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Blocking the Notch signal transduction pathway promotes
tumor growth in breast cancer by promoting the expression of
suppressible inflammatory factors
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Background: Breast cancer is the most common malignant tumor among all female tumors. It seriously
affects the health and lives of patients, and poses a significant economic burden. The study of the molecular
mechanisms of breast cancer occurrence, proliferation and growth and development is of great clinical
significance.

Methods: Notchl knockout mice were obtained by gene targeting. The expression of inflammatory
factor arginase-1 in each group of tumors was observed by immunofluorescence staining. Semi-quantitative
detection of Notchl, Arginase-1, and proteins belonging to the PI3K-AKT pathway by western blot. The
expression level of interleukin-3 (IL-3), and IL-4 in serum was quantified by enzyme linked immunosorbent
assay (ELISA).

Results: In this study, Notchl knockout in mice promoted the cell proliferation of breast cancer.
Further study on molecular mechanisms demonstrated that the increased cell proliferation resulted from
the activation of the PI3K-AKT signal transduction pathway. In addition, the expression of the M2-type
inflammatory factor arginase-1 significantly increased, which was dependent on the activation of the PI3K-
AKT pathway, indicating that Notchl knockout in mice promoted the polarization of tumor-associated
macrophages (TAMs). Consistent with this, IL-3 and IL-4 expression also significantly increased in the
serum of Notch1 knockout mice.

Conclusions: According to our results, Notchl knockout in mice significantly promoted the cell
proliferation of breast cancer, not only by activating the PI3K-AKT pathway, but also by promoting the

polarization of TAMs towards the M2-type phenotype.
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Introduction

The most common malignant tumor in women is breast
cancer, which is a serious threat to the lives and health of
women worldwide, and poses a serious economic burden.
According to data obtained from the International Agency
for Research on Cancer (IARC), it is estimated that by
2030, breast cancer cases and deaths in 69 countries around
the world are likely to reach 2.64 million and 1.7 million,
respectively (1). In China, according to the 2019 National
Cancer Report, the annual incidence rate of breast cancer is
about 304,000, ranking the highest in terms of the incidence
rate of female malignant tumors. At present, targeted therapy
drugs have been developed for human epidermal growth
factor receptor 2 (HER-2) positive, estrogen receptor (ER)
positive, and progesterone receptor (PR) positive breast
cancer patients, which greatly improves the survival time and
quality of life of patients (2,3). Subsequently, targeted therapy
drugs were developed for BRCA1/2 (4). However, some
patients do not have a clear pathogenic mutation gene, known
as triple negative breast cancer, which has the highest degree
of malignancy. At present, conventional treatment methods
include surgery, chemotherapy, and radiotherapy. For these
patients, the study of its pathogenesis and the development of
targeted drugs have become important research topics.

It has been proven that monocytes/macrophages are
recruited towards the tumor microenvironment through
neovascularization to form tumor-associated macrophages
(TAMs) in the early stage of tumorigenesis. In this
physiological process, the Notch signal transduction
pathway regulates not only the production of recruitment
factors by tumor cells, but also the differentiation of
TAMs. Chemokine (C-C motif) receptor 2 (CCR2) is
a key molecule involved in monocyte recruitment. The
classical Notch signal transduction pathway interacts with
CCR2/Chemokine (C-C motif) 2 (CCL2) of TAMs in the
tumor microenvironment and mediates the localization of
monocytes in tumor tissues in a CCR2-dependent manner
during the early stage of tumorigenesis (5). In basal-like
breast cancer, the Notch signal transduction pathway
directly regulated the expression of CCL2 and interleukin-
1p (IL-1B), which were Produced by tumor cells and
bone marrow stromal cells (6). The secreted cytokines/
chemokines contribute to monocyte recruitment to tumor
tissue through monocyte adhesion to blood vessels and
extravasation to tumor tissues. According to the research,
Notch signaling pathway promoted ATM conversion to
M1-type ATM to activate inflammatory response and
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subsequently inhibit the tumor growth of osteosarcoma.

The phenotype of TAMs in the tumor microenvironment
is highly plastic. Macrophages polarize to 2 opposite
functional phenotypes in pro-inflammatory (M1-type ATM)
and anti-inflammatory (M2-type ATM) microenvironments.
MI1-type ATM releases pro-inflammatory cytokines to
inhibit tumor growth; M2-type AT'M can inhibit the release
of inflammatory cytokines to promote tumor growth,
of which one of the main features of M2-type ATM is
the up-regulation of Arginase-1 (Arg-1), indicating the
polarization of ATM to M2-type ATM. It was found that
human breast cancer cells secreted macrophage colony
stimulating factor (M-CSF) to induce TAMs towards an
anti-inflammatory phenotype (7). In an iz vivo model of
breast cancer, the monocyte precursors differentiated into
different TAM subpopulations (8). In addition, a study on
renal cell carcinoma showed that TAMs had mixed pro-
inflammatory and anti-inflammatory phenotypes (9). These
results indicate that the phenotype of TAMs depends on
the tumor, and their activation is highly dependent on the
microenvironment, in which the Notch signal transduction
pathway participates in TAM activation and promotes their
differentiation into a pro-inflammatory phenotype. The
Notch signal transduction pathway directly or indirectly
promotes the transformation towards a pro-inflammatory
phenotype of TAMs and regulates the transcription of
some inflammatory factors, such as IL-6, IL-12B, and
NOS2 (10). However, blocking it may lose some major
pro-inflammatory functions and reduce the production of
proinflammatory cytokines (such as IL-6) and nitric oxide
(NO) (11).

Based on its role in TAM recruitment and differentiation,
as well as its subsequent function in tumor suppression, the
Notch signal transduction pathway is expected to become a
drug target for tumor treatment. Various types of y-secretase
inhibitors are commonly used to inhibit the Notch
signal transduction pathway in clinical trials. In addition,
antibody-based specific blocking therapy for ligand binding
regions or negative regulatory regions of Notch has also
become a research hotspot in recent years (12). The purpose
of this study is to discuss the role and mechanism of Notchl
in the occurrence and development of breast cancer.
Our results demonstrated that blocking the Notch signal
transduction pathway promoted tumor growth through
activating the expression of IL-3 and IL-4. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-1041/rc).
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Methods
Construction of Notch1 knockout mice

The mouse strain used in the study was B6.129X1-
Notchl, which was purchased from (Strain #: 007181)
The Jackson Laboratory. The mice were fed at 21-27 °C
with freely drinking water and eating. The specific step of
the construction of Notchl knockout mice is to use gene
targeting technology to insert two loxP gene sequences
into both ends of the Notchl gene, and then transfer them
into embryonic stem cells in the uterus of pregnant mice.
Notchl gene knockout was detected by polymerase chain
reaction (PCR). A protocol was prepared before the study
without registration. The experiment was carried out under
the project license issued by the Experimental Animal
Ethics Committee of the Fourth Hospital of Hebei Medical
University (No. IACUC-4th Hos Hebmu-20180212) and in

line with the national guidelines on animal care and use.

Establishment of a tumor-bearing mouse model

Five pairs of 6-week-old mice with homologous Lyz2Cre
Notchl f/f and Lyz2Cre Notchl +/+ were selected. The
FCY20201MCF-7 of breast cancer in logarithmic phase
was digested with trypsin and prepared into cell suspension.
After disinfecting the skin of the mice with alcohol,
FCY20201MCEF-7 cell suspension was injected into the
middle and lower part of the right axilla of the mice. The
injection density was 2.5x10"/mL and the injection volume
was 0.2 mL of each mouse. Isoflurane gas anesthesia were
used for reducing mice’ pain. After the injection, the mice
were put back into the cage and fed routinely. The living
conditions of tumor-bearing mice were observed every day.
After 2 weeks of treatment, the tumor growth was evaluated
by small animal living imager. After 21 days, the tumor was
removed and weighed. In addition, the effects of Notchl
gene knockout on tumor growth were compared.

Western blot

Total proteins were extracted from tumor tissues with RIPA
buffer (Sigma, St. Louis, USA) and used for Western blot.
The samples were sampled according to the amount of
30 pg protein per well, the proteins were separated by SDS-
PAGE gel electrophoresis, and then transferred to PVDF
membrane. Five percent skimmed milk powder (OXOID:
LP0031B) was closed and incubated with an antibody (Cell
Signaling, LA, USA).The second antibody was goat anti-
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mouse antibody(Jackson Labs, LA, USA) labeled with
horseradish peroxidase and finally developed with ECL kit.

Images represent 5 mice in 1 group.

Immunofluorescence staining

Cut the tumor tissue into small pieces and quickly fix it
overnight with 10% neutral formalin solution. Gradient
dehydration in 20% and 30% sucrose solution. Next, the
dehydrated tissue was embedded with optimal cutting
temperature compound (OCT), and the tissue section was
carried out in the frozen slicer.Use adhesive slides to adhere
to tissue slices and dry them in a constant temperature
oven.Put into the citric acid antigen repair solution of PH
6.0, repair at 92 °C for 30 minutes, and then naturally cool
to room temperature. H,0O, is used to block peroxidase in
the tissue, and 3% BSA solution blocks natural antibodies.
After tissue incubation, the first antibody was incubated
overnight in a refrigerator at 4 °C. The second antibody
was incubated at room temperature for 1 hour the next
day, and the nucleus was restained with Hoechst and then
anti-fluorescence attenuation sealing tablet.

Enzyme linked immunosorbent assay (ELISA)

The ELISA kits were bought from Andy Gene Company
(Andy Gene, USA) to measure the contents of brain
derived neurotrophic factor (BDNF) (No. AD3269Ra),
IL-6 (No. AD3249Ra), SOD (No. AD2871Ra), CAT
(No. AD2899Ra), MMP-9 (No. AD3038Ra), IL-10 (No.
AD3254Ra), and IFN-y (No. AD3257Ra) in serum or
hippocampi according to the manufacturer’ instructions.

Statistical analysis

The column graphs were generated by GraphPad Prism
software using the results from 3 biological replicates, and
statistically significant differences were evaluated by Student’s
t-test (P value <0.05, P value <0.01, P value <0.001).

Results

Knockout of Notch1 promotes tumor growth of breast
cancer by activating the PI3K-AKT pathway

Mice with Lyz2CRE Notchl +/+ or Lyz2CRE Notchl
flox/flox genotype were generated by inserting 2 LoxP
sequences into the 2 ends of the Notchl gene in mouse
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Figure 1 Notchl knockout in mice promoted breast cancer cell proliferation. (A) The tumor growth of Notchl knockout mice significantly

increased compared with the control group. (B) The data of tumor weight and tumor volume of Notchl knockout mice and the control

group. (C) Notchl knockout in mice activated the PI3K-AKT pathway.

embryonic stem cells by gene targeting technology.
Then, breast cancer FCY20201MCF-7 cells (5x10°) were
inoculated subcutaneously in the lower backs of control
and experimental mice with LyzZ2CRE Notchl +/+ or
Lyz2CRE Notchl flox/flox genotype, respectively. These
mice had consistent growth conditions and weight. The
results demonstrated that Notchl knockout mice had larger
tumors than the control group. The tumor volume was
calculated according to the formula: volume = L x S2 x 0.51
by a vernier caliper measurement. The tumor volumes of
Notchl knockout mice were significantly larger than those
of the control mice (Figure 14) by about 3.16 times (22.62
vs. 7.57 cm’) (Figure 1B). An electronic scale was used to
weigh these mice. The tumor weight of Notchl knockout
mice was about 2.15 times the tumor weight of the control
mice (10.01 vs. 3.40 g) (Figure 1B).

The PI3K-AKT-mTOR signal transduction pathway
has been become an important research hotspot in the
medical field because of its functions in regulating various
physiological processes, including proliferation, growth, and
survival, among others (13). This prompted us to investigate
whether the PI3K-AKT-mTOR signal transduction
pathway might contribute to the larger tumor size in
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Notchl knockout mice compared with the control group.
Therefore, we detected the expression level of PI3K and
AKT by western blot. The results are shown in Figure 1C.
The expression level of phosphorylated AKT (p-AKT)
and phosphorylated PI3K (p-PI3K) significantly increased,
while the expression of PI3K and AKT did not, resulting
in the activation of the PI3K-AKT-mTOR signal pathway.
These results indicated that blocking the Notch signal
transduction pathway promoted tumor growth in breast
cancer by activating the PI3K-AKT signal transduction
pathway.

Arginase-1 expression increased by the PI3K-AKT
pathway

The above results showed that Notchl knockout in
mice resulted in larger tumors than those in the control
group. As shown in previous reports, the Notch signal
transduction pathway promotes tumor growth by
influencing the tumor microenvironment, especially
the expression of inflammatory factors. According to
our study, the expression level of arginase-1 increased
significantly in Notchl knockout mice as determined by
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Figure 2 Arginase-1 expression significantly increased, dependent on the PI3K-AKT pathway. (A) Arginase-1 protein expression in

breast cancer increased, as determined by immunofluorescence staining. (B) Arginase-1 protein expression in breast cancer increased,

as determined by western blot. (C) The data of relative fluorescence density (as in A) and tumor-tissue homogenate levels (as in B). (D)
Increased arginase-1 expression could be recovered by administration of LY294002, an inhibitor of PI3K. *, P<0.05; **, P<0.01 and the

bar indicated 1 cm.

both immunofluorescence staining and western blot. For
immunofluorescence staining, the tumor tissue was fixed
by paraformaldehyde, dehydrated by sucrose, frozen, and
embedded in OCT compound, then stained by antibodies.
Cluster of differentiation 68 (CD68), fused with green
fluorescent protein (GFP), was used as a cell marker of
TAMs. Arginase-1, fused with red fluorescent protein (RFP),
overlapped with CD68 and exhibited stronger fluorescence
in the tumor tissue of Notchl knockout mice compared
with the control group (Figure 24). The western blot
results showed the same findings (Figure 2B). Further, the
fluorescence density of RFP and the gray scale of Western
blot were quantified and statistically analyzed, in which the
results showed that Arginase-1 protein content was almost
twice in Notchl knockout mice that in the control group
(Figure 2C). Considering that the PI3K/AKT signaling
pathway was activated in Notchl knockout mice, we
investigated whether the increased expression of Arginase-1
was due to the activation of the PI3K-AK'T pathway. As
shown in Figure 2D, the expression level of arginase-1
increased in Notchl knockout mice, which was blocked by
feeding mice with LY294002, an inhibitor of PI3K. These
results demonstrated that Notchl knockout promoted the
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expression of arginase-1 by the PI3K-AKT pathway.

IL-3 and IL-4 expression increased in serum

In recent years, a large number of reports have shown that
the tumor microenvironment plays an important role in
the development of breast cancer, and TAMs are widely
involved in angiogenesis, tumor growth, and metastasis.
Under the influence of the local microenvironment,
TAMs differentiate into 2 distinct types, namely classically
activated macrophages (M1 type) and alternatively
activated macrophages (M2 type). It was reported that
M2 macrophages played a negative role in inflammatory
responses, and may function in the immune escape of tumor
cells (14). In this study, the expression level of arginase-1,
the M2-type cytokine, increased significantly. This result
indicated that TAMs in Notchl knockout mice polarized
into the M2 type, which may be the cause of tumor
proliferation in breast cancer. In addition, IL-3 and IL-4
are also M2-type cytokines whose protein levels in serum
were examined by ELISA. As shown in Figure 34, 1L.-3 and
IL-4 protein content was higher in the serum of Notchl
knockout mice than that in the control group (Figure 3B).
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Figure 3 The protein content of IL-3 (A) and IL-4 (B) in the serum of Notch1 knockout mice significantly increased. *, P<0.05; **, P<0.01.

These results demonstrated that Notchl knockout
resulted in the polarization of TAMs towards the M2-type
phenotype to cause tumor proliferation in breast cancer.

Discussion

A large number of studies have shown that the tumor
microenvironment plays an important role in tumorigenesis,
cell proliferation, and immune escape, in which TAMs
also play an important role. Macrophages differentiate
from monocytes (15-17). Monocytes are derived from
bone marrow stem cells, which after being released into
peripheral blood, are further differentiated into tissue-
specific macrophages. TAMs are tissue-specific macrophages
which are located in tumor tissue. Macrophages, as an
important component of the innate immune system,
function in phagocytosis, antigen presentation, and
the secretion of various cytokines, and play a necessary
role in the inflammation process, defense, repair, and
metabolism. TAMs are induced by the influence of the local
microenvironment to polarize into 2 different types, namely
classically activated macrophages (M1 type) and alternatively
activated macrophages (M2 type). M1 macrophages promote
inflammation by being mainly involved in the Thl-type
immune response (18). However, M2-type TAMs play a
negative role in inflammation through the Th2-type immune
response (14). According to previous studies, researchers
have discovered highly infiltrated M2-type TAMs in
various malignant tumors, including lung cancer (19)
and liver cancer (20), among others (21), which indicates
poor prognosis. In this study, our results demonstrated
that knockout of Notchl in mice promoted the growth of
breast cancer (Figure 1A,1B), similar to previous study in
osteosarcoma (22). Further results proved that increased
tumor proliferation resulted from not only the activation of

the PI3K-AKT pathway (Figure 1C), but also the polarization
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of TAMs towards the M2-type phenotype (Figures 2,3).
A large number of studies demonstrated that the PI3K-
AKT pathway could promote proliferation in various
malignant tumors, including breast cancer (23-25). This
result seems to explain the increased tumor proliferation
after knockout of Notchl. In addition, the expression
of M2-type inflammatory factors, such as arginase-1,
IL-3, and IL-4, significantly increased (Figures 2,3).
These findings demonstrated that M2-type TAMs may be
involved in the immune escape of tumor cells in various
malignant tumors, indicating that the polarization of TAMs
towards the M2-type phenotype in Notchl knockout mice
might contribute to the increased tumor growth. On the
basis of these results, we hypothesized that Notch1 knockout
in mice may promote the distant metastasis of breast cancer.
Meanwhile, it was proven that the increased expression of
arginase-1 was dependent on the activation of the PI3K-
AKT pathway, indicating the intrinsic link between these
2 signal pathways. However, the underlying molecular
mechanism needs further study.
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