cells and breast cancer metastasis by downregulating DLL4 and
Notch4. BMC Cancer. 2019; 19: 351.
57. Sun Y, Klauzinska M, Lake RJ, Lee JM, Santopietro S, Raafat A, et al. Trp53
regulates Notch 4 signaling through Mdm2. J Cell Sci. 2011; 124: 1067-76.
58. Bonyadi Rad E, Hammerlindl H, Wels C, Popper U, Ravindran Menon D,
Breiteneder H, et al. Notch4 Signaling Induces a Mesenchymal-Epithelial-like
Transition in Melanoma Cells to Suppress Malignant Behaviors. Cancer Res.
2016; 76: 1690-7.

http://www.thno.org

