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ABSTRACT 
Activator protein-1 (AP-1) is a transcriptional factor complex that mainly consists of Fos and 
Jun family members. Jun proteins can form both homodimers and heterodimers, whereas Fos 
family members only form heterodimers with the Jun family. Fra-1 is a member of the Fos 
family proteins and plays a vital role in breast cancer progression. It is overexpressed in triple-
negative breast cancer (TNBC) and related to poor clinical outcome [1]. Fra-1 is a potential 
therapeutic target for TNBC. As Fra-1/AP-1 is a transcriptional factor, and its transcriptional 
activity is controlled by coregulators, I investigated its interactome, cistrome and transcriptome 
with multi-omics methods in this thesis, in order to provide a comprehensive understanding of 
its activity.  

In Paper I, we reported the Fra-1 associated interactome, and identified 118 endogenous 
proteins that interacted with Fra-1. The most enriched one was DDX5. We investigated the 
cistrome and transcriptome data of both Fra-1 and DDX5 and found an extensive overlap, 
indicating a high degree of association between them. Further, we described that DDX5 
promoted cell growth in TNBC cells, and enhanced Fra-1-related cell proliferation through 
enhancing the transcriptional activity of Fra-1/AP-1. Using immunohistochemistry on a breast 
cancer tissue microarray, we determined that DDX5 was overexpressed in basal-like breast 
cancer samples compared to non-basal-like tumors, similar to Fra-1. Also DDX5 was 
associated with poor clinical outcome of breast cancer patients. We suggested that DDX5 is a 
coactivator of Fra-1 and may be of interest for theraputical targeting. 

Besides DDX5, we found that PARP1 was among the 118 endogenous proteins that interacted 
with chromatin-bound Fra-1 in TNBC cells. The PARP1 inhibitor olaparib is used in the clinic 
for BRCA-mutated TNBC breast cancer patients. In Paper II, we explored the interaction 
between Fra-1 and PARP1, and demonstrated that PARP1 downregulated Fra-1 expression, 
and reduced Fra-1/AP-1 transcriptional activity. We found that Fra-1 can mediate resistance 
towards olaparib treatment, and that silencing or inhibiting Fra-1 sensitized cells towards 
olaparib treatment. Additionally, we determined gene expressions modified by PARP1 and that 
a significant fraction of these were dependent on Fra-1 expression. Next, we described that also 
PARP1 was overexpressed in basal-like breast cancer compared to non-basal-like patients, and 
that high PARP1 expression indicated a poor clinical outcome in breast cancer patients. All in 
all, we suggested that Fra-1 inhibition may overcome olaparib resistance in TNBC patients. 

Coregulators can modulate AP-1 transcriptional activity, and there is a well known but 
incompletely understood crosstalk between AP-1 and nuclear receptors, including estrogen 
receptors (ERs). A majority of breast tumors express ERα and estrogen drives the growth of 
these tumors. They are successfully treated with the ERα modulator tamoxifen. However, many 
develop resistance to this treatment, and the crosstalk between ERα and AP-1 has been reported 
to play a vital role in this resistance. On the contrary, estrogen signaling protects against 
colorectal cancer development. In the colon, ERβ is the predominant ER. We explored the 
transcriptional regulation, genome-wide binding activity of ERβ, and its impact on AP-1 



transcription in presence and absence of tamoxifen, in Paper III. De novo motif analysis of 
ChIP-seq data generated with validated ERβ antibody in colon cancer cell lines with exogenous 
expression of ERβ revealed that ERE was the most enriched motif, followed by AP-1, 
indicating significant tethering by ERβ  to AP-1 in colon cells. The TCF and KLF motifs were 
specific for colon and have not been described before in relation to ERβ cistromes (mostly 
performed in breast cancer cells). We demonstrated that ERβ bound and regulated tumor 
suppressors and oncogenes, exemplified by CST5 and LRP6, which indicated the molecular 
underpinnings of its anti-tumorigenic role in colon cancer.  

As ER/AP-1 crosstalk plays an important role in the function of both ERα and ERβ. The two 
receptors appear to have reverse effects in cancer development, but also significant cell- and 
tissue-specific effects. To better understand the differencies and similarities between the 
homologues ERα and ERβ, and the respective role of AP-1 crosstalk, a model where the two 
receptors can be studied individually in the exact same estrogen responsive cell context is 
needed. No suitable cell line with endogenous expression of both receptors exist, and ERβ is 
rarely or never expressed in cell lines.  Thus, in order to provide a suitable model, in Paper IV, 
we used CRISPR/Cas9 to establish a estrogen-responsive MCF7 cell model which had ERβ 
(only) expression. In presence of Tet, these cells express no ER, and in absence of Tet, they 
express ERβ (only). We based this model on previously generated MCF7 Tet-Off ERβ 
inducible cells. Cultured with Tet, these MCF7 Tet-Off Mock cells express only ERα, similar 
to the parental MCF7 cells, which was our control in this study. MCF7 cells with no ER did 
not grow. Inducing ERβ the cells grew at a low rate, but ERα (only)-expressing cells grew 
faster than ERβ (only)-expressing cells. Upon E2 stimulation, ERα and ERβ showed opposite 
responses. Estrogen increased proliferation of ERα (only) expressing cells while decreasing 
proliferation of ERβ (only) expressing cells. However, ERβ (only)-expressing cells migrated 
faster than ERα (only)-expressing cells, but E2 treatment reduced migration of ERβ (only) 
cells. The transcriptome data further indicated that ERα and ERβ to some extent both regulated 
a proportion of genes. But that ERβ also uniquely modulated the gene expression profiles, 
especially genes related to ‘negative regulation of cell proliferation’, whereas ERα mediated 
‘positive regulation of cell proliferation’. Combined with cistrome data, we detailed this 
regulation, and exemplified how ERβ uniquely binds chromatin  and regulates ANXA9 which 
is related to migration.  

In conclusion, this thesis demonstrated the mechanism of Fra-1/AP-1 with multi-omics 
methods. We further characterized two proteins, DDX5 and PARP1, in TNBC, suggested that 
they played important roles in the Fra-1 signaling pathway, and their interaction provided novel 
strategies for TNBC therapy. Furthermore, we explored the interaction between ERβ and AP-
1, through analysis of genome-wide binding sites of ERβ in colon cancer cells, and  elucidated 
the specific roles of ERα and ERβ in the same cellular context.  
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1 INTRODUCTION 
1.1 BREAST CANCER 

1.1.1 Epidemiology 

Breast cancer is the most common cancer and a leading cause of cancer-related death among 
women. There were approximately 2.3 million cases (11.7% of all cancers) and 0.6 million 
deaths (6.9% of all cancer-related deaths) in 2020 worldwide [2]. Throughout the world, North 
America, Australia, New Zealand, and Northern and Western Europe have the highest 
prevalence, which may reflect risk factors and higher detection due to use of mammography 
screening and other factors [3]. In high-income countries such as United States, Israel, Canada, 
Australia, and many Northern and Western European countries, the five-year survival is greater 
or equal to 85%. However, in low-income countries such as South Africa, India and Mongolia, 
it is only 60% or lower [4]. 

1.1.2 Risk factors 

Risk factors for breast cancer include age, reproductive factors, endogenous and exogenous 
hormone exposure, inherited gene mutations (BRCA1/2, ATM, CDH1, PTEN, TP53), lifestyle 
(drinking, smoking, obesity, lack of exercise), and other factors such as high-radiation exposure 
and diabetes [5-7]. Exogenous hormones such as contraceptive pills, ovulation-stimulating 
drugs and postmenopausal hormone therapy can increase the risk of developing breast cancer 
[7]. Certain inherited gene mutation significantly increase the risk to develop breast cancer. 
Approximately 5% to 10% of breast cancer patients are estimated to be due to inherited 
mutations, and in about 25% of these the specific gene mutation is known [8, 9].  

Well known breast cancer susceptibility genes include BRCA1 and BRCA2. BRCA1 mutation 
accounts for about 45% of hereditary breast cancer and 80% of hereditary early-onset breast 
cancer and ovarian cancer. BRCA2 accounts equally for early-onset breast cancer but less for 
ovarian cancer [10-13]. Around 0.2% of the general population are born with BRCA1/2 
mutation [14], and in women this increases the risk of developing breast cancer to 45% to 65% 
by the time they are 70 years of age (44-78% for BRCA1 mutation, 31-57% for BRCA2 
mutation). Women in the general population, on the other hand, have a 7% risk of developing 
breast cancer [9, 11, 15]. BRCA1 and BRCA2 are tumor suppressor genes that function in 
DNA repair of double-strand break (DSBs) through RAD51, a homolog of yeast protein [16-
18]. BRCA1 was identified in 1990 and is located on chromosome 17 [19], and BRCA2 was 
identified in 1994 on chromosome 13 [20]. BRCA2 can bind directly to RAD51 [21-24], 
whereas BRCA1 likely binds indirectly through BRCA2 [18]. As an effect, BRCA1 or 
BRCA2-deficient cells are sensitive to DNA damage conditions. Besides, BRCA1-related 
breast cancer tends to be more aggressive with a higher histological grade than BRCA2-related 
breast cancer [13]. 

Further, women with an inherited p53 mutation have a 25% lifetime risk of developing breast 
cancer by age 74 [8]. About 30-37% of breast cancers further contain spontaneous p53 mutation 
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[25, 26]. p53 (TP53) is a transcriptional factor and plays a vital role in DNA damage-induced 
apoptosis [27, 28]. It is also crucial for maintaining the integrity of genomes [29]. p53 mutation 
drives the process of many human malignancies [30]. p53 mutation promotes cell proliferation 
resulting in an aggressive TNBC phenotype [25]. 

1.1.3 Breast cancer subtypes 

1.1.3.1 Breast cancer classifications 

Breast cancer can be classified into different subgroups, which direct clinical management and 
therapy. The classification is according to clinicopathology (e.g., histologic features, lymph 
node status, tumor size, grade and stage), biomarker status (e.g., presence of estrogen receptor  
α (ERα/ESR1), progesterone receptor (PR/PGR), and human epidermal growth factor receptor 
2 (HER2/ERBB2)), proliferation (Ki67/MKI67) and patient characteristics (e.g., age) [31, 32]. 
Further, according to the global gene expression profiling (PAM50), invasive breast cancer can 
be divided into four subtypes: luminal A, luminal B, HER2-enriched and basal-like [32, 33]. 
To identify the status of surrogate biomarkers (ERα, PR, HER2, Ki67), immunohistochemistry 
(IHC) is commonly used for clinical classification. A summary can be found in Table 1. 

Table 1 The molecular subtypes of breast cancer 
Intrinsic 
subtypes Gene expression pattern IHC Treatment Prognosis 

Luminal A 
(50%) 

High ER and PR  
Luminal cytokeratins 

ERα + 
PR + 
HER2 – 

Endocrine 
therapy 
CDK4/6 
inhibitor 
Chemotherapy 

Good 
prognosis 

Luminal B 
(20%) 

Low ER and PR  
Luminal cytokeratins 

ERα + 
PR + 
HER2 – 

Endocrine 
therapy 
CDK4/6 
inhibitor 
Chemotherapy 

Not as good 
as Luminal A 

HER2-
enriched 
(20%) 

High expression of 
HER2-related genes 
Low expression of ER-
related genes 

ERα – 
PR – 
HER2+ 

Chemotherapy 
HER2-targeted 
therapy 

Unfavorable 

Basal-like 
(5-10%)[34] 

High expression of 
basal epithelial genes 
and basal cytokeratins 

ERα – 
PR – 
HER2 – 

Chemotherapy 
PARP1 
inhibitors 

Poor 

1.1.3.2 Standard treatments 

Depending on the breast cancer subgroup and clinical feature, patients will undergo 
individualized therapies, including surgery, adjuvant radiation, postmastectomy radiation 
(PMRT), neoadjuvant chemotherapy (NAC), chemotherapy, endocrine therapy and biologic 
and targeted therapy. After surgery, patients should take adjuvant therapy to destroy the micro-
metastatic tumors. Factors such as positive lymph nodes, tumor size, or HER2 status could 
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affect treatments. In recent years, NAC has been applied to various tumors. It has also been 
used in HER2-enriched or TNBCs [35]. Chemotherapy with anthracycline and taxane is 
recommended to high-risk patients and those with positive lymph nodes [35]. 

1.1.3.3 Targeted treatments 

Endocrine treatment is recommended for hormone receptor (ERα or PR) patients. Tamoxifen 
is a selective ER modulator (SERM), which binds to ERα and blocks estrogen activity in the 
breast, which has been proven effective in premenopausal and postmenopausal women. 
Aromatase inhibitors, which inhibit estrogen synthesis, can also be used [36, 37]. Adjuvant 
tamoxifen treatment reduces the recurrence rate by 50% within the first 0-4 years [38]. ERα+ 
patients can be divided into luminal A and luminal B subtypes. It seems that luminal A has a 
better response compared with luminal B breast cancers. Luminal B has a higher level of 
proliferation. As luminal B is sensitive to chemotherapy, chemotherapy plus endocrine therapy 
is recommended [39].    

Cyclin-dependent kinases (CDKs) play an essential role in the cell cycle. CDK4/6-cyclin D 
complex can prompt cells from G1-phase into S phase [40]. Hence, CDK4/6 inhibitors such as 
palbociclib, ribociclib, abemaciclib can stop cell division [41]. As cyclin D1 (58% vs 29%) and 
CDK4 (25% vs 14%) express in both luminal B and luminal A breast tumors, CDK4/6 
inhibitors can be used for ERα+ breast cancer treatment [42]. 

For HER2-positive tumors, HER2-targeted therapy is the preferred therapy. Trastuzumab 
(HER2 monoclonal antibody) combined with chemotherapy reduces the recurrence rate 
dramatically (50%) compared with chemotherapy only [43-46]. The tumor-node-metastasis 
(TNM) staging based on the tumor size, number of affected lymph nodes, and distal metastasis 
is the most common method used for cancer classification. For TNM stage I patients, 
trastuzumab plus paclitaxel is recommended. Whereas for stage II-III patients, trastuzumab 
combined with pertuzumab (HER2 dimerization inhibitor) is the standard neoadjuvant therapy 
[47, 48]. 

Phosphoinositide 3-kinase (PI3K), encoded by the PIK3CA gene, is the most common 
mutation in luminal breast cancer [26]. PI3K mutation can activate the PI3K/AKT pathway, 
which is the most aberrantly activated pathway in breast cancer [34]. It is associated with 
various cellular processes, such as cell growth, proliferation and metastasis. In addition, the 
PI3K pathway is a hallmark of endocrine therapy resistance in ERα-positive breast cancer. Its 
inhibitors, buparlisib and alpelisib, have been proceeded into late stage clinical trials [49]. 

1.1.3.4 Survival 

Among the (at least) four subtypes of breast cancers that are used for molecular classification, 
luminal A has the best prognosis [50], whereas HER2-enriched and basal-like/TNBC have a 
poor prognosis [51]. A cohort study with 2956 breast cancer patients younger than 40 years old 
diagnosed in the UK during 2000-2008, established a 5-year survival of 80% [52]. Among 
those patients, luminal A and luminal B breast cancer patients had higher survival rates (84% 
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and 87%, respectively), the basal-like subtype had a lower survival (75%), and HER2+ (and 
ER-) had the worst at only 52% [53].  

1.1.4 Triple-negative breast cancer (TNBC) 

1.1.4.1 Introduction 

TNBC is defined as ERα, PR, and HER2 negative, as determined by IHC [54]. The basal-like 
breast cancer subtype, characterized by gene expression patterns such as that of basal markers 
(cytokeratins 5, 6 and 17) [55], overlap with TNBC. Around 77% of basal-like breast cancers 
are TNBCs, and 71% of TNBCs are basal-like [56]. The prognosis is poorer when the woman 
is younger, the tumor is larger, and the tumor has a higher TNM grade [57]. At present, TNBC 
lacks an efficient therapy [58]. 

1.1.4.2 Genetic alterations 

Basal-like along with HER2+ breast cancers have the highest mutation rate among breast 
cancer subtypes [26]. 80% of basal-like tumors show p53 mutation [53]. p53 is more commonly 
mutated in the basal-like subtype than in the luminal subtype [59]. p53-related RB1 and 
BRCA1 mutations are accompanied [60, 61], with around 10-15% of TNBCs having BRCA1/2 
mutation [62, 63] and around 30% have lost wild-type BRCA1 expression [64]. Up to 75% of 
BRCA1 mutated breast cancer cases are of basal-like or triple-negative phenotype [65]. Some 
studies also found that absence or low expression of BRCA1 was correlated with larger tumor 
size, high histological grade, negative hormone receptor expression, p53 expression, and basal-
like phenotype in breast cancer [66].  

PIK3CA is the second most frequently mutated gene in TNBC at around 9% [26]. Meanwhile, 
the PI3K/AKT pathway is the most active pathway in basal-like breast cancer [67-70]. 
Connected to the PI3K pathway, PTEN and INPP4B mutations may be involved. Besides those 
genes, ATM mutation and MYC activation are all basal-like breast cancer features [71]. 

1.1.4.3 Targeted treatments 

BRCA1 mutations are common among basal-like and TNBC subtypes [65, 72]. It has been 
demonstrated that such a mutation is indicative of response to poly(ADP-ribose)polymerase 
(PARP1) inhibition. The PARP1 inhibitor olaparib has proven efficient in BRCA1/2-mutated 
breast cancer patients [73] and has been approved by the US Food and Drug Administration 
(FDA). Eve et al. also demonstrated that the PARP1 inhibitor veliparib combined with cisplatin 
and vinorelbine treatment, gave positive results in advanced TNBC patients [74].  

Novel targeted therapies may be centered around inhibiting pathways specifically 
overexpressed in TNBC/basal-like tumors. Expression of epidermal growth factor receptor 
(EGFR), a transmembrane receptor tyrosine kinase, can be detected in 54% of basal-like breast 
cancers compared to 11% in non-basal-like [75]. An EGFR inhibitor might thus serve as a 
novel TNBC target therapy. Vascular endothelial growth factor (VEGF) is another candidate 
overexpressed in TNBCs might be used for targeted therapy [76]. Other targets related to 
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signaling pathways can be of interest, such as PI3K/AKT pathway, Hedgehog pathway, and 
apoptotic pathways [77]. In all, further studies are needed to find targets for the treatment of 
TNBC. 

1.2 COLORECTAL CANCER 

1.2.1 Epidemiology 

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of 
cancer-related death in the world. There were approximately 1.9 million new cases (10% of all 
cancers) and 0.9 million deaths (9.4% of all cancer-related deaths) in 2020 worldwide [2]. The 
incidence of colon cancer ranges from 5.2 per million in middle Africa to 42.8 per million in 
Australia/New Zealand. European and Northern America, which have a high Human 
Development Index, have increased colon and rectal cancer incidence. The incidence of 
colorectal cancer tends to increase in tandem with the rise of this index, which regards 
colorectal cancer as an indicator of socioeconomic development [78, 79]. 

1.2.2 Risk factors  

The CRC incidence has steadily increased in many regions, such as Eastern Europe, South 
America, South Eastern and South-Central Asia [80, 81]. The increase in those regions reflects 
the changes in lifestyle and diet. Modifiable factors such as animal-source foods, decreased 
physical exercise, excess body weight, smoking, and drinking can increase CRC risk [82]. Men 
have a higher incidence and mortality rate than women, indicating that the male sex links to a 
higher risk of CRC [83]. Besides, the age, hereditary and environmental risk factors also show 
a strong association with the CRC development. A positive family history, such as the number, 
age and degree of relatives affected by CRC, is linked to 10-20% of all CRC diagnoses [84, 
85]. Moreover, people with a previous adenoma or inflammatory bowel disease are more likely 
to develop CRC [86, 87]. Other factors, such as type 2 diabetes and bacterial infections, can 
also increase CRC risk [88-90]. 

1.2.3 Pathogenesis 

The general process of CRC development starts from an aberrant crypt, growing into a polyp, 
and forming CRC eventually after 10-15 years. The origin of CRC is assumed to arise primarily 
from stem or stem-like cells [91, 92], that acquire genetic and epigenetic alterations that 
activate oncogenes and silence tumor suppressor genes. Understanding the mechanisms of 
cancer initiation and progression is essential for cancer prevention and a possible way for 
cancer therapy.  
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Figure 1. CRC development pathways. Reuse from Lancet, 2019. 394(10207): p. 1467-1480. Dekker, E., et al., 
Colorectal cancer. [83]. Copyright 2019 is provided by Elsevier and Copyright Clearance Center. License number: 
5057080286591. 

For CRC development, some main pathways have been well established (Fig. 1). The first one 
is the adenoma-carcinoma pathway, also referred to as chromosomal instability (CIN), which 
accounts for 70%-90% of CRC. It is characterized by the APC mutation, together with the loss 
of the tumor suppressor gene p53 or RAS activation. The second one is the serrated neoplasia 
pathway which accounts for 10%-20% of CRC. This pathway is defined by the CpG island 
methylation phenotype (CIMP), which is associated with the epigenetic instability and the 
mutations of RAS and RAF. This can lead to both microsatellite stable and unstable CRC. 
Moreover, genome-wide studies have identified deficiency of mismatch repair (MMR), which 
functions in maintaining DNA replication. Deficiency of such pathways results in 
accumulation of mutations and microsatellites instability (MSI) [83, 93]. 

1.2.4 Tumor staging and classification 

CRC survival rates vary depending on the stage of the tumor. However, the TNM staging model 
cannot perfectly predict patient treatment and prognosis, and molecular features need to be 
consedered. CRC is heterogeneous and has different classification systems. Based on the 
interconnectivity of six independent classification systems, Guinney et al. established four 
consensus molecular subtypes (CMSs) (Fig. 2) [94].  
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Figure 2. The CMS classification of CRC. Reuse from Nat Med, 2015. 21(11): p. 1350-1356. Guinney, J., et al., 
The consensus molecular subtypes of colorectal cancer. [94]. Copyright 2019 is provided by Springer Nature and 
Copyright Clearance Center. License number: 5058820711150.  

The CMS1 accounts for approximately 14% of all CRC and contains the majority of MSI 
tumors. It is characterized by hypermutation, BRAF mutation, high prevalence of CIMP and  a 
low level of somatic copy number alterations (SCNAs); and is also featured by immune 
infiltration and the activation of immune pathways [95]. CMS2 is the most common subtype 
with 37% of all CRC. It has a higher level of SCNAs with loss of tumor suppressor genes and 
gains in oncogenes. CMS2 also displays activation of WNT and MYC, which play an important 
role in CRC carcinogenesis. CMS3 accounts for 13% of CRC, with distinct features: low 
SCNAs, low CIMP, and nearly 30% of CMS3 were hypermutated. In addition, the CMS3 has 
a high prevalence of KRAS mutations, in line with the enrichment of metabolic deregulation 
in epithelial CRCs [96, 97]. CMS4 constitutes 23% of all CRC with high SCNA. It exhibits 
enrichment of genes implicated in stromal infiltration and epithelial-mesenchymal transition 
(EMT), the activation of transforming growth factor-β (TGF-β) and angiogenesis. In addition, 
CRC with mixed characteristics (13%) possibly indicates intra-tumoral heterogeneity [94]. The 
CMS1 is more prevalent in females and diagnosed with a higher histopathological grade, 
whereas CMS4 is diagnosed at a higher stage and has worse overall survival. 

1.2.5 Tumor location 

According to the tumor location, the CRC can be subdivided into right-sided and left-sided 
(Fig. 3).  The right-sided (proximal colon) and left-sided (distal colon) tumors are different in 
molecular features, biological, and anatomical characteristics. Right-sided CRCs are more 
frequently in women and is characterized by sessile serrated lesions and mucinous tumors, 
whereas left-sided CRCs are more often found in men. Additionally, right-sided CRCs tend to 
be CIMP-high, MSI-high and have BRAF mutations and a worse prognosis overall. The left-
sided CRCs show a better prognosis and are more related to p53 and APC mutations [83]. Left-
sided CRCs respond better to chemotherapies and targeted therapies, such as anti-VEGF and 
anti-EGFR therapy [98]. Although right-sided CRCs often show resistance to chemotherapies, 
they respond more often to immunotherapy [98]. 
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Figure 3. Characteristics of right-sided and left-sided colon and rectum tumors. Reuse from Lancet, 2019. 
394(10207): p. 1467-1480. Dekker, E., et al., Colorectal cancer. [83]. Copyright 2019 is provided by Elsevier and 
Copyright Clearance Center. License number: 5057550482244. 

1.3 ACTIVATOR PROTEIN (AP-1) TRANSCRIPTION COMPLEX 

1.3.1 The expression and functions of AP-1 in breast and colon cancer 

AP-1 is involved in general cellular processes, such as cell proliferation, differentiation, 
apoptosis, migration and invasion [99]. AP-1 is active in many tumors, including breast cancer 
and colon cancer [100], where it supports angiogenesis and promotes the tumor to deal with 
harsh microenvironment [101], and its expression predicts poor prognosis [102]. AP-1 has a 
higher expression level in TNBC/basal-like subtype compared with luminal A and luminal B 
[103, 104]. Also, it has been shown that AP-1 can drive inflammation-induced EMT and cancer 
progression [105, 106]. AP-1 also functions in colorectal cancer development, where it drives 
colon cancer progression and induces drug resistance [107-109]. Thus, AP-1 is an interesting 
candidate for targeted therapy.   

AP-1 is a complex consisting of different proteins and the leucine zipper domain is essential 
for protein dimerization and DNA binding [110]. As a transcriptional factor, AP-1 has DNA-
binding domains, docking sites and the transactivation domains [99, 110, 111]. Among the AP-
1 complexes, the Jun family and Fos family are the prominent members [112], still other, such 
as Jun-dimerizing partners (JDP) (JDP1/2), musculoaponeurotic fibrosarcoma (Maf) subfamily 
(c-Maf, MafB, MafA, MafG/F/K and Nrl) and activating transcription factor (ATF) proteins 
(ATF1, ATF2, ATF3/LRF1, B-ATF), also belong to the AP-1 family [113-115]. Jun proteins 
can form both homodimers and heterodimers with other members, whereas Fos family 
members only form heterodimers with the Jun family. Jun/Fos heterodimers are more stable 
than Jun homodimers [116, 117].  

AP-1 binds to a specific DNA binding sequence, 5’-TGAG/CTCA-3’, which is located in the 
promoter or enhancer region of its target genes. Treatment with tumor promoter 12-O-
tetradecanoylphorbol 13-acetate (TPA) activate its DNA binding and transcriptional activity 
[118, 119]. Therefore, the DNA bidning sequence is known as the TPA-response element 
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(TRE). The Jun/ATF heterodimer, however, has a higher affinity to another sequence, 5’-
TGAGCGTCA-3’, named the cyclic AMP responsive element (CRE) [120].  

1.3.2 The Jun family 

The Jun family has three members, c-Jun (JUN), JunB (JUNB) and JunD (JUND); they all 
contain a highly conserved bZIP domain that is responsible for DNA binding and consists of 
leucine zipper and basic motifs  (Fig. 4). c-Jun is intron-less and is mapped to chromosome 
1p32-31 [121]. JunB and JunD are mapped to chromosome 19p13. They are different regarding 
regulation and function. c-Jun can be activated at the transcriptional and post-translational 
levels. At the transcriptional level, Jun/AP-1, in response to extracellular stimulation, such as 
growth factors, oxidative stress and proinflammatory cytokines, can bind to the c-Jun promoter 
region to form a positive regulatory loop leading to the activation of c-Jun [122-124]. c-Jun can 
also be enhanced by phosphorylation which can stop c-Jun from degradation [125, 126]. It can 
be phosphorylated by c-Jun N-terminal kinases (JNKs), p38 and extracellular-related kinases 
ERK1 and ERK2 [127-129]. JNK, activated by hormones, cytokines, growth factors and 
genotoxic stress, mediates the main phosphorylation activity. The phosphorylation requires the 
docking site, which can attract enzyme to its substrate, and the phosphorylation site at serines 
63 and 73 (S63/73) and threonines 91 and 93 (Thr 91/93) [130, 131]. Although JunB has the 
docking site, it is still controversial whether it can be phosphorylated by JNKs because it lacks 
the known phosphorylation sites. However, it is indicated to be phosphorylated by JNK at Thr 
102/104 [132]. JunD lacks the docking site, but can be weakly phosphorylated by JNKs through 
its homodimerization with c-Jun [129]. c-Jun can also be regulated by other mechanisms, 
including by miRNAs [115]. 

 

Figure 4. The structure of the Jun family. Jun family has three members; they share a common bZIP domain 
(basic motif and leucine zipper) and transactivation domain. c-Jun and JunB have a common docking site. 

c-Jun and JunB are highly expressed in many tumors, such as colorectal adenocarcinomas, 
Hodgkin’s disease, and anaplastic large cell lymphoma tissue [133, 134]. In malignant 
melanoma, c-Jun is the main driver in tumorigenesis [103, 111, 115] and has oncogenic 
features, such as influencing migration, invasion and epithelial-mesenchymal transition [135, 
136]. c-Jun can induce apoptosis in response to UV exposure via the p53 pathway [137]. In 
addition, c-Jun plays an essential role in DNA repair response. c-Jun-deficient mouse 
embryonic fibroblasts (MEFs) exhibited a high level of DNA damage and impaired repair 
[138]. JunB, c-Jun, c-Fos and Fra-1 are also involved in the regulation of the cell cycle through 
cyclin A [139-142]. JunB, induced by TGF-β, can further regulate genes associated with tumor 
invasion and progression [143], but it has been shown to be a tumor suppressor of chronic 
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myeloid leukemia in vivo [144, 145]. JunB antagonizes c-Jun, and inhibits cellular 
transformation and proliferation [125]. JunD has been shown to act opposite to c-Jun or JunB, 
and cannot be induced by TPA [146]. JunD has been found to promote proliferation in prostate 
cancer cells, whereas c-Jun and JunB suppress the proliferation [147]. 

1.3.3 The Fos family 

The Fos family has four members, c-Fos (FOS), FosB, Fra-1 (FOSL1), and Fra-2 (FOSL2). 
The DNA-binding bZIP domain is a common structures for the four members (Fig. 5). c-Fos 
and FosB have an extra C-terminal transactivation domain which is essential for the 
transcriptional activity. This domain is also responsible for complex assembly and makes the 
complex more stable [148, 149]. There is another transactivation domain located in the N-
terminal region. Fra-1 and Fra-2 do not have the transactivation domains, but they can interact 
with the Jun family to form heterodimers to activate their functions [114, 150]. c-Fos and FosB 
react early in response to extracellular stimuli, whereas Fra-1 and Fra-2 proteins can be induced 
more significantly and last longer, which suggests their importance in maintaining the active 
status of AP-1 [148, 151, 152].  

 

Figure 5. The structure of the Fos family. Fos family has four members; they share a common bZIP domain 
(basic motif and leucine zipper), c-Fos and FosB contain transactivation domain. 

Similar to the Jun family, the Fos family can also be regulated at both transcriptional and post-
translational levels. c-Fos expression can be activated via different enhancers, such as cAMP-
responsive element (CRE), serum-response element (SRE) and sis-inducible enhancer (SIE) 
[153-155]. Functional TREs were found in the promoter/enhancer region of Fra-1 and Fra-2, 
indicating that they could be regulated through a positive regulatory loop [156, 157], which 
explaines their delayed response to the stimulation. c-Fos can further be phosphorylated by the 
MAP-kinase, whereas Fra-1 is phosphorylated by PKCα activity [158, 159]. When c-Fos 
heterodimers with c-Jun, it increases in transcriptional activity, while JunB can attenuate it 
[160].  

Brown et al. described that c-Fos and FosB double knockout (KO) mice had similar phenotypes 
to c-Fos single KO mice but were 30% smaller. They suggested that they served as a direct or 
indirect transcriptional regulator of cyclin D1 and might function in serum stimulation and cell 
cycle progression [161]. Fra-1 KO in mice was embryonic lethal, and Fra-2 resulted in death 
after birth [162, 163]. The Fos family members also have important functions in tumor 
progression [99, 117]. Fra-1 was reported to be positively correlated with cell malignancy, 
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proliferation and invasion [117]. In TNBC, Fra-1 is overexpressed and predicts poor clinical 
outcomes [1, 164, 165]. At gene expression level, FOSL1 indicates poor distant metastasis-free 
survival (DMFS), whereas high FOS and FOSB correlate with better survival [159]. The 
expression of FosB in breast cancer tissues correlates with the estrogen receptor status and 
well-differentiated tumor type [166]. Fra-1 is undetectable in most FosB-positive breast cancer 
cell lines, but it is expressed in FosB-negative ones [166]. Fra-1 has also been found to promote 
motility and invasion in colon carcinoma cells without affecting proliferation [167]. Evidence 
shows that Fra-1 can induce cancer metastasis, invasion, and active EMT [1, 168]. EMT is a 
hallmark of cell invasiveness related to decrease in cell-cell adhesion and increase of cell 
motility [169]. It is responsible for organogenesis, morphogenesis, homeostasis, tumor 
initiation and resistance to chemo- and immuneotherapy [170]. EMT transcriptional factors 
(Twist or Snail) can bind to the first intron and the transcriptional start site region of FOSL1, 
resulting in increased transcription [159]. During EMT, Fra-1 can be activated by protein 
kinase C α (PKCα), thereby Fra-1 was observed to replace c-Fos to form the heterodimer with 
c-Jun [159].  

1.4 DDX5 

The DEAD-box helicase family is a prominent family involved in RNA metabolism [171]. The 
family is characterized by nine conserved motifs clustered in a helicase core containing a RNA 
binding site and ATP binding site [172, 173]. DEAD-box protein 5 (DDX5), also known as 
RNA helicase p68, is 69 kDa with 614 amino acids [174]. It contains nine motifs: Q, I, Ia, Ib, 
II, III, IV, V, VI (Fig. 6) and functions in ATPase, RNA processing, RNA unwinding, splicing, 
DNA replication, and transcription regulation [173, 175, 176]. The Q motif is revealed to be 
specific for the DEAD-box family [177, 178], and is crucial for both ATP and single-strand 
RNA (ssRNA) binding as well as nucleotide-binding [179]. Motif I is necessary for ATPase 
and helicase activity, together with motif II, III and VI, can form an ATP binding pocket, 
resulting in the residue's position for hydrolysis [179]. Motif Ia and Ib, associated with motif 
IV, V and VI, are essential for RNA binding [180]. Motif IV binds to ssRNA and functions in 
the connection between motifs IV and V [179]. There is also an Arg-Gly-Ser-Arg-Gly-Gly 
(RGS-RGG) motif located in the C-terminal region that serves as an RNA-binding site [181, 
182].  

 

Figure 6. The structure of DDX5. DDX5 contains nine motifs; among them, motif Q is specific to the DEAD-
box family with high conservation (>60%) [179]. 

DDX5 is overexpressed in many cancers, such as breast cancer [183], colorectal cancer [184-
187], and lung cancer [188]. In breast cancer, DDX5 is overexpressed in more aggressive 
subtypes and predicts poor prognosis [189]. Mazurek et al. suggested that DDX5 regulated 
DNA replication by recruiting RNA polymerase II to the promoters of E2F-regulated genes, 
driving cells from G1 to S phase, thereby enhancing breast cancer proliferation [190]. DDX5 
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also serves as coactivator for many transcriptional factors, such as the androgen receptor (AR) 
[191], ERα [179, 189], Nuclear factor-kappa B (NF-κB) [192] and β-catenin [193, 194]. DDX5 
plays an essential role in transcription and splicing processes, including in ERα signaling  [195, 
196]. It also serves as a coactivator of β-catenin, influencing the β-catenin/Wnt pathway [193]. 
The activated β-catenin/Wnt pathway results in breast cancer tumorigenesis in a mouse model 
[197]. DDX5 can also induce EMT through TGF and platelet-derived growth factor (PDGF) 
[198]. Besides, DDX5 can upregulate the activity of signal transducer and activator of 
transcription 3 (STAT3), which is associated with cell proliferation, survival and invasion 
[192]. DDX5 can also regulate long non-coding RNA (lncRNA) associated with cell adhesion 
and migration [199]. 

Above all, DDX5 is implicated in tumorigenesis, progression, invasion and metastasis. It is a 
potential target for breast cancer targeted therapy. It has been shown that inhibition of DDX5 
can sensitize HER2+ breast cancer to trastuzumab treatment [190]. Phosphorylated DDX5 
inhibitor RX-5902, which can block pDDX5 interacts with β-catenin, has been shown to affect 
TNBC in pre-clinical trial models [200]. However, such targeted therapy still needs more 
exploration. 

1.5 PARP1 

PARPs include several enzymes that share sequence homology. There are 18 members have 
been identified so far [201], but only five (PARP1, PARP2, PARP3, PARP4, PARP5) have 
PARP activity [202]. PARP1 is the most abundant and conducts 90% of PARP activity in 
response to DNA damage [201, 203, 204]. PARP1 can transfer ADP-ribose units from 
nicotinamide adenine dinucleotide (NAD+) to different target proteins such as histones, DNA 
polymerase, DNA ligases, and itself [205, 206]. The function is called poly(ADP-ribosyl)ation 
(PARylation). NAD+ is essential for ATP synthesis. DNA damage can activate PARylation 
activity, followed by reducing NAD+ [207, 208] and decreasing ATP [207-210].  

 

Figure 7. The structure of PARP1, PARP2 and PARP3. They share a common catalytic domain (CAT). PARP1 
and PARP2 have the DNA-binding domain, while PARP1 has the automodification domain. DEVD: caspase 
cleavage site.  

PARP1 is about 113 kDa with 1014 amino acids [211]. It contains three domains: DNA-
binding domain, auto-modification domain and catalytic domain (CAT). In the DNA-binding 
domain, there are three zinc finger domains: ZFI, ZFII and ZFIII. ZFI and ZFII can recognize 
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and bind to DNA damage sites; ZFIII is associated with the enzyme activation through DNA 
binding [211]. Meanwhile, there is a nuclear localization sequence (NLS) in this region. A 
specific caspase cleavage site that can be cleaved during apoptosis is located here [212, 213]. 
The auto-modification domain is responsible for PARylation, and the CAT domain functions 
in initiation, elongation and branching of PAR [211]. Due to the differences in structure, 
PARP2 is believed to have the main PARylation activity after PARP1 (Fig. 7). 

PARP1 is responsible for DNA repair. Single strand DNA breaks (SSB) can be repaired 
through base excision repair (BER), in which PARP1 plays an essential role [214]. PARP1 can 
recruit BER scaffold protein X-ray cross-complementing group 1 (XRCC1) to DNA damage 
loci [211]. It has been reported that PARP1 has various roles in DNA repair pathways, such as 
histone modification and protein recruitment related to DNA repair [215, 216]. When BER or 
other repair pathway is blocked by PARP1 inhibitor, SSB can accumulate to DSB, which could 
be repaired by BRCA-mediated homologous recombination  [217]. This is the basis for BRCA-
mutated TNBC targeted therapy with PARP1 inhibitors.  

PARP1 can be regulated by several other proteins, such as histones [218], HPF1 [219], p53 
[220], ERK [221], and Sam68 (KHDRBS1) [222]. PARP1 forms a complex with its targets, 
followed by PARylation upon interaction [223]. Worth mentioning is that ERK can activate 
PARP1 in two different ways, through phosphorylation of ERK (pERK) and physical 
interaction with PARP1 [221] and through phosphorylation of PARP1 directly [224]. PARP1 
activated by pERK has a higher NAD+ affinity compared with PARP1 activated through DNA 
damage [221]. Besides, PARP1 and PAR are associated with various biological processes, such 
as transcription, cell death, inflammation, metabolism, differentiation, cell cycle regulation, 
RNA processing, chromatin remodeling and tumor suppressor regulation [211, 223, 225-227]. 

1.6 ESTROGEN SIGNALING 

1.6.1 Estrogen 

Estrogen is a category of steroid hormones responsible for the development and function of the 
male and female reproductive systems and female secondary sex characteristics [9, 228]. It is 
synthesized in all vertebrates [229]. Among the estrogens, estrone (E1), 17β-estradiol (E2), 
estriol (E3) and estetrol (E4) are the main endogenous estrogens. E3 and E4 are synthesized by 
the placenta and fetal liver, respectively during pregnancy. E2 is the most potent estrogen, and 
is mainly synthesized in the ovary of women before menopause. Androgen synthesized in 
ovarian theca cells are conversed to estrogen in granulosa cells through aromatase. E2 is also 
synthesized in the male gonad Sertoli cells, Leydig cells and mature spermatocytes [230], and 
by some extra-gonadal organs, such as the liver, pancreas, adrenal glands, skin, bone, brain, 
adipose tissue and the breast [228, 231]. Such secondary sources of estrogens play a role in 
biological activities in both men and women, and are the primary source in postmenopausal 
women [232]. The levels of estrogens are lower than androgen levels in both males and 
females. Estrogen enters passively into cells and binds to the estrogen receptors (ER).  
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Besides their role in the development of reproductive organs, estrogens have various biological 
properties. Estrogens are important for maintaining the skeletal system, cardiovascular system, 
immune system, healthy skin condition, and lung function [228]. They can also accelerate 
metabolism, mediate protein synthesis, and regulate mood, pain sensitivity and cognitive 
behavior [233, 234]. They play an role in inflammatory response via regulation of the immune 
system [235]. Estrogen signaling impact hormone-sensitive breast cancers, such as breast 
cancer and non-reproductive cancer, but can also protect against development of colorectal 
cancer [236].  . 

1.6.2 Estrogen receptors 

Once estrogen has entered a cell, its actions are dependent on the presence of ER. Estrogen 
binds to ERs to regulate downstream genes. ERs include the nuclear receptors ERα and ERβ 
and the transmembrane receptor G protein-coupled estrogen receptor 1 (GPER1). ERα and 
ERβ are DNA-binding transcription factors that can translocate into the nucleus and bind to the 
specific estrogen response element (ERE) in the promoter or enhancer region of a gene in order 
to regulate its transcription. Besides, they can also tether to DNA through interaction with other 
transcription factors as well as have functions independent of DNA binding [237].  

 

Figure 8. The structure of ERs. A: ERα and ERβ are the two main forms of ERs, they consist of five domains 
from A/B to F. B: ERα has three isoforms, and ERβ has five isoforms. 

ERα and ERβ show significant homology and can form both homodimers (ERαα, ERββ) or 
heterodimer ERαβ [238]. They comprise five domains from A/B to F (Fig. 8A). The A/B 
domain located at the N-terminal end is highly variable and contains the transcriptional 
activation function (AF-1). The AF-1 has a ligand-independent activity, making it more 
selective than AF-2 [239]. The C domain is known as the DNA-binding domain (DBD), and is 
highly conserved between ERα and ERβ (95%) and binds to EREs of estrogen target genes. 
This domain consists of two motifs: P-box and D-box. The P-box mediates ER binding to ERE, 
and D-box is responsible for ER dimerization [240]. The D domain is the hinge region, 
connecting the DBD and ligand-binding domain (LBD) [241]. The LBD (E domain) also 
contains the activation function (AF-2), which is ligand-binding dependent and holds a 

ERα 595DA/B C E1 F

595DC E184 F

475DC E184 F

ERα46

ERα36

530

AF2

AF1

DBD

513

495

481

ERβ1

DA/B C E1 F

DA/B C E1 F

DA/B C E1 F

DA/B C E1 F

DA/B C E1 F 472

ERβ2

ERβ3

ERβ4

ERβ5

N

595

CERα 

AF2

AF1

DBD
N

530

CERβ DA/B C E
1

F

DA/B C E
1

F

Homology(%) 18% 97% 30% 59% 18%

A

B



 

  15 

dimerization interface responsible for homo- and heterodimerization. Besides, it can mediate 
the binding to coactivator and corepressor proteins [242]. The last domain, the C-terminal F 
domain is highly variable and less conserved between the receptors (18%), and its function is 
unclear. 

ERα, encoded by ESR1, is located on chromosome 6 and was first identified in 1958 [243]. 
The full-length of ERα is 66 kilodalton (kDa). ERβ encoded by ESR2 is located on 
chromosome 14 and was described and cloned in 1996 from rat prostate and ovary [244]. The 
full-length human ERβ is 59 kDa. Due to alternative RNA splicing, ERα has at least three 
isoforms, and ERβ has five isoforms (Fig. 8B). The ERα46 lacks the AF-1 domain and ERα36 
lacks the AF-1 and AF-2 domains [245]. ERβ1 is the full-length isoform, and its other four 
isoforms differs in the last coding exon. The isoforms can form heterodimers with ERβ1 and 
then transactivate transcription in a ligand-dependent manner [246].  

ERα and ERβ have different expression patterns throughout the body. ERα is expressed in 
reproductive tissues, white adipose tissue, breast, bone, liver and kidney, while ERβ is 
expressed in ovary, testis, adrenal gland, colon (low), rectum (low), spleen and tonsil [247]. 
The biological functions of ERα and ERβ are distinct and can be inverse. ERα enhances cell 
proliferation and is overexpressed in most breast cancers. In comparison, ERβ appears to 
decline during cancer development. Their DNA binding sites, however, show substantial 
overlap [248, 249]. GPER1 is a member of G-protein coupled receptors (GPCRs). It has a 
lower binding affinity to estrogen and requires a higher level of estrogen to be activated 
compared with ERα and ERβ [250, 251]. Activated GPER1 induces intracellular transduction 
cascades by regulating cyclic adenosine monophosphate (cAMP) [252]. It plays a role in many 
physiological systems, such as the endocrine, immune, reproductive and cardiovascular system, 
and may also have functions in cancer development and metastasis [253].  

ERα ligands (agonists or antagonsits) are used in several theraputical applications, including 
contraceptive pills, menopausal hormone therapy (MHT), and endocrine therapy in breast 
cancer. ERβ selective agonists have been used in clinical trials: ERβ-041 has been used for 
rheumatoid arthritis in phase II study [254], LY500307 for benign prostate hyperplasia [255], 
but has not yielded significant results. 

1.6.3 ER signaling pathway 

The ER-dependent signaling pathways can be divided into genomic and non-genomic 
pathways (Fig. 9). In the genomic pathway, activated ERs regulate target gene expression [256] 
through binding to EREs directly or through tethering to other transcription factors, such as 
AP-1, stimulating protein-1 (Sp-1), or NF-κB [256, 257]. In the non-genomic pathway, GPER1 
or membrane-localized ERs exhibit rapid responses regulating transduction cascades [256, 
258]. This includes cAMP/Protein kinase A (PKA), PI3K/Akt and mitogen-activated protein 
kinase (MAPK)/ERK pathways which can next regulate target genes via phosphorylation of 
various transcription factors, including ERα and ERβ [256]. Furthermore, the ERs can be 
activated via phosphorylation by growth factor and other protein kinases, such as EGFR, in a 
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ligand-independent manner [258]. Furthermore, although estrogen functions mainly through 
ERs, it can also reduce oxidative stress by interacting with enzymes in an ER-independent 
manner [259]. 

 

Figure 9. The ER signaling pathway. a: Ligand-activated ER can bind to target sequence, such as ERE, and 
regulate downstream gene transcription. b: Ligand-activated ER can also bind to DNA through tethering to other 
transcriptional factors. c: The non-genomic pathway include membrane-localized GPER1 and intracellular ER, 
result in the activation of downstream signal transduction pathways. d: The ligand-independent pathway shows 
that the membrane-located receptor activated by growth factor and mediates ER bind to ERE. 

1.6.4 ERs in breast cancer 

In normal breast tissue, approximately 10% of epithelial cells express ERα. About two thirds 
of all breast cancers express  ERα, and the proportion in many tumors is up to 50-80% of cells 
[260]. ERα has been demonstrated to promote breast cancer growth [261], and the process is 
dependent on estrogen [262]. Anti-hormonal endocrine therapies, such as the SERM tamoxifen 
is effective and expression of ERα is an indicator of response to such therapy. However, only 
70% of ERα-positive breast cancer patients are sensitive to tamoxifen, and the remaining 30%-
40% of patients gradually develop resistance to tamoxifen treatment [263].  

In breast cancer cells, FOXA1 has been described to recruit ERα to cis-regulatory components 
[264]. c-Jun/AP-1 can also reprogram ERα binding activity and mediates ERα gene regulation 
[265]. Besides, FOXO3A, FOXM1, GATA3, and ERBF-1 were identified as the regulators of 
ERα [266]. 

Besides wide-type (WT) ERα, ERα46 and ERα36 are both found in breast cancer cell lines. 
ERα46 can reduce WT ERα binding to E2 and inhibit its transcriptional activity [267, 268]. 
The expression of ERα46 thereby inhibits cell proliferation and suppresses the E2 induced 
regulation of pS2 [269]. ERα46 is decreased in tamoxifen-resistant breast cancer cells, and 
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transfection of ERα46 can suppress cell proliferation and enhance the response to endocrine 
therapy [270]. ERα36 is mainly located in the cytoplasm and transduces the E2 induced 
signaling pathway in a non-genomic pathway [271, 272]. ERα-positive breast cancer patients 
with a high level of ERα36 are more likely to develop resistance to tamoxifen treatment [273]. 
Interestingly, ERα36 is found to be expressed in ER-negative breast cancer cells [274]. 

ERα has been well-characterized in breast cancer. While significant interest has been dedicated 
to a potential role for ERβ in breast cancer [275-277], a study with validated anti-ERβ 
monoclonal antibody (PPZ0506) along with investigation of gene expression did not find 
evidence of ERβ in breast or breast cancer [247]. 

1.6.5 ERβ and colorectal cancer 

The incidence and mortality of CRC are significantly higher in males compared to females [2], 
and numerous studies indicated that menopausal hormone therapy (MHT) reduces the risk of 
CRC and cancer-related death in postmenopausal women [278-280]. Men are also more 
sensitivity to colitis, and men with inflammatory bowel disease have a higher risk of developing 
CRC than women, which all indicate a protective role of estrogen [281, 282].     

ERα mRNA level is lower than ERβ in colorectal tissue and has a similar expression between 
normal tissue and CRC [283]. ERβ is the predominant ER expressed in the colon, but is 
declined during colorectal carcinogenesis, showing a protective role in CRC development 
[284-286].  

ERβ has been described to play a vital role in anti-inflammatory and anti-tumorigenic processes 
in the colon. Saleiro et al. demonstrated the protective role of ERβ in azoxymethane/dextran 
the sodium sulfate (AOM/DSS) induced mouse model, in which full body ERβ  knockout 
(βERKO) mice suffered more severe colitis compared with WT mice [287]. They also revealed 
that in βERKO mice, the expression of NF-κB, tumor necrosis factor alpha (TNFα), 
interleukin-6 (IL-6), and IL-17 significantly increased compared to WT mice. Previous 
research revealed that the mRNA level of ERβ did not change compared with declined protein 
level, which indicated that ERβ was suppressed by posttranscriptional modification [285]. 
However, a recent study conducted in our research group confirmed that the mRNA level of 
ERβ is decreased in colon cancer compared with normal colon tissue in both humans and mice 
[282]. Our group also demonstrated that TNFα promoted ERβ transactivation and, in turn, 
reduced the NF-κB related inflammatory signaling pathway, which resulted in the suppression 
of colon tumorigenesis. The finding that ERβ regulated NF-κB and downstream IL-6, was 
consistent with Saleiro et al.’s study. However, there is no study elucidating ERβ cofactors in 
colon cancer. Classifying the crosstalk of ERβ can provide a better way to understand its 
function in the colon. 

The mechanism of ERβ-mediated CRC protective effect is not fully understood. Some studies 
indicate that ERβ suppresses colon cancer cell lines in several ways: inhibits cell proliferation 
via the mediation of the cell cycle regulators [288, 289], induces apoptosis through the p53 
pathway [290], and reduces metastatic potential by increasing the expression of miRNA-205 
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which reduces the expression of PROX1 [291]. Further studies are still needed to elucidate 
ERβ functionality, which is important for minimizing the risk of CRC.                         
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2 RESEARCH AIMS 
The overall aim of this thesis is to elucidate the role of AP-1 in breast and colorectal cancers. 
We used multi-omics methods such as RIME, RNA-seq and ChIP-seq to identify the proteome, 
transcriptome and cistrome of AP-1, and its interaction with coregulators. An additional aim is 
to describe the interaction between AP-1 and ERs, for a deeper understanding of ERα and ERβ 
transcriptome and cistrome. The specific aims for the I-IV papers are: 

I. To understand the role of Fra-1 in TNBC and explore its coregulators. 
II. To elucidate the interaction between Fra-1 and PARP1, and explore whether Fra-1 

can serve as a therapeutic strategy to sensitize TNBC to olaparib treatment. 
III. To investigate the molecular mechanism of the protective role of ERβ in CRC by 

investigating its cistrome, and explore the role of AP-1 for ERβ activity. 
IV. To generate a novel cell model in order to compare the molecular mechanisms of 

ERα and ERβ in the same cell type. 
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3 MATERIALS AND METHODS 
3.1 CELL LINES 

Cell lines represent the main in vitro system for cancer research. In this thesis, two different 
types of cancer cell lines bought from the American Type Culture Collection (ATCC) have 
been used. Among all these breast cancer cell lines, BT549, MDA-MB-231 and Hs578T are 
TNBC cell lines with WT BRCA and mutated TP53. MCF-7 is an ER-positive cell line with 
WT BRCA and WT TP53 [292, 293]. BT549 was isolated in 1978. With a high AP-1 
expression and easy to transfection, it is the ideal cell model to study AP-1 in TNBC. SW480 
and HT29 are colon cancer cell lines from colorectal adenocarcinoma patients. SW480 was 
isolated from a male Dukes’ type B primary tumor, and characterized by CIMP positive with 
WT BRAF, PIK3CA, PTEN and mutated KRAS, TP53. HT29 was isolated from then female 
primary tumor, and characterized by CIMP positive with WT KRAS, PTEN and mutated 
BRAF, PIK3CA, and TP53 [294]. 

Cell lines were cultured in a standard cell culture medium with 10% fetal bovine serum (FBS) 
and 1% penicillin-streptomycin (P/S). As FBS has a low level of estrogen and phenol red in 
the medium contains weak estrogen properties, the phenol red-free medium with dextran-
coated charcoal (DCC)-FBS was used for starving cells before E2 treatment in PAPER III and 
IV. 

3.2 QUANTITATIVE POLYMERASE CHAIN REACTION (qPCR) 

qPCR, also known as real-time PCR, is a standard molecular biological method to monitor 
target gene expression levels. In brief, total mRNA was collected and reverse transcribed to 
cDNA. With the cDNA as template, DNA can be amplified using specific primers, 
deoxyribonucleotides, DNA polymerase and a suitable buffer. A fluorophore is used for 
measuring the amplified products at each cycle. There are two main techniques to detect 
fluorescence: non-specific double-strand DNA-binding dye and a specific fluorescent reporter 
probe. The fluorescent reporter probe, for example a Taqman probe, is labeled with a 
fluorescent reporter at 5’, and a quencher molecule at 3’. During the PCR process, the quencher 
can be broken down by Taq polymerase, which results in fluorescence emission. As this 
method can be used to detect multiple genes simultaneously and is expensive, the intercalating 
dye that can bind to all double strands of DNA is widely used.  

One of the most common intercalating dyes, SYBR Green, is used in this thesis. The cycle 
threshold value (Ct) is used to evaluate the gene expression. The Ct value is first normalized to 
a housekeeping gene which is stable between samples under different conditions. The 
difference between treatment and control groups is applied to reflect the changes in gene 
expression. 
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3.3 RNA SEQUENCING 

RNA-seq is a technique applying next-generation sequencing to reveal the changes of the 
cellular transcriptome [295]. In this thesis, RNA-seq is used in all four PAPERs. In brief, the 
mRNA from cell lines under different conditions is extracted to prepare the library, in which 
ribosomal RNA is depleted to enrich the mRNA. The mRNA is fragmented and converted to 
stable cDNA. The cDNA is copied and sequenced by high-throughput and short-read 
sequencing methods. Next, the sequences can be aligned to the human genome (GRCh38) by 
STAR. Mapped reads were counted in annotated exons using FeatureCounts, and the Entrez 
gene annotations and reference genome were obtained from UCSC. The gene expression is 
calculated using DESeq2 or EdgeR.  

RNA-seq is widely used to describe the differences in gene expression under different 
conditions. Advanced single-cell RNA-seq (scRNA-seq) techniques has been developed to 
identify the transcriptome of individual cells. Both can provide new insight into important 
biological processes [296, 297]. 

3.4 CHROMATIN IMMUNOPRECIPITATION (CHIP) 

Interactions between protein and DNA are essential for multiple cellular processes. ChIP is a 
method to identify the DNA-protein interactions and the genome-wide locations of proteins. It 
has been widely used to explore the binding pattern of transcriptional factors, and it was also 
used in PAPER I and III. In brief, DNA and proteins are crosslinked in live cells, and the 
chromatin is sheared into small fragments by sonication. The protein of interest is 
immunoprecipitated by a specific antibody, the DNA-protein complexes can be collected and 
identified by qPCR. In order to get the genome-wide binding pattern, the released DNA can be 
sent for a high-throughput sequence (ChIP-seq) [298]. Integrating the cistrome data with 
transcriptome data (RNA-seq) provides a comprehensive way to investigate the role of protein 
in chromatin accessibility and gene regulation.  

The accuracy of ChIP is affected by various factors, such as the specificity of antibody, number 
of cells, and fragments after sonication. Recently studies have made it possible to perform ChIP 
with limited cells. Grosselin et al. has performed single-cell ChIP-seq in breast cancer and 
provided a novel way to study the heterogeneity of chromatin states [299]. 

3.5 RAPID IMMUNOPRECIPITATION MASS SPECTROMETRY OF 
ENDOGENOUS PROTEINS (RIME) 

RIME was developed by Hisham et al. in 2016 [300]. It combined ChIP and mass spectrometry, 
to provide new insight to study the interactome for a specific protein. This method was used in 
PAPER I to identify the proteins that interacted with transcription factor Fra-1. In brief, the 
cells were crosslinked and sheared through sonication; the DNA-protein complexes were 
immunoprecipitated by the specific antibody. To avoid antibody contamination, on bead 
digestion was used to digest the proteins into peptides and was followed by mass spectrometry 
to identify the interacting proteins.  
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Similar to ChIP, the reliability of RIME is dependent on the specificity and affinity of the 
antibody. Besides, it can hardly discriminate multiple complexes and cannot distinguish 
indirect from direct interactions. Despite these limitations, RIME is a sensitive method to 
identify protein interactome with a limited number of cells. Moreover, the method is rapid and 
can identify endogenous protein complexes without requiring engineering of cells. 

3.6 LUCIFERASE REPORTER ASSAY 

The gene reporter system is used to study receptor activity, transcriptional factor function, and 
intracellular signaling. Dual reporter assay with an internal control vector is widely used to 
increase the accuracy of the reporter system. In PAPER I, II and III, a dual-luciferase reporter 
assay was conducted to evaluate the transcriptional activity of AP-1 and ER. In this assay, the 
firefly luciferase vectors were constructed with ERE or TRE, firefly and Renilla vectors were 
co-transfected. After adding Luciferase assay reagent II, the firefly was measured, followed by 
adding Stop&Glo reagent to quench the firefly and initiate Renilla. This assay provides a rapid 
and sensitive way to monitor gene regulation, and there is no endogenous interference in 
mammalian cells. 

3.7 TISSUE MICROARRAY (TMA) 

TMA that consists of up to 1000 tissue cores isolated from clinical samples makes it possible 
to perform multiplex histological analysis. TMA was used in PAPER I and II. Combined with 
immunofluorescence (IF), TMA was used to evaluate the protein expression in different 
subtypes of breast cancer tissues. In PAPER II, we stained for PARP1 and Fra-1 in the same 
TMA, which provided a powerful resource to identify the localization and interaction between 
these two proteins. IF together with the confocal microscope made it easier to study the protein 
expression in a global view. However, the protein expression of the small tissue core may not 
fully represent the full biopsy or tissue, which may lead to deviation. 

3.8 TET-OFF EXPRESSION SYSTEM 

Tet-Off systems provides a controlled way to express a gene of interest in a cell model. The 
Tet repressor protein (TetR) in E.coli is a transcriptional repressor that can block the gene 
transcription by binding to the tet operator sequences (tetO). In the Tet-Off system, the 
regulatory protein, encoded by the regulatory vector (pTet-Off), is a fusion of TetR and the C-
terminal of the Herpes simplex virus VP16 activation domain. The fusion of the protein known 
as tetracycline-controlled transactivator (tTA) convertes the TetR from transcriptional 
repressor to activator. Another response plasmid that encodes the gene of interest is under the 
control of the tetracycline-response element (pTRE-Gene). In the absence of Tet and 
doxycycline (Dox), tTA will bind to TRE and activate gene expression (Fig. 10).  

In PAPER III and IV, the MCF7 Tet-Off system has been used to express inducible ERβ. Our 
MCF7 Tet-Off system used pBI-EGFP as the response plasmid to co-express ERβ and 
enhanced green fluorescent protein (EGFP). The expression of ERβ can be monitored by EGFP 
using fluorescence microscopy in the absence of Tet or Dox. With Tet, ERβ can be eliminated 
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within two days. While the MCF7 Tet-Off cells should be cultured with Tet, some 
modifications of the parental phenotype may be modified. 

 

 

Figure 10. Schematic diagram of the Tet-Off system. The TRE is located at the upstream of the 

minimal immediate early promoter of cytomegalovirus (PminCMV), which is silent without activation. 

tTA binds to the TRE in the absence of Tet or Dox and thereby activates transcription of the downstream 

gene. 

3.9 CRISPR-CAS9 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is a family of DNA 
sequences derived from bacteriophages that infect the prokaryote. Cas9 is an enzyme used to 
recognize and cleave specific DNA under the guidance of CRISPR [301]. There are three 
different types of CRISPR systems across different bacterial and archaeal hosts. The type II 
system, which can cleave specific DNA by Cas9 nuclease under the guidance of non-coding 
RNA, has been well established. It is easy to perform and efficient, while its off-target may 
affect other genes. After cleavage, the DSB can be repaired through the non-homologous end 
joining DNA repair pathway (NHEJ) and the homology-directed repair (HDR). The HDR 
process can result in knockin. Here in PAPER IV, we deleted ESR1 expression through 
introducing random insert/delition mutation that causes frameshift and creation of downstream 
stop codon, using the NHEJ process, in which the DSB can be repaired by endogenous repair 
machinery (Fig. 11).  
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Figure 11. Schematic of CRISPR/Cas9 system. The nuclear Cas9 targeted the genomic DNA via the guide RNA. 
The RNA immediately precedes an NGG protospacer-associated motif (PAM) and hybridizes a 20-nt DNA, 
resulting in a 3bp upstream DSB. The DSB can be repaired through NHEJ or HDR. Reused from Mol 
Neurodegener, Vol 10, Zhuchi Tu et al., CRISPR/Cas9: a powerful genetic engineering tool for establishing large 
animal models of neurodegenerative disease [302], Copyright 2015, is provided under the terms of the Creative 
Commons CC BY License (http://creativecommons.org/licenses/by/4.0). 
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4 RESULTS AND DISCUSSION 
4.1 PAPER I: ENDOGENOUS INTERACTION PROFILING IDENTIFIES DDX5 

AS AN ONCOGENIC COACTIVATOR OF TRANSCRIPTION FACTOR FRA-
1 

Previous studies have described that Fra-1 is overexpressed in TNBC and plays an important 
role in breast cancer tumorigenesis [1]. It was reported to be a driver of tumor heterogeneity 
and to mediate cell metastasis, invasion and proliferation [102, 168]. To well understand the 
role of Fra-1 in TNBC, we used multi-omics methods to elucidate the Fra-1 interactome, 
transcriptome and cistrome. 

As Fra-1 transcriptional activity can be affected by coregulators, classifying the Fra-1 protein 
complex composition may provide a new clue to learn the regulation mechanism. To explore 
the endogenous Fra-1 protein complex, we applied RIME to identify the chromatin-bound 
proteins of Fra-1 in BT549 cells and confirmed 118 proteins associated with Fra-1. According 
to PANTHER (Protein analysis through evolutionary relationships) analysis, these proteins 
were divided into 13 groups, including ligase, cytoskeletal protein, transcription factor, and 
nucleic acid-binding. Among these proteins, XRCC5, XRCC6, and RPA1 function in DNA 
repair were identified, which was consistent with the role of AP-1 in repairing genes in response 
to genotoxic stress [303]. Besides, Jun family members were all confirmed, which indicated 
the reliability of the result. However, some proteins which had been reported previously to 
interact with Fra-1 were not detected by RIME, such as TEAD family members. This lack of 
detection could be due to the low abundance or affinity of the proteins, poor signal detection 
or low sensitivity of mass spectrometry. 

Among the Fra-1 associated proteins, DDX5, an RNA helicase of the DEAD-box family, was 
the most enriched one. To further explore the interaction between Fra-1 and DDX5, we 
performed ChIP-seq for Fra-1 and DDX5 and identified their genome-wide binding sites. 
Herein, 30571 Fra-1 binding sites and 10836 DDX5 binding sites were identified, and 62% of 
DDX5 binding sites overlapped with Fra-1 binding sites, which indicated their high genome-
wide co-occupancy on chromatin. De novo motif analysis of the shared binding sites implicated 
their enrichment in the AP-1 motif. The genomic distribution analysis indicated that the shared 
binding sites were more enriched in promoter regions than Fra-1 or DDX5 unique binding sites. 
Together, the results suggested that DDX5 served as a transcriptional coregulator of Fra-1.  

To study the transcriptional regulation of Fra-1 and DDX5, we performed RNA-seq in BT549 
cells upon Fra-1 or DDX5 knockdown (KD). After comparing the transcriptome data, we 
identified that 40% of DDX5 regulated genes were regulated by Fra-1, and the coregulated 
genes were associated with negative regulation of cell proliferation, which was consistent with 
Fra-1’s role in cell proliferation. Fra-1 has been shown as a driver of TNBC progression, and 
DDX5 was shown to promote cell proliferation, colony formation and enhance the effect of 
Fra-1 in TNBC cell growth and transcriptional activity. Overall, multi-omics data together with 
phenotype experiments demonstrated that DDX5 was a coactivator of Fra-1.  
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DDX5 was reported to be overexpressed in some tumors, such as breast and colon cancer [183, 
194]. However, its role in cancers has not been well described. A recent study indicated that 
DDX5 knockdown mainly affected genes in the DNA replication group [190]. Here we 
integrated the transcriptome and cistrome of DDX5 in TNBC and reported its direct target 
genes. We found that DDX5 depletion repressed the expression of prereplication genes, such 
as ORC1, ORC5, CDC6 and CDC45, and thereby inhibiting the cell growth. Furthermore, to 
investigate the role of DDX5 in TNBC, we found 480 regulated genes bound to chromatin; 220 
were downregulated and 260 were upregulated. Gene Ontology analysis showed that DDX5 
target genes were associated with regulation of cell proliferation, cell migration and cell 
adhesion which indicated its role in TNBC cells progression. Additionally, DDX5 promoted 
genes related to poor outcome of breast cancer patients, whereas DDX5 suppressing genes 
predicted a good outcome of breast cancer patients. Also, a high level of DDX5 expression 
predicted a poor prognosis of breast cancer patients. Furthermore, we performed 
immunofluorescence staining for breast cancer tissue microarray where DDX5 was shown to 
be highly expressed in basal-like breast cancer tissues compared with non-basal-like. Together, 
DDX5 promoted Fra-1 mediated TNBC progression and may serve as a prognosis marker of 
TNBC. 

 

Figure 12. Identification of Fra-1 associated proteins by RIME. a. The Wordcloud presented 118 endogenous 
proteins that have been identified interacted with Fra-1 in BT549 cells. The size of protein names was associated 
with the strength of interaction based on the T-test difference of Fra-1 vs IgG. b. Fra-1 associated proteins were 
divided into 13 groups according to PANTHER protein class analysis. 

In summary, we first elucidated and integrated the interactome, cistrome and transcriptome 
data of Fra-1 in TNBC cells, and systematically demonstrated the role of Fra-1 in TNBC 
development. Further, we identified DDX5 as a transcriptional coactivator of Fra-1 in TNBC 
cells that promotes cell growth and can predict a poor prognosis of breast cancer. Together, our 
findings suggested that targeting DDX5 may provide a novel therapeutic strategy for TNBC. 
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4.2 PAPER II: BLOCKING FRA-1 SENSITIZES TRIPLE-NEGATIVE BREAST 
CANCER TO PARP INHIBITOR 

Based on our previous data, PARP1 is one of the 118 endogenous proteins that interacted with 
Fra-1. PARP1 is responsible for DNA damage repair; its inhibitor (olaparib) has been used for 
the treatment of BRCA mutated breast cancer and ovarian cancer [60, 61]. Of women with 
TNBC, around 30% have lost WT BRCA1 expression [64]. Up to 75% of BRCA1 mutated 
breast cancer cases are of basal-like or triple-negative phenotype [65]. Olaparib monotherapy 
has been explored to treat TNBC patients with WT BRCA in a clinical trial that showed great 
resistance [304]. Various studies have tried to sensitize the treatment, using PI3K inhibitor, 
DNA topoisomerase I, DNA methyltransferase and Weel kinase [305-308]. Thus, here we 
explored whether Fra-1 can serve as a target to sensitize olaparib treatment. 

To begin with, we confirmed the interaction between PARP1 and Fra-1, and demonstrated that 
PARP1 could PARylate Fra-1 and reduce Fra-1’s expression at both mRNA and protein levels. 
Its inhibitor, olaparib, which can block PARylation activity without affecting the expression of 
PARP1, increased Fra-1 expression and enhanced its transcriptional activity. As Fra-1 has been 
well demonstrated to drive TNBC progression, it may serve as a resistance factor of olaparib 
treatment. Then, we showed that the Fra-1 inhibition blocked the resistance effect and enhanced 
the olaparib efficacy in reducing cell growth in TNBC cell lines. Besides, the combination 
treatment also increased the cell apoptosis and cell cycle arrest compared to olaparib 
monotherapy. Olaparib has been shown to raise G2 cell cycle arrest through p53 in p53 WT 
cells [309], here we confirmed the effect in p53 mutated TNBC cells. 

To investigate how olaparib affects the global gene expression, we performed RNA-seq in the 
absence or presence of AP-1 (Fra-1/c-Jun). 1447 genes were shown to be affected by olaparib 
alone, and the upregulated genes were more involved in TNF signaling pathway, PI3K/Akt, 
and MAPK signaling pathways which are supposed to mediate downstream Fra-1 expression. 
Among the upregulated genes, connective tissue growth factor CTGF and apoptotic mediators 
GADD45A have been identified. Together, the transcriptome data confirmed the phenotype 
under olaparib treatment alone (enhanced apoptosis), and revealed the resistance effect that 
arose with olaparib treatment.  

Next, we revealed that with AP-1 knockdown, a large fraction of olaparib-regulated genes 
(59%) such as CTGF and GADD45A were not regulated anymore. Besides, the EMT signaling 
pathway, which can drive cancer metastasis and invasion, was enhanced by olaparib treatment. 
Fra-1/AP-1 was shown to be a key mediator of EMT. GSEA revealed that with AP-1 
knockdown, the enrichment score for EMT was reduced compared with olaparib treatment 
alone. Above all, AP-1 knockdown modified olaparib transcriptome and may reduce the 
olaparib mediated resistance effects. 

Among olaparib upregulated genes, PD-L1, known as the target of immunotherapy, was 
identified with strong upregulation after olaparib treatment. PD-L1 can bind to PD-1 and block 
immunosurveillance, explaining the observed side effect of olaparib treatment. However, when 
combined with AP-1 knockdown, the induction was completely abolished. This indicated that 
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olaparib treatment could induce PD-L1 through upregulating Fra-1, and hence, AP-1 
knockdown can completely reverse this side effect. 

Furthermore, we also evaluated the protein level of PARP1 and Fra-1 in breast cancer tissues, 
and revealed that both PARP1 and Fra-1 were overexpressed in basal-like breast cancer 
compared with luminal A breast cancer and normal breast tissue, and they showed a strong 
correlation (r=0.88) in overall breast tissue staining. However, this was opposite to our 
expectation which should be a negative correlation. Nevertheless, due to their high expression 
level, the negative regulation may be overridden. A previous study has demonstrated that Fra-
1 predicted a poor prognosis for breast cancer patients. We showed that low PARP1 expression 
indicated better relapse-free survival (RFS) within all breast cancer patients, and ER-positive 
patients, and poor survival in HER2-positive patients. Furthermore, low PARP1 expression 
also correlated with better outcome in TNBC patients (same trend but not significant). However, 
when normalized PARP1 to Fra-1, the low ratio of PARP1/Fra-1 was correlated with poor 
survival. Thus, the prognostic potential of PARP1 was largely dependent on subtype and can 
be affected by Fra-1 expression.  

 

Figure 13. Schematic illustration of the combined treatment with olaparib and AP-1 inhibitor. PARP1 
functions in the PARylation of proteins and gene regulation. Block PARP1 activity by olaparib can upregulate 
Fra-1 expression and enhance AP-1 activity which relates to EMT, inflammation, metastasis and therapy resistance. 
We propose that with AP-1 inhibition, these effects can be rescued, and the efficacy of olaparib treatment can be 
improved. 

In conclusion, we for the first time identified the genome-wide transcriptome mediated by 
olaparib in TNBC cells with WT BRCA and the effect of AP-1. We proposed that AP-1 
inhibitor combined with olaparib treatment can sensitize olaparib monotherapy which may help 
to improve the prognosis of TNBC patients in clinical. 
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4.3 PAPER III: GENOME-WIDE ESTROGEN RECEPTOR Β CHROMATIN 
BINDING IN HUMAN COLON CANCER CELLS REVEALS ITS TUMOR 
SUPPRESSOR ACTIVITY 

In Paper I and II, we have described the oncogenic features of Fra-1/AP-1 in TNBC. 
Meanwhile, studies also indicated that AP-1 has multi-functions in CRC development, such as 
driving colon cancer progression and inducing drug resistance [107-109]. Our group has 
demonstrated previously that the estrogen/ERα complex can tether to c-Jun/AP-1 and modulate 
downstream gene regulation [265]. However, there is no study focused on the interaction 
between ERs and AP-1 in CRC. As ERβ is the predominant ER expressed in the colon, and 
various studies have described its anti-tumorigenic effects in CRC, we here identified the 
genome-wide chromatin binding site of ERβ. We found that AP-1 was one of the top motifs 
bound by ERβ besides ERE, which proposed the potential interaction between AP-1 and ERβ. 

To fully understand the mechanism of the protective role of ERβ in CRC, we revealed the 
genome-wide chromatin binding activity of ERβ in colon cancer cells. The lacking of specific 
antibody restricted studies on ERβ. In order to perform ChIP-seq, firstly, we selected the 
specific antibody (PPZ0506), which has been validated by our group before [247], and 
confirmed the specificity and sensitivity by western blot and qPCR. As the expression of ERβ 
is low in colon tissue and lost in colon cancer cells, overexpression is an alternative way to 
study the function of ERβ. We introduced ERβ into colon cancer cell lines and performed ChIP-
seq in HT-29-ERβ and SW480-ERβ cells. We also performed ChIP-seq in MCF7 cells for 
comparison.  

According to the ChIP-seq data, we identified 2977 and 1853 binding sites in HT-29 and 
SW480 cells, respectively. In accordance with the distribution of ERs binding sites in MCF7 
cells, around 10% of the sites were located in the promoter region (-1kb to +100bp from 
transcription start site). De novo motif analysis revealed that ERE was the most enriched motif, 
as expected. AP-1 was one of the top enrichment motifs, which indicated the potential 
interaction between AP-1 and ERβ. A study in MCF7 cells indicated that ~60% of ERβ binding 
sites contained AP-1 motif, and ERβ, in response to E2, functioned as transcriptional enhancer 
at AP-1-binding regions [310]. Another study also described that ERβ enhanced AP-1 activity 
upon tamoxifen treatment [311]. However, in our study, we found that ERβ cannot enhance 
AP-1 transcriptional activity under either E2 or tamoxifen treatment. This indicated that their 
interaction might need other pioneer or activate factors. Besides, ELF3, TCF and KLF5 motifs, 
which have not been reported previously, were also exhibited here, indicated novel potential 
association with ERβ.  

To further determine the potential association between ERβ transcriptome and cistrome, we 
integrated the transcriptional data from RNA-seq and microarray with ChIP-seq data in HT29 
and SW480 cells. After overlapping with ChIP-seq data, we found the genes upregulated were 
involved in ‘cell-cell proliferation’, ‘regulation of focal adhesion’, and ‘apoptosis’. The 
downregulated genes were enriched in ‘regulation of transcription and phosphorylation’. We 
also identified that the Cystatin D (CST5), a potential tumor suppressor in CRC, was strongly 



 

 32 

upregulated by ERβ through binding to the promoter region in both HT29 and SW480 cells. 
Moreover, LDL receptor-related protein 6 (LRP6), a Wnt receptor that mediates cell autophagy 
and migration, was also identified as downregulated by ERβ through binding to its promoter 
region. LRP6 promotes the Wnt/β-catenin pathway, and the regulation of β-catenin depends on 
TCF family proteins. Meanwhile, the TCF motif was the second most enriched motif in HT29 
(34%) and SW480 (19%) cells. 

To explore how ERβ modulates the epigenome, we performed ChIP-seq for histone H3 lysine 
27 (H3K27ac), representing a map of the gene activation in the absence or presence of ERβ. 
We found there were a large fraction of H3K27ac binding sites modulated by ERβ. After 
integrating the H3K27ac cistrome with the ERβ cistrome data, we found that 58% and 48% of 
ERβ binding sites overlapped with H3K27ac binding sites in HT29 and SW480 cells, and they 
were enriched in ‘cell adhesion’, ‘cell proliferation’, ‘Wnt signaling’ and ‘NF-κB signaling’. 
This suggested that ERβ played a vital role in colon cancer development.  

Further, to investigate whether ERβ binding activity is tissue-specific, we performed ChIP-seq 
in MCF7 cells with ERβ overexpression. By comparing ERβ cistrome in colon cells and MCF7 
cells, we identified that the core binding sites were enriched in the nuclear receptor (NR) motif 
and AP-1 motif. Whereas FOXA1 and TFAP2B motifs were enriched in the breast, TCF and 
KLF5 motifs were enriched in the colon, indicating the ERβ cistrome was tissue specific.   

 

Figure 14. Top 5 enriched motifs in breast specific, core, or colon specific ERβ cistrome, in order of 
significance.  

Various studies have reported ERβ cistrome in other types of cells, such as breast cancer cells 
and male germ cells [310, 312], but most of them used non-specific antibodies. This study for 
the first time applied the validated ERβ antibody (PPZ0506) in ChIP-seq in colon cancer cells. 
However, the use of exogenous ERβ to perform ChIP-seq cannot totally represent the 
endogenous activity since the ERβ expression is low in normal colon epithelial cells and lost 
during the tumor progression. The development of techniques such as single-cell ChIP-seq 
adapted to low protein expression levels may help solve this issue. 

In conclusion, our study first reported the genome-wide ERβ binding sites in colon cancer cells 
and revealed the possibility of ERβ serve as a target for CRC prevention.  
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4.4 PAPER IV OVERLAPPING AND DISTINCT FUNCTIONS BETWEEN ERΑ 
AND ERΒ  HOMODIMERS AND CORRESPONDING TRANSCRIPTOMES IN 
THE SAME CELLULAR CONTEXT 

After elucidating the ERβ genome-wide chromatin binding sites, we found that ERβ differed 
in part between cells with origin from colon and breast cancer, and exhibited cell-specific 
bindings patterns. Further, we know that ERα and ERβ  can have reverse effects on cellular 
proliferation and in cancer development. In order to gain a deeper understanding, we set out to 
compare the transcriptional mechanism of ERα homodimer with ERβ homodimers. Because 
they can form heterodimers, it is important to compare them when they are expressed one by 
one, in the exact same, estrogen-responsive, cellular context. For this, we developed a novel 
cell model with origin in the well-characterized ERα-positive breast cancer model MCF7, and 
generated MCF7 cells with only ERβ. Based on a previous established MCF7 Tet-Off ERβ 
inducible cell model where ERβ can be co-expressed with ERa, we applied CRISPR-Cas9 
system to knockout ERα. CRISPR-Cas9-generated frameshift insertions in both alleles stopped 
the translation of ERα protein. Thus, the cells express no ER in the presence of Tet and ERβ 
(only) in the absence of Tet, while the MCF7 Tet-Off ERβ express ERα (only) in the presence 
of Tet. Additionally, the parental MCF7 expresses ERα (only).  

Next, to explore the functional roles of ERα and ERβ, respectively, in the same cellular 
phenotype (MCF7), we performed clonogenic assay, MTS assay, and wound healing assay in 
the absence and presense of E2. Results from clonogenic assays, showed that with neither ER, 
the MCF7 cells nearly stopped growing. However, when cells expressed ERβ (only), they grew 
at a low speed, but with ERα (only) the cells grew faster than cells with ERβ (only). This 
indicated that ERβ play a vital role in maintaining cell growth, but less so than ERα. Moreover, 
using MTS assays to study proliferation, we found that ERα (only) cells increased their cell 
proliferation significantly upon E2 stimulation, while ERβ (only) cells reduced their 
proliferation. Many studies have reported that ERβ attentuates cell proliferation, but some 
studies reported that ERβ positively modulated cell proliferation [313-315]. The controversial 
results may be due to the presence of ERα/ERβ heterodimer or the ratio of ERα and ERβ 
homodimers, but also, as we show here, that ERβ does hold some ligand-independen 
proliferative function. Using scratch assays, we found that ERβ (only) cells migrated 
significantly faster than ERα (only) cells. However, upon E2 treatment cells with ERβ (only) 
reduced migration whereas ERα (only) cells were not significantly impacted. Previously, 
several studies have reported that ERβ overexpression inhibited cell migration in different 
cellular contexts (MG-63, colon SW480 cell lines) [316, 317]. The variable results may be 
dependent on the cellular context (tissue origin, cell line specifics), variable ligand treatments, 
variable ligand-indepdendent activites of ERβ (due to for example different phosphoryrlation 
status), and the different comparisons (we compared ERβ (only) to ERα (only), previous 
studies compared ERβ overexpression to no ER). 

Moreover, to identify the gene expression mediated by ERα and ERβ in response to E2, we 
performed RNA-seq with and without E2 treatment in the MCF7 cell models. We identified 
1387 E2-regulated genes in ERα (only) cells and 1603 in ERβ (only) cells. Of these, 290 and 
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555 genes were uniquely upregulated by ERα and ERβ, respectively. According to Gene 
Ontology enrichment analysis, ‘positive regulation of cell proliferation’ were enriched among 
ERα regulated genes (including 15 genes), and ‘negative regulation of cell proliferation’ among 
ERβ mediated genes (including 19 genes), which was consistent with their respective 
phenotypes. ERα was thus indicated to promote cell proliferation through regulating specific 
genes, including MYC, upon E2 stimulation. Among the 15 E2-upregulated genes mediated by 
ERα, MYC was specifically upregulated in ERα (only) MCF7 cells and not in ERβ (only) 
MCF7 cells. Previously, Grober et al. identified that MYC was upregulated by E2 in both 
MCF7 (WT) and MCF7- ERα/ERβ cells [248], and our previous study in ERα-positive T47D 
Tet-Off ERβ cells found that MYC was upregulated in ERα (only) T47D cells but reduced in 
ERα/ERβ co-expressing cells [276]. E2F7 was among the 19 E2-upregulated genes, with roles 
in negative regulation of proliferation, mediated by ERβ. E2F7 has vital roles in cellular 
proliferation, apoptosis, and differentiation. In our previous study, E2F7 was described as 
enhanced by E2 in ERα/ERβ co-expressing T47D cells. Together, the results showed that ERα 
and ERβ modulate specific gene expression profiles and the studies of ERα and ERβ 
homodimers in the same cellular context clearly identifies different roles in gene regulation.  

We further integrated the gene expression data with our recently published cistrome data of 
ERβ and literature of ERα cistrome. We identified that 425 ERα-E2-regulated genes had ERα 
binding sites in adjacent chromatin. Similarly, 724 ERβ-E2-regulated genes had ERβ-binding 
chromatin sites. Of these, 203 genes were regulated explicitly by ERβ (not by ERα). These 
included ANXA9 and TFAP2C which we confirmed with both chromatin bidning ChIP-qPCR 
and regulation with qPCR. ANXA9, upregulated by ERβ (only),  is associated with bone 
metastasis in breast cancer and invasion in colorectal cancer [318, 319]. Thus, ERβ may 
mediate its migration effects through binding to the promoter region of ANXA9. 

 

Figure 15. Integration of ERα and ERβ transcriptome and cistrome data. 

In summary, we established a novel cell model where ERα homodimers and ERβ homodimers 
can be studies in an identical cellular context primed for estrogen signaling. This provides a 
new model to explore their respective mechanism. However, a drawback of this model is that 
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MCF7 cells with ERα only (MCF7 Tet-Off ERβ, for identical clonal origin) should be cultured 
with Tet to block ERβ expression, we cannot exclude that this has an impact. Because of this, 
controls with parental MCF7 (also only ERα) can be included. In conclusion, we provide 
complementary information of the functionality of ERβ homodimer and how this differs from 
ERα. We demonstrate that ERβ modulate function in a partly unique manner in comparison to 
ERα. We also dissect how ERα and ERβ have opposite effects on cell proliferation through the 
regulation of distinct genes in response to E2. 
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5 CONCLUSIONS AND PERSPECTIVES 
5.1 AP-1 IN TNBC 

Fra-1 is a member of the AP-1 complex, and it has been shown to be overexpressed in TNBC 
and predict poor clinical outcome [1, 164, 165]. In this thesis, we first reported the interactome 
data of Fra-1 in TNBC cells, among which DDX5 was the most enriched one. After integrating 
the transcriptome, cistrome and interactome data of Fra-1, we systematically described the role 
of Fra-1 and demonstrated that DDX5 served as the coactivator of Fra-1. As DDX5 was 
essential for TNBC cell proliferation, it may provide a novel therapeutic target. 

Additionally, according to the interactome data, PARP1 was also identified as one of the 
proteins interacting with Fra-1. PARP1 inhibitor has been approved for the treatment of 
BRCA1/2 mutated breast cancers. In this thesis, we unraveled the genome-wide transcriptome 
of olaparib and the effect of AP-1 in TNBC cells. We proposed that the AP-1 mediated the 
resistance effect of olaparib treatment, and hence AP-1 inhibition can sensitize olaparib 
treatment. 

With the interactome data, we here identified 118 proteins that interacted with endogenous Fra-
1. Besides DDX5 and PARP1, it is interesting to comprehensively characterize the interactome 
in TNBC cells. We can use large-scale RNA-mediated interference screens (RNAi screening) 
to explore the role of 118 genes in BT549 cells. It can help us to understand the global 
mechanism of the Fra-1 interactome and their functions in transcriptional regulation. To fully 
understand the role of Fra-1 and identify its cofactors can characterize its therapeutic potential 
and find novel targets for TNBC treatment. It will be meaningful to develop Fra-1 antagonists, 
and explore its potential for TNBC target therapy. 

A recent study found that TNBC patients showed significant immune infiltration of tumor-
infiltrating lymphocytes made the immunotherapy possible to be applied in TNBC patients 
[320]. As PD-L1 binds to PD-1 and block immunosurveillance of T-cells, it is a target of 
immunotherapy. From olaparib transcriptome data, we found that PD-L1 was strongly 
upregulated after olaparib treatment and abolished by AP-1 knockdown. Future studies should 
elucidate the interaction between AP-1 and PD-L1, confirming AP-1’s therapeutic potential in 
another aspect. Also, it is good to know the correlation between breast cancer progression and 
PD-L1/PD-1 expression by validating of PD-L1/PD-1 expression in breast cancer tissue 
microarray.  

5.2 ERΒ CISTROME IN COLON CANCER  

In this thesis, we described the cistrome of ERβ in colon cancer cells, and indicated that ERβ 
bind to genes involved in Wnt/β-catenin and NF-κB signaling pathways. We also identified 
novel motifs, such as TCF and KLF, in the ERβ genome binding site. Besides, we found that 
the AP-1 motif was the second top motif bound by ERβ, which indicated the potential 
interaction between ERβ and AP-1. 
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As the luciferase assay indicated, ERβ did not impact AP-1 transcriptional activity. That 
indicated that ERβ might bind to AP-1 through adjacent sites or tether with other pioneering or 
activating factors. As AP-1 plays an essential role in tumorigenesis, it would be interesting to 
perform AP-1 ChIP-seq in colon cancer cells and figure out the interaction between AP-1 and 
ERβ. Further study can focus on the interaction between AP-1 and ERβ to understand the 
transcriptional mechanism of ERβ. 

5.3 THE DIFFERENT ACTIVITIES OF ERA AND ERB WITHIN THE SAME 
CELLULAR CONTEXT 

Previous studies have described ERα and ERβ acts in a reverse way in cell proliferation and 
cancer development. In this thesis, we investigated the cistrome of ERβ in colon cancer cells, 
in which we confirmed the negative role of ERβ in cell proliferation. To fully understand the 
role of ERα and ERβ in cancer development, we established a new cell model with only ERα 
or ERβ expression. We have identified the transcriptome of the ERα and ERβ homodimer 
separately, yet it will be meaningful to explore the difference between ERα and ERβ 
homodimer and ERα/ERβ heterodimer. It will provide a comprehensive understanding of the 
interaction between ERα and ERβ. 

In this study, we integrated our transcriptome data with recently published cistrome data of 
ERα and ERβ. Nevertheless, the ERβ cistrome data was performed in ERα/ERβ co-expressing 
MCF7 cells. According to our ChIP-qPCR data, we found the ERβ binding activity was 
significantly enhanced in ERβ (only) MCF7 cells compared to ERα/ERβ co-expressing MCF7 
cells. It will be interesting to perform ChIP-seq in ERβ (only) MCF7 cells, to understand the 
ERβ homodimer binding pattern. 

Additionally, we found many interesting target genes regulated by ERα and/or ERβ in response 
to E2. ERα may induce cell proliferation through mediating MYC, FGF18 and MATK in 
response to E2; ERβ may inhibit cell proliferation through mediating CDKN2D, KISS1, E2F7, 
WNT9A under E2 stimulation; ERβ may mediate cell migration through binding to the 
promoter region of ANXA9 and TFAP2C. Also, ERβ may mediate pS2 expression through 
binding to the promoter region of TFAP2C. Further studies should investigate those target 
genes, and they may provide new targets for ER-mediated cancer therapy.



 

  39 

6 ACKNOWLEDGEMENTS 
To start with, I want to first thank myself. Four years back, to further my PhD abroad was not 
the first choice for me. Thanks for your bravery and persistence which give me such a 
wonderful and excellent time. When I was a master student, I thought research was not suitable 
for me. I was not qualified as a researcher. But thanks to my supervisor Professor Juan Li, who 
insisted that I had the potential to be a good researcher and recommended me to Karolinska 
Institutet. I would like to sincerely thank you and Kun Xu, Xiuling Song, Juan Wang and all 
the members in Juan Li group. Thanks for started my ‘science life’. 

When I first came to Sweden, I was upset as it was my first time to be abroad. I will never 
forget that day, when I arrived the airport, Huan was already there waiting for me. For the first 
two years, we were together all the time. We went to work, to relax, to sightseeing. She was 
not only a friend, but also a supervisor for me, she taught me all the experiments, always be 
there when I met some problems.  

Chunyan Zhao was my first main supervisor. You are very professional and patient. In the first 
two years, you trained me in a systematical way and helped me developed my skills in 
experimental technique, theoretical knowledge and scientific thinking. Also, you were effective 
and experienced, and helped me well-organized my research. Additionally, you are a good 
friend to me, I really enjoyed our lunch and fika time. 

Lars-Arne Haldosén, my co-supervisor. Thank you for being so nice and always willing to help 
with my issues. No matter my research, my language or other issues, I could always get positive 
feedback and good suggestions from you. Besides Huan, Indranil Sinha was the one who spent 
longest time with me in the office. You are not a talkative person, but I was really happy we 
could share interesting things together during our lunch time. Hui Gao and Karin Dahlman-
Wright, I was glad to know you and to be a member in KDW group. Verina Zaky, Christina 
Papachristofi and Maria Tziortziou, thank you for joining us and I was happy to work with you. 

When I was about to change my group, Cecilia Williams was the first PI came to my mind. I 
was so happy we met several times before that and you were a really nice professor. Before I 
came to your group, I was really upset. I had a tough time as I had problems with my language, 
my project even my PhD plan. But you were always encouraging me to speak out, to express 
myself, to think more about my project. You made me more confident and grew to a more 
independent PhD student.  

Amena Archer, for me, you are not only a lab manager, you are a co-supervisor, a mentor and 
a friend. You are so warm and when I had problems, you are always the one who can help me 
with trouble shooting. I am so happy to have lunch with you every day. You are always 
energetic and like the sunshine in our group. Madeleine Birgersson, you are the ‘closest’ person 
who sit next to me. Sorry to say, when I first came to our group, I really had problem to 
remember your name. And I was so shy to talk to you, because you were focusing on your 
work all the time and seemed not willing to chat during work time. But gradually, I found you 



 

 40 

were so nice that whenever I had problems, you would always stop your work and gave me a 
favor (I still feel sorry for my disturbing). Sometimes, I even don’t need to say a word, when I 
staring at you, you can always feel that. It was so pity we could not go to Shanghai and San 
Diego together! Hope you can go to China someday, then I can be your native guide.  

Rajitha Indukuri, you were the main reason that stopped me move to Solna. I was so happy that 
there was a college took the shuttle bus with me every day. There was an unforgettable scene 
in my mind, as you knew my English was not very good, you would always repeat your words 
until I understood. And thanks for your help with my lab work. Linnea Pettersson, you are a 
quiet, gentle and an artistic girl. I don’t know why, but sometime I feel like you are not a 
researcher but an artist (If in the future, you become an artist, please don’t forget, I am the first 
one who find the potential). Thanks for your help in data analysis. Hakim Mohammed Jaffer 
Ali, you are the one in our group who has more overlap with me in lab work and you gave me 
a lot of help on my experiments, results analysis. Thanks for contributing your idea to my 
experiments. Lina Stepanauskaite, João Munhoz Ferreira and Wei Wang, I am happy to work 
with you and good luck with your future work and study. 

Thanks to members in Sam Okret group, Eckardt Treuter group and BEA facility. Sincerely 
thanks to Monica Ahlberg and Karin Gåse at the Bionut administration and all other members 
who helped me in Bionut. 

Great appreciate to Jorma Palvimo to be my opponent. Joëlle Rüegg, Staffan Strömblad and 
Linda Lindström to be my examination board. Thanks for Ivan Nalvarte to be my chairperson. 

At last, I want to thank all my Chinese friends. Qing Liu, my roommate, who let me live without 
lonely, and you are the best travel partner for me. Ning Liang, Zhiqiang Huang, Rongrong Fan, 
thanks for your contribution on my projects. Yumei Diao, Xiaoyan Sun, Shengyuan Zeng, 
Zuoneng Wang, Haidong Yao, Xue Chen, Ting Wang, Yating Wang thanks for your nice 
conversations. Feifei Yan, thanks for providing help with my experiments, Wenbo Dong, 
thanks for sharing nice food with me. Hui Wan, thanks for spending dinner time with me. Dan 
Huang, you were the one who spent longest time with me, thanks for your company and wish 
you good luck with your project. Baoyi Zhou, my first friend in KI. Special thanks to Cola, 
Kirara, Lucky, Migu, Heli.  

Thanks to our Flemings badminton team, Xiangfu Zhong, Hui Wan, Dang Wei, Marina Dehara, 
Minjia Mo, Huan Cai, Hao Yuan, thanks for your participating every Saturday. Yujie Zhang, 
Keyi Geng, Jingyan He, Chenggui Fan, Hui Liu, Shan Chen, Wenyu Xie, Can Cui, Danyang 
Li, Mingzhi Li, really glad to be your friends. 

 

 



 

  41 

此外，特别感谢邱爽同学百忙之中帮我分析数据；崔素梅，曹洪倩，殷德辉, 朱建帮
我联系工作；张金佩，李翠同学，我远在他乡还奴役我给你们买包；感谢旮旯名媛的

支持，葫芦娃兄弟的陪伴。 

最后，最真挚的爱献给我的父母还有宋继超小朋友，谢谢你们的包容与理解，也真诚

的感谢我的其他亲人和兄弟姐妹，感谢你们的支持与鼓励。 

 

 

 

人生新篇章即将开启，同志们敬请期待……





 

  45 

7 REFERENCES 
1. Zhao C, Qiao Y, Jonsson P, Wang J, Xu L, Rouhi P, Sinha I, Cao Y, Williams C, 

Dahlman-Wright K: Genome-wide profiling of AP-1-regulated transcription provides 
insights into the invasiveness of triple-negative breast cancer. Cancer Res 2014, 
74(14):3983-3994. 

2. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F: 
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin 2021. 

3. Torre LA, Islami F, Siegel RL, Ward EM, Jemal A: Global Cancer in Women: 
Burden and Trends. Cancer Epidemiol Biomarkers Prev 2017, 26(4):444-457. 

4. Allemani C, Weir HK, Carreira H, Harewood R, Spika D, Wang XS, Bannon F, Ahn 
JV, Johnson CJ, Bonaventure A et al: Global surveillance of cancer survival 1995-
2009: analysis of individual data for 25,676,887 patients from 279 population-based 
registries in 67 countries (CONCORD-2). Lancet (London, England) 2015, 
385(9972):977-1010. 

5. Lee A, Mavaddat N, Wilcox AN, Cunningham AP, Carver T, Hartley S, Babb de 
Villiers C, Izquierdo A, Simard J, Schmidt MK et al: BOADICEA: a comprehensive 
breast cancer risk prediction model incorporating genetic and nongenetic risk factors. 
Genet Med 2019, 21(8):1708-1718. 

6. Petridis C, Arora I, Shah V, Moss CL, Mera A, Clifford A, Gillett C, Pinder SE, 
Tomlinson I, Roylance R et al: Frequency of Pathogenic Germline Variants in CDH1, 
BRCA2, CHEK2, PALB2, BRCA1, and TP53 in Sporadic Lobular Breast Cancer. 
Cancer Epidemiol Biomarkers Prev 2019, 28(7):1162-1168. 

7. Momenimovahed Z, Salehiniya H: Epidemiological characteristics of and risk factors 
for breast cancer in the world. Breast Cancer (Dove Med Press) 2019, 11:151-164. 

8. Shiovitz S, Korde LA: Genetics of breast cancer: a topic in evolution. Ann Oncol 
2015, 26(7):1291-1299. 

9. Baretta Z, Mocellin S, Goldin E, Olopade OI, Huo D: Effect of BRCA germline 
mutations on breast cancer prognosis: A systematic review and meta-analysis. 
Medicine (Baltimore) 2016, 95(40):e4975. 

10. Miki Y, Swensen J, Shattuck-Eidens D, Futreal PA, Harshman K, Tavtigian S, Liu Q, 
Cochran C, Bennett LM, Ding W et al: A strong candidate for the breast and ovarian 
cancer susceptibility gene BRCA1. Science 1994, 266(5182):66-71. 

11. Chen S, Parmigiani G: Meta-analysis of BRCA1 and BRCA2 penetrance. J Clin 
Oncol 2007, 25(11):1329-1333. 

12. Ford D, Easton DF, Stratton M, Narod S, Goldgar D, Devilee P, Bishop DT, Weber 
B, Lenoir G, Chang-Claude J et al: Genetic heterogeneity and penetrance analysis of 
the BRCA1 and BRCA2 genes in breast cancer families. The Breast Cancer Linkage 
Consortium. Am J Hum Genet 1998, 62(3):676-689. 

13. Lee A, Moon BI, Kim TH: BRCA1/BRCA2 Pathogenic Variant Breast Cancer: 
Treatment and Prevention Strategies. Ann Lab Med 2020, 40(2):114-121. 

14. Genetics of breast and gynecologic cancers (PDQ®) - health professional version  



 

 46 

15. Antoniou A, Pharoah PD, Narod S, Risch HA, Eyfjord JE, Hopper JL, Loman N, 
Olsson H, Johannsson O, Borg A et al: Average risks of breast and ovarian cancer 
associated with BRCA1 or BRCA2 mutations detected in case Series unselected for 
family history: a combined analysis of 22 studies. Am J Hum Genet 2003, 72(5):1117-
1130. 

16. Moynahan ME, Chiu JW, Koller BH, Jasin M: Brca1 controls homology-directed 
DNA repair. Mol Cell 1999, 4(4):511-518. 

17. Scully R, Chen J, Plug A, Xiao Y, Weaver D, Feunteun J, Ashley T, Livingston DM: 
Association of BRCA1 with Rad51 in mitotic and meiotic cells. Cell 1997, 88(2):265-
275. 

18. Chen J, Silver DP, Walpita D, Cantor SB, Gazdar AF, Tomlinson G, Couch FJ, 
Weber BL, Ashley T, Livingston DM et al: Stable interaction between the products of 
the BRCA1 and BRCA2 tumor suppressor genes in mitotic and meiotic cells. Mol 
Cell 1998, 2(3):317-328. 

19. Hall JM, Lee MK, Newman B, Morrow JE, Anderson LA, Huey B, King MC: 
Linkage of early-onset familial breast cancer to chromosome 17q21. Science 1990, 
250(4988):1684-1689. 

20. Wooster R, Neuhausen SL, Mangion J, Quirk Y, Ford D, Collins N, Nguyen K, Seal 
S, Tran T, Averill D et al: Localization of a breast cancer susceptibility gene, 
BRCA2, to chromosome 13q12-13. Science 1994, 265(5181):2088-2090. 

21. Mizuta R, LaSalle JM, Cheng HL, Shinohara A, Ogawa H, Copeland N, Jenkins NA, 
Lalande M, Alt FW: RAB22 and RAB163/mouse BRCA2: proteins that specifically 
interact with the RAD51 protein. Proceedings of the National Academy of Sciences of 
the United States of America 1997, 94(13):6927-6932. 

22. Sharan SK, Morimatsu M, Albrecht U, Lim DS, Regel E, Dinh C, Sands A, Eichele 
G, Hasty P, Bradley A: Embryonic lethality and radiation hypersensitivity mediated 
by Rad51 in mice lacking Brca2. Nature 1997, 386(6627):804-810. 

23. Wong AK, Pero R, Ormonde PA, Tavtigian SV, Bartel PL: RAD51 interacts with the 
evolutionarily conserved BRC motifs in the human breast cancer susceptibility gene 
brca2. The Journal of biological chemistry 1997, 272(51):31941-31944. 

24. Chen PL, Chen CF, Chen Y, Xiao J, Sharp ZD, Lee WH: The BRC repeats in 
BRCA2 are critical for RAD51 binding and resistance to methyl methanesulfonate 
treatment. Proceedings of the National Academy of Sciences of the United States of 
America 1998, 95(9):5287-5292. 

25. Pan Y, Yuan Y, Liu G, Wei Y: P53 and Ki-67 as prognostic markers in triple-
negative breast cancer patients. PLoS One 2017, 12(2):e0172324. 

26. Cancer Genome Atlas N: Comprehensive molecular portraits of human breast 
tumours. Nature 2012, 490(7418):61-70. 

27. Derry WB, Putzke AP, Rothman JH: Caenorhabditis elegans p53: role in apoptosis, 
meiosis, and stress resistance. Science 2001, 294(5542):591-595. 

28. Schumacher B, Hofmann K, Boulton S, Gartner A: The C. elegans homolog of the 
p53 tumor suppressor is required for DNA damage-induced apoptosis. Curr Biol 
2001, 11(21):1722-1727. 



 

  47 

29. Williams AB, Schumacher B: p53 in the DNA-Damage-Repair Process. Cold Spring 
Harb Perspect Med 2016, 6(5). 

30. Nigro JM, Baker SJ, Preisinger AC, Jessup JM, Hostetter R, Cleary K, Bigner SH, 
Davidson N, Baylin S, Devilee P et al: Mutations in the p53 gene occur in diverse 
human tumour types. Nature 1989, 342(6250):705-708. 

31. Russnes HG, Lingjaerde OC, Borresen-Dale AL, Caldas C: Breast Cancer Molecular 
Stratification: From Intrinsic Subtypes to Integrative Clusters. Am J Pathol 2017, 
187(10):2152-2162. 

32. Eliyatkin N, Yalcin E, Zengel B, Aktas S, Vardar E: Molecular Classification of 
Breast Carcinoma: From Traditional, Old-Fashioned Way to A New Age, and A New 
Way. J Breast Health 2015, 11(2):59-66. 

33. Prat A, Parker JS, Fan C, Perou CM: PAM50 assay and the three-gene model for 
identifying the major and clinically relevant molecular subtypes of breast cancer. 
Breast cancer research and treatment 2012, 135(1):301-306. 

34. Hosford SR, Miller TW: Clinical potential of novel therapeutic targets in breast 
cancer: CDK4/6, Src, JAK/STAT, PARP, HDAC, and PI3K/AKT/mTOR pathways. 
Pharmgenomics Pers Med 2014, 7:203-215. 

35. Moo TA, Sanford R, Dang C, Morrow M: Overview of Breast Cancer Therapy. PET 
Clin 2018, 13(3):339-354. 

36. den Hollander P, Savage MI, Brown PH: Targeted therapy for breast cancer 
prevention. Front Oncol 2013, 3:250. 

37. Masoud V, Pages G: Targeted therapies in breast cancer: New challenges to fight 
against resistance. World J Clin Oncol 2017, 8(2):120-134. 

38. Early Breast Cancer Trialists' Collaborative G, Davies C, Godwin J, Gray R, Clarke 
M, Cutter D, Darby S, McGale P, Pan HC, Taylor C et al: Relevance of breast cancer 
hormone receptors and other factors to the efficacy of adjuvant tamoxifen: patient-
level meta-analysis of randomised trials. Lancet (London, England) 2011, 
378(9793):771-784. 

39. Ahn HJ, Jung SJ, Kim TH, Oh MK, Yoon HK: Differences in Clinical Outcomes 
between Luminal A and B Type Breast Cancers according to the St. Gallen 
Consensus 2013. J Breast Cancer 2015, 18(2):149-159. 

40. Ingham M, Schwartz GK: Cell-Cycle Therapeutics Come of Age. J Clin Oncol 2017, 
35(25):2949-2959. 

41. Finn RS, Dering J, Conklin D, Kalous O, Cohen DJ, Desai AJ, Ginther C, Atefi M, 
Chen I, Fowst C et al: PD 0332991, a selective cyclin D kinase 4/6 inhibitor, 
preferentially inhibits proliferation of luminal estrogen receptor-positive human breast 
cancer cell lines in vitro. Breast Cancer Res 2009, 11(5):R77. 

42. Lynce F, Shajahan-Haq AN, Swain SM: CDK4/6 inhibitors in breast cancer therapy: 
Current practice and future opportunities. Pharmacol Ther 2018, 191:65-73. 

43. Cameron D, Piccart-Gebhart MJ, Gelber RD, Procter M, Goldhirsch A, de Azambuja 
E, Castro G, Jr., Untch M, Smith I, Gianni L et al: 11 years' follow-up of trastuzumab 
after adjuvant chemotherapy in HER2-positive early breast cancer: final analysis of 
the HERceptin Adjuvant (HERA) trial. Lancet (London, England) 2017, 
389(10075):1195-1205. 



 

 48 

44. Perez EA, Romond EH, Suman VJ, Jeong JH, Sledge G, Geyer CE, Jr., Martino S, 
Rastogi P, Gralow J, Swain SM et al: Trastuzumab plus adjuvant chemotherapy for 
human epidermal growth factor receptor 2-positive breast cancer: planned joint 
analysis of overall survival from NSABP B-31 and NCCTG N9831. J Clin Oncol 
2014, 32(33):3744-3752. 

45. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M, Smith I, 
Gianni L, Baselga J, Bell R, Jackisch C et al: Trastuzumab after adjuvant 
chemotherapy in HER2-positive breast cancer. N Engl J Med 2005, 353(16):1659-
1672. 

46. Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, Press M, Mackey J, 
Glaspy J, Chan A, Pawlicki M et al: Adjuvant trastuzumab in HER2-positive breast 
cancer. N Engl J Med 2011, 365(14):1273-1283. 

47. Gianni L, Pienkowski T, Im YH, Roman L, Tseng LM, Liu MC, Lluch A, 
Staroslawska E, de la Haba-Rodriguez J, Im SA et al: Efficacy and safety of 
neoadjuvant pertuzumab and trastuzumab in women with locally advanced, 
inflammatory, or early HER2-positive breast cancer (NeoSphere): a randomised 
multicentre, open-label, phase 2 trial. Lancet Oncol 2012, 13(1):25-32. 

48. Schneeweiss A, Chia S, Hickish T, Harvey V, Eniu A, Hegg R, Tausch C, Seo JH, 
Tsai YF, Ratnayake J et al: Pertuzumab plus trastuzumab in combination with 
standard neoadjuvant anthracycline-containing and anthracycline-free chemotherapy 
regimens in patients with HER2-positive early breast cancer: a randomized phase II 
cardiac safety study (TRYPHAENA). Ann Oncol 2013, 24(9):2278-2284. 

49. Nur Husna SM, Tan HT, Mohamud R, Dyhl-Polk A, Wong KK: Inhibitors targeting 
CDK4/6, PARP and PI3K in breast cancer: a review. Ther Adv Med Oncol 2018, 
10:1758835918808509. 

50. van 't Veer LJ, Dai H, van de Vijver MJ, He YD, Hart AA, Mao M, Peterse HL, van 
der Kooy K, Marton MJ, Witteveen AT et al: Gene expression profiling predicts 
clinical outcome of breast cancer. Nature 2002, 415(6871):530-536. 

51. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, Hastie T, Eisen MB, 
van de Rijn M, Jeffrey SS et al: Gene expression patterns of breast carcinomas 
distinguish tumor subclasses with clinical implications. Proceedings of the National 
Academy of Sciences of the United States of America 2001, 98(19):10869-10874. 

52. Assi HA, Khoury KE, Dbouk H, Khalil LE, Mouhieddine TH, El Saghir NS: 
Epidemiology and prognosis of breast cancer in young women. J Thorac Dis 2013, 5 
Suppl 1:S2-8. 

53. Carey LA, Perou CM, Livasy CA, Dressler LG, Cowan D, Conway K, Karaca G, 
Troester MA, Tse CK, Edmiston S et al: Race, breast cancer subtypes, and survival in 
the Carolina Breast Cancer Study. Jama 2006, 295(21):2492-2502. 

54. Brenton JD, Carey LA, Ahmed AA, Caldas C: Molecular classification and molecular 
forecasting of breast cancer: ready for clinical application? J Clin Oncol 2005, 
23(29):7350-7360. 

55. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, Pollack JR, 
Ross DT, Johnsen H, Akslen LA et al: Molecular portraits of human breast tumours. 
Nature 2000, 406(6797):747-752. 



 

  49 

56. Bertucci F, Finetti P, Cervera N, Esterni B, Hermitte F, Viens P, Birnbaum D: How 
basal are triple-negative breast cancers? Int J Cancer 2008, 123(1):236-240. 

57. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, Lickley LA, 
Rawlinson E, Sun P, Narod SA: Triple-negative breast cancer: clinical features and 
patterns of recurrence. Clin Cancer Res 2007, 13(15 Pt 1):4429-4434. 

58. Foulkes WD, Smith IE, Reis-Filho JS: Triple-negative breast cancer. N Engl J Med 
2010, 363(20):1938-1948. 

59. Dumay A, Feugeas JP, Wittmer E, Lehmann-Che J, Bertheau P, Espie M, Plassa LF, 
Cottu P, Marty M, Andre F et al: Distinct tumor protein p53 mutants in breast cancer 
subgroups. Int J Cancer 2013, 132(5):1227-1231. 

60. Herschkowitz JI, He X, Fan C, Perou CM: The functional loss of the retinoblastoma 
tumour suppressor is a common event in basal-like and luminal B breast carcinomas. 
Breast Cancer Res 2008, 10(5):R75. 

61. Jiang Z, Deng T, Jones R, Li H, Herschkowitz JI, Liu JC, Weigman VJ, Tsao MS, 
Lane TF, Perou CM et al: Rb deletion in mouse mammary progenitors induces 
luminal-B or basal-like/EMT tumor subtypes depending on p53 status. J Clin Invest 
2010, 120(9):3296-3309. 

62. Engel C, Rhiem K, Hahnen E, Loibl S, Weber KE, Seiler S, Zachariae S, Hauke J, 
Wappenschmidt B, Waha A et al: Prevalence of pathogenic BRCA1/2 germline 
mutations among 802 women with unilateral triple-negative breast cancer without 
family cancer history. BMC Cancer 2018, 18(1):265. 

63. Shi Y, Jin J, Ji W, Guan X: Therapeutic landscape in mutational triple negative breast 
cancer. Mol Cancer 2018, 17(1):99. 

64. Kim MC, Choi JE, Lee SJ, Bae YK: Coexistent Loss of the Expressions of BRCA1 
and p53 Predicts Poor Prognosis in Triple-Negative Breast Cancer. Ann Surg Oncol 
2016, 23(11):3524-3530. 

65. Foulkes WD, Stefansson IM, Chappuis PO, Begin LR, Goffin JR, Wong N, Trudel 
M, Akslen LA: Germline BRCA1 mutations and a basal epithelial phenotype in breast 
cancer. J Natl Cancer Inst 2003, 95(19):1482-1485. 

66. Rakha EA, El-Sheikh SE, Kandil MA, El-Sayed ME, Green AR, Ellis IO: Expression 
of BRCA1 protein in breast cancer and its prognostic significance. Hum Pathol 2008, 
39(6):857-865. 

67. Stemke-Hale K, Gonzalez-Angulo AM, Lluch A, Neve RM, Kuo WL, Davies M, 
Carey M, Hu Z, Guan Y, Sahin A et al: An integrative genomic and proteomic 
analysis of PIK3CA, PTEN, and AKT mutations in breast cancer. Cancer Res 2008, 
68(15):6084-6091. 

68. Creighton CJ, Fu X, Hennessy BT, Casa AJ, Zhang Y, Gonzalez-Angulo AM, Lluch 
A, Gray JW, Brown PH, Hilsenbeck SG et al: Proteomic and transcriptomic profiling 
reveals a link between the PI3K pathway and lower estrogen-receptor (ER) levels and 
activity in ER+ breast cancer. Breast Cancer Res 2010, 12(3):R40. 

69. Majumder PK, Febbo PG, Bikoff R, Berger R, Xue Q, McMahon LM, Manola J, 
Brugarolas J, McDonnell TJ, Golub TR et al: mTOR inhibition reverses Akt-
dependent prostate intraepithelial neoplasia through regulation of apoptotic and HIF-
1-dependent pathways. Nat Med 2004, 10(6):594-601. 



 

 50 

70. Saal LH, Gruvberger-Saal SK, Persson C, Lovgren K, Jumppanen M, Staaf J, Jonsson 
G, Pires MM, Maurer M, Holm K et al: Recurrent gross mutations of the PTEN 
tumor suppressor gene in breast cancers with deficient DSB repair. Nat Genet 2008, 
40(1):102-107. 

71. Chandriani S, Frengen E, Cowling VH, Pendergrass SA, Perou CM, Whitfield ML, 
Cole MD: A core MYC gene expression signature is prominent in basal-like breast 
cancer but only partially overlaps the core serum response. PLoS One 2009, 
4(8):e6693. 

72. Turner NC, Reis-Filho JS, Russell AM, Springall RJ, Ryder K, Steele D, Savage K, 
Gillett CE, Schmitt FC, Ashworth A et al: BRCA1 dysfunction in sporadic basal-like 
breast cancer. Oncogene 2007, 26(14):2126-2132. 

73. Tutt A, Robson M, Garber JE, Domchek SM, Audeh MW, Weitzel JN, Friedlander 
M, Arun B, Loman N, Schmutzler RK et al: Oral poly(ADP-ribose) polymerase 
inhibitor olaparib in patients with BRCA1 or BRCA2 mutations and advanced breast 
cancer: a proof-of-concept trial. Lancet (London, England) 2010, 376(9737):235-244. 

74. Rodler ET, Kurland BF, Griffin M, Gralow JR, Porter P, Yeh RF, Gadi VK, 
Guenthoer J, Beumer JH, Korde L et al: Phase I Study of Veliparib (ABT-888) 
Combined with Cisplatin and Vinorelbine in Advanced Triple-Negative Breast 
Cancer and/or BRCA Mutation-Associated Breast Cancer. Clin Cancer Res 2016, 
22(12):2855-2864. 

75. Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, Hu Z, Hernandez-Boussard T, 
Livasy C, Cowan D, Dressler L et al: Immunohistochemical and clinical 
characterization of the basal-like subtype of invasive breast carcinoma. Clin Cancer 
Res 2004, 10(16):5367-5374. 

76. Linderholm BK, Hellborg H, Johansson U, Elmberger G, Skoog L, Lehtio J, 
Lewensohn R: Significantly higher levels of vascular endothelial growth factor 
(VEGF) and shorter survival times for patients with primary operable triple-negative 
breast cancer. Ann Oncol 2009, 20(10):1639-1646. 

77. O'Toole SA, Beith JM, Millar EK, West R, McLean A, Cazet A, Swarbrick A, Oakes 
SR: Therapeutic targets in triple negative breast cancer. J Clin Pathol 2013, 
66(6):530-542. 

78. McGuire S: World Cancer Report 2014. Geneva, Switzerland: World Health 
Organization, International Agency for Research on Cancer, WHO Press, 2015. Adv 
Nutr 2016, 7(2):418-419. 

79. Fidler MM, Soerjomataram I, Bray F: A global view on cancer incidence and national 
levels of the human development index. Int J Cancer 2016, 139(11):2436-2446. 

80. Arnold M, Sierra MS, Laversanne M, Soerjomataram I, Jemal A, Bray F: Global 
patterns and trends in colorectal cancer incidence and mortality. Gut 2017, 66(4):683-
691. 

81. Arnold M, Abnet CC, Neale RE, Vignat J, Giovannucci EL, McGlynn KA, Bray F: 
Global Burden of 5 Major Types of Gastrointestinal Cancer. Gastroenterology 2020, 
159(1):335-349 e315. 

82. Islami F, Goding Sauer A, Miller KD, Siegel RL, Fedewa SA, Jacobs EJ, 
McCullough ML, Patel AV, Ma J, Soerjomataram I et al: Proportion and number of 



 

  51 

cancer cases and deaths attributable to potentially modifiable risk factors in the 
United States. CA Cancer J Clin 2018, 68(1):31-54. 

83. Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB: Colorectal cancer. Lancet 
(London, England) 2019, 394(10207):1467-1480. 

84. Henrikson NB, Webber EM, Goddard KA, Scrol A, Piper M, Williams MS, Zallen 
DT, Calonge N, Ganiats TG, Janssens AC et al: Family history and the natural history 
of colorectal cancer: systematic review. Genet Med 2015, 17(9):702-712. 

85. Schoen RE, Razzak A, Yu KJ, Berndt SI, Firl K, Riley TL, Pinsky PF: Incidence and 
mortality of colorectal cancer in individuals with a family history of colorectal cancer. 
Gastroenterology 2015, 149(6):1438-1445 e1431. 

86. Jess T, Rungoe C, Peyrin-Biroulet L: Risk of colorectal cancer in patients with 
ulcerative colitis: a meta-analysis of population-based cohort studies. Clin 
Gastroenterol Hepatol 2012, 10(6):639-645. 

87. Cottet V, Jooste V, Fournel I, Bouvier AM, Faivre J, Bonithon-Kopp C: Long-term 
risk of colorectal cancer after adenoma removal: a population-based cohort study. Gut 
2012, 61(8):1180-1186. 

88. Kramer HU, Schottker B, Raum E, Brenner H: Type 2 diabetes mellitus and 
colorectal cancer: meta-analysis on sex-specific differences. Eur J Cancer 2012, 
48(9):1269-1282. 

89. Kwong TNY, Wang X, Nakatsu G, Chow TC, Tipoe T, Dai RZW, Tsoi KKK, Wong 
MCS, Tse G, Chan MTV et al: Association Between Bacteremia From Specific 
Microbes and Subsequent Diagnosis of Colorectal Cancer. Gastroenterology 2018, 
155(2):383-390 e388. 

90. Kostic AD, Chun E, Robertson L, Glickman JN, Gallini CA, Michaud M, Clancy TE, 
Chung DC, Lochhead P, Hold GL et al: Fusobacterium nucleatum potentiates 
intestinal tumorigenesis and modulates the tumor-immune microenvironment. Cell 
Host Microbe 2013, 14(2):207-215. 

91. Medema JP: Cancer stem cells: the challenges ahead. Nat Cell Biol 2013, 15(4):338-
344. 

92. Nassar D, Blanpain C: Cancer Stem Cells: Basic Concepts and Therapeutic 
Implications. Annu Rev Pathol 2016, 11:47-76. 

93. Grady WM, Carethers JM: Genomic and epigenetic instability in colorectal cancer 
pathogenesis. Gastroenterology 2008, 135(4):1079-1099. 

94. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C, Marisa 
L, Roepman P, Nyamundanda G, Angelino P et al: The consensus molecular subtypes 
of colorectal cancer. Nat Med 2015, 21(11):1350-1356. 

95. Llosa NJ, Cruise M, Tam A, Wicks EC, Hechenbleikner EM, Taube JM, Blosser RL, 
Fan H, Wang H, Luber BS et al: The vigorous immune microenvironment of 
microsatellite instable colon cancer is balanced by multiple counter-inhibitory 
checkpoints. Cancer Discov 2015, 5(1):43-51. 

96. Brunelli L, Caiola E, Marabese M, Broggini M, Pastorelli R: Capturing the 
metabolomic diversity of KRAS mutants in non-small-cell lung cancer cells. 
Oncotarget 2014, 5(13):4722-4731. 



 

 52 

97. Son J, Lyssiotis CA, Ying H, Wang X, Hua S, Ligorio M, Perera RM, Ferrone CR, 
Mullarky E, Shyh-Chang N et al: Glutamine supports pancreatic cancer growth 
through a KRAS-regulated metabolic pathway. Nature 2013, 496(7443):101-105. 

98. Baran B, Mert Ozupek N, Yerli Tetik N, Acar E, Bekcioglu O, Baskin Y: Difference 
Between Left-Sided and Right-Sided Colorectal Cancer: A Focused Review of 
Literature. Gastroenterology Res 2018, 11(4):264-273. 

99. Eferl R, Wagner EF: AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 
2003, 3(11):859-868. 

100. Tewari D, Nabavi SF, Nabavi SM, Sureda A, Farooqi AA, Atanasov AG, Vacca RA, 
Sethi G, Bishayee A: Targeting activator protein 1 signaling pathway by bioactive 
natural agents: Possible therapeutic strategy for cancer prevention and intervention. 
Pharmacol Res 2018, 128:366-375. 

101. Folkman J: Angiogenesis and c-Jun. J Natl Cancer Inst 2004, 96(9):644. 

102. Oliveira-Ferrer L, Kurschner M, Labitzky V, Wicklein D, Muller V, Luers G, 
Schumacher U, Milde-Langosch K, Schroder C: Prognostic impact of transcription 
factor Fra-1 in ER-positive breast cancer: contribution to a metastatic phenotype 
through modulation of tumor cell adhesive properties. J Cancer Res Clin Oncol 2015, 
141(10):1715-1726. 

103. Kharman-Biz A, Gao H, Ghiasvand R, Zhao C, Zendehdel K, Dahlman-Wright K: 
Expression of activator protein-1 (AP-1) family members in breast cancer. BMC 
Cancer 2013, 13:441. 

104. Belguise K, Kersual N, Galtier F, Chalbos D: FRA-1 expression level regulates 
proliferation and invasiveness of breast cancer cells. Oncogene 2005, 24(8):1434-
1444. 

105. Qiao Y, Shiue CN, Zhu J, Zhuang T, Jonsson P, Wright AP, Zhao C, Dahlman-
Wright K: AP-1-mediated chromatin looping regulates ZEB2 transcription: new 
insights into TNFalpha-induced epithelial-mesenchymal transition in triple-negative 
breast cancer. Oncotarget 2015, 6(10):7804-7814. 

106. Qiao Y, He H, Jonsson P, Sinha I, Zhao C, Dahlman-Wright K: AP-1 Is a Key 
Regulator of Proinflammatory Cytokine TNFalpha-mediated Triple-negative Breast 
Cancer Progression. The Journal of biological chemistry 2016, 291(10):5068-5079. 

107. Debruyne PR, Bruyneel EA, Li X, Zimber A, Gespach C, Mareel MM: The role of 
bile acids in carcinogenesis. Mutat Res 2001, 480-481:359-369. 

108. Yao KS, Xanthoudakis S, Curran T, O'Dwyer PJ: Activation of AP-1 and of a nuclear 
redox factor, Ref-1, in the response of HT29 colon cancer cells to hypoxia. Mol Cell 
Biol 1994, 14(9):5997-6003. 

109. Suto R, Tominaga K, Mizuguchi H, Sasaki E, Higuchi K, Kim S, Iwao H, Arakawa 
T: Dominant-negative mutant of c-Jun gene transfer: a novel therapeutic strategy for 
colorectal cancer. Gene Ther 2004, 11(2):187-193. 

110. Hess J, Angel P, Schorpp-Kistner M: AP-1 subunits: quarrel and harmony among 
siblings. J Cell Sci 2004, 117(Pt 25):5965-5973. 

111. Gazon H, Barbeau B, Mesnard JM, Peloponese JM, Jr.: Hijacking of the AP-1 
Signaling Pathway during Development of ATL. Front Microbiol 2017, 8:2686. 



 

  53 

112. Vogt PK: Fortuitous convergences: the beginnings of JUN. Nat Rev Cancer 2002, 
2(6):465-469. 

113. Eychene A, Rocques N, Pouponnot C: A new MAFia in cancer. Nat Rev Cancer 
2008, 8(9):683-693. 

114. Garces de Los Fayos Alonso I, Liang HC, Turner SD, Lagger S, Merkel O, Kenner L: 
The Role of Activator Protein-1 (AP-1) Family Members in CD30-Positive 
Lymphomas. Cancers (Basel) 2018, 10(4). 

115. Kappelmann M, Bosserhoff A, Kuphal S: AP-1/c-Jun transcription factors: regulation 
and function in malignant melanoma. Eur J Cell Biol 2014, 93(1-2):76-81. 

116. Angel P, Karin M: The role of Jun, Fos and the AP-1 complex in cell-proliferation 
and transformation. Biochim Biophys Acta 1991, 1072(2-3):129-157. 

117. Milde-Langosch K: The Fos family of transcription factors and their role in 
tumourigenesis. Eur J Cancer 2005, 41(16):2449-2461. 

118. Lee W, Mitchell P, Tjian R: Purified transcription factor AP-1 interacts with TPA-
inducible enhancer elements. Cell 1987, 49(6):741-752. 

119. Angel P, Imagawa M, Chiu R, Stein B, Imbra RJ, Rahmsdorf HJ, Jonat C, Herrlich P, 
Karin M: Phorbol ester-inducible genes contain a common cis element recognized by 
a TPA-modulated trans-acting factor. Cell 1987, 49(6):729-739. 

120. Chinenov Y, Kerppola TK: Close encounters of many kinds: Fos-Jun interactions that 
mediate transcription regulatory specificity. Oncogene 2001, 20(19):2438-2452. 

121. Hattori K, Angel P, Le Beau MM, Karin M: Structure and chromosomal localization 
of the functional intronless human JUN protooncogene. Proceedings of the National 
Academy of Sciences of the United States of America 1988, 85(23):9148-9152. 

122. Kolbus A, Herr I, Schreiber M, Debatin KM, Wagner EF, Angel P: c-Jun-dependent 
CD95-L expression is a rate-limiting step in the induction of apoptosis by alkylating 
agents. Mol Cell Biol 2000, 20(2):575-582. 

123. Devary Y, Gottlieb RA, Smeal T, Karin M: The mammalian ultraviolet response is 
triggered by activation of Src tyrosine kinases. Cell 1992, 71(7):1081-1091. 

124. Angel P, Hattori K, Smeal T, Karin M: The jun proto-oncogene is positively 
autoregulated by its product, Jun/AP-1. Cell 1988, 55(5):875-885. 

125. Shaulian E: AP-1--The Jun proteins: Oncogenes or tumor suppressors in disguise? 
Cell Signal 2010, 22(6):894-899. 

126. Musti AM, Treier M, Bohmann D: Reduced ubiquitin-dependent degradation of c-Jun 
after phosphorylation by MAP kinases. Science 1997, 275(5298):400-402. 

127. Kayahara M, Wang X, Tournier C: Selective regulation of c-jun gene expression by 
mitogen-activated protein kinases via the 12-o-tetradecanoylphorbol-13-acetate- 
responsive element and myocyte enhancer factor 2 binding sites. Mol Cell Biol 2005, 
25(9):3784-3792. 

128. Vogt PK: Jun, the oncoprotein. Oncogene 2001, 20(19):2365-2377. 

129. Kallunki T, Deng T, Hibi M, Karin M: c-Jun can recruit JNK to phosphorylate 
dimerization partners via specific docking interactions. Cell 1996, 87(5):929-939. 



 

 54 

130. Karin M: The regulation of AP-1 activity by mitogen-activated protein kinases. The 
Journal of biological chemistry 1995, 270(28):16483-16486. 

131. Morton S, Davis RJ, McLaren A, Cohen P: A reinvestigation of the multisite 
phosphorylation of the transcription factor c-Jun. EMBO J 2003, 22(15):3876-3886. 

132. Li B, Tournier C, Davis RJ, Flavell RA: Regulation of IL-4 expression by the 
transcription factor JunB during T helper cell differentiation. EMBO J 1999, 
18(2):420-432. 

133. Wang H, Birkenbach M, Hart J: Expression of Jun family members in human 
colorectal adenocarcinoma. Carcinogenesis 2000, 21(7):1313-1317. 

134. Mathas S, Hinz M, Anagnostopoulos I, Krappmann D, Lietz A, Jundt F, Bommert K, 
Mechta-Grigoriou F, Stein H, Dorken B et al: Aberrantly expressed c-Jun and JunB 
are a hallmark of Hodgkin lymphoma cells, stimulate proliferation and synergize with 
NF-kappa B. EMBO J 2002, 21(15):4104-4113. 

135. Lin G, Yu B, Liang Z, Li L, Qu S, Chen K, Zhou L, Lu Q, Sun Y, Zhu X: Silencing 
of c-jun decreases cell migration, invasion, and EMT in radioresistant human 
nasopharyngeal carcinoma cell line CNE-2R. Onco Targets Ther 2018, 11:3805-
3815. 

136. Zhang Y, Pu X, Shi M, Chen L, Song Y, Qian L, Yuan G, Zhang H, Yu M, Hu M et 
al: Critical role of c-Jun overexpression in liver metastasis of human breast cancer 
xenograft model. BMC Cancer 2007, 7:145. 

137. Shaulian E, Schreiber M, Piu F, Beeche M, Wagner EF, Karin M: The mammalian 
UV response: c-Jun induction is required for exit from p53-imposed growth arrest. 
Cell 2000, 103(6):897-907. 

138. MacLaren A, Black EJ, Clark W, Gillespie DA: c-Jun-deficient cells undergo 
premature senescence as a result of spontaneous DNA damage accumulation. Mol 
Cell Biol 2004, 24(20):9006-9018. 

139. Andrecht S, Kolbus A, Hartenstein B, Angel P, Schorpp-Kistner M: Cell cycle 
promoting activity of JunB through cyclin A activation. The Journal of biological 
chemistry 2002, 277(39):35961-35968. 

140. Katabami M, Donninger H, Hommura F, Leaner VD, Kinoshita I, Chick JF, Birrer 
MJ: Cyclin A is a c-Jun target gene and is necessary for c-Jun-induced anchorage-
independent growth in RAT1a cells. The Journal of biological chemistry 2005, 
280(17):16728-16738. 

141. Casalino L, Bakiri L, Talotta F, Weitzman JB, Fusco A, Yaniv M, Verde P: Fra-1 
promotes growth and survival in RAS-transformed thyroid cells by controlling cyclin 
A transcription. EMBO J 2007, 26(7):1878-1890. 

142. Sunters A, Thomas DP, Yeudall WA, Grigoriadis AE: Accelerated cell cycle 
progression in osteoblasts overexpressing the c-fos proto-oncogene: induction of 
cyclin A and enhanced CDK2 activity. The Journal of biological chemistry 2004, 
279(11):9882-9891. 

143. Sundqvist A, Morikawa M, Ren J, Vasilaki E, Kawasaki N, Kobayashi M, Koinuma 
D, Aburatani H, Miyazono K, Heldin CH et al: JUNB governs a feed-forward 
network of TGFbeta signaling that aggravates breast cancer invasion. Nucleic Acids 
Res 2018, 46(3):1180-1195. 



 

  55 

144. Passegue E, Jochum W, Schorpp-Kistner M, Mohle-Steinlein U, Wagner EF: Chronic 
myeloid leukemia with increased granulocyte progenitors in mice lacking junB 
expression in the myeloid lineage. Cell 2001, 104(1):21-32. 

145. Passegue E, Wagner EF, Weissman IL: JunB deficiency leads to a myeloproliferative 
disorder arising from hematopoietic stem cells. Cell 2004, 119(3):431-443. 

146. Hernandez JM, Floyd DH, Weilbaecher KN, Green PL, Boris-Lawrie K: Multiple 
facets of junD gene expression are atypical among AP-1 family members. Oncogene 
2008, 27(35):4757-4767. 

147. Millena AC, Vo BT, Khan SA: JunD Is Required for Proliferation of Prostate Cancer 
Cells and Plays a Role in Transforming Growth Factor-beta (TGF-beta)-induced 
Inhibition of Cell Proliferation. The Journal of biological chemistry 2016, 
291(34):17964-17976. 

148. Tulchinsky E: Fos family members: regulation, structure and role in oncogenic 
transformation. Histol Histopathol 2000, 15(3):921-928. 

149. Tkach V, Tulchinsky E, Lukanidin E, Vinson C, Bock E, Berezin V: Role of the Fos 
family members, c-Fos, Fra-1 and Fra-2, in the regulation of cell motility. Oncogene 
2003, 22(32):5045-5054. 

150. Bakiri L, Matsuo K, Wisniewska M, Wagner EF, Yaniv M: Promoter specificity and 
biological activity of tethered AP-1 dimers. Mol Cell Biol 2002, 22(13):4952-4964. 

151. Greenberg ME, Ziff EB: Stimulation of 3T3 cells induces transcription of the c-fos 
proto-oncogene. Nature 1984, 311(5985):433-438. 

152. Lopez-Bergami P, Lau E, Ronai Z: Emerging roles of ATF2 and the dynamic AP1 
network in cancer. Nat Rev Cancer 2010, 10(1):65-76. 

153. Sheng M, Thompson MA, Greenberg ME: CREB: a Ca(2+)-regulated transcription 
factor phosphorylated by calmodulin-dependent kinases. Science 1991, 
252(5011):1427-1430. 

154. Treisman R: The serum response element. Trends Biochem Sci 1992, 17(10):423-426. 

155. Darnell JE, Jr., Kerr IM, Stark GR: Jak-STAT pathways and transcriptional activation 
in response to IFNs and other extracellular signaling proteins. Science 1994, 
264(5164):1415-1421. 

156. Sonobe MH, Yoshida T, Murakami M, Kameda T, Iba H: fra-2 promoter can respond 
to serum-stimulation through AP-1 complexes. Oncogene 1995, 10(4):689-696. 

157. Bergers G, Graninger P, Braselmann S, Wrighton C, Busslinger M: Transcriptional 
activation of the fra-1 gene by AP-1 is mediated by regulatory sequences in the first 
intron. Mol Cell Biol 1995, 15(7):3748-3758. 

158. Chen RH, Juo PC, Curran T, Blenis J: Phosphorylation of c-Fos at the C-terminus 
enhances its transforming activity. Oncogene 1996, 12(7):1493-1502. 

159. Tam WL, Lu H, Buikhuisen J, Soh BS, Lim E, Reinhardt F, Wu ZJ, Krall JA, Bierie 
B, Guo W et al: Protein kinase C alpha is a central signaling node and therapeutic 
target for breast cancer stem cells. Cancer Cell 2013, 24(3):347-364. 

160. Chiu R, Angel P, Karin M: Jun-B differs in its biological properties from, and is a 
negative regulator of, c-Jun. Cell 1989, 59(6):979-986. 



 

 56 

161. Brown JR, Nigh E, Lee RJ, Ye H, Thompson MA, Saudou F, Pestell RG, Greenberg 
ME: Fos family members induce cell cycle entry by activating cyclin D1. Mol Cell 
Biol 1998, 18(9):5609-5619. 

162. Schreiber M, Wang ZQ, Jochum W, Fetka I, Elliott C, Wagner EF: Placental 
vascularisation requires the AP-1 component fra1. Development 2000, 127(22):4937-
4948. 

163. Eferl R, Zenz R, Theussl HC, Wagner EF: Simultaneous generation of fra-2 
conditional and fra-2 knock-out mice. Genesis 2007, 45(7):447-451. 

164. Young MR, Colburn NH: Fra-1 a target for cancer prevention or intervention. Gene 
2006, 379:1-11. 

165. Bamberger AM, Milde-Langosch K, Rossing E, Goemann C, Loning T: Expression 
pattern of the AP-1 family in endometrial cancer: correlations with cell cycle 
regulators. J Cancer Res Clin Oncol 2001, 127(9):545-550. 

166. Bamberger AM, Methner C, Lisboa BW, Stadtler C, Schulte HM, Loning T, Milde-
Langosch K: Expression pattern of the AP-1 family in breast cancer: association of 
fosB expression with a well-differentiated, receptor-positive tumor phenotype. Int J 
Cancer 1999, 84(5):533-538. 

167. Vial E, Sahai E, Marshall CJ: ERK-MAPK signaling coordinately regulates activity 
of Rac1 and RhoA for tumor cell motility. Cancer Cell 2003, 4(1):67-79. 

168. Dhillon AS, Tulchinsky E: FRA-1 as a driver of tumour heterogeneity: a nexus 
between oncogenes and embryonic signalling pathways in cancer. Oncogene 2015, 
34(34):4421-4428. 

169. Yang L, Lin C, Liu ZR: P68 RNA helicase mediates PDGF-induced epithelial 
mesenchymal transition by displacing Axin from beta-catenin. Cell 2006, 127(1):139-
155. 

170. Thiery JP, Acloque H, Huang RY, Nieto MA: Epithelial-mesenchymal transitions in 
development and disease. Cell 2009, 139(5):871-890. 

171. Taschuk F, Cherry S: DEAD-Box Helicases: Sensors, Regulators, and Effectors for 
Antiviral Defense. Viruses 2020, 12(2). 

172. Linder P, Lasko PF, Ashburner M, Leroy P, Nielsen PJ, Nishi K, Schnier J, Slonimski 
PP: Birth of the D-E-A-D box. Nature 1989, 337(6203):121-122. 

173. Tanner NK, Linder P: DExD/H box RNA helicases: from generic motors to specific 
dissociation functions. Mol Cell 2001, 8(2):251-262. 

174. Hirling H, Scheffner M, Restle T, Stahl H: RNA helicase activity associated with the 
human p68 protein. Nature 1989, 339(6225):562-564. 

175. Hashemi V, Masjedi A, Hazhir-Karzar B, Tanomand A, Shotorbani SS, Hojjat-
Farsangi M, Ghalamfarsa G, Azizi G, Anvari E, Baradaran B et al: The role of 
DEAD-box RNA helicase p68 (DDX5) in the development and treatment of breast 
cancer. J Cell Physiol 2019, 234(5):5478-5487. 

176. Huang Y, Liu ZR: The ATPase, RNA unwinding, and RNA binding activities of 
recombinant p68 RNA helicase. The Journal of biological chemistry 2002, 
277(15):12810-12815. 



 

  57 

177. Tanner NK: The newly identified Q motif of DEAD box helicases is involved in 
adenine recognition. Cell Cycle 2003, 2(1):18-19. 

178. Tanner NK, Cordin O, Banroques J, Doere M, Linder P: The Q motif: a newly 
identified motif in DEAD box helicases may regulate ATP binding and hydrolysis. 
Mol Cell 2003, 11(1):127-138. 

179. Cordin O, Banroques J, Tanner NK, Linder P: The DEAD-box protein family of RNA 
helicases. Gene 2006, 367:17-37. 

180. Schutz P, Karlberg T, van den Berg S, Collins R, Lehtio L, Hogbom M, Holmberg-
Schiavone L, Tempel W, Park HW, Hammarstrom M et al: Comparative structural 
analysis of human DEAD-box RNA helicases. PLoS One 2010, 5(9). 

181. Choi YJ, Lee SG: The DEAD-box RNA helicase DDX3 interacts with DDX5, co-
localizes with it in the cytoplasm during the G2/M phase of the cycle, and affects its 
shuttling during mRNP export. J Cell Biochem 2012, 113(3):985-996. 

182. Cheng W, Chen G, Jia H, He X, Jing Z: DDX5 RNA Helicases: Emerging Roles in 
Viral Infection. International journal of molecular sciences 2018, 19(4). 

183. Wang D, Huang J, Hu Z: RNA helicase DDX5 regulates microRNA expression and 
contributes to cytoskeletal reorganization in basal breast cancer cells. Mol Cell 
Proteomics 2012, 11(2):M111 011932. 

184. Dey H, Liu ZR: Phosphorylation of p68 RNA helicase by p38 MAP kinase 
contributes to colon cancer cells apoptosis induced by oxaliplatin. BMC Cell Biol 
2012, 13:27. 

185. Singh C, Haines GK, Talamonti MS, Radosevich JA: Expression of p68 in human 
colon cancer. Tumour Biol 1995, 16(5):281-289. 

186. Lee H, Flaherty P, Ji HP: Systematic genomic identification of colorectal cancer 
genes delineating advanced from early clinical stage and metastasis. BMC Med 
Genomics 2013, 6:54. 

187. Wu N, Jiang M, Han Y, Liu H, Chu Y, Liu H, Cao J, Hou Q, Zhao Y, Xu B et al: O-
GlcNAcylation promotes colorectal cancer progression by regulating protein stability 
and potential catcinogenic function of DDX5. J Cell Mol Med 2019, 23(2):1354-
1362. 

188. Wang Z, Luo Z, Zhou L, Li X, Jiang T, Fu E: DDX5 promotes proliferation and 
tumorigenesis of non-small-cell lung cancer cells by activating beta-catenin signaling 
pathway. Cancer Sci 2015, 106(10):1303-1312. 

189. Wortham NC, Ahamed E, Nicol SM, Thomas RS, Periyasamy M, Jiang J, Ochocka 
AM, Shousha S, Huson L, Bray SE et al: The DEAD-box protein p72 regulates 
ERalpha-/oestrogen-dependent transcription and cell growth, and is associated with 
improved survival in ERalpha-positive breast cancer. Oncogene 2009, 28(46):4053-
4064. 

190. Mazurek A, Luo W, Krasnitz A, Hicks J, Powers RS, Stillman B: DDX5 regulates 
DNA replication and is required for cell proliferation in a subset of breast cancer 
cells. Cancer Discov 2012, 2(9):812-825. 

191. Clark EL, Coulson A, Dalgliesh C, Rajan P, Nicol SM, Fleming S, Heer R, Gaughan 
L, Leung HY, Elliott DJ et al: The RNA helicase p68 is a novel androgen receptor 



 

 58 

coactivator involved in splicing and is overexpressed in prostate cancer. Cancer Res 
2008, 68(19):7938-7946. 

192. Sarkar M, Khare V, Ghosh MK: The DEAD box protein p68: a novel coactivator of 
Stat3 in mediating oncogenesis. Oncogene 2017, 36(22):3080-3093. 

193. Guturi KK, Sarkar M, Bhowmik A, Das N, Ghosh MK: DEAD-box protein p68 is 
regulated by beta-catenin/transcription factor 4 to maintain a positive feedback loop in 
control of breast cancer progression. Breast Cancer Res 2014, 16(6):496. 

194. Shin S, Rossow KL, Grande JP, Janknecht R: Involvement of RNA helicases p68 and 
p72 in colon cancer. Cancer Res 2007, 67(16):7572-7578. 

195. Samaan S, Tranchevent LC, Dardenne E, Polay Espinoza M, Zonta E, Germann S, 
Gratadou L, Dutertre M, Auboeuf D: The Ddx5 and Ddx17 RNA helicases are 
cornerstones in the complex regulatory array of steroid hormone-signaling pathways. 
Nucleic Acids Res 2014, 42(4):2197-2207. 

196. Saha Roy S, Vadlamudi RK: Role of estrogen receptor signaling in breast cancer 
metastasis. Int J Breast Cancer 2012, 2012:654698. 

197. Prosperi JR, Goss KH: A Wnt-ow of opportunity: targeting the Wnt/beta-catenin 
pathway in breast cancer. Curr Drug Targets 2010, 11(9):1074-1088. 

198. Nyamao RM, Wu J, Yu L, Xiao X, Zhang FM: Roles of DDX5 in the tumorigenesis, 
proliferation, differentiation, metastasis and pathway regulation of human 
malignancies. Biochim Biophys Acta Rev Cancer 2019, 1871(1):85-98. 

199. Das M, Renganathan A, Dighe SN, Bhaduri U, Shettar A, Mukherjee G, Kondaiah P, 
Satyanarayana Rao MR: DDX5/p68 associated lncRNA LOC284454 is differentially 
expressed in human cancers and modulates gene expression. RNA Biol 2018, 
15(2):214-230. 

200. Capasso A, Bagby SM, Dailey KL, Currimjee N, Yacob BW, Ionkina A, Frank JG, 
Kim DJ, George C, Lee YB et al: First-in-Class Phosphorylated-p68 Inhibitor RX-
5902 Inhibits beta-Catenin Signaling and Demonstrates Antitumor Activity in Triple-
Negative Breast Cancer. Molecular cancer therapeutics 2019, 18(11):1916-1925. 

201. D'Amours D, Desnoyers S, D'Silva I, Poirier GG: Poly(ADP-ribosyl)ation reactions 
in the regulation of nuclear functions. Biochem J 1999, 342 ( Pt 2):249-268. 

202. Gupte R, Liu Z, Kraus WL: PARPs and ADP-ribosylation: recent advances linking 
molecular functions to biological outcomes. Genes Dev 2017, 31(2):101-126. 

203. Virag L, Szabo C: The therapeutic potential of poly(ADP-ribose) polymerase 
inhibitors. Pharmacol Rev 2002, 54(3):375-429. 

204. Schreiber V, Dantzer F, Ame JC, de Murcia G: Poly(ADP-ribose): novel functions for 
an old molecule. Nat Rev Mol Cell Biol 2006, 7(7):517-528. 

205. Burkle A: Poly(ADP-ribose). The most elaborate metabolite of NAD+. FEBS J 2005, 
272(18):4576-4589. 

206. McCann KE, Hurvitz SA: Advances in the use of PARP inhibitor therapy for breast 
cancer. Drugs Context 2018, 7:212540. 

207. Goodwin PM, Lewis PJ, Davies MI, Skidmore CJ, Shall S: The effect of gamma 
radiation and neocarzinostatin on NAD and ATP levels in mouse leukaemia cells. 
Biochim Biophys Acta 1978, 543(4):576-582. 



 

  59 

208. Skidmore CJ, Davies MI, Goodwin PM, Halldorsson H, Lewis PJ, Shall S, Zia'ee 
AA: The involvement of poly(ADP-ribose) polymerase in the degradation of NAD 
caused by gamma-radiation and N-methyl-N-nitrosourea. Eur J Biochem 1979, 
101(1):135-142. 

209. Wielckens K, Schmidt A, George E, Bredehorst R, Hilz H: DNA fragmentation and 
NAD depletion. Their relation to the turnover of endogenous mono(ADP-ribosyl) and 
poly(ADP-ribosyl) proteins. The Journal of biological chemistry 1982, 
257(21):12872-12877. 

210. Sims JL, Berger SJ, Berger NA: Poly(ADP-ribose) Polymerase inhibitors preserve 
nicotinamide adenine dinucleotide and adenosine 5'-triphosphate pools in DNA-
damaged cells: mechanism of stimulation of unscheduled DNA synthesis. 
Biochemistry 1983, 22(22):5188-5194. 

211. Kamaletdinova T, Fanaei-Kahrani Z, Wang ZQ: The Enigmatic Function of PARP1: 
From PARylation Activity to PAR Readers. Cells 2019, 8(12). 

212. Loeffler PA, Cuneo MJ, Mueller GA, DeRose EF, Gabel SA, London RE: Structural 
studies of the PARP-1 BRCT domain. BMC Struct Biol 2011, 11:37. 

213. Langelier MF, Planck JL, Roy S, Pascal JM: Structural basis for DNA damage-
dependent poly(ADP-ribosyl)ation by human PARP-1. Science 2012, 336(6082):728-
732. 

214. Dantzer F, de La Rubia G, Menissier-De Murcia J, Hostomsky Z, de Murcia G, 
Schreiber V: Base excision repair is impaired in mammalian cells lacking Poly(ADP-
ribose) polymerase-1. Biochemistry 2000, 39(25):7559-7569. 

215. De Vos M, Schreiber V, Dantzer F: The diverse roles and clinical relevance of PARPs 
in DNA damage repair: current state of the art. Biochem Pharmacol 2012, 84(2):137-
146. 

216. Swindall AF, Stanley JA, Yang ES: PARP-1: Friend or Foe of DNA Damage and 
Repair in Tumorigenesis? Cancers (Basel) 2013, 5(3):943-958. 

217. Alluri P, Newman LA: Basal-like and triple-negative breast cancers: searching for 
positives among many negatives. Surg Oncol Clin N Am 2014, 23(3):567-577. 

218. Kun E, Kirsten E, Mendeleyev J, Ordahl CP: Regulation of the enzymatic catalysis of 
poly(ADP-ribose) polymerase by dsDNA, polyamines, Mg2+, Ca2+, histones H1 and 
H3, and ATP. Biochemistry 2004, 43(1):210-216. 

219. Gibbs-Seymour I, Fontana P, Rack JGM, Ahel I: HPF1/C4orf27 Is a PARP-1-
Interacting Protein that Regulates PARP-1 ADP-Ribosylation Activity. Mol Cell 
2016, 62(3):432-442. 

220. Masutani M, Nozaki T, Nishiyama E, Shimokawa T, Tachi Y, Suzuki H, Nakagama 
H, Wakabayashi K, Sugimura T: Function of poly(ADP-ribose) polymerase in 
response to DNA damage: gene-disruption study in mice. Mol Cell Biochem 1999, 
193(1-2):149-152. 

221. Cohen-Armon M, Visochek L, Rozensal D, Kalal A, Geistrikh I, Klein R, Bendetz-
Nezer S, Yao Z, Seger R: DNA-independent PARP-1 activation by phosphorylated 
ERK2 increases Elk1 activity: a link to histone acetylation. Mol Cell 2007, 25(2):297-
308. 



 

 60 

222. Sun X, Fu K, Hodgson A, Wier EM, Wen MG, Kamenyeva O, Xia X, Koo LY, Wan 
F: Sam68 Is Required for DNA Damage Responses via Regulating Poly(ADP-
ribosyl)ation. PLoS Biol 2016, 14(9):e1002543. 

223. Alemasova EE, Lavrik OI: Poly(ADP-ribosyl)ation by PARP1: reaction mechanism 
and regulatory proteins. Nucleic Acids Res 2019, 47(8):3811-3827. 

224. Kauppinen TM, Chan WY, Suh SW, Wiggins AK, Huang EJ, Swanson RA: Direct 
phosphorylation and regulation of poly(ADP-ribose) polymerase-1 by extracellular 
signal-regulated kinases 1/2. Proceedings of the National Academy of Sciences of the 
United States of America 2006, 103(18):7136-7141. 

225. Luo X, Kraus WL: On PAR with PARP: cellular stress signaling through poly(ADP-
ribose) and PARP-1. Genes Dev 2012, 26(5):417-432. 

226. Hottiger MO: Nuclear ADP-Ribosylation and Its Role in Chromatin Plasticity, Cell 
Differentiation, and Epigenetics. Annu Rev Biochem 2015, 84:227-263. 

227. Hou WH, Chen SH, Yu X: Poly-ADP ribosylation in DNA damage response and 
cancer therapy. Mutat Res 2019, 780:82-91. 

228. Barakat R, Oakley O, Kim H, Jin J, Ko CJ: Extra-gonadal sites of estrogen 
biosynthesis and function. BMB Rep 2016, 49(9):488-496. 

229. Bondesson M, Hao R, Lin CY, Williams C, Gustafsson JA: Estrogen receptor 
signaling during vertebrate development. Biochim Biophys Acta 2015, 1849(2):142-
151. 

230. Hess RA, Bunick D, Lee KH, Bahr J, Taylor JA, Korach KS, Lubahn DB: A role for 
oestrogens in the male reproductive system. Nature 1997, 390(6659):509-512. 

231. Simpson ER: Sources of estrogen and their importance. J Steroid Biochem Mol Biol 
2003, 86(3-5):225-230. 

232. Nelson LR, Bulun SE: Estrogen production and action. J Am Acad Dermatol 2001, 
45(3 Suppl):S116-124. 

233. Roselli CE, Resko JA: Cytochrome P450 aromatase (CYP19) in the non-human 
primate brain: distribution, regulation, and functional significance. J Steroid Biochem 
Mol Biol 2001, 79(1-5):247-253. 

234. Hara Y, Waters EM, McEwen BS, Morrison JH: Estrogen Effects on Cognitive and 
Synaptic Health Over the Lifecourse. Physiol Rev 2015, 95(3):785-807. 

235. Straub RH: The complex role of estrogens in inflammation. Endocr Rev 2007, 
28(5):521-574. 

236. Butcher D, Hassanein K, Dudgeon M, Rhodes J, Holmes FF: Female gender is a 
major determinant of changing subsite distribution of colorectal cancer with age. 
Cancer 1985, 56(3):714-716. 

237. Levin ER: Integration of the extranuclear and nuclear actions of estrogen. Mol 
Endocrinol 2005, 19(8):1951-1959. 

238. Li X, Huang J, Yi P, Bambara RA, Hilf R, Muyan M: Single-chain estrogen receptors 
(ERs) reveal that the ERalpha/beta heterodimer emulates functions of the ERalpha 
dimer in genomic estrogen signaling pathways. Mol Cell Biol 2004, 24(17):7681-
7694. 



 

  61 

239. Kulkoyluoglu E, Madak-Erdogan Z: Nuclear and extranuclear-initiated estrogen 
receptor signaling crosstalk and endocrine resistance in breast cancer. Steroids 2016, 
114:41-47. 

240. Yasar P, Ayaz G, User SD, Gupur G, Muyan M: Molecular mechanism of estrogen-
estrogen receptor signaling. Reprod Med Biol 2017, 16(1):4-20. 

241. Kumar R, Zakharov MN, Khan SH, Miki R, Jang H, Toraldo G, Singh R, Bhasin S, 
Jasuja R: The dynamic structure of the estrogen receptor. J Amino Acids 2011, 
2011:812540. 

242. Bourguet W, Germain P, Gronemeyer H: Nuclear receptor ligand-binding domains: 
three-dimensional structures, molecular interactions and pharmacological 
implications. Trends Pharmacol Sci 2000, 21(10):381-388. 

243. Jensen EV, Desombre ER, Hurst DJ, Kawashima T, Jungblut PW: Estrogen-receptor 
interactions in target tissues. Arch Anat Microsc Morphol Exp 1967, 56(3):547-569. 

244. Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, Gustafsson JA: Cloning of a 
novel receptor expressed in rat prostate and ovary. Proceedings of the National 
Academy of Sciences of the United States of America 1996, 93(12):5925-5930. 

245. Le Romancer M, Poulard C, Cohen P, Sentis S, Renoir JM, Corbo L: Cracking the 
estrogen receptor's posttranslational code in breast tumors. Endocr Rev 2011, 
32(5):597-622. 

246. Leung YK, Mak P, Hassan S, Ho SM: Estrogen receptor (ER)-beta isoforms: a key to 
understanding ER-beta signaling. Proceedings of the National Academy of Sciences of 
the United States of America 2006, 103(35):13162-13167. 

247. Andersson S, Sundberg M, Pristovsek N, Ibrahim A, Jonsson P, Katona B, Clausson 
CM, Zieba A, Ramström M, Söderberg O et al: Insufficient antibody validation 
challenges oestrogen receptor beta research. Nat Commun 2017, 8:15840. 

248. Grober OM, Mutarelli M, Giurato G, Ravo M, Cicatiello L, De Filippo MR, Ferraro 
L, Nassa G, Papa MF, Paris O et al: Global analysis of estrogen receptor beta binding 
to breast cancer cell genome reveals an extensive interplay with estrogen receptor 
alpha for target gene regulation. BMC Genomics 2011, 12:36. 

249. Liu Y, Gao H, Marstrand TT, Strom A, Valen E, Sandelin A, Gustafsson JA, 
Dahlman-Wright K: The genome landscape of ERalpha- and ERbeta-binding DNA 
regions. Proceedings of the National Academy of Sciences of the United States of 
America 2008, 105(7):2604-2609. 

250. Revankar CM, Cimino DF, Sklar LA, Arterburn JB, Prossnitz ER: A transmembrane 
intracellular estrogen receptor mediates rapid cell signaling. Science 2005, 
307(5715):1625-1630. 

251. Thomas P, Pang Y, Filardo EJ, Dong J: Identity of an estrogen membrane receptor 
coupled to a G protein in human breast cancer cells. Endocrinology 2005, 146(2):624-
632. 

252. Filardo EJ, Quinn JA, Frackelton AR, Jr., Bland KI: Estrogen action via the G 
protein-coupled receptor, GPR30: stimulation of adenylyl cyclase and cAMP-
mediated attenuation of the epidermal growth factor receptor-to-MAPK signaling 
axis. Mol Endocrinol 2002, 16(1):70-84. 



 

 62 

253. Prossnitz ER, Barton M: Estrogen biology: new insights into GPER function and 
clinical opportunities. Mol Cell Endocrinol 2014, 389(1-2):71-83. 

254. Roman-Blas JA, Castaneda S, Cutolo M, Herrero-Beaumont G: Efficacy and safety of 
a selective estrogen receptor beta agonist, ERB-041, in patients with rheumatoid 
arthritis: a 12-week, randomized, placebo-controlled, phase II study. Arthritis Care 
Res (Hoboken) 2010, 62(11):1588-1593. 

255. Roehrborn CG, Spann ME, Myers SL, Serviss CR, Hu L, Jin Y: Estrogen receptor 
beta agonist LY500307 fails to improve symptoms in men with enlarged prostate 
secondary to benign prostatic hypertrophy. Prostate Cancer Prostatic Dis 2015, 
18(1):43-48. 

256. Vrtacnik P, Ostanek B, Mencej-Bedrac S, Marc J: The many faces of estrogen 
signaling. Biochem Med (Zagreb) 2014, 24(3):329-342. 

257. Bjornstrom L, Sjoberg M: Mechanisms of estrogen receptor signaling: convergence 
of genomic and nongenomic actions on target genes. Mol Endocrinol 2005, 
19(4):833-842. 

258. Cui J, Shen Y, Li R: Estrogen synthesis and signaling pathways during aging: from 
periphery to brain. Trends Mol Med 2013, 19(3):197-209. 

259. Richardson TE, Yu AE, Wen Y, Yang SH, Simpkins JW: Estrogen prevents oxidative 
damage to the mitochondria in Friedreich's ataxia skin fibroblasts. PLoS One 2012, 
7(4):e34600. 

260. Huang B, Omoto Y, Iwase H, Yamashita H, Toyama T, Coombes RC, Filipovic A, 
Warner M, Gustafsson JA: Differential expression of estrogen receptor alpha, beta1, 
and beta2 in lobular and ductal breast cancer. Proceedings of the National Academy of 
Sciences of the United States of America 2014, 111(5):1933-1938. 

261. Couse JF, Korach KS: Estrogen receptor null mice: what have we learned and where 
will they lead us? Endocr Rev 1999, 20(3):358-417. 

262. Liao XH, Lu DL, Wang N, Liu LY, Wang Y, Li YQ, Yan TB, Sun XG, Hu P, Zhang 
TC: Estrogen receptor alpha mediates proliferation of breast cancer MCF-7 cells via a 
p21/PCNA/E2F1-dependent pathway. FEBS J 2014, 281(3):927-942. 

263. Haldosen LA, Zhao C, Dahlman-Wright K: Estrogen receptor beta in breast cancer. 
Mol Cell Endocrinol 2014, 382(1):665-672. 

264. Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA, Szary AJ, Eeckhoute J, Shao W, 
Hestermann EV, Geistlinger TR et al: Chromosome-wide mapping of estrogen 
receptor binding reveals long-range regulation requiring the forkhead protein FoxA1. 
Cell 2005, 122(1):33-43. 

265. He H, Sinha I, Fan R, Haldosen LA, Yan F, Zhao C, Dahlman-Wright K: c-Jun/AP-1 
overexpression reprograms ERalpha signaling related to tamoxifen response in 
ERalpha-positive breast cancer. Oncogene 2018, 37(19):2586-2600. 

266. Hua H, Zhang H, Kong Q, Jiang Y: Mechanisms for estrogen receptor expression in 
human cancer. Exp Hematol Oncol 2018, 7:24. 

267. Garcia T, Lehrer S, Bloomer WD, Schachter B: A variant estrogen receptor 
messenger ribonucleic acid is associated with reduced levels of estrogen binding in 
human mammary tumors. Mol Endocrinol 1988, 2(9):785-791. 



 

  63 

268. Fuqua SA, Fitzgerald SD, Allred DC, Elledge RM, Nawaz Z, McDonnell DP, 
O'Malley BW, Greene GL, McGuire WL: Inhibition of estrogen receptor action by a 
naturally occurring variant in human breast tumors. Cancer Res 1992, 52(2):483-486. 

269. Penot G, Le Peron C, Merot Y, Grimaud-Fanouillere E, Ferriere F, Boujrad N, Kah 
O, Saligaut C, Ducouret B, Metivier R et al: The human estrogen receptor-alpha 
isoform hERalpha46 antagonizes the proliferative influence of hERalpha66 in MCF7 
breast cancer cells. Endocrinology 2005, 146(12):5474-5484. 

270. Klinge CM, Riggs KA, Wickramasinghe NS, Emberts CG, McConda DB, Barry PN, 
Magnusen JE: Estrogen receptor alpha 46 is reduced in tamoxifen resistant breast 
cancer cells and re-expression inhibits cell proliferation and estrogen receptor alpha 
66-regulated target gene transcription. Mol Cell Endocrinol 2010, 323(2):268-276. 

271. Wang Z, Zhang X, Shen P, Loggie BW, Chang Y, Deuel TF: A variant of estrogen 
receptor-{alpha}, hER-{alpha}36: transduction of estrogen- and antiestrogen-
dependent membrane-initiated mitogenic signaling. Proceedings of the National 
Academy of Sciences of the United States of America 2006, 103(24):9063-9068. 

272. Pagano MT, Ortona E, Dupuis ML: A Role for Estrogen Receptor alpha36 in Cancer 
Progression. Front Endocrinol (Lausanne) 2020, 11:506. 

273. Shi L, Dong B, Li Z, Lu Y, Ouyang T, Li J, Wang T, Fan Z, Fan T, Lin B et al: 
Expression of ER-{alpha}36, a novel variant of estrogen receptor {alpha}, and 
resistance to tamoxifen treatment in breast cancer. J Clin Oncol 2009, 27(21):3423-
3429. 

274. Zhang XT, Kang LG, Ding L, Vranic S, Gatalica Z, Wang ZY: A positive feedback 
loop of ER-alpha36/EGFR promotes malignant growth of ER-negative breast cancer 
cells. Oncogene 2011, 30(7):770-780. 

275. Wimberly H, Han G, Pinnaduwage D, Murphy LC, Yang XR, Andrulis IL, Sherman 
M, Figueroa J, Rimm DL: ERbeta splice variant expression in four large cohorts of 
human breast cancer patient tumors. Breast cancer research and treatment 2014, 
146(3):657-667. 

276. Williams C, Edvardsson K, Lewandowski SA, Strom A, Gustafsson JA: A genome-
wide study of the repressive effects of estrogen receptor beta on estrogen receptor 
alpha signaling in breast cancer cells. Oncogene 2008, 27(7):1019-1032. 

277. Ma R, Karthik GM, Lovrot J, Haglund F, Rosin G, Katchy A, Zhang X, Viberg L, 
Frisell J, Williams C et al: Estrogen Receptor beta as a Therapeutic Target in Breast 
Cancer Stem Cells. J Natl Cancer Inst 2017, 109(3):1-14. 

278. Hartz A, He T, Ross JJ: Risk factors for colon cancer in 150,912 postmenopausal 
women. Cancer Causes Control 2012, 23(10):1599-1605. 

279. Morois S, Fournier A, Clavel-Chapelon F, Mesrine S, Boutron-Ruault MC: 
Menopausal hormone therapy and risks of colorectal adenomas and cancers in the 
French E3N prospective cohort: true associations or bias? Eur J Epidemiol 2012, 
27(6):439-452. 

280. Simon MS, Chlebowski RT, Wactawski-Wende J, Johnson KC, Muskovitz A, Kato I, 
Young A, Hubbell FA, Prentice RL: Estrogen plus progestin and colorectal cancer 
incidence and mortality. J Clin Oncol 2012, 30(32):3983-3990. 



 

 64 

281. Soderlund S, Granath F, Brostrom O, Karlen P, Lofberg R, Ekbom A, Askling J: 
Inflammatory bowel disease confers a lower risk of colorectal cancer to females than 
to males. Gastroenterology 2010, 138(5):1697-1703. 

282. Hases L, Indukuri R, Birgersson M, Nguyen-Vu T, Lozano R, Saxena A, Hartman J, 
Frasor J, Gustafsson JA, Katajisto P et al: Intestinal estrogen receptor beta suppresses 
colon inflammation and tumorigenesis in both sexes. Cancer Lett 2020, 492:54-62. 

283. Jia M, Dahlman-Wright K, Gustafsson JA: Estrogen receptor alpha and beta in health 
and disease. Best Pract Res Clin Endocrinol Metab 2015, 29(4):557-568. 

284. Elbanna HG, Ebrahim MA, Abbas AM, Zalata K, Hashim MA: Potential value of 
estrogen receptor beta expression in colorectal carcinoma: interaction with apoptotic 
index. J Gastrointest Cancer 2012, 43(1):56-62. 

285. Foley EF, Jazaeri AA, Shupnik MA, Jazaeri O, Rice LW: Selective loss of estrogen 
receptor beta in malignant human colon. Cancer Res 2000, 60(2):245-248. 

286. Konstantinopoulos PA, Kominea A, Vandoros G, Sykiotis GP, Andricopoulos P, 
Varakis I, Sotiropoulou-Bonikou G, Papavassiliou AG: Oestrogen receptor beta 
(ERbeta) is abundantly expressed in normal colonic mucosa, but declines in colon 
adenocarcinoma paralleling the tumour's dedifferentiation. Eur J Cancer 2003, 
39(9):1251-1258. 

287. Saleiro D, Murillo G, Benya RV, Bissonnette M, Hart J, Mehta RG: Estrogen 
receptor-beta protects against colitis-associated neoplasia in mice. Int J Cancer 2012, 
131(11):2553-2561. 

288. Martineti V, Picariello L, Tognarini I, Carbonell Sala S, Gozzini A, Azzari C, Mavilia 
C, Tanini A, Falchetti A, Fiorelli G et al: ERbeta is a potent inhibitor of cell 
proliferation in the HCT8 human colon cancer cell line through regulation of cell 
cycle components. Endocr Relat Cancer 2005, 12(2):455-469. 

289. Hartman J, Edvardsson K, Lindberg K, Zhao C, Williams C, Strom A, Gustafsson JA: 
Tumor repressive functions of estrogen receptor beta in SW480 colon cancer cells. 
Cancer Res 2009, 69(15):6100-6106. 

290. Hsu HH, Cheng SF, Wu CC, Chu CH, Weng YJ, Lin CS, Lee SD, Wu HC, Huang 
CY, Kuo WW: Apoptotic effects of over-expressed estrogen receptor-beta on LoVo 
colon cancer cell is mediated by p53 signalings in a ligand-dependent manner. Chin J 
Physiol 2006, 49(2):110-116. 

291. Nguyen-Vu T, Wang J, Mesmar F, Mukhopadhyay S, Saxena A, McCollum CW, 
Gustafsson JA, Bondesson M, Williams C: Estrogen receptor beta reduces colon 
cancer metastasis through a novel miR-205 - PROX1 mechanism. Oncotarget 2016, 
7(27):42159-42171. 

292. Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T, Clark L, Bayani N, 
Coppe JP, Tong F et al: A collection of breast cancer cell lines for the study of 
functionally distinct cancer subtypes. Cancer Cell 2006, 10(6):515-527. 

293. Kao J, Salari K, Bocanegra M, Choi YL, Girard L, Gandhi J, Kwei KA, Hernandez-
Boussard T, Wang P, Gazdar AF et al: Molecular profiling of breast cancer cell lines 
defines relevant tumor models and provides a resource for cancer gene discovery. 
PLoS One 2009, 4(7):e6146. 



 

  65 

294. Ahmed D, Eide PW, Eilertsen IA, Danielsen SA, Eknaes M, Hektoen M, Lind GE, 
Lothe RA: Epigenetic and genetic features of 24 colon cancer cell lines. Oncogenesis 
2013, 2:e71. 

295. Chu Y, Corey DR: RNA sequencing: platform selection, experimental design, and 
data interpretation. Nucleic Acid Ther 2012, 22(4):271-274. 

296. Stephenson W, Donlin LT, Butler A, Rozo C, Bracken B, Rashidfarrokhi A, 
Goodman SM, Ivashkiv LB, Bykerk VP, Orange DE et al: Single-cell RNA-seq of 
rheumatoid arthritis synovial tissue using low-cost microfluidic instrumentation. Nat 
Commun 2018, 9(1):791. 

297. Avraham R, Haseley N, Brown D, Penaranda C, Jijon HB, Trombetta JJ, Satija R, 
Shalek AK, Xavier RJ, Regev A et al: Pathogen Cell-to-Cell Variability Drives 
Heterogeneity in Host Immune Responses. Cell 2015, 162(6):1309-1321. 

298. Furey TS: ChIP-seq and beyond: new and improved methodologies to detect and 
characterize protein-DNA interactions. Nat Rev Genet 2012, 13(12):840-852. 

299. Grosselin K, Durand A, Marsolier J, Poitou A, Marangoni E, Nemati F, Dahmani A, 
Lameiras S, Reyal F, Frenoy O et al: High-throughput single-cell ChIP-seq identifies 
heterogeneity of chromatin states in breast cancer. Nat Genet 2019, 51(6):1060-1066. 

300. Mohammed H, Taylor C, Brown GD, Papachristou EK, Carroll JS, D'Santos CS: 
Rapid immunoprecipitation mass spectrometry of endogenous proteins (RIME) for 
analysis of chromatin complexes. Nat Protoc 2016, 11(2):316-326. 

301. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F: Genome engineering 
using the CRISPR-Cas9 system. Nat Protoc 2013, 8(11):2281-2308. 

302. Tu Z, Yang W, Yan S, Guo X, Li XJ: CRISPR/Cas9: a powerful genetic engineering 
tool for establishing large animal models of neurodegenerative diseases. Mol 
Neurodegener 2015, 10:35. 

303. Christmann M, Kaina B: Transcriptional regulation of human DNA repair genes 
following genotoxic stress: trigger mechanisms, inducible responses and genotoxic 
adaptation. Nucleic Acids Res 2013, 41(18):8403-8420. 

304. Gelmon KA, Tischkowitz M, Mackay H, Swenerton K, Robidoux A, Tonkin K, Hirte 
H, Huntsman D, Clemons M, Gilks B et al: Olaparib in patients with recurrent high-
grade serous or poorly differentiated ovarian carcinoma or triple-negative breast 
cancer: a phase 2, multicentre, open-label, non-randomised study. Lancet Oncol 2011, 
12(9):852-861. 

305. Juvekar A, Burga LN, Hu H, Lunsford EP, Ibrahim YH, Balmana J, Rajendran A, 
Papa A, Spencer K, Lyssiotis CA et al: Combining a PI3K inhibitor with a PARP 
inhibitor provides an effective therapy for BRCA1-related breast cancer. Cancer 
Discov 2012, 2(11):1048-1063. 

306. Karnak D, Engelke CG, Parsels LA, Kausar T, Wei D, Robertson JR, Marsh KB, 
Davis MA, Zhao L, Maybaum J et al: Combined inhibition of Wee1 and PARP1/2 for 
radiosensitization in pancreatic cancer. Clin Cancer Res 2014, 20(19):5085-5096. 

307. Muvarak NE, Chowdhury K, Xia L, Robert C, Choi EY, Cai Y, Bellani M, Zou Y, 
Singh ZN, Duong VH et al: Enhancing the Cytotoxic Effects of PARP Inhibitors with 
DNA Demethylating Agents - A Potential Therapy for Cancer. Cancer Cell 2016, 
30(4):637-650. 



 

 66 

308. Kummar S, Chen A, Ji J, Zhang Y, Reid JM, Ames M, Jia L, Weil M, Speranza G, 
Murgo AJ et al: Phase I study of PARP inhibitor ABT-888 in combination with 
topotecan in adults with refractory solid tumors and lymphomas. Cancer Res 2011, 
71(17):5626-5634. 

309. Jelinic P, Levine DA: New insights into PARP inhibitors' effect on cell cycle and 
homology-directed DNA damage repair. Molecular cancer therapeutics 2014, 
13(6):1645-1654. 

310. Zhao C, Gao H, Liu Y, Papoutsi Z, Jaffrey S, Gustafsson JA, Dahlman-Wright K: 
Genome-wide mapping of estrogen receptor-beta-binding regions reveals extensive 
cross-talk with transcription factor activator protein-1. Cancer Res 2010, 
70(12):5174-5183. 

311. Webb P, Nguyen P, Valentine C, Lopez GN, Kwok GR, McInerney E, 
Katzenellenbogen BS, Enmark E, Gustafsson JA, Nilsson S et al: The estrogen 
receptor enhances AP-1 activity by two distinct mechanisms with different 
requirements for receptor transactivation functions. Mol Endocrinol 1999, 
13(10):1672-1685. 

312. Raut S, Kumar AV, Khambata K, Deshpande S, Balasinor NH: Genome-wide 
identification of estrogen receptor binding sites reveals novel estrogen-responsive 
pathways in adult male germ cells. Biochem J 2020, 477(12):2115-2131. 

313. Jonsson P, Katchy A, Williams C: Support of a bi-faceted role of estrogen receptor 
beta (ERbeta) in ERalpha-positive breast cancer cells. Endocr Relat Cancer 2014, 
21(2):143-160. 

314. Hodges-Gallagher L, Valentine CD, El Bader S, Kushner PJ: Estrogen receptor beta 
increases the efficacy of antiestrogens by effects on apoptosis and cell cycling in 
breast cancer cells. Breast cancer research and treatment 2008, 109(2):241-250. 

315. Murphy LC, Peng B, Lewis A, Davie JR, Leygue E, Kemp A, Ung K, Vendetti M, 
Shiu R: Inducible upregulation of oestrogen receptor-beta1 affects oestrogen and 
tamoxifen responsiveness in MCF7 human breast cancer cells. J Mol Endocrinol 
2005, 34(2):553-566. 

316. Zhang Y, Zhou X, Yin C, Wu Y, Wang L: Overexpression of ERbeta inhibits the 
proliferation through regulating TNG-beta signaling pathway in osteosarcoma. Pathol 
Res Pract 2019, 215(10):152568. 

317. Edvardsson K, Nguyen-Vu T, Kalasekar SM, Ponten F, Gustafsson JA, Williams C: 
Estrogen receptor beta expression induces changes in the microRNA pool in human 
colon cancer cells. Carcinogenesis 2013, 34(7):1431-1441. 

318. Miyoshi N, Yamamoto H, Mimori K, Yamashita S, Miyazaki S, Nakagawa S, Ishii H, 
Noura S, Ohue M, Yano M et al: ANXA9 gene expression in colorectal cancer: A 
novel marker for prognosis. Oncol Lett 2014, 8(5):2313-2317. 

319. Smid M, Wang Y, Klijn JG, Sieuwerts AM, Zhang Y, Atkins D, Martens JW, 
Foekens JA: Genes associated with breast cancer metastatic to bone. J Clin Oncol 
2006, 24(15):2261-2267. 

320. Mina LA, Lim S, Bahadur SW, Firoz AT: Immunotherapy for the Treatment of 
Breast Cancer: Emerging New Data. Breast Cancer (Dove Med Press) 2019, 11:321-
328. 

 


