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      Abstract 
Breast cancer (BC) is a heterogeneous disease of which its definite cure had yet to be discovered. 
Tumour Necrosis Factor-related Apoptosis-inducing Ligand (TRAIL) is one potential anti-cancer 
protein with its selective killing on cancerous cells while largely evading the healthy cells. 
Nonetheless, many cancer cells have built TRAIL resistance, including breast cancer. In this 
study, the addition of two epigenetic drugs, Trichostatin A (TSA) and Zebularine (Zeb) combined 
prior to TRAIL treatment (TZT) was shown to induce significant increase in G0/G1 cell cycle arrest 
in MDA-MB-231 (57.78%). With E-cadherin expression, the G0/G1-arrested population increased 
to 74.2% (231-EGFP) and 83.15% (MCF-7). Moreover, TZT had also significantly reduced cell 
viability of 231-EGFP to 62.12%. The observed cell inhibitory effects might be due to suppression 
of proliferating cell nuclear antigen (PCNA) and cyclin-dependent kinase 2 (CDK2) mRNA 
expression. The TZT-induced cell cycle arrest had also driven apoptosis occurrence and it was 
supported by the up-regulation of p21 and p-p53 (S392) proteins in MDA-MB-231 by TZT. With 
the in vitro re-expression of E-cadherin in 231-EGFP, down-regulation of anti-apoptotic PON2, 
Catalase, Clusterin, IAPs as well as cell stress proteins had validated the notion that E-cadherin 
expression enhances the TZT anti-cancer efficacy. Similarly, in E-cadherin-positive MCF-7, TZT 
treatment had down-regulated the anti-apoptotic proteins, increased the pro-apoptotic SMAC, 
HTRA2 as well as both the TRAIL receptors, TRAIL-R1 and -R2. On the other hand, the TZT 
treatment regime had negligible effect on reducing the cell migration rate of the invasive MDA-
MB-231 and 231-EGFP cell lines. This was supported by the lack of pro-invasive matrix 
metalloproteinase 9 (MMP9) down-regulation by the TZT treatment. Therefore, our study showed 
that TSA and Zeb are potential sensitizers of breast cancer towards TRAIL-induced cell inhibition, 
cell cycle arrest leading towards apoptosis while having no tangible anti-invasive potential.  
Nonetheless, from our ex vivo findings, TRAIL-R2, TRAIL and E-cadherin markers’ anti-cancer 
functions had been hijacked by BC cells to facilitate their survival (TRAIL) and metastatic 
potential (TRAIL-R2, E-cadherin). Thus, these markers’ over-expression and localization can 
potentially serve as markers for BC prognosis and treatment regime selection.            
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measured using the ImageJ software. The percentages of gap 
closure at the respective time points are presented above. Error 
bars represent SEM from three independent experiments. 
(*p<0.05) and (**p<0.001) are significant and very significant 
differences from the untreated control, respectively. 
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Figure 32 Total RNA extraction and RT-PCR on proliferating cell nuclear 
antigen (PCNA) and cyclin-dependent kinase 2 (CDK2. (a) MDA-
MB-231 (231), geneticin selected MDA-MB-231 transfected with 
pCDNA3.1 empty vector (231-EV) and with E-cadherin-GFP 
plasmid (231-EGFP), MCF7 were extracted its total RNA for 
untreated control (UT), TSA, Zeb, TZ, TRAIL and TZT treatment 
groups at 24 h time point using the RNeasy Mini Kit. The total RNA 
was DNase I treated and then converted to cDNA prior to PCR 
amplification using primers specific to PCNA and CDK2. Loading 
amount was normalized using the housekeeping gene, beta-actin. 
The respective band intensity was quantified using the ImageJ 
software. 
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Figure 33 Total RNA extraction and RT-PCR on proliferating cell nuclear 
antigen (PCNA) and cyclin-dependent kinase 2 (CDK2). (a) MDA-
MB-231 (231), geneticin selected MDA-MB-231 transfected with 
pCDNA3.1 empty vector (231-EV) and with E-cadherin-GFP 
plasmid (231-EGFP), MCF-7 were extracted its total RNA for 
untreated control (UT), TSA, Zeb, TZ, TRAIL and TZT treatment 
groups at 48 h time point using the RNeasy Mini Kit. The total RNA 
was DNase I treated and then converted to cDNA prior to PCR 
amplification using primers specific to PCNA and CDK2. Loading 
amount was normalized using the housekeeping gene, beta-actin. 
The respective band intensity was quantified using the ImageJ 
software. 
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Figure 34 Total RNA extraction and RT-PCR on matrix metalloproteinase 9 
(MMP9). MDA-MB-231 and 231-EGFP were extracted its total 
RNA for untreated control (UT), TSA, Zeb, TZ, TRAIL and TZT 
treatment groups at (a) 24 and (b) 48 h time point using the 
RNeasy Mini Kit. The total RNA was DNase I treated and then 
converted to cDNA prior to PCR amplification using primers 
specific to MMP9.  Loading amount was normalized using the 
housekeeping gene, beta-actin. The respective band intensity 
was quantified using the ImageJ software. 

126 

Figure 35 Microscopoic images of hematoxylin and eosin (H and E) stained 
(A) untreated MDA-MB-231 and MDA-MB-231 treated with (B) 
TSA, (C) Zeb, (D) TSA and Zeb, (E) TRAIL for 24 h; (F) TSA and 
Zeb for 12 h followed by TRAIL treatment for 24 h. Scale bars 
represent 100 µm. The apoptotic morphologies are explained as 
follows: cell shrinkage and nuclear chromatin condensation (black 
arrows); cell membrane blebbing (red arrows); nuclear 
fragmentation (yellow arrows); apoptotic body (light blue arrow). 
Images were captured at 200× magnification. Scale bars 
represent 100 µm. 

144 

Figure 36 Microscopoic images of hematoxylin and eosin (H and E) stained 
(A) untreated MDA-MB-231 and MDA-MB-231 treated with (B) 
TSA, (C) Zeb, (D) TSA and Zeb, (E) TRAIL for 48 h; (F) TSA and 
Zeb for 12 h followed by TRAIL treatment for 48 h. Scale bars 
represent 100 µm. The apoptotic morphologies are explained as 
follows: cell shrinkage and nuclear chromatin condensation (black 
arrows); cell membrane blebbing (red arrows); nuclear 
fragmentation (yellow arrows); apoptotic body (light blue arrow). 
Images were captured at 200× magnification. Scale bars 
represent 100 µm.  
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Figure 37 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated MDA-MB-231 and MDA-MB-231 treated with (B) 
TSA, (C) Zeb, (D) TSA and Zeb, (E) TRAIL for 72 h; (F) TSA and 
Zeb for 12 h followed by TRAIL treatment for 72 h. Scale bars 
represent 100 µm. The apoptotic morphologies are explained as 
follows: cell shrinkage and nuclear chromatin condensation (black 
arrows); cell membrane blebbing (red arrows); nuclear 
fragmentation (yellow arrows). Images were captured at 200× 
magnification. Scale bars represent 100 µm. 
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Figure 38 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated 231-EGFP and 231-EGFP treated with (B) TSA, (C) 
Zeb, (D) TSA and Zeb, (E) TRAIL for 24 h; (F) TSA and Zeb for 
12 h followed by TRAIL treatment for 24 h. Scale bars represent 
100 µm. The apoptotic morphologies are explained as follows: cell 
shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation 
(yellow arrows). Images were captured at 200× magnification. 
Scale bars represent 100 µm. 
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Figure 39 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated 231-EGFP and 231-EGFP treated with (B) TSA, (C) 
Zeb, (D) TSA and Zeb, (E) TRAIL for 48 h; (F) TSA and Zeb for 
12 h followed by TRAIL treatment for 48 h. Scale bars represent 
100 µm. The apoptotic morphologies are explained as follows: cell 
shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation 
(yellow arrows). Images were captured at 200× magnification. 
Scale bars represent 100 µm. 
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Figure 40 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated 231-EGFP and 231-EGFP treated with (B) TSA, (C) 
Zeb, (D) TSA and Zeb, (E) TRAIL for 72 h; (F) TSA and Zeb for 
12 h followed by TRAIL treatment for 72 h. Scale bars represent 
100 µm. The apoptotic morphologies are explained as follows: cell 
shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation 
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(yellow arrows); apoptotic body (light blue arrow). Images were 
captured at 200× magnification. Scale bars represent 100 µm. 

Figure 41 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated MCF-7 and MCF-7 treated with (B) TSA, (C) Zeb, 
(D) TSA and Zeb, (E) TRAIL for 24 h; (F) TSA and Zeb for 12 h 
followed by TRAIL treatment for 24 h. Scale bars represent 100 
µm. The apoptotic morphologies are explained as follows: cell 
shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation 
(yellow arrows); apoptotic body (light blue arrow). Images were 
captured at 200× magnification. Scale bars represent 100 µm. 
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Figure 42 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated MCF-7 and MCF-7 treated with (B) TSA, (C) Zeb, 
(D) TSA and Zeb, (E) TRAIL for 48 h; (F) TSA and Zeb for 12 h 
followed by TRAIL treatment for 48 h. Scale bars represent 100 
µm. The apoptotic morphologies are explained as follows: cell 
shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation 
(yellow arrows); apoptotic body (light blue arrow). Images were 
captured at 200× magnification. Scale bars represent 100 µm. 
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Figure 43 Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated MCF-7 and MCF-7 treated with (B) TSA, (C) Zeb, 
(D) TSA and Zeb, (E) TRAIL for 72 h; (F) TSA and Zeb for 12 h 
followed by TRAIL treatment for 72 h. Scale bars represent 100 
µm. The apoptotic morphologies are explained as follows: cell 
shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation 
(yellow arrows); apoptotic body (light blue arrow). Images were 
captured at 200× magnification. Scale bars represent 100 µm. 
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Figure 44 Percentage of cell population which had undergone early 
apoptosis, late apoptosis and dead from Annexin V-FITC/PI 
cellular apoptosis assay of different treatment groups on MDA-
MB-231 for (a) 24, (b) 48 and (c) 72 h. Data represents means + 
standard deviation from one independent experiment of triplicates 
for (a) and (b). Data represents means + SEM from two 
independent experiments of triplicates each for (c). *(p<0.05) is 
significant difference from the untreated (UT) control and TRAIL 
treatment based on LSD mean separation. 

157 

Figure 45 Percentage of cell population which are undergoing early 
apoptosis, late apoptosis and dead from Annexin V-FITC/PI 
cellular apoptosis assay of different treatment groups on 231-
EGFP for (a) 24, (b) 48 and (c) 72 h. Data represents means + 
standard deviation from one independent experiment of triplicates 
for (a) and (b). Data represents means + SEM from two 
independent experiments of triplicates each for (c). *(p<0.05) is 
significant difference from the TZ treatment for late apoptosis and 
from all the other experimental groups for dead cells. 
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Figure 46 Percentage of cell population which are undergoing early 
apoptosis, late apoptosis and dead from Annexin V-FITC/PI 
cellular apoptosis assay of different treatment groups on MCF-7 
for (a) 24, (b) 48 and (c) 72 h. Data represents means + standard 
deviation from one independent experiment of triplicates for (a) 
and (b). Data represents means + SEM from two independent 
experiments of triplicates each. *(p<0.05) is significant difference 
from all other experimental groups for early apoptosis for (c). 
*(p<0.05) is significant difference from all other experimental 
groups for early apoptosis. 
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Figure 47 Bcl-2 family proteins expression in the untreated MDA-MB-231 
(UT) and MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL 
TRAIL (TRAIL) for 72 h and TSA and Zeb for 12 h followed by 
TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) is significant difference from UT using the 
Student’s T-test. 
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Figure 48 Extrinsic pathway proteins expression in the untreated MDA-MB-
231 (UT) and MDA-MB-231 treated with TSA and Zeb (TZ), 50 
ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 12 h followed 
by TRAIL treatment for 72 h (TZT). Data represents mean + 
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standard deviation. *(p<0.05) and **(p<0.01) are significant and 
very significant differences from UT using the Student’s T-test. 

Figure 49 The expression of pro-apoptotic proteins (pro-caspase-3, cleaved 
caspase-3 and cytochrome c) and anti-apoptotic proteins 
(catalase, PON2, and clusterin) in the untreated MDA-MB-231 
(UT) and MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL 
TRAIL (TRAIL) for 72 h and TSA and Zeb for 12h followed by 
TRAIL treatment for 72 h (TZT). Data represents mean ± standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 

167 

Figure 50 The protein expression of IAP family proteins (cIAP-1, cIAP-2, 
Livin, Survivin and XIAP) and IAP inhibitors (SMAC and HTRA2) 
in untreated MDA-MB-231 (UT) and MDA-MB-231 treated with 
TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and 
Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data 
represents mean + standard deviation. *(p<0.05) and **(p<0.01) 
are significant and very significant differences from UT using the 
Student’s T-test. 

169 

Figure 51 The expression of cell cycle regulators in the untreated MDA-MB-
231 (UT) and MDA-MB-231 treated with TSA and Zeb (TZ), 50 
ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 12h followed 
by TRAIL treatment for 72 h (TZT). Data represents mean + 
standard deviation. *(p<0.05) and **(p<0.01) are significant and 
very significant differences from UT using the Student’s T-test. 
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Figure 52 The protein expression of cell stress proteins in the untreated 
MDA-MB-231 (UT) and MDA-MB-231 treated with TSA and Zeb 
(TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 12h 
followed by TRAIL treatment for 72 h (TZT). Data represents 
mean + standard deviation. *(p<0.05) and **(p<0.01) are 
significant and very significant differences from UT using the 
Student’s T-test. 
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Figure 53 Bcl-2 family proteins expression in the untreated 231-EGFP (UT) 
and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL 
(TRAIL) for 72 h and TSA and Zeb for 12h followed by TRAIL 
treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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Figure 54 Extrinsic pathway proteins expression in the untreated 231-EGFP 
(UT) and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL 
TRAIL (TRAIL) for 72 h and TSA and Zeb for 12h followed by 
TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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Figure 55 The expression of pro-apoptotic proteins (pro-caspase-3, cleaved 
caspase-3 and cytochrome c) and anti-apoptotic proteins 
(catalase, PON2, and clusterin) in the untreated 231-EGFP (UT) 
and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL 
(TRAIL) for 72 h and TSA and Zeb for 12h followed by TRAIL 
treatment for 72 h (TZT). Data represents mean ± standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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Figure 56 The protein expression of IAP family proteins (cIAP-1, cIAP-2, 
Livin, Survivin and XIAP) and IAP inhibitors (SMAC and HTRA2) 
in the untreated 231-EGFP (UT) and 231-EGFP treated with TSA 
and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb 
for 12 h followed by TRAIL treatment for 72 h (TZT). Data 
represents mean + standard deviation. *(p<0.05) and **(p<0.01) 
are significant and very significant differences from UT using the 
Student’s T-test. 
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Figure 57 The expression of cell cycle regulators in the untreated 231-EGFP 
(UT) and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL 
TRAIL (TRAIL) for 72 h and TSA and Zeb for 12 h followed by 
TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
 

183 



  

12  

 
 

Figure 58 The protein expression of cell stress proteins in the untreated 231-
EGFP (UT) and 231-EGFP treated with TSA and Zeb (TZ), 50 
ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 12 h followed 
by TRAIL treatment for 72 h (TZT). Data represents mean + 
standard deviation. *(p<0.05) and **(p<0.01) are significant and 
very significant differences from UT using the Student’s T-test. 
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Figure 59 Bcl-2 family proteins expression in the untreated MCF-7 (UT) and 
MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) 
for 72 h and TSA and Zeb for 12h followed by TRAIL treatment for 
72 h (TZT). Data represents mean + standard deviation. *(p<0.05) 
and **(p<0.01) are significant and very significant differences from 
UT using the Student’s T-test. 
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(TRAIL) for 72 h and TSA and Zeb for 12 h followed by TRAIL 
treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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caspase-3 and cytochrome c) and anti-apoptotic proteins 
(catalase, PON2, and clusterin) in the untreated MCF-7 (UT) and 
MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) 
for 72 h and TSA and Zeb for 12 h followed by TRAIL treatment 
for 72 h (TZT). Data represents mean + standard deviation. 
*(p<0.05) and **(p<0.01) are significant and very significant 
differences from UT using the Student’s T-test. 

191 

Figure 62 The protein expression of IAP family proteins (cIAP-1, cIAP-2, 
Livin, Survivin and XIAP) and IAP inhibitors (SMAC and HTRA2) 
in the untreated MCF-7 (UT) and MCF-7 treated with TSA and Zeb 
(TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 12 h 
followed by TRAIL treatment for 72 h (TZT). Data represents 
mean + standard deviation. *(p<0.05) and **(p<0.01) are 
significant and very significant differences from UT using the 
Student’s T-test. 
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Figure 63 The expression of cell cycle regulators in the untreated MCF-7 
(UT) and MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL 
(TRAIL) for 72 h and TSA and Zeb for 12 h followed by TRAIL 
treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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Figure 64 The protein expression of cell stress proteins in the untreated 
MCF-7 (UT) and MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL 
TRAIL (TRAIL) for 72 h and TSA and Zeb for 12 h followed by 
TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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Figure 65 Differentially expressed E-cadherin and TRAIL-R2 across 
different hormone receptor (ER, PR, HER2) status and between 
non-tumour and primary breast tumour. Patients were sub-divided 
depending on the clinicopathological parameters provided by 
TCGA. Normalized gene counts (gene counts rescaled according 
to library size) were compiled into a tab-delimited text file for 
analysis using the RobinA applying the Bioconductor-edgeR 
software. Data represents means + SEM. *, ** and *** are 
statistical significant differences at p<0.05, p<0.01 and p<0.001, 
respectively. 
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Figure 66 Kaplen-Meier survival plots of (A) TNFRSF10B (TRAIL-R2) and 
(B) CDH1 (E-cadherin) vs breast cancer-specific survival (BCSS) 
in all cases of the METABRIC cohort. Dichotomization cut-off 
values of TNFRSF10B and CDH1 mRNA expression were 
determined using the X-tile software to be at 7.72 and 8.1, 
respectively.  
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Figure 67 A) Western blot of E-cadherin (CDH1) expression in breast ductal 
carcinoma (T47D) and adenocarcinoma cell lines (MCF-7 and 
MDA-MB-231). The 42 kDa band on a separate blot (same gel) 
depicts the β-actin loading control. B) Immunohistochemical 
expression of CDH1 in primary invasive breast cancer cores 
showing (i) negative, (ii) weak, (iii) moderate and (iv) strong 
staining of CDH1. 
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Figure 68 A) Western blot of TRAIL-R2 (TNFRSF10B) expression in human 
cervical cancer (HeLa CCL-2), human breast adenocarcinoma 
(MDA-MB-231, MCF-7), human breast ductal carcinoma (T47D), 
human acute T cell leukemia (Jurkat) and normal human 
mammary gland (MCF10A). The 42 kDa band on the same blot 
depicts the β-actin loading control. B) Immunohistochemical 
expression of TNFRSF10B in primary invasive breast cancer 
cores showing (i) negative, (ii) weak, (iii) moderate and (iv) strong 
staining of TNFRSF10B. 
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cervical cancer (HeLa CCL-2), human breast adenocarcinoma 
(MDA-MB-231, MCF-7, SkBr3), human breast ductal carcinoma 
(T47D), human acute T cell leukemia (Jurkat) and normal human 
mammary gland (MCF10A). The 42 kDa band on the same blot 
depicts the β-actin loading control. B) Immunohistochemical 
expression of TNFSF10 in primary invasive breast cancer cores 
showing (i) negative, (ii) weak, (iii) moderate and (iv) strong 
staining of TNFSF10. 
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on breast cancer patient outcome. (A) membranous TRAIL-R2 
(TNFRSF10B) vs BCSS; (B) nuclear TRAIL-R2 (TNFRSF10B) vs 
BCSS; (C) cytoplasmic TRAIL-R2 (TNFRSF10B) vs BCSS; (D) 
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p-values in bold are significant differences.  0= low expression; 1= 
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1. Literature Review  
 1.1 Breast cancer trend, detection and therapeutic strategies 

 
Breast cancer used to be a high-mortality disease in Western countries but the 
mortality rates have plummeted (Leong et al., 2010). Lamentably, in recent 
years, breast cancer had been assigned with the dreadful title as the most-
recurrent female malignancy in developing countries within the Asian region in 
place of the uterine cervix cancer (Agarwal et al., 2007). According to the World 
Health Organization (WHO), in the year of 2018 alone, out of the estimated 9.6 
million cancer deaths worldwide in 2018, 627,000 women died from breast 
cancer and this accounts for 15% of the cancer deaths among women. It was 
also estimated that nearly one-half and over one-half of the breast cancer 
cases and deaths, respectively, will come from the Asian population (Bray et 
al, 2018) and the breast cancer incidence rates do not show a decreasing trend 
in the Asia-Pacific region (Shin et al, 2010; Youlden et al, 2012, 2014). In 
Malaysia, according to the WHO Global Cancer Observatory, 7,593 out of the 
23,218 (32.7%) new cancer cases among the female come from breast cancer. 
Therefore, it is easily visualized that breast cancer is still a giant to be tackled 
in the field of breast cancer research. 

Studies have shown that early detection coupled with appropriate adjuvant 
therapeutic strategies can improve breast cancer survival rates tremendously 
in the long-term (Berry et al., 2005; Migowski, 2015). Some of the most 
commonly used early detection tools are mammography, ultrasound imaging, 
magnetic resonance imaging, positron emission tomography (Wang, 2017). In 
addition, microwave imaging is another recent advancement for low-cost and 
safe alternative diagnostic approach to mammography (Kwon and Lee, 2016). 
Recently, cancer diagnosis had even been brought to the nano-scale whereby 
graphene films, 3D architectures or nanostructures could be functionalized (Gu 
et al., 2019) with antibodies (Hong et al., 2012) and aptamer (Azimzadeh et al., 
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2016) for detection of tumour neovasculature in vivo and breast cancer 
biomarker, mRNA-155, found in clinical samples, respectively.   

The establishment of effective neoadjuvant and adjuvant therapies was also in 
tandem with the advancement of early breast cancer detection tools. 
Chemotherapy drugs like doxorubicin, cyclophosphamide, methotrexate, and 
fluorouracil are widely used and estrogen receptor-negative (ER-), triple-
negative breast cancer (TNBC) and HER2-positive patients mostly benefit from 
them (Nounou et al., 2015). Neoadjuvant chemotherapy is the chemotherapy 
treatment conferred before breast cancer surgery with the aim of increasing 
breast conservation rate, allowing smaller surgical resection volume for those 
eligible for breast conservation (Mougalian et al., 2015) as well as providing a 
model to assess and compare patients’ response towards new or standard 
therapies (Selli and Sims, 2019). Adjuvant chemotherapy, on the other hand, 
supplements the local therapy in reducing the risk of recurrence and enhancing 
overall survival. The chemotherapy regimens commonly used include 
anthracyclines (doxorubicin, epirubicin) and/or taxanes (paclitaxel, docetaxel) 
which are two effective cytotoxic agent classes against early and advanced 
stage breast cancer (Anampa et al., 2015).  

In addition to chemotherapy, the established adjuvant systemic therapy also 
includes the targeted endocrine therapy and anti-HER2 therapy. The current 
standard endocrine therapy comprises pharmacologic ovarian suppression 
using gonadotropin-releasing hormone (GnRH) agonists (Singh, 2012),  
selective estrogen receptor modulators (SERMs) and down-regulators (SERDs) 
like tamoxifen (Criscitiello et al., 2010), fulvestrant (Blackburn et al., 2018), and 
aromatase inhibitors (AIs) (Li et al., 2019) which all aim to reduce the activity 
or levels of estrogen in patients with ER+ presentation. On the other hand, for 
those with presentation of human epidermal growth factor receptor 2 
overexpression (HER2+), there are three HER2-targeted agents, namely 
trastuzumab (Herceptin), lapatinib (Tykerb) and pertuzumab (Perjeta) which 
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are available to treat HER-2 positive metastatic breast cancer (Jelovac and 
Emens, 2013).  

 1.2 Breast Cancer and Problems associated with Current Therapeutic  
           Strategies 

 
Despite the advancements made in early diagnosis and treatment have 
stabilized its incidence in the West (Kohler et al., 2015), the issue of the less 
differentiated, more aggressive basal subtype tripe negative breast cancer 
(TNBC) remains to be solved as the respective targets, ER and HER2, of 
established hormonal treatment such as tamoxifen and trastuzumab (Scully et 
al., 2012) are not expressed in this subtype, hence rendering the established 
targeted treatment ineffective. As research is still actively ongoing to find a 
suitable targeted treatment for TNBC, patients diagnosed with TNBC are 
mostly left with the option of standard cytotoxic chemotherapy which is still met 
with varied responses between different TNBC molecular subtypes (Masuda 
et al., 2013). The situation in Malaysia and Singapore is aggravated where 
patients presenting no ER and Progesterone Receptor (PR) constitute 34% of 
the patients studied, in contrast to data from a registered patient database in 
the USA reporting only a 21% falling within this group (Pathy et al., 2011). 
Moreover, TNBC is also packaged with the potential of metastasis and 
recurrence at distant metastatic sites along with reduced overall survival rate 
and disease-free survival (Dent et al., 2007, Dent et al., 2009; Lin et al., 2008).   

In order to reduce reliance on the standard cytotoxic chemotherapeutic options 
for TNBC patients, scientists have been placing much effort and focus on better 
understanding of the different TNBC subtypes and discovering novel 
therapeutic targets against the differential gene expression profiles. These 
targets include those involved in angiogenesis, DNA-repair mechanism default, 
activating mutations of proliferation pathways like Wnt/β-catenin signalling 
pathway as well as immune regulation (Abramson et al., 2015; Burstein et al., 
2015; King et al., 2012; Lehmann et al., 2011). Recently, Ahmed et al. (2019) 
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have even discovered that an anti-leprotic drug, clofazimine, effectively targets 
the Wnt pathway and is compatible with doxorubicin at moderate dose in TNBC.  

Nonetheless, some of the ligand-targeted treatments are still bound with 
complexities. For instance, inhibitors against the epidermal growth factor (EGF) 
receptor family (ErbB) have limited efficacy towards TNBC due to the 
transactivation of AXL, another receptor tyrosine kinase which upon EGF 
ligation, gives rise to TNBC’s motility response (Meyer et al., 2013). Therefore, 
dual-target therapy can be seen as attractive in the sense that multiple 
erroneously activated pathways can be targeted by one agent concurrently. 
This is condoned by a recent finding that a secreted extracellular protein, 
tubulointerstitial nephritis antigen-like 1 (Tinagl1) suppresses TNBC 
progression and metastasis through direct binding to integrin α5β1, αvβ1, and 
epidermal growth factor receptor (EGFR). Besides, it had also simultaneously 
inhibited the focal adhesion kinase (FAK) and EGFR signalling pathways (Shen 
et al., 2019).  

However, TNBCs are molecularly so diverse that before its molecular 
stratification based on genetic and gene expression subtyping can be brought 
to the clinic, targeted therapies currently being researched on might not be 
extensively active in unselected or non-stratified TNBCs (Turner and Reis-
Filho, 2013). Therefore, while TNBC patients are frequently left with the 
dreadful choice of chemotherapy (Yip et al., 2014), there remains a pressing 
need for scientists to discover novel drugs which target breast cancer cells with 
a general mechanism applicable across molecular diversity while at the same 
time being minimally toxic to patients. Along the same vein, several new 
promising molecular targets have been identified in TNBC such as androgen 
receptor, phosphoinositide 3-kinase/protein kinase B (PI3K/AKT), trophoblast 
antigen 2 (trop2), glycoprotein NMB (gpNMB), programmed cell death 1 (PD1), 
programmed death ligand 1 (PD-L1) receptors and poly(adenosine 
diphosphate-ribose) polymerase (PARP) (Vidula and Bardia, 2017). 
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 1.3 Tumour Necrosis Factor-related Apoptosis Inducing Ligand 
  (TRAIL), an Apoptosis Inducer with Anti-Cancer Potential 

In this context, Tumour Necrosis Factor-related Apoptosis Inducing Ligand 
(TRAIL) is likely to become the holy grail of cancer therapy in attribution to its 
selective induction of apoptosis in cancerous cells, leaving non-malignant cells 
generally unharmed (Ashkenazi et al., 1999; Fulda, 2015). The recombinant 
human TRAIL (rhTRAIL) had been tested as generally safe and well tolerated 
from phade I in-human clinical trial on patients with advanced cancer (Herbst 
et al., 2010). TRAIL is a unique type II membrane protein of which its gene was 
cloned back in 1995 and added to the family of Tumour Necrosis Factor (TNF)  
due to its C-terminal extracellular domain homology to other members of the 
TNF family (Marsters, 1996; Wiley et al., 1995). Similar to other members of 
the TNF family, the apoptosis signalling by TRAIL is triggered by an extrinsic 
pathway of ligand binding to the cell surface TRAIL receptor 1/2 (TRAIL-R1/2) 
inducing receptor oligomerization. This signal will then be transmitted through 
binding of the TRAIL-R1/2 cytoplasmic death domain to an adaptor domain 
called Fas-associated Death Domain (FADD) via homophilic interaction which 
in turn will associate with initiator procaspase-8 and -10 forming the death 
inducing signalling complex (DISC). Consequently, the apoptosis signal will 
then culminate in the apoptotic effector apparatus of executioner caspases-3, 
-6, and-7 resulting in cellular apoptotic demise (Almasan and Ashkenazi, 2003; 
Ashkenazi, 2008; Kelley and Ashkenazi, 2004; Schulze-Osthoff et al., 1998).  

Beside TRAIL-R1 and –R2, TRAIL also interacts with cell surface TRAIL 
receptor-3 and -4 (TRAIL-R3 and –R4), also known as decoy receptor-1 and -
2 (DcR-1 and -2) but these block the apoptosis signal from being transmitted 
due to the lack and truncation of the cytoplasmic death domain, respectively 
(Mérino et al., 2006). Although the expression of these DcRs do not correlate 
with TRAIL sensitivity or confer resistance of normal cells towards TRAIL-
induced apoptosis, they definitely play a vital role in reducing TRAIL apoptosis-
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inducing efficacy towards malignant cells, especially the DcRs expressed in 
the tumour stromal tissue (O’Leary et al., 2016). 

Apart from the extrinsic pathway, in most instances of cancer cell lines, 
scientists have uncovered that TRAIL-induced apoptosis signal requires 
intensification from the activation of the intrinsic apoptotic pathway vis-à-vis the 
Bcl-2 regulated mitochondrial pathway (Gonzalvez and Ashkenazi, 2010; 
Holland, 2013). This requirement distinguishes these cells from Type I cells 
which can reach apoptosis independent of the mitochondrial pathway, 
grouping them under the category of Type II cells. The reason of this distinction 
lies mainly in the presence of X-linked inhibitor of apoptosis protein (XIAP) 
which inhibits the activation of caspase-3 by caspase-8, hence necessitating 
the backing from mitochondrial pathway which releases the second 
mitochondrial activator of caspases (SMAC) to exert inhibitory effect on XIAP 
(Kantari and Walczak, 2011) for caspase-3 activation. The TRAIL-induced 
apoptotic pathways are illustrated in (Figure 1). 

 

 

 

 

 

 

 

 

 

Figure 1   TRAIL-induced apoptosis via the extrinsic pathway and the intrinsic pathway. In the 
extrinsic pathway, the ligation of TRAIL onto death receptors DR4 and DR5 results in the 
activation of caspase 8. This induces the activation of effector caspase, caspase 3 and execution 
of extrinsic apoptotic pathway. Besides, caspase 8 activates the BID proteins to produce a 
truncated BID (tBID). tBID interacts with Bax and Bak, leading to their oligomerization in the 
mitochondrial membrane and causes the loss of mitochondrial membrane potential. This in turn 
results in the release of cytochrome c. Cytochrome c associates with APAF-1 and caspase 9 to 
induce the activation of caspases. Self-drawn using Microsoft PowerPoint.  
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1.3.1 TRAIL clinical trials to date 
 

As soon as TRAIL’s potential as a selective anti-cancer agent was observed in 
preclinical studies on its functionalized variants, a great deal of effort had been 
placed on human clinical trials of TRAIL and monoclonal antibodies against 
TRAIL receptors (Stuckey and Shah, 2013). The first of such effort was done 
with the soluble recombinant human Apo2L/TRAIL (rhTRAIL) or dulanermin on 
71 patients with metastatic solid tumours in a phade I dose-escalation study. 
rhTRAIL was demonstrated to be safe and well tolerated at doses up to 30 
mg/kg with no observable antibody formation and rhTRAIL-related hepatoxicity 
(Herbst et al., 2010a). Another phade III clinical trial of recombinant human 
Apo-2 ligand for injection was conducted on stage IV non-small-cell lung 
cancer (NSCLC) in 2016. The study was estimated to be completed in June 
2018, however, no results have been posted as yet (NCT03083743 at 
http://www.clinicaltrials.gov). 
 
Beside acting as a single therapeutic agent, dulanermin had also been tested 
in combination with various chemotherapeutic drugs like paclitaxel, 
carboplatin, bevacizumab, vinorelbine, cisplatin and FOLFOX regimen in 
clinical trials for advanced NSCLC and locally advanced, recurrent, or 
metastatic colorectal cancer (Table 1). In a phade 1b study for advanced 
NSCLC treated with a combination of rhTRAIL with paclitaxel, carboplatin and 
bevacizumab (PCB), the treatment regimen was well tolerated with no increase 
in toxicity; the overall response rate was 58% and the median progression-free 
survival (PFS) time was 7.2 months (Soria et al., 2010). In another phade III 
study for advanced NSCLC treated with the combination of dulanermin with 
vinorelbine and cisplatin, the treatment regimen significantly improved PFS 
and objective response rate (ORR) (Ouyang et al., 2018). However, in a phade 
II study on the advanced NSCLC treated with dulanermin with paclitaxel, 
carboplatin (PC) and bevacizumab (PCB), adverse events were common and 
the treatment regimen did not improve the patients’ clinical outcome (Soria et 
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al., 2011). These contradicting results warrant further research in obtaining 
consistent objective response and positive patients’ clinical outcomes. 

 
The current limitations of either TRAIL as single therapeutic agent or in 
combination of chemotherapeutic agent have instigated the development and 
advancement of several TRAIL receptor agonists (TRAs) in phade I clinical 
trials as single therapeutic agent or in combination with other sensitizers such 
as chemotherapeutic drug, immunotherapeutic agent, monoclonal antibody, 
therapeutic proteasome inhibitor and tyrosine kinase inhibitor (Table 2). One 
of the earliest TRAs was mapatumumab which is a human agonistic 
monoclonal antibody targeted against DR4. Both the phade I clinical trials on 
advanced cancers gave promising outcome of excellent safety and tolerability 
profile and prolonged plasma mapatumumab terminal half-life. Nonetheless, 
no objective responses were obtained except for the achievement of stable 
disease in approximately 30% of the study patients (Hotte et al., 2008; Tolcher 
et al., 2007). On the other hand, TRAs against DR5 also progressed to phade 
I clinical trials. Conatumumab (Doi et al., 2011; Herbst et al., 2010b), 
lexatumumab (Plummer et al., 2007; Wakelee et al., 2010) and drozitumab 
(apomap) (Camidge et al., 2010) have been reported as safe in multiple phade 
I clinical trials on advanced cancers but likened to TRAs against DR4, they 
generally displayed no objective responses in patients. On the basis of TRAs 
displaying a generally safe and tolerable profile even at high doses of 10 to 30 
mg/kg, these TRAs were not given up on clinical trials and some have even 
been developed to phade II clinical trials either as single agents or combined 
with other potential TRAIL-sensitizers (Table 2). 

 
When combined with chemotherapy or other potential TRAIL-sensitizers, TRAs 
showed improved efficacy in terms of pathological response. For instance, 
mapatumumab combined with gemcitabine and cisplatin gave a partial 
response in 12/49 patients (Mom et al., 2009) while in the combination with 
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paclitaxel and carboplatin, 5/27 patients responded partially (Leong et al., 
2009) in phade I clinical studies. Nonetheless, randomized-controlled phade II 
trials of mapatumumab combined with bortezomib and chemotherapy on 
patients with multiple myeloma (Belch et al., 2010) and lung cancer (von Pawel 
et al., 2014), respectively, did not yield significant anticancer activity in terms 
of response rate, PFS or overall survival. Recently, an ongoing randomized 
phade II trial of mapatumumab combined with sorafenib on patients with 
advanced hepatocellular carcinoma had shown no significant improvement in 
time to (radiologic) progression or other efficacy end points, pointing towards 
inferior clinical feasibility of mapatumumab (Ciuleanu et al., 2016). Similar trend 
of poor response rate and insignificant anti-tumour activity was observed in 
phade I and phade II trials of TRAs against DR5 like conatumumab, 
lexatumumab, tigatuzumab, drozitumab and LBY-135 in combination with 
chemotherapy (Table 2). Some of the ongoing clinical trials on TRAs combined 
with other anti-cancer entities targeted against proliferation, angiogenesis and 
immune checkpoint inhibitors are summarized in Table 2. 
. 

 
In short, TRAIL and its receptor agonists have been successful clinically by the 
consistency of safe and tolerable profile even at high-dose administration to 
cancer patients. By supplementing the standard chemotherapy, TRAIL 
performed better in terms of response rate. Nevertheless, along the fact that 
TRAIL in combination with standard chemotherapy did not produce a favorable 
clinical outcome in randomized controlled trials, novel potential TRAIL-
sensitizers and TRAIL functionalization will still be an important research area 
before TRAIL can ace in the clinical setting.  
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Table 1   Representative clinical trials conducted on soluble recombinant human 
Apo2L/TRAIL (rhTRAIL), as a single therapeutic agent or in combination with the 
potential sensitizers such as chemotherapeutic drug(s) and monoclonal antibody. 

Cancer 
type 

Intervention Dosage Outcome Phade 
(Status) 

Reference 

Soluble recombinant human TRAIL (rhTRAIL)/Dulanermin 
Advanced 
cancer 

Soluble 
recombinant 

human 
Apo2L/TRAIL 

(rhTRAIL) 

0.5-30 
mg/kg/d 

intravenously 
(IV) on days 1 
to 5 of each 
21-day cycle 

rhTRAIL was 
safe and well 
tolerated; 
dose 
escalation up 
to serum 
concentrations 
on par with 
preclinical 
anti-tumour 
efficacy 

I 
(ongoing 

as of 2010) 
(Herbst et al., 
2010a) 

Stage IV 
non-small-
cell lung 
cancer 
(NSCLC) 

Recombinant 
human Apo-2 

ligand 
(injection) 

150μg/kg/d 
IV, on days 1 
to 7 of each 
21-day cycle 

(ongoing) III 
(active, not 
recruiting) 

+NCT03083743 
 

In combination with the potential sensitizer(s) 
Advanced 
NSCLC 
(with no 
prior 
treatment) 

Combination 
of rhTRAIL 
with 
paclitaxel, 
carboplatin 
and 
bevacizumab 
(PCB) 

Paclitaxel, 
carboplatin 
(IV), and 

bevacizumab 
(IV) on day 1 
followed by  

4 or 8 
mg/kg/d 

dulanermin 
(IV) for 5 days 
or 20 mg/kg/d 
dulanermin 

(IV) for 2 days 
of each 21-day 

cycle 

Well tolerated 
with no 
increase in 
toxicity; 
overall 
response rate 
was 58%; the 
median PFS 
time was 7.2 
months 

Ib 
(ongoing 
with long 

term 
follow-up 

as of 2008) 

(Soria et al., 
2010) 

Follicular 
and low-
grade 
CD20+, B-
cell Non-
Hodgkin’s 
Lymphoma 
(NHL) 

Combination 
of 
dulanermin 
with 
rituximab 

4 or 8 
mg/kg/d 

dulanermin 
(IV) on days 1 
to 5 of each 

21-day cycle; 
375 mg/m2 

rituximab (IV)  
weekly for up 

to 8 doses 

Improved PFS 
with 
combination 
therapy (17.9 
months) 
compared to 
dulanermin 
alone (6.9 
months). 

Ib, II 
(terminated 

with 
results) 

+NCT00400764 
 

Advanced 
NSCLC 

Combination 
of 
dulanermin 
with 
paclitaxel 
and 
carboplatin 
(PC) and 

PC (IV) with 
dulanermin 8 
mg/kg/d for 5 

days 
(squamous 

NSCLC); PCB 
(IV) with 

dulanermin 8 

Grade ≥3 
adverse 
events were 
common; 
elevated 
caspase-
cleaved 
cytokeratin-18 

II 
(ongoing 

as of 2009) 
(Soria et al., 
2011) 
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bevacizumab 
(PCB) 

mg/kg/d for 5 
days or 20 

mg/kg/d for 2 
days 

(nonsquamous 
NSCLC) 

after 
dulanermin 
treatment; did 
not improve 
patient 
outcomes. 

Stage IIIb 
to IV 
NSCLC  

Combination 
of 
dulanermin 
with 
vinorelbine 
and cisplatin 

Vinorelbine 
(25 mg/m2) 

(IV) on days 1 
and 8; 

cisplatin (30 
mg/m2) (IV) on 
days 2 to 4 for 

up to six 
cycles plus 
dulanermin 

(75 μg/kg) (IV) 
on days 1 to 

14 in every 21 
days 

 

Significantly 
improved PFS 
and objective 
response rate 
(ORR); similar 
adverse 
events AE 
profile across 
placebo and 
treatment 

III 
(completed 

in 2012) 
(Ouyang et al., 
2018) 

Locally 
Advanced, 
Recurrent, 
or 
Metastatic 
Colorectal 
Cancer 

Dulanermin 
Administered 
in 
Combination 
With the 
FOLFOX 
Regimen and 
Bevacizumab 

Drug: 
FOLFOX 
regimen 

IV repeating 
dose (dose not 

stated) 
Drug: 

bevacizumab 
IV repeating 

dose (dose not 
stated) 
Drug: 

dulanermin 
IV repeating 

dose (dose not 
stated) 

 

No results 
posted 

1 
(completed 

in 2014) 
+NCT00873756 
 

Note: †NCT represents the clinical trial identifier which had been registered at 
https://www.clinicaltrials.gov, as accessed on 4th September 2018. 
Key for abbreviations: Progression-free survival (PFS); Adverse events (AE); Objective 
response rate (ORR); Intravenous (IV). 
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Table 2   Representative clinical trials conducted on TRAIL receptor agonists (TRAs) 
against TRAIL-R1 (DR4) and TRAIL-R2 (DR5), either as single therapeutic agent or 
in combination with the other potential sensitizer(s) such chemotherapeutic drugs, 
monoclonal antibody and immunotherapeutic drug. 

Cancer 
type 

Interven
tion 

Dosage Outcome Phade Reference 

TRAIL receptor agonists against TRAIL-R1(DR4) 
Single agent 
Advanced 
cancers 

Mapatumumab 0.01 to 20.0 
mg/kg (IV) 

AE events 
were 
mostly 
grade 1 or 
2; no ORR 
observed; 
12 patients 
had stable 
disease for 
1.9 to 29.4 
months. 

I 
(completed) 

(Hotte et al., 
2008) 

Advanced 
solid 
malignanci
es 

Mapatumumab 0.01 to 10 
mg/kg (IV)  

Mild AE 
events of 
grade 1 or 
2;19 
patients 
had stable 
disease; 
attained 
plasma 
mapatumu
mab 
concentrati
ons active 
in 
preclinical 
models  

I 
(completed) 

(Tolcher et al., 
2007) 

Colorectal 
cancer 

Mapatumumab 20 mg/kg 
every 14 days 
followed by 10 
mg/kg IV 
every 14 days. 

12 patients 
achieved 
stable 
disease of 
a median 
of 2.6 
months; 
median 
PFS was 
1.2 
months; 
plasma 
concentrati
ons on par 
with phade 
I-predicted 
values; no 
clinical 
activity. 

II 
(completed) 

(Trarbach et al., 
2010) 
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Stage 
IIIb/IV 
recurrent 
NSCLC  

Mapatumumab 10 mg/kg IV 
every 21 days 

No 
objective 
single 
agent 
activity 
based on 
Response 
Evaluation 
Criteria in 
Solid 
Tumours 
(RECIST) 
criteria; no 
evidence 
of renal or 
hepatic 
toxicity; 
21% of 
patients 
achieved 
stable 
disease 

II 
(completed) 

(Greco et al., 
2008) 

In combination with the potential sensitizers 
Advanced 
solid 
malignanci
es 

Combination 
of 
mapatumumab 
with paclitaxel 
and 
carboplatin 

3, 10, 20 
mg/kg IV with 
standard 
doses of 
paclitaxel and 
carboplatin 
(IV) every 21 
days 

5 patients 
had 
confirmed 
radiologic 
partial 
response; 
12 patients 
had stable 
disease 
 
 
 
 
 

I 
(completed 

in 2006) 
 
 

 

(Leong et al., 
2009) 

Advanced 
solid 
tumours 

Combination 
of 
mapatumumab 
with 
gemcitabine 
and cisplatin 

1, 3, 10, 20, 30 
mg/kg (IV) 
with 
gemcitabine 
(1250 mg/m2) 
on days 1 and 
8 and cisplatin 
(80 mg/m2) on 
day 1 of each 
21-day cycle  

12 patients 
had partial 
response; 
25 patients 
achieved 
stable 
disease; 
safe and 
well 
tolerated 
for doses 
up to 30 
mg/kg  

I 
(completed 

in 2009) 
(Mom et al., 
2009) 

Stage IIIb 
or IV 
advanced 
primary 
NSCLC 

Combination 
of 
mapatumumab 
with paclitaxel 

Paclitaxel (200 
mg/m2) (IV) + 
carboplatin 
area under 
curve (AUC) 

Balanced 
AE events 
across 
treatment 
groups; no 

II 
(completed) 

(von Pawel et 
al., 2010; von 
Pawel et al., 
2014) 
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and 
carboplatin  

6.0 mg·min/mL 
(IV) + 
mapatumumab 
(10mg/kg or 
30 mg/kg IV) 
of 21-day 
cycle for up to 
6 cycles 

improved 
response 
rate or 
PFS 

Relapsed/r
efractory 
multiple 
myeloma 

Combination 
of 
mapatumumab 
with 
bortezomib 

Brotezomib 
(1.3 mg/m2) 
(IV) on days 1, 
4, 8, 11 + 10 
or 20 mg/kg 
(IV) on day 1 
of 21-day 
cycle 

Balanced 
AE events 
across 
treatment 
groups; no 
improveme
nt in 
response 
rate, PFS 
or duration 
of 
response 

II 
(completed) 

(Belch et al., 
2010) 

Advanced 
hepatocell
ular 
carcinoma 
 
 
 
 
 
 
 
 
 
 
 
 

Combination 
of 
mapatumumab 
with sorafenib 

Sorafenib (400 
mg orally, 
twice daily) 
and placebo or  
30 mg/kg (IV) 
mapatumumab 
on day 1 of 21-
day cycle 

Comparabl
e AE 
events 
across 
treatment 
arms; no 
improveme
nt in time 
to 
(radiologic) 
progressio
n or other 
efficacy 
end points 
 
 
 

II 
(completed 

in 2013) 
(Ciuleanu et al., 
2016) 

TRAIL receptor agonists against TRAIL-R2 (DR5) 
Single agent 
Advanced 
solid 
tumours 

Conatumumab 0.3, 1, 3, 10 or 
20 mg/kg (IV) 
every 14 days 

1 NSCLC 
patient had 
partial 
response 
at 0.3 
mg/kg; 1 
colorectal 
carcinoma 
patient had 
stable 
disease 
and 24% 
reduction 

I 
(completed 

in 2008) 
(Herbst et al., 
2010b) 
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in tumour 
size by 
RECIST; 
safe and 
well 
tolerated at 
doses up 
to 20 
mg/kg 

Advanced 
solid 
tumours 

Conatumumab 3, 10, 20 
mg/kg (IV) 
every 14 days 

Well 
tolerated at 
doses up 
to 20 
mg/kg 
once every 
14 days; 
9/18 
patients 
achieved 
stable 
disease 
 
 

I 
(completed) 

(Doi et al., 2011) 

Advanced 
solid 
malignanci
es 

Lexatumumab 0.1-20 mg/kg 
(IV) every 21-
day cycle 

Stable 
disease 
was 
sustained 
in 12/37 
patients; 
safe and 
well 
tolerated 
up to 10 
mg/kg 
every 21 
days 
 
 

I 
(completed 

in 2006) 
(Plummer et al., 
2007) 

Advanced 
solid 
tumours 

Lexatumumab 0.1-10 mg/kg 
(IV) every 14 
days 

9/31 
patients 
achieved 
stable 
disease; 
safe and 
tolerated at 
10 mg/kg 
every 14 
days 

I 
(completed) 

(Wakelee et al., 
2010) 

Paediatric 
patients 
with 
recurrent 
or 
progressiv

Lexatumumab 3, 5, 8, 10 
mg/kg (IV) 
once every 14 
days  

5/24 
patients 
achieved 
stable 
disease for 
3-24 
cycles; no 
complete 

I 
(completed) 

(Merchant et al., 
2012) 
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e solid 
tumours 

or partial 
response 
observed; 
some anti-
tumour 
activity 
was 
evident 

Advanced 
malignanci
es 

PRO95780 
(Drozitumab) 

1-20 mg/kg 
(IV) every 14 
days 

3 minor 
responses 
observed 
in patients 
with 
ovarian 
cancers (4 
mg/kg) and 
chondrosar
coma (10 
mg/kg); 
safe and 
well 
tolerated at 
doses up 
to 20 
mg/kg 
 

I 
(completed) 

(Camidge et al., 
2010) 

Advanced 
solid 
tumours 

DS-8273a 2, 8, 16, 24 
mg/kg (IV) 
once every 21 
days 

Well 
demonstrat
ed and 
showed 
linear 
pharmacok
inetics; no 
objective 
responses 
were 
observed 

I 
(completed 

in 2015) 
(Forero et al., 
2017) 

Relapsed/r
efractory 
carcinoma
s or 
lymphoma  

Tigatuzumab 1, 2, 4, 8 
mg/kg (IV) 
weekly 

No study-
drug-
related 
toxicities; 
no ant-
tigatuzuma
b 
responses; 
7/17 
patients 
had stable 
disease 
(response 
duration 
from 81 to 
798 days) 

I 
(completed) 

(Forero-Torres 
et al., 2010) 

In combination with the potential sensitizer(s) 
Advanced 
solid 
tumours; 

Combination 
of 
conatumumab 

1, 3, 15 mg/kg 
(IV) 
conatumumab 

No ORR 
observed; 
28 (36%) 

I/II 
(completed 

in 2010) 
(Tabernero et 
al., 2015) 
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NSCLC, 
colorectal 
cancer, 
sarcoma, 
pancreatic 
cancer, 
ovarian 
cancer 

with 
ganitumab 
(monoclonal 
antibody to 
IGF1R) 

with 
ganitumab (18 
mg/kg) on day 
1 every 21 
days 

patients 
had stable 
disease; 
well 
tolerated 
with no 
new 
toxicities 
 

Metastatic 
or locally 
advanced 
unresectab
le soft 
tissue 
sarcomas 

Combination 
of 
conatumumab 
with 
doxorubicin 

Phade I: 
Doxorubicin 
(75 mg/m2) 
with 
conatumumab 
(15 mg/kg)* 
every 21-day 
cycle 
Phade II: 
Double blind 
conatumumab 
15 mg/kg 
(conatumumab
-doxotubicin)* 
or placebo 
(placebo-
doxorubicin)* 
*administration 
route not 
stated  

No 
unexpecte
d AE 
observed; 
no 
significant 
improveme
nt of post-
chemother
apy 
response 
from 
conatumu
mab 
dosing 

I/II 
(completed) 

(Demetri et al., 
2012) 

Metastaic 
pancreatic 
cancer 

Combination 
of 
conatumumab 
or ganitumab 
with 
gemcitabine 

Gemcitabine 
(1000 mg/m2) 
(IV) on days 1, 
8 and 15 of 
each 28-day 
cycle with 
ganitumab (12 
mg/kg) (IV) 
every 14 days 
or double-blind 
conatumumab 
(10 mg/kg) (IV) 
or double-blind 
placebo 

59% of 
patients 
receiving 
the 
conatumu
mab-
gemcitabin
e treatment 
showed 
anticancer 
activity 
based on 
the 6-
months 
survival 
rate 
 

II (completed 
in 2009) 

(Kindler et al., 
2012) 

Advanced 
solid 
tumours 

Combination 
of 
conatumumab 
and/or 
ganitumab 
with or without 
bevacizumab  

Oxaliplatin 
(100 mg/m2) 
(IV), 
leucovorin 
(400 mg/m2) 
(IV), 
fluorouracil 
(400 mg/m2) 
(IV) combined 
with 
conatumumab 

(no results 
posted) 

II 
(active, not 
recruiting) 

+NCT01327612 
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and/or 
ganitumab, 
with or without 
bevacizumab 
on day 1 of 
every 14 days 

Various 
cancer 
types 

Combination 
of 
lexatumumab 
with 
gemcitabine 
and FOLFIRI 
or pemetrexed 
and 
doxorubicin 

5 or 10 mg/kg 
(IV) with 
(gemcitabine 
and FOLFIRI)  
(IV) every 14 
days or 
(pemetrexed 
and 
doxorubicin) 
(IV) every 21 
days 

Well 
tolerated; 
tumour 
shrinkage 
was 
observed; 
partial 
response 
in the 
FOLFIRI 
and 
doxorubici
n arms. 
 
 
 

Ib 
(completed) 

(Sikic et al., 
2007) 

Locally 
advanced 
recurrent 
or 
metastatic 
colorectal 
cancer 

Combination 
of drozitumab 
(IV) with first-
line 
mFOLFOX6 
plus 
bevacizumab  
(IV) 

(dose not 
stated) 

2 patients 
had partial 
response 

Ib 
(completed) 

(Rocha Lima et 
al., 2012) 

Chemother
apy-naïve, 
unresectab
le or 
metastatic 
pancreatic 
cancer 

Combination 
of tigatuzumab 
with 
gemcitabine 

8 mg/kg 
loading dose 
followed by 3 
mg/kg weekly 
(IV) 
tigatuzumab 
and 
gemcitabine 
(1000 mg/m2) 
(IV) once 
weekly for 21 
days followed 
by 1 week of 
rest 

PFS rate at 
16 weeks 
was 
52.5%; 
ORR was 
13.1%; 
45.9% 
patients 
had stable 
disease; 
treatment 
was well 
tolerated 

II 
(completed 

in 2010) 
(Forero-Torres 
et al., 2013) 

Chemother
apy-naïve, 
metastatic 
or 
unresectab
le NSCLC 

Combination 
of tigatuzumab 
with 
carboplatin/pa
clitaxel 

Tigatuzumab 
(10 or 8 
mg/kg) or 
placebo (IV) 
with 
carboplatin 
(AUC 6mg/mL 
min) (IV) /  
paclitaxel (175 
mg/m2) (IV) 
every 21 days 
for 6 cycles 

Median 
PFS was 
5.4 months 
for 
tigatuzuma
b 
compared 
to 4.3 
months for 
placebo; 
both the 
placebo 
and 

II 
(completed) 

(Reck et al., 
2013) 
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tigatuzuma
b cohorts 
had similar 
partial 
response 
rate; well 
tolerated 
but no 
improveme
nt in 
efficacy of 
carboplatin
/paclitaxel 
treatment 

Metastatic, 
triple 
negative 
breast 
cancer 

Combination 
of tigatuzumab 
with abraxane 

Abraxane (100 
mg/m2) (IV) on 
days 1, 8, and 
15 of 28-day 
intervals; 10 
mg/kg (IV) 
loading dose 
of tigatuzumab 
followed by 5 
mg/kg (IV) for 
the first cycle 
and then every 
other week on 
days 1 and 15 
for subsequent 
cycles. 
 

No serious 
AE 
observed; 
no 
improveme
nt in PFS 
compared 
to 
abraxane 
alone 

II 
(completed 

in 2017) 
+NCT01307891 
 

Advanced 
colorectal 
cancer 

Combination 
of DS-8273a 
with nivolumab 
(anti-PD1) 

Nivolumab 
(240 mg) (IV) 
once every 
two weeks on 
days 1 and 14 
of each 28-day 
cycle; DS-
8273a 
administration 
after 
nivolumab IV 
in ascending 
doses up to 
1200 mg (IV) 

(No results 
posted) 

I 
(terminated) 

+NCT02991196 
 

Unresecta
ble stage 
III or stage 
IV 
melanoma 

Combination 
of DS-8273a 
with nivolumab 

2, 4, 8, 16, 24 
mg/kg (IV) 
DS-8273a with 
nivolumab (5 
mg/kg) (IV) 
every 21 days 
 
 

(No results 
posted) 

I 
(recruiting) 

+NCT02983006 
 

Advanced 
solid 
tumours 

Combination 
of LBY135 

Arm 1: 0.3, 1, 
3, 10, 15, 20, 
40 mg/kg (IV) 
LBY135 on 

Arm1: 
21/38 
patients 

I/II 
(completed 

in 2008) 
(Sharma et al., 
2014) 
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with 
capecitabine 

day 1 of a 21-
day cycle 
 
Arm 2: 1, 3, 
10, 15, 20, 40 
mg/kg (IV) 
LBY135  on 
day 1 of a 21-
day cycle in 
combination 
with oral 
capecitabine 
(1000 mg/m2) 
twice daily, 2 
weeks on and 
1 week off 

had stable 
disease  
 
Arm2: 3 
dose-
limiting 
toxicities 
(each of 
grade 3) 
have been 
observed 
at 1, 20 
and 40 
mg/kg;  
22% 
patients 
were 
detected 
with 
immunoge-
nicity; well 
tolerated 
up to 
maximum 
dose of 40 
mg/kg;  
no 
appreciabl
e clinical 
activity 
was 
observed  

Note: †NCT represents the clinical trial identifier which had been registered at 
https://www.clinicaltrials.gov, as accessed in 4th September 2018. 
Key for abbreviations: Progression-free survival (PFS); Adverse events (AE); Objective response 
rate (ORR); Intravenous (IV). 
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 1.4 The Hindrances that TRAIL faces in the Route to Clinical 
     Application 

Despite being such a promising anti-tumour candidate drug, TRAIL, 
notwithstanding the extensive research being done on it, still had a far distance 
to travel from bench to bedside. This distance is largely bridged by various 
cancer cells having varied response to TRAIL-arbitrated apoptosis due to 
different intrinsic and acquired resistance built up by cancer cells over the 
course of tumour evolution (Dimberg et al., 2013; Stuckey and Shah, 2013). 
These include internalization of TRAIL receptors, post-translational 
modifications to TRAIL receptors, dysregulation of TRAIL receptors’ regulators 
and the disrupted balance of pro- and anti-apoptotic proteins (Figure 2).  

1.4.1 Internalization of TRAIL receptors 
TRAIL resistance can be developed via down-regulation of surface expression 
of TRAIL-R1 and –R2 and this had been demonstrated with TRAIL sensitivity 
being restored after TRAIL-R1 and –R2 up-regulation in breast cancer cells (Di 
et al., 2013; Portanova et al., 2013; Yan et al., 2012). In spite of MDA-MB-231 
human breast adenocarcinoma cells being TRAIL-sensitive (Butler et al., 2006; 
Zhang and Zhang, 2008), the surface expression levels of TRAIL-R1 and –R2 
can be reduced by the event of TRAIL-induced endocytosis, thereby 
attenuating the TRAIL-stimulated apoptosis signal, especially in the case of 
repeated treatments with subtoxic doses of rhTRAIL (0.1-2 ng/mL) (Yoshida et 
al., 2009; Zhang et al., 2009). This TRAIL-induced endocytosis of TRAIL-
ligated receptors initiates from the activation of initiator caspase-8 which then 
triggers spikes of Ca2+ through ryanodine receptor calcium channels, thereby 
activating calcineurin, and in turn dephosphorylating dynamin-1 to promote 
cargo-selective endocytosis of TRAIL–ligated receptors (Reis et al., 2017).  

In the same vein, immunohistochemistry on breast tumours showed that all the 
TRAIL receptors were mislocalized to either cytoplasm or nucleus and their 
subcellular localization correlated with TRAIL’s growth-inhibition activity (Chen 
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et al., 2012). Moreover, a recent finding that the in vitro circulating tumour cells 
model, breast cancer suspension culture, resulted in TRAIL resistance owing 
to autophagic removal of TRAIL-R2 receptor from the surface (Twomey and 
Zhang, 2019) confirms the notion that TRAIL receptors internalization mediates 
TRAIL resistance in breast cancer.   

1.4.2 Post-translational modifications to TRAIL receptors 
One of the post-translational modifications, glycosylation, involves the 
attachment of glycans to specific protein site, most commonly at asparagine 
(N-linked) and/or serine/threonine (O-linked) (Trivedi and Mishra, 2015; 
Twomey et al., 2015). Intriguingly, recently researchers have unearthed 
findings that O 
glycosylation of TRAIL-R1 and –R2 are crucial determinants of receptor’s 
membrane stability from endocytosis, clustering after TRAIL ligation and 
subsequently, DISC assembly followed by caspase-8 activation (Twomey et 
al., 2015; Wagner et al., 2007). On the other hand, fucosylation is the 
attachment of an L-fucose residue to an oiligosaccharide or protein (Moriwaki 
and Miyoshi, 2010). To this end, mutational and cell rescue studies of GDP-
mannose-4,6-dehydratase (GMDS), one of the vital fucosylating enzymes, in 
colon cancer cell line have revealed the possibility that deficiency of 
fucosylation paved the way for TRAIL resistance, evasion from natural killer 
cell-mediated tumour surveillance and ultimately cancer progression (Moriwaki 
et al., 2009; Moriwaki et al., 2011; Miyoshi et al., 2012).  

In addition, based on a genotype and immunohistochemistry screening of 127 
patients diagnosed with breast invasive ductal carcinoma (IDC), loss of α1,3/4-
fucosyltransferase (FUT3) enzyme expression was found to be correlated with 
IDC (do Nascimento et al., 2015). Furthermore, fucosylation was recently 
shown to selectively restore TRAIL-R2-mediated apoptosis, DISC assembly 
and caspase 8 activation in colorectal carcinoma cells (Zhang et al., 2019) This 
further supports the notion that the suppression of TRAIL death-receptor-O-
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glycosylation had evolved to be another adaptive defence added to the list of 
TRAIL resistance mechanisms acquired during tumourigenesis. 

1.4.3 Dysregulation of TRAIL receptors’ regulators 
In addition to TRAIL-ligated receptor internalization regulating TRAIL receptors 
level at the cell surface, various transcription factors, both activators and 
suppressors, also make up the concoction of TRAIL-R1 and –R2 expression 
regulation. For example, the forkhead transcription factor FOXO3a activated 
downstream of the inhibition of protein kinase B / phosphoinositide 3-kinase 
(AKT/PI3K) pathway was shown to upregulate TRAIL-R1 and –R2 expression 
in colon cancer cell in the presence of TRAIL sensitizer. Therefore, 
suppressing FOXO3a, the activator of TRAIL-R1 and –R2, via AKT/PI3K 
pathway activation is one of the TRAIL resistance mechanisms pitched by 
cancer cells (Prabhu et al., 2015; Shoeb et al., 2013). Apart from FOXO3a, 
some of the other transcription factors like NF-κB, CHOP and AP-1 which 
induce the TRAIL-R1 and –R2 transcription were discovered by scientists 
during the investigation of the mechanism behind TRAIL resistance (Chen et 
al., 2003; Guan et al., 2002; Jin et al., 2014; Ravi et al., 2001). When various 
potential TRAIL sensitizers were administered to breast cancer cell lines, the 
upregulation or activation of these transcription factors had revealed them as 
the vital players in reverting the TRAIL resistance developed in those cancer 
cells  (Pennati et al., 2015; Portanova et al., 2013; Singh et al., 2005).  

1.4.4 Disrupted balance of pro- and anti-apoptotic proteins  
As aforementioned, upon TRAIL ligation, Type II cells require the mitochondrial 
signal amplification loop in enhancing the caspase 3 activation for sufficient 
apoptosis execution. Therefore, it can be envisioned that players of the intrinsic 
apoptosis pathway will have a regulatory role on TRAIL-induced apoptosis in 
Type II cells. Apoptosis is a process orchestrated by the balance between the 
pro- and anti-apoptotic proteins. One such orchestra is played between the 
pro- and anti-apoptotic members of the Bcl-2 family of proteins. Bcl-2 proteins 
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regulate cell death primarily by their binding interactions which result in 
mitochondrial outer membrane permeabilization (MOMP), leading to release of 
pro-apoptotic intermembrane space proteins like cytochrome c and second 
mitochondria-derived activator of caspases/direct IAP-binding protein with low 
PI (SMAC/DIABLO) (Zhou et al., 2005), caspase activation and apoptosis (Kale 
et al., 2018). Since Bax and Bak oligomerization mediates the loss of MOMP, 
the anti-apoptotic Bcl-2 family members like Bcl-xL, Mcl-1, and A1 inhibits 
apoptosis via their heterodimerization with Bax (Sedlak et al., 1995) and Bak 
(Sattler et al., 1997) via their highly conserved BH1 and BH2 domains.   

The significance of Bcl-2 family proteins in the regulation of TRAIL-induced 
apoptosis was highlighted by a recent finding that the expression of Harakiri, a 
pro-apoptotitc BH3-only protein of the Bcl-2 family, was increased by a histone 
deacetylase inhibitor (MS-275) when added as TRAIL sensitizer in 
glioblastoma multiforme while its pro-apoptotic effect was reversed by forced 
expression of Bcl-2 and Bcl-xL (Kaya-Aksoy et al., 2019). Moreover, TRAIL 
sensitivity of the NSCLC cell line, NCI-H460 was induced to become a highly 
TRAIL resistant phenotype by only 3 fold overexpression of the anti-apoptotic 
Bcl-2 protein (Danish et al., 2018). Thus, the check-and-balance of the pro- 
and anti-apoptotic Bcl-2 family members serves as a valuable trove of targets 
for TRAIL-based cancer therapy.  

Along the same vein, inhibitor of apoptosis (IAP) protein family is another group 
of caspase inhibitors which prominently influence the downstream signalling of 
both the intrinsic and extrinsic pathways. Their over-expression is commonly 
associated with worse prognosis, chemo-resistance and reduced survival 
among cancer patients (Engesæter et al., 2011; Hussain et al., 2017; Zhang et 
al., 2011). These IAPs are namely Xlinked IAP (XIAP), cellular IAP protein 1 
(cIAP-1), cellular IAP protein 2 (cIAP-2) and Survivin, inhibiting caspase 
activities either through attachment to the active pocket of caspases -3, -7 and 
-9, thereby ablating its pro-apoptotic activities (Gyrd-Hansen and Meier, 2010; 
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Silke and Meier, 2013) or by causing the ubiquitination of caspases via E3 
ligase activities followed by their proteasomal degradation (Lemke et al., 2014; 
Rathore et al., 2017).  

In the intrinsic apoptosis arm, SMAC/DIABLO which is released from 
mitochondria promotes apoptosis by directly inhibiting IAPs (Martinez-Ruiz et 
al., 2008; Zhang and Fang, 2005). In this regard, IAP inhibitors which are 
SMAC mimetics were developed to antagonize IAP proteins’ activities, thereby, 
sensitizing cancer cells towards TRAIL-induced apoptosis. For example, 
SMAC-7 (AVPIAQK) was shown to enhance TRAIL-induced apoptosis in B-
Cell acute lymphoblastic leukemia by down-regulating XIAP and cIAP-1, 
thereby increasing poly (ADP-ribose) polymerase (PARP) cleavage (Saraei et 
al., 2018). The importance of IAPs in regulating TRAIL resistance had also 
repeatedly been revealed in various cancers such as inflammatory breast 
cancer (Allensworth et al., 2013), pancreatic carcinoma (Stadel et al., 2010), 
ovarian cancer (Petrucci et al., 2012) and glioblastoma (Lincoln et al., 2018).  
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Figure 2   TRAIL resistance mechanisms: (A) Internalization of TRAIL-ligated TRAIL receptors; (B)
Lack of fucosylation on TRAIL receptors; (C) Activated survival pathway like Akt/PI3K which inhibits 
positive transcription factor of TRAIL receptors gene like FOXO3a; (D) Disrupted balance of the pro-
and anti-apoptotic proteins. Self-drawn using Microsoft PowerPoint.  
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 1.5 The proposed research in light of the current literature 
Based on the literature reviewed above, it can be summarized that TRAIL is a 
potential anti-cancer candidate. However, in order to harness its potential into 
practical application in the clinical settings of breast cancer therapy, an in-depth 
research on the TRAIL resistance mechanism behind and stratagem to combat 
the resistance fortress is compulsory.  

1.5.1 E-cadherin functions and its role in cancer cells dissemination 
 
E-cadherin protein is transcribed from CDH1 gene into a precursor polypeptide 
of 135 kDa. The precursor segment carries a prosequence harbouring the 
consensus protease cleavage site (Arg-Arg-Gln-Lys-Arg) which facilitates its 
proteolytic processing into a mature and functional protein with adhesive 
properties. The mature E-cadherin protein is a 120 kDa, Ca2+-dependent 
transmembrane glycoprotein which binds normal and polarized epithelial cells 
together at lateral surface via adherens junction (AJ) (Ogou et al., 1983; Jiang, 
1996; Wheelock and Johnson, 2003; Capaldo et al., 2014). The amino terminal 
of E-cadherin houses five extracellular cadherin domains between which the 
Ca2+ ions bind and its adhesive activity lies (Pećina-Šlaus, 2003). Ca2+ ions-
binding then induces the stiffening of the entire span of its extracellular domain 
(Nagar et al., 1996; Harrison et al., 2011)  and promotes protease resistance 
(Leckband and Prakasam, 2006). The stiffening of the extracellular domain 
provides a vital role for three-dimensional domain swapping which is at the 
core of E-cadherin’s homophilic trans dimer formation between apposed cells 
as part of AJ.  

Mature AJs are formed between cells by E-cadherin binding to beta-catenin via 
its distal cytoplasmic domain, forming an E-cadherin-beta-catenin complex 
which then links to the actin cytoskeleton via α-catenin and its interacting 
protein, α-actinin (Hülsken et al., 1994; Jou et al., 1995; Nieset et al., 1997). In 
addition, p120 interaction with the juxtamembrane core domain (JMDcore) also 
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forms part of the mature AJs (Ishiyama et al., 2010). p120-JMDcore interaction 
blocks the dileucine endocytosis motif on E-cadherin, thereby preventing its 
endocytosis and prolonging its functionality on the cell surface (Davis et al., 
2003; Fujita et al., 2002). These structural entities are collectively involved in 
the core function of E-cadherin as the adhesion protein in epithelial cells by 
maintaining the stability of AJs. 

Literature from as early as two decades ago had developed the notion that E-
cadherin serves an important role as an invasion suppressor as various reports 
have associated the loss of E-cadherin expression with the invasive and 
dedifferentiated or poorly differentiated carcinomas (Frixen et al., 1991; 
Vleminckx et al., 1991; Mayer et al., 1993; Oka et al., 1993; Sawada et al., 
2008; Luo et al., 2013). Nonetheless, in recent years, scientists have 
discovered that the breast cancer metastases or metastatic foci originating 
from breast cancer cells that have undergone EMT appear more differentiated 
and have elevated E-cadherin expression compared to their primary 
counterpart (Chao et al., 2010; Chao et al., 2012a; Chen et al., 2015). Similarly, 
studies in pancreatic cancer whereby stabilized E-cadherin expression 
ironically hadtened the tumour invasion rate and metastatic lesion production 
in liver have been reported (Liu et al., 2014). Moreover, prostate cancer cells 
that have undergone EMT re-express E-cadherin when co-cultured with 
hepatocytes and form heterotypic interaction with them (Yates et al., 2007). 
Therefore, it is apparent that EMT which was induced for cancer cells 
dissemination is plastic and mesenchymal-epithelial reversal transition (MErT) 
can potentially happen via the re-expression of E-cadherin when metastatic 
cells start to colonize a secondary site (Gunasinghe et al., 2012; Tsai and Yang, 
2013).  

It is still questionable as to why disseminated tumour cells (DTCs) undergo 
MET through E-cadherin re-expression after extravasation into a propitious 
secondary site for colonization? One of the postulated reasons is that DTCs 
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require physical attachment to the secondary organ site prior to cellular 
proliferation for the establishment of the secondary metastasis. This 
hypothesis is corroborated by the finding that E-cadherin-negative MDA-MB-
231 breast cancer cells re-expressed E-cadherin when co-cultured with 
hepatocytes. This increased their heterotypic attachment to hepatocytes 
followed by activation of pro-survival pathways like extracellular signal-
regulated kinases/mitogen-activated protein kinases and protein kinase B 
(Chao et al., 2012b). In the same vein, expression of E-cadherin along with the 
functional self-renewal gene program contribute to anoikis resistance or 
anchorage-independent growth of prostate and bladder cancer cells, hence 
conferring post-extravasation survivability of DTCs, facilitating their secondary 
metastasis establishment (Celià-Terrassa et al., 2012). In addition, the self-
renewal capacities or stem cell capabilities (SSC) of DTCs are reflected by 
their ability to form spheroids in suspension cultures and spheroid assay had 
been actively used to assess cancer cells’ SSC (Tang et al., 2012; Fisher et 
al., 2016). E-cadherin expression had shown to be important in conferring stem 
cells their SSC in prostate, bladder and breast cancer cells based on its 
importance in the spheroid formation of these cells (Celià-Terrassa et al., 2012; 
Iglesias et al., 2013). Therefore, all these evidences steer us towards the 
understanding that despite E-cadherin loss being required for cancer cells to 
undergo EMT in gaining invasiveness, the re-expression of E-cadherin and 
subsequent MET are imperative for its successive survival and colonization to 
form secondary metastasis (Louie et al., 2013; Yao et al., 2013). Furthermore, 
this hypothesis is supported by evidence from in vivo tracking studies on GFP 
and luciferase-labelled clonal metastatic breast tumour cells that MET via E-
cadherin re-expression provides the tumour cells with higher likelihood of 
establishing the secondary tumour (Palen et al., 2016). 
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1.5.2 E-cadherin on cancer cells’ growth inhibition and TRAIL-induced 
apoptosis 
 
Despite the fact that E-cadherin enhances the survival of post-dissemination 
cancer cells for secondary metastases formation, E-cadherin expression had 
also been associated with the induction of cancer cells apoptosis. For instance, 
the spontaneous apoptosis of gallbladder carcinoma undergoing invasion is 
strongly correlated with E-cadherin expression, displaying potential influence 
of E-cadherin on the apoptosis of invading cancer cells (Sasatomi et al., 1996). 
A similar finding had been reported in a three-dimensional skin construct 
whereby E-cadherin-re-expressed melanoma cells showed typical apoptosis 
marks like DNA fragmentation, nuclear condensation and apoptotic bodies 
(Hsu et al., 2000). In addition, the involvement of E-cadherin in apoptosis-
inducing drug sensitivity (Ferreira et al., 2005) or drug’s mechanism of action 
in cancer cells (Li et al., 2008) is suggestive of its regulatory role on cancer 
cells’ apoptosis.  

Scientists have proposed several mechanisms behind the correlation between 
E-cadherin expression and apoptosis induction in cancer cells. Besides binding 
to E-cadherin (Figure 3), β-catenin when activated by the Wnt signaling 
pathway, also acts as a transcription activator by interacting with those of the 
LEF-1/TCF family (Daniels and Weis, 2005). This interaction upregulates 
target genes like c-Myc (He et al., 1998) and cyclin-D1 (Tetsu and McCormick, 
1999), leading to cell proliferation and neoplastic transformation. However, in 
the absence of Wnt-signal, the degradative complex made up of Axin, 
adenomatous polyposis coli, casein kinase 1, and glycogen synthade kinase 3 
is activated to polyubiquitinate beta-catenin, targeting it for proteasomal 
degradation, thereby preventing the nuclear accumulation of beta-catenin as 
transcription factor (MacDonald et al., 2009). Since E-cadherin binds β-catenin 
as part of its adhesion complex, it also serves to negatively regulate β-catenin 
function by sequestering them, thus minimizing their nuclear localization 
(Hülsken et al., 1994; Stockinger et al., 2001). As a result, the aforementioned 
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correlation between E-cadherin and apoptosis in cancer cells can be partially 
explained by the growth inhibitory effect exhibited through E-cadherin/β-
catenin binding (Lowy et al., 2002).  

In addition to the constraint placed on the intracellular signal for cell 
proliferation mediated by β-catenin, E-cadherin was also shown to regulate the 
transmission of apoptosis signal through the extrinsic apoptotic pathway. The 
extrinsic apoptosis signal is initiated by a cognate ligand binding to cell surface 
death receptors and transmitted through the assembly of the DISC and a 
cascade of caspases activation (Fulda and Debatin, 2006). One of the death 
ligands is TRAIL and its cognate receptors TRAIL-R1 and TRAIL-R2 
(Gonzalvez and Ashkenazi, 2010). Recently, Lu et al. (2014) discovered that 
E-cadherin supports the clustering of TRAIL-R1/–R2 into DISC via its 
association with the actin cytoskeleton, thereby enabling enhanced apoptosis 
effect in lung, pancreatic, and colon carcinoma cells at lower TRAIL ligand 
concentrations. Therefore, the correlation between E-cadherin expression and 
apoptosis induction can be explained by its coupling of TRAIL death receptors 
to the actin cytoskeleton for the efficient DISC formation in this case (Figure 3). 
E-cadherin can thus serve as a potential biomarker for the sensitivity of cancer 
cells towards pro-apoptotic receptor agonists (PARA) developed against 
TRAIL receptors (Ashkenazi, 2015).    

Since MDA-MB-231 develops resistance towards the administration of TRAIL 
over time owing to the endocytosis of its surface receptors, TRAIL-R1 and 
TRAIL-R2  (Yoshida et al., 2009; Zhang et al., 2009), along with the coupling 
of TRAIL receptors to the actin filaments by E-cadherin, this research aims to 
answer the question which remains as to whether the dynamic expression of 
E-cadherin can serve as a marker of TRAIL treatment efficacy in the context of 
breast cancer, just as its potential as a marker had been demonstrated in the 
aforementioned carcinomas. 
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Figure 3   E-cadherin physically interacts with TRAIL-ligated receptors facilitating, 
thereby connecting TRAIL receptors to cytoskeleton via alpha-catenin and 
facilitates receptor clustering, DISC formation, caspase activation and apoptosis.  
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1.5.3 Epigenetic drugs as TRAIL sensitizers in cancer cells 
 

The anti-cancer potential of epigenetic drugs lies in their function as gene 
regulators by reversing heterochromatin, a tightly packed form of DNA which 
favours gene suppression, to euchromatin, a lightly packed form of DNA which 
favours gene expression. Therefore, tumour suppressor genes (TSGs) which 
have been suppressed by cancer cells can potentially be re-expressed by 
epigenetic drugs treatment. In the facet of TRAIL-induced apoptosis, 
epigenetic drugs have also been reported to be one of the many effective 
sensitizers of various cancer cells towards the apoptotic effect of TRAIL. One 
of the commonly studied epigenetic drugs aimed as TRAIL sensitizer is the 
histone deacetylase inhibitors (HDACi) which reverse the gene suppression 
effected by histone deacetylating enzymes. HDACi have shown excellent 
cooperation with TRAIL in the killing of a panel of cancer cell types including 
breast, lung, colon, prostate, renal cell carcinoma and melanoma (Fulda and 
Debatin, 2005).  

 
Some of the commonly studied HDACi are suberoylanilide hydroxamic acid 
(SAHA), m-carboxycinnamic acid bis-hydroxamide (CBHA), MS-275 and 
trichostatin A (TSA). One of the earliest elucidated mechanisms behind the 
TRAIL-sensitizing effect of HDACi is the upregulation of TRAIL-R1, TRAIL-R2 
and proapoptotic Bcl-2 members (Singh et al., 2005; VanOosten et al., 2005a). 
Besides, HDACi also exhibit pro-TRAIL regulatory effect on cell cycle-related 
genes, growth factors and their cognate receptors in breast cancer cell line 
(Zhou et al., 2016). In light of the finding that some of the TRAIL-sensitizing 
effects of HDACi were also observed without the upregulation of TRAIL 
receptors (Inoue et al., 2004), it illuminates the fact that there are TRAIL 
resistance mechanisms which can be targeted beyond the receptor level.  
As aforementioned, the rapid internalization of TRAIL-ligated receptors is one 
of the resistance mechanisms pitched by cancer cells against TRAIL-induced 
killing (Zhang and Zhang, 2008). Intriguingly, prior treatment with HDACi, 
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depsipeptide, had enhanced the sensitivity of prostate tumour cells to TRAIL-
induced apoptosis by redistributing DR4 and DR5 to membrane lipid rafts 
(VanOosten et al., 2005b). In addition, the combinatorial treatment of HDACi 
and TRAIL had also combated the TRAIL resistance in breast cancer via 
various methods such as downregulation of c-FLIP (Frew et al., 2008), 
suppression of c-Myc TRAIL-deactivating function by its acetylation (Nebbioso 
et al., 2017) and fine-tuning the regulation of genes related to the mitochondrial 
pathway (Morales et al., 2010), so as to engage the intrinsic pathway for better 
TRAIL anti-cancer efficacy. 
 
Since chromatin architecture is not only regulated by histone deacetylation but 
also DNA methylation in CpG rich region of gene promoter, scientists have also 
placed their research focus on another group of epigenetic drug known as DNA 
methyltransferase inhibitors (DNMTi). Both DNMTi and HDACi work against 
TRAIL resistance via different mechanisms. For instance, in contrast to the 
upregulation of TRAIL receptors by HDACi, DNMTi, Zebularine, was shown to 
enhance TRAIL-induced apoptosis in breast cancer cells by increasing cellular 
fucosylation level, thereby enhancing the TRAIL-receptor fucosylation-
facilitated receptor clustering and apoptosis induction, while the TRAIL 
receptors level remaining unchanged (Moriwaki et al., 2010).  

Nonetheless, growing evidence shows that DNA methylation and histone 
deacetylation are inter-correlated. For example, attachment of methyl binding 
protein MeCP2 to methylated sites is followed by recruitment of HDACs which 
eventually leads to heterochromatin formation (Li, 2002; Sharma et al., 2009). 
Therefore, dual therapy of HDACi and DNMTi can be envisioned as a TRAIL-
sensitizing combination with great potential based on the inter-correlation 
between the two types of chromatin modifications. This notion had been 
supported by the cooperative restoration of caspase-8 expression in small cell 
lung carcinoma (SCLC) by prior treatment of HDACi, valproic acid (VPA) or CI-
994 and DNMTi, decitabine, followed by TRAIL treatment (Kaminskyyy et al., 
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2011). It is also evident from this finding that prior treatment rather than 
concurrent treatment provided a platform for the re-expression of genes 
important for TRAIL sensitivity before the TRAIL treatment itself. Both 
Zebularine (Zeb) and Trichostatin A (TSA) increase TRAIL death receptor 
fucosylation (Nascimento et al., 2015) and upregulate TRAIL receptors (Singh 
et al., 2005), respectively, targeting distinctive mechanism of TRAIL resistance 
in breast cancer cells. In short, combinatorial addition of DNMTi and HDACi 
prior to TRAIL treatment displays more diverse sensitizing effects on cancer 
cells to TRAIL-induced apoptosis as compared to the respective single TRAIL-
sensitizer. 

Therefore, the growth inhibitory effects and apoptosis of E-cadherin-re-
expressed MDA-MB-231 human breast carcinoma induced by the proposed 
sequential treatment of TSA and Zeb followed by TRAIL alongside the potential 
reduction of the cells’ invasiveness will be assessed according to the aims and 
objectives of this project arrayed in the next chapter.   
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2. Introduction: Aims and Objectives 
 

This project aims to re-express the E-cadherin gene, CDH1, in MDA-MB-231 which 
does not express or basally express CDH1 and to sequentially treat CDH1-re-
expressed MDA-MB-231 with TSA and Zeb combination followed by TRAIL. 
Subsequently, this project aspires to characterize the cell cycle distribution, 
invasiveness and apoptosis of CDH1-re-expressed MDA-MB-231 at the 
morphological, cellular and molecular levels after the aforementioned treatment and 
compare them with MDA-MB-231 (non-transfected control), MCF-7 (CDH1-positive 
control) and MCF10A (epithelial, non-tumourigenic control) cell lines. In addition to 
the in vitro studies, the protein expression of the three main biomarkers in this study, 
TRAIL-R2, TRAIL and E-cadherin, will also be studied using established mRNA 
expression data via bioinformatics and compared with immunohistochemistry on 
formalin-fixed paraffin-embedded (FFPE) tissue microarray on an independent 
breast cancer cohort (n=2000).  

In Chapter 3, in order to deliver the CDH1 gene into MDA-MB-231, it will be 
transfected with the E-cadherin-Green Fluorescent Protein (EGFP) plasmid using 
both the Lipofectamine LTX reagent and TransIT-X2® reagent. The research 
objectives were as follow: 

 To transfect MDA-MB-231 cells with E-cadherin Green Fluorescent Protein 
(EGFP) plasmid using Lipofectamine LTX reagent and TransIT-X2® reagent; 

 To verify the successful delivery of E-cadherin-GFP (CDH1-GFP) gene into 
MDA-MB-231 at the mRNA level of expression using RT-PCR; 

 To verify the successful delivery of CDH1-GFP gene into MDA-MB-231 at the 
protein level of expression using flow cytometry; 

 To compare the transfection efficiencies between Lipofectamine LTX reagent 
and TransIT-X2® reagent; 

 To compare the live cell percentage given by transfection using the 
Lipofectamine LTX reagent and the TransIT-X2® reagent; 
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 To select one between the two transfection reagents of Lipofectamine LTX 
reagent and TransIT-X2® reagent. 

MDA-MB-231 (231), 231-EGFP, MCF-7, MCF10A as well as the empty vector-
transfected control (231-EV) will be tested in Chapter 4. The research objectives 
were as follow: 

 To obtain the TSA and Zeb combined treatment (TZ) cell viability curve of 
MDA-MB-231 for the time points of 24, 48 and 72 h; 

 To assess the best inhibitory concentration (IC) of TZ treatment based on the 
reduction in cell viability obtained by TSA and Zeb combined treatment 
followed by TRAIL (TZT); 

 To use the chosen IC in the MTT cell viability assay of MDA-MB-231, 231-EV, 
231-EGFP, MCF-7 and MCF10A in testing the six experimental treatment 
groups of untreated control, single TSA, single Zeb, TZ, single TRAIL and TZT 
treatment for the time points of 24, 48 and 72 h; 

 To assess the effect of the six experimental treatment groups on the cell cycle 
distribution of MDA-MB-231, 231-EV, 231-EGFP, MCF-7 and MCF10A via 
ethanol fixing, propidium iodide (PI) staining and flow cytometry; 

 To assess the effect of the six experimental treatment groups on the cell 
migration rate of MDA-MB-231, 231-EV and 231-EGFP via the wound healing 
assay; 

 To assess the mRNA expression of genes regulating cell cycle progression 
(PCNA and CDK2) and cell invasiveness (MMP-9). 

After the cell cycle distribution had been assessed both at the cellular and molecular 
levels in Chapter 4, 231, 231-EGFP and MCF-7 will be assessed for the apoptosis 
induced by the groups of untreated and treated with TZ, TRAIL and TZT, both at the 
morphology level via Hematoxylin and Eosin (H and E) staining and at the cellular 
level using Annexin V-FITC/PI cellular apoptosis flow cytometric assay in Chapter 
5.   
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The research objectives were as follow: 

 To assess the TSA and Zeb combined followed by TRAIL (TZT) treatment 
apoptosis-induction in MDA-MB-231, 231-EGFP and MCF-7 at the morphology 
level via Hematoxylin and Eosin (H and E) staining; 

 To assess the TSA and Zeb combined followed by TRAIL (TZT) treatment 
apoptosis-induction in MDA-MB-231, 231-EGFP and MCF-7 at the cellular 
level via Annexin V-FITC/PI cellular apoptosis flow cytometric assay; 

 To assess the TSA and Zeb combined followed by TRAIL (TZT) treatment 
apoptosis-induction in MDA-MB-231, 231-EGFP and MCF-7 at the molecular 
level via Human Apoptosis Proteome Profiling of 35 apoptosis-related proteins. 

In the final experimental chapter (Chapter 6), the expression patterns of TRAIL-R2, 
TRAIL and E-cadherin will be studied at both the mRNA and protein levels using 
the bioinformatics and immunohistochemistry approaches, respectively.  The 
research objectives were as follow: 

 To obtain the RNA sequencing data from The Cancer Genome Atlas (TCGA) 
breast invasive carcinoma data repository for normalized gene counts (mRNA) 
of TRAIL-R2, TRAIL, E-cadherin and conduct statistical analysis; 

 To obtain the Molecular Taxonomy of Breast Cancer International Consortium 
(METABRIC) microarray mRNA expression data of TRAIL-R2, TRAIL, E-
cadherin and conduct statistical analysis; 

 To validate the specificity of anti-TRAIL-R2, anti-TRAIL and anti-E-cadherin 
monoclonal antibody using Western blotting; 

 To stain the primary invasive breast cancer patients’ formalin-fixed paraffin-
embedded (FFPE) tissue sections via immunohistochemistry of the heat-
induced epitope retrieval method; 

 To score the immunohistochemically stained images of TRAIL-R2, TRAIL, and 
E-cadherin for H-scores calculation using the formula: (Percentage value × 3) 
+ (Percentage value × 2) + (Percentage value × 1) + (Percentage value × 0) 
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whereby 0=negative; 1=weak staining; 2=moderate staining; 3=strong staining) 
and conduct statistical analysis.  

Last but not least, the final concluding chapter will outline the main findings 
obtained from this study and several potential future research directions to be 
taken from this project onwards. 
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3. Optimization of E-cadherin (CDH1) gene delivery into human breast adenocarcinoma cells, MDA-MB-231  
 3.1    Introduction 

 
E-cadherin (CDH1) is one of the important cell-cell adhesion proteins 
expressed in normal epithelial cells including breast cells. It is a tumour 
suppressor gene of which the aberrant expression had caused malignancies 
such as gastric cancer (Guilford et al., 1998; Huiping et al., 2001), prostate 
cancer (Cheng et al., 1996; Barber et al., 2015), lung cancer (Bremnes et al., 
2002; Kim et al., 2014), colon and colorectal cancer (Palmer et al., 2001; Fang 
et al., 2015) as well as breast cancer.  

CDH1 is located at chromosome 16q22.1 and is approximately 100 kb long. 
The gene region comprises of 16 exons sized between 115 and 2245 base 
pairs (bp) intervened by 15 introns in total. Comparison of the human CDH1 
exon borders across different species and different cadherin types revealed 
noteworthy conservation of their splice sites, implying gene duplication or 
conversion along the coevolution process between cadherin types. Intron 2 at 
65 kb is the longest among all while intron 1 along with its juxtaposed exons 
house a unique long CpG island which possibly serves to regulate the dynamic 
E-cadherin expression via CpG island methylation (Berx et al., 1995).  

E-cadherin protein is transcribed from the CDH1 gene into a precursor 
polypeptide of 135 kDa. The precursor segment carries a prosequence 
harbouring the consensus protease cleavage site (Arg-Arg-Gln-Lys-Arg) which 
facilitates its proteolytic processing into a mature and functional protein with 
adhesive properties. This proteolytic processing happens in the Golgi 
apparatus and yields the mature E-cadherin protein starting with a conserved 
amino terminal sequence of (Asp/Glu)-Trp-Val-(Ile/Met)-Pro-Pro-Ile which is 
transported to the plasma membrane (Ozawa and Kemler, 1990; Häussinger 
et al., 2004). The mature E-cadherin protein is a 120 kDa, Ca2+-dependent 
transmembrane glycoprotein found within adherens junctions located at the 
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lateral surface of polarized epithelial cells (Ogou et al., 1983; Jiang, 1996; 
Wheelock and Johnson, 2003; Capaldo et al., 2014).  
This chapter serves as the fundamental milestone of optimizing the delivery of 
CDH1 gene into MDA-MB-231 cells using both the Lipofectamine LTX reagent 
and the TransIT-X2® reagent. The successful delivery of the E-cadherin-green 
fluorescent protein (EGFP) plasmid into MDA-MB-231 will be verified at the 
mRNA and protein levels using reverse transcription-polymerase chain 
reaction (RT-PCR) and flow cytometry, respectively.  

The research objectives were as follow: 

 To transfect MDA-MB-231 cells with E-cadherin Green Fluorescent 
Protein (EGFP) plasmid using Lipofectamine LTX reagent and TransIT-
X2® reagent; 

 To verify the successful delivery of E-cadherin-GFP (CDH1-GFP) gene 
into MDA-MB-231 at the mRNA level of expression using RT-PCR; 

 To verify the successful delivery of CDH1-GFP gene into MDA-MB-231 at 
the protein level of expression using flow cytometry; 

 To compare the transfection efficiencies between Lipofectamine LTX 
reagent and TransIT-X2® reagent; 

 To compare the live cell percentage given by transfection using the 
Lipofectamine LTX reagent and the TransIT-X2® reagent; 

 To select one between the two transfection reagents of Lipofectamine LTX 
reagent and TransIT-X2® reagent. 
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 3.2   Materials and method 
 
3.2.1 Recovery of EGFP plasmid from Escherichia coli bacteria 
         host 
3.2.1.1 Streaking Escherichia coli bacteria host for single colony 
            formation 

The E-cadherin-Green Fluorescent Protein (EGFP) plasmid (Addgene plasmid 
#28009), a gift from Jennifer Stow, was obtained commercially from Addgene 
as an E. coli stab culture. The full plasmid map is shown in Appendix A. The 
plasmid is sized 8897 base pairs (bp) and it harbours an ampicillin resistance 
gene in the region of 7045 to 7905 bp. To recover the plasmid, the E. coli stab 
culture (as received) was dipped with a sterile inoculating loop and 
subsequently streaked onto Luria Bertani (LB) agar plate (1% (w/v) NaCl, 1% 
(w/v) tryptone, 0.5% (w/v) yeast extract, 1.5% (w/v) agar) (Amresco, USA) 
containing 100µgmL-1 ampicillin. The plate was then incubated at 37˚C for 24 
hours (h) for single colony establishment.  

3.2.1.2 Expansion of clonal Escherichia coli host in Luria Bertani (LB) 
            broth 

LB broth (1% (w/v) NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract) 
(Amresco, USA) (10 mL) containing 100 µgmL-1 ampicillin was prepared in 50 
mL centrifuge tube with sterile technique. A single colony was picked using a 
sterile inoculating loop and inoculated into the prepared LB broth (10 mL per 
colony). The tube was then incubated in an incubator shaker for 16 h at 37˚C 
with rotation at 200 rpm to obtain a dense culture of E. coli containing the EGFP 
plasmid. Successful E. coli culture was indicated by cloudy and opaque 
appearance.  
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3.2.1.3 E-cadherin Green Fluorescent Protein (EGFP) plasmid extraction   
            from E. coli LB broth culture 

The EGFP plasmid was extracted from the dense E. coli culture using the 
PureLink® Quick Plasmid Miniprep Kit (Invitrogen, USA) according to the 
manufacturer’s guidelines with minor alterations. Briefly, E. coli cells were 
harvested via centrifugation at 4˚C and resuspended in Resuspension Buffer 
containing RNase A. Lysis Buffer was then added to lyse and disintegrate the 
plasma membrane. Subsequently, Precipitation Buffer was added to 
precipitate cellular components other than the plasmid DNA. After 
centrifugation, the supernatant containing the plasmid DNA was bound to a 
spin column and processed through several washings using Wash Buffer with 
ethanol. Eventually, the EGFP plasmid was eluted using nuclease-free water 
into clean recovery tube and stored at -20˚C.  

3.2.1.4 Quantification and quality assessment of the extracted EGFP 
            plasmid  

The extracted EGFP plasmid was quantified using BioTek Take3 Micro-
Volume Plate Reader at 3 µL per reading. The absorbance values of the eluted 
EGFP plasmid solution at 260 (A260nm) nm and 280 nm (A280nm) wavelengths 
were also obtained simultaneously. All extracted plasmids with A260nm:A280nm 
ratio ranging from 1.8 - 2.0 were considered as excellent quality and were used 
for the subsequent restriction enzyme digestion verification of the plasmids’ 
integrity.  
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3.2.1.5 BamHI-HF® and XbaI restriction enzyme diagnostic digestion of  
            EGFP plasmid  

The EGFP plasmid had a BamHI-High Fidelity® (BamHI-HF®) restriction 
recognition site at 5159 bp and an XbaI restriction recognition site at 2521 bp 
(Appendix A). Therefore, BamHI-HF® and XbaI restriction enzymes (New 
England BioLabs®, USA) were used for the diagnostic digestion of EGFP 
plasmid to ensure its integrity. The restriction reaction was conducted in 
CutSmart buffer (New England BioLabs®, USA) at 37˚C for 3 h. Subsequently, 
the restricted product was then mixed with 1×DNA loading dye (Thermo Fisher 
Scientific, USA) and separated on 1.5% (w/v) agarose gel electrophoresis at 
75 V, 300 mA for 45 minutes (min). After agarose gel electrophoresis, the gel 
was then exposed to UV radiation for image capture of the DNA bands using 
Bio-Rad Gel Doc XR (Bio-Rad, U.S.A.).  

3.2.1.6 Agarose gel electrophoresis of the BamHI-HF® and XbaI 
            restriction enzyme digested products 

The BamHI-HF® and XbaI restricted product was then mixed with 1× DNA 
loading dye (Thermo Fisher Scientific, USA) and separated on 1.5% (w/v) 
agarose gel electrophoresis at 75 V, 300 mA for 45 min. The agarose gel was 
then exposed to UV radiation for image capture of the DNA bands using Bio-
Rad Gel Doc XR. 
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3.2.2 Cell Culture Maintenance 
Human breast adenocarcinoma cell line, MDA-MB-231, was maintained on 
culture with Dulbecco’s Modified Eagle Medium (DMEM) (Corning, U.S.A.) 
supplemented with 10% (v/v) of fetal bovine serum (FBS) (Gibco Life 
Technologies, U.S.A.) and 1% (v/v) penicillin-streptomycin (Gibco Life 
Technologies, U.S.A.) at 37˚C and 5% CO2, 95% O2 atmosphere. MDA-MB-
231 was transfected (steps as below) with pCDNA3.1(+) empty vector (#2903) 
(231-EV) and E-cadherin-Green Fluorescent Protein (EGFP) plasmid, a gift 
from Jennifer Stow (Addgene plasmid #28009) (231-EGFP), respectively, and 
maintained under the same condition with the addition of Geneticin (G4-18) 
(Thermo Fisher Scientific, U.S.A.). 

3.2.3 Transfection of MDA-MB-231 cells with EGFP plasmid and 
   pCDNA3.1 empty vector 
3.2.3.1 Lipofectamine® LTX and PLUSTM Reagent 

MDA-MB-231 cells were seeded at 1.25 × 105 cells or 2.5 × 105 cells per well 
in 24-well or 6-well, respectively. Transfection was conducted after 24 h when 
cells have fully attached to the well surface. First, Lipofectamine® LTX reagent 
(Invitrogen, USA) was diluted with Opti-MEM® medium (Invitrogen, USA) at 2, 
3, 4% (v/v), respectively. The concentration of Lipofectamine® LTX reagent 
which gives the highest CDH1-GFP expression level based on real-time 
quantitative polymerase chain reaction (qPCR) data will then be used for 
subsequent transfections. EGFP plasmid was mixed with the PLUSTM reagent 
at 1 µg:1 µL ratio prior to diluting the plasmid in Opti-MEM® medium (Invitrogen, 
USA) at concentration of 0.02 µg/µL. The mixture was incubated at room 
temperature for 15 min. Subsequently, diluted DNA was added to diluted 
Lipofectamine® LTX reagent at 1:1 ratio and incubated at room temperature for 
20 min for the DNA-lipid complex to form. The DNA-lipid complex was then 
added to 24-well or 6-well of seeded cells at 100 ng or 2500 ng plasmid per 
well, respectively. Cells were then incubated for the stipulated duration prior to 
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assessment of the CDH1-GFP expression levels using the methods stated 
below.  

3.2.3.2 TransIT-X2® Dynamic Delivery System 
 
MDA-MB-231 cells were seeded at 1.25 × 105 cells or 2.5 × 105 cells per well 
in 24-well or 6-well, respectively. Transfection was conducted after 24 h when 
cells have fully attached to the well surface. First, TransIT-X2® reagent (Mirus 
Bio, USA) was warmed to room temperature and vortexed briefly. Opti-MEM I 
Reduced-Serum Medium (Invitrogen, USA) was mixed with plasmid DNA 
(EGFP plasmid or pCDNA3.1 empty vector) at 1 µg DNA:100 µL medium in a 
sterile tube. TransIT-X® reagent was added to the diluted DNA mixture at 3 µL 
per 1µg of plasmid used. The mixture was incubated at room temperature for 
30 min to allow sufficient time for the complexes to form. Subsequently, the 
TransIT-X2®: DNA complexes were added dropwise to different areas of the 
wells. Even distribution of the complexes was ensured by gently rockling the 
plate back and forth and from side to side. The plate was then incubated for 
24, 48 and 72 h.  
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3.2.4 Assessment of E-cadherin-Green Fluorescent Protein 
  (EGFP) expression at the mRNA level 
3.2.4.1 Real time Quantitative Polymerase Chain Reaction (qPCR) 
 

GFP is fused at the carboxyl terminal of the CDH1 open reading frame 3 (ORF3) 
and was used as a reporter gene. At 24 h post-transfection, MDA-MB-231 cells 
were lysed and RNA was extracted using NucleoSpin RNA Plus Extraction Kit 
(Machery-Nagel, Duren, Germany) according to the manufacturer’s protocol. 
cDNA synthesis and amplification were accomplished in a single reaction tube 
using the SuperScript™ III Platinum® SYBR® Green One-Step qRT-PCR Kit 
with ROX (Invitrogen, USA) according to the manufacturer’s protocol. Beta-
actin amplification was done to ensure equal loading amount across samples. 
The oligonucleotide primers specific for the connecting region of  
CDH1-GFP: forward 5’-GTCGTGCTGCTTCATGTGGT-3’, reverse 5’-
CGACGTAAACGGCCACAAGT-3’  (Integrated DNA Technologies, USA) and 
beta-actin: forward 5’CCCAGGACTCTCTTCTCTGACC-3’, reverse 
5’TCCAAGGCCGCTTTACACCA-3’ (Integrated DNA Technologies, USA) 
have been designed using the NCBI Primer-BLAST online tool.   

3.2.4.2. Reverse-transcription Polymerase Chain Reaction (RT-PCR) 
 
At 24, 48 and 72 h post-transfection, MDA-MB-231 cells were lysed and total 
RNA was extracted using the Trizol conventional RNA extraction method. RNA 
purity and quantity was assessed using the BioTek Take3 Micro-Volume Plate 
Reader at 2 µL per reading. The absorbance ratios of (A260/A280) and (A260/A230) 
were obtained, 1.8 - 2.0 and 2.0 - 2.2, respectively, is considered as the range 
of excellent RNA quality. The good quality total RNA samples were treated with 
DNase I (Promega, USA) to remove any genomic DNA contamination. 
Thereafter, DNAse I-treated RNA was reverse transcribed into cDNA using the 
First Strand cDNA Synthesis Kit ProtoScript II Reverse Transcriptase.   
Subsequently, the synthesized first strand cDNA was then subjected to PCR 
amplification using the primer sequence forward: 5’-
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GCTCCTGGACGTAGCCTTC-3’ and reverse: 5’-
GAAAGCGGCTGATACTGACC-3’ targeting the CDH1 gene with the condition 
as follows: 

Initial denaturation:  94˚C – 2 min 

Denaturation:  94 ˚C – 30 seconds (sec) 

Annealing:  55 ˚C – 20 sec                         35 cycles 

Extension:  72 ˚C - 20 sec 

Final extension:  72 ˚C -5 min 

The final PCR product of CDH1 gene amplification was subjected to 1% (w/v)  
agarose gel electrophoresis. Gel image of targeted band was captured using 
the Bio-Rad GelDoc Imager. 

3.2.5 Assessment of EGFP expression at the protein level 
3.2.5.1 Flow cytometry 
 

At 24, 48, and 72 h post-transfection, MDA-MB-231 cells were trypsinized for 
2 min and added with DMEM with 10% (v/v) FBS to deactivate the trypsin. 
Then, the mixture was centrifuged at 1800 rpm for 5 min and supernatant was 
discarded. Cell count was performed. Pellet was then resuspended in 1× 
Phosphate Buffered Saline (PBS) (Vivantis Technologies, Malaysia) containing 
1% (v/v) FBS to constitute 1 × 106 cells/mL and transferred to a 1.5 mL 
microcentrifuge tube. Samples were then analyzed on BD Accuri C6 Flow-
cytometer using the 20,000 cells gate and FL-1 channel to capture GFP 
fluorescence. Non-transfected cells served as background signal for the 
normalization of data. Cell population distribution and mean fluorescence unit 
of FL1-A (MFU FL1-A) were analyzed using the BD Accuri™ C6 software. 
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3.2.5.2 Fluorescence microscopy 
 

At 24, 48  and 72 h post-transfection under G4-18 selection, MDA-MB-231 
cells were washed thoroughly with 1× PBS for three times prior to capturing 
microscopic images under the bright field and the FITC channel of Axio 
observer 7 inverted fluorescence microcope (ZEISS, Germany). Images were 
also captured at the respective time points of G4-18 selection for 6, 15, 21, 
29 days post-selection (d.p.s.). The images captured under the bright field 
and the FITC channel were merged using the ZEISS imaging software 
(ZEISS, Germany).  

3.2.6 Selection of successful MDA-MB-231 transfectants using 
  Geneticin (G4-18) resistance selectable marker 

At 24 h post-transfection, cells were cultured with DMEM with 10% (v/v) FBS 
added with 800µg/mL Geneticin (G4-18) to select for the successful 
transfectants. The transfected cells were expanded and maintained on 
culture with the G4-18 selection.  
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 3.3 Results 
3.3.1 Verification of E-cadherin-GFP plasmid integrity by 
  restriction enzyme digestion and agarose gel electrophoresis 
 

The E-cadherin-GFP plasmid (EGFP) (#28009) recovered from the 
commercial E. coli stab culture was quantified. The eluted plasmids with 
A260nm:A280nm of 1.8 to 2.0 were selected as of excellent quality and were 
digested with BamHI-HF® and XbaI (New England BioLabs®) restriction 
enzymes to verify its integrity. The plasmid full length sequence consists of 
8897 bp. It had a BamHI-HF® restriction recognition site at 5159 bp and an 
XbaI restriction recognition site at 2521 bp (Appendix A). Therefore, after 
digestion with single BamHI-HF®, a linearized band of 8891 bp was obtained 
(Figure 4). On the other hand, after restriction by both the BamHI-HF® and the 
XbaI enzymes, the expected band sizes are 2638 bp and 6259 bp, respectively. 
The gel image presented here shows two DNA bands of their expected sizes 
in the digested lanes and not in the undigested lanes (Figure 5).  
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Figure 4  DNA gel electrophoresis single BamHI digested E-GFP plasmid on 1% 
(w/v) agarose gel.  
Lanes 1, 14: 1 kb plus DNA ladder (Invitrogen); Lanes 2, 4, 6, 8, 10, 12: Undigested E-GFP plasmid; Lanes 3, 5, 7, 9, 11, 13: BamHI digested E-GFP plasmid. 
N.B. The additional 1kb plus DNA ladder image shown on the right is taken from 
another gel electrophoresis to better visualize the DNA ladder bands separation. 
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Figure 5   DNA gel electrophoresis of BamHI and XbaI digested E-GFP plasmid on 1% 
(w/v) agarose gel.  
Lanes 1,14: 1 kb plus DNA ladder (Invitrogen); Lanes 2, 4, 6, 8, 10, 12: Undigested E-
GFP plasmid; Lanes 3, 5, 7, 9, 11, 13: BamHI and XbaI digested E-GFP plasmid. 
N.B. The additional 1kb plus DNA ladder image shown on the left is taken from another 
gel electrophoresis to better visualize the DNA ladder bands separation. 
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3.3.2 Transfection of MDA-MB-231 cells with EGFP plasmid and 
  pCDNA3.1 empty vector 
 

EGFP carrying the CDH1 gene fused to GFP (CDH1-GFP) was transfected 
into the CDH1-negative human breast adenocarcinoma cells, MDA-MB-231, 
using Lipofectamine LTX reagent at 2%, 3%, 4%, and 5%, respectively with 
PLUS reagent at DNA amount:PLUS reagent ratio of 1:1. Transfection with 
Lipofectamine LTX reagent at 5% induced considerable amount of cell death 
as visualized by floating cells under the microscope (result not shown).  
After transfection, both the non-transfected control and transfected samples 
were subjected to RNA extraction using the NucleoSpin RNA Plus Extraction 
Kit (Machery-Nagel, Duren, Germany) and excellent quality RNA samples with 
A260nm:A280nm of 1.8-2.0 and A260nm/A230nm of 2.0-2.2 were used for the 
qPCR reaction. From the qPCR result, CDH1-GFP mRNA expression level 
increases with the increase of Lipofectamine LTX reagent concentration from 
0% (v/v) (untransfected) to 4% (v/v). The highest relative expression of 214.26 
compared to untransfected control was given by transfection at 4% (v/v) 
lipofectamine LTX reagent (Figure 6). The melt curve analysis is shown in 
Appendix B.  

Besides, both the non-transfected control and transfected samples were also 
harvested and resuspended in 1× PBS containing 1% (v/v) FBS at 1 × 106 
cells/mL for flow cytometric analysis of GFP fluorescence in the FL1-A (530/30 
nm) channel. At 48 h post-transfection, there is an increase in the mean 
fluorescence unit (MFU) of FL1-A channel of the gated 20000 cell population 
from 3027.85 (non-transfected control) to 10121.4 (4% (v/v) Lipofectamine 
transfected cells) (Figure 8). However, as shown in (Figure 7E), only 11.5% of 
the cell population shifted away from the auto-fluorescence region. At 24 h and 
72 h post-transfection, there was no appreciable difference in MFU of the gated 
20000 cell population between control and transfected sample (Figure 8).   
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Nonetheless, transfection of MDA-MB-231 cells with 4% (v/v) Lipofectamine 
LTX reagent gave a marked reduction in live cell population at 24 h post-
transfection. The live cell population was only 25.3% (Figure 9A and 9B; Figure 
10). 
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Figure 6   MDA-MB-231 cells untransfected (control) and transfected with 2%, 3%, 4% Lipofectamine 
LTX with PLUS reagent for 24 h were extracted its RNA using the NucleoSpin RNA Plus Extraction Kit 
(Machery-Nagel, Duren, Germany) and subjected to qPCR analysis using the SuperScript™ III 
Platinum® SYBR® Green One-Step qRT-PCR Kit with ROX (Life Technologies). The relative 
expression of each sample against beta-actin loading control is shown. Error bars represent standard 
deviation of ΔCq values from three biological replicates.  
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Figure 7   MDA-MB-231 cells untransfected (control) and transfected with 4% Lipofectamine LTX 
with PLUSTM reagent for 24 (A-C), 48 (D-F) and 72 h (G-I) were trypsinized, harvested and 
resuspended in 1× PBS containing 1% (v/v) FBS at 1 × 106 cells/mL. Cell suspension was then 
subjected to flow cytometric analysis in the FL1-A (530/30nM) channel in a gated 20,000 cell 
population at slow flow rate. The gates shown in (A), (B), (D), (E), (G) and (H) indicate that events 
falling below which are due to background auto-fluorescence.  
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Figure 8   MDA-MB-231 cells untransfected (control) and transfected with 4% Lipofectamine 
LTX with PLUSTM reagent for 24, 48  and 72 h were trypsinized, harvested and resuspended in 
1× PBS containing 1% (v/v) FBS at 1 × 106 cells/mL. Cell suspension was then subjected to flow 
cytometric analysis in the FL1-A (530/30nM) channel in a gated 20,000 cell population at slow 
flow rate. Data represents mean fluorescence unit (MFU) of 20,000 events collected per sample from single experiment.   
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Figure 9   Untransfected MDA-MB-231 (A, C) and MDA-MB-231 cells 
transfected with EGFP plasmid using Lipofectamine LTX with PLUSTM
reagent (B) at 4% (v/v) and Transit-X2 reagent (D) at 3µL:1µg plasmid for 
24h. A minimum of 15,000 events were analyzed and the SSC-A-FSC-A 
plot was used to determine the percentage of live cells (P1 gate) in the 
sample. Below is the bar chart representation of the live cell percentage of 
the respective samples. 
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Figure 10 Untransfected MDA-MB-231 (A, C) and MDA-MB-231 cells 
transfected with EGFP plasmid using Lipofectamine LTX with PLUSTM
reagent (B) at 4% (v/v) and Transit-X2 reagent (D) at 3µL:1µg plasmid for 
24 h. A minimum of 15 000 events were analyzed and the SSC-A-FSC-A 
plot was used to determine the percentage of live cells (P1 gate) in the 
sample. Above is the bar chart representation of the live cell percentage 
of the respective samples. 
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Figure 11   Verification of mRNA expression of CDH1-GFP in transfected MDA-MB-231.
Total RNA was extracted from MDA-MB-231 (231), MDA-MB-231 transfected with pCDNA3.1 
(231-EV) and MDA-MB-231 transfected with EGFP plasmid (231-EGFP) for 24, 48 and 72 h, 
converted to cDNA and amplified by PCR using primers targeting CDH1-GFP (491 bp) and 
beta-actin housekeeping gene (182 bp). 
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Figure 12   Flow cytometric data of MDA-MB-231 cells transfected for 24 (A,B,C), 48 (D,E,F) 
and 72 h (G,H,I). Percentage of MDA-MB-231 cells falling above the background fluorescence 
after transfection using TRANSIT-X2 reagent for 24, 48 and 72 h. (A, D, G: untransfected; B, 
E, H: transfection with pCDNA3.1 empty vector; C, F, I: transfection with E-cadherin-GFP 
plasmid). A total of 20,000 events were analyzed and the non-transfected served as the gating 
control for FL1-A channel.  
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Figure 13   MDA-MB-231 cells untransfected (control) and transfected with 4% 
Lipofectamine LTX with PLUSTM reagent for 24, 48 and 72 h were trypsinized, harvested 
and resuspended in 1× PBS containing 1% (v/v) FBS at 1 × 106 cells/mL. Cell 
suspension was then subjected to flow cytometric analysis in the FL1-A (530/30nM) 
channel in a gated 20000 cell population at slow flow rate. Data represents mean 
fluorescence unit (MFU) of 20,000 events of triplicates from one independent 
experiment. 
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Figure 14   MDA-MB-231 (231), 231-EV and 231-EGFP cells were captured for GFP fluorescence  under the bright 
field and FITC channel of Axio observer 7 inverted fluorescence microcope (ZEISS, Germany) at the respective time 
points of 800 µg/mL G4-18 selection for 24, 48 and 72 h. Scale bars represent 100 µm. Insets are of the same photo 
at higher magnification for clearer view.  
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Since transfection using lipofectamine LTX reagent greatly inhibited MDA-MB-231 cells 
growth, other mean of delivering EGFP plasmid into the cell line was attempted. The 
TransIT-X2® reagent was used as an alternative transfection reagent. As shown in 
Figure 11, TransIT-X2® reagent successfully delivered the CDH1-GFP gene into MDA-
MB-231 and it was expressed at the mRNA level as the expected band of CDH1-GFP 
(491 bp) was obtained from RT-PCR at 24 and 48 h post-transfection, respectively. 
However, at 72 h post-transfection, the expression of CDH1-GFP had decreased.  

From the flow cytometry data, 24 h of transfection with TransIT-X2® reagent 
successfully delivered the CDH1-GFP gene into MDA-MB-231 and expression was 
detectable based on the reporter gene GFP expression. However, only 7.6% of the cell 
population was shifted above the background fluorescence threshold, indicating 
transfectants harbouring CDH1-GFP expression (Figure 12). The percentage of 
successfully transfected cells declined progressively to 5.4% and 4.3% at 48 and 72 h, 
respectively. The successful delivery of CDH1-GFP gene was also verified by the 
increase in mean fluorescence unit (MFU) in EGFP-transfected sample (10116.68) as 
compared to the non-transfected control (3563.29) and the pCDNA3.1 empty vector-
transfected control (5269.17) (Figure 13). Fluorescence images captured under the 
FITC channel shows that the delivery of CDH1-GFP gene was successful but not 
homogeneous (Figure 14).  

On the other hand, from the FSC-A vs SSC-A plot derived from the same sample 
(Figure 15), the mean percentages of live cell given by 24 h transfection with TransIT-
X2® was 75.2% and 72.7% for pCDNA3.1 empty vector and EGFP plasmid, 
respectively (Figure 16). This is in stark contrast with 25.3% given by Lipofectamine 
LTX with PLUSTM reagent transfection for 24 h (Figure 10).  

Despite Lipofectamine LTX with PLUSTM reagent giving an enhanced 3.9% transfection 
efficiency as compared to Transit-X2® reagent, the latter was chosen for the 
subsequent experiments due to less cell death incurred based on the flow cytometric 
data. Since 24 h transfection was most efficient and least inhibitory towards MDA-MB-
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231 cell growth, it was chosen as the duration for subsequent transfections prior to G4-
18 selection for both the cellular and molecular assays.  
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Figure 15   Untransfected MDA-MB-231 (A, D, G) and MDA-MB-231 cells transfected with pCDNA3.1 
empty vector (B, E, H) and EGFP plasmid (C, F, I) using Transit-X2 reagent at 3µL:1µg plasmid for 24, 
48 and 72 h.  A minimum of 15,000 events were analyzed and the SSC-A-FSC-A plot was used to determine the percentage of live cells (P1 gate) in the sample 
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Figure 16   Untransfected MDA-MB-231 and MDA-MB-231 cells transfected with 
pCDNA3.1 empty vector and EGFP plasmid using Transit-X2 reagent at 3µL:1µg 
plasmid for 24, 48 and 72 h.  A minimum of 15,000 events were analyzed and the SSC-
A-FSC-A plot was used to determine the percentage of live cells (P1 gate) in the sample. Above is the bar chart representation of the live cell percentage of the 
respective samples. Data represents means + standard deviations of triplicates from 
one independent experiment. 
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3.3.3 Selection of successful MDA-MB-231 transfectants using 
  the Geneticin (G4-18) resistance selectable marker 
 

Geneticin (G4-18) was added to the transfected MDA-MB-231 cells at 24 h 
post-transfection to select for successful transfectants expressing the gene, 
CDH1-GFP. On the 34th day post-selection, the percentage of transfected cells 
is 4.4% (Figure 17) which is similar to that obtained at 72 h post-transfection 
(Figure 12). However, further selection up to 104th day did not sustain the 
CDH1-GFP expressing population as the percentage of CDH1-GFP 
expressing cells dropped to 0.4% (Figure 17). Fluorescence images captured 
under the FITC channel also confirm that CDH1-GFP expression was 
sustained up till 29th day post-G4-18 selection (Figure 18). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

34th day post-selection 104th day post-selection Untransfected  

Figure 17   At 24 h post-transfection, 800µg/mL of Geneticin (G4-18) was added to select the CDH1-
GFP-expressing cell population. A minimum of 10,000 events were analysed and the events falling above the gates shown (horizontal line) are taken as the CDH1-GFP-expressing cells. 
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Figure 18   231-EGFP cells were captured for GFP fluorescence  under the bright field and FITC channel of Axio 
observer 7 inverted fluorescence microcope (ZEISS, Germany) at the respective time points of 800 µg/mL G4-18 
selection for 6, 15, 21 and 29 days post-selection 
(d.p.s.). Scale bars represent 100 µm. Insets are of the same photo at higher magnification for clearer view.  
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 3.4 Discussion 
3.4.1 Verification of E-cadherin-GFP plasmid integrity by 
  restriction enzyme digestion and agarose gel electrophoresis 
 

The EGFP plasmid is commercially available as Escherichia coli stab culture. 
After the recovery steps from E. coli single colony establishment, LB broth 
culture expansion to plasmid extraction from the dense E. coli LB culture, the 
quality of the plasmid had been confirmed with A260nm:A280nm ratio ranging from 
1.8 - 2.0 (Kim et al., 1997).The concentration of the eluted EGFP plasmid 
solution ranged from 600 - 900 ng/µL. Based on the plasmid sequence map 
(Appendix A), there is a BamHI and XbaI restriction enzyme recognition 
sequence at 5159 bp and 2521 bp, respectively. After digestion with BamHI 
and XbaI restriction enzymes, the plasmid should yield a backbone sequence 
of 6259 bp and a shorter spanning sequence between the two restriction sites 
of 2638 bp (Figure 19).  

 

 

 
 
 
 
 
 
 
 
 

EGFP plasmid 
8897 bp Backbone 

sequence  
6259 bp 

Spanning 
sequence  
2638 bp 

BamHI site 
5159 bp 
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Figure 19   EGFP plasmid was digested using BamHI-HF® and XbaI restriction enzymes (New 
England BioLabs®). After digestion, the theoretically expected band sizes of backbone 
sequence (6259 bp) and (2638 bp) were obtained as shown in Figure 5.  
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3.4.2 Transfection of MDA-MB-231 cells with EGFP plasmid and 
  pCDNA3.1 empty vector 

 
There are various methods of gene delivery into mammalian cells. One of them 
is harnessing the positively charged liposomes in delivering gene of interest 
into mammalian host cell. Despite being inferior in terms of transduction 
efficiency, cationic liposomes are seen as attractive non-viral vector alternative 
to viral vector which are less or non-immunogenic and are mostly not restricted 
by the size of the gene to be delivered (Mady, 2011). As both the DNA and 
plasma membrane are negatively charged, cationic liposomes serve well as a 
mediator to mask the negative charge of DNA by binding to them, forming 
DNA-lipid complexes. These DNA-lipid complexes then, with the help of neutral 
helper lipids, bind and fuse with the plasma membrane for gene delivery and 
efficient escape from endosomal destabilization (Balaz and Godbey, 2011). 
Lipofectamine® LTX used in this study is a cationic polysome commercially 
available which are widely used in gene delivery into various mammalian cell 
lines (Kosaka et al., 2013; Park et al., 2013; Pribic and Brazill, 2012). 

 
After transfection, both the non-transfected control and transfected samples 
were assayed for the transgene CDH1 expression using the GFP reporter 
protein tagged to it at the carboxyl terminal. This is to examine the transfection 
efficiency. From the qPCR results, there was an increase in the CDH1-GFP 
mRNA expression level with the increase of Lipofectamine LTX reagent 
concentration from 2% (v/v) (untransfected) to 4% (v/v) while there is no 
expression in the non-transfected control. This indicates that the EGFP plasmid 
had successfully entered the nuclei of cells, accessing to its transcription 
machineries for mRNA production (Zuhorn et al, 2002). Since the highest 
relative expression of 214.26 compared to untransfected control was given by 
transfection at 4% (v/v) Lipofectamine LTX reagent (Figure 6), 4% (v/v) was 
chosen for the subsequent transfection experiments.    
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In addition, both the non-transfected control and transfected sample were also 
assayed for gene expression at the protein level. Based on the flow cytometric 
analysis of GFP fluorescence in the FL1-A (530/30 nm) channel, there is a 3.3-
fold increase in the mean fluorescence unit (MFU) of FL1-A channel of the 
gated population of transfected cells at 48 h post-transfection as compared to 
the non-transfected control (Figure 8). However, the dot plot of FL1-A versus 
side scatter (SSC) shows only a small percentage of the cell population (11.5%) 
shifted away from the auto-fluorescence region. This shows that transfection 
was successful but not efficient as most of the cell population (88.5%) did not 
express GFP fluorescence above that of the threshold gate (Figure 7D, 7E and 
7F). The less efficient transfection can be a result of multiple factors. One of 
them is insufficient amount of DNA added to each well but the recommended 
amount had been added. Another factor is the mass ratio of DNA:lipofectamine, 
which had been recommended to range 1:2 to 1:3 (Dalby et al., 2004). 
However, a 1:1 ratio had been employed in this study based on the 
recommended ratio provided from the manufacturer (Life Technologies).  

In addition, at 72 h post-transfection, the MFU of the gated 20,000 cell 
population declined sharply to the level of auto-fluorescence (Figure 8). There 
was also no remarkable shift of cell population to the region above the 
threshold gate of auto-fluorescence (Figure 7G, 7H and 7I). Therefore, the 
result shows that although the transfection was successful and mediated 
transgene CDH1-GFP expression up to the transcriptional level, the transgene 
could have been silenced in the post-transcriptional route which affected the 
protein synthesis machineries while not affecting the mRNA level (Bartel, 2004; 
Kim et al., 2004a).   

Reports have revealed that many miRNAs govern breast cancer invasiveness. 
For instance, miR-9 and miR-92a targets the 3’-untranslated region region (3’-
UTR) of CDH1, thereby repressing its translation elongation or termination in 
this case (Chen et al., 2011; Ma et al., 2010). This is further supported by the 
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fact that when the miRNAs bind with imperfect match to the 3’UTR of an 
exogenously expressed gene, the gene could be silenced by translational 
repression without mRNA degradation (Saxena et al., 2003). Therefore, from 
the result presented above, it is speculated that at 24 h post-transfection, 
mRNA transcript of the CDH1-GFP had been produced. However, from 24 to 
48 h, due to the proposed post-transcriptional miRNA-mediated translational 
repression of the transgene, a portion of the produced CDH1-GFP transcripts 
had progressed to complete the translation process, giving the rise in GFP 
fluorescence (MFU) at 48 h (Figure 7D, 7E and 7F) while most of them were 
inhibited at halfway through the translation process. In addition, the descent of 
GFP fluorescence at 72 h could be due to the short-lived nature of the CDH1-
GFP which is subjected to protein clearance by the ubiquitin-proteasome 
pathway (Dantuma et al., 2000; Hochstrasser, 1996; Mizushima et al., 2002). 

Despite Lipofectamie LTX reagent being the “gold standard” among chemical-
based transfection reagents and giving high transfection efficiency by its ability 
to evade the entrapment and subsequent lysosomal degradation of its payload, 
DNA:lipid complexes, via its vesicles’ random Brownian movement within the 
cytosol (Cardarelli et al., 2016), it had induced pronounced toxicity in cells 
transfected with EGFP plasmid. The live cell percentages were 25.3%, 4.2% 
and 18.7% at 24 h (Figure 10), 48 and 72 h post-transfection, respectively (data 
not shown). This is in agreement with a comparative study done by another 
group investigating the toxicity induced by transfection using different 
transfection reagents. Lipofectamine LTX reagent was shown to significantly 
inhibit HeLa CCL-2 cell proliferation at the highest tested concentration of 0.1 
µL per well and induced the expression of heat shock protein 70 (Hsp70) at 72 
h post-transfection. These findings indicate that Lipofectamine LTX-mediated 
transfection had actually induced certain level of stress in the transfected cells 
(Antczak et al., 2014). Nonetheless, our results showed earlier drastic 
cytotoxicity at 24 h post-transfection (Figure 9) and this might be explained by 
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the 5-fold higher concentration of the Lipofectamine LTX reagent used at 2.5 
mL per well. 

Since Lipofectamine LTX reagent is not the ideal option in this study due to its 
strong inhibition on MDA-MB-231 cell growth, TransIT-X2® reagent was tested 
out in delivering both pCDNA3.1 empty vector and EGFP plasmid into MDA-
MB-231 cells. TransIT-X2® was chosen as the alternative transfection reagent 
as it is claimed by the manufacturer as a non-lipid based polymeric system that 
efficiently delivers both DNA and RNA out of endosomes, overcoming the 
critical nucleic acid delivery barrier while being of minimal toxicity to cells.  
Optimization findings from transfection using 3 µL TransIT-X2® reagent per 1 
µg of plasmid DNA showed that MDA-MB-231 cells transfected for 24 h 
maintained the live cell percentages of 75.2% and 72.7% for pCDNA3.1 empty 
vector and EGFP plasmid, respectively. However, the live cell percentage 
decreased up to 80% as the transfection duration increased to 48 and 72 h 
(Figure 15). Thus, transfection condition of 3 µL TransIT-X2® reagent per 1 µg 
of plasmid DNA for 24 h was chosen for the subsequent transfection steps.  

In order to obtain MDA-MB-231 cell line which stably express the CDH1-GFP 
gene to be used for the subsequent drug treatment, cellular and molecular 
assays, the Geneticin resistance was used as the selectable marker (Appendix 
A). With regards to G4-18 selection for transfectants harbouring the CDH1-
GFP gene expression, the CDH1-GFP expressing population could only be 
sustained up to approximately a month’s time (Figure 17, Figure 18). The 
finding that the CDH1-GFP expressing population dropped to 0.4% on the 104th 
day post-selection (approximately 3 months’ time) (Figure 17) shows that the 
earlier speculation of post-transcriptional and translational silencing of the 
transgene might be valid. 
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 3.5 Conclusion 
 

The non-viral, chemical-based transfection method was chosen to deliver the 
CDH1-GFP gene into MDA-MB-231 cells due to its low cytotoxicity and better 
versatility. Lipofectamine LTX reagent gave an 11.5% of transfection efficiency 
while TransIT-X2® reagent produced only 7.6% of transfection efficiency. 
Although Lipofectamine LTX reagent was superior in terms of transfection 
efficiency, TransIT-X2® reagent was opted due to the much less cytotoxicity 
induced on the transfected MDA-MB-231 cells. Due to MDA-MB-231 cells 
carrying miRNAs which might contribute to the CDH1-GFP transgene silencing 
despite successful gene delivery into the cells, the low CDH1-GFP expressing 
MDA-MB-231 cell population could only be maintained under G4-18 selection 
for up to a month’s time possibly because the expression was transient. 
Therefore, after transfection, selection and expansion of CDH1-GFP 
expressing MDA-MB-231 cell population, all following cellular and molecular 
assays will be conducted within a month before another transfection of 
delivering the gene CDH1-GFP into MDA-MB-231 cells is performed and 
followed by the cellular and molecular assays. 
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4. The assessment of the treatment effect of Trichostatin A (TSA) and Zebularine (Zeb) followed by Tumour Necrosis Factor-related 
Apoptosis-inducing Ligand (TRAIL) on human breast adenocarcinoma cells viability, cell cycle progression and invasiveness  

 4.1 Introduction 
 
Tumour Necrosis Factor-related Apoptosis-inducing Ligand (TRAIL) is a 
promising anti-neoplastic agent produced by our very own immune system. It 
is a ligand which serves as an immunosurveillant protein targeted against 
transformed and malignant cells. Due to the multiple redundant pathways that 
make up the TRAIL resistance defence in normal, healthy cells (van Dijk et al., 
2013), healthy cells are safeguarded from the apoptosis-induction by TRAIL, 
making TRAIL a very unique anti-cancer candidate as compared to other 
standard chemotherapeutic drugs which are harmful to other healthy cells in 
the body. Nonetheless, before TRAIL can be widely used as a useful targeted 
drug against breast cancer, TRAIL resistance in breast cancer had to first be 
resolved. 

The epigenetic drugs Trichostatin A (TSA) and Zebularine (Zeb) have 
individually shown synergism with TRAIL in enhancing the apoptosis-inducing 
effect TRAIL had on breast cancer cells. TSA was shown to upregulate the 
expression of TRAIL receptors, TRAIL-R1 and –R2 while Zebularine increased 
TRAIL sensitivity in breast cancer cells by increasing the fucosylation of the 
TRAIL receptors whereby it correlates with TRAIL sensitivity  (Moriwaki et al., 
2010; Singh et al., 2005). However, how these two drugs work together with 
the same aim of synergism with TRAIL is worth investigating.  

On the other hand, E-cadherin had been extensively studied on its 
dysregulated expression linking to cancer cells invasiveness and metastatic 
potential while there is still lack in literature on how it regulates apoptosis in the 
anti-neoplastic feat. Literature had suggested that MDA-MB-231, despite being 
a TRAIL-sensitive human breast adenocarcinoma cell line, can develop TRAIL 



  

91  

resistance at sub-toxic TRAIL doses via endocytosis which progressively 
amasses TRAIL receptors from the plasma membrane, dampening the 
apoptosis signals transmitted via these receptors (Yoshida et al., 2009; Zhang 
and Zhang, 2008). In this regard, E-cadherin was shown to physically associate 
with TRAIL receptors at the cell surface, coupling them to the actin 
cytoskeleton, thereby facilitating the enhanced assembly of death-inducing 
silencing complex (DISC) which leads to the culmination of cellular apoptosis 
(Lu et al., 2014).Therefore, it is interesting to inspect on the potential of TSA 
and Zeb working towards enhanced TRAIL sensitivity with the expression of 
CDH1.  

With the outcome of Chapter 1, CDH1-re-expressed MDA-MB-231 cells (231-
EGFP) will serve as the raw material for this chapter. Cellular assays assessing 
the cell viability, cell proliferation, cell cycle distribution as well as cell migration 
shall be investigated on 231-EGFP as well as MDA-MB-231 and MDA-MB-231 
transfected with pCDNA3.1 empty vector (231-EV). RT-PCR assessment of 
mRNA expression of genes regulating cell cycle progression (Proliferating Cell 
Nuclear Antigen, PCNA and Cyclin-dependent Kinase 2, CDK2) and cell 
invasiveness (Matrix metalloproteinase 9, MMP-9) will also be carried out.  

The research objectives were as follow: 

 To obtain the TSA and Zeb combined treatment (TZ) cell viability curve of 
MDA-MB-231 for the time points of 24, 48 and 72 h; 

 To assess the best inhibitory concentration (IC) of TZ treatment based on 
the reduction in cell viability obtained by TSA and Zeb combined treatment 
followed by TRAIL (TZT); 

 To use the chosen IC in the MTT cell viability assay of MDA-MB-231, 231-
EV, 231-EGFP, MCF-7 and MCF10A in testing the six experimental 
treatment groups of untreated control, single TSA, single Zeb, TZ, single 
TRAIL and TZT treatment for the time points of 24, 48 and 72 h; 



  

92  

 To assess the effect of the six experimental treatment groups on the cell 
cycle distribution of MDA-MB-231, 231-EV, 231-EGFP, MCF-7 and 
MCF10A via ethanol fixing, propidium iodide (PI) staining and flow 
cytometry; 

 To assess the effect of the six experimental treatment groups on the cell 
migration rate of MDA-MB-231, 231-EV and 231-EGFP via the wound 
healing assay; 

 To assess the mRNA expression of genes regulating cell cycle 
progression (PCNA and CDK2) and cell invasiveness (MMP-9). 
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 4.2 Materials and method 
4.2.1 Cell Culture Maintenance 

 
Human breast adenocarcinoma cell line, MDA-MB-231, MDA-MB-231 
transfected with pCDNA3.1(+) (#2903) (231-EV) and E-cadherin-Green 
Fluorescent Protein (EGFP) plasmid, a gift from Jennifer Stow (Addgene 
plasmid #28009) (231-EGFP) were maintained as reported in Chapter 3. MCF-
7 was maintained on culture with Dulbecco’s Modified Eagle Medium (DMEM) 
(Corning, U.S.A.) supplemented with 10% (v/v) of fetal bovine serum (FBS) 
(Gibco Life Technologies, U.S.A.) and 1% (v/v) penicillin-streptomycin (Gibco 
Life Technologies, U.S.A.) at 37˚C and 5% CO2, 95% O2 atmosphere. The non-
tumourigenic human breast epithelial cell line, MCF10A, was maintained by 
DMEM/F-12 (Corning, U.S.A.) supplemented with 5% equine serum (RMBIO, 
U.K.), 20 ng/mL epidermal growth factor (EGF) (Sigma-Aldrich, U.S.A.), 0.5 
µg/mL hydrocortisone (Nacalai Tesque, Japan), 10 µg/mL insulin and 1% (v/v) 
penicillin-streptomycin at the same physical condition as above. For 
experimental assays on MCF10A, the DMEM/F-12 medium was supplemented 
with all the aforementioned components except epidermal growth factor. 

4.2.2 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium 
 Bromide (MTT) Cell Viability Assay  
 

MDA-MB-231 cells were seeded at 5 × 104 cells per well in 96-well plate. At 24 
h post-seeding, cells were treated with Trichostatin A (12.5, 25, 50, 100, 200 
nM TSA) and Zebularine (1, 2, 4, 6, 8, 10 µM Zeb) at all possible combination 
of concentrations for 24, 48 and 72 h. At the respective post-treatment time-
point, medium was removed from each well and the wells were washed with 
100 µL of 1× PBS. MTT solution (1 mg/ml) was added at 100 µL per well. After 
4 h of incubation at 37˚C, MTT solution was removed and 150 µL of dimethyl 
sulfoxide was added to each well to dissolve the purple formazan crystals 
formed by MTT reduction. The absorbance values at 570 nm and 630 nm were 
measured. The normalized absorbance value is taken from the formula A570 – 



  

94  

A630. The percentage of cell viability compared to untreated control was 
calculated as follows:  

Normalized absorbance value (treated)
Normalized absorbance value (untreated)     ×    100% 

The IC25 of TSA and Zeb combination was obtained from the cell viability graph 
obtained from this assay. The IC25 of single TSA and single Zeb were obtained 
from previous optimization results. The experimental treatment groups of (i) 
untreated, (ii) IC25 TSA (TSA), (iii) IC25  Zeb (Zeb), (iv) IC25 TSA and Zeb (TZ), 
(v) 50 ng/µL TRAIL (TRAIL) treatment for 24, 48 and 72 h and (vi) IC25 TSA 
and Zeb for 12 h followed by 50 ng/µL TRAIL (TZT) treatment for 24, 48 and 
72 h were tested in terms of cytotoxicity on MDA-MB-231, 231-EV, 231-EGFP, 
MCF-7, and non-tumourigenic human breast epithelial cell line, MCF10A. 

4.2.3 Cell cycle analysis using ethanol fixing and propidium 
iodide DNA staining method 

 
MDA-MB-231, 231-EV and 231-EGFP were seeded at 2.3 × 105 cells per well 
while MCF-7 and MCF10A were seeded at 3.25 × 105 cells per well of 6-well 
plate. The cells were treated with the indicated treatment groups as above. At 
24, 48 and 72 h post-treatment, cells were trypsinized and harvested as pellet. 
The chilled ethanol [70% (v/v)] was added at 500 µL per sample tube and tubes 
were kept at -20˚C for a week for cell fixing. Subsequently, the cell pellet was 
harvested again via centrifugation at 2000 rpm for 5 min. After the supernatant 
had been removed, the propidium iodide (PI) staining solution (0.1% (v/v) 
Triton X-100 (Nacalai Tesque, Japan), 50 μg/ml PI (Sigma-Aldrich, U.S.A.) and 
100 μg/mL DNase-free RNase A (Nacalai Tesque, Japan) in 1× PBS) was 
added at 500 µL per sample to stain the cellular DNA. After incubation at room 
temperature for at least 30 min, the cellular DNA content was assessed using 
the FL-2 channel of the BD Accuri C6 flow cytometer (BD Biosciences, U.S.A.) 
At least 10,000 events were recorded per sample. The percentage distribution 
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of cells across the cell cycle phades of G0/G1, S and G2/M were quantified 
using the ModFit LTTM software (Verity Software House, U.S.A.).   

4.2.4 Wound healing assay (scratch assay) 
 

MDA-MB-231, 231-EV, and 231-EGFP were seeded at 1 × 105 cells per well 
of 24-well plate to form a confluent monolayer. Thereafter, the cell monolayer 
was wounded with a p200 tip at consistent pressure and pipette tip angle to 
keep the wound consistent (Jonkman et al., 2014). The scratch edge was 
smoothened by washing of cells once with 1 mL of 1× PBS. Untreated wells 
were added with DMEM with 10% (v/v) FBS while treated wells were added 
with the indicated treatment groups as above. Microscope images were 
captured after incubation at 37˚C for 0, 3, 6, 12 and 24 h. The area of the gap 
formed by the scratch was quantified using ImageJ and statistically analysed.  

4.2.5 RT-PCR assessment of mRNA expression of proliferating cell 
nuclear antigen (PCNA), cyclin-dependent kinase-2 (CDK2) and 
matrix metalloproteinase 9 (MMP9) 
 
At 24 and 48 h after the indicated treatments as above, total RNA was extracted 
from MDA-MB-231, 231-EGFP and MCF-7. The total RNA was subjected to 
qualitative and quantitative assessments using the ratios of A260/A280 and 
A260/A230 with 1.8 – 2.0 as the range of good RNA quality.  The total RNA of 
good quality was then subjected to RQ1 RNase-free DNase I (M6101) 
(Promega, U.S.A.) treatment to remove any trace of genomic DNA 
contamination. The DNase I-treated RNA was converted to cDNA via the First 
Strand cDNA Synthesis Kit using ProtoScript II Reverse Transcriptase (M0368) 
(New England Biolabs, U.S.A.). Subsequently, the synthesized first strand 
cDNA was then subjected to PCR amplification using the PCR reagents kit 
(Bioline, U.S.A.) with primers targeting proliferating cell nuclear antigen 
(PCNA), cyclin-dependent kinase-2 (CDK2), matrix metalloproteinase 9 
(MMP9) and the housekeeping beta-actin (β-actin) gene. The primer 
sequences are as follows:  
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The PCR condition was 94˚C for 2 min, 35 cycles of 94˚C for 30 s, 55˚C for 20 s and 
72˚C for 20 s, and 72˚C for 5 min. The respective PCR amplicons were subjected to 1% 
agarose gel electrophoresis and visualized using SyBr safe staining. Gel image of 
targeted band was captured using the Bio-Rad GelDoc Imager (Bio-Rad, U.S.A.). 

 

 

 

 

 

 

 

Gene Primer sequence 
PCNA Forward:  

5'-CCATCCTCAAGAAGGTGTTGG-
3' 
Reverse: 
5'-
GTGTCCCATATCCGCAATTTTAT-
3' 
 

CDK2 Forward: 
5'-CATGAGGTGGTGACCCTGTG-3' 
Reverse: 
5'-CAAATAGCCCAAGGCCAAGC-3' 

 
MMP9 

 
Forward: 
5'-GATGCGTGGAGAGTCGAAAT-3' 
Reverse: 
5'-CACCAAACTGGATGACGATG-3'  

 
 β-actin 

 
Forward: 
5’-AGAGCTACGAGCTGCCTGAC-3’ 
Reverse: 
5’-AGCACTGTGTTGGCGTACAG-3’ 



  

97  

 4.3 Results 
4.3.1 MTT cell viability assay screening of inhibitory 

concentrations (ICs) of TSA and Zeb combined treatment on MDA-
MB-231 

 
Based on the results from MTT cell viability assay after the combined treatment 
of Trichostatin A (TSA) and Zebularine (Zeb), dose reduction was achieved for 
both drugs. IC25 of TSA when in combination with Zeb was halved from 25 nM 
(Appendix C) to 12.5 nM (Figure 20) for 24 h treatment. However, IC25 of TSA 
when in combination with Zeb in treating MDA-MB-231 cells increased to 25 
nM at the 72 h time-point (Figure 22). On the other hand, dose reduction of Zeb 
was slightly less as the IC25 of Zeb was only reduced from 4.75 µM (Appendix 
D) to 4 µM at the 24 h time-point (Figure 20). High concentrations of TSA and 
Zeb starting from 200 nM TSA and 4 µM Zeb gave significantly (P<0.05) 
decreased cell viability compared to the untreated MDA-MB-231 as early as 24 
h post-treatment (Figure 20) and progressively gave very significantly (P<0.001) 
lower cell viability compared to untreated control at 72 h post-treatment (Figure 
22).  
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Figure 20  MTT cell viability data of all combinations of TSA (12.5, 25, 50, 100, 200nM TSA) and 
Zebularine (1, 2, 4, 6, 8, 10µM) concentrations. IC25 of TSA and Zeb combined treatment on MDA-MB-231 for 24 h was determined from the data. The same data is presented as line graph (above) 
and bar chart (below) representation. Means are from triplicate values of at least three independent 
experiments. Error bars represent SEM. 
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Figure 21   MTT cell viability data of all combinations of TSA (12.5, 25, 50, 100, 200nM TSA) and 
Zebularine (1, 2, 4, 6, 8, 10µM) concentrations. IC25 of TSA and Zeb combined treatment on MDA-MB-231 for 48 h was determined from the data. The same data is presented as line graph (above) and bar 
chart (below) representation. Data represents means + SEM of three independent experiments of 
triplicates.  
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Figure 22   MTT cell viability data of all combinations of TSA (12.5, 25, 50, 100, 200nM TSA) and 
Zebularine (1, 2, 4, 6, 8, 10µM) concentrations. IC25 of TSA and Zeb combined treatment on MDA-MB-
231 for 72 h was determined from the data. The same data is presented as line graph (above) and bar 
chart (below) representation. IC25 of TSA and Zebularine combination was determined as shown in the 
line graph (black line). The IC25 is bolded and underlined in the legend. Data represents means + SEM of 
three independent experiments of triplicates.  
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 4.3.2 MTT cell viability assay on IC selection for consecutive treatment 
  with TRAIL 
 

From the IC screening test of TSA and Zeb (TZ) combinations, in order to select 
an optimal sub-toxic IC for the consecutive treatment with TRAIL, IC15, IC20, 

IC25, and IC30 of TSA and Zeb combination which are 12.5 nM TSA and 1 µM, 
2 µM, 4 µM, 6 µM Zeb, respectively were extracted from the cell viability curve 
of 24 h treatment (Figure 20) to perform the consecutive treatment with TRAIL. 
One Way ANOVA analysis and Tukey post-hoc test revealed that there is no 
significant differences (P>0.05) among the chosen ICs. Nonetheless, 12.5 nM 
TSA and 4 µM Zeb (IC25) were chosen as this sub-toxic dose for TZ 
combination inhibited the 231-EGFP cell growth to the greatest extent, giving 
a post-treatment cell viability of 82.7% in contrast to 91.97%, 92.52% and 85.71% 
given by IC15, IC20 and IC30, respectively (Figure 23).  
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Figure 23   IC15 (12.5 nM TSA, 1 µM Zeb), IC20 (12.5 nM TSA, 2 µM Zeb), IC25 (12.5 nM TSA, 4 
µM Zeb) and IC30 (12.5 nM TSA, 6 µM Zeb) of the Trichostatin A and Zebularine (TZ) combined 
treatment were chosen from the 24 h post-treatment cell viability curve of MDA-MB-231. These 
ICs were used to treat MDA-MB-231 (231) and geneticin selected MDA-MB-231 transfected with 
pCDNA3.1 empty vector (231-EV) and with E-cadherin-GFP plasmid (231-EGFP) for 12 h 
followed by TRAIL treatment for 24 h. Data represents means + SEM of three independent 
experiments of triplicates.  
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4.3.3 TSA and Zeb sensitization along with E-cadherin 
  expression enhanced TRAIL-induced cytotoxicity in 231-EGFP   
  and MCF-7  

 

As shown in Figure 24, all 6 treatment groups of IC25 TSA (TSA), IC25 Zeb (Zeb), 
IC25 TSA and Zeb combined (TZ), 50ng/mL TRAIL (TRAIL) and IC25 TSA and 
Zeb followed by 50 ng/mL TRAIL (TZT) did not yield significantly lower cell 
viability as compared to the untreated control of the respective cell lines, MDA-
MB-231 and geneticin (G4-18) selected MDA-MB-231 transfected with 
pCDNA3.1 empty vector (231-EV) at 24 h time point. Nonetheless, MDA-MB-
231 cells transfected with the EGFP plasmid harbouring the CDH1-GFP gene 
(231-EGFP) had significantly (P<0.05) reduced cell viability of 70.3% and 79% 
after both TZ and TRAIL treatment for 24 h. Furthermore, TZT had further 
reduced the cell viability to 62.12% (P<0.001) (Figure 24a). On the other hand, 
there was no significant reduction in cell viability of MCF-7 across the untreated 
and treatment groups at the 24 h time-point. However, TZT-treated MCF-7 had 
a cell viability of 66.13% which is similar to TZT-treated 231-EGFP which had 
a cell viability of 62.12% (Figure 24a). At 48 and 72 h post-treatment, both 
single TRAIL and TZT treatments did not yield significant reduction in all cell 
lines except MCF-7 in which the TZT and TRAIL treatment have significantly 
(P<0.05) inhibited its cell viability at 48 and 72 h, respectively (Figure 24b and 
24c).  

On the other hand, the epigenetic drug, TSA treatment significantly (P<0.05) 
reduced cell viability of MDA-MB-231 and 231-EV at 48 and 72 h post-
treatment, respectively while both the single TSA and single Zeb treatment 
gave significant reduction of MCF-7 cell viability at 48 h post-treatment (Figure 
24b and 24c). In addition, TZ treatment had significant effect in reducing cell 
viability of all cell lines at 72 h (Figure 24c).  
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Figure 24   MTT cell viability data of different TSA, Zeb and TRAIL drug treatment groups on 
MDA-MB-231 (231), geneticin selected MDA-MB-231 transfected with pCDNA3.1 empty vector (231-EV) and with E-cadherin-GFP plasmid (231-EGFP) and MCF-7 for (a) 24, (b) 48
and (c) 72 h. All means are average of triplicate values from at least three independent 
experiments.  Error bars represent SEM. One-Way ANOVA test was used to compare means 
of the different treatment groups. *(P<0.05) and **(P<0.001) are significant and very 
significant differences from untreated control.  
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4.3.4 The effect of drug treatment on cell proliferation of MDA 
MB-231, 231-EV, 231-EGFP and MCF-7 

 
In order to assess the effect of drug treatment on cell proliferation in the cell 
lines, the proliferation rate (%) was calculated with reference to the respective 
normalized absorbance values of MTT assay of each sample where 100% = 
no proliferation; < 100% = cell toxicity and >100% = proliferation. Figure 25a 
shows that the control MDA-MB-231 cells were highly proliferative with the 
proliferation rate significantly (P<0.001) higher at 72 h compared to that at 24 
h across all treatment groups. In addition, 231-EV maintained significantly 
(P<0.001) higher proliferation rate at both 48 and 72 h post-treatment.  

On the other hand, in 231-EGFP cells, there was an initial spike in proliferation 
rate across all experimental groups at 48 h. However, there was a significant 
(P<0.05) decrease in cell proliferation rate across all treatment groups from 48  
to 72 h post-treatment (Figure 25c). With regards to MCF-7, the proliferation 
rate remained low but was significantly (P<0.05) increased at 72 h across all 
treatment groups (Figure 25d).  
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Figure 25   MTT proliferation data of different TSA, Zebularine and TRAIL drug treatment 
groups on (a) MDA-MB-231 (231) (b) geneticin selected MDA-MB-231 transfected with 
pCDNA3.1 empty vector (231-EV) and with (c) E-cadherin-GFP plasmid (231-EGFP) and (d) MCF7 for 24, 48 and 72 h. All means are average of triplicate values from at least three 
independent experiments.  Error bars represent SEM. One-Way ANOVA test was used to 
compare means of the different treatment groups. **(P<0.001) are very significant 
differences from 24 h mean proliferation rates while *(P<0.05 is significant differences from 
the mean proliferation rate at 48 h.  
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4.3.5 Minimal inhibitory effect of drug treatment on cell viability 
  and cell proliferation of MCF10A 

 
MCF10A is a non-tumourigenic human breast epithelial cell line used as a 
control in this study to assess the toxicity of the proposed treatment. As 
shown in Figure 26a, all treatment groups, TSA, Zeb, TZ, TRAIL and TZT 
have significantly (P<0.05) reduced the cell viability of MCF10A at 24 h post-
treatment. However, the reduction of cell viability ranged only from 20% to 
30% and there was no significant difference in the reduction of cell viability 
between all treatment groups. At 48 h post-treatment, there was no significant 
reduction in cell viability of MCF10A as induced by all treatment groups 
(Figure 26b).  

There was no significant inhibition of cell proliferation for MCF10A except for 
the TRAIL treatment group (Figure 27). 
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Figure 26   MTT cell viability data of different TSA, Zebularine and TRAIL drug treatment groups on 
MCF10A for (a) 24 and (b) 48 h. Data represents means + SEM of three independent experiments of 
triplicates. * represents significant (P<0.05) differences from the untreated control. 
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Figure 27   MTT proliferation data of different TSA, Zebularine and TRAIL drug treatment 
groups on (a) MCF10A and (b) MCF-7 for 24 and 48 h. *(P<0.05) are significant differences 
from 24 h mean proliferation rate based on independent sample T-test. 
Data represents means + SEM are from three independent experiments of triplicates each.

 
 

0
20
40
60
80

100
120
140
160
180
200

Untreated TSA Zeb TZ TRAIL TZT

Pro
life

rat
ion

 ra
te 

(%
)

Treatment

24h
48h

* 

* 
* 

* 

* 

* 



  

111  

4.3.6 TSA and Zeb sensitization along with E-cadherin 
  expression increased TRAIL-induced cell cycle phade G0/G1 arrest  
  in MDA-MB-231, 231-EGFP and MCF-7 
 

The favourable inhibition of MDA-MB-231 cell viability achieved by TZT 
treatment with the re-expression of E-cadherin had guided us to further analyze 
its anti-cancer effect in the aspect of cell cycle distribution. At 24 h post-
treatment, TZT treatment had significantly (P<0.001) arrested 57.8% of MDA-
MB-231 cells in the G0/G1 phade. TSA and TZ have arrested 41.8% (P<0.05) 
and 43.2% (P<0.05) of MDA-MB-231, respectively, in the G0/G1 phade (Figure 
28a). Interestingly, both TRAIL and Zeb treatments have induced a significant 
(P<0.05) S-phade arrest in contrast with all the other treatments which induced 
G0/G1 arrest (Figure 28a). In addition, TZT treatment had also arrested 66.3% 
(P<0.05) of 231-EV in the G0/G1 phade, having similar trend with MDA-MB-231 
(Figure 28b). On the other hand, with the re-expression of E-cadherin in 231-
EGFP, a significant 74.2% (P<0.05) arrest of 231-EGFP at G0/G1 phade had 
been achieved by the TZT treatment (Figure 28c). With regards to MCF-7 
which inherently expresses E-cadherin, both TZ and TZT have significantly 
(P<0.05) arrested 82% and 83.1% of MCF-7 cells in the G0/G1 phade while 
TRAIL alone did not increase the G0/G1 arrest appreciably from the untreated 
control (Figure 28d).  

On the other hand, the G0/G1 percentage of MCF10A cell population was not 
significantly altered by any of the treatment groups (Figure 28e). The 
representative histograms of cellular DNA content distribution of MDA-MB-231 
231-EV, 231-EGFP, MCF-7 and MCF10A across the G1/G0, S and G2/M 
phades of cell cycle after each treatment group at 24 h post-treatment are 
presented in Appendices E, F, G, H and I, respectively.  
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Figure 28   Percentage of cell population at G0/G1, S and G2/M from cell cycle analysis of different 
treatment groups on (a)MDA-MB-231; (b)231-EV; (c)231-EGFP; (d) MCF-7 breast 
adenocarcinoma cells and (e) MCF10A non-transformed breast epithelial cells for 24 h. Data 
represents means + SEM of two independent experiments of duplicates. One way ANOVA test 
was used to compare means of cell population arrested at the cell cycle phases G0/G1, S, and 
G2/M, respectively after the different treatment groups. (*P<0.05) and **P<0.001) are significant 
and very significant differences from the untreated group and all other treatment groups, 
respectively. (#P<0.05) is significant difference from the treatment group, TRAIL.  
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As the treatment was prolonged to 48 h, all the treatment groups did not have 
significant alteration on the cell cycle distribution across G0/G1, S and G2/M 
phades in MDA-MB-231 (Figure 29a). In 231-EV, the TSA, Zeb and TZ 
treatments have significantly (P<0.05) increased approximately 20% of cells 
being arrested in the G0/G1 phade in comparison with the TZT treatment 
(Figure 29b). Similarly, with the re-expression of CDH1-GFP in 231-EGFP, 20% 
higher (P<0.05) of G0/G1 arrest was achieved by TZ as compared to the TZT 
treatment (Figure 29c). Similar observation of TZ and Zeb inducing significantly 
(P<0.05) higher G0/G1 arrest was also made in CDH1-expressing MCF-7 cells 
(Figure 29d). Despite being ineffective in inducing G0/G1 arrest in the other cell 
lines, TZT had significantly (P<0.05) induced the highest percentage of cells in 
the G2/M phade in MCF-7 in comparison with the untreated control (Figure 29d) 

On the other hand, the percentages of G0/G1 arrest induced by both the TRAIL 
and the TZT treatments are intriguingly lower (P<0.05) than the untreated 
control while TRAIL alone had significantly (P<0.05) induced the highest 
percentage of cells in the S-phade among the untreated control and the other 
treatment groups in MCF10A (Figure 29e).  

At the 72 h treatment time point,  both the untreated and all the treated cells 
showed G0/G1 arrest and there is no significant difference between the 
untreated and all the treatment groups in MDA-MB-231, 231-EV, 231-EGFP 
and MCF10A, respectively (Figure 30a, b, c and e).  However, Zeb had induced 
significant (P<0.05) 70.11% G0/G1 arrest in comparison with the untreated, TZ, 
TRAIL and TZT groups in MCF-7 (Figure 30d).  
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Figure 29  Percentage of cell population at G0/G1, S and G2/M from cell cycle 
analysis of different treatment groups on (a)MDA-MB-231; (b)231-EV; (c)231-
EGFP; (d) MCF7 breast adenocarcinoma cells and (e) MCF10A non-
transformed breast epithelial cells for 48 h. Data represents means + SEM of two 
independent experiments of duplicates. * is significant difference at P<0.05.  
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Figure 30  Percentage of cell population at G0/G1, S and G2/M from cell cycle analysis of 
different treatment groups on (a) MDA-MB-231; (b) 231-EV; (c) 231-EGFP; (d) MCF7 
breast adenocarcinoma cells and (e) MCF10A non-transformed breast epithelial cells for 
72 h. Data represents means + SEM of two independent experiments of duplicates. * is 
significant difference at P<0.05. 
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4.3.7 TZT along with E-cadherin expression had little effect on 
  reducing the migration rate of MDA-MB-231 and 231-EGFP 
 

There is one scientific report that shows TRAIL suppressing CXCR4-cell 
migration in MDA-MB-231 (Wang et al., 2013) albeit the numerous findings that 
support the pro-invasiveness role of TRAIL (Fritsche et al., 2015; Wang et al., 
2014). MDA-MB-231 cells are highly invasive and migratory while MCF-7, on 
the other hand, is mostly poorly invasive in vitro (Perrot-Applanat and Di 
Benedetto, 2012) due to the lower expression of vascular endothelial growth 
factor (VEGF) (Comşa et al., 2015). Therefore, it is justifiable to explore the 
effect of TRAIL and TZT treatment, with or without E-cadherin re-expression, 
on MDA-MB-231, 231-EV and 231-EGFP.  

Based on the results from the wound healing assay shown in Figure 31a, all 
treatment groups did not significantly reduce MDA-MB-231 cell migration rate 
except for the TZ treatment group which significantly (P<0.05) reduced the cell 
migration rate at 3, 6, 12 and 24 h as compared to the untreated control. For 
231-EV, the cell migration rate was significantly (P<0.05) reduced for TZ and 
TZT treatments at 3, 6 and 12 h post-treatment. Nonetheless, TRAIL treatment 
significantly (P<0.05) reduced the cell migration rate of 231-EV only at 3 and 6 
h post-treatment (Figure 31b). On the other hand, in 231-EGFP, Zeb 
significantly (P<0.05) reduced its cell migration rate at 6, 12 and 24 h post-
treatment. TZ treatment also significantly reduced (P<0.05) the cell migration 
rate at 6 and 12 h post-treatment but the reduction is very significant (P<0.001) 
at 24 h post-treatment (Figure 31c). 
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Figure 31   A cell monolayer formed by (a) MDA-MB-231, (b) 231-EV and (c) 
231-EGFP was scratched with a p100 tip along the diameter of a 24-well. 
Microscopic images of the formed gap were then captured at 0, 3, 6, 12, and 
24 h and the gap area was then measured using the ImageJ software. The 
percentages of gap closure at the respective time points are presented above. 
Error bars represent SEM from three independent experiments. (*p<0.05) and 
(**p<0.001) are significant and very significant differences from the untreated 
control, respectively. 
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4.3.8 TZT treatment largely down-regulates PCNA and CDK2 
mRNA expression in MDA-MB-231, 231-EGFP and MCF-7 

 
As shown in the findings from the cell viability assay and cell cycle analysis 
above, TZT treatment had successfully inhibited cell growth and induced G0/G1 
arrest in a significant percentage of cell population of MDA-MB-231, 231-EGFP 
and MCF-7. This had enticed our interest to elucidate the molecular 
mechanisms by which TZT treatment exerts its anti-cancer effects on the 
indicated cell lines. Previous report had stated that histone deacetylase 
inhibitor, MS-275, along with TRAIL had inhibited breast tumour cell 
proliferation as evidenced by decreased proliferating cell nuclear antigen 
(PCNA) immunoreactivity (Srivastava et al., 2010). In addition, cyclin-
dependent kinase 2 (CDK2), an important positive regulator of G1-S 
progression in breast cancer cells (Sweeney et al., 1997), was shown to be 
down-regulated by Zebularine (Nakamura et al., 2013). 

From the RT-PCR findings, there were 7- and 10-fold up-regulation of PCNA 
in MDA-MB-231 treated with TZ and TRAIL for 24 h, respectively, as compared 
to that of the untreated control (0.01) (Figure 32). However, Zeb and TZT 
largely suppressed PCNA expression to 0.03. Similar observation was made 
in 231-EGFP on which Zeb and TZT have largely suppressed PCNA 
expression to 0.05 in comparison with 0.85 in the untreated control. 
Nonetheless, in MCF-7, Zeb only induced approximately 2-fold downregulation 
of PCNA while TZT had downregulated PCNA expression to 14-fold lower than 
the untreated control (1.12).  

On the other hand, both TSA and TZ treatments induced upregulation of CDK2 
in MDA-MB-231 while Zeb, TRAIL and TZT treatments maintained low 
expression of CDK2, with the lowest expression given by TZT (0.04). In 231-
EGFP, all treatment groups have downregulated CDK2 while CDK2 was 
completely and largely suppressed by Zeb and TZT, respectively. Interestingly, 
all treatment groups have upregulated CDK2 in MCF-7 but TZT maintained the 
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lowest CDK2 expression at 0.06 among all. All these findings (Figure 32) are 
in concordance with the cell cycle analysis results (Figure 28) showing TZT 
being the most effective treatment in arresting the breast cancer cell lines at 
G0/G1. Nonetheless, the obtained mRNA expression data had to be 
appropriately verified by the full-quantitative real time qPCR because the digital 
analysis of PCR amplicons using this study method was not performed at the 
exponential phade of PCR amplification reaction, making this method semi-
quantitative at best (Antiabong et al., 2016). Therefore, these preliminary RT-
PCR findings will further be supported by antibody array analyses of other cell 
cycle regulators’ protein expression which will be reported in Chapter 5.   
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Figure 32   Total RNA extraction and RT-PCR on proliferating cell nuclear antigen (PCNA) 
and cyclin-dependent kinase 2 (CDK2. (a) MDA-MB-231 (231), geneticin selected MDA-MB-
231 transfected with pCDNA3.1 empty vector (231-EV) and with E-cadherin-GFP plasmid (231-
EGFP), MCF7 were extracted its total RNA for untreated control (UT), TSA, Zeb, TZ, TRAIL and TZT treatment groups at 24 h time point using the RNeasy Mini Kit. The total RNA was 
DNase I treated and then converted to cDNA prior to PCR amplification using primers specific 
to PCNA and CDK2. Loading amount was normalized using the housekeeping gene, beta-actin. 
The respective band intensity was semi-quantified using the ImageJ software. 
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Similarly, at 48 h post-treatment, Zeb maintained the PCNA expression at 0.03 
as at 24 h treatment time point while TZT had further reduced PCNA 
expression to 0.009 which is 10-fold lower than the background expression at 
0.09 of the untreated MDA-MB-231 (Figure 33). On the other hand, in 231-
EGFP, both the TZ and TZT have induced 7-fold and 2.5-fold down-regulation 
of PCNA expression, respectively, as compared to the untreated control. In the 
CDH1-expressing MCF-7, all TSA, Zeb and TZ treatments have no appreciable 
effect in suppressing PCNA expression while TRAIL and TZT treatments have 
suppressed over 90% of the basal PCNA expression in MCF-7 (Figure 33).  

In terms of CDK2 expression, all TSA, Zeb and TZT treatments have induced 
2-fold down-regulation of CDK2 expression in MDA-MB-231 while there was 
no CDK2 down-regulation induced by single TRAIL treatment (Figure 33). In 
the event of E-cadherin expression, only TSA and TZ treatments have induced 
down-regulation of CDK2 expression at 2-fold and 7-fold, respectively, while 
TRAIL and TZT treatments only maintained CDK2 expression at its basal level 
(Figure 33). On the other hand, in MCF-7, only Zeb induced an appreciable 
2.5-fold down-regulation of CDK2 expression (Figure 33).  
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Figure 33   Total RNA extraction and RT-PCR on proliferating cell nuclear antigen (PCNA) 
and cyclin-dependent kinase 2 (CDK2). (a) MDA-MB-231 (231), geneticin selected MDA-MB-
231 transfected with pCDNA3.1 empty vector (231-EV) and with E-cadherin-GFP plasmid (231-
EGFP), MCF-7 were extracted its total RNA for untreated control (UT), TSA, Zeb, TZ, TRAIL and TZT treatment groups at 48 h time point using the RNeasy Mini Kit. The total RNA was 
DNase I treated and then converted to cDNA prior to PCR amplification using primers specific 
to PCNA and CDK2. Loading amount was normalized using the housekeeping gene, beta-actin. 
The respective band intensity was semi-quantified using the ImageJ software. 
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4.3.9 TZT treatment had insignificant effect on the down- 
  regulation of MMP-9 in MDA-MB-231 and 231-EGFP 
 

Matrix metalloproteinase-9 (MMP-9) is expressed significantly higher in MDA-
MB-231 than in human normal breast cell line (HS578Bst) and is closely related 
to tumour metastasis of breast cancer tissue (Li et al., 2017). TZT did not 
suppress MMP-9 expression in both MDA-MB-231 and 231-EGFP while Zeb 
and TZ maintained low MMP-9 expression in MDA-MB-231 and reduced MMP-
9 expression to almost 2-fold lower than its basal expression in 231-EGFP 
(Figure 34a). At 48 h post-treatment, MMP9 remained being largely 
suppressed by Zeb and TZ treatments in both MDA-MB-231 and 231-EGFP 
(Figure 34b). These data corroborate the findings from the cell migration assay 
reported above (Figure 31a and Figure 31c). Similarly, the obtained mRNA 
expression data had to be appropriately verified by the full-quantitative real 
time qPCR because the digital analysis of PCR amplicons using this study 
method was not performed at the exponential phade of PCR amplification 
reaction, making this method semi-quantitative at best (Antiabong et al., 2016).
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Figure 34   Total RNA extraction and RT-PCR on matrix metalloproteinase 9 
(MMP9). MDA-MB-231 and 231-EGFP were extracted its total RNA for untreated control 
(UT), TSA, Zeb, TZ, TRAIL and TZT treatment groups at (a) 24 and (b) 48 h time point 
using the RNeasy Mini Kit. The total RNA was DNase I treated and then converted to 
cDNA prior to PCR amplification using primers specific to MMP9. 
Loading amount was normalized using the housekeeping gene, beta-actin. The 
respective band intensity was semi-quantified using the ImageJ software. 
 

MMP9 
Beta-actin 

    231 
 
 UT   TSA  Zeb   TZ  TRAIL TZT 

               231-EGFP 
 
UT  TSA  Zeb  TZ  TRAIL TZT 

(b) 

0
0.1
0.2
0.3
0.4
0.5
0.6

UT TSA Zeb TZ TRAIL TZT

No
rm

aliz
ed

 MM
P9

mR
NA

 ex
pre

ssi
on

Treatment
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

UT TSA Zeb TZ TRAIL TZT

No
rm

aliz
ed

 MM
P9

mR
NA

 ex
pre

ssi
on

Treatment

MMP9 
Beta-actin 

    231 
 
UT    TSA  Zeb   TZ  TRAIL TZT 

               231-EGFP 
 
UT  TSA  Zeb  TZ  TRAIL TZT (a) 

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7

UT TSA Zeb TZ TRAIL TZTNo
rm

aliz
ed

 MM
P9

 
mR

NA
 ex

pre
ssi

on

Treatment
0

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1

UT TSA Zeb TZ TRAIL TZTNo
rm

aliz
ed

 MM
P9

 
mR

NA
 ex

pre
ssi

on
Treatment



  

127  

 4.4 Discussion 
 
4.4.1 TSA and Zeb sensitization along with E-cadherin 
  expression enhanced TRAIL-induced cytotoxicity in 231-EGFP 
  and MCF-7 while having no significant inhibitory effect on MCF10A  
 

In this report, the research work focuses on the effect of TSA and Zeb 
sensitization, with and without the re-expression of E-cadherin, on TRAIL-
induced inhibition of cell growth in MDA-MB-231. MCF-7 which inherently 
expresses E-cadherin was tested alongside to compare the treatment effects 
on both CDH1 transfected and non-transfected human breast adenocarcinoma 
cell lines. 

Based on the findings presented in Figure 24, the consecutive treatment of 
Trichostatin A (TSA) and Zebularine (Zeb) combination followed by TRAIL 
(TZT) worked optimally at the 24h time-point. However, this is only the case for 
the CDH1-re-expressed cells, 231-EGFP as the other two cell lines, MDA-MB-
231 and 231-EV showed no significant reduction in cell viability after the 
administration of TZT treatment. As for the 48 and 72 h treatment duration, the 
TZT treatment resulted in reduction of cell viability which was of no significant 
difference with all other treatment groups across all three cell lines.  

The nominal effect of the TZT treatment on MDA-MB-231 cells can be 
explained by the literature’s support on how the MDA-MB-231 cells which are 
TRAIL-sensitive can develop resistance towards sub-toxic doses of TRAIL via 
the endocytosis of its TRAIL-ligated cell surface receptors, TRAIL-R1 (DR4) 
and TRAIL-R2 (DR5) (Yoshida et al., 2009; Zhang et al., 2009). The 
internalization of DR4 and DR5 via the TRAIL ligation-induced endocytosis 
leads to dampening of the transmitted apoptosis signal, resulting in abated 
sensitivity of MDA-MB-231 towards TRAIL-induced apoptosis. In addition, a 
recent study in TRAIL-resistant breast cancer cell lines, BT474 and AU565, 
shows that the accrual of basal autophagosomes can give rise to TRAIL 
resistance by sequestering the DR4 and DR5 population from cell surface to 



  

128  

cell interior and the proposed theory had been verified in MDA-MB-231 (Di et 
al., 2013). Intriguingly, both TSA and Zeb were shown to induce autophagy (He 
et al., 2014; Yang et al., 2013) which can potentially be the source of basal 
autophagosomes accumulation in this case. Therefore, despite TSA being able 
to upregulate DR4 and DR5, the concurrent accretion of autophagosomes 
through its autophagy induction might have potentially withdrawn the DR4 and 
DR5 from their active, surface localization, thereby causing the deteriorated 
TRAIL-mediated apoptosis signal.  

In contrast, the post-treatment cell viability of 231-EGFP with CDH1 re-
expressed had been significantly (P<0.05) reduced after treatment of IC25 TSA 
and Zeb combination (TZ) and TRAIL while TZT treatment gave very significant 
(P<0.001) decline in the post-treatment 231-EGFP cells (Figure 24a). In the 
CDH1-expressing MCF-7, TZT had reduced its cell viability to 66.13% which is 
similar to the reduction achieved in 231-EGFP at 62.12% (Figure 24a).  In 
addition, despite being non-significant, CDH1 re-expression in 231-EGFP 
consistently reduced the proliferation to the initial rate across all treatment 
groups (Figure 25c). This could potentially be explained by CDH1 interaction 
with the TRAIL receptors, DR4 and DR5. Lu et al. (2014) had provided 
evidence that E-cadherin interacts physically with TRAIL-ligated DR4 and DR5 
at the plasma membrane, maintains the cell surface localization of the 
receptors and also links them to the cytoskeleton via its association with α-
actin. This therefore enhances the assembly of the death-inducing silencing 
complex (DISC), caspase activation and subsequent apoptosis execution. 

With respect to the epigenetic drugs, TZ, treatment, the sub-toxic IC25 might be 
too low to induce appreciable growth inhibition on MDA-MB-231 cells in a short 
duration of 24 h. However, with CDH1 re-expressed, CDH1 with its known 
function as beta-catenin negative regulator might have complemented TSA 
and Zeb in giving rise to the significant growth inhibition by negatively 
regulating the proliferative Wnt-signaling pathway (Hulsken et al., 1994). Our 
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finding is in agreement with the postulation that E-cadherin expression serves 
to enhance TRAIL-mediated apoptosis and the effect is more evident with the 
additional mechanisms of TRAIL resistance reversal via the administration of 
the epigenetic drugs, TSA and Zeb prior to TRAIL treatment.    

At the same time of being an effective inhibitory treatment on the 
aforementioned human breast cancer cell lines, all the treatment groups did 
not exert significant inhibitory effect on the cell viability and cell proliferation of 
the non-tumourigenic breast epithelial cell line, MCF10A (Figure 26 and Figure 
27). A study had shown that epidermal growth factor receptor (EGFR) 
activation by EGF enhances the sensitivity of non-transformed human breast 
epithelial cells to TRAIL-induced apoptosis by down-regulating cellular FLICE 
(FADD-like IL-1β-converting enzyme)-inhibitory protein (c-FLIP) expression 
(Yerbes et al., 2012). To exclude this factor in our studies, MCF10A is deprived 
of EGF in all experimental assays, and this could potentially justify its initial 
reduction of 20 - 30% cell viability (Figure 26). 
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4.4.2 TSA and Zeb sensitization along with E-cadherin 
  expression increase TRAIL-induced cell cycle phade G0/G1 arrest 
  in MDA-MB-231, 231-EGFP and MCF-7 via the down-regulation of 
  PCNA and CDK2 
 

The positive effect 24 h TZT treatment had on MDA-MB-231 re-expressed with 
CDH1 had guided us to analyse the cell cycle distribution of the post-treatment 
MDA-MB-231, 231-EV and 231-EGFP at the time point of 24 h. Despite having 
non-significant reduction in cell viability of TZT-treated MDA-MB-231 (Figure 
22), the TZT treatment for 24 h had induced significant (P<0.05) and very 
significant (P<0.001) escalation in the percentage of cells being arrested in the 
G0/G1 phade to 57.8% from the TZ treatment group and all other treatment 
groups, respectively (Figure 28a). Studies have shown that tumour cells, 
including breast cancer, induced with G1 cell cycle arrest are more sensitized 
towards TRAIL-apoptosis inducing effect (Florean et al., 2016; Lu et al., 2005; 
Quast et al., 2015). Besides, literature also reported that the epigenetic drugs, 
TSA and Zeb used in this study have induced cell cycle arrest in various 
neoplastic cells including breast cancer (Billam et al, 2010; Damaskos et al., 
2017; Hrgovic et al., 2016).  

Our result is in agreement with these reports as both TSA and TZ treatments 
have significantly (P<0.01) increased G0/G1 arrest in MDA-MB-231 as 
compared to the untreated control (Figure 28a). Zeb (Cheng et al, 2004) and 
TSA (Hrgovic et al, 2016) hade also been reported to induce p21 expression 
which can bind to PCNA and arrest the DNA replication in response to DNA 
damage. In this regard, our finding that Zeb and TZT have largely suppressed 
PCNA mRNA expression (Figure 32) concurs with the notion that TZT growth-
inhibitory effect stems from the p21 DNA damage response pathway. On the 
other hand, our data showed that TRAIL significantly (P<0.05) induced S-
phade arrest with the concomitant decrease in Go/G1 and G2/M population at 
the 24 h time point (Figure 28a). TRAIL treatment maintained low CDK2 
expression in MDA-MB-231 and 231-EGFP at 24 h post-treatment (Figure 32), 
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thus is in agreement with the finding that S-phade arrest occurs with reduced 
CDK2 expression in human breast cancer cells (Laezza et al., 2006). 

Therefore, it is hypothesized that the delayed reduction in cell viability of MDA-
MB-231 on TRAIL and TZT treatment at 48 h (Figure 24b) is explainable by the 
cell cycle arrest induced from the first 24 h of the treatment. This is a promising 
finding as TRAIL can be developed to target against the resting, non-
proliferative tumour cells which are usually recalcitrant towards treatment and 
stimulate relapse after an extended period of time  (Ehrhardt et al., 2015). 
Since MDA-MB-231 is highly proliferative, it is postulated that the efficiency of 
the prior treatment with TSA and Zeb followed by TRAIL in this study can be 
enhanced by prolonging the TSA and Zeb prior treatment to 24 h, allowing 
sufficient time for the induction of cell cycle arrest prior to TRAIL treatment for 
the subsequent 24 h.  

On the other hand, 231-EGFP cells showed consistent increase in arrest at 
G0/G1 across all treatment groups while TZT have also significantly arrested 
MCF-7 in the G0/G1 phade at 24 h post-treatment (Figure 28c and Figure 28d). 
This could be explained by increased E-cadherin expression inactivating 
epidermal growth factor- receptor mitotic pathway (St Croix et al., 1998) and 
concurrently inducing cell cycle G0/G1 phade arrest by the upregulation of cdk 
inhibitor, p27KIP1 and the suppression of the cyclin E–Cdk2 complex activity 
(Wong et al., 2018). However, only TZT treatment significantly (P<0.05) 
arrested 231-EGFP cells in the G0/G1 phade (Figure 28c). This is in agreement 
with the finding that all treatment groups have down-regulated CDK2 
expression while its expression was largely suppressed by Zeb and TZT 
treatments at 24 h (Figure 32). Both PCNA and CDK2 expression have also 
been suppressed by TZT treatment at 24 h in MCF-7 (Figure 32). Moreover, 
TZT had induced 16.4% more G0/G1 arrest in 231-EGFP cells with CDH1-re-
expressed than that induced in MDA-MB-231 with basal or no E-cadherin 
expression (Figure 28a and Figure 28c), further proving the enhanced anti-
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proliferative function of TRAIL with the supplementation of TSA and Zeb 
alongside the re-expression of E-cadherin. 

4.4.3 The effect of treatment on cell migration of 231-EV and 
  231-EGFP 
 

In terms of cell migration reduction, Zeb and TZ worked effectively (Figure 31c) 
in reducing the cell migration rate as compared to the other treatment groups 
and this is corroborated by the downregulation of MMP-9 by Zeb and TZ in 
231-EGFP (Figure 34a and Figure 34b). In the control 231-EV cells without 
CDH1 expression, both TRAIL and TZT treatment groups significantly reduced 
cell migration rate compared to the untreated control as early as 12 h post-
treatment. However, the cells regained their initial migration rate from 12 h to 
24 h post-wounding as the migration rate is similar across untreated and all 
treatment groups at 24 h post-wounding. This suggested that both TRAIL and 
TZT treatments were effective in reducing the migration rate at the initial stage 
post-treatment but the effect was temporary. This result was reasonable as 
TRAIL anti-neoplastic action mainly stems from apoptosis induction. However, 
Wang et al. (2013) had suggested anti-invasiveness potential of TRAIL by their 
group’s observation that TRAIL suppressed a key player in MDA-MB-231 cell 
invasiveness, CXC chemokine receptor 4 (CXCR4) by up-regulating miR-146a 
expression through NF-κB signalling pathway. Our result was in agreement 
with Wang et al. (2013) as this group had also observed TRAIL-induced 
reduction in cell migration rate within the post-wounding duration of 18 h.  

Notwithstanding the decline in migration rate induced by TRAIL treatment in 
the early post-wounding hours, the majority of the literature still supports a pro-
invasiveness role played by TRAIL via the same NF-κB signalling pathway 
(Azijli et al. 2013). TRAIL-R2 seems to be the key receptor that cancer cells 
like breast cancer (Fritsche et al, 2015) and non-small cell lung cancer harness  
(Azijli et al. 2012) in the event of TRAIL-induced cellular invasiveness. 
Moreover, despite the earlier literature supporting an anti-invasive role of E-
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cadherin, recent literature advancements have backed the notion that E-
cadherin expression increases cancer cell invasiveness and metastatic 
potential at the secondary metastatic sites (Chao et al. 2010; Chao et al. 2012; 
Chen et al. 2015). The aforementioned hypothesis was also supported by our 
finding that both TRAIL and TZT treatment could not reduce the migration rate 
of 231-EGFP cells to a significant extent, even at 12 h post-wounding (Figure 
31c), showing that E-cadherin’s growth inhibitory role was more evident than 
anti-invasive role in this study. Only Zeb- and TZ-treated 231-EGFP (Figure 
31c) as well as TZ-treated MDA-MB-231 (Figure 31a) showed significant 
reduction in migration rate up till the 24 h time point and this was corroborated 
by their inhibitory effect on cell migration reported in other instances (Zhou et 
al., 2012; Han et al., 2014) as well as MMP9 down-regulation by Zeb and TZ 
in our study (Figure 34). Moreover, epigenetic data from literature had also 
suggested that the multi-layered epigenetic regulation of MMPs, tissue 
inhibitors of MMPs and collagens can actually serve as a trove of promising 
epigenetic drug targets in the anti-cancer field (Chernov and Strongin, 2012). 
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 4.5 Conclusion 
 

This study shows the promising potential of E-cadherin expression in boosting 
the efficacy of epigenetic drugs, TSA and Zeb sensitization of MDA-MB-231 
human breast adenocarcinoma cells towards TRAIL anti-cancer effects which 
include growth inhibition and G0/G1 cell cycle arrest by the TZT treatment. The 
anti-cancer effects were shown to be mediated by the suppression of PCNA 
and CDK2 expression by the TZT treatment alongside E-cadherin expression. 
Further assessment in the aspect of apoptosis and its underlying molecular 
mechanisms on the feasibility of E-cadherin expression in augmenting TZT 
anti-cancer treatment efficacy in breast cancer is warranted. Nonetheless, 
future prospective study design on TRAIL should not neglect the pro-
invasiveness nature of TRAIL in order that TRAIL can be applied to the cancer 
therapy field effectively.  
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5. The assessment of the apoptotic profile of human breast adenocarcinoma cells treated with Trichostatin A (TSA) and Zebularine 
(Zeb) followed by Tumour Necrosis Factor-related Apoptosis-inducing Ligand (TRAIL) 

 
 5.1 Introduction 

 
Following chapter 2 of this thesis, the results showed that TSA and Zeb have 
sensitized MDA-MB-231 human breast adenocarcinoma cells towards 
enhanced TRAIL-induced anti-cancer effects via TZT-induced growth inhibition 
and G0/G1 cell cycle arrest mediated by PCNA and CDK2 suppression. Similar 
observations had been made in 231-EGFP which had E-cadherin re-
expressed in vitro and in MCF-7 which inherently expresses E-cadherin. 
Therefore, these observations had guided us to further investigate on the anti-
cancer efficacy of TZT treatment in the aspect of apoptosis.  

Apoptosis is a programmed cell death induced by cytochrome c release from 
mitochondria which is driven by caspases and apoptosomes (Pandey et al., 
2018). Apoptosis signalling is mostly aberrant in cancer cells and the 
aberrance stems mainly from unbalanced expression of pro- and anti-apoptotic 
proteins. Apoptosis signalling aberrance drives cancer cells survivability and 
tumour aggressiveness (Chen et al., 2018). Therefore, drug candidate which 
can induce apoptosis in cancer cells is the “Holy Grail” that’s heavily pursued 
by cancer researchers. As aforementioned, TRAIL is an anti-cancer agent of 
high potential due to its selective killing of cancerous or transformed cells and 
the healthy cells are generally escaped from its killing effect (Stuckey and Shah, 
2013). Hence, it could serve as a promising replacement or enhancement of 
standard non-selective and genotoxic chemotherapeutic drugs efficacy in 
cancer therapy (Nagane et al., 2001).  

Albeit the great potential of TRAIL as a selective anti-cancer agent, most 
cancer cells have evaded its apoptosis induction and have thrived with various 
mechanisms of TRAIL resistance (Wang et al., 2014a). First of all, for Type II 
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cells which require mitochondrial intensification in addition to DISC assembly 
and caspase-8 activation for apoptosis execution (Ozören and El-Deiry, 2002), 
dysregulation of the Bcl-2 family proteins was shown to play a role in the 
regulation of TRAIL-induced apoptosis. Their regulatory role had been 
supported by the abolishment of TRAIL-induced apoptosis blockage by 
compound administration that sequestered and down-regulated the Bcl-2 pro-
survival proteins level in various cancer cell types (Hetschko et al., 2008; 
Huang et al., 2009; Kisim et al., 2012).  

In addition, despite the lack of correlation between TRAIL R1 and TRAIL R2 
expression levels and TRAIL sensitivity in breast cancer (Chen et al., 2012; 
Rahman et al., 2009), its frequent mislocalization from cell surface instead had 
contributed to TRAIL resistance (Chen et al., 2012). Since Lu et al. (2014) had 
reported that E-cadherin had a positive role on TRAIL R1 and TRAIL R2 via its 
interaction and sustenance of their surface expression in colon and pancreatic 
cancer cell lines, it was hypothesized that it could function similarly in breast 
cancer cells as well. Therefore, the in vitro E-cadherin re-expressed MDA-MB-
231 (231-EGFP) and inherently E-cadherin expressed MCF-7 were used as 
the models in our study to assess the TZT treatment efficacy with E-cadherin 
expression.  

Besides, inhibitor of apoptosis (IAP) proteins are prominent in influencing the 
downstream signalling of both the extrinsic and the intrinsic apoptotic pathways 
through inhibition of caspase activities by the occurrence of one to three 
Baculovirus IAP Repeat (BIR) domains binding to pockets of caspases-3, -7, 
and -9 (Gyrd-Hansen and Meier, 2010; Silke and Meier, 2013). Similarly, down-
regulation or elimination of these pro-survival IAPs had ablated their caspase 
inhibition and augmented TRAIL-induced apoptosis in cancer cells 
(Allensworth et al., 2012; Lopes et al., 2007).  

On the other hand, the molecular determinants of various TRAIL sensitizers in 
cancer cells include several cell cycle regulators like p21 (Azijli et al., 2014; 
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Conticello et al., 2008) and p27 (Li et al., 2007). In addition, the phosphorylated 
forms of p53 at serine residues of 46 (p-p53 (S46)) and 392 (p-p53 (S392)) 
were also shown to play a part in apoptosis induction (Castrogiovanni et al., 
2018; Wu et al., 2016). Last but not least, hypoxic condition (Mayes et al., 2005) 
and several cell stress proteins (Wang et al., 2014b) have also been implicated 
in the regulation of TRAIL sensitivity. 

Hence, aside from assessing the apoptosis induction of the treatment groups 
of TSA, Zeb, TZ, TRAIL and TZT at the morphology level, selected treatment 
groups of TZ, TRAIL and TZT have also been subjected to Annexin V-
FITC/Propidium Iodide (PI) cellular apoptosis assay and Human Apoptosis 
Proteome Profiling which comprises 35 apoptosis-related apoptosis markers 
of the categories: Bcl-2 family, extrinsic apoptosis pathway, pro-/anti-apoptotic 
proteins, IAPs and their inhibitors, cell cycle regulators and cell stress proteins.  

The research objectives were as follow: 

 To assess the TSA and Zeb combined followed by TRAIL (TZT) treatment 
apoptosis-induction in MDA-MB-231, 231-EGFP and MCF-7 at the 
morphology level via Hematoxylin and Eosin (H and E) staining; 

 To assess the TSA and Zeb combined followed by TRAIL (TZT) treatment 
apoptosis-induction in MDA-MB-231, 231-EGFP and MCF-7 at the cellular 
level via Annexin V-FITC/PI cellular apoptosis flow cytometric assay; 

 To assess the TSA and Zeb combined followed by TRAIL (TZT) treatment 
apoptosis-induction in MDA-MB-231, 231-EGFP and MCF-7 at the 
molecular level via Human Apoptosis Proteome Profiling of 35 apoptosis-
related proteins. 
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 5.2 Materials and method 
 
5.2.1 Hematoxylin and Eosin staining 
 

MDA-MB-231 and 231-EGFP cells were seeded at 3 × 105 cells per well while 
MCF-7 cells were seeded at 3.25 × 105 cells per well on one sterile cover slip 
placed on each well of 6-well plate. After cells have attached to the cover slips, 
the cells were treated with TSA, Zeb, TZ, TRAIL and TZT. At 24, 48 and 72 h 
post-treatment, the culture media were removed from each well and cells were 
washed gently with 1× PBS for twice. The cover slips were gently picked using 
a tip under sterile condition and placed into separate 55 x 14mm petri dishes 
according to the treatment groups. Cells were then fixed with ice-cold methanol 
for 10 min at -20°C and rehydrated at decreasing ethanol concentrations, 
rinsed, stained and dehydrated as follows: 

Reagent Description 
100% ethanol 3 washes at 3 min each 
90% ethanol 2 washes at 3 min each 
70% ethanol 1 wash for 3 min 

Distilled water 1 rinse for 5 min 
Mayer’s Hematoxylin solution 3 min 

Scott’s tap water 1 rinse for 5 min 
95% ethanol 1 wash for 1 min 

Eosin Y solution 2 min 
95% ethanol 2 washes for 1 min each 

100% ethanol 2 washes for 1 min each 
*Mayer’s Hematoxylin (50 g Aluminum potassium sulphate (alum), 1000 mL 
distilled water, 1 g hematoxylin, 0.2 g sodium iodate, 20 mL glacial acetic acid); 
1% (m/v) Eosin Y stock solution (10 g Eosin Y, 200 mL distilled water, 800 mL 
95% ethanol); 0.25% (v/v) Eosin Y working solution (250 mL Eosin Y stock 
solution, 750 mL 80% ethanol, 5 mL glacial acetic acid).  
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Slides were cleared with Xylene twice, each for 2 min before being air-dried 
under a fume hood. Permount solution was dropped onto a microscope slide 
and the cover slip was placed with the side of attached cells in contact with the 
Permount solution and the edges of the cover slip were sealed using nail polish. 
Slides were then viewed under a light microscope at 100× magnification (Nikon, 
Japan).    

5.2.2 FITC-Annexin V / Propidium Iodide cellular apoptosis 
detection  
MDA-MB-231 and 231-EGFP cells were seeded at 2.3 × 105 cells per well 
while MCF-7 cells were seeded at 3.25 × 105 cells per well of 6-well plate. Upon 
reaching semi-confluency, the cells were treated with TZ, TRAIL and TZT. At 
24, 48 and 72 h post-treatment, the floating cells were collected from the 
culture media of both the untreated and the treated wells via centrifugation at 
2000 rpm at room temperature. The adherent cells were trypsinized and 
collected into the tubes separated by the treatment groups. The total cells were 
washed twice with cold 1× PBS and then resuspended in 50 µL of 1× Binding 
Buffer. FITC Annexin V and Propidium Iodide (PI) from the FITC Annexin V 
Apoptosis Detection Kit I (BD Pharmingen, U.S.A.) were added at 5 µL each 
per sample. The cells were then vortexed gently and incubated for 15 min at 
room temperature in the dark. Subsequently, 450 µL of 1× Binding Buffer was 
added to each tube and samples were analysed by BD Accuri C6 Flow 
Cytometer (BD Biosciences, U.S.A.) within 1 hr.  
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5.2.3 Human apoptosis array proteome profiling  
5.2.3.1 Cell lysate preparation from the untreated and treated MDA-MB 

231, 231-EGFP and MCF-7 
 

MDA-MB-231 and 231-EGFP cells were seeded at 4.6 × 105 cells per mL while 
MCF-7 cells were seeded at 6.5 × 105 cells per mL in T-25 flask. Upon reaching 
semi-confluency, the cells were treated with TZ, TRAIL and TZT. At 72 h post-
treatment, both the floating and the adherent cells were pelleted via 
centrifugation at 2000 rpm for 5 min and washed with 1× PBS. After removing 
the residual 1× PBS, the cells were solubilized with 100 µL of Lysis Buffer 17 
(provided by the Proteome Profiler™ Array human apoptosis array kit, RnD 
Systems, U.S.A.) supplemented with 10 µg/mL Aprotinin (Nacalai Tesque, 
Japan), 10 µg/mL Leupeptin Hemisulfate (Nacalai Tesque, Japan) and 10 
µg/mL Pepstatin A (Sigma-Aldirch, U.S.A.) for 30 min. Samples were 
homogenized with vortex at 10 min interval. The lysates were then 
microcentrifuged at 16,000 g for 20 min and the supernatant was then 
transferred to clean 1.5 mL microcentrifuge tubes.  

5.2.3.2 Bicinchoninic acid (BCA) protein quantification assay 

  Each total cell lysate sample prepared from 5.2.3.1 was added at 10 µL per 
well of a 96-well microplate. The BCA working reagent (50:1, BCA Reagent A: 
BCA Reagent B) was added at 200 µL per sample per well and the plate was 
mixed thoroughly on a plate shaker for 30 s. The plate was covered and 
incubated at 37°C for 30 min. The plate was cooled to room temperature prior 
to absorbance reading at 562 nm. Three technical replicate readings were 
taken for each sample.  
A standard curve of final diluted bovine serum albumin (BSA) standards 
concentration against their respective A562 value was plotted to determine the 
concentration of each protein sample.  
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5.2.3.3 Human apoptosis array processing 

 The human apoptosis antibody array which consists of 35 apoptosis-related 
proteins (Table 3) was processed according to the manufacturer’s guidelines. 
First, 2 mL of Array Buffer 1 which serves as the block buffer was pipetted into 
each well of the 4-well Multi-dish. One array was placed into each well of the 
4-well Multi-dish using flat-tip tweezers and the dish was incubated for 1 h on 
a rocking platform shaker with its lid on. After removing Array Buffer 1, each 
lysate sample of the untreated, TZ, TRAIL and TZT treatment was added at 
200 µg per array in 1.25 mL of Array Buffer 1 with adjustment to a final volume 
of 1.5 mL with Lysis Buffer 17 followed by overnight incubation at 4°C on a 
rocking platform shaker. 
On the following day, each array was then subjected to three 1× Wash Buffer 
washes of 10 min each. Subsequently, the reconstituted Detection Antibody 
Cocktail was added to 1.5 mL of 1× Array Bufer 2/3 at 100-fold dilution per well 
of the 4-well Multi-dish. Each array was then returned to the 4-well Multi-dish 
and incubated for 1 h on a rocking platform shaker. Each array was then 
subjected to three 1× Wash Buffer washes of 10 min each followed by 30 min 
incubation on a rocking platform shaker with Streptavidin-Horseradish 
peroxidase (HRP) diluted in 2 mL 1× Array Buffer 2/3 at dilution factor of 1:2000. 
Subsequently, each array was then subjected to three 1× Wash Buffer washes 
of 10 min each. Each array was then removed and excess Wash Buffer was 
allowed to drain from the membrane to paper towel. Each array was placed on 
a piece of transparent plastic sheet with the identification number facing up. 
Chemi Reagent mix (200 µL) was pipetted evenly onto each array membrane 
and another piece of transparent plastic sheet was used cover and spread the 
Chemi Reagent Mix evenly without any bubbles formation. It was incubated for 
1 min prior to exposure of 1-10 min and image capturing using the Chemi Hi-
sensitivity feature of Bio-Rad Gel Doc XR (Bio-Rad, U.S.A.).   
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Table 3   The Human Apoptosis Array target proteins, controls and their respective 
coordinates. 

 
 
 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 

Coordinate  Target/Control Coordinate Target/Control 
A1, A2  Reference Spots C13, C14 HO-2/HMOX2 
A23, A24  Reference Spots C15, C16 HSP27 
B1, B2  Bad C17, C18 HSP60 
B3, B4  Bax C19, C20 HSP70 
B5, B6  Bcl-2 C21, C22 HTRA2/Omi 
B7, B8  Bcl-x C23, C24 Livin 
B9, B10  Pro-Caspase-3 D1, D2 PON2 
B11, B12  Cleaved Caspase-3 D3, D4 p21/CIP1/CDKN1A 
B13, B14  Catalase D5, D6 p27/Kip1 
B15, B16  cIAP-1 D7, D8 Phospho-p53 (S15) 
B17, B18  cIAP-2 D9, D10 Phospho-p53 (S46) 
B19, B20  Claspin D11, D12 Phospho-p53 (S392) 
B21, B22  Clusterin D13, D14 Phospho-Rad17 

(S635) 
B23, B24  Cytochrome c D15, D16 SMAC/Diablo 
C1, C2  TRAIL R1/DR4 D17, D18 Survivin 
C3, C4  TRAIL R2/DR5 D19, D20 TNF R1/TNFRSF1A 
C5, C6  FADD D21, D22 XIAP 
C7, C8  Fas/TNFRSF6/CD95 D23, D24 PBS (Negative 

Control) 
C9, C10  HIF-1α E1, E2 Reference Spots 
C11, C12  HO-1/HMOX1/HSP32   
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5.3 Results 
5.3.1 Apoptotic morphological changes: Hematoxylin and Eosin 

staining 
 
Apoptosis is a genetically programmed cell death that occurs with a series of 
hallmark morphological changes initiated from cell shrinkage and nuclear 
chromatin condensation followed by nuclear fragmentation and plasma 
membrane blebbing (He et al., 2009). The process then culminates in the 
components of the cell being packed into membrane-bound bodies called 
apoptotic bodies which will then be endocytosed by macrophages and/or 
neighbouring cells (Abou-Ghali and Stiban, 2015).  

At 24 h post-treatment, the morphological changes of apoptosis such as cell 
shrinkage, nuclear chromatin condensation and plasma membrane blebbing 
have been observed in MDA-MB-231 treated with all treatments of TSA, Zeb, 
TZ, TRAIL and TZT (Figure 35). The later stage of morphological changes such 
as nuclear fragmentation was observed in MDA-MB-231 treated with Zeb, TZ, 
TRAIL and TZT. Nonetheless, apoptotic bodies were only captured in MDA-
MB-231 treated with TZT (Figure 35).  

At 48 h post-treatment, similar trend as that of 24 h treatment was observed 
across all treatment groups. However, nuclear fragmentation and apoptotic 
body formation were more evident in MDA-MB-231 treated with TZT (Figure 
36). At the time point of 72 h, the untreated MDA-MB-231 started to shrink and 
its nuclear chromatin condensed. Cell shrinkage, nuclear chromatin 
condensation and plasma membrane blebbing consistently occurred in the 
treatment groups of TSA, Zeb, TZ, TRAIL and TZT. TSA-treated MDA-MB-231 
showed slight occurrence of nuclear fragmentation while TZT-treated MDA-
MB-231 displayed more evident nuclear fragmentation and apoptotic body 
formation in addition to the earlier morphological changes of cell shrinkage and 
nuclear chromatin condensation (Figure 37) 



  

144  

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 35   Microscopoic images of hematoxylin and eosin (H and E) stained (A) 
untreated MDA-MB-231 and MDA-MB-231 treated with (B) TSA, (C) Zeb, (D) TSA 
and Zeb, (E) TRAIL for 24 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment 
for 24 h. Scale bars represent 100 µm. The apoptotic morphologies are explained 
as follows: cell shrinkage and nuclear chromatin condensation (black arrows); cell 
membrane blebbing (red arrows); nuclear fragmentation (green arrows); apoptotic 
body (orange arrow). Images were captured at 20× magnification. Scale bars 
represent 100 µm. Insets are of same photo at higher magnification for clear view. 
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Figure 36   Microscopoic images of hematoxylin and eosin (H and E) stained (A) 
untreated MDA-MB-231 and MDA-MB-231 treated with (B) TSA, (C) Zeb, (D) TSA 
and Zeb, (E) TRAIL for 48 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment 
for 48 h. Scale bars represent 100 µm. The apoptotic morphologies are explained 
as follows: cell shrinkage and nuclear chromatin condensation (black arrows); cell 
membrane blebbing (red arrows); nuclear fragmentation (green arrows); apoptotic 
body (orange arrow). Images were captured at 20× magnification. Scale bars 
represent 100 µm. Insets are of same photo at higher magnification for clear view. 

A B

C D

E F



  

146  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 37   Microscopic images of hematoxylin and eosin (H and E) stained (A) 
untreated MDA-MB-231 and MDA-MB-231 treated with (B) TSA, (C) Zeb, (D) TSA 
and Zeb, (E) TRAIL for 72 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment 
for 72 h. Scale bars represent 100 µm. The apoptotic morphologies are explained 
as follows: cell shrinkage and nuclear chromatin condensation (black arrows); cell 
membrane blebbing (red arrows); nuclear fragmentation (green arrows); apoptotic 
body (orange arrow). Images were captured at 20× magnification. Scale bars represent 100 µm. Insets are of same photo at higher magnification for clear view.
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In 231-EGFP which expresses E-cadherin, at the treatment time point of 24 h, 
some nuclear fragmentation were observed in the untreated control. In 
comparison with MDA-MB-231, more nuclear fragmentation had been 
observed across all treatment groups while TZT maintained the highest 
occurrence of nuclear fragmentation. All treatment groups had also induced 
cell shrinkage, nuclear chromatin condensation and plasma membrane 
blebbing in 231-EGFP (Figure 38). 

At 48 h post-treatment, TSA, Zeb and TZ treatment had induced similar extent 
of cell shrinkage, nuclear chromatin condensation and plasma membrane 
blebbing in 231-EGFP. Single TRAIL treatment had induced mostly cell 
shrinkage and nuclear chromatin condensation along with some evidence of 
nuclear fragmentation in 231-EGFP. However, in TZT-treated 231-EGFP, the 
cell morphology had switched towards more evidence of nuclear fragmentation, 
late stage plasma membrane blebbing and apoptotic body formation (Figure 
39).  

As the treatment duration was extended to 72 h, high incidences of cell 
shrinkage, nuclear chromatin condensation and plasma membrane blebbing 
along with some apoptotic body formation had been observed in the untreated 
and TSA-treated 231-EGFP. Zeb and TZ treatments had induced nuclear 
fragmentation in addition to the aforementioned cell morphological changes. 
On the other hand, TZT treatment havd induced more evident apoptotic 
morphological changes than TRAIL alone in terms of higher occurrences of cell 
shrinkage, nuclear chromatin condensation, plasma membrane blebbing and 
apoptotic body formation (Figure 40).   
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Figure 38   Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated 231-EGFP and 231-EGFP treated with (B) TSA, (C) Zeb, (D) 
TSA and Zeb, (E) TRAIL for 24 h; (F) TSA and Zeb for 12 h followed by TRAIL 
treatment for 24 h. Scale bars represent 100 µm. The apoptotic morphologies 
are explained as follows: cell shrinkage and nuclear chromatin condensation
(black arrows); cell membrane blebbing (red arrows); nuclear fragmentation 
(green arrows). Images were captured at 20× magnification. Scale bars 
represent 100 µm. Insets are of same photo at higher magnification for clear 
view. 
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Figure 39   Microscopic images of hematoxylin and eosin (H and E) stained (A) 
untreated 231-EGFP and 231-EGFP treated with (B) TSA, (C) Zeb, (D) TSA and Zeb, 
(E) TRAIL for 48 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment for 48 h. 
Scale bars represent 100 µm. The apoptotic morphologies are explained as follows: 
cell shrinkage and nuclear chromatin condensation (black arrows); cell membrane 
blebbing (red arrows); nuclear fragmentation (green arrows); apoptotic body (orange 
arrow). Images were captured at 20× magnification. Scale bars represent 100 µm. 
Insets are of same photo at higher magnification for clear view. 
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Figure 40   Microscopic images of hematoxylin and eosin (H and E) stained (A) 
untreated 231-EGFP and 231-EGFP treated with (B) TSA, (C) Zeb, (D) TSA and 
Zeb, (E) TRAIL for 72 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment
for 72 h. Scale bars represent 100 µm. The apoptotic morphologies are explained 
as follows: cell shrinkage and nuclear chromatin condensation (black arrows); cell 
membrane blebbing (red arrows); nuclear fragmentation (green arrows); apoptotic 
body (orange arrow). Images were captured at 20× magnification. Scale bars 
represent 100 µm. Insets are of same photo at higher magnification for clear view.
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In MCF-7 which inherently expresses E-cadherin, both TSA and Zeb 
treatments had induced similar extent of early apoptosis morphological 
changes like nuclear chromatin condensation, cell shrinkage, plasma 
membrane blebbing and slight nuclear fragmentation at the 24 h time point 
(Figure 41b and c). TZ treatment showed similar morphological changes as 
aforementioned with the addition of the appearance of apoptotic bodies (Figure 
41d). On the other hand, both TRAIL and TZT treatments had induced nuclear 
chromatin condensation along with late-stage nuclear fragmentation and 
apoptotic bodies’ formation with TRAIL-induced morphological changes at 
higher incidence as compared to TZT-induced (Figure 41E and F). 

At 48 h post-treatment, nuclear chromatin condensation, nuclear fragmentation, 
slight plasma membrane blebbing and apoptotic bodies’ formation were the 
apoptotic morphological changes observed in the TSA, Zeb and TZ treatment 
groups (Figure 42b, c and d). In addition, both TRAIL and TZT treatments have 
caused mostly nuclear chromatin condensation, nuclear fragmentation and 
apoptotic bodies’ formation in MCF-7. However, comparatively more nuclear 
fragmentation and apoptotic bodies’ formation were observed in the TZT 
treatment group in MCF-7 at 48 h post-treatment (Figure 42E and F).  

At 72 h post-treatment, TSA-, Zeb- and TZ-treated showed morphological 
traces of apoptosis like plasma membrane blebbing, nuclear chromatin 
condensation, nuclear fragmentation, and apoptosis bodies’ formation (Figure 
43b, c and d). On the other hand, TRAIL- and TZT-treated showed 
morphological changes like nuclear fragmentation, nuclear chromatin 
condensation and apoptotic bodies’ formation without tangible plasma 
membrane blebbing (Figure 43E 
and F). 
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Figure 41   Microscopic images of hematoxylin and eosin (H and E) stained (A) 
untreated MCF-7 and MCF-7 treated with (B) TSA, (C) Zeb, (D) TSA and Zeb, 
(E) TRAIL for 24 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment for 24
h. Scale bars represent 100 µm. The apoptotic morphologies are explained as 
follows: cell shrinkage and nuclear chromatin condensation (black arrows); cell 
membrane blebbing (red arrows); nuclear fragmentation (green arrows); 
apoptotic body (orange arrow). Images were captured at 20× magnification.
Scale bars represent 100 µm. Insets are of same photo at higher magnification 
for clear view. 
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Figure 42  Microscopic images of hematoxylin and eosin (H and E) stained (A) 
untreated MCF-7 and MCF-7 treated with (B) TSA, (C) Zeb, (D) TSA and Zeb, 
(E) TRAIL for 48 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment for
48 h. Scale bars represent 100 µm. The apoptotic morphologies are explained 
as follows: cell shrinkage and nuclear chromatin condensation (black arrows); 
cell membrane blebbing (red arrows); nuclear fragmentation (green arrows); 
apoptotic body (orange arrow). Images were captured at 20× magnification.
Scale bars represent 100 µm. Insets are of same photo at higher magnification for clear view. 
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Figure 43   Microscopic images of hematoxylin and eosin (H and E) stained 
(A) untreated MCF-7 and MCF-7 treated with (B) TSA, (C) Zeb, (D) TSA and 
Zeb, (E) TRAIL for 72 h; (F) TSA and Zeb for 12 h followed by TRAIL treatment
for 72 h. Scale bars represent 100 µm. The apoptotic morphologies are 
explained as follows: cell shrinkage and nuclear chromatin condensation 
(black arrows); cell membrane blebbing (red arrows); nuclear fragmentation 
(green arrows); apoptotic body (orange arrow). Images were captured at 20× 
magnification. Scale bars represent 100 µm. Insets are of same photo at higher magnification for clear view. 
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5.3.2 The effect of treatment on the cellular apoptosis of MDA 
MB-231 

 
Apoptosis is a programmed cell death triggered by the activation of various 
caspases in damaged or senesced cells to maintain the body’s homeostasis. 
Macrophages will phagocytose apoptotic cells on the basis of the translocation 
of phosphatidylserine (PtdSer) from the inner to the outer plasma membrane 
(Segawa and Nagata, 2015) in the early stage of apoptosis. Annexin V, a 35-
36 kDa Ca2+ dependent phospholipid-binding protein, was shown to interact 
strongly and specifically with PtdSerand can be used after conjugation with 
fluorescein isothiocyanate (FITC) to detect apoptosis via flow cytometry by 
targeting for the aforementioned loss of plasma membrane asymmetry (van 
Engeland et al., 1998). Cells being tracked from staining both Annexin V-FITC 
and PI negative (viable cells) to Annexin V-FITC positive, PI negative (early 
apoptosis) and Annexin V-FITC and PI positive (late apoptosis) are then 
deemed to have undergone apoptosis.  

As shown in Figure 44a, TZ treatment on MDA-MB-231 for 24 h had induced 
the highest percentage of early and late apoptosis at 7.63% and 2.47%, 
respectively. TZT treatment had induced the second highest percentage of 
early apoptosis at 4.2% while TRAIL-treated MDA-MB-231 had a similar 
percentage of early and late apoptosis with that of untreated MDA-MB-231. 

At 48 h post-treatment, TZ treatment remained the best inducer of apoptosis 
in MDA-MB-231 with 10.67% and 4.3% of early and late apoptosis, 
respectively. TZT-induced apoptosis remained similar to that at 24 h post-
treatment (Figure 44b). From the preliminary findings at the 24 h and 48 h 
treatment time point, the minimal induction of apoptosis had guided us to 
attempt the 72 h treatment time point.  

At 72 h post-treatment, TZ treatment had induced significantly (p<0.05) highest 
percentage of apoptosis in MDA-MB-231. Despite being insignificant, TZT had 
induced 7% more early apoptotic MDA-MB-231 population than that induced 
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by single TRAIL treatment (Figure 44c). The representative dot plots of MDA-
MB-231 at the 24 h time point are shown in Appendix J.  
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 Figure 44  Percentage of cell population which has undergone early apoptosis, late 

apoptosis and dead from Annexin V-FITC/PI cellular apoptosis assay of different treatment groups on MDA-MB-231 for (a) 24, (b) 48 and (c) 72 h. Data represents means 
+ standard deviation from one independent experiment of triplicates for (a) and (b). Data 
represents means + SEM from two independent experiments of triplicates each for (c). 
*(p<0.05) is significant difference from the untreated (UT) control and TRAIL treatment 
based on LSD mean separation.  
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5.3.3 The effect of treatment on the cellular apoptosis of E 
cadherin re-expressed MDA-MB-231 (231-EGFP) 

 
Similar to that observed in MDA-MB-231, TZ had induced the highest 
percentage of apoptosis in 231-EGFP at the 24 h time point. However, in 
contrast to 7.63% and 2.47% of early and late apoptosis as induced by TZ 
treatment in MDA-MB-231, 2.2% and 0.6% of 231-EGFP had undergone early 
and late apoptosis, respectively, as induced by TZ treatment (Figure 45a). On 
the other hand, both the TRAIL and TZT treatment had not induced higher 
apoptosis rates as compared to the untreated 231-EGFP. 

At 48 h, the trend remained the same as that of 24 h time point with TZ being 
most effective in inducing the highest (7.43%) percentage of cells undergoing 
early apoptosis while TRAIL and TZT remained ineffective in inducing 
appreciable higher apoptosis rate than that of untreated 231-EGFP (Figure 
45b). Similar to MDA-MB-231, 72 h time point had been selected as the time 
point for experiment due to the preliminary finding of minimal apoptosis 
induction by the treatment at 24 and 48 h time points.  

As treatment was prolonged to 72 h, the early apoptosis rates of 231-EGFP 
were similar across all experimental groups including the untreated control. On 
the other hand, the late apoptosis rate induced by TRAIL in 231-EGFP was the 
highest (p<0.05) among the other treatment groups. In addition, TRAIL had 
also significantly (p<0.05) induced the highest percentage of dead cells in 231-
EGFP at this time point (Figure 45c). The representative dot plots of 231-EGFP 
at the 24 h time point are shown in Appendix K.  
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Figure 45  Percentage of cell population which are undergoing early apoptosis, late 
apoptosis and dead from Annexin V-FITC/PI cellular apoptosis assay of different treatment groups on 231-EGFP for (a) 24, (b) 48 and (c) 72 h. Data represents means +
standard deviation from one independent experiment of triplicates for (a) and (b). Data 
represents means + SEM from two independent experiments of triplicates each for (c).
*(p<0.05) is significant difference from the TZ treatment for late apoptosis and from all the other experimental groups for dead cells.  
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5.3.4 The effect of treatment on the cellular apoptosis of MCF7 
 

At all three time points of 24, 48 and 72 h, only minimal late apoptosis events 
and dead cells were detected both in the untreated and treated MCF-7. 
Preliminary findings showed that at 24 h post-treatment, TZT did not induce 
appreciable increase in early apoptosis events as compared to the untreated 
control. TRAIL had induced the highest early apoptosis rate at 9.47% among 
the other experimental groups but this was only slightly higher than TZ-induced 
early apoptosis rate of 8.43% (Figure 46a).  

At 48 h post-treatment, both the TZ and TRAIL treatments did not induce 
appreciable increase in early apoptosis events whereas TZT had induced 
approximately 3-fold increase (42.23%) in early apoptosis events in contrast to 
the untreated control (Figure 46b).  

When the treatment was extended to 72 h, only TZ treatment significantly 
(p<0.05) doubled the early apoptosis rate from the background rate of the 
untreated MCF-7 while TRAIL and TZT did not significantly increase the early 
apoptosis rate higher than that of the background rate (Figure 46c). The 
representative dot plots of MCF-7 at the 24 h time point are shown in Appendix 
L. 
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Figure 46   Percentage of cell population which are undergoing early apoptosis, late 
apoptosis and dead from Annexin V-FITC/PI cellular apoptosis assay of different treatment groups on MCF-7 for (a) 24, (b) 48 and (c) 72 h. Data represents means + standard 
deviation from one independent experiment of triplicates for (a) and (b). Data represents 
means + SEM from two independent experiments of triplicates each. *(p<0.05) is 
significant difference from all other experimental groups for early apoptosis for (c). 
*(p<0.05) is significant difference from all other experimental groups for early apoptosis. 
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5.3.5 The effect of treatment on the protein expression of 
  apoptosis-related genes in MDA-MB-231 
 

Bcl-2 family is a protein family which comprises of three groups of proteins that 
are structurally and functionally related in the regulation of intrinsic apoptosis: 
1) the pore formers, Bax and Bad, that oligomerize in the mitochondrial outer 
membrane (MOM), thereby permeabilizing it to release components to activate 
the executioner caspases; 2) the activator, BH3 proteins, which sense cellular 
stress and activates the pore formers and 3) the anti-apoptotic members like 
Bcl-2 and Bcl-xL which inhibit either the pore formers or the activators pro-
apoptotic functions by interacting with them (Shamas-Din et al., 2013).  

At 72 h post-treatment, TZ treatment had induced a significant (p<0.05) 
increase in Bad expression and a significant *(p<0.05) and very significant 
**(p<0.01) decrease in Bcl-2 and Bcl-xL expression, respectively, in MDA-MB-
231 as compared to the untreated control. TRAIL significantly *(p<0.05) 
reduced Bcl-2 expression relative to the untreated control while TZT did not 
significantly alter the expression levels of any of the Bcl-2 family proteins 
investigated (Figure 47).  
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Figure 47   Bcl-2 family proteins expression in the untreated MDA-MB-231 (UT) and 
MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA 
and Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + 
standard deviation. *(p<0.05) is significant difference from UT using the Student’s T-test. 
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On the other hand, the protein expression of some key apoptotic players in the 
extrinsic apoptosis pathway like TRAIL receptor 1 (TRAIL R1), TRAIL receptor 
2 (TRAIL R2), Fas-associated death domain (FADD), Fas apoptosis ligand 
(Fas) and Tumour Necrosis Factor receptor 1 (TNF R1) had also been 
assessed. As shown in Figure 48 , both TZ and TRAIL treatments had 
significantly *(p<0.05) increased TRAIL R1 expression at 1.68-fold and 1.39-
fold, respectively, at 72 h post-treatment in MDA-MB-231. In addition, TZT had 
very significantly **(p<0.01) increased TRAIL R2 expression as compared to 
untreated MDA-MB-231. Interestingly, TZT stood out as the only treatment that 
significantly *(p<0.05) increased the expression of apoptosis ligand, Fas, in 
MDA-MB-231. However, none of the treatment groups had induced significant 
changes on the expression of FADD and TNF R1.  
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Figure 48   Extrinsic pathway proteins expression in the untreated MDA-MB-231 (UT) and 
MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and 
Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT using 
the Student’s T-test. 
 



  

166  

Apart from the distinctive apoptosis players which constitute the extrinsic and 
intrinsic apoptosis pathways, respectively, the expression of other pro-
apoptotic proteins like pro-caspase-3, cleaved caspase-3 and cytochrome c 
had also been analysed in MDA-MB-231 at 72 h post-treatment. Surprisingly, 
all treatment groups did not significantly enhance both the pro-caspase 3 and 
cleaved caspase-3 expression levels as compared to the untreated control. 
Intriguingly, cytochrome c expression levels had been significantly *(p<0.05) 
downregulated by all the three treatment groups (Figure 49). 

On the other hand, the anti-apoptotic proteins, catalase and paraoxonase-2 
(PON2) remained largely at the basal expression levels with the exception of 
TZ treatment which induced a 2.2-fold increase in PON2 expression in contrast 
to that of the untreated MDA-MB-231. Conversely, the anti-apoptotic protein, 
clusterin, had been significantly *(p<0.05) down-regulated for 50 to 60% by TZ, 
TRAIL and TZT treatments (Figure 49). 
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Figure 49   The expression of pro-apoptotic proteins (pro-caspase-3, cleaved caspase-3 and 
cytochrome c) and anti-apoptotic proteins (catalase, PON2, and clusterin) in the untreated MDA-MB-
231 (UT) and MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA 
and Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data represents mean ± standard deviation. 
*(p<0.05) and **(p<0.01) are significant and very significant differences from UT using the Student’s T-
test. 
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Subsequently, the protein expression of the family of inhibitors of apoptosis 
proteins (IAPs) and their inhibitors was also assessed to further delineate the 
apoptosis molecular events induced by the treatment groups. As shown in 
Figure 50, cellular inhibitor of apoptosis protein 1 (cIAP-1) and cellular inhibitor 
of apoptosis protein 2 (cIAP-2) were neither down-regulated not up-regulated 
in all the treatment groups. Nonetheless, TZ, TRAIL and TZT treatments had 
all consistently and significantly *(p<0.05) down-regulated the IAPs, Livin, 
Survivin and X-linked inhibitor of apoptosis (XIAP). Concurrently, TZ and TZT 
but not TRAIL had significantly *(p<0.05) up-regulated the second 
mitochondria-derived activator of caspase (SMAC). TZT had induced the 
highest SMAC expression at 1.19-fold relative to the untreated MDA-MB-231 
(Figure 50). 
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Figure 50   The protein expression of IAP family proteins (cIAP-1, cIAP-2, Livin, Survivin 
and XIAP) and IAP inhibitors (SMAC and HTRA2) in untreated MDA-MB-231 (UT) and 
MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA 
and Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data represents mean + 
standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences 
from UT using the Student’s T-test. 
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With regards to apoptosis study, it is worthwhile to also assess the cell cycle 
regulators because cell cycle checkpoint signalling can lead to the activation 
of apoptotic pathway in the event of cellular damage which is beyond reparable 
(Pietenpol and Stewart, 2002). As depicted in Figure 51, p21, cyclin-dependent 
kinase inhibitor 1, which induces G0/G1 cell cycle arrest upon induction (Wang 
et al., 2013b), was significantly *(p<0.05) up-regulated by the TZT treatment. 
On the other hand, among the differentially phosphorylated p53 forms, TZT 
had induced a very significant **(p<0.01) 2.37-fold increase of phospho-p53 
(Ser392) (p-p53 S392) relative to the untreated MDA-MB-231. In addition, TZT 
had also *(p<0.05) significantly up-regulated another checkpoint inhibition 
activator for G0/G1 arrest, phospho-Rad17 (Ser635) (p-Rad17 S635), for 1.68-
fold relative to untreated MDA-MB-231 (Figure 51). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

171  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

0.5

1

1.5

2

2.5

3

Claspin p21 p27 p-p53
(S15)

p-p53
(S46)

p-p53
(S392)

p-Rad17
(S635)

Fo
ld 

Ch
an

ge

Cell Cycle Regulators

UT
TZ
TRAIL
TZT

* 
* * * ** ** 

* 

** 

* 

Figure 51   The expression of cell cycle regulators in the untreated MDA-MB-231 (UT) 
and MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and 
TSA and Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data represents mean +
standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences 
from UT using the Student’s T-test. 
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Eventually, several cell stress proteins had also been included in the apoptosis 
antibody array protein expression study due to the tight link of cellular stress 
response to cellular survivability or cellular demise (Fulda et a.l, 2010). The 
protein expression of Heme oxygenase (decycling) 1 (HMOX1) and heme 
oxygenase (decycling) 2 (HMOX2) remained largely unaltered by all the 
treatment groups (Figure 52). TZT treatment had induced a very significant 
**(p<0.01) up-regulation of hypoxia-inducible factor 1-alpha (HIF-1-α) and a 
significant increase in the expression of heat shock protein 27 (HSP27) while 
significantly *(p<0.05) down-regulating heat shock protein 70 (HSP70). On the 
other hand, both TZ and TRAIL had significantly *(p<0.05) reduced the 
expression of HIF-1-α, HSP70 and heat shock protein 60 (HSP60) (Figure 52). 
The processed antibody array sheet image of MDA-MB-231 at the 72 h time 
point is shown in Appendix M. 
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Figure 52   The protein expression of cell stress proteins in the untreated MDA-MB-231 
(UT) and MDA-MB-231 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h
and TSA and Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data represents 
mean + standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant 
differences from UT using the Student’s T-test. 
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5.3.6 The effect of treatment on the protein expression of 
  apoptosis-related genes in 231-EGFP 

 
Similar to the assessment on the protein expression of apoptosis-related genes 
done on MDA-MB-231 as reported above, the assessment on the protein 
expression of the same set of apoptosis-related genes had been made on 
MDA-MB-231 re-expressed with E-cadherin (231-EGFP). TZ treatment for 72 
h had induced a very significant **(p<0.01) increase in expression of the pro-
apoptotic protein, Bad, in contrast to untreated 231-EGFP. Nonetheless, TZ 
had also concurrently elevated the expression of the anti-apoptotic proteins, 
Bcl-2 and Bcl-xL very significantly **(p<0.01) and significantly *(p<0.05), 
respectively, from the untreated 231-EGFP (Figure 53).  

On the other hand, both TRAIL and TZT treatments for 72 h had significantly 
*(p<0.05) and very significantly **(p<0.01) reduced the expression of Bcl-xL 
and Bcl-2, respectively. However, both TRAIL and TZT treatments had also 
induced significant *(p<0.05) and very significant **(p<0.01) reduction in 
expression of the pro-apoptotic proteins, Bad and Bax, respectively (Figure 53). 
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Figure 53   Bcl-2 family proteins expression in the untreated 231-EGFP (UT) and 231-
EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb 
for 12h followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT
using the Student’s T-test. 
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The protein expression of some of the key extrinsic apoptotic players had also 
been studied in 231-EGFP. At 72 h post-treatment, TZ treatment had induced 
1.62-fold **(p<0.01), 1.45-fold *(p<0.05) and 1.69-fold **(p<0.01) increase in 
the expression of the extrinsic death receptors, TRAIL R1, TRAIL-R2, and TNF 
R1, respectively. Concurrently, TZ had also induced 1.23-fold **(p<0.01) and 
1.19-fold *(p<0.05) increase in expression of FADD and Fas, respectively 
(Figure 54). 

Intriguingly, TRAIL treatment for 72 h did not significantly alter TRAIL R1 and 
TRAIL-R2 expression but had significantly *(p<0.05) reduced TNF R1 
expression to 0.44-fold of the untreated 231-EGFP.  At the same time, TRAIL 
treatment had also down-regulated FADD and Fas to 0.71-fold **(p<0.01) and 
0.65-fold *(p<0.05), respectively, as compared to the untreated 231-EGFP 
(Figure 54). Similar trend had been observed for TZT treatment whereby it had 
very significantly **(p<0.01) down-regulated the extrinsic death receptors of 
TRAIL R1, TRAIL R2 and TNF R1. Concurrently, it had also significantly 
*(p<0.05) down-regulated FADD and Fas to 0.72-fold and 0.64-fold, 
respectively, in contrast to the untreated 231-EGFP (Figure 54). 
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Figure 54   Extrinsic pathway proteins expression in the untreated 231-EGFP (UT) and 
231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and 
Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT 
using the Student’s T-test. 
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In addition to the key intrinsic and extrinsic apoptotic pathway players, the 
other pro-apoptotic proteins’ expression levels like pro-caspase-3, cleaved 
caspase-3 and cytochrome c had also been investigated in 231-EGFP. At 72 
h post-treatment, TZ had significantly *(p<0.05) up-regulated the cleaved 
caspase-3 to 1.42-fold as compared to untreated 231-EGFP. TRAIL did not 
significantly alter the expression of pro-caspase-3 and cleaved caspase-3 but 
had significantly *(p<0.05) reduced cytochrome c expression. In addition, 
TZT treatment had significantly *(p<0.05) and very significantly *(p<0.01) 
down-regulated pro-caspase-3 and cytochrome c, respectively, while having 
no significant alteration on cleaved caspase-3 expression (Figure 55). 

On the other hand, the anti-apoptotic proteins, catalase, PON2 and clusterin, 
had also been studied their protein expression levels both in untreated 231-
EGFP and treated 231-EGFP. Surprisingly, TZ treatment had significantly up-
regulated all the anti-apoptotic proteins at 1.87-fold (catalase), 1.34-fold 
(PON2) and 1.52-fold (clusterin) in contrast to untreated 231-EGFP. On the 
other hand, TRAIL had significantly *(p<0.05) down-regulated PON2 
expression to 0.76-fold of the untreated control while TZT had significantly 
down-regulated all the anti-apoptotic proteins to 0.62-fold *(p<0.05), 0.65-fold 
*(p<0.05) and 0.62-fold **(p<0.01) for catalase, PON2 and clusterin, 
respectively (Figure 55). 
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Figure 55   The expression of pro-apoptotic proteins (pro-caspase-3, cleaved caspase-3 and 
cytochrome c) and anti-apoptotic proteins (catalase, PON2, and clusterin) in the untreated 
231-EGFP (UT) and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 
h and TSA and Zeb for 12h followed by TRAIL treatment for 72 h (TZT). Data represents mean 
± standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences 
from UT using the Student’s T-test. 
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Next, the protein expression of the family of inhibitors of apoptosis proteins 
(IAPs) and their inhibitors was also assessed to further elucidate the 
apoptosis molecular events induced by the treatment groups in 231-EGFP. 
Surprisingly, TZ treatment for 72 h had very significantly **(p<0.01) up-
regulated both the IAPs (cIAP-1, cIAP-2, Survivin, XIAP) as well as their 
inhibitors SMAC and HTRA2. (Figure 56).  

On the contrary, TRAIL treatment for 72 h had down-regulated cIAP-2, Livin 
and Survivin to 0.68-fold **(p<0.01), 0.78-fold *(p<0.05) and 0.87-fold 
*(p<0.05), respectively while concomitantly reducing IAP inhibitor, HTRA2 to 
0.72-fold **(p<0.01) in comparison with the untreated control (Figure 56). As 
for TZT treatment, it had induced very significant **(p<0.01) down-regulation 
of IAPs, cIAP-2, Livin, Survivin and XIAP to 0.69-fold, 0.45-fold, 0.77-fold and 
0.57-fold, respectively. Nonetheless, TZT had also caused down-regulation 
of IAP inhibitors SMAC and HTRA2 to 0.8-fold *(p<0.05) and 0.43-fold 
**(p<0.01), respectively (Figure 56). 
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Figure 56   The protein expression of IAP family proteins (cIAP-1, cIAP-2, Livin, Survivin 
and XIAP) and IAP inhibitors (SMAC and HTRA2) in the untreated 231-EGFP (UT) and 
231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and 
Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT 
using the Student’s T-test. 
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Besides, the protein expression levels of several cell cycle regulators that 
have shown to be tightly linked to apoptosis regulation had also been 
assessed in 231-EGFP. At 72 h post-treatment, TZ treatment had induced 
very significant **(p<0.01) up-regulation of p21, p-p53 (S15), p-p53 (S46), p-
p53 (S392) and p-Rad 17 (S635) and significant *(p<0.05) up-regulation of 
p27 as compared to the untreated control. Claspin expression was not 
significantly altered by TZ treatment but had been very significantly **(p<0.01) 
down-regulated by both TRAIL and TZT treatments (Figure 57). 

In contrast to TZ treatment, TRAIL treatment had very significantly **(p<0.01) 
down-regulated p21, p27, p-p53 (S15), p-p53 (S46) and significantly *(p<0.05) 
down-regulated p-p53 (S392). TZT treatment had also induced similar trend 
of very significantly **(p<0.01) down-regulating p21, p27, p-p53 (S15) and p-
p53 (S392) while significantly *(p<0.05) down-regulating p-Rad 17 (S635) 
(Figure 57). 
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Figure 57   The expression of cell cycle regulators in the untreated 231-EGFP (UT) 
and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and 
TSA and Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents 
mean + standard deviation. *(p<0.05) and **(p<0.01) are significant and very 
significant differences from UT using the Student’s T-test. 
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Eventually, a few selected cell stress proteins had also been studied on their 
protein expression levels both in untreated and treated 231-EGFP. At the 72 
h treatment time-point, HMOX1, HMOX2, HSP27 and HSP60 had been up-
regulated by TZ treatment for 1.36-fold **(p<0.01), 2.14-fold **(p<0.01), 2.1-
fold **(p<0.01) and 1.32-fold *(p<0.05), respectively (Figure 58).  

On the other hand, TRAIL treatment did not have significant impact on the 
expression of HMOX2 and HSP27. However, TRAIL treatment had 
significantly down-regulated HIF-1-α, HMOX1, HSP60 and HSP70 to 0.71-
fold **(p<0.01), 0.6-fold *(p<0.05), 0.61-fold *(p<0.05) and 0.65-fold *(p<0.05), 
respectively, of the untreated 231-EGFP. As for TZT treatment, it had down-
regulated HIF-1-α, HMOX1, HSP27, HSP60 and HSP70 to 0.59-fold 
**(p<0.01), 0.67-fold **(p<0.01), 0.9-fold *(p<0.05), 0.6-fold *(0.05) and 0.66-
fold *(p<0.05), respectively, in comparison with the untreated control (Figure 
58). The processed antibody array sheet image of MDA-MB-231 at the 72 h 
time point is shown in Appendix N. 
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Figure 58   The protein expression of cell stress proteins in the untreated 231-EGFP (UT) 
and 231-EGFP treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA 
and Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean +
standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences 
from UT using the Student’s T-test. 
 



  

186  

5.3.7 The effect of treatment on the protein expression of 
apoptosis-related genes in MCF-7 
 
In this section, the protein expression of the same set of apoptosis-related 
genes had been assessed in the human breast adenocarcinoma cells, MCF-7, 
which inherently expresses E-cadherin, serving as an E-cadherin-positive 
control in comparison with 231-EGFP. Similar to that observed in 231-EGFP, 
TZ treatment had up-regulated the intrinsic pro-apoptotic proteins, Bad and 
Bax, for 1.56-fold *(p<0.05) and 1.39-fold **(p<0.01), respectively, with 
reference to the basal expression level in untreated MCF-7 (Figure 59). In 
addition, TZT had stimulated the highest up-regulation of Bad and Bax proteins 
at 1.72-fold *(p<0.05) and 1.59-fold **(p<0.01), respectively, in comparison 
with untreated MCF-7. On the other hand, single TRAIL treatment did not 
significantly increase the expression of both the pro-apoptotic proteins, Bad 
and Bax (Figure 59). 

Nonetheless, TZ treatment had also concurrently induced up-regulation of the 
intrinsic anti-apoptotic proteins, Bcl-2 and Bcl-xL, to 1.61-fold **(p<0.01) and 
2.26-fold *(p<0.05), respectively, in contrast to untreated MCF-7. Besides, TZT 
treatment had also caused up-regulation of Bcl-2 for 1.65-fold **(p<0.01). 
However, single TRAIL treatment had very significantly **(p<0.01) down-
regulated Bcl-2 expression (Figure 59). 
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Figure 59   Bcl-2 family proteins expression in the untreated MCF-7 (UT) and MCF-7
treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 12h 
followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard deviation. 
*(p<0.05) and **(p<0.01) are significant and very significant differences from UT using the 
Student’s T-test. 
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In the axis of extrinsic apoptotic pathway, some of the key apoptotic ligands 
and their receptors had also been assessed for their protein expression levels 
both in the untreated and treated groups. Both TZ and TZT treatments had 
significantly up-regulated TRAIL R1 and TRAIL R2. The up-regulation 
stimulated by TZ was 1.43-fold **(p<0.01) and 1.7-fold **(p<0.01) for TRAIL R1 
and TRAIL R2, respectively, which was slightly higher than that induced by TZT 
at 1.32-fold *(p<0.05) and 1.51-fold **(p<0.01), respectively. In addition, TZT 
was the only treatment that had significantly *(p<0.05) up-regulated TNF R1 to 
2.1-fold as compared to untreated MCF-7. On the other hand, single TRAIL 
treatment remained insignificant in the up-regulation of both TRAIL R1 and 
TRAIL R2 (Figure 60). 

In terms of extrinsic apoptotic ligand, TZ treatment was the only treatment that 
had significantly *(p<0.05) up-regulated the Fas ligand. It also remained as the 
only treatment that had significantly **(p<0.01) up-regulated FADD despite the 
small increase in fold-change (Figure 60). 
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Figure 60   Extrinsic pathway proteins expression in the untreated MCF-7 (UT) and 
MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and 
Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + 
standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant 
differences from UT using the Student’s T-test. 
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The expression changes of some of the other pro- and anti-apoptotic proteins 
had also been investigated in MCF-7. As shown in Figure 61, TZ was the only 
treatment that had significantly *(p<0.05) up-regulated pro-caspase-3 to 1.5-
fold of the untreated MCF-7. Besides, both TRAIL and TZT treatments had 
significantly *(p<0.05) induced 3.3-fold and 2.95-fold up-regulation of 
cytochrome c, respectively. Nevertheless, there were no significant changes 
induced by any of the treatment groups on the expression level of cleaved 
caspase-3 (Figure 61). 

On the other hand, TZT treatment had significantly *(p<0.05) down-regulated 
the anti-apoptotic protein, catalase to 0.8-fold of untreated MCF-7. Besides, 
TZT had also induced a very significant **(p<0.01) down-regulation of the anti-
apoptotic protein, PON2 at 0.85-fold. Concurrently, TRAIL had also 
significantly *(p<0.05) down-regulated PON2 to 0.53-fold of the untreated 
control. However, TZ had up-regulated PON2, for 1.21-fold. Despite having a 
down-regulatory effect on the anti-apoptotic proteins, catalase and PON2, both 
TRAIL and TZT treatments had induced very significant **(p<0.01) up-
regulation of the anti-apoptotic protein, clusterin, at 2.23-fold and 2.65-fold, 
respectively (Figure 61). 
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Figure 61   The expression of pro-apoptotic proteins (pro-caspase-3, cleaved caspase-3 and 
cytochrome c) and anti-apoptotic proteins (catalase, PON2, and clusterin) in the untreated 
MCF-7 (UT) and MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and 
TSA and Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean +
standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT using the Student’s T-test. 
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The protein expression changes of several IAP family proteins and their 
inhibitors are depicted in Figure 62. Among the IAP family proteins that were 
investigated, only cIAP-1 had been significantly **(p<0.01) down-regulated by 
TZT treatment to 0.54-fold of untreated MCF-7. The expression of Livin 
remained unchanged across all treatment groups while single TRAIL treatment 
alone had significantly *(p<0.05) up-regulated XIAP (Figure 62). In addition, 
single TRAIL treatment had very significantly *(p<0.01) up-regulated cIAP-1 to 
1.4-fold while TZ and TZT treatments had induced up-regulation of cIAP-2 to 
1.7-fold **(p<0.01) and 1.35-fold *(p<0.05), respectively. In the case of Survivin, 
all three treatments of TZ, TRAIL and TZT had induced very significant 
**(p<0.01) increase in the expression of Survivin (Figure 62).  

On the other hand, in terms of the expression changes of IAPs inhibitors, 
SMAC had been significantly up-regulated to 1.35-fold **(p<0.01), 1.32-fold 
**(p<0.01) and 1.22-fold *(p<0.05) by TZ, TRAIL and TZT treatments, 
respectively. Nonetheless, only TRAIL and TZT treatments had induced 
significant up-regulation of HTRA2 at 1.45-fold **(p<0.01) and 1.4-fold 
*(p<0.05), respectively (Figure 62).  
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Figure 62   The protein expression of IAP family proteins (cIAP-1, cIAP-2, Livin, Survivin 
and XIAP) and IAP inhibitors (SMAC and HTRA2) in the untreated MCF-7 (UT) and MCF-
7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 
12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard
deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT using the Student’s T-test. 
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In addition, a set of cell cycle regulators had also been tested for their protein 
expression levels both in untreated and treated MCF-7, similar to that 
conducted in MDA-MB-231 and 231-EGFP. All the three treatments of TZ, 
TRAIL and TZT had induced very significant **(p<0.01) increase in the 
expression of Claspin with TZT-induced up-regulation being the highest at 
2.17-fold of untreated MCF-7. In addition, TZT treatment had also caused a 
surge in expression of p27 at 6.75-fold **(p<0.01) of the untreated control. It 
had also caused a slight up-regulation of p-p53 (S46) of 1.28-fold *(p<0.05) 
(Figure 63).  
 
On the other hand, TZ treatment had significantly increased a number of cell 
cycle regulators which include p21 (1.94-fold), p27 (3.17-fold), p-p53 (S15) 
(2.05-fold), p-p53 (S46) (3.13-fold) and p-p53 (S392) (2.26-fold). Nonetheless, 
TRAIL had significantly up-regulated only p21 (1.18-fold) and p-p53 (S46) 
(1.63-fold) while down-regulating p27 to 0.47-fold of the untreated control. In 
all the treatments tested, no significant up-regulation or down-regulation of p-
Rad 17(S635) was observed (Figure 63).  
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Figure 63   The expression of cell cycle regulators in the untreated MCF-7 (UT) and MCF-
7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA and Zeb for 
12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + standard 
deviation. *(p<0.05) and **(p<0.01) are significant and very significant differences from UT using the Student’s T-test. 
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Among the set of cell stress proteins being assessed, TZ treatment had 
significantly up-regulated HIF-1-α (1.31-fold), HMOX2 (1.51-fold), HSP27 
(1.35-fold) and HSP60 (1.28-fold) while TRAIL treatment had induced 
significant increase in the expression of HMOX2 (1.3-fold), HSP27 (1.25-fold) 
and HSP60 (1.11-fold) (Figure 64). 

On the other hand, TZT treatment had up-regulated HSP27 and HSP60 for 
1.08-fold **(p<0.01) and 1.15-fold **(p<0.01), respectively, in contrast to the 
untreated control. Nonetheless, TZT had significantly *(p<0.05) down-
regulated HMOX1 to 0.36 as compared to untreated MCF-7. In all cases, 
HSP70 protein expression remained unchanged (Figure 64). The processed 
antibody array sheet image of MDA-MB-231 at the 72 h time point is shown in 
Appendix O. 
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Figure 64   The protein expression of cell stress proteins in the untreated MCF-7 (UT) 
and MCF-7 treated with TSA and Zeb (TZ), 50 ng/mL TRAIL (TRAIL) for 72 h and TSA 
and Zeb for 12 h followed by TRAIL treatment for 72 h (TZT). Data represents mean + 
standard deviation. *(p<0.05) and **(p<0.01) are significant and very significant 
differences from UT using the Student’s T-test. 
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 5.4 Discussion 
 
5.4.1 TZT treatment had induced the up-regulation of cell cycle 

regulators p21 and p-p53 (S392) in MDA-MB-231 
 

Apoptosis is an orchestrated cell death induced either by intracellular or 
extracellular cell death stimuli to eliminate damaged or stressed cells through 
phagocytosis which provokes minimal inflammatory reaction (Baig et al., 2016). 
In the earliest stage of discovery, apoptosis had been studied through cellular 
morphological and biochemical changes using conventional histology and 
biochemical studies. In early apoptosis, cell shrinkage occurs and then 
followed by the typical morphological feature of nuclear condensation known 
as pyknosis (Elmore, 2007). In addition, phosphatidylserine will also be 
expressed on the outer layers rather than its usual occurrence on the inner 
layers of plasma membrane (Segawa and Nagata, 2015). Subsequently in the 
late stage of apoptosis, cell contracts and plasma membrane starts blebbing 
(Coleman et al., 2001). Nuclear fragmentation (karyorrhexis) happens followed 
by nuclear fragments along with cellular organelles being packed into apoptotic 
bodies which then bud off from the dying cell before being phagocytosed 
(Saraste and Pulkki, 2000).  

Similarly, both the histological and biochemical approaches on apoptosis 
assessment had been applied in this study. At the morphology level, apoptosis 
occurrence had been captured in MDA-MB-231 for all the treatment groups at 
all three time points of 24, 48 and 72 h (Figure 35, 36 and 37) as all displayed 
the typical apoptotic morphological changes as aforementioned. From the 
Annexin V-FITC/PI cellular apoptosis data as shown in Figure 44, TZ treatment 
was shown to be the most effective apoptosis inducer as a significant *(p<0.05) 
26% of cell population was undergoing early apoptosis. This data was backed 
by the proteome profiling of 35 apoptosis-related genes conducted in this study. 
TZ treatment had significantly *(p<0.05) up-regulated the pro-apoptotic Bad 
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protein while concurrently down-regulating the anti-apoptotic proteins, Bcl-2 
and Bcl-xL (Figure 47).  

Bcl-2-Associated Death Promoter (Bad) is included in the pro-apoptotic sub-
family of Bcl-2 protein family called the “BH3-only proteins” along with other 
members such as Puma, Noxa, Bim, Bid, Bmf, Hrk and Bik (Adams and Cory, 
2007). Its death promoting function stems from its binding to the pro-survival 
Bcl-2, Bcl-xL and Bcl-w proteins via its BH3 domain, thereby ablating the 
inhibitory effects these pro-survival proteins have on the mitochondrial pore 
formers, Bax and Bak (Willis et al., 2007). Our results are in agreement with 
literature evidence that TSA-induced apoptosis is mediated by up-regulation of 
Bad protein expression (Makki et al., 2008; Sawa et al., 2001). Besides, 
Zebularine was also shown by microarray analysis to activate Bad expression 
through demethylation of its silenced hyper-methylated promoter (Pompeia et 
al., 2004).  

In addition, the highest apoptosis rate induced by the TZ treatment in MDA-
MB-231 was consistent with the up-regulation of the extrinsic apoptosis 
pathway member, TRAIL R1, observed in this study (Figure 48). The 
observation of TSA up-regulating TRAIL R1 but not TRAIL R2 can be explained 
by the similar observation of differential modulation of TRAIL R1 and TRAIL 
R2 expression induced by TSA in multiple myeloma cell lines (Fandy et al., 
2005). On the other hand, despite being statistically insignificant, TZT 
treatment had induced 15% early apoptosis events in MDA-MB-231 at the 72 
h time point, which was higher than that induced by single TRAIL treatment 
(Figure 44). This could be explained by the enhanced Fas death receptor 
expression in addition to TRAIL R2 up-regulation as induced by TZT treatment 
(Figure 48) which could have resulted in enhanced caspase-8 activation in 
addition to the apoptosis signal signalled through TRAIL binding to TRAIL R2. 
Similar finding had been reported in H157 lung cancer cells whereby TSA had 
up-regulated Fas and Fas ligand which led to Bid cleavage and apoptosis (Kim 
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et al., 2006). Other similar reports have also highlighted the role of TSA in the 
epigenetic modulation of Fas which might predict tumour’s chemo-sensitivity 
(Maecker et al., 2002) and apoptosis occurrence in rheumatoid arthritis 
(Morinobu et al., 2006).  

Besides, TZ along with TRAIL and TZT treatments had consistently decreased 
the expression of anti-apoptotic clusterin protein (Figure 49). Several anti-
apoptotic IAPs like Livin, Survivin and XIAP were also notably down-regulated 
by all the three treatments. Concurrently, TZ and TZT treatments had caused 
the increase in the pro-apoptotic SMAC expression but TZT had caused a 
higher induction of SMAC expression at 1.19-fold (Figure 50). This data 
collectively suggests that the ablation of IAPs and the induction of IAPs 
inhibitor, SMAC, play a role at the molecular level of the apoptotic events 
induced by the treatment. Our data concurs with the literature finding that 
small-molecule SMAC mimetics which are IAPs’ antagonists could sensitize 
previously TRAIL-resistant human cancer cell lines to TRAIL (Bockbrader et 
al., 2005; Finlay et al., 2014). Moreover, TSA was shown to sensitize human 
renal carcinoma cells to TRAIL-induced apoptosis via the down-regulation of 
IAPs, XIAP and cIAP-1 (Han et al., 2015). In another instance, decitabine-
induced apoptosis in human leukemia cell lines was also correlated with the 
down-regulation of XIAP and cIAP-1 (Shin et al., 2012). Therefore, the potential 
of TZ treatment prior to TRAIL administration (TZT) in our study had been 
validated.   

As aforementioned, there is a tight link between cell cycle checkpoint signalling 
and cellular apoptosis. TZT-treated MDA-MB-231 had p21 being significantly 
*(p<0.05) up-regulated (Figure 51). This is in agreement with several reports 
on TSA or other HDAC inhibitors being an effective sensitizer of cancer cells 
towards TRAIL-induced apoptosis with the involvement of increase in p21 
expression in multiple myeloma cell lines (Fandy et al., 2005) and breast 
cancer cell line (Chopin et al., 2004; Varshochi et al., 2005; Zuo et al., 2014). 
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Moreover, the anti-lymphangiogenic effect of TSA was also shown to be 
dependent on its transcriptional activation of p21 promoter (Hrgovic et al., 
2016). Thus, this is considered an added therapeutic advantage of TZT 
treatment in our study in addition to its apoptosis-inducing effect.  

Intriguingly, with TZ being the sensitizers prior to TRAIL treatment, there was 
a surge in the phosphorylated form of p53, p-p53 (S392), expression in MDA-
MB-231 (Figure 51). Recently, a group had discovered through mutational 
studies that p-p53 (S392) aids the mitochondrial-translocation of p53 
(Castrogiovanni et al., 2018), thereby allowing its interaction with Bax and Bak 
to trigger the outer mitochondrial membrane permeabilization followed by 
cytochrome c release and apoptosis execution (Pietsch et al., 2008). Despite 
p53 being largely mutated in MDA-MB-231 (Hui et al., 2006), TZT treatment 
was shown to be useful in activating the transcription-independent apoptosis 
induction by p53 in this study. Along the same line, p53 could have also been 
stabilized through the TZT-induced up-regulation of HIF-1-α (Figure 52) as 
studies have shown that HIF-1-α interacts directly with p53 thereby resulting in 
p53 stabilization (Greijer and van der Wall, 2004; Piret et al., 2002; Sermeus 
and Michiels, 2011).  

Nonetheless, TZT had also up-regulated the pro-survival cell stress proteins, 
HSP27 (Figure 52). HSP27 was shown to interrupt the caspase activation by 
binding to caspase-3 and cytochrome c released from the mitochondria (Voss 
et al., 2007). Therefore, this could possibly explain the insignificant percentage 
of apoptosis events (Figure 44) induced by TZT treatment in MDA-MB-231 as 
well as the lack of up-regulation of the cleaved caspase-3 and cytochrome c 
(Figure 49) observed in this study. Nonetheless, HSP70 which was shown to 
bind to TRAIL R1 and TRAIL R2, thereby inhibiting the formation of death-
inducing silencing complex (DISC) (Wang et al., 2014) had been slightly down-
regulated by TZT treatment (Figure 52). Therefore, TZT had proven itself as a 
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positive sensitizer of MDA-MB-231 towards TRAIL-induced apoptosis at least 
at the DISC assembly stage upstream of caspase-3 activation.  

 
5.4.2 TZT had down-regulated anti-apoptotic IAPs and cell 

stress proteins but induced insignificant apoptotic events in 231-
EGFP 

 
Paradoxical to our hypothesis, the re-expression of E-cadherin in 231-EGFP 
did not significantly enhance the TZT treatment-induced apoptosis (Figure 45). 
This cellular apoptosis data was supported by the apoptosis proteome profiling 
data obtained in this study for 231-EGFP. At 72 h post-treatment, TZT 
treatment had induced significant down-regulation of Bcl-2 (Figure 53). Since 
the TZT-induced decrease of Bcl-2 expression was not observed in the 
absence of E-cadherin in MDA-MB-231, E-cadherin re-expression in 231-
EGFP could be seen as enhancing the TZT-induced pro-death effects by its 
known inverse relation with Bcl-2 in various carcinomas (Ferreira et al., 2012; 
Sasaki et al., 2000). Nonetheless, its pro-death down-regulation of the Bcl-2 
protein had been offset by the concurrent down-regulation of the pro-apoptotic 
members, Bad and Bax (Figure 53). This could possibly be justified by the 
ligand-independent epidermal growth factor receptor (EGFR) activation 
mediated by E-cadherin (Fedor-Chaiken et al., 2003; Reddy et al., 2005; Shen 
and Kramer, 2004). EGFR-dependent MAPK signalling drives phosphorylation 
of Bad protein on serines 112 and 155, hence sequestering it from its 
interaction with Bcl-xL (Gilmore et al., 2002). Both Bad and Bax which 
remained in the cytosol could have been degraded by the ubiquitin-proteasome 
system (Chen and Dou, 2010; Li and Dou, 2002).  

In addition, TZT had also negatively regulated the extrinsic pro-apoptosis death 
receptors by decreasing the expression of TRAIL R1 and TRAIL R2 along with 
FADD (Figure 54). E-cadherin re-expression in MDA-MB-231 seemed to have 
abrogated the TZT-induced induction of TRAIL R2 as mentioned above (Figure 
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48). Lu et al. (2014) claimed that E-cadherin stably interacts with both TRAIL 
R1 and TRAIL R2 upon TRAIL ligation and facilitates the receptor clustering, 
recruitment of FADD and caspase-8 followed by DISC assembly via its 
connection to the actin skeleton via α-catenin. This had made E-cadherin a 
potent positive modulator of the death signalling through TRAIL R1 and TRAIL 
R2 as the constitutive endocytosis of both TRAIL R1 and TRAIL R2 was shown 
to contribute towards TRAIL resistance (Reis et al., 2017; Zhang et al., 2009) 
Nevertheless, immunohistochemistry study in human colorectal carcinomas 
showed that increased cytoplasmic and/or nuclear beta-catenin staining (loss 
of membranous staining) was associated with increased and stabilized 
expression of TRAIL R1 and TRAIL R2 (Jalving et al., 2014). Therefore, 
despite TZ treatment prior to TRAIL (TZT) was useful in up-regulating TRAIL 
R1, TRAIL R2 as well as FADD in our study (Figure 54), E-cadherin re-
expression might have sequestered most of the beta-catenin in the E-cadherin-
beta-catenin complexes (Wong et al., 2018), thereby reducing the beta-catenin 
pool available for interaction with other growth factor receptors c-Met and c-
erbB2, the mucin MUC1 and the FOXO transcription factors, which could have 
stabilized or increased the expression of both the TRAIL receptors (Essers et 
al., 2005; Hiscox and Jiang, 1999; Kanai et al., 1995; Li et al., 1998).  

Furthermore, E-cadherin re-expression in 231-EGFP was also shown to 
enhance the death-inducing potential of TZT treatment with the down-
regulation of anti-apoptotic proteins, catalse and PON2, in addition to clusterin 
induced in MDA-MB-231 (Figure 55). Nonetheless, this did not result in 
significant increase in apoptotic events (Figure 45) probably due to the 
concurrent down-regulation of pro-caspase-3 as well as cytochrome c (Figure 
55). Similarly, the negative regulation on IAPs, Livin, cIAP-2, Survivin and XIAP, 
had also been counterbalanced by the concomitant down-regulation of the pro-
apoptotic proteins, SMAC and HTRA2 (Figure 56). At the same time, most of 
the cell cycle checkpoint inhibitors like p21, p27, p-p53 (S15), p-p53 (S392) 
and p-Rad 17 (S635) had all been paradoxically down-regulated by TZT 
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treatment in 231-EGFP (Figure 57). As opposed to TZT treatment in MDA-MB-
231 which up-regulated the pro-survival cell stress proteins, HSP27 (Figure 
52), TZT treatment in 231-EGFP had down-regulated both HSP27 and HSP70 
along with other cell stress proteins like HSP60, HIF-1-α and HMOX1 (Figure 
58).  

All these observations had collectively pointed us to reason that E-cadherin re-
expression in 231-EGFP might have played more of a tumour promoting role 
rather than its usual tumour suppressor role in all the tested treatment groups. 
Anoikis, the anchorage-independent cell death, is usually suppressed by E-
cadherin-mediated cell-to-cell adhesion via the activation of  
phosphatidylinositol 3-kinase-protein kinase B (PI3K-Akt) and ras-extracellular 
signal-regulated kinase (Raf-Erk) pathways (Grossmann, 2002). However, 
oncogenic K-Ras mutation in MDA-MB-231 (Kim et al., 2015) could activate 
these pathways (Hymowitz and Malek, 2018; Sullivan and Kozuch, 2011), 
rendering anoikis-suppression no longer E-cadherin-dependent. Initially, it was 
hypothesized E-cadherin re-expression could render MDA-MB-231 to be more 
sensitive towards the TZT treatment due to its enhancement of TRAIL-induced 
apoptosis signalling in colon and pancreatic carcinomas (Lu et al., 2014). On 
the contrary, the re-expression of E-cadherin had enhanced the pro-survival 
profile of MDA-MB-231 in our study, resembling the pro-survival E-cadherin re-
expression followed by mesenchymal to epithelial reverting transition (MErT) 
in MDA-MB-231 when introduced into a secondary organ environment (Chao 
et al., 2010, 2012; Chen et al., 2015). The notion that E-cadherin re-expression 
in metastases promotes tumour survival is supported by the overexpression of 
E-cadherin in intravascular tumour emboli originated from the inflammatory 
breast cancer subtype (Rodriguez et al., 2012).  

In conclusion, TZT’s anti-cancer therapeutic potential in E-cadherin re-
expressed 231-EGFP could be supported by the down-regulation of anti-
apoptotic proteins (catalase, PON2, clusterin) (Figure 55), IAPs (livin, cIAP-2, 
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survivin, XIAP1) (Figure 56) as well as the cell stress proteins (HMOX1, HSP27 
and HSP70) (Figure 58) as these were not observed in MDA-MB-231 which 
expresses low or no E-cadherin. Nevertheless, the negligible increase in 
apoptotic events captured in this study showed that E-cadherin might enhance 
TRAIL receptors clustering and its apoptosis signalling in certain carcinoma 
cells lines but this regulation cannot be generalized across different cell lines.  

5.4.3 MCF-7 
 

MCF-7 is a human breast adenocarcinoma cell line that inherently expresses 
E-cadherin (Lu et al., 2012) and was used in this study as the E-cadherin-
positive control to assess the anti-cancer efficacy of the TZT treatment. At 48 
h post-treatment, TZT had induced 42% of early apoptosis events in MCF-7. 
Nonetheless, the TZT-induced early apoptosis percentage had dropped to 13% 
at the 72 h time point  (Figure 46). The initial spike in early apoptosis events of 
MCF-7 could be explained by the significant induction of Bad and Bax 
expression (Figure 59) and cytochrome c (Figure 61) by TZT treatment. Bad 
expression could have been induced by TSA and Zeb prior treatment similar 
to that observed in MDA-MB-231 as mentioned above. In another similar 
instance, the combination of 5-Aza-2-deoxycytidine (DNA demethylating agent) 
and TSA had also induced increase in Bax expression (Al-Rayyan et al., 2014), 
further confirming the potential of TZ being the sensitizer towards TRAIL-
induced apoptosis in our study.  

In addition, TZT treatment had also significantly increased the expression of 
TRAIL R1 and TRAIL R2 (Figure 60). Concurrently, TZT had also induced 
down-regulation of anti-apoptotic proteins, catalase, PON2 (Figure 61) and 
cIAP-1 apart from increasing the pro-apoptotic SMAC and HTRA2 
mitochondrial proteins (Figure 62). TZ’s potential as sensitizers of MCF-7 cells 
towards TRAIL-induced apoptosis was supported by the increase in pro-
apoptotic regulation engaged by both the extrinsic and the intrinsic pathways. 
Despite the lack of correlation between TRAIL receptors expression and TRAIL 
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sensitivity in MCF-7 (Zhang and Zhang, 2008), the inherent E-cadherin 
expression in MCF-7 was shown to sustain the TZ-mediated increase in 
expression of both TRAIL-R1 and -R2 in MCF-7 (Figure 60). Therefore, this 
observation showed that although in vitro E-cadherin over-expression might 
have counteracted against the TZ-mediated increase in TRAIL receptors as in 
the case of 231-EGFP mentioned above, the inherent E-cadherin re-
expression remained a pro-apoptotic regulator towards TRAIL-induced 
apoptosis. This carries great potential as TRAIL treatment can be targeted not 
just towards primary tumour which mostly expresses E-cadherin (Kowalski et 
al., 2003) but also invasive ductal carcinoma which is en route towards 
metastases formation as E-cadherin is majorly re-expressed in distant and 
lymph node metastases (Chen et al., 2015; Fulga et al., 2015).  

On the other hand, TZT treatment had also up-regulated a number of pro-
apoptotic cell cycle regulators, namely claspin, p27 and p-p53 (S46) (Figure 
63). Based on our findings, the molecular determinants of TZ sensitization of 
MCF-7 towards TRAIL-induced apoptosis stemmed mainly from the cell cycle 
progression and DNA damage response regulatory pathways. During DNA 
damage response, Claspin contributes towards DNA damage-induced 
checkpoint kinase 1 (Chk1) activation (Ito et al., 2018) which is commonly 
observed after DNA stress induction by genotoxic agent like cisplatin (Patil et 
al., 2013). This signifies the pre-apoptosis stage as Chk is degraded after its 
initial activation (Patil et al., 2013) while claspin was shown to be cleaved either 
by caspase-7 or proteasome during apoptosis (Clarke et al., 2005; Semple et 
al., 2007). Besides, the phosphorylation of p53 on S46 is an important 
determinant of p53-mediated regulation of apoptosis-related genes (Gibbons 
et al., 2015; Smeenk et al., 2011; Wu et al., 2016). In addition, the significant 
increase in p27 in MCF-7 (Figure 63) showed that cell cycle arrest precedes 
the apoptosis event observed in MCF-7 and it is in agreement with reports on 
p27 up-regulation by the epigenetic drugs TSA (Fandy et al., 2005) and Zeb 
(Billam et al., 2010) used as sensitizers in the TZT treatment.  
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Last but not least, there was a slight up-regulation of both HSP27 and HSP60 
induced by the TZT treatment in MCF-7 (Figure 64). Despite HSP27 being 
proven to inactivate cytochrome c by binding to it (Voss et al., 2007), 
cytochrome c remained being up-regulated by TZT treatment probably due to 
only a slight up-regulation at 1.08-fold in MCF-7 (Figure 61) in contrast to 1.51-
fold in MDA-MB-231 (Figure 52). In addition, the TZT-induced increase in 
HSP60 observed in our study explains that HSP60 might play a pro-death role 
in the treated MCF-7 via its cytosolic accumulation from mitochondrial release 
and interaction with caspase-3 (Chandra et al., 2007). Notably, TZT had down-
regulated HMOX1 to 0.36-fold of untreated MCF-7 (Figure 64). This outcome 
carries great significance as the anti-apoptotic HMOX1 is constantly over-
expressed or can be induced by chemotherapeutic drugs like doxorubicin in 
breast cancer cells (Zhu et al., 2015) Since TZ treatment prior to TRAIL (TZT) 
could target against HMOX1 both in 231-EGFP (Figure 58) and MCF-7 (Figure 
64) but not in MDA-MB-231 (Figure 52), E-cadherin expression was again 
shown to be beneficial towards TZ-sensitized TRAIL-induced apoptosis in 
breast cancer cells.  

Albeit the promising potential of TZT treatment shown in MCF-7 which 
inherently expresses E-cadherin, the dysfunctional caspase-3 in MCF-7 due to 
altered splicing followed by frame shift mutations (Kurokawa et al., 1999) had 
resulted in high TRAIL-resistance despite the addition of IAPs and c-FLIP 
inhibitors (Huang et al., 2016). Therefore, in order to validate the potential of 
TZT treatment in MCF-7 model, caspase-3 had to be reconstituted in MCF-7 
prior to TZT treatment as caspase-3 reconstitution was shown to sensitize 
MCF-7 breast cancer cells towards doxorubicin- and etoposide-induced 
apoptosis (Yang et al., 2001). 
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5.5 Concluding remarks 
 

Collectively, the results from the apoptosis assessment reported in this chapter 
showed that TSA and Zeb sensitization prior to TRAIL treatment (TZT) had 
shown promising potential in enhancing TRAIL-induced apoptosis. TZ prior 
treatment had directed MDA-MB-231 towards cell cycle arrest before 
apoptosis occurrence. This was supported by the up-regulation of p21 and p-
p53 (S392) in MDA-MB-231 by TZT. With the in vitro re-expression of E-
cadherin in 231-EGFP, down-regulation of anti-apoptotic PON2, catalase, 
clusterin, IAPs as well as cell stress proteins had validated the notion that E-
cadherin expression enhanced the TZT anti-cancer efficacy. Similarly, in E-
cadherin-positive MCF-7, TZT treatment had down-regulated the anti-
apoptotic proteins, increased the pro-apoptotic SMAC, HTRA2 as well as both 
the TRAIL receptors, TRAIL R1 and R2. Since in vitro re-expression of E-
cadherin in 231-EGFP had negatively regulated TRAIL R1 and TRAIL R2 
expression, we propose that MCF-7 with re-constituted caspase-3 might serve 
as a better model to study the effect of E-cadherin expression on the TZT 
apoptosis-inducing efficacy.  
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6. Immunohistochemistry staining of markers TRAIL-R2, CDH1 and TRAIL of sectioned breast cancer tissues and their association with the 
corresponding clinical parameters      

 6.1 Introduction 
 

Breast cancer is a heterogeneous disease (Polyak, 2011; Turashvili and Brogi, 
2017). Breast cancer cell lines have been commonly used in cancer research 
due to its convenience, however, its inherent functional heterogeneity (Olive et 
al., 2018) might result in invalid or inconsistent experimental outcomes. 
Therefore, this chapter aims to assess the expression of three important 
markers, TRAIL-R2, TRAIL and E-cadherin relevant to previous chapters’ 
studies, in vivo, in order to complement the in vitro findings on TRAIL-induced 
apoptosis in MDA-MB-231, with or without E-cadherin expression. 

Despite TRAIL-R2 being part of the TRAIL-induced apoptosis mechanism, 
high expression of TRAIL-R2 had been associated with poor prognosis in 
breast cancer patients (Ganten et al., 2009). Immunohistochemical staining 
revealed mostly intracellular distribution of both TRAIL-R2 receptors and this 
might be their escape mechanism from the immune surveillance by TRAIL-
induced apoptosis (Fritsche et al., 2015). The mislocalization of TRAIL receptor 
from membrane to intracellular also predicted resistance towards TRAIL-based 
therapy (Chen et al., 2012). Moreover, high abundance of intracellular TRAIL-
R2 also correlates with enhanced HMGA2 expression and increased cell 
proliferation (Kalthoff et al., 2014).  

On the other hand, E-cadherin had been a widely studied marker in breast 
cancer in terms of clinical-pathological associations  (Singhai et al., 2011; 
Younis et al., 2007). E-cadherin had been used as a favourite marker in terms 
of histological typing in breast cancer (Nurismah et al., 2008; Qureshi et al., 
2006). It was shown in vitro  to physically associate with both TRAIL-R1 and 
TRAIL-R2 (Lu et al., 2014), it is therefore worthwhile to assess the expression 
of E-cadherin alongside TRAIL-R2 expression at both the mRNA and protein 
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levels to decipher their expression levels and localization in vivo on breast 
cancer patient tissues. 

In addition, TRAIL-TRAIL-R signalling can drive a tumour growth-supportive 
microenvironment in the case of TRAIL-resistant cancers (Hartwig et al., 2017). 
TRAIL is also an important death ligand used in our in vitro studies. Therefore, 
it is also vital to include TRAIL as a biomarker in the investigation of its 
correlation with the biomarkers, TRAIL-R2 and E-cadherin, as well as patient’s 
survival and prognosis.  

In this chapter, both the bioinformatics and immunohistochemistry approaches 
have been utilized to investigate the expression patterns of TRAIL-R2, TRAIL 
and E-cadherin at both the mRNA and protein levels, respectively.  
The research objectives were as follow: 

 To obtain the RNA sequencing data from The Cancer Genome Atlas 
(TCGA) breast invasive carcinoma data repository for normalized gene 
counts (mRNA) of TRAIL-R2, TRAIL, E-cadherin and conduct statistical 
analysis; 

 To obtain the Molecular Taxonomy of Breast Cancer International 
Consortium (METABRIC) microarray mRNA expression data of TRAIL-R2, 
TRAIL, E-cadherin and conduct statistical analysis; 

 To validate the specificity of anti-TRAIL-R2, anti-TRAIL and anti-E-
cadherin monoclonal antibody using Western blotting; 

 To stain the primary invasive breast cancer patients’ formalin-fixed 
paraffin-embedded (FFPE) tissue sections via immunohistochemistry of 
the heat-induced epitope retrieval method; 

 To score the immunohistochemically stained images of TRAIL-R2, TRAIL, 
and E-cadherin for H-scores calculation using the formula: (Percentage 
value × 3) + (Percentage value × 2) + (Percentage value × 1) + 
(Percentage value × 0) whereby 0=negative; 1=weak staining; 
2=moderate staining; 3=strong staining) and conduct statistical analysis.  
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 6.2 Methodology 
 
6.2.1 Bioinformatics and statistical analysis of TRAIL-R2, E 

cadherin and TRAIL expression on published data 
 

Next-generation RNA sequencing data (RNAseqv2) on TNFSF10, 
TNFRSF10B and CDH1 along with their corresponding clinical parameters 
were obtained from The Cancer Genome Atlas (TCGA) breast invasive 
carcinoma data (portal.gdc.cancer.gov/projects/TCGA-BRCA). Patients were 
stratified based on the different clinic-pathological variables provided by 
TCGA-BRCA (n=1098). Normalized gene counts (gene counts rescaled 
according to library size) were compiled into a tab-delimited text file for analysis 
using the RobinA applying the Bioconductor-edgeR software.  

In the Molecular Taxonomy of Breast Cancer International Consortium 
(METABRIC) cohort of 1980 invasive breast cancer patient, nucleic acids were 
isolated and transcriptionally profiled from fresh frozen samples using the 
Illumina HT-12v3 platforms with data being pre-processed and normalized as 
described by (Curtis et al., 2012). The microarray transcriptomic data of 
TNFSF10, TNFRSF10B and CDH1 were dichotomized using the X-tile 
software.  The correlation between the expression of these genes and with the 
clinicopathological parameters provided by METABRIC were statistically 
analysed using IBM SPSS 25. Significance levels were set at *(P<0.05), 
**(P<0.01) and ***(P<0.001).   

6.2.2 Validation of anti-TRAIL-R2, anti-E-cadherin and anti- 
TRAIL primary antibody specificity using western blotting 

 
Western blotting was performed using whole cell lysates of positive and 
negative expressor cells of E-cadherin to validate the specificity of the anti-
CDH1 antibody (clone 4A2C7) prior to immunohistochemistry. For this purpose, 
lysates of E-cadherin-expressing human breast ductal carcinoma and 
adenocarcinoma cell lines (T47D and MCF-7, American Type Culture 
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Collection (ATCC), USA), respectively, and E-cadherin-non-expressing human 
breast adenocarcinoma cell lines (MDA-MB-231, American Type Culture 
Collection (ATCC), USA) were used. As for the primary antibody specificity 
validation for anti-TRAIL (ab2056, Abcam, UK) and anti-TRAIL-R2 
(HPA023625, Sigma-Aldrich, USA), whole cell lysates from a panel of cell lines 
which express TRAIL and TRAIL-R2 were used since both the markers are 
expressed in all tissue types. The panel of cell lines includes human cervical 
cancer HeLa CCL-2 (ATCC, USA), human breast adenocarcinoma MDA-MB-
231, MCF7, SkBr3 (ATCC, USA), human breast ductal carcinoma T47D, 
human acute T cell leukemia Jurkat (ATCC, USA) and normal human 
mammary gland MCF10A (ATCC, USA). The primary antibody dilutions used 
were 1:300 (anti-E-cadherin, 1:500 (anti-TRAIL) and 1:250 (anti-TRAIL-R2). 
The IRDye® 800CW donkey anti-rabbit (926-32213, Li-cor Biosciences, Lincoln, 
NE, USA) and IRDye® 680RD donkey anti-mouse (926-68072, Li-cor 
Biosciences, Lincoln, NE, USA) secondary antibodies were used at 1:15 000 
dilutions. Mouse anti-beta-actin (A2228, Sigma-Aldrich, USA) diluted at 1:5000 
was used as the loading control.  Blocking buffer (5% skim milk in 1x PBS with 
0.1% (v/v) Tween-20) was used for both blocking and primary and secondary 
antibody incubations. Fluorescence was used to visualize the membrane. The 
images were developed via fluorescence using an Odyssey Fc (Li-cor 
Biosciences, Lincoln, NE, USA). 

6.2.3 Immunohistochemistry 
 

Patients at early-stage primary operable invasive breast cancer (BC) who aged 
≤70 years, between 1986 and 1998 in Nottingham were selected for this study. 
Patient management was uniform and based on tumour characteristics by 
Nottingham Prognostic Index (NPI) and hormone receptor status. Patients 
within the NPI excellent prognostic group (score ≤3.4) received no adjuvant 
therapy, but those patients with NPI >3.4 received tamoxifen if ER-positive (± 
goserelin (Zoladex) in case the patients were premenopausal). Conversely, 
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classical cyclophosphamide, methotrexate and 5-fluorouracil (CMF) were used 
if the patients were ER-negative and fit enough to receive chemotherapy. None 
of the patients in this study received neoadjuvant therapy. Clinical history, 
tumour characteristics and information on therapy and outcomes are 
prospectively maintained. 

For immunohistochemistry, heat-induced epitope retrieval was performed in 
citrate buffer pH 6.00 using microwave at 1000 W for 20 min. Novolink Max 
Polymer Detection System (RE7280-k, Leica, Newcastle, UK) was used to 
visualize the immunohistochemical reaction. Peroxidase block (Novolink 
Peroxidase Block) was added to the sections for 5 min to block endogenous 
peroxidase activity. Protein block (Novolink Protein Block) addition to the 
sections for 5 min was used to block the subsequent non-specific binding of 
the primary antibody, the post primary rabbit anti-mouse immunoglobulins (IgG) 
and the polymer. The primary antibodies are anti-CDH1 (clone 4A2C7) 
(Thermo Fisher Scientific, U.S.A.), anti-TNFRSF10B (HPA023625) (Sigma-
Aldrich, U.S.A.), and anti-TNFSF10 (ab2056) (Abcam, U.K.). The dilution and 
incubation duration for the three markers are (CDH1, 1:25 for 24 h; TNFSF10, 
1:500 for 1 h; TNFRSF10B, 1:400 for 20.5 h).  The post primary (Novolink Post 
Primary) detects the mouse primary antibodies while the polymer (Novolink 
Polymer) detects both the post primary and any tissue-bound rabbit primary 
antibodies. Sections were then incubated with the substrate chromogen, 3,3’-
diaminobenzidine (DAB), prepared from DAB Chromogen and Novolink DAB 
Substrate Buffer at 1:20 dilution for 5 min. Sections were counterstained with 
hematoxylin (Novolink Hematoxylin) for 6 min. Dehydration and clearing of the 
sections were carried out using the Leica ST5010 autostainer (Leica, 
Newcastle, UK). Cover slips were added with DPX mounting medium and 
slides were carefully mounted on them. 
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6.2.4 Statistical analyses 
 
The 2000 BC cores from the section series have been scored and the H-scores 
were statistically analyzed using Pearson’s correlation, Chi-square association 
tests, and Kaplan-Meier survival analyses. Mean and median values were used 
as dichotomization cut-off values of the tested markers’ protein expression for 
normal and non-normal distribution of data, respectively.  
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 6.3 Results 
6.3.1 Bioinformatics and statistical analysis of TRAIL-R2,  

E-cadherin and TRAIL mRNA expression using RNA sequencing 
gene counts from TCGA-BRCA data 
 
Based on the statistical analysis using RobinA applying the Bioconductor-
edgeR on normalized gene counts of E-cadherin and TRAIL-R2 of stratified 
patients, E-cadherin was significantly (P<0.001) down-regulated while TRAIL-
R2 was significantly (P<0.01) up-regulated in triple negative patients in 
comparison with triple positive patients as well as estrogen receptor positive 
(ER+) and progesterone receptor positive (PR+) patients who do not have 
human epidermal growth factor receptor 2 (HER2-) over-expression. A similar 
inverse correlation between the expression of E-cadherin and TRAIL-R2 had 
been observed in the non-tumour versus primary tumour analyses whereby the 
normalized gene counts of E-cadherin was significantly (p<0.01) increased 
while that of TRAIL-R2 was significantly (p<0.05) decreased in primary tumour 
of all BC subtypes. The inverse relationship between these two markers had 
been confirmed by Pearson correlation value of -0.165 (p<0.001) (Table 4). 
The expression of both E-cadherin and TRAIL-R2 in metastases remained 
statistically similar with that of non-tumour and primary tumour (Figure 65). 

On the other hand, the normalized gene counts of TRAIL were significantly 
(p<0.001) higher in the triple positive as well as ER+, PR+, HER2- patients as 
compared to the triple negative patients. However, the TRAIL expression 
remained statistically similar across the patient groups of non-tumour, primary 
and metastases (Figure 65). In addition, TRAIL only had a weak positive 
correlation with CDH1, 0.065 while having no correlation with TRAIL-R2 (Table 
4). 
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Figure 65   Differentially expressed E-cadherin and TRAIL-R2 across different hormone receptor 
(ER, PR, HER2) status and between non-tumour and primary breast tumour. Patients were sub-
divided depending on the clinicopathological parameters provided by TCGA. Normalized gene 
counts (gene counts rescaled according to library size) were compiled into a tab-delimited text file 
for analysis using the RobinA applying the Bioconductor-edgeR software. Data represents means + SEM. *, ** and *** are statistical significant differences at p<0.05, p<0.01 and p<0.001, respectively. 
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Table 4   Pearson correlation test between the normalized gene counts of CDH1 (E-cadherin), 
TNFRSF10B (TRAIL-R2) and TNFSF10 (TRAIL) from the TCGA data using SPSS analysis. 
 
 
  
 
 
  
 
 
  
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Correlations 
 CDH1 TNFRSF10B 
CDH1 Pearson Correlation 1 -.165** 

Sig. (2-tailed)  .000 
N 1202 1202 

TNFRSF10B Pearson Correlation -.165** 1 
Sig. (2-tailed) .000  
N 1202 1202 

**. Correlation is significant at the 0.01 level (2-tailed). 

Correlations 
 CDH1 TNFSF10 
CDH1 Pearson Correlation 1 .065* 

Sig. (2-tailed)  .025 
N 1202 1202 

TNFSF10 Pearson Correlation .065* 1 
Sig. (2-tailed) .025  
N 1202 1202 

*. Correlation is significant at the 0.05 level (2-tailed). 

Correlations 
 TNFSF10 TNFRSF10B 
TNFSF10 Pearson Correlation 1 .004 

Sig. (2-tailed)  .896 
N 1202 1202 

TNFRSF10B Pearson Correlation .004 1 
Sig. (2-tailed) .896  
N 1202 1202 
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6.3.2 Bioinformatics and statistical analysis of TRAIL-R2, E- 
cadherin and TRAIL mRNA expression using the microarray 
transcriptomic expression data from METABRIC and their 
correlation with the clinico-pathological parameters 

 
Similar to that observed in the TCGA data, E-cadherin and TRAIL-R2 
expression also assumed a significant (p<0.001) negative correlation with a 
Pearson correlation value of -0.14 in the METABRIC cohort (Table 5). In terms 
of their association with the clinico-pathological parameters, chi-square test of 
association showed that the mRNA expression of TRAIL-R2 was significantly 
(p<0.001) associated with tumour grade and lymph node stage. On the other 
hand, the mRNA expression of E-cadherin was significantly (p<0.01) 
associated with tumour grade and tumour size (Table 6).  
 
Since breast cancer-specific survival (BCSS) is the ultimate outcome of 
interest from the study of association between the markers and the clinico-
pathological parameters, the univariate and multivariate analyses of the 
prognostic variables of tumour grade, tumour size, lymph node stage and 
TRAIL-R2 and E-cadherin expression in relation to BCSS had been conducted 
as follows.  
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Table 5   Pearson correlation test between the normalized mRNA expression of CDH1 (E-
cadherin) and TNFRSF10B (TRAIL-R2) from the METABRIC data using SPSS analysis. 
 

 
 
 
 
 
 

 
Table 6   Chi-square test association of CDH1 (E-cadherin) and TNFRSF10B (TRAIL-R2) 
expression with the clinico-pathological variables in the METABRIC cohort using SPSS analysis.  

 
 
 
 
 
 

 

Correlations 
 TNFRSF10B CDH1 
TNFRSF10B Pearson Correlation 1 -.140** 

Sig. (2-tailed)  .000 
N 1981 1981 

CDH1 Pearson Correlation -.140** 1 
Sig. (2-tailed) .000  
N 1981 1981 

**. Correlation is significant at the 0.01 level (2-tailed). 

 TNFRSF10B CDH1 

Clinical 
parameters 

Pearson Chi-
square 

p-value Pearson Chi-
square 

p-value 

Tumour 
grade 

28.596 P= 0.000 
(<0.001) 

10.234 p=0.006 
(<0.01) 

Tumour size 123.659 P= 0.213 154.306 p=0.004 
(<0.01) 

Lymph node 
stage 

19.554 P= 0.000 
(<0.001) 

2.797 p=0.247 
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As shown in Figure 66, high expression of TRAIL-R2 was significantly (p<0.01) 
associated with enhanced breast cancer-specific survival (BCSS) while low 
TRAIL-R2 expression was associated with worse survival. Similarly, high 
expression of E-cadherin was significantly (p<0.05) associated with improved 
survival while its low expression was associated with worse survival.  

From the cox regression multivariate analysis results shown in Table 7, in 
addition to the independent (p<0.01) prognostic factors of tumour size and 
lymph node stage on BCSS, TRAIL-R2 was also an independent (p<0.01) 
prognostic factor on BCSS with a hazard ratio of 0.824 (less than 1) which 
signifies that the presence of TRAIL-R2 increases the chances of BCSS. On 
the other hand, both the variables E-cadherin and tumour grade were not 
independent predictors of BCSS with respect to the other variables. Despite 
not being an independent predictor of survival, E-cadherin also had a hazard 
ratio of 0.886 (less than 1), evidencing its positive effect on BCSS.  

Based on the statistical analyses on the two independent repositories of 
transcriptomic data of TCGA and METABRIC, the importance of the markers, 
TRAIL-R2 and E-cadherin in impacting the clinico-pathological parameters and 
survival of the breast cancer patients was displayed at the mRNA level. Thus, 
this formed the basis of taking the study on these two markers further to the 
protein expression level using the method of immunohistochemistry (IHC) as 
followed. Despite TRAIL mRNA not being differentially expressed across non-
tumour, primary tumour and metastases in the TCGA cohort, it had also been 
included in the following IHC studies since it is an important death ligand in this 
study and its potential impact on the clinical parameters at the protein 
expression level should not be neglected.  
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Figure 66   Kaplen-Meier survival plots of (A) TNFRSF10B (TRAIL-R2) and (B) CDH1 (E-cadherin) vs 
breast cancer-specific survival (BCSS) in all cases of the METABRIC cohort. Dichotomization cut-off values of TNFRSF10B and CDH1 mRNA expression were determined using the X-tile software to be at 
7.72 and 8.1, respectively.  
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Table 7   Cox regression analysis on the effect of TRAIL-R2 (TNFRSF10B) and E-cadherin 
(CDH1) expression along with the prognostic factors, tumour grade, tumour size and lymph node 
stage on BCSS. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Variables p-value Hazard  
ratio (HR) 

95% CI for HR 

   Lower Upper 

TNFRSF10B p = 0.001 0.824  0.739 0.919 

CDH1 p = 0.145 0.886 0.753 1.043 

Tumour grade p = 0.902 0.995 0.917 1.079 

Tumour size p = 0.001 1.006 1.002 1.009 

LN_stage p = 0.000 1.391 1.293 1.497 
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6.3.3 Validation of the TRAIL-R2, E-cadherin and TRAIL primary 
antibodies’ specificity using western blotting and their 
immunohistochemistry staining on primary invasive BC series 

 
As shown in Figure 67A, the expected band size of E-cadherin at 120 kDa was 
observed from Western blot assay on MCF-7 whole cell lysate. Nonetheless, 
in another E-cadherin-expressing cell line, invasive ductal carcinoma T47D, E-
cadherin was detected at the band size of 55 kDa. This observation was 
aligned with the detection of cleaved extracellular E-cadherin form at 55 kDa 
in the supernatant of colorectal cancer which serves as an invasiveness marker 
(Christou et al., 2017). On the other hand, no band was detected in thenon-E-
cadherin-expressing cell line of MDA-MB-231. The specificity of the anti-E-
cadherin (clone 4A2C7) antibody was hence, verified.  

From the immunohistochemistry staining done on the primary invasive breast 
cancer cohort, several representative stained cores’ images are shown in 
Figure 67B. A mixture of cytoplasmic and membranous staining of E-cadherin 
were observed. There was also a range of staining intensities from none and 
weak to moderate and strong as shown in Figure 67B.  
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Figure 67   A) Western blot of E-cadherin (CDH1) expression in breast ductal carcinoma 
(T47D) and adenocarcinoma cell lines (MCF-7 and MDA-MB-231). The 42 kDa band on 
a separate blot (same gel) depicts the β-actin loading control. B) Immunohistochemical 
expression of CDH1 in primary invasive breast cancer cores showing (i) negative, (ii) 
weak, (iii) moderate and (iv) strong staining of CDH1.  
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From the Western blot result shown in Figure 68A, the expected band sizes of 
47.9 kDa and 45.1 kDa had been detected from the whole cell lysates of all the 
tested cell lines. In addition, the detected TRAIL-R2 band at approximately 130 
kDa could be explained by its ability to self-assemble (Clancy et al., 2005) and 
cross-assemble with other receptor family members (Smulski et al., 2017). The 
assembled receptor complex might not have been fully denatured from the heat 
denaturation step during Western blot. On the other hand, from Uniprot 
darabase, TRAIL-R2 isoform could be produced from alternative splicing. 
Therefore, the faint 35 kDa band could have resulted from low levels of mRNA 
read-through escaping the nonsense-mediated decay of splice variant 
containing premature stop codon.  

Immunohistochemistry staining of TRAIL-R2 showed that TRAIL-R2 could be 
detected mostly in the cytoplasm with a small percentage of membranous and 
nuclear staining observed in this study. There was also a range of staining 
intensities from none and weak to moderate and strong (Figure 68B). 
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Figure 68   A) Western blot of TRAIL-R2 (TNFRSF10B) expression in human cervical 
cancer (HeLa CCL-2), human breast adenocarcinoma (MDA-MB-231, MCF-7), 
human breast ductal carcinoma (T47D), human acute T cell leukemia (Jurkat) and 
normal human mammary gland (MCF10A). The 42 kDa band on the same blot depicts
the β-actin loading control. B) Immunohistochemical expression of TNFRSF10B in 
primary invasive breast cancer cores showing (i) negative, (ii) weak, (iii) moderate and 
(iv) strong staining of TNFRSF10B.  
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In the Western blot test on the specificity of TRAIL, a 120 kDa band was 
detected in all the tested cell lines of HeLa CCL-2, MDA-MB-231, MCF-7, 
SkBr3, T47D, Jurkat and MCF10A (Figure 69A). In addition, the expected band 
size of 32 kDa was detected in MDA-MB-231, MCF10A and T47D whole cell 
lysates in addition to the 120 kDa band. The 120 kDa band was believed to be 
the trimerized (Bodmer et al., 2000) and glycosylated (Micheau, 2018) form of 
TRAIL.  
As for the immunohistochemistry staining of TRAIL, mostly cytoplasmic 
staining was observed. A smaller percentage of staining was observed to be 
nuclear. Similar to E-cadherin and TRAIL-R2, a range of none and weak to 
moderate and strong staining events were observed (Figure 69B). 
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Figure 69   A) Western blot of TRAIL (TNFSF10) expression in human cervical 
cancer (HeLa CCL-2), human breast adenocarcinoma (MDA-MB-231, MCF-7, 
SkBr3), human breast ductal carcinoma (T47D), human acute T cell leukemia 
(Jurkat) and normal human mammary gland (MCF10A). The 42 kDa band on the 
same blot depicts the β-actin loading control. B) Immunohistochemical expression 
of TNFSF10 in primary invasive breast cancer cores showing (i) negative, (ii) weak, 
(iii) moderate and (iv) strong staining of TNFSF10.  
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6.3.4 Correlation between the H-scores of immunohistochemistry 
stained TRAIL-R2, E-cadherin and TRAIL on the primary invasive 
BC series 

 
From the H-scores obtained from the 2000 primary invasive BC cores, 
cytoplasmic TRAIL-R2 protein expression was positively correlated (p<0.0001) 
with both the cytoplasmic and membranous E-cadherin protein expression. In 
addition, nuclear expression of TRAIL-R2 protein was also positively correlated 
with cytoplasmic (p<0.05) and membranous (p<0.0001) expression of E-
cadherin protein. However, the membranous expression of TRAIL-R2 protein 
was not significantly correlated with either cytoplasmic or membranous E-
cadherin protein expression (Table 8).  

With respect to the marker, TRAIL protein, both the cytoplasmic (p<0.0001) 
and nuclear (p<0.05) TRAIL protein expressions were positively correlated with 
cytoplasmic E-cadherin protein expression. Similarly, TRAIL protein 
expression of the two respective aforementioned localizations were also 
significantly (p<0.0001) correlated with the membranous E-cadherin protein 
expression (Table 8).  
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Table 8   Pearson correlation test between the H-scores of CDH1 (E-cadherin) with H-scores 
of TNFRSF10B (TRAIL-R2) and TNFSF10 from the primary invasive BC series using SPSS 
analysis.  
N.B. p-values in bold are significant differences.  

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

CDH1 protein 
Pearson R value 

(p-value)  
Cytoplasm Membrane 

TNFRSF10B protein 
 
Cytoplasm 
 
 
Nuclear 
 
 
Membrane 

 
 
 

0.221 (<0.0001) 
 

0.06 (0.018) 
 

-0.03 
(0.232) 

 

 
 
 

0.107  (<0.0001) 
 

0.118 (<0.0001) 
 

0.02 
(0.437) 

TNFSF10 protein 
 
Cytoplasm 
 
 
Nuclear 

 
 
 

0.139 (<0.0001) 
 

0.063 (0.015) 
 

 
 
 

0.109 (<0.0001) 
 

0.103 (<0.0001) 
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6.3.5 The association between the protein expression of TRAIL-R2, E-
cadherin, TRAIL and the clinico-pathological parameters of the 
primary invasive BC series 

6.3.5.1 Clinico-pathological associations of TRAIL-R2, E-cadherin, and TRAIL 
in breast cancer 
 

As shown in Table 9, high expression of TRAIL-R2 in the cytoplasm was 
associated with high tumour grade (p<0.001), high pleomorphism score 
(p<0.001) and high mitosis score (p<0.001). In addition, high cytoplasmic 
TRAIL-R2 expression was also associated with the histological BC types of 
ductal and medullary-like (p<0.001). On the other hand, low TRAIL-R2 
expression was associated with the lobular BC type (p<0.001). Nonetheless, 
cytoplasmic TRAIL-R2 expression was not significantly associated with tumour 
size, tubule formation, lymph node stage and Nottingham Prognostic Index 
(NPI).  

On the other hand, low TRAIL-R2 expression in the plasma membrane was 
associated with high tumour grade (p<0.001), high tubule formation score 
(p<0.05), high pleomorphism score (p<0.01), low mitosis score (p<0.001) and 
moderate NPI (p<0.01). Besides, low membranous TRAIL-R2 expression was 
also associated with all BC type groups except that of tubular. However, 
membranous TRAIL-R2 expression was not significantly associated with 
tumour size and lymph node stage in BC (Table 9). Nuclear TRAIL-R2 
expression was found to be not significantly associated to any of the clinico-
pathological parameters (Table 9). 
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Table 9   Clinico-pathological associations of TRAIL-R2 (TNFRSF10B) cytoplasmic, nuclear and 
membranous expression in breast cancer.  
N.B. p-values in bold are significant differences. 

 TRAIL-R2 (TNFRSF10B) protein 
 Cytoplasm Nuclear Membrane  

Low  
n (%) 

High  
n (%) 

Low  
n (%) 

High 
n (%) 

Low  
n (%) 

High 
n (%) 

χ2 
(p-value) 

Tumour size 
< 2 cm 
 
 
≥ 2 cm 

 
 

370 (38.8%) 
 

264 (43.4%) 

 
 

584 (61.2%) 
 

344 (56.6%) 

 
 

883 (92.6%) 
 

573 (94.2%) 

 
 

71 (7.4%) 
 

35 (5.8%) 

 
 

906 (95%) 
 

584 (96.1%) 

 
 

48 (5%) 
 

24 (3.9%) 

 
Cytoplasm: 3.311 
                  (0.069) Nuclear:     1.668 
                  (0.196) 
Membrane: 0.993                   (0.319) 
 

Tumour grade 
1 
 
 
2 
 
 
3 

  
77 

(37.2%)  
309 

(47.8%)  
248 

(35%) 

  
130 

(62.8%)  
337 

(52.2%)  
461 

(65%) 

  
191 

(92.3%)  
603 

(93.3%)  
662 

(93.4%) 

  
16 

(7.7%)  
43 

(6.7%)  
47 

(6.6%) 

  
205 

(99%)  
626 

(96.9%)  
659 

(92.9%) 

  
2 

(1%)  
20 

(3.1%)  
50 

(7.1%) 

  
 
Cytoplasm: 24.298                   (<0.0001) 
Nuclear:     0.336 
                  (0.845) Membrane: 19.236                   (<0.0001) 

Tubule 
formation 
1 
 
 
2 
 
 
3 
 

 
 

27 (32.9%) 
 

173 (38.2%) 
 

427 (42.1%) 

 
 

55 (67.1%) 
 

280 (61.8%) 
 

587 (57.9%) 

 
 

75 (91.5%) 
 

429 (94.7%) 
 

939 (92.6%) 

 
 
7 (8.5%) 
 

24 (5.3%) 
 

75 (7.4%) 

 
 

81 (98.8%) 
 

439 (96.9%) 
 

957 (94.4%) 

 
 
1 (1.2%) 
 

14 (3.1%) 
 

57 (5.6%) 

 
 
 Cytoplasm: 4.047 
                  (0.132) 
Nuclear:      2.552                   (0.279) 
Membrane: 6.821                   (0.033) 

Pleomorphism 
1 
 
 
2 
 
 
3 
 

 
2 (18.2%) 
 

222 (49.4%) 
 

403 (37%) 

 
9 (81.8%) 
 

227 (50.6%) 
 

686 (63%) 

 
10 (90.9%) 
 

411 (91.5%) 
 

1022 (93.8%) 

 
1 (9.1%) 
 

38 (8.5%) 
 

67 (6.2%) 

 
11 (100%) 
 

441 (98.2%) 
 

1025 (94.1%) 

 
0 (0%) 
 
8 (1.8%) 
 

64 (5.9%) 
 

 
 Cytoplasm: 22.696                   (<0.0001) 
Nuclear:      2.751                   (0.253) 
Membrane: 12.57                   (0.002) 

Mitosis 
1 
 
 
2 
 
 
3 
 

 
337 

(45.2%)  
124 

(42.2%)  
165 

(32.5%) 

 
409 

(54.8%)  
170 

(57.8%)  
342 

(67.5%) 

 
691 

(92.6%)  
274 

(93.2%)  
476 

(93.9%) 

 
55 

(7.4%)  
20 

(6.8%)  
31 

(6.1%) 

 
726 

(97.3%)  
281 

(95.6%)  
468 

(92.3%) 

 
20 

(2.7%)  
13 

(4.4%)  
39 

(7.7%) 

 
 
Cytoplasm: 20.428                   (<0.0001) 
Nuclear:      0.75 
                  (0.687) Membrane: 17.127                   (<0.0001) 
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Lymph node 
stage 
1 
 
 
2 
 
 
3 
 

  
402 

(41.1%)  
169 

(39.7%)  
60 

(38.7%)  

  
576 

(58.9%)  
257 

(60.3%)  
95 

(61.3%) 

  
904 

(92.4%)  
402 

(94.4%)  
147 

(94.8%) 

  
74 

(7.6%)  
24 

(5.6%)  
8 

(5.2%) 

  
931 

(95.2%)  
411 

(96.5%)  
146 

(94.2%) 

  
47 

(4.8%)  
15 

(3.5%)  
9 

(5.8%) 

  
Cytoplasm: 0.475 
                  (0.788) Nuclear:      2.478 
                  (0.29) 
Membrane: 1.747                   (0.417) 

Nottingham 
Prognostic 
Index (NPI) 
Good 
 
 
Moderate 
 
 
Poor 
 
 
 

 
 
  

212 
(41.3%)  

326 
(40.9%)  

93 
(37.7%)  

 
 
  

301 
(58.7%)  

472 
(59.1%)  

154 
(62.3%) 

 
 
  

468 
(91.2%)  

751 
(94.1%)  

233 
(94.3%) 

 
 
  

45 
(8.8%)  

47 
(5.9%)  

14 
(5.7%) 

 
 
  

502 
(97.9%)  

747 
(93.6%)  

238 
(96.4%) 

 
 
  

11 
(2.1%)  

51 
(6.4%)  

9 
(3.6%) 

 
 
  
Cytoplasm: 1.018 
                  (0.601) Nuclear:      4.688 
                  (0.096) 
Membrane: 13.511                   (0.001) 

Histological 
type 
Ductal 
(including 
mixed) 
 
Lobular 
 
 
Medullary 
 
 
Miscellaneous 
 
 
Special type 
 
 
Tubular 
 
 
 

  
 

532 (39%) 
 
 82 

(61.7%) 
 4 

(28.6%) 
 5 

(55.6%) 
 9 

(23.7%) 
 0 

(0%) 

  
 

833 (61%) 
 
 51 

(38.3%) 
 10 

(71.4%) 
 4 

(44.4%) 
 29 

(76.3%) 
 1 

(100%) 

  
 

1270 (93%) 
 
 126 

(94.7%) 
 13 

(92.9%) 
 9 

(100%) 
 35 

(92.1%) 
 1 

(100%) 

  
 

95 (7%) 
 
 7 

(5.3%) 
 1 

(7.1%) 
 0 

(0%) 
 3 

(7.9%) 
 0 

(0%) 

  
 

1300 (95.2%) 
 
 131 

(98.5%) 
 12 

85.7%) 
 8 

(88.9%) 
 37 

(97.4%) 
 0 

(0%) 
 

  
 

65 (4.8%) 
 
 2 

(1.5%) 
 2 

(14.3%) 
 1 

(11.1%) 
 1 

(2.6%) 
 1 

(100%) 

  
 
  
 
  
Cytoplasm: 34.284                   (<0.0001) 
Nuclear:      1.429 
                  (0.964) 
Membrane: 27.9                   (<0.0001) 
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In Table 10, the clinico-pathological associations of E-cadherin expression in 
breast cancer were depicted. High E-cadherin expression in cytoplasm was 
associated with small tumour size (p<0.01) and low tumour grade (p<0.001). 
In addition, high cytoplasmic E-cadherin expression was also associated with 
the BC histological types of ductal, special type and tubular (p<0.001). On the 
other hand, low cytoplasmic E-cadherin expression was associated with high 
tubule formation score (p<0.001), lobular, medullary-like and miscellaneous 
BC histological type groups (p<0.001). However, cytoplasmic E-cadherin 
expression was not significantly associated with pleomorphism score, mitosis 
score, lymph node stage and NPI. 

Similarly, high membranous E-cadherin expression was associated with low 
tumour grade (p<0.01) and ductal BC histological type group (p<0.001). In 
contrast to cytoplasmic E-cadherin expression, high E-cadherin expression at 
the plasma membrane was associated with high lymph node stage (p<0.01) 
(Table 10). On the other hand, low membranous E-cadherin expression was 
associated with high tubule formation score (p<0.001), high pleomorphism 
score (p<0.05) and low lymph node stage (p<0.01). Besides, similar to low 
cytoplasmic E-cadherin expression, low membranous E-cadherin expression 
was associated with the BC histological type groups of lobular and medullary-
like. However, membranous E-cadherin expression was not significantly 
associated with tumour size, mitosis score and NPI (Table 10). 
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      Table 10   Clinico-pathological associations of E-cadherin (CDH1) cytoplasmic and   
      membranous expression in breast cancer. 
       N.B. p-values in bold are significant differences. 

 

 
 
 
 

 E-cadherin (CDH1) protein 
 Cytoplasm Membrane  

Low  
n (%) 

High  
n (%) 

Low  
n (%) 

High  
n (%) 

χ2 
(p-value) 

Tumour size 
< 2 cm 
 
 
≥ 2 cm 

  
500 

(48%)  
371 

(55.9%) 

  
542 

(52%)  
293 

(44.1%) 

  
533 

(51.2%)  
370 

(55.7%) 

  
509 

(48.8%)  
294 

(44.3%) 

  
Cytoplasm: 10.1                   (0.001) 
 
Membrane: 3.402 
                  (0.065)  

Tumour grade 
1 
 
 
2 
 
 
3 

 
 95 

(38.6%) 
 372 

(53.1%) 
 405 

(53.2%) 

 
 151 

(61.4%) 
 328 

(46.9%) 
 356 

(46.8%) 

 
 112 

(45.5%) 
 402 

(57.4%) 
 390 

(51.2%) 

 
 134 

(54.5%) 
 298 

(42.6%) 
 371 

(48.8%) 

 
  
Cytoplasm: 17.875                   (<0.0001) 
 
Membrane: 11.959                   (0.003) 

Tubule 
formation 
1 
 
 
2 
 
 
3 
 

  
35 

(35.7%)  
214 

(42.9%)  
614 

(56%) 

  
63 

(64.3%)  
285 

(57.1%)  
482 

(44%) 

  
45 

(45.9%)  
232 

(46.5%)  
621 

(56.7%) 

  
53 

(54.1%)  
267 

(53.5%)  
475 

(43.3%) 

  
 
Cytoplasm: 33.369                   (<0.0001) 
 
Membrane: 16.351                   (<0.0001) 

Pleomorphism 
1 
 
 
2 
 
 
3 
 

 
7 

(41.2%)  
267 

(52.3%)  
589 

(50.6%) 

 
10 

(58.8%)  
244 

(47.7%)  
576 

(49.4%) 

 
9 

(52.9%)  
297 

(58.1%)  
592 

(50.8%) 

 
8 

(47.1%)  
214 

(41.9%)  
573 

(49.2%)  

 
 
Cytoplasm: 1.067                   (0.587) 
 
Membrane: 7.612                   (0.022) 

Mitosis 
1 
 
 
2 
 
 
3 
 

 417 
(50.2%) 

 164 
(51.6%) 

 282 
(52%) 

 

 414 
(49.8%) 

 154 
(48.4%) 

 260 
(48%) 

 463 
(55.7%) 

 154 
(48.4%) 

 281 
(51.8%) 

 

 368 
(44.3%) 

 164 
(51.6%) 

 261 
(48.2%) 

 

  
Cytoplasm: 0.494 
                  (0.781)  
Membrane: 5.414 
                  (0.067) 
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Lymph node 
stage 
1 
 
 
2 
 
 
3 
 

 
 545 

(51.1%) 
 236 

(50.8%) 
 88 

(51.5%) 
 

 
 522 

(48.9%) 
 229 

(49.2%) 
 83 

(48.5%) 

 
 591 

(55.4%) 
 218 

(46.9%) 
 93 

(54.4%) 
 

 
 476 

(44.6%) 
 247 

(53.1%) 
 78 

(45.6%) 

 
  
Cytoplasm: 0.028 
                  (0.986)  
Membrane: 9.563                   (0.008) 

Nottingham 
Prognostic 
Index (NPI) 
Good 
 
 
Moderate 
 
 
Poor 
 
 
 

  
 
 270 

(47.4%) 
 450 

(52.3%) 
 148 

(54.4%) 
 

  
 
 300 

(52.6%) 
 410 

(47.7%) 
 124 

(45.6%) 

  
 
 299 

(52.5%) 
 470 

(54.7%) 
 133 

(48.9%) 

  
 
 271 

(47.5%) 
 390 

(45.3%) 
 139 

(51.1%) 

  
 
 Cytoplasm: 4.88 
                  (0.087) 
 Membrane: 2.847 
                  (0.241) 

Histological 
type 
Ductal 
(including 
mixed) 
 
Lobular 
 
 
Medullary 
 
 
Miscellaneous 
 
 
Special type 
 
 
Tubular 
 
 
 

 
  

710 
(48.1%)  

 
128 (84.2%) 

 
10 (71.4%) 
 6 

(60%) 
 18 

(35.3%) 
 0 

(0%) 

 
  

766 
(51.9%)  

 
24 (15.8%) 
 
4 (28.6%) 
 4 

(40%) 
 33 

(64.7%) 
 2 

(100%) 

 
  

729 
(49.4%)  

 
131 (86.2%) 

 
10 (71.4%) 
 4 

(40%) 
 28 

(54.9%) 
 1 

(50%) 
 

 
  

747 
(50.6%)  

 
21 (13.8%) 
 

4 (28.6%) 
 6 

(60%) 
 23 

(45.1%) 
 1 

(50%) 

 
  
 
  
 
 Cytoplasm: 82.86                   (<0.0001) 
 Membrane: 78.695                   (<0.0001) 
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In the aspect of clinico-pathological associations of TRAIL expression in breast 
cancer, high cytoplasmic expression of TRAIL was associated with high tumour 
grade (p<0.001) and high mitosis score (p<0.001). On the other hand, low 
cytoplasmic TRAIL expression was associated with high pleomorphism score 
(p<0.01) (Table 11). Nonetheless, cytoplasmic TRAIL expression was not 
significantly associated with tumour size, tubule formation, lymph node stage, 
NPI and BC histological types (Table 11). 

On the other hand, low nuclear TRAIL expression was associated with small 
tumour size (p<0.01), moderate NPI (p<0.05), low mitosis score (p<0.01) but 
high tumour grade (p<0.01). In addition, low nuclear TRAIL expression was 
associated with all BC type groups except special type. Nevertheless, there 
was no significant association between nuclear TRAIL expression with tubule 
formation, pleomorphism, and lymph node stage in BC (Table 11).  
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Table 11   Clinico-pathological associations of TRAIL (TNFSF10) cytoplasmic and nuclear 
expression in breast cancer.  
N.B. p-values in bold are significant differences. 

 TRAIL (TNFSF10) protein 
 Cytoplasm Nuclear  

Low  
n (%) 

High  
n (%) 

Low  
n (%) 

High  
n (%) 

χ2 
(p-value) 

Tumour size 
< 2 cm 
 
 
≥ 2 cm 

 
 

492 (53.5%) 
 

321 (53.9%) 

 
 

428 (46.5%) 
 

274 (46.1%) 

 
 

601 (65.3%) 
 

429 (72.2%) 

 
 

319 (34.7%) 
 

165 (27.8%) 

 
 
Cytoplasm: 0.032                   (0.857) 
 
Nuclear:     7.893                   (0.005) 
 

Tumour grade 
1 
 
 
2 
 
 
3 

  
124 

(61.1%)  
354 

(57.5%)  
335 

(48.1%) 

  
79 

(38.9%)  
262 

(42.5%)  
361 

(51.9%) 

  
128 

(63.1%)  
399 

(64.8%)  
503 

(72.4%) 

  
75 

(36.9%)  
217 

(35.2%)  
192 

(27.6%) 

  
 
Cytoplasm: 16.644                   (<0.0001) 
 
Nuclear:     11.347                   (0.003) 

Tubule 
formation 
1 
 
 
2 
 
 
3 
 

 
 

42 (53.8%) 
 

242 (54.5%) 
 

525 (53.6%) 

 
 

36 (46.2%) 
 

202 (45.5%) 
 

455 (46.4%) 

 
 

50 (64.1%) 
 

293 (66%) 
 

678 (59.3%) 

 
 

28 (35.9%) 
 

151 (34%) 
 

301 (30.7%) 

 
 
 Cytoplasm: 0.107 
                  (0.948) 
 Nuclear:     2.076 
                  (0.354) 

Pleomorphism 
1 
 
 
2 
 
 
3 
 

 
5 (45.5%) 
 

258 (60.6%) 
 

546 (51.3%) 

 
6 (54.5%) 
 

168 (39.4%) 
 

519 (48.7%) 

 
6 (54.5%) 
 

273 (64.1%) 
 

742 (69.7%) 

 
5 (45.5%) 
 

153 (35.9%) 
 

322 (30.3%) 
 

 
 Cytoplasm: 10.896                   (0.004) 
 Nuclear:     5.393 
                  (0.067) 

Mitosis 
1 
 
 
2 
 
 
3 
 

 
422 

(58.9%)  
160 

(56.1%)  
226 

(45.2%) 

 
294 

(41.1%)  
125 

(43.9%)  
274 

(54.8%) 

 
455 

(63.5%)  
201 

(70.5%)  
364 

(72.9%) 

 
261 

(36.5%)  
84 

(29.5%)  
135 

(27.1%) 

 
 
Cytoplasm: 23.114                   (<0.0001) 
 
Nuclear:     12.969                   (0.002) 
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Lymph node 
stage 
1 
 
 
2 
 
 
3 
 

  
496 

(52.8%)  
228 

(54.4%)  
87 

(56.5%)  

  
443 

(47.2%)  
191 

(45.6%)  
67 

(43.5%) 

  
630 

(67.2%)  
290 

(69.2%)  
108 

(70.1%)  

  
308 

(32.8%)  
129 

(30.8%)  
46 

(29.9%) 

  
 
Cytoplasm: 0.858                   (0.651) 
 
Nuclear:     0.905                   (0.636) 

Nottingham 
Prognostic 
Index (NPI) 
Good 
 
 
Moderate 
 
 
Poor 
 
 
 

 
  
 

277 (56.9%) 
 

400 (51.4%) 
 

133 (54.1%) 
 

 
  
 

210 (43.1%) 
 

378 (48.6%) 
 

113 (45.9%) 

 
  
 

308 (63.2%) 
 

543 (69.9%) 
 

177 (72%) 

 
  
 

179 (36.8%) 
 

234 (30.1%) 
 

69 (28%) 

 
  
 
Cytoplasm: 3.622                   (0.164) 
 
Nuclear:     8.101                   (0.017) 

Histological 
type 
Ductal 
(including 
mixed) 
 
Lobular 
 
 
Medullary 
 
 
Miscellaneous 
 
 
Special type 
 
 
Tubular 
 
 
 

 
 
 708 

(53.1%) 
  

75 
(63%)  

4 
(33.3%)  

4 
(44.4%)  

22 
(55%)  

0 
(0%) 

 
 
 625 

(46.9%) 
  

44 
(37%)  

8 
(66.7%)  

5 
(55.6%)  

18 
(45%)  

1 
(100%) 

 
 
 917 

(68.8%) 
  

74 
(62.2%)  

11 
(91.7%)  

6 
(75%)  

20 
(50%)  

1 
(100%)  

 
 
 416 

(31.2%) 
  

45 
(37.8%)  

1 
(8.3%)  

2 
(25%)  

20 
(50%)  

0 
(0%) 

 
 
  
 
  
 
Cytoplasm: 7.846                   (0.165) 
 
Nuclear:     11.931                   (0.036) 
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6.3.5.2 Expression of TRAIL-R2, E-cadherin and TRAIL in breast cancer and 
the expression of other molecular biomarkers 
 
 

Aside from the clinico-pathological associations test conducted in the previous 
section, the expression of TRAIL-R2, E-cadherin and TRAIL were also studied 
along with the expression of estrogen receptor (ER), progesterone receptor 
(PR), and human epidermal growth factor receptor 2 (HER2) overexpression 
in breast cancer (BC). From the results summarized in Table 12, high 
cytoplasmic TRAIL-R2 expression was associated with positive ER expression 
(ER+) (p<0.001) and negative HER2 overexpression (HER2-) (p<0.001). In 
addition, high cytoplasmic TRAIL-R2 expression was also concurrently 
associated with the non-triple negative patient group (p<0.01). Similarly, low 
membranous TRAIL-R2 expression was associated with ER+ (p<0.001), 
positive PR expression (PR+) (p<0.001) and HER2- (p<0.01). Likewise, low 
membranous TRAIL-R2 expression was associated with the non-triple 
negative patient group (p<0.01).  
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Table 12   The cytoplasmic, nuclear and membranous expression of TRAIL-R2 (TNFRSF10B) 
in breast cancer and the expression of other molecular biomarkers.  
N.B. p-values in bold are significant differences. 
 

 
 
 
 
 
 
 
 
 
 

 TRAIL-R2 (TNFRSF10B) protein 
 Cytoplasm Nuclear Membrane  

Low  
n (%) 

High  
n (%) 

Low  
n (%) 

High 
n (%) 

Low  
n (%) 

High  
n (%) 

χ2 
(p-value) 

ER 
 
Negative 
 
 
Positive 

 
 

94 (30.2%)  
541 

(43.2%) 

 
 

217 (69.8 %) 
 

712 (56.8%) 

 
 

290 (93.2%) 
 

1168 (93.2%) 

 
 

21 (6.8%) 
 

85 (6.8%) 

 
 

279 (89.7%) 
 

1213 (96.8%) 

 
 

32 (10.3%) 
 

40 (3.2%) 

 
Cytoplasm: 17.329                   (<0.0001) 
Nuclear:     0.000 
                  (0.984) 
Membrane: 28.576                   (<0.0001) 
 

PR 
 
Negative 
 
 
Positive 
 
 

  
247 

(38.2%)  
388 

(42.7%) 

  
399 

(61.8%)  
521 

(57.3%)  
 

  
595 

(92.1%)  
854 

(93.9%)  

  
51 

(7.9%)  
55 

(6.1%)  
 

  
593 

(91.8%)  
890 

(97.9%)  
 

  
53 

(8.2%)  
19 

(2.1%)  
 

  
Cytoplasm: 3.094 
                  (0.079) Nuclear:     2.022 
                  (0.155) 
Membrane: 31.968                   (<0.0001) 

HER2 
 
Negative 
 
 
Positive 
 
 

 
 577 

(42.5%) 
 58 

(28.3%) 
  

 
 782 

(57.5%) 
 147 

(71.7%) 
  

 
 1266 

(93.2%) 
 192 

(93.7%) 
  

 
 93 

(6.8%) 
 13 

(6.3%) 
  

 
 1305 

(96%) 
 187 

(91.2%) 
  

 
 54 

(4%) 
 18 

(8.8%) 
  

 
 Cytoplasm: 14.82                   (<0.0001) 
Nuclear:      0.071                   (0.79) 
Membrane: 9.372                   (0.002) 

Triple 
negative 
 
No 
 
 
Yes 
 
 

 
 564 

(42.2%) 
 71 

(31.3%) 
  

 
 773 

(57.8%) 
 156 

(68.7%) 
  

 
 1246 

(93.2%) 
 212 

(93.4%) 
  

 
 91 

(6.8%) 
 15 

(6.6%) 
  

 
 1284 

(96%) 
 208 

(91.6%) 
  

 
 53 

(4%) 
 19 

(8.4%) 
  

 
 Cytoplasm: 9.571                   (0.002) 
Nuclear:      0.012                   (0.912) 
Membrane: 8.578                   (0.003) 
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In terms of E-cadherin expression along with the expression of ER, PR and 
HER2, high cytoplasmic E-cadherin expression was associated with ER+ 
(p<0.05), PR+ (p<0.001) and HER2- (p<0.01). On the other hand, high 
membranous E-cadherin expression was associated with HER2+ (p<0.05) but 
not significantly associated with ER or PR expression. In addition, both the 
cytoplasmic and membranous expression of E-cadherin were neither 
associated with the triple negative nor the non-triple negative patient group 
(Table 13).  

With regards to TRAIL expression, low cytoplasmic TRAIL expression was 
associated with ER+ (p<0.001) and the non-triple negative patient group 
(p<0.001). On the other hand, low nuclear TRAIL expression was associated 
with ER+ (p<0.001), HER2- (p<0.001) and the non-triple negative patient group 
(p<0.001) (Table 14).  
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Table 13   The cytoplasmic and membranous expression of CDH1 in breast cancer and the 
expression of other molecular biomarkers. 
N.B. p-values in bold are significant differences. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 E-cadherin (CDH1) protein 
 Cytoplasm Membrane  

Low  
n (%) 

High  
n (%) 

Low n 
(%) 

High  
n (%) 

χ2 
(p-value) 

ER 
 
Negative 
 
 
Positive 

  
187 

(56.3%)  
686 

(49.8%) 

  
145 

(43.7%)  
691 

(50.2%) 

  
181 

(54.5%)  
724 

(52.6%) 

  
151 

(45.5%)  
653 

(47.4%)  

  
Cytoplasm: 4.532                   (0.033) 
 
Membrane: 0.404 
                  (0.525)  

PR 
 
Negative 
 
 
Positive 
 
 

 
 

392 (56.1%) 
 

474 (47.5%) 

 
 

307 (43.9%) 
 

524 (52.5%) 
 
 

 
 

366 (52.4%) 
 

533 (53.4%) 
 
 

 
 

333 (47.6%) 
 

465 (46.6%) 
 
 

 
 
Cytoplasm: 12.124                       (<0.0001) 
 
Membrane: 0.181                   (0.671) 

HER2 
 
Negative 
 
 
Positive 
 
 

 
 

741 (49.7%) 
 

132 (60.3%) 
 
 

 
 

749 (50.3%) 
 

87 (39.7%) 
 
 

 
 

803 (53.9%) 
 

102 (46.6%) 
 
 

 
 

687 (46.1%) 
 

117 (53.4%) 
 
 

 
 
Cytoplasm: 8.492                   (0.004) 
 
Membrane: 4.104                   (0.043) 

Triple negative 
 
No 
 
 
Yes 
 
 

 
 

738 (50.4%) 
 

135 (55.1%) 
 
 

 
 

726 (49.6%) 
 

110 (44.9%) 
 
 

 
 

766 (52.3%) 
 

139 (56.7%) 
 
 

 
 

698 (47.7%) 
 

106 (43.3%) 
 
 

 
 
Cytoplasm: 1.849                   (0.174) 
 
Membrane: 1.64                   (0.200) 
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Table 14   The cytoplasmic and nuclear expression of TRAIL (TNFSF10) in breast cancer and 
the expression of other molecular biomarkers. 
N.B. p-values in bold are significant differences. 

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 TRAIL (TNFSF10) protein 
 Cytoplasm Nuclear  

Low  
n (%) 

High  
n (%) 

Low  
n (%) 

High  
n (%) 

χ2 
(p-value) 

ER 
 
Negative 
 
 
Positive 

 
 123 

(40.5%) 
 690 

(56.9%) 

 
 181 

(59.5%) 
 523 

(43.1%) 

 
 240 

(78.9%) 
 792 

(65.3%) 

 
 64 

(21.1%) 
 420 

(34.7%) 
 

 
 Cytoplasm: 26.362                   (<0.0001) 
 Nuclear:     20.686                   (<0.0001) 
 

PR 
 
Negative 
 
 
Positive 
 
 

 
 

322 (50.8%) 
 

488 (55.8%) 

 
 

312 (49.2%) 
 

386 (44.2%) 
 
 

 
 

448 (70.8%) 
 

578 (66.1%) 
 
 

 
 

185 (29.2%) 
 

296 (33.9%) 
 
 

 
 
Cytoplasm: 3.764                   (0.052) 
 
Nuclear:     3.639                   (0.056) 

HER2 
 
Negative 
 
 
Positive 
 
 

  
699 

(53.4%)  
114 

(54.8%)  
 

  
610 

(46.6%)  
94 

(45.2%)  
 

  
916 

(70%)  
116 

(56%)  
 

  
393 

(30%)  
91 

(44%)  
 

  
Cytoplasm: 0.143 
                  (0.705)  
Nuclear:     15.978                   (<0.0001) 

Triple negative 
 
No 
 
 
Yes 
 
 

  
733 

(56.5%)  
80 

(36.4%)  
 

  
564 

(43.5%)  
140 

(63.6%)  
 

  
846 

(65.3%)  
186 

(84.5%)  
 

  
450 

(34.7%)  
34 

(15.5%)  
 

  
Cytoplasm: 30.711                   (<0.0001) 
 
Nuclear:     32.126                   (<0.0001) 
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6.3.5.3 The effect of TRAIL-R2, E-cadherin, and TRAIL protein expression on 
breast cancer specific survival (BCSS) 

 
 

From the Kaplan-Meier analysis on BCSS of all the markers’ parameters, only 
membranous TRAIL-R2 expression had a significant effect on breast cancer-
specific survival (BCSS). Low membranous TRAIL-R2 expression was 
associated with better BCSS, as shown in (Figure 70A).  
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Figure 70   Effect of TNFRSF10B, CDH1 and TNFSF10 protein expression on breast cancer patient 
outcome. (A) membranous TRAIL-R2 (TNFRSF10B) vs BCSS; (B) nuclear TRAIL-R2 (TNFRSF10B) 
vs BCSS; (C) cytoplasmic TRAIL-R2 (TNFRSF10B) vs BCSS; (D) membranous E-cadherin (CDH1) 
vs BCSS; (E) cytoplasmic E-cadherin (CDH1) vs BCSS; (F) cytoplasmic TRAIL (TNFSF10) vs BCSS; 
(G) nuclear TRAIL (TNFSF10)  vs BCSS in all cases. N.B. p-values in bold are significant differences. 
0= low expression; 1= high expression 

Logrank= 5.441, p=0.02 
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 6.4 Discussion 
 

Breast cancer (BC) is a disease known for its heterogeneity, both intra-
tumourous and inter-tumourous, in terms of stages, histopathological 
classifications and expression of prognostic biomarkers like hormone receptors 
and HER2 (Turashvili and Brogi, 2017). This heterogeneity in BC had resulted 
in heterogeneity of drug response even among different clones from a single 
cancer cell (Wang et al., 2017), making the recent invent of anti-cancer drug 
sensitivity assay with quantitative heterogeneity testing (Zhang et al., 2018) 
relevant.  

In this study, TRAIL sensitivity had been tested in vitro on breast 
adenocarcinoma cells, MDA-MB-231 (without E-cadherin expression), 231-
EGFP (transfected with E-cadherin) and MCF-7 (with E-cadherin expression), 
as reported in the previous chapters. With the aforementioned heterogeneity 
in BC, it was deemed more relevant to complement the in vitro findings with 
the ex vivo findings via bioinformatics analysis of established BC patient mRNA 
data and immunohistochemistry on sections of formalin-fixed paraffin-
embedded BC tissue cores array of the biomarkers, TRAIL-R2, E-cadherin and 
TRAIL. 

The mRNA expression of TRAIL-R2 and E-cadherin were inversely correlated 
in the TCGA cohort in the comparisons between the triple negative versus non-
triple negative patient groups and the non-tumour versus primary tumour 
groups (Figure 65, Table 4). This finding had also been corroborated by the 
METABRIC cohort in which the negative correlation between TRAIL-R2 and E-
cadherin was also observed (Table 5). At the protein expression level, low 
membranous TRAIL-R2 expression was significantly associated with the non-
triple negative patient (positive E-cadherin expression) group (Table 12). This 
inverse correlation between the expression of TRAIL-R2 and E-cadherin was 
also supported by the observation of increased E-cadherin expression in 
TRAIL-R2 knock-down in MDA-MB-231 of another study (Kalthoff et al., 2014). 
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Nonetheless, both the cytoplasmic and nuclear expression of TRAIL-R2 but 
not membranous were positively correlated with both the cytoplasmic and 
membranous E-cadherin expression (Table 8). The disparity in correlation of 
the two markers between mRNA and protein expression could potentially be 
explained by the differential regulatory impact of different TRAIL-R2 isoforms 
on E-cadherin expression whereby the over-expression of short-TRAIL-R2-
isoform down-regulated E-cadherin while the over-expression of long TRAIL-
R2 isoform up-regulated E-cadherin (Fritsche et al., 2015). 

On the other hand, TRAIL mRNA expression was positively correlated with E-
cadherin mRNA expression in the TCGA cohort (Table 4). This mRNA data 
was condoned by the positive correlation between both cytoplasmic and 
nuclear TRAIL expression with the cytoplasmic and membranous E-cadherin 
expression from the IHC analyses (Table 8). However, high cytoplasmic TRAIL 
expression was associated with the high tumour grade and high mitosis score 
while its low nuclear expression was associated with better prognosis of 
smaller tumour size, moderate NPI and low mitosis score (Table 11). This 
finding showed that regardless of its localization, TRAIL overexpression was 
associated with poor prognosis in this BC and it was supported by another 
study in hepatocarcinoma cells whereby TRAIL surface overexpression could 
be hijacked by cancer cells to evade immune surveillance by inducing 
apoptosis of activated tumour-infiltrating lymphocytes (Shiraki et al., 2005). 
Moreover, low nuclear and cytoplasmic TRAIL expression were also correlated 
with ER+ and the non-triple negative patient groups which signified better 
prognosis (Table 14). These findings were in agreement with another previous 
finding that high TRAIL cytoplasmic expression was correlated with nuclear 
grade in carcinoma (Bilski et al., 2010), showing that overexpression of TRAIL, 
regardless of its localization, might be part of an escape mechanism 
established by cancer cells against tumour surveillance by inducing apoptosis 
in tumour-infiltrating lymphocytes (Koyama et al., 2002).  
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High TRAIL-R2 expression was constantly shown to be associated with 
decreased survival in breast cancer (McCarthy et al., 2005) and human 
pancreatic ductal adenocarcinoma as well as other tumour cells (Hadelmann 
et al., 2014). Similarly in this study on a large BC cohort, high cytoplasmic 
expression of TRAIL-R2 was associated with the negative prognostic markers 
like high tumour grade (p<0.001), high pleomorphism score (p<0.001) and high 
mitosis score (p<0.001) (Table 9). Concurrently, low membranous TRAIL-R2 
expression was also similarly associated with the unfavourable prognostic 
markers like higher tumour grade, higher tubule formation and higher 
pleomorphism score. This phenomenon could possibly be explained by the 
mis-localization of TRAIL-R2 from its canonical plasma membrane to other cell 
parts like cytosol and nuclear, limiting its apoptosis-induction capacity. A recent 
finding showing that TRAIL-R2 mislocalized to the nucleus could prevent 
primary let-7 miRNA maturation and enhance tumour cell proliferation (Bertsch 
et al., 2014; Hadelmann et al., 2014) had verified the aforementioned 
explanation. Nonetheless, overall, low membranous TRAIL-R2 expression was 
associated with moderate NPI (Table 9) and enhanced BCSS (Figure 70A). 
This could be attributed to the pro-invasive role of TRAIL-R2 repeatedly being 
reported in breast cancer which was shown to stem from up-regulation of 
CXCR4 levels and enhanced stromal cell-derived factor 1-directed migration in 
BC  (Fritsche et al., 2015; Malin et al., 2011).  

Therefore, the observation that TRAIL-R2 (Bertsch et al., 2014) and other 
plasma membrane receptor like fibroblast growth factor receptor-1 (Dunham-
Ems et al., 2006) having compartmentalized and distinct functions across 
different cellular localizations had approved our study approach in measuring 
the nuclear, cytoplasmic and membranous expression of the markers in this 
study. For instance, the finding that high cytoplasmic and low membranous 
TRAIL-R2 expression were associated with poor prognosis in this study 
showed that the mis-localization of TRAIL-R2 from its canonical plasma 
membrane localization could be part of the mechanism with which BC cells 
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escape from TRAIL-induced apoptosis. Nonetheless, the overall association of 
low membranous TRAIL-R2 expression with moderate NPI and enhanced 
BCSS depicts that TRAIL-R2 was more weighted towards the pro-invasive role 
in BC.  

On the other hand, E-cadherin is commonly being recognized as a tumour-
suppressor gene (Jeanes et al., 2008; Pećina-Šlaus, 2003). Li et al. (2017) 
have reported that reduced E-cadherin expression was correlated with higher 
histological tumour grade, larger tumour size and negative progesterone 
receptor status. Similarly, in our study, high cytoplasmic E-cadherin expression 
was significantly correlated with favourable prognosis like smaller tumour size 
and lower tumour grade. High membranous E-cadherin expression was also 
associated with lower tumour grade while low membranous E-cadherin 
expression correlated with higher tubule formation and higher pleomorphism 
score which signified worse prognosis (Table 10). From these findings, it was 
shown that E-cadherin, regardless of its localization in the membrane or 
cytoplasm, functions as a tumour suppressor gene as its expression 
contributes towards favourable prognosis in BC. E-cadherin’s tumour 
suppressing role could be attributed to its regulation on cancer cells apoptosis 
shown in gall bladder carcinoma (Sasatomi et al., 1996) and melanoma cells 
(Hsu et al., 2000) which potentially involves its negative regulation on β-
catenin’s activation of the Wnt signalling pathway which increases cell 
proliferation 

In terms of correlation between E-cadherin expression and hormone receptor 
status, high cytoplasmic expression of E-cadherin was significantly associated 
with ER+, PR+ and HER2- (Luminal A). This finding complemented the 
aforementioned results that E-cadherin expression serves the tumour 
suppressor role because breast cancer subtype luminal A commonly grows 
slower and gives better survival in contrast to TNBC which does not present 
with any hormone receptor expression (Fallahpour et al., 2017). Nonetheless, 
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membranous expression of E-cadherin was only associated with the over-
expression of HER2 (HER2+) (Table 13). HER2+, mostly localized at the 
plasma membrane (Jeong et al., 2017), alone was shown to be correlated with 
worse prognosis in breast cancer patients as its overexpression promoted 
malignant behavior in human mammary epithelial cell lines (Jeong et al., 2017; 
Karray-Chouayekh et al., 2012). In addition, high membranous E-cadherin 
expression was also associated with higher LN stage (Table 10). This finding 
was condoned by the numerous reports on the pro-invasive role of 
membranous E-cadherin expression in enhancing breast cancer metastases 
(Chao et al., 2010; Palen et al., 2016; Repetto et al., 2014) by its dynamic 
expression changes from loss in EMT to gain in MET, thereby facilitating the 
cancer cells’ survival and colonization in establishing secondary metastases 
(Wong et al., 2018). Therefore, despite cytoplasmic expression of E-cadherin 
contributed towards better BC prognosis, membranous E-cadherin expression 
had been harnessed by BC cells to fuel their survival and metastatic potential.  
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 6.5 Concluding remarks 
 
In conclusion, in the BC patient cohorts tested, TRAIL-R2 and E-cadherin 
assumed a negative correlation at both the mRNA and protein levels. However, 
at the protein level, different TRAIL-R2 isoforms might have differential 
regulation on E-cadherin. Low membranous TRAIL-R2 expression was 
correlated with unfavourable prognostic markers, showing that membranous 
TRAIL-R2 could be a marker for good prognosis in BC. Nonetheless, its high 
membranous expression was yet associated with poor BCSS, potentially due 
to TRAIL-R2 being harnessed by cancer cells for a pro-invasive role. Similarly, 
despite being associated with an overall good prognosis, membranous E-
cadherin expression was also shown to be pro-invasive by its association with 
higher LN stage in our study. Last but not least, over-expression of TRAIL, 
regardless of its localization, was associated with high tumour grade and high 
mitosis score, demonstrating that the escape mechanism from tumour 
surveillance might be in place in this study. Thus, these findings showed that 
the tumour suppressor genes, TRAIL-R2, TRAIL and E-cadherin markers’ anti-
cancer functions had been hijacked by BC cells to facilitate their survival 
(TRAIL) and metastatic potential (TRAIL-R2, E-cadherin). Both their over-
expression and localization could potentially serve as markers for BC 
prognosis and treatment regime selection.  
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 7. Conclusion and Future Perspectives  
At the beginning of this study, the CDH1-GFP gene was successfully delivered into 
MDA-MB-231 using the non-viral, chemical-based transfection method as it had low 
cytotoxicity and better versatility. Lipofectamine LTX reagent gave an 11.5% of 
transfection efficiency while TransIT-X2® reagent produced only 7.6% of transfection 
efficiency. TransIT-X2® reagent was chosen despite its inferiority in terms of 
transfection efficiency due to the much less cytotoxicity induced on transfected MDA-
MB-231 cells. As miRNA silencing could have contributed to the low CDH1-GFP 
expression in MDA-MB-231, the low CDH1-GFP expressing MDA-MB-231 cell 
population could only be maintained under G4-18 selection for up to a month’s time, 
resulting in transient expression. Therefore, after transfection, selection and expansion 
of CDH1-GFP expressing MDA-MB-231 cell population, all following cellular and 
molecular assays were conducted within a month before another transfection of 
delivering the gene CDH1-GFP into MDA-MB-231 cells was performed and followed 
by the cellular and molecular assays. 

When the efficacy of epigenetic drugs, TSA and Zeb sensitization of MDA-MB-231 
human breast adenocarcinoma cells towards TRAIL anti-cancer effects were probed 
into, E-cadherin expression was shown to enhance the TZT-induced growth inhibition 
and G0/G1 cell cycle arrest. The anti-cancer effects were shown to be mediated by the 
suppression of PCNA and CDK2 expression by the TZT treatment alongside E-
cadherin expression. Nonetheless, future prospective study design on TRAIL needs to 
highlight the pro-invasiveness nature of TRAIL in order that TRAIL can be applied to 
the cancer therapy field with more promising versatility.   

With the promising results from Chapter 4, the research was brought further to 
analysing the potential of the treatment regime in apoptosis induction. Collectively, the 
results from the apoptosis assessment reported in Chapter 5 showed that TZT had 
shown promising potential in enhancing TRAIL-induced apoptosis on the basis that TZ 
prior treatment had directed MDA-MB-231 towards cell cycle arrest before apoptosis 
occurrence. This was supported by the up-regulation of p21 and p-p53 (S392) in MDA-
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MB-231 by TZT. With the in vitro re-expression of E-cadherin in 231-EGFP, down-
regulation of anti-apoptotic PON2, catalase, clusterin, IAPs as well as cell stress 
proteins had validated the notion that E-cadherin expression enhanced the TZT anti-
cancer efficacy. Similarly, in E-cadherin-positive MCF-7, the anti-apoptotic proteins had 
been down-regulated while the pro-apoptotic SMAC, HTRA2 as well as both the TRAIL 
receptors, TRAIL R1 and R2 had been up-regulated by TZT. Nonetheless, in vitro re-
expression of E-cadherin in 231-EGFP had negatively down-regulated TRAIL R1 and 
TRAIL R2 expression, demonstrating that in vitro re-expression of E-cadherin in MDA-
MB-231 might not be the most feasible model in terms of studying TRAIL-based anti-
cancer activities in breast cancer. 

From the in vitro studies, it could be concluded that TZ treatment had displayed itself 
as a potential sensitizer of human breast adenocarcinoma cells towards TRAIL-
induced growth inhibition, G0/G1 cell cycle arrest and apoptosis, both with and without 
E-cadherin expression. In the case of MDA-MB-231, TZT-induced apoptosis could be 
increased with the prolonging of TZ prior treatment from 12 to 24 h. In Chapter 4, it was 
shown that the delayed reduction in cell viability of MDA-MB-231 on TZT treatment at 
48 h (Figure 24b) could be explained by the cell cycle arrest induced from the first 24 
h of TZT treatment. Therefore, with the prolongation of TZ sensitization period prior to 
TRAIL treatment, sufficient time would then be given for cell cycle arrest to occur. This 
adds value to TRAIL-based therapy as it can then be used to target the resting, non-
proliferative tumour cells which are usually recalcitrant towards treatment and stimulate 
relapse after an extended period of time  (Ehrhardt et al., 2015). On the other hand, 
since 231-EGFP was seen as the inferior E-cadherin-positive model due to its down-
regulatory effect on TRAIL-R1 and TRAIL-R2, it is therefore proposed that for future 
work, MCF-7 with re-constituted caspase-3 might serve as a better model to study the 
effect of E-cadherin expression on the TZT apoptosis-inducing efficacy in future. The 
value of caspase-3 reconstitution in MCF-7 as a drug efficacy model was also shown 
in a recent study (Nan et al., 2019). 
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As for the in vivo findings, TRAIL-R2 and E-cadherin were inversely correlated with 
each other both at the mRNA and protein levels, despite the possible differential 
regulation on E-cadherin by the different TRAIL-R2 isoforms. This finding was aligned 
with the in vitro observation that E-cadherin re-expression had down-regulated TRAIL-
R1 and TRAIL-R2, potentially due to the sequestration of beta-catenin (Wong et al., 
2018) pool that is available for interaction with other growth factors and transcription 
factors which could stabilize or increase the expression of both TRAIL receptors 
(Essers et al., 2005; Hiscox and Jiang, 1999; Kanai et al., 1995; Li et al., 1998). In 
addition, despite low membranous TRAIL-R2 expression being correlated with poor 
prognostic factors, it was counter-intuitively correlated with better BCSS, possibly due 
to TRAIL-R2 being hijacked to become pro-invasive in breast cancer cells. In the same 
vein, E-cadherin, being a tumour suppressor protein, was also associated with higher 
LN stage in this study cohort. The notion that E-cadherin re-expression aids 
metastases formation (Chao et al., 2010) in breast cancer is condoned by this finding. 
Moreover, the over-expression of the death ligand, TRAIL, was also associated with 
high tumour grade and high mitosis score, showing that cancers could have developed 
the escape mechanism from tumour surveillance.  

In short, in the feat of enhancing the efficacy of TRAIL-based cancer therapy, future 
research directions should be more diversified rather than monolithic. Since this study 
had revealed that supposedly tumour suppressor genes like TRAIL, TRAIL-R2 and E-
cadherin could be hijacked by cancer cells towards fuelling their survival, research 
goals should be focused not only on growth inhibition or apoptosis enhancement but 
also on anti-invasiveness because most of the breast cancer deaths could have been 
caused by the primary breast cancer cells gaining invasiveness and forming distant 
metastases tremendously improve cancer cells survivability and sturdiness (Al-
Mahmood et al., 2018). 
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Appendix A E-cadherin-GFP (EGFP) plasmid sequence map with total length of 
8897 base pairs (bp).  BamHI and XbaI restrictions sites at 5159 bp and 2521 bp, 
respectively are shown (black rectangle). 
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Blue curve: Beta-actin 
Green curve: GFP 

Appendix B Melt curve analysis of the qPCR reaction. The peak (green curve) at approximately 
90˚C shows the potential GFP product while the peak (blue curve) at approximately 77˚C shows 
the potential beta-actin product. Unspecific binding of beta-actin primer is also depicted from the 
blue curve. The melt curve analysis conditions were 95˚C for 15s, 55˚C for 15s and eventually 
95˚C for 15 s.  
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Appendix C   Cell viability curve of MDA-MB-231 treated with 50, 100, 150, 200, 250 and 300 nM TSA. Data 
represents means + SEM from three independent experiments.   



  

280  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0

20

40

60

80

100

120

0 2 4 6 8 10 12

Ce
ll v

iab
ilit

y (
%)

Zebularine concentration (µM)

Appendix D   Cell viability curve of MDA-MB-231 treated with 2, 4, 6, 8 and 10 µM Zeb. 
Data represents means + SEM from three independent experiments.   
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Appendix E   Histogram representation of cell cycle analysis on (A) untreated MDA-
MB-231 cells and MDA-MB-231 treated with (B) IC25 of TSA , (C) IC25 of Zeb, (D) 
IC25 of TSA and Zeb combination, (E) 50 ng/mL TRAIL for 24h and (F) IC25 of TSA 
and Zeb  combination for 12h followed by 50 ng/mL TRAIL for 24 h. 
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Appendix F   Histogram representation of cell cycle analysis on (A) untreated 231-
empty vector (231-EV) cells and 231-EV cells treated with (B) IC25 of TSA , (C) IC25of Zeb, (D) IC25 of TSA and Zeb combination, (E) 50 ng/mL TRAIL for 24h and (F) IC25of TSA and Zeb  combination for 12h followed by 50 ng/mL TRAIL for 24 h.   
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Appendix G   Histogram representation of cell cycle analysis on (A) untreated 231-
E-cadherin-GFP (231-EGFP) cells and 231-EGFP cells treated with (B) IC25 of 
TSA , (C) IC25 of Zeb, (D) IC25 of TSA and Zeb combination, (E) 50 ng/mL TRAIL for 
24 h and (F) IC25 of TSA and Zeb  combination for 12h followed by 50 ng/mL TRAIL 
for 24 h.  
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Appendix H   Histogram representation of cell cycle analysis on (A) MCF-7 cells and 
MCF-7 cells treated with (B) IC25 of TSA , (C) IC25 of Zeb, (D) IC25 of TSA and Zeb 
combination, (E) 50 ng/mL TRAIL for 24 h and (F) IC25 of TSA and Zeb  combination 
for 12h followed by 50 ng/mL TRAIL for 24 h.  
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Appendix I   Histogram representation of cell cycle analysis on (A) MCF10A cells 
and MCF10A cells treated with (B) IC25 of TSA , (C) IC25 of Zeb, (D) IC25 of TSA and 
Zeb combination, (E) 50 ng/mL TRAIL for 24 h and (F) IC25 of TSA and Zeb  
combination for 12h followed by 50 ng/mL TRAIL for 24 h.  
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Appendix J   Histogram representation of Annexin V-FITC/PI cellular apoptosis 
assay on (A) MDA-MB-231 cells and MDA-MB-231 cells treated with (B) IC25 of TSA 
and Zeb combination, (C) 50 ng/mL TRAIL for 24 h and (D) IC25 of TSA and Zeb  
combination for 12h followed by 50 ng/mL TRAIL for 24 h.  
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Appendix K   Histogram representation of Annexin V-FITC/PI cellular apoptosis 
assay on (A) 231-EGFP cells and 231-EGFP cells treated with (B) IC25 of TSA and 
Zeb combination, (C) 50 ng/mL TRAIL for 24 h and (D) IC25 of TSA and Zeb  
combination for 12h followed by 50 ng/mL TRAIL for 24 h.  
 



  

288  

 
  

A           B 
 
 
 
 
 
 
 
 
C           D 
 

Appendix L   Histogram representation of Annexin V-FITC/PI cellular apoptosis 
assay on (A) MCF-7 cells and MCF-7 cells treated with (B) IC25 of TSA and Zeb 
combination, (C) 50 ng/mL TRAIL for 24 h and (D) IC25 of TSA and Zeb  combination 
for 12h followed by 50 ng/mL TRAIL for 24 h.  
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Appendix M  The processed apoptosis antibody array sheets of  (A) MDA-MB-231 
cells and MDA-MB-231 cells treated with (B) IC25 of TSA and Zeb combination, (C) 
50 ng/mL TRAIL for 72h and (D) IC25 of TSA and Zeb  combination for 12 h followed 
by 50 ng/mL TRAIL for 72h.  
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Appendix N  The processed apoptosis antibody array sheets of  (A) 231-
EGFP cells and 231-EGFP cells treated with (B) IC25 of TSA and Zeb 
combination, (C) 50 ng/mL TRAIL for 72h and (D) IC25 of TSA and Zeb  
combination for 12 h followed by 50 ng/mL TRAIL for 72h.  
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Appendix O  The processed apoptosis antibody array sheets of  (A) MCF-7 cells and 
MCF-7 cells treated with (B) IC25 of TSA and Zeb combination, (C) 50 ng/mL TRAIL 
for 72h and (D) IC25 of TSA and Zeb  combination for 12 h followed by 50 ng/mL 
TRAIL for 72h.  


