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Abstract 

2-Methoxyestradiol is a 17-beta estradiol derivative with antitumor activity. Due to low 
bioavailability, a new estrogen analogue was in silico-designed. The latter, a sulphamoylated 
analogue of 2-methoxyestradiol, was evaluated for its potential antiproliferative effect by 
means of expression microarray analysis and transmission electron microscopy in the highly 
metastatic breast adenocarcinoma (MDA-MB-231) cell line.  Data indicate changes in gene 
expression pertaining to induction of apoptosis and autophagy as types of cell death, arrest of 
the cell cycle, and impairment of the cytoskeleton and induction of reactive oxygen species. 
Transmission electron microscopy confirmed morphological characteristics of apoptosis and 
autophagy. Altered cell cycle- and cytoskeletal-related gene expression profiles demonstrated 
that the estradiol analogue acts as an antimitotic agent in this highly metastatic breast cell 
line. Data also showed that the newly designed estrogen analogue exerts an antiproliferative 
effect in this cancer cell line culminating in both apoptosis and autophagy as type of cell 
death paving the way for further investigations into its potential as anticancer agent.  

Keywords: Apoptosis, microarray, autophagy, antimitotic, cell cycle 
Accepted August 19 2013 

This article may be cited as: 
Visagie MH, Stander BA, Birkholtz L-M, Joubert AM. Short communication: Effects of a 17-beta estradiol analogue on 
gene expression and morphology in a breast epithelial adenocarcinoma cell line: A potential antiproliferative agent. 
Biomedical Research 2013; 24 (4): 525-530.        

Introduction 

Microtubules are viewed as an ideal target for 
chemotherapeutic agents due to its crucial role during the 
formation of the dynamic spindle apparatus in mitosis [1]. 
2-Methoxyestradiol is a naturally occurring derivative of 
β-estradiol that exerts microtubule disruption and 
antitumor activity. However, 2-methoxyestradiol failed to 
advance to United State Food and Drug Administration 
approval due to limited biological accessibility [3]. 
Reports indicated that estrogen sulphamate analogues 
featuring a 2-methoxy, 2-ethyl, or 2-methyl sulphanyl 
group possess optimal antiproliferative activity [4-5]. This 
potent antitumor activity is due to their ability to interact 

with sulphatase, carbonic anhydrase and proteins such as 
tubulin [5].  

The addition of a 3-O-sulphamate group allows for 
resistance to inactivating conjugation of the C-3 hydroxyl 
group, which estradiol derivatives are usually subjected to 
[4]. In addition, the estrogen 3-O-sulphamates are highly 
reversible inhibitors of carbonic anhydrase II. The latter is 
most likely responsible for the high bioavailability of the 
sulphamoylated analogues since reversible uptake by red 
blood cells and interaction with carbonic anhydrase II 
ensures transiting the liver without undergoing first pass 
metabolism [4-6]. This study focused on the potential 
antiproliferative effect of a novel 2-methoxyestradiol  
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analogue namely (8R, 13S, 14S, 17S)-2-Ethyl-13-methyl-
7, 8, 9, 11, 12,13, 14, 15, 16, 17-decahydro-6H-
cyclopenta[a]phenanthrane-3, 17-diyl bis(sulphamate) 
(EMBS) on gene expression and morphology on the triple 
negative adenocarcinoma (MDA-MB-231) cell line. 
(Figure 1). 

Materials and Methods 

The MDA-MB-231 is a tumorigenic estrogen receptor 
negative breast epithelial carcinoma cell line that is 
derived from a metastatic adenocarcinoma site and is 
commercially available from Microsep (Pty) ltd, 
Johannesburg (South Africa). All required reagents of cell  

Figure 1: EMBS is a derivative of 2-methoxyestradiol. 
(8R, 13S, 14S, 17S)-2-Ethyl-13-methyl-7, 8, 9, 11, 12,13, 14, 15, 16, 17-decahydro-6H-
cyclopenta[a]phenanthrane-3, 17-diyl bis(sulphamate) (EMBS) is a sulphamoylated analogue of 2-
methoxyestradiol. 

culture analytical grade were purchased from Sigma (St. 
Louis, United States of America). The RNeasy Mini Kit 
was provided by Southern Cross Biotechnology Pty (Ltd) 
(Cape Town, South Africa). Agilent’s Human 1A Oligo 
Microarray slides, Agilent Gene Expression 
Hybridization Kit, Agilent Expression Wash Buffer Kit 
and the Agilent RNA spike-in kit was provided by 
Agilent Technologies Pty (Ltd) (Palo Alto, States of 
America). The Quick AMP labelling kit was bought from 
Chemetrix (Midrand, South Africa). The Nanodrop ND-
1000 spectrophotometer (Nanodrop Technologies, 
Wilmington, USA) utilized for spectrophotometrical 
quantification of ribonucleic acid (RNA) and 
deoxyribonucleic acid (DNA) and the Axon Genepix 
400B scanner (Molecular Devices, Sunnyvale, USA) 
utilized for microarray slide scanning was supplied by the 
ACGT Microarray Facility of the University of Pretoria 
(www.microarray.up.ac.za; Gauteng, South Africa). 

EMBS was synthesized by iThemba Pharmaceuticals 
(Pty) Ltd. (Modderfontein, South Africa) since this 
compound was not commercially available [6]. A stock 
solution of EMBS dissolved in dimethyl sulphoxide 
(DMSO) was prepared with a concentration of 10 mM 
and was stored at 4°C. The vehicle control sample 
composed of DMSO (v/v) and growth medium. Cells 
were exposed to 0.4 μM EMBS for 24 h as prior 

experiments conducted in our laboratory (Department of 
Physiology, University of Pretoria, South Africa) 
indicated successful antiproliferative activity at this 
concentration (data not shown). Cells were grown and 
maintained in 25 cm2 tissue culture flasks in a humidified 
atmosphere at 37°C and 5% CO2 and cultured in 
Dulbecco’s Minimum Essential medium eagle (DMEM), 
supplemented with 10% heat-inactivated fetal calf serum 
(56°C, 30 min), 100 U/mL penicillin G, 100 µg/mL 
streptomycin and fungizone (250 µg/L). 
Whole human genome gene expression microarrays  
Agilent’s Human 1A Oligo 60-mer Microarray (V2) 44 k 
slides with more than 41 000 60-mer oligonucleotide hu-
man genes and transcripts were employed to study global 
expression changes on the MDA-MB-231 cell line in-
duced after 24 h treatment of EMBS according to the 
method described by Stander, et al (2013) [7].  A dye-
swop methodology with three biological replicates was 
employed in order to remove the effects of dye-bias on 
statistical analyses and make the genomic information 
statistically relevant. Slides were scanned with the Axon 
Genepix 4000B Scanner (Molecular Devices, USA) pro-
vided by the ACGT Microarray Facility at the University 
of Pretoria. 

Differentially expressed upregulated- and downregulated 
genes were established by means of the log fold change of 
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a particular gene (LogFC) value. LogFC values provide 
the difference by means of the log2 transformed gene ex-
pression data (data not shown). Positive logFC values 
demonstrate the logarithmic foldness of upregulation and 
negative logFC values indicate the logarithmic foldness of 
downregulation in gene expression.  

Transcripts with a B-value of greater than zero were con-
sidered statistically significantly differentially expressed. 
The B-statistic is defined as log-odds that that transcript is 
differentially expressed and a B-statistic of zero corre-
sponds to a 50/50 chance that the transcripts are differen-
tially expressed. Statistically significant genes involved in 
the major cell death pathways (apoptosis and autophagy) 
and antiproliferative relevant categories related to possi-
ble anticancer activity were grouped in specific catego-
ries. 

Transmission electron microscopy 
Transmission electron microscopy (TEM) was conducted 
to demonstrate effects on EMBS on cell morphology to 
visualize characteristics of apoptosis and autophagy. TEM 
was performed according to Visagie and Joubert (2010) 
[3]. Samples were viewed with a JOEL JEM 2100F 

transmission electron microscope (Electron Microscopy 
Unit, University of Pretoria, South Africa). 
Statistics 
All experiments were conducted in triplicate. Qualitative 
data was supplied by means of TEM and gene expression 
microarrays provided quantitative data.  Scanning and 
data analysis of microarrays were conducted according to 
the method described by Stander, et al (2013) [7]. 

Results 

Whole human genome gene expression microarrays 
Microarray studies (whole human genome) were per-
formed to study the effects of EMBS on gene  
expression in the highly metastatic MDA-MB-231 cell 
line. EMBS caused changes in gene expression levels 
demonstrating cell death induction via apoptosis and 
autophagy.  Genes that were considered statistically sig-
nificantly differentially expressed (adjusted P-value 
<0.05) in treated cells were mapped to genes associated 
with cell growth, apoptosis, autophagy, cell cycle and 
DNA repair and oxidative stress. Transmission electron 
microscopy confirmed morphological characteristics of 
apoptosis and autophagy (Table 1 and Table 2).  

Table 1. EMBS-specific upregulated genes that were considered statistically significantly differentially expressed (ad-
justed P-value <0.05) were mapped to genes associated with apoptosis, cell cycle progression, cytoskeleton, metabo-
lism, reactive oxygen species induction and autophagy. Transcripts with a B-value of greater than zero were considered 
statistically significantly differentially expressed. The B-statistic is defined as log-odds that that transcript is differen-
tially expressed and a B-statistic of zero corresponds to a 50/50 chance that the transcripts are differentially expressed. 

Upregulated genes Adjusted P-value B-value
Apoptosis-related genes 
BCL2-associated X protein (BAX) 0.001587 2.066284 
BCL-2 related ovarian killer (BOK) 0.001985 1.699618 
Calpain 1 0.000831 3.113232 
Protein phosphatase 4 (formerly X) 0.002156 1.560955 
Cell cycle progression and possible arrest-related genes 
Protein kinase N1 (PKN1) 0.0023 1.435834 
Cytoskeleton-related genes 
Actin related protein 2/3 complex, subunit 1B 0.000422 4.338125 
ADP-ribosylation factor interacting protein 2 (arfaptin 2) (ARFIP2) 0.000346 4.857962 
Caldesmon 1 (CALD1) 0.000164 6.907807 
Metabolism-related genes 
Fatty acid desaturase 3 (FADS3) 0.000147 7.206615 
Isocitrate dehydrogenase 3 (NAD+) beta (IDH3B) 0.000501 3.975299 
Glucose 6 phosphatase, catalytic, 3 (G6PC3) 0.000623 3.596675 
Reactive oxygen species-related genes 
NADH dehydrogenase (ubiquinone) flavoprotein 3 (NDUFV3) 0.002964 1.038278 
Autophagy-related genes 
Heat shock 70kDa protein 8 (HSPA8) 0.001511 2.138446 
Natriuretic peptide receptor B/guanylate cyclase B (atrionatriuretic pep-
tide receptor B) (NPR2) 

0.000164 6.888603

Regulator of G-protein signalling 19 (RGS19) 0.000352 4.798265 
RAB7, member RAS oncogene family 0.000472 4.090112 
Heat shock protein 90kDa alpha (cytosolic), class A member 1 
(HSP90AA1)         

02356 1.389708
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Table 2. EMBS-specific downregulated genes that were considered statistically significantly differentially expressed 
(adjusted P-value <0.05) were mapped to genes associated with apoptosis, cell cycle, cytoskeleton, metabolism, reactive 
oxygen species and autophagy.  Transcripts with a B-value of greater than zero were considered statistically 
significantly differentially expressed. The B-statistic is defined as log-odds that that transcript is differentially expressed 
and a B-statistic of zero corresponds to a 50/50 chance that the transcripts are differentially expressed. 

EMBS-specific downregulated genes Adjusted P-value B-value
Cell cycle progression and possible arrest-related genes 
Cell division cycle 2, G1 to S and G2 to M (CDC2) 6.27E-05 9.338914 
High mobility group AT-hook 2 (HMGA2) 0.001062 2.729572 
Anaphase promoting complex subunit 13 (ANAPC13) 0.000355 4.752336 
Cytoskeleton-related genes 
Tubulin, beta 2C (TUBB2C) 0.00023 6.06837 
Tubulin, beta 2B (TUBB2B) 0.00119 2.54622 
Vav 3 oncogene (VAV3) 0.00014 7.29797 
Echinoderm microtubule associated protein like 4 (EML4) 0.00036 4.70159 
Keratin associated protein 4-14 (KRTAP4-14) 0.0019 1.77055 
Rho-associated, coiled-coil containing protein kinase 1 (ROCK1) 0.000729 3.319353 
Actin related protein 2/3 complex, subunit 5, 16kDa (ARPC5) 0.00112 2.65459 
Metabolism-related genes 
UDP-glucose pyrophosphorylase 2 (UGP2) 0.000312 5.099762 
Adenylosuccinate synthase like 1 (ADSSL1) 0.000371 4.641085 
Reactive oxygen species-related genes 
Glutathione S-transferase A2 (GSTA2) 9.01E-05 8.030747 
Glutathione peroxidase 2 (gastrointestinal) (GPX2) 0.001733 1.930463 
Superoxide dismutase 1, soluble (SOD1) 0.002764 1.138002 
Autophagy-related genes 
RAB10, member RAS oncogene family 0.000312 5.095726 
Rapamycin-insensitive companion of mTOR (RICTOR) 0.000671 3.44283 

Figure 2: Transmission electron micrographs depicting in vitro effects of EMBS on morphology 
Micrographs provided by means of transmission electron microscopy of vehicle-treated (A) and EMBS-
treated MDA-MB-231 cells (B) revealed the formation of apoptotic bodies, shrunken cells, autophagosome 
and vacuoles in EMBS-treated cells.  
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Transmission electron microscopy 
Transmission electron microscopy (TEM) demonstra-
ted morphological characteristics of cell death and con-
firmed antiproliferative effects of EMBS on these 
breast cancer cells. TEM illustrated the presence of 
apoptotic bodies, shrunken cells, autophagosome and 
vacuoles when compared to vehicle-treated control 
cells (Figure 2). 

Discussion 

This study is the first to investigate the antiproliferative 
effect of a novel sulphamoylated 2-methoxyestradiol 
derivative of 17-beta estadiol on gene expression and 
morphology in an estrogen receptor-negative, highly 
metastatic breast adenocarcinoma cell line. Gene 
expression microarray data suggested that EMBS causes 
its antiproliferative effect by possible induction of 
apoptosis and autophagy. Altered gene expression 
analysis indicated that EMBS also causes impairment of 
cytoskeletal structure, -metabolism, induction of reactive 
oxygen species and arrest in cell cycle progression. 
Characteristics of both apoptosis and autophagy as types 
of cell death were observed by transmission electron 
microscopy.  

Altered cell cycle-specific gene expression signifies that 
EMBS exposure results in G2/M arrest. The possible 
antimitotic activity of EMBS is supported by the 
downregulated TUBB2C, TUBB2C, ELM4 and CALD1, 
which demonstrate that EMBS targets the actin and 
tubulin for conformational changes. 

The induction of autophagy is indicated by the altered 
expression of the autophagy-related genes. Rab7 is 
involved in endocytosis and enhancement of the fusion 
between autophagosome and lysosomes during autophagy 
and thus increased Rab7 expression indicates the 
increased presence of autophagy [8]. Rab10 plays a role 
in vesicle transport and reports indicate that RAB10 
inhibition results in increased autophagy and this may be 
the mechanism by which dietary restriction stimulates 
autophagy [9]. The mTORC2 protein rapamycin-
insensitive companion of mTOR (rictor) regulates 
autophagy and inhibition of the mTORC results in 
autophagy induction in the non-small H383 cell lung 
cancer cell line [10].  

In conclusion, this gene expression study indicates that 
EMBS induces apoptosis and autophagy, exerts 
antimitotic activity and increases reactive oxygen species 
generation paving the way for future investigations into 
its potential as antiproliferative, and ultimately, an 
anticancer agent.  
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