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The transforming growth factor-β (TGF-β) signaling pathway plays multiple regulatory roles in the tumorigenesis

and development of cancer. TGF-β can inhibit the growth and proliferation of epithelial cells and induce apoptosis,

thereby playing a role in inhibiting breast cancer. Therefore, the loss of response in epithelial cells that leads to the

inhibition of cell proliferation due to TGF-β is a landmark event in tumorigenesis. As tumors progress, TGF-β can

promote tumor cell invasion, metastasis, and drug resistance. At present, the above-mentioned role of TGF-β is

related to the interaction of multiple signaling pathways in the cell, which can attenuate or abolish the inhibition of

proliferation and apoptosis-promoting effects of TGF-β and enhance its promotion of tumor progression. 

breast cancer  transforming growth factor-β  epithelial-to-mesenchymal transition

signaling pathway

1. Introduction

Breast cancer is a common cancer in women worldwide with increasing incidence and mortality rates. In Latin

America, 200,000 women are diagnosed with breast cancer per year, with more than 52,000 deaths annually 

. The high incidence and mortality rate of this disease have led to an increase in research meant to combat this

public health issue. In order to accurately predict the clinical outcome of breast cancer, several types of scoring

systems are used, based on histopathological appearance, anatomical location, molecular alterations, disease

presentation, and clinical features. Moreover, in a recent study, molecular classification was revealed to be

especially important in predicting clinical outcome, as it was associated with drug resistance . According to

current information, breast cancer can be divided into six major subgroups based on their molecular portrait

including normal-like, HER-2 positive, luminal A and B type, basal-like, and claudin-low. The normal-like subgroup

has an expression profile similar to that of noncancerous breast tissue. The overexpression of ErbB2, a receptor-

like tyrosine kinase oncogene also known as human epidermal growth factor receptor 2 (HER-2), influences

several signaling pathways and promotes dysregulated growth, oncogenesis, metastasis, and chemoresistance in

breast cancer. The HER2 overexpression has been reported with poor prognosis, especially in patients without

chemotherapy and target therapy . The luminal A and B breast cancer subtypes generally express luminal

cytokeratin 8/18 and the estrogen receptor, but at different levels. The luminal A subtype is generally characterized

by higher estrogen receptor (ER) expression and lower HER-2 expression. In contrast with the luminal A subtype,

luminal B breast cancer is usually characterized by lower ER expression and a higher Ki67 index, leading to

advanced breast cancers with high proliferation rates and a worse prognosis. The basal-like subtype is
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characterized by the expression of biomarkers in the basal/myoepithelial cells of normal breast tissue such as

cytokeratin 5/6, cytokeratin 14, cytokeratin 17, vimentin, P-cadherin, and p63 . The claudin-low subtype is

characterized by the low expression of cell–cell adhesion molecules including claudins 3, 4, and 7, occludin, and E-

cadherin . This subtype is also characterized by the presence of epithelial-to-mesenchymal transition (EMT)

processes and stem cell-associated features . The basal-like and claudin-low subtypes are commonly found in

triple-negative breast cancer (TNBC), which is characterized by the lack of hormone receptors such as PR, ER,

and HER-2, and is associated with higher recurrence and distant metastasis rates. The expression of estrogen

receptor (ER) and the progesterone receptor (PR) are important predictive markers for hormone therapy . These

receptors can be used as targets for adjuvant endocrine therapy in order to regulate breast carcinogenesis.

Patients who receive this type of therapy have been shown to have a better prognosis including overall survival,

disease-free survival, and time to treatment failure . On the other hand, the lack of PR expression in breast

cancer leads to a more aggressive progression and a poorer prognosis. Due to the emergence of molecular

analysis methods, the detailed mechanisms of tumorigenesis in undifferentiated phenotypes are essential in

providing novel targets for treatment.

2. Epithelial-to-Mesenchymal Transition in Breast Cancer

Breast carcinogenesis is a complex, multiple step process, involving several mechanisms that mediate cell

proliferation, differentiation, apoptosis, epithelial-to-mesenchymal transition, and angiogenesis . In breast

cancers with a poorly differentiated phenotype, the tumor cell is characterized by stem cell-like features, which

arise due to the EMT process. This promotes the process of dedifferentiation and leads to a worse prognosis .

For example, EMT markers such as vimentin, N-cadherin, and cadherin-11, have been reported to be upregulated

in triple-negative breast cancer (TNBC), thereby promoting extracellular matrix remodeling via matrix

metallopeptidases (MMPs) and decreasing the expression of epithelial markers, finally leading to a poor clinical

outcome . In previous studies, invasion and metastasis were shown to be the major risk factors associated with

a poor clinical outcome, which are also related to the EMT process . The transcription factors that are

involved in the EMT process such as SNAIL1/2, ZEB1/2, TWIST1/2, and FOXC1/2 play an important role in

mediating embryogenesis and carcinogenesis by regulating the expression of E-cadherin (Table 1) . Currently,

the EMT program is divided into three types: embryogenesis, fibrosis, and tumorigenesis. Type 1 and 2 EMT

contribute to organ development and tissue regeneration . Type 3 EMT is involved in breast carcinogenesis and

has been reported to be significantly associated with local invasion and distant metastasis . It is also involved

in regulating several cellular functions including cellular adhesion, migration, proliferation, differentiation, survival,

and metastasis through several processes such as loss of epithelial polarity, detachment of the basement

membrane, and acquisition of mesenchymal features . Advanced breast cancer is often characterized as

having stem cell-like features, which appear due to the EMT process. This includes loss of hormone receptors and

cell–cell interaction proteins. In vitro, the estrogen knockdown reporter model of MCF-7 showed that the loss of ER

expression was significantly associated with the EMT process, thereby promoting cell proliferation and migration by

increasing the extracellular matrix and reducing matrix metalloproteases . As such, EMT was thought to be an

important step in carcinogenesis and the formation of distant metastasis . In addition, the stem cell-like
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features induced by EMT were shown to contribute to drug resistance . Several EMT-related signaling pathways

play an important role in drug resistance in breast cancer cells. Cells undergoing EMT show similar cancer stem

cell function including an increase in drug efflux pumps and anti-apoptotic effects. The two features increase drug

resistance in cancer cells. Aggressive TNBC tumors such as metaplastic breast cancer are usually characterized

by resistance to chemotherapy due to the activation of the EMT process, which is associated with worse outcomes

. The claudin-low subtype is also linked to metaplastic breast cancer due to the low expression of GATA3-

regulated genes, which are involved in both the EMT process and cell adhesion. Notably, six critical components

including TGF-β signaling, PI3K/AKT/mTOR signaling, regulatory factors, exosomes, and angiogenesis, were

reported to regulate EMT by genetic or epigenetic alterations, thereby altering interaction with the extracellular

matrix in breast carcinogenesis.

Table 1. List of epithelial-to-mesenchymal transition regulators in cancer progression.

3. The Role of the TGF-β Pathway in Breast Cancer

[30]

[31]

Family Transcription
Factor Role Ref.

Zinc-finger
domain

SNAIL Snail blocks the cell cycle and confers resistance to cell death.

SLUG
Downregulation of E-cadherin expression occurs during the EMT, a

process also exploited by invasive cancer cells.

ZEB1
Represses E-cadherin promoter and induces EMT by recruiting

SMARCA4/BRG1.

ZEB2
ZEB2 protein is involved in chemical signaling pathways that

regulate early growth and development.

bHLH TWIST1
Overexpression of TWIST1 induces EMT, a key process in the

metastasis formation of cancer.

FOX
FOXC1

FOXC1 partially promotes tumor metastasis by regulating EMT
programs to support microvascular invasion, thereby increasing

angiogenesis.

FOXC2 Transcriptional activator that are upregulated in breast cancer.

Homeobox

SIX1
Six1 can promote the metastasis of human tumors, and the

increased expression of Six1 can be used as an indicator for
predicting breast cancer metastasis.

LBX1
LBX1 is upregulated in the unfavorable estrogen receptor

(ER)/progesterone (PR)/HER2 triple-negative basal-like subtype.

cadherin

E-cadherin
E-cadherin an active suppressor of invasion and growth of many

epithelial cancers.

N-cadherin
It is dependent on its association with the actin-cytoskeleton and is

mediated through interactions with catenin proteins.
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Transforming growth factor-β (TGF-β), a multifunctional cytokine, directly regulates cell development,

differentiation, homeostasis, proliferation, and transformation. TGF-β signaling plays an important role in the

activation of the EMT and interacts with downstream signaling pathways in breast tumorigenesis . The activation

of TGF-β induces both canonical SMAD2/3-dependent signaling and non-SMAD signaling in order to promote the

EMT process. In SMAD-mediated signaling, TGF-β directly binds to the membrane receptors, leading to the

formation of the SMAD complex by activating SMAD2/3/4. In non-SMAD signaling pathways, TGF-β triggers the

AKT/PI3K pathway, Ras/Raf/MEK/ERK signaling pathway, and Wnt/β-catenin signaling pathway in order to induce

the expression of epithelial proteins . Moreover, the TGF-β type I receptor interacts with the Src homology 2

domain-containing transforming protein 1 (SHC1) to activate the growth factor receptor-bound protein 2 (GRB2)

and son of sevenless (SOS) in order to induce Ras/Raf/MEK/ERK signaling. In addition, TGF-β may phosphorylate

Par6 directly via the type II receptor, thereby promoting the degeneration of RhoA via Smurf1 and inducing the

dissolution of the tight junctions . Par6 plays an important role in stress fiber formation, thereby regulating cell

polarity and junction stability. In breast carcinogenesis, the partitioning defective 6 (PAR6) promotes the loss of

polarity via TGF-β-dependent signaling and induces mesenchymal-like invasive mammary tumor cells. Notably,

studies have shown that by blocking Par6 signaling, the EMT process can be curbed . These results were

confirmed by the formation of ZO-1-positive epithelium-like structures in breast carcinogenesis. Moreover, distant

metastasis was also suppressed . The TGF-β receptor also induced the expression of three Ras-related

GTP-binding proteins, namely RhoA, RAC1, and CDC42, leading to cytoskeletal changes by regulating the actin

cytoskeleton in response to extracellular signals . In addition, TGF-β interacts with the PI3K/AKT pathway for

translational regulation. In the study by Fei Huang et al. , HER2/EGFR signaling switched the TGF-β function in

breast cancer to activate phosphorylation of Smad3 through AKT, promoting epithelial–mesenchymal transition and

migration. TGF-β also interacts with Wnt signaling via β-catenin. In the study by Anders Sundqvist et al. , TGF-β

triggered Wnt7a/7b via Smad2/3, enhancing TGF-β-induced EMT of the mammary epithelial cells, and the

components of the WNT signaling pathway were enriched within the late TGF-β target genes. Moreover, glycogen

synthase kinase-3β (GSK3β) inhibits the β-catenin in the nucleus and activates the lymphoid enhancer-binding

factor 1 (LEF) and T cell factor (TCF), thereby inducing the EMT process . In an inducible c-fos estrogen

receptor (FosER) cell model, β-catenin and TGF-β signaling cooperated to induce a mesenchymal phenotype

during the EMT process. Inhibition of both signaling pathways in FosER cells led to a reversion from a

mesenchymal phenotype to a polarized epithelial phenotype .
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