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Abstract 

Coumestrol (Cou) is a phytoestrogen present in soy and clover sprouts which is 

structurally similar to estrogen (E2) and has a cytotoxic effect in breast cancer cell 

lines. Nevertheless, the molecular mechanism by which Cou can exert its effect in 

the most aggressive breast cancer subtype, triple-negative inflammatory breast 

cancer (TN-IBC), is still unknown. Studies show that TN-IBC cell lines are 

unresponsive to hormonal therapies, but E2 can activate signaling pathways 

involved in pro-oncogenic phenotypes such as motility and invasion by activating 

a rapid estrogen-dependent non-genomic signaling. Therefore, the objective of this 

study was to determine the anti-cancer effect of Cou in TN-IBC cell lines (using 2D 

and 3D culture models) and the molecular mechanism Cou exerts for its anti-

cancer activity. Dose-response curves of Cou in 2D and 3D culture models of TN-

IBC cell lines were generated to determine the half-maximal inhibitory 

concentration (IC50). Relative cell viability was measured in ER-positive, triple-

negative, TN-IBC, and HER2-amplified IBC cell lines. Functional assays were 

performed in TN-IBC cell lines to determine the effect of E2, Cou, and E2/Cou 

combination treatments on cell viability, migration, invasion, proliferation, and 

tumor emboli growth. Additionally, the effect of Cou and E2 treatments on 

phosphorylation of downstream kinases was analyzed by a proteome profile 

human phospho-kinase array. RNA-seq was performed in TN-IBC cell lines to 

identify transcriptome changes after Cou treatment. Our data demonstrated that 

Cou treatment using the IC50 (13µM in 2D models and 50µM in 3D models) 

decreased cell viability in TN-IBC cell lines. Similarly, Cou treatment reduces triple-
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negative non-IBC cell viability. In comparison with E2, Cou decreases migration, 

invasion, proliferation, and tumor emboli growth in TN-IBC cell lines. Finally, Cou 

treatment reduces the phosphorylation of kinases MAPK/ERK and PI3K/AKT that 

promote pro-oncogenic phenotypes and upregulate genes such as TIPARP, 

recently involved in breast cancer phenotype suppression. In summary, this study 

guide us in elucidating a signaling pathway affected by Cou’s anti-cancer activity. 

More importantly, it opens the opportunities to design more effective targeted 

therapeutic strategies to improve the prognosis and survival rates of IBC patients. 
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1.1 Breast Cancer 

Breast cancer is the most common cancer in females worldwide (Britt, 2021; 

Goldman, 2020; Lukong, 2017). However, in the United States, breast cancer is 

the second most common disease in women (Division of Cancer Prevention and 

Control, 2021; Feng et al., 2018). Also, both genders (female and male) can 

develop breast cancer, but it is rare in men (Clinic, 2020; Lukong, 2017). Among 1 

in 8 women and 1 in 833 men in the United States will develop breast cancer in 

their lives (Breastcancer.org, 2021; Feng et al., 2018). Additionally, it’s estimated 

that about 30% of newly diagnosed cancers in women will be breast cancers 

(AmericanCancerSociety, 2022). 

Even though women are at higher risk of developing breast cancer, other 

factors can also increase the odds of being diagnosed with breast cancer (Sun et 

al., 2017). One factor is age because all cancers risk increases as you age (Sun 

et al., 2017). Also, beginning your period at a younger age (<12 years), beginning 

menopause at an older age, having your first child at an older age (>30 years), and 

never being pregnant increases the probability of developing breast cancer (Sun 

et al., 2017). Being obese, drinking alcohol, and having a personal and family 

history of breast cancer increases the risk of developing breast cancer (Sun et al., 

2017). Interestingly, BRCA genes, under normal conditions, are tumor suppressor 

genes involved in regulating the growth of breast and other types of cells. 

Mutations in BRCA1 and BRCA2 genes increase your risk of developing breast 

cancer by up to 72% (Sun et al., 2017). Despite this, having one or even several 
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breast cancer risk factors doesn't necessarily mean you'll develop breast cancer 

(Sun et al., 2017). 

There are many changes that any woman and man can make in their life to 

reduce the risk of developing breast cancer. After 20 years old, breast self-exams 

should be done monthly (Kolak et al., 2017). Other ways to reduce the risk of breast 

cancer are to perform exercise most days of the week and control everything we 

consume (Kolak et al., 2017). Examples are reducing alcohol intake and 

maintaining a healthy diet based on fruits, vegetables and legumes (Kolak et al., 

2017). Also, the best-known way to save lives is early detection. Mammography is 

one of the most common early detection methods. Despise this, mammography 

do not prevent the development of breast cancer.  

The earliest descriptions of breast cancer dates back to 3,000 B.C. (Britt, 

2021; Goldman, 2020; Lukong, 2017). Since that time, theories have developed to 

try to explain the causes of breast cancer (Britt, 2021; Lukong, 2017). The first 

theory was the humoral theory developed by Hippocrates (460 B.C.) (Britt, 2021; 

Lukong, 2017).This theory establishes that the body consists of four humors, and 

an imbalance of these humors induces diseases or even death (Britt, 2021; 

Lukong, 2017). Also, an excess of black biles (one of the humors) could cause 

breast tumors (Britt, 2021; Lukong, 2017). Then, in 168 B.C., the Galenic humoral 

theory (generated by Galen) was developed, which is the same Hippocrates 

humoral theory but suggests a treatment like a form of lumpectomy in which an 

incision was made around the tumor and the entire mass was removed (Lukong, 

2017). Also, Galen suggests using opium, castor oil, licorice, and sulfur as 
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medication (Lukong, 2017). These new recommended treatments arose since the 

Roman physicians in the first century crudely excised affected breasts with a hot 

cautery in a procedure that sometimes removed the pectoralis muscles (Lukong, 

2017). In the 1500s, two doctors created the infectious disease theory, which 

proposed that cancer was contagious (Britt, 2021). Then, in the ~1600s, a new 

theory called the lymphatic theory was proposed, the lymphatic theory replaced 

the humoral theory and suggested that the lymphs formed cancer (Britt, 2021; 

Lukong, 2017). Finally, in 1838, the blastema theory replaced lymphatic theory, 

proposing that cancer consists of cells and cancerous cells derived from other cells 

(Britt, 2021; Lukong, 2017). 

Since the ~1880s, various methods or treatments have been developed to 

detect breast cancer and treat breast cancer patients. The first method developed 

to treat breast cancer was the radical mastectomy performed by William Halstead 

in 1882 (Britt, 2021; Goldman, 2020).Thirteen years later, the first x-ray was taken, 

which facilitated the development of mammograms to detect this disease (Britt, 

2021; Goldman, 2020). In 1937, radiation therapy was used in addition to surgery 

by the recommendation of Sir Geoffrey Keynes (Britt, 2021; Goldman, 2020).  

After determining the role of estrogen and HER2 receptors in breast cancer 

progression, scientists developed various drugs which modulated or regulated the 

receptor or its ligand (targeted therapies). The first antiestrogen drug approved by 

the Food and Drug Administration (FDA) as a breast cancer treatment was 

Tamoxifen (Nolvadex) in 1978 (Britt, 2021; Goldman, 2020). Then, in 1998, the 

National Surgical Adjuvant Breast and Bowel Project Breast Cancer Prevention 
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Trial showed that Tamoxifen decreases the risk of developing breast cancer in at-

risk women by 50 percent (Britt, 2021; Goldman, 2020). Also, the second treatment 

approved by the FDA was anastrozole (Arimidex) which blocks the production of 

estrogen (Britt, 2021; Goldman, 2020). Since 1984 researchers discovered that 

overexpression of HER2 is related to breast cancer aggressiveness. In 1998 the 

FDA approved the third drug Trastuzumab (Herceptin) (Britt, 2021; Goldman, 

2020). Herceptin is a drug that targets cancer cells that overexpress HER2 (HER2-

positive) (Britt, 2021; Goldman, 2020). Also, the FDA approved ado-trastuzumab 

emtansine (T-DM1) in 2013 and Enhertu in 2019 (Britt, 2021; Goldman, 2020). 

Both approved drugs proved to be an effective treatment for HER2-positive breast 

cancer patients (Britt, 2021; Goldman, 2020). In 2020, the FDA approved Trodelvy, 

a drug for treating metastatic triple-negative breast cancer (Britt, 2021; Goldman, 

2020).  

Once scientists developed some of the targeted therapies, experts 

established molecular or intrinsic subtypes of breast cancer: Luminal A, Luminal 

B, Normal-like, HER2-enriched, and Triple-Negative/Basal-like (Figure 1) (Britt, 

2021; Eliyatkın et al., 2015; Feng et al., 2018; Goldman, 2020; Nascimento & 

Otoni, 2020; Yersal & Barutca, 2014). The breast cancer classifications allowed 

targeted therapies to be a specific treatments depending on the molecular subtype 

(Table 1). In other words, targeted therapies are therapies against particular 

receptors used to develop the molecular subtype classification. Around 75% of 

breast cancers are positive or express both the estrogen-receptor (ER) and the 

progesterone-receptor (PR) (Yersal & Barutca, 2014), and express genes that 
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encode proteins of luminal epithelial cells (Yersal & Barutca, 2014). Thus, tumors 

that express these receptors and molecular markers are called luminal groups 

consisting of  two subclasses, Luminal-A and Luminal-B (Yersal & Barutca, 2014). 

Luminal-A is the most common subtype and is defined by an absence in the 

overexpression of HER2, low Ki67 (proliferation cell nuclear antigen), and has a 

good prognosis (Figure 1 and Table 1) (Eliyatkın et al., 2015; Nascimento & Otoni, 

2020; Yersal & Barutca, 2014).  In contrast, Luminal-B affects around ~20% of 

breast cancers and has a higher expression of Ki67 (Figure 1 and Table 1)  (Feng 

et al., 2018; Nascimento & Otoni, 2020; Yersal & Barutca, 2014). Also, this 

molecular subtype could be HER2 positive or negative and has an overall worse 

prognosis (Eliyatkın et al., 2015; Feng et al., 2018; Nascimento & Otoni, 2020; 

Yersal & Barutca, 2014). Similar to Luminal-A, the Normal-like subtype can 

express ER and PR, low levels of Ki67, and is HER2 negative (Figure 1 and Table 

1)  (Feng et al., 2018). Even though the normal-like subtype has a good prognosis, 

it is worse compared to Luminal-A (Feng et al., 2018). HER2-enriched is another 

molecular subtype characterized by an overexpression of HER2 and the absence 

of ER and PR (Figure 1 and Table 1)  (Eliyatkın et al., 2015; Feng et al., 2018; 

Nascimento & Otoni, 2020; Yersal & Barutca, 2014). In addition, it has a worse 

prognosis, and the cancer cells have a higher proliferation compared to the luminal 

group (Feng et al., 2018; Yersal & Barutca, 2014). Breast cancer patients with 

Luminal-A, Luminal-B, and Normal-like have two treatment options: hormonal and 

targeted therapies (Feng et al., 2018). Tamoxifen is one targeted therapy 

administered to Luminal-A, Luminal-B, and Normal-like breast cancer patients 
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(Table 1). HER-2 enriched breast cancer patients can receive targeted therapies 

such as Trastuzumab (Herceptin) (Table 1) (Feng et al., 2018). The molecular 

subtype, Triple-negative/Basal-like, is diagnosed at a younger age and women 

with BRCA1 gene mutation have a higher risk of developing this subtype (Eliyatkın 

et al., 2015; Feng et al., 2018). It’s the most aggressive molecular subtype and is 

characterized by a lack of ER, PR, and HER2 protein expression (Table 1 and 

Figure 1) (Eliyatkın et al., 2015; Feng et al., 2018; Nascimento & Otoni, 2020; 

Yersal & Barutca, 2014). Also, triple-negative/Basal-like overexpress the 

epidermal growth factor receptor (EGFR) and has frequent mutations in p53 tumor 

protein (Eliyatkın et al., 2015; Yersal & Barutca, 2014). The study presented here 

focuses mainly in triple-negative breast cancer (TNBC) which has fewer effective 

treatments than the other subtypes due to the lack of estrogen (ER), progesterone 

(PR) and HER2 receptors to make hormone therapy or targeted HER2 drugs work. 

The  treatment options are limited and include standard chemotherapy, surgery 

and/or radiation when it has not metastasize. If TNBC has spread to other parts of 

the body, therapies such as platinum drugs, PARP inhibitors or immunotherapy 

might be considered. This gap in effective therapies for TNBC stress out the 

importance of identifying druggable targets and characterize novel targeted 

therapies. 



25 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Breast cancer molecular subtypes. Expression of  estrogen (A and B), progesterone (A) and HER2 (A) 

receptors in the breast cancer molecular subtypes. Modified from (Rivenbark et al., 2013). 

A 
B 

Triple-negative 
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Table 1: Molecular or intrinsic breast cancer subtypes 

 
Molecular 
signatures 

Incidence in 
all the breast 

cancer 
Other characteristics 

Examples of 
targeted 
therapies 

References 

Luminal-A 

ER + 
PR + 

HER2 - 
~40% 

• Low Ki67 

• Good prognosis  

• SERM 
(Tamoxifen) 

• SERD 
(Fulvestrant) 

• Aromatase 
inhibitor 
(Anastrozole) 

(Yersal & Barutca, 2014) 
(Feng et al., 2018) 
(Eliyatkın et al., 2015) 
(Nascimento & Otoni, 2020) 

Luminal-B 
ER + 
PR + 

HER2 +/- 
~20% 

• High Ki67 

• Intermediate prognosis 

• Most aggressive form of 
ER+  

• SERM 
(Tamoxifen) 

• SERD 
(Fulvestrant) 

(Yersal & Barutca, 2014) 
(Feng et al., 2018) 
(Eliyatkın et al., 2015) 
(Nascimento & Otoni, 2020) 

Normal-like ER + 
PR + 

HER2 - 
Rare 

• Low Ki67 

• Good prognosis 
• SERM 

(Tamoxifen) 

(Yersal & Barutca, 2014) 
(Feng et al., 2018) 
(Eliyatkın et al., 2015) 
(Nascimento & Otoni, 2020) 

HER2-enriched 
ER - 
PR - 

HER2 + 
~15% 

• High Ki67 

• Poor prognosis  

• Propensities to metastasis 
• 40% have p53 mutations 

• Herceptin 

• Kinase inhibitor 
(Lapatinib) 

(Yersal & Barutca, 2014) 
(Feng et al., 2018) 
(Eliyatkın et al., 2015) 
(Nascimento & Otoni, 2020) 

Triple-
negative/Basal-
like 

ER + 
PR + 

HER2 - 
~20% 

• High Ki67 

• Poor prognosis  

• Frequent p53 mutations 

• Associated with BRCA1 
mutations 

• Prevalent in young women 

• Low expression of cellular 
junction proteins 

- 

(Yersal & Barutca, 2014) 
(Feng et al., 2018) 
(Eliyatkın et al., 2015) 
(Nascimento & Otoni, 2020) 
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1.2 Inflammatory Breast Cancer 

Inflammatory Breast Cancer (IBC) is the most aggressive and lethal breast 

cancer subtype. It affects approximately 2 to 4% of all breast cancer patients and 

accounts for 7% of all breast cancer–related deaths in the United States (George 

Somlo, 2018; Menta et al., 2018). Interestingly, based on the molecular breast 

cancer subtypes, 40% and 30% of IBC are classified as HER-2 positive and TNBC, 

respectively (Menta et al., 2018). The incidence of IBC cases that express 

hormone receptors is relatively lower than the other molecular subtypes (Menta et 

al., 2018). African American, Hispanic American/Latina, and American 

Indian/Alaskan women are more likely to develop this type of breast cancer 

(Dushkin & Cristofanilli, 2011; George Somlo, 2018; van Uden et al., 2015). It is 

also more prevalent in young women and is associated with a high body mass 

index (Dushkin & Cristofanilli, 2011; van Uden et al., 2015). Based on race, 

Hispanic women had the youngest mean age of onset of 50.5 years as compared 

to a mean of age of onset of 55.2 years for African American women and 58.1 

years for Caucasian women (van Uden et al., 2015). Generally, IBC patients have 

a significantly shorter median survival time (2.9 years or 33 months) (George 

Somlo, 2018; Rosenbluth & Overmoyer, 2019). Nevertheless, the median survival 

for African American women is 33.2 months, and 43.1 months in Hispanic 

American women (George Somlo, 2018). Interestingly, American Indian/Alaskan 

women and Asian American women have the lowest (24.8 months) and highest 

(49.7 months) median survival, respectively (George Somlo, 2018). Unfortunately, 

African American and Hispanic/Latin ethnicity correlate with socioeconomic status, 
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which implies they are less likely to get an adequate screening of diverse diseases 

such as breast cancer and have limited access to care and treatment. 

IBC has a distinct clinical presentation that makes it hard to get a correct 

diagnosis, such as enlargement or inflammation of the breast (sometimes 

increasing in size 2-3 fold within a few weeks) and itchiness (Dushkin & 

Cristofanilli, 2011). Other symptoms are "peau-d'orange" erythema, and edema 

caused by the blockage of lymph vessels by diffusion of tumor cell clusters called 

tumor emboli, one of the hallmarks of IBC (Dushkin & Cristofanilli, 2011; Menta et 

al., 2018; van Uden et al., 2015; Yamauchi et al., 2012). Also, it is thought that 

tumor emboli are responsible for its aggressive and rapid metastasis phenotype 

(Vermeulen et al., 2010). Based on the absence of a palpable tumor mass, 

unfortunately, these symptoms can be easily confused with a breast infection, 

dermatitis or mastitis, producing a delay in proper diagnosis (Dushkin & 

Cristofanilli, 2011; Menta et al., 2018; van Uden et al., 2015; Yamauchi et al., 

2012). Also, IBC tumor emboli are difficult to detect in a mammogram, detecting 

only 43% of primary lesions (Dushkin & Cristofanilli, 2011; Menta et al., 2018). 

Better detection alternatives include breast MRI and molecular breast imaging 

(MBI) that show higher sensitivity in the detection of IBC (Dushkin & Cristofanilli, 

2011; Menta et al., 2018). 

There is a myth that breast cancer only affects women. It is even socially 

inconceivable to think that a man needs a mammography if he has a high risk of 

developing breast cancer. Although rare, breast cancer can occur in men 

especially in those individuals with a family history of breast cancer or hereditary 
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breast cancer syndrome (Tanhueco & Youssef, 2021). Moreover, IBC can also 

occur in men, but diagnosis may be missed and often delayed (Tanhueco & 

Youssef, 2021). Interestingly, there is a poor prognosis for male patients with IBC 

(Hyakudomi et al., 2013). Scientists thought this occurred because IBC in males 

tends to be triple-negative (Hyakudomi et al., 2013). For these reasons stated 

above and in addition to the lack of knowledge/understanding of IBC in males, 

there is an urgent need to identify and characterize pathways that are deregulated 

in IBC that will help us develop novel effective treatments for this disease 

(Tanhueco & Youssef, 2021). 

1.2.1 Inflammatory Breast Cancer Therapies 

IBC patient’s treatment is a trimodality therapy, which includes upfront 

systemic therapy, chemotherapy, total mastectomy, axillary lymph node 

dissection, radiation to the chest wall, and regional draining of lymph nodes (Figure 

4) (Hester et al., 2021; Rosenbluth & Overmoyer, 2019). Regardless of the 

molecular subtype, IBC patients are first treated with chemotherapy such as 

anthracycline or taxane as a neoadjuvant treatment (chemotherapy before 

surgery) (AmericanCancerSociety, 2021; Menta et al., 2018). This neoadjuvant 

treatment can be combined with hormone, targeted, or immunotherapy depending 

on the molecular subtype (AmericanCancerSociety, 2021). The purpose of this 

treatment (pre-operative treatment) is to convert the IBC into a disease that can 

be removed by surgery, help reduce the size of a tumor and control the microscopic 

metastasis (AmericanCancerSociety, 2021; Rosenbluth & Overmoyer, 2019; Selli 

& Sims, 2019). The combination of treatments given varies depending on the 
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molecular subtype of breast cancer. Patients with IBC that express the hormone 

receptors can be treated with a combination of standard chemotherapy with 

hormone and targeted therapy as a neoadjuvant treatment 

(AmericanCancerSociety, 2021). HER2-positive IBC patients can combine 

chemotherapy with targeted therapy drugs such as trastuzumab (Herceptin) and 

pertuzumab (Perjeta) (AmericanCancerSociety, 2021; Rosenbluth & Overmoyer, 

2019). Interestingly, there are no effective targeted therapeutics for triple-negative 

IBC (TN-IBC) patients (Table 1) (Dawood et al., 2011; Li et al., 2011; Masuda et 

al., 2013). Despite this, an immunotherapy drug (pembrolizumab) combined with 

chemotherapy can be administrated to TN-IBC patients (AmericanCancerSociety, 

2021). Furthermore, if cancer advances after chemotherapy or neoadjuvant 

treatment, IBC patients could receive breast radiation (AmericanCancerSociety, 

2021) as a source of therapy.  

Surgery is the next step for IBC patients' treatment 

(AmericanCancerSociety, 2021). Breast-conserving surgery cannot be performed 

for these patients since this cancer has substantial lymph node involvement and 

clusters of cells without a demarcated tumor (AmericanCancerSociety, 2021). 

Unfortunately, regardless of the molecular subtype, surgeons must perform a 

complete mastectomy to remove the entire breast and lymph nodes under the arm 

(Figure 2) (AmericanCancerSociety, 2021; Rosenbluth & Overmoyer, 2019). After 

surgery and depending on the amount of cancer tissue found in the breast, IBC 

patients with cancer cells that express hormone receptors could receive chemo, 

targeted, and hormone therapy as adjuvant treatment (treatment given after the 
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primary treatment) (Figure 4) (AmericanCancerSociety, 2021). Also, the oral 

chemotherapy capecitabine (inhibitor of DNA synthesis and reduced tumor growth) 

could be prescripted for triple-negative IBC patients (AmericanCancerSociety, 

2021; Arora et al., 2017). For HER2-positive patients, trastuzumab, pertuzumab, 

and ado-trastuzumab emtansine could be prescribed (AmericanCancerSociety, 

2021). Finally, if breast radiation is not given before surgery, the radiation is given 

as adjuvant therapy to lower the chance of the cancer coming back 

(AmericanCancerSociety, 2021). Despite all the treatments administrated or 

performed to improve the prognosis of IBC patients, nearly 50% of patients die of 

metastatic disease (Arora et al., 2017).
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Figure 2. Type of breast cancer surgeries. (Adapted from “Breast Cancer Surgery Types”, by BioRender.com) 



33 
 

Breast Erythema/Edema

Medical History (Symptoms, risk 
factors and risk for infection)

Physical Examination (Palpable 
mass, lymph nodes and document 

photos)

Ultrasonography and Mammography 

IBC Suspected

Breast MRI

Biopsy

Positive for cancer

Work-up for distant 
metastasis: CT, bone 
scan, and/or PET/CT

Treatment for IBC

Negative for 
cancer 

Antibiotics trial

Follow-up within 2 
weeks

No resolution

Back to work-up

Suspicious 
Abscess

Drainage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Examination for IBC patients. (George Somlo, 2018; Menta et al., 

2018; Yamauchi et al., 2012) 



34 
 

Identify IBC molecular subtypes

Hormone 
receptors-

positive

Chemotherapy + 
Hormone therapy

Targeted 
therapy

Surgery (mastectomy 
and lymph node 

dissection)

Chemotherapy, 
Tarteged therapy or 
Hormone therapy (if 

needed)

Radiation 
therapy

Triple-negative

Chemotherapy + 
Inmmunotherapy

Surgery (mastectomy 
and lymph node 

dissection)

Chemotherapy 
(if needed)

Radiation 
therapy

HER2-
enriched

Chemotherapy

Targeted 
therapy 

(Herceptin + 
Perjeta)

Surgery (mastectomy 
and lymph node 

dissection)

Chemotherapy or 
Targeted therapy 

(if needed)

Radiation 
therapy

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Treatments for IBC patients. (AmericanCancerSociety, 2021) 
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1.2.2 Estrogen Non-genomic Signaling in Triple-Negative Breast Cancer  

Around half of diagnosed IBC cases are classified as triple-negative (TN-

IBC), meaning they lack expression of hormonal receptors: canonical estrogen 

receptor alpha 66 (ER-α66), progesterone receptor (PR), and amplification of the 

human epidermal growth factor receptor 2 (HER2). Interestingly, a recent study 

demonstrated that TN-IBC cell lines express alternate estrogen receptors such as 

estrogen receptor alpha 36 (ER-α36) and GPR30 (Ohshiro et al., 2012).  

ER-α36 is a 36kDa novel variant of ER-α66 (Figure 5). It’s highly expressed 

in the majority of ER-α66 negative breast cancer cell lines but is also expressed in 

ER-α66 positive breast cancer cell lines (Gu et al., 2014; Rao et al., 2011; Su et 

al., 2014; Wang & Yin, 2015). ER-α66 mRNA encodes for 595 amino acids, 

resulting in a protein with a molecular weight of 66kDa. ER-α36 transcript is directly 

spliced into exon 2–6 of the ER-α66 gene regulated by an unidentified promoter 

located in the first intron of the ER-α66 gene (Figure 5) (Su et al., 2014). The last 

138 amino acids encoded by the final exon seven and exon eight are replaced by 

an unique 27-amino-acid sequence at C-terminus (Figure 5) (Gu et al., 2014). 

Compared to ER-α66, ER-α36 lacks both transactivation domains, AF-1 and AF-

2, but retains the DNA-binding domains (Figure 5) (Gu et al., 2014; Rao et al., 

2011; Su et al., 2014; Wang & Yin, 2015). Also, it retains protein dimerization 

domains and can form heterodimers with ER-α66 or ER-β (Wang & Yin, 2015). 

Interestingly, ER-α36 responds to E2α, E2β, E3, E4, and even tamoxifen, an 

estrogen antagonist (Su et al., 2014). 
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Figure 5. Similatiries and differences between estrogen alpha 66 (ER-α66) and estrogen alpha 36 (ER-α36) 
receptors. ER-α36 is an splice variant of ER-α66. (A) ER-α36 transcript is directly spliced into exon 2–6 of the ER-α66 
gene because it has a non-coding exon (exon 1’). Also, it has a unique C-terminal 27 amino acid domain. (B) Compared to 
ER-α66, ER-α36 lacks both transactivation domains, AF-1 and AF-2, but retains the DNA-binding domain, nuclear 
localization signaling and ligand-binding domain. (Gu et al., 2014) (Created with BioRender.com)
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Tamoxifen is an adjuvant targeted therapy for ER-positive breast cancer cell 

lines because it blocks the ligand-binding site of ER-α66 and its genomic signaling 

pathway (Gu et al., 2014; Su et al., 2014). Despite the similarities between ER-α66 

and ER-α36, studies showed that ER-α36 has resistance to the targeted therapies 

designed against ER-α66 (Figure 6). A study in cells lacking ER-α66 expression 

showed that tamoxifen binds to ER-α36 to enhance nuclear translocation and 

induces stem cell-like properties by increasing the expression of the stem-cell 

marker ALDH1 (Wang et al., 2018). ALDH1 is involved in the proliferation and 

metastasis of breast cancer stem cells (Wang et al., 2018). Thus, tamoxifen 

therapy promotes breast cancer metastasis and proliferation via activation of ER-

α36 and its non-genomic mechanisms, which implies that tamoxifen functions as 

an agonist of ER-α36 to promote the stemness of breast cancer stem cells (Wang 

et al., 2018). Also, the literature suggests ER-α36 is not only involved in de novo 

non-genomic activities providing resistance to targeted therapies like tamoxifen but 

promotes their agonist activity (Gu et al., 2014; Kang et al., 2010).  

Another targeted therapy available for ER-positive breast cancer patients is 

fulvestrant (ICI182,780). Fulvestrant binds to ER-α66 to impair its dimerization and 

nuclear localization (Gu et al., 2014; Su et al., 2014). Interestingly, fulvestrant 

accelerates the degradation of ER-α66 without any reduction of ER-α66 mRNA, 

but it fails to induce degradation of ER-α36 (Figure 6) (Gu et al., 2014; Su et al., 

2014). A possible explanation is that ER-α36 has a truncated ligand-binding 

domain lacking the helix 9–12 of ER-α66 (Gu et al., 2014; Su et al., 2014). The 

helix 12 is essential for protein degradation induced by fulvestrant (Gu et al., 2014). 
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Aromatase inhibitors (anastrazole and letrozole) are endocrine treatments 

that block the aromatase enzyme to repress the levels of estrogen (E2) (Gu et al., 

2014; Kang et al., 2010). Interestingly, cells with a high expression of ER-α36 can 

respond to a very low concentration of E2, which means that they induce estrogen 

hypersensitivity (Figure 6) (Gu et al., 2014; Kang et al., 2010). Therefore, this 

estrogen hypersensitivity in ER-negative breast cancer cells is a possible reason 

for its resistance to aromatase inhibitors treatments such as anastrazole and 

letrozole (Gu et al., 2014).  

In summary, ER-α36 is a variant of ER-α66, but it has different 

characteristics and functions. In addition, even though both estrogen receptors 

have similar ligand-binding domains, no targeted therapies have an antagonistic 

effect against ER-α36. In other words, the expression of ER-α36 induces an 

agonist instead of antagonist effect upon tamoxifen and fulvestrant treatment 

(targeted therapies). This implies an urgent need to explore new targeted 

approaches for ER-negative  breast cancer cells treatment.  

It is essential to develop research that describes the possible mechanisms 

by which ER-α36 exerts its carcinogenic activity. These discoveries would help the 

scientific community to develop ER-α36 inhibitors or therapies against ER-

negative and HER2 breast cancer cell lines that express this variant of the 

estrogen receptors. 
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Figure 6. ER-α36 shows resistance to endocrine therapies. (A) High expression of ER-α36 induces estrogen 
hypersensitivity of the receptor. This hypersensitivity could explain the failure of aromatase inhibitors (AIs). (B) Tamoxifen 
(TAM) has an agonist effect in ER-α36 by upregulating EGFR and promoting the non-genomic signaling pathway (MAPK 
and AKT kinases). (C) Fulvestrant's (ICI 182,780) mechanism of action (degradation of estrogen receptor) fails in ER-α36. 
(Gu et al., 2014) (Created with BioRender.com)    
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1.3 Estrogen Non-Genomic Signaling Pathway 

The estrogen non-genomic signaling pathway refers to the estrogen binding 

to estrogen receptors to induce rapid (occurs in seconds to minutes) activation of 

kinases involved in promoting pro-oncogenic phenotypes (Figure 7). On the 

contrary, the genomic signaling pathway (occurs in hours to days) is when 

estrogen binds to ER-α66, then the receptor dimerize and translocate to the 

nucleus to bind to an estrogen response element (ERE) sequence and act or bind 

to a transcription factor to regulate the expression of specific target genes (Figure 

7) (Wang & Yin, 2015). Therefore, there is a distinct difference between the non-

genomic and genomic signaling pathways. The main difference is that the non-

genomic pathway could activate more transcription factors because the genomic 

pathway refers to when the estrogen receptor acts as a transcription factor. Thus, 

the non-genomic signaling pathway can control more genes that regulate cellular 

growth, survival, motility, and invasion (Su et al., 2014). 

Triple-negative inflammatory breast cancer expresses alternate estrogen 

receptors (ER-α36 and GPR30) that promote proliferation, migration, and invasion 

via a non-genomic signaling pathway (MAPK/ERK and PI3K/AKT kinases) upon 

estrogen treatment (Figure 9) (Ohshiro et al., 2012). The activation of these 

kinases can induce the expression of the proto-oncogene c-Myc (Su et al., 2014). 

c-Myc plays a role in cell cycle regulation, metabolism, apoptosis, differentiation, 

cell adhesion, and tumorigenesis (Su et al., 2014). Also, ER-α36 induces the 

activation of JNK, which is another member of the MAPK family that regulates 

differentiation, cell proliferation, and migration (Figure 9) (Gu et al., 2014).  
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ER-α36 is involved in the cross-activation or phosphorylation of membrane 

tyrosine kinase receptors, EGFR (Figure 8 and 9) (Gu et al., 2014; Vrtačnik et al., 

2014). Interestingly, half of the cases of TN-IBC overexpress EGFR (Table 2) 

(Masuda et al., 2012). A possible explanation is a positive feedback loop between 

EGFR and ER-α36 which means that EGFR signaling activates transcription of 

ER-α36 through an activator-protein-1-binding site (Figure 8) (Su et al., 2014). 

Also, ER-α36 interacts with the EGFR/Src/Shc complex to stabilize EGFR protein 

(Figure 8) (Su et al., 2014). Phosphorylation of EGFR promotes the activation of 

MAPK/ERK and STAT5 (Su et al., 2014). Also, Src/EGFR/STAT5 pathway 

activates cyclin D1, which is a regulator of cell cycle progression (Gu et al., 2014; 

Su et al., 2014). These previous findings demonstrated that ER-α36/EGFR 

complex might be critical in the estrogen non-genomic signaling (Gu et al., 2014). 

GPR30 mediates cell proliferation, viability, and motility in TNBCs cell lines, 

via activation of MAPK/ERK signaling upon treatment with estradiol and GPR30 

agonist, G1 (Yu et al., 2014). Also, the high expression of GPR30 has been 

associated with metastases and poor survival in breast cancer patients (Arias-

Pulido et al., 2010). Contradictory, other studies revealed that GPR30 functions as 

a tumor suppressor for TNBC (Wei et al., 2014). Therefore, those findings 

demonstrated that the role of GPR30 in TNBCs cell lines through estrogen non-

genomic signaling is still not clear (Kang et al., 2010). For example, a study showed 

that the estrogen non-genomic effects seen after treatment with G1 (GPR30 

agonist ligand) were mediated only in the presence of ER-α36, and those effects 

were abolished when ER-α36 was inhibited (Kang et al., 2010). Also, this study 
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showed that ER-α36 mediates the estrogen non-genomic signaling independently 

of GPR30, but GPR30 induces ER-α36 expression (Kang et al., 2010). These 

findings suggest that the activities of GPR30 in response to estrogen occur through 

its ability to induce expression of ER-α36 (Kang et al., 2010). Developing 

antagonist therapies against the oncogenic effects of ER-α36 and GPR30  could 

be an effective alternative to improve the survival rate of triple-negative breast 

cancer patients.  
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Table 2: Molecular signature (several proteins) of inflammatory breast 
cancer 

 

 

GENE/PROTEIN ALTERATION ROLE OR FUNCTION REFERENCES 

E-CADHERIN 
Over-

expression 

• Tumor emboli 

• Metastasis  

• Resistance to 
chemotherapy 

(Ye et al., 2010) 
(Wang et al., 2017) 
(Di Bonito et al., 
2019) 

RHO C GTPASE 
Over-

expression 

• Cytoskeletal 
reorganization 

• Regulation of 
angiogenic growth 
factors 

• Production of 
inflammatory 
cytokines 

• Up-regulation of 
VEGF 

(Van der Auwera et 
al., 2007) 
(van Golen et al., 
1999) 
(Van Laere et al., 
2005) 
(Di Bonito et al., 
2019) 

NF-KB 
Over-

expression 

• Hyperactivation of 
MAPK 

• Tumor emboli 

• Pro-inflammatory 
cytokines 

(Van der Auwera et 
al., 2007) 
(Arora et al., 2017) 
(Van Laere et al., 
2005) 
(Di Bonito et al., 
2019) 

ERBB 
TYROSINE 
KINASES 
(EGFR) 

Over-
expression 

• Activation of NF-kB 

• Angiogenesis  

• Uncontrolled growth 

(Masuda et al., 
2012) 
(Wang et al., 2017) 
 

WISP3 
Loss of 

expression 

• Inhibits 
angiogenesis and 
invasion 

(Van der Auwera et 
al., 2007) 
(Kleer et al., 2002) 
(Di Bonito et al., 
2019) 

IGF-1 Alterations 
• Pro-inflammatory 

microenvironment 

(Di Bonito et al., 
2019) 

COX-2 
Over-

expression 

• Tumor 
extravasation 

• Mediator of 
inflammation 

• Metastasis  

(Wang et al., 2017) 
(Di Bonito et al., 
2019) 
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Figure 7. Differences between the estrogen genomic and non-genomic 

signaling pathways. The genomic signaling pathway  shows a dimerization of the 

estrogen receptors (ER) after estrogen binding and their ability to induce gene 

expression. The non-genomic signaling pathway shows the rapid signaling that the 

receptors send to the cytoplasm after estrogen binding. The non-genomic signaling 

concludes by inducing gene expression. Abbreviations in the figure: (ERE) 

estrogen responsive elements, and (TF) transcription factor (Słowikowski et al., 

2017). (Created with Biorender.com)
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Figure 8. Correlation between EGFR and ER-α36. EGFR induces the activation 
of ER-α36, which in turn stabilizes the EGFR protein and induces the activation of 
kinases that promote pro-oncogenic phenotypes (Su et al., 2014). (Created with 
BioRender.com) 
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Figure 9. ER-α36 effects in the non-genomic signaling pathway. ER-α36 

interacts with the EGFR and GPER receptors and activates diverse kinases that 

promote pro-oncogenic phenotypes by the non-genomic signaling pathway. (Gu et 

al., 2014) (Created with BioRender.com) 
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1.4 Phytoestrogen as a potential therapy  

Phytoestrogens are natural substances that exhibit a chemical structure 

similar to estradiol (E2) (Figure 10) (Basu & Maier, 2018). The phytoestrogen's 

phenolic rings have a hydroxyl group that corresponds to the hydroxyl groups on 

the aromatic rings of E2 (Basu & Maier, 2018). Because of this, phytoestrogens 

can weakly bind to estrogen receptors and compete with estradiol for the ligand-

binding domain of said receptors (Basu & Maier, 2018). Also, phytoestrogens 

induce agonist or antagonist effects depending on their concentration (Basu & 

Maier, 2018).  

The major groups of phytoestrogens are isoflavones, coumestans, 

stilbenes, and lignans (Figure 10) (Basu & Maier, 2018). The most studied group 

is the isoflavones particularly, daidzein and genistein (Basu & Maier, 2018; Cos et 

al., 2003). Isoflavones are founded in soybeans, and their concentration varies 

depending on the varieties and processing of the soybeans (Table 3) (Cos et al., 

2003).   Other isoflavones are biochanin A and formononetin, methylated 

precursors of genistein and daidzein, respectively (Basu & Maier, 2018). Calycosin 

and glycitein are O-methylated isoflavones (Basu & Maier, 2018). Two members 

of the stilbenes group are resveratrol and pterostilbene, which are founded in 

grapes skin, peanuts, and red wine (Table 3) (Basu & Maier, 2018; Cos et al., 

2003). Resveratrol is found in red wine since it has been manufactured with 

prolonged exposure to grape skin (Cos et al., 2003). Also, several scientists 

believe that resveratrol is the wine component responsible for the French paradox 

(Cos et al., 2003). The French paradox is the observation of low coronary heart 
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disease (CHD) death rates despite the high intake of dietary cholesterol and 

saturated fats (Ferrières, 2004). The lignans phytoestrogens are arctigenin, 

manassantin A, matairesinol, pharbilignan C, secoisolariciresinol, taiwanin A, and 

many others (Basu & Maier, 2018). This phytoestrogen type is mainly found in 

oilseeds, cereals, grains, vegetables, and  (Table 3) (Cos et al., 2003). The 

smallest phytoestrogen group, which this study is focused on, is coumestans which 

only has coumestrol as a member, and it has been found in alfalfa, soybeans, and 

clover sprouts (Table 3) (Basu & Maier, 2018; Cos et al., 2003). Interestingly, 

coumestans exhibit a structure similar to isoflavones (Cos et al., 2003). 

Table 3: Dietary sources of phytoestrogens (Basu & Maier, 2018; Cos et al., 
2003) 

Phytoestrogen Dietary sources 

Isoflavones 

• Soybeans and soy products: bean paste, cheese, 
flakes, flour, milk, sauce, tempeh, tofu, and okara  

• Other beans: kidney beans, navy beans, and lentils 

• Sprouts: mung bean sprouts  

• Legume: red clover 

Stilbenes 

• Fruits: grapes 

• Beverage: Red wine 

• Peanuts 

Lignans 

• Grains: buckwheat, millet, oat, wheat, brown rice  

• Nuts: cashew, hazelnut  

• Seeds: sesame, oilseeds, sunflower, chickpea, pea, 
soybean  

• Fruits: apple, banana, cantaloupe, grape, kiwi, lemon, 
orange, pineapple, red raspberry, strawberry  

• Vegetables: asparagus, avocado, carrot, cauliflower, 
cucumber, garlic, onion, potato, and tomato  

• Beverage: coffee, wine, and tea  

Coumestans 

• Sprouts: alfalfa, and clover sprouts 

• Legume: red clover 

• Vegetables: spinach, Brussel sprouts and broccoli 

• Beans: mung beans 
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Figure 10. Estradiol and phytoestrogens chemical structures. (Basu & 

Maier, 2018) (Created with BioRender.com) 
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1.4.1 Mechanisms of action of phytoestrogens 

Phytoestrogens can bind to estrogen receptors (ER) by a weak affinity 

(1000-10000 times less than that of estradiol) (Bilal et al., 2014). Despite this, 

some phytoestrogens such as genistein, coumestrol and apigenin have a higher 

affinity (10-100 times that of estradiol) to ERs (Bilal et al., 2014). Also, 

phytoestrogens can interact with growth factors and cytokine signaling pathways 

(Figure 11) (Bilal et al., 2014). Thus, all these bindings or interactions can modulate 

the responses to growth factors or activate/inhibit kinases (Figure 11) (Bilal et al., 

2014). Additionally, phytoestrogens may alter the ligand-independent 

transcriptional activity of ERs or other transcription factors such as AP-1 and NF-

κB (Bilal et al., 2014). One example is that genistein is a tyrosine kinase inhibitor 

and affects the activation of ERK and AKT kinases (Bilal et al., 2014). Down-

regulation of AKT has been observed after long-term treatment of breast cancer 

cells with genistein (Bilal et al., 2014). Interestingly, in addition to phytoestrogens 

affecting kinases and receptors involved in pro-oncogenic phenotypes, they also 

affect the cell cycle (Figure 11). 

Cell cycle consists of a series of events in which cells increase in size, 

duplicate their DNA and and divide their cytoplasm and organelles to produce two 

daughter cells. Transition in the cell cycle is regulated by cyclins and the activation 

of cyclin-dependent kinases (CDKs). However, the effects of phytoestrogens in the 

cell cycle are controversial. Studies reported that high concentrations of 

phytoestrogen (>10µM) inhibit the expression of cyclin D1 (regulates the G1 to S 

phase of the cell cycle) (Bilal et al., 2014). High doses of phytoestrogens increase 
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the expression of p21, p27, and p53 (CDK inhibitors), promoting apoptosis and 

decreasing proliferation (Bilal et al., 2014).  

Interestingly, phytoestrogens, specifically isoflavones, weakly inhibit 

aromatase (Figure 11) (Bilal et al., 2014). Aromatase is an enzyme responsible for 

converting androgens into estrogen. Also, phytoestrogens inhibit 17β-

hydroxysteroid dehydrogenase (HSD) type 1, which reduces oestrone (E1) to E2 

and 17β-HSD type 5 that converts androstenedione to testosterone, which can 

subsequently be converted to E2 by aromatase (Bilal et al., 2014). Therefore, this 

data demonstrated that phytoestrogens could inhibit steroid synthesis (Bilal et al., 

2014). 

Another phytoestrogen mechanism of action is epigenetic changes  (Figure 

11 and 12). Epigenetic changes are heritable changes that do not change the DNA 

sequence. Scientists suggest that epigenetic events could be involved in childhood 

protection since early exposure to phytoestrogens could protect against breast 

cancer in later life (Bilal et al., 2014). Phytoestrogens promote the expression of 

tumor suppressor genes (p21WAF1 and p16INK4a) (Bilal et al., 2014). The induction 

of these genes was associated with a small reduction in the activity of histone 

deacetylases (HDACs) but a large increase in the activity of histone 

methyltransferases (HMTs) (Bilal et al., 2014). Also, phytoestrogens decreased 

the activity of DNA methyltransferases (DNMT) (Bilal et al., 2014). Long-term 

treatment with high doses of phytoestrogens downregulated the expression of 

acetylated histone 3, cyclin D1, and pro-caspase 9 (Bilal et al., 

2014). Understanding all these epigenetic modifications and their contributions to 
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breast tumorigenesis opens the opportunity to further understand the potential role 

of pythoestrogen in breast cancer patients' diagnosis, prognosis, and therapy 

(Dagdemir et al., 2013). 

In summary, phytoestrogens have antagonist effects in estrogen receptors 

(ERs), modulate cell signaling pathways, and regulate the cell cycle  (Figure 11) 

(Bilal et al., 2014). Also, phytoestrogens have anti-oxidant properties, regulate 

angiogenesis, and are involved in epigenetic alterations  (Figure 11 and 12) (Bilal 

et al., 2014).
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Figure 11. Summary of the phytoestrogens mechanism of action. (Bilal et al., 2014) (Created with BioRender.com) 
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Figure 12. Mechanism by which phytoestrogens alter the transcription of 
genes. (A) Phytoestrogen binds to the estrogen receptors (ER) and induces 
transcriptional activity as an agonist or antagonist ligand. (B) Phytoestrogens can 
activate kinases involved in promoting gene transcription. (C) Phytoestrogen 
induces epigenetic changes (Bilal et al., 2014). 
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1.4.2 Phytoestrogens and breast cancer 

Asian women and vegetarians have a diet rich in high phytoestrogen foods 

(Figure 13). The average intake of soy and isoflavones in Asian populations is 

50g/day and 30mg/day, respectively (Bilal et al., 2014; Cos et al., 2003). On the 

contrary, the Western populations intake 1 g/day of soy and 1mg/day of 

isoflavones (Bilal et al., 2014; Cos et al., 2003). Coincidentally, Asian and 

vegetarian women have the lowest breast cancer risk and the highest excretion of 

urinary phytoestrogens (Wang & Kurzer, 1998). Also, there is a trend of reduced 

risk in breast cancer with increased soy intake in both pre- and postmenopausal 

Asian women (Obiorah et al., 2014).  

For Chinese women previously diagnosed with ER-positive breast cancer, 

higher consumption of soy (>15.31 gram/day) was associated with the lowest 

mortality and recurrence rate in comparison to women that had the lowest 

consumption of soy (=<5.31 gram/day) (Shu et al., 2009). In fact, Chinese women 

that use tamoxifen and have low to moderate levels (5.32-9.45 gram/day) of soy 

food intake have the lowest mortality (Shu et al., 2009). Similarly, high soy 

consumption during childhood and adolescence is associated with a reduced risk 

of breast cancer in adults (Cos et al., 2003; Obiorah et al., 2014).  In an in 

vitro study, phytoestrogens stimulated ER-positive breast cancer cell growth at low 

pharmacologic concentrations. In contrast, at high concentrations (>5 µmol/L), 

phytoestrogen inhibits the proliferation of cancer cells (Obiorah et al., 2014). 

Nevertheless, phytoestrogens' prolonged exposure could decrease ER-α66 

mRNA expression (Obiorah et al., 2014). Based on the inverse relationship 
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between soy consumption and breast cancer risk in Asian countries, an interest in 

using phytoestrogens in breast cancer prevention has been triggered (Obiorah et 

al., 2014).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Phytoestrogen intake reduces breast cancer risk in Asian 
population. (Created with Biorender.com) 



57 
 

1.4.3 Phytoestrogens and inflammatory breast cancer 

Genistein is the most studied phytoestrogen and is the only one that has 

been studied in triple-negative inflammatory breast cancer (TN-IBC) cell lines. A 

study demonstrated that Genistein (50µM) induces apoptosis in BRCA1-mutant 

cells (SUM149PT) (Privat et al., 2010). Furthermore, Genistein induced a cytotoxic 

effect against TN-IBC cell lines; suggesting that other phytoestrogens could cause 

a similar cytotoxic effect. Thus, there is an urgent need to evaluate the anti-

carcinogenic effect of other phytoestrogens as a possible targeted therapies alone 

or in combination with other therapeutic options. 

1.4.4 Coumestrol 

Coumestrol (Cou) is a polyphenolic compound structurally similar to 

estradiol (E2) and can compete for binding to an unfilled cytoplasmic estrogen 

receptor or unfilled nuclear estrogen receptor sites (Martin et al., 1978). Also, it is 

derived from Daidzein, an isoflavone like Genistein (Basu & Maier, 2018). It was 

described as an antagonist of ER-α66 and ER-β receptors with an IC50 of 11nM 

and 2nM, respectively (Chen et al., 2004; Hopert et al., 1998). An increased 

interest in studying the effects of Cou against breast, prostate, and ovarian cancer 

have emerged recently (Lim et al., 2017; Lim et al., 2016; Zafar et al., 2017; Zafar 

et al., 2018). Recent studies performed in ER-positive (MCF-7) and ER-negative 

or TNBC (MDA-MB-231) breast cancer cell lines treated with Cou showed a G1/S 

cell cycle arrest and promotion of mitochondrial-mediated apoptosis (Zafar et al., 

2017; Zafar et al., 2018). Also, Cou cytotoxicity was found to be mediated by 

increasing DNA damage and activating an apoptotic response (Wang & Kurzer, 
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1998; Zafar et al., 2017; Zafar et al., 2018). Similar effects were seen in prostate 

and ovarian cancers as Cou decreased proliferation and migration and induced 

apoptosis by regulating the activity of PI3K/AKT, ERK1/2, and JNK/MAPK 

signaling pathways (Lim et al., 2017; Lim et al., 2016).  

Decades ago, Cou was found to bind competitively to the estrogen receptor 

proteins in rat uterine cytosol, a rat model of 7,12-Dimethylbenz[a]anthracene 

(DMBA)-induced mammary tumors, and in human mammary tumor tissue (Verdeal 

et al., 1980). Using this model, Cou was not antiestrogenic, but did not support 

growth of mammary tumors when given orally to the animals (Verdeal et al., 1980). 

Despite this, earlier studies involving Cou are conflictive. Diverse studies 

demonstrated that Cou (10 µM) inhibits ER-positive cancer cells growth, but other 

studies only showed that the inhibitory effects of Cou (1 μM) were restricted to an 

estrogen-depleted state (Dixon-Shanies & Shaikh, 1999; Hess-Wilson et al., 2006; 

Obiorah et al., 2014). Also, studies performed in ER-positive breast cancer cells 

showed that Cou (1 μM) and other phytoestrogens are inhibitors of apoptosis and 

have robust transactivation of ER-α66 and ER-β receptors (Harris et al., 2005; 

Schmidt et al., 2005). Interestingly, scientists demonstrated that low doses of 

phytoestrogens are generally found to stimulate the growth of breast cancer cells 

and only concentrations >10 µM are considered as high dose (Bilal et al., 2014).  

Since there are no previous studies that have demonstrated the effect of 

Cou in IBC models, our research focuses in the study of Cou as a potential 

anticancer agent against TN-IBC. Our study will take into consideration the effects 

of Cou in the presence and absence of 17β-estradiol (E2). Both conditions will help 
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us determine if the anticancer activity of Cou is affected by E2 levels, which in the 

long-term will help us determine if the potential treatment will benefit pre and/or 

postmenopausal women. Our research opens an opportunity for scientists in the 

field to explore natural compounds like phytoestrogens with the potential of 

antagonizing the estrogen non-genomic signaling pathway. The data gathered 

from this thesis is pivotal to achieve the long-term goal of developing effective 

targeted therapies for IBC to improve patients’ prognosis, survival rates and quality 

of life. 
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Specific aims 

Aim 1: Determine if coumestrol inhibits pro-oncogenic phenotypes in IBC 

cell lines. Studies showed that Cou has a cytotoxic effect in ER-positive and 

TNBC cell lines. Due to the similar expression of estrogen receptors between 

TNBC (MDA-MB-231) and TN-IBC (SUM149PT), the working hypothesis for this 

aim is that treatment with coumestrol can inhibit oncogenic phenotypes in IBC cell 

lines. In order to answer our hypothesis, we will analyze the effects on cellular 

responses, including migration using two-dimensional (2D culture model) and cell 

proliferation, migration, invasion, and tumor emboli formation using three-

dimensional (3D culture model) cell cultures. 

 

Aim 2. Characterize the molecular mechanism by which coumestrol inhibits 

cell proliferation and migration in IBC cell lines. Based on the affinity of Cou to 

the estrogen receptors, we proposed that Cou exerts its anti-cancer activity by 

modulating the estrogen non-genomic signaling pathway of TN-IBC. However, 

coumestrol anti-cancer activity may also be independent of modulating the 

estrogen non-genomic signaling. Characterization of the molecular mechanism of 

Cou anti-cancer activity will be done by analyzing the levels of phosphorylation of 

kinases involved in the estrogen non-genomic signaling pathway and the 

transcriptome chages elicit by coumestrol treatment.   
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Chapter II. Coumestrol as an inhibitor of pro-oncogenic phenotypes  
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2.1 Introduction 

Triple-Negative Inflammatory Breast Cancer expresses alternate estrogen 

receptors that promote proliferation, migration, and invasion via a non-genomic 

signaling pathway (Ohshiro et al., 2012). In other words, estrogen is a hormone 

responsible for inducing pro-oncogenic phenotypes in TN-IBC. Also, Inflammatory 

Breast Cancer is a type of breast cancer that does not produce a palpable mass 

but induces breast inflammation (Dushkin & Cristofanilli, 2011; Vermeulen et al., 

2010). Inflammation of the breast is caused by the continuous growth of tumor cells 

within the lymphatic vessels that eventually block drainage from the tissue resulting 

in the edema (Vermeulen et al., 2010). Experts in IBC pathogenesis think that 

IBC's rapid metastasis is induced by tumor emboli formation, a hallmark of IBC 

(Vermeulen et al., 2010).  

Studying molecules that target metastasis and other pro-oncogenic 

phenotypes in IBC is crucial for improving the survival of patients with TN-IBC. This 

study expands our current knowledge of possible anti-cancer effects of compounds 

that are considered antagonists of estrogen signaling, such as Cou (Chen et al., 

2004; Hopert et al., 1998). The rationale for performing functional assays is that 

Cou has a structure similar to estradiol (E2) that facilitates its function as a ligand 

for estrogen receptors and its antagonist effect. Based on this, we propose that 

Cou exerts an anti-cancer activity on TN-IBC. Therefore, Cou will inhibit pro-

oncogenic phenotypes such as proliferation, migration, invasion, and tumor emboli 

formation. Our hypothesis was that Cou exerts its anti-cancer effect by 
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inhibiting kinases involved in proliferation, migration, and invasion and 

impairing IBC tumor emboli formation.  

2.2 Materials and methods 

Cell lines and cell culture 

ER-positive (MCF-7) and triple-negative non-IBC (MDA-MB-231) cell lines 

were purchased from ATCC and cultured in DMEM (Sigma Aldrich) or RPMI 

(Sigma Aldrich), respectively. Also, each medium was supplemented with 10% 

heat-inactivated fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S) 

(Fisher Scientific) (Table 4). Triple-negative inflammatory breast cancer cell lines 

(TN-IBC), SUM149PT, were purchased from BioIVT. The Medical University of 

South Carolina (Dr. Stephen P. Ethier) provided HER-2 amplified inflammatory 

breast cancer cell line (SUM190PT). SUM149PT and SUM190PT cells were 

cultured in F12 (Fisher Scientific) supplemented with 10% heat-inactivated fetal 

bovine serum (FBS, Sigma Aldrich), 1% penicillin and streptomycin (Fisher 

Scientific), 0.5 mg/ml insulin (Sigma Aldrich), and 1 mg/ml hydrocortisone (hydro) 

(Sigma Aldrich) (Table 4). All the cell lines were seeded in tissue culture-treated 

dishes (100 mm plates) or T25 flasks and maintained at 37ºC in a 5% CO2 

incubator. The medium was changed every 2 or 3 days (Table 5).  

Once MCF-7, MDA-MB-231, and SUM149PT cells reached 90-100% 

confluency, they were split into different flasks (Table 4). SUM190PT cells were 

split at 80% of confluency (Table 4). We removed the medium and washed the 

plate with 2mL of 1X HBSS. Then, 1mL of TrypLE™Express (trypsin) (Gibco) was 

added to detach each cell line from the tissue culture plate and gently rocked to 
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cover the cells. After 5-12 minutes of incubation, we collected the trypsin with the 

detached cells and centrifuged them in a 15 mL tube for 10 minutes at 1.2 rpm at 

room temperature. The supernatant was removed and the desired volume to 

perform the desired split/passage was added.  Each resuspended cell volume was 

transferred in a tissue culture plate or flask and fresh media was added in 

accordance to the plate or flask used (Table 5).  

Table 4: Culture media for maintenance of breast cancer cell lines 

 
MCF-7 MDA-MB-231 SUM149PT SUM190PT 

Growth 
Medium 
Recipe 

• 45mL DMEM 
• 5mL 10% 

FBS 
• 500µl 1% 

P/S 

• 45mL RPMI 
• 5mL 10% 
FBS 

• 500µl 1% 
P/S 

• 44mL F12 
• 5mL 10% FBS 
• 25µl 0.5mg/ml 
insulin 

• 50µl 1mg/ml 
hydro 

• 500µl 1% P/S 

• 44mL F12 
• 5mL 10% FBS 
• 25µl 0.5 mg/ml 
insulin 

• 50µl 1mg/ml 
hydro 

• 500µl 1% P/S 

Split 1:3 or 1:4 1:3 or 1:4 1:3 or 1:4 1:2 

Detached 
time 

5-8 minutes 5-8 minutes 8-12 minutes 5-8 minutes 

 

Table 5: Volume of medium required per tissue culture dishes or flasks 

T25 flasks 100mm plates 

• 5mL of medium • 8-10mL of medium 

 

Compounds 

Coumestrol (27885) and β-estradiol (E8875) were purchased from Sigma 

Aldrich. Both drugs were dissolved in dimethyl sulphoxide (DMSO) and stored at -

20ºC. Coumestrol and estradiol have been prepared in a stock concentration of 

93mM and 100mM, respectively (Table 6). The amount of DMSO added to prepare 

the stock concentration was calculated using GraphPad Molarity Prism. For each 

experiment performed, the drugs were diluted with a starving medium (DMEM/F12 
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without phenol red and 1% Charcoal Stripped Fetal Bovine Serum) to obtain the 

working concentration for each experiment before adding it to the cells.  

Table 6: Dilution of drugs 

 

Coumestrol [93.2mM] 𝛃-estradiol (estrogen) [100mM] 

Dilution 
• 50mg coumestrol 
• 2ml of DMSO 

• 1g estrogen 
• 36.71ml of DMSO 

Solubility 25mg/ml in DMSO DMSO to 100mM 

Storage time 1 year 1 year 

 

Dose-response curves and relative cell viability (RCV) 

Cells seeded in a T25 flask, or 100mm tissue culture dish were grown under 

a starving medium (medium without hormones or growth factors) (DMEM/F12 

without phenol red, and 1% Charcoal Stripped Fetal Bovine Serum) at 37ºC in a 

5% CO2 incubator. After 48 hours, for 2D cultures dose-response curves, ten 

thousand cells per well were plated in a 96-well plate in 200µl of starving medium 

prepared in a 2-fold serial dilution (6.25µM, 12.5µM, 25µM, 50µM, 100µM, and 

200µM) of Cou concentrations. After 24, 48, and 72 hours, the starving medium 

containing the treatment was removed, and 100µl of alamarBlue™ cell viability 

reagent (Thermo Fisher Scientific) was added. After 3 hours, fluorescence was 

measured using an Infinite2000 PRO Microplate Reader (Tecan). In the Tecan, we 

determine the fluorescence intensity with the plate without cover, emission in 

585nm, excitation in 550nm, and optimal gain. The time points (24, 48, and 72 

hours) were performed in individual 96-wells plates with three technical and 

biological replicates per treatment. For the experiments, we used two controls: 1. 

no treatment control was cells treated with vehicle (DMSO) alone, and 2. negative 

control was alamarBlue™ without cells. 
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For the 3D culture system, each well was coated with 30µl of Matrigel® 

(Corning) first and placed in the incubator for 30 minutes. Then, ten thousand cells 

were plated in the coating wells under 100µl of starving medium prepared with a 

2-fold serial dilution of Cou and 5% of Matrigel®. After 24, 48, and 72 hours, the 

medium was removed and 100µl of alamarBlue™ Reagent was added. After 3 

hours, the alamarBlue™ Reagent was removed from the coated wells and added 

to a new 96-well plate for fluorescence measurement using the Tecan microplate 

reader using the same parameters of the 2D dose-response curves. Using 

GraphPad Prism 9.0, we generated a dose-response curve to determine the half-

maximal inhibitory concentration (IC50) of Cou for 2D and 3D models. For this, an 

XY table was created with an average of the normalized cell viability and %CV. 

alamarBlue™ alone (negative control) was subtracted from all measurements. 

Then, the data was normalized to DMSO and transformed to logarithms. The 

nonlinear regression parameters and sigmoidal dose-response (variable slope) 

was selected to generate the dose-response curve. To determine the half-maximal 

inhibitory concentration (IC50) of Cou, we use the formula, 10𝑥. The value of X was 

the Cou concentration when the cell viability was affected by 50%.  

We used the same protocol for the relative cell viability (RCV), but the cells 

were treated only with the IC50 value determined by the 2D and 3D dose-response 

curves. A grouped table with an average of the normalized cell viability and the 

standard deviation (SD) was created using GraphPad Prism 9.0. alamarBlue™ 

alone (negative control) was subtracted from all measurements and the data was 
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normalized to DMSO. The time of treatments (measured in hours) were placed in 

the X-axis, while the mean and SD in the Y-axes for the grouped bar chart. 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Summary of the dose-response curve and RCV protocol. (Created 
with Biorender.com) 
 

3D Proliferation Assay 

SUM149PT cells (100mm plate in a 50% confluency) were grown under 

starving medium (DMEM/F12 without phenol red, and 1% Charcoal Stripped Fetal 

Bovine Serum) at 37ºC in a 5% CO2 incubator for 48 hours. Then, a 12-well plate 

was coated with 150µl of Matrigel® Matrix (VWR) and placed for 30 minutes inside 

the 5% CO2 incubator at 37ºC. We added twenty thousand SUM149PT cells 

(250µl cells with medium) carefully to the 12-well Matrigel® Matrix covered plate. 

After 1 hour incubation, the cells were treated with 250µl of medium with E2 

(10nM), Cou (50µM), or a combination of both treatments, and 5% of Matrigel®. 
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Every two days, the medium was changed and replace with fresh starving medium 

with the appropriate drug concentrations, and more Matrigel® Matrix (10%). After 

days 5 and 10, pictures of the colonies were taken using a Nikon Eclipse TS-2 

microscope at 2,000X total magnification. Afterward, we used the Image J software 

to measure the colony area of fifty colonies per treatment. The area of each colony 

is a function of cell proliferation. Finally, a column chart with individual values per 

biological replicates was generated using GraphPad Prism 9.0. Then, Mann-

Whitney correction was performed for the statistical analysis. Utilizing the Mann-

Whitney median of the three biological replicates per treatment, a column chart 

was generated using GraphPad Prism 9.0. Then, another statistical analysis was 

perfomed using one-way Anova for determining the significance difference (p-

value) between the treatments. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = 

p<0.0001.  

 

 

 

 

 

 

 

 

 

Figure 15. Summary of the 3D Proliferation Assay protocol. (Created with 
Biorender.com) 
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Wound Healing Assay 

SUM149PT cells were plated in a 6-well plate under growth medium to 

obtain a confluent monolayer (100% confluency). After 24 hours, cells were placed 

under starving medium for 48 hours. Then, we removed the starving medium, and 

a wound was performed using a 10µL or P10 micropipette tip. We washed each 

well with 1X Hanks Balanced Salt Solution (HBSS) to remove any detached cells. 

Then, cells were treated with E2 (10nM), Cou (50µM), or a combination of both 

treatments under 2mL of starving medium for 19 hours. Two images were taken 

on each well, before (0h) and after (19h) treatment, at 1,000X total magnification. 

We drew two circles on the outside bottom of the plate to confirm that the taken 

images were in the same spot before and after the treatment. Then, we used image 

J software for quantifying the closed area of the wound. A column chart using 

GraphPad Prism 9.0 was generated for the three biological replicates per 

treatment and a t-test with non-parametric distribution was performed. * = p<0.05, 

** = p<0.01, *** = p<0.001, **** = p<0.0001.  

 

 

 

 

 

Figure 16. Summary of the Wound Healing Assay protocol. (Created with 
Biorender.com) 
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Boyden Chamber Assay 

  

The Corning® FluoroBlok™ (insert) was placed in a well with 500µl of 1X 

PBS to rehydrate the membrane. Also, 100µl of 1X PBS was added inside the 

insert (Figure 17). After 5 minutes, 1X PBS inside the insert was removed and the 

insert was placed in an empty well. For the invasion assay, the insert was coated 

with 100µl of Matrigel® Matrix 200µg/ml and placed inside the 5% CO2 incubator 

at 37ºC for 30 minutes. Then, we detached the SUM149PT cells grown under a 

starving medium for 48 hours. After detaching, the cells were centrifuged at 1.2rpm 

for 10 minutes and add 1ml of non-chemo attract medium (0%DCC + 0.1%BSA + 

DMEM/F12 without phenol red). Count the cells and add 2 x 104 and 1 x 105 cells 

for migration and invasion assay, respectively. We added a total volume of 100µl 

inside with the counted cells, non-chemo attracts medium, and treatment. Also, we 

added 650µl of chemo attract medium (0.2%DCC + 0.1%BSA + DMEM/F12 

without phenol red) in the wells that we placed the insert. The plate was incubated 

for 16 and 22 hours for migration and invasion assays, respectively. Following the 

incubation period, the media was removed from the insert and the insert was 

washed with 100µl of 1X HBSS. After, the insert was transferred to a well-

containing 500µl of 1X HBSS and 12.44µl of calcein-AM 50µg (Abcam). After 1 

hour in the 5%CO2 incubator, the insert was transferred to an empty well and dried 

using a wipe. To detect calcein-AM fluorescence, we used the Azure Sapphire™ 

Biomolecular Image in Cy2 dye, intensity number 8, and the pixels in 10µm. Finally, 

we used Image J software for measuring the fluorescence intensity.  
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Figure 17. Parts of a Boyden Chamber Assay. (Created with Biorender.com) 

 

 

 

 

 

 

 

 

 

Figure 18. Summary of Boyden Chamber Assay protocol. (Created with 
Biorender.com) 
 

In vitro 3D Tumor Emboli Assay 

SUM149PT cells (250,000 cells) were plated in T75 low-attachment flasks 

with a growth medium supplemented with 2.25% PEG-8000 (Thermo Fisher 

Scientific). A total of 12mL of suspension (growth medium with 2.25% PEG-8000, 

cells, and treatment) was placed in each flask. Then, each flask was kept in an 

orbital shaking (40 rpm) at 37ºC in a 5% CO2 incubator. After 24, 48, 72, and 96 
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hours, we took images of all the formed tumor emboli at 400X total magnification. 

After each time point, we added a shot of the drug or treatment (DMSO or Cou 

50µM) to each flask. Image J was used for quantifying the tumor emboli area. 

Using GraphPad Prism 9.0, a column chart with individual values per biological 

replicates was generated. A Mann Whitney test was performed for the statistical 

analysis. Also, a grouped chart was generated after determining the Mann-Whitney 

median of the three biological replicates per treatment. Finally, we analyzed the 

data using one-way ANOVA to determine the treatments' statistical significance 

difference (p-value). * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.  

 

 

 

 

 

Figure 19. Summary of in vitro 3D Tumor Emboli Assay protocol. (Created 
with Biorender.com) 
 

Trypan Blue Staining Assay 

SUM149PT cells were seeded in a six wells plate in 25-30% confluency 

under a complete growth medium. After 24 hours, cells were placed under a free 

hormone or starving medium (DMEM/F12 without phenol red and 1% Charcoal 

Stripped Fetal Bovine Serum) for 48 hours. Then, the cells with 80-85% of 

confluency were treated with DMSO or Cou (50µM) and placed in a 5% CO2 

incubator for 24 and 48 hours. After the incubation time, 250µl of TrypLE™Express 

(trypsin) (Gibco) was added to detach the cells from the tissue culture wells. The 
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detached cells were transferred into a microtube with 750µl of the starving medium. 

The suspension (cells + medium) was a total volume of 1mL. Then, a mixture of 

10µl of the suspension and 10µl of trypan blue was performed in a new microtube. 

After resuspending the mixture, 10µl of the mixture was added to the Countess™ 

cell counter chamber slide. Finally, the slide was placed in the Countess™ 

Automated Cell Counter, and the percentage of live and dead cells was used to 

create a column chart with the three biological replicates per treatment. Finally, we 

analyzed the data using a t-test with non-parametric distribution to determine the 

treatments' statistical significance difference (p-value). * = p<0.05, ** = p<0.01, *** 

= p<0.001, **** = p<0.0001.  

 

 

 

 

 

 

 

 

 

Figure 20. Summary of Trypan Blue Staining Assay Protocol. (Created with 

Biorender.com) 
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2.3 Results 

Coumestrol decreases SUM149PT cell viability in 2D and 3D cell culture 

system  

By performing a dose response (0 to 200 µM) experiment in 2D cell cultures, 

we identified that coumestrol decreased cell viability of a TN-IBC cell line, 

SUM149PT, as time progressed. The anti-proliferative effects of Cou against 

SUM149PT cells was in a time and dose dependent manner. After 24 hours of 

treatment, Cou decrease the cell viability of SUM149PT cells by 40%. A half of cell 

viability decrease after 48 and 72 hours  with an IC50 value of 13.0 ± 0.4 µM and 

8.0 ± 0.6 µM, respectively (Figure 21A).  

In order to resemble in vivo cell environments, SUM149PT cells were 

seeded in a 3D (Matrigel) culture system and treated with Cou as described before. 

In comparison with the 2D culture system, Cou drastically decreased TN-IBC cell 

viability under a 3D culture system (Figure 21B). Under these culture conditions, 

after only 24 hours of Cou exposure, 50% inhibition of cell viability (IC50) was 

achieved at a concentration of 50.0 ± 0.1 µM. Also, after 48 and 72 hours of 

treatment, SUM149PT cell viability decreased in a dose-dependent manner with 

an IC50 value of 17.0 ± 5.9 µM and 11.5 ± 1.7 µM, respectively. 
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Figure 21. Cell viability decreased after coumestrol treatment in SUM149PT 
cells. The dose-response curve shows that increasing coumestrol concentrations 
(0 to 200μM) decreased SUM149PT cells viability. (A) Using 2D models, the IC50 
of coumestrol was 13 and 8 μM after 48 and 72 hours of treatment, respectively. 
(B) After 24, 48, and 72 hours of treatment, the IC50 of coumestrol was 50, 17, 
and 11.5 μM using 3D models. Values expressed as mean ± SD of three 
independent biological replicates.  
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After determining the effects of Cou in SUM149PT cells, we wanted to 

analyze the effects of this phytoestrogen on another inflammatory breast cancer 

cell line, SUM190PT (HER2-amplified). The effect of Cou in SUM190PT cell 

viability is unknown. By performing a dose-response curve (0 to 200 µM) of Cou in 

2D culture models, we observed that SUM190PT cells are resistant to the 

treatment. Cou did not significantly affect SUM190PT cell viability (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. SUM190PT cell viability was not affected upon coumestrol 
treatment. The dose-response curve shows that the cell viability of SUM190PT 
does not decrease upon coumestrol treatments (0 to 200 μM). Also, an increase 
in cell viability was observed, suggesting that SUM190PT cells are resistant to 
coumestrol.  
 

Based on the data obtained, relative cell viability (RCV) was measured to 

determine the effect on cell viability using the IC50s calculated in 2D and 3D models 

on other subtypes of breast cancer. At all timepoints measured, 13 µM of Cou did 
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not significantly change the cell viability of MCF7 cells (ER-positive) (Figure 23A). 

However, Cou at this concentration reduces MDA-MB-231 (non-IBC triple-

negative) viability by 21% after 24 hours, 50% after 48 hours, and 37% after 72 

hours of treatment (Figure 23A). The viability of SUM149PT cells was not affected 

after 24 hours of Cou treatment at a concentration of 13µM which confirm the data 

obtained in the dose-response curve (Figure 23A). However, after 48 and 72 hours 

of Cou treatment, 50% inhibition of cell viability was achieved in SUM149PT cells 

(Figure 23A). In contrast, SUM190PT (HER2-amplified) cell viability slightly 

decreased after 48 and 72 hours of 13 µM Cou treatment (Figure 23A). 

Nevertheless, Cou slightly reduces SUM190PT cell viability by 14% after 48 hours 

and 19% after 72 hours of treatment, indicating a weak response of SUM190PT to 

Cou treatment (Figure 23A). These results confirm the data obtained in the dose-

response curve, which suggests that SUM190PT cells are resistant to Cou 

treatment (Figure 22).   

Increasing the concentration of Cou to 50 µM decreases MCF-7 cell viability 

by 38% after 24 hours, 40% after 48 hours, and 32% after 72 hours using 2D 

models (Figure 23B). Also, MDA-MB-231 and SUM149PT showed the highest 

reduction in cell viability after being treated with 50 µM of Cou (Figure 23). MDA-

MB-231 cell viability decreases by 39% after 24 hours and 67% after 48 and 72 

hours of treatment (Figure 23B). Cell viability of SUM149PT after 24 hours of Cou 

treatment (50 µM) was significantly decreased but did not reach 50% inhibition 

(Figure 23B). After 48 and 72 hours of treatment, SUM149PT cell viability was 

inhibited by 62% and 68%, respectively (Figure 23B). As expected from the dose 
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response curves, after 24 and 48 hours, SUM190PT showed resistance to 50 µM 

Cou treatment (Figure 23B).  

An RCV assay using 3D cultures was performed to determine the effect of 

Cou in IBCs cell viability. SUM149PT cell viability was inhibited by 40% after 24 

hours, 50% after 48 hours, and 66% after 72 hours of 50 µM Cou treatment using 

3D models (Figure 24). In contrast, SUM190PT cells treated with Cou at 50 µM 

using 3D models showed a slightly decrease in cell viability after 24 hours and 72 

hours, with an significant increase in cell viability at the 48 hours timepoint (Figure 

24). Also, around half percentage of MDA-MB-231 viability decrease after Cou 

treatment (Figure 24). This data shows that both triple-negative breast cancer cell 

lines, MDA-MB-231 and SUM149PT, has the highest sensitivity upon Cou 

treatment. Overall, we can conclude that SUM190PT are resistant to Cou 

treatment, a phenomenon that might be partially explained by the presence of 

HER2 amplification. Also, triple-negative breast cancer cell lines, MDA-MB-231 

and SUM149PT, have the highest sensitivity to Cou treatment suggesting that Cou 

anti-cancer effects are more significant against one of the molecular breast cancer 

subtypes, triple-negative. 
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Figure 23. Relative cell viability of breast cancer cell lines treated with 
coumestrol IC50s in 2D models. MDA-MB-231 and SUM149PT cell lines treated 
with coumestrol 13 µM (A) and 50 µM (B) showed a decrease in cell viability in a 
dose-dependent manner. SUM190PT cell line showed resistance to coumestrol 
treatment. Values expressed as mean ± SD of three independent biological 
replicates. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001.  
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Figure 24. Relative cell viability of IBC cell lines treated with coumestrol IC50 
in 3D models. Percent of MDA-MB-231 and SUM149PT cell viability decreased 
after 50 µM of coumestrol treatment. SUM190PT cell line showed resistance to 
coumestrol treatment after 48 hours of treatment. Values expressed as mean ± SD 
of three independent biological replicates. * = p<0.05, ** = p<0.01, *** = p<0.001, 
**** = p<0.0001. 
 

Coumestrol inhibits SUM149PT cell proliferation in a 3D colony formation 

assay 

A 3D culture system was used to study the inhibitory effect of Cou against 

SUM149PT cell proliferation. Cell proliferation was quantified as a function of 

colony area size. TN-IBC cells were treated for 10 days with E2 (10 nM), Cou (50 

µM), and a combination of both treatments. After 5 and 10 days of treatment, the 

area of fifty colonies was measured. Estradiol treatment showed a significant 

increase in the area of colonies when compared to the vehicle (DMSO) control 

(Figure 25). After 5 days of treatment, E2 induces SUM149PT cell proliferation with 

an average of the medians of three independent biological replicates (mean value) 

of 11,542 square pixels in comparison to 6,789 square pixels in DMSO (Figure 
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25A). On the contrary, in comparison with E2, Cou (mean of 6,864 colony area) 

and the combination of treatments (mean of 8,341 colony area) affects cell 

proliferation by decreasing SUM149PT colony area after 5 days of treatment 

(Figure 25A). Finally, E2 promotes cell proliferation after 10 days of treatment with 

a mean value of 11,268 in comparison to 6,432 in DMSO (Figure 25B). Also, after 

10 days of treatment, proliferation decreased more than a half after treating the 

cells with Cou (mean of 4,448 colony size) or a combination of both treatments 

(mean of 5,454 colony size) (Figure 25B). Notably, this data shows that the anti-

cancer effects of Cou are not inhibited by the presence of E2.  

 
 

 

 

 

 

 

 

 

 

 

 
Figure 25. Coumestrol decreases IBC cell lines proliferation. (A) 3D 
Proliferation Assay in SUM149PT treated with estradiol (E2) (10nM) for five days 
showed increased in proliferation or colony size (square pixels) in comparison to 
coumestrol (n=50). (B) After ten days, coumestrol (50µM) induces a decrease in 
SUM149PT cells proliferation in comparison to E2 (10nM). Values expressed as 
mean of three independent experiments. * = p<0.05, ** = p<0.01, **** = p<0.0001.  
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Coumestrol inhibits migration and invasion induced by estradiol in 

SUM149PT cells 

To further test the anticancer effect of Cou, we performed a wound healing 

assay to determine if Cou affects the migration of IBC cells. SUM149PT cells were 

treated with E2 (10 nM), Cou (15 µM or 50 µM), and combination. After 18 hours, 

the wound area for each treatment was measured, revealing migration patterns 

(Figure 26). SUM149PT cells under E2 alone had migrated significantly and had 

the most pronounced effect (Figure 26B).In comparison to E2, SUM149PT cell 

migration decreased 40% and 60% after Cou (15 µM or 50 µM) treatment, 

respectively (Figure 26A). Similarly, the combination of treatment showed a 

decrease in SUM149PT migration when compared to E2, indicating that the 

migratory effects of E2 were inhibited by Cou (Figure 26).  Also, Boyden chamber 

assay performed for migration analysis confirmed the results obtained in the 

Wound Healing Assay (Figure 27A and 27B). The Boyden Chamber Assay showed 

that E2 alone increased and Cou alone decreased SUM149PT cell migration, 

despite not having a statistically significant difference (Figure 27A and 27B). Also, 

the Boyden Chamber Assay performed with the combination of treatments 

confirmed that Cou inhibited the migratory effects of E2 (Figure 27A). This data 

suggests that Cou has an active role in inhibiting invasion and metastasis 

processes.  

Migration and invasion are pro-oncogenic phenotypes involved in the 

metastasis steps; specifically, invasion is the critical process in metastasis 

because it explains the capacity of a cancer cell to penetrate or invade neighboring 
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tissues. To study the effect of Cou in SUM149PT cell invasion, we performed a 

Boyden chamber assay coating with Matrigel® (Figure 27C and 27D). After 22 

hours of treatment, an increase in invasion was observed upon E2 treatment in 

SUM149PT, despite not having a statistically significant difference (Figure 27C and 

27D). SUM149PT cells invasion decreased upon Cou treatment (Figure 27C and 

27D). Interestingly, the combination of treatments does not inhibit the invasion of 

SUM149PT but is slightly lower it in comparison with E2 alone (Figure 27C and 

27D). This data suggests that the effect of E2 alone was slightly inhibited by the 

presence of Cou (Figure 27C and 27D). 
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Figure 26.  SUM149PT cells migration induced by estradiol is inhibited through coumestrol. (A) Wound Healing 
Assay after eighteen hours of estradiol (10nM) treatment showed an increase in SUM149PT migration (square pixels). (B) 
Illustration of the wound in the wells seeded with SUM149PT cells before and after the treatments. Values expressed as 
mean of three independent experiments. ** = p<0.01, *** = p<0.001, **** = p<0.0001.  
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Figure 27. Boyden Chamber Assay in IBC cell lines treated with DMSO, 
coumestrol, estradiol or combination. Migration (A-B) and invasion (C-D) 
analysis was performed for sixteen and twenty-two hours of treatment, 
respectively. SUM149PT cell lines showed a decreased in migration (A) and 
invasion (C) after treated with coumestrol (50 µM). Also, a decreased in migration 
(A-B) had been observed after treated with coumestrol (50 µM) in combination with 
estradiol (10 nM). Illustration of SUM149PT cells migration (B) and invasion (D) 
treated with DMSO, estradiol, coumestrol, and the combination.  
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Coumestrol decreases tumor emboli growth but does not affect tumor 

emboli formation 

Usually, IBC is diagnosed in an advanced stage with metastasis. Experts in 

IBC pathogenesis proposed that IBC rapid metastasis is induced by the tumor 

emboli formation, a hallmark of IBC (Dobiasova & Mego, 2020; Mohamed et al., 

2014). Based on this unique characteristic of IBC cells, a 3D tumor emboli assay 

was performed to determine the effect of Cou on tumor emboli growth and 

formation. SUM149PT cell lines (TN-IBC) have been treated with DMSO or Cou 

50 µM. After 24 hours, there was no difference in the area measured from the 

tumor emboli (Figure 28A and 28B). There is a slight but not statistically significant 

decrease in the sizes of tumor emboli after Cou treatment (31,718 mean of the 

tumor emboli area) when compared to DMSO (48,186 mean) (Figure 28A and 

28B). However, after 72 hours of treatment, the data showed a decrease (55%) in 

tumor emboli area when the cells were treated with Cou (47,031 mean of the tumor 

emboli area) when compared to DMSO (86,463 mean of the tumor emboli area) 

(Figure 28A and 28B). Interestingly, after 96 hours of Cou treatment, the decrease 

in tumor emboli area was sustained with an average mean of 47,043 (Figure 28A 

and 28B). The data shows that Cou decreases tumor emboli growth as seen by a 

reduction in tumor emboli area (Figure 28A and 28B). Even though Cou does not 

affect tumor emboli formation, it significantly decrease in the growth rates of IBC 

tumor emboli (Figure 28C). The cells were not treated with a combination of both 

treatments because we used a complete growth medium for tumor emboli 
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formation which contain serum with growth factor and hormones including 

estrogen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 28. Inhibition of tumor emboli growth in IBC cell lines treated with 
coumestrol. (A) SUM149PT cell lines treated with coumestrol (50µM) showed 
decreased tumor emboli area (square pixels). (B) Illustration of SUM149PT tumor 
emboli after DMSO and coumestrol treatment. (C) Tumor emboli formation was 
not impaired by coumestrol treatment. Values expressed as mean of three 
independent experiments. ** = p<0.01, **** = p<0.0001.  
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Coumestrol induces cell death in SUM149PT cells  

Recent studies demonstrated that Cou induces a cytotoxic effect in ER-

positive (MCF-7) and TNBC (MDA-MB-231) cell lines (Zafar et al., 2017; Zafar et 

al., 2018). A Trypan Blue staining assay was performed to determine the effects 

of Cou in SUM149PT cell death. The cell viability was quantified by the trypan blue 

staining; stained cells indicated that the cell was dead, and the unstained cell 

showed live cells. TN-IBC cells were treated for 24 and 48 hours with DMSO or 

Cou(50 µM), and the percentage of live and dead cells was measured. After 24 

hours of treatment, Cou showed an increase in the percentage of SUM149PT dead 

cells with an average of three independent biological replicates (mean value) of 

67% in comparison to 25% in DMSO. Also, in comparison with DMSO (26%), Cou 

induced cell death of more than a half in SUM149PT cells after 48 hours. On the 

contrary, SUM149PT live cells decreased upon Cou treatment after 24 and 48 

hours by 33% and 44%, respectively. These data show that Cou has a cytotoxic 

effect in SUM149PT cells, demonstrating that Cou can be considered as a novel 

treatment for patients with the most aggressive breast cancer subtype, 

inflammatory breast cancer. 
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Figure 29. SUM149PT cells death induced upon coumestrol treatment. A 

trypan blue assay after twenty-four (A) and forty-eight (B) hours of coumestrol (50 

µM) treatment showed an increase in the percentage of cell death. Values are 

expressed as a mean of three independent experiments. ** = p<0.01 
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2.4 Discussion and conclusions 

The natural compound, Cou, has been known for its benefits regarding 

breast cancer patients who base their diet on a high soy consumption in the 

Chinese population (Shu et al., 2009). Our study presents that this phytoestrogen 

shows remarkable potential as an anti-cancer agent, particularly in TN-IBC. Our 

data show that Cou decreases ER-positive, non-IBC triple-negative, and TN-IBC 

cells viability but is more effective against TNBC and TN-IBC cells lines (Figure 

21-23). A recent study performed in a 2D culture model showed that Cou 

decreases cell viability of ER-positive (MCF-7) breast cancer cell line with an IC50 

value of 50.0 ± 2.1 µM after 72 hours of treatment (Zafar et al., 2017). Also, 45.2 

± 1.3 µM at 72 hours of treatment is the half-maximal inhibitory concentration of 

Cou against the TNBC cell line MDA-MB-231 in the 2D culture model (Zafar et al., 

2018). Interestingly, the effect of Cou in our experiments differs from the one 

obtained in the literature for the MCF-7 cell lines. Our data shows a slight decrease 

(32%) in MCF-7 viability after 72 hours with 50 µM of Cou treatment (Figure 23B). 

In addition, in comparison with the IC50 reported in the literature, our relative cell 

viability assay showed a higher anti-proliferative effect with 50 µM of Cou treatment 

(68%) after 72 hours in MDA-MB-231 cells (Figure 23B). The differences in the 

half-maximal inhibitory concentration (IC50) between our data and the reported 

literature could be explained since the experiments were carried out with different 

media conditions. The reported experiments were performed under complete 

growth medium (Zafar et al., 2017; Zafar et al., 2018).  In contrast, our assays were 
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performed under a free-hormone medium which guarantees that the effects are 

due to the addition of coumestrol.  

Surprisingly, our data showed that HER2 amplified IBC (SUM190PT) cell 

line showed resistance to increasing doses of Cou (Figure 22). Likewise, treatment 

with Cou at 50 µM shows a minor effect in cell viability inhibition in SUM190PT, 

suggesting that this subtype of IBC might be resistant to Cou (Figure 23 and 24). 

Interestingly, a study showed that SUM190PT cells have resistance to 

trastuzumab (Herceptin), targeted therapy to HER2 amplified breast cancer cell 

lines (Ginestier et al., 2007). A study showed that NF-kB activation leads to 

resistance to breast cancer therapy such as chemotherapy, radiotherapy, and 

endocrine therapy (Wang et al., 2015). Also, HER2 is an epidermal growth factor 

receptor that activates NF-kB (Wang et al., 2015). Based on this, further studies 

are needed to determine if the constant activation of NF-kB due to HER2 

amplification plays a role in the resistance of SUM190PT cells to Cou treatment.   

Regardless of the type, all the cancer cells possess the capacity to sustain 

proliferative signaling and activate invasion and metastasis, hallmarks of cancer 

(Hanahan & Weinberg, 2011). Our results demonstrated that E2 induces 

SUM149PT proliferation, migration, and invasion (Figure 25-27). In contrast, Cou 

inhibits SUM149PT cell proliferation after 10 days of treatment and does not induce 

migration and invasion after 18 and 22 hours of treatment, respectively (Figure 25-

27). Similar effects were seen in prostate and ovarian cancers, with the additional 

findings that Cou induced apoptosis (Lim et al., 2017; Lim et al., 2016). Also, 

various studies demonstrated that Cou induces apoptosis and G1/S cell cycle 
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arrest in ER-positive and triple-negative non-IBC cell lines, but the cytotoxic effect 

of Cou in TN-IBC is unknown (Zafar et al., 2017; Zafar et al., 2018). Despite this, 

our data showed that Cou increases the percentage of dead cells by affecting the 

membrane of the cells (Figure 29). This data opens the opportunity to characterize 

the cytotoxic effects of Cou in the most aggressive breast cancer subtype, IBC. 

Our study considers the effects of Cou in the presence and absence of E2. 

The increased proliferation and migration in response to E2 are significantly 

inhibited under Cou treatment (Figure 25, 26 and 27A). Due to this, experimental 

approaches combining both estradiol and coumestrol treatment will help us, in the 

long term, to determine if Cou will be an effective therapy that will benefit pre-

and/or postmenopausal women. Furthermore, we need to consider that TNBC and 

IBC cases are more common in women younger than 50 years (premenopausal 

women) who naturally have E2 in their bodies (Wingo et al., 2004). Based on these 

facts, our data suggest that Cou in the presence of E2, could have a role in 

attenuating the progression of breast cancer. However, the potential role of Cou 

as a therapeutic drug for IBC has not been characterized using an in vivo model. 

For that reason, further investigation using xenografts mouse models of IBC are 

needed to validate the effectiveness of Cou as an anti-cancer agent in preclinical 

studies. 

IBC is a type of breast cancer that does not produce a palpable mass; 

however, the cancer cells block lymph vessels by forming diffuse tumor cell 

clusters called tumor emboli, one of the hallmarks of IBC (Dobiasova & Mego, 

2020; Mohamed et al., 2014). Unfortunately, IBC symptoms can be easily 
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confused with a breast infection or mastitis, producing a delay in proper diagnosis. 

Consequently, there is evidence suggesting that tumor emboli are responsible for 

IBC's aggressive and rapid metastasis phenotype (Dobiasova & Mego, 2020; 

Mohamed et al., 2014).  The presence of cell clusters or tumor emboli in the breast 

lymph nodes is a current barrier to successful treatment for IBC patients (Arora et 

al., 2017). It has been found that IBC tumor cells retain epithelial markers like high 

E-cadherin expression and gain mesenchymal and stem-like (aldehyde 

dehydrogenase [ALDH]-positivity) characteristics, unlike non-IBC cells (Arora et 

al., 2017). Therefore, the retention of these phenotypes can be contributing to 

progression and survival of IBC tumor cells (Arora et al., 2017). In a proactive 

approach toward inhibiting progression of this disease, we could arrest tumor 

emboli growth by utilizing a natural compound like Cou.  

Our study is pivotal in elucidating the effect of Cou in SUM149PT tumor 

emboli growth rate and is the first study that demonstrates the impact of a 

phytoestrogen in tumor emboli. Cou inhibits tumor emboli growth after 72 and 96 

hours of treatment (Figure 8). This data confirmed that Cou might play a role in 

cancer metastasis hallmark by inhibiting tumor emboli growth, migration and 

invasion induced by E2.  

The literature showed that the anti-cancer effect of Cou has been only 

studied under 2D culture models. Growing cells in a 2D culture model imply that 

the cells were seeded in monolayer polystyrene plastic flasks that do not mimic the 

natural tumor microenvironment of the cells. Thus, cell morphology and physiology 

could change compared to 3D culture models since in vivo environments are 
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surrounded by other cells and extracellular matrix (ECM) (Edmondson et al., 

2014). It has been demonstrated that cell responses in 3D cultures are more 

similar to in vivo behavior than in 2D cultures (Edmondson et al., 2014). Also, 

compared to 3D cultures, a study performed in ovarian cancer showed a higher 

reduction of cell proliferation in 2D culture models under paclitaxel treatment 

(Loessner et al., 2010). Interestingly, diverse studies have shown that 3D cell 

cultures are more resistant to anticancer drugs (Karlsson et al., 2012; Loessner et 

al., 2010). This shows that our study is pivotal in determine the effect of a 

coumestrol in 3D culture models of breast cancer cell lines. Also, its open the 

opportunity for scientists in the field to performed studies using mouse models 

since the screening of drugs in 3D models are more representative to the in vivo 

studies (Belfiore et al., 2021).  

This study reports that coumestrol shows remarkable potential as an anti-

cancer agent. The anti-cancer effects of Cou in TN-IBC cells occur by decreasing 

pro-oncogenic phenotypes such as proliferation, migration, invasion, and tumor 

emboli formation. Interestingly, our study is pivotal in demonstrating the impact of 

a phytoestrogen in the hallmark of IBC, tumor emboli. Thus, our data present that 

a phytoestrogen, Cou, might play a role in cancer metastasis hallmark, which is 

the principal cause of death in IBC patients. Furthermore, this research presents 

an opportunity for other scientists to study the effect of Cou in vivo models to 

improve knowledge of natural compounds as potential treatments.  
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Chapter III. Molecular mechanism by which coumestrol exerts its anti-

cancer activity   
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3.1 Introduction 

Recent studies have shown an important role of estrogen non-genomic 

effects in various tumors, including ERα-negative breast cancers and IBC cell lines 

(Ohshiro et al., 2012). Studying novel signaling pathways and molecules that can 

target them is crucial for developing targeted therapeutics. These data give us the 

opportunity to study the possible anti-cancer effects of compounds that are 

considered antagonists of estrogen signaling, such as Cou (Chen et al., 2004; 

Hopert et al., 1998). It has been shown that Cou is similar in structure to E2 and 

binds to estrogen receptors and function as an antagonist (Bilal et al., 2014; Chen 

et al., 2004; Hopert et al., 1998). However, coumestrol anti-cancer activity may 

also be independent of modulating the estrogen non-genomic signaling. Despite 

this, reported literature on prostate and ovarian cancers showed that Cou 

decreased pro-oncogenic phenotypes by regulating the activity of various kinases 

such as PI3K/AKT and MAPK/ERK (Lim et al., 2017; Lim et al., 2016). 

Interestingly, AKT and ERK1/2 are kinases involved in the non-genomic signaling 

pathway upon estrogen treatment in triple-negative breast cancer cells. Based on 

the similar structures between Cou and E2 and their opposite effects, we 

hypothesize that Cou exerts its cytotoxicity effect by inhibiting the activation 
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of PI3K/AKT and/or MAPK/ERK pathway and by affecting the expression of 

genes involved in tumor suppressive activity.  

3.2 Materials and methods 

Cell protein extracts 

SUM149PT cells were seeded in their respective plate in 25-30% 

confluency under complete growth medium (Table 7). After 24 hours, cells were 

placed under a free hormone or starving medium (DMEM/F12 without phenol red, 

and 1% Charcoal Stripped Fetal Bovine Serum) for 48 hours. To prepare cell 

lysates, the cells in 80-85% of confluency were treated with DMSO, E2 (10nM), or 

Cou (50µM) and placed in a 5% CO2 incubator for the corresponding time. After 

each timepoint, cells were washed with 1,000µl of 1X Phosphate buffered saline 

(PBS) and lysed using 100µl of 1X Cell Lysis Buffer (9803S; Cell Signaling 

Technology) for 10 minutes on ice in a shaker. Then, the plate was scraped to 

collect the lysate and transferred to a microtube. The cell lysates were centrifuged 

at 10,000 rpm for 20 minutes at 4ºC. The supernatant was transferred in a new 

tube and storage at -20ºC. 

Table 7: Treatments before cells lysate.  

Experiments Seeding plates  Cou and E2 treatment time 

Protein lysates for 
Western blot  

6-wells plate Timepoints (5, 10, 15, 30, 
45, and 60 minutes) 

Protein lysates for Human 
Phospho-Kinase Array 

100mm plate 5 minutes 
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Figure 30. Summary of cell protein extracts protocol. (Created with 
BioRender.com) 
 

Western blot analysis 

First, we determined the concentration of protein in the cell lysate using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Then, an SDS-PAGE 

was run using 50µg of protein (cell lysate) in a 4–15% polyacrylamide gel (Mini-

PROTEAN® TGX™ Gel; BioRad) and transferred to a PVDF membrane in a 

Trans-Blot Turbo Transfer System (BioRad) using mixed molecular weight protocol 

(1.3 amperage and 25 volts for 7 minutes). The membranes were blocked in 5% 

BSA in 1X Tris-buffered saline and 0.1% of Tween 20 (1X TBST) for 1 hour at 

room temperature in a shaker. Then, the membrane was incubated overnight at 

4ºC with primary antibodies (Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), 

p44/42 MAPK (ERK1/2), Phospho-Akt (Ser473) or GAPDH) diluted as 

manufacturer’s instructions (Table 8). After the incubation, the membranes were 
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washed three times for 5 minutes in 1X TBST and incubated with corresponding 

secondary antibodies (Cell Signaling Technology) conjugated with HRP in 5% BSA 

in 1X TBST for 1 hour at room temperature. The membrane was developed using 

the ECL detection reagent (BioRad) in an Azure Sapphire™ Biomolecular Imager. 

A maximum of three strippings using mild stripping buffer (7.5g glycine, 0.5g SDS, 

5mL Tween 20, pH 2.2, 500mL of water) was allowed per membrane.  

Table 8: List of primary antibodies.  

Antibodies Dilution Buffer Catalog # Manufacturers 

Phospho-p44/42 
MAPK (Erk1/2) 
(Thr202/Tyr204) 

1:2000 
2.5%BSA + 
1X TBST 

4370 
Cell Signaling 
Technology 

Phospho-Akt 
(Ser473) (D9E) 

1:2000 
2.5%BSA + 
1X TBST 

4060 
Cell Signaling 
Technology 

p44/42 MAPK 
(Erk1/2) (137F5) 

1:1000 
5%BSA + 1X 

TBST 
4695 

Cell Signaling 
Technology 

AKT 1:1000 
5%BSA + 1X 

TBST 
9272 

Cell Signaling 
Technology 

 

 

 

 

 

 

 

 

 

Figure 31. Summary of Western blot protocol. (Created with BioRender.com) 
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Human Phospho-Kinase Array 

After collecting the cells lysates and determining the protein concentration, 

all the Human Phospho Kinase Array reagents were prepared per array set (A and 

B) as manufacturers instructions (R&D Systems). Each well of the 8-well multi-dish 

to be used was blocked with Array Buffer 1 and their respective membrane (part A 

or part B). After 1 hour of incubation at room temperature on a shaker, a total 

concentration of 450 µg of protein diluted with Array Buffer 1 was added to each 

membrane and incubated overnight at 4ºC on a shaker. Then, each set (A and B) 

was washed with 1X Wash Buffer. The diluted Detection Antibody Cocktail A was 

added into Part A membranes and the diluted Detection Antibody Cocktail B in 

Part B membranes. The membranes were placed into their appropriate wells and 

incubated for 2 hours on a rocking platform. Each set was washed with 1X Wash 

Buffer before adding diluted Streptavidin-HRP for 30 minutes. After washing with 

1X Wash Buffer again, the membrane was developed using the ECL detection 

reagent (SuperSignal™ West Dura Extended Duration Substrate; Thermo 

Scientific) in the Azure Sapphire™ Biomolecular Imager for 10 minutes. We used 

ImageJ software for quantifying the mean gray value of every spot. Then, an 

average signal of the pair of duplicate spots representing each phosphorylated 

kinase protein was calculated. An average of the duplicate negative spot was 

subtracted from all measurements as a background. Using GraphPad Prism 9.0, 

a heatmap was generated after data normalization with DMSO. Finally, we 

analyzed the data using two-way ANOVA to determine the treatments' statistical 

significance difference (p-value).  
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Figure 32. Summary of Human Phospho-Kinase Array protocol. (Created with 
BioRender.com) 
 

RNA extraction 

After two days of starving, we treated the SUM149PT cells for 1.5 hours 

with DMSO or Cou 50µM. Then, we removed the medium with the treatment and 

wash the cells with 1,000µl of 1X PBS. To lysate the cells, we added 350µl of RLT 

Buffer previously prepared with BME (1ml of RLT Buffer + 10µl of BME), followed 

by scrapping and collecting the lysates to transfer it to a QIAshredder Spin 

Columns (Qiagen, Cat.# 79656). Then, centrifuge at full speed for 2 minutes two 

times consecutively and measure the final collected volume. We added the same 

amount of volume of 70% ethanol. After mixing the sample with ethanol, we 

transferred 600µl to an RNeasy Mini Spin Columns (Qiagen, Cat.# 74104) and 

centrifuged it for 15 seconds at 8,000xg. We repeated the process until the total 

amount of volume was pass through the column. Then, we added 600µl of RW1 

Buffer and centrifuged for 15 seconds at 8,000xg. Also, we added 500µl of RPE 

Buffer and centrifuged for 15 seconds at 8,000xg. We added 500µl of RPE Buffer 

again, centrifuged at 8,000xg for 2 minutes, and discarded the flow-through. 

Finally, the column was centrifuged for 1 minute at full speed, and we added 40µl 
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of RNAse free water. After 1 minute, the column was centrifuged for 1 minute at 

8,000xg. The RNA was stored at -80C. 

 

 

 

 

 

 

 

Figure 33. Summary of RNA extraction protocol. (Created with BioRender.com) 

RNA sequencing 

After performing the RNA extraction, the RNA concentrations were 

measured using NanoDrop and Qubit. We used a Truseq stranded mRNA Library 

with a polyA selection to prepare the cDNA. Also, to sequence the RNA, we use 

Hiseq High Output with 100 cycles (paired end). Raw RNA-seq reads will be quality 

assessed using fastQC (v0.11.9), and trimmed using fastp (v.0.20.0) and 

Trimmomatic (v0.39.0) prior to further analysis. Quality trimmed reads will be 

quantified using salmon (v1.4.0) by mapping to the GRCh38 human genome 

assembly. The R packages DESeq2 (v.1.32.0) and tidyverse (v1.3.1) were used 

to normalize and visualize counts (measured by TPM) for each experimental 

condition using a custom script available upon request. 
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Figure 34. Summary of RNA sequencing protocol. (Created with 
BioRender.com) 
 

qRT-PCR 

After determined the concentration of the extracted RNA by a Nanodrop 

(Thermo Scientific), we performed a cDNA synthesis by using an iScript™ cDNA 

Synthesis Kit (Biorad, Cat.# 1708891). The method for RNA extraction We added 

in a PCR tube 4µl of 5X iScript Reaction Mix, 1µl of iScript Reverse Transcriptase, 

1µg of the RNA template, and nuclease-free water for a total volume of 20µl as 

manufacturer’s instructions (Table 9). The reaction mixture was incubated in the 

following thermal cycler conditions: 5 minutes at 25ºC, 20 minutes at 46º, 1 minute 

at 95ºC, and hold at 4ºC (Table 10). Then, iTaq™ Universal SYBR® Green 

Supermix (Biorad, Cat.# 1725121) and other reaction components were thawed at 

room temperature and stored on ice protected from light . All reactions were 

prepared by adding 10µl of iTaq™ Universal SYBR® Green Supermix, 400nM 

(final concentration from a 10µM working stock) of forward and reverse primers, 

and 7.4µl of nuclease-free water on ice as the manufacturer’s instructions (Table 

11). According to the sample number, a master mix was prepared with the 

mentioned reactions. After adding 19µl of the master mix to each well of the PCR 

plate, 1µl of cDNA (diluted by a factor of 1:8) was added to each well. A well with 
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the reaction components and without cDNA was used as a negative control. 

Finally, the plate was covered with a transparent film and incubated in the Biorad® 

CFX96™ Real-Time PCR System under the following conditions:30 seconds at 

95ºC, 5 seconds at 95ºC, 30 seconds at 60 ºC, repeat the steps 40 cycles, melt 

curve at 95 ºC by 0.5 ºC increment and hold at 4 ºC (Table 12 and Figure 35). A 

column chart using GraphPad Prism 9.0 was generated using the three biological 

replicates per treatment calculated by the Pfaffl method. 

𝑅𝑎𝑡𝑖𝑜 =
2𝛥𝐶𝑡,𝑡𝑎𝑟𝑔𝑒𝑡 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟−𝑡𝑒𝑠𝑡)

2𝛥𝐶𝑡,𝑟𝑒𝑓 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟−𝑡𝑒𝑠𝑡)
 

=2−[(𝐶𝑡,𝑡𝑎𝑟𝑔𝑒𝑡 (𝑡𝑒𝑠𝑡)−𝐶𝑡 𝑡𝑎𝑟𝑔𝑒𝑡 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)] −[(𝐶𝑡,𝑟𝑒𝑓 (𝑡𝑒𝑠𝑡)−𝐶𝑡,𝑟𝑒𝑓 (𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟)] 

= 2−𝛥𝛥𝐶𝑡  

 

Table 9: qRT-PCR reaction protocol.  

COMPONENT  VOLUME PER 
20µL REACTION 

FINAL 
CONCENTRATION 

ITAQ™ UNIVERSAL SYBR® 

GREEN SUPERMIX (2X) 

10µl 1x 

FORWARD AND REVERSE 
PRIMERS 

Variable 400 nM each 

DNA TEMPLATE  1 µl cDNA: 1:8 
H2O Variable - 

 

Table 10: cDNA synthesis reaction protocol. 

STEP TIME AND TEMPERATURE 

PRIMING  5 minutes at 25ºC 
REVERSE TRANSCRIPTION 20 minutes at 46º 
RT INACTIVATION 1 minute at 95ºC 
OPTIONAL STEP Hold at 4ºC 
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Table 11: Primer sequences.  

GENE SEQUENCE  

TIPARP FW 5‘CCACTACATCCTCCACAATTC’3 
RV 3‘CCCACCAAGTGTCTGTAAAT’5 

GAPDH FW 5‘CAAGAGCACAAGAGGAAGAGAG’3 
RV 3‘CTACATGGCAACTGTGAGGAG’5 

 

Table 12: qRT-PCR thermal cycling protocol. 

STEPS 
TIME AND 

TEMPERATURE 

POLYMERASE ACTIVATION AND DNA 
DENATURATION 

30 sec at 95ºC 

AMPLIFICATION Denaturation 5 sec at 95ºC  
Annealing/Extension + Plate Read 30 sec at 60 ºC 
Cycles  40 

MELT-CURVE ANALYSIS  95 ºC by 0.5 ºC 
increment for 5 sec 

OPTIONAL STEP  Hold at 4ºC  
 

 

 

 

 

 

 

Figure 35. qRT-PCR thermal cycling protocol. (Created with BioRender.com) 
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Figure 36. Summary of qPCR protocol. (Created with Biorender.com) 

3.3 Results 

Coumestrol inhibits phosphorylation of downstream kinases and other 

effector proteins of the oncogenic PI3K/AKT and MAPK/ERK pathways 

Due to the effects on cell proliferation and migration of Cou shown in 

SUM149PT cells, a Proteome Profiler Human Phospho-Kinase Array was used to 

determine changes in phosphorylation levels of key kinases and effector proteins 

upon E2 and Cou treatment. Previous studies have shown including this thesis 

work that TN-IBC cells express alternate estrogen receptors that promote 

proliferation and migration via a non-genomic signaling pathway (phosphorylation 

of ERK1/2 and AKT) after E2 treatment (Ohshiro et al., 2012). This data shows 

that E2 can induce pro-oncogenic phenotypes in TN-IBC by the alternative 
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estrogen non-genomic signaling pathway. Interestingly, Cou reduces, and E2 

increases the phosphorylation of protein kinases involved in the PI3K/AKT and 

MAPK/ERK oncogenic signaling pathway (Figure 37 and 38). Specifically, in 

comparison to E2, Cou decreases the phosphorylation of AKT at S473 residue 

(Figure 37 and 38). Also, ERK1/2 phosphorylation decreases after Cou treatment 

(Figure 37B and 38). Similar inhibition of ERK1/2 and AKT phosphorylation was 

observed after treating the cells with the combination of treatments suggesting that 

the effects of E2 on phosphorylation levels was inhibited by the presence of Cou 

(Figure 37). In comparison to E2, Cou decreases the phosphorylation of 

downstream kinases of the PI3K/AKT pathway such as PRAS40, p70 S6 residues 

T421/S424 and T389, among other kinases (Figure 38). It has been shown that 

PRAS40 promotes tumorigenesis by mediating cell proliferation, and metastasis, 

and p70 S6 is crucial for cell cycle progression (Dufner & Thomas, 1999; Lv et al., 

2017; Pullen & Thomas, 1997). Similarly, Cou reduced the phosphorylation levels 

of  p-STAT5a/b, which induces AKT transcription, and p-GSK-3α/β, a substrate of 

PI3K/AKT/mTOR pathway, by 36% and 28%, respectively (Figure 38) (Schmidt et 

al., 2014; Song et al., 2006). Similarly, HSP27 and β-catenin phosphorylation 

decrease after Cou treatment (Figure 38). Interestingly, the combination of 

treatments increases heat shock protein 27 (HSP27) phosphorylation associated 

with an induction in cell migration and drug resistance of breast cancer cells (Wei 

et al., 2011). Also, Cou decreases the phosphorylation of CREB which is a 

transcription factor that induces the expression of genes involved in the regulation 

of proliferation and apoptosis (H. Zhang et al., 2020). CREB can be 



108 
 

phosphorylated by AKT and ERK1/2 and Cou reduces the phosphorylation of 

these three kinases (Figure 38). 

In addition, Cou affects the phosphorylation level of kinases involved in the 

MAPK/ERK pathway, such as Lck, Lyn, MSK1/2 among others. Cou decreases 

the phosphorylation of Lck, which promotes angiogenesis, and Lyn, which is 

involved in growth, motility, and invasion (Choi et al., 2010; Vahedi et al., 2015) 

(Figure 37). Also, Cou reduces the phosphorylation of kinases that plays a role in 

cell proliferation, such as MSK1/2 and PLC-γ1 (Emmanouilidi et al., 2017; Pu et 

al., 2018) (Figure 38). Interestingly, in comparison with E2, no change in 

phosphorylation levels of these kinases (Lck, Lyn, MSK1/2, and PLC-γ1) is 

observed in the combination of treatments (Figure 38). Nevertheless, this data 

suggests that the inhibition of phosphorylation levels shown by Cou was inhibited 

by E2 treatment. In comparison with E2, Cou reduces the phosphorylation of 

kinases involved in cancer cell proliferation, invasion, and migration like PYK2 and 

RSK1/2 (Shen & Guo, 2018; Zhao et al., 2016)  (Figure 38).   
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Figure 37. Activation of downstream kinases of the estrogen non-genomic signaling pathway in IBC cell lines. (A) 
Phosphorylation of p44/42 ERK was seen in the SUM149PT cell line after 5 minutes of estradiol treatment. Also, there is 
no phosphorylation in AKT upon estradiol treatment. (B) Coumestrol reduces the phosphorylation levels of AKT and p44/42 
ERK after 5 to 15 and 15 to 30 minutes of treatment, respectively. GAPDH was used as a loading control.  



110 
 

Similarly, Cou decreases the phosphorylation of epidermal growth factor 

receptor (EGFR), a receptor that is overexpressed in triple-negative inflammatory 

breast cancer (Wang et al., 2017) (Figure 38). Interestingly, a study showed that 

inhibition of EGFR inhibited IBC tumor growth and metastasis (Wang et al., 2017). 

Also, Cou decreases the phosphorylation of src, which is a kinase involved in the 

signaling and crosstalk of estrogen receptors (ER) and EGFR (Finn, 2008) (Figure 

38). In addition, src is involved in tumor angiogenesis similar to PDGF-Rβ, another 

tyrosine kinase receptor that Cou reduces its phosphorylation (Finn, 2008; 

Jansson et al., 2018) (Figure 38). Cou showed a decrease in phosphorylation of 

different kinases such as FGR, STAT2, and YES (Figure 38). YES is a kinase that 

acts as a tumor suppressor and an oncogene depending on its expression levels 

(Kim et al., 2015). STAT2 is involved in inflammatory response and cancer 

initiation (Lee et al., 2020). In summary, all these data allow us to hypothesize a 

pathway by which Cou exerts its anti-cancer effect in IBC (Figure 39). PDGF-Rβ 

can induce the phosphorylation of  src, which can be involved in cross-activation 

of the EGFR receptor, our suggested pathway shows that Cou inhibits the 

phosphorylation of these three kinases. Also, the decrease in the phosphorylation 

levels of EGFR explained how Cou inhibits the activation of kinases involved in the 

ERK pathway. One explanation for the reduction in the AKT pathway's 

phosphorylation is that Cou decreases the phosphorylation levels of PDGF Rβ. 

Also, Cou reduces the expression AKT by lowering the STAT5 phosphorylation, 

which is a transcription factor involved in the transcription of AKT.   
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Based on the similar structures between Cou and E2, our hypothesis was 

to observe an inverse effect on kinase phosphorylation levels. That is, if an 

increase in the phosphorylation of a kinase occurs under E2 treatment, a decrease 

in phosphorylation levels should occur when treated with Cou. Despite this, we 

saw that some effects of Cou are independent of E2 because the phosphorylation 

levels of src, JNK1/2/3, MSK1/2, and EGFR decreased under Cou's treatment 

without any changes when cells were treated with E2 (Figure 38). Our data reveal 

that Cou can alter E2-independent signaling cascades in IBC cells. 

 



112 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 38. Reduction in the phosphorylation levels of downstream kinases in IBC cell lines. (A) Human Phospho-
Kinase Array showed the phosphorylation levels of 39 kinases after 5 minutes of estradiol, coumestrol, or a combination of 
treatments in SUM149PT cells. The boxes show 26 kinases that have a significant difference with DMSO. (B) Bar graph of 
the 26 kinases that have significant differences with DMSO. Coumestrol decreases, and estradiol induces the 
phosphorylation of downstream kinases involved in the estrogen non-genomic signaling pathway, such as ERK1/2 and AKT.  
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Figure 39. Proposed signaling pathway by which coumestrol exerts its anti-
cancer effects. The proposed coumestrol signaling pathway was designed using 
the data obtained in the Human Phospho-Kinase Array. (Created with 
Biorender.com) 
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Coumestrol up-regulate the expression of TIPARP  

Coumestrol has an anti-cancer effect by regulating the phosphorylation 

levels of multiple kinases (Lim et al., 2017; Lim et al., 2016). However, the effect 

that Cou can exert on the transcription levels of genes involved in oncogenic 

pathways remains unknown. Differentially expressed genes (DEGs) were 

identified by RNA-seq analysis after treated SUM149PT cells with Cou (Figure 40). 

Eleven and fourteen genes were down and up-regulated upon Cou treatment, 

respectively (Figure 40B). The top 5 most significant DEGs upon Cou treatment 

were TIPARP, ARRDC3, FAM43A, EGR3, and FOXS1 (Table 13). Particularly, 

TIPARP, ARRDC3, and FAM43A were up-regulated, while EGR3 and FOXS1 

were down-regulated (Figure 40A and Table 13). Notably, TIPARP up-regulation 

upon Cou treatment was confirmed in qPCR analysis (Figure 41).  TCDD Inducible 

Poly (ADP-Ribose) Polymerase (TIPARP) is the gene with the most significant 

difference with a p-value of 1.77E-252 (Table 13). Interestingly, TIPARP is a tumor 

suppressor gene identified as a novel therapeutic target in breast cancer involved 

in the hallmark of angiogenesis (Cheng et al., 2019; L. Zhang et al., 2020).  

To estimate the biological functions of the DEGs and confirm that they were 

highly enriched in processes related to angiogenesis, we performed a Gene 

Ontology (GO) enrichment analysis (Figure 42). Notably, the GO enrichment 

analyses demonstrated that DEGs identified by RNA-sequencing were highly 

enriched in functions related to blood vessel development or angiogenesis (Figure 

42). Also, the DEGs were involved in gonad development and the steroid metabolic 

process. Based on all the data obtained in the Human Phospho-Kinase Array, RNA  
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sequencing, and GO we suggest a possible pathway by which Cou could exert an 

anti-angiogenic effect (Figure 43). The suggested pathway showed that Cou 

reduces the phosphorylation levels of PDGF Rβ, an activator of AKT, which caused 

a decrease in the AKT/mTOR signaling pathway activation. Consequently, 

AKT/mTOR signaling pathway does not induce the transcription of HIF-1α 

producing a reduction in angiogenesis by inhibiting VEGF. Similarly, Cou reduces 

the phosphorylation of β-catenin and Lck, which are involved in VEGF 

transcription. VEGF is a molecule involved in blood vessel development, 

angiogenesis. In other words, the reduction in VEGF transcription inhibits the 

angiogenesis processes. Likewise, Cou up-regulates the expression of TIPARP, 

which is involved in the degradation of HIF-1α and, consequently, induces an anti-

angiogenic effect, 
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Figure 40. RNA-sequencing in IBC in cell lines treated with coumestrol for an 
hour and a half. Heatmap shows twenty-five differential expressed genes with a 
log fold change higher than 2 (A). After treating SUM149PT cells with coumestrol 
(50µM). Eleven and fourteen of these genes (B) were up and down-regulated, 
respectively. 
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Table 13: Top 5 regulated genes by coumestrol treatment in IBC cells lines.    

Genes p-value Coumestrol 
response 

Functions References 

TIPARP 1.77E-252 Up-regulated In breast cancer patients, inhibits: 
• Cells growth 
• Suppresses tumorigenesis in xenograft models  

TIPARP could be considered a potential therapeutic 
target for breast cancer 

(L. Zhang et al., 2020) 
(Cheng et al., 2019) 

ARRDC3 4.42E-94 Up-regulated In the MDA-MB-231 cell line (TNBC), represses:  
• Proliferation 
• Migration 
• Invasion 
• In vivo tumorigenicity 

(Arakaki et al., 2018) 
(Draheim et al., 2010) 

 

FAM43A 6.82E-29 Up-regulated Remains unclear (Chen et al., 2011) 

EGR3 2.9E-09 Down-regulated In breast cancer, down regulation of EGR3 is related 
to: 

• Tumor stage 
In human umbilical vein endothelial cells, down 
regulation of EGR3 inhibits: 

• Migration 
• Vascular endothelial growth factor (VEGF) 

mediated angiogenesis 

(Zhou et al., 2021) 
(Liu et al., 2008) 

FOXS1 4.67E-06 Down-regulated In gastric cancer, down regulation of FOXS1 inhibits: 
• Proliferation 
• Cell colony formation 

In breast cancer, high expression of FOXS1: 
• Correlated to improved relapse-free survival 

FOXS1 can be an oncogene or tumor suppressor 
gene depending on the cancer type. 

(Wang et al., 2019) 
(Koch, 2021) 
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Figure 41. TIPARP is up-regulated upon coumestrol treatment in SUM149PT 
cells. qRT-PCR confirms the RNA-sequencing analysis. Coumestrol up-regulated 
the expression of TIPARP after 1.5 hours of treatment by a fold change of 3.70. 
 

 

 

 
 
Figure 42. Meta-analysis in IBC cell lines treated with coumestrol. Coumestrol 
affects genes involved in blood vessel development, angiogenesis. 
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Figure 43. Proposed signaling pathway by which coumestrol induces an anti-
angiogenic effect. The proposed coumestrol signaling pathway was designed 
using the data obtained in the Human Phospho-Kinase Array and RNA-
sequencing. (Created with Biorender.com) 
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3.4 Discussion and conclusions 

IBC patient’s treatment consists in trimodality therapy with upfront systemic 

therapy, including chemotherapy, total mastectomy, axillary lymph node 

dissection, radiation to the chest wall, and regional draining lymph nodes 

(Rosenbluth & Overmoyer, 2019). Despite this, there are no effective targeted 

therapeutics for TN-IBC patients (Dawood et al., 2011; Li et al., 2011; Masuda et 

al., 2013). Tamoxifen, a targeted therapy for ER-positive breast cancer cell lines, 

has an agonist effect in TNBC cell lines which express alternative estrogen 

receptors (Gu et al., 2014; Wang et al., 2018). ICI182,780 (Fulvestrant), a targeted 

therapy for ER-positive breast cancer lines, accelerates the degradation of ER-

α66, but it fails to induce degradation of ER-α36 (Gu et al., 2014; Su et al., 2014). 

Therefore, TN-IBC patients have a significantly worse prognosis and a greater 5-

year recurrence rate (Wei et al., 2014). Given the lack of efficiency in TN-IBC 

targeted treatments, there is an urgent need to explore the underlying mechanism 

in TN-IBC cells in order to develop new targeted approaches for its treatment.  

Triple-Negative Inflammatory Breast Cancer expresses alternate estrogen 

receptors that promote proliferation, migration, and invasion via a non-genomic 

signaling pathway (ERK and AKT kinases) upon estrogen treatment (Ohshiro et 

al., 2012). Interestingly, in prostate and ovarian cancers, Cou decreased 

proliferation and migration by regulating the activity of PI3K/AKT, ERK1/2, and 

JNK/MAPK signaling pathways (Lim et al., 2017; Lim et al., 2016). Particularly, 

Cou decreases the phosphorylation of AKT and activates ERK1/2 and JNK 

signaling pathways to reduce prostate cancer cell progression (Lim et al., 2017). 
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However, in ovarian cancer, Cou reduces the phosphorylation of ERK1/2, AKT, 

and JNK (Lim et al., 2016). This data suggests that the effects of Cou on the 

phosphorylation levels of tyrosine kinases such as ERK and JNK/MAPK signaling 

pathways varies depending on the cancer type. Nonetheless, similarly to ovarian 

cancer, Cou decreases the phosphorylation of ERK1/2, AKT, and JNK in 

SUM149PT cells (TN-IBC) (Figure 31 and 32). These similarities on breast and 

ovarian cancer were expected since both cancers share many genetic and 

epigenetic parallelism, changes in hormone regulation, and similar tumor 

suppressors (Longacre et al., 2016). Also, Cou decreases the phosphorylation of 

downstream kinases of the ERK and AKT signaling pathway involved in cell 

proliferation such as PRAS40, CREB, MSK1/2, PLC-γ1 and others, suggesting the 

possible mechanism by which Cou exerts its anti-proliferative effect (Figure 32). 

The anti-migration effects of Cou could be exerted by the reduction in the 

phosphorylation of ERK and AKT signaling pathway downstream kinases such 

HSP27, Lyn, PYK2, RSK1/2, EGFR, and other kinases (Figure 32). Also, Cou 

showed a decrease in the phosphorylation of kinases that play a role in 

angiogenesis, such as Lck, Src, and PDGF-Rβ, suggesting a role in this hallmark 

(Figure 32). Interestingly, gene ontology showed that coumestrol disrupted the 

expression of genes involved in blood vessel development, angiogenesis (Figure 

41). Also, coumestrol upregulated TIPARP which promotes the degradation of a 

regulator of angiogenesis, HIF-1α (Figure 40 and Figure 41). In addition, we 

suggest that the inhibition of tumor emboli growth by Cou treatment could be 

mediated by the reduction of NF-kB phosphorylation. NF-kB is a transcription 



122 
 

factor that plays a role in inflammation and tumor emboli formation and its 

activation occurs downstream of EGFR and AKT pathways (Arora et al., 2017; Bai 

et al., 2009; Wang et al., 2015). Our data showed a reduction in EGFR and AKT 

phosphorylation, activators of NF-kB. Despite this, additional studies are needed 

to determine the effects of Cou regarding NF-kB activation and if this activation is 

mediated by the inhibition of EGFR and AKT phosphorylation upon Cou treatment.  

Our study demonstrated that Cou induces an effect on the phosphorylation 

levels of various kinases and affects the expression levels of genes involved in 

suppressing pro-oncogenic phenotypes (Figure 40). DEGs analysis showed that 

Cou affects the expression levels of 25 genes. The most significant DEGs included  

three up-regulated genes (TIPARP, ARRDC3, and FAM43A) and two down-

regulated genes (EGR3 and FOXS1). In fact, overexpression of TIPARP was 

found to decrease the ligand-dependent estrogen receptor α (ERα) signaling 

(Rasmussen et al., 2021). Increase in cell proliferation and expression of ERα 

target genes was observed after treating ER-positive breast cancer cells with 

TIPARP-knockdown and E2 (Rasmussen et al., 2021). Another study 

demonstrated that TIPARP forms distinct nuclear condensates in an ADP 

ribosylation-dependent manner, recruiting both HIF-1α and an E3 ubiquitin ligase, 

promoting the degradation of hypoxia-inducible factor one alpha (HIF-1α) (Balfour, 

2020; L. Zhang et al., 2020). HIF-1α is a transcription factor that regulates one of 

the hallmarks of cancer, angiogenesis. Interestingly, studies shown that AKT 

pathway (kinase that decreases its phosphorylation upon Cou treatment)  

enhances HIF-1α signaling and expression (Stegeman et al., 2016). In summary, 
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all this data suggests that TIPARP activation should be the target of future cancer 

drugs (Balfour, 2020). Also, studies have shown upregulation of ARRDC3 

represses proliferation, migration, and invasion in TNBC cell lines (Arakaki et al., 

2018; Draheim et al., 2010). Interestingly, the upregulation of FAM43A remains 

unclear, suggesting that new studies are needed to elucidate its effect (Chen et 

al., 2011). Early growth response proteins (EGR) are rarely studied in breast 

cancer cases, which implies a gap in knowledge on whether or not this protein 

have a role in breast tumorigenesis (Zhou et al., 2021). Despite this, a study 

analyzed a database of breast cancer patients and determined that downregulation 

of EGR3 is related to a higher tumor stage (Zhou et al., 2021). Also, an in vitro 

study performed in human umbilical vein endothelial cells (HUVEC) showed that 

downregulation of EGR3 inhibits migration and angiogenesis mediated by vascular 

endothelial growth factor (VEGF) (Liu et al., 2008). A study demonstrated that 

downregulation of FOXS1 inhibits proliferation and cell colony formation of gastric 

cancer (Wang et al., 2019). On the contrary, upregulation of FOXS1 in breast 

cancer was correlated to improved relapse-free survival (Koch, 2021). Thus, 

FOXS1 can be an oncogene or tumor suppressor gene depending on the cancer 

type (Wang et al., 2019).  

This study reports the potential that coumestrol has as a novel hormonal 

targeted therapeutic for TN-IBC cells. While uncovering the inhibition of the 

different hallmarks in cancer mentioned in this project, we can propose a 

mechanism of action for this phytoestrogen. Furthermore, these research findings 

present an opportunity for other scientists in the field to test and identify other 
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natural compounds that may antagonize the estrogen non-genomic signaling 

pathway. In other words, this research has the potential to bring new advantages 

in the discovery of natural compounds that inhibit the downstream effects of the 

ERK and AKT signaling pathway. The data gathered from this work is pivotal to 

achieving the long-term goal of developing effective targeted therapies for IBC to 

improve patients’ prognosis, survival rates, and quality of life. 
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Our data demonstrated that Cou increases the cell death in TN-IBC cells, 

but the specific mechanism by which Cou exerts its cytotoxic effects is unknown. 

The literature reported that Cou increases the expression or activation of pro-

apoptotic proteins and reduces the expression of anti-apoptotic and cell cycle 

progression proteins. Based on this, Annexin V, TUNEL assay, ApoTox-Glo™, cell 

cycle analysis, and Western blots could be performed to determine the possible 

mechanism by which Cou induces a cytotoxic effect. Western blots analysis will  

be used to determine the expression and/or activation of apoptotic markers 

(caspases 3/7/9, Bax, Bcl-2, and phospho-histone H2A.X) and cell cycle regulators 

(cyclin E, and CDK2).  

Our finding shows that Cou decreases the tumor emboli growth, but the 

molecular mechanism remains unknown. Based on this, studying the impact of 

Cou on the expression of NF-kB and E-cadherin is crucial for suggesting a 

mechanism since the literature reported that NF-kB and E-cadherin are involved 

in the tumor emboli formation (Arora et al., 2017; Ye et al., 2010). An experiment 

that could bring insight regarding the mechasnism of tumor emboli formation and 

how Coumestrol might be affecting this procress will be to perform a RNAseq. RNA 

could be extracted from tumor emboli to determine DEGs under Coumestrol 

treatment as compared to vehicle control. This could give us potential candidate 

genes that are involved in tumor emboli and also which of those might be affected 

by coumestrol treatment.  

Cou treatment did not reduce SUM190PT (HER2 amplified) viability. One 

possible explanation is that HER2 confers resistance to therapies in this cell line, 
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but further studies are needed to confirm this. Based on this, knockout of HER2 in 

SUM190PT cells could be performed to generate a SUM190PT subline the 

overexpression of HER2. Then, a dose-response curve could be generated to 

determine if Cou has an effect on the SUM190PT HER2-knockout cells suggesting 

that the anti-cancer effects of Cou hindered by the amplification of HER2.  

Our study considers the anti-cancer effects of Cou in four different breast 

cancer cell lines, but the effect of Cou in non-tumorigenic breast epithelial cell lines 

is unknown. We proposed to perform an dose response curve and a RCV analysis 

in a non-tumorigenic  human mammary  epithelial cell line (MCF10A); it's crucial 

to demonstrate that the anti-cancer effects of Cou only occur in breast cancer cells. 

In the long term, this data could determine the feasibility of designing clinical trials 

with coumestrol on breast cancer patients with the warranty that  normal mammary 

epithelial cells  will not be affected by the treatment. To accomplish this, and since 

the potential role of Cou as a therapeutic drug for IBC has not been characterized 

in an in vivo model, we will propose to validate the role of Cou as an anti-cancer 

agent in different xenograft mouse models of IBC.  

In addition, if overexpression of TIPARP in SUM149PT cells confirms its 

suppressive role, we would like to identify therapeutic strategies to increase the 

expression of TIPARP in vitro and in vivo models. Overexpression of TIPARP in 

SUM149PT cells and evaluating its effects in pro-oncogenic phenotypes is 

essential for elucidating the role of TIPARP in TN-IBC cells. Angiogenesis 

functional assays are needed to confirm the GO enrichment analysis and the 

suggested role of TIPARP in this hallmark. In addition, we propose to perform a 
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qRT-PCR for at least 20 DEGs reported in the RNA-seq to validate the obtained 

data. Also, performing an RNA-seq in SUM149PT cells treated with different 

timepoints could help us identify other DEGs affected by Cou treatment and help 

establish if the up-regulation of TIPARP occurs in a time-dependent manner.  

Our long-term goal is to suggest the combination of coumestrol with 

chemotherapy to increase the survival rate of breast cancer patients. To 

accomplish this goal is fundamental to study the combination of Cou with other 

phytoestrogens such as Genistein, Daidzein, and others. Also, it is crucial to study 

the synergistic effects or combinations of drugs of phytoestrogens and cancer 

therapies such as Tamoxifen, Paclitaxel, EGFR inhibitors, and others. This data 

obtained by this analysis opens an opportunity for medical doctors to explore the 

soy, lettuce, clover sprouts, and beans as part of breast cancer patients' diet. 
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Appendix 1. Supplementary data   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: Expression of receptors in breast cancer cell lines. MCF-7 cell lines 

showed the expression of ER-alpha66, ER-alpha36, and ER-beta (A and B). Also, 

triple-negative breast cancer cell lines (MDA-MB-231 and SUM149) express ER-

alpha36 (B). MDA-MB-231, SUM149 and SUM190 didn’t express ER-alpha66 (A). 

Based in the expression of HER2 amplification in SUM190, this cell lines could not 

be classified as a triple negative breast cancer (B). 

A 

B 
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Figure 45: Free-hormone medium does not induce the activation of the 

estrogen non-genomic signaling pathway. The concentration or percentage of 

DCC in the free-hormone medium does not increase the phosphorylation levels of 

ERK1/2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46: Boyden Chamber Assay in IBC cell line treated for fourteen hours 

with DMSO or estradiol using different chemoattractants. (A) SUM149 cell line 

showed increased migration when 0.2%DCC+0.1%BSA or growth 

medium+0.1%BSA were used as chemoattractants. Illustrations of the three 

different chemoattracts used in the experiments: (B) 0.2%DCC+0.1%BSA, (C) 

growth medium, and (D) growth medium+0.1%BSA. 
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Figure 47: Uncropped membranes of Western Blots after treating the SUM149PT cells with estradiol.  
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Figure 48: Membranes of Western Blots (uncropped) upon Cou treatment in SUM149PT. 
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Figure 49: Illustration of Human Phosho-Kinase Array membranes. The 

membranes show the levels of phosphorylation of 39 kinases upon treating the 

SUM149PT cells for 5 minutes with estrogen, coumestrol, or a combination of 

treatments. The boxes at the left illustrate the spots that show the phosphorylation 

level of ERK1/2. Also, the spots that show the phosphorylation of AKT were 

represented in the boxes at the right.  
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Figure 50: Fast QC analysis of the RNA sequencing. All the sequences have 

an average quality score of over 30, surpassing established thresholds.    



136 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51: Differential expressed genes identified in RNA-sequencing. Volcano plot shows the DEGs with a log fold 
changer higher than 1 after treat the SUM149PT cell with coumestrol for an hour and a half.  
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Figure 52: Principal component analysis (PCA) of the RNA 

sequencing. Biological replicates cluster together suggesting global RNA 

expression levels.   
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Appendix 2. Permission for publication of figure 1 
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Appendix 3. Permission for publication of figure 2 
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Appendix 4. Permission for publication of figure 3 
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Appendix 5. Permission for publication of figure 5 
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Appendix 6. Permission for publication of figure 6 
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Appendix 7. Permission for publication of figure 7 
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Appendix 8. Permission for publication of figure 8 
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Appendix 9. Permission for publication of figure 9 
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Appendix 10. Permission for publication of figure 10   
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Appendix 11.  Permission for publication of figure 11   
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Appendi x 12. Permission for publication of figure 12  
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Appendix 13. Permission for publicatio n of figure 13  
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