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Abstract
Background: C9, a newly in silico-designed inhibitor of microtubule dynamics induces G2/M 
arrest culminating in apoptosis. Dichloroacetate (DCA) inhibits pyruvate dehydrogenase 
kinase, an enzyme that promotes pyruvate entry into mitochondria. The use of antitumor drugs 
targeting different cancer features can be a more effective way to overcome drug resistance. 
Methods: 

assays. Results: An LDH assay showed that C9+DCA treatment decreased cell viability to 83.5% 
in MCF-7 cells when compared to the non-tumorigenic MCF-12A cells 92.4% (P < 0.05). C9- 
and C9+DCA treatment induced mitochondrial membrane potential depolarization in MCF-7 
cells but not in MCF-12A cells (P < 0.05). The occurrence of apoptosis was associated with 
increased hypo- and hyper-phosphorylation of Bcl-2 Ser70 and caspase 7 activation. Kinase 
inhibition revealed sustained activation of the JNK pathway caused increased Bcl-2 protein 
Ser70 hypo-and hyper-phosphorylation. 
DCA-, C9- and C9+DCA-exposed MCF-7 cells, but not in MCF-12A cells, indicating cytosolic 
H2O2/Fe2+ formation in treated tumorigenic cells. LC3-II expression was elevated in C9+DCA-
treated cells in both cell lines, indicating that autophagy was also induced. Conclusions: 
Synergistic effects of C9+DCA were demonstrated on breast carcinoma and non-tumorigenic 
cells with selectivity towards the MCF-7 cells. Antimitotic compound C9 in combination with 

2-mediated signalling pathways in vitro and it is argued that autophagy acts as protective 
mechanism in the treated cells before apoptosis occurs.
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Introduction

Increased understanding of the evolutionary origins of cancer has helped researchers 
comprehend how resistance to anticancer treatment emerges [1]. Hanahan and Weinberg 

[3]. 

Treatment 
of cancer with combination therapies targeting at least two different pathways is preferable 
[4]. This can be achieved by treating cancer with different types of chemotherapeutic agents 
or one agent that is capable of targeting numerous signalling pathways. 

(OXPHOS)
These characteristics separate cancer cells from normal functioning cells and can be seen as 

 The combination of antimitotic 
compounds together with compounds that can target the dysregulated metabolism of many 

therapeutic promise in patients with advanced solid tumors [6]. Tagg et al. [7] demonstrated 

in vivo. 
in silico designed by our group 

. C9 has improved bioavailability because of the ability of the sulphamoyl moiety to 

to circumvent liver metabolism [11]
to improve the antimitotic activity of estradiol analogues  and dehydration at positions 

[13]. 

[14]. 

cancer growth . 

This allows for the translocation of  from the mitochondrial 

c in 
lung cancer 
cells [18]
reported that this small molecule has the ability to induce apoptosis in vitro and in vivo . 

(in vitro in vivo) through signalling that involves the inhibition 
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. 

glycolytic inhibitor and other one an antimitotic compound. C9 is an antimitotic compound 
which disrupts tubulin polymerization in actively dividing cells. Treatment of C9 on cells 

ROS level and intrinsic apoptotic cell death by forcing cancer cells to utilize the mitochondria 
for energy production . It is thus possible that combination treatment of cells with 

to elucidate the mechanisms of action of in silico
cancer.

towards the breast carcinoma cells [9]

synergism . 

In the pilot 

cell death. It was proposed that the selectivity of the combination treatment is associated 

breast cells.

Materials and Methods

Compounds and reagents
O

®

were purchased from Life Technologies 

N L

®

RSA). 
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®

Cell cultures

.

Cell viability
L

medium upon damage of the plasma membrane 

Cell morphology via light microscopy
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Microarray gene expression analysis

et al. [31]

of organic contamination (e.g.

33] respectively as described previously by Stander et al. [31]. 

Oxidative stress test
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N L

Research).

Mitochondrial membrane potential depolarization

Bcl-2 expression and phosphorylation at Serine 70

oligomerazation on the mitochondrial membrane [37]

) is a crucial 
[39]

Ser Ser
69 and Ser87

method previously described in Stander et al. 

[41]

literature .

Caspase 7 activity

Autophagic activity 

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f P
re

to
ria

 -
 M

E
D

   
   

   
   

   
   

   
   

   
14

9.
12

6.
78

.4
9 

- 
12

/8
/2

01
5 

1:
03

:3
7 

P
M



Cell Physiol Biochem 2015;35:1499-1526
DOI: 10.1159/000369710
Published online: March 12, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1505

Stander/Stander /Joubert: In vitro Anticancer Signalling of DCA and C9

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Ultrastructure 

Statistical considerations

t

referring to standard deviations. P

Results

Cell viability

P

P 

Cell morphology via light microscopy 

subdivided into interphase and hypercondensed chromatin with the latter indicating the 
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Fig. 1. 

, P
P

the same treatment.

Fig. 2. 

and showed no sign of distress. Cells 

cells (C) showed decreased cell density 

formation of apoptotic bodies.
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Confocal microscopy

Fig. 3. 

formation and fragmentation of genomic material.

Table 1. 

the mitotic phase were subdivided 

telophase and tripolar metaphase. 

into interphase and hypercondensed 

undergoing apoptosis
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continued

Table 2. 
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Microarray gene expression analysis

P

TP53BP1
MDM2 BBC3/

PUMA
BBC3/PUMA MDM2 CITED4

BTG1
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Fig. 4. 

DUSP13 FTH1).

PAIP1 

PARP1) and breast cancer 
1 (BRCA1

1 (EIF1 EIF4E
MAPK14 PIK3R1

PTPN6
YWHAE c FOS

oncogene (JUN

breast cancer formation [47]. v
RELB

regulated in both cell lines.
(HES1  

HES1
 

CCNK

[49].

TXNL4A
(TXNL4B PRDX3
(FTH1 and FTL

large number of genes related to cellular structural integrity in both cell lines. Actin (ACTG1
MAP7

(TUBA1 TUBA6 TUBA8 and TUBB2A) genes were down regulated in both cell lines. These 

BBC3/PUMA
MDM2 c MYC CCND1) and 
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retinoblastoma 1 (RB1

ABCB1
ABCC5

treatment. ABCB1

FTH1 GSTA2
NOS2A SMOX SOD1) 

SOD2

FDXR) gene was down 

Fig. 5. 
test by means of H O /

 measurement via 

cells compared to ve

count illustrated the 

were investigated and 

P

and controls within the 
same cell line. *P

compared for the same 
treatment. #P

treatment were com
pared with other treat

cell line.
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Oxidative stress test 

O

P 
O

O

samples (P 
P

O

controls (P

Fig. 6. 

P

P †P
P
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P 

MAP kinase inhibition study
The observation that ROS plays a role in inducing mitochondrial membrane potential 

Bcl-2 expression and phosphorylation status 

protein that plays a role in modulating the membrane potential of mitochondria. An 

Fig. 7. 
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effects by preventing mitochondrial depolarization through its interaction with and ultimate 

Fig. 8. 

ml). 

P

P .
treatment resulted in a decrea
se in the number of cells with an 

treated cells also decreased the 

P

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f P
re

to
ria

 -
 M

E
D

   
   

   
   

   
   

   
   

   
14

9.
12

6.
78

.4
9 

- 
12

/8
/2

01
5 

1:
03

:3
7 

P
M



Cell Physiol Biochem 2015;35:1499-1526
DOI: 10.1159/000369710
Published online: March 12, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1515

Stander/Stander /Joubert: In vitro Anticancer Signalling of DCA and C9

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

added (P

Ser 69 and Ser87

. C9 is an 

Caspase 7 activity

was used as a positive control for apoptosis induction and to ensure the correct protocol was 

Fig. 9. 

(A) and phosphorylation 

pression was unaffected 

P  
treatment resulted in a 
decrease in the number of 

differences when compa

control. This decrease was 

ly less when compared to 
 

P
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P

Autophagic activity: Transmission electron microscopy and LC3-II expression

after the activation of mitochondrial membrane depolarisation and caspases 7 activation. 

against the induction of apoptosis phenomenon 

protective effect against late stages of apoptosis.

Fig. 10. 

on in treated and untrea

cell count (B). Caspa

levels also increased in 

ces between the active 

cells were statistically 
P

P

cells and controls within 
P

compared for the same 
treatment. Actinomycin 

as a positive control for 
apoptosis induction.
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and 11H). 

Fig. 11. 

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f P
re

to
ria

 -
 M

E
D

   
   

   
   

   
   

   
   

   
14

9.
12

6.
78

.4
9 

- 
12

/8
/2

01
5 

1:
03

:3
7 

P
M



Cell Physiol Biochem 2015;35:1499-1526
DOI: 10.1159/000369710
Published online: March 12, 2015

© 2015 S. Karger AG, Basel
www.karger.com/cpb 1518

Stander/Stander /Joubert: In vitro Anticancer Signalling of DCA and C9

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

Fig. 12. 

and double arrows indicate autolysosomes/amphisomes. Arrowhead indicates fragments of endoplasmic 
reticulum inside the autophagosome. P-value

P-value
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(P

as a result of the combination treatment and this result supports the previously displayed 

 

Discussion

with healthy mitochondria function and ROS scavenge systems in place could control the 

Fig. 13. 
dent activation of c

implication of phosphorylation 
status of the cell concerning the 

to promote cell growth. The 

caused sustained activation of 

switching on the apoptotic path

levels of Ser  phosphorylated 

phosphorylation are associated 

ties.  
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Fig. 14. Proposed mechanism of ac

combination treatment increases the 
formation of ROS which in turn acti

induction of caspase 7 activity. Both 

can also induce an initial protective 
effect via autophagy that inhibits late 
apoptotic events.

more pronounced selectivity that was observed in cell growth assays and light microscopy 

proliferation rather than increased induction of late stages of apoptosis. A possible reason 

to have a protective effect for cancer cells under various stress situations and in this may be 

demonstrated that the mitotic spindle integrity was compromised after treatment with 

arrested at the mitotic phase to forming multiple micronuclei and apoptotic bodies. Other 
studies recently conducted also showed similar results where a sulphamoylated antimitotic 

detected in both cell lines by means of transmission electron microscopy. This observation 
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SMOX 

spermine to spermidine [64]. The latter process has been proven to prolong the life span of 
several model organisms via 

intrinsic pathway including the disruption of the mitochondrial transmembrane potential 

 

Sun et al. . 
that a combination of dichloroacetate with another chemotherapeutic agents induced 

their normal OXPHOS function [69]. 

and/or mitochondrial cytochrome c
enclosed materials (iron and cytochrome c) is largely caused by the organelle membrane 

O and cytochrome c 

play an important role in 
apoptosis induction via mitochondrial membrane depolarization.

Acidic lysosomes function as degradative machinery for the ingestion and digestion of 
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are responsible for the transportation of ferritin (as oligomers) in vitro and in vivo

towards a higher concentration of ferritin within the cytosol. The results suggest that the 

previously tested by Ventura et al.

[74]. Lee et al.

Thr69  and Ser87

 is associated 

through the intrinsic pathway. 

phosphorylation. An increase in Ser 69 and Ser87

. who showed that the 
spindle poison/antimitotic compounds induced cancer cell death through phosphorylation 

phosphorylation (Ser 69 and Ser87
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Conclusion 

Cancer cells tend to have an 

[81]

as been demonstrated that increased intracellular ferritin is found in malignant breast 

Results obtained contribute to elucidate the functional roles of the pathways 

in vitro
functional combination treatments as clinically useable anticancer agents.
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mitochondria into human cancer cells inhibits proliferation and increases drug sensitivity. Breast Cancer 
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