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Summary 

 

Invasive lobular carcinoma (ILC) is an understudied breast cancer subtype 

comprising 8-14% of breast tumours. The majority of ILC (90%) are estrogen 

receptor (ER)-positive and candidates for endocrine therapy. Unfortunately, de novo 

resistance to endocrine therapies occurs in 33% of women and a further 40% will 

relapse on treatment. Therefore, novel therapeutic targets are required for ILC.  

Deregulated transcription is a recurring theme in cancer, which can be due to 

epigenetic events. The bromodomain & extra-terminal domain (BET) family of 

proteins (BRD2, BRD3, BRD4, BRDT) function as chromatin readers that bind 

acetylated lysine residues on histones and regulate transcription. RNA sequencing 

analysis was performed on 61 primary ILC samples and it was found that high 

expression of BRD3 was associated with poor survival in ILC (log rank test, 

p=0.037). This finding was validated in a second cohort of 99 ILC primary samples 

from the METABRIC dataset (log rank test, p=0.0157).  

Next, it was tested if ILC cell lines were sensitive to BET inhibition using the small 

molecule inhibitor JQ1, which inhibits all BET family proteins. JQ1 downregulated 

growth promoting genes in ILC cell lines including ER and MYC. JQ1 inhibited cell 

growth in all ILC cell lines tested, however apoptosis was only induced in two out of 

four ILC cell lines. ILC cell lines resistant to JQ1-induced apoptosis had sustained or 

upregulated expression of the anti-apoptotic BCL-XL following JQ1 treatment by 

RNA sequencing and qPCR validation. This led us to assess the combination of JQ1 

and ABT-263 (BCL-2, BCL-XL and BCL-W inhibitor). The drug combination was 

synergistic in ILC cell lines and induced apoptosis in ILC cell lines previously 

apoptotic resistant. The drug combination also inhibited the number and size of 3D 

spheroids and induced apoptosis in a ILC primary sample grown ex vivo. These 

findings suggest that the combination of JQ1 and ABT-263 is an effective treatment 

strategy for ILC. 
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1.1 Breast Cancer Incidence 

Breast cancer is the most common cancer in women with an estimated one in eight 

women afflicted with breast cancer worldwide (1). Breast cancer remains the 

principal cause of cancer mortality in women with 508,000 deaths in 2011 (2, 3).  

The median age of Irish women at diagnosis is 60-64 years old (4). There are 2,919 

newly diagnosed cases of invasive breast cancer resulting in 694 deaths annually in 

Ireland (4). However, breast cancer incidence is declining with effective treatment 

strategies and early detection (5, 6), and the net survival of breast cancer patients 

has improved from 74.3% in 1994-1999 to 84.7% in 2006-2012 because of this (4). 

Many risk factors are known for the development of breast cancer. These include 

inherited mutations in breast cancer 1, early onset (BRCA1) and breast cancer 2, 

early onset (BRCA2) genes, hormone replacement therapy (HRT), oral 

contraceptives, smoking, extended estrogen exposure, obesity and alcohol 

consumption (7-13). BRCA1 and BRCA2 are tumour suppressors that are involved in 

transcriptional regulation and DNA repair (14). BRCA1 and BRCA2 mutations 

increase the risk of breast cancer by 70 years of age by 57% and 49%, respectively 

(7). Women taking the combined estrogen and progesterone HRT had increased risk 

of breast cancer, with a hazard ratio of 2.74 at 5.4 years and 3.27 for more than 15 

years on HRT (8). Risk in women taking HRT with just oestrogen was much lower, 

with a hazard ratio of 1 (8). There is a 1-1.5-fold increased risk of breast cancer in 

women aged 40-49 with the use of oral contraceptives, first childbirth at 30 years of 

age or older as well as nulliparity (9). Women who have smoked for 35 years or 

more have an odds ratio of 1.7% for breast cancer risk (10). Extended estrogen 

exposure in women increases breast cancer risk by a factor of 1.029 (for each year 

older at menopause) and 1.05 (for each year younger at menarche)  (11). Obese 

women have an increased risk of postmenopausal invasive breast cancer with a 

hazard ratio of 1.58 (12). There is also an increased relative risk  in patients who 

consume 5-9.9 g of alcohol per day (13). In contrast, breast feeding decreases 

breast cancer risk (3, 4). Although breast cancer can occur in men it is much rarer, 

with the estimated incidence of male breast cancer in Ireland of 1 in 1000 men (15). 
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1.2 Breast Cancer Subtypes 

1.2.1 Molecularly defined subtypes and targeted therapies 

Breast cancer is a highly complex and heterogeneous disease. There are five main 

subtypes of breast cancer based on gene expression data (16-18), each subtype 

differs in survival. The main subtypes include estrogen receptor (ER)-positive, 

human epidermal growth factor receptor 2 (HER2) overexpressing, normal-like and 

triple-negative (TNBC) or basal-like breast cancer, with basal-like having the worst 

prognosis (16, 18). The ER-positive breast cancer subtype can be further divided 

into Luminal A and Luminal B tumours. Both Luminal A and Luminal B tumours are 

of low grade but Luminal A tumours grow slower and have better prognosis (18). 

Approximately 70% of breast tumours are ER positive (19). Estrogen signals through 

the ER, which drives proliferation and breast tumourigenesis (20). Therefore, 

therapeutic approaches include antagonism or downregulation of the ER (endocrine 

therapy), as well as aromatase inhibitors in postmenopausal women to prevent 

estrogen production (21, 22). ER positivity in breast tumours is a predictive marker of 

response to endocrine therapy such as tamoxifen (23) and of a more favourable 

clinical outcome (24). The HER2 oncogene is a member of the epidermal growth 

factor receptor family. HER2 overexpressing breast cancers are dependent on HER2 

signalling and HER2 is amplified in 25% of breast cancers (25). Inhibition of HER2 

with either monoclonal antibodies, (e.g. trastuzamab, pertuzamab) (26, 27), or with 

small molecule kinase inhibitors (e.g. lapatinib, afatinib) is an effective treatment 

strategy (28-30). TNBC occurs in approximately 15% of breast cancers (31). The 

TNBC subtype of breast cancer is so-called as it lacks expression of ER, 

progesterone receptor (PgR) and HER2. As TNBC lacks hormonal receptors and 

HER2, there is currently no available targeted therapy and treatment mainly relies on 

cytotoxic chemotherapy (32). Basal-like breast cancer also does not express ER, 

PgR and HER2 and overlaps in approximately 77% of cases with TNBC (17, 33). 

However, basal-like breast cancer additionally expresses basal markers (34) and 

thus represents a distinct breast cancer subtype. Lastly, normal-like breast cancers 

are ER-positive and PgR-positive and are associated with the expression of genes 

related to adipose non-epithelial cell types and low expression of genes associated 

with luminal epithelial cells (17, 18). Normal-like tumours resemble the luminal A 



19 

 

subtype and comprise 7.8% of all breast cancers (35). This being said, as many as 

10 distinct subtypes of breast cancer have been reported using nearly 2,000 breast 

tumours from METABRIC (Molecular Taxonomy of Breast Cancer International 

Consortium) and both transcriptomic and genomic data platforms  (36). 

1.2.2 Histologically defined subtypes 

Histological subtypes of breast cancer are categorised based on the tumour growth 

pattern and the tumour architecture. The primary histological types are in situ 

carcinoma and invasive carcinoma (37). In situ carcinoma refers to a breast cancer 

that is confined to its site of origin, whereas invasive carcinoma has evaded the site 

of origin.  In situ carcinoma and invasive carcinoma can be further categorised as 

either ductal or lobular i.e. ductal or lobular carcinoma in situ (DCIS or LCIS) or 

invasive ductal or lobular carcinoma (IDC or ILC) (37). Ductal carcinomas arise in the 

milk ducts whereas lobular breast cancer arises in the milk producing gland known 

as the lobules. DCIS is more common than LCIS and has been categorised into 

further subtypes known as: Solid, Papillary, Cribiform, Micropapillary and Comedo 

DCIS (37, 38). Likewise, IDC is substantially more common compared to ILC 

accounting for approximately 75% of invasive breast cancers, while ILC accounts for 

approximately 8-14% (39, 40).  

1.3 Histological staging and grading 

1.3.1 Histological staging 

Tumour staging refers to the size of the tumour and also whether the tumour has 

metastasised from the primary tumour. Staging is carried out using the so-called 

TNM classification system, originally developed by Denoix (41), which refers to the 

primary tumour size (T), lymph node negativity/positivity (N) and whether the tumour 

has metastasised (M) (42). T1-4 indicates the increasing size of the tumour (T0=no 

tumour, T1= <2 cm, T2= 2-5 cm, T3= >5 cm and T4= tumour is present in the skin or 

chest wall), N0-3 indicates extent of lymph node involvement (N0= no lymph nodes 

positive for cancer, N1= 1-3 lymph nodes positive, N2= 4-9 lymph node positivity, 

N3= >10 lymph node positivity) and M0 or M1 indicates the absence or presence of 

distant metastasis, respectively. Based on the above criteria, tumours can be 

grouped into stages of prognostic importance (Table 1.1) (42). Stage 0 refers to 
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breast carcinoma in situ, stage I-III indicates spread of the tumour to local regions 

with potential lymph node involvement and stage IV denotes metastatic spread (42). 

 

Table 1.1 TNM Tumour Staging in Breast Cancer. Adapted from (42). T1 includes 

T1 microinvasion less than or equal to 0.1 cm. N1mi= Micrometastasis less than 2 

mm. Tis= carcinoma in situ.  

 

Stage Tumour Node Metastasis 

0 Tis N0 M0 

1A T1 N0 M0 

1B T0, T1 N1mi M0 

2A T0. T1 N1 M0 

 T2 N0 M0 

2B T2 N1 M0 

 T3 N0 M0 

3A T0, T1, T2 N2 M0 

 T3 N1, N2 M0 

3B T4 N0, N1, N2 M0 

3C Any T N3 M0 

4 Any T Any N M1 

 

1.3.2 Histological grading 

Tumours are graded using histology and gives an indication of how aggressive a 

tumour is based on cell characteristics. Breast tumours are histologically graded 

using the Nottingham grading system or the Nottingham histological grade (NHG), 

that provides prognostic information to the clinician (43). Three features including 

mitotic count, tubule formation and nuclear polymorphism are semi-quantified and 

applied to a numerical scoring system that assigns the tumour grade. Grade II and III 

tumours display significantly worse survival compared to patients with grade I 
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tumours (43). The Nottingham histological grading system/NHG is used in the 

Nottingham Prognostic Index (NPI) that is used to stratify patients for therapy. The 

NPI uses tumour grade, tumour stage and tumour size to assign 3 groups of good, 

moderate or poor prognosis based on the formula: Tumour diameter in centimetres + 

NHG (1-3) + N (1-3) X 0.2, where N= lymph node stage (0 positive lymph nodes=0, 

1-3 positive lymph nodes=2, more than 3 positive lymph nodes=3) and 15-year 

survival rates (43, 44).  Recently, NPI Plus (NPI+) was developed that utilises 10 

biomarkers (ER, PgR, p53, epidermal growth factor receptor (EGFR), HER2, HER3, 

HER4, cytokeratin 5/6, cytokeratin 7/8 and Mucin 1) that first identifies the molecular 

subtype of the tumour and then uses conventional prognostic markers (including 

tumour size, grade, positive lymph nodes, lymphovascular invasion and hormone 

status), that provides improved patient stratification (45, 46).  

1.4 Prognostic assays 

Prognostic assays that help predict response in breast cancer include Oncotype DX 

and Mammaprint. Mammaprint uses a 70 gene signature assessed by DNA 

microarray analysis to predict risk of metastases that is not based on hormonal or 

HER2 status (47). This gene expression signature was subsequently shown to be an 

independent predictive factor in a follow-up study of a larger cohort of 295 patients 

(48). Mammaprint was approved by the Food and Drug Administration (FDA) in 2007 

to predict risk of recurrence in breast cancer. Oncotype DX is a 21 gene recurrence 

score (RS) assay using reverse transcriptase polymerase chain reaction (RT-PCR) 

that can predict risk of recurrence. Oncotype DX can predict risk of recurrence in ER-

positive, lymph node negative patients treated with tamoxifen and/or chemotherapy 

(49, 50). Risk groups are defined as patients with a RS of less than 18 as low risk, 

RS of 18-30 as intermediate risk and RS of >31 as high risk (49). The prognostic 

potential of the Oncotype DX assay was validated in two phase 3 trials. These were 

TAILORx (Trial Assigning Individualised Options for Treatment) trial and West 

German Study Group (WSG) PlanB (51, 52). Patients enrolled on the TAILORx trial 

have hormone receptor positive, HER2 negative, lymph node negative breast 

cancer. Patients with a RS <11 were treated with endocrine therapy whereas 

patients with a RS >25 were treated with chemotherapy and endocrine therapy. 

Findings from the TAILORx trial to date is an overall survival at 5 years of 98% and 

rate of freedom from distant recurrence at 5 years of 99.3% in 1,626 patients with a 
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RS of <11 receiving endocrine treatment alone (51). In the WSG PlanB trial, patients 

enrolled had hormone positive, lymph node positive/high risk lymph-node negative 

and HER2 negative breast cancer. Omission of chemotherapy was advised in 

patients with a RS of less than or equal to 11 and the disease free survival at 3 years 

was 98% in 348 patients (52). Final results from the TAILORx trial and a trial, which 

incorporates lymph node positive patients, RxPonder (Positive Node, Endocrine-

Responsive Breast Cancer) are not yet published but aim to provide further 

validation of Onoctype DX. 

1.5 ER signalling pathway 

The ER is a steroid hormone receptor that drives breast tumorigenesis (53). There 

are two ERs, namely ERα and ERβ. In normal breast tissue estradiol (E2) is known 

to signal via both ERα and ERβ. However, in breast cancer tissue ERα is thought to 

be the main receptor that E2 signals through and the ERβ receptor is not detected in 

breast cancer patient samples (54). Unoccupied or ligand free ER forms a complex 

with the heatshock protein Hsp90 and chaperones and cannot bind DNA (55).   

In order for ER to be activated an agonist needs to bind the receptor (Figure 1.1) or 

the ER receptor needs to be phosphorylated (54). Phosphorylation of ER can occur 

on a number of different serine target residues (56). These include phosphorylation 

on S118, which has been shown to (i) promote recruitment of coactivators to the 

receptor such as SRC1 and CBP/p300 (57, 58), (ii) facilitate dimerization of the ER 

(59), (iii) ligand-dependent and -independent activation (60, 61) and (iv) facilitate 

binding to ER target genes (62). Other serine phosphorylation sites include S167 

that is involved in the transcriptional activation of the ER; S104/106 that promotes 

ER activity (63); S305 that partakes in ER transcriptional activity (64, 65) and S236 

that provides protection against proteasomal degradation and promotes ER 

dimerisation (66, 67). Other post-translational modifications on the ER include 

ubiquitination, sumoylation, acetylation and lysine methylation (56). When E2 agonist 

binds the ER a conformational change occurs causing the ER to dimerise and Hsp90 

to disassociate (Figure 1.1). The ER is now capable of binding estrogen response 

elements (ERE) on DNA and recruit cofactors to the ERE bound E2/ER receptor 

complex (Figure 1.1) (54). Cofactors recruited to the ER include the p300/CBP 

protein that acts a transcriptional coactivator (68, 69), remodels the chromatin via its 
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histone acetyltransferase (HAT) activity (70) and also interacts with other HATs 

including PCAF (71).  P300/CBP and PCAF use their HAT activity to acetylate the 

basal transcription machinery (70, 72) and are required for ER dependent gene 

transcription (54).  Other ER coactivators are involved in recruitment of the 

DRIP/TRAP pre-initiation complex, namely SRC1, SRC2, SRC3 (Figure 1.1). The 

CARM1 and PRMT1 methyltransferases also function as ER coactivators (54). Once 

the E2/ER complex along with ER transcriptional coactivators assemble at the 13 

base pair sequence CGGGTCAnnnTGACCTG known as the ERE on target genes, 

the transcription of genes involved in cell proliferation and survival ensue (Figure 1.1) 

(54). 
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Figure 1.1: The ER signalling pathway. Estrasiol binds the ER, which induces a 

conformational change in the receptor. The ER dimerises and Hsp90 dissociates 

from the receptor. Dimerised ER translocates to the nucleus where it binds ERE 

elements on ER-target genes and recruits transcriptional coactivators such as 

p300/CBP and SRC1 in order to promote gene transcription (54). RNA Pol II= RNA 

polymerase II. 

 

1.6 Invasive Lobular Carcinoma 

As mentioned, Invasive Lobular Carcinoma (ILC) accounts for approximately 8-14% 

of all breast tumours (39, 40). ILC represents an understudied type of breast cancer 

in which resources including cell lines and murine models are lacking (73). ILC are 

also commonly grouped with IDC in clinical trials and not appreciated as a separate 

breast cancer subtype (74). ILC are usually diagnosed later than IDC, with lymph 

node invasion, larger tumours and metastasise to the ovary and gastrointestinal tract 
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(40, 75). ILC typically have low grade tumours, usually grade 1-2 tumours (76, 77), 

although some reports suggest they are usually diagnosed with stage III/IV tumours 

(75).  

1.6.1 ILC subtypes 

ILC comprises many histological subtypes including classical, trabecular, 

pleomorphic, solid, alveolar and solid mixed lobular carcinoma (Figure 1.2) (78, 79), 

with the trabecular and classical form of ILC associated with a more favourable 

prognosis (79). In classical ILC cells lack consistency, are small and look similar to 

each other. These cells are in a concentric pattern and display the classic single-file 

pattern of invasion infiltrating the surrounding stroma. Pleomorphic ILC also displays 

the unique single-file pattern of invasion, nuclear pleomorphism, cellular atypia and 

may also comprise signet ring cells and increased mitotic rate (80). HER2 

overexpression is rare in ILC except for in pleomorphic subtypes (80, 81). TP53 

mutations occur in pleomorphic ILC (82, 83) but are uncommon in other ILC 

subtypes (84). Solid ILC resembles classical ILC but the cells are arranged in 

sheets. Likewise, alveolar ILC resembles classical ILC but the cells are arranged in 

groups or 20 or more cells. The solid mixed subtype comprises classical ILC mixed 

with solid ILC and classical ILC can also occur mixed with other subtypes. Finally, 

the trabecular subtype refers to tumours cells in a tubular-like structure growing two 

cells or more in width creating prominent bands of cells (79).  

 

 Figure 1.2: Subtypes of ILC breast cancer. Immunohistochemistry images 

depicting classic, alveolar, solid, pleomorphic and trabecular subtypes of ILC. 

Adapted from (80, 85). 
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1.6.2 ILC detection 

Due to the distinct growth pattern of ILC, it is more difficult to detect compared to 

IDC. ILC may not present as a palpable mass (80), detection by clinical examination 

is difficult and mammography can produce false negative results due to lack of 

calcification in ILC (39, 86). Ultrasonography (although may incorrectly assess the 

size of the tumour) and magnetic resonance imaging display enhanced sensitivity for 

the detection of ILC (87-89).  

1.6.3 ILC characteristics 

A characteristic of ILC is loss of E-cadherin and 90-95% of ILC primary samples are 

ER-positive (Figure 1.3) and as such are treated with endocrine therapy (75, 80, 90).  

 

 

Figure 1.3: Characteristics of Invasive lobular carcinoma. Positive 

immunohistochemistry staining in ILC primary samples for ER (91) and negative 

immunohistochemistry staining for E-cadherin (92). Invasive ductal carcinoma (IDC) 

acts as a positive control for E-cadherin staining. 

 

E-cadherin is a transmembrane glycoprotein that is a critical cell-cell adhesion 

molecule and regulates cell polarity (80, 93). On the apical side of the cell, adherens 

junctions are formed by the association of E-cadherin with catenin proteins thereby 

forming bonds between microtubules and actin to the plasma membrane (93). E-

cadherin also acts as a tumour suppressor due to its anti-metastatic and anti-

invasive roles and maintains epithelial cell structure and function (94). E-cadherin 

dysregulation is a common feature in many epithelial cancers (95). This can come in 

the form of loss of heterozygosity (LOH) of chromosome 16q where the CDH1 gene 
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encoding E-cadherin is located (94, 96, 97), promoter hypermethylation (98), 

missense mutations (99), inactivating CDH1 mutations (100, 101), and mutational 

hotspots (97). In ILC E-cadherin is commonly lost via CDH1 promoter methylation, 

LOH, CDH1 frameshift mutations and also germline CDH1 mutations have been 

reported (102-104). The majority (approximately 90%) of ILC display loss of E-

cadherin that is responsible for the discohesive pattern of growth (Figure 1.2, 1.3) 

(80). Loss of E-cadherin is thought to be an early event in tumorigenesis, as it is also 

present in LCIS (105, 106). Germline knockout (KO) of E-cadherin in murine models 

is lethal (107) and conditional KO of E-cadherin induces widespread apoptosis (108). 

Some have suggested it is likely that loss of E-cadherin in ILC occurs after other 

tumorigenic events or oncogenic hits have occurred (93), as has been shown with 

loss of p53 and E-cadherin (109, 110).  

Cytosolic localisation of p120 is another characteristic of ILC and is used in addition 

with E-cadherin loss and ER expression to identify ILC (111). p120 is re-located from 

the cell membrane to the cytoplasm (or nucleus) as a result of E-cadherin 

dysfunction in ILC (112, 113). Cytosolic p120 is oncogenic and inhibits myosin 

phosphatase Rho-interacting protein (Mrip). Thereby, causing activation of Rho/Rock 

signalling and anoikis resistance that was also confirmed in ILC primary samples 

(113). 

Phosphatidylinositol 3-kinases (PI3Ks) are a family of proteins that lead to the 

activation of the protein kinase AKT and are involved in the regulation of cell survival, 

proliferation and motility (114). PIK3CA is the p110α catalytic subunit of PI3Ks and is 

frequently mutated in cancer with one study reporting mutations in 32% of colon, 

27% brain, 25% gastric, 6% of breast and 4% of lung cancers (115). PIK3CA 

mutations are common (approximately 36%) in ILC and are believed to be selected 

for during ILC tumour progression to local recurrence (116). Interestingly PIK3CA are 

not selected for distant metastasis (116). 

Recent evidence shows that ILC is both clinically (see section 1.6.4 ILC treatment) 

and molecularly distinct from IDC (117). Furthermore, ILC does not fit well with 

breast cancer molecular subtype classifications that were primarily founded using 

IDC breast tumours (17, 18), with most ILC tumours classified as either the luminal A 

or B molecular subtypes (36). Recent efforts have identified novel subtypes of ILC, 
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as well as distinct mutations that occur in ILC (117, 118). Ciriello et al. identified 

three novel transcriptional subtypes of ILC including reactive-like, immune-related 

and proliferative ILC subtypes. The reactive-like subtype had the best outcome and 

was characterised by cancer fibroblast signalling and/or active microenvironment 

(117). Michaut et al. identified an immune related subtype and a hormone related 

ILC subtype that was characterised by epithelial to mesenchymal transition (EMT) 

(118). The authors found that eIF4B protein expression and the rate of somatic 

mutation was associated with ILC survival (118). Furthermore, loss of PTEN, E-

cadherin and mutations in PIK3CA, FOXA1 and TBX3 are hallmarks of ILC (117, 

118). ILC breast cancer is treated with a combination of surgery, chemotherapy and 

endocrine therapy and are discussed below. 

1.6.4 ILC treatment 

1.6.4.1 Surgery  

Characteristically, ILC typically displays a single-file pattern of invasion with low 

proliferative potential, atypical cell nuclei, non-polarised cells and an inconsistent 

growth pattern (93). ILC are usually treated with surgery that is often more extensive 

compared to IDC. This is because there is a higher rate of tumour margin 

involvement and it is difficult to obtain clear margins (119, 120). There is a higher 

rate of mastectomy (an aggressive treatment option) in ILC compared to IDC (119), 

with ILC shown to have a greater occurrence of bilateral breast cancer, 

multicentricity and multifocal involvement (40, 121-123). Some studies have shown 

that there are high rates of local recurrence in ILC patients receiving breast 

conservation therapy (BCT) versus those that receive mastectomy (124, 125). This is 

on contrast to other studies that show minimal effect, varying from 2-8% (126-129). 

The use of sentinel lymph node biopsy with BCT has also been reported to have 

added value (129).  

1.6.4.2 Endocrine treatment 

On E2 stimulation, the ER translocates to the nucleus where the E2/ER complex 

binds ERE elements on DNA in order to promote ER-target gene transcription (see 

section 1.5 ER signalling pathway). Common ER target genes that are interrogated 

in the literature to elucidate ER signalling include the PgR and TFF1 genes (130, 
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131).  PgR is a transcriptional regulator that promotes proliferation (132) and TFF1 

has been shown to promote invasion, migration and proliferation of breast cancer 

cells (133-135). Most ILCs are ER positive and therefore treated with endocrine 

therapy (136). Selective estrogen receptor modulators (SERMs), selective estrogen 

receptor downregulators (SERDs) and aromatase inhibitors (AIs) are all forms of 

endocrine therapies and treatment depends on both the menopausal state of the 

patient and the treating physician. SERMs act as ER antagonists in breast tissue 

(137). SERMs compete with E2 for ER binding and on ER binding induce a 

conformational change in the ER preventing recruitment of coactivators, thereby 

disrupting ER dependent gene transcription (137-139). Examples of SERMs include 

tamoxifen and raloxifene and both have been shown to recruit transcriptional 

corepressors to ER target genes on binding ER (140). Both drugs function as ER 

antagonists in breast tissue but have agonist effects in the bone and tamoxifen 

additionally has agonist effects in the uterus by recruiting transcriptional coactivators 

(137, 140). Tamoxifen was discovered in the 1960s (141) and approved by the FDA 

in 1998 for pre- and post-menopausal women (142). The structure of tamoxifen is 

shown (Figure 1.4a). The Study of Tamoxifen and Raloxifene (STAR) trial found that 

both drugs were effective in decreasing invasive breast cancer risk, there were lower 

rates of uterine cancer in patients treated with raloxifene, as well as 

thromboembolism, but higher risk of non-invasive breast cancer after 5 years on 

therapy (143). SERDs (e.g. fulvestrant) are selective estrogen downregulators that 

function as high affinity ER antagonists that compete with E2 for ER binding (144, 

145). SERDs inhibit ER dimerization and translocation to the nucleus; cause 

inactivation of AF1 and AF2 transactivation domains of the ER; and also target the 

ER for degradation by the proteasome (144, 145). Fulvestrant has a higher affinity 

for the ER than E2 does, namely 89% that of E2 (145). The ER is still functional in 

endocrine resistant disease and SERDs are used for the treatment of ER positive 

breast cancer that have relapsed on SERM or AI therapy (144). Fulvestrant was 

discovered in the 1990s (146) and approved by the FDA in 2002 for postmenopausal 

metastatic breast cancer that had relapsed on previous endocrine therapy (147). 

Recently, fulvestrant was approved by the FDA for the treatment of postmenopausal 

women with no prior endocrine treatment with hormone receptor positive and HER2 

negative advanced breast cancer (148). The structure of fulvestrant is shown (Figure 

1.4b). Finally, AI therapy is used for the treatment of breast cancer in 
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postmenopausal women (149). AI therapy functions by inactivating or inhibiting the 

aromatase enzyme that synthesises estrogens, resulting in decreased estrogen 

levels in circulation (149). Type I AI therapies, for example formestane, bind 

irreversibly to the aromatase enzyme and are analogues of androstenedione. Type II 

AI therapies, for example letrozole, bind reversibly to the aromatase enzyme (149).  

 

Figure 1.4: Structure of the SERM, tamoxifen and SERD, fulvestrant. The 

chemical structure of (A) tamoxifen and (B) fulvestrant used in the treatment of 

hormone receptor positive breast cancer. Adapted from (150). 

 

Unfortunately, endocrine treatment fails in one third of women whom are de novo 

resistant to endocrine therapy and as many as 40% will relapse on treatment (151, 

152). Mechanisms attributing to this resistance include loss of ER expression, ER 

mutations, ER hypermethylation, altered expression of co-regulatory proteins, 

crosstalk with other growth factor signalling pathways, among others (151, 152).  

Controversy exists in the field regarding response to endocrine therapy in ILC. Some 

studies found that there is a similar recurrence-free survival for ILC and IDC patients 

treated with endocrine therapy (153). This is in contrast to Pestalozzi et al. who 

identified in ER positive cohorts that ILC patients displayed worse disease-free 

survival after 10 years and worse overall survival after 10 years compared to IDC 

patients (154). Adachi et al. also reported that ILC have worse overall survival and 

worse disease-free survival after 50 months, with the majority of ILC and IDC 
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patients treated with endocrine therapy in this cohort (155). Additionally, data from 

the BIG 1-98 trial showed that ILC patients display poorer disease-free survival and 

poorer overall survival on tamoxifen treatment compared to IDC patients (156). 

Conflicting to these studies, improved survival in ILC patients treated with endocrine 

therapy compared to IDC patients after 5 years has also been reported (40, 77). 

Therefore, it remains to be seen whether there is a difference in endocrine therapy 

response in ILC versus IDC. 

1.6.4.3 Chemotherapy 

ILC are also known to have a poor response to neoadjuvant chemotherapy (157). 

Low mitotic count in ILC has been suggested to contribute to this poor response 

(80). Compared to IDC, ILC do not respond as well to neoadjuvant chemotherapy 

and Tubiana-Hulin et al. suggest that neoadjuvant endocrine therapy may be a 

preferred option (158).  

Thus, ILC represents a subtype of breast cancer, which has a poor patient outcome 

and novel therapeutic agents are required for the improved treatment of ILC.  

1.7 Epigenetics 

Alterations in the epigenetics has been shown to be involved in both the initiation 

and progression of cancer (159). Epigenetics can be defined as heritable changes in 

gene expression without alterations in DNA sequence (160). The regulation of the 

epigenome is crucial for normal growth and development, while alterations to the 

epigenome are associated with aberrant gene expression and diseases including 

cancer (161). Chromatin is comprised of the repeating basic units known as 

nucleosomes, which consist of DNA coiled around core histone proteins H2A, H2B, 

H3 and H4 along with non-histone proteins (162). Dynamic changes in the chromatin 

are brought about through a series of posttranslational modifications. To date, more 

than sixteen various histone modifications have been identified including acetylation 

and methylation and they usually occur at the unstructured amino terminal tail of the 

histone (163). Epigenetic modifiers can be assembled into three main groups: (i) 

epigenetic writers are enzymes that catalyse the addition of specific chemical 

covalent modifications to a histone tail, (ii) epigenetic readers recognize and bind 

specific histone modifications and subsequently recruit other proteins to the 
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chromatin, and finally, (iii) epigenetic erasers remove specific covalent histone 

modifications from the histone tails (Figure 1.5) (164). In simplistic terms, chromatin 

structure is altered by either enabling access of transcriptional machinery to the 

underlying DNA through an ‘open’ chromatin state known as euchromatin, or, by 

preventing access to the underlying DNA through a ‘closed’ heterochromatin (165). 

In addition to genetic mutations, epigenetic alterations also contribute to 

tumorigenesis with many examples in breast cancer (166, 167).  

 

 

Figure 1.5: Epigenetic regulation of histone acetylation. HATs catalyse the 

addition of acetyl groups on histones (168). The bromodomain and extra-terminal 

domain (BET) protein BRD4 reads the acetylation mark on nucleosomal histones 

and recruits co-factors in order to regulate gene transcription (169-171). Histone 

deacetylases (HDACs) catalyse the removal of the acetylation mark from the 

histones (168). 

 

1.7.1 Histone acetylation readers: Bromodomain and extra-

terminal domain family of proteins 

Deregulated transcription mediated by epigenetic events is a recurring theme in 

cancer (172-174). The bromodomain and extra-terminal domain (BET) family of 
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proteins are a family of chromatin readers and comprise BRD2, BRD3, BRD4 and 

BRDT (175). BRDT is the only member that its expression is restricted to the testis 

(176). Each member contains two tandem bromodomains in the amino terminal 

region and an extra-terminal domain in the carboxy-terminal region (Figure 1.6) (177, 

178). Acetylated lysine residues are a mark of active transcription (179). BET 

proteins bind acetylated lysine residues on nucleosomal histones, via their 

bromodomains, and recruit transcription factors and chromatin modifying enzymes to 

gene promoter and enhancers (Figure 1.6, 1.7) (180-182). In this manner BET 

proteins regulate gene transcription. BRD4 interacts with Mediator (183) and 

regulates transcriptional elongation by RNA polymerase II (RNA Pol II) by recruiting 

the positive transcription elongation factor P-TEFb to gene promoters and 

enhancers, thus facilitating RNA Pol II (Figure 1.7) (170, 171, 184). It has also been 

reported that BRD4 can phosphorylate RNA Pol II directly. BRD4 acts first to 

phosphorylate Ser2 of RNA Pol II at transcription initiation-elongation and it is at this 

stage that further phosphorylation of Ser2 occurs by P-TEFb (185). BRD4 has also 

been implicated in mitotic memory, remaining bound during mitosis to M/G1 genes 

(186). BRD3 has been shown to act as a cofactor to the acetylated form of the 

transcription factor GATA1 (187). BRD2 is associated with E2F-dependent cell cycle 

gene promoters and progression of the cell cycle (188, 189). BRD2 and BRD3 have 

also been shown to facilitate  RNA Pol II gene transcription (190). It is thought that 

the BET protein functions are redundant due to sequence homology but the exact 

distinct and overlapping roles of these proteins has not yet been elucidated (191).  
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Figure 1.6: Schematic representing the structure of BET proteins. Each BET 

protein contains two tandem bromodomains (BD1 and BD2) and an extra-terminal 

domain (ET) in the carboxy region. Adapted from (192). 

 

Expression of the BRD proteins has been associated with cancer. In NUT midline 

carcinoma, a translocation occurs to fuse BRD3 or BRD4 with nuclear protein in 

testis (NUT) that causes a block in differentiation and increased proliferation (193). 

Constitutive expression of BRD2 in the B lymphocytes of mice caused an aggressive 

B cell lymphoma and transcriptional analysis showed a similar transcriptional profile 

to that observed of diffuse large B-cell lymphomas from patients (194). 

1.8 Transcriptional Inhibitors 

1.8.1 BET inhibition 

Through the development of BET inhibitor(s) the diverse function of the BET family 

proteins in cancer has been revealed. One of the first BET inhibitors to be developed 

was JQ1, a small molecule inhibitor that competitively binds to BET protein 

bromodomains preventing interaction with acetylated histones (Figure 1.7) (195). 

Since then, other BET inhibitors such as OTX-015 (196), IBET-151 and IBET-762 

have been developed (197, 198). BET inhibitors have shown efficacy in a wide 

variety of cancers including multiple myeloma (199, 200), NUT-midline carcinoma 

(195), neuroblastoma (201, 202), prostate cancer (203) and breast cancer (204-207). 
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A recurring theme in these publications is a selective inhibition of oncogenic 

transcriptional networks by BET inhibitors. BET proteins are ubiquitously expressed 

(175), except for BRDT that is expressed in the testis (176), therefore it may be 

postulated that targeting BET proteins may lead to wide spread toxicity. In contrast, 

JQ1 is well tolerated in vivo in numerous studies (195, 207, 208) and does not affect 

the viability of normal cells (199, 209). Young et al. have shown that high levels of 

BET proteins and cofactors are located at large enhancer regions described as 

‘super-enhancer’ regions (210). Super-enhancers define a collection of enhancer 

regions that drive gene expression, which determines cell identity and ultimately, cell 

fate (211). In cancer cells, super-enhancers are found preferentially at proto-

oncogenes or lineage-specific survival genes (211). Preferential inhibition of BET 

proteins at these super-enhancer regions such as at Myc, with resulting transcription 

elongation defects, may explain the selective inhibition of target genes and the broad 

efficacy of BET inhibitors in a wide variety of transcriptionally driven cancers (195, 

197, 200, 208, 210, 212), including breast cancer (204-207) and the observed 

tolerance in vivo and in normal cells. 

 

Figure 1.7: Mechanism of action of the BET inhibitor JQ1. BRD4 proteins bind 

acetylated lysine residues on nucleosomal histones, recruiting P-TEFb and RNA Pol 

II to promote transcription at gene promoters. JQ1 is an inhibitor of the BET family of 

proteins that inhibits BET protein binding to acetylated histones, thereby inhibiting 

transcription. 
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JQ1 is used as a research tool due to its short half-life. Intravenous injection of JQ1 

(5mg/kg) in vivo displayed a half-life of 0.897 hours and oral administration of JQ1 

(10mg/kg) in vivo had a half-life of 1.39 hours (195). There are many BET inhibitors 

that are being explored in clinical trials and further clinical trials are planned for both 

solid and haematological tumours including combination regimens (213). Responses 

have been shown in NUT midline carcinoma trials (214), leukemia (215) and 

lymphoma (216). Stathis et al. reported patient responses in a phase I clinical trial in 

four patients with NUT-midline carcinoma, treated with the BET inhibitor OTX015 

(214). Two patients responded to therapy and another patient displayed stable 

disease (214). In an on-going phase I trial of the BET inhibitor OTX015 in 36 AML 

patients, three patients attained complete response, while two other patients 

displayed partial clearance of blasts (215). Finally, in another on-going phase I trial, 

45 patients with lymphoma or multiple myeloma were recruited to the study (216). 

Two lymphoma patients achieved a complete response, one lymphoma patient 

achieved a partial response and clinical activity was observed in another six 

lymphoma patients (216). 

Despite, JQ1 being well tolerated in vivo in numerous studies (195, 207, 208) and 

anticipated non-toxicity on normal cells (199, 209), toxicity has been observed in the 

clinic with other BET inhibitors. In NUT-midline carcinoma observed toxicities with 

the BET inhibitor OTX015 included thrombocytopenia, gastrointestinal toxicity and 

fatigue (214), in lymphoma and multiple myeloma toxicities included 

thrombocytopenia, fatigue, anaemia, nausea, diarrhoea, neutropenia (216) and in 

leukemia observed toxicities included elevated bilirubin and fatigue (215). 

1.8.2 CDK7 inhibition 

Like JQ1, cyclin-dependent kinase 7 (CDK7) inhibitors are transcriptional inhibitors 

that have been shown to target super-enhancers (217, 218). CDK7 is a member of 

the cyclin dependent kinase family and exhibits dual function in both transcriptional 

regulation as well as regulation of the cell cycle. CDK7 is known to bind MAT1 and 

cyclin H resulting in the formation of a cyclin activating kinase (CAK) (219, 220). CAK 

is part of the basal transcription factor complex TFIIH and directly phosphorylates 

RNA Pol II (219, 220). Additionally, CAK phosphorylates other CDK components of 
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the cell cycle and is required for activation of CDK2/cyclin-E as well as CDK1/cyclin-

B in the G1-S transition and G2-M transition of the cell cycle, respectively (220-222).  

CDK7 inhibitors include BS-181 and THZ1 (217, 223). BS-181 is a selective CDK7 

inhibitor that has been shown to inhibit growth, promote apoptosis and inhibit tumour 

growth in an IDC ER-positive breast xenograft (223). THZ1 is a novel selective 

CDK7 inhibitor that covalently and irreversibly binds to CDK7 (217). THZ1 has 

shown to induce apoptosis and inhibit proliferation in T-cell acute lymphoblastic 

leukemia (T-ALL) cell lines (217), inhibit tumour growth and promote tumour 

regression in neuroblastoma (224) and also inhibit tumour growth and improve 

survival in in vivo models of small cell lung cancer (SCLC) (218). These studies also 

report that CDK7 inhibition causes disruption at super-enhancer regions and 

downregulate highly transcribed genes such as the Myc oncogene (217, 218).  

1.9 Apoptotic pathways 

Inhibition of BET proteins has been shown to induce cell death through apoptosis 

(195, 203, 208). There are two types of apoptotic pathways, the extrinsic pathway 

and the intrinsic or mitochondrial pathway. The mitochondrial pathway utilises 

internal stress signals in order to regulate apoptosis. In contrast, the extrinsic 

pathway relies on extrinsic signals in the form of ligands in order to regulate 

apoptosis.  

1.9.1 Extrinsic pathway of apoptosis 

The extrinsic pathway of apoptosis involves transmembrane death receptors located 

on the cell surface and their ligands that are expressed by effector immune cells 

(225, 226). The transmembrane death receptors are members of the TNF 

superfamily, such as TNFR1 and FasR (225), and harbour a characteristic death 

domain of 80 amino acids (227). Death receptor ligands include TNF-α and FasL, 

which bind to their respective TNFR1 and FasR receptors that results in receptor 

trimerization and clustering of the three death domains (228). The clustered death 

domains recruit adaptor proteins to the receptor complex via death domains located 

on both the receptor and adaptor proteins (225). The adaptor protein TRADD is 

recruited in the case of the TNF-α /TNFR1 receptor complex. TRADD also recruits 

another adaptor protein known as FADD. The FasL/FasR complex recruits the 
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adapter protein FADD directly (225). FADD contains a death effector domain (DED) 

and via the DED, FADD can recruit the initiator procaspase 8 to form the death-

inducing signalling complex (DISC) (229-231). Pro-caspase 8 recruits Cellular 

FADD-like IL-1β-converting enzyme inhibitory protein (c-FLIP) to the DISC complex, 

which regulates DISC activation based on the ratio of c-FLIP isoforms, c-FLIPL (long 

isoform) or c-FLIPS (short isoform) (232). A high ratio of c-FLIPS: pro-caspase 8 

inhibits pro-caspase 8 activation whereas a high ratio of c-FLIPL: pro-caspase 8 

promotes oligomer assembly of pro-caspase 8 (232). Procaspase 8 undergoes 

autoproteolytic cleavage into its activate caspase 8 form (231). Activated caspase 8 

is released from the DISC complex where it cleaves and activates executioner 

caspase 3 to initiate apoptosis (231, 233). Crosstalk to the mitochondrial apoptotic 

pathway also occurs via caspase 8 or caspase 3 cleavage of BID into truncated BID 

(tBID) that initiates MOMP at mitochondrial membranes (234).  

RIP1 contains a DD and can also be recruited to the DISC complex following TNFR1 

signalling (235). RIP1 recruits and interacts with RIP3 via a RIP homology domain 

(235). Caspase 8 cleaves RIP1 and RIP3 resulting in their inactivation, which 

promotes apoptosis (236). However, when caspase 8 is inhibited, RIP1 and RIP3 are 

phosphorylated and necroptosis cell death occurs (236).   

1.9.2 Mitochondrial pathway of apoptosis 

Most cancer targeting drugs exert their anti-cancer effect through the mitochondrial 

pathway, which is regulated by the family of BCL-2 proteins (237). BCL-2 proteins 

contain regions of homology known as BCL-2 homology (BH) domains (BH1-4) and 

each BCL-2 family member contains at least one BH domain (238). BH domains are 

critical for function (238). BCL-2 family members can be classified into three group 

that consist of (i) multi-domain anti-apoptotic proteins that have 4 BH domains (BH1-

4), (ii) multi-domain pro-apoptotic proteins that have 3 BH domains (BH1-3) and (iii) 

BH3-only pro-apoptotic proteins that only have a BH3 domain (239). Mitochondrial 

apoptosis is initiated when the reserve of pro-apoptotic BCL-2 members is greater 

than that of anti-apoptotic family members. Likewise, if the reserve of anti-apoptotic 

proteins is greater than that of pro-apoptotic BCL-2 family proteins, apoptosis is 

inhibited (240). 
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Multi-domain anti-apoptotic proteins inhibit apoptosis by binding to pro-death 

proteins and are located on the outer mitochondrial membrane, but can also be 

located in the endoplasmic reticulum membrane or cytosol (241). Anti-apoptotic 

BCL-2 members comprise BCL-2, BCL-XL, BCL-W, MCL-1, and BFL-1 (Figure 1.8) 

(240). BCL-2 was the first BCL-2 protein to be identified due to its involvement in 

t(14;18) chromosomal translocation in follicular lymphoma (242). Anti-apoptotic 

proteins contain a hydrophobic binding groove on the protein surface composed of 3 

BH domains, BH1, BH2 and BH3 (238). Two hydrophobic α-helices define the 

bottom of the hydrophobic groove (238). The BH4 domain stabilises the BH1-3 

domains that make up the binding groove (241). This binding groove binds and 

inhibits the BH3 domain of BH3-only activator proteins or of BAX and BAK (Figure 

1.8) (240, 241).  

Multi-domain pro-apoptotic proteins consist of BAX and BAK. BAX and BAK also 

have a binding groove composed of BH1-3 domains (241). BAK is located in the 

mitochondrial membrane, whereas BAX is usually located in the cytosol (241). In the 

cytosol, the C-terminal transmembrane tail of BAX is inserted into its binding groove. 

Following apoptotic stimuli, BAX translocates from the cytosol to the mitochondria, 

where it’s C-terminal transmembrane tail inserts into the mitochondrial outer 

membrane (241). BAX and BAK undergo a conformational change upon activation 

and homoligomerise forming pores in the mitochondrial membrane to initiate 

mitochondria outer membrane permeabilisation (MOMP) (Figure 1.8) (239). MOMP 

is usually a point of no return for the cell, as mitochondria that have undergone 

MOMP have diminished ATP generation capacity (243).  

Finally, BH3-only pro-apoptotic proteins can be further divided into BH3 sensitiser 

proteins and BH3 activator proteins (Figure 1.8) (240). The BH3-only proteins only 

have a BH3 domain composed of 9-16 amino acids and a 7 amino acid sequence 

motif LXXXGDE (239). Following stress signalling, BH3 only proteins are induced 

and activated post-translationally or transcriptionally (244, 245). BH3-only proteins 

are present in a range of different locations in the cell including microtubules, cytosol 

and the endoplasmic reticulum (reviewed in (245)), but translocate to the 

mitochondria and/or endoplasmic reticulum following activation (245). The activator 

BH3 proteins (BIM, BID) can activate BAX and BAK directly at the mitochondrial 

membrane via their binding groove in order to initiate MOMP (Figure 1.8) (244), 
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whereas the BH3 sensitiser proteins (PUMA, BIK, BAD, NOXA, HRK, BMF) cannot 

activate BAX and BAK directly but do so indirectly by inhibiting the binding groove of 

anti-apoptotic proteins (Figure 1.8) (240, 244, 246). It was shown that BIM has a 

binding preference for BAX, whereas BID has binding preference for BAK (247). Full 

length PUMA has also been shown to activate BAX and BAK and may also function 

as an activator BH3 protein (Figure 1.8) (248). In the absence of BAX and BAK, BOK 

can initiate mitochondrial apoptosis (249). Furthermore, BOK protein stability is 

regulated by the endoplasmic reticulum-associated degradation pathway and not by 

anti-apoptotic BCL-2 proteins (249).  

Once MOMP is induced, cytochrome c is released from the mitochondrial 

intermembrane/intercristae spaces (250) and interacts with the adaptor molecule 

apoptotic peptidase activating factor 1 (Apaf-1) in the cytosol (Figure 1.8) (243). 

Cytochrome c causes a conformational change and activation of Apaf-1 (251). The 

Apaf-1/cytochrome c complex oligomerises in the presence of dATP resulting in the 

formation of the apoptosome (251). Pro-caspase 9 is recruited to the apoptosome 

where it dimerises, producing active caspase 9 (Figure 1.8) (251, 252). It has been 

recently reported that the apoptosome functions to activate caspase 9 by 

sequestration of its caspase recruitment domain (CARD) (253). Caspase 9 

proteolytic activity is inhibited by the CARD domain (253). Caspases comprise a 

family of cysteine-dependent aspartate-directed proteases (254). Active caspase 9 in 

turn cleaves pro-caspase 3 and 7 into the active effector caspases 3 and 7, which 

cleave numerous proteins causing apoptosis (Figure 1.8) (237, 255). When the 

effector caspases, caspase 3 and 7, are activated they proceed in the proteolytic 

cleavage of numerous proteins including regulatory protein targets, structural protein 

targets, the phospholipid flippase enzymes ATP11A and ATP11C and scramblase 

Xkr8 (256-258). Effector caspase cleavage of ATP11A and ATP11C results in their 

inactivation, whereas cleavage of Xkr8 results in its activation. Via these flippase and 

scramblase cleavage events, phosphatidylserine (a lipid membrane) is no longer 

located on the inner plasma membrane and is exposed on the outer plasma 

membrane and functions as a “eat me” signal to macrophages (257, 258).  Xkr4 and 

Xkr9 are other scramblases which can be cleaved by effector caspases and promote 

phosphatidylserine exposure (258). The effector caspases also have been shown to 

cleave inhibitor of caspase-activated DNase (ICAD) that in turn results in the 
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activation of DNases, known as caspase-activated DNase (CAD), which cleave DNA 

resulting in DNA fragmentation (259).  Other molecules, in addition to cytochrome c, 

such as OMI, second mitochondria-derived activator of caspase (SMAC) and 

apoptosis-inducing factor (AIF) are released from the mitochondria following MOMP. 

OMI and SMAC function to inhibit the inhibitor of caspase activity, X-linked inhibitor 

of apoptosis protein (XIAP) (260). Whereas, AIF causes DNA fragmentation, 

chromatin condensation and mitochondrial membrane permeabilisation (261). 

 

 

Figure 1.8: Mitochondrial apoptotic pathway. Multi-domain anti-apoptotic proteins 

inhibit apoptosis by inhibiting activator BH3-only proteins and multi-domain pro-

apoptotic proteins. Sensitiser BH3-only proteins inhibit multi-domain anti-apoptotic 

proteins. Activator BH3-only proteins (BIM, BID, possibly PUMA) bind and activate 

the multi-domain pro-apoptotic proteins BAX and BAK that homoligomerise at the 

mitochondrial membrane causing pores and MOMP. Cytochrome c is released by 

MOMP, leading to the formation of the apoptosome and activation of caspase 9. 

Caspase 9 cleaves and activates caspase 3/7 that results in the initiation of 

apoptosis. 
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1.9.3 BH3 profiling to assess mitochondrial apoptosis 

BH3 profiling is a functional assay that can determine dependencies on BCL-2 anti-

apoptotic proteins and also determine how primed mitochondria are for apoptosis 

(262). The BCL-2 family is composed of numerous members that have selective 

binding for one another, therefore it can be difficult to assess sensitivity to apoptosis 

based on protein expression alone. It is possible to immunoprecipitate each of the 

proteins and measure bound BCL-2 family members but that is very labour intensive. 

BH3 profiling is a high throughput standardised test that functionally assesses the 

interactions of the BCL-2 family, which enables comparison between cells and 

primary human samples (262, 263). BH3 profiling was developed by the laboratory of 

Dr. Anthony Letai in Dana-Farber. BH3 sensitiser and activator peptides that are 

derived from the BH3 helix of these proteins are used in BH3 profiling that contain 

the conserved LXXXXD motif and are 20-25mer in length (Table 1.2) (262).  

 

Table 1.2: Sequence of BH3 peptides. Table illustrating the sequence of the BID, 

BIM, BAD, NOXA, HRK, PUMA and BMF BH3 peptides used in BH3 profiling. 

Adapted from (264). 

 

 

BH3 profiling uses a readout of MOMP in the form of loss of mitochondrial 

membrane potential that can be measured following treatment with known 

concentrations of BH3 peptides and using a potential sensitive dye, JC-1 (262). Cells 

that undergo MOMP following treatment with both sensitiser and activator BH3 
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peptides are “primed” for death and the reserve of anti-apoptotic proteins in the cell 

is already occupied by BH3-only proteins. By treatment with sensitiser BH3 peptides, 

anti-apoptotic proteins are inhibited resulting in release of activator BH3 protein 

which can initiate MOMP. Cells that undergo MOMP following treatment with 

activator peptides have anti-apoptotic proteins unoccupied by BH3-only proteins and 

are “unprimed”. Therefore, activator BH3 proteins are not released from anti-

apoptotic proteins following treatment with sensitiser BH3 peptides. Furthermore, 

BH3-only proteins have specific binding interactions with anti-apoptotic proteins that 

BH3 profiling utilises to identify anti-apoptotic dependencies (Figure 1.9) (263). The 

BH3 profiling functional assay proves a read out of cell priming as well as anti-

apoptotic protein dependencies by taking into account both BCL-2 protein 

expression and binding interactions (262).  

 

Figure 1.9: BH3 peptide specific binding interactions. Anti-apoptotic proteins are 

indicated left to right and pro-apoptotic peptides are shown going from top to bottom 

in the matrix. Pro-apoptotic BH3 peptides have specific binding interactions for the 

anti-apoptotic proteins. Green box denotes interaction between the indicated anti-

apoptotic protein and the indicated pro-apoptotic peptide. Activator BH3 peptide: 

BIM. Sensitiser BH3 peptides: PUMA, BAD, NOXA, HRK. Anti-apoptotic proteins: 

BCL-2, BCL-XL, BCL-W, MCL-1. Adapted from (263). 

 

Intracellular BH3 profiling (iBH3) is the latest method of BH3 profiling (265) that fixes 

and stains cells for cytochrome c and percentage loss of cytochrome c is measured. 

In cells that have undergone MOMP, cytochrome c will have been released from the 

permeablised cell and will stain negative for cytochrome c. In contrast, cells that 
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have not undergone MOMP will stain positive for cytochrome c, which is analysed by 

flow cytometry (265). 

1.9.4 BH3 mimetics 

BH3 mimetics are small molecule inhibitors that bind and competitively inhibit the 

BH3 binding groove of anti-apoptotic proteins by mimicking BH3-only proteins, which 

have been developed by AbbVie, Inc (266). The development of therapeutics 

targeting protein-protein interactions is notoriously difficult (267). The first BH3 

mimetic to be developed was the pre-clinical inhibitor ABT-737 that inhibits the BCL-

2, BCL-XL and BCL-W anti-apoptotic proteins (268) that showed efficacy in a range 

of cancers. ABT-737 showed efficacy in lymphoma, small-cell lung cancer (SCLC), 

multiple myeloma, chronic lymphocytic leukemia (CLL) and acute myeloid leukemia 

(AML) (268-272). Sensitivity to ABT-737 has been attributed to the requirement of 

BCL-2 to sequester BIM, as shown in CLL (270). Resistance to ABT-737 has been 

credited to high expression of the anti-apoptotic protein MCL-1 that is not targeted by 

ABT-737 (272, 273). Due to the role of MCL-1 in drug resistance and MCL-1 

amplifications in many cancers, numerous MCL-1 inhibitors have been developed 

(274). 

ABT-263 is a second-in-class BH3 mimetic that was developed from ABT-737 and is 

orally bioavailable (275). ABT-263, or tradename Navitoclax, is also a selective 

inhibitor for the anti-apoptotic proteins BCL-2, BCL-XL and BCL-W (Figure 1.11) 

(266). Tumour regression was achieved in ALL and SCLC xenografts with ABT-263 

(275). ABT-263 monotherapy was not effective in xenograft models of multiple 

myeloma or B-cell lymphoma, however, the combination of ABT-263 and 

chemotherapy was significantly better than chemotherapy or ABT-263 treatment 

alone (275). In a phase I clinical trial in resistant CLL, 90.5% of patients displayed a 

reduction in lymphocytosis by more than 50% (276). Response to ABT-263 was 

associated with high BIM: BCL-2 or BIM: MCL-1 ratios and low MCL-1 expression in 

CLL cells (276). ABT-263 achieved stable disease in clinical trials of resistant high 

grade serious ovarian cancer (32.6%) (277) and relapsed SCLC (23%) (278). ABT-

263 also produced partial response in a clinical trial in lymphoid cancer (21.7%) 

(279). Unfortunately, platelets rely on BCL-XL for cell survival therefore, the limitation 

with ABT-263 is that it causes dose-dependent thrombocytopenia (276-280).  
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ABT-199, tradename Venetoclax (266), is a selective BCL-2 inhibitor (Figure 1.10, 

1.11) and therefore thrombocytopenia is usually not a side effect of this drug (281). 

However, tumour lysis was a side effect of ABT-199 in a study of 3 CLL patients and 

in order to prevent this in future trials the starting dose of ABT-199 was reduced and 

increased weekly (281). Like ABT-737 and ABT-263, sensitivity to ABT-199 has 

been attributed to the disruption of BCL-2 in complex with pro-apoptotic BIM (281). In 

a clinical trial with resistant CLL or small lymphocytic lymphoma, 79% of patients 

responded to ABT-199 and 20% had complete remission (282). Another trial 

reported overall response of 79.4% of patients in resistant CLL following ABT-199 

(283). ABT-199 was approved by the FDA in 2016 for the treatment of CLL patients 

with chromosome 17p deletion (284, 285).  

 

Figure 1.10: Structure of BCL-2 complexed with a ABT-199 analogue in 3D. 

BCL-2 in complex with ABT-199 analogue, 4-(4-{[4-(4-chlorophenyl)-5,6-dihydro-2H-

pyran-3-yl]methyl}piperazin-1-yl)-N-{[3-nitro- 4-(tetrahydro-2H-pyran-4-

ylamino)phenyl]sulfonyl}benzamide. ABT-199 analogue is in yellow bound to the 

BCL-2 binding groove. Sulphur is coloured yellow, oxygen is coloured blue and 

carbon is coloured white. Taken from (286).  

 

BCL-XL is another anti-apoptotic that is frequently altered in cancer (287). BCL-XL 

overexpression occurs in solid tumours more often than BCL-2 overexpression 

(288). Sensitivity to chemotherapeutic agents was negatively correlated with BCL-XL 
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mRNA expression, using over 60 cancer cell lines (289). A BH3 mimetic, WEHI-539, 

has been developed that is a BCL-XL selective inhibitor (Figure 1.11) (290).  

 

 

Figure 1.11: The structure of BH3 mimetics. The structure of ABT-199 (BCL-2 

selective inhibitor), ABT-263 (BCL-2, BCL-XL, BCL-W inhibitor) and WEHI-539 

(BCL-XL selective inhibitor). Taken from (290, 291). 

 

1.10 Hypothesis 

For this study, it was first hypothesised that targeting deregulated transcription as a 

whole may be more effective than targeting specific pathways for the treatment of 

ILC. In line with this, it was additionally hypothesised that, epigenetic modifiers which 

regulate gene transcription, may be a novel therapeutic option for the treatment of 

ILC breast cancer patients who do not respond to current modes of treatment.   

1.11 Aims 

The aim of this project was to first identify a novel therapeutic target in ILC. This was 

done using in silico gene expression data from two primary patient cohorts, namely 

the discovery cohort (RATHER dataset) and the validation cohort (METABRIC).  

The second aim of this project was to investigate the therapeutic efficiency of 

inhibiting that target in vitro using a variety of functional assays in ILC cell line 

models.  
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The final aim of the project was to identify mechanisms of resistance to the 

therapeutic target using RNA sequencing followed by validation assays and identify 

combination treatment options. 
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2.1 ILC patient cohorts 

Paired-end RNA sequencing as has been previously described (292) was performed 

on 61 ILC patient samples as part of the EU FP7 project RATHER 

(www.RATHER.com) that formed the discovery cohort. For the RATHER samples, 

tumours were sourced from two biobanks using the Illumina HiSeq platform. RNA 

sequencing data from 99 ILC samples from the METABRIC dataset formed the 

validation cohort (36). Read pairs were aligned to the GRCh37 genome using 

TopHat (version 2.0.10), and quantified against the Ensembl 75 annotation using 

featureCounts (version 1.4.6). DESeq2 (version 1.6.3) was used to apply a 

regularised log transformation, and Limma (version 3.22.7) was used to remove 

batch effects associated with biobank. Survival analysis was carried out using the R 

survival package (version 2.38-3). Cox regression analysis on continuous expression 

was stratified by biobank. The expression of BRD2, BRD3 and BRD4 in the tumours 

was grouped into low- and high-expression categories (split by median expression 

value) for the purposes of category-based analysis. BRD2/3/4 association with 

recurrence-free survival (RATHER) or disease-specific survival (METABRIC) due to 

the number of events was carried out. Benjamini-Hochberg correction was applied 

independently to correct for the three genes under investigation. 

2.2 Reagents and antibodies  

JQ1 was a kind gift from the laboratory of Dr. James Bradner, while THZ1 was a kind 

gift from Dr. Nathanael Gray both at the Dana-Farber Cancer Institute, Harvard 

Medical School, USA. ABT-199, ABT-263 and BS-181 were purchased from Selleck 

Chemicals Houston, TX, USA. Tamoxifen and fulvestrant were purchased from 

Sigma-Aldrich St Louis, MO, USA. 

For Western blotting, the antibodies that were used were: ER alpha 1:250 (Leica 

Biosystems, NCL-ER-6F11), E-cadherin 1:500 (Cell Signaling Technology (CST), 

5296), PgR 1:250 (CST, 3157), BCL-2 1:500 (Santa Cruz, sc-7382), BCL-XL 1:1000 

(CST, 2764), MYC 1:500 (Abcam, ab32072), PARP 1:1000 (CST, 9542), MCL1 

1:500 (Santa Cruz, sc-819), BRD2 1:1000 (Atlas Antibodies, HPA042816), BRD3 

1:1000 (Bethyl Laboratories, A302368A), BRD4 1:1000 (Bethyl Laboratories, A301-

985A50), Wnt4 1:500 (Santa Cruz, sc-376279), Wnt11 1:1000 (Abcam, ab31962), 

Bim 1:1000 (CST, 2933), BCL-W 1:500 (CST, 2724), BAX 1:1000 (CST, 5023), BAK 

http://www.rather.com/
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1:1000 (CST, 12105), α/β tubulin 1:1000 (CST, 2148), β-actin 1:10,000 (Sigma-

Aldrich, A5316, Santa Cruz, sc-81178). Secondary antibodies used were: anti-

mouse immunoglobulins conjugated to horseradish peroxidase (HRP) (Dako, 

P026002-2) and anti-rabbit immunoglobulins conjugated to HRP (Dako, P039901-2).  

For immunohistochemistry, the antibodies used were BCL-XL 1:300 (CST, 2764) 

and cleaved caspase 3 1:200 (CST, 9661). 

For analysis of primary patient samples by flow cytometery all antibodies were used 

at a concentration of 1:100. These included EpCAM-APC (BD Bioscience, 347200), 

IgG-APC (BD Bioscience, 345818), CD45-PE (BD Bioscience, 555483) and IgG-PE 

(BD Bioscience, 555749). 

2.3 Cell culture  

The SUM44-PE, MDA-MB-134VI, OCUB-M and CAMA-1 cell lines were obtained 

from the RATHER consortium and were validated at the start of the project by short 

tandem repeat profiling, carried out by American Culture Collection. Cell lines were 

grown in RPMI supplemented with 10% FBS (Gibco, Thermo Fisher Scientific, 

Dublin, Ireland), 1% v/v L-glutamine (2 mM) (Gibco, Thermo Fisher Scientific, Dublin, 

Ireland) and 1% v/v penicillin/streptomycin (50 units/ml) (Gibco, Thermo Fisher 

Scientific, Dublin, Ireland) in a humidified atmosphere at 37°C and 5% CO2. Prior to 

treatment with endocrine therapy, ILC cell lines were cultured in phenol red-free 

RPMI supplemented with 5% v/v charcoal/dextran treated FBS (Thermo Fisher 

Scientific, Dublin, Ireland), in addition to 1% v/v L-glutamine and 

penicillin/streptomycin as above for >48 hr. Mycoplasma testing was carried out 

routinely every 6-8 weeks using MycoAlert Mycoplasma Detection Kit (Lonza, Basal, 

Switzerland). 

For the TNBC study, the BT549, MDA-MB-231, HCC1937, HS578T cell lines were 

originally purchased from the American Type Culture Collection and subsequently 

re-authenticated by short tandem repeat profiling with the European Collection of 

Authenticated Cell Cultures. The BT-20 & HCC1143 cell lines were a kind gift from 

Prof. Joe Duffy at Vincent’s University Hospital, Dublin, Ireland. BT549, HCC1937, 

BT-20 and HCC1143 cells were maintained in RPMI cell culture medium. The MDA-

MB-231 and HS578T cells were maintained in DMEM cell culture medium. Both cell 
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culture media were supplemented with 10% FBS, 1% L-glutamine and 1% 

penicillin/streptomycin.  

2.4 MTT assay  

Cell viability was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium 

bromide or MTT (Sigma-Aldrich Ltd., Arklow, Ireland). SUM44-PE, MDA-MB-134VI 

and MCF7 cells lines were seeded at a density of 5,000 cells/well in a 96-well plate 

in 200 µl media overnight at 37°C. The OCUB-M & CAMA-1 cell lines were seeded 

at a density of 6,000 cells/well. Cell lines were treated with 0.003 µM, 0.03 µM, 0.1 

µM, 0.3 µM, 1 µM, 3 µM (fulvestrant only), or 0.03 µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM 

and 10 µM of drug for tamoxifen, JQ1, ABT-199 and ABT-263 treatments. Cells were 

treated for either 72 hr (ABT-199 and ABT-263), 96 hr (JQ1) or 120 hr (tamoxifen or 

fulvestrant) prior to MTT analysis. For combination treatments of JQ1 and ABT-199 

or ABT-263, cells were co-treated at the same time with both drugs for 72 hr. 

Following the specified time-point, 50 µl of sterile 5 mg/ml MTT solution was added 

to 200 µl of media to give a final concentration of 1.25 mg/ml in each well of a 96-

well plate. The plate was placed in the incubator for 3 hours after which the 

media/MTT was aspirated off and 200 µl of dimethyl sulfoxide (DMSO) (Sigma-

Aldrich Ltd., Arklow, Ireland) added to each well to dissolve formazan crystals. 

Absorbance was measured at 570 nm on a SpectraMax M2 plate reader.    

For the TNBC study, the BT549 and MDA-MB-231 cell lines were seeded at a 

density of 2,000 cells/well in a 96 well plate overnight. The cells were treated with 

BS-181 (0.1 µM, 1 µM, 5 µM, 10 µM, 20 µM, 35 µM, 50 µM) or THZ1 (0.001 µM, 

0.005 µM, 0.02 µM, 0.05 µM, 0.1 µM, 0.2 µM, 0.5 µM, 1 µM) for 72 hr prior to MTT 

analysis. For combination treatments in the HCC1143 (5,000 cells/well), HCC1937 

(5,000 cells/well), BT-20 (3000 cells/well) and HS578T (5,000 cells/well) cell lines, 

cells were treated for 48 hr with the combination of THZ1 (0.001 µM, 0.002 µM, 0.05 

µM, 0.1 µM) and ABT-263 (0.03 µM, 1 µM, 3 µM, 10 µM) at specified doses, prior to 

MTT analysis. 

2.5 Apoptosis assay  

Apoptosis was assessed using Annexin V-FITC/propidium iodide (PI) staining. 

SUM44-PE and MDA-MB-134VI cell lines were seeded at a density of 75,000 
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cells/well in 1 ml of media in a 24-well plate overnight at 37°C. The OCUB-M and 

CAMA-1 cell lines were seeded at 50,000 cells/well. Cell lines were treated with 0.03 

µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM and 10 µM JQ1 (96 hr) or ABT-199 (72 hr) or ABT-

263 (72 hr). For combination treatments of JQ1 and ABT-199 or ABT-263, cells were 

co-treated at the same time with both drugs for 72 hr. Cells were trypsinised and 

centrifuged at 1300 rpm for 3 minutes. Each sample was re-suspended in: 250 µl of 

annexin binding buffer (10 mM Hepes pH 7.4, 140 mM NaCl, 2.5 mM CaCl2), 1 µl 

annexin V-FITC (0.25 mg/ml, Medical Supply Company Limited, Dublin, Ireland) and 

0.5 µl PI (1 mg/ml, Sigma-Aldrich Ltd., Arklow, Ireland). Apoptosis was determined 

using flow cytometry on the BD FACSCanto II or the BD Accuri C6 (BD Bioscience, 

San Jose, California, USA) and analysed using the BD FACSDIVA or FCS Express 

software.   

For the TNBC study, the BT549 cells (30,000 cells/well) and the MDA-MB-231 

(40,000 cells/well) were seeded in 24-well plates overnight. Cells were treated with 

various doses of THZ1 (0.001 µM, 0.005 µM, 0.02 µM, 0.05 µM, 0.1 µM, 0.2 µM, 0.5 

µM, 1 µM) or BS-181 (0.1 µM, 1 µM, 5 µM, 10 µM, 20 µM, 35 µM, 50 µM) for 48 hr 

prior to annexin V/PI staining and flow cytometry. 

2.6 Cell cycle analysis  

SUM44-PE and MDA-MB-134VI cell lines were seeded at a density of 75,000 

cells/well in 1 ml of media in a 24-well plate overnight at 37°C. The OCUB-M and 

CAMA-1 cell lines were seeded at 50,000 cells/well. Cell lines were treated with 0.03 

µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM and 10 µM JQ1 for 96 hr. Cells were trypsinised 

and re-suspended in 1 ml phosphate buffer saline (PBS) (Sigma Aldrich Ltd., Arklow, 

Ireland). The cell suspension was supplemented with ethanol to a final concentration 

of 70% with agitation and incubated on ice for 15 minute to fix the cells. The fixed 

cells were then pelleted and re-suspended in 500 µl of PI-solution in PBS: 50 µg/ml 

propidium iodide (Sigma-Aldrich Ltd., Arklow, Ireland) from 50X stock solution (2.5 

mg/ml), 0.1 mg/ml RNase A (SigmaAldrich Ltd., Dublin, Ireland), 0.05% Triton X-100, 

and incubated for 40 min at 37°C. 3 ml of PBS was then added to the sample and 

centrifuged at 1500 rpm for 5 minutes. The supernatant was removed and the cells 

were re-suspended in 500 µl PBS for flow analysis using the BD Accuri C6 and FCS 

Express software.  
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2.7 BH3 profiling  

The cell membrane of cells was permeabilised using 0.005% digitonin followed by 

the addition of JC-1 mitochondrial fluorescent dye. BH3 peptides were plated in a 

black 384-well plate at 70 uM/L followed by cells at a concentration of 30,000 

cells/peptide for the OCUB-M and CAMA-1 cell lines and at a concentration of 

40,000 cells/peptide for the MDA-MB-134VI cell line. Mitochondrial potential was 

measured using the CLARIOstar (BMG LABTECH, Ortenberg, Germany) kinetic 

plate reader at excitation 545 nm and emission 590 nm over 2 hours. Kinetic 

measurements were taken every 5 minutes. Mitochondrial depolarisation was 

normalised to DMSO control. FCCP acts as a positive control. PUMA2A is a PUMA 

mutant and a negative control for the experiment. 

2.7.1 iBH3 profiling 

MDA-MB-134VI cells were treated with DMSO or 0.05 µM THZ1 for 16 hr followed by 

dynamic BH3 profiling. MDA-MB-231 cells were mixed with 0.005% of digitonin to 

permeabilise the cells and also with BH3 peptides at a concentration of 70 uM/L for 1 

hour. The MDA-MB-231 cells were then fixed with 8% formaldehyde for 15 minutes 

prior to neutralization for 15 minutes. The cells were spun down at 1500 rcf for 5 

minutes at RT and the cell pellet was resuspended in 50 µl of 1% BSA/PBS/0.05% 

saponin with 1:100 cytochrome c antibody conjugated to FITC and incubated at 4°C 

overnight. The loss of cytochrome c was measured by flow cytometry on a CyAn 

ADP Analyzer (Beckman Coulter). Mitochondrial depolarisation induced by the 

peptides was normalised to the DMSO control. 

2.8 RNA extraction and quantification polymerase chain 

reaction 

2.8.1 RNA extraction  

The SUM44-PE cell line was seeded 750,000 cells per T25 flask, MDA-MB-134VI 

900,000 cells per T25 flask, and the OCUB-M and CAMA-1 cell lines 500,000 cells 

per T25 flask overnight. The cell lines were then treated with 1 µM JQ1 for either 48 

hr or 72 hr. Cells were harvested using TRI Reagent (Sigma-Aldrich Ltd, Arklow, 

Ireland) and RNA extracted using an in-house protocol. 300 µl of chloroform (Sigma-
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Aldrich Ltd, Arklow, Ireland) was added to each sample and incubated at room 

temperature (RT) for 3 minutes. Samples were centrifuged at 14,000 rpm at 4°C for 

20 minutes and the clear aqueous upper phase was transferred into a fresh 

Eppendorf tube. 500 µl of isopropanol (Sigma-Aldrich Ltd, Arklow, Ireland) was 

added to each sample. The sample was incubated at RT for 15 minutes followed by 

centrifugation at 14,000 rpm at 4°C for 15 minutes. Supernatant was removed and 

the RNA pellet was washed in 70% v/v ethanol and centrifuged at 9,500 rpm at 4°C 

for 5 minutes. The supernatant was removed, the pellet was air dried for 15-20 

minutes and then re-suspended in nuclease free water (Thermo Fisher Scientific, 

Dublin, Ireland). RNA was quantified using the NanoDrop 2000 (Thermo Fisher 

Scientific, Waltham, MA, USA) and stored at -80°C.  

2.8.2 cDNA synthesis   

1 µg of RNA was diluted in nuclease-free water up to 7 µl. 1 µl of DNase 1 (1 U/μL) 

(Thermo Fisher Scientific, Dublin, Ireland) and 1 µl DNase 1 10X reaction buffer 

(Thermo Fisher Scientific, Dublin, Ireland) was added to each sample. The sample 

was mixed well and incubated at RT for 15 minutes. 1 µl of 25 mM 

Ethylenediaminetetraacetic acid (EDTA; Thermo Fisher Scientific, Dublin, Ireland) 

was added to each sample and incubated at 65°C for 10 minutes to inactivate 

DNase 1. 1 µl of random primers (50 ng/μL; Thermo Fisher Scientific, Dublin, 

Ireland) and 1 µl deoxynucleotide (dNTPs) (10 mM; Thermo Fisher Scientific, Dublin, 

Ireland) was added to each sample and incubated on ice for 5 minutes. 4 µl of 

Superscript II 5X reverse transcriptase reaction buffer (Thermo Fisher Scientific, 

Dublin, Ireland), 2 µl of Dithiothreitol (DTT; 100 mM) and 1 µl of RNase OUT (40 

U/μL; Thermo Fisher Scientific, Dublin, Ireland) was added to each sample and 

pipetted up and down to mix well with the sample. Samples were incubated for 3 

minutes at RT. 1 µl of Superscript II reverse transcriptase (200 U/μL; Thermo Fisher 

Scientific, Dublin, Ireland) was added to each sample and complementary DNA 

(cDNA) was synthesised by incubating the RNA at 42°C for 90 minutes and 70°C for 

15 minutes in an Eppendorf Mastercycler Gradient Thermal Cycler (Eppendorf, 

Hamburg, Germany). cDNA was stored at -20°C.  
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2.8.3 Quantitative polymerase chain reaction  

Quantitative polymerase chain reaction (qPCR) was performed using SYBR green 

reaction mixture real-time PCR master mix in duplicate. The qPCR reaction mixture 

consisted of 1 µl cDNA, 1.2 µl reverse primer (5 µM; Eurofins MWG, Kraainem, 

Belgium), 1.2 µl forward primer (5 µM; Eurofins MWG, Kraainem, Belgium), 10 µl 2X 

SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA) and 6.6 µl 

water. A master mix was generated for each cDNA sample and 20 µl pipetted in 

duplicate into a 96-well real time PCR plate and sealed with Microseal B adhesive 

seals. The plate was centrifuged at 4,000 rpm for 3 minutes at 4°C and samples 

were run on 7500 Real Time PCR System (Applied Biosystems, California, USA) 

using the following conditions: 95°C for 10 minutes followed by 40 cycles of 95°C for 

15 seconds, 60°C for 1 minute and fluorescence was captured. Relative expression 

of target genes was determined by the 2-ΔΔCt method (58) and normalised to a 

GAPDH endogenous control. See table 2.2 for primer sequences.  

 

Table 2.1: qPCR primer sequences 

Gene Symbol Forward (F)/ Reverse 

(R) 

Sequence 5’-3’ 

ER F ATCCACCTGATGGCCAAG 

 R GCTCCATGCCTTTGTTACTCA 

PgR F CGCGCTCTACCCTGCACTC 

 R TGAATCCGGCCTCAGGTAGTT 

TFF1 F CCCTCCCAGTGTGCAAATAAG 

 R GAACGGTGTCGTCGAAACAG 

MYC F GGCTCCTGGCAAAAGGTCA 

 R CTGCGTAGTTGTGCTGATGT 

BCL-XL F GAGCTGGTGGTTGACTTTCTC 

 R TCCATCTCCGATTCAGTCCCT 

BCL-2 F GGTGGGGTCATGTGTGTGG 

 R CGGTTCAGGTACTCAGTCATCC 

BCL-W F GCGGAGTTCACAGCTCTATAC 
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 R AAAAGGCCCCTACAGTTACCA 

Wnt4 F AGGAGGAGACGTGCGAGAAA 

 R CGAGTCCATGACTTCCAGGT 

Wnt11 F GGAGTCGGCCTTCGTGTATG 

 R GCCCGTAGCTGAGGTTGTC 

β-catenin F AAAGCGGCTGTTAGTCACTGG 

 R CGAGTCATTGCATACTGTCCAT 

TCF7L1 F TCGTCCCTGGTCAACGAGT 

 R ACTTCGGCGAAATAGTCCCG 

TCF7L2 F AGAAACGAATCAAAACAGCTCCT 

 R CGGGATTTGTCTCGGAAACTT 

PPARδ F CAGGGCTGACTGCAAACGA 

 R CTGCCACAATGTCTCGATGTC 

LEF1 F AGAACACCCCGATGACGGA 

 R GGCATCATTATGTACCCGGAAT 

TCF7 F CTGGCTTCTACTCCCTGACCT 

 R ACCAGAACCTAGCATCAAGGA 

Wnt9a F AGCAGCAAGTTCGTCAAGGAA 

 R CCTTCACACCCACGAGGTTG 

Cyclin D F GCTGCGAAGTGGAAACCATC 

 R CCTCCTTCTGCACACATTTGAA 

GAPDH F ATGGGGGAAGGTGAAGGTCG 

 R GGGGTCATTGATGGCAACAAT 

 

2.9 Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis and Western blotting 

For the 48 hr and 72 hr 1 µM JQ1 treatments, the SUM44-PE cell line was seeded 

750,000 cells per T25 flask, MDA-MB-134VI 900,000 cells per T25 flask, and the 

OCUB-M and CAMA-1 cell lines 500,000 cells per T25 flask. For siRNA knockdown 

experiments the MDA-MB-134VI cell line was seeded 300,000 cells/well, and the 

OCUB-M and CAMA-1 cell lines were seeded 500,000 cells/well in a 6-well plate.  
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2.9.1 Protein extraction 

Cells were trypsinised and centrifuged at 1300 rpm for 3 minutes to pellet the cells. 

The supernatant was removed and cells were re-suspended in 1 ml of cold PBS. The 

cell suspension was centrifuged at 11,000 rpm for 1 minute. PBS was removed and 

cells were re-suspended in 50 µl of RIPA lysis buffer (50 mM Tris pH 7.4, 150 mM 

NaCl, 1% Triton X-101, 1 mM EDTA, Triton X-100) supplemented with 1X protease 

inhibitors (Sigma-Aldrich Ltd., Dublin, Ireland). The cells were vortexed in the lysis 

buffer and incubated on ice for 30-40 minutes.  

2.9.2 Protein quantification 

Protein quantification was done using a bicinchoninic acid (BCA) protein assay 

(Pierce, Illinois, USA). 25 µl of bovine serum albumen (BSA) protein standards were 

pipetted into a 96-well plate in triplicate. 24 µl of dH2O was pipetted into separate 

wells in triplicate followed by 1 µl of protein to be quantified. 200 µl of BCA working 

reagent (1:50 ratio of reagent B: reagent A) was pipetted on top of the 25 µl in each 

well followed by incubation at 37°C for 30 minutes. Absorbance was measured at 

570 nm on a SpectraMax M2 plate reader. 

2.9.3 Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis  

Protein samples were prepared in a total volume of 15 µl with 15-25 µg of protein, 5 

µl of NuPAGE LDS sample buffer (Thermo Fisher Scientific, Dublin, Ireland), 2 µl of 

β-mercaptoethanol (Sigma-Aldrich Ltd, Arklow, Ireland) and dH2O. Samples were 

boiled at 100°C for 5 minutes and then cooled on ice. 8-10% sodium dodecyl sulfate 

(SDS)-polyacrylamide gels were prepared in a Bio-Rad Mini Trans-Blot Cell (Bio-Rad 

Laboratories, Hercules, CA, USA) and filled with 1X running buffer (1 litre solution: 

3.03 g Tris base, 14.4 g glycine, 1 g SDS, dH2O). 4 µl of PageRuler Prestained 

Protein Ladder Plus (Thermo Fisher Scientific, Dublin, Ireland) was loaded in the first 

well of the gel followed by 15 µl of the prepared protein sample in subsequent wells. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was run at 

90 V for 15 minutes followed by 120 V for approximately 1 hour.  
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2.9.4 Western blotting 

Following SDS-PAGE, the gel was transferred to a PVDF membrane (Bio-Rad, 

Munich, Germany) using a transfer sandwich comprising sponge, 2 x whatman filter 

papers, PVDF membrane, gel, 2 x whatman filter paper and sponge in a transfer 

cassette. Everything was kept wet with 1X transfer buffer (1 litre solution: 3.03 g Tris 

base, 14.26 g glycine, 200 ml methanol, dH2O) and the transfer cassette was put in 

a Bio-Rad Trans-Blot Cell (Bio-Rad Laboratories, Hercules, CA, USA). The Bio-Rad 

Trans-Blot Cell was also filled with 1X transfer buffer. Western blotting was carried 

out using 300 mA for 3 hours in the cold room and in a bucket filled with ice to keep 

the transfer cold. The membrane was washed with 1X TBST (For 1 litre solution: 

6.05 g Tris base, 8.76 g NaCl, dH2O, pH 7.5) and blocked with 5% milk in 1X TBST 

for 1 hour at RT before antibody probing. Membranes were incubated in primary 

antibody overnight at 4°C. Membranes were then washed 3 x 5 minutes in 1X TBST 

followed by incubation in HRP-linked secondary antibody (Dako, Glostrup, Denmark) 

for 2 hours at RT. Membranes were then washed again for 3 x 5 minutes. 

Membranes were developed using Enhanced Chemiluminescence Western Blotting 

Substrate Kit (Thermo Fisher Scientific, Dublin, Ireland) and signal was captured 

using the Amersham Imager 600 (GE Healthcare Life Sciences, Buckinghamshire, 

UK) or films (Fuji SuperRX film, Fuji, Tokyo, Japan) and fixer/developer.  

2.10 Small interfering RNA knockdown 

Cells were transfected with i) non-targeting negative control, BRD2, BRD3 or BRD4 

ON-TARGETplus small interfering RNA (siRNA) SMARTpool or ii) non-targeting 

siRNA control #1, Wnt11 siRNA #1, Wnt11 siRNA #2, Wnt11 siRNA #3, Wnt4 siRNA 

#1, Wnt4 siRNA #2, Wnt4 siRNA #3 ON-TARGETplus siRNA (Dharmacon, GE 

Healthcare Life Sciences, Buckinghamshire, UK) using Lipofectamine 2000 (Thermo 

Fisher Scientific, Dublin, Ireland) according to the manufacturer’s guidelines. siRNA 

was transfected at a concentration of 100 pmol for western blotting and at 5 pmol for 

MTT assay for SMARTpool siRNAs (BRD2, BRD3, BRD4 proteins). siRNA was 

transfected at a concentration of 200 pmol for western blotting and at 40 pmol for 

annexin V/PI analysis for ON-TARGETplus siRNA (Wnt11, Wnt4 protein). The MDA-

MB-134VI cell line was seeded 300,000 cells/well, and the OCUB-M and CAMA-1 

cell lines were seeded 500,000 cells/well in a 6-well plate followed by SDS-PAGE 
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and western blotting 48 hr (BET proteins) or 72hr (Wnt11, Wnt4) post siRNA 

knockdown. For MTT assay, the MDA-MB-134VI cell line was seeded at 20,000 

cells/well in a 96-well plate and the OCUB-M and CAMA-1 cell lines seeded at a 

density of 3,500 cells/well. siRNA knockdown was carried out for 48 hr, 50 µl of 

RPMI (supplemented with 1% FBS, 1% L-glutamine, 1% penicillin/streptomycin) was 

added to each well, followed by another 48 hr or 96 hr and MTT assay performed. 

For annexin V/PI assay, the CAMA-1 cell line was seeded at 60,000 cells/well in a 

24-well plate and siRNA knockdown was carried out for 72 hr followed by 1 µM JQ1 

treatment for a further 72 hr. 

2.11 RNA Sequencing of ILC cell lines 

The SUM44-PE cell line was seeded at a density of 4 million cells and the MDA-MB-

134VI seeded at a density of 5 million cells in T75 flasks and treated for 48 hr with 1 

µM JQ1. RNA was extracted as previously described and cleaned using RNeasy 

Mini Kit (Qiagen, Manchester, UK). RNA was quantified using NANODROP 1000 

(Mason Technology, Dublin, Ireland) and quality was validated using bioanalyser 

(Agilent Technologies, Cork, Dublin). 100 ng RNA was used for library preparation. 

Libraries were prepared as per manufacturing instructions using TruSeq Stranded 

mRNA Library Prep Kit for NeoPrep (Illumina, Cambridge, UK). Paired-end RNA 

sequencing was carried out using the NEXTseq 500 Sequencing System (Illumina, 

Cambridge, UK).  

2.11.1 Data preparation 

Paired-end data was downloaded using the BaseSpaceFastqDownload tool from 

Illumina BaseSpace, as fastq files. The fastq files were quality assessed following 

FastQC. In the event that a single sample had multiple fastq files, these were 

concatenated using the ‘cat’ command in Unix shell. Data was trimmed using the 

BBDuk tool in the BBMap package in order to remove any sequencing adapters and 

poor quality base calls (Phred score < 20) before alignment. 

2.11.2 Alignment and processing 

The sequencing data was aligned using STAR version 2.5.2a to the human 

hg19/GRCh37 reference (293), which produced a BAM file (sorted by coordinate). 

Duplicate reads were marked in the BAM file using Picard-Tools ‘MarkDuplicates’ 
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call. The featureCounts tool from the SubRead package produced read counts (294). 

The read counts were combined for the samples and used as input for differential 

gene expression analysis. 

2.11.3 Differential expression 

Differential expression analysis was carried out using the DESeq2 package (295) in 

the R statistical environment (296). The data.frame of counts had all genes with a 

sum of zero across all samples removed. A ‘conditions’ data.frame was created 

based on treatment condition, biological replicate and the cell line. The counts and 

conditions data.frames were loaded into a DESeq2DataSet class object using the 

DESeqDataSetFromMatrix() call, with the design variable set as ‘~ group’. The 

DESeq() call produced two sets of results, based on SUM44-PE or MDA-MB-134VI 

cell lines, comparing the 1 µM JQ1 treatment to the control DMSO treatment for the 

cell line. Four text files resulted, containing each gene expressed, the 

log2FoldChange value and the false discovery rate (FDR) adjusted p-value. 

Fragments-per-kilobase per million reads (FPKMs) were produced using the edgeR 

package (297) rpkm() call. Heatmaps of the top 200 DE genes were produced using 

Perseus software (298) and gene ontology analysis was carried out using the DAVID 

functional annotation tool (299, 300). A principal component analysis plot was 

generated to determine the data quality and consistency. 

2.12 3-Dimensional cell culture 

In a 12-well plate, 200 µl of matrigel (VWR, Dublin, Ireland) was pipetted per well, 

spread using the bottom of a sterile p200 tip and incubated at 37°C for 15 minutes to 

allow the matrigel to set. 30,000 cells/well in 2% matrigel/RPMI of either the SUM44-

PE or MDA-MB-134VI cell lines was added on top of the matrigel, followed by a 

further incubation at 37°C for 20 minutes. 500 µl of 2% matrigel/RPMI was then 

added on top of the cells in each well. Cells were incubated overnight at 37°C 

followed by drug treatment for 72 hr. Media was changed twice weekly and each 

condition was imaged on Day 1, Day 8 and Day 15. On Day 15, 4 µM Calcein AM 

(Thermo Fisher Scientific, Dublin, Ireland) in serum-free RPMI media was added to a 

15 ml falcon tube, mixed well, and incubated at 37°C for 15 minutes. Media was then 

removed from the 3-dimensional (3D) cultures and 1 ml of Calcein AM/RPMI mix 

was added/well for 30 minutes at 37°C prior to imaging. 
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2.13 Ex vivo culture and analysis of ILC primary samples and 

patient derived xenografts 

The ILC primary patient samples T509 and T638 (from, which the patient-derived 

xenograft (PDX) was formed) were obtained in collaboration with Prof. Leonie Young 

at RCSI and sourced from Beaumont Hospital, Dublin, Ireland. Informed consent 

from all eligible patients was received and the study was approved by Institutional 

Review Boards from Royal College of Surgeons IRB #13/09; ICORG 09/07. The 

T509 primary tumour was resected during surgery and was treatment naïve. The 

T638 PDX was established by the Prof. Leonie Young laboratory at RCSI. The ILC 

T638 primary tumour was treated with chemotherapy, radiation therapy and 

tamoxifen and had relapsed and metastasised to the bone and brain. The ILC PDX 

was established from brain metastasise that were successfully engrafted as a PDX 

and then grown and expanded in nonobese diabetic/severe combined 

immunodeficiency (NOD-SCID) mice. Primary tumours from the PDX established 

from the ILC metastatic tumour was resected after 1-month growth to 150 mm3 and 

were at passage 2.  

2.13.1 Ex vivo culture of primary ILC samples 

A piece of dental sponge (Spongostan, Johnson & Johnson) was placed in each well 

of a 24-well plate. 1 ml of HBEC media (Hyclone DMEM/F12 with HEPES, 10 mM 

HEPES, 5% FBS, 1 mg/ml BSA, 1 µg/ml insulin, 0.5 µg/ml hydrocortisone, 50 µg/ml 

gentamycin, 2.5 µg/ml fungizone) containing desired drug concentration was added 

on top of the sponge. The sponges were then allowed to soak at 37°C for 1 hr in 

incubator. Following soaking, a viably frozen ILC PDX (T638) or a ILC primary 

patient sample (T509) was thawed, washed several times with HBEC media to 

remove any residual DMSO from freezing media and cut into small pieces. The small 

tumour pieces were placed on top of the dental sponge soaked with HBEC media 

and desired drug concentration. After 48 hr or 72 hr, the primary patient tumour 

sample or the ILC PDX was analysed by flow cytometry or immunohistochemistry.  
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2.13.2 Antibodies used for flow cytometry analysis of ILC 

primary patient sample and PDX 

Antibodies used to analyse the T638 ILC PDX and T509 primary sample following ex 

vivo culture were the control antibodies IgG-PE and IgG-APC, as well as CD45-PE 

and EpCAM-APC. All antibodies were used at a concentration of 1:100. CD45-PE 

antibody was used for the ILC primary patient sample (T509) in order to detect any 

white blood cells (301), which were omitted from the flow cytometry analysis. 

EpCAM-APC was used as a positive marker for selection of epithelial tumour cells 

(302) in the ILC PDX tumour (T638) as the PDX tumour was CD45 negative. EpCAM 

positivity was validated in ILC cell lines prior to staining the T638 ILC PDX sample. 

Likewise, CD45 positivity was validated in the Jurkat leukemic cell line and CD45 

negativity was validated in ILC cell lines prior to performing flow analysis on the T509 

primary ILC sample. 

2.13.3 Tumour pieces into single cell suspension 

After ex vivo culture for 48 hr or 72 hr in drug, tumour was removed from sponge and 

placed in 1 ml of RPMI media (supplemented with 10% FBS, 1% L-glutamine and 

1% penicillin/streptomycin) in a 10 cm dish. The tumour was minced into small 

pieces using a scalpel (Fisher Scientific, Dublin, Ireland) in the media. The tumour 

was also pipetted up and down vigorously using a p1000 pipette. The tumour was 

centrifuges at 1300 rpm for 3 minutes and the media aspirated off. The tumour was 

digested using 1 ml of 1 mg/ml of collagenase/dispase (Sigma-Aldrich Ltd., Dublin, 

Ireland) for 1 hour at 37°C. The tumour cells were spun down at 1300 rpm for 3 

minutes and re-suspended in fresh RPMI media. A 40 µm cell strainer (Sigma-

Aldrich Ltd., Dublin, Ireland) was placed on top of a 6-well plate for each tumour 

sample and tumour cells were pushed gently through the filter using the top of a 1 ml 

syringe plunger. The strainer was then washed with a further 500 µl of RPMI to 

collect any remaining tumour cells in the cell strainer. The cells were collected using 

a p1000 and placed in an Eppendorf tube. Tumour cells were centrifuged at 0.5 rcf 

for 5 minutes. 
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2.13.4 Flow cytometry analysis of single cell suspension 

Tumour cells were washed in 1 ml PBS (Sigma-Aldrich Ltd., Dublin, Ireland) and 

centrifuged at 1300 rpm for 3 minutes. PBS was aspirated off the cells and re-

suspended in 100 µl FACS buffer (100 ml solution: 1 ml FBS, 400 µl EDTA (0.5 M), 

100 ml PBS, pH 7.4). 1 µl of FCR block (BD Biosciences, Oxford, England) was 

added to each sample and the cells were incubated on ice for 10 minutes. 1 µl of 

antibody (1:100 dilution) was then added and the samples were incubated on ice for 

30 minutes in dark. Tumour cells were centrifuged for 5 minutes at 0.5 rcf and re-

suspended in 250 µl of annexin binding buffer. 1.39 µl of annexin V-FITC ((0.25 

mg/ml, Medical Supply Company Limited, Dublin, Ireland) was added to each 

sample and mixed well. Flow cytometry was carried out using the BD FACSCanto II 

and BD FACSDIVA software. 

2.13.5 Immunohistochemistry analysis of ILC T638 PDX 

The T638 ILC PDX tumour was also analysed by immunohistochemistry (IHC) after 

72 hr drug treatment ex vivo. The ILC PDX tumour pieces were fixed using 10% 

formalin overnight. After tumour fixation for >12 hours, the tumour pieces were 

placed in individual embedding cassettes and submerged in 70% ethanol for at least 

24 hr. Tumour tissue was processed in the tissue processor and embedded in 

paraffin. 5-micron thick tissue sections were cut from the paraffin embedded blocks 

and mounted on slides. Tissue was baked for 8 hr at 65°C prior to haematoxylin and 

eosin (H & E) or immunohistochemistry (IHC) staining. These methods were adapted 

from previous publications (303-305). 

2.13.6 Haematoxylin and Eosin staining 

Slides were deparaffinised using xylene (Sigma-Aldrich Ltd., Arklow, Dublin) for 2 x 3 

minutes; then rehydrated with 100% industrial methylated spirits (IMS) (2 x 3 

minutes) and 70% IMS (3 minutes); followed by washing with PBS (Sigma-Aldrich 

Ltd., Arklow, Dublin) for 5 minutes. Slides were stained with haematoxylin (Sigma-

Aldrich Ltd., Arklow, Dublin) for 3 minutes and washed with tap water for 5 minutes. 

Slides were then stained with eosin (Sigma-Aldrich Ltd., Arklow, Dublin) for 5 

minutes, and washed in tap water by dipping the slide in and out of the water 

multiple times. Slides were then washed in 70% IMS, followed by dehydration with 
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70% IMS (3 minutes) and 100% IMS (2 x 3 minutes) and clearing with xylene for 2 x 

3 minutes. Slides were allowed to dry and then mounted with DPX mountant (Sigma-

Aldrich Ireland Ltd., Arklow, Ireland) and coverslip. 

2.13.7 Immunohistochemistry 

Slides were deparaffinised using xylene (Sigma-Aldrich Ltd., Arklow, Dublin) for 2 x 3 

minutes; then rehydrated with 100% IMS (2 x 3 minutes) and 70% IMS (3 minutes); 

followed by washing with PBS (Sigma-Aldrich Ltd., Arklow, Dublin) for 5 minutes. 

Antigen retrieval was carried out by placing the slides in sodium citrate (Sigma-

Aldrich Ltd., Arklow, Dublin) and microwaving for 8 minutes on high power, followed 

by cooling on bench for 20 minutes. Slides were washed in TBST (2 x 5 minutes). 

Peroxidase blocking solution was added to the tissue for 5 minutes followed by 

washing in dH2O for 5 minutes (Dako Envision+ System HRP (DAB) Kit, Agilent 

Technologies UK Limited, Cheshire, UK). Primary antibody in antibody diluent (0.05 

mol/l Tris-HCl (pH 7.2-7.6) containing 1% BSA) was applied for 1 hr 30 min at RT 

followed by 3 x 5 minute washes with TBST. Secondary antibody was applied for 30 

minutes at RT (Dako Envision+ System HRP (DAB) Kit, Agilent Technologies UK 

Limited, Cheshire, UK) followed by 3 x 5 minute washes with TBST. DAB+ substrate 

(Dako Envision+ System HRP (DAB) Kit, Agilent Technologies UK Limited, Cheshire, 

UK) was added for 5-10 minutes on the tissue followed by washing with dH2O for 5 

minutes to stop the reaction. Slides were counter-stained for 3 minutes using 

haematoxylin (Sigma-Aldrich Ltd., Arklow, Dublin) at RT. Slides were then washed 

with tap water for 5 minutes followed by tissue dehydration (70% IMS (3 minutes) 

and 100% IMS (2 x 3 minutes)) and clearing (xylene for 2 x 3 minutes). Slides were 

allowed to dry and then mounted with DPX mountant (Sigma-Aldrich Ltd., Arklow, 

Dublin) and coverslip. 

2.14 Statistical analysis 

Kaplan-Meier and univariate continuous cox regression analysis was used to 

determine the effect BRD2/3/4 expression had on recurrence-free survival or 

disease-specific survival, with a log-rank test determining significance. Differential 

expression from the RNA sequencing data following 1 µM JQ1 was determined using 

DESeq2 that uses the Wald test to determine statistical significance. Non-linear 

regression analysis was used to plot dose-response curves. One-Way Analysis of 
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Variance (ANOVA) was used to compare the mean of three or more independent 

groups to determine statistical significance. Two-Way ANOVA was used to test 

statistical significance between two groups that have been divided on two 

independent variables. A student’s t-test was used to test for statistical significance 

by comparing the mean of two independent groups. All data, unless stated 

otherwise, shows +/- standard error of the mean (SEM) from three independent 

experiments (N=3). GraphPad prism was used to calculate statistics. * denotes p is 

≤0.05, ** denotes p is ≤0.01, *** denotes p is ≤0.001 and **** denotes p is ≤0.0001. 
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Chapter Three: Identification of a Novel Therapeutic Target in 

ILC 
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3.1 Introduction 

3.1.2 Epigenetic regulation of ILC 

ILC represents an understudied subtype of breast cancer and has limited available 

resources. The majority of ILC breast cancer are ER positive and treated with 

endocrine therapy (75, 80). Resistance to endocrine therapy is a major problem in 

the treatment of ILC. One in three women are de novo resistant to endocrine 

therapies, 40% of patients will relapse on endocrine treatment (151, 152) and 

furthermore some studies have suggested that ILC may do worse on endocrine 

therapy (155, 156). ILC tumours also have been reported to have poor response to 

chemotherapy (157). In order to identify novel therapeutic targets for the treatment of 

ILC, RNA sequencing data from two independent cohorts was analysed by Dr. 

Finbarr Tarrant (University College Dublin, Ireland). The cohorts comprised the 

RATHER discovery dataset that harbours 61 primary ILC patient samples and the 

METABRIC validation dataset composed of 99 primary ILC patient samples. From 

this analysis, the epigenetic protein BRD3 was identified as being associated with 

poor survival in ILC. BRD3 is a member of the BET family of chromatin readers that 

regulate gene transcription. Other members of the BET family are BRD2, BRD4 and 

BRDT (175), with BRDT expression restricted to the testis (176). BET proteins bind 

acetylated lysine residues on nucleosomal histones through their tandem 

bromodomains and recruit transcription factors and chromatin modifying enzymes to 

gene promoters and enhancers (180-182). BET protein functions are thought to be 

redundant due to sequence homology (191) but very little research has been done 

on the precise roles of these proteins, particularly BRD3. BRD3 has been reported 

(along with BRD2) to facilitate RNA polymerase II gene transcription (190). BRD3 is 

also recruited to chromatin by acetylated GATA1 and binds acetylated GATA1 via its 

BD1 domain, in order to promote erythroid maturation (306).  

3.2 Aims of chapter 3 

The aims of this chapter was to first test the sensitivity of a panel of ILC cell lines to 

the endocrine therapies tamoxifen and fulvestrant in vitro. Once this was established 

the sensitivity of the ILC cell lines to BET inhibition using JQ1 was measured, in 

order to compare endocrine treatment to BET inhibition. The effects of JQ1 on 
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common growth promoting genes was also assessed in the ILC cell lines. Finally, the 

BET proteins responsible for sensitivity to JQ1 were identified. 

3.3 Results 

3.3.1 BRD3 is associated with poor survival in ILC using a 

discovery cohort of 61 primary ILC samples  

As part of the EU FP7 project RATHER (www.ratherproject.com), paired-end RNA 

sequencing was carried out on 61 primary ILC patient samples using the Illumina 

HiSeq platform to determine if altered expression of genes was associated with 

survival in ILC. This cohort of ILC patient tumours had accompanying clinical data 

with 6.8 years’ median clinical follow-up. Gene expression was grouped into low and 

high expression based on the median value and continuous cox regression 

analysis was performed to determine recurrence-free survival in ILC (Figure 3.1). 

From this analysis the BET protein BRD3, but none of the other BET family of 

proteins, was significantly associated with poor recurrence-free survival in ILC (p-

value: 0.0306, Hazard ratio: 8.6261, CI 95%: 1.2228 - 60.85) (Figure 3.1). This result 

suggests that BRD3 may have a role in ILC tumorigenesis. 
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Figure 3.1: BRD3 is associated with poor recurrence-free survival in a ILC 

patient discovery cohort. Kaplan Meier curves showing the association of BRD2, 

BRD3 and BRD4 mRNA expression with recurrence-free survival in ILC primary 

patient samples (n=61) from the RATHER discovery cohort using continuous cox 

regression analysis. BRD3 was the only BET family member to be associated with 

poor survival in ILC. This analysis was carried out by a bioinformatician Dr. Tarrant 

(University College Dublin, Ireland). CI 95%= 95% confidence interval.  

 

3.3.2 BRD3 is associated with poor survival in ILC in the 

METABRIC validation cohort of 99 primary ILC samples  

To validate these findings, the association of BRD3 with survival in RNA sequencing 

data from 99 ILC patient samples was assessed from the total 2,000 patient samples 

analysed, as part of the METABRIC dataset (36). There were not sufficient events to 

calculate recurrence-free survival, therefore disease-specific survival was used. The 

expression of the BET family of proteins was again grouped into low and high 

expression based on the median value and continuous cox regression analysis was 

performed to determine disease-specific survival in ILC (Figure 3.2). In line with the 

RATHER discovery cohort, BRD3, but none of the other BET family proteins was 

associated with poor disease-specific survival in ILC (p-value: 0.0159, Hazard ratio: 

3.1562, CI 95%: 1.2402 - 8.0324) (Figure 3.2).  
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This data from both the discovery and validation cohort (Figure 3.1, 3.2) suggest that 

BRD3 may play a significant role in tumour progression in ILC and that BRD3 may 

be a novel therapeutic target for ILC. 

 

Figure 3.2: BRD3 is associated with poor disease-specific survival in a ILC 

patient validation cohort. Kaplan Meier curves showing the association of BRD2, 

BRD3 and BRD4 mRNA expression with disease-specific survival in ILC primary 

patient samples (n=99) from the METABRIC validation cohort using continuous cox 

regression analysis. BRD3 was the only BET family member to be associated with 

poor survival in ILC. This analysis was carried out by Dr. Finbarr Tarrant (University 

College Dublin, Ireland). CI 95%= 95% confidence interval. 

 

3.3.3 BRD3 is not associated with poor survival in breast 

cancer as assessed by BreastMark 

It was identified that high expression of BRD3 was associated with poor survival in 

ILC in both the RATHER and METABRIC cohorts (Figure 3.1, 3.2). Next it was 

sought to ensure that high expression of BRD3 was not associated with poor survival 

in breast cancer as a whole. For this purpose, the BreastMark online algorithm tool 

was used that has gene expression data and survival data for 4, 738 breast cancer 

samples (http://glados.ucd.ie/BreastMark/) (307). High expression of BRD3 was not 

associated with poor disease-free survival (DFS) in breast cancer (p: 0.6183, Hazard 

ratio: 1.032, CI 95%: 0.9107 – 1.17) (Figure 3.3). Likewise, high expression of BRD2 

http://glados.ucd.ie/BreastMark/
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was not associated with poor DFS in breast cancer (p: 0.2649, Hazard ratio: 1.07, CI 

95%: 0.9501 – 1.205) and neither was BRD4 (p: 0.5722, Hazard ratio: 0.9664, CI 

95%: 0.8583 – 1.088) (Figure 3.3). These results suggest that the previous findings, 

that high expression of BRD3 is associated with poor survival in ILC, was specific to 

ILC as this finding is not seen in breast cancer as a whole (Figure 3.3) 

 

 

Figure 3.3: BRD3 is not associated with poor disease-free survival in breast 

cancer as a whole. Kaplan Meier curves showing the association of BRD2 

(n=2592), BRD3 (n=2297) and BRD4 (n=2592) mRNA expression with disease-free 

survival in breast cancer patients using the BreastMark online algorithm tool (307). 

Neither BRD2, BRD3 or BRD4 were associated with poor survival in breast cancer 

patients with luminal A, luminal B, HER2 and basal-like breast cancer subtypes. CI 

95%= 95% confidence interval. 

 

3.3.4 Characterisation of ILC cell lines 

There is an insufficiency of ER-positive ILC cell lines for use in pre-clinical studies 

(73). Therefore, for this study, the only two widely available true ER-positive ILC cell 

lines SUM44-PE and MDA-MB-134VI and two ‘ILC-like’ cell lines OCUB-M and 

CAMA-1 were chosen (Figure 3.4; Table 3.1). All of the ILC cell lines are negative for 

E-cadherin, which is characteristic of ILC and three out of four ILC cell lines are 

positive for the expression of the ER (Figure 3.4; Table 3.1).  
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Figure 3.4: Characterisation of ILC cell line models. Representative western blots 

showing the expression of ER and E-cadherin in the panel of ILC cell lines used in 

this study. The experiment was done in biological duplicate and β-Actin is shown as 

a loading control. 

 

Additionally, the SUM44-PE and CAMA-1 cell lines are positive for PgR expression 

(Table 3.1) (93, 308). Furthermore, all ILC and ‘ILC-like’ cell lines used in this study 

display a round cellular phenotype, lack HER2 and have E-cadherin mutations 

(Table 3.1) (93, 308-314). 

 

Table 3.1: Characteristics of ILC and ‘ILC-like’ cell lines used in this study. The 

table shows the tissue of origin, tumour, phenotype, ER/PgR/HER2/E-cadherin 

status, as well as E-cadherin mutation status. The table was populated based on 

observations from this study and the literature (93, 308-314). It has been reported 

that the CAMA-1 cell line expresses E-cadherin protein, but the E-cadherin protein is 

truncated and non-functional due to a in frame mutation (313). E-cadherin protein 

expression was not detected in this study. Table was adapted from (93, 308-314). 

Cell line Tissue Tumour Phenotype ER PgR HER2 E-cadherin E-cadherin mutation 

SUM44-PE Breast ILC Round + + - - Protein truncating 

MDA-MB-

134VI 

Breast ILC Round + - - - Protein truncating 

OCUB-M Breast Carcinoma Round - - - - Protein truncating 

CAMA-1 Breast Carcinoma Round + + - - In frame 
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JQ1 is an inhibitor that targets BRD3, as well as the other BET family proteins in the 

breast tissue (BRD2 and BRD4) (195). As JQ1 targets all BET family members, the 

expression of BRD2, BRD3 and BRD4 was measured in the panel of ILC cell lines. 

BRD2, BRD3 and BRD4 were expressed in all ILC cell lines used in this study 

(Figure 3.5a). BRD2 is significantly expressed to a greater extent in the MDA-MB-

134VI cell line (p≤ 0.01) compared the SUM44-PE, OCUB-M and CAMA-1 cell lines 

(Figure 3.5b). BRD3 appears to have higher expression in the MDA-MB-134VI and 

OCUB-M cell lines compared to the SUM44-PE and CAMA-1 cell lines, although this 

is not statistically significant (Figure 3.5b). Likewise, BRD4 appears to have higher 

expression in the MDA-MB-134VI and CAMA-1 cell lines compared to the SUM44-

PE and CAMA-1 cell lines, however this is not statistically significant (Figure 3.5b). 

 

Figure 3.5: The panel of ILC cell lines express BRD2, BRD3 and BRD4. (A) The 

western blots show the expression of BRD2, BRD3 and BRD4 in the panel of ILC 

cell lines. The experiment was repeated two times and representative blots are 

shown. β-Actin is shown as a loading control. (B) Densitometry for the expression of 

BRD2, BRD3 and BRD4 in the cell lines is shown. Error bars show +/- standard error 

of the mean (SEM). Asterisks indicates significance using One-Way Analysis of 

variance (ANOVA) p≤ 0.05. 
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3.3.5 ILC cell lines are relatively insensitive to endocrine 

therapy in vitro 

The majority of ILC are ER positive and are therefore treated with endocrine therapy 

(75, 80). Hence, the sensitivity of the ER-positive cell lines from the ILC panel 

(SUM44-PE, MDA-MB-134VI and CAMA-1) to endocrine therapies was assessed. 

The cell lines were treated with either tamoxifen or fulvestrant (Figure 3.6) for 5 days 

followed by a MTT cell viability assay. Tamoxifen is an endocrine therapy used in the 

treatment of both pre- and postmenopausal women, whereas fulvestrant is an 

endocrine therapy used mostly for the treatment of postmenopausal women (315). 

Most ILC cell lines were not very sensitive to growth inhibition by tamoxifen (Figure 

3.6a) or fulvestrant (Figure 3.6b) in vitro as compared to the IDC endocrine therapy 

sensitive cell line MCF-7. The IC50 values for fulvestrant were unable to be 

calculated as the drug is having a growth plateau effect on the ILC cell lines (Figure 

3.6b). The MDA-MB-134VI cell line displayed similar growth inhibitory effects as the 

MCF-7 cell line following endocrine therapy treatment, but the SUM44-PE and 

OCUB-M cell lines were relatively more resistant (Figure 3.6a, b). 

 

 

 



75 

 

  

Figure 3.6: Most ILC cell lines are not very sensitive to endocrine therapy in 

vitro. Cell viability curves of ER-positive ILC cell lines and of an ER-positive IDC cell 

line (MCF-7) as a reference for sensitivity to (A) tamoxifen treatment or (B) 

fulvestrant treatment after 120 hr using MTT assay. Mean of N=3 experiments 

plotted using nonlinear regression. Error bars show +/- SEM. IC50 values are listed 

beside each cell line. 

 

3.3.6 ILC cell lines are sensitive to JQ1-mediated growth 

inhibition 

As mentioned, JQ1 is an inhibitor of the BET family of proteins. It was shown that 

BRD3 is associated with poor survival in ILC (Figure 3.1, 3.2), therefore the 

sensitivity of ILC cell lines to JQ1 was examined. JQ1 inhibited the growth of all ILC 

cell lines tested (Figure 3.7), as assessed using MTT assay and displayed much 

lower IC50 values compared to tamoxifen (Figure 3.6a). The IC50 values for 

Fulvestrant were unable to be calculated, as the drug is having a growth plateau 

effect, but JQ1 is also more effective at inhibiting the growth of ILC cell lines 

compared to fulvestrant based on the shape of the dose response curves (Figure 

3.6b, 3.7). These results suggest that ILC cell lines are more sensitive to JQ1 
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compared to endocrine therapy in vitro. Importantly, ILC cell line sensitivity to JQ1 

growth inhibition is not dependent on the level of BRD3 protein expression (Figure 

3.5a, b). 

 

Figure 3.7: JQ1 inhibits growth in ILC cell lines. Dose response curve following 

96 hr of treatment with JQ1 assessed by MTT assay. Mean of N=3 experiments 

plotted using nonlinear regression. Error bars show +/- SEM. IC50 values are listed 

beside each cell line. 

 

3.3.7 The regulation of growth promoting genes by JQ1 in ILC 

Since JQ1 inhibited cell growth of the ILC cell lines it was investigated if JQ1 altered 

the protein expression of the growth promoting genes MYC, ER and ER-target gene 

progesterone receptor (PgR) in a time-dependent manner. The results show that 

JQ1 downregulates the MYC oncogene in all ILC cell lines, as has been previously 

reported in other cancer cell types (197, 200, 208, 210, 212). Interestingly, JQ1 

treatment caused a variable downregulation of ER and PgR in select ILC cell lines 

(Figure 3.8a). The ER protein was downregulated in the MDA-MB-134VI and CAMA-

1 cell line but not in the SUM44-PE cell line. ER was not detected in the OCUB-M 

cell line (Figure 3.8a). PgR expression was only detected in the SUM44-PE and 
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CAMA-1 cell lines. In the SUM44-PE cell line PgR was initially downregulated at the 

protein level at 48 hr JQ1 treatment, but expression recovered at 72 hr (Figure 3.8a). 

Whereas PgR in the CAMA-1 cell line is downregulated at the protein level at all 

time-points following JQ1 treatment (Figure 3.8a). There appears to be a variable 

response in the protein expression of the ER and PgR following JQ1 treatment, 

therefore ER signalling was assessed using ER and ER-target genes via qPCR 

(Figure 3.8b).  

Next, the mRNA levels of ER and the ER-target genes PgR and TFF1 were 

assessed by qPCR following JQ1 treatment over time (Figure 3.8b). ER mRNA 

appeared to be downregulated in all 4 ILC cell lines, with only very slight effects 

evident in the SUM44-PE and MDA-MB-134VI cell lines (Figure 3.8b). The 

expression of ER was not altered following JQ1 treatment at the protein level in the 

SUM44-PE cell line (Figure 3.8a), but the downregulation of ER at the mRNA level is 

in accordance with the protein data for the MDA-MB-134VI and CAMA-1 cell lines 

(Figure 3.8a, b). Downregulation of the ER mRNA was only statistically significant in 

the CAMA-1 cell line at both the 48 hr (p≤ 0.0001) and 72 hr (≤ 0.01) time-points 

(Figure 3.8b). In addition, ER-target gene transcription is downregulated in 3 ILC cell 

lines, namely in the MDA-MB-134VI, OCUB-M and the CAMA-1 cell lines (Figure 

3.8b). Surprisingly, in the SUM44-PE cell line, ER-target gene transcription (PgR and 

TFF1) seems to be upregulated following JQ1 treatment. TFF1 seems to be 

upregulated in the SUM44-PE cell line following 48 hr JQ1 treatment and is 

significantly upregulated following 72 hr JQ1 treatment (p≤ 0.05) (Figure 3.8b). 

Additionally, in the SUM44-PE cell line, although not statistically significant, PgR 

transcription is initially inhibited at 48 hr but recovers at 72 hr (Figure 3.8b) that is in 

accordance with the PgR protein data (Figure 3.8a). Also in accordance with the 

protein data, PgR transcription in the CAMA-1 cell line was significantly 

downregulated after both 48 hr (p≤ 0.01) and 72 hr (p≤ 0.05) JQ1 treatment (Figure 

3.8a, b). TFF1 is also significantly downregulated in the CAMA-1 cell line following 

48 hr (p≤ 0.0001) and 72 hr (p≤ 0.0001) JQ1 treatment (Figure 3.8b). In the OCUB-M 

cell line although non-significant, PgR appears to be downregulated and TFF1 is 

significantly downregulated at both the 48 hr (p≤ 0.0001) and 72 hr (p≤ 0.0001) 

following JQ1 treatment (Figure 3.8b). 
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These results indicate that JQ1 displays context specific regulation of ER and ER-

target genes in ILC cell lines. ER and ER-target genes are downregulated both at the 

mRNA and protein level in ILC cell lines following JQ1 except for the SUM44-PE cell 

line. As JQ1 inhibits highly transcribed genes in cancer, the SUM44-PE cell line may 

not be dependent on ER for cell survival or there may be transcriptional rewiring to 

enable upregulation of the ER in this cell line, which has been suggested previously 

(207). 
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Figure 3.8: JQ1 downregulates growth-promoting genes in ILC cell lines. (A) 

Representative images of western blotting for growth promoting proteins after 0 hr, 

48 hr and 72 hr of 1 µM JQ1 treatment. Western blots were carried out in biological 

triplicate and β-Actin acts as loading control.  (B) qPCR for ER and ER-target genes 

following 1 µM JQ1 treatment after 0 hr, 48 hr, and 72 hr. Mean of N=3 experiments 

plotted. Error bars show +/- SEM. Asterisk indicates significance using One-Way 

ANOVA p≤ 0.05. 

 

3.3.8 The combination of JQ1 and endocrine therapy is 

synergistic in ER-positive ILC cell lines in vitro 

 As JQ1 can regulate the ER and ER-target genes, it was investigated if the 

combination of JQ1 and tamoxifen or the combination of JQ1 and fulvestrant was 
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synergistic in the ILC cell lines (Figure 3.9a, b). This was performed using an MTT 

cell viability assay. Five distinct doses of JQ1 were compared to five distinct doses of 

tamoxifen or Fulvestrant in a 6 X 6 matrix. Synergy was assessed using the 

combination index (CI) <0.7 using CompuSyn software. Synergy is marked with an 

asterisk. Interestingly, synergy with a CI <0.7 was detected with the JQ1 and 

tamoxifen combination treatment in both the SUM44-PE and MDA-MB-134VI cell 

lines (Figure 3.9a); and synergy with a CI <0.7 was also detected with the 

combination of JQ1 and fulvestrant in the MDA-MB-134VI and CAMA-1 cell lines 

(Figure 3.9b). In line with these findings the combination of JQ1 and fulvestrant has 

been previously reported to be synergistic in an IDC ER-positive breast cancer 

xenograft in vivo (207). The results suggest that the combination of JQ1 and 

tamoxifen or the combination of JQ1 and fulvestrant may be a therapeutic option for 

ILC. 
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Figure 3.9: JQ1 in combination with tamoxifen or fulvestrant is synergistic in 

ILC cell lines. Cell viability heatmap matrix using MTT assay 96 hr after JQ1 and 

tamoxifen combination (A) or JQ1 and fulvestrant combination (B) treatment. The 

mean of N=3 experiments was analysed using CompuSyn software to detect 

synergy. Synergy with a combination index (CI) <0.7 is marked with an asterisk. 

 

3.3.9 Multiple BET proteins, including BRD3, are responsible 

for sensitivity to JQ1 

All ILC cell lines tested are sensitive to JQ1 mediated growth inhibition. As JQ1 

targets all BET proteins in the breast tissue, BRD2, BRD3 and BRD4, it was next 

determined what BET protein was responsible for JQ1 sensitivity in the panel of ILC 

cell lines. siRNA knockdown of BRD2, BRD3 and BRD4 was performed in the 

OCUB-M, MDA-MB-134VI and CAMA-1 cell lines after 48 hr. Specific siRNA 

knockdown of each individual BET family protein was achieved in the cell lines, as 
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assessed by Western blot (Figure 3.10a). Cell growth was then assessed using an 

MTT assay 48 hr and 96 hr post initial 48 hr siRNA knockdown. The results show 

that knockdown of BRD2 and BRD3, appeared to reduce cell growth in the OCUB-M 

cell line at the 48 hr and 96 hr post knockdown time point (Figure 3.10b). BRD3 

knockdown at the 96 hr post knockdown time point in the OCUB-M cell line 

significantly inhibited cell growth (p≤ 0.05) (Figure 3.10b). In the CAMA-1 cell line 

BRD3 (p≤ 0.01) and BRD4 (p≤ 0.05) significantly inhibited cell growth at the 48 hr 

post knockdown time point (Figure 3.10c). Likewise, at the 96 hr post knockdown 

time point BRD3 (p≤ 0.01) and BRD4 (p≤ 0.01) also significantly inhibited cell growth 

in the CAMA-1 cell line (Figure 3.10c) Knockdown of BRD4 seemed to slightly 

reduced cell growth in the MDA-MB-134VI cell line at both the 48 hr and 96 hr post 

knockdown time points, although this was not statistically significant (Figure 3.10d).  

Interestingly, BRD3 knockdown had a slightly greater growth inhibitory effect than 

the other BET proteins in both the OCUB-M and CAMA-1 cell lines (Figure 3.10b, c) 

and BRD3 may slightly effect cell growth in the 48 hr post knockdown time point in 

the MDA-MB-134VI cell line (Figure 3.10d). These results suggest that there are 

multiple BET proteins contributing to cell viability in the panel of ILC cell lines, and 

that BRD3 may play a role in maintaining cell viability in all ILC cell lines tested. 
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Figure 3.10: Multiple BET proteins are responsible for cell viability in ILC cell 

lines in vitro.  (A) Representative western blots from two biological replicates 

showing representative siRNA knockdown of BRD2, BRD3 and BRD4 in the OCUB-

M, CAMA-1 and MDA-MB-134VI cell lines after 48 hr. Cell viability plots from MTT 

assay data following initial 48 hr BET protein siRNA knockdown followed by either a 

further 48 hr or 96 hrs in the (B) OCUB-M cell line, (C) CAMA-1 cell line and (D) 

MDA-MB-134VI cell line. Mean of N=3 experiments plotted. Error bars show +/- 

SEM. Asterisks indicates significance using One-Way ANOVA p≤ 0.05. 
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3.4 Discussion 

This study emerged from RNA sequencing analysis of 160 primary ILC samples in 

two separate cohorts from, which high expression of BRD3 was associated with poor 

survival in ILC. This is a large cohort of patients for ILC, as this subtype of breast 

cancer only comprises 8-14% of all breast tumours (39, 40). Additionally, ILC breast 

cancers have in the past been grouped with IDC breast cancers in experimental 

studies, as well as clinical trials (74) as both are ER positive breast cancers and 

therefore treated with endocrine therapy. Only recently, it is becoming more and 

more appreciated that there is a difference between ER positive ILC and IDC, both 

molecularly, as well as with response to endocrine therapy (117, 154-156). More 

research is needed on the regulation of ER in ILC, which may differ to IDC in order to 

understand why there may be a differential response to endocrine therapy. It has 

been reported that ILC cell lines can regulate distinct E2-regulated genes in 

comparison with other breast cancer cell lines (316). Another study suggested that 

IDC may rely on GATA3, as an ER transcriptional coactivator, whereas ILC may rely 

on FOXA1 as its ER transcriptional activator, due to enrichment mutations in ILC 

versus IDC (117, 317). However, this suggestion has not yet been confirmed. 

Recently, novel subtypes of ILC have been identified that are distinct from IDC 

breast cancer (117, 118). Ciriello et al. identified three novel transcriptional subtypes 

of ILC including reactive-like, immune-related and proliferative ILC subtypes. The 

reactive-like subtype had the best outcome and was characterised by cancer 

fibroblast signalling and/or active microenvironment (117). Michaut et al. identified an 

immune related subtype and a hormone related ILC subtype that was characterised 

by epithelial to mesenchymal transition (EMT) (118). The associations of these novel 

subtypes of ILC with endocrine therapy response has yet to be established but will 

be important to understand for the appropriate treatment of ILC.  

In this study, it was identified that high expression of the epigenetic reader BRD3 

was associated with poor survival in ILC in both a discovery cohort of 61 primary 

patient samples (Figure 3.1, RATHER dataset), as well as a validation cohort of 99 

primary patient samples (Figure 3.2, METABRIC dataset (36)). BRD3 is a member of 

the BET family of proteins and other members include BRD2, BRD4 and BRDT 

(175), with BRDT expression restricted to the testis (176). Therefore, the association 

of BRD2 and BRD4 with poor survival in ILC was assessed. Only the BET family 
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member BRD3 was associated with poor survival in ILC (Figure 3.1, 3.2). The BET 

family of proteins bind acetylated nucleosomal histones and recruit cofactors and 

epigenetic machinery to gene promoter and enhancer regions (180-182). 

Importantly, JQ1 does not affect the viability of normal cells (199, 209) and is 

tolerated in vivo (195, 207, 208), but some toxicities have been observed with other 

BET inhibitors in the clinic (214-216). JQ1 was shown to effectively and selectively 

inhibit the bromodomains of BET proteins but no other bromodomain containing 

proteins outside of the BET family, such as p300 (195). This first publication also 

showed that JQ1 displaced the oncogenic BRD4-NUT fusion protein from chromatin, 

inhibited growth and promoted differentiation in NUT midline carcinoma (195). The 

findings suggest that high expression of the BET protein BRD3 is associated with 

poor survival in ILC, therefore the therapeutic potential of the BET inhibitor JQ1 in 

ILC breast cancer was assessed, which has not been done previously. 

For this study two ‘true’ ER positive ILC cell lines and two ‘ILC-like’ cell lines were 

chosen, as there is a lack of available resources in order to study ILC (73). The ILC 

cell lines, SUM44-PE and MDA-MB-134VI, are ER positive and also E-cadherin 

negative, while the OCUB-M and CAMA-1 cell lines, are ‘ILC-like’ IDC cell lines and 

are negative for E-cadherin that is characteristic of ILC (80) (Figure 3.4). The CAMA-

1 cell line is also positive for the ER (Figure 3.4). The BET family of proteins BRD2, 

BRD3 and BRD4 were expressed in all ILC cell lines investigated (Figure 3.5a, b). 

Next, the inherent sensitivity of the ER positive ILC cell lines to the endocrine 

therapies tamoxifen and fulvestrant was tested using a cell viability assay. The ER 

positive ILC cell lines tested were relatively insensitive to both tamoxifen (Figure 

3.6a) and fulvestrant (Figure 3.6b) when compared to the endocrine sensitive cell 

line MCF-7. The MDA-MB-134VI cell line was the closest in sensitivity to the 

endocrine sensitive cell line following treatment with both tamoxifen and fulvestrant 

(Figure 3.6a, b), but this cell line has been reported to be resistant to tamoxifen in a 

previous publication (316). Next, the sensitivity of the panel of ILC cell lines to the 

BET inhibitor JQ1 was measured (195). All ILC cell lines tested were sensitive to 

JQ1-mediated growth inhibition (Figure 3.7), with the IC50 values following JQ1 

treatment much lower for each cell line compared to the IC50 values following 

tamoxifen treatment (Figure 3.6a). The IC50 values for the ILC cell lines following 

fulvestrant treatment was unable to be calculated due to a growth plateau effect of 
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the drug, but the shape of the dose response curves indicated that JQ1 was more 

effective at mediating growth inhibition compared to fulvestrant (Figure 3.6b, 3.7).  

The effect of JQ1 over time on growth promoting genes in ILC was then assessed 

(Figure 3.8a, b). JQ1 downregulated the expression of the Myc oncogene (Figure 

3.8a), which has been widely published in many cancer types and BET proteins have 

also been shown to associate with the Myc super-enhancers (197, 200, 208, 210, 

212). Myc is involved in the regulation of cell proliferation, growth, apoptosis and 

metabolism (318). Myc gene amplification occurs in approximately 15% of all breast 

cancers, but this percentage varies greatly from study to study in the literature (318). 

Likewise, Myc has been reported to be amplified in 21% of ILC (319), however other 

reports suggest that Myc amplification is associated with breast tumours of non-

lobular origin (320) and ILC tumours have low Myc expression (321). Therefore, the 

importance of Myc in ILC breast cancer is not yet clear.  

JQ1 has also previously been reported to downregulate the expression of ER in IDC 

breast cancer (207, 322). In ER-positive breast cancer cells that were made resistant 

to tamoxifen, resistant cells showed enhanced sensitivity to BET inhibition over the 

parental cells (207). Upon treatment with JQ1, the tamoxifen-resistant cells showed 

persistent ER suppression, while the parental cells showed reduced expression of 

the ER initially that recovered with time. The authors postulated that recovery of ER 

alpha expression in the parental cells could be because of a rewiring of the 

transcriptional program by the increased expression of the transcription factor 

GATA3 (207). BRD3 and BRD4 both have important roles in the regulation of ER 

gene transcription (207, 322). BRD3 and BRD4 recruit the H3K36 methyltransferase 

and positive regulator of ER signalling, WHSC1, to the ER in order to facilitate ER 

gene transcription (207). BRD4 binding is also required for recruitment and 

elongation of RNA polymerase II on estrogen response elements (EREs), for H2B 

monoubiquitination on ER target genes and for the production of ER enhancer RNA; 

with JQ1 abrogating these effects (322). JQ1 has also been shown to be effective in 

other models of breast cancer, including TNBC, basal-like breast cancer and HER2 

lapatinib resistant models. The BET inhibitor JQ1 inhibited cell proliferation and 

promoted cell cycle arrest, apoptosis or senescence in TNBC cell lines (204). It was 

also identified in basal-like breast cancer that Twist, a transcription factor with a role 

in EMT, induces widespread changes in gene expression by binding to BRD4 and 
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recruiting P-TEFb and RNA polymerase II to gene promoters and enhancers (205). 

Interruption of the BRD4-Twist interaction with JQ1 suppressed cell invasion and 

tumourigenicity, thus identifying an actionable target to prevent EMT in basal-like 

breast cancer (205). Additionally, resistance to lapatinib in HER2-positive breast 

cancer caused transcriptional reprogramming leading to an adaptive response from 

alternative receptor tyrosine kinases to drive proliferation (206). Combining lapatinib 

with either JQ1 or IBET-762 BET inhibitors could reverse the epigenetic 

reprogramming and resensitise the cells to lapatinib treatment (206).  

In this study, it was identified that JQ1 over time can downregulate the expression of 

ER and ER-target genes at both the mRNA and protein level in both the MDA-MB-

134VI and CAMA-1 cell lines (Figure 3.8a, b). Similarly, ER and ER-target genes are 

downregulated in the OCUB-M cell line at the mRNA level following JQ1 treatment 

(Figure 3.8b), but expression of ER or an ER-target gene were not detected at the 

protein level (Figure 3.8a). Surprisingly, in the SUM44-PE cell line, while ER was 

slightly downregulated following JQ1 treatment at the mRNA level (Figure 3.8b), the 

ER at the protein level showed no change in expression (Figure 3.8a). In addition, 

the ER-target gene, PgR, at both the protein and mRNA, showed initial 

downregulation following JQ1 treatment at 48 hr that was recovered at 72 hr to a 

greater extent than control (Figure 3.8a, b). The ER-target gene TFF1 also showed 

upregulated expression following JQ1 treatment in the SUM44-PE cell line (Figure 

3.8b). These results indicate that JQ1 displays context specific regulation of ER and 

ER-target genes in ILC cell lines. ER and ER-target genes are downregulated in the 

panel of ILC cell lines following JQ1 except for the SUM44-PE cell line in which ER-

mediated gene transcription is upregulated (Figure 3.8b). The BET family may not 

regulate ER transcription in the SUM44-PE cell line or there may be transcriptional 

rewiring following initial inhibition by an alternative transcription factor, such as 

GATA3, which was previously reported in IDC breast cancer (207). 

Since it was shown that JQ1 can display context specific regulation of the ER in ILC 

cell lines, it was next sought to investigate whether the combination treatment of JQ1 

with the endocrine therapies tamoxifen or fulvestrant was synergistic using a cell 

viability assay. Synergy was detected in the SUM44-PE and MDA-MB-134VI cell 

lines with the combination of JQ1 and tamoxifen (Figure 3.9a). Synergy was also 

detected in the CAMA-1 cell line and minor synergy in the MDA-MB-134VI cell line 
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with the combination of JQ1 and fulvestrant (Figure 3.9b). The combination of JQ1 

and fulvestrant has been reported to have a synergistic anti-tumour effect in a 

tamoxifen resistant IDC breast cancer model in vivo previously (207), but there have 

been no reports with the combination of JQ1 and endocrine therapies in ILC to date. 

More research is required to understand the effects of the combination of JQ1 and 

endocrine therapies on ER signalling in ILC both in vitro and in vivo, but this was 

beyond the scope of this project. 

Finally, as the panel of ILC cell lines used in this study were sensitive to JQ1-

mediated growth inhibition, it was determined what BET protein was responsible for 

sensitivity to JQ1. In order to address this, specific siRNA knockdown of each BET 

family member expressed in the breast tissue was performed (BRD2, BRD3 and 

BRD4) after 48 hr (Figure 3.10a). Additionally, cell viability assays 48 hr- and 96 hr- 

post the original 48 hr siRNA knockdown of individual BET proteins was carried out 

(Figure 3.10b, c, d). The findings show that knockdown of BRD2 and BRD3 reduced 

cell growth in the OCUB-M cell line (Figure 3.10b); knockdown of BRD3 and BRD4 

reduced cell growth in the CAMA-1 cell line (Figure 3.10c); and knockdown of BRD4 

reduced cell growth in the MDA-MB-134VI cell line (Figure 3.10d). Furthermore, 

BRD3 knockdown had a slightly greater growth inhibitory effect than the other BET 

proteins in both the OCUB-M and CAMA-1 cell lines and BRD3 also inhibits cell 

growth in the 48 hr post knockdown time-point in the MDA-MB-134VI cell line (Figure 

3.10b, c, d). These results suggest that there are multiple BET proteins contributing 

to cell viability in the panel of ILC cell lines, and that BRD3 may play a role in 

maintaining cell viability in all ILC cell lines tested. The development of more 

selective or specific BET protein inhibitors would be useful in order to probe the role 

of each specific BET protein in ILC.  

In conclusion, this study has shown that the panel of ILC cell lines are more sensitive 

to JQ1 compared to the endocrine therapies tamoxifen and fulvestrant tested in vitro. 

Additionally, JQ1 downregulates the Myc oncogene but displays context specific 

regulation of the ER and ER-target genes in the ILC cell lines. Thus, the 

downregulation of Myc may be responsible for causing growth inhibition in the ILC 

cell lines, rather than the ER. However, despite context specific regulation of the ER 

and ER-target genes, ILC cell lines can be synergistically combined with endocrine 

therapy in order to enhance the growth inhibiting effect of JQ1 treatment alone 
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illustrating that the ER still has an important role in ILC. Finally, multiple BET 

proteins, including combinations of BET proteins involving BRD3, are responsible for 

sensitivity to JQ1 in ILC cell lines.   
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Chapter Four: JQ1 altered gene signalling in ILC 
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4.1 Introduction 

4.1.1 Epigenetic regulation of apoptosis 

JQ1 has been shown to induce apoptosis in a wide variety of cancer types. G1 arrest 

and subsequent apoptosis has been reported in a tamoxifen resistant IDC ER 

positive cell line, TNBC cell lines and leukaemia and lymphoma cell lines (204, 207, 

208). Apoptosis is also induced by JQ1 in NUT-midline carcinoma cell lines and in a 

xenograft model of NUT-midline carcinoma (195). In contrast, JQ1 caused G1 cell 

cycle arrest in multiple myeloma cells sensitive to JQ1 (199). JQ1 mediates 

apoptosis in castration resistant prostate cancer cell lines that are positive for 

androgen signalling and sensitive to JQ1, but only causes G1 cell cycle arrest in cell 

lines that are negative for androgen signalling and relatively insensitive to JQ1 (203).  

Some authors suggest that sensitivity to JQ1 is attributed to the ability of JQ1 to 

induce apoptosis in a study using melanoma and acute myeloid leukaemia cells 

(323). 

4.1.3 Evidence of altered BCL-2 anti-apoptotic proteins in 

breast cancer 

Anti-apoptotic proteins are commonly dysregulated in breast cancer. The anti-

apoptotic B-cell lymphoma 2 (BCL-2) protein is an estrogen receptor (ER) target 

gene (324, 325) that is frequently overexpressed in of 86% of ER positive breast 

cancers (326). BCL-2 expression is marker of good prognosis in ER positive breast 

cancer (327), but of poor prognosis in TNBC (328). Importantly, anti-apoptotic 

proteins have been associated with resistance to therapy. Increased expression of 

the anti-apoptotic protein BCL-2 has been associated with resistance to 

chemotherapy in breast cancer samples (329). MCL-1 has been reported to be 

amplified in 54% of residual TNBC after chemotherapy (330). Furthermore, 

resistance to doxorubicin in an ER positive cell line was attributed to the regulation of 

BCL-2 by the ER (325). Resistance to targeted therapy has also been attributed to 

anti-apoptotic proteins. HER2 positive cells resistant to trastuzumab had an 

increased ratio of BCL-2 bound to BAX (331) and in a ER positive cell line 

expressing a HER2 oncogenic isoform, tamoxifen resistance was due to increased 
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expression of BCL-2 (332). Due to the role of anti-apoptotic proteins in cancer, BH3 

mimetics were developed. 

4.1.4 Resistance mechanism to BET inhibition 

Wnt signalling is implicated in resistance to JQ1 (333, 334). In both acquired and de 

novo BET inhibitor resistance, Wnt signalling was shown to be responsible for 

transcriptional rewiring in leukemia (334). 17 out of 38 genes upregulated in BET 

inhibitor resistant leukemic cell lines were members of the Wnt signalling pathway 

(334). Suppression of two of these targets, IGF2BP1 and TCF4, inhibited the 

transcriptional rewiring that promoted Myc expression and also increased sensitivity 

to JQ1 (334). The Wnt pathway TCFL2 transcription factor was identified to be highly 

associated with a Myc focal enhancer in resistant leukemic cell lines (334). In a de 

novo model of BET inhibitor resistance, cells from a AML mouse model sensitive to 

JQ1 was transduced with an activating mutant of CTNNB1 (β-catenin) or shRNA 

targeting APC, which both promote Wnt signalling. Following JQ1 treatment, these 

constructs promoted the rapid proliferation of the AML mouse cells and altered the 

response to JQ1 in vivo (334). In another study, haematopoietic stem and progenitor 

cells (HSPCs) were immortalised with MLL-AF9 to produce AML resistant clones that 

were selected after treatment with the BET inhibitor, I-BET. AML resistant cells were 

enriched for leukemic stem cells (LSC) both in vitro and in vivo (333). BET target 

genes such as Myc remained expressed in AML resistant cells despite BET protein 

displacement from chromatin following I-BET treatment. Transcriptional rewiring in 

BET inhibitor resistant cells was attributed to the canonical Wnt pathway where β-

catenin replaced sites on chromatin previously occupied by BET proteins resulting in 

maintained expression of BET target genes such as Myc (333). Inhibition of the Wnt 

pathway using dickkopf Wnt signalling pathway inhibitor 1 (DKK1) reduced the 

expression of Myc and inhibited β-catenin association with the BET target gene Myc 

(333). 

4.1.5 Wnt ligands implicated in cancer 

Wnt11 and Wnt4 are non-canonical Wnt ligands (335), that have been implicated in 

cancer. Wnt11 promotes cell migration, invasion and cell survival in prostate cancer 

(336), in colorectal cancer (337), in intestinal epithelial cells (338) and in high grade 

serious ovarian cancer (339). These studies suggest that Wnt11 may be a key factor 
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in promoting EMT as well as cell proliferation in cancer. Furthermore, Wnt4 is 

another non-canonical Wnt ligand that has been associated with endocrine 

resistance in ILC (340). Wnt4 is involved in E2-induced ILC cell proliferation and was 

shown to be regulated by the ER (340). ILC cell lines resistant to endocrine therapy 

relied on Wnt4 for proliferation, suggesting that Wnt4 may have a role in endocrine 

resistance in ILC (340).  

4.2 Aims of chapter four 

The aims of this chapter were to first measure if JQ1 induced apoptosis in the ILC 

cell lines. As the transcriptomic landscape following JQ1 treatment in ILC is not 

known, pathways altered in ILC cell lines by JQ1 were identified using RNA 

sequencing. Then, the transcriptome following JQ1 treatment of an apoptosis 

sensitive cell line was compared to that of an apoptosis resistant cell line in order to 

identify factors that may promote resistance to JQ1-induced apoptosis in ILC. Next, a 

rational JQ1 combination treatment was validated in order improve sensitivity to JQ1. 

Finally, this JQ1 drug combination was tested ex vivo in a primary ILC sample. 

4.3 Results 

4.3.1 JQ1 induced apoptosis in select ILC cell lines 

To investigate whether JQ1 induced apoptosis in ILC cell lines, apoptosis was 

assessed by measuring annexin V/propidium iodide (PI) staining following JQ1 

treatment. An example of the flow cytometry dot plots for the SUM44-PE cell line 

treated with DMSO and 10 µM JQ1 for 96 hr is shown (Figure 4.1a). JQ1 induced 

apoptosis in the SUM44-PE and OCUB-M cell lines (Figure 4.1b). However, the 

MDA-MB-134VI and CAMA-1 cell lines were relatively more resistant to JQ1 (Figure 

4.1b). In confirmation of this finding, PARP cleavage that can be used as a read out 

of apoptosis (341) was detected in the SUM44-PE and OCUB-M cell lines by 

western blotting (Figure 4.1c). This data was further supported by cell cycle analysis 

using PI staining following JQ1 treatment (Figure 4.1d). JQ1 caused the CAMA-1 cell 

lines to arrest in G1 (Figure 4.1d). This finding is in accordance with the annexin V/PI 

data that showed that the CAMA-1 cell line was most resistant to JQ1-induced 

apoptosis (Figure 4.1b). The MDA-MB-134VI cell line arrested in G1 at low doses of 

JQ1 treatment, but when the JQ1 doses were increased to higher concentrations 
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there was increased number of cells in the sub G1 phase (Figure 4.1d). This is also 

in accordance with the annexin V/PI data where some apoptosis is seen in the MDA-

MB-134VI cell line at higher doses of JQ1 treatment (Figure 4.1b). The SUM44-PE 

and OCUB-M cell lines, which are both sensitive to JQ1-induced apoptosis (Figure 

4.1b), both showed an increase in the sub G1 phase even at lower JQ1 treatment 

concentrations (Figure 4.1d). The SUM44-PE and OCUB-M cell lines are sensitive to 

JQ1-induced apoptosis, whereas the MDA-MB-134VI and CAMA-1 cell lines are 

relatively more resistant to JQ1-induced apoptosis. 
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Figure 4.1: JQ1 induces apoptosis in select ILC cell lines. (A) Representative dot 

plots of the SUM44-PE cell line treated with DMSO and 10 µM JQ1, analysed by flow 

cytometry. (B) Apoptosis analysis using annexin V-FITC/PI staining and flow 

cytometry 96 hr following 1 µM JQ1 treatment. Mean of N=3 experiments plotted 

using nonlinear regression. Error bars show +/- SEM. IC50 values are listed beside 

each cell line. (C) Representative images of western blotting for cleaved PARP after 

0 hr, 48 hr and 72 hr of 1 µM JQ1 treatment. Western blots were carried out in 

biological triplicate (N=3) and β-Actin acts as loading control.  (D) PI staining 

measured by flow cytometry to quantify percentage of cells in sub G1, G1, S, and 

G2-M phases following 1 µM JQ1 after 96 hr. Mean of N=3 experiments plotted. 

Error bars show +/- SEM. 

 

4.3.2 BH3 profiling may predict apoptotic response to JQ1 

BH3 profiling is a functional assay that can be used to predict anti-apoptotic protein 

dependencies as well as measure how primed or how close to the apoptotic 

threshold cells or patient samples are (262). Basal ILC cell lines were treated with 
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BH3 peptides that have specific binding interactions for anti-apoptotic proteins 

(Figure 1.9) and the percentage of mitochondrial depolarisation is measured using a 

mitochondrial membrane sensitive dye known as JC-1. FCCP is a positive control for 

the experiment and PUMA2A (a PUMA mutant), acts as a negative control 

respectively (262). At high doses of 100 µM BIM and BID, which can bind/inhibit all 

anti-apoptotic proteins, 100% mitochondrial depolarisation is expected (that is used 

to indicate apoptosis) as at this concentration both BIM and BID saturate the reserve 

of anti-apoptotic proteins in the cell and activate BAX and BAK directly to initiate 

apoptosis. However, when the concentration of BIM or BID is reduced, in this study 

the concentration of BIM was lowered to 3 µM, 1 µM and 0.3 µM, a differential 

response of the cell lines to percentage mitochondrial depolarisation was observed. 

The differential response from the 100 µM PUMA peptide, the 3 µM BIM peptide and 

the 1 µM BIM peptide (Figure 4.2a) was plotted against the IC50 value from the JQ1 

annexin V/PI apoptosis assay (Figure 4.1b) and the results show that BH3 profiling 

may be a potential biomarker to predict cell death in response to JQ1 treatment 

(Figure 4.2b). Unfortunately, the SUM44-PE cell line was unable to be optimised for 

BH3 profiling and with only 3 cell lines tested no statistical analyses could be 

performed. 

From the basal BH3 profiling analysis insights into anti-apoptotic dependencies in 

ILC cell lines can be gained. The BAD peptide binds BCL-2, BCL-XL and BCL-W; 

the NOXA peptide binds MCL-1 and the HRK peptide binds BCL-XL (Figure 1.9). 

The response from the NOXA and HRK peptides are similar to the PUMA2A 

negative control and were discarded from the analysis (Figure 4.2a). However, after 

BAD peptide treatment a response in percentage mitochondrial depolarisation was 

seen, which indicates dependency on BCL-2 and/or BCL-XL and/or BCL-W anti-

apoptotic proteins in ILC cell lines (Figure 4.2a).  
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Figure 4.2: Basal BH3 profiling shows dependence on BCL-2 and/or BCL-XL 

and/or BCL-W. (A) BH3 profiling of basal ILC cell lines plotted in a bar chart using 

JC-1 fluorescence and kinetic measurement every 5 minutes for 110 minutes in 

order to quantify percentage (%) mitochondrial depolarisation. Mean of N=3 

experiments. Error bars show +/- SEM. (B) IC50 value from JQ1 annexin V/PI 

apoptosis assay (Figure 4.1b) versus BH3 profiling response for the 3 µM BIM 

peptide, the 1 µM BIM peptide or the 100 µM PUMA peptide.  

 

4.3.3 RNA sequencing identifies altered gene transcription in 

ILC cell lines following JQ1 

JQ1 induced apoptosis in only some ILC cell lines (Figure 4.1b-d). In order to identify 

potential factors contributing to JQ1-induced apoptotic resistance, paired-end RNA 

sequencing analysis was performed following 48 hr JQ1 treatment using the 

NEXTseq 500 Sequencing System and in conjunction with Dr. Sudipto Das (Royal 

College of Surgeons in Ireland, Ireland). For this purpose, a ILC cell line sensitive to 
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JQ1-induced apoptosis (SUM44-PE) and a ILC cell line relatively more resistant to 

JQ1-induced apoptosis (MDA-MB-134VI) was used. The RNA sequencing data was 

analysed by Dr. Bruce Moran (University College Dublin, Ireland). Dr. Moran 

generated a principle component analysis (PCA) plot for the data that showed that 

minimal variance exists between treatment replicates and cell lines (Figure 4.3). 

 

Figure 4.3: Good quality data was obtained from RNA sequencing in ILC cell 

lines. Principle component analysis of RNA sequencing data following 48 hr of 1 µM 

JQ1 treatment shows minimal variance between replicates of the same treatment 

sample. 

4.3.3.1 Transcriptomic analysis of the SUM44 PE cell line following JQ1 

A heatmap of the top 200 differentially expressed (DE) genes in the SUM44 JQ1-

induced apoptosis sensitive cell line was generated using the Perseus software 

(298), which illustrated that treatment conditions as well as treatment replicates 

cluster together (Figure 4.4a). JQ1 downregulated the expression of a huge amount 

of genes (green) but also upregulated the expression of other genes (red) in the 
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SUM44-PE cell line (Figure 4.4a). Next, gene ontology analysis was performed using 

the DAVID functional annotation tool (299, 300) that would give insight into the 

pathways altered in the SUM44-PE cell line following JQ1 treatment.  The top 10 

downregulated pathways following JQ1 treatment in the SUM44-PE cell line were 

chronic myeloid leukemia, PgR-mediated oocyte maturation, pyrimidine metabolism, 

aldosterone synthesis and secretion, fanconi anemia pathway, circadian rhythm, 

DNA replication, metabolic pathways, cell cycle and purine metabolism (Figure 4.4b). 

Some of the pathways downregulated by JQ1 were in line with previous findings 

including inhibition of the cell cycle and inhibition of DNA replication. The top 10 

upregulated pathways following JQ1 treatment in the SUM44-PE cell line were 

pathogenic Escherichia coli infection, protein processing at the endoplasmic 

reticulum, phosphatidylinositol signalling system, vibrio cholera infection, metabolic 

pathways, synaptic vesicle cycle, endocytosis, sphingolipid metabolism, other glycan 

degradation and lysosome (Figure 4.4c). 
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Figure 4.4: JQ1 altered gene transcription in the SUM44-PE cell line. (A) 

Heatmap of the top 200 DE genes following 48 hr 1 µM JQ1 from RNA sequencing 

analysis for the SUM44-PE cell line. Z-scores are plotted using Persues software 

(298). Treatment conditions and replicates cluster together. Top 10 (B) 

downregulated or (C) upregulated pathways and the number of genes DE in each 

pathway in the SUM44-PE cell line following 48 hr 1 µM JQ1 treatment as assessed 

by RNA sequencing and the DAVID functional annotation tool (p< 0.05). Genes 

commonly altered in the SUM44-PE and MDA-MB-134VI cell lines are colour-coded.   
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4.3.3.2 Transcriptomic analysis of the MDA-MB-134VI cell line following 

JQ1 

A heatmap was also generated for the top 200 DE genes in the MDA-MB-134VI cell 

line, which was relatively resistant to JQ1-induced apoptosis, following JQ1 

treatment and RNA sequencing (Figure 4.5a). Treatment conditions as well as 

treatment replicates cluster together (Figure 4.5a). Gene ontology analysis using 

DAVID revealed the top 10 downregulated (Figure 4.5b) and upregulated (Figure 

4.5c) pathways in the MDA-MB-134VI cell line following JQ1 treatment. The top 10 

downregulated pathways in the MDA-MB-134VI cell line were the fanconi anemia 

pathway, pyrimidine metabolism, purine metabolism, DNA replication, cell cycle, 

nucleotide excision repair, p53 signalling, base excision repair, homologous 

recombination and mismatch repair pathways (Figure 4.5b). The top 10 upregulated 

pathways included endocytosis, lysosome, proteoglycans in cancer, SNARE 

interactions in vesicular transport, MAPK signalling pathway, circadian rhythm, Wnt 

signalling, long-term potentiation, insulin signalling pathway, and insulin resistance 

(Figure 4.5c). 
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Figure 4.5: JQ1 altered gene transcription in the MDA-MB-134VI cell line. (A) 

Heatmap of the top 200 genes DE following 48 hr 1 µM JQ1 from RNA sequencing 

analysis for the MDA-MB-134VI cell line. Z-scores are plotted using Persues 

software (298). Treatment conditions and replicates cluster together. Top 10 (B) 

downregulated or (C) upregulated pathways and number of genes DE in each 

pathway in the MDA-MB-134VI cell line following 48 hr 1 µM JQ1 treatment as 

assessed by RNA sequencing and the DAVID functional annotation tool (p< 0.05). 

Genes commonly altered in the SUM44-PE and MDA-MB-134VI cell lines are colour-

coded.   

 

4.3.3.3 Wnt signalling is upregulated in the JQ1 apoptotic resistant MDA-

MB-134VI cell line but not in the JQ1 apoptotic sensitive SUM44-PE cell 

line 

Following on from this, the exact number of differentially expressed (DE) genes in 

both the cell lines and the number of overlapping genes commonly regulated was 

determined. DE genes with a p value of less than 0.05 were included in this analysis. 

3792 downregulated genes were identified in the SUM44-PE cell line, 4618 

downregulated genes were identified in the MDA-MB-134VI cell line, as well as 2150 

commonly downregulated genes in both cell lines (Figure 4.6a). 3061 upregulated 
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genes were also identified in the SUM44-PE cell line, 4302 upregulated genes were 

identified in the MDA-MB-134VI cell line, as well as 2048 commonly upregulated 

genes in both cell lines (Figure 4.6a). From the previous DAVID analysis, the fanconi 

anemia pathway, pyrimidine metabolism, purine metabolism, DNA replication and 

cell cycle pathways were commonly downregulated in both the SUM44-PE and 

MDA-MB-134VI cell lines (Figure 4.4b, 4.5b, coloured). The endocytosis and 

lysosome pathways were also commonly upregulated in the SUM44-PE and MDA-

MB-134VI cell lines (Figure 4.4c, 4.5c, coloured). 

The SUM44-PE cell line is sensitive to JQ1-induced apoptosis whereas the MDA-

MB-134VI cell line is relatively more resistant to JQ1-induced apoptosis (Figure 

4.1b). In order to identify factors contributing to JQ1-induced apoptotic resistance, 

gene ontology pathways were focused on, which were upregulated in the MDA-MB-

134VI cell line (relatively resistant to JQ1-induced apoptosis) but not upregulated in 

the SUM44-PE cell line (apoptotic sensitive cell line) (Figure 4.6b). The pathways 

upregulated in the MDA-MB-134VI cell line following JQ1 treatment, but not in the 

sensitive SUM44-PE cell line, include the circadian rhythm pathway (p= 0.0190), the 

MAPK signalling pathway (p= 0.0203), SNARE interactions in vesicular transport (p= 

0.0212), Wnt signalling pathway (p= 0.0142), long-term potentiation (p= 0.0115) as 

well as insulin resistance (p= 0.0006) (Figure 4.6b).  
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Figure 4.6: Pathways upregulated in the MDA-MB-134VI cell line but not the 

SUM44-PE cell line. (A) Pie chart illustrating the number of DE genes in the 

SUM44-PE and MDA-MB-134VI cell lines using p< 0.05 as cut-off. (B) Pathways 

upregulated in top 10 in the MDA-MB-134VI cell line but not in the SUM44-PE cell 

line following 1 µM JQ1 treatment for 48 hr as measured by RNA sequencing and 

the DAVID functional annotation tool (p<0.05). 

 

4.3.4 Wnt11 may contribute to JQ1-induced apoptosis 

resistance 

From this list of pathways potentially contributing to JQ1-induced apoptotic 

resistance (Figure 4.6b), the Wnt signalling pathway was of interest as associations 

with JQ1 resistance and the Wnt signalling pathway have been previously reported 

(333, 334). There were 40 genes from the Wnt signalling pathway, which were 

upregulated in the MDA-MB-134VI cell line following JQ1 (Figure 4.6b). A panel of 7 
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genes from this list of 40 genes were chosen and additionally other widely published 

members of the Wnt signalling pathway were also included in the analysis in order to 

try and gain an understanding of overall Wnt pathway activation, whether canonical 

or non-canonical. From the gene list obtained from DAVID, the following genes were 

chosen: CCND1 (Cyclin D), CTNNB1 (β-catenin), Wnt4, Wnt11, Wnt9a, PPARδ and 

TCFL2 for further qPCR validation in the panel of ILC cell lines. The other widely 

published Wnt pathway genes were: TCFL1, LEF1, TCF7 and Myc that were 

included in the qPCR analysis. TCF7L1, LEF1, TCF7 (and TCFL2) are members of 

the T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factor family that 

function in canonical Wnt signalling (342) and Myc is a canonical Wnt pathway target 

gene (343). In the SUM44-PE JQ1 apoptosis sensitive cell line JQ1 significantly 

downregulated cyclin D (p≤ 0.001), Wnt11 (p≤ 0.05), LEF1 (p≤ 0.0001), and Myc (p≤ 

0.0001) (Figure 4.7a). In the other JQ1 apoptotic sensitive cell line, OCUB-M, JQ1 

significantly downregulated Wnt11 (p≤ 0.05), LEF1 (p≤ 0.01), Myc (p≤ 0.0001) and 

significantly upregulated Wnt9a (p≤ 0.05) (Figure 4.7a). In the MDA-MB-134VI 

apoptotic resistant cell line JQ1 significantly downregulated LEF1 (p≤ 0.0001), TCF7 

(p≤ 0.001), Myc (p≤ 0.01) and significantly upregulated β-catenin (p≤ 0.01), TCF7L1 

(p≤ 0.05), TCF7L2 (p≤ 0.01), cyclin D (p≤ 0.05), Wnt11 (p≤ 0.05), Wnt4 (p≤ 0.01) and 

Wnt9a (p≤ 0.01) (Figure 4.7a). In the CAMA-1 apoptotic resistant cell line JQ1 

significantly downregulated cyclin D (p≤ 0.001), TCF7 (p≤ 0.01), Myc (p≤ 0.01) and 

significantly upregulated β-catenin (p≤ 0.01), TCF7L1 (p≤ 0.001), TCF7L2 (p≤ 0.01), 

Wnt11 (p≤ 0.05), Wnt4 (p≤ 0.01), Wnt9a (p≤ 0.0001) and PPARPδ (p≤ 0.01) (Figure 

4.7a).  

From this qPCR analysis it was noted that Wnt11 transcription following JQ1 

treatment is significantly upregulated in the apoptotic resistant MDA-MB-134VI (p≤ 

0.05) and CAMA-1 (p≤ 0.05) cell lines but downregulated in the JQ1 apoptotic 

sensitive SUM44-PE (p≤ 0.05) and OCUB-M (p≤ 0.05) cell lines (Figure 4.7a). This 

validates the findings from the RNA sequencing data, in that Wnt11 is significantly 

upregulated in the JQ1 apoptotic resistant MDA-MB-134VI cell line but not in the 

apoptotic sensitive SUM44-PE cell line (Figure 4.7b, c). These results suggest that 

increased expression of the Wnt11 ligand may contribute to JQ1-induced apoptotic 

resistance in the MDA-MB-134VI and CAMA-1 cell lines. 
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Figure 4.7: Wnt11 may promote resistance to JQ1-induced apoptosis. (A) qPCR 

validation of genes from DAVID gene ontology analysis (Cyclin D, β-catenin, Wnt4, 

Wnt11, Wnt9a, PPARδ and TCFL2) as well as other Wnt pathway genes (TCFL1, 

LEF1, TCF7 and Myc) following 48 hr of 1 µM JQ1 treatment. Mean of N=3 

experiments plotted. Error bars show +/- SEM. Asterisks indicates significance using 

unpaired t-test p≤ 0.05. Volcano plots generated from the RNA sequencing data 

using R software in the (B) SUM44-PE and (C) MDA-MB-134VI cell lines. Red 

indicates p≤ 0.05. Wnt11 is marked in blue. 

 

Next, siRNA knockdown optimisation was carried out in the CAMA-1 cell line that is 

relatively resistant to JQ1-induced apoptosis using siGlo control siRNA, which 

fluoresces green when transfected into the cells. Transfection efficiency can be 

approximated based on the number of green fluorescent protein (GFP)-positive cells. 

2 µl, 5 µl and 10 µl of siGlo was transfected into cells in a 1:1 ratio with 

lipofectamine. Only 2-3 cells were GFP positive with 2 µl of siGlo, approximately 

50% of cells were weakly GFP positive with 5 µl of siGlo, whereas approximately 

100% of cells were strongly GFP positive with the 10 µl of siGlo which had the 

greatest transfection efficiency (Figure 4.8a) and this concentration of siRNA was 

used in further Wnt11 siRNA experiments (Figure 4.8b, c).  
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To assess the role of Wnt11 in resistance to JQ1-induced apoptosis, siRNA 

knockdown of Wnt11 was performed using 3 independent siRNA’s and measured 

knockdown by qPCR. Wnt11 #1 siRNA was found to inhibit Wnt11 transcription by 

80% after 72 hr (Figure 4.8b). Similarly, Wnt11 #3 siRNA inhibited Wnt11 

transcription by 70% but Wnt11 #2 siRNA did not inhibit Wnt11 transcription after 72 

hr, in fact Wnt11 transcription was enhanced (Figure 4.8b). After optimisation of 

siRNA concentration and Wnt11 knockdown at the RNA level, an apoptosis assay 

was carried out using annexin V/PI. In this apoptosis assay the CAMA-1 cells were 

pre-treated for 72 hr with Wnt11 siRNA to allow Wnt11 knockdown, followed by 1 µM 

JQ1 treatment for a further 72 hr to test if knocking down Wnt11 could increase 

sensitivity to JQ1 in this resistant cell line (Figure 4.8c). No difference in sensitivity to 

JQ1-induced apoptosis was detected following Wnt11 knockdown (Figure 4.8c).  
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Figure 4.8: Wnt11 knockdown in the CAMA-1 cell line. (A) Optimisation of siRNA 

concentration after 72 hr using siGlo control siRNA. GFP positive cells indicates 

transfection efficiency (N=1). (B) Wnt11 knockdown by 3 individual siRNA’s 

measured by qPCR after 72 hr. Mean of N=2 experiments plotted. Error bars show 

+/- SEM. (C) Annexin V/PI staining following initial Wnt11 knockdown for 72 hr, 

followed by 1 µM JQ1 treatment for a further 72 hr. Mean of N=2 experiments 

plotted. Error bars show +/- SEM.  

 

The findings that there was no difference in sensitivity to JQ1-induced apoptosis 

following Wnt11 knockdown (Figure 4.8c) was surprising, given that Wnt11 is 

upregulated following JQ1 treatment in cell lines relatively resistant to JQ1-induced 

apoptosis and downregulated in cell lines sensitive to JQ1-induced apoptosis (Figure 

4.7a). In order to confirm knockdown of Wnt11 at the protein level, western blotting 
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following 72 hr Wnt11 knockdown was performed. No knockdown of Wnt11 in either 

the CAMA-1 cell line or the MDA-MB-134VI cell line using the high dose of 10 µl 

siRNA after 72 hr was detected (Figure 4.9a). Although there is efficient knockdown 

of Wnt11 by two individual Wnt11 siRNA’s (#1 and #3) at the mRNA level (Figure 

4.8b), this is not translated to the protein level (Figure 4.9a) which suggests that 

Wnt11 is a highly stable protein. The protein levels of Wnt11 following JQ1 treatment 

were also measured over time and it was observed that Wnt11 protein expression 

remains relatively unchanged (Figure 4.9b) in both the cell lines that are sensitive to 

JQ1-induced apoptosis (SUM44-PE and OCUB-M) and also in those that are 

relatively more resistant (MDA-MB-134VI and CAMA-1). In order to investigate 

whether Wnt11 in fact contributes to JQ1-induced apoptotic resistance in ILC cell 

lines, Wnt11 will need to be stably knocked down/out using either shRNA or 

CRISPR-cas technology. Unfortunately, time constraints with this project did not 

allow for the generation of ILC cell lines with Wnt11 stably knocked down/out and will 

be one of the focuses of our laboratory’s research in the future. 
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Figure 4.9: Wnt11 protein expression following siRNA knockdown or 1 µM JQ1 

treatment. (A) Wnt11 protein expression following individual siRNA knockdown for 

72 hr measured by western blotting (N=1). (B) Representative western blots done in 

biological triplicate (N=3) showing Wnt11 protein expression following 1 µM JQ1 

treatment at 0 hr, 48 hr and 72 hr. αβ-Tubulin acts as a loading control. 

 

Similar results were obtained with Wnt4 protein knockdown by siRNA in both the 

MDA-MB-134VI and CAMA-1 cell lines (Figure 10a). Wnt4 protein levels also remain 

relatively stable following JQ1 treatment over time (Figure 10b). Wnt4 has previously 

been associated with endocrine resistance in ILC (340). 
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 Figure 4.10: Wnt4 protein expression following siRNA knockdown or 1 µM JQ1 

treatment. (A) Wnt4 protein expression following individual siRNA knockdown for 72 

hr measured by western blotting (N=1) in the MDA-MB-134VI and CAMA-1 cell lines. 

(B) Representative western blots done in biological triplicate (N=3) showing Wnt4 

protein expression following 1 µM JQ1 treatment at 0 hr, 48 hr and 72 hr. αβ-Tubulin 

acts as a loading control. 

 

4.3.5 RNA sequencing identifies that the anti-apoptotic BCL-XL 

may contribute to JQ1-induced apoptosis resistance 

As anti-apoptotic proteins have been previously implicated in resistance to JQ1 (204, 

323), and the availability of BH3 mimetics such as ABT-199 and ABT-263 (275, 281, 

285), this group of proteins became of interest. Although the apoptosis pathway did 

not come up as part of the DAVID gene ontology analysis, JQ1 induced apoptosis in 

some ILC cell lines (Figure 4.1b, d). Therefore, the raw FPKM values from the RNA 

sequencing data was interrogated for anti-apoptotic proteins (BCL-2, BCL-XL, BCL-

W and MCL-1) as well as the pro-apoptotic protein BIM, to see if changes in gene 

expression following JQ1 treatment were observed (Figure 4.11a). BIM expression 

has been reported to be upregulated following JQ1 in the literature (344). In the 

SUM44-PE cell line that is sensitive to JQ1-induced apoptosis, JQ1 downregulated 

BCL-2 (p= 0.00098) and BCL-XL, but MCL-1 was upregulated (p= 7.06 x 10-8) along 
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with the pro-apoptotic protein BIM (p= 0.00039) (Figure 4.11a, left). The expression 

of BCL-W was relatively unchanged and BCL-W FPKM values were very low in the 

SUM44-PE cell line (Figure 4.11a, left). In the MDA-MB-134VI cell line that is 

relatively resistant to JQ1-induced apoptosis, BCL-2 was downregulated (p= 7.8199 

X 10-7) but both BCL-XL (p= 0.02) and MCL-1 (p=1.74 x 10-8) were upregulated 

(Figure 4.11a, right). Although BCL-W expression is significantly upregulated in the 

MDA-MB-134VI cell line following JQ1, the actual BCL-W FPKM values are very low 

(Figure 4.11a, right; DMSO BCL-W FPKM= 0.185; JQ1 BCL-W FPKM= 0.354). In 

the MDA-MB-134VI JQ1 apoptotic resistant cell line, BIM expression following JQ1 

treatment remained relatively unchanged (Figure 4.11a, right). 

Next, the results from the RNA sequencing were validated by qPCR in the two cell 

lines sensitive to JQ1-induced apoptosis (SUM44-PE and OCUB-M) and in the two 

cell lines relatively more resistant to JQ1-induced apoptosis (MDA-MB-134VI and 

CAMA-1), following JQ1 treatment (Figure 4.10b). Importantly, both the SUM44-PE 

and OCUB-M apoptotic sensitive cell lines showed significant downregulation of 

BCL-2 (SUM44-PE and OCUB-M p≤ 0.0001) and BCL-XL (SUM44-PE p≤ 0.0001; 

OCUB-M p≤ 0.05) by qPCR (Figure 4.11b). While the ILC cell lines that are relatively 

more resistant to JQ1-induced apoptosis, only showed downregulation of BCL-2 and 

not of BCL-XL by qPCR (Figure 4.11b).  

These findings suggest that cell lines relatively resistance to JQ1-induced apoptosis 

may be dependent on sustained or high expression of the anti-apoptotic BCL-XL 

after JQ1 treatment, which was confirmed by RNA sequencing and qPCR validation 

in resistant cell lines. Sustained or high expression of the anti-apoptotic BCL-XL 

following JQ1 treatment is absent in ILC cell lines sensitive to JQ1-induced apoptosis 

by both RNA sequencing and qPCR analysis. 
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Figure 4.11: BCL-XL is highly expressed in ILC cell lines relatively resistant to 

JQ1-induced apoptosis. (A) FPKM values from RNA sequencing plotted for the 

anti-apoptotic proteins BCL-2, BCL-XL, BCL-W and the pro-apoptotic BIM following 1 

µM JQ1 treatment for 48 hr. Mean of N=3 experiments plotted. Error bars show +/- 

SEM.  (B) qPCR analysis showing mRNA expression following 1 µM JQ1 treatment 

after 48 hr for BCL-2, BCL-XL, BCL-W and BIM. Mean of N=3 experiments plotted. 

Error bars show +/- SEM. Asterisks indicates p≤ 0.05 as measured by t-test. 
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4.3.6 The regulation of pro- and anti-apoptotic proteins 

following JQ1 treatment in ILC 

The results have shown that JQ1 can induce apoptosis in some ILC cell lines and 

that ILC cell lines relatively resistant to JQ1-induced apoptosis may be reliant on 

sustained or upregulated expression of BCL-XL (Figure 4.1b; 4.11a, b). It was 

desired to further understand the importance of BCL-XL in resistance to JQ1-induced 

apoptosis and whether there were any other BCL-2 family members involved. 

Western blotting following JQ1 treatment over time was performed in order to identify 

protein expression changes in both pro- and anti-apoptotic BCL-2 family members 

(Figure 4.12a, b).  

BCL-2 protein expression remained unchanged in the ILC cell lines following JQ1 

treatment, with high expression of BCL-2 in cell lines relatively resistant to JQ1-

induced apoptosis compared to sensitive cell lines (Figure 4.12a). BCL-XL was 

downregulated in the JQ1 apoptosis sensitive cell line OCUB-M as well as in JQ1 

apoptosis resistant cell lines, however basal expression of BCL-XL was much higher 

in JQ1-induced apoptotic resistant cell lines (Figure 4.12a). BCL-W expression was 

downregulated in JQ1 apoptotic resistant cell lines and upregulated in JQ1 apoptotic 

sensitive cell lines (Figure 4.12a). PARP cleavage, which can be used as a read-out 

of apoptosis, is detected as expected in the JQ1 apoptosis sensitive cell lines 

(SUM44-PE and OCUB-M) but not in the cell lines relatively more resistant to JQ1-

induced apoptosis (MDA-MB-134VI and CAMA-1) (Figure 4.12a).  

Similarly, pro-apoptotic proteins were interrogated following JQ1 treatment. 

Increased expression of BAX in cell lines sensitive to JQ1-induced apoptosis was 

observed following JQ1 (Figure 4.12b). BAK was additionally upregulated in the 

OCUB-M JQ1 apoptotic sensitive cell line (Figure 4.12b). In cell lines relatively 

resistant to JQ1-induced apoptosis BAX was downregulated following JQ1 treatment 

(Figure 4.12b). The BIM protein was upregulated in all ILC cell lines, but only 

modestly for the CAMA-1 cell line (Figure 4.12b). The upregulation of BIM by JQ1 

has been previously reported in melanoma cell lines but apoptosis was not 

necessarily dependent on BIM, which is in accordance with results from this study 

(344). 
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These findings from interrogation of the anti-apoptotic proteins suggest that the anti-

apoptotic BCL-2 may be implicated in JQ1 apoptotic resistance as BCL-2 protein 

expression remains high and unchanged following JQ1 treatment in the MDA-MB-

134VI and CAMA-1 resistant cell lines. Furthermore, JQ1 displays context specific 

regulation of BCL-XL in ILC cell lines. This being said, because sustained or 

increased transcription of BCL-XL following JQ1 treatment was detected in the ILC 

cell lines relatively resistant to JQ1-induced apoptosis by RNA sequencing and 

qPCR analysis in chapter four (Figure 4.11a, b), but not in the sensitive ILC cell 

lines, transcriptional rewiring may be occurring in resistant ILC cell lines that is 

enabling expression of BCL-XL to recover. 
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Figure 4.12: The expression of anti-apoptotic and pro-apoptotic proteins 

following JQ1 treatment. Representative images of western blotting carried out in 

biological triplicate (N=3) for anti- (A) and pro-apoptotic proteins (B) after 0 hr, 48 hr 

and 72 hr of 1 µM JQ1 treatment. β-actin or α-Tubulin acts as loading control. PARP 

cleavage is also shown in (A). 

 

4.3.7 Some ILC cell lines are sensitive to ABT-263, but not to 

ABT-199 

Since high expression of BCL-2 protein was detected in the MDA-MB-134VI and 

CAMA-1 cell lines that are relatively resistant to JQ1-induced apoptosis (Figure 

4.12a), the sensitivity of ILC cell lines to BH3 mimetics was assessed. The BH3 

mimetic ABT-199 is a selective BCL-2 inhibitor (281) and the BH3 mimetic ABT-263 
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is an inhibitor of BCL-2, BCL-XL and BCL-W anti-apoptotic proteins (266). The 

sensitivity of the panel of ILC cell lines to ABT-199 treatment was first measured by 

both cell viability and apoptosis assay (Figure 4.13a, b). ABT-199 only mediated 

slight growth inhibition at the highest does of 10 µM (Figure 4.13a) and did not 

mediate apoptosis (Figure 4.13b). Representative dot plots for annexin V/PI stained 

SUM44-PE cells treated with DMSO and 10 µM ABT-199 are shown (Figure 4.13c). 

These findings suggest that ILC cell lines are not solely dependent on BCL-2 for cell 

survival as the panel of ILC cell lines are insensitive to ABT-199 treatment both in 

terms of mediating growth inhibition and apoptosis (Figure 4.13a, b). 
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Figure 4.13: ILC cell lines are not sensitive to ABT-199. (A) Cell viability curves 

after 72 hr of ABT-199 treatment using MTT assay. The IC50 values are listed 

beside each cell line. Mean of N=3 experiments plotted using nonlinear regression. 

Error bars indicate +/- SEM. (B) Apoptosis analysis using annexin V-FITC/PI staining 

and flow cytometry 72 hr following ABT-199 treatment. The IC50 values are listed 

beside each cell line. Mean of N=3 experiments plotted using nonlinear regression. 

Error bars show +/- SEM. (C) Representative dot plots from annexin V/PI staining in 

the SUM44-PE cell line treated with DMSO or 10 µM ABT-199 from the flow 

cytometer. 
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Then, the sensitivity of the panel of ILC cell lines to ABT-263 was measured. ABT-

263 mediated growth inhibition and apoptosis in the SUM44-PE and MDA-MB-134VI 

cell lines (Figure 4.14a, b). At higher doses ABT-263 mediates growth inhibition and 

some apoptosis in the OCUB-M and CAMA-1 cell lines (Figure 4.14a, b). These 

results suggest that inhibition of BCL-2 alone is not sufficient to induce apoptosis but 

that inhibition of BCL-2/BCL-XL and BCL-W need to be inhibited. 

 

 

Figure 4.14: The SUM44-PE and MDA-MB-134VI cell lines are sensitive to ABT-

263. (A) Cell viability curves after 72 hr of ABT-263 treatment using MTT assay. The 

IC50 values are listed beside each cell line. Mean of N=3 experiments plotted using 

nonlinear regression. Error bars show +/- SEM. (B) Apoptosis analysis using annexin 

V-FITC/PI staining and flow cytometry 72 hr after ABT-263 treatment. The IC50 

values are listed beside each cell line. Mean of N=3 experiments plotted using 

nonlinear regression. Error bars indicate +/- SEM. 

4.3.8 The combination of JQ1 and ABT-199 is not synergistic in 

ILC cell lines 

The panel of ILC cell lines were insensitive to ABT-199 (Figure 4.13a, b), however 

the cell lines relatively resistant to JQ1-induced apoptosis (MDA-MB-134VI and 

CAMA-1) have high protein expression of BCL-2 (Figure 4.12a). It was next tested 
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whether inhibition of BCL-2 enhanced JQ1-induced apoptosis. JQ1 was combined 

with ABT-199 and cell viability (Figure 4.15a) and apoptosis (Figure 4.15b) was 

measured following 72 hr treatment. Only minor synergy with a combination index 

(CI) of < 0.7 was detected in the MDA-MB-134VI and OCUB-M cell lines with the 

combination of JQ1 and ABT-199 (Figure 4.15a) and importantly apoptosis was not 

enhanced or induced with the combination of JQ1 and ABT-199 in the sensitive or 

the relatively resistant cell lines (Figure 4.15b). Enhanced apoptosis was only 

detected in the MDA-MB-134VI cell line at the highest dose of JQ1 and ABT-199 (p≤ 

0.001) (Figure 4.15b). These results suggest that inhibition of BCL-2 alone does not 

enhance JQ1-induced apoptosis, even in the resistant cell lines with high protein 

expression of BCL-2. BCL-2 is not responsible for JQ1-induced apoptotic resistance 

in ILC cell lines. 

 



123 

 

 

Figure 4.15: The combination of JQ1 and ABT-199 is not synergistic and does 

not enhance or induce apoptosis in ILC cell lines. (A) Cell viability heatmap 

matrix using MTT assay 72 hr after JQ1 and ABT-199 combination treatment. The 

mean of N=3 experiments was analysed using CompuSyn software to detect 

synergy. Synergy with a combination index (CI) <0.7 is marked with an asterisk. (B) 

Apoptosis analysis using annexin V-FITC/PI staining and flow cytometry 72 hr after 

JQ1 and 1 µM ABT-199 combination treatment. The IC50 values are listed beside 

each cell line. Mean of N=3 experiments plotted using nonlinear regression. Error 

bars indicate +/- SEM. Asterisks indicates significance using Two-Way ANOVA p≤ 

0.05. 
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4.3.9 The combination of JQ1 and ABT-263 is synergistic in ILC 

cell lines 

Next it was established whether inhibition of BCL-2/BCL-XL and BCL-W anti-

apoptotic proteins using ABT-263 enhanced JQ1-induced apoptosis. JQ1 was 

combined with ABT-263 and cell viability (Figure 4.16a) and apoptosis (Figure 4.16b) 

was measured following 72 hr treatment. Synergy was detected with a CI <0.7 in 

three out of the four ILC cell lines using a cell viability assay (Figure 4.16a). Although 

synergy was not detected in the CAMA-1 cell line it is evident that the combination of 

JQ1 and ABT-263 mediated a greater growth inhibitory effect than either drug alone 

(Figure 4.16a, red). This is because synergy is based on the detection of an IC50 

value with JQ1 treatment alone and an IC50 value with ABT-263 treatment alone, 

and neither drug produced much of a growth inhibiting effect in isolation (Figure 

4.16a).  

Apoptosis was also measured using annexin V/PI after the JQ1 and ABT-263 drug 

combination (Figure 4.16b). Interestingly, in the ILC cell lines sensitive to JQ1-

induced apoptosis (SUM44-PE and OCUB-M), the combination of JQ1 and ABT-263 

seemed to enhance the apoptotic effect of JQ1 treatment alone (Figure 4.16b). 

Importantly, in the ILC cell lines relatively resistant to JQ1-induced apoptosis (MDA-

MB-134VI and CAMA-1), the combination of JQ1 and ABT-263 caused these cell 

lines to undergo apoptosis that was not occurring with JQ1 treatment alone (Figure 

4.16b). These results suggest that either BCL-XL and/or BCL-W may contribute to 

cell survival in ILC cell lines resistant to JQ1-induced apoptosis and that the 

combination of JQ1 and ABT-263 may be an effective treatment strategy for 

overcoming this resistance in these cell lines (Figure 4.16a, b). However, it is 

important to note that one cannot exclude the possibility that BCL-2 is also required 

to be co-inhibited. It was hypothesised that BCL-XL is responsible for JQ1-induced 

apoptotic resistance in ILC cell lines as BCL-XL transcription is maintained or highly 

expressed following JQ1 treatment as analysed using RNA sequencing and qPCR 

analysis (Figure 4.11a, b). The combination of JQ1 and ABT-263 may also be an 

effective treatment strategy for cell lines sensitive to JQ1-induced apoptosis as this 

drug combination enhanced the apoptotic effect of JQ1 in these cell lines (Figure 

4.16a, b).   
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Figure 4.16: The combination of JQ1 and ABT-263 is synergistic and enhances 

or induces apoptosis in ILC cell lines. (A) Cell viability heatmap matrix using MTT 

assay 72 hr after JQ1 and ABT-263 combination treatment. The mean of N=3 

experiments was analysed using CompuSyn software to detect synergy. Synergy 

with a combination index (CI) <0.7 is marked with an asterisk. (B) Apoptosis analysis 

using annexin V-FITC/PI staining and flow cytometry 72 hr after JQ1 and 1 µM ABT-

263 combination treatment. The IC50 values are listed beside each cell line. Mean of 

N=3 experiments plotted using nonlinear regression. Error bars indicate +/- SEM. 

Asterisks indicates significance using Two-Way ANOVA p≤ 0.05.  

 

In order to further dissect the role of BCL-XL in apoptosis resistance, JQ1 was 

combined with the BCL-XL selective BH3 mimetic WEHI-539, in both a JQ1 

apoptotic sensitive cell line (OCUB-M) and in a JQ1 apoptotic resistant cell line 

(CAMA-1). The combination of JQ1 and WEHI-539 only significantly enhanced 

apoptosis in the sensitive OCUB-M cell line at the 0.3 µM JQ1 and 1 µM WEHI-539 

dose (p≤ 0.05) (Figure 4.17). Interestingly, the combination of JQ1 and WEHI-539 

induced the CAMA-1 apoptotic resistant cell line to undergo apoptosis that was 

highly significant at the 0.3 µM JQ1 and 1 µM WEHI-539 dose (p≤ 0.001), 1 µM JQ1 

and 1 µM WEHI-539 dose (p≤ 0.001) and 3 µM JQ1 and 1 µM WEHI-539 dose (p≤ 

0.0001) (Figure 4.17). Furthermore, the combination of JQ1 and WEHI-539 (IC50= 

0.3634 µM) produced similar results to the combination of JQ1 and ABT-263 (IC50= 

0.495 µM) (Figure 4.16b, 4.17) in the CAMA-1 cell line. Surprisingly, the OCUB-M 

cell line displayed a lower IC50 value with the combination of JQ1 and WEHI-539 

(IC50=0.4057 µM) compared to the JQ1 and ABT-263 combination (IC50= 1.138µM) 

at 72 hr treatment (Figure 4.16b, 4.17). This being said, the combination of JQ1 and 

WEHI-539 induced apoptosis to a significantly greater degree in the CAMA-1 cell 

line, than it induced apoptosis in the OCUB-M cell line (Figure 4.17). It may be that 

both the OCUB-M and CAMA-1 cell lines are reliant on BCL-XL for cell survival, that 

can be downregulated by JQ1 (Figure 4.12). However, BCL-XL expression may be 

maintained in the CAMA-1 cell line that requires the combination of JQ1 and ABT-

263 or WEHI-539 in order to induce apoptosis, as apoptosis is not occurring in the 

CAMA-1 cell line but is in the OCUB-M cell line after 96 hr JQ1 treatment (Figure 
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4.1b). These findings support the hypothesis that BCL-XL may be contributing to 

JQ1-induced apoptotic resistance in ILC cell lines. 

 

Figure 4.17: The combination of JQ1 and WEHI-539 enhances or induces 

apoptosis in ILC cell lines. Apoptosis analysis in the (A) OCUB-M and (B) CAMA-1 

cell lines using annexin V-FITC/PI staining and flow cytometry 72 hr after JQ1 and 1 

µM WEHI-539 combination treatment. The IC50 values are listed beside each cell 

line. Mean of N=3 experiments plotted using nonlinear regression. Error bars indicate 

+/- SEM. Asterisks indicates significance using Two-Way ANOVA p≤ 0.05.  

 

4.3.10 The combination of JQ1 and 1 µM ABT-263 inhibits the 

growth and size of 3D spheroids in culture 

The combination of JQ1 and ABT-263 was synergistic in ILC cell lines and could 

enhance apoptosis in ILC cell lines sensitive to JQ1-induced apoptosis or induce 

apoptosis in ILC cell lines that were relatively more resistant to JQ1-induced 

apoptosis (Figure 4.16a, b). Next the efficacy of the JQ1 and ABT-263 drug 

combination was measured using an in vitro 3D cell culture assay (345). Importantly, 

sensitivity to drugs in 3D cell culture has been reported to be better representative of 

the in vivo environment (346). The SUM44-PE (sensitive to JQ1-induced apoptosis) 

and the MDA-MB-134VI (relatively resistant to JQ1-induced apoptosis) were each 

seeded in matrigel for 24 hr followed by drug treatment for 72 hr. Following drug 

treatment, media alone (no drug) was replenished and changed twice weekly and 
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cells imaged on day 1, day 8 and day 15. The MDA-MB-134VI cell line formed more 

3D spheroids compared the SUM44-PE cell line at day 15 (Figure 4.18a, d) and all 

spheroids remained viable in the controls as illustrated with Calcein AM (green) live 

stain (347) (Figure 4.18a, d, green). The number and size of 3D spheroids at day 15 

were counted. The SUM44-PE cell line has been grown in 3D cell culture previously 

where the authors describe the cell line forming spherical and/or fused colonies 

(348), in line with findings from this study (Figure 4.18a). To our knowledge, the 

MDA-MB-134VI cell line has not been reported grown in 3D cell culture previously.  

In the SUM44-PE cell line, JQ1 significantly inhibited both the number (p≤ 0.05) and 

size (p≤ 0.0001) of the spheroids formed in 3D cell culture (Figure 4.18b). The 

combination of JQ1 and ABT-263 inhibited the number of spheroids formed 

statistically better (p≤ 0.01) than JQ1 treatment alone (Figure 4.18b). JQ1 and the 

combination of JQ1 and ABT-263 inhibited the size of the spheroids in 3D culture to 

the same extent, that was highly significant (p≤ 0.0001) (Figure 4.18b). Similarly, in 

the MDA-MB-134VI cell line, JQ1 significantly inhibited both the number (p≤ 0.05) 

and size (p≤ 0.01) of the spheroids formed in 3D cell culture (Figure 4.18d). Like the 

SUM44-PE cell line, the combination of JQ1 and ABT-263 inhibited the number of 

spheroids formed statistically better (p≤ 0.01) than JQ1 treatment alone in the MDA-

MB-134VI cell line (Figure 4.18d). JQ1 and the combination of JQ1 and ABT-263 

inhibited the size of the spheroids formed in 3D culture to the same extent in the 

MDA-MB-134VI cell line, which was significant (p≤ 0.01) (Figure 4.18d). JQ1 and the 

combination of JQ1 and ABT-263 inhibited the size of the 3D spheroids formed in the 

SUM44-PE JQ1 apoptotic sensitive cell line to a greater extent (p≤ 0.0001) than in 

the JQ1 apoptotic resistant MDA-MB-134VI cell line (p≤ 0.01) (Figure 4.18b, d). 

These results indicate that the combination of JQ1 and ABT-263 is more effective 

than JQ1 treatment alone at inhibiting the number of 3D spheroids grown in 3D 

culture, as shown for the SUM44-PE sensitive cell line and MDA-MB-134VI cell line 

that is relatively resistant to JQ1-induced apoptosis (Figure 4.18b, d, left).   
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Figure 4.18: The combination of JQ1 and ABT-263 can inhibit both the number 

and size of 3D spheroids in 3D culture. Representative brightfield images of 1 µM 

JQ1 and the combination of 1 µM JQ1 and 1 µM ABT-263 treatments for 72 hr in 3D 
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culture in the (A) SUM44-PE cell line and (C) MDA-MB-134VI cell line on day 1, day 

8 and day 15. 10X images were taken and scale bar indicates 100 µm. Cells are 

viable at day 15 as indicated with calcein AM green fluorescent staining using 

confocal imaging. The number (manual cell counting) and size in square pixels 

(ImageJ software) of the 3D spheroids at day 15 were quantified in the (B) SUM44-

PE cell line and (D) MDA-MB-134VI cell line. Mean of N=3 experiments. Error bars 

show +/- SEM and asterisks indicates significance using One-Way ANOVA p≤ 0.05. 

 

4.3.11 Optimisation of antibodies in ILC cell lines for flow 

cytometry analyses of patient tumour sample and PDX  

A ILC patient primary sample (T509) and an ILC PDX sample (T638) was available 

for this study, which were grown ex vivo and analysed in single cell suspension by 

flow cytometry. For the T509 primary sample a CD45-PE antibody was optimised in 

order to identify any white blood cells (301) and remove them from the analysis. The 

CD45-PE antibody was optimised in ILC cell lines and a Jurkat leukemic cell line 

prior to staining the T509 primary sample. ILC cell lines were negative for CD45, 

whereas the Jurkat leukemic cell line is positive for CD45 (data not shown). 

For the T638 ILC PDX sample a EpCAM-APC antibody was optimised, as the PDX 

was grown in NOD-SCID mice and would be CD45 negative. EpCAM-APC was used 

as a positive selection marker in order to identify tumour cells in the ILC PDX. The 

EpCAM antibody was optimised in ILC cell lines and the Jurkat leukemic cell line 

prior to staining the ILC PDX T638 sample. The SUM44-PE is the representative ILC 

cell line shown and is positive for EpCAM, which is an epithelial cell marker (302), 

whereas the Jurkat leukemic cell line is negative for EpCAM (Figure 4.19).  
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Figure 4.19: Optimisation of EpCAM-APC antibody in the SUM44-PE (ILC) and 

Jurkat (leukemia) cell line. Representative histograms showing Jurkat or SUM44-

PE cells stained with IgG-APC and EpCAM-APC. Histograms were overlapped using 

the Cyflogic software. The ILC SUM44-PE cell line is positive for EpCAM-APC but 

not the Jurkat leukemic cell line. 

 

4.3.12 The combination of JQ1 and ABT-263 causes apoptosis 

in a ILC primary sample ex vivo  

The previous results showed that the combination of JQ1 and ABT-263 was effective 

at inhibiting the number and size of 3D spheroids in 3D cell cultures of ILC cell lines 

(Figure 4.18b, d). Due to a lack of ILC cell lines available, the efficacy of the JQ1 and 

ABT-263 combination was assessed in a ILC primary sample.  

The T509 primary ILC sample was obtained with consent from Beaumont Hospital, 

Dublin, Ireland in collaboration with Prof. Leonie Young, RCSI, Ireland. The primary 

sample was treatment naive. The ILC primary patient T509 sample was ER positive, 

PgR positive and HER2 negative (Figure 4.20). Images were taken of the IHC 

receptor slides obtained from Beaumont Hospital for patient T509 that were analysed 

by the in house pathologist (Figure 4.20). 
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Figure 4.20: IHC analysis of the T509 primary ILC sample. 10X images of 

receptor status of the T509 primary sample by IHC. The IHC slides were obtained 

from Beaumont Hospital, Dublin, Ireland. Scale bar indicates 100 µm. 

 

T509 primary tumour pieces were treated with DMSO + DMSO or 1 µM JQ1 + 1 µM 

ABT-263 for 48 hr ex vivo on sponges (Figure 4.21) and then the tumour pieces 

were put into single cell suspension and stained with CD45-PE/annexin V-FITC. Ex 

vivo models enable the evaluation of drug efficacy in the intact tumour 

microenvironment of human tumours, improving preclinical testing (303). This is a 

novel method of analysing the tumours by flow cytometry that have been grown ex 

vivo on dental sponges (303-305), to our knowledge.  

 

Figure 4.21: The T509 primary ILC patient sample grown ex vivo on dental 

sponges. The T509 primary patient sample was cut into small pieces and placed on 

dental sponge pre-soaked with HBEC media and drug for 48 hr. Conditions: DMSO + 

DMSO or 1 µM JQ1 + 1 µM ABT-263. 
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The single cell suspension of each tumour sample was sorted based on CD45-PE 

negativity, in order to remove white blood cells from the analysis (Figure 4.22a, left). 

Surprisingly, there were very few CD45 positive cells in the cell population. Annexin 

V-FITC positivity was then measured in this CD45-PE negative cell population in 

order to measure apoptosis (Figure 4.22a, right). There was a 40.3% increase in 

annexin V positivity with the combination of JQ1 and ABT-263 versus the control 

(Figure 4.22b). These results indicate that the combination of JQ1 and ABT-263 can 

induce apoptosis in a primary ILC sample and may be a potential rational drug 

combination for ILC. 

 

Figure 4.22: The combination of 1 µM JQ1 and 1 µM ABT-263 causes apoptosis 

in the T509 ILC primary patient sample grown ex vivo. (A) Flow cytometry 

analysis of the T509 primary ILC sample. CD45 negative cells were gated in order to 

remove white blood cell contaminants from the analysis (left histogram plots, purple). 

Annexin V positivity was measured in CD45 negative cells (right histograms, pink). 

(B) Apoptosis analysis of the T509 primary ILC sample in a bar chart by plotting the 

percentage (%) of annexin V positive cells in the CD45 negative population.   
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4.3.13 The combination of JQ1 and ABT-263 in the T638 ILC 

PDX could not be accurately measured ex vivo by either flow 

cytometry or IHC analysis   

Additionally, a ILC PDX sample was available for this study that was also obtained in 

collaboration with Prof. Leonie Young, RCSI, Ireland. This ILC PDX sample, T638, 

was from a ILC patient whom had been previously treated with chemotherapy, 

radiotherapy and tamoxifen but had unfortunately relapsed and metastasised to the 

bone and brain. The T638 ILC PDX was established from brain metastases of this 

patient by Prof. Leonie Young’s laboratory. For this experiment, the T638 sample 

was again grown ex vivo on dental sponge as previously described (303-305) but the 

PDX sample was treated with drug for 72 hr in order to increase the amount of 

apoptosis obtained with a longer time point. For the T638 ILC PDX sample, there 

was enough tumour sample to include DMSO + DMSO, DMSO + 1 µM JQ1 and 1 

µM JQ1 + 1 µM ABT-263 treatment groups. After 72 hr, the tumour samples were 

put into single cell suspension and stained with EpCAM-APC.  

The T638 ILC PDX sample was positive for ER as well as PgR but negative for 

HER2 as assessed by a pathologist in Beaumont Hospital (Figure 4.23a). The PDX 

was also negative for E-cadherin, which is a characteristic of ILC (Figure 4.23a). 

Images were taken of the IHC receptor and E-cadherin slides obtained from 

Beaumont Hospital for patient T638 (Figure 4.23a). After 72 hr drug treatment ex 

vivo, the PDX was put into single cell suspension, stained with EpCAM-APC/annexin 

V-FITC and analysed by flow cytometry. Tumour cells were selected based on 

EpCAM-APC positivity (Figure 4.23b, left). Annexin V-FITC positivity was then 

measured in the EpCAM-APC positive cell population in order to measure apoptosis 

(Figure 4.23b, right). Unexpectedly, there was a huge amount of death in all 

treatment samples, including the controls (Figure 4.23c), and no effect of the JQ1 

single treatment or the JQ1 and ABT-263 combination treatment was able to be 

inferred from this experiment.  
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Figure 4.23: The combination of 1 µM JQ1 and 1 µM ABT-263 does not enhance 

apoptosis in the T638 ILC PDX sample grown ex vivo. (A) 10X images of 

receptor status and E-cadherin negativity of the T638 ILC PDX sample by IHC. The 

IHC slides were obtained from Beaumont Hospital, Dublin, Ireland. (B) Flow 

cytometry analysis of T638 ILC PDX sample. EpCAM positive cells were gated in 

order to include tumour cells in the analysis (left histogram plots, purple). Annexin V 

positivity was measured in EpCAM positive cells (right histograms, blue). (C) 
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Apoptosis analysis of the T638 ILC PDX sample in a bar chart by plotting the 

percentage (%) of annexin V positive cells in the EpCAM positive cell population.   

 

There was one more ILC PDX T638 sample available for analysis. As the flow 

cytometry did not produce any usable data, this PDX was analysed by IHC. The ILC 

PDX was again cut into pieces, set up ex vivo on the dental sponges and treated 

with drug for 72 hr. After the 72 hr drug treatment, the tumour pieces were fixed, 

processed and embedded in wax. Sections were cut from the tumour blocks and 

mounted on slides for each tumour condition. H & E staining was carried out to 

confirm presence of tumour cells (Figure 4.24a, top panel). After confirming the 

presence of tumour cells, the tumour slides were stained for cleaved caspase 3 

(Figure 4.24a, middle panel) and also for BCL-XL (Figure 4.24a, bottom panel). The 

T638 ILC PDX was stained for cleaved caspase 3 in order to detect apoptosis. The 

T638 ILC PDX was stained for BCL-XL in order to assess whether sensitivity to 

apoptosis as indicated by cleaved caspase 3 staining could be predicted based on 

BCL-XL expression. The data to date would suggest that JQ1 treatment alone would 

be sufficient to induce apoptosis in a tumour with low BCL-XL expression, but in a 

tumour with high BCL-XL expression the combination of JQ1 and ABT-263 would be 

required to induce apoptosis (Figure 4.1b; 4.11a, b; 4.12a; 4.16b; 4.17). 

Two non-consecutive tumour slides were stained for cleaved caspase 3 and BCL-XL 

for each treatment condition. A pathologist, Dr. Claudia Aura Gonzalez (University 

College Dublin, Ireland), who was blinded to the study quantified the IHC slides 

using the H-score method (349) (Figure 4.24b, c). The results from the IHC data are 

extremely variable, with the DMSO + 1 µM JQ1 treatment only showing increased 

caspase 3 cleavage in one out of two replicates and the combination treatment of 1 

µM JQ1 and 1 µM ABT-263 displaying similar levels of caspase 3 cleavage 

compared to control (Figure 4.24b). Likewise, BCL-XL showed the same trend, in 

that the DMSO + 1 µM JQ1 treatment only showed decreased BCL-XL expression in 

one out of two replicates and the combination treatment of 1 µM JQ1 and 1 µM ABT-

263 displayed similar levels of BCL-XL compared to control (Figure 4.24c). The IHC 

results are in contrast to the working hypothesis and mirrors the inaccurate data 

obtained with the flow cytometry for this PDX sample. It was expected that the 
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combination treatment of JQ1 and ABT-263 would be as effective if not more 

efficacious compared to the JQ1 treatment alone.  

For the ILC PDX T638 experiments the treatment time point was increased from 48 

hr (used in the primary T509 patient sample) to 72 hr, which could have negatively 

impacted the experiment. The DMSO treatment in the control may have become 

toxic after 72 hr providing inaccurate data. Others in the Prof. Leonie Young 

laboratory have grown IDC tumours on dental sponges for more than 5 days, 

however no one has attempted this with ILC tumours previously. 
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Figure 4.24: IHC analysis of the T638 ILC PDX sample. (A) 10X images of H & E 

staining of the ILC PDX in the first panel, followed by IHC staining for cleaved 

caspase 3 and BCL-XL in subsequent panels. (B) H-score quantification of cleaved 

caspase 3 was done by a pathologist (Dr. Claudia Aura Gonzalez) who was blinded 

to the study. (C) H-score quantification of BCL-XL was done by a pathologist (Dr. 

Claudia Aura Gonzalez) who was blinded to the study. H-score= % positive cells with 

intensity category 1 x 1 + % positive cells with intensity category 2 x 2 + % positive 

cells with intensity category 3 x 3 (349). Scale bar indicates 100 µm. 
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4.3.14 ABT-263 in combination with the CDK7 inhibitor THZ1 is 

synergistic in TNBC   

TNBC is a breast cancer subtype that has poor prognosis (350). There is no targeted 

therapy available to TNBC patients and they mainly rely on cytotoxic chemotherapy 

(32). TNBC patients with residual disease following chemotherapy display 

significantly worse survival compared to other breast cancers (32), therefore novel 

therapeutic options are urgently needed. Others in the laboratory identified that high 

CDK7 mRNA expression was associated with poor prognosis in TNBC from two 

breast cancer cohorts, that was subsequently confirmed at the protein level (351). 

For this study, two available CDK7 inhibitors, BS-181 and THZ1 (217, 223), were 

tested in two TNBC cell lines, BT549 and MDA-MB-231. THZ1 inhibited the growth 

of TNBC at a considerably higher potency compared to BS-181 in both cell lines 

(Figure 4.25a, b). This may be in part due to the covalent nature of CDK7 inhibition 

by THZ1 (217). 

 

Figure 4.25: TNBC cell lines are sensitive to growth inhibition mediated by 

CDK7 inhibitors. Dose response curves after 72 hr of BS-181 or THZ1 treatment 

using MTT assay. The IC50 values are listed beside each cell line. Mean of N=3 

experiments plotted using nonlinear regression. Error bars show +/- SEM.  

 

Next it was assessed whether BS-181 and THZ1 could induce apoptosis in TNBC 

cell lines. The BT549 cell line was sensitive to both THZ1- and BS-181-mediated 
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apoptosis (Figure 4.26a). However, the MDA-MB-231 cell line was relatively 

insensitive to THZ1-mediated apoptosis and was only sensitive to BS-181 induced 

apoptosis at very high doses (Figure 4.26b).  

 

Figure 4.26: Some TNBC cell lines are sensitive to CDK7 inhibition induced 

apoptosis. Apoptosis analysis in the (A) BT549 and (B) MDA-MB-231 cell lines 

using annexin V-FITC/PI staining and flow cytometry 48 hr following BS-181 or THZ1 

treatment. The IC50 values are listed beside each cell line. Mean of N=3 

experiments plotted using nonlinear regression. Error bars indicate +/- SEM.  

 

As the MDA-MB-231 cell line is relatively resistant to CDK7 inhibitor-induced 

apoptosis, dynamic BH3 profiling was performed in order to identify anti-apoptotic 

dependencies in this cell line (Figure 4.27). Following treatment with THZ1, there 

was an increased loss of cytochrome c following treatment with the BAD and HRK 

peptide that was statistically significant (p≤ 0.01) (Figure 4.27). BH3 peptides have 

specific binding interactions (Figure 1.9) (263). BAD binds the BCL-2, BCL-XL and 

BCL-W proteins, whereas HRK binds BCL-XL (263). Increased cytochrome c loss 

following both BAD and HRK peptides indicates dependency on BCL-XL anti-

apoptotic protein, as has been shown by others (352).  
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Figure 4.27: The MDA-MB-231 cell line is dependent on the BCL-XL anti-

apoptotic protein. % loss of cytochrome c released was measured following 16 hr 

THZ1 treatment in the MDA-MB-231 cell line by dynamic iBH3 profiling using flow 

cytometry. Cells were treated with 100µM peptide unless stated otherwise. Mean of 

N=3 experiments. Error bars show +/- SEM. Asterisks indicates significance using t-

test p≤ 0.05. 

 

In order to address this prediction, others in the laboratory combined THZ1 with the 

BH3 mimetics, ABT-199 and ABT-263 (351). The combination of THZ1 and ABT-263 

mediated synergistic growth inhibition in both the BT549 and MDA-MB-231 cell lines, 

whereas the combination of THZ1 and ABT-199 was only synergistic in the BT549 

cell line. Furthermore, the combination of THZ1 and ABT-263 was synergistic at 

inducing apoptosis at low doses in both the BT549 and MDA-MB-231 cell lines. The 

combination of THZ1 and ABT-199 was synergistic in these cell lines only after 

treatment with high concentration of drug (351). Following on from this, the 

combination of THZ1 and BH3 mimetics was further validated in 4 more TNBC cell 

lines (Figure 4.28a, b). Synergistic growth inhibition was detected in three out of the 

four TNBC cell lines with the combination of THZ1 and ABT-263 (CI <0.7) (Figure 
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4.28a). In contrast, only minor synergy was detected at high doses with the 

combination of THZ1 and ABT-199 in the HCC1937 cell line (Figure 4.28b). The 

BT20 cell line was relatively resistant to both the THZ1 and ABT-263 combination as 

well as the THZ1 and ABT-199 combination (Figure 4.28a, b).  

These findings suggest that the combination of CDK7 inhibition and BH3 mimetics 

may be a therapeutic option for TNBC patients. 
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Figure 4.28: The combination of THZ1 and ABT-263 is synergistic in TNBC cell 

lines. Cell viability heatmap matrix using MTT assay 48 hr after (A) THZ1 and ABT-

263 or (B) THZ1 and ABT-199 combination treatment in four TNBC cell lines. The 

mean of N=3 experiments was analysed using CompuSyn software to detect 

synergy. Synergy with a combination index (CI) <0.7 is marked with an asterisk. 

 

4.4 Discussion 

In this study it was identified that JQ1 induced apoptosis in two out of the panel of 

four ILC cell lines. The SUM44-PE and OCUB-M cell lines were sensitive to JQ1-

induced apoptosis whereas the MDA-MB-134VI and CAMA-1 cell lines were 

relatively more resistant to JQ1-induced apoptosis (Figure 4.1b). This was confirmed 

using cell cycle analysis. In the apoptotic sensitive SUM44-PE and OCUB-M cell 

lines the percentage of cells in the sub G1 phase increased following JQ1 treatment 
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(Figure 4.1d). In contrast, the CAMA-1 cell line, which is the most resistant to JQ1-

induced apoptosis, arrested in the G1 phase of the cell cycle following JQ1 treatment 

(Figure 4.1d). The MDA-MB-134VI cell line also arrested in G1 at low doses of JQ1, 

but at higher doses of JQ1, the percentage of cells increased in the sub G1 phase 

(Figure 4.1d). This is in accordance with the annexin V/PI data in which some MDA-

MB-134VI cells undergo apoptosis at higher JQ1 concentrations (Figure 4.1b). 

Furthermore, BH3 profiling may be able to predict response to cell death caused by 

JQ1 treatment in ILC (Figure 4.2b), however further cell lines and patient samples 

are required to test this hypothesis. BH3 profiling has also been shown to predict 

response to BH3 mimetics and chemotherapy in numerous cancers such as 

lymphoma, chronic lymphocytic leukaemia (CLL), multiple myeloma, acute 

myelogenous leukemia, ovarian cancer and T-cell acute lymphoblastic leukemia 

(270, 352-354).  Additionally, basal BH3 profiling suggested that there was 

dependence on BCL-2 and/or BCL-XL and/or BCL-W anti-apoptotic proteins as 

indicated by increased mitochondrial depolarisation following treatment with the BAD 

BH3 peptide (263) (Figure 4.2a). 

RNA sequencing was then performed on a sensitive cell line (SUM44-PE) and on a 

cell line relatively more resistant to JQ1-induced apoptosis (MDA-MB-134VI) in order 

to identify factors contributing to JQ1-induced apoptotic resistance. The sequencing 

data was of good quality and reproducibility as evident by both a PCA plot (Figure 

4.3) and individual heatmaps for each cell line in which treatment conditions 

clustered together (4.4a. 4.5a). From the sequencing data, it was evident that JQ1 

alters the expression of a huge number of genes in both cell lines (Figure 4.4a, 

4.5a), with JQ1 altering the expression of genes in common to both cell lines as well 

as exclusive regulation of other genes (4.6a). As the MDA-MB-134VI cell line is 

relatively more resistant to JQ1-induced apoptosis, genes were of interest that were 

upregulated in the MDA-MB-134VI cell line following JQ1 treatment, but were not 

upregulated in the sensitive SUM44-PE cell line. Gene ontology analysis using 

DAVID (299, 300) identified numerous pathways that were distinctly upregulated in 

the MDA-MB-134VI JQ1 apoptotic resistant cell line, following JQ1 treatment (Figure 

4.6b). These were the circadian rhythm pathway, the MAPK signalling pathway, 

SNARE interactions in vesicular transport, the Wnt signalling pathway, long-term 

potentiation and insulin resistance (Figure 4.6b). Resistance to BET inhibition in 
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cancer has been previously reported in the literature. Pancreatic cancer cells 

resistant to BET inhibition displayed increased expression of some JQ1 target genes 

and maintained expression and dependency on Myc through GLI2 regulation (355), 

adaptive kinome reprogramming was attributed to BET inhibitor resistance in ovarian 

cancer cells (356) and loss of TRIM33 in colorectal cells promotes BET inhibitor 

resistance by increasing TGF-β signalling and reversing, in part, Myc downregulation 

(357). In TNBC, JQ1 resistant cells remain reliant on BRD4 (204). In these cells 

BRD4 is hyperphosphorylated and is indirectly recruited to chromatin via MED1. 

Furthermore, JQ1 resistant cells gained super-enhancer regions in survival genes 

including BCL-XL that was attributed to increased BRD4 binding (204). In HER2 

positive luminal breast cancer, Myc downregulation did not predict sensitivity to JQ1 

and exogenous Myc did not confer BET inhibitor resistance. The authors reported 

that overexpression of mutant PIK3CA conferred resistance to JQ1 in this model 

(358).   

Wnt signalling has also been reported to play a role in resistance to BET inhibition. In 

acute myeloid leukemia (AML), BET inhibitor resistance was promoted by inhibition 

of the PRC2 complex causing epigenetic remodelling of chromatin and re-expression 

of BET inhibitor targets, such as Myc, that is facilitated by Wnt signalling machinery 

(334). Rathert et al. identified that a focal Myc enhancer is activated via this 

mechanism (334). Similarly, another study revealed that BET inhibitor resistance 

emerges from AML stem cells that display transcriptional rewiring and utilise the Wnt 

signalling pathway in order to maintain the expression of BET inhibitor target genes 

such as Myc (333). In this study, the Wnt pathway was significantly upregulated in 

the MDA-MB-134VI cell line (p= 0.0142), which is relatively resistant to JQ1-induced 

apoptosis, but not in the SUM44-PE cell line that is sensitive to JQ1-induced 

apoptosis (Figure 4.6b). As the Wnt signalling pathway has been previously 

associated with the development of BET inhibitor resistance in cancer (333, 334), the 

role of Wnt signalling in an ILC model of JQ1 apoptotic resistance was assessed. 

The Wnt11 ligand was identified as being significantly upregulated in ILC cell lines 

relatively resistant to JQ1-induced apoptosis, but not in cell lines sensitive to JQ1-

induced apoptosis, by both RNA sequencing and qPCR analysis (Figure 4.7a-c). 

Thus the non-canonical Wnt ligand, Wnt11 (359, 360), that signals via the non-

canonical/ β-catenin-independent Wnt pathway, may be a potential factor 
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contributing to apoptotic resistance in the panel of ILC cell lines. Next the role of 

Wnt11 in JQ1-induced apoptosis resistance was interrogated using siRNA 

knockdown. Wnt11 knockdown was confirmed at the mRNA level using 2 individual 

siRNA’s after 72 hr (Figure 4.8b). It was then assessed whether Wnt11 knockdown 

could increase sensitivity of the apoptotic resistant CAMA-1 cell line to JQ1. Wnt11 

was knocked down for 72 hr followed by a further 72 hr treatment with JQ1. No 

difference was found in the apoptotic response in the CAMA-1 cell following JQ1 

treatment and Wnt11 knockdown (Figure 4.8c). This was likely because there was 

no Wnt11 knockdown at the protein level in either the CAMA-1 or MDA-MB-134VI 

resistant cell lines using siRNA (Figure 4.9a). Additionally, following JQ1 treatment 

over time no difference in Wnt11 expression at the protein level was detected in 

neither JQ1 apoptotic sensitive or relatively resistant ILC cell lines (Figure 4.9b). 

Wnt4 knockdown was also attempted due to its reported role in endocrine resistance 

in ILC (340) using siRNA but similar results were obtained (Figure 4.10a, b). 

Unfortunately, due to time constraints of the project Wnt11 stable 

knockdown/knockout cell lines were unable to be developed, but it is a focus of 

future work of the laboratory which will shed light on whether Wnt11 has a role in 

JQ1 apoptotic resistance in ILC. Previous studies have shown that Wnt11 is 

associated with migration (336, 337, 339) and the promotion of cell proliferation in 

various cancer models (337, 339), and it would be important to determine if JQ1 

treatment can increase EMT via Wnt11 in ILC cell lines/patients before proceeding to 

the clinic. Of note, although β-catenin was DE in the RNA sequencing data, β-

catenin is not expressed at the protein level in ILC patient samples (361). Therefore, 

it is likely that if Wnt signalling is indeed promoting apoptotic resistance to JQ1 that it 

will be via the non-canonical rather than the canonical/ β-catenin-dependent pathway 

which makes Wnt11 a good potential target to pursue. 

JQ1 was shown to induce apoptosis in some ILC cell lines (Figure 4.1b, d), thus the 

anti-apoptotic proteins BCL-2, BCL-XL and BCL-W and also the pro-apoptotic BIM 

protein were interrogated in the RNA sequencing data to identify any changes 

following JQ1 treatment (Figure 4.11a). In the SUM44-PE apoptotic sensitive cell 

line, following JQ1 treatment, transcription of both the BCL-2 and BCL-XL anti-

apoptotic proteins was downregulated (Figure 4.11a, left). However, following JQ1 

treatment in the resistant MDA-MB-134VI cell line, BCL-2 transcription was 
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downregulated but interestingly transcription of the anti-apoptotic BCL-XL was 

upregulated (Figure 4.11a, right). These findings were then validated using qPCR in 

the ILC cell lines sensitive to JQ1-induced apoptosis (SUM44-PE and OCUB-M) and 

in the ILC cell lines relatively more resistant to JQ1-induced apoptosis (MDA-MB-

134VI and CAMA-1) (Figure 4.11b). These findings suggest that the anti-apoptotic 

protein BCL-XL may contribute to JQ1-induced apoptotic resistance as BCL-XL 

transcription is either maintained (MDA-MB-134VI cell line) or upregulated (CAMA-1 

cell line) following JQ1 treatment (Figure 4.11a, b).  

Next the BCL-2 anti-apoptotic proteins were investigated following JQ1 at the protein 

level. Surprisingly, JQ1 does not alter the protein expression of the BCL-2 anti-

apoptotic protein in ILC cell lines (Figure 4.12a), even though transcription is 

downregulated in all ILC cell lines tested at the mRNA level (Figure 4.11b). BCL-2 

protein expression was also highly expressed in ILC cell lines relatively resistant to 

JQ1-induced apoptosis (Figure 4.12a). Therefore, it was hypothesised that BCL-2 

may be responsible for JQ1-induced apoptotic resistance in the MDA-MB-134VI and 

CAMA-1 cell lines. However, ILC cell lines were not sensitive to the BCL-2 selective 

inhibitor ABT-199 (281) by either growth inhibition or apoptosis (Figure 4.13a, b). 

Furthermore, the combination of JQ1 and ABT-199 did not enhance or induce 

apoptosis in ILC cell lines (Figure 4.15b), suggesting that inhibition of BCL-2 protein 

alone is not sufficient to reverse JQ1-induced apoptotic resistance. JQ1 in 

combination with ABT-199 has been shown to be effective in other cancers. This 

drug combination was shown to be effective at inhibiting the growth of an aggressive 

triple hit B-cell lymphoma cell line (362) and was synergistic in double hit B-cell 

lymphoma cells (363). Furthermore, JQ1 in combination with ABT-199 was recently 

shown to be synergistic in T-ALL cell lines, T-ALL resistant patient samples and also 

in patient-derived xenografts (364). This study suggested that the effectiveness of 

this drug combination may be due to the downregulation of BCL-2 and induction of 

BIM by JQ1 that facilitates ABT-199 due to increased BIM: BCL-2 binding ratio (364). 

Notably, It has been reported that high expression of BCL-2 but low expression of 

either BAD or BCL-XL can be used as predictive biomarkers for a robust apoptotic 

response following BET inhibition as assessed in cell lines of ALL origin, solid 

malignancies and haematological origin (323). This is in contrast to results from this 
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study where the ILC cell lines relatively resistant to JQ1-induced apoptosis have high 

expression of BCL-2.  

As mentioned previously, it was hypothesised that maintained or high BCL-XL 

transcription may promote JQ1-induced apoptotic resistance in the MDA-MB-134VI 

and CAMA-1 cell lines from the RNA sequencing and qPCR validation data (Figure 

4.11a, b). Unexpectedly, BCL-XL protein expression was downregulated following 

JQ1 treatment in these cell lines (Figure 4.12a). However, and importantly, basal 

expression of BCL-XL is much higher in the MDA-MB-134VI and CAMA-1 JQ1 

apoptotic resistant cell lines compared to basal expression of BCL-XL in the SUM44-

PE and OCUB-M sensitive cell lines (Figure 4.12a). Transcriptional rewiring may be 

occurring following JQ1 treatment that enables maintained BCL-XL transcription in 

ILC cell lines relatively resistant to JQ1-induced apoptosis. Transcriptional re-wiring 

has been described for the ER via GATA3 previously following JQ1 treatment (207). 

BET proteins have been shown to associate with BCL-2 and BCL-XL on chromatin 

and JQ1 alters BCL-2 and BCL-XL gene transcription by displacing BET proteins 

from these regions on chromatin (197, 203, 365). The SUM44-PE and MDA-MB-

134VI cell lines were sensitive ABT-263, which inhibits BCL-2, BCL-XL and BCL-W 

(275), suggesting that inhibition of BCL-2 alone is not sufficient to induce apoptosis 

but that BCL-2/BCL-XL and BCL-W need to be inhibited (Figure 4.14a, b). 

Importantly, the combination of JQ1 and ABT-263 displayed synergistic growth 

inhibition in three out of four ILC cell lines, enhanced apoptosis in ILC cell lines 

sensitive to JQ1-induced apoptosis and induced apoptosis in ILC cell lines previously 

resistant to JQ1-induced apoptosis (Figure 4.16a, b). This finding further suggests 

that BCL-XL may be responsible for JQ1-induced apoptotic resistance in ILC cell 

lines. However, co-inhibition of BCL-2 may also be required for the efficacy of the 

JQ1 and ABT-263 combination treatment as ABT-263 inhibits BCL-2, BCL-XL and 

BCL-W anti-apoptotic proteins. In order to address this, JQ1 was combined with 

WEHI-539 a BCL-XL selective inhibitor (290). In the JQ1 apoptosis resistant CAMA-

1 cell line, the combination of JQ1 and WEHI-539 significantly induced apoptosis to a 

similar degree as did the combination of JQ1 and ABT-263 (Figure 4.16b, 4.17). This 

finding further suggests that BCL-XL may mediate JQ1 apoptotic resistance in ILC 

cell lines. In accordance with this hypothesis, resistance to apoptosis has been 

reported to be attributed to BET inhibitor resistance, with BCL-XL playing a front role 
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(204, 323). TNBC cell lines resistant to JQ1 gained a BCL-XL super-enhancer, 

corresponding to increased protein expression, which was accredited to increased 

BRD4 binding in the resistant cell line (204). The combination of JQ1 and ABT-737 

displayed synergy in this resistant cell line, further implicating the role of BCL-XL in 

apoptotic resistance to JQ1 (204). The apoptotic response was also attenuated in 

melanoma and AML cell lines resistant to the BET inhibitor CPI203 (366) and 

displayed upregulation of the anti-apoptotic protein BCL-XL (323). Knockdown of 

BCL-XL in the melanoma or AML BET inhibitor resistant cell lines promoted 

apoptosis and inhibited growth (323). Furthermore, the combination of CPI203 and 

ABT-737 in both the melanoma and AML resistant cell lines promoted apoptosis and 

inhibited proliferation in these cell lines (323). Additionally, androgen receptor 

signalling positive prostate cancer cell lines that are sensitive to JQ1 showed 

decreased expression of BCL-XL following JQ1 treatment due to loss of BRD2/3/4 at 

the BCL-XL promoter (203). However, in androgen receptor signalling negative cell 

lines that are resistant to JQ1, BCL-XL RNA levels remained unchanged (203). 

Although the potential role of BCL-XL and the combination of JQ1 and BH3 mimetics 

targeting BCL-XL have been reported in the literature previously, this is the first 

study to report the sensitivity of ILC cell lines to JQ1 as well as identify a potential 

combination therapy to target resistance. This is of importance as ILC patients 

display poor response to chemotherapy (157) and may not respond as well to 

endocrine therapy (154-156). Therefore, ILC patients urgently require alternative 

therapeutic options. Furthermore, very few molecular biology studies have been 

carried out in ILC and resources are difficult to come by (73). 

The JQ1 and ABT-263 combination also inhibited the number of 3D spheroids grown 

in 3D culture in both a JQ1 apoptotic sensitive cell line and a relatively resistant ILC 

cell line, which is more effective than JQ1 treatment alone (Figure 4.18b, d, left). JQ1 

and the combination of JQ1 and ABT-263 inhibited the size of 3D spheroids to a 

similar extent in both the cell lines (Figure 4.18b, d, right). Testing sensitivity of the 

cell lines to the combination of JQ1 and ABT-263 in 3D cell culture is important. This 

is because 3D cell culture has been shown to be better representative of the in vivo 

environment and many drugs previously sensitive in 2D growth environments can be 

resistant in 3D growth environments (346). The combination of JQ1 and ABT-263 

was also shown to cause apoptosis in an ILC primary sample (T509) grown ex vivo 
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in drug for 48 hr (Figure 4.22a, b). Primary samples grown ex vivo are translationally 

relevant (303, 304). Ex vivo models maintain the tissue architecture, histological 

integrity, hormone responsiveness and cell signalling of the primary tumour (303, 

304). These features enable the evaluation of drug efficacy in the intact tumour 

microenvironment of human tumours, that is not found with cell lines or animal 

models (303).  Unfortunately, the efficacy of the drug combination in the ILC PDX 

(T638) ex vivo following 72 hr JQ1 treatment was unable to be evaluated (Figure 

4.23b, c, 4.24). Many other researchers in the Prof. Leonie Young lab have cultured 

breast tumours ex vivo for longer time periods (305), but this study is the first to our 

knowledge to have grown ILC tumours ex vivo in this manner. 72 hr may have been 

too long for the tumour to have maintained viability ex vivo on the sponge. 

Furthermore, a study found that out of 82 ILC primary tumours, 43.9% of tumours 

weakly express EpCAM, 10.98% of tumours moderately express EpCAM and 3.66% 

of tumours highly express EpCAM (302). So, although EpCAM expression was 

validated in ILC cell lines (Figure 4.19) prior to the flow cytometry analysis of the 

T638 PDX sample, EpCAM in hindsight may not have been the best selection 

marker to identify ILC tumour cells and all the tumour cells may not have been 

detected. 

Taken together, results from this study have identified that the anti-apoptotic BCL-XL 

may be implicated in apoptotic resistance following JQ1 treatment in ILC and 

supports the notion that the combination of JQ1 and ABT-263 may be an effective 

treatment strategy for ILC patients. The combination of JQ1 and ABT-263 may also 

have the added benefit of preventing JQ1 apoptotic resistance either de novo or 

acquired in ILC treated with JQ1 alone. 

Furthermore, a side project carried out during my PhD provided evidence for the 

therapeutic benefit of CDK7 inhibition in combination with BH3 mimetics for the 

treatment of TNBC. TNBC occurs in approximately 15% of breast cancers (31). The 

TNBC subtype of breast cancer is so-called as it lacks expression of ER, PgR and 

HER2. As TNBC lacks hormonal receptors and HER2 there is currently no available 

targeted therapy and treatment mainly involves cytotoxic chemotherapy (32). TNBC 

is associated with poor survival and displays worse outcomes compared to other 

subtypes of breast cancer (350). The 5-year survival rate for TNBC patients is 76%, 

compared to a 5-year survival rate of 96% in hormone receptor positive breast 
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cancer (367). Risk of distant recurrence is also increased in patients with TNBC 

(368). CDK7 inhibition has been shown to target the Myc oncogene (217, 218). 

Previous studies have shown that Myc is amplified in TNBC and that Myc expression 

is a marker of poor prognosis (330, 369). Others in the laboratory identified that high 

CDK7 expression is associated with poor prognosis in TNBC (351). CDK7 inhibition 

using both the BS-181 and THZ1 selective inhibitors inhibited the growth of TNBC 

cell lines (Figure 4.25a, b), but apoptosis was only induced in one of the two TNBC 

cell lines tested (Figure 4.26a, b). THZ1 was more potent at inhibiting growth and 

inducing apoptosis in TNBC cell lines, likely attributed to its covalent mechanism of 

inhibition (217). In order to identify anti-apoptotic dependencies in the MDA-MB-231 

cell line that is resistant to CDK7 inhibition induced apoptosis, dynamic BH3 profiling 

(370) was performed following THZ1 treatment. Increased cytochrome c response 

from the BAD and HRK peptides after THZ1 treatment indicated BCL-XL 

dependence (Figure 4.27). In support of BCL-XL dependence, combination 

treatments with THZ1 and ABT-263 displayed synergistic growth inhibition in a panel 

of TNBC cell lines (Figure 4.28). This study provides rational for the therapeutic 

potential of CDK7 inhibition in combination with BH3 mimetics for the treatment of 

TNBC.  

 

 

 

 

 

 

 

 

 

 

 



153 

 

 

 

 

 

 

 

 

 

 

Chapter 5: Discussion 
 

 

 

 

 

 

 

 

  



154 

 

5.1 Discussion 

This PhD project has provided rational to therapeutically combine transcriptional 

inhibitors (JQ1 and THZ1) with BH3 mimetics (ABT-263) for the treatment of specific 

subtypes of breast cancer, namely ILC and TNBC. 

ILC represents a difficult-to-treat breast cancer subtype in which research and 

resources are lacking (73). ILC is distinct from ER positive IDC, however, ILC and 

IDC ER positive breast cancer are often grouped together in clinical trials (74). 

Emerging evidence has now shown that although both ILC and IDC breast cancer 

are strictly classified as ‘ER positive’, ILC patients may display worse survival on 

endocrine treatment compared to IDC patients (154-156). ILC is also molecularly 

distinct from IDC with distinct gene expression and potential alternative regulation of 

ER (117). Moreover, detection of ILC is more difficult compared to IDC, both 

manually and by mammography. Manual detection of ILC is difficult due to the 

single-file nature of the disease as it may not form palpable masses and 

mammography often produces false negative results (86). Therefore, patients who 

present to the clinic are often older with larger tumours and lymph node metastases 

(40, 75). Additionally, surgery is not as successful in ILC compared to IDC as it is 

difficult to obtain clear margins, again, due to the single-file nature of the disease 

(119, 120). ILC patients also have a poor response to neoadjuvant chemotherapy 

due to low mitotic count (80, 157). These findings outline the importance of 

identifying alternative therapeutic targets for the treatment of ILC breast cancer that 

is often difficult to detect, chemoresistant, may have worse survival compared to IDC 

breast cancer on endocrine treatment and surgery is not as successful.  

In this study a two-pronged approach was used. Firstly, in silico screening of RNA 

sequencing gene expression data from two separate cohorts was performed 

comprising a combined total of 160 ILC patients in order to identify a novel 

therapeutic target for the treatment of ILC breast cancer. Secondly, the identified 

therapeutic target was targeted with an available inhibitor and the sensitivity of a 

panel of ILC cell lines and patient samples to this inhibitor was assessed, in which 

mechanisms of resistance and combination treatment options were identified. This is 

one of the few studies that has carried out extensive molecular biology analysis in 
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ILC breast cancer and the only study to our knowledge implicating an epigenetic 

reader in the survival of ILC.  

In this study high expression of the epigenetic reader BRD3 was identified to be 

associated with poor survival in ILC in two separate cohorts (Figure 3.1, 3.2). 

Importantly, high expression of BRD3 was not associated with poor survival in breast 

cancer as a whole (Figure 3.3) indicating that this finding is specific for ILC breast 

cancer. JQ1 is an inhibitor of the BET family of proteins, which targets BRD3 (195). 

JQ1 mediated growth inhibition in all ILC cell lines tested (Figure 3.7) and is more 

effective at inhibiting ILC growth when compared to the endocrine therapies 

tamoxifen or fulvestrant (Figure 3.6a, b). This is an important finding as more than 

90% of ILC primary samples are ER positive (40) and therefore treated with 

endocrine therapy. Alternative therapeutics to endocrine treatment is required as 

endocrine treatment is known to fail in one third of women and as many as 40% will 

relapse on endocrine treatment (151, 152).  

The combination of JQ1 and tamoxifen was synergistic in two out of the three ER 

positive ILC cell lines, including the SUM44-PE cell line in which ER signalling was 

increased following JQ1 treatment and the MDA-MB-134VI cell line in which ER 

signalling was abrogated by JQ1 (Figure 3.9a). The combination of JQ1 and 

fulvestrant was also synergistic in two out of three ER positive ILC cell lines in which 

ER signalling was abrogated by JQ1 treatment alone, namely the MDA-MB-134VI 

and CAMA-1 cell lines (Figure 3.9b). Supporting this finding, the combination of JQ1 

and fulvestrant has been reported to be synergic at inhibiting tumour growth in an in 

vivo model of IDC tamoxifen-resistant breast cancer (207). Taken together, these 

findings suggest that JQ1 displays context specific regulation of the ER and ER 

signalling in ILC cell lines and the combination of JQ1 and endocrine therapy is 

synergistic in ILC.  

Apoptosis was induced in two out of the panel of four ILC cell lines tested (Figure 

4.1b, d). The SUM44-PE and OCUB-M cell line was sensitive to JQ1-induced 

apoptosis, whereas the MDA-MB-134VI and CAMA-1 cell lines were relatively more 

resistant to JQ1 induced apoptosis (Figure 4.1b, d). In order to identify factors 

contributing to JQ1 apoptosis resistance in ILC cell lines, RNA sequencing following 

JQ1 treatment was performed. Gene ontology analysis revealed that the Wnt 
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pathway was significantly altered in the MDA-MB-134VI JQ1 apoptotic resistant cell 

line (Figure 4.6b), and Wnt signalling has previously been implicated in BET inhibitor 

resistance (333, 334). From this analysis, the Wnt11 non-canonical Wnt ligand was 

identified to be downregulated in cell lines sensitive to JQ1-induced apoptosis and 

upregulated in cell lines resistant to JQ1-induced apoptosis by both RNA sequencing 

and qPCR validation (Figure 4.7a-c). Wnt11 has been associated with migration in 

numerous cancer models, including prostate cancer, colorectal cancer and high 

grade serious ovarian cancer (336, 337, 339). Although Wnt11 was unable to be 

knocked down in this study (Figure 4.9a), it would be imperative to determine the 

precise role of Wnt11 following JQ1 treatment. If Wnt11 is upregulated following JQ1 

treatment, does this enhance the metastatic potential of ILC cells? Although 

upregulation of Wnt11 at the protein level was not detected following JQ1 treatment, 

longer time points may be required to detect any potential upregulation of Wnt11 

(Figure 4.9b).  

Altered expression of anti-apoptotic proteins is a recurring them in cancer. For 

example, BCL-XL is highly expressed in breast cancer and hormone resistant 

prostate cancer whereas BCL-2 is highly expressed in breast cancer, melanoma, 

lymphoid malignancies and lung cancer (371). In ILC cell lines sensitive to JQ1-

induced apoptosis, the BCL-2 and BCL-XL anti-apoptotic proteins were 

transcriptionally downregulated by JQ1 following RNA sequencing and qPCR 

validation (Figure 4.11a, b). However, in ILC cell lines relatively resistant to JQ1-

induced apoptosis, BCL-2 transcription was downregulated but BCL-XL transcription 

was either maintained or enhanced (Figure 4.11a, b). Importantly, BET proteins have 

been previously shown to associate with BCL-2 and BCL-XL on chromatin and JQ1 

alters BCL-2 and BCL-XL gene transcription by displacing BET proteins from these 

regions on chromatin (197, 203, 365).  

The precise role of BCL-2 in ER-positive breast cancer is controversial. BCL-2 

expression is marker of good prognosis in ER positive breast cancer (327), but of 

poor prognosis in TNBC (328). Conversely, increased expression of the anti-

apoptotic protein BCL-2 has been associated with resistance to chemotherapy in 

breast cancer samples (329). BCL-2 is an ER target gene (372). Although ER protein 

(Figure 3.8a) and ER gene transcription (PgR, TFF1, BCL-2; Figure 3.8b, 4.11b) was 

downregulated following JQ1 in the MDA-MB-134VI and CAMA-1 cell lines that are 
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resistant to JQ1-induced apoptosis, BCL-2 protein levels remained high and 

unchanged in these cell lines (Figure 4.12a). Because ILC cell lines resistant to JQ1-

induced apoptosis had high expression of BCL-2, JQ1 was combined with the BCL-2 

selective inhibitor ABT-199 (281). This drug combination only mediated minor 

synergy in ILC cell lines and importantly did not enhance or induce apoptosis in ILC 

cell lines (Figure 4.15a, b). This drug combination has been recently reported to be 

synergistic in T-ALL, which displays BCL-2 dependence in the early T-cell progenitor 

subtype (352, 364). The results from this study suggest that BCL-2 inhibition alone is 

not sufficient to overcome JQ1-induced apoptotic resistance in ILC cell lines.  

It was hypothesised from the RNA sequencing and qPCR validation data that BCL-

XL may contribute to JQ1-induced apoptotic resistance in ILC cell lines, as BCL-XL 

transcription is maintained or upregulated following JQ1 treatment (Figure 4.11a, b). 

Basal protein expression of BCL-XL is higher in cell lines relatively resistant to JQ1-

induced apoptosis (MDA-MB-134VI and CAMA-1 cell lines) compared to JQ1 

apoptotic sensitive cell lines (Figure 4.12a). Surprisingly, BCL-XL protein is 

downregulated in the JQ1 apoptotic sensitive OCUB-M cell line as well as the cell 

lines relatively resistant to JQ1-induced apoptosis, following JQ1 treatment (Figure 

4.12a). However, sustained or upregulated BCL-XL transcription in apoptotic 

resistant cell lines following JQ1 (Figure 4.11a, b) could suggest that transcriptional 

rewiring may be occurring to maintain some protein expression of BCL-XL in these 

cell lines in order to promote cell survival. In order to target BCL-XL, JQ1 was 

combined with ABT-263, an inhibitor of BCL-2, BCL-XL and BCL-W proteins (275). 

The combination of JQ1 and ABT-263 was synergistic at inhibiting growth in three 

out of four ILC cell lines (Figure 4.16a). Interestingly, the combination of JQ1 and 

ABT-263 enhanced apoptosis in sensitive cell lines and induced apoptosis in ILC cell 

lines resistant to JQ1-induced apoptosis (Figure 4.16b). Additionally, the combination 

of JQ1 and the BCL-XL selective inhibitor induced apoptosis in the CAMA-1 JQ1 

apoptotic resistant cell line that was similar to the combination of JQ1 and ABT-263 

(Figure 4.16b, 4.17). The results from this study propose a hypothesised mechanism 

of action as follows. In ILC cell lines sensitive to JQ1-induced apoptosis, BCL-XL 

transcription is downregulated by JQ1 resulting in apoptosis (Figure 5.1). However, 

in ILC cell lines relatively resistant to JQ1-induced apoptosis, BCL-XL transcription is 

maintained or enhanced and the combination of JQ1 and ABT-263 is required for 
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these cell lines to undergo apoptosis (Figure 5.1). Importantly the combination of 

JQ1 and ABT-263 also enhanced the apoptotic effect of JQ1 treatment alone in ILC 

apoptotic sensitive cell lines (Figure 5.1). 

 

 

 

Figure 5.1: Proposed mechanism of JQ1-induced apoptotic resistance in ILC. 

In ILC cell lines sensitive to JQ1, BCL-XL is efficiently downregulated at the mRNA 

level following JQ1 treatment and apoptosis occurs. The combination of JQ1 and 

ABT-263 enhances the apoptotic effect of JQ1 treatment alone in sensitive cell lines. 

In contrast, in ILC cell lines relatively resistant to JQ1-induced apoptosis, BCL-XL 

transcription is either maintained or enhanced, promoting resistance to apoptosis. 

The combination of JQ1 and ABT-263 is required to induce apoptosis in JQ1 

apoptotic resistant ILC cell lines. 

 

The hypothesis that BCL-XL may contribute to JQ1-induced apoptotic resistance in 

ILC cell lines and findings from the JQ1 and ABT-263 combination experiments are 

supported by the current literature (204, 323). A TNBC cell line resistant to JQ1 

gained a BCL-XL super-enhancer that was accredited to increased BRD4 binding in 

the resistant cell line, and the combination of JQ1 and ABT-737 was synergistic in 

this model of JQ1 resistance (204). Additionally, melanoma and AML cell lines 

resistant to the BET inhibitor CPI203 (366) displayed upregulation of BCL-XL (323). 

Knockdown of BCL-XL or the combination of JQ1 and ABT-737 in these resistant cell 
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lines promoted apoptosis and inhibited growth (323). Although it is hypothesised that 

BCL-XL is responsible for JQ1-induced apoptotic resistance, one cannot exclude the 

possible need for co-inhibition of BCL-2 for efficacy of the JQ1 and ABT-263 

combination. 

Of translational importance, the combination of JQ1 and ABT-263 was shown to be 

effective at inhibiting both the number and size of spheroids grown in 3D cell cultures 

(Figure 4.18b, d) as well as inducing apoptosis in an ex vivo culture of a primary ILC 

sample (4.22a, b). 3D cell culture has been shown to be better representative of the 

in vivo environment and many drugs previously sensitive in 2D cell culture can be 

resistant in 3D cell culture environments (346), therefore it is important to 

demonstrate sensitivity to the combination of JQ1 and ABT-263 in both 2D and 3D 

cell culture. Additionally, ex vivo models are translationally important as the 

combination of JQ1 and ABT-263 can be tested in an environment that maintains the 

tissue architecture, histological integrity, hormone responsiveness and cell signalling 

of the primary tumour (303, 304). 

In conclusion, these findings suggest that the combination of JQ1 and ABT-263 is an 

effective treatment strategy for ILC and may be a rational combination treatment to 

overcome and anticipate JQ1-induced apoptotic resistance in ILC. Despite these 

conclusions, it is important to note the limitations of the current study. Due to the lack 

of available resources to study ILC (73), only two ‘true’ ILC cell lines were included in 

this study that represent the main two cell lines used in ILC publications. This is a 

low number of ILC cell lines and although the findings of the current study were 

validated in two other ‘ILC-like’ cell lines, the results should be interpreted with cation 

and require validation in other available ILC models (93). Additionally, JQ1 has a 

short half-life in vivo (195) and is not suitable for progression to the clinic, despite 

tolerance in vivo (195, 207, 208) and non-toxic effects on normal cells (199, 209). 

Other BET inhibitors such as OTX015 are in clinical trials, however, toxicities with 

OTX015 have been observed, including thrombocytopenia (214-216). A major side 

effect of ABT-263 is thrombocytopenia (276-280) and therefore caution needs to be 

taken with combining BET inhibition and ABT-263 in the clinic. 

Furthermore, a side project carried out during my PhD provided rational for CDK7 

inhibition in combination with ABT-263 for the treatment of TNBC. TNBC occurs in 
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approximately 15% of breast cancers (31). As TNBC lacks hormonal receptors and 

HER2 there is currently no available targeted therapy and treatment mainly relies on 

chemotherapy (32). TNBC is a subtype of poor survival that displays worse 

outcomes compared to other subtypes (350) and the risk of distant recurrence is 

increased in patients with TNBC (368). Others in laboratory identified that high 

expression of CDK7 was associated with poor prognosis in TNBC (351). As targeting 

CDK7 inhibits Myc transcription (217, 218) and the importance of Myc in TNBC (330, 

369), the therapeutic potential of targeting CDK7 in TNBC was investigated (351). 

CDK7 inhibition using both the BS-181 and THZ1 selective inhibitors inhibited the 

growth of both TNBC cell lines tested (Figure 4.25a, b). However, apoptosis was 

only induced in one of the two TNBC cell lines tested, with the MDA-MB-231 cell line 

relatively resistant to apoptosis (Figure 4.26a, b). THZ1 was remarkably more potent 

compared to BS-181 (Figure 4.25a, b; 4.26a, b), likely attributed to its covalent 

mechanism of inhibition (217). Dynamic BH3 profiling (370) following THZ1 treatment 

identified dependence on the BCL-XL anti-apoptotic in the MDA-MB-231 cell line that 

was resistant to CDK7 inhibition-induced apoptosis (Figure 4.27). In support of BCL-

XL dependence, combination treatments with THZ1 and ABT-263 displayed 

synergistic growth inhibition in a panel of TNBC cell lines (Figure 4.28a), with only 

minor synergy detected in one cell line treated with the THZ1 and ABT-199 

combination (Figure 4.28b). This study provides rational for the therapeutic potential 

of CDK7 inhibition in combination with BH3 mimetics for the treatment of TNBC.  

5.2 Future perspectives 

Although this study provided insight into the molecular biology of ILC following JQ1 

treatment, this study also raised important questions that unfortunately were unable 

to be addressed. Future work on this project will involve determining the precise role 

of BRD3 in ILC gene regulation and whether it differs from BRD2 and BRD4 gene 

regulation in ILC. Chromatin immunoprecipitation (CHIP)-sequencing experiments 

would provide insights into this and also identify BET protein super-enhancers that 

are disrupted following JQ1 treatment, as has been done by others (203, 204, 210). 

Additionally, BCL-2 is highly expressed in ILC cell lines relatively resistant to JQ1-

induced apoptosis and it would be interesting to assess whether high expression of 

BCL-2 may be used as a predictive biomarker in order to identify ILC patients who 
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are resistant to JQ1-induced apoptosis and require the combination of JQ1 and ABT-

263 treatment from the onset. High BCL-2 expression and low expression of either 

BCL-XL or BAD has been reported to act as predictive biomarkers for a favourable 

apoptotic response following BET inhibition, which is in contrast to findings from this 

study (323). Furthermore, in order to dissect anti-apoptotic dependencies in JQ1-

induced apoptotic resistant cell lines, it would be informative to immunoprecipitate 

BCL-2 and BCL-XL in order to measure bound pro-apoptotic members. 

In order to improve the translational significance of this study it is imperative to 

evaluate the efficacy of JQ1 and the combination of JQ1 and ABT-263 in in vivo ILC 

PDX models. With these in vivo models, tumour volume, weight, metastases as well 

as adverse reactions can be measured which will inform on the efficacy of the 

combination of JQ1 and ABT-263 in a whole organism, validate potential predictive 

biomarkers such as BCL-2, and determine whether progression to the clinic is 

warranted. 

It will also be important to identify the role of Wnt11 in JQ1-induced apoptotic 

resistance through Wnt11 stable knockdown or knockout ILC cell lines. Wnt11 

signalling has been associated with migration and invasion in many cancer types 

(336-339). Therefore, it would be important to establish whether ILC cell lines 

relatively resistant to JQ1-induced apoptosis, following JQ1 treatment, display a 

more metastatic phenotype due to Wnt11 transcriptional upregulation and whether 

the combination of JQ1 and ABT-263 can abrogate this metastatic phenotype or not.  

Moreover, further research is warranted to elucidate mechanisms determining 

response to the combination of JQ1 and specific endocrine therapies. It is unclear 

why the combination of JQ1 and tamoxifen is synergistic in one cell line but the 

combination of JQ1 and fulvestrant is not synergistic in the same cell line and vice 

versa. The combination of JQ1 and fulvestrant has been reported to display 

synergistic anti-tumour activity in an IDC breast cancer xenograft that was resistant 

to tamoxifen (207) and it would be interesting to evaluate the potential of this drug 

combination and the combination of JQ1 and tamoxifen in the endocrine resistant 

ILC setting. 
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ABSTRACT
Breast cancer is the most common cancer in women and great advancements have been made for
individualised patient treatment. Through understanding the underlying altered biology in the different
subtypes of breast cancer, targeted therapeutics have been developed. Unfortunately, resistance to
targeted therapy, intrinsic or acquired, is a recurring theme in cancer treatment. Epigenetic-mediated
resistance to targeted therapy has been identified across different types of cancer. In addition,
tumorigenesis has also been linked to altered expression of epigenetic modifiers. Due to the reversible
nature of epigenetic modifications, epigenetic proteins are appealing as therapeutic targets in both the
primary and relapsed/resistant setting. In this review, we will discuss the current state of targetable

6]
and of a more favorable clinical outcome [7]. The HER2 onco-
gene is a member of the epidermal growth factor receptor
family and is amplified in 25% of breast cancers [8]. HER2
overexpressing breast cancers are dependent on HER2 signal-
ing. Inhibition of HER2 with either monoclonal antibodies (e.g.
trastuzamab, pertuzamab) [9,10] or with small molecule kinase
inhibitors (e.g. lapatinib, afatinib) is an effective treatment
strategy [11–13]. Lastly, TNBC occurs in approximately 15%
of breast cancers [14]. The TNBC subtype of breast cancer is
so-called as it lacks expression of ER, progesterone receptor
(PR) and HER2. To date, a form of targeted therapy has not
been identified for TNBC and it is routinely treated with

cytotoxic chemotherapy [15]. Basal-like breast cancer also
does not express ER, PR and HER2 and overlaps in approxi-
mately 77% of cases with TNBC [16,17]. However, basal-like
breast cancer additionally expresses basal markers [18] and
therefore should be considered a distinct breast cancer
subtype.

Unfortunately, resistance to targeted therapy in breast can-
cer treatment is a major problem in the clinic [19–21]. In ER-
positive breast cancer, 40% of patients will develop resistance
to tamoxifen treatment [22]. While in metastatic HER2-positive
breast cancer, only 35% of patients respond to first line tras-
tuzumab therapy [23]. Similarly, TNBC is initially sensitive to
chemotherapy; however, many patients relapse on treatment
and have an overall worse survival compared to other breast
cancer subtypes [15]. Resistance to treatment can be intrinsic
or it can be acquired due to the selection of pre-existing
genetic clones capable of resisting the treatment [19,21].
Recently, there is also evidence for epigenetic-mediated resis-
tance to therapy in cancer [24–26]. In order to improve the
overall survival of breast cancer patients, we need more effec-
tive treatment strategies for resistant disease across the dis-
tinct breast cancer subtypes.

Epigenetics

Epigenetics can be defined as heritable changes in gene
expression without alterations in DNA sequence [27]. The
regulation of the epigenome is crucial for normal growth
and development, while alterations to the epigenome are
associated with aberrant gene expression and diseases
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including cancer [28]. Chromatin is comprised of the repeating
basic units known as nucleosomes, which consist of DNA
coiled around core histone proteins H2A, H2B, H3 and H4
along with non-histone proteins [29]. Dynamic changes in
the chromatin are brought about through a series of post-
translational modifications. To date, more than sixteen various
histone modifications have been identified including acetyla-
tion and methylation and they usually occur at the unstruc-
tured amino terminal tail of the histone [30]. Epigenetic
modifiers can be assembled into three main groups: (i) epige-
netic writers are enzymes that catalyse the addition of specific
chemical covalent modifications to a histone tail, (ii) epige-
netic readers recognize and bind specific histone modifica-
tions and subsequently recruit other proteins to the
chromatin, and finally, (iii) epigenetic erasers remove specific
covalent histone modifications from the histone tails [31]. In
simplistic terms, chromatin structure is altered by either
enabling access of transcriptional machinery to the underlying
DNA through an ‘open’ chromatin state known as euchroma-
tin, or, by preventing access to the underlying DNA through a
‘closed’ heterochromatin [32]. In addition to genetic muta-
tions, epigenetic alterations also contribute to tumorigenesis
with many examples in breast cancer [33,34]. In this review,
we will discuss some of the epigenetic events at histones that
have diagnostic potential or that can be therapeutically tar-
geted in breast cancer. For reviews on DNA modifications
including methylation in relation to breast cancer, the
reader is referred to the following excellent publications
[35–37].

Histone acetylation in breast cancer

Histone acetyltransferases

Two enzyme families regulate histone acetylation; histone
acetyltransferases (HATs) ‘write’ the acetylation mark while
histone deacetylases (HDACs) ‘erase’ the acetylation mark

(Figure 1). The balance of HATs and HDACs can interchange
rapidly and are required for appropriate gene transcription
[38,39]. Histone acetylation by HATs plays a role in the regula-
tion of DNA repair, nucleosome assembly, replication and
transcription [40–42]. Histone acetylation neutralizes the posi-
tive charge on the ε-amino group of lysine residues reducing
the electrostatic interaction with negatively charged phos-
phates of DNA, enabling access by transcriptional machinery
[43] and by docking proteins which can regulate transcription
either directly or indirectly [44]. The majority of identified
HATs also function as transcriptional co-activators [45,46].
There are two main subtypes of HATs based on cellular loca-
lization, type A and type B. Type A HATs are mainly nuclear
and are classified into cyclic-AMP-response-element-binding
protein (CBP)/p300, GNAT and MYST families, which acetylate
nucleosomal histones. Type B HATs are cytoplasmic and add
the acetylation modification to free histones [47]. Histone
acetylation results in an open chromatin structure and is
most commonly known as a mark of active gene transcription.
The role of HATs in tumorigenesis is complicated in that HATs
can function either as oncogenes or can act as tumor suppres-
sors depending on the cellular context [48]. CBP/p300 HATs
are transcriptional coactivators, which modulate transcrip-
tional regulators, recruit the transcriptional machinery to
gene promoters and have been shown to regulate prolifera-
tion and apoptosis [49]. Inactivation of p300 through a trun-
cating mutation, suggesting a tumor suppressor role, has
previously been identified in breast cancer [50]. Conversely,
overexpression of p300 has also been identified supporting
the argument of p300 as an oncogene and is associated with
poor prognosis [51]. What is not clear is whether in certain
breast cancer subtypes there are truncating p300 mutations,
while in another subtypes, high expression may lead to poor
prognosis. The human males-absent on the first (hMOF) is
another HAT which has been implicated in the regulation of
DNA repair [52,53] and is required for pro-apoptotic target of
methylation-mediated silencing (TMSI) gene activity [54].
Mutation or downregulation of hMOF has also been identified
in breast cancer [55]. Numerous examples also exist in leuke-
mia of altered HAT expression or activity, with evidence of
inactivating mutations in CBP [56] and also of CBP fusing with
mixed lineage leukemia proteins (MLL) [57]. In terms of target-
ing HATs, then both HAT inhibitors and HAT activators could
be therapeutically useful depending on the cellular context. To
date, a limited number of HAT inhibitors (HATi) have been
developed including curcumin and anacardic acid [58–60]
both of which inhibit CBP/p300 HATs, although there is con-
cern over HATi specificity and cell permeability [48,58].
Curcumin has been shown to resensitize chemoresistant
breast cancer cells to chemotherapy by inhibiting the NF-kB
pathway [61]. Recently, a new CBP/p300 inhibitor that specifi-
cally inhibits bromodomains has been developed, I-CBP112,
which induced differentiation without cytotoxicity of leukemia
cells [62]. N-(4-chloro-3-trifluoromethylphenyl)-2-ethoxy-6-
pentadecyl-benzimidine (CTBP) is an anacardic acid derivative
and is the first characterized HAT activator [59]. CTBP specifi-
cally activates p300; however, there are problems with perme-
ability of this compound [63]. HAT activators to date have not
been tested in breast cancer but may also be potential

Figure 1. Epigenetic Regulation of Histones. HATs write the acetylation mark on
the ɛ-amino group of histone lysine residues [38]. BRD4 reads this acetylation
mark, recruits P-EFb to promoters with RNA-Pol II [64–66]. EZH2 is the enzy-
matic subunit of the PRC2 complex (EED, SUZ12, RB Asp46/48), which catalyses
H3K27 trimethylation [67]. HDACs erase the acetylation mark made by HATs
[38]. AC = acetylation; me = methylation.
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methylated on lysine or arginine residues and they can be
monomethylated, dimethylated or trimethylated [150]. The
enhancer of zeste homolog 2 (EZH2) is a member of the
polycomb repressive complex of proteins 2 (PRC2) and a
methyltransferase [67]. EZH2 catalyzes the trimethylation of
histone H3 at lysine 27 (H3K27me3), this serves as an epige-
netic mark to recruit PRC1 and repress transcription [67]. PRC2
is composed of the core components EZH2 (or its homolog
EZH1), embryonic ectoderm development (EED), suppressor of
zeste-12 (SUZ12) and Rb Asp46/48, which are essential for
PRC2 enzymatic activity (Figure 1) [67,151]. EZH2 is important
in determining cell fate [152–155], embryonic development
[155] and cellular memory [156]. Overexpression of PRC2 com-
ponents has been associated with numerous cancers including
B-cell lymphomas [157–159], prostate cancer [160] and lung
cancer [161]. EZH2 has been suggested to act as a precancer-
ous molecular marker in normal breast tissue [162]. EZH2
expression is enhanced in breast cancer tumor initiating cells
and causes downregulation of DNA-damage repair enzymes
[163]. Similarly, EZH2 expression is increased in metastases
and invasive carcinoma and the increased expression is asso-
ciated with poor clinical response [164,165]. Indeed, ectopic
overexpression of EZH2 in a normal breast cell line mediated
cell invasion and anchorage-independent growth both in vitro
and in vivo, which was dependent on an induced HDAC
activity [166]. EZH2 mediates cell invasion by suppressing
Raf-1 kinase inhibitor protein [167] and/or E-cadherin in breast
cancer cell lines and this is reversed by the HDACi SAHA [168].
Indeed other histone methyltransferases repress E-cadherin
expression including disruptor of telomeric silencing-1-like
(DOT1L) and G9a [169,170]. Interestingly, although commonly
known as a transcriptional repressor, it has been reported that
EZH2 directly interacts with ER alpha and β-catenin leading to
transactivation of gene expression (Figure 2), which was inde-
pendent of its methyltransferase activity [99,171]. EZH2
expression is also induced in vitro and in vivo by estradiol,
which promotes ERs and ER coregulators to bind the EZH2
promoter (Figure 2) [172]. Thereby, there is potential for EZH2
to act in a positive feedback loop with estradiol causing
increased expression of EZH2 to amplify ER-regulated genes.

From the aforementioned studies there is clear rationale for
targeting EZH2 in breast cancer. A previous study used siRNA
technology to target EZH2; this caused a G2/M delay, reduced
cell proliferation and upregulated BRCA1 in ER-negative breast
cancer cell lines [100]. The first two published EZH2 inhibitors
are GSK126 and EPZ005687, which are highly selective for
EZH2 over other human methyltransferases [173,174]. Both
GSK126 and EPZ005687 show efficacy in B cell lymphoma,
however EPZ005687 was not suitable for in vivo studies.
Since then, a series of other EZH2 inhibitors have been devel-
oped with UNC1999 being the first orally bioavailable inhibitor
with improved pharmacokinetic properties [175]. Interestingly,
HDACi may be able to function as a surrogate to EZH2 inhibi-
tors, as is suggested by some studies [166,168]. There are
currently no clinical trials for EZH2 inhibitors in the breast
cancer arena; the only current on-going trials are for B-cell
lymphoma [112].

Expert commentary

There has been huge interest in epigenetic modulators for the
treatment of cancers over the past decade. This is because of
the concept that epigenetic abnormalities play an important
role in determining both the course of tumor development
and in the process of tumor cell addiction to abnormal signal-
ing pathways [176,177]. To date, a series of HDACi have been
approved by the FDA including SAHA and romidepsin for
T-cell cutaneous lymphoma and pabinostat (farydak) for the
treatment of multiple myeloma patients in the relapsed/refrac-
tory setting [109–111]. Numerous on-going clinical trials are
assessing the efficacy of HDACi in combination with other
treatments, in the different subtypes of breast cancer. It will
be interesting to see if the more selective HDACi are as
effective clinically as the pan-HDACi and whether there is
efficacy in the upfront setting. With the development of
specific and selective inhibitors to the BET proteins
[128,130,131], methyltransferases [173–175] and HATs [62],
there is a new arsenal of epigenetic therapeutics to be
assessed for preclinical and clinical efficacy in breast cancer.
However, it is likely that the therapeutic benefit from target-
ing the epigenetic proteins described in this review will come
from combinations with current therapy or from combina-
tions with each other. Given the evidence for epigenetic
rewiring to overcome targeted therapeutics
[98,103,104,136], the use of epigenetic inhibitors in the
relapsed/resistant setting of targeted agents in breast cancer
needs to be evaluated in the clinic.

Five-year view

Over the next few years we will have a better understanding
as to why certain cancers are sensitive to epigenetic modula-
tors. Transcriptionally driven tumors appear to be specifically
sensitive to epigenetic modifiers, likely because of the role of
epigenetic proteins at super-enhancer regions of highly tran-
scribed genes [137]. What needs to be elucidated is whether
the epigenetic modifiers HDACs, BETs or HATs play overlap-
ping roles at the super-enhancer regions in cancer and
whether redundancy in the function of the proteins provides
opportunities for resistance. This can be achieved by identify-
ing biomarkers of response or transcriptional signatures pre-
dictive of response. Resistance to epigenetic modulators is
also inevitable in the clinic [178], as is with all targeted ther-
apeutics. Resistant mechanisms must be identified and resis-
tant biomarkers established in order to inform rationale
combinations with conventional treatments or with other epi-
genetic modifiers. The importance of this is exemplified by the
recent publication which identified mechanisms of BETi resis-
tance in TNBC and informed effective treatment combinations
[147]. While we still have a lot of pieces to fit into the epige-
netic puzzle, especially around solid tumors, it is an exciting
time for research in this area and results from on-going clinical
trials will likely guide the use of epigenetic modulators in the
clinic.
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Key issues

● Epigenetic changes play an important role in tumorigenesis.
● Epigenetic alterations are involved in resistance to targeted therapeutics.
● Many inhibitors of epigenetic histone modulators have been developed.
● Inhibitors of epigenetic modulators appear to preferentially inhibit highly transcribed genes.
● Combination treatments with inhibitors of epigenetic modulators and targeted therapy may reverse acquired resistance.
● Overlapping and distinct functions of inhibitors of epigenetic modulators need to be established.
● Biomarkers of response to epigenetic modifiers need to be determined.
● Mechanisms of resistance to epigenetic therapeutics need to be resolved.
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Abstract

Triple-negative breast cancer (TNBC) patients commonly
exhibit poor prognosis and high relapse after treatment, but
there remains a lack of biomarkers and effective targeted
therapies for this disease. Here, we report evidence highlighting
the cell-cycle–related kinase CDK7 as a driver and candidate
therapeutic target in TNBC. Using publicly available transcrip-
tomic data from a collated set of TNBC patients (n ¼ 383) and
the METABRIC TNBC dataset (n ¼ 217), we found CDK7 mRNA
levels to be correlated with patient prognosis. High CDK7
protein expression was associated with poor prognosis within
the RATHER TNBC cohort (n ¼ 109) and the METABRIC TNBC
cohort (n ¼ 203). The highly specific CDK7 kinase inhibitors,
BS-181 and THZ1, each downregulated CDK7-mediated

phosphorylation of RNA polymerase II, indicative of transcrip-
tional inhibition, with THZ1 exhibiting 500-fold greater poten-
cy than BS-181. Mechanistic investigations revealed that the
survival of MDA-MB-231 TNBC cells relied heavily on the
BCL-2/BCL-XL signaling axes in cells. Accordingly, we found
that combining the BCL-2/BCL-XL inhibitors ABT-263/ABT199
with the CDK7 inhibitor THZ1 synergized in producing growth
inhibition and apoptosis of human TNBC cells. Collectively, our
results highlight elevated CDK7 expression as a candidate bio-
marker of poor prognosis in TNBC, and they offer a preclinical
proof of concept for combining CDK7 and BCL-2/BCL-XL inhi-
bitors as a mechanism-based therapeutic strategy to improve
TNBC treatment. Cancer Res; 77(14); 3834–45. �2017 AACR.

Introduction
Triple-negative breast cancer (TNBC), which is denoted by

negative expression of estrogen receptor (ER), progesterone recep-
tor (PR), and HER2, is a heterogeneous subgroup that exhibits
substantial genotypic and phenotypic diversity (1, 2). Currently,
no established targeted therapeutics or biomarkers of outcome/
response have been clinically approved in the context of TNBC.
TNBC patients commonly exhibit poor prognosis and high
relapse rates at early stages after conventional neoadjuvant che-
motherapy treatment (3, 4). The aggressive nature of TNBC is
also reflected by an increased likelihood of distant recurrence and
death within 5 years following primary intervention (3) and a
shorter survival once diagnosed with metastatic disease (5).
Interestingly, patients with a pathologic complete response fol-
lowing primary systemic chemotherapy have an excellent 3-year
overall survival. In contrast, in patients with residual disease,
those with TNBC displayed shorter overall survival (4). This
clearly demonstrates that the poorer outcomes observed in TNBC
may be largely due to the fraction of patients with chemoresistant
disease, which represent over 50% of cases (6). This observation
underscores the need to identify the patients that are unlikely to
benefit from existing chemotherapeutics using prognostic mar-
kers and to develop alternative therapeutic options.

CDK7 belongs to the cyclin-dependent kinase family, a major
class of kinases involved in cell-cycle regulation. It binds to cyclin
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H and MAT1 forming a trimeric cyclin-activating kinase (CAK)
that executes its function by phosphorylating other CDKs
involved in cell-cycle control (7). Each complex controls specific
transitions between two subsequent phases in the cell cycle. CDK7
is required for both activation and complex formation of CDK1/
cyclin-B during the G2–M transition and for activation of CDK2/
cyclin-E during the G1–S transition (8). In addition, CDK7 reg-
ulates polymerase II–mediated RNA transcription through the
binding of CAK to the TFIIH basal transcription factor complex,
which phosphorylates the C-terminal domain of the largest
subunit of RNA polymerase II (RNAPII) (9, 10). Previously, it
was shown that CAK also phosphorylates and enhances activities
of transcriptional regulators (11, 12). Therefore, CDK7 affects
both cell-cycle progression and transcriptional activity. Recent
studies highlighted the role of CDK7 as a transcriptional regulator,
a key mechanism that many aggressive cancers rely on, which
provided a promising therapeutic target in these hard-to-treat
diseases, particularly in TNBC and other cancers that follow MYC-
driven oncogenic transcription addiction (13–16).

Numerous attempts have been made to identify key oncogenic
pathways altered at the molecular level in TNBC. Previously, a
high frequency of mutations in the TP53 tumor suppressor gene,
along with amplification of the transcription factor–encoding
MYC and the anti-apoptotic MCL-1 genes, were found in residual
neoadjuvant chemotherapy–treated TNBC (17). MYC, a pleiotro-
pic transcription factor that dimerizes with MAX to bind to
enhancer box (E-box) sequences in the promoters of active genes,
plays a key role in a myriad of tumor types (18). Aberrant
expression of MYC family members commonly leads to deregu-
lated transcription and metabolism, resulting in uncontrolled
tumor growth and proliferation, and elevated expression of these
oncogenes is often linked to poor prognosis (19, 20).

MCL-1 is a member of the antiapoptotic BCL-2 family that
governs mitochondrial apoptosis through protein–protein inter-
action. Given MCL-1 its short half-life, MCL-1 is significantly
affected by transcriptional inhibition and is one of the most
commonly amplified genes in cancer (21). To date, the small-
molecule inhibitors of MCL-1 that have been developed (22) do
not have nanomolar affinity of binding equivalent to the BH3
mimetics ABT-263 (binds to BCL-2, BCL-XL and BCL-W;
refs. 23–25) and ABT-199 (binds to BCL-2; refs. 26, 27). Inhibi-
tion of the antiapoptotic proteins is capable of killing cells that are
dependent on those antiapoptotic proteins for survival. BH3
profiling is a useful tool for assessing antiapoptotic dependency.
BH3 peptides generated from the functional BH3 domain of
particular proapoptotic proteins are added to permeabilized cells
and loss of mitochondrial potential or cytochrome c is measured
as a functional readout of antiapoptotic dependency (28, 29).

Here, we proposed to use an unbiased in silico analysis of
transcriptomic data to identify kinases whose expression was
associated with clinical outcomes in TNBC and validate the
findings at the protein level using IHC on tissue microarrays
(TMA). From this analysis, expression of CDK7, a cyclin-depen-
dent kinase, was found to be closely associated with poor prog-
nosis at both mRNA and protein levels. Moreover, we evaluated
the response in vitro to CDK7 inhibition using both short hairpin
RNAs (shRNA) and two specific CDK7 inhibitors in TNBC.
Inhibition of CDK7 caused inhibition of proliferation, phosphor-
ylation of RNAPII, an indication of transcriptional inhibition,
along with induction of apoptosis. MCL-1 and MYC were down-
regulated in a dose- and time-dependent manner following CDK7

inhibition. Using BH3 profiling, we identified an increased depen-
dency on BCL-2/BCL-XL following CDK7 inhibition and discov-
ered the synergistic combination of the BH3 mimetic ABT-263
with the CDK7 inhibitor THZ1.

Materials and Methods
Study populations
Public TNBC transcriptomic dataset (Cohort I). An in silico method
was adopted to explore a publicly available TNBC dataset (30) in
which a method for assigning TNBC status to transcriptomic data
from human breast cancer tissues was employed. A TNBC micro-
array dataset (n ¼ 383) was reanalyzed to identify genes associated
with survival, with a particular focus on kinases. TNBC patient
samples were defined on the basis of negative mRNA expression of
ER, PR, and HER2 genes. The TNBC microarray dataset was split
into training (n ¼ 297) and test (n ¼ 86) datasets. The training
dataset was used for the discovery study. Univariate Cox regres-
sion with proportional hazards models was employed to inves-
tigate kinase genes that were significantly associated with patient
survival in the training dataset. Candidate survival-associated
kinases were then validated in the remaining test dataset. This
entire TNBC microarray dataset was derived from patients with a
median age of 50 years (range, 28–88 years) at the time of
diagnosis, and a median follow-up of 51 months (range, 0–10
years). Patients exhibited tumor grade 1 and grade 2 (n ¼ 104) or
grade 3 (n ¼ 234). Information on tumor grade was missing for 45
patients. Patients were either treated with adjuvant chemotherapy
(n ¼ 259), or not treated with chemotherapy (n ¼ 87). Informa-
tion on chemotherapy treatment was missing for 37 patients.

Public breast cancer transcriptomic dataset (Cohort II). The online
tool, BreastMark, was used to identify association between CDK7
mRNA expression and clinical outcomes in a breast cancer cohort
with all subtypes. Information on the BreastMark system was
previously described (31). In this study, CDK7 mRNA expression
data were analyzed from 2,656 breast cancer patients of mixed
subtypes censored at 10 years.

METABRIC breast cancer transcriptomic (Cohort III) and TMA
(Cohort V) datasets. The METABRIC study protocol and molecular
profiling of the entire cohort were previously described (32). The
entire METABRIC transcriptomic dataset consists of 1,992 breast
cancer patients. In this study, 1,277 breast cancer patients cen-
sored at 10 years were analyzed (Cohort III). TNBC samples were
defined by negative mRNA expression of ER, PR and HER2 genes
(n ¼ 217). TNBC patients from this sub-cohort had a median age
of 56 years (range, 28–96 years) at the time of diagnosis. The
median follow-up was 44 months (range, 0–119 months).
Patients were either not treated with any type of therapy (n ¼
33), or treated with chemotherapy, hormonal therapy, radiother-
apy, or a combination of these therapies (n ¼ 184). Patients
exhibited tumor grade 1 (n ¼ 4), grade 2 (n ¼ 24), or grade 3 (n ¼
189). A total number of 1,992 breast cancer patients, containing
mRNA expression data pertaining to CDK7 and MYC, was ana-
lyzed for comparison between each subtype of breast cancer in the
METABRIC transcriptomic dataset.

The METABRIC TMA cohort (Cohort V) contains 1,286 breast
cancer tissues with 218 TNBC cases. In this study, 203 TNBC
patient samples censored at 15 years were analyzed. TNBC
patients had a median age of 56 years (range, 27–96 years) at
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the time of diagnosis. The median follow-up was 62 months
(range, 0–176 months). Patients were not treated with any ther-
apy (n ¼ 29) or treated with either chemotherapy, hormonal
therapy, radiotherapy only, or with combined therapies (n ¼
174). Patients exhibited tumor grade 1 (n ¼ 2), grade 2 (n ¼ 27),
and grade 3 (n ¼ 171). Information on tumor grade was missing
for 3 patients.

RATHERTMA cohort (Cohort IV). The RATHER TNBC TMA cohort
contains tissues from 138 TNBC patients. In this study, 109 TNBC
patient samples censored at 15 years were analyzed. These patients
were diagnosed between 1986 and 2010 with a median age of 54
years (range, 26–87 years) at the time of diagnosis. The median
follow-up was 61 months (range, 1–173 months). Patients were
treated with adjuvant chemotherapy (n ¼ 47) or not treated with
adjuvant chemotherapy (n ¼ 62). Patients were treated with
radiotherapy (n ¼ 29) or not treated with radiotherapy (n ¼
80). Patients exhibited tumor grade 2 (n ¼ 12) or grade 3 (n ¼ 96).
Information on tumor grade was missing for 1 patient.

Consecutive breast cancer TMA cohort (Cohort VI). The consecutive
TMA cohort consists of 512 consecutive breast cancer patients
diagnosed at the Department of Pathology, Malmo University
Hospital, Sweden, during 1988–1992 (33). In this study, a total
number of 346 breast cancer patients were censored at 15 years
with a median age of 67 years (range, 28–96 years). The median
follow-up was 82 months (range, 0–180 months). Patients were
not treated with chemotherapy (n ¼ 247) or treated with che-
motherapy (n ¼ 20). Information on chemotherapy was missing
for 79 patients.

TCGA breast cancer transcriptomic dataset (Cohort VII). In this
study, the The Cancer Genome Atlas (TCGA) breast cancer tran-
scriptomic dataset consisting of 422 breast cancer patients with
mixed subtypes was analyzed for CDK7 and MYC mRNA expres-
sion in each individual subtype of breast cancer.

Cell culture
All TNBC cell lines were originally purchased from the ATCC

in May 2008 and were regularly authenticated by short tandem
repeat profiling. The most recent reauthentication was com-
pleted in January 2017. BT20 cells were maintained in EMEM
medium. BT549, HCC1143, and HCC1937 cells were main-
tained in RPMI1640 medium. Hs578T and MDA-MB-231 cells
were maintained in DMEM medium. All cell culture media
were supplemented with 10% FBS, 1% L-glutamine, and 1%
penicillin/streptomycin and cells were incubated at 37�C with
5% CO2. Mycoplasma testing was performed on a monthly
basis.

shRNA-mediated knockdown of CDK7
Commercially available (Sigma Aldrich) pLKO vector-based

constructs expressing shRNAs targeting CDK7 (CCGGGCTGTA-
GAAGTGAGTTTGTAACTCGAGTTACAAACTCACTTCTACAGCT-
TTTT, and CCGGCATTTAAGAGTTTCCCTGGAACTCGAGTTC-
CAGGGAAACTCTTAAATGTTTTT) or a pLKO.1-puro nonmam-
malian shRNA control plasmid DNA (CCGGCAACAAGATG-
AAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT;
Sigma Aldrich) were transfected into HEK293 cells using the
Genejuice method. Live viruses were collected, filtered, and used

to transfect BT549 and MDA-MB-231 cells for 24 hours. Cells were
selected using 3 mg/mL puromycin for 5 days.

Colony formation assay
BT549 and MDA-MB-231 transfectants (expressing either non-

targeting control shRNA or CDK7 shRNAs) were seeded at 500
cells/well of 6-well plates in 2-mL growth media for 15 days, with
media being replaced by fresh growth media every 5 days until
colonies were visible. Colonies were stained with crystal violet
solution and counted manually.

Wound healing assay
BT549 and MDA-MB-231 transfectants (expressing either

non-targeting control shRNA or CDK7 shRNAs) were seeded
at 3 � 105 cells per well of 12-well plates in 1-mL growth
medium overnight. Growth media were replaced by serum-free
media and incubated for 8 hours before scratches were made.
Initial pictures were taken immediately after scratches were
made and medium was replaced by fresh serum-free media
(0 hour time point). Additional pictures were taken at 24 and
48 hours after medium replacement. Analysis was carried out
using the T-Scratch software (ETH Zurich) that analyzed the
area occupied by cells in the images. Results were graphed as
percentage wound closure over time.

Proliferation: MTT cell viability assay
Cell viability was measured using an MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colori-
metric assay. BT549 and MDA-MB-231 cells were seeded in
sextuplicate at a density of 2,000 cells/well in 96-well plates and
were incubated at 37�C in growth media overnight. Cells were
treated with various doses of BS-181 and THZ1 for 72 hours. Cells
were then incubated with MTT reagent (5 mg/mL) for 3 hours,
after which they were solubilized in dimethyl sulfoxide (DMSO).
Absorbance was measured using a Wallac 1420 multi-label plate
reader at 570 nm. For the combination treatments, cells were
seeded at a density of 2,000 cells/well (BT549 and MDA-MB-231),
3,000 cells/well (BT20), and 5,000 cells/well (HCC1937,
HCC1143 and Hs578T) in 96-well plates and were incubated at
37�C overnight. Cells were treated for 48 hours simultaneously
with THZ1 and ABT-263/ABT-199 at various doses and synergy
was measured using the CompuSyn software. Results were nor-
malized to a DMSO-only control and dose–response curves were
created using GraphPad Prism.

Immunoblotting
The following antibodies were purchased from Cell Signaling

Technology: anti-CDK7 (2916), anti-CDK1 (9116), anti-p-
CDK1 (9111), anti-p-RNAPII Ser-2 (8798), anti-p-RNAPII
Ser-5 (8807), anti-p-RNAPII Ser-7 (13780), anti-c-MYC
(5605), anti-MCL-1 (5453), anti-BCL-2 (2870), and anti-
BCL-XL (2764). Antibodies against RNAPII (sc-17798), vincu-
lin (sc-5573), and a-tubulin (sc-5286) were purchased from
Santa Cruz Biotechnology. The anti-b-actin (A5316) antibody
was obtained from Sigma-Aldrich.

Cell-cycle analysis by flow cytometry
BT549 and MDA-MB-231 cells were collected at 1 � 106 per cell

line, washed with PBS and resuspended in PBS (1 mL) per cell line.
Prechilled 70% ethanol (2.5 mL) was added to each cell
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suspension dropwise while vortexing. Cells were immediately
stored at 4�C overnight. Cells were washed with PBS and resus-
pended in PBS (500 mL) and RNaseA (1 mL of 2.5 mg/mL) was
added to each sample and incubated at 37�C for 30 minutes.
Propidium iodide (50 mL of 0.5 mg/mL; Sigma P4170) was added
to each sample. The BD Accuri C6 plus (BD Biosciences) flow
cytometer was subsequently utilized for the cell-cycle analysis.

Immunohistochemistry
Sample slides were deparaffinized and rehydrated using a Leica

Autostainer XL. Samples were treated with 1� citrate buffer pH 6.0
at 95�C in the PT module (LabVision, Thermo Fisher Scientific),
incubated with 3% H2O2, blocked using UV-Block reagent and
treated with the anti-CDK7 antibody. Samples were then treated
with primary antibody enhancer (PAE), horseradish peroxidase–

labeled polymer, DAB, and counterstained with hematoxylin.

Digital slide scanning and automated image analysis
The Aperio ScanScope XT slide scanner (Aperio Technologies)

was used for digital scanning at �20 magnification. ImageScope
analysis software was used for viewing and analyzing digital
images. Spectrum was used to generate individual tissue spot
images for automated analysis. The Nuclear Algorithm (Aperio
Technologies) was used to analyze percentage of positive nuclei
against total nuclei. Positive intensity was also measured on cell
pellet control slides using the Color Deconvolution Algorithm
(Aperio Technologies).

Cell death assay: Annexin V/propidium iodide staining
Apoptosis was measured using an Annexin V/propidium

iodide assay. Cells were seeded at a density of 3 � 104 (BT549)
and 4 � 104 cells/well (MDA-MB-231) in 24-well plates and were
incubated at 37�C in growth media overnight. Cells were then
treated with various doses of BS-181 and THZ1 for 48 hours or in
combination with ABT-263 or ABT-199 for 24 hours. Cells were
washed with PBS and resuspended in Annexin binding buffer (10
mmol/L HEPES pH 7.4, 140 mmol/L NaCl, and 2.5 mmol/L
CaCl). Cells were then stained with 0.5 mg/mL Annexin V-FITC
and 0.5 mg/mL propidium iodide for 15 minutes before analyz-
ing on the BD Accuri 6 plus (BD Biosciences). Results were
normalized to a DMSO-only control and dose–response curves
were created using GraphPad Prism.

BH3 profiling
The sequence of the BH3-only peptides and method of syn-

thesis used were described previously (34). BH3 profiling was
performed by flow cytometry. Briefly, BH3 peptides at 70 mmol/L
were incubated with cells that were being gently permeabilized
with 0.005% digitonin. Following 60-minute incubation, cells
were fixed with 8% formaldehyde for 15 minutes prior to neu-
tralization and staining with cytochrome c at 4�C overnight. The
loss of cytochrome was measured on a CyAn ADP Analyzer
(Beckman Coulter) using the FITC channel. The percentage of
peptide-induced mitochondrial depolarization was calculated by
normalization to the solvent-only control DMSO (0%).

Study design, implementation, and statistical analysis
Due consideration of REMARK guidelines was given in respect

to study design, implementation, and analysis (35). Kaplan–

Meier survival analysis was performed using the SPSS statistical
analysis software (IBM). The Cox proportional hazard model was

used for multivariate analysis to illustrate the relationships
between gene/protein expression and breast cancer–specific sur-
vival (BCSS), recurrence-free survival (RFS), distant recurrence-
free survival (DRFS), and overall survival (OS). Hazard ratios
(HR) and 95% confidence intervals (95% CI) were evaluated for
each clinicopathologic variable. A two-tailed test with P value <
0.05 was considered to be significant. The CompuSyn method was
used to assess synergy of combination drug treatment (36). A
combination index value of under 1 was considered to be
significant.

Results
High CDK7 mRNA expression is associated with poor clinical
outcomes of patients with TNBC

To identify kinases that are associated with clinical outcomes in
TNBC, we reanalyzed publicly available transcriptomic data from
a combined cohort of 579 TNBC patients, of which 383 had
associated clinical outcome data (Cohort I, public TNBC; ref. 30).
From this analysis, CDK7 mRNA expression was linked to poor
prognosis in a TNBC context. Kaplan–Meier survival analysis in
Cohort I (n ¼ 383) demonstrated that, when a median CDK7
mRNA expression cut-off point was used for stratification, high
CDK7 mRNA expression was strongly correlated with reduced RFS
(P < 0.001; HR ¼ 2.152; CI ¼ 1.576–2.939; Supplementary Fig.
S1A). Further survival analysis was carried out using BreastMark,
an online integrated resource to allow evaluation of genes that are
associated with survival outcomes in breast cancer and its molec-
ular subtypes, in an unstratified cohort of 2,656 breast cancer
patients (Cohort II, BreastMark; ref. 31), which demonstrated no
significant association between CDK7 mRNA expression and RFS
(Supplementary Fig. S1B), suggesting that CDK7 is not a prog-
nostic factor in breast cancer as a whole, but rather specifically
predicts outcomes in TNBC.

To further validate our findings, we examined CDK7 mRNA
expression in an independent cohort of the METABRIC (Molec-
ular Taxonomy of Breast Cancer International Consortium;
Cohort III), which was composed of a discovery set of 997 primary
tumors and a validation set of 995 tumors with long-term clinical
outcomes (32). Within Cohort III, when a median cut-off point of
CDK7 mRNA expression was used, high CDK7 mRNA expression
was again significantly associated with poor BCSS specifically in
the TNBC cohort (P ¼ 0.023; HR ¼ 1.598; CI ¼ 1.061–2.406;
Supplementary Fig. S1C). We observed no evidence of association
between CDK7 mRNA expression and clinical outcomes when the
entire cohort was examined (P ¼ 0.195; HR ¼ 0.885; CI ¼ 0.735–

1.065; Supplementary Fig. S1D), again indicating that CDK7
mRNA expression appeared to specifically predict survival out-
comes in a TNBC context.

High CDK7 protein expression is associated with poor clinical
outcomes in a TNBC context

In silico analysis of transcriptomic data suggested that CDK7
mRNA level may differentiate TNBC patients with good versus
poor outcomes. Here, we attempted to validate these results at the
protein level in an independent cohort of patient samples. TNBC
tissues obtained from the RATHER consortium (Rational Therapy
for Breast Cancer, www.ratherproject.com; Cohort IV, n ¼ 109)
were immunohistochemically assessed using an optimized anti-
CDK7 antibody (Supplementary Fig. S2). Automated image anal-
ysis was used to score percentage of tumor nuclei positive for
CDK7 protein expression (over total number of tumor cells)
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across all samples and was subsequently assessed for associations
with clinicopathologic variables. A median cut-off point was
chosen in respect of positivity percentage of CDK7, with repre-
sentative tissue cores illustrating high and low CDK7 protein
expression shown in Fig. 1A. Across the RATHER TNBC TMA
cohort, a high percentage of CDK7-positive tumor cells was
significantly associated with reduced BCSS (P ¼ 0.012; HR ¼
2.516; CI ¼ 1.189–5.324; Fig. 1B), RFS (P ¼ 0.019; HR ¼ 2.208; CI
¼ 1.123–4.344; Supplementary Fig. S3A) and DRFS (P ¼ 0.013;
HR ¼ 2.506; CI ¼ 1.185–5.299; Supplementary Fig. S3C). Mul-
tivariate Cox regression analysis demonstrated that CDK7 protein
expression and tumor size were independent prognostic factors
for reduced BCSS in TNBC (Table 1; for CDK7, P ¼ 0.006; HR ¼
3.045; CI ¼ 1.383–6.701).

Given that we previously observed no correlations between
CDK7 mRNA expression and outcomes in a noncategorized breast
cancer cohort, we subsequently analyzed CDK7 protein expres-
sion in tumor tissues from a representative cohort of 346 breast

cancer patients comprised of all major subtypes, namely the
Consecutive array (Cohort VI; ref. 33), which included 33 TNBC
cases. Again, no correlations between CDK7 protein expression
and BCSS (P ¼ 0.313; HR ¼ 0.794; CI ¼ 0.507�1.245; Fig. 1C),
RFS (P ¼ 0.364; HR ¼ 0.852; CI ¼ 0.601�1.206; Supplementary
Fig. S3B), or DRFS (P ¼ 0.662; HR ¼ 0.916; CI ¼ 0.617�1.359;
Supplementary Fig. S3D) were found within this cohort, further
reinforcing a particular association of CDK7 expression with poor
clinical outcomes in patients with TNBC.

To further validate the prognostic value of CDK7 at the protein
level in TNBC, we carried out TMA analysis in the METABRIC
cohort, which was composed of 203 TNBC tissues plus additional
948 breast cancer tissues from other subtypes. When a median cut-
off point was used to stratify low and high expression of CDK7
protein, Kaplan–Meier survival analysis demonstrated a strong
negative correlation between CDK7 protein expression and BCSS
(P ¼ 0.007; HR ¼ 1.921; CI ¼ 1.185–3.113; Fig. 1D), as well as OS
(P ¼ 0.042; HR ¼ 1.489; CI ¼ 1.011–2.193; Supplementary Fig.
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Figure 1.

High CDK7 protein expression is associated with poor prognosis in TNBC tissues. A, Representative scanned images of tumor cores with low or high CDK7
protein expression, as determined by IHC. B, Kaplan–Meier survival curves showing the relationship between CDK7 protein expression and BCSS in the RATHER TNBC
TMA cohort censored at 15 years (n ¼ 109). C, Kaplan–Meier survival curves showing the relationship between CDK7 protein expression and BCSS in the
Consecutive breast cancer TMA cohort censored at 15 years (n ¼ 199). D, Kaplan–Meier survival curves showing the relationship between CDK7 protein expression
and BCSS in the METABRIC TNBC TMA cohort censored at 15 years (n ¼ 203). E, Kaplan–Meier survival curves showing the relationship between CDK7
protein expression and BCSS in the METABRIC breast cancer TMA cohort censored at 15 years (n ¼ 1,151).
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S3E), within the TNBC subset of the cohort. Multivariate Cox
regression analysis confirmed that CDK7 protein expression and
nodal status were independent prognostic factors of reduced BCSS
in the TNBC subset (Table 2; for CDK7, P ¼ 0.003; HR ¼ 2.136; CI
¼ 1.294–3.526). Similarly, using a median cut-off point, we
observed no correlations between CDK7 protein expression and
either BCSS (P ¼ 0.904; HR ¼ 0.987; CI ¼ 0.793–1.227; Fig. 1E) or
OS (P ¼ 0.168; HR ¼ 1.122; CI ¼ 0.952–1.322; Supplementary
Fig. S3F) across the entire set of METABRIC breast cancer samples.
Therefore, we have validated both at the mRNA and at the protein
levels that high CDK7 expression is associated with poor prog-
nosis specifically in TNBC.

To further understand the underlying basis of CDK70s associ-
ation with poor prognosis in TNBC, we compared CDK7 mRNA
expression levels between different subtypes of breast cancer and
found that CDK7 mRNA expression was lower in TNBC compared
with luminal A and luminal B subtypes in the METABRIC tran-
scriptomic dataset (n ¼ 1,992; P < 0.0001; Supplementary Fig.
S4A) and the TCGA transcriptomic dataset (n ¼ 422; P < 0.0001;
Supplementary Fig. S4B). Previous studies have shown a critical
role for CDK7 in mediating superenhancer–linked oncogenic
transcription in MYC-driven cancer (14) and elevated MYC sig-
naling has been associated with poor prognosis in TNBC (37).
Accordingly, we found that MYC mRNA expression was higher in
TNBC compared with other subtypes of breast cancer in the
METABRIC transcriptomic dataset (P < 0.0001; Supplementary

Fig. S4C), and the TCGA transcriptomic dataset (P < 0.0001;
Supplementary Fig. S4D).

Knockdown of CDK7 leads to reduced cell proliferation,
migration, and increased response to doxorubicin

To investigate the functional impact of CDK7 on TNBC cells, we
performed shRNA-mediated knockdown of CDK7 in BT549 and
MDA-MB-231 cells. Following efficient knockdown of CDK7 at
both mRNA and protein levels detected via RT-PCR and immu-
noblotting, respectively (Fig. 2A), both BT549 and MDA-MB-231
cell lines with ablated CDK7 demonstrated significantly reduced
number of colonies compared with their respective nontargeting
controls (Fig. 2B). Cell proliferation was also significantly reduced
upon CDK7 knockdown compared with the respective nontarget-
ing controls in both cell lines (Fig. 2C). Moreover, cell migration
rate was found dramatically decreased at 24 and 48 hours in cells
with CDK7 knockdown (Fig. 2D). Finally, knockdown of CDK7
led to increased TNBC cell sensitivity to doxorubicin following 72
hours of treatment, and only marginally increased responses to
carboplatin and no altered response to docetaxel were observed
(Fig. 2E), which may be due to a role of CDK7 in the regulation of
chemotherapeutic agent–induced DNA damage (38, 39).

Targeting CDK7 with specific inhibitors affects proliferation,
apoptosis, and transcription

Recently, a highly specific covalent CDK7 inhibitor THZ1 was
developed (13). Here, we compared the efficacy of THZ1 versus a
previously discovered noncovalent CDK7 inhibitor BS-181 in the
TNBC cell lines BT549 and MDA-MB-231. Cell growth curves
demonstrated that both inhibitors reduced cell proliferation in
the two cell lines tested (Fig. 3A). Interestingly, the newly devel-
oped THZ1 demonstrated an approximately 500-fold higher
potency than BS-181 (Fig. 3A). We next assessed whether inhi-
bition of CDK7 caused apoptotic cell death by measuring Annexin
V and propidium iodide positivity. Both CDK7 inhibitors induced
apoptosis in the BT549 and MDA-MB-231 cell lines (Fig. 3B).
Similar to the cell growth curves, THZ1 displayed higher potency
in terms of apoptosis induction in comparison with BS-181.
Inhibition of CDK7 with THZ1 caused a modest cell-cycle phase
redistribution in the MDA-MB-231 cell line, with an approximate
increase of 10% of cells in the G2–M phase (Fig. 3C); a similar
trend was observed for BT549 cells but this was not statistically
significant. CDK1 is the only essential CDK required for comple-
tion of cell mitosis, which is stringently regulated by CDK7 (40).
Treatment with THZ1 and BS-181 caused a reduction in phospho-
CDK1 in a dose-dependent manner in BT549 and MDA-MB-231
cells (Fig. 3D). In addition, CDK7 plays a key role in RNA
transcription regulation by phosphorylating RNAPII (10). Treat-
ment with THZ1 and BS-181 also caused a dose-dependent
reduction of phosphorylation of RNAPII at the serine 2, the serine
5 and the serine 7 sites in BT549 and MDA-MB-231 cells (Fig. 3E),
suggestive of RNA transcription inhibition through CDK7
inactivation.

The above data demonstrate that CDK7 inhibitors BS-181 and
THZ1 trigger antitumor effects by inducing transcription inhibi-
tion and apoptosis in a dose-dependent manner.

Combination treatment of THZ1 with ABT-263 shows
synergistic effects causing reduced TNBC cell survival

Given the negative effect on RNAPII phosphorylation with
CDK7 inhibitor treatment, we assessed the expression of two

Table 1. Multivariate Cox regression analysis of BCSS in the RATHER TNBC
dataset

BCSS
Clinicopathologic variables P HR (95% CI)

CDK7 protein 0.006
Low 1
High 3.045 (1.383–6.701)

Age (continuous) 0.427 1.010 (0.985–1.036)
Tumor size (continuous) 0.002 1.397 (1.128–1.730)
Tumor grade 0.802

Grade 2 1
Grade 3 0.880 (0.323–2.396)

Nodal status 0.675
No 1
Yes 1.189 (0.530–2.667)

Chemotherapy 0.912
No 1
Yes 1.044 (0.487–2.237)

Table 2. Multivariate Cox regression analysis of BCSS in the METABRIC TNBC
dataset

BCSS
Clinicopathologic variables P HR (95% CI)

CDK7 protein 0.003
Low 1
High 2.136 (1.294–3.526)

Age (continuous) 0.254 0.988 (0.967–1.009)
Tumor size (continuous) 0.183 1.008 (0.996–1.020)
Tumor grade 0.131

Grade 1þ2 1
Grade 3 1.957 (0.819–4.676)

Nodal status 0.018
No 1
Yes 2.446 (1.169–5.117)

Chemotherapy 0.449
No 1
Yes 0.744 (0.346–1.600)
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Figure 2.

Knockdown of CDK7 diminishes cell viability, proliferation, migration, and increases cell response to doxorubicin. A, Immunoblotting and qRT-PCR analysis of
CDK7 mRNA expression post-shRNA knockdown of CDK7 in BT549 and MDA-MB-231 cells (n ¼ 3). A nontargeting shRNA and two independent hairpins targeting
CDK7 (shRNA1 and shRNA2) are represented by NTC, sh1, and sh2. Data are presented as mean � SD (�� , P < 0.01; ��� , P < 0.001). B, Colony formation
assay following CDK7 knockdown in BT549 and MDA-MB-231 cells (n ¼ 3). Colony numbers are presented as mean � SD (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
C, MTT cell viability assay following CDK7 knockdown in BT549 and MDA-MB-231 cells (n ¼ 3). Proliferation is presented as mean absorbance � SD
(�� , P < 0.01; ��� , P < 0.001). D, Cell migration analysis following CDK7 knockdown (n ¼ 3). Migration is presented as mean closure distance � SD (� , P < 0.05;
�� , P < 0.01; ��� , P < 0.001). E, MTT cell viability assay following CDK7 knockdown and treatment with chemotherapeutic agents for 72 hours in BT549 and
MDA-MB-231 cells (n ¼ 3). IC50 values of NTC, shRNA1, and shRNA2 knockdown cells are presented in the mini-tables.
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proteins with short half-lives, namely the transcription factor c-
MYC and the antiapoptotic protein MCL-1. There was a time-
dependent reduction in the expression of both c-MYC and
MCL-1 following treatment with either BS-181 or THZ1
(Fig. 4A). We assessed the expression of two other antiapoptotic
proteins, BCL-2 and BCL-XL, finding that their levels did not
alter greatly following exposure to either CDK7 inhibitor (Fig.
4B). Using dynamic BH3 profiling, we aimed to measure the
effect of CDK7 inhibition on mitochondrial priming and anti-
apoptotic dependency (28, 41). Following treatment for 16
hours with THZ1, BH3 profiling was performed on the MDA-
MB-231 cell line. The BH3 peptides BAD and HRK caused a
greater loss of cytochrome c following treatment with THZ1
(Fig. 4C). The BAD peptide binds to the antiapoptotic proteins
BCL-2, BCL-XL and BCL-W, while the HRK peptide only binds
to BCL-XL. Following treatment with THZ1, there is a reduction
in the expression of MCL-1 (Fig. 4A); therefore, the increased
response to the HRK and BAD peptides suggest that pro-death

proteins that were bound by MCL-1 now bind to BCL-2/BCL-XL
following THZ1 treatment. To test this hypothesis, we com-
bined THZ1 treatment with the BH3 mimetic ABT-263 (which
inhibits BCL-2, BCL-XL and BCL-W) in both BT549 (Fig. 4D, I)
and MDA-MB-231 (Fig. 4D, II) cell lines. As is evident from the
heatmap representation of the MTT assay, the combination
treatment caused a synergistic inhibition of proliferation. The
combination of THZ1 and ABT-199 caused synergy mainly in
the BT549 cell line (Fig. 4D, III), while synergy could not be
determined in the MDA-MB-231 cell line as an IC50 value for
ABT-199 could not be calculated by the MTT assay (Fig. 4D, IV).
The combination treatment of THZ1 and ABT-263/ABT-199
was tested in 4 additional TNBC cell lines. MTT assays dem-
onstrated synergistic effects in the HCC1143, HCC1937, and
Hs578T cell lines with THZ1 and ABT-263 treatment (Supple-
mentary Fig. S5A). However, the combination treatment of
THZ1 and ABT-199 only showed synergy in HCC1937 cells
(Supplementary Fig. S5B). No synergy was detected in the BT20
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Figure 3.

CDK7 inhibition suppresses cell proliferation and survival via inhibition of RNA transcription. A, Cell survival curves showing IC50 values of BS-181 and THZ1 in BT549
and MDA-MB-231 cells following 72 hours of treatment. B, Apoptosis analysis via Annexin V/propidium iodide staining of BT549 and MDA-MB-231 cells at
various concentrations of BS-181 and THZ1 following 48 hours of treatment. C, Quantification of percentage of BT549 and MDA-MB-231 cells in different
cell-cycle phases following treatment with various doses of THZ1 for 16 hours (n ¼ 3; ��� , P < 0.001). D, Immunoblotting of proteins involved in the signaling
pathway relating to cell cycle following 4 hours of treatment with various concentrations of BS-181 and THZ1 in BT549 and MDA-MB-231 cells. E,
Immunoblotting of proteins involved in transcriptional regulation following 4 hours of treatment with various concentrations of BS-181 and THZ1 in BT549 and
MDA-MB-231 cells.
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cells, suggesting an intrinsically resistant cell line to THZ1 and
ABT-263/ABT-199 treatment.

To validate that the combination treatment caused apoptosis
and not solely inhibition of proliferation, we assessed the com-
bination using Annexin V and propidium iodide staining. As was
evident from the combination index, synergy occurred following
combined treatment with THZ1 and ABT-263 at low doses and
with ABT-199 at a higher dose in both cell lines (Fig. 4E).
Potentially, this suggests that combining the BH3 mimetic
ABT-263 may be an effective treatment strategy for TNBC.

Discussion
Limited success has so far been achieved in respect of biomarker

identification and validation in TNBC, which may be attributable
to disease heterogeneity at the molecular level in this particular
subtype. Human proteome studies revealed that more than
50% of human proteins undergo phosphorylation supported
by kinases (42), whereas abnormal activation of protein phos-
phorylation is commonly a cause or consequence of oncogenesis.
Kinases have become one of the most intensively pursued classes
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Identifying rational combination treatments for TNBC. A, Immunoblotting of c-MYC and MCL-1 expression following 200 nmol/L THZ1 treatment at increasing time
points in BT549 and MDA-MB-231 cells. B, Immunoblotting of BCL-2 family protein expression following 24 hours of BS-181 and THZ1 treatment at various
concentrations in BT549 and MDA-MB-231 cells. C, BH3 profile of MDA-MB-231 cells following treatment with either 50 nmol/L THZ1 or DMSO for
16 hours (��, P < 0.01). D, MTT viability assay following treatment for 48 hours with escalating concentrations of THZ1 and ABT-263 in BT549 (I) and
MDA-MB-231 (II) cells, or treatment with escalating concentrations of ABT-199 and THZ1 in BT549 (III) or MDA-MB-231 (IV) cells. Synergy was calculated
using CompuSyn and a combination index value of under 0.7 is marked with an asterisk (�). E, Apoptosis analysis via Annexin V/propidium iodide staining on
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of drug targets in cancer. To date, 28 small-molecule kinase
inhibitors have been approved by the FDA (43), which has
invigorated the search for new kinase inhibitors as anticancer
drugs. As such, we focused on discovery of novel kinase biomar-
kers and tailored therapeutic strategies in TNBC taking advantage
of molecular profiling data and preclinical models.

CDK7 has been reported to be a potential therapeutic target in
MYC-driven and transcription-dependent cancers (13–16). How-
ever, little is known about the value of CDK7 as a prognostic or
predictive marker. A recent study revealed that the CAK complex
was highly expressed in breast cancer and CDK7 expression was
inversely associated with poor prognosis in ER-positive breast
cancer, which may be attributable to its role in directly interacting
with ERa (44). Our data provided evidence of a negative asso-
ciation between CDK7 expression and survival outcomes specif-
ically in TNBC, together with a potential role in terms of mod-
ulating response to chemotherapeutic agents.

Previous reports have linked high expression of p53 (45, 46)
and elevated MYC signaling (37) with prognosis in TNBC. How-
ever, we found that MYC or TP53 mRNA expression was not
significantly correlated with RFS in Cohort I (Public TNBC;
Supplementary Fig. S6A and S6B). MYC expression showed no
association with BCSS in this cohort (Supplementary Fig. S6C),
while TP53 expression was only marginally associated with good
BCSS in Cohort III (METABRIC TNBC; Supplementary Fig. S6D).
Surprisingly, analysis of CDK7 mRNA expression in subgroups of
breast cancer showed lower overall CDK7 mRNA expression in the
TNBC group compared with the luminal A and luminal B sub-
types in Cohort III (METABRIC breast cancer of all subtypes;
Supplementary Fig. S4A) and Cohort VII (TCGA; Supplementary
Fig. S4B), indicating that CDK7 may be involved in more activities
in luminal A and luminal B subtypes compared with TNBC and
CDK70s preferential correlation with poor prognosis in TNBC
may be due to its roles in the regulation of transcription and cell
cycle. Indeed, CDK7 has previously been shown to mediate
ligand-dependent activation of ERa via phosphorylation of serine
118 (11), and the expression of CAK (CDK7, cyclin H, and MAT1)
has recently been found to be positively associated with ER
expression (44), which correlates with our observation of higher
CDK7 mRNA levels in the luminal A and luminal B subtypes
compared with the HER2 and TNBC subtypes (Supplementary
Fig. S4A and S4B). Further analysis revealed that MYC mRNA
expression was higher in TNBC compared with other subtypes
(Supplementary Fig. S4C and S4D). Together with the finding that
CDK7 inhibition led to reduced MYC expression (Fig. 4A), it is
postulated that MYC-dependent TNBC largely relies on the activ-
ity of CDK7 during tumor progression.

These findings not only highlight the value of CDK7 as a
prognostic marker, but also directly point to therapeutic inter-
ventions, such as direct inhibition of CDK7 that could benefit
TNBC patients. The dual role of CDK7 in transcriptional regula-
tion and cell-cycle control may offer additional benefits for CDK7-
targeted therapy in TNBC. Transcription factors have traditionally
been considered "undruggable" targets due to difficulties in
directly modulating DNA/protein binding (47). In addition,
directly targeting the global transcription machinery may cause
intolerable toxicity due to an essential dependency of nontrans-
formed tissue on transcription. Recent studies have challenged the
predicament and found that the epigenetic modifier JQ1, a BET
bromodomain inhibitor, preferentially inhibits the transcription
of genes with superenhancer regions (48). Moreover, TNBC was

preferentially sensitive to JQ1 treatment when a broad panel of
breast cancer cell lines was assessed (49).

Several studies have been involved in the design and validation
of CDK7 inhibitors. BS-181, a highly selective small-molecule
CDK7 inhibitor, was found to effectively inhibit the growth of an
MCF-7 xenograft (50). Recently, Kwiatkowski and colleagues
developed a highly potent covalent CDK7 inhibitor, THZ1, which
has been extensively evaluated in various types of cancers and
achieved astonishing antiproliferative effects (13–15). A common
feature of these tumors is that they appear to be transcriptionally
driven. THZ1 preferentially inhibited the proliferation of MYCN-
driven neuroblastoma and the sensitivity correlated with down-
regulation of superenhancer-associated genes (14). Similar results
were found in small-cell lung cancer with a preferential inhibition
of superenhancer-associated genes including MYC, MYCN,
and OTX2 (15). A recent publication by Wang and colleagues
also indicated a preferential sensitivity of TNBC over other
breast cancer subtypes to CDK7 inhibition, using a newly devel-
oped CDK7 inhibitor THZ2 with improved pharmacokinetic
properties (16).

We directly compared, for the first time, the sensitivity of
TNBC cell lines to both BS-181 and THZ1 and found that the
covalent inhibitor THZ1 was over 500-fold more effective at
inhibiting proliferation. Functional assessment of TNBC cells
demonstrated that CDK7 downregulation impaired cell viabil-
ity and proliferation (Fig. 2B and C), indicating that CDK7
plays a key role in the signaling cascades that are responsible for
TNBC progression.

At present, chemotherapy is the main systemic treatment
option for TNBC patients. Our data suggest a potential role
for CDK7 in modulating the sensitivity of TNBC cells to the
chemotherapeutic agent doxorubicin (Fig. 2E). This may provide
additional therapeutic strategies for the fraction of TNBC patients
with poor inherent response to doxorubicin, as well as those
displaying residual disease following good initial response to the
treatment. We also observed a moderate level of increased sen-
sitivity following CDK7 knockdown with carboplatin treatment,
but not with docetaxel treatment (Fig. 2E), suggesting that the
apparent protective effect mediated by CDK7 may be limited to
genotoxic agents. Previous studies demonstrated that CDK7
played a positive role in DNA damage–induced p53 activation
(38, 39). Further investigation of combination treatment with
CDK7 inhibitors and chemotherapeutic agents in a broader panel
of breast cancer cell lines and in vivo is warranted to determine
the effectiveness of such combination treatment and potential
selectivity/utility in a TNBC context.

Profiling of the residual TNBC tumors following neoadjuvant
therapy showed evidence of increased amplification of both
MCL-1 and MYC genes (17). Both CDK7 inhibitors, BS-181 and
THZ1, inhibited phosphorylation of RNAPII in a dose-dependent
manner (Fig. 3E) and caused a reduction in the levels of two short
half-life proteins, c-MYC and MCL-1 (Fig. 4A), which point
toward the assessment of CDK7 treatment in the refractory setting.
Interestingly, the most commonly amplified genes in solid tumors
include MCL-1 and MYC, as assessed by somatic copy number
alterations in 3,181 different cancer specimens (21). Importantly,
MCL-1 has been identified as a crucial survival factor in TNBC and
MCL-1 knockdown sensitizes TNBC cell response to BCL-XL
inhibition (51).

Using BH3 profiling following treatment with THZ1, we
found that the cells became more dependent on the
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antiapoptotic proteins, BCL-2 and BCL-XL, as indicated by the
increased response to the BAD and HRK BH3 peptides
(Fig. 4C). This is likely due to the reduced expression of
MCL-1 (Fig. 4B) causing a shift of prodeath proteins to BCL-
2/BCL-XL. The BIM and PUMA BH3 peptides did not cause any
statistical differences in cytochrome c release following THZ1
treatment, indicating that the total expression of prodeath
proteins was not altered in response to THZ1. However, a
complete dose response of the BIM and PUMA peptides would
be required to confirm this. We, therefore, tested the rational
combination of THZ1 with the BCL-2/BCL-XL/BCL-W BH3
mimetic ABT-263 or the combination of THZ1 with the BCL-
2–specific inhibitor ABT-199.

We found synergy in five out of six triple-negative cell lines
treated with ABT-263 and THZ1, demonstrating that the com-
bination shows robust synergy across multiple TNBC cell lines. A
recent study showed that the combination of THZ1 and the BH3
mimetic obatoclax was an effective combination treatment for T-
cell lymphoma and in vivo treatment with the combination did
not show any evidence of enhanced toxicity (52). ABT-199 was
recently approved by the FDA for the treatment of chronic
lymphocytic leukemia with a chromosomal abnormality of
17p deletion. However, we did not detect robust synergy with
the BCL-2 specific inhibitor ABT-199 in combination with
THZ1, as only two of the six TNBC cell lines tested showed
synergy. This suggests that inhibition of both BCL-XL and BCL-2
is necessary in TNBC to robustly detect synergy with THZ1.
Taken together, these observations showed evidence of a prom-
ising treatment option for TNBC by targeting CDK7 in combi-
nation with BH3 mimetics.

In summary, our data demonstrate that CDK7 is associated
with poor prognosis in TNBC. Phenotypic changes after kinase
depletion indicate that CDK7 is involved in mediating cell
proliferation, migration, and doxorubicin-induced DNA dam-
age. Inhibition of transcription using highly specific CDK7
inhibitors has proven here to be promising in targeting TNBC.
Furthermore, combined inhibition of CDK7 and BCL-2/BCL-XL
using THZ1 and ABT-263 shows synergistic responses, leading
to substantial apoptosis. Considering the lack of established
targeted therapeutics against TNBC, we propose that CDK7 will
be a powerful poor prognostic marker and attractive therapeu-
tic target for TNBC.
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