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Chapter 1 
 

 

General introduction and outline of this 
thesis 
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1. Cancer development and progression 

 

1.1 Hallmarks 

In human cancer development, characteristic hallmarks are sustainability of 

proliferative signaling, resistance to cellular apoptosis, mutations of tumor suppressor 

genes, tumor angiogenesis, replicative immortality and tumor metastasis1. 

 

One of the most fundamental features of cancer is uncontrolled proliferation. Cancer 

cells acquire the capability to maintain proliferative signaling at activation. Cancer cells 

may secrete molecules (e.g., TGF-β) to stimulate the surrounding normal cells within 

the supporting tumor-associated stroma, which reciprocate by providing cancer cells 

with growth factors2. Alternatively, cancer cells may generate growth ligands 

themselves, to which they may react through expression of related receptors, leading 

to activation of proliferative signaling pathways. Reciprocal loops are important to 

maintain the delicate balance between the promotion and inhibition of cell growth3. 

Defects in the negative feedbacks may lead to consistent activation of signaling 

pathways associated with cell proliferation. For example, PTEN negatively regulates 

AKT/PKB signaling and intracellular levels of phosphatidylinositol-3,4,5-trisphosphate 

(PIP3). Loss of PTEN by its promoter methylation results in loss of a brake on PI3K, 

which promotes cell proliferation and reduces cell apoptosis1,4. 

 

Tumor suppressor genes negatively regulate cell proliferation. And tumor suppressor 

gene mutations are widely found in tumor tissues and cancer cells5-7. The well-known 

cancer-related genetic change is TP53 mutation. Over 75% of TP53 mutations lead to 

expression of mutant p53 proteins. Mutant p53 proteins have a dominant-negative 

effect beyond the remaining wild-type p53 protein8,9. Many studies suggest that, in non-

small cell lung cancer (NSCLC), TP53 mutations carry a worse prognosis in patients 

and are a contributor to cisplatin resistance10. Mutations of TP53 contribute to breast 

cancer growth through regulation of mevalonate signaling pathway11. 

 

Apoptosis, also known as programmed cell death, acts as an intrinsic barrier to cancer 

development. Cancer cells possess the capability to circumvent apoptosis. Cancer 
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cells may upregulate expression of anti-apoptotic regulators (e.g., BCL2) or growth 

factors (e.g., IGF-I/II), combined with downregulation of pro-apoptotic factors (e.g., 

BCL2L4)1. In cervical cancer, overexpression of BCL2 contributes to resistance of 

As2O3-induced apoptosis12. 

 

To evacuate metabolic waste and absorb nutrients, tumor angiogenesis is required for 

cancer development. Genes involved in angiogenesis are promising targets for cancer 

therapeutic treatment. Vascular endothelial growth factor A (VEGF-A), a typical 

angiogenesis inducer, facilitates growth and migration of vascular endothelial cells. 

The disruption of VEGF-A may lead to abnormal blood vessel formation,  antibodies 

against VEGF-A (Bevasizumab) are reported as an effective drug to counteract the 

progression of NSCLC13. PTK787, a VEGFR RTK inhibitor, is reported to significantly 

increase progression-free survival in colorectal cancer patients13. 

 

Cancer cells require the capability to unlimitedly replicate DNA for macroscopic tumors. 

In most normal cells, there are two barriers against unlimited replication, including 

senescence and crisis1. The transition, in which cells originate from a population in 

crisis and display the potential of unlimited replication, is termed immortalization. 

Established cell lines possess the feature of immortalization because of unlimited 

proliferation in culture. Telomeres, the highly conserved DNA sequences at the end of 

chromosomes, are the substrates for telomerase that is the enzyme responsible for 

addition of DNA to the ends of chromosomes. Telomerase is composed of the 

telomerase reverse transciptase (TERT) protein and the noncoding RNA component. 

Telomerase is positive in most non-immortalized cells1, whereas telomerase activity is 

elevated in most cancer cells14,15. 

 

Most cancer-related mortality is caused by tumor metastasis. The period of metastasis 

dormancy and pattern of tumor metastasis are determined by cancer types16. Autopsy 

studies show that breast, lung and prostate cancers are more likely to metastasize 

than other types of cancer, such as bone cancer, which rarely forms metastasis at 

distant organs outside of primary site17.  

 

 



4 
 

Combination of targeted therapy and cytotoxic agents offers an effective response 

against oncogenes, while its contribution to anti-metastasis therapy is transient, with 

an increase in overall survival of several months only16. To date, conventional 

therapeutic treatment of cancers has limited effectiveness in preventing and controlling 

metastasis in patients with cancer, probably due to the complex nature of tumor 

metastasis. 

 

1.2 EMT and metastasis 

The epithelial-mesenchymal transition (EMT) is a multiple-step process that enables 

the polarized epithelial cell to possess a mesenchymal cell phenotype, which includes 

increased cell proliferation, enhanced migration capability and invasiveness 18-20. EMT 

can be divided into three types with highly different functional consequences18. Type 1 

EMT is linked to implantation and embryonic development. For type 2 EMT, it is 

associated with tissue regeneration and organ fibrosis. Type 3 EMT is connected with 

cancer development and tumor metastasis. Activation of EMT requires molecular 

reprogramming of epithelium with new biochemical characteristics (Fig. 1). Main 

characteristics of EMT are loss of epithelial markers and gain of mesenchymal markers. 

The study of classical EMT regulation, to date, concentrates on the prototypic adhesion 

molecular, E-cadherin 21. E-cadherin (CDH1) emerges as one of the epithelial markers. 

Loss of E-cadherin is considered to be highly involved in EMT and tumor metastasis22. 

Mutations of CDH1 are shown to contribute to oral squamous cell carcinoma, breast 

cancer, NLCSC and thyroid cancer23-27. During the process of EMT, loss of cell-cell 

adhesion and cell junctions trigged by loss of E-cadherin allows cells to be separated 

from the primary cancer, migrate, invade surrounding tissues and colonize at distant 

organs. Meanwhile, the re-established functional E-cadherin/catenin complex converts 

invasive tumor phenotype into a benign and epithelial phenotype28. The cells that lose 

epithelial markers and gain mesenchymal markers are considered to be the cells that 

eventually go into blood circulation and colonize at distant tissues29,30. However, cells 

at distant colonized sites do not exhibit mesenchymal phenotypes. And equal or even 

higher E-cadherin expression is observed in tumor metastases relative to the primary 

tumors, suggesting cells at secondary sites undergo mesenchymal to epithelial 

transition (MET)18.   

 



5 
 

On the other hand, some in vivo studies showed that EMT was required for 

chemotherapy resistance, instead of tumor metastasis31,32. Moreover, no convincing 

evidence of EMT  is observed at any stage of tumor tissues so far33, suggesting the 

occurrence of EMT in cancer tissues is in doubt.  

 

Fig. 1 EMT is a continuum which can be divided into epithelial, intermediate, and 
mesenchymal phenotype. 

 

Taken together, the role of EMT in cancer development is still controversial. One of 

the reasons is the lack of a standardized criteria of EMT definition. Another one is 

variation on marker expression patterns in distinct tumor samples34,35. 

 

1.3 Therapy resistance 

EMT induction allows differentiated cells to gain a multipotent stem cell-like 

phenotype36. Acquisition of cancer stem cell features in the process of EMT contributes 

to therapeutic resistance. Activated Notch signaling pathway is linked to enhanced cell 

proliferation in gemcitabine therapy resistance37. Both Slug and Snail, important 

regulators of EMT, are connected with chemotherapy resistance in ovarian cancer38. 

The inducer of EMT, Twist, is associated with hormone therapy resistance in breast 

cancer through downregulation of estrogen receptor α39. 

 

Tumor microenvironment is also involved in EMT and therapy resistance. Many studies 

show that the components of the tumor stroma secrete molecules that trigger induction 

of EMT such as transforming growth factor beta (TGF-β) and interleukin 6 (IL-6)40. IL-

6 originating from cancer associated fibroblasts (CAFs) is connected to EMT-mediated 

chemotherapy resistance in NSCLC41. As an early tumor suppressor, TGF-β represses 
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normal epithelial cell growth. However, in the late stage of cancer progression, TGF-β 

is considered as the most potent EMT-inducing signal in many cancer contexts. In 

squamous cell carcinoma stem cells, TGF-β-responsive cells are accompanied by the 

features typically associated with EMT and TGF-β diminishes cisplatin-induced 

apoptosis via activation of p2142. So far, the well-accepted assumption is that paracrine 

signals from stromal components lead to induction of EMT, resulting in therapy 

resistance, rather than tumor metastasis.  

 

2. Breast cancer  

Breast cancer is one of the most common cancers among women globally and 

becomes the second leading cause of cancer-related mortality43. Breast cancer is a 

highly heterogeneous disease with variable morphologies and clinical implications44.  

Immunohistochemical testing for epidermal growth factor receptor 2 (HER2), estrogen 

receptor (ER), progesterone receptor (PR) is conventionally used in clinical practice 

for diagnosis of breast cancer. With the development of high-throughput platforms for 

gene expression analysis, it has been shown that the response of tumor cell to 

treatment is in part determined to intrinsic molecular characteristics, suggesting that 

classification of breast cancer according to molecular characteristics may not only 

increase the accuracy of disease diagnosis and also therapeutic decision making45. 

The differences in gene expression profile reflect the fundamental differences of breast 

cancer at the molecular level.  

 

The gene expression profiling divides breast cancer into several subtypes, including 

basal-like, luminal A, luminal B, HER2-enriched and normal-like subtype. Most basal-

like breast cancers are triple negative breast cancer, with absent expression of ER, PR 

and HER2. The HER2-enriched subtype generally has HER2 gene amplification on 

chromosome 17q12. Both luminal A and luminal B are positive for ER and PR46. Each 

molecular subtype corresponds to an IHC-defined subtype (Table 1), except for 

normal-like breast cancer that has similarities in IHC status with luminal A subtype. 

 

Identification of molecular subtypes provides valuable information on prediction of 

treatment response and clinical outcome. Both HER2-enriched and basal-like breast 

cancer have higher rates of complete response to pre-surgery chemotherapy than 
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luminal-like breast cancer. Patients with basal-like breast cancer are more likely to 

have an unfavorable prognosis and a short-term disease-free and overall survival47.  

 

Table 1 

Intrinsic subtype IHC status Outcome Prevalence 

Luminal A ER+, PR+, HER2-, Ki67- Favorable 23.7% 

Luminal B ER+, PR+, HER2-, Ki67+ Intermediate 38.8% 

 ER+, PR+, HER2+, Ki67+ Unfavorable 14.0% 

Her2-enriched ER-, PR-, HER2+ Unfavorable 11.2% 

Basal-like ER-, PR-, HER2-, basal markers+ Unfavorable 12.3% 

Normal-like ER+, PR+, HER2-, Ki67- Intermediate 7.8% 

This table describes the characteristics of each molecular subtype breast cancer cited from 

Bozhi Shi (45) 

 

2.1 Luminal A and luminal B  

Luminal-like breast cancer is characterized by high expression of a panel of luminal 

associated genes/proteins such as ESR, T18/19, GATA3, FOXA1, Cytokeratin-8/18 

and Cyclin D144,48. Due to tight cell-cell contacts, luminal-like breast cancer is 

comparably differentiated and has limited ability to migrate. There are various single 

subtype predictors (SSPs) used to identify the molecular subtype of an individual 

breast cancer, none of which could produce substantial agreement in subdividing 

luminal breast cancers49. Despite differences in definition of luminal subtype 

classification, classification of luminal subtype remains useful and important for clinical 

practice. 

 

In general, luminal-like breast cancer can be further stratified into luminal A and luminal 

B according to expression level of proliferation-related genes and HER2 status. 

Luminal A is the most common subtype and its characteristics include high expression 

of estrogen receptor (ER), low expression of HER2 and low expression of proliferation-

related genes50,51. Luminal A breast cancer tends to express genes, such as GATA3, 
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TOB1, ERBB3 and SPDEF that link to a more differentiated and noninvasive 

phenotype52. 

 

Luminal A status may be an indicator of lack of chemotherapy benefit, owing to low 

levels of proliferation-related genes.  

 

As for luminal B, it exhibits low expression of ER, variable expression of HER2 and 

high expression of proliferation-related proteins (e.g. Ki-67, CCNB1 and MYBL2)51. 

Proliferation is identified as one of the most important features of several prognostic 

multigene signatures, which distinguishes high-risk luminal B from low-risk luminal 

A49,53. Luminal B subtype may be more invasive and aggressive than luminal A subtype, 

and it is insensitive to endocrine therapy relative to luminal A subtype, and to 

chemotherapy compared with HER2-enriched and basal-like subtype. Some clinical 

studies, in which have differences in subtype definition and chemotherapy received, 

showed that complete response rate is consistently lower in luminal B subtype relative 

to HER2-enriched and basal-like subtype44,54-56. 

 

Luminal B derives from luminal A in term of proliferation-related markers. However, 

luminal A and luminal B are distinct entities since sequencing data reveal that luminal 

B has molecular uniqueness, including gene copy number alternations, DNA 

methylation, and somatic point mutations57. High-level DNA amplification and 

chromosomal aberrations are more frequently examined in luminal B than other 

subtypes58,59. Luminal B is more likely to have higher frequency of TP53 mutations 

relative to luminal A57. The increased expression of PI3K signaling pathway genes is a 

feature of  luminal B subtype breast cancer44. 

 

Clinical outcome of luminal B breast cancer is similar to non-luminal subtypes. A 

multivariate analysis showed that hazard ratio (2.43, P<0.001) of luminal B breast 

cancer patients for relapse-free survival is similar to that (2.53, P<0.001) of patients 

with HER2-enriched breast cancer51. Unlike basal-like breast cancer that is more likely 

to metastasize to brain tissue, luminal B has a preference to relapse to pleura and lung 

that is similar to luminal A60.  
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2.2 Basal-like  

The prevalence of basal-like breast cancer (BLBC) is between 12.3% and 36.7% of all 

breast cancer cases in different patient cohorts50,61-64. The incidence of BLBC is 

associated with increased parity, early age of menarche, and first full-term pregnancy 

before age of 2664-66.  

 

Basal-like breast cancer is a highly aggressive molecular subtype characterized by 

enrichment of genes expressed by epithelial cells in the basal or outer layer of adult 

mammary gland64. The basal-like subtype is characterized by high expression of 

Keratin 5 and 17, Laminin, and fatty acid binding protein 7 (FABP7)62. Most basal-like 

breast cancers are negative for ER, PR and HER2, and named triple-negative breast 

cancer (TNBC). Unlike ER-positive luminal subtype and HER2-enriched subtype 

breast cancer, basal-like breast cancer typically lacks expression of molecular targets 

that confers responsiveness to typical target therapies such as tamoxifen or 

trastuzumab. One of characteristics of BLBC is high proliferation rate67. Downregulated 

expression of Retinoblastoma 1 (RB) and Cyclin D1 and elevated expression of E2F3 

and Cyclin E contribute to enhanced cell proliferation. Copy number of CCNE1 is much 

higher in BLBC than other subtypes, and its expression correlates with unfavorable 

prognosis for patients with breast cancer68-70. RB tumor suppressor gene negatively 

regulates G1 to S cell cycle transition that is required for cell proliferation71. 

Phosphorylated Retinoblastoma 1 promotes G1 to S cell cycle transition by releasing 

E2F, a transcription factor that activates CCNE1 expression64. Moreover, epidermal 

growth factor receptor (EGFR) highly expresses in BLBC and facilitates cell 

proliferation by activation of RAS/MAPK/MAPKK signaling pathway72. Basal-like breast 

cancer has a higher frequency of TP53 mutations relative to luminal-like and HER2-

enriched breast cancer, which is associated with unfavorable prognosis and poor 

response to systemic therapy62,73-75.   

 

Basal A breast cancer may exhibit either luminal-like or basal-like morphology. Basal 

B subtype breast cancer preferentially expresses CD44, VIM, AXL and SPARC that 

are associated with a mesenchymal or cancer stem cell phenotype, which leads to 

much more invasiveness of basal B than basal A and luminal-like breast cancer. 
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2.3 HER2-enriched 

HER2, one member of  four membrane receptor tyrosine kinases (RTKs), was firstly 

identified as a novel gene from rat neuroblastomas NIH 3T3 cells76. HER2, located on 

chromosome 17q12, is amplified or overexpressed in about 15% ~ 20% of all breast 

cancer cases77. The copy number of HER-2 in breast cancer ranges from 25 to 50, 

whereas HER2 protein expression may increase 40- to 100-fold78,79, suggesting copy 

number of HER-2 correlates with HER2 protein expression in 90% of breast cancer 

cases80. Amplification of HER-2 negatively correlates with overall  survival and time to 

relapse in breast cancer patients80, suggesting HER-2 is a useful prognostic factor. 

Many findings suggest that HER2 is a major classifier of breast cancer and target of 

therapy. Despite a well-accepted finding that the majority of HER-2 mutations are 

activating mutations81, HER-2  mutations can be found in breast cancers lacking HER-

2 amplification. 

  

To date, a number of HER2-targeted medications have been developed such as small 

molecule inhibitors (e.g., ZD1839), monoclonal antibody (e.g., Trastuzumab and 

Pertuzumab), and antibody drug conjugates. HER2 overexpression correlates with the 

benefit of HER2-directed therapy. For patients with HER2-enriched breast cancer, 

HER2-targeted therapy is recommended, except for those who have clinical 

congestive heart failure or compromised left ventricular ejection fraction82. HER2-

targeted therapy in combination with chemotherapy increases the response rate, 

progression-free survival and overall survival relative to chemotherapy alone for HER-

enriched breast cancer patients83.   

 

2.4 Claudin-low 

The Claudin-low subtype is a new molecular subtype of breast cancer 84.  It is 

characterized by tumor initiating cell genomic signature and lack of tight junction and 

cell to cell adhesion (e.g., Claudin 3, 4, 7 and E-cadherin)85. Claudin-low subtype 

breast cancer highly expresses mesenchymal markers (e.g., Vimentin) and exhibits 

enrichment for cancer stem cell features 85. The majority of Claudin-low breast cancer 

is negative for ER, PR and HER2, which is similar to basal-like breast cancer. However, 

Claudin-low breast cancer has inconsistent expression of basal keratins (e.g., Keratin 

5, 14 and 17) and does not highly express proliferation-related genes, indicating it is a 
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slower-cycling breast cancer which distinguishes from basal-like breast cancer. Some 

studies show that Claudin-low breast cancer has high expression of stromal-specific 

and lymphocyte- or granulocyte-specific gene signatures relative to other molecular 

subtypes of breast cancer86,87. 

 

2.5 Representative cell lines of basal-like and luminal-like breast cancer 

By virtue of unlimited self-replication, breast cancer cell lines are widely utilized for 

breast cancer researches48. Whether the breast cancer cell lines reflect the molecular 

characteristics of corresponding tumors is crucial for in vitro breast cancer experiments. 

As described above, breast cancer cell lines are divided into several subtypes 

according to gene expression profiling.  Since there is still no unifying and strict 

definition for basal-like subtype of breast cancer88, a few cell lines may be categorized 

as luminal-like or basal-like simultaneously in different articles (e.g., HCC1500). 

Although inconsistency of definition of basal-like/luminal-like exist so far, most cell lines 

have the identical classification in a number of different studies. Here, representative 

cell lines are listed. 

 

 

3. Grainyhead like transcription factors 

The Grainyhead (GRH) gene family encodes transcription factors with an isoleucine-

rich activation domain, a DNA-binding domain, and a dimerization domain89-91. After 



12 
 

identification of the first member of the GRH gene family in Drosophila, GRH homologs 

have subsequently been identified in other animals such as nematodes and mammals.  

 

Based on whether the family members are associated with the Drosophila GRH or 

Drosophila CP2 (dCP2), this gene family has been divided into two main categories: 

GRH like (GRHL) and CP2. A study shows that there is no interaction between GRHL 

and CP2 so far90, consistent with the observation that GRHL has no striking identity 

with dCP2 in the protein dimerization domain92 . 

 

In mammals, there are three mammalian members of the GRHL family, which have 

been termed GRHL1, GRHL2 and GRHL3 (Fig. 2) 93. These transcription factors adopt 

a DNA-binding immunoglobulin fold homologous to the core domain of tumor 

suppressor p53 and they display remarkable amino acid sequence identity with each 

other, particularly in the functional DNA-binding and dimerization domains92. The N-

terminal domains of GRHL transcription factors are involved in transcriptional activation 

and C-terminal regions possess DNA-binding and dimerization domains94. 

The expression patterns of these factors are tissue and developmentally specific, 

which means they can show differential spatiotemporal expression patterns during 

development95. 

 

GRHL proteins are involved in many important biological processes, including cell 

migration, cell growth and differentiation, through interactions with other transcription 

factors, gene promoters or partner proteins96-98.  

 

 

3.1 GRHL1 

Fig. 2 Schematic structure of GRH (top lane) and GRHL family members (Adapted 
from Alarid (92).  
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GRHL1, also known as MGR, LBP-32 and TCFCP212, is one of the highly conserved 

family of β-scaffold transcription factors. GRHL1 can exist as homodimer or can form 

heterodimers with GRHL3 and GRHL2. 

GRHL1 is transcriptionally and epigenetically inhibited by interaction of HDAC3 with 

MYCN via their binding to the promoter of GRHL1. A in vivo experiment shows that 

mice lacking GRHL1 exhibit hair loss and palmoplantar keratoderma, due to 

downregulated expression of desmoglein 199.  

 

3.2 GRHL2  

GRHL2 encodes a 325 amino acid protein and is positive in human brain, placenta, 

kidney, prostate, thymus, lung, salivary, mammary gland, digest tract and 

pancreas88,100,101. To date, GRHL2 has three identified isoforms. Isoform 1 is the full 

length of GRHL2. And isoform 2 results from translation at alternative site, therefore, 

isoform 2 is five amino acids shorter than isoform 1. The isoform 3 has no 

transcriptional activity due to the loss of 98 amino acid at N-terminal101. 

 

GRHL2 is involved in non-tumor disease in human and mice. Mutations of Grhl2 give 

rise to loss of non-neural ectoderm integrity and abnormal mesenchymal phenotype 

by downregulation of EMT suppressors Lamc2, Tmprss2, Sostdc1 and Esrp1102. In the 

process of neural tube closure, GRHL2 is regulated by tet methylcytosine dioxygenase 

1 (TET1)103.  Higher expression of GRHL2 is observed in kidney. And loss of GRHL2 

leads to deficient nephric duct lumen expansion and damages epithelial barrier 

formation and even inhibits lumen expansion in collecting duct epithelia101. Mutations 

in GRHL2 are observed in progressive autosomal-dominant hearing loss88,104. A single 

nucleotide polymorphism (SNP) found in the human GRHL2 gene has a correlation 

with age-related hearing impairment (ARHI) in a American population88. Meanwhile, 

genetic polymorphisms of GRHL2 may have protective effects on sudden 

sensorineural hearing loss (SSHL) and may lower the risk of SSHL105,106. GRHL2 

mutation is also found in skin diseases107. Autosomal recessive missense mutations in 

GRHL2 leads to ectodermal dysplasia, which is characterized by pigmentation of oral 

mucosa and/or tongue abnormal dentition, including hypodontia and enamel 

hypoplasia108 In the field of prenatal diagnosis, GRHL2 deletion may be a marker for 

diagnosis of bilateral cleft lip through examination of  polymorphic DNA marker109. In 
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primary human bronchial epithelial cells, deletion of GRHL2 leads to failure of 

establishment of electrical resistance and differentiation of multi-ciliated cells 110.  

 

3.3 GRHL3 

GRHL3, also known as SOM, TFCP2L4 and VWS2, is only capable of forming multi-

protein complexes with the other members of GRHL family, without interaction with 

CP2.  

 

In line with the finding that GRH family is highly conserved from Caenorhabditis 

elegans to human92,111, the role of GRHL3 in the maintenance of epidermal integrity in 

mice is also confirmed. GRHL3 is required for formation and maintenance of the 

epidermal barrier in mice and lacking of GRHL3 leads to defective skin barrier function, 

loss of eyelid fusion112 and deficient wound repair113, in which other family members 

fail to compensate for the loss of GRHL3. 

 

In vivo experiment shows that knockout of Grhl3 gives rise to an eye-open at birth 

phenotype, probably owing to repression of F-actin polymerization, and filopodia 

formation114.  

 

A null mutation of Grhl3 also exhibits spina bifida in mouse115, suggesting that GRHL3 

plays important a role in  closure of several structures. 

 

4. GRHL1 and GRHL3 in cancer 

As a tumor suppressor, GRHL1 maps to chromosome 2p25.1 that is infrequently 

involved in aberrations in neuroblastoma116. A study shows that GRHL1 expression 

level positively correlates with favorable patient survival in primary neuroblastoma117. 

GRHL3 has a protective role against several cancers in human and mice. As a tumor 

suppressor, loss of GRHL3 by a miR-21-dependent network results in squamous cell 

carcinoma in human, in part due to downregulation of PTEN that is one of GRHL3 

targets via activation of PI3K/AKT/mTOR signaling118. In the early stage of breast 

cancer, elevated expression of GRHL3 is observed in both plasma and tumor samples, 
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whereas reduced expression of GRHL3 in both plasma and tumor samples 

characterizes advanced stages. 

 

GRHL3, induced by tumor necrosis factor alpha (TNF α), strongly stimulates human 

umbilical vein endothelial cell migration119, consistent with the finding that GRHL3 

elevates the capacity of cell migration in endothelial cell via activation of AKT and 

endothelial nitric oxide synthase (eNOS)120. Upregulation of GRHL3 is observed in 

breast cancers related to atypical hyperplasia. But GRHL3 expression in histological 

grade 1 is higher than that in histological grade 3, similar to the finding that GRHL3 is 

highly expressed in the early stage of breast cancer121.  GRHL3 expression correlates 

with longer breast cancer-specific survival in lymph node-positive group122, in part due 

to regulation of E-cadherin mediated by GRHL3123. 

 

In humans, GRHL3 has three isoforms (SOM1, SOM2 and SOM3) that are derived 

from differential first usage and alternative splicing and differ in their N terminal domain. 

These isoforms can dimerize with each other and other members of GRHL family, 

recognizing the same DNA-binding domain90. 

 

SOM2 is present in human and mice. But as for SOM1 and SOM3, with different N 

termini, they are not found in mice and specific to human, which is caused by that the 

mouse genome lacks the corresponding first exon90. Both SOM1 and SOM2 have a 

highly conserved activation domain  in the N-terminal region, which lacks in SOM390 

that is less widely expressed related to SOM1 and SOM2. And both of them are 

transcriptional activators, but have opposing effects on apoptosis and migration in 

primary human endothelial cell via regulating expression of different target genes124. 

 

5. GRHL2 in Cancer 

GRHL2, also known as BOM, ECTDS, TFCP2L3 and DFNA28, is located on human 

chromosome 8q22.3 that is highly conserved in mammals and amplified or 

overexpressed in multiple cancers such as oral cancer, breast cancer, prostate cancer 

and acute myeloid leukemia125-129. Amplification of GRHL2 inhibits death receptor-

mediated apoptosis by repressing FAS and DR5 on the cell surface130. In oral 
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squamous cell carcinoma, overexpressed GRHL2 promotes cell proliferation due to 

upregulation of the human telomerase reverse transcriptase gene expression by 

GRHL2-mediated DNA methylation131. And a gain of GRHL2 is closely associated with 

early recurrence of hepatocellular carcinoma132. In prostate cancer, GRHL2 is 

commonly amplified and overexpressed but expression levels of GRHL2 are not 

associated with Gleason grade or serum prostate specific antigen levels128. A recent 

study shows that GRHL2 is not only required for cell proliferation, but also for 

maintenance of androgen receptor (AR) expression133. GRHL2 is regulated by AR and 

co-localized with AR at specific sites on DNA to regulate gene expression133. GRHL2 

overexpression is observed in NLCSC cell lines and is associated with poor prognosis 

134. Due to its capability of transforming NIH3T3 fibroblasts, GRHL2 has been identified 

as the first member of GRH family of transcription factors to induce malignant 

transformation of cells. In the mouse model, overexpression of GRHL2 promotes 

breast tumor growth and metastasis in part owing to affecting microRNA-200s that 

directly target Sec23a that mediates secretion of metastasis-suppressive proteins135. 

The clinical relevance of GRHL2 in prognosis of patients with breast cancer is 

demonstrated by the finding of a positively significant association between 

overexpression of GRHL2 and poor relapse-free survival and increased risk of 

metastasis136.These observations indicate that GRHL2 is a potential oncogene. 

 

GRHL2 is an epithelial marker. Microarrays of 51 breast cancer cell lines show that 

GRHL2 is expressed specifically in epithelial cell lines, with high expression level of 

CLDN3, CLDN4, CLDN7, TJP2 and CD24136. Downregulation of GRHL2 is observed 

in basal B subtype breast tumors that exhibit mesenchymal gene expression 

signatures97. Expression levels of GRHL2 are associated with the epithelial phenotype, 

which means cell types with strong epithelial features tend to have higher GRHL2 

expression98,137. 

 

GRHL2 is a suppressor of EMT. GRHL2 activates expression of CDH1, CLDN4 and 

OVOL297,138, which are typical epithelial markers. GRHL2 may suppress TGF-β-

induced and spontaneous EMT in part by suppression of ZEB1 expression97,139. It 

means that GRHL2 may inhibit tumor metastasis, perhaps through its ability to 

suppress EMT. 
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GRHL2 not only upregulates expression of epithelial-specific genes (e.g., CDH1, 

CLDN4 and OVOL2) (Fig. 3)138,140,141, but also downregulates mesenchymal 

regulators such as ZEB1, ZEB2 and CDH2 (N-cadherin) 142-144. ZEB1 is identified as a 

direct target gene of GRHL2 due to the finding that GRHL2 negatively regulates 

expression of  ZEB1 mRNA by binding ZEB1 promoter in human mammary epithelial 

cell line (HMLE)97. However, in epithelial ovarian cancer (EOC) cells, any binding of 

GRHL2 is not found around ZEB1 promoter, suggesting that the interaction of GRHL2 

with ZEB1 is cell context-dependent98. 

 

Fig. 3 The regulatory network of GRHL2. Red color: antagonists of EMT. Blue color: agonist of 
EMT. Green color: activator of cell growth. Violet color: repressor of cell survival. Dotted line: 
indirect relationship. Solid line: indirect relationship. (Adapted from Sun (102).) 

 

GRHL2 also coordinates p63 to maintain integrity of epithelial cell and embryonic 

morphogenesis145-147. GRHL2 is required and necessary for p63 expression in part due 

to the fact that GRHL2 binding is observed at TP63 promoter and overexpression of 

GRHL2 leads to upregulation of p63147. Interestingly, p63 knockdown also reduces 

GRHL2 promoter activity, which means reciprocal feedback loop exists between 

GRHL2 and p63147.  
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Beside transcriptional regulation, GRHL2 regulates histone modifications to mediate 

expression of its target genes. Downregulation of GRHL2 leads to reduced active 

histone marks (H3K4me3 and H3-K9/14ac) at Cdh1 promoter in mouse kidney cells94. 

In EOC, GRHL2 knockdown significantly increases H3K27me3 levels at the promoters 

and GRHL2 binding sites of CDH1 and miR-200B/200A/42998. Inhibition of the 

recruitment of histone demethylase JMJD3 induced by GRHL2 results in elevated 

levels of H3K27me3 at the promoters of GRHL2 target genes in keratinocytes148. 

 

6. Outline of this thesis 

The objective of this study was to investigate the expression and function of GRHL2 in 

different breast cancer subtypes. In Chapter 2, we focused on the expression of 

GRHL2 in human breast cancer and the distinct effects of GRHL2 knockout on aspects 

of growth versus migration in basal A and luminal-like subtypes. In Chapter 3, ChIP-

seq was used to explore the genomic landscape of GRHL2 binding sites in basal A and 

luminal-like subtypes of breast cancer and this data was used to predict shared and 

distinct GRHL2 target genes. In Chapter 4, based on a conditional GRHL2 knockout 

system, we determined the dynamic changes in genome-wide DNA transcription 

triggered by loss of GRHL2 in luminal-like breast cancer cells and used the data to 

predict affected pathways. In Chapter 5, ChIP-seq and BrU-seq data were integrated 

to identify genes whose transcription is controlled by GRHL2 and establish gene 

expression networks regulated by GRHL2 in luminal-like breast cancer. 
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Abstract 

The transcription factor Grainyhead like 2 (GRHL2) is reported to promote cancer 

growth in some-, and suppress aspects of cancer progression in other studies. We 

investigated its role in different breast cancer subtypes. In breast cancer patients, 

association of GRHL2 expression with prognosis differed for different subtypes and in 

a large cell line panel, GRHL2 was low or absent in basal B- and expressed in all 

luminal- and basal A cell lines.  In a luminal cell line (MCF7) deletion of GRHL2 

triggered cell cycle arrest, loss of colony formation capacity, and downregulation of 

PCNA and TERT. In parallel, E-cadherin was lost but only a minor increase in EGF-

stimulated motility was observed. In a basal A cell line (HCC1806) GRHL2 deletion 

also suppressed proliferation and colony formation but no changes were seen in PCNA 

and TERT. Rather, loss of E-cadherin in this case was accompanied by induction of 

Vimentin and N-cadherin, and conversion to a highly migratory phenotype, further 

augmented by EGF treatment. These results point to distinct responses to GRHL2 

depletion in luminal- and basal-like breast cancers with respect to growth arrest and 

enhanced motility phenotypes and suggest that GRHL2 may be a candidate target in 

luminal-like breast cancer. 

 

Introduction 

Breast cancer is the most prevalent malignancy in female globally. Mortality of patients 

with breast cancer has decreased, resulting from early diagnosis and development of 

therapies 1-3. A considerable proportion of knowledge on breast cancer originates from 

experiments performed with breast cancer cells that cover the various subtypes of this 

heterogeneous disease 4. Breast cancer is divided into luminal-like (luminal A and 

luminal B), epidermal growth factor receptor 2-enriched (HER2-enriched), basal-like 

(basal A and basal B), claudin-low, and normal-like subtypes based on gene 

expression profiling 5.  

 

Luminal-like breast cancer is characterized by enrichment of genes/proteins 

associated with the luminal epithelial phenotype (e.g., ESR1, GATA3 and FOXA1) 4,6. 

Basal-like breast cancer is characterized by significant enrichment of basal epithelial 

cytokeratins, hormone receptor negativity and a high tumor grade and poor prognosis 
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7. Basal-like breast cancer can be further divided into basal A and basal B subtype 8. 

The basal A subtype is enriched with basal markers such as cytokeratins, while basal-

B exhibits a mesenchymal or a normal-like phenotype with overexpression of several 

genes related to tumor invasion and tumor stemness 4. 

 

The Grainyhead (GRH) gene was originally discovered through a mutation that causes 

slack and fragile cuticles in Drosophila9. This gene mutation results in failure of neural 

tube closure during embryogenesis 10. The transcription factor GRH family is highly 

conserved from Drosophila to humans. In humans, GRHL1, GRHL2 and GRHL3 are 

identified as GRH homologs that contain an N-terminal transcriptional activation 

domain, a central CP2 DNA-binding domain and a C-terminal dimerization domain 11. 

 

GRHL2 has been implicated in cancer development. In some studies, GRHL2 is 

considered as a tumor suppressor, because it suppresses epithelial-mesenchymal 

transition (EMT) through upregulation of epithelial markers or downregulation of 

mesenchymal markers 12-14. In contrast, GRHL2 is located on chromosome 8q22 that 

is frequently amplified or overexpressed in many cancers and hence may rather have 

an oncogenic function 15. Indeed, in prostate cancer 16, breast cancer 14, lung cancer 

17 and ovarian cancer 18 downregulation of GRHL2 has been associated with inhibition 

of cell proliferation. Together, this suggests that GRHL2 function may vary depending 

on the cancer cell context. 

 

In this study, we investigated the role of GRHL2 in different breast cancer subtypes. 

Our findings show that GRHL2 is absent in basal B-like breast cancer cells, it is 

expressed in basal A where its deletion triggers a slow growth/high motility phenotype, 

and it is expressed in luminal-like breast cancer cells where its depletion causes an 

arrested replication/proliferation. 

 

Materials and methods 

Cell lines 

Human breast cancer cell lines (MCF7, T47D, BT474, HCC1806, BT20, MDA-MB-468, 

Hs578T) were obtained from the American Type Culture Collection. Cells were cultured 
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in RPMI1640 medium with 10% fetal bovine serum, 25 U/mL penicillin and 25 µg/mL 

streptomycin in the incubator (37°C, 5% CO2). 

 

For production of lentiviral particles, VSV, GAG, REV and Cas9 or sgRNA plasmids 

were transfected into HEK293 cells using Polyethylenimine (PEI). After 2 days, 

lentiviral particles were harvested and filtered. Conditional Cas9 cells were generated 

by infecting parental cells with lentiviral particles expressing Edit-R Tre3G promotor-

driven Cas9 (Dharmacon) and selected by blasticidin. Limited dilution was used to 

generate Cas9 monoclonal cells. Subsequently, Cas9-monoclonal cells were 

transduced with U6-gRNA:hPGK-puro-2A-tBFP control non-targeting or GRHL2-

specific single guide (sg)RNAs (Sigma) and selected by puromycin.  

 

Western blot 

Cells were lysed by radioimmunoprecipitation (RIPA) buffer (150 mM NaCl, 1% Triton 

X-100, 0.5% sodium deoxycholate and 0.1% Tris and 1% protease cocktail inhibitor 

(Sigma-Aldrich. P8340)). Then cell lysis was sonicated and protein concentration was 

determined by bicinchoninic acid assay (BCA) assay. Cell lysis was mixed with protein 

loading buffer. Subsequently, protein was separated by SDS-PAGE gel and then 

transferred to methanol-activated polyvinylidene difluoride (PVDF) (Milipore, The 

Netherlands) membrane. The membrane was blocked with 5% bovine serum albumin 

(BSA, Sigma-Aldrich) for 1 hour at room temperature (RT). Then membranes were 

stained with primary antibody overnight at 4°C and HRP-conjugated secondary 

antibodies for half hour at room temperature (RT). After staining with Prime ECL 

Detection Reagent (GE Healthcare Life science), chemoluminescence was detected 

by Amersham Imager 600 (GE Healthcare Life science, The Netherlands). The 

following antibodies were used: GRHL2 (Atlas-Antibodies, hpa004820)，GAPDH 

(SantaCruz, sc-32233), PCNA (SantaCruz, sc-56), Vimentin (Abcam, ab8069), N-

cadherin (BD, 610920), E-cadherin (Abcam, ab76055), Peroxidase AffiniPure Goat 

Anti-Rabbit IgG (Jackson ImmunoResearch, 111-035-003), Peroxidase AffiniPure Goat 

Anti-Mouse IgG (Jackson ImmunoResearch, 115-035-003). Original blots are shown 

in Supplementary Figures. 

 

Sulforhodamine B (SRB) assay 
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Cell proliferation rate was measured by SRB assay. Cells were seeded into 96-well 

plates. At indicated time points, cells were fixed with 50% Trichloroacetic acid (TCA, 

Sigma-Aldrich) for 1 hour at 4 °C and then plates were washed with demineralized 

water four times and air-dried at RT. Subsequently, 0.4% SRB (60 µl/well) was added 

and kept for at least 2 hours at RT. The plates were washed five times with 1% acetic 

acid and air-dried. 10 mM (150 µl/well) Tris was added and kept for half hour at RT with 

gentle shaking. The absorbance value was measured by a plate-reader Fluostar 

OPTIMA.  

 

Realtime quantitative PCR (RT-qPCR) 

Total RNA was isolated using RNEasy Plus Mini Kit (Qiagen). 500 ng RNA was reverse-

transcribed into cDNA using the RevertAid H Minus First Strand cDNA Synthesis Kit 

(Thermo Fisher Scientific). The cDNA was mixed with SYBR green master mix (Fisher 

Scientific) for qPCR. RT-qPCR data were collected and analyzed using 2−ΔΔCt method. 

The primers are shown in supplementary table 1. 

 

Immunofluorescence 

Cells were fixed with 2% formaldehyde for 15 minutes under slow rotation, 

permeabilized with 1% Triton in Phosphate buffered saline (PBS) for 10 minutes, and 

then stained with primary antibodies and secondary antibodies. The following 

antibodies were used: Vimentin (Abcam, ab8069); E-cadherin (Abcam, ab76055); 

Hoechst (33258, Abcam); β-catenin (BD, 610153 ); Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody-Alexa Fluor 488 (Thermo Fisher, A-11001); 

Rhodamine-Phalloidin (Thermo Fisher, R415). 

 

Three-dimensional (3D) culture 

Collagen (2 mg/ml, 70 µl/well) was added into 96-well plates. Plates were kept in the 

incubator (37°C, 5% CO2) for 1 hour. A subconfluent layer of cells in a T25 flask was 

detached by 0.25% trypsin and collected. The cell suspension was centrifuged at 

230×g for 5 minutes. The cell pellet was resuspended in 50 µl 2% Polyvinylpyrrolidone. 

The cell suspension was injected into the collagen scaffolds to generate ~200 µm 

diameter tumor spheroids as described previously 19. The plates were kept in the 

incubator and spheroids were observed at the indicated time points under a Nikon 
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ECLIPSE Ti confocal microscope. At the end of the experiment, plates were incubated 

with 0.1% Triton, 3.7% formaldehyde, Phalloidin-Rhodamin, and 400 ng/ml Hoechst 

for 48 hours at 4°C. Plates were washed three times with PBS, and imaged using a 

Nikon ECLIPSE Ti2 confocal microscope. 

 

Random migration assay 

96 well-plates were coated with collagen (50 µl/well, 20 µg/ml) 1 hour 37°C and washed 

with PBS. Cells were seeded into the coated 96-well plates at the density of 8000 

cells/well overnight and stained with Hoechst (Thermo Fisher 33242) diluted 1:7500 

for 45 minutes. Images were taken every 5 minutes on a Nikon TE confocal microscope 

for 12 hours, at two positions per well. Tracks were analyzed using NIS Elements 

software. For epidermal growth factor (EGF) stimulation, cells were seeded and 

cultured in collagen-coated 96-well plate overnight with serum free medium and 50 

ng/ml EGF was added 1 hour before tracking cell migration. 

 

Cell cycle analysis 

Cell cycle analysis was performed with a Click-iT EdU Flow Cytometry Kit (Invitrogen). 

Cells were cultured with 50 µm 5‐ethynyl‐2‐deoxyuridine (EdU) for 4 h and fixed and 

stained according to the manufacturers protocol for analysis on a BD FACS Canto II. 

 

Colony formation assays 

Cell survival was measured by colony formation assay.  450 cells were seeded into a 

well of 6-well plate after 4 days of doxycycline treatment. After 7 days, cells were fixed 

with 4% formaldehyde and stained with Giemsa. Images were analyzed by Image J 

(ColonyArea package). 

 

Expression analysis in breast cancer cohorts 

The Cancer Genome Atlas 20 (TCGA) and Metabric breast cancer datasets 21 were 

analyzed for copy number alterations of GRHL2 and correlation with overall survival 

using cBioPortal 22. The KM plotter database was analyzed to evaluate the association 

of GRHL2 expression with overall survival of patients with different subclasses of 

breast cancer23. 
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(Last page) Fig. 1. GRHL2 expression in clinical breast cancer datasets. (A) Oncoprints 
showing GRHL2 copy-number alternations from Metabric and TCGA datasets, generated by 
cBioPortal. (B) Kaplan-Meier survival analysis from Metabric and TCGA dataset, generated in 
cBioPortal. (C-F) Kaplan-Meier survival analysis for luminal (ER+) (C), HER2-enriched (D), and 
basal-like (E) subtypes of breast cancer, generated by KM plotter. 
 

Statistical analyses 

Statistical analyses were performed by GraphPad Prism 8. Details of statistical tests 

used are shown in the figure legends. 

 

Results 

GRHL2 is associated with poor prognosis but downregulated in basal B subtype 

breast cancer 

In order to evaluate the clinical relevance of GRHL2 in breast cancer, GRHL2 

alternations were examined in a series of published cohorts. GRHL2 is located on 

chromosome 8q22.3, a genomic region that is frequently amplified or overexpressed 

in many cancers, including breast cancer and prostate cancer 16,24. GRHL2 gene 

amplification was detected in 22% to 18% of breast cancers (Fig. 1A). Kaplan-Meier 

survival analysis revealed that GRHL2 gene copy number was associated with a trend 

toward a lower overall survival rate in patients with breast cancer although this was 

significant in a Metabric dataset but not in a TCGA dataset (Fig. 1B). We next explored 

the association of GRHL2 expression levels with overall survival in different breast 

cancer subtypes25. In luminal-like (ER+) breast cancers no association of GRHL2 

expression with prognosis was found (Fig. 1C). In HER2-enriched breast cancer there 

was not significant association of high GRHL2 expression with poor prognosis (Fig. 

1D). In basal-like breast cancer on the other hand, there was a slight trend that was 

not significant towards better prognosis for patients with higher GRHL2 levels (Fig. 1E). 

 

Previous analysis of RNA-seq data organized for a large panel of human breast cancer 

cell lines showed that GRHL2 was downregulated in the basal B subtype 12. Our RNA-

seq data further confirmed this finding (Fig. 2A and B). Notably, HCC1500 and 

SUM149PT may have been misclassified. SUM149PT has been classified as basal A 

or basal B subtype 8,26 and reported to contain different subpopulations, according to 

expression level of EpCAM and CD49f surface markers 27. Likewise, HCC1500 cells  
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Fig. 2.  GRHL2 expression in a panel of human breast cancer cell lines representing different 
subtypes. (A and B) GRHL2 expression in a panel of >50 human breast cancer cell lines covering 
luminal-, basal A-, and basal B-like subtypes extracted from RNA-seq data. * indicates p < 0.05. 
Western blot analysis (C) and qRT-PCR (D) validating downregulation of GRHL2 and its target 
gene CDH1 in basal B-like subtype breast cancer. Color codes refer to B 
 

have been classified as basal A, due to a predominant population of cells that are 

positive for EpCAM and CD24 3 or as basal B, owing to an enrichment for gene clusters 

associated with cancer stem cell- and invasive phenotypes 8. To further validate  
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(Last page) Fig. 3. Response to GRHL2 knockout in luminal- and basal A-like cells – aspects of 
EMT. (A) Western blot analysis of the indicated proteins in wild type (WT) and sgCTR and 
sgGRHL2 transduced MCF7 and HCC1806 cells after 10 days doxycycline-induction. One 
experiment of two biological replicates is shown. (B) Immunofluorescence analysis of the 
indicated proteins in wild type (WT) and sgCTR and sgGRHL2 transduced MCF7 and HCC1806 
cells after 10 days doxycycline-induction. One experiment of two biological replicates is shown. 
(C) Microphotographs showing morphology of wild type (WT) and sgCTR and sgGRHL2 
transduced MCF7 and HCC1806 cells after 10 days doxycycline-induction. Scale bars in B and 
C, 100µm. 
 

specific downregulation of GRHL2 in basal B, Western blot and qPCR were performed 

to detect GRHL2 protein and mRNA in a smaller panel of breast cancer cell lines. In 

agreement with the RNA-seq data, GRHL2 protein and mRNA were not detectable in 

Hs578T cells (basal B subtype), whereas it was expressed in basal A (HCC1806, MDA-

MB-468 and BT20) and luminal-like (MCF7, T47D and BT474) subtypes (Fig. 2C and 

D).  

 

E-cadherin (CDH1), a previously identified target gene of GRHL2, is a cell surface 

glycoprotein expressed in epithelial tissues that mediates cell-cell adhesion and is lost 

during EMT 14,28. E-cadherin expression indeed correlated with GRHL2 expression and 

was not detectable in basal B subtype breast cancer, while basal A and luminal-like 

subtypes were positive for E-cadherin (Fig. 2C and D). 

 

EMT and migratory responses to GRHL2 loss in luminal versus basal A-like 

breast cancer cells 

Previous studies showed that loss of GRHL2 can be sufficient to trigger EMT 12.  We 

studied the response to GRHL2 loss in luminal and basal A-like cells using a conditional 

knockout approach. In both luminal (MCF7) and basal A-like cells (HCC1806) GRHL2 

knockout, but not control sgRNA triggered a reduction in the epithelial marker, E-

cadherin (Fig. 3A). However, the induction of mesenchymal markers, Vimentin and N-

cadherin was only observed in HCC1806 cells. These Western blot results were 

confirmed using immunofluorescence. E-cadherin was expressed at cell–cell junctions 

and in the cytoplasm in HCC1806 and MCF7 cells and GRHL2 knockout led to reduced 

expression. A concomitant gain of Vimentin expression was only observed in HCC1806 

cells (Fig. 3A and B). MCF7 cells showed reduced cell-cell contacts but still formed 
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islands and cells adopted a more flattened morphology whereas HCC1806 cells were 

more scattered in response to GRHL2 knockout (Fig. 3C). 
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(Last page) Fig. 4. Response to GRHL2 knockout in luminal- and basal A-like cells – migratory 
behavior. (A) Analysis of random migration assay showing the average path speed (y-axis) 
captured at the indicated timepoints during the assay (x-axis) for wild type (WT) and sgCTR 
and sgGRHL2 transduced MCF7 and HCC1806 cells after 10 days doxycycline-induction. Data 
are presented as mean ± SEM from 3 biological replicates. Data are statistically analyzed by 
two-way ANOVA. * indicates p < 0.05. (B)  Analysis of random migration assay showing the 
average path speed (y-axis) captured at the indicated timepoints during the assay (x-axis) for 
wild type (WT) and sgCTR and sgGRHL2 transduced MCF7 and HCC1806 cells after 10 days 
doxycycline-induction. Cells were left untreated or treated with 50 ng/ml EGF. Data are 
presented as mean ± SEM from 3 biological replicates. Data are statistically analyzed by two-
way ANOVA. * indicates p < 0.05. (C) DIC (grey) and immunofluorescence images (blue, 
Hoechst; red, Rhodamin-Phalloidin) captured at the indicated timepoints after spheroid 
formation of collagen-embedded tumor spheroids derived from wild type (WT) and sgCTR and 
sgGRHL2 transduced HCC1806 and MCF7 cells after 10 days doxycycline-induction. Arrow 
shows invaded cells. 
 

A shift from an epithelial to a mesenchymal phenotype is associated with enhanced 

migratory capability that may contribute to metastasis 31-33. To investigate the effect of 

GRHL2 depletion on cell migration in HCC1806 and MCF7 cells, wild type, control 

sgRNA, and GRHL2 knockout cells were seeded into collagen-coated wells and 

intrinsic random migration was tracked.  By calculating the mean square deviation 

(MSD) of the path length of each migrating cell, migration speed of the cells was 

determined. GRHL2 knockout led to an enhanced migration speed in HCC1806 cells 

whereas it did not significantly affect MCF7 cells (Fig. 4A). 

 

EGF stimulates cell growth and migration in the mammary epithelium, by binding to 

the EGF receptor (EGFR) 34. Previous studies showed that EGF promotes cell 

migration in basal B-like MDA-MB-231 cells 34. We asked to what extent EGF-induced 

migration is modulated by GRHL2 loss and EMT status. EGF enhanced cell migration 

speed in HCC1806 cells and this effect was further increased upon GRHL2 loss (Figure  

4B). By contrast, EGF failed to trigger cell migration in MCF7 but loss of GRHL2 

resulted in enhanced cell migration in these cells.  

  

Next, we investigated the effect of GRHL2 loss on the ability of luminal and basal A-

like tumor spheroids to invade 3D extracellular matrix (ECM) scaffolds. MCF7 and 

HCC1806 tumor spheroids were generated in collagen matrices and invasion was 

analyzed over a 2-week period. Wild type and control sgRNA expressing HCC1806 

spheroids did not show invasive behavior but GRHL2 knockout spheroids effectively 



39 

 

invaded into the surrounding collagen matrix (Fig. 4C). By contrast, MCF7 spheroids 

failed to invade the collagen matrix regardless of the presence or absence of GRHL2. 

 

Together, these results indicate that loss of GRHL2 triggers several aspects associated 

with an EMT and leads to increased cell migration in basal A-like breast cancer cells 

whereas a partial EMT that enhances the response to EGF but does not lead to 

enhanced migratory potential per se, is induced in luminal-like breast cancer cells. 

 

Fig. 5. Response to GRHL2 knockout in luminal- and basal A-like cells – colony formation 
capacity. Representative images and quantification of colony formation potential in control 
and GRHL2 depleted HCC1806 and MCF7 cells. Data are presented as mean ± SEM from 3 
biological replicates. Data are statistically analyzed by t-test. * indicates p < 0.05.   
 

 

Effects on growth triggered by GRHL2 loss in luminal versus basal A-like breast 

cancer cells 

GRHL2 not only regulates genes involved in epithelial cell adhesion but also supports 

replication and growth of epithelial cells2. To address how GRHL2 loss affected the 

latter properties in luminal and basal A-like cells, colony formation assays were 

performed35. GRHL2 knockout caused a significant decrease in clonogenic cell survival 

in both HCC1806 and MCF7 cells (Fig. 5). However, after GRHL2 loss the area  
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 Fig. 6. Response to GRHL2 knockout in luminal- and basal A-like cells – proliferative capacity. 
(A and B) Representative FACS profiles (A) and quantification of cell cycle phase distribution 
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(B) in control and GRHL2 depleted HCC1806 and MCF7 cells. Data are presented as mean ± 
SEM from 2 and 3 biological replicates for MCF7and HCC1806, respectively. Data are 
statistically analyzed by t-test comparing KO to CTR cells. * indicates p < 0.05. (C) Graphs 
showing results from SRB assay for wild type (WT) and sgCTR and sgGRHL2 transduced MCF7 
and HCC1806 cells after 4 days doxycycline-induction and subsequent incubation for the 
indicated time periods. Data are presented as mean ± SEM from 3 biological replicates. Data 
are statistically analyzed by t-test comparing CTR and KO to WT.  * indicates p < 0.05. 
 

covered by colonies in HCC1806 remained significantly higher than that in MCF7 cells. 

To address the effect of GRHL2 depletion on cell cycle progression, cell cycle analysis 

was performed. This demonstrated that a higher percentage of MCF7 cells were in 

G0/1 compared to HCC1806 and GRHL2 knockout resulted in a G0/1 arrest in MCF7 

and a less-pronounced shift to G0/1 in HCC1806 cells (Fig. 6A and B). 

 

To further address the effect of GRHL2 loss on proliferative potential, SRB assays were 

performed 36,37. In agreement with the more robust block in colony formation and cell 

cycle progression observed in MCF7, GRHL2 knockout significantly inhibited cell 

proliferation of MCF7 cells at 2- and 3-days post seeding whereas a small but 

significant decrease in proliferation was observed at 3 days in HCC1806 (Fig. 6C).  

 

We next examined candidate GRHL2-controlled genes that may underlie the observed 

distinct levels of suppression of cell proliferation in MCF7 and HCC1806 cells. GRHL2 

has been shown to enhance expression of telomerase reverse transcriptase (TERT) 

in keratinocytes and oral squamous cell carcinoma cells 38,39, to support expression of 

proliferating cell nuclear antigen (PCNA) in colorectal cancer cells 40, and to suppress 

expression of the death receptor FAS in fibrosarcoma cells 24. Expression of FAS was 

not significantly increased upon GRHL2 knockout in either cell type (Fig. 7). However, 

expression of TERT and PCNA mRNA was significantly downregulated in absence of 

GRHL2 in MCF7 whereas expression was unaltered or even increased in HCC1806 

cells.   

 

These results indicate that the impact of GRHL2 depletion on growth characteristics of 

different breast cancer subtypes may be distinct with luminal-like cells experiencing a 

robust growth arrest and basal A-like cells maintaining a reduced growth potential.  
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Fig. 7. Response to GRHL2 knockout in luminal- and basal A-like cells – changes in candidate 
target genes related to survival and proliferation.  Graphs showing results from qRT-PCR assay 
for MCF7 and HCC1806 cells transduced with sgCTR and sgGRHL2 after 8 days doxycycline-
induction. Data are statistically analyzed by t-test. Data are presented as mean ± SEM from 3 
biological replicates. * indicates p < 0.05 
 

Discussion 

GRHL2 is located on chromosome 8q22 and amplified or overexpressed in several 

cancer types, including breast cancer 11,41. In vivo and clinical studies support an 

oncogenic role of GRHL2 11,16-18,42-44. Our findings corroborate such a role for GRHL2 

and demonstrate an association of GRHL2 expression with a trend toward poor 

prognosis in breast cancer. However, our results indicate that this association is 

different for different breast cancer subtypes, with a trend, albeit not significant, 

towards an association with better prognosis in the basal-like subtype. Our study using 

a panel of >50 human breast cancer cell lines, confirms and extends an earlier report 

showing that GRHL2 is downregulated in basal B-like breast cancer 12. This is 

remarkable given its apparent relation to poor prognosis, since triple negative/basal-

like tumors are often aggressive and have a poorer prognosis compared to the ER-

positive luminal subtypes 4. Moreover, basal B-like cells are enriched in EMT markers 

that are also associated with aggressiveness 4. Indeed, GRHL2 may play a dual role 

in breast cancer 11,14,30and a tumor- or metastasis-suppressive function has been 

related to its ability to suppress EMT, stemness, and invasion in cell line models and 

clinical samples 12,14,45. The function of GRHL2 likely is context-dependent and the 

consequence of GRHL2 loss depends on the cancer type and the stage of cancer 

progression.  
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GRHL2 expression is associated with epithelial markers, including E-cadherin and 

claudins that are absent in basal B-like breast cancer cells. However, it is unknown 

whether luminal- and basal A-like breast cancer cells that have an epithelial phenotype 

with E-cadherin-mediated cell-cell contacts respond similarly to a loss of GRHL2. Our 

current study indicates that this response is modulated by the balance between a loss 

of growth stimulation and an induced EMT. This balance appears to be different for 

luminal and basal-like cells. 

 

We find that expression of E-cadherin is downregulated in response to GRHL2 

knockout in luminal-like and basal A-like breast cancer cells, consistent with previous 

studies 46-49. However, we find that a further EMT-like shift is not necessarily induced. 

The acquisition of mesenchymal markers and enhanced cell migration and invasion is 

seen for HCC1806 (basal A) cells but not in MCF7 cells (luminal-like). These results 

demonstrate that the enhanced motile properties triggered by a loss of GRHL2 require 

acquisition of a mesenchymal phenotype. Loss of E-cadherin is not sufficient for 

enhanced cell migration and invasion of breast cancer cells 50. The induction of 

mesenchymal markers, such as N-cadherin and Vimentin that we find to occur only in 

the HCC1806 cells may contribute to cell migration and invasion. N-cadherin junctions 

on the cell surface may act as migration tracks 51 and N-cadherin supports the 

organization of an actin network that drives cell migration 52. Vimentin, a type III 

intermediate filament protein, is involved in cell adhesion, migration and signal 

transduction and emerges in pathologies processes involving epithelial cell migration 

53. Vimentin may facilitate cell migration through upregulation of AXL in breast cancer 

54 but overexpression of Vimentin by itself does not enhance cell migration in MCF7 

cells 55. Altogether, our findings and other reports indicate that in order for GRHL2 loss 

to trigger a shift to a more motile behavior, loss of E-cadherin is not sufficient but a 

more elaborate transition is required, including loss of epithelial markers such as E-

cadherin and gain of mesenchymal markers such as Vimentin and N-cadherin. 

 

Our results show that loss of GRHL2 results in an inhibition of cell proliferation in basal-

like and luminal-like breast cancer cells, consistent with earlier findings supporting an 

oncogenic role of GRHL2 16,18,40. However, we find that the impact is different for 

luminal and basal A-like cells with MCF7 cells experiencing a robust cell cycle and 



44 

 

growth arrest and HCC1806 maintaining a slow growth phenotype with a moderate 

increase in the fraction of cells in G0/1. This may result from the fact that GRHL2 is an 

integral part of ER transcriptional complex that induces expression of genes associated 

with cell proliferation in ER positive MCF7 cells only 11.No induction of cell death is 

observed in either cell type and expression of FAS, which was reported to be controlled 

by GRHL2, is unaltered 24. PCNA expression is downregulated in MCF7 upon GRHL2, 

where a growth arrest is observed. Moreover, expression of TERT, which has been 

reported to be epigenetically controlled by GRHL2 38,39 is attenuated in MCF7 but not 

HCC1806 following GRHL2 depletion indicating that replicative potential is differentially 

affected.  

 

Taken together, our findings shed further light on the apparent dual role of GRHL2 in 

breast cancer. GRHL2 expression supports cell proliferation and suppresses cell 

motility in breast cancer cells but the outcome of GRHL2 loss differs for different 

subtypes. In luminal-like cells growth arrest is the main outcome of GRHL2 loss 

whereas in basal A-like cells reduced growth is accompanied by aspects of EMT and 

enhanced motility and invasion. This suggests that GRHL2 represents a candidate 

therapeutic target for luminal-like breast cancer, but interfering with GRHL2 expression 

or function is senseless in basal B-like breast cancers and may trigger unwanted 

effects in basal A-like breast cancers. 
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Supplementary  
 

Supplementary Table S1 RT-qPCR primers. 
 

TERT Forward GATATCGTCCAGGCCCAGC 

TERT Reverse CATGGACTACGTCGTGGGAG 

FAS Forward GTGGACCCGCTCAGTACG 

FAS Reverse TCTAGCAACAGACGTAAGAACCA 

PCNA Forward GCCTGACAAATGCTTGCTGAC 

PCNA Reverse TTGAGTGCCTCCAACACCTTC 

GAPDH Forward CCATGGGGAAGGTGAAGGTC 

GAPDH Reverse AGTTAAAAGCAGCCCTGGTGA 
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Abstract 

Grainyhead like 2 (GRHL2) is one of three mammalian homologues of the Grainyhead 

(GRH) gene. It suppresses the oncogenic epithelial-mesenchymal transition (EMT), 

acting as a tumor suppressor. On the other hand, GHRL2 promotes cell proliferation 

by increasing human telomerase reverse transcriptase (hTERT) activity, serving as a 

tumor promoter. According to gene expression profiling, breast cancer can be divided 

into basal-like (basal A and basal B), luminal-like, HER2 enriched, claudin-low and 

normal-like subtypes. To identify common and subtype-specific genomic binding sites 

of GRHL2 in breast cancer, GRHL2 ChIP-seq was performed in three luminal-like and 

three basal A human breast cancer cell lines. Most binding sites of GRHL2 were found 

in intergenic and intron regions. 13,351 common binding sites were identified in basal 

A cells, which included 551 binding sites in gene promoter regions. For luminal-like 

cells, 6,527 common binding sites were identified, of which 208 binding sites were 

found in gene promoter regions.  Basal A and luminal-like breast cancer cells shared 

4711 GRHL2 binding sites, of which 171 binding sites were found in gene promoter 

regions. The identified GRHL2-binding motifs are all identical to a motif reported for 

human ovarian cancer, indicating conserved GRHL2 DNA-binding among human 

cancer cells. Notably, no binding sites of GRHL2 were detected in the promoter regions 

of several established EMT-related genes, including CDH1, ZEB1, ZEB2 and CDH2 

genes. Collectively, this study provides a comprehensive overview of interactions of 

GRHL2 with DNA and lays the foundation for further understanding of common and 

subtype-specific signaling pathways regulated by GRHL2 in breast cancer. 
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Introduction 

Breast cancer is the predominant cause of cancer-related death in women aged 20 to 

59 years globally 1. Based on gene expression profiling, breast cancer can be divided 

into several subtypes with distinct molecular features, which includes luminal-like 

(luminal A and luminal B), basal-like (basal A and basal B), human epidermal growth 

factor receptor 2 (HER2)-enriched, claudin-low and normal-like subtypes2. Both 

luminal-like and basal-like subtypes comprise at least 73% of all breast cancers2. 

Conversions of luminal to basal lineage have been observed in mouse breast cancer 

models 3,4 but luminal-like and basal-like subtypes differ in prognosis and response to 

therapy.  Therefore, it is important to characterize common features and discordances 

between them. 

 

The GRH gene was discovered in Drosophila and its mammalian homologs have three 

members (GRHL1, GRHL2 and GRHL3)5. GRH deficiency leads to failure of complete 

neural tube closure, epidermal barrier formation, trachea elongation and epidermal 

wound response 5-7. GRHL2 is one of three mammalian homologues of the GRH gene, 

which has been investigated in cancer development. GRHL2 is located on 

chromosome 8q22 that is frequently amplified in many cancers, including breast cancer, 

colorectal cancer and oral squamous cell carcinoma8-10. GRHL2, as an oncogene, 

positively regulates cell proliferation by enhancing hTERT activity through inhibition of 

DNA methylation at 5’-CpG island around gene promoter9. GRHL2 inhibits cell 

apoptosis by suppressing death receptor (FAS and DR5) expression in breast cancer 

cells8,11. Knockdown of GRHL2 downregulated HER3 expression, resulting in inhibition 

of cell proliferation11. On the other hand, GRHL2 was previously reported as a 

suppressor of oncogenic EMT by the loop of GRHL2-miR200-ZEB1 and regulation of 

the TGF-β pathway12-14. These controversial results suggest that the roles of GRHL2 

may be tumor-specific through regulating different target genes in different cancers.  

 

Chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) is a widely 

used method to analyze protein-DNA interactions, histone modifications, and 

nucleosomes on genome-wide scale in living cells by capturing proteins at sites of their 

binding to DNA15,16. Previous findings showed that GRHL2 shares a similar DNA-

binding motif with other GRHL family members13,17,18. To date, no studies have 
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investigated the genomic landscape of GRHL2 binding sites across breast cancer 

subtypes. In this study, we provide a comprehensive overview of binding sites of 

GRHL2 in the genome of basal A and luminal-like subtypes of breast cancer. 

 

Methods and materials 

Cell lines 

Human breast cancer cell lines representing luminal-like (MCF7, T47D, BT474), basal 

A (HCC1806, BT20 and MDA-MB-468), and basal B subtypes (Hs578T) were obtained 

from the American Type Culture Collection. Cells were cultured in RPMI1640 medium 

with 10% fetal bovine serum, 25 U/mL penicillin and 25 µg/mL streptomycin in the 

incubator (37°C, 5% CO2). 

 

Chromatin immunoprecipitation-sequencing (ChIP-seq) 

Cells were grown in RPMI-1640 complete medium. Cross-linking was performed by 1% 

formaldehyde for 10 minutes at room temperature (RT). Then 1M glycine (141 µl of 1M 

glycine for 1 ml of medium) was used to quench for 5 minutes at RT. Cells were washed 

twice with ice-cold PBS containing 5 µl/ml phenylmethylsulfonyl fluoride (PMSF). Cells 

were harvested by centrifugation (2095 g for 5 minutes at 4°C) and lysed with NP40 

buffer (150 mM NaCl, 50mM Tris-HCl, 5mM EDTA, 0.5% NP40, 1% Triton X-100) 

containing 0.1% SDS, 0.5% sodium deoxycholate and protease inhibitor cocktail 

(EDTA-free Protease Inhibitor Cocktail, Sigma). Chromatin was sonicated to an 

average size of 300 bp (Fig. S1). GRHL2-bound chromatin fragments were 

immunoprecipitated with anti-GRHL2 antibody (Sigma; HPA004820). Precipitates were 

eluted by NP buffer, low salt (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl 

(pH 8.1), 150mM NaCl), high salt (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM 

Tris-HCl (pH 8.1), 500mM NaCl) and LiCl buffer (0.25M LiCl, 1%NP40, 1% 

deoxycholate, 1mM EDTA, 10mM Tris-HCl (pH 8.1)). Chromatin was de-crosslinked 

by 1% SDS at 65°C.  DNA was purified by Phenol:Chloroform:Isoamyl Alcohol (PCI) 

and then diluted in TE buffer. 

 

In order to examine the quality of our samples before sequencing, ChIP-PCR was 

performed to validate interaction of GRHL2 with the promoter region of CLDN4, a direct 
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target gene of GRHL2 19. The results confirmed the GRHL2 binding site around the 

CLDN4 promoter (Fig. S2). The following primers were used for ChIP-PCR: CLDN4 

forward: gtgacctcagcatgggctttga, CLDN4 reverse: ctcctcctgaccagtttctctg, Control (an 

intergenic region upstream of the GAPDH locus) forward: atgggtgccactggggatct, 

Control reverse: tgccaaagcctaggggaaga, ZEB1 promoter# forward: 

cggtccctagcaacaaggtt, ZEB1 promoter# reverse: tcgcttgtgtctaaatgctcg. ZEB1## forward: 

gccgccgagcctccaacttt, ZEB1## reverse: tgctagggaccgggcggttt, OVOL2 exon forward: 

ccttaaatcgcgagtgagacc, OVOL2 exon reverse: gtagcgagcttgttgacacc, CDH1 intron 

forward: gtatgaacggcaagcctctg, CDH1 intron reverse: caagggagccaggaagagaa. ChIP-

PCR data were collected and analyzed using the 2−ΔΔCt method 20. 

 

For ChIP-Seq, library preparation and paired-end sequencing were performed by 

GenomeScan (Leiden, The Netherlands) 

 

ChIP-seq data analysis 

Paired-end reads were mapped to the human reference genome (hg38) using BWA-

MEM21 with default parameters. Over 93% of total reads were mapped to the human 

genome in BT20, HCC1806, MDA-MB-468, T47D and MCF7 cell line. For BT474, 

~57.3% reads were mapped. Phred quality score (Q score) was used to measure base 

calling accuracy, which indicates the probability that a given base is called incorrectly22.  

Q score is logarithmically related to the base calling error probabilities P 22.  

Q = - 10 log 10P 

Q=30 nominally corresponds to a 0.1% error rate23. Reads with scores > Q30 were 

over 86% in BT20, HCC1806, MDA-MB-468, T47D and MCF7 cell lines. For BT474, 

reads with scores > Q30 accounted for 48.6%.  

To examine whether the paired-end reads were appended with unwanted adapter 

sequences, an adapter content test was performed. The quality control report (Fig. S3) 

showed that cumulative presence of adapter sequences was <5% in all cell samples, 

indicating that all data sets could be further analyzed without adapter-trimming. Per 

base sequence quality of sequencing was examined, which indicated that all 

sequencing data were of high quality (Fig. S4) and could be further analyzed. 
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Reads with low mapping quality (≤ Q30) were filtered out. MACS version 2.1.024 was 

used for peak calling by default settings. q value was adjusted to 0.1 for BT474 cell 

line to avoid loss of peaks. The annotatePeaks and MergePeaks function from HOMER 

25 were used to annotate and overlap peaks, respectively. ChIPseeker was used for 

analysis of ChIP-seq peaks coverage plot and density profile of GRHL2 binding sites 

26. Motif analysis was performed by ChIP-seq peaks with high scores using the MEME-

ChIP program with default settings. ChIP-seq data was visualized by UCSC genome 

browser. 

 

 

Fig. 1 Coverage of peak regions across chromosomes. The graph represents the coverage of 
GRHL2 binding sites across the chromosomes. 
 

Results   

Genome-wide identification of binding sites of GRHL2 in luminal-like and basal 

A subtypes of breast cancer  

To identify GRHL2 binding sites, ChIP-seq was performed in luminal-like (MCF7, T47D 

and BT474) and basal A (HCC1806, BT20 and MDA-MB-468) breast cancer cells. 
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Firstly, the coverage of peak regions across chromosomes was analyzed26. In each 

cell sample, GRHL2 was strongly associated with all chromosomes (Fig. 1). 

 

 

Fig. 2 Percentage of GRHL2 binding sites found at promoter regions, 5' untranslated regions 
(UTRs), 3' UTRs, exons, introns, intergenic regions, transcription termination sites (TTSs) and 
unknown regions. Promoter regions are defined as -1000 bp to +100 bp from the transcription 
start sites (TSS). 
 

GRHL2 binding sites were found in intergenic regions, transcription start sites (TSS) 

promoter regions, introns, exons, transcription termination sites (TTS) and unknown 

regions (Fig. 2). The majority of peaks was located in intergenic and intron regions in 

basal A and luminal-like breast cancer cells. Genes where GRHL2 was found to 

interact with the -1000 bp to +100 bp promoter region in all three luminal (left column), 

all three basal A (middle column), or all luminal and basal A cell lines tested (right 

column) were identified and represent likely candidate general and subtype-specific 

GRHL2 target genes (Table S1).  
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To further investigate if peaks were enriched in promoter regions, read count frequency 

and density profiling of GRHL2 binding sites within -6000 bp ~ +6000 bp of the 

transcription start site (TSS) were analyzed (Fig. 3). Consistent with the annotation of 

binding sites, which showed most GRHL2 binding sites existed in the intergenic 

regions, the density of GRHL2 binding sites was not increased in the -1000 bp to +100 

bp promoter region of basal A and luminal-like breast cancer cells. 

 

To detect similarities of GRHL2 binding sites between luminal-like and basal A subtype, 

three luminal-like/basal A data sets were overlapped to identify shared binding sites. 

13,351 common binding sites were identified in basal A subtype of breast cancer cells, 

which included 551 binding sites in gene promoter regions (-1000 bp~ +100 bp from 

TSS) (Fig. 4a and b). For luminal-like breast cancer cells, 6,527 common binding sites 

were identified, of which 208 binding sites were found in gene promoter regions (Fig. 

4c and d).  Basal A and luminal-like subtypes of breast cancer cells shared 4,711 

binding sites of GRHL2, of which 171 binding sites were found in gene promoter 

regions (Fig. 4e and f). 

 

Identification of a common GRHL2-interaction motif 

The MEME-ChIP program was used to identify motifs, all of which were with statistical 

significance. In each sample, 3 motifs with high E value were shown (Fig. 5), whose 

core binding was similar to previously published ones 13,27-29.  Thus, our ChIP-seq data 

indicated that GRHL2 motif was highly conserved in human and mouse cells. 

 
GRHL2-binding at EMT-related genes 

GRHL2 and OVOL2 support an epithelial phenotype and counteract EMT transcription 

factor such as ZEB and SNAIL. Some studies have reported that GRHL2 binding sites 

are present in the intronic region of CDH1 and in the promoter regions of CLDN4 and 

OVOL2 for activation of transcription and GRHL2 was reported to bind the ZEB1 gene 

as a negative regulator 12,27,30,31. In our ChIP-seq data, GRHL2 binding sites were 

observed at CDH1 introns and at promoter regions of CLDN4 and OVOL2 (Fig. 6) 

ChIP-PCR was performed to further validate these interactions (Fig. 7). CLDN4 

showed multiple GRHL2 binding sites across the coding and non-coding regions, 



 

 

57 

suggesting the binding of GRHL2 to multiple regions may be involved in long-distance 

chromatin interactions as suggested previously 13. Conversely, no GRHL2 binding was 

observed at the promoter of ZEB1 or ZEB2 (Fig. 6), arguing against mutual regulation 

through direct interaction as previously suggested 32,33. To further evaluate this, ChIP-

PCR was carried out using primers that have been previously reported to amplify ZEB1 

promoter DNA sequences bound by GRHL2 in human mammary epithelial cells and 

human ovarian cancer cells. This experiment further confirmed the absence of GRHL2 

binding sites around the promoter of ZEB1 in basal A (HCC1806, BT20, MDA-MB-468) 

and luminal-like (T47D, BT474) subtype breast cancer cells (Fig. 7). Moreover, 

interactions of GRHL2 with CDH1 intron and OVOL2 promoter regions were validated 

in these experiments (Fig. 7). Together, these findings suggest that GRHL2 binding 

sites in EMT-related genes may be cell context-dependent. 
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Fig. 3 The read count frequency and density profile of GRHL2 binding sites within -6000 bp~ 
+6000 bp of the promoter-TSSs. On the left side, graphs are for GRHL2 ChIP-seq read count 
frequency in indicated cell line. X axis represents read count frequency; Y axis is for genomic 
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region. On the right side, graphs show the density of ChIP-seq reads for GRHL2 binding sites in 
the indicated cell line. 
 

 

Fig. 4 Overlap of GRHL2 binding sites. Overlap of GRHL2 binding sites is identified in the 
indicated subtypes. 
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Fig. 5 DNA-binding motif of GRHL2 in luminal-like and basal A subtypes of breast cancer. 
From left to right, the first panel shows the identified motifs in the indicated cells. The second 
panel shows distribution of the best matches to the motif in the sequences. The third panel 
shows E-value, the significance of the motif according to the motif discovery. The last panel 
shows the number of regions that match the corresponding motif.  
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Fig. 6 GRHL2 ChIP tracks at selected core genes and EMT genes. ChIP tracks are shown from 
top to bottom for HCC1806, MDA-MB-468, BT20, MCF7, BT474 and T47D, respectively. The 
snapshot on the left shows results for 3 identified GRHL2 targets (CDH1, CLDN4 and OVOL2) 
and the snapshot on the right shows results for three not-identified genes encoding proteins 
associated with EMT (ZEB1, ZEB2 and CDH2). The track height is scaled from 0 to the indicated 
number. Above all tracks, the locus with its exon/intron structure is presented. Binding sites 
with * are validated by ChIP-PCR. 
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(Last page) Fig. 7. ChIP-PCR validation of presence and absence of GRHL2 binding sites 
identified by ChIP-seq. Graphs represent the efficiency of indicated genomic DNA co-
precipitation with anti-GRHL2 Ab (black bars) or IgG control Ab (grey bars). ChIP-PCR showing 
enrichment of GRHL2 binding sites at OVOL2 exon and CDH1 intron, but not ZEB1 promoter 
regions. For ZEB1 detection, primers that were previously reported to successfully amplify 
GRHL2 binding sites in human mammary epithelial cells (##) and human ovarian cancer cells 
(#) were used. Signals for IgG control and GRHL2 antibody pulldown samples are normalized 
to input DNA and are presented as % input with SEM from 3 technical replicates. Data are 
statistically analyzed by t-test and * indicates p < 0.05. 

 

Discussion 

Cell type origin is one of the most important factors that determine molecular features 

of tumors 34. In general, luminal-like tumor cells are biologically similar to cells derived 

from inner (luminal) cells lining the mammary ducts, whereas cells of basal-like breast 

cancer are characterized by features similar to surrounding the mammary ducts35. 

Basal-like breast cancers are associated with a worse prognosis and an increased 

possibility of cancer metastasis compared with the luminal-like subtype4,36,37. 

Immunohistochemical staining is clinically used to categorize luminal-like breast 

cancer into luminal A (estrogen receptor (ER) and/or progesterone receptor (PR) 

positive, HER2 negative) and luminal B (ER and/or PR, and HER2 positive). However, 

most basal-like breast cancers are negative for ER, PR and HER2, therefore the 

majority of basal-like breast cancer is triple negative breast cancer (TNBC). Basal-like 

breast cancer can be further subdivided into basal A and basal B. As for basal A, it is 

associated with BRCA1 signatures and resembles basal-like tumors, whereas basal B 

subtype displays mesenchymal properties and stem/progenitor characteristics38,39. 

 

In the present study, ChIP-seq was performed to characterize genome-wide binding 

sites of transcription factor GRHL2 in basal A and luminal-like subtypes of breast 

cancer. The match with previously a published binding motif shows that GRHL2-

interaction with the DNA is highly conserved in human cancer cells. A limited number 

of binding sites were located in gene promoter regions. Similar to previous reports 13,28, 

most binding sites were located in introns and intergenic regions of target genes. Such 

regions may contain enhancers interacting with GRHL2 and GRHL2 has also been 

reported to regulate histone modifications such as H3K4me3 and H3K4me113,40. 

Together, this suggests that GRHL2 may regulate gene expression through direct 
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transcriptional control at promoter regions or through alternative mechanisms including 

epigenetic mechanisms. 

 

Close to 5000 identified GRHL2 genomic binding sites were shared between all tested 

basal A and luminal-like cell lines. A similar number of binding sites were found in all 

basal-like cell lines but were not detected in any of the tested luminal lines. These 

candidate subtype-specific GRHL2-target sites may serve as a starting point to the 

unraveling of distinct transcriptional networks in different breast cancer subtypes. 

 

Our analysis of GRHL2 interaction with known EMT-related genes fits previously 

published findings except for ZEB1. It was reported that ZEB1 is regulated by GRHL2 

directly and, vice versa, that ZEB1 regulates GRHL2 in a balance between EMT and 

MET 10-12,32. However, we did not detect obvious GRHL2 binding sites in the promoter 

regions of the ZEB1 or ZEB2 genes. GRHL2 may regulate ZEB1 and ZEB2 indirectly 

in luminal-like and basal A breast cancers. 

 

Taken together, this study provides a comprehensive genome-wide resource of GRHL2 

binding sites and identifies specific and shared binding sites for GRHL2 in luminal-like 

and basal A subtype breast cancer. Overall, this study lays the foundation for 

unraveling signaling pathways regulated by GRHL2. 
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Supplemental data 

 

 
 
Fig. S1. DNA fragmentation analysis by agarose gel electrophoresis. After sonication, 
indicated samples were purified and loaded to 2% agarose gel. 
 
(Next page)Fig. S2. ChIP-PCR validation of the isolated genomic DNA fragments. Graphs 
represent the efficiency of CLDN4 genomic DNA co-precipitation with anti-GRHL2 Ab (black 
bars) or IgG control Ab (grey bars). Detection was performed by PCR using primers targeting 
the promoter region of CLDN4 or targeting the intergenic region upstream of the GAPDH locus 
(Control). Results are shown for 3 GRHL2-positive luminal cell lines (MCF7, BT474, T47D), 3 
GRHL2-positive basal-A cell lines (BT20, HCC1806, MDA-MB-468), and 1 GRHL2-negative basal-
B cell line (Hs578T). 
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Fig. S3. Cumulative presence of adapter sequences. Results show that cumulative presence 
of adapter sequences is less than 5% in each cell sample, indicating that the data sets could be 
further analysed without adapter-trimming. 
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Fig. S4. Per base sequence quality for all sequencing data sets. Y axis is divided into good 
quality calls (coloured green), reasonable quality calls (coloured orange) and poor-quality calls 
(coloured red). In general, it is normal to observe base calls dropping into the red area towards 
the end of reads. The blue line representing the mean quality of base calls consistently stayed 
in the green area, indicating that sequencing data sets were of high quality.  
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Table S1. Candidate GRHL2 target genes. List of genes where GRHL2 was found to interact 
with the -1000 bp to +100 bp promoter region in all three basal A, all three luminal-like, or all 
basal A and luminal-like cell lines tested. 
 
Specific target genes in basal A subtype: 

TTK  RNF224 DHDDS SUPT7L TFDP2 

CCDC171  RAB23 ILF2 NMRAL1 DNAH3 

PATJ  ZNF436 SH2D4A ZNF75D CEP44 

HRCT1  IVNS1ABP ETV6 NFKBIZ AP2S1 

LOC100419583  SRFBP1 PLCD1 STXBP5-AS1 TFAP2A 

PRG3  PKD1L2 NEK1 A2ML1 INHBA 

CSTF2T  NCEH1 PYM1 TEX261 VAT1 

NAPA  GGH TMEM9 MUC20 HNRNPA1L2 

TGM5  GOLGA5 ADGRL2 S100A9 MDGA1 

HMGN4  PPP1R13L WWP1 ATF3 MIR548XHG 

LOC153684  ADGRF1 LOC283299 MTAP LINC00989 

KLHDC9  CDC25C PDE12 GDF5 WDR5B 

OTX1  FGD3 EYA2 LOC100128770 TSC22D1 

LINC01637  SYTL2 SLPI RAD23A ZNF563 

NUP155  LIMCH1 GTF3C2 DUSP10 PI3 

ZNF700  PSMB6 CASC4 ADK MINK1 

MORN3  TMEM154 ADGRG7 PLS3 FER1L4 

CEP162  ZNF468 TMEM173 RNF224 LOC101927822 

CARD6  CLCN3 TENT4A MCFD2 IGF2BP3 

NXT1  DPY19L4 SPATA32 LINC01094 UBP1 

C11orf52  LINC00474 KIAA0319 LINC01344 CBR4 

ZNF280D  RNF19A IMPDH1 ZNF682 SOX2 

SEMA4B  DST ALG10B LEMD2 MIR5684 

KIF16B  KLHDC7A MORC4 THAP11 LOC105376114 

ACSL1  TMEM256 HMGB2 PPP2R2C SPINT2 

MIR4432HG  TAB3 IFT22 GSDMC SLC29A2 

RPN2  OXR1 SYNE2 THADA RGL1 

RPSAP58  KMT5C MICB-DT SLC35F2 BCLAF1 

COPS5  TMEM102 KHDC4 MIR7706 TOMM70 

PUM2  SAMD12-AS1 ZNF221 PIGV DHRS4-AS1 

CFDP1  MUC15 BCAR4 ANAPC5 KLK8 

SRP68  KIF5C SCNM1 ETFBKMT EPS8 

PIGA  GLP2R STK3 STK38L POU2F3 

RNVU1-15  GPBP1L1 EBPL LOC93429 ZNF552 

UFSP1  YWHAZ ANKRD2 HRH1 ZNF562 

HSPA4L  ACIN1 PTGR2 CRYM-AS1 ADGRE2 

MIR3165  CITED4 FZR1 CAST LOC103021296 

ATP2C1  ADGRF2 MIR378J TLCD2 VPS50 

PGAM1P5  FLJ42969 SNX27 RXRA SNX3 

LYSMD3  Septin8 MUC1 ABT1 C11orf74 

ZC3H15  FNTA DTL PHF23 LRG1 

TRIT1  GS1-124K5.11 RPAIN MDH1B CEBPB-AS1 

NFIA  HS3ST1 ABCA12 KRTDAP KYAT3 



 

 

72 

ME1  IL36RN LINC00869 B3GALT4 PHETA1 

SLTM  ZNF695 MSANTD4 COL4A5 COTL1 

RNF225  ZFAND6 LOC101928008 BTN3A3 PITPNM1 

NFKBIA  BCAS2 MIR135B PGRMC2 TMPRSS11E 

PSORS1C1  GSE1 GLB1 ACKR2 PIP4P2 

STAP2  RNU6-2 TGIF1 CD63 RASGEF1B 

ZNF844  AFG3L2 ZNF284 PA2G4 CHRNE 

DDX12P  UPK1A GPR156 HMGCR HS6ST2 

BLNK  GTF2H4 WDR75 ZNF234 LDHA 

MIR4422  ENO1-AS1 RCBTB1 TMPRSS4 RALY 

RASL11A  ATG14 OSGIN1 ATAT1 PDE4DIP 

MIR4799  IKBKE HACE1 TRIM16L LOC100506113 

WBP1  BCL9 LINC01393 MTMR11 KIAA0513 

UPK2  RBM47 PDSS1 LRRC23 PGLS 

S100A12  ALKBH8 GCNT2 ANKMY1 INTS1 

VOPP1  DTWD2 XDH ZNF140 TM4SF4 

ACE2  LARS ATP1A1 RGS3 LINC01634 

LOC101928977  EIF4G1 CRTAM MON2 VSIG10L 

UCA1  RNF222 CHD8 SLMO2-ATP5E SLC2A11 

IL1RN  EXOC6 TIGD2 LINC02447 TSHZ1 

SCGB1B2P  MCCC1 ARHGAP27 ADAMTS6 GGTLC2 

GJB3  SFTA2 IKBKG EIF2AK2 KDM5C 

SMIM13  DLGAP1-AS2 PDCD10 HIPK1-AS1 BNIPL 

UNC13D  MGC32805 C7orf77 SEC11A PEX26 

MRPL1  RPIA ELF3 DENND6A-DT IMPDH1 

FEZF1  CCDC26 GORAB EEF2 KAT14 

ALDH4A1  ACAD9 GTPBP3 PLS1 GBA 

BEND5  ANXA11 PLEKHF2 LOC100294145 EIF1AD 

RNF32  ANKRD54 S100P CD164 LOC101927151 

CSNK1G3  KDM6B REXO2 LINC01588 MRPL24 

CORO2B  RETREG1 SCAMP3 C1orf226 CAB39L 

LINC01559  DEPDC1-AS1 CENPA TCHHL1 IL17RE 

LINC01354  SLC37A4 AATF PPARD TSKU 

 
Specific target genes in luminal-like subtype 

EPHA1 SSR4P1 OR7E91P MIR6070 ARRDC3 

FLJ31356 TMEM40 ADGRF4 TGM1 CLDN4 

IQCK ZNF440 MESP1 NIPSNAP1 MGP 

LOC101927391 TGIF1 TUFT1 PTPN14 CARD14 

NAALADL2 ZNF433 ARSD FRRS1 CCDC12 

RIMS1 SMG8 TIGAR GAR1 ZNF823 

EDEM2 PRR15L TMEM79 PPOX MIR4676 

LINC01213 RBBP8NL LOC101927318 TMPRSS11F LINC00359 

GRAMD2B ANXA9 AMD1 MIR4513 PDGFB 

NIPAL2 AFG1L FAF1 ZNF799 LINC00456 

SCAMP4 GGTLC1 AIFM1 IFRD1 ZNF274 

VEPH1 DAZAP1 RPL41 ZNF20 TRPC4AP 

KCNJ13 ZNF44 STX19 SYTL5 SLC4A7 

ARHGAP32 NEU1 BATF VGLL1 CMTR2 
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MIR6773 RPL32P3 ANKRD22 BCAS1 ZMYND8 

TYSND1 OVOL2 LOC100506098 GPNMB LRP10 

CNP LOC101927911 ELF5 CFAP45 EEA1 

ADIPOQ ST3GAL4 TMPRSS13 GPR108 LOC344967 

LOC101927272 SLC9A1 RNVU1-14 NXT1 DLG4 

BBOX1 SEMA4A UBE2A RAP2B ERP27 

CLDN8 ITFG2 IGSF9 EHF EPN3 

FMN1 CD46 ARHGEF19 LINC02408 PDCD2 

PKP2 SLITRK6 ERBB3 PSCA MAPK10 

FKBP2 GRAMD1C VIPAS39 EIF2B5 HRH1 

LINC00346 DNAJC5B DNAAF5 JUP LIMA1 

RBL2 ALDH3B2 ARHGAP24 EEF1E1 WSB2 

EPB41L1 UBALD2 SBNO1 C1orf116 PGLYRP2 

ZBTB20 LINC01405 GMPR2 TBL1X YAP1 

RASAL2 BMF SNORA38 EHF ROCK1P1 

SLC25A45 P2RY6 SORT1 PLA2G4B SLC41A3 

ZER1 IKZF2 LOC100132781 RNU5B-1 ZNHIT6 

ATAD3B LINC00885 CHD3 LOC100129917 HIST2H2AB 

GMEB1 C4orf3 IVL RAB25 TRIL 

CBLB CDS1 MACROD1 KRT80 ZNF443 

TJP2     

 
Common target genes between basal-like and luminal-like subtypes 

ARHGEF38 ERLNC1 PIM2 LOC101927296 LOC102724064 

GINS2 MIR6784 MTERF2 SLC40A1 PIK3C2G 

PGR NME7 CRISP3 DSCAM-AS1 LOC148709 

MIR4328 KLK12 SLFN12 SFTPA2 LOC102724163 

PROM2 ATP6V0A4 SLC10A5 TP53INP2 ZP1 

MUCL1 PPEF1 FMO9P PURG ASCL2 

DLX5 LINC00938 HIST2H2BF PRIM2 JADE1 

PDE4D KRTAP3-1    
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Abstract 

GRHL2 drives expression of key epithelial genes and supports proliferation, 

survival, and epithelial differentiation. It plays a dual role in cancer by 

stimulating proliferation and suppressing EMT. GRHL2 has been reported to 

act as a transcription factor as well as a modulator of gene expression through 

epigenetic mechanisms. The relevant genetic programs controlled by GRHL2 

in cancer are not resolved. In the present study, the response to GRHL2 loss in 

luminal breast cancer cells was studied by combining an MCF7 conditional 

knockout model with Bru-seq analysis. The rate of RNA synthesis of 264 and 

244 genes was upregulated or downregulated, respectively, for at least one out 

of four time points following GRHL2 loss ranging from 1-16 days. Five dynamic 

response patterns were characterized and GRHL2-controlled canonical 

pathways and signaling networks were identified. Collectively, this study 

characterizes patterns of RNA synthesis regulated by GRHL2 and identifies 

signaling pathways regulated by GRHL2. 

 

 

Introduction  

GRHL2 is a mammalian homolog of the Drosophila Grainyhead gene. GRHL2 

has a crucial role in neural tube closure, epithelial cell morphology, cancer cell 

proliferation and migration 1-3. It is widely accepted that GRHL2 has dual roles 

in cancer development 4,5. GRHL2 can inhibit epithelial to mesenchymal 

transition (EMT) by upregulating E-cadherin and Claudin4 6 and downregulating 

ZEB1 7,8. On the other hand, GRHL2 is frequently overexpressed or amplified 

in breast cancer 9, lung cancer 10, and ovarian cancer 11 and high expression of 

GRHL2 was associated with histological differentiation and lymphatic 

metastasis in pancreatic carcinoma 12. 
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The relevant genetic programs controlled by GRHL2 in cancer are not resolved. 

GRHL2 has been reported to act as a transcription factor as well as a modulator 

of gene expression through epigenetic mechanisms 13,14. Gene regulation 

includes transcriptional initiation, RNA processing, post-transcriptional 

modification, translation and post-translational modification. Conventional 

RNA-seq is used for analysis of steady-state RNA levels whereas bromouridine 

sequencing (Bru-seq) measures nascent RNA, allowing for direct assessment 

of changes in DNA transcription 15,16. Bru is relatively non-toxic as compared to 

other ribonucleotide analogs and is widely used to label nascent RNA in vitro 

and in cells 17,18 19. 

In this study, we used Bru-seq to investigate genome-wide dynamic changes of 

nascent RNA induced by GRHL2 loss in an MCF7 conditional knockout model. 

Following identification of differentially expressed genes in response to GRHL2 

loss, bioinformatics analysis was performed to predict signaling networks 

regulated by GRHL2. Thus, GRHL2-controlled gene networks were unraveled. 

 

Materials and methods 

Cell culture and lentiviral transduction 

MCF7 human breast cancer cells were obtained from the American Type 

Culture Collection. Cells were cultured in RPMI1640 medium with 10% fetal 

bovine serum, 25 U/mL penicillin and 25 µg/mL streptomycin at 37°C and 5% 

CO2. For production of lentiviral particles, VSV, GAG, REV and Cas9 or single 

guide (sg)RNA plasmids were transfected into HEK293 cells using 

Polyethylenimine (PEI). After 2 days, lentiviral particles were harvested and 

filtered. Conditional Cas9 cells were generated by infecting parental cells with 

lentiviral particles expressing the Edit-R Tre3G promotor-driven Cas9 

(Dharmacon) and selected by blasticidin. Limited dilution was used to generate 
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Cas9 monoclonal cells. Subsequently, Cas9-monoclonal cells were transduced 

with U6-gRNA:hPGK-puro-2A-tBFP control non-targeting sgRNAs or GRHL2-

specific sgRNAs (Sigma) and selected by puromycin. 

 

Western blot 

Cells were lysed by radioimmunoprecipitation (RIPA) buffer (150 mM NaCl, 1% 

Triton X-100, 0.5% sodium deoxycholate and 0.1% Tris and 1% protease 

cocktail inhibitor (Sigma-Aldrich. P8340)). Lysates were sonicated and protein 

concentration was determined by bicinchoninic acid assay (BCA) assay. Cell 

lysates were mixed with protein loading buffer, separated by SDS-PAGE, and 

transferred to a methanol-activated polyvinylidene difluoride (PVDF) membrane 

(Milipore, The Netherlands). The membrane was blocked with 5% bovine serum 

albumin (BSA; Sigma-Aldrich) for 1 hour at room temperature (RT). Next, 

membranes were stained with primary antibody overnight at 4°C and HRP-

conjugated secondary antibodies for half hour at room temperature (RT). After 

staining with Prime ECL Detection Reagent (GE Healthcare Life science), 

chemoluminescence was detected with an Amersham Imager 600 (GE 

Healthcare Life science, The Netherlands). The following antibodies were used: 

GRHL2 (Atlas-Antibodies, hpa004820) Cas9 (Cell Signaling, 14697), and 

GAPDH (SantaCruz, sc-32233). 

 

Bru-seq 

At different timepoints after doxycycline-induced deletion of GRHL2, cells were 

incubated with a final concentration of 2 mM Bru at 37oC for 30 minutes. Cells 

were lysed in TRIzol reagent (Sigma) and Bru-labelled nascent RNA was 

isolated using an anti-BrdU antibody conjugated to magnetic beads 15. 

Subsequently, cDNA libraries were generated using the Illumina TruSeq library 
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kit and sequenced using the Illumina NovaSeq 6000 Sequencing System. 

Sequencing and read mapping were carried out as previously described 15,20 

 

Bioinformatics analysis 

To identify GRHL2-regulated genes, an inter-sample comparison analysis was 

performed comparing RPKM (reads per kilobase per million mapped reads) for 

each gene in the doxycycline-treated samples compared to the untreated 

sample, to obtain fold-change (FC) and p values. Genes with p<0.05 and FC>2 

or FC<0.5 in any of the doxycycline-treated samples relative to untreated cells 

were filtered. Subsequently, genes responding to Cas9 induction in the context 

of sgGRHL2 (1) as well as sgGRHL2 (2) were selected and genes responding 

also in the context of sgCTR were eliminated from this list. Canonical pathways 

and networks analysis was performed with the Ingenuity Pathways Analysis 

(IPA) software (Ingenuity Systems, USA). A heat map was generated by R. The 

Database for Annotation, Visualization, and Integrated Discovery (DAVID) 21,22 

was utilized to identify signaling pathways associated with GRHL2 loss. Gene 

Ontology (GO) terms (biological process, cellular component and protein class) 

analysis was performed by Protein Analysis Through Evolutionary 

Relationships (PANTHER) database 23. 

 

ChIP-PCR 

Chromatin preparation was described previously 24. For ChIP-PCR, chromatin 

fragments were immunoprecipitated with control IgG or anti-GRHL2 antibodies 

(Sigma; HPA004820). Precipitates were eluted by NP buffer, low salt (0.1% 

SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 150mM NaCl), 

high salt (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 

500mM NaCl) and LiCl buffer (0.25M LiCl, 1%NP40, 1% deoxycholate, 1mM 

EDTA, 10mM Tris-HCl (pH 8.1)). Chromatin was de-crosslinked by 1% SDS at 
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65°C. DNA was purified by Phenol:Chloroform:Isoamyl Alcohol (PCI) and then 

diluted in TE buffer. The following primers were used for ChIP-PCR: E2F2 

forward, tcctgggaagaggaatgatg; E2F2 reverse, caggcagcttgggagagtag; 

CDCA7L forward, tttggggcttgttttgtttt; CDCA7L reverse: ggtgtggaggcctactgtgt; 

control (an intergenic region upstream of the GAPDH locus) forward, 

atgggtgccactggggatct; control reverse, tgccaaagcctaggggaaga. ChIP-PCR 

data were analyzed using the 2−ΔΔCt method 25. 

 

Fig. 1 Bru-seq sample preparation and Bru-seq data analysis strategy. (a) 

Bromouridine (Bru) labeling of nascent RNA was carried out for 30 minutes at the 

indicated time points after doxycycline (dox)-induced GRHL2 deletion. (b) Western 

blot analysis of GRHL2 expression levels at the indicated time points in sgCTR and 

sgGRHL2 transduced MCF7 cells. GAPDH serves as loading control. (c) Strategy for Bru-
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seq data analysis. Each circle represents a gene set with differential transcription 

relative to the condition where no doxycycline was added. 

 

Results 

Dynamic regulation of RNA synthesis in response to GRHL2 loss 

Using conditional CRISPR-Cas9 MCF7 cells, Bru-seq was carried out to 

investigate the dynamic changes in DNA transcription triggered by GRHL2 loss. 

At 0, 2, 4, 8, or 16 days after doxycycline-induced GRHL2 knockout, cells were 

incubated with Bru for 30 minutes to label nascent RNA (Fig. 1a) or they were 

analyzed by Western blot to examine the expression of GRHL2 protein (Fig. 

1b). 

 

To identify GRHL2-regulated genes, for each time point, the log2 average fold 

change (AFC) of transcription induced by doxycycline treatment in the two 

sgGRHL2 and the control sgRNA sample was determined. A list of genes was 

generated whose transcription was altered in both sgGRHL2 samples (FC>2; 

p<0.05 or FC<0.5; p<0.05) but not in the sgCTR sample (Fig. 1c). Using these 

criteria, 264 genes were upregulated and 244 genes were downregulated in at 

least one time point after GRHL2 loss (Table S1). 

 

Distinct dynamic patterns of response to GRHL2 depletion 

GRHL2-regulated genes were clustered in a heat map using the AFC at each 

time point in sgGRHL2 (1) and sgGRHL2 (2) cells (Fig. 2a). In response to 

GRHL2 loss, one cluster of genes exhibited rapid and continuing upregulation 

in RNA synthesis. For instance, LAMB3 encoding the β2 unit of the trimeric 

basement membrane protein laminin-332 26 was rapidly induced after GRHL2 

loss (Fig. 2b). Another cluster showed rapid and sustained downregulation of 

RNA synthesis following GRHL2 deletion. This cluster included UBB, encoding  
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Fig. 2 Dynamic changes in RNA synthesis following GRHL2 loss. (a) Heat map for 

GRHL2 loss response genes. (b-f) After GRHL2 abrogation, genes are categorized 

according to RNA synthesis patterns. The line graph depicts the log2 average fold 

change (AFC) of transcription in sgGRHL2 (1) and sgGRHL2 (2) cells. Dynamic: genes 
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with AFC>2; p<0.05 at some and AFC<0.5; p<0.05 at other time points. Sustained 

induction: genes with AFC>2; p<0.05 at all time points. Sustained repression: genes 

with AFC<0.5; p<0.05 at all time points. Induction reset: genes with AFC>2 at early 

time points followed by a return to 1<AFC<2 at day16. Repression reset: genes with 

AFC<0.5 at early time points followed by a return to 0.5<AFC<1 at day16.  

 

the highly conserved ubiquitin protein that is involved in the regulation of protein 

degradation, signaling, and gene expression 27. The downregulation in RNA 

synthesis of UBB was observed at each labeling period (Fig. 2c). Another 

cluster of genes displayed a dynamic transcriptional response following GRHL2 

loss. For example, GRHL2 loss enhanced transcription of the GRIN2B gene 

(encoding GluN2B, a subunit of NMDA-type glutamate-gated ion channels 28) 

within 2 days, followed by a repression at day 4 and 8, and followed by another 

peak of enhanced transcription at day 16 after GRHL2 deletion (Fig. 2d). The 

“induction reset” cluster included genes whose transcription was transiently 

induced initially followed a repression phase where transcription returned to 

baseline. This cluster included FOXP2 encoding a forkhead transcription factor 

(Fig. 2e). The “repression reset” cluster showed an opposite pattern with an 

initial repression that returned to baseline at later timepoints, and included the 

E2F1 gene encoding the E2F1 transcription factor involved in cell survival and 

proliferation 29 (Fig. 2f). 

 

Predicted signaling networks regulated by GRHL2 

IPA software was utilized to elucidate GRHL2-regulated signaling pathways and 

networks from the differently expressed genes at the different time points 

following GRHL2 depletion. Canonical pathway results predicted changes in 

Granzyme A signaling, remodeling of epithelial adherens junctions, mTOR 

signaling, and DNA methylation and transcriptional repression signaling at each 

time point after GRHL2 loss (Table 1). At early time points (day 2, 4 and 8), 

significantly enriched canonical pathways included EIF2 signaling, germ cell-
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sertoli cell junction signaling, pancreatic adenocarcinoma signaling, and a 

transcriptional regulatory network in embryonic stem cells (Table 1). 

 

Next, using IPA, networks associated with multiple biological functions and 

diseases were identified and ranked according to the score. The top 10 

networks scored >22, indicating that the likelihood that genes in these networks 

were not connected was <10-22 (Table 2). Overall, networks associated with  

 

Table 1. Top 10 canonical pathways responding to GRHL2 loss at the indicated time 

points generated by IPA. 

 

diseases including cancer, networks associated with cell cycle, DNA, and RNA 

regulation, and networks associated with cell-to-cell signaling and interaction 
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were predicted at most timepoints tested. At day 2, the most enriched networks 

were associated with cancer, protein synthesis and RNA damage and repair. At 

day 4, the top enriched networks were linked to developmental disorder, 

embryonic development and organismal development, in which AURKB and 

E2F1 represented core genes that were most interconnected with other genes 

(Fig. 3b). The top enriched networks at day 8 were associated with cell cycle, 

cellular assembly, DNA replication, recombination and repair. At day 16, the top 

molecular networks predicted by IPA were closely related to cell to cell signaling 

and interaction, nervous system development, RNA damage and repair (Fig. 

3d). 

 

Table 2. Top 10 networks responding to GRHL2 loss at the indicated time points 

generated by IPA. 
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Predicted biological processes and functional pathways regulated by 

GRHL2 

The PANTHER classification system was utilized to identify biological process, 

cellular component and protein classification predicted to be associated with 

the genes regulated in response to GRHL2 depletion. Biological processes at 

all 4 timepoints included cellular process, metabolic process, and biological 

regulation (Fig. 4a). For cellular component, differentially transcribed genes 

induced by GRHL2 loss were predominantly involved in organelle, extracellular 

region, protein-containing complex, membrane and cell junction for each time 

point (Fig. 4b). In terms of protein classification, genes transcriptionally affected 

by GRHL2 depletion were enriched in nucleic acid binding, hydrolase, 

transcription factor, signaling molecule and enzyme modulator for all time points 

(Fig. 4c). Subsequently, DAVID was utilized to investigate whether GRHL2-

regulated genes identified by Bru-seq were enriched for known functional 

pathways. At each time point, GRHL2-regulated genes were significantly 

enriched in pathways associated with cancer, focal adhesion and ECM receptor 

interaction, and several signaling pathways (Fig. 5a). DAVID also identified 

enrichment of signaling pathways including those involved in viral 

carcinogenesis, ribosome, alcoholism and systemic lupus erythematosus 
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signaling at each time point whereas pathways involved in biosynthesis of 

amino acids, carbon metabolism, transcriptional misregulation in cancer, DNA 

replication and cell cycle signaling were identified at early timepoints (Fig. 5b). 

 

We and others have reported that GRHL2 loss is associated with growth arrest 

11,30. Consistent with this notion, the RNA synthesis rate of several genes 

involved in cell cycle progression and DNA replication were rapidly suppressed 

in response to GRHL2 loss (i.e., E2F2, CDCA7L, SFN and MCM2) 31-34  (Fig. 

6a-d). Our previous ChIP-seq data revealed that GRHL2 binding sites were 

observed at the promoter regions of E2F2 and CDCA7L 24 and this finding was 

corroborated by ChIP-PCR analysis (Fig. 6e). These results suggested that 

E2F2 and CDCA7L are directly regulated by GRHL2 and inhibition of cell 

proliferation mediated by GRHL2 loss may be associated with repression of 

E2F2 and/or CDCA7L.  

 

Fig. 3 Networks with the highest scores according to differentially transcribed genes 

after GRHL2 loss by IPA. (a-d) Networks for day 2, 4, 8 and 16 respectively. The 
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intensity of the node color indicates up- (red) and down regulation (green). Single-way 

arrows indicate one gene regulating another, two-sided arrows indicate co-regulation, 

looped arrows indicate self-regulation. 

 

 

Fig. 4 PANTHER gene ontology enrichment analysis of differentially transcribed genes 

after GRHL2 loss. Enrichment analyses were carried out for biological process (a), 

cellular component (b) and protein classification (c). 

 

RNA synthesis of CDH1 is not altered after GRHL2 loss 
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CDH1 encodes E-cadherin, a cell-cell adhesion receptor involved in 

maintenance of the epithelial phenotype 35. CDH1 has been proposed to 

represent a direct target gene of GRHL2 8,36,37. Other studies 2,8,38, and our 

unpublished results (Wang et al, manuscript under revision) showed that 

GRHL2 loss gives rise to reduced expression of E-cadherin protein in MCF7 

cells 8. However, our previous ChIP-seq data 24 revealed that GRHL2 binding 

sites were not observed at the CDH1 promoter region, consistent with other 

findings 8,13,39. Moreover, we did not observe any downregulation of CDH1 

nascent RNA synthesis in the first 16 days after GRHL2 loss (Fig. 8a and b), 

Together, these findings indicate that the CDH1 gene is not a direct target for 

transcriptional regulation by GRHL2. Rather, CDH1 may be regulated indirectly 

through other transcriptional regulators 40 or by GRHL2-mediated post-

transcriptional modification (e.g., miR200) 7,13,41 at later timepoints. 

 



89 

 

(Last page) Fig. 5 DAVID analysis of differentially transcribed genes after GRHL2 loss. 

Enriched pathways identified by DAVID for induced (a) and suppressed (b) gene sets 

at indicated time points. 
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(Last page) Fig. 6 Downregulation of RNA synthesis for genes involved in cell cycle 

progression after GRHL2 loss. (a-d) Top: Bru-seq reads for indicated genes at indicated 

time point in response to GRHL2 deletion. Bottom: Line graphs depicting the log2 AFC 

of transcription in sgGRHL2 (1) and sgGRHL2 (2) cells. The positive y-axis indicates the 

plus-strand signal of RNA synthesis from left to right and the negative y-axis represents 

the minus-strand signal of RNA synthesis from right to left. (e) Validation of interaction 

of GRHL2 binding sites with the promoter regions of indicated genes by ChIP-PCR. 

Signals for IgG control and GRHL2 antibody pulldown samples are normalized to input 

DNA and are presented as % input with SEM from 3 technical replicates. Data are 

statistically analyzed by t-test and * indicates p < 0.05. 

 

Discussion 

The expression level of individual mRNAs is determined by the RNA synthesis 

and degradation rates. Characterization of global RNA dynamics provides 

insight into mechanisms of cell signaling 42. In this study, we examined genome-

wide time-resolved responses of RNA synthesis after GRHL2 loss in luminal-

like breast cancer cells. We used Bru-seq to capture changes in RNA synthesis 

16 in a conditional GRHL2 knockout model. We identified 264 induced and 244 

repressed genes in at least one time point following GRHL2 loss. These genes 

exhibit diverse patterns of RNA synthesis that are divided into sustained 

induction, sustained repression, induction reset, dynamic and repression reset. 

Genes with similar patterns of RNA synthesis may be regulated by similar 

means and the fact that patterns of transcription induction are similar to the 

patterns of transcription repression, suggests that transcriptional induction and 

repression may involve similar mechanisms 16. 

 

Bioinformatics analysis identifies several signaling pathways that are enriched 

at each time point analyzed after GRHL2 deletion (i.e., Granzyme A signaling, 

remodeling of epithelial adherens junctions, mTOR signaling and DNA 

methylation, and transcriptional repression signaling). Granzyme A induces 

caspase-independent apoptosis by dysregulation of mitochondrial metabolism 
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and generation of reactive oxygen species (ROS) in the mitochondrion 43. Some 

repressed genes caused by GRHL2 loss (i.e., HIST1H1C, HIST1H1D, 

HIST1H1E, HMGB2, and NME1) are linked to Granzyme A signaling, of which 

HMGB2 is a positive regulator of proliferation and negative mediator of 

apoptosis 44,45. The adherens junctions are specialized structures that encircle 

epithelial cells and maintain the architectural integrity of epithelial tissues 46,47. 

A total of 11 genes, including HIST1H1C, HIST1H1D, HIST1H1E, 

HMGB2ACTB, ACTG1, ARPC1A, MAPRE2, NME1, TUBA1B, TUBB, and 

TUBB4B, are identified to be involved in remodeling of epithelial adherens 

junctions caused by GRHL2 loss. mTOR is a protein kinase that is involved in 

cell metabolism, proliferation and survival 48. A cluster of GRHL2 loss 

responsive genes (FAU, PLD1, PRKD1, RND3, RPS10, RPS11, RPS2, RPS21, 

RPS6KA2, and RPS8) are associated with mTOR signaling. The activation of 

the AKT/mTOR pathway can trigger EMT through upregulation of ZEB1 49, 

which has a negative feedback with GRHL2 7 .  

 

Notably, we demonstrate that CDH1 RNA synthesis is not altered following 

GRHL2 loss. This is in agreement with our previous report that CDH1 is not 

identified as a GRHL2 target by ChIP-seq in breast cancer cells 24, 

demonstrating that E-cadherin downregulation must occur in an indirect 

manner in our luminal breast cancer model. Others have identified CDH1 as a 

direct GRHL2 target in normal epithelia 8 suggesting that the mechanism of E-

cadherin regulation significantly differs between non-transformed epithelial 

cells and cancer cells that retain epithelial characteristics. 

 

IPA network analysis shows that signaling networks exhibit numerous 

similarities among different time points but the most enriched networks vary 

over time. PANTHER analysis reveals that biological processes, cellular 

component, and protein classifications associated with networks regulated by 
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GRHL2 loss are conserved over time. DAVID analysis shows that the genes 

whose transcription is attenuated after GRHL2 loss are associated with 

important functions, including DNA replication, which is consistent with our 

previous finding that GRHL2 loss leads to a G0/1 arrest (Wang et al, manuscript 

under revision). A group of repressed genes are enriched for cell cycle and DNA 

replication including E2F1, E2F2, MCM7, CDC20, ESPL1, MCM2, PTTG1, 

SFN, RNASEH2A and FEN1. E2F2 is a member of E2F transcription factor 

family that has a crucial role in the control of cell cycle and DNA replication 

50.Our ChIP-PCR validates the presence of GRHL2 binding sites in the E2F2 

promoter region. Additionally, previous studies show that cell division cycle 

associated 7 like (CDCA7L) is a positive regulator of cell proliferation in prostate 

cancer and glioma 51,52. The existence of GRHL2 binding sites in the CDCA7L 

promoter region is also verified by ChIP-PCR. These findings suggest that 

GRHL2 may regulate DNA replication and cell cycle by multiple mechanisms, 

including direct transcriptional modulation of E2F2 and CDCA7L. Moreover, we 

establish EHF as a direct GRHL2 target gene.  

 

Taken together, in this study we identify GRHL2-regulated genes, we find five 

main patterns by which RNA synthesis is altered in response to depletion of 

GRHL2, and we provide new insights into the dynamics of GRHL2-mediated 

signaling networks. Additionally, our findings reveal how regulation of epithelial 

genes such as CDH1 can be strikingly different in normal and cancer cells 

involving direct GRHL2-binding or indirect mechanisms. 
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Supplemental data 

Table S1. List of genes whose transcription is altered in response to GRHL2 deletion 

and their classification into subgroups according to their dynamic pattern of 

regulation. 

 

Gene D2 AFC D4 AFC D8 AFC D16 AFC Cluster 

ABCA4 0.93 2.23 5.48 3.87  
AC005821.1 2.79 6.46 12.24 6.54 Sustained induction 

AC005972.4 3.53 4.29 6.38 2.59 Sustained induction 

AC007952.4 0.17 0.19 0.32 0.61 Repression reset 

AC008703.1 5.56 6.60 7.51 3.23 Sustained induction 

AC009262.1 3.58 4.70 5.98 3.37 Sustained induction 

AC010653.3 0.21 0.48 0.55 0.67 Repression reset 

AC013652.1 2.43 3.59 4.10 1.57 Induction reset   

AC019209.3 1.43 3.61 4.91 4.29 Sustained induction 

AC022166.1 0.00 0.00 0.00 35.23  

AC027277.2 0.26 0.23 0.38 0.68 Repression reset 

AC027288.3 2.30 3.95 3.23 0.94 Induction reset   

AC051619.5 5.12 4.51 3.69 2.64 Sustained induction 

AC055854.1 0.50 0.32 0.27 0.45 Sus  Sustained repression 

AC068633.1 7.14 0.00 0.00 12.59 Dynamic 

AC083967.1 0.52 0.32 0.37 0.40  
AC087762.1 4.99 13.04 20.78 6.49 Sustained induction 

AC092167.1 8.40 7.04 5.45 2.93 Sustained induction 

AC092422.1 85.82 0.02 0.04 63.37 Dynamic 

AC098934.1 0.22 0.17 0.25 0.59 Repression reset 

AC099520.1 2.93 4.54 5.11 2.30 Sustained induction 

AC099753.1 91.52 0.00 0.00 211.15 Dynamic 

AC103770.1 2.34 3.65 3.32 3.27 Sustained induction 

AC109326.1 0.29 0.27 0.37 0.70 Repression reset 

AC245014.3 0.26 0.23 0.32 0.56 Repression reset 

ACKR3 0.70 0.61 1.36 2.68  
ACOXL 4.98 9.44 26.98 10.20 Sustained induction 

ACTB 0.34 0.44 0.42 0.51 Repression reset 

ACTG1 0.34 0.55 0.62 0.67  
ADCY5 1.23 2.33 4.74 6.93  

ADGRE3 3.38 0.05 0.08 11.85 Dynamic 

AFF3 1.89 3.18 3.47 2.41  
AGPAT4 4.16 8.04 15.78 7.77 Sustained induction 

AL049839.2 2.22 4.43 9.16 6.73 Sustained induction 

AL132708.1 2.08 1.97 3.83 2.12  
AL137003.2 3.61 5.82 6.54 2.45 Sustained induction 
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AL137145.2 3.01 3.87 5.79 3.08 Sustained induction 

AL139383.1 2.80 3.34 2.39 1.15 Induction reset   

AL158066.1 0.53 0.14 0.15 0.29  
AL158847.1 1.50 2.01 3.17 3.33  
AL354740.1 2.61 4.43 4.57 2.31 Sustained induction 

AL359976.1 12.40 13.35 31.68 3.11 Sustained induction 

AL390726.6 8.20 8.75 9.71 4.52 Sustained induction 

AL590004.4 3.58 6.52 15.14 6.33 Sustained induction 

ALDH1A3 1.89 6.70 12.97 5.21  
ALDOA 0.33 0.33 0.48 0.71 Repression reset 

ALOX5 3.48 5.47 10.74 8.74 Sustained induction 

AMPH 1.75 2.73 6.38 4.16  
ANKRD1 1.39 4.68 5.06 1.90 Induction reset   

ANKRD29 3.32 6.49 8.05 6.63 Sustained induction 

ANOS1 1.93 3.05 3.15 2.13  
ANXA3 5.19 8.86 6.80 2.41 Sustained induction 

AP000880.1 0.16 0.12 0.12 0.41 Sustained repression 

AP000924.1 1.55 4.57 11.84 8.49  
AP002761.4 0.23 0.26 0.40 1.11  

APRT 0.26 0.38 0.41 0.84 Repression reset 

ARHGAP18 2.78 4.04 3.91 1.80 Induction reset   

ARHGAP22 1.88 4.43 7.13 3.45  
ARHGAP42 2.55 4.45 4.23 1.84 Induction reset   

ARHGEF28 0.68 0.57 0.44 0.42  
ARHGEF39 0.36 0.30 0.29 0.64 Repression reset 

ARPC1A 0.17 0.25 0.29 0.21 Sustained repression 

ARSJ 4.10 11.15 10.85 2.69 Sustained induction 

ASB9 10.25 13.53 11.41 4.43 Sustained induction 

ATP10D 3.42 10.07 11.67 5.55 Sustained induction 

ATP5O 0.26 0.37 0.33 0.29 Sustained repression 

ATP8A2 0.23 0.24 0.61 0.64  
ATXN1 2.17 3.38 3.79 2.18 Sustained induction 

AURKB 0.32 0.20 0.26 0.50 Repression reset 

BBC3 1.47 1.98 2.07 3.27  
BIRC5 0.38 0.25 0.25 0.49 Sustained repression 

BMP1 1.99 3.51 5.20 3.49  
BOC 1.73 2.50 3.81 1.98 Induction reset   

C14orf80 0.28 0.34 0.36 1.28  
C1orf105 2.83 3.30 7.20 2.74 Sustained induction 

C21orf58 0.42 0.27 0.32 0.73 Repression reset 

C22orf34 19.17 0.00 0.04 33.04 Dynamic 

CADM1 1.89 2.93 3.51 1.49 Induction reset   

Gene     D2 AFC     D4 AFC     D8 AFC     D16 AFC    Cluster  
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CADPS 53.78 0.06 0.03 51.71 Dynamic 

CAMK1D 1.92 3.14 3.93 1.98 Induction reset   

CAPN8 4.32 5.39 11.47 5.66 Sustained induction 

CBX2 0.30 0.33 0.47 0.89 Repression reset 

CCNF 0.38 0.28 0.31 0.72 Repression reset 

CD109 2.27 2.56 4.55 2.54 Sustained induction 

CDC20 0.27 0.30 0.30 0.67 Repression reset 

CDCA3 0.33 0.26 0.27 0.51 Repression reset 

CDCA5 0.36 0.25 0.29 0.64 Repression reset 

CDCA7L 0.58 0.43 0.36 0.39  
CDH18 3.27 6.40 7.10 5.15 Sustained induction 

CDKN2B 2.93 9.08 13.19 6.17 Sustained induction 

CEMIP 2.07 1.74 4.07 3.24  
CENPF 0.50 0.29 0.28 0.40 Sustained repression 

CFL1 0.32 0.42 0.45 0.63 Repression reset 

CHTF18 0.33 0.34 0.43 1.12  
CLIP4 1.91 3.35 4.85 3.69  

CNTN4 22.17 0.05 5.10 26.44  
COL4A5 3.79 7.76 10.60 5.61 Sustained induction 

COLQ 2.50 2.83 3.71 1.81 Induction reset   

CORO2A 1.50 2.23 2.49 2.76  
CPNE4 3.77 3.01 6.43 8.86 Sustained induction 

CPQ 2.74 4.86 4.35 2.33 Sustained induction 

CPXM2 0.40 0.27 0.29 0.62 Repression reset 

CREB5 2.58 8.80 12.08 5.22 Sustained induction 

CTNNA3 9.27 16.04 14.13 4.17 Sustained induction 

CTNND2 2.53 3.46 3.60 1.57 Induction reset   

CYB561 0.35 0.46 0.56 0.92  
CYC1 0.27 0.34 0.43 0.95 Repression reset 

DAPP1 4.40 9.94 23.48 11.76 Sustained induction 

DDX11 0.37 0.37 0.41 0.67 Repression reset 

DDX12P 0.33 0.27 0.30 0.58 Repression reset 

DDX41 0.33 0.48 0.52 0.77  
DDX58 2.25 2.17 3.26 4.00 Sustained induction 

DDX60L 2.17 3.23 3.85 3.82 Sustained induction 

DISC1 2.25 3.20 3.52 1.43 Induction reset   

DLGAP2 20.26 0.01 0.02 24.32 Dynamic 

DNAH5 3.07 4.84 6.54 3.08 Sustained induction 

DNAH7 3.11 3.96 4.70 1.87 Induction reset   

DNM3 1.78 2.03 3.69 1.55 Induction reset   

DOCK4 2.36 3.98 5.25 1.92 Induction reset   

DOCK8 2.24 3.15 3.16 2.68 Sustained induction 

Gene     D2 AFC     D4 AFC     D8 AFC     D16 AFC    Cluster  
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DOK5 24.10 0.01 0.03 18.16 Dynamic 

DUSP10 2.30 2.61 4.07 2.72 Sustained induction 

E2F1 0.35 0.33 0.38 0.80 Repression reset 

E2F2 0.31 0.28 0.33 0.77 Repression reset 

EDA2R 3.81 3.40 2.15 1.75 Induction reset   

EEF1A1 0.36 0.45 0.50 0.56 Repression reset 

EEF1B2 0.44 0.47 0.43 0.39 Sustained repression 

EEF2 0.31 0.47 0.51 0.75  
EFNB2 1.18 1.44 2.17 3.08  

EHF 0.21 0.14 0.15 0.30 Sustained repression 

ELL2 2.04 2.30 3.50 1.47 Induction reset   

EPAS1 2.35 3.41 6.43 3.06 Sustained induction 

EPB41L4A 2.23 3.14 3.26 2.28 Sustained induction 

EPN3 0.22 0.30 0.46 1.10  
ERC2 2.15 4.80 8.43 8.33 Sustained induction 

ESPL1 0.36 0.30 0.31 0.70 Repression reset 

F2R 2.29 6.41 8.42 5.27 Sustained induction 

FAM13A 2.62 2.74 5.96 3.59 Sustained induction 

FAM83D 0.40 0.30 0.29 0.55 Repression reset 

FANCG 0.29 0.30 0.37 0.72 Repression reset 

FAU 0.26 0.29 0.33 0.38 Sustained repression 

FBN2 1.94 2.24 5.55 2.60  
FBXL2 2.16 3.08 3.13 1.79 Induction reset   

FEN1 0.30 0.26 0.30 0.50 Repression reset 

FGF12 2.39 4.68 3.75 1.65 Induction reset   

FHL2 2.47 3.00 4.81 3.10 Sustained induction 

FLT1 5.25 7.58 9.04 3.34 Sustained induction 

FLT3 3.73 5.93 5.81 3.09 Sustained induction 

FOXP2 3.99 4.09 3.12 1.65 Induction reset   

FRY 4.41 7.10 10.36 4.92 Sustained induction 

FSTL4 2.31 4.03 7.89 4.83 Sustained induction 

FTL 0.20 0.27 0.35 0.42 Sustained repression 

FYN 1.58 3.13 4.03 2.52  
GALNT17 7.35 0.03 0.03 6.59 Dynamic 

GAPDH 0.19 0.30 0.38 0.53 Repression reset 

GBP2 9.04 5.34 5.68 3.34 Sustained induction 

GLDN 2.12 2.36 3.32 1.39 Induction reset   

GPR155 2.74 4.26 3.92 2.03 Sustained induction 

GPR87 3.32 3.32 6.20 3.14 Sustained induction 

GRIN2B 59.19 0.06 0.05 86.59 Dynamic 

GRK5 2.15 3.92 3.74 2.42 Sustained induction 

GULP1 2.50 4.50 6.29 3.19 Sustained induction 

Gene     D2 AFC     D4 AFC     D8 AFC     D16 AFC    Cluster  
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H2AFZ 0.17 0.20 0.24 0.36 Sustained repression 

HAX1 0.28 0.38 0.44 0.61 Repression reset 

HDX 3.74 6.57 15.96 7.88 Sustained induction 

HERC3 1.59 2.96 4.04 1.55 Induction reset   

HIST1H1C 0.15 0.10 0.14 0.44 Sustained repression 

HIST1H1D 0.14 0.09 0.14 0.50 Sustained repression 

HIST1H1E 0.12 0.11 0.14 0.37 Sustained repression 

HIST1H2AB 0.16 0.08 0.12 0.47 Sustained repression 

HIST1H2AE 0.20 0.10 0.15 0.40 Sustained repression 

HIST1H2AJ 0.09 0.08 0.09 0.33 Sustained repression 

HIST1H2AL 0.25 0.10 0.11 1.18  
HIST1H2AM 0.14 0.08 0.11 0.51 Repression reset 

HIST1H2BF 0.24 0.13 0.19 0.46 Sustained repression 

HIST1H2BG 0.27 0.21 0.31 0.72 Repression reset 

HIST1H2BH 0.26 0.15 0.21 0.61 Repression reset 

HIST1H2BI 0.13 0.10 0.11 0.31 Sustained repression 

HIST1H2BK 0.14 0.10 0.13 0.30 Sustained repression 

HIST1H2BM 0.16 0.10 0.11 0.29 Sustained repression 

HIST1H2BO 0.14 0.09 0.14 0.41 Sustained repression 

HIST1H3A 0.14 0.06 0.13 0.57 Repression reset 

HIST1H3G 0.17 0.10 0.15 0.55 Repression reset 

HIST1H3H 0.24 0.16 0.25 0.66 Repression reset 

HIST1H3I 0.35 0.23 0.12 1.52  
HIST1H3J 0.16 0.09 0.11 0.60 Repression reset 

HIST1H4A 0.12 0.12 0.11 0.49 Sustained repression 

HIST1H4B 0.20 0.11 0.17 0.52 Repression reset 

HIST1H4D 0.19 0.11 0.17 0.40 Sustained repression 

HIST1H4E 0.19 0.17 0.25 0.54 Repression reset 

HIST1H4F 0.21 0.11 0.13 0.41 Sustained repression 

HIST1H4H 0.36 0.26 0.38 0.58 Repression reset 

HIST2H3D 0.19 0.17 0.16 2.15  
HIST4H4 0.28 0.23 0.34 0.77 Repression reset 

HJURP 0.36 0.28 0.28 0.53 Repression reset 

HLA-DQB1 3.02 3.67 8.50 3.86 Sustained induction 

HMGB2 0.25 0.23 0.29 0.46 Sustained repression 

HMMR 0.54 0.32 0.25 0.39  
HR 0.22 0.25 0.29 0.82 Repression reset 

HSD17B11 4.28 5.50 13.27 3.41 Sustained induction 

HSP90AA1 0.19 0.41 0.33 0.24 Sustained repression 

HSP90AB1 0.33 0.57 0.57 0.59  
HSPA8 0.26 0.35 0.37 0.41 Sustained repression 

HSPE1 0.31 0.36 0.28 0.22 Sustained repression 
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IGSF21 3.81 0.01 0.01 7.50 Dynamic 

IL18 1.84 4.63 8.54 3.08  
INCENP 0.30 0.25 0.28 0.58 Repression reset 

IQCJ-SCHIP1 2.79 3.41 5.34 1.83 Induction reset   

ISM1 1.75 3.28 4.45 1.57 Induction reset   

ITGB6 3.58 7.80 41.07 26.91 Sustained induction 

JAZF1 2.15 5.12 5.89 2.88 Sustained induction 

KC6 6.12 8.94 12.80 6.63 Sustained induction 

KCNJ3 2.03 3.56 6.40 4.08 Sustained induction 

KCNK5 0.32 0.17 0.19 0.63 Repression reset 

KCNMA1 1.33 1.96 4.48 4.79  
KIAA0513 2.04 3.14 3.92 2.80 Sustained induction 

KIAA2012 3.22 9.67 16.82 6.56 Sustained induction 

KIF20A 0.26 0.23 0.20 0.37 Sustained repression 

KIF2C 0.41 0.25 0.28 0.48 Sustained repression 

KIF5C 1.26 2.82 3.91 3.14  
KIFC1 0.46 0.29 0.29 0.55 Repression reset 

LACTB 1.58 3.33 3.83 3.25  
LAD1 0.32 0.41 0.56 1.13  

LAMA3 2.00 3.34 3.66 2.74  
LAMB3 2.80 4.79 12.02 8.49 Sustained induction 

LAMC2 2.16 5.02 9.71 4.78 Sustained induction 

LHFPL2 1.33 2.47 3.55 2.16  
LIMCH1 1.86 2.56 4.45 2.02  

LINC00473 7.90 6.05 6.28 2.90 Sustained induction 

LINC00871 6.51 4.62 1.99 2.96  
LINC00885 0.30 0.17 0.19 0.42 Sustained repression 

LINC01191 2.10 5.99 7.73 3.26 Sustained induction 

LINC01214 9.20 17.88 43.41 27.34 Sustained induction 

LINC01239 4.14 12.86 31.60 7.78 Sustained induction 

LINC01619 0.83 0.51 0.51 0.42  
LIPH 2.58 3.13 3.99 1.76 Induction reset   

LOXL2 2.08 4.69 7.79 4.69 Sustained induction 

LRP2 3.27 4.71 4.54 2.99 Sustained induction 

LUCAT1 2.68 6.05 8.36 3.28 Sustained induction 

LYPD1 3.00 5.93 9.53 3.41 Sustained induction 

LYPD3 0.17 0.17 0.31 0.73 Repression reset 

MAF 0.00 0.00 19.71 31.48  
MAP1B 2.55 9.39 16.96 6.44 Sustained induction 

MAPK10 2.62 3.10 2.61 1.33 Induction reset   

MAPRE2 3.71 8.07 16.19 10.23 Sustained induction 

MAPRE3 1.78 2.44 3.22 2.17  
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MCF2L2 2.37 3.05 3.15 1.64 Induction reset   

MCM2 0.34 0.33 0.33 0.68 Repression reset 

MCM7 0.36 0.30 0.37 0.58 Repression reset 

MCTP1 2.92 5.77 5.33 4.05 Sustained induction 

MDGA2 3.42 6.23 7.58 3.42 Sustained induction 

MECOM 3.20 5.13 5.05 2.54 Sustained induction 

MIR222HG 1.63 3.09 5.04 3.01  
MIR3681HG 4.80 0.07 0.06 6.43 Dynamic 

MIR5087 0.19 0.24 0.33 0.59 Repression reset 

MIR9-3HG 0.35 0.31 0.43 0.78 Repression reset 

MITF 1.61 3.58 5.49 2.22  
MKI67 0.42 0.28 0.27 0.38 Sustained repression 

MMP16 2.17 2.97 3.27 2.91 Sustained induction 

MPPED2 0.75 0.59 0.41 0.35  
MRFAP1 0.33 0.47 0.50 0.59  
MRPL17 0.33 0.40 0.48 0.74 Repression reset 

MRPL51 0.25 0.28 0.28 0.38 Sustained repression 

MRPS34 0.25 0.28 0.29 0.65 Repression reset 

MSMB 0.21 0.11 0.15 0.33 Sustained repression 

MTUS2 2.69 2.31 5.20 2.93 Sustained induction 

MYT1L 32.55 0.05 0.00 37.70 Dynamic 

NBEA 2.41 3.23 3.26 1.63 Induction reset   

NCF2 2.94 6.23 23.18 17.27 Sustained induction 

NECTIN4 0.26 0.30 0.48 0.96 Repression reset 

NEK10 1.50 2.78 6.78 2.59  
NHS 1.47 2.47 3.20 1.40 Induction reset   

NHSL2 3.09 4.61 6.21 3.48 Sustained induction 

NLGN1 7.50 0.02 0.00 17.12 Dynamic 

NME1 0.28 0.38 0.37 0.39 Sustained repression 

NPAS3 2.72 4.13 3.49 1.06 Induction reset   

NPM1P27 0.27 0.40 0.50 0.33 Sustained repression 

NPY1R 0.81 0.33 0.20 0.19  
NR2C2AP 0.23 0.24 0.34 0.58 Repression reset 

NRG2 3.76 8.84 10.44 3.37 Sustained induction 

NRP1 2.18 3.57 3.13 1.58 Induction reset   

NRXN3 10.82 0.94 1.45 11.75  
NT5DC2 0.28 0.42 0.46 0.85 Repression reset 

NTN4 5.48 13.04 18.44 9.78 Sustained induction 

NUDT1 0.26 0.23 0.28 0.67 Repression reset 

OPCML 27.66 0.03 0.04 38.49 Dynamic 

OPTN 1.69 3.76 6.50 5.12  
P2RY2 0.22 0.35 0.54 1.53  
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PACSIN3 0.31 0.37 0.36 0.91 Repression reset 

PALM2 2.42 4.65 4.73 1.72 Induction reset   

PALM2-AKAP2 3.43 4.12 5.24 2.77 Sustained induction 

PAPSS2 2.57 6.14 7.88 3.34 Sustained induction 

PAQR5 1.21 1.66 1.91 3.05  
PCAT29 4.40 5.18 7.17 4.08 Sustained induction 

PCSK2 63.00 0.05 0.00 99.27 Dynamic 

PGLYRP2 0.18 0.09 0.03 0.27 Sustained repression 

PGM2L1 2.30 2.73 4.43 2.62 Sustained induction 

PHACTR3 40.57 0.04 0.06 47.82 Dynamic 

PHGDH 0.22 0.29 0.31 0.65 Repression reset 

PHLDB2 3.97 8.37 11.66 5.28 Sustained induction 

PID1 1.84 3.60 10.27 7.22  
PIF1 0.45 0.28 0.28 0.55 Repression reset 

PIK3IP1-AS1 5.12 6.17 7.66 3.53 Sustained induction 

PIMREG 0.24 0.24 0.21 0.62 Repression reset 

PKP1 0.27 0.18 0.19 0.73 Repression reset 

PLCE1 2.78 9.19 9.46 2.97 Sustained induction 

PLCXD2 4.35 9.62 12.79 5.07 Sustained induction 

PLD1 3.98 7.92 7.69 2.78 Sustained induction 

PLEKHH2 3.60 4.43 4.97 2.15 Sustained induction 

PLIN4 0.11 0.03 0.09 0.34 Sustained repression 

PLIN5 0.19 0.04 0.12 0.41 Sustained repression 

PMP22 3.24 4.41 4.84 3.59 Sustained induction 

POP7 0.30 0.30 0.40 0.71 Repression reset 

PPARG 2.63 4.37 10.14 3.87 Sustained induction 

PPIAP22 0.11 0.18 0.20 0.18 Sustained repression 

PPP1CA 0.27 0.32 0.42 0.63 Repression reset 

PPP1R14B 0.28 0.38 0.54 0.85  
PRELID1 0.33 0.36 0.41 0.60 Repression reset 

PRICKLE2-AS1 2.03 3.23 3.48 1.32 Induction reset   

PRICKLE2-AS3 4.11 9.01 9.17 4.29 Sustained induction 

PRKD1 3.24 5.01 7.05 2.39 Sustained induction 

PROS1 2.99 3.62 4.27 1.93 Induction reset   

PRSS23 2.39 4.01 5.50 5.31 Sustained induction 

PSG5 2.07 7.09 9.24 7.10 Sustained induction 

PSMB6 0.31 0.37 0.45 0.47 Sustained repression 

PSMC3 0.34 0.45 0.48 0.67 Repression reset 

PSMD2 0.36 0.52 0.61 0.63  
PSMG3 0.31 0.33 0.39 0.79 Repression reset 

PSRC1 0.30 0.23 0.33 0.63 Repression reset 

PTTG1 0.33 0.26 0.23 0.45 Sustained repression 
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PYCR1 0.24 0.37 0.37 0.90 Repression reset 

QARS 0.30 0.44 0.43 0.66 Repression reset 

RAB7B 3.72 4.73 14.45 7.71 Sustained induction 

RAI2 2.11 3.70 8.48 4.74 Sustained induction 

RBFOX1 2.27 0.74 0.52 3.17  
RBFOX3 34.53 0.01 0.02 39.26 Dynamic 

RCAN2 9.68 1.28 20.29 16.55  
 

RECQL4 0.28 0.33 0.30 0.89 Repression reset 

REEP4 0.24 0.27 0.34 0.99 Repression reset 

RETREG1 2.37 3.64 3.37 2.27 Sustained induction 

RFTN1 3.06 4.72 6.29 4.49 Sustained induction 

RN7SL2 0.22 0.34 0.42 0.71 Repression reset 

RN7SL3 0.29 0.45 0.54 0.86  
RN7SL4P 0.18 0.29 0.36 0.74 Repression reset 

RNASEH2A 0.25 0.23 0.27 0.61 Repression reset 

RND3 2.35 3.96 5.16 3.64 Sustained induction 

RNF150 3.46 6.36 7.42 2.48 Sustained induction 

RNF219-AS1 54.69 0.00 0.00 71.81 Dynamic 

RNU1-120P 0.17 0.16 0.27 0.62 Repression reset 

RNU1-122P 0.15 0.15 0.27 0.62 Repression reset 

RNU2-63P 0.18 0.20 0.34 0.79 Repression reset 

RNU4-1 0.17 0.18 0.30 0.91 Repression reset 

RNU5D-1 0.14 0.29 0.43 0.53 Repression reset 

RNU5E-4P 0.19 0.16 0.31 0.59 Repression reset 

RNVU1-6 0.17 0.15 0.21 0.67 Repression reset 

RNVU1-7 0.20 0.22 0.24 0.59 Repression reset 

RPL13A 0.32 0.41 0.49 0.64 Repression reset 

RPL17 0.33 0.40 0.48 0.57 Repression reset 

RPL3 0.30 0.48 0.55 0.72  
RPL35 0.32 0.38 0.41 0.58 Repression reset 

RPL41 0.30 0.38 0.49 0.69 Repression reset 

RPL7 0.33 0.47 0.46 0.42 Sustained repression 

RPL7A 0.36 0.44 0.47 0.48 Sustained repression 

RPL8 0.30 0.37 0.37 0.50 Repression reset 

RPL9P9 0.15 0.27 0.18 0.25 Sustained repression 

RPS10 0.32 0.37 0.34 0.28 Sustained repression 

RPS11 0.35 0.37 0.40 0.46 Sustained repression 

RPS2 0.28 0.34 0.35 0.61 Repression reset 

RPS21 0.28 0.32 0.36 0.48 Sustained repression 

RPS6KA2 2.48 2.79 3.13 2.78 Sustained induction 

RPS8 0.33 0.41 0.38 0.47 Sustained repression 
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RTN1 2.33 5.02 4.89 2.28 Sustained induction 

S100A14 0.34 0.52 0.50 0.57  
SAMD12 2.42 3.61 4.11 2.57 Sustained induction 

SAMD12-AS1 3.99 6.35 7.19 4.12 Sustained induction 

SAMD9 0.00 0.00 19.92 37.58  
SAPCD2 0.24 0.27 0.28 0.76 Repression reset 

SCARNA12 0.14 0.20 0.26 0.26 Sustained repression 

SCARNA13 0.22 0.32 0.48 0.47 Sustained repression 

SCARNA21 0.08 0.10 0.10 0.22 Sustained repression 

SCARNA7 0.17 0.31 0.55 0.31  
SDC1 0.28 0.35 0.48 0.97 Repression reset 

SEMA6A 2.34 3.48 4.69 3.74 Sustained induction 

SEPT8 0.35 0.66 0.82 1.11  
SESN3 6.90 10.94 12.91 7.02 Sustained induction 

SFN 0.21 0.34 0.34 0.61 Repression reset 

SH3TC2 0.16 0.22 0.26 0.26 Sustained repression 

SHC4 2.49 2.64 5.43 2.78 Sustained induction 

SHMT2 0.22 0.39 0.42 0.82 Repression reset 

SLC12A4 1.98 3.93 4.88 5.01  
SLC16A3 0.16 0.17 0.28 0.91 Repression reset 

SLC1A1 6.72 11.29 17.89 10.80 Sustained induction 

SLC22A1 1.68 4.62 6.00 3.78  
SLC22A15 2.05 2.94 3.12 1.68 Induction reset   

SLC25A5 0.24 0.27 0.33 0.40 Sustained repression 

SLC9A3 0.31 0.00 0.00 103.49  
SLIT3 4.89 0.03 0.63 3.96  

SNORD3A 0.10 0.13 0.19 0.27 Sustained repression 

SNORD3B-1 0.19 0.23 0.32 0.67 Repression reset 

SOCS2-AS1 6.58 8.39 9.17 3.76 Sustained induction 

SORCS2 1.61 2.38 3.41 2.64  
SOX9 3.49 6.38 11.38 12.66 Sustained induction 

SOX9-AS1 3.93 3.43 2.82 2.14 Sustained induction 

SPAG5 0.34 0.30 0.31 0.45 Sustained repression 

SPATA18 4.04 4.13 2.47 1.69 Induction reset   

SPEG 1.99 2.92 4.04 4.71  
SPOCK1 2.23 3.00 16.72 4.48 Sustained induction 

SSNA1 0.22 0.27 0.39 0.74 Repression reset 

SSRP1 0.33 0.44 0.45 0.58 Repression reset 

ST3GAL5 1.49 2.64 4.09 3.44  
STAT4 2.50 6.67 5.66 2.00 Sustained induction 

STUM 1.75 2.22 10.66 13.14  
SULF1 0.60 0.31 0.26 0.17  
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SUN2 0.35 0.33 0.43 0.67 Repression reset 

SYNPO 3.53 6.07 6.99 4.11 Sustained induction 

SYNPR 8.34 0.01 0.01 10.33 Dynamic 

SYT7 0.34 0.30 0.40 0.97 Repression reset 

TACSTD2 0.32 0.30 0.43 0.64 Repression reset 

TANC2 2.06 3.16 3.40 1.56 Induction reset   

TENM2 25.34 0.03 6.08 23.79  
TFPI 1.65 2.39 3.30 2.04  

TGFB2 2.27 6.07 5.70 1.71 Induction reset   

TGFBI 2.92 6.30 9.58 4.64 Sustained induction 

TGFBR2 3.05 6.81 8.02 2.99 Sustained induction 

THAP11 0.20 0.23 0.29 0.81 Repression reset 

THEG 0.23 0.07 0.15 0.19 Sustained repression 

TIMP3 2.61 5.50 11.16 10.20 Sustained induction 

TK1 0.32 0.26 0.31 0.70 Repression reset 

TMC7 2.24 3.32 4.00 2.10 Sustained induction 

TMEM107 0.22 0.20 0.31 0.47 Sustained repression 

TMEM132C 38.52 0.00 0.00 50.13 Dynamic 

TMEM132D 19.00 0.00 0.02 34.41 Dynamic 

TMEM140 9.19 13.96 32.13 31.21 Sustained induction 

TMEM156 4.33 4.22 20.11 4.15 Sustained induction 

TMEM54 0.12 0.20 0.29 0.95 Repression reset 

TMPRSS13 0.25 0.23 0.39 0.85 Repression reset 

TNFAIP8 2.41 2.92 3.91 1.62 Induction reset   

TNIK 3.56 8.40 17.63 7.90 Sustained induction 

TONSL 0.33 0.36 0.39 1.10  
TP53INP1 3.11 3.01 3.30 2.22 Sustained induction 

TP63 1.61 4.51 34.52 16.43 Sustained induction 

TPI1 0.23 0.34 0.41 0.52 Repression reset 

TROAP 0.36 0.28 0.27 0.56 Repression reset 

TSPAN5 2.38 3.86 6.41 2.92 Sustained induction 

TUBA1B 0.19 0.22 0.25 0.45 Sustained repression 

TUBB 0.30 0.33 0.36 0.56 Repression reset 

TUBB4B 0.23 0.29 0.36 0.58 Repression reset 

TXNIP 0.31 0.22 0.36 0.44 Sustained repression 

TYRO3 0.20 0.28 0.33 0.50 Repression reset 

U1 0.24 0.18 0.33 0.79 Repression reset 

U3 1.24 2.17 1.95 1.80  
UBB 0.31 0.38 0.49 0.40 Sustained repression 

UBE2C 0.28 0.21 0.22 0.58 Repression reset 

UBE2QL1 2.07 4.53 5.32 4.16 Sustained induction 

UHRF1 0.33 0.27 0.32 0.68 Repression reset 
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UNC13C 24.62 0.10 0.06 38.12 Dynamic 

UPP1 2.23 5.94 9.75 5.93 Sustained induction 

UQCRQ 0.30 0.37 0.42 0.41 Sustained repression 

USH2A 13.62 0.02 0.03 16.11 Dynamic 

USP35 0.70 1.09 1.54 2.77  
VMP1 2.60 2.37 3.02 1.93 Induction reset   

VSTM2B 7.96 0.00 0.00 36.91 Dynamic 

WIPF1 3.54 5.91 6.80 4.04 Sustained induction 

WIPI1 2.38 3.25 4.19 2.56 Sustained induction 

WLS 2.59 3.48 3.91 2.16 Sustained induction 

XRCC3 0.35 0.40 0.44 0.93 Repression reset 

YPEL2 3.21 2.79 4.50 3.36 Sustained induction 

Z93241.1 0.24 0.21 0.31 0.63 Repression reset 

ZBTB20 3.17 2.79 5.25 2.21 Sustained induction 

ZMAT4 1.72 5.72 14.92 5.98 Sustained induction 

ZNF365 3.77 6.06 11.52 6.65 Sustained induction 

ZNF385B 2.87 4.23 3.30 1.93 Induction reset   

ZNF462 1.97 3.33 3.52 1.65 Induction reset   

ZNF827 2.41 3.25 3.03 1.78 Induction reset   

ZWINT 0.29 0.26 0.33 0.64 Repression reset 
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Abstract 

The transcription factor GRHL2 has been reported to induce and repress gene 

expression, which is cell context-dependent. While several studies have 

addressed expression and function of GRHL2 in breast cancer with different 

conclusions, the profile of GRHL2 target genes in breast cancer has not been 

characterized. In the present study, ChIP-seq analysis of GRHL2-binding genes 

in MCF7 cells was integrated with Bru-seq analysis of genes showing 

transcriptional responses to conditional CRIPR-Cas9 knockout of GRHL2 in 

MCF7 cells. This identified 48 direct target genes of GRHL2 in MCF7 cells. 

Signaling pathways and networks associated with these direct GRHL2 target 

genes were explored using IPA. Notably, in line with our previous report that the 

CDH1 promotor lacks GRHL2-binding sites, RNA synthesis of CDH1, encoding 

the epithelial adhesion receptor E-cadherin, was not altered following GRHL2 

deletion, demonstrating CDH1 is not a direct target gene of GRHL2. Instead, 

the epithelial-specific transcription factor EHF/ESE3, a transcription factor that, 

like GRHL2, suppresses EMT, was identified as a direct target gene of GRHL2. 

EHF was downregulated at all time points after GRHL2 deletion and, like 

GRHL2, EHF was specifically absent in basal B-like breast cancer in a pan-

subtype human breast cancer cell line panel. EHF has been implicated in tumor 

initiating properties. However, its overexpression failed to rescue proliferation 

in GRHL2-depleted breast cancer cells. Collectively, this study identifies direct 

target genes of GRHL2 and their related signaling pathways and sheds light on 

the epithelial factors GRHL2 and EHF in luminal-like breast cancer MCF7 cells. 

 

 

Introduction  

The transcription factor GRHL2 has been reported to activate and repress gene 

expression 1,2. Identification of GRHL2 direct target genes is significant for 
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understanding GRHL2 biological functions and signaling pathways regulated 

by GRHL2. A negative feedback loop exists between ZEB1 and GRHL2, in 

which GRHL2 acts as an inhibitory regulator of EMT, inhibiting ZEB1 expression 

directly 2. Additionally, GRHL2 is involved in differentiation of epithelial cells, 

morphogenesis of epithelial tubes and maintenance of epithelial phenotype 

through activating expression of epithelial-specific genes such as CDH1 and 

CLDN4 3. EHF derives from the ETS transcription factor family characterized 

by epithelial-specific expression 4. Multiple lines of evidence demonstrate a 

significant role of EHF in the regulation of cell proliferation and differentiation 

4,5. 

 

Integrating RNA-seq and ChIP-seq data is a typical method to identify target 

genes. However, target genes identified by RNA-seq include direct and indirect 

target genes. By contrast, Bru-seq analyzes changes in nascent RNA, is not 

affected by post-transcriptional regulation, and hence monitors direct changes 

in transcription 6,7. Here, we integrated ChIP-seq analysis of GRHL2-binding 

genes in MCF7 cells with Bru-seq analysis of genes showing transcriptional 

responses to conditional CRISPR-Cas9 knockout of GRHL2 in MCF7 cells. 

Direct target genes of GRHL2 and their related signaling pathways were 

identified and the interaction between GRHL2, EHF, and CDH1 in luminal-like 

breast cancer (MCF7 cells) was explored. 

 

Materials and methods 

Cell culture 

MCF7 human breast cancer cells were obtained from the American Type 

Culture Collection. Cells were cultured in RPMI1640 medium with 10% fetal 

bovine serum, 25 U/mL penicillin and 25 µg/mL streptomycin at 37°C and 5% 
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CO2. Generation of MCF7 conditional GRHL2 knockout (KO) cells was 

previously described (see Chapter 4). 

 

 

 
 

Fig. 1 Protein-protein interaction networks among GRHL2 direct target genes. Based 

on identification of GRHL2 direct target genes through integration of ChIP-seq and Bru-

seq data, (a) direct and (b) indirect protein-protein interaction networks among GRHL2 

direct target genes are predicted. Red rectangles indicate direct target genes of GRHL2. 

 

ChIP-PCR 

Chromatin preparation for chromatin immunoprecipitation-sequencing (ChIP-

seq) has been previously described 8. For ChIP-PCR, chromatin fragments 

were immunoprecipitated with control IgG or anti-GRHL2 antibodies (Sigma; 

HPA004820). Precipitates were eluted by NP buffer, low salt (0.1% SDS, 1% 

Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 150mM NaCl), high salt (0.1% 
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SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl (pH 8.1), 500mM NaCl) and 

LiCl buffer (0.25M LiCl, 1%NP40, 1% deoxycholate, 1mM EDTA, 10mM Tris-

HCl (pH 8.1)). Chromatin was de-crosslinked by 1% SDS at 65°C. DNA was 

purified by Phenol:Chloroform:Isoamyl Alcohol (PCI) and then diluted in TE 

buffer. The following primers were used for ChIP-PCR: EHF forward: 

ctgaaaagaacagtcaccacca, EHF reverse: tggccaactcacacgttagt, control (an 

intergenic region upstream of the GAPDH locus) forward: atgggtgccactggggatct, 

control reverse: tgccaaagcctaggggaaga. ChIP-PCR data were analyzed using 

the 2−ΔΔCt method 9. 

 

Bru-seq 

Bru-seq and associated bioinformatics analysis was described previously (see 

Chapter 4). In short, at different timepoints after doxycycline-induced deletion 

of GRHL2, MCF7 conditional KO cells were incubated with Bru, cells were lysed, 

and Bru-labelled nascent RNA was isolated using an anti-BrdU antibodies. 

Subsequently, cDNA libraries were generated, sequenced, and reads were 

mapped to Genome Reference Consortium human genome (build 37). To 

identify GRHL2-regulated genes, reads per kilobase per million mapped reads 

for each gene in the doxycycline-treated samples were compared to the 

untreated samples, genes with p<0.05 and FC>2 or FC<0.5 were filtered, and 

genes responding to Cas9 induction in the context of sgGRHL2 but not in the 

context of sgCTR were selected.  

 

Bioinformatics analysis 

Canonical pathways and networks analysis were performed with the Ingenuity 

Pathways Analysis (IPA) software (Ingenuity Systems, USA). The STRING 

database 10 was used to predict direct protein-protein interactions (PPI), which 

were visualized by Cytoscape v3.7.2 11. 
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Sulforhodamine B (SRB) assay 

Cell proliferation rate was measured by SRB assay. Cells were seeded into 96-

well plates. At the indicated time points, cells were fixed with 50% 

Trichloroacetic acid (TCA, Sigma-Aldrich) for 1 hour at 4 °C and plates were 

washed with demineralized water 4 times and air-dried at room temperature 

(RT). Subsequently, plates were incubated with 0.4% SRB (60 µl/well) for at 

least 2 hours at RT. The plates were washed five times with 1% acetic acid and 

air-dried. Plates were incubated with 10 mM Tris (150 µl/well) for 30 minutes at 

RT with gentle shaking. The absorbance value was measured by a Fluostar 

OPTIMA plate-reader.  

 

Realtime quantitative PCR (RT-qPCR) 

Total RNA was isolated using RNEasy Plus Mini Kit (Qiagen). 500 ng RNA was 

reverse-transcribed into cDNA using the RevertAid H Minus First Strand cDNA 

Table 1. Top 20 canonical pathways identified by GRHL2 direct target genes using 

IPA. 
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Synthesis Kit (Thermo Fisher Scientific). The cDNA was mixed with SYBR 

green master mix (Fisher Scientific) for qPCR. RT-qPCR data were collected 

and analyzed using 2−ΔΔCt method. The following primers were used: GAPDH 

forward: ccatggggaaggtgaaggtc, GAPDH reverse: agttaaaagcagccctggtga.   

EHF forward: ctgccctgagtggagattgg, EHF reverse: tgcccttgccttcacagaaa. 

 

Colony formation assays  

Cell survival was measured by colony formation assay. 450 cells were seeded 

into a well of 6-well plate after 4 days of doxycycline treatment. After 7 days, 

cells were fixed with 4% formaldehyde and stained with Giemsa. Images were 

analyzed by Image J (ColonyArea package). 

 

 

 

 

Results 

 

Candidate direct GRHL2 target genes whose transcription is altered in 

response to GRHL2 depletion 

In order to identify direct target genes of GRHL2 in luminal breast cancer (MCF7 

cells), integration of ChIP-seq and Bru-seq data was performed. 48 differentially 

expressed genes identified by Bru-seq were confirmed as direct GRHL2 target 

genes by ChIP-seq (Table S1), including EHF/ESE3, E2F2, CDCA7L and 

FOXP2. Protein-protein interaction (PPI) networks among the direct GRHL2 

target genes were constructed using STRING database 10 (Fig. 1).  

Table 2. Networks based on direct GRHL2 genes predicted by IPA. 
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Predicted signaling networks regulated by GRHL2 

IPA analysis was performed to predict signaling pathways associated with the 

identified GRHL2 direct target genes. The signaling pathways were ranked 

according to p value. Table 1 demonstrates the top 20 signaling pathways, 

including SAPK/JNK signaling and CDK5 signaling that are involved in cell 

proliferation 12,13. Germ cell-Sertoli cell junction signaling was identified as the 

top signaling pathway predicted by genes regulated by GRHL2 loss. Notably, 

this same pathway was also predicted by the Bru-seq data alone at 2-8 days 

post deletion of GRHL2 (see Chapter 4 Table 1). 

 

Subsequently, networks related to multiple biological functions and diseases 

associated with the identified GRHL2 direct target genes were predicted by IPA 

and then ranked based on the score. The top networks were enriched in cancer, 

organismal injury and abnormalities, reproductive system disease (Table 2), of 

which top 3 networks are shown in Fig. 2. The main functions of GRHL2 direct 

target genes were associated with cell cycle, growth, and proliferation (Table 

2). 

 

RNA synthesis of CDH1 is not altered after GRHL2 loss 

CDH1 encodes E-cadherin, a cell-cell adhesion receptor involved in 

maintenance of the epithelial phenotype 14. CDH1 has been proposed to 

represent a direct target gene of GRHL2 3,15,16. Other studies 3,17,18, and our 

unpublished results (Wang et al, manuscript under revision) showed that 

GRHL2 loss gives rise to reduced expression of E-cadherin protein in MCF7 

cells 3. However, our ChIP-seq data revealed that GRHL2 binding sites were 

not observed in the CDH1 promoter region, consistent with other findings 3,19,20. 

Moreover, we did not observe any downregulation of CDH1 nascent RNA 

synthesis in the first 16 days after GRHL2 loss (Fig. 3a and c), Together, these 

findings indicate that the CDH1 gene is not a direct target for transcriptional 
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(Last page) Fig. 2 Predicted networks based on direct GRHL2 target genes. (a-c) Top 3 

networks with the highest scores predicted by IPA based on the 48 direct GRHL2 target 

genes. Single-way arrows indicate one gene regulating another, two-sided arrows 

indicate co-regulation, looped arrows indicate self-regulation. 

 

regulation by GRHL2. Rather, CDH1 RNA levels may be regulated indirectly 

through other transcriptional regulators 21 or by GRHL2-mediated post-

transcriptional modification (e.g., miR200) 2,19,22 at later timepoints. 

 

EHF is co-regulated with GRHL2 

EHF was identified as a direct target of GRHL2 that was rapidly and 

continuously attenuated following GRHL2 loss (Table S1; Fig. 3b and d). ChIP-

PCR confirmed the interaction between GRHL2 and the promoter region of the 

EHF gene (Fig. 3e). EHF is a member of the ETS transcription factor subfamily 

characterized by epithelial-specific expression 4. Epithelial markers (e.g., 

GRHL2 and E-cadherin) are specifically reduced in basal B subtype breast 

cancer 1. We examined whether EHF expression was also low in basal B versus 

other breast cancer subtypes. Indeed, RNA-seq data for a large panel of breast 

cancer cell lines showed loss of EHF in the basal B subtype (Fig. 3f) and qRT-

PCR confirmed this finding in a smaller panel of breast cancer cell lines (Fig. 

3g). 
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Fig. 3 EHF but not CDH1 is a direct GRHL2 target gene in luminal breast cancer. (a and 

b) Bru-seq reads for the CDH1 and EHF gene at the indicated time points after GRHL2 

loss. (c and d) Line graphs depicting the log2 AFC of CDH1 and EHF transcription in 

MCF7 sgGRHL2 (1) and sgGRHL2 (2) cells at the indicated timepoints after doxycycline-

induced GRHL2 deletion. The positive y-axis indicates the plus-strand signal of RNA 

synthesis from left to right and the negative y-axis represents the minus-strand signal 

of RNA synthesis from right to left. (e) ChIP-PCR showing enrichment of GRHL2 binding 

sites in EHF promoter region but not in the control GAPDH gene. Graph represents the 

efficiency of indicated genomic DNA co-precipitation with anti-GRHL2 Ab (black bars) 

or IgG control Ab (grey bars). Signals for IgG control and GRHL2 antibody pulldown 

samples are normalized to input DNA and are presented as % input with SEM from 3 

technical replicates. Data are statistically analyzed by t-test and * indicates p < 0.05. (f) 

EHF mRNA expression in a panel of >50 human breast cancer cell lines covering 

luminal-, basal A-, and basal B-like subtypes extracted from RNA-seq data. Data is 

statistically analyzed by t-test and * indicates p < 0.05. (g) qRT-PCR validating 

downregulation of EHF mRNA in basal B-like subtype breast cancer. Blue and red lines 

represent luminal- and basal A-like subtypes of breast cancer, respectively. Data are 

presented as mean ± SEM from 2 biological replicates performed in triplicate. 

Normalized mRNA expression in each cell line is compared to the Hs578T basal B 

subtype cell line using t-test, * indicates p < 0.05.  

 

 

EHF overexpression does not rescue proliferation in GRHL2 KO cells 

We previously found that GRHL2 loss induced inhibition of cell proliferation 

accompanied by a downregulation of EHF in MCF7 cells (Wang et al, 

manuscript under revision). Our previous work, exploring only Bru-seq analysis, 

also showed that EHF was connected to cell cycle regulators such as E2F1 

(see Chapter 4 Fig.3) and EHF has been implicated in tumor initiation and 

tumorigenesis 5,23. To determine whether GRHL2 loss inhibits cell proliferation 

through reduced expression of its direct target, EHF, we investigated the effect 

of ectopically overexpressed EHF on cell proliferation. As shown in Fig. 4a~d, 

overexpression of EHF did not rescue GRHL2 loss-induced inhibition of cell 

proliferation and cell survival. Taken together, these findings indicate that EHF 

is a direct GRHL2-target whose expression is reduced in absence of GRHL2 

but is not solely responsible for the proliferation arrest caused by GRHL2 

depletion in luminal breast cancer cells. 
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Fig. 4 Ectopic expression of EHF does not rescue proliferation upon GRHL2-loss. (a) 

Examination of expression level of EHF mRNA after 4 days of doxycycline treatment 

and transfection with EHF or EV plasmid by qRT-PCR in MCF7 cells transduced with 

sgCTR and sgGRHL2. Data are presented as mean ± SEM from three technical replicates. 

EV, empty vector; EHF, EHF cDNA plasmid. Data are statistically analyzed by t-test. * 

indicates p < 0.05. “GRHL2 exp” represents GRHL2 expression; “EHF ect” represents 

EHF ectopic overexpression. (b) Graph showing results from SRB assay after 4 days 

doxycycline-induction and transfection with EHF/EV plasmid and subsequent 

incubation for the indicated time periods. (c,d) Representative images of colony 

formation assay (c) and quantification of colony formation potential (d) for sgCTR and 

sgGRHL2 transduced MCF7 cells after 4 days doxycycline-induction and transfection 

with EHF or EV plasmid and subsequent incubation for the indicated time periods. Data 

are presented as mean ± SEM from 2 biological replicates performed in triplicate. Data 

are statistically analyzed by t-test. 
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Discussion  

By integrating ChIP-seq analysis with Bru-seq analysis of a conditional KO 

model, we identify 48 high confidence direct target genes of GRHL2 in luminal 

breast cancer MCF7 cells. Of 48 direct target genes, 44 genes can encode 

proteins, whose interactions are investigated. The other 4 encode non-coding 

RNAs. Interestingly, in the signaling networks identified by IPA using 

differentially expressed genes identified from Bru-seq, the hub genes are not 

the direct target genes of GRHL2 (see Chapter 4 Fig. 3). Rather, GRHL2-

regulated genes interact with candidate hub genes providing entry points for 

GRHL2 regulation of these signaling networks. SAPK/JNK and CDK5 signaling 

pathways associated with cell proliferation are included in the top 10 canonical 

pathways identified by genes regulated by GRHL2 directly. In addition, the 

functions of direct GRHL2 target genes are mainly enriched in cell cycle, growth 

and proliferation. This indicates that in luminal breast cancer MCF7 cells 

GRHL2 acts predominantly as a regulator of cell proliferation, which is 

consistent with our previous findings (Wang et al, manuscript under revision). 

 

Notably, we demonstrate that CDH1 RNA synthesis is not altered following 

GRHL2 loss, which confirms and extends an earlier report that CDH1 mRNA 

has no obvious changes in response to GRHL2 depletion 24. Our Bru-seq result 

is in line with the fact that the CDH1 gene is not identified as a GRHL2 target 

by ChIP-seq. Together, this demonstrates that E-cadherin downregulation must 

occur in an indirect manner in our luminal breast cancer model. CDH1 was 

identified as a direct target gene of GRHL2 in normal epithelial 3 due to 

remodeling of the CDH1 promoter caused by an interaction of GRHL2 at an 

intron of CDH1. However, there was no existence of GRHL2 binding sites in the 

promoter region of CDH1, which means GRHL2 has no direct contact with a 
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DNA consensus motif from -1000 bp to 100 bp from the transcription start site 

(TSS) of CDH1 3. To date, ChIP-seq data reveals no GRHL2 binding in the 

CDH1 promoter region in human prostate cancer cells 17, ovarian cancer cells 

19 and murine kidney cells 15. Taken together, the CDH1 gene is not a direct 

target of GRHL2. 

 

We establish EHF as a direct GRHL2 target gene whose expression, like 

GRHL2, is lost in the basal B subtype of breast cancer. EHF was previously 

implicated in cell proliferation 5,25,26. On the other hand, EHF may act as a tumor 

suppressor, resulting from its role in controlling differentiation, the cancer stem-

like phenotype 27 and transcriptional repression of genes positively regulated 

by MAP kinase signaling cascades 28. The biological function of EHF may be 

cell context-dependent. In our study, inhibition of cell proliferation caused by 

GRHL2 loss in MCF7 cells is accompanied by reduced expression of EHF but 

ectopic expression of EHF is not sufficient to rescue proliferation triggered by 

GRHL2 loss. Altogether, these findings unravel multiple connections between 

GRHL2 and regulation of proliferation and point to cooperative roles of GRHL2 

target genes (e.g., EHF, E2F2 and CDCA7L) in sustaining proliferation.  

 

Taken together, this study identifies direct target genes of GRHL2 and their 

related signaling pathways. It also explores the co-regulation and function of 

the epithelial factors GRHL2 and EHF in luminal-like breast cancer. 
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Chapter 6 

 

General summary and discussion  
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Breast cancer 

Among women, breast cancer is the most prevalent cancer type, accounting for 25% 

of all cancers 1. According to gene expression profiling, breast cancer is mainly 

categorized into 5 major subtypes, including basal-like, luminal-like, human epidermal 

growth factor 2 (HER2)-enriched, claudin-low, and normal-like subtypes. Luminal- and 

basal-like subtypes have the highest prevalence and this dissertation focuses on these 

subtypes. 

 

Existing therapies for basal-like breast cancers  

At least 60% of basal-like breast cancers are negative for estrogen receptor (ER), 

progesterone receptor (PR) and HER2 2, and are named triple negative breast cancer 

(TNBC). Basal-like breast cancer cell lines are further divided into basal A, being more 

luminal-like and basal B exhibiting a cancer stem cell like profile 3,4. The cell lines 

generally reflect the genomic heterogeneity and gene copy number observed in the 

primary tumors 3 Due to the triple negative phenotype, TNBC responds poorly to 

existing targeted drugs. Multiple new potential therapeutic targets for TNBC are 

emerging such as poly(ADP-ribose) polymerase (PARP) 1, immune-checkpoints, 

androgen receptor, and epigenetic proteins 5. PARP inhibitors (PARPi’s) target PARP1, 

which is involved in cell proliferation, tumor transformation and DNA damage response. 

At present, several PARPi’s (e.g., Olaparib, Veloparib, Niraparib, Talazoparib, and 

CEP7722) are under evaluation for clinical management. Among these candidate 

inhibitors, a monotherapy of olaparib induces partial responses in a cohort of mostly 

breast cancer patients with BRCA1/2 mutations 6, suggesting it is a promising targeted 

drug. Cytotoxic chemotherapy still plays an important role for TNBC such as 

anthracyclines and taxanes. The effectiveness of chemotherapy strategies with dose 

dense (i.e. increasing dose intensity by short interval admission of standard-dose 

chemotherapy) or metronomic polychemotherapy has been validated 7. Platinum 

agents (e.g. Cisplatin) have gained focus in the TNBC treatment, based on promising 

preclinical and clinical findings. Single cisplatin treatment allows patients with TNBC to 

achieve complete or near-complete responses in preoperative therapy 7. On the other 

hand, it is well documented that TNBC responds to chemotherapy initially, but 

complete response at the early stage is not correlated with overall survival 8. There is 
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no standard chemotherapy strategy for TNBC patients with specific tumor size, grade 

and lymph node 8. The contribution of chemotherapy is still debated. A small proportion 

of TNBC are positive for androgen receptor (AR) providing an opportunity for targeted 

therapy. It has been shown that single AR antagonist bicalutamide treatment leads to 

a 19% benefit rate with a median progression-free survival of 12 weeks, with well-

tolerated adverse side effects 9.  

 

Existing therapies for luminal-like breast cancers  

Luminal-like breast cancer is divided into two subgroups: luminal A and luminal B 

subtypes. The major difference between them is that luminal B has relatively lower 

expression of ER-related genes and higher expression of genes associated with cell 

growth (e.g., CCND1, MKI67 and MYBL2) 10. Luminal breast cancer cell lines are 

typically not further subdivided. Luminal A breast cancer is positive for ER and PR, with 

lower expression of proliferation-related genes (e.g., MKI67). Estrogen functions as a 

stimulus for growth and development of human mammary tissue by binding to ER. 

Selective ER modulators (SERMs) have high affinity for ER and inhibit activation of 

estrogen-mediated signaling in ER positive breast cancer. Furthermore, SERMs 

possess the capability to reduce expression of ER, further reducing the response to 

endogenous estrogen 11. Tamoxifen is widely used in first-line clinical practice to 

repress growth of ER positive breast cancer by binding to the ER alpha 12,13. In recent 

years, aromatase inhibitors (AIs) such as arimidex and aromasin, that inhibit estrogen 

biosynthesis, are replacing tamoxifen as hormone therapy. AIs are characterized by 

their capability to reduce estrogen biosynthesis as much as 98%, together with 

superiority over tamoxifen in terms of adverse side effects 14.  

 

Luminal B breast cancer is less sensitive to endocrine therapy relative to the luminal A 

subtype, and to chemotherapy in comparison with basal-like and HER2 enriched 

breast cancer. Based on the aberrant activation of insulin-like growth factor 1 (IGF-1) 

signaling in luminal B tumors, IGF-1 inhibitors (e.g., OSI-906) and antibodies against 

IGF-1 receptor (MIK-0646) are developed and may lead to new candidate drugs 15. 

Luminal B tumors are characterized by overexpression of fibroblast growth factor 

receptor 1 (FGFR1), indicating that antibodies and inhibitors against FGFR1 may also 
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represent potential drugs. Indeed, small molecular inhibitors such as TKI-258 and 

AZD-4547 are in phase 2 clinical testing 15. Furthermore, the addition of PI3K inhibitors 

to endocrine therapy results in increased inhibition of growth in luminal B breast cancer 

cell lines, suggesting PI3K inhibitors may contribute to the treatment of luminal B breast 

cancers 16. A negative feedback loop between mTOR and IGF-1 signaling has been 

described by which inhibition of mTOR signaling induces increased expression of IRS1, 

which in turn activates AKT signaling. A preclinical study shows that the combination 

of ridaforolimus (mTOR inhibitor) and dalotuzumab (antibody against IGF-1R) is a 

potential effective treatment against luminal B breast cancer 15. 

 

Distinct modes of E-cadherin regulation in normal epithelia and cancer cells 

GRHL2 is a transcription factor that activates or represses gene expression through 

indirect and direct binding to the promoter of the genes and histone modification 17,18. 

GRHL2 is specifically expressed in cells with epithelial features. Several studies show 

that reduction of GRHL2 expression triggers epithelial to mesenchymal transition (EMT) 

with upregulation of mesenchymal markers (e.g., Vimentin and ZEB1) and 

downregulation of epithelial genes (e.g., CDH1) in breast cancer 17,19,20. In Chapter 2, 

our results show that GRHL2 loss results in downregulation of E-cadherin (gene name: 

CDH1) in basal A (HCC1806 cells) and luminal-like (MCF7 cells) subtype breast cancer. 

However, our ChIP-seq data in Chapter 3 reveal that GRHL2 binding is not observed 

at the promoter region of CDH1 in any of the basal A (HCC1806, BT20 and MDA-MB-

468 cells) and luminal-like (MCF7, T47D and BT474 cells) subtype breast cancer cell 

lines tested. In addition, our Bru-seq data in Chapter 4 demonstrate that RNA 

synthesis of CDH1 is not altered in response to GRHL2 deletion in MCF7 luminal-like 

breast cancer cells. This indicates that GRHL2 loss leads to E-cadherin 

downregulation while CDH1 RNA synthesis is maintained, suggesting that GRHL2 

regulates CDH1 post-transcriptionally. This is in contrast to an earlier report showing 

that GRHL2 directly regulates transcription of CDH1 in mouse inner medullary 

collecting duct cells by contacting the CDH1 promoter through a chromatin loop 18. This 

may suggest that GRHL2-mediated regulation of E-cadherin (and perhaps other 

epithelial genes) is markedly different in non-transformed epithelia versus epithelial 

cancer cells, such as the breast cancer cell lines tested by us. 
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Biological functions of GRHL2 in cancer – from proliferation to invasion 

In Chapter 2, the effect of GRHL2 loss on EMT, cell migration (2D random migration), 

and cell invasion capacity (3D collagen gel invasion) are investigated. Interestingly, E-

cadherin downregulation is seen in MCF7 as well as HCC1806 cells, while other effects 

appear to be subtype specific. GRHL2 loss triggers enhanced cell migration and 

invasion in HCC1806 cells, concomitantly with enhanced expression of mesenchymal 

markers i.e., N-cadherin and Vimentin 21,22, which are associated with cell migration. 

By contrast, in MCF7 cells GRHL2 loss does not lead to expression of mesenchymal 

markers and does not enhance the ability to invade. Others have shown in vivo and in 

vitro that exogenous expression N-cadherin allows MCF7 cells to invade more 

efficiently 23. MCF7 cells expressing both N-cadherin and E-cadherin were also found 

to have the ability to invade, indicating that the mesenchymal marker, N-cadherin, may 

be a determinant of cell invasion, rather than loss of E-cadherin 23. Taken together, 

these findings suggest that cell invasion triggered by GRHL2 deletion is associated 

with the emergence of mesenchymal markers and may be subtype specific.  

 

In luminal cells GRHL2 may support proliferation and invasion through steroid hormone 

signaling. Activation of ERβ signaling contributes to inhibition of IMP3, which is an 

mRNA-binding protein that influences expression or localization of invasion-related 

mRNAs 24. MCF7 cells are reported to express ERβ modestly 24,25 and ERβ signaling 

is regulated by GRHL2 that acts as a part of ER transcriptional complex to stimulate 

transcription of ER target genes 26. Our Bru-seq data show that following GRHL2 

deletion, IMP3 RNA synthesis is upregulated at day 16, indicating that GRHL2 is 

involved in crosstalk between ERβ and IMP3. Hence, GRHL2 deletion may be 

concomitant with inactivation of ERβ signaling, which results in cell invasion through 

upregulation of IMP3 in HCC1806 cells.  

 

Our study indicates that GRHL2 may have differential biological functions for basal A 

and luminal-like breast cancer. In Chapter 3, GRHL2 binding sites across breast 

cancer subtypes are profiled by Chip-seq to further investigate the differences in 
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molecular mechanisms. GRHL2 binding motifs are found, the landscape of GRHL2 

binding sites is mapped, and, based on overlap between three luminal and three basal 

breast cancer cells lines, subtype-specific and common binding sites and candidate 

GRHL2-regulated genes are identified. Our findings to some extent confirm and extend 

previous findings in other cell types, such as the distribution of GRHL2 binding sites 

and GRHL2 binding motifs. 

 

We also find novel GRHL2-interacting genes. However, ChIP-seq alone is insufficient 

to identify GRHL2 target genes, due to the fact that binding sites identified by ChIP-

seq do not necessarily imply GRHL2-mediated gene expression. Therefore, to identify 

direct target genes of GRHL2 in breast cancer, Bru-seq is carried out in a conditional 

CRISPR/Cas9 MCF7 model in Chapter 4. Bru-seq is an innovative method to capture 

changes in initial transcription based on labeling and isolation of nascent RNA using 

bromouridine (Bru) 27. Bru-seq measures transcription near transcription start sites 

(TSSs) and can capture initial transcription rapidly, by which the effects of post-

transcriptional regulation on gene expression are eliminated such as RNA binding 

proteins and microRNAs. This chapter reveals dynamic changes in nascent RNA in 

response to GRHL2 loss. Through subsequent bioinformatics analysis such as 

Ingenuity Pathway analysis (IPA) and Gene Ontology terms analysis we provide new 

insights into molecular mechanisms that may underlie GRHL2 biological functions. As 

the generation of a conditional basal-A model was unsuccessful, we could so far only 

perform this analysis for the luminal MCF7 model system. 

 

In Chapter 2, cell cycle analysis shows a rapid G0/1 arrest triggered by GRHL2 loss 

in HCC1806 and MCF7 cells, which is correlated with the findings in Chapter 4 that 

demonstrates inhibition of genes involved in cell cycle/DNA replication signaling (E2F1, 

E2F2, MCM7, CDC20, ESPL1, MCM2, PTTG1, SFN, RNASEH2A, FEN1) by Bru-seq. 

In order to identify direct target genes of GRHL2, ChIP-seq and Bru-seq data are 

integrated in Chapter 4. In this way, 48 novel direct target genes of GRHL2 are 

identified, some of which are involved in cell cycle/DNA replication signaling. 

Integrating the data from Chapters 2-4 provide novel insights into the molecular 

mechanism of GRHL2-mediated cell cycle/DNA replication regulation. It is well 
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documented that downregulation of GRHL2 inhibits cell proliferation in multiple human 

cell lines 20,28,29. However, little is known about the molecular mechanism of GRHL2 

loss-mediated inhibition of cell growth. Several direct target genes of GRHL2 have 

been previously implicated in cell growth such as EHF and E2F2 30,31. Downregulation 

of EHF is associated with inhibition of cell growth in ovarian cancer cells 31. However, 

our data shows that ectopic overexpression of EHF did not rescue GRHL2 loss-

triggered inhibition of cell growth in MCF7 cells. One possible explanation is that EHF 

is not associated with cell proliferation in MCF7 cells, indicating that the GRHL2-EHF 

biological function is cell context dependent. Another possibility is that GRHL2 loss 

inhibits cell growth through multiple signaling pathways, which include several target 

genes. Rescue of one arm of the signaling network in this case is not sufficient to 

rescue GRHL2 loss-mediated cell proliferation. Indeed, there is currently no single 

target gene described that can rescue proliferation upon GRHL2 loss on its own, further 

pointing to cooperative roles of GRHL2 direct target genes (e.g., E2F2 and CDCA7L) 

in cell proliferation. 

 

GRHL2-regulated functions as therapeutic targets in breast cancer 

Findings from us and others demonstrate that GRHL2 is involved in cell proliferation 

and cell cycle progression. Our data suggest that GRHL2 loss-induced cell invasion 

and multiple aspects of EMT occur in basal A but not luminal-like breast cancers. This 

implies that GRHL2 may represent a promising therapeutic target especially for 

luminal-like breast cancer. Although there is no molecular inhibitor targeting GRHL2 to 

date, inhibitors targeting downstream effectors of GRHL2-regulated proliferation 

signaling could be identified.  

 

Miniature chromosome maintenance 7 (MCM7), a direct target gene of GRHL2 based 

on our ChIP-seq and Bru-seq data (Chapter 3 and 4), is involved in the initiation of 

DNA replication. Reduced expression of MCM7 results in apoptosis in RB deficient 

cells and overexpression of MCM7 is associated with chemotherapy resistance 32. Our 

findings show that GRHL2 loss-induced inhibition of cell proliferation is concomitant 
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with a downregulation of MCM7 RNA synthesis, suggesting that targeting MCM7 may 

be a potential strategy for luminal breast cancer treatment.  

 

As a widely used molecular inhibitor against 3-hydroxy-3-methylglutaryl coenzyme A 

(HMGCoA), simvastatin (SVA) that belongs to the statins may have anti-tumor effects. 

This was demonstrated by an in vivo mouse model study showing SVA treatment 

inhibits breast cancer cell growth, through inhibiting MCM7 expression 32. Additionally, 

SVA was reported to re-sensitize tamoxifen resistant breast cancer to chemotherapy 

32,33.  Thus, the small molecular inhibitor SVA against HMGCoA represents a candidate 

drug for anti-breast cancer therapy that inhibits a GRHL2 target MCM7. The hexameric 

protein MCM2-7 complex is composed of six distinct subunits (named MCM2 to MCM7) 

with an AAA+ ATPase that is targeted by the drug ciprofloxacin. MCM2 is identified as 

a direct GRHL2 target in our studies (Chapter 3 and 4). Ciprofloxacin, a common and 

approved human fluoroquinolone inhibitor, was reported to inhibit cell growth by 

repressing the DNA helicase activity of MCM2-7 34. Other quinolone inhibitors such as 

271327 and 314850 can selectively target MCM2-7 and may also be further developed 

for anti-breast cancer therapy. Targeting the enzymes involved in cancer metabolism, 

which facilitates tumorigenesis and metastasis, may be an alternative strategy for anti-

cancer treatment. We identify an interesting candidate in this respect, the glycolytic 

enzyme aldolase A (ALDOA). ALDOA is a critical enzyme associated with cancer 

metabolic reprogramming and metastasis 35 that we find to be regulated by GRHL2 

(Chapter 3 and 4). The interaction of ALDOA with γ-actin is linked to enhanced 

metastatic potential of cancer cells and disruption of this interaction by the small 

molecular inhibitor raltegravir may represent a potential therapeutic strategy 35.  

 

In the set of genes whose expression is attenuated in response to GRHL2 loss, 

involvement in cell cycle signaling is significantly enriched. A typical hallmark of cancer 

progression is dysregulation of the cell cycle, in which Cyclin D-dependent kinase 4/6 

(CDK4/6) activity is enhanced by activated mitogenic pathways such as PI3K-AKT-

mTOR and RAS-RAF-MEK-ERK signaling. CDK4/6 inhibitors, including abemaciclib, 

palbociclib and ribociclib interfere directly in the cell cycle and synergize with endocrine 

therapy 36. As the first drug of CDK4/6 inhibitors, palbociclib benefits luminal-like breast 
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cancer patients when combined with letrozole or fulvestrant, leading to over 10-months 

improvement in median progression-free survival (mPFS) 37. This approach has 

manageable adverse side effects such as neutropenia 37. As the latest CDK4/6 inhibitor, 

abemaciclib can act as a monotherapy for luminal-like advanced/metastatic breast 

cancer, through inhibition of phosphorylation of RB and induction of G1-phase cell 

cycle arrest in RB-proficient cancer 36. Meanwhile, abemaciclib induces breast cancer 

cell senescence with accumulated β- galactosidase, instead of cell apoptosis 38. An in 

vivo study shows that abemaciclib can penetrate the blood-brain barrier and functions 

at lower does relative to palbociclib 39,40. Compared with palbociclib and ribociclin, 

abemaciclib has higher selectivity for the CDK4/Cyclin D1 complex but there is no 

evidence for differences in antitumor effects between these drugs for patients with HR 

positive and HER2 negative breast cancer 36,38. Unexpectedly, abemaciclib is also 

reported to facilitate antitumor immunity through enhancing tumor antigen presentation 

and inhibiting regulatory T cell proliferation. Moreover, type III interferons and 

interferon-related genes (e.g., STAT1, IRF9 and NLRC5) are upregulated in the 

presence of abemaciclib in in vivo breast cancer models 38,41. These observations 

suggest that abemaciclib triggers breast cancer cytostasis, rather than cell apoptosis, 

and consolidates antigen presentation to stimulate cytotoxic T cells. Collectively, 

GRHL2 and the components of signaling pathways regulated by GRHL2 may be 

potential targets for anti-breast cancer treatment. 

 

Strengths and limitations of the integrated approaches in this study 

Our study is the first to map the genome-wide landscape of GRHL2 binding sites 

across breast cancer subtypes (i.e., basal A and luminal-like). This is essential to 

understand potential subtype specific biological roles of GRHL2. In comparison to 

ChIP-chip (ChIP-microarray), ChIP–seq generates higher resolution, greater coverage 

and less noise data 42. More replications of the ChIP-seq experiments would enhance 

confidence. On the other hand, by focusing only on candidate targets that are shared 

within 3 cell lines for each subtype or across all 6 cell lines, robustness of the data is 

ensured. Moreover, ChIP-PCR is used to validate key targets. Another aspect is the 

processing of the data to identify bona fide binding sites as well as deciding on the 
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most promising target genes with binding sites spanning across the genes rather than 

clustering at promoter regions. 

 

The integration of ChIP-seq with our Bru-seq experiment significantly enhances the 

ability to find direct GRHL2 target genes. Bromouridine sequencing (Bru-seq) is an 

innovative method to measure RNA synthesis, based on metabolic labeling using 

bromouridine 43. The expression level of an individual mRNA is determined by RNA 

production and degradation 44. In contrast to standard RNA-seq, Bru-seq monitors 

changes in transcription and eliminates effects of post-transcriptional regulation/RNA 

stability on mRNA expression level 45. Here, we make use of a conditional 

CRISPR/Cas9 system to delete GRHL2 gene and study the impact on genome-wide 

RNA synthesis. The CRISPR/Cas9 system has some intrinsic limitations including off-

target effects. The fact that we could so far only design the model for MCF7 precludes 

a strategy such as used for ChIP-seq where overlay of data in different cell lines 

enhances robustness. Nevertheless, the overlap between ChIP-seq and Bru-seq 

represents a powerful approach to the identification of GRHL2 direct target genes and 

is a starting point for unraveling of GRHL2-regulated signaling networks as we do in 

Chapter 4. 

 

A limitation of our study is the use of two-dimensional (2D) cultures where the cell 

environment differs significantly from the microenvironment of intact living tissues such 

as the interaction with extracellular matrix (ECM), the concentrations of essential 

nutrients, and tissue architecture 46. While three-dimensional (3D) cultures are not 

used to collect samples for ChIP-seq or Bru-seq, we make use of a 3D collagen model 

to study the effect of GRHL2 deletion on invasion. Here, a collagen concentration is 

used that has been reported to mimic physiological and pathological tissue stiffness  

47-49. We show that effects of GRHL2 deletion on migration in 2D culture are 

recapitulated in 3D (Chapter 2). Importantly, our results point to differential effects of 

GRHL2 loss on cell migration in 2D and 3D in basal A versus luminal-like breast cancer. 

Moreover, we identify novel GRHL2-regulated genes and signaling networks, we find 

GRHL2 targets that are conserved across epithelial tissues (other reports) and cancer 

cells (our work), and we discover an alternative relation between GRHL2 and the CDH1 
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gene, by which CDH1 is not a direct target gene suggesting that mechanisms identified 

in non-transformed epithelial tissues (i.e. direct GRHL2 binding and regulation of CDH1) 

appear to be altered in cancer cells.  
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Samenvatting 

Van de transcriptiefactor Grainyhead like 2 (GRHL2) wordt gerapporteerd dat het in 

sommige gevallen de groei van kanker bevordert en in andere studies aspecten van de 

progressie van kanker onderdrukt. In Hoofdstuk 2 hebben we de rol ervan onderzocht 

in luminale en basale A subtypes van borstkanker. Bij borstkankerpatiënten verschilde 

de associatie van GRHL2-expressie met prognose voor verschillende subtypen en in 

een groot cellijnpaneel was GRHL2 laag of afwezig in basaal B- en aanwezig in alle 

luminale en basale A-cellijnen. In een luminale cellijn (MCF7) veroorzaakte het verlies 

van GRHL2 een blokkering van de celcyclus, verlies van kolonievormingscapaciteit en 

downregulatie van PCNA en hTERT. Tegelijkertijd ging E-cadherine verloren, maar er 

werd slechts een kleine toename in door EGF gestimuleerde motiliteit waargenomen. 

In een basale A-cellijn (HCC1806) onderdrukte de verwijdering van GRHL2 ook 

proliferatie en kolonievorming, maar er werden geen veranderingen gezien in PCNA 

en hTERT. Verlies van E-cadherine ging in dit geval gepaard met inductie van 

vimentine en N-cadherine en conversie naar een sterk migrerend fenotype, verder 

versterkt door EGF-behandeling. Deze resultaten wijzen op verschillende reacties op 

verlies van GRHL2 in luminale en basaalachtige borstkankers met betrekking tot 

groeiachterstand motiliteit, en suggereren dat GRHL2 een kandidaat-doelwit kan zijn 

bij luminale borstkanker. 

 

GRHL2 ChIP-seq werd uitgevoerd in drie luminaalachtige en drie basale A-

borstkankercellijnen van de mens om gemeenschappelijke en subtype-specifieke 

genomische bindingsplaatsen van GRHL2 bij borstkanker te identificeren (Hoofdstuk 

3). De meeste bindingsplaatsen van GRHL2 werden gevonden in intergene en 

intronregio's. 13.351 gemeenschappelijke bindingsplaatsen werden geïdentificeerd in 

basale A-cellen, waaronder 551 bindingsplaatsen in gen promotor gebieden. Voor 

luminaalachtige cellen werden 6.527 gemeenschappelijke bindingsplaatsen 

geïdentificeerd, waarvan 208 bindingsplaatsen werden gevonden in 

genpromotorgebieden. Basale A- en luminaalachtige borstkankercellen deelden 4711 

GRHL2-bindingsplaatsen, waarvan 171 bindingsplaatsen werden gevonden in 

genpromotorgebieden. De geïdentificeerde GRHL2-bindende motieven zijn allemaal 

identiek aan een motief dat is gerapporteerd voor menselijke eierstokkanker, wat wijst 
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op geconserveerde GRHL2-DNA-binding tussen menselijke kankercellen. Er zijn met 

opmerkelijk genoeg geen bindingsplaatsen van GRHL2 gedetecteerd in de 

promotorregio's van verschillende bekende EMT-gerelateerde genen, waaronder 

CDH1-, ZEB1-, ZEB2- en CDH2-genen. Gezamenlijk biedt deze studie een uitgebreid 

overzicht van interacties van GRHL2 met DNA en legt het de basis voor verder begrip 

van gemeenschappelijke en subtype specifieke signaalroutes gereguleerd door GRHL2 

bij borstkanker. 

 

Hoofdstuk 4 toonde aan dat dynamische veranderingen optreden in de aanmaak van 

nieuw RNA na verlies van GRHL2 in luminale borst door Bru-seq. De respons op 

GRHL2-verlies in luminale borstkankercellen werd bestudeerd door een MCF7-

conditioneel knock-outmodel te combineren met Bru-seq-analyse. De snelheid van 

RNA-synthese van 264- en 244-genen werd respectievelijk voor ten minste één van de 

vier tijdspunten opwaarts of neerwaarts gereguleerd na verlies van GRHL2, variërend 

van 1-16 dagen. Er werden vijf dynamische responspatronen gekarakteriseerd en 

GRHL2-gecontroleerde canonieke signaleringsroutes en netwerken werden 

geïdentificeerd. Gezamenlijk karakteriseert dit hoofdstuk patronen van RNA-synthese 

gereguleerd door GRHL2 en identificeert het signaleringsroutes gereguleerd door 

GRHL2. 

 

In Hoofdstuk 5 werd ChIP-seq-analyse van GRHL2-bindende genen in MCF7-cellen 

geïntegreerd met Bru-seq-analyse van genen die transcriptionele reacties op 

conditionele CRIPR-Cas9-knock-out van GRHL2 in MCF7-cellen laten zien. Dit 

identificeerde 48 directe doelwitgenen van GRHL2 in MCF7-cellen. Signaleringsroutes 

en netwerken geassocieerd met deze directe GRHL2-doelgenen werden onderzocht met 

behulp van IPA sofware. Met name, in overeenstemming met ons vorige rapport dat de 

CDH1-promotor GRHL2-bindingsplaatsen mist, werd de RNA-synthese van CDH1, 

die codeert voor de epitheliale adhesie-receptor E-cadherine, niet veranderd na 

GRHL2-deletie, wat aantoont dat CDH1 geen direct doelgen van GRHL2 is. In plaats 

daarvan werd de epitheliale transcriptiefactor, EHF/ ESE3, een transcriptiefactor die, 

zoals GRHL2, EMT onderdrukt, geïdentificeerd als een direct doelgen van GRHL2. 

EHF was op alle tijdstippen neerwaarts gereguleerd na verwijdering van GRHL2 en, 
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net als GRHL2, was EHF specifiek afwezig bij basale B-achtige borstkanker in een 

pan-subtype menselijk borstkankercellijnpaneel. EHF is betrokken bij tumor-

initiërende eigenschappen. De overexpressie ervan slaagde er echter niet in de 

proliferatie van borstkankercellen waarin GRHL2 was uitgeschakeld te redden. 

Gezamenlijk identificeert deze studie directe doelgenen van GRHL2 en hun 

gerelateerde signaalroutes en werpt licht op de epitheliale factoren GRHL2 en EHF in 

luminale-achtige borstkanker MCF7-cellen. 
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