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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.  



58 

 

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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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 
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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). 
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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 


