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Abstract 
 
Marike Gabrielson (2013): The mitochondrial protein SLC25A43 and its 
possible role in HER2-positive breast cancer. Örebro Studies in Medicine 
80, 76 pp. 
 
In breast cancer, overexpression of the human epidermal growth factor 
receptor (HER) 2 along with altered activity of several downstream signal-
ling pathways, are associated with poor prognosis and shortened survival 
for the patient.  

In paper I, we identified a common deletion covering the gene encoding 
the mitochondrial solute carrier SLC25A43, a relatively unknown protein, 
in HER2-positvive breast tumours. Using immunohistochemistry we ana-
lysed the protein expression of SLC25A43 in HER2-positive breast cancers 
(papers I and IV). Tumours with negative or low SLC25A43 protein ex-
pression were shown to have lower S phase fraction (SPF) compared to 
tumours with medium or high expression. In paper II, siRNA mediated 
silencing was used to evaluate the effect of SLC25A43 in different breast 
epithelial cell lines. Silencing SLC25A43 altered the G1-to-S cell cycle phase 
transition and cell proliferation rate as well as the expression of the prolif-
eration marker Ki-67 and the cell cycle regulatory protein p21. We also 
investigated if silencing SLC25A43 affects the cytotoxicity of different cy-
tostatic drugs (paper III). This result show that SLC25A43 influenced the 
cytotoxic effect of paclitaxel and the paclitaxel-induced G2/M-block, in 
addition, the inhibitory effect of trastuzumab on cell proliferation was also 
found to be altered through an altered trastuzumab-induced G0/G1-block. 

Altered mitochondrial function has become an emerging hallmark of 
cancer thereby connecting sustained uncontrolled cell proliferation with 
mitochondrial involvement in the pathogenesis of cancer. Our data sug-
gests that the mitochondrial transporter SLC25A43 is involved in regula-
tion of cell proliferation and drug efficacy. Taken together, these data fur-
ther strengthen the connection between mitochondrial function and the cell 
cycle, both in non-malignant and in cancer cells. 

Keywords: SLC25A43, breast cancer, HER2, mitochondria, proliferation, 
S phase fraction, Ki-67, p27, drug efficacy, patient outcome, transfection, 
flow cytometry, immunohistochemistry. 
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Svensk sammanfattning 
 
I en viss typ av bröstcancer överuttrycks tillväxtfaktorn HER2. Detta leder 
till en förändrad aktivering av ett antal intracellulära signalsystem vilka 
stimulerar bland annat överlevnad, tillväxt och proliferation (delning) av 
cancercellerna. HER2-positiv bröstcancer är associerat med sämre prognos 
för patienten.  
 
I det första arbetet (paper I) identifierade vi en vanligt förekommande för-
lust av det mitokondriella transportproteinet SLC25A43, ett relativt okänt 
protein, i en grupp HER2-positiva brösttumörer.  

Med immunohistokemi analyserade vi sedan i arbete I och IV (papers I 
och IV) proteinuttrycket av SLC25A43 i HER2-positiva brösttumörer. De 
tumörer vars uttryck av SLC25A43 var negativt eller lågt visade sig ha en 
lägre S fas fraktion (SPF), jämfört med tumörer vars uttryck var medel eller 
högt. I det andra arbetet (paper II), användes siRNA för att tysta ner och 
studera effekterna av SLC25A43 i olika bröstepitel cellinjer. Nedtystning 
av SLC25A43 ledde till en förändrad övergång mellan cellcykelfaserna G1 
till S samt en förändring i celldelningshastighet. Det resulterade även i ett 
förändrat uttryck av proliferationsmarkören Ki-67 och det cellcykelregle-
rande proteinet p21. I arbete III (paper III) undersökte vi även om nedtyst-
ning av SLC25A43 påverkar den cytotoxiska effekten av olika cytostatika. 
Resultaten visade att SLC25A43 inverkar på den cytotoxiska effekten av 
taxanen paclitaxel samt den paclitaxel-inducerade G2/M-cellcykelfas-
inhiberingen. SLC25A43 påverkade även den tumörhämmande effekten av 
det HER2-specifika läkemedlet trastuzumab, genom förändrad cellcykel-
fas-inhiberingen orsakad av trastuzumab i G0/G1. 

Förändrad mitokondriell funktion är idag etablerad som en, bland ett 
antal andra, generella egenskaper för cancerceller. Denna förändring för-
binder mitokondrien med ett antal andra grundläggande cellulära föränd-
ringar, såsom okontrollerad celldelning, i utvecklingen av cancer. Våra 
data tyder på att det mitokondriella transportproteinet SLC25A43 är in-
blandat i regleringen av celldelningen och behandlingseffekt. Sammanfatt-
ningsvis styrker dessa resultat ytterligare sambandet mellan mitokondrien 
och cellcykeln, både i icke-maligna och i maligna celler.  
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INTRODUCTION 
Cancer, or malignant neoplasm, is a general term including about 200 
different cancer diseases [1]. Common for all cancers however, is uncon-
trolled cell division and cell growth leading to the formation of tumours 
and later invasion of surrounding tissues. In some cases the tumour might 
spread, metastasise, in the body.  

Approximately 50 000 peoples are diagnosed with cancer every year in 
Sweden and out of these, about 20 000 persons will die of the disease [1]. 
Although the complete cause of cancer remains unknown and complex, 
there are many factors known to increase the risk of cancer development. 
We now know that cancer is caused by both internal factors such as inher-
ited mutations and environmental/acquired factors such as tobacco, alco-
hol, diet, infectious diseases and radiation [2]. Although all cancers are a 
result of multiple genetic mutations [3], the majority of these mutations are 
due to interactions with the environment [4, 5]. Only 5-10 % of all cancers 
are due to an inherited genetic defect [6]. 

Cancer is generally treated with chemotherapy, radiation therapy and 
surgery [7]. However, intrinsic or acquired resistance to drug therapy is a 
persistent problem in the clinic, and often leads to treatment failure. There 
is today no generally accepted method to predict which patient will re-
spond to treatment. The development of targeted therapy has, however, led 
to a more individualised treatment in a limited number of cancers.  

Cancer cells are special … 
In 2000, Douglas Hanahan and Robert A. Weinberg described the hall-
marks of cancer [8]. Thereby, they joined the discussion that tumour de-
velopment follows a process analogue to Darwinian evolution, leading to a 
progressive conversion of normal human cells into cancer cells [9, 10]. 
They proposed that the vast list of cancer cell genotypes is a manifestation 
of six essential alterations in cell physiology that collectively dictate malig-
nant growth and that most or perhaps all types of human tumours share in 
common these six capabilities: self-sufficiency in growth signals, insensitivi-
ty to growth-inhibitory signals, evasion of programmed cell death, limitless 
replicative potential, sustained angiogenesis, and tissue invasion and metas-
tasis [8].  

However, conceptual progress in the field of cancer research led them, in 
2011, to expand the hallmarks of cancer to include two emerging key as-
pects in tumour development: reprogramming of energy metabolism and 
evading immune destruction [11]. Because of the emerging hallmark of 
reprogrammed energy metabolism the connection between the mitochon-
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drion, a small cellular organelle serving as the power plant to the cell [12], 
and the fundamental cellular processes driving cancer development was 
revived. 

Cancer cells have sustained cell proliferation 

Cell proliferation is a process with different stages where the cell is prepar-
ing to divide into new daughter cells. The cell cycle stages include a long 
growth phase (Gap1, G1), a DNA replication stage (synthesis, S), a short 
growth phase (Gap2, G2) and cell division (mitosis, M). The progression of 
the cell from one phase of the cell growth-and-division cycle to the next is 
stringently controlled by checkpoints and the coordination of cyclins and 
cyclin-dependent protein kinases (CDKs) [13]. 
 
Maintaining proliferative signalling frequently involves both production 
and release of growth-promoting signals [11] along with genetic alterations 
and/or the inactivation of major regulators of the metabolic switch and the 
cell cycle [14]. The release of mitogenic signals such as growth factors acti-
vates receptors typically containing intracellular tyrosine kinase domains 
(RTKs). These proceed to emit signals via branched intracellular signalling 
pathways that regulate progression through the cell cycle, cell growth, cell 
survival and cell metabolism [15, 16] (Figure 1). The kinase Akt, which is 
often deregulated in cancer, has the capacity to modulate a number of dif-
ferent downstream substrates, thereby promoting cell proliferation, surviv-
al, cell growth and metabolism [17].  

The cyclin-dependent kinase inhibitor p21cip1 (p21) is a negative regula-
tor of the cell cycle. It is localised in the nucleus of the cell where it inhibits 
G1-to-S transition by inhibiting the cyclin-CDK1 or -CDK2 complexes [18] 
(Figure 1). Akt phosphorylates p21 and inhibits its antiproliferative activity 
by retaining it in the cytoplasm [18-22]. The expression of p21 is often 
deregulated in breast cancer [19, 23] and altered p21 expression has been 
demonstrated upon treatment [24, 25]. 

The CDK inhibitor p27kip1 (p27) act in a similar manner as p21, and 
prevents the activation of cyclin E-CDK2 or cyclin D-CDK4 in the nucleus, 
thus resulting in a G1 arrest [26] (Figure 1). p27 can also interact with oth-
er cyclin-CDK-complexes in different stages of the cell cycle. Similar to 
p21, p27 is also relocated to and retained in the cytoplasm upon Akt-
phosphorylation [27-29]. p27 induces G1 cell cycle arrest following binding 
of the breast cancer drug trastuzumab to its target receptor [30] and re-
duced expression of p27 has been reported in trastuzumab-resistant breast 
cancer cells [31]. Akt-mediated inhibition of p27 is also an important com-
ponent in the development of trastuzumab-resistance [31, 32]. 
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Figure 1. Tyrosine kinase receptor (RTK) mediated intracellular signalling through 
the Akt pathway. Activation of the receptor at the cell surface in turn leads to 
phosphorylation of downstream signalling cascades and activated Akt kinase. Con-
sequently, Akt phosphorylates, and thereby modulates several intracellular signal-
ling pathways, thus promoting cellular functions. 

The mammalian target of rapamycin (mTOR) is a protein kinase that in-
teract in at least two distinct multi-protein complexes, mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2) [33]. The mTOR-signalling 
pathway integrates both intracellular and extracellular signals and serves as 
a central regulator of cell metabolism, growth, proliferation and survival 
(Figure 1). mTOR is deregulated in many cancers [34].  
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Cancer cells have an altered mitochondrial function  

Mitochondria are small organelles with many complex functions localised 
in the cytoplasm of the cell (Figure 2). In non-malignant cells, mitochon-
dria are key players in many functions, such as taking part in the command 
of energy production, regulation of cell proliferation, programmed cell 
death and participation in different cell signalling pathways [35] (Figure 3).  
 
 
 
 
 
 
 
 

 
 
 

 

Figure 2. Illustration of mitochondria in an eukaryotic cell. The mitochondrion is a 
small cellular organelle localised in the cytoplasm of the cell (A). The mitochondri-
on is enclosed by an outer membrane and consists of different compartments, in-
cluding the inner membrane, the intermembrane space, matrix and cristae (struc-
tures of infolded inner membrane) (B).  

Consequently, it is understood that functional mitochondria are required 
for all cellular processes due to general energetic needs of the cell. Thus, 
mitochondrial malfunctioning has been implicated in the pathogenesis of 
various diseases [36].  

Because mitochondria are key participants in various cell death pro-
grams, targeting the mitochondria is being evaluated as a new approach for 
anti-tumour drugs [36].  
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Figure 3. Mitochondria are key players in many cellular functions, such as taking 
part in the command of energy production, regulation of cell proliferation, pro-
grammed cell death, development and participation in different cell signalling 
pathways. Mitochondrial function has also been implicated in the cytotoxic efficacy 
of anti-cancer drugs.  

Cancer cell mitochondria do not obey by the rules of cell division and 

apoptosis 

Cell division in non-malignant cells is a stringently controlled process [13] 
associated with the requirements of functioning mitochondrial activity [37-
39]. In non-malignant cells, compromising cellular energy (ATP) levels by 
genetic alterations [40, 41] or by inhibition of mitochondrial oxidative 
phosphorylation [38, 42] block G1-to-S transition, thus supporting the 
presence of a suggested mitochondrial checkpoint in late G1 [40]. G1 pro-
gression in non-malignant cells has also been linked to increased mito-
chondrial membrane potential [39], cyclin E buildup and altered mito-
chondrial morphology [43]. However, it appears that further progression 
through the cell cycle is not supported by respiratory modes of energy gen-
eration [44, 45]. In fact, increased levels of cyclin D, which activates the 
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retinoblastoma protein (pRb) and thereby allows the cell to enter the S 
phase of the cell cycle, have been shown to inhibit mitochondrial activity 
[45]. 

The tumour suppressor p53 mediates both growth arrest and initiate 
apoptosis and is often deregulated in cancer [46]. The cell cycle arrest in G1 
induced by the mitochondrial checkpoint is dependant on the correct func-
tion of p53 [41]. Lost function of p53 along with mutations in the mito-
chondrial DNA also favours mitochondrial reactive oxygen species (ROS) 
production, thus stimulating Akt signalling and cell proliferation [17, 46-
48]. Deregulated function of oncogenes such as the transcription factors c-
Myc or nuclear respiratory factor 1 (NRF-1) has also been demonstrated to 
alter mitochondrial function, desensitise cells to apoptotic signals and 
stimulate cell proliferation [49]. 

 
The complete connection between malfunctioning mitochondria and sus-
tained cell proliferation remains elusive. Nevertheless, the genetic link be-
tween mitochondrial function and cell cycle checkpoints might ultimately 
be provided by a handful of altered or deleted genes in human tumours.  

The consequence of sustaining cell proliferation is higher energetic 

demands 

Because the mitochondria handle the energetic demand imposed by the cell 
division machinery, they are key players in the development of cancer [11]. 
Historically, glycolysis has been thought to be the central metabolic path-
way of tumour cell metabolism, thanks to the observations made by Otto 
Warburg in the 1920s. He noted that tumour cells have an increased glu-
cose uptake even in the presence of oxygen, compared to normal cells [50]. 
This high rate aerobic glycolysis is now known as the “Warburg effect”.  

Since then, the Warburg effect has been demonstrated in a variety of dif-
ferent tumours [51] and the concomitant increase in glucose uptake is now 
used in the clinic for the detection of tumours by fluorodeoxyglucose posi-
tron emission tomography (FDG-PET) [52]. 

Although Warburg postulated that the increased glucose consumption is 
caused by irreversibly deficient mitochondrial respiration [53], many stud-
ies have demonstrated that mitochondria are not dysfunctional in tumour 
cells [54]. Nonetheless, reprogrammed energy metabolism is now an estab-
lished hallmark of cancer development and progression [11].  

 
While glycolysis provides the highly proliferative cancer cells with ATP, 
they also need other building blocks such as amino acids, nucleic acids, 
membrane lipids and other macromolecules in order to sustain increased 
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proliferation. Studies have demonstrated that glycolysis, the citric acid 
cycle, the pentose phosphate pathway, glutaminolysis and nucleotide bio-
synthesis are all enhanced in tumour cells [55, 56]. Weinberg and Chandel 
have hypothesised that the major role of aerobic glycolysis in cancer cells is 
to provide glycolytic intermediates to the pentose phosphate pathway for 
nucleotide synthesis, while mitochondrial metabolism provides not only 
ATP but also citric acid intermediates that serve as building blocks for 
lipids, amino acids and nucleotide synthesis [57]. They have also suggested 
that glutaminolysis can serve as a substrate for the citric acid cycle to fulfil 
the requirements for the building blocks for cancer cell proliferation.  

Taken together, reprogrammed energy metabolism in cancer cells is 
caused by gain of function of oncogenes, loss of tumour suppressors, and 
the activation of phoshatidylinositol-3-kinase (PI3K) pathway proteins [17, 
54, 58-61]. It is these alterations that orchestrate the increase in both gly-
colytic and mitochondrial metabolism in cancer cells, thus enabling the 
highly proliferative cancer cells. 
 
This thesis has focused on breast cancer and the biological processes caus-
ing cancer within the cell. 

Breast cancer 
Breast cancer is the most malignant disease among women in Sweden, with 
about 7 900 new cases every year [1]. The mean age at diagnosis is 60 
years, and less than 5% are younger than 40 years at diagnosis. Nowadays, 
breast cancer is a disease with relatively good prognosis and a survival rate 
of 88% after five years [62]. Even so, breast cancer remains the most 
common cause of death amongst women in Sweden who get sick in the 
disease before reaching 50 years of age [63]. 

The prognostic and predictive factors recommended for clinical use in 
Sweden are staging of the tumour (i.e. size of the tumour, lymph node sta-
tus and distant metastasis), histological grade, oestrogen receptor (ER) and 
progesterone receptor (PgR) status, age, expression of the proliferation 
marker Ki-67 and status of the human epidermal growth factor receptor 
(HER) 2 [63].  

Currently, a new molecular classification of breast tumours is being dis-
cussed for use. It is comprised of and dividing the already existing predic-
tive factors ER, PgR and HER2-status into four different categories; Lu-
minal A-type (low Ki-67, ER+ and/or PgR+, HER2-), Luminal B-type (high 
Ki-67, ER+ and/or PgR+, HER2+), Triple negative (ER-, PgR-, HER2-) and 
HER2-positive breast cancer (ER-, PgR-, HER2+).  
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HER2-positive breast cancer 

The HER2 receptor plays a significant role in breast cancer where it has a 
prognostic value but also a predictive value for responsiveness to the target 
therapy trastuzumab.  

In approximately 20% of primary breast cancers, the tumour cells have 
acquired a capacity to increase their survival and proliferation by overex-
pressing HER2 at the cellular membrane [64, 65]. This overexpression is in 
the majority of cases caused by gene amplification at 17q21 [66]. Patients 
diagnosed with a HER2-positive tumour generally have a higher risk for 
relapse, shorter time to disease progression, and poorer survival [64, 67, 
68]. In the clinic, overexpression of the HER2-receptor is evaluated using 
immunohistochemistry (IHC) while gene amplification is determined using 
fluorescence in situ hybridisation (FISH) [69]. The presence of HER2-
overexpression and/or gene amplification will be referred to as HER2-
positive cancer in this thesis.  

 
HER2 is a transmembrane receptor with intracellular tyrosine kinase activ-
ity but without a known ligand [70]. It belongs to a family of four different 
RTKs (EGFR/HER1, HER2, HER3 and HER4) that are involved in regu-
lating cell survival, growth and differentiation through the activation of a 
number of signalling pathways [65]. HER2-mediated activation of the 
PI3K/Akt pathway is illustrated in Figure 4. 

 
Upon receptor activation, PI3K is recruited to the intracellular docking-site 
where it is activated through phosphorylation [71]. Subsequently, PI3K 
phosphorylates membrane-bound phosphatidylinositol-3,4-biphosphate 
(PIP2) to phosphatidylinositol-3,4,5-triphosphate (PIP3) (Figure 4). In the 
presence of PIP3, Akt translocates to the plasma membrane where it is acti-
vated. Phosphorylated Akt then has the capacity to modulate a number of 
different downstream substrates thereby promoting cell proliferation, sur-
vival, cell growth and metabolism. The PI3K/Akt pathway is inhibited by 
the key negative regulator phosphate and tensin homologue (PTEN) that 
act by dephosphorylating PIP3 to PIP2 [72]. 
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Figure 4. HER2-mediated activation of the PI3K/Akt signalling pathway. Dimeri-
zation of the HER2 receptor at the cell surface results in recruitment and activation 
of PI3K at the intracellular docking site, and subsequent phosphorylation of PIP2 
to PIP3 at the cellular membrane. In the presence of PIP3, Akt is translocated to the 
cellular membrane where it is activated through phosphorulation. Thereby, Akt 
modulates several intracellular signalling pathways thus promoting cellular func-
tions. Akt is negatively regulated by PTEN through dephosphorylation of PIP3 to 
PIP2.  

When overexpressed, an excess of HER2 at the cell membrane results in 
constitutive activation and signalling of the downstream pathways [65]. 
The PI3K pathway has been identified to have a significant role in HER2-
positive breast cancer as well as in the development and progression of 
other cancers.  

Studies have shown that the PI3K pathway is frequently transformed in 
cancer, not only as a consequence of overactive HER2-signaling. Disrupted 
PI3K signalling has also been demonstrated to be caused by genetic altera-
tions such as activating mutations in the PIK3CA gene [73], or mutation or 
deletion of the negative regulator PTEN [74, 75]. These genetic alterations 
can lead to constitutive activation of the PI3K pathway and thereby con-
tribute to treatment failure [76, 77].  
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Cell proliferation markers in breast cancer 

Loss of growth control, including aberrations in the mechanisms regulating 
the integrity of cell cycle progression, is a hallmark of cancer [11]. The 
proliferation rate of the tumour cells is considered a predictive factor; 
therefore, determining the expression of cell proliferation markers in tu-
mours has become increasingly important in the clinic [7, 78]. At the 2009 
conference at S:t Gallen it was decided that a proliferation marker should 
be the basis of evaluating the most appropriate treatment plan for each 
patient [7].  

The proliferative activity of a tumour can be measured using several 
methods. For example, flow cytometry analysis of the percentage of cells in 
S phase and IHC analysis using antibodies directed against Ki-67 or cyclin 
A are methods available for use in the clinic [79]. 

S phase 

As described above, the S phase is the DNA replication stage of the cell 
cycle and is considered to reflect cell proliferation. Measurement of S phase 
fraction (SPF) is no longer used as a routine method of determining prolif-
eration in breast cancer, in part, due to logistical difficulties [63, 80].  

Ki-67 

Ki-67 a protein present in all phases of the cell cycle except in G0 and early 
G1 phase [81]. Yet, the exact function of Ki-67 in the cell remains uncer-
tain. Ki-67 is commonly used as a proliferation marker in the clinic and 
has also been shown to be a prognostic marker [7]. However, studies inves-
tigating the predictive value of Ki-67 for chemotherapy present inconclu-
sive data [82-85]. Nevertheless, the expression of Ki-67 is currently rec-
ommended for use as a basis for identifying patients with poor prognosis 
[7]. 

Adjuvant breast cancer treatment 

Treatment of breast cancer patients encompasses several different strategies 
such as surgery, radiation therapy or systemic treatment [7, 86]. Adjuvant 
therapy is used to reduce the risk of recurrence of the disease. Once the 
disease has progressed and become a metastatic disease the patient is treat-
able – however no longer curable. Adjuvant systemic therapy includes 
hormonal therapy, chemotherapy, and targeting therapy. The various tu-
mour characteristics are taken into consideration when determining the 
best treatment plan for each patient. In many cases a combination of dif-
ferent systemic therapies are given to the patient.  
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Even though a number of anti-tumour drugs with different mechanisms of 
action are used in treatment of patients with breast cancer, intrinsic or 
acquired resistance eventually culminating in treatment failure remains a 
common problem in the clinic [87-89]. 

Hormonal therapy 

Patients with ER and/or PgR-positive breast cancer are generally offered 
hormone-blocking therapy that either block the receptors, for example 
tamoxifen, or alternatively block the production of oestrogen with an aro-
matase inhibitor [63, 90, 91]. The expression of intracellular oestrogen and 
progesterone receptors is determined with IHC and is used for prediction 
of endocrine responsiveness. The response rate achieved after hormonal 
therapy is higher when both receptors are expressed compared with cases 
where only one of the receptors is expressed [92].  

Chemotherapy 

Chemotherapy drugs such as taxanes and anthracyclines are commonly 
used in the clinic, either in combination with other chemotherapy drugs or 
combined with hormonal therapy or targeted therapy [63]. Chemotherapy 
drugs exert their anti-tumour activity by inducing apoptosis in cancer cells 
through interaction via several intracellular functions [93, 94]. The taxane 
paclitaxel induce apoptosis by stabilising the microtubuli, thus preventing 
them from dissembling [95]. It is also a potent inhibitor of chromosomal 
replication resulting in late G2- or M-block of the cell cycle [96]. Paclitaxel 
is generally used both as a single agent and in combination therapy with 
other chemotheapeutic agents to treat early and advanced stage breast 
cancer [97]. Anthracyclines such as epirubicin, on the other hand, act in 
part by inhibiting DNA and RNA synthesis as well as inducing permanent 
double strand DNA breaks by inhibiting the enzyme topoisomerase II 
thereby promoting G2-blockage [98, 99]. Anthracyclines are however asso-
ciated with a higher rate of both acute and late adverse effects, for instance 
increased risks of cardiotoxicity and secondary leukaemia [100]. 

Targeted therapy 

In order to achieve an individualised anti-tumour therapy, targeted therapy 
directed against specific cellular molecules has been developed. For over a 
decade, the target therapy trastuzumab has been used in clinic for both 
adjuvant and metastatic treatment of HER2-positve breast cancer, which 
has improved the outcome for these patients [101-104]. Trastuzumab is a 
recombinant humanized monoclonal antibody directed against the external 
domain of the HER2-receptor [105]. Although the complete mechanisms 
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of action of trastuzumab have yet to be revealed, decreased intracellular 
signalling, inhibited angiogenesis and immune activation, amongst others, 
have been suggested [106].  

Trastuzumab alone does not directly induce cell death in vitro; rather, it 
induces an arrest in the G1 phase of the cell cycle, with a concomitant re-
duction in proliferation [107]. Upon binding of trastuzumab, the down-
stream intracellular PI3K/Akt signalling pathways is also obstructed [77, 
108, 109], in part through upregulation of the negative regulator PTEN 
[77].  

However, intrinsic or acquired resistance to trastuzumab is a major clin-
ical problem and a significant number of patients who initially respond to 
treatment with trastuzumab generally acquire resistance within one year 
[87, 89]. Activation of downstream signalling leads to trastuzumab re-
sistance, and PI3K/Akt has been identified as a major determinant for de-
veloping resistance [105, 108]. Studies have shown that genetic alterations 
such as activating mutations in the PIK3CA gene [73] or mutation or dele-
tion of the negative regulator PTEN [74, 75] are common events that con-
tribute to treatment failure [77, 110].  

For patients with tumour progression after treatment with trastuzumab, 
the target drug lapatinib provides a new treatment option. Lapatinib is a 
small molecule that competitively binds to HER2 but also to the family 
member HER1, and thereby decreases activation of downstream signals 
[101].  
 
Even when combining trastuzumab treatment with separate chemotherapy 
treatment, overexpression of HER2 is associated with high recurrence rates 
and increased mortality in metastatic breast cancer [102, 111, 112]. Re-
cently, Verma et al. published a phase 3 trial in which they compared the 
effects of the antibody-drug conjugate trastuzumab emtansine (T-DM1) 
with lapatinib plus the cytostatic drug capecitabine in patients with ad-
vanced HER2-positive breast cancer previously treated with trastuzumab 
plus a taxane [113]. The study demonstrated that T-DM1 conjugate signif-
icantly prolonged progression-free and overall survival (28 months and 36 
months, respectively) with less toxicity than lapatinib plus capecitabine in 
the patients. 

This novel type of anticancer therapy, where a target therapy drug is 
coupled to a cytotoxic agent, could provide a more effective way of treat-
ing cancer and preventing acquired drug resistance. 
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The questions remain  

The HER2 network contributes to a plethora of cellular functions impera-
tive for tumour development and progression, and intrinsic or acquired 
resistance to anti-tumour drugs remains a persistent problem in the clinic. 
HER2-positive breast cancer is a very heterogeneous disease, where some 
groups of patients will respond poorly, no matter the treatment regime.  

Even though research has rendered better and more specific drugs to 
treat cancer, much research remains to fully answer the questions of how 
cells develop into cancer cells, how cancer cells develop resistance and 
which patient will benefit from a given treatment. 

There are most likely unexplored proteins acting directly or indirectly of 
downstream signalling pathways affecting tumour development and treat-
ment response. In the end, better understanding is needed of how already 
know and unknown proteins are acting together as well as independently 
in cancer cells.  

SLC25A43; mitochondrial solute carrier family 25, member 43 
As will be discussed in the present thesis, we have previously suggested that 
SLC25A43 might play a role in HER2-positibve breast cancer (paper I). 
For that reason, we were hopeful that more knowledge about SLC25A43 
might contribute to a better understanding about HER2-positive breast 
cancer development and progression.  
 
SLC25A43 belongs to the SLC25 family of inner mitochondrial membrane 
transporters [114-116]. The SLC25 family’s main function is to provide 
molecules, such as adenosine diphosphate (ADP), ATP, citrate, coenzyme A 
(CoA) and amino acids between the cytosol and the mitochondrial matrix 
to support cell metabolism. 

Like its family members, SLC25A43 is located in the inner membrane of 
the mitochondria (IMM) where it transports molecules across the mem-
brane (Figure 5). Although SLC25A43 is suggested to be an importer its 
preferred substrate is unknown [117]. The closest relative of SLC25A43 is 
the CoA transporter SLC25A16, sharing 29% amino acid sequence simi-
larity [115]. The next closest relative, SLC25A42, has been shown to 
transport both CoA and ADP [118]. Even though the function of 
SLC25A43 remains unexplored, alterations in the expression is likely to 
affect mitochondrial function. SLC25A43 has not been previously studied 
in relation to cancer. 
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Figure 5. An illustration of a mitochondrion with the transporter SLC25A43 local-
ised across the inner mitochondrial membrane. The substrate transported by 
SLC25A43 remains unknown.  
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Aims of the thesis 
The work leading to this thesis began with the finding of a common dele-
tion of the gene SLC25A43 in HER2-positive breast cancer. Thus, the 
overall aim of this thesis was to elucidate the role of SLC25A43 both in 
non-malignant and cancer cells.  

Specific aims 

• To explore the correlation between SLC25A43 protein expression 
and clinical parameters along with patient outcome in HER2-
positive breast cancer 

• To investigate the role of SLC25A43 regarding the regulation of 
major cellular functions such as cell proliferation, viability and 
mitochondrial function 

• To investigate if SLC25A43 influences the cytotoxic effect of anti-
tumour drugs 
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MATERIALS 

Patient material 
In paper I, tumour samples from 85 patients with HER2-positive breast 
cancer diagnosed between 1993 and 2008 were included in the study. In 
paper IV, the breast tumour cohort in paper I was extended to include 
tumour samples from a total of 196 patients with HER2-positive breast 
cancer diagnosed between 1988 and 2008. The mean age of the patients in 
paper I and in paper IV was 58.5 years and 56.3 years, respectively. 

In both cohorts, overexpression and/or gene amplification of HER2 
were confirmed using immunohistochemistry (HercepTest™ (Dako, 
Glostrup, Denmark)) and fluorescence in situ hybridization (PathVysion 
HER-2 DNA Probe Kit (Abbott, Illinois, USA)). Both were performed ac-
cording to manufacturer’s protocols. The SPF was determined using a flow 
cytometry assay based on Vindelöv et al [119] and hormone receptor status 
was evaluated using immunohistochemistry. HER2 status, SPF, lymph 
node status and hormone receptors were all assessed at time of diagnosis. 
Patient characteristics were retrospectively collected. 

In paper I, presence of loss of heterozygosity (LOH) in SLC25A43 was 
further analysed in other malignancies. Cohorts of HER2-negative breast 
cancers, cervical cancer and lung cancer were included. The cohort of 
HER2-negative, ER positive breast cancers consisted of samples from 52 
patients with a median age of 64 years. Cervical tumour samples were 
obtained from 65 patients (median age of 69 years). Finally, the cohort of 
lung cancers included 18 female patients (median age 63 years) diagnosed 
with adenocarcinoma.  

The patient material included in the present thesis was conducted with 
the approval of the research ethical committee at the Faculty of Health 
Science, Linköping, Sweden. 

 
In paper IV, the clinical relevance of SLC25A43 and p27 mRNA levels in 
relation to HER2 was studied in a public available cohort from the I-SPY 1 
trial [120]. More extensive patient characteristics and description of the 
original study can be found elsewhere [120]. All 149 patients included in 
the trial had a histologically confirmed invasive breast cancer measuring ≥3 
cm and had received neoadjuvant chemotherapy. Briefly, the I-SPY trial 
included patients enrolled between May 2002 and March 2006, in a study 
evaluating the therapeutic response on neoadjuvant chemotherapy. In total, 
149 tumour samples were profiled with microarray, and the patient char-
acteristics and treatments were comparable between this group and the 



32 I MARIKE GABRIELSON The mitochondrial protein SLC25A43 and its possible role … 
 

original cohort. The patients were diagnosed with invasive breast cancer, 
with a tumour size > 30 mm, and had received neoadjuvant anthracycline-
based chemotherapy, mainly in addition of a taxane-based regimen, before 
surgery. From this group, 30% (n = 45) were diagnosed with HER2 posi-
tive disease, whereof trastuzumab treatment was administered neoadjuvant 
to 31% (n = 14), and adjuvant to 46% (n = 25) of these patients.  

Cell lines and culture 
Both paper II and paper III are based on in vitro experiments of different 
breast epithelial cell lines. The immortalised breast epithelial cell line 
MCF10A, the HER2-negative breast adenocarcinoma cell line MCF7 and 
the HER2-positive breast cancer cell line BT-474 were all obtained from 
American Type Culture Collection (Manassas, VA, USA). MCF10A was 
cultured in D-MEM/F-12 supplemented with 10% FBS, 10 µg/ml insulin, 
20 ng/ml H-EGF and 0.5 µg/ml hydrocortisone. MCF7 was cultured in 
Eagle’s MEM supplemented with 10% FBS and 10 µg/ml insulin and BT-
474 was cultured in RPMI-1640 supplemented with 10% FBS and 10 
µg/ml insulin. Cells were cultured in a humidified atmosphere at 37°C with 
5% CO2. 

Drug exposure 

For all cytotoxicity assays in paper III, cells were exposed to the drugs 24 
h after transfection and exposed to the drugs for 72 h before analysis. Drug 
exposure was performed using 16 or 160 nM paclitaxel (Actavis, Haf-
narfjordur, Island) or 2.5 or 10 µM epirubicin (Actavis). BT-474 cells were 
also subjected to exposure of 10 or 100 µg/ml trastuzumab (Roche AB, 
Stockholm, Sweden) or a combination of trastuzumab (10 µg/ml) and 
paclitaxel (16 nM), referred to as T/P. As a drug-free control for all exper-
iments, cells were transfected and cultured in medium without cytostatic 
drugs. Incubation with epirubicin was terminated after one hour by re-
placement to fresh medium. Paclitaxel and trastuzumab were incubated 
continuously.  
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METHODS 

Methods used for tumour material 
Paper I and paper IV are both based on tumour material using the meth-
ods described below.  

Isolation of DNA 

In paper I, DNA was isolated from approximately 10 mg of fresh frozen 
tissue and buffy coat samples from female blood donors, using QIAamp® 
DNA Mini Kit or EZI DNA, QIAGEN® Tissue kit (both from Qiagen Inc., 
Valencia, CA, USA) followed by purification using BioRobot EZI work-
station (Qiagen Inc.). DNA concentrations were quantified using 
NanoDrop® ND-1000 UV-Vis Spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE, USA). 

Whole-genome screening assay  

In paper I, whole-genome screening of copy number variations (CNVs) 
was performed using GeneChip® Mapping 250K Assay Kit (Affymetrix, 
Inc Santa Clara, CA USA) according to manufacturer’s protocol. Briefly, 
250 ng of DNA was digested with NspI restriction enzyme. The DNA 
fragments were then ligated with an adaptor and PCR amplified with gen-
eral primers. The PCR product was purified, quantified and cleaved to 
shorter fragments, followed by labelling. Thereafter, the sample was hy-
bridized to the array and then stained with a streptavidin-biotin solution. A 
GeneChip Scanner 3000 7G (Affymetrix) was used to scan the chip. To 
generate a segment report, which is a table where each row corresponds to 
a segment with copy number change that deviates from the expected nor-
mal, Genotyping Consol 3.1 (Affymetrix) was used. Array data from forty-
six female individuals, available from the International HapMap project, 
were used as controls for known CNV regions. To generate the segment 
report, three different criteria were applied by setting different values of the 
parameters provided by the application. One of the parameters is defined 
as the number of single nucleotide polymorphisms (SNPs) within the seg-
ment. By setting the value of this parameter to five, constraints were intro-
duced to only identify segments with a minimum of five SNPs within the 
segment. The other parameter defined the size of the reported segment to a 
minimum size of 100 kbp. Finally, a parameter for CNV overlap was set to 
report all segments with up to 50% overlap with known CNV regions. For 
each segment, there is an indication of loss or gain, depending on whether 
the copy number change correspond to a decrease or increase from what is 
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normally expected. Further bioinformatics analysis consisted of selecting 
the most frequent aberrations, present in a minimum of 10 tumours, and 
applying clustering tools to find common patterns of genetic changes 
among different patients [121].  

Loss of heterozygosity assay 

To confirm our findings from the whole genome screening we used a PCR-
RFLP (polymerase chain reaction- restriction fragment length polymor-
phism) based method to study the frequency of loss of heterozygosity 
(LOH) in the SLC25A43 gene (paper I). A polymorphic site, common 
among the European/Scandinavian population (SNP ID: rs217978), be-
tween exon 1 and 2 in the SLC25A43 gene was chosen for the analysis. 
PCR amplification was performed in a final reaction volume of 20 µl PCR 
mix including 25-50 ng of DNA, TopTaq™ Polymerase kit reagent (Qi-
agen) and 1 µM of forward primer and HEX labelled reverse primer. The 
101 bp PCR product was then cleaved at the polymorphic site using Acc1 
(New England BioLabs Inc., Ipswich, MA, US) at 37ºC for 8 hours fol-
lowed by heat inactivation at 80ºC for 20 minutes. The cleaved products 
were resolved by 3 % agarose (w/v) gel electrophoresis and all samples 
heterozygous for rs.217978 were selected for capillary electrophoresis in an 
ABI Prism® 3130 Genetic Analyzer (Applied Biosystems, CA, USA). 
GeneMapper v 4.0 software was used for the analysis of the area under the 
peak that represents the amount of each allele. For each sample, an allelic 
ratio (AR) was calculated by dividing the peak area of allele 1 by the peak 
area of allele 2. To determine a reference interval (mean allelic ratio ± 
1.96SD), 29 heterozygous female blood donors were used and tumour 
samples with an AR within the reference interval were defined to have 
retention of heterozygosity (ROH) while samples outside the range were 
considered to have LOH. 

Mutation analysis 

To search for possible mutations in the SLC25A43 gene all six exons of 29 
HER2-positive breast tumours were screened using single-strand confor-
mation polymorphism (SSCP) in paper I. Fragments showing mobility 
shifts were then reamplified and subjected to sequence analysis.  

SSCP 

The primary PCR was performed in a total volume of 20 µl PCR contain-
ing 25-50ng DNA, TopTaq™ Polymerase kit reagent (Qiagen) and 1 µM 
of each primer. The amplicons were radiolabelled for SSCP in a secondary 
PCR, where 2 µl of the primary PCR product was amplified for 12 cycles 
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in the presence of deoxyadenosine 5’-triphosphate, α-33P (Perkin Elmer, 
Boston, MA, USA). Fragments were run both on a non-denaturing 6% 
polyacrylamide gel at 6 W (3000 V, 300 mA) for 16-18 hours and on a 
MDE™ gel (Mutation Detection Enhancement, BMA products, Rockland, 
ME) for 8 hours at room temperature. The gel was dried and auto exposed 
to X-ray film (35 x 45 cm, Kodak BMS-1) in an exposure cassette using 
Trans Screen LE intensifier at -80ºC for 1-2 days. The DNA fragments 
with mobility shifts were exiced and reamplified by PCR. The PCR product 
was then cleaned using a PCR-M™ clean up system (Viogene, Sunnyvale, 
CA, USA) before proceeding to sequence analysis.  

Sequence analysis 

Cycle sequencing was performed using a BigDye® Terminator kit (Applied 
Biosystems) with 1 µl of clean PCR product in a final volume of 10 µl. The 
extension products were purified using an ethanol (95%) - sodium acetate 
(3M, pH 4.6) precipitation technique followed by capillary electrophoresis 
in an ABI Prism® 3130 Genetic Analyzer (Applied Biosystems). A partial 
sequence of pGEM-3Zf (+) was used as control sequence. The results were 
analysed using Sequencing Analysis v5.2 (CA, USA) and ChromasPro 
v1.34 developed by Technelysium Pty, Ltd. 

Immunohistochemistry for detection of proteins in HER2-positive breast 

tumours 

In papers I and IV, formalin-fixed tissue micro array (TMA) sections of 
HER2-positive breast tumours were used to evaluate protein expression. 
The TMA slides were deparaffinised in Tissue-Clear (Sakura Finetek, Gö-
teborg, Sweden), rehydrated through a decreasing series of ethanol and 
washed. Heat-induced antigen retrieval was performed in 1 mM EDTA 
buffer pH 8.0 for 20 minutes in a 99˚C water bath and cooled to room 
temperature (RT). The slides were blocked for endogenous peroxidase 
activity using 3 % H2O2 for 10 min following 1 h treatment in RT with 
Blocking Solution (Dako, Glostrup, Denmark). Slides were then incubated 
with primary antibody rabbit polyclonal anti-SLC25A43 raised against the 
C-terminal part of the protein (1:500 (Agrisera, Vännäs, Sweden)), or 
monoclonal anti-p27 (1:150 (Abcam)). All antibodies were incubated for 
20 minutes at room temperature. Slides were washed and subsequent de-
tection was made using the EnVision™ system (Dako), first, through incu-
bation with horseradish peroxidase polymer reagent for 20 min at RT. 
Bound antibodies visualised with 3, 3’diaminobenzidine (DAB). The slides 
were counterstained with hematoxylin (Dako) followed by mounting using 
Pertex mounting medium (HistoLab, Västra Frölunda, Sweden). All wash-
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ing steps in between reactions were performed using PBS with 0.1 % 
Tween (PBST) at RT.  

TMA evaluation and grading 

In both paper I and paper IV, the TMA slides were examined in an Olym-
pus BX41 light microscope (Olympus Life Science Europe GMBH, Ham-
burg, Germany) connected to Leica DFC420 digital microscope camera 
(Leica Microsystems, Heerbrugg, Switzerland). Two investigators evaluat-
ed the slides independently and blinded to any clinical data or patient out-
comes. For scoring of the SLC25A43 expression in paper I and paper IV, 
an intensity scale was applied. The tumours were divided into two groups 
dependent on level of expression; negative/low (SLCLow) or medium/high 
(SLCHigh). When evaluating the expression of nuclear p27 in paper IV, the 
tumours were classified in two groups; those containing 0-10 % (p27N-) 
and those with more than 10 % (p27N+) of stained tumour cell nuclei. 
Regarding the cytoplasmic staining of p27 in paper IV, the tumours were 
determined as having negative/weak (p27C-) staining or medium/strong 
(p27C+) staining. Nuclear and cytoplasmic staining of p27 was scored in-
dependently. In the case of non-consistent scoring between investigators, a 
consensus score was set after re-evaluation. 

SLC25A43 and p27 mRNA expression in the public available I-SPY 1  

cohort 

In paper IV, the clinical relevance of SLC25A43 and p27 mRNA levels in 
relation to HER2 was studied in a public available cohort from the I-SPY 1 
trial [120]. Pre-processed data was downloaded from the NCBI/GEO data-
base with the GEO accession number GSE22226. Data was generated with 
two platforms, GPL1708 (Agilent-012391) and GPL4133 (Agilent-
014850), (Agilent technologies, Santa Clara, CA, US). Data was normal-
ised as described in Esserman et al., [120] and references therein. Briefly, 
hybridisation was performed using a Cy3-labeled reference sample consist-
ing of mRNA from ten different tumour cell lines (Stratagen human uni-
versal reference mRNA), and Cy5-labeled patients samples. Fluorescence 
from Cy3 and Cy5 channels were adjusted with Lowess normalisation and 
log2ratio of Cy3 and Cy5 were calculated for each gene in each sample. 
The probe 8827/37357 was used for analysis of SLC25A43 mRNA expres-
sion. p27 was represented by eleven probes on the GPL4133 chip and two 
on the GPL1708 chip. The expression values were strongly associated, with 
an exception of the probe no 44320. Consequently, p27 mRNA expression 
was based on the mean values from the remaining probes. For survival 
analyses, SLC25A43 as well as p27 expression was divided into low 
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(SLCLow and p27Low, respectively) and high (SLCHigh and p27High, respective-
ly) groups based on the median value. 

Methods used for cell lines 
Paper II and paper III are based on experiments performed in vitro.  

RNA interference 

Before conducting any experiments to evaluate the cellular effects of a re-
duced SLC25A43 expression, four different siRNAs were tested over time 
before selecting the most effective and stable siRNA targeting SLC25A43. 
After choosing the most effective siRNA for silencing of SLC25A43, cells 
were transfected according to manufacture’s recommendations. Transfec-
tions in papers II and III were conducted using either SLC25A43-specific 
siRNA, referred to as siSLC, or scrambled siRNA referred to as siCtrl (Qi-
agen). SiRNA transfections were carried out with Lipofectamine™2000 
(Invitrogen, Carlsbad, CA, USA)). Cells were seeded at a concentration of 
25 x 103 cells/cm2 and transfected 24 hours after seeding. The obtained 
SLC25A43 mRNA silencing was 90% in MCF10A, 80% in MCF7 and 
75% in BT-474 and silencing was stable in all cell lines for a minimum of 
96 h. 

Isolation of RNA and gene expression 

Total RNA was prepared using RNeasy Plus Micro Kit (Qiagen Sciences) 
according to manufacturer’s description. cDNA was synthesised from 
equal amounts (0.1 µg) of total RNA using the High-Capacity cDNA Re-
verse-Transcription kit (Applied Biosystems). Relative quantification was 
conducted using 7500 Fast Real-time PCR System and TaqMan® gene ex-
pression assay primer and probe for SLC25A43 (Applied Biosystems). Fold 
expression change was determined by the formula 2-∆∆Ct, using β-actin (Ap-
plied Biosystems) amplification as an internal control for each sample. 

Flow cytometry assays  

Viability and apoptosis assay 

In paper II and paper III, viability was determined with 0.25 µg 7-AAD 
(BD Biosciences, San Jose CA, USA) for ten minutes at room temperature 
and protected from light. In separate experiments from the viability assay, 
apoptosis/necrosis was verified with APOTEST™-FITC (Dako) (paper II). 
All assays were performed according to manufacturer’s protocols. 
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Cell proliferation rate assay 

In both paper II and paper III, measurements of cell proliferation rate was 
carried out using PKH67 Green Fluorescent Cell Linker (Sigma Aldrich, St 
Louis MO, USA), according to the manufacturer’s protocol. PKH67 is a 
green fluorochrome that incorporates into the cell membrane without af-
fecting cell viability. After cell division fluorescence intensity is decreased 
due to dilution of the fluorochrome. The cells were stained with PKH67 at 
time of seeding. 

Cell cycle phase analysis 

Both in paper II and paper III, analysis of cell cycle phase distribution was 
performed as previously described [122] on isolated cell nuclei using 100 
µg/ml propidium iodide (PI) (Sigma Aldrich) for DNA-staining. 

Cell cycle regulation assay with Ki-67 and p21  

The expression of Ki-67 and p21 was analysed on isolated nuclei, both in 
paper II and paper III. Pelleted cells were resuspended for 10 min with an 
ice cold lysing solution containing 0.1% Igepal CA-630 in wash buffer 
(1% FBS in PBS) to isolate cell nuclei. The nuclei were then washed once 
with ice cold wash buffer before adding antibodies against p21 Alexa Flu-
or® 488 (1:50, clone 12D1 (Cell Signaling Technology, Inc., Danvers, MA, 
USA))	  and Ki-67 PE (Clone 56 (BD Biosciences)) to one tube and isotype 
control to a second tube (IgG isotype for Alexa Fluor® 488 (1:50) and 
IgG1 isotype for PE). To all tubes 0.5 µg 7-AAD (BD) for DNA staining 
was also added and incubated for 15 min. The nuclei were then diluted 
with PBS and stored on ice before analysis. All incubation steps were per-
formed on ice.  

When analysing the expression of Ki-67 and p21 upon drug exposure in 
paper III, analysis was performed 72 hours after exposure with 16 nM 
paclitaxel, 2.5 µM epirubicin, 10 µg/ml trastuzumab or a combination of 
trastuzumab (10 µg/ml) and paclitaxel (16 nM). 

Akt phosphorylation assay 

In paper II, the phosphorylation levels of Akt were determined in the cells. 
After trypsination the cells were washed twice with BD Pharmingen™ 
Stain Buffer (BD Biosciences). The cells were then incubated with cold BD 
Cytofix™ (BD Biosciences) for 20 minutes at 4°C followed by a wash step 
with Stain Buffer. To permeabilise the cells ice cold BD Phosflow™ Perm 
Buffer II (BD Biosciences) was added while vortexing and the cells were 
incubated on ice for 30 minutes. After incubation the cells were washed 
twice with Stain Buffer and then resuspended in Stain Buffer before adding 
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anti-Akt (S473) PE (BD Biosciences). The antibody staining was performed 
at room temperature for 60 minutes. After a wash step with Stain Buffer 
the cells were resuspended in PBS.  

Mitochondrial membrane potential assay 

In paper II, the mitochondrial membrane potential was measured using the 
mitochondrial dye JC-1. First, the cells were incubated with or without 100 
µM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Sigma) for 15 
min at 37°C to increase the mitochondrial membrane potential. After incu-
bation with CCCP, 0.1 µM JC-1 was added to the cells and incubated for 
15 min at 37°C. The cells were washed twice with warm PBS (37°C), then 
trypsinised and collected prior to analysis. 

Mitochondrial load assay 

In paper II, the mitochondrial load of the cells was analysed using the red 
fluorescent mitochondrion-selective probe MitoTracker® Deep Red FM 
(Invitrogen) according to manufacture’s protocol. The cells were stained 
with 20 nM MitoTracker for 15 min prior to analysis by flow cytometry.  

Acquisition and analysis of data 

Both in paper II and paper III, the flow cytometry analyses were per-
formed using an EPICS ALTRA (Beckman Coulter, Fullerton CA, USA) 
equipped with an argon laser (488 nm) and EXPO 32 software (Beckman 
Coulter). During acquisition 10 000 events were collected. Kaluza software 
(Beckman Coulter) was used for analysis of viability, apoptosis, PKH67, 
Ki-67, p21, phosphorylated Akt1, JC-1 and Mitotracker Deep Red. The 
expression of p21 and Ki-67 was determined using the isotype control as 
cut-off for positivity. The expression was determined as a percentage of 
positive cells and the analysis included the total expression in all cell cycle 
phases. PKH67, phosphorylated Akt1, JC-1 and Mitotracker Deep Red 
were all analysed as median fluorescence intensity (MFI). Cell cycle phase 
distribution was analysed using ModFit LT v3.2 (Verity Software House, 
USA).  

Detection of phosphorylated cell-signalling proteins  

Analysis of cell signalling proteins in whole cell lysates after cell culturing 
was performed according to manufacture’s description using a Milliplex® 
MAP Kit (Millipore Corporation, Billerica, MA, USA) in paper II. The as-
say was customised for analysis of phosphorylated Akt1 (Ser473), phos-
phorylated GSK3β (Ser9), phosphorylated mTOR (Ser2448), phosphory-
lated PTEN (Ser380) and phosphorylated ERK1/2 (Thr185/Tyr187). 1 µg 
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of total protein/well of diluted sample along with negative and positive 
controls were analysed on the plate. Triplicate cell samples were pooled 
together before lysing the cells. The assay was performed in duplicates and 
the samples were analysed using a Luminex 200™ (Luminex Corporation, 
Austin, TX, USA) and the results expressed as mean of MFI. 

Colony formation assay 

In paper II, we investigated the ability of a single cell to grow into a colo-
ny. Briefly, 1 x 103 cells/well were seeded in 6-well plates and transfected 
24 hours after seeding. The cells were incubated in a humidified atmos-
phere at 37°C with 5% CO2 for 12 passages and were then fixed with 
methanol and stained with crystal violet solution (Sigma). Medium was 
changed three times a week. Only colonies containing at least 40 cells were 
counted. 

Immunohistochemistry for detection of SLC25A43 in cell lines 

In paper II, we confirmed the effect of siRNA mediated silencing of 
SLC25A43 at the protein level. Forty-eight and 72 h after transfection the 
cells were collected, formalin-fixed and paraffin-embedded as previously 
described [123]. The tissue micro array sections of the cells were deparaf-
finised in Tissue-Clear (Sakura Finetek), rehydrated and washed. Heat-
induced antigen retrieval was performed in 1 mM EDTA buffer pH 8.0 for 
20 minutes in a 99˚C water bath and cooled to RT. The slides were 
blocked for endogenous peroxidase activity using 3 % H2O2 for 10 min 
following 1 h treatment in RT with Blocking Solution (Dako). The slides 
were then incubated with rabbit polyclonal anti-SLC25A43 primary anti-
body ((1:1000) (Agrisera)) for 20 minutes at room temperature. Following 
washing, detection was made using the EnVision™ system (Dako). The 
slides were incubated with horseradish peroxidase polymer reagent for 20 
min at RT band bound antibodies were visualised with DAB. 

Statistical analysis 
To evaluate the association between LOH, IHC and ER/PgR-status or posi-
tive lymph nodes in paper I, Chi2 tests were performed. Chi2 tests were also 
used in paper IV to determine any association between IHC scoring and 
ER/PgR-status, positive lymph nodes, recurrence or dead of disease (DOD).  
Differences in age, tumour size or SPF between LOH/ROH and IHC in 
scoring in paper I were tested by Student’s t-test. The same test was used 
for analysis of differences in age, tumour size or SPF between IHC scorings 
in paper IV. Also in paper IV, correlations between SLC25A43 mRNA 
expression levels and HER2-status were evaluated with Student’s t-test. 
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Survival curves in paper IV were calculated according to Kaplan-Meier, 
and log-rank test was used for comparison of survival. Univariate and mul-
tivariate analyses of outcome were performed with Cox proportional haz-
ard regression. In paper II, Student’s t test was used to assess statistical 
significance in all assays, whereas in paper III, Mann Whitney Test was 
used for all analyses.  

In all papers, statistical significance was set at P < 0.05. In papers I-III, 
SPSS 17.0 statistical software for Windows (SPSS Inc., Chicago, IL, USA) 
was used for all tests. In paper IV, SPSS 17.0 or Statistica 9.0 (Statsoft, Inc) 
was used.  
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RESULTS 

SLC25A43 gene expression in HER2-positive breast tumours  
(paper I and IV) 
The primary aim of paper I was to identify novel copy number variations 
(CNVs) through screening of 25 HER2-positive breast tumours. We only 
proceeded with the most common CNVs that were found in at least ten of 
the tumours. Using this approach we obtained CNVs in 40 different loci 
scattered across the genome, whereof 16 were amplifications and 24 dele-
tions. In 80% of the tumours deletion in chromosome X at q24 was ob-
served, covering both previously known genes as well as novel genes in 
relation to cancer.  

In all these tumours, the deletion at Xq24 encompassed the two genes 
SLC25A43 and SLC25A5, which both encode for inner mitochondrial 
membrane transporters of the SLC25 family [114-116]. SLC25A5 is 
known to translocate ADP from the mitochondrial matrix into the cyto-
plasm and partially share its function with the homolog SLC25A6 (91% 
amino acid similarity) [124, 125]. The function of SLC25A43 however, 
remains unknown.  
 
In order to investigate the extent of altered SLC25A43 gene expression we 
proceeded by exploring the allelic imbalance of SLC25A43 in various tu-
mours using a PCR-based loss of heterozygosity (LOH) assay (paper I). 
Cases that showed a heterozygous pattern after enzymatic cleavage were 
used for further LOH analyses using the reference interval 0.39 – 1.25.  
In a cohort of 85 HER2-positive breast cancer cases 48% of the heterozy-
gous cases showed allelic ratios outside the range and were defined as hav-
ing LOH. Tumour samples from 52 HER2-negative breast cancer, 65 cer-
vical cancer and 18 female lung cancer were also included in the LOH 
analysis. The three cohorts showed frequencies of 9%, 42% and 67%, 
respectively. 

We proceeded by screening 29 HER2-positive breast tumours for muta-
tions (paper I). However, we did not detect any mutation. 
 
In paper IV we analysed the mRNA levels of SLC25A43 in relation to 
HER2-positivity using the public available cohort from the I-SPY 1 trial 
[120]. Analysis showed that the mRNA expression of SLC25A43 was low-
er amongst the HER2-positive breast cancer tumours (n = 42) compared to 
the HER2-negative tumours (n = 85) (P = 0.055). 
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Correlation to SLC25A43 expression and proliferation markers in 
tumours (paper I and paper IV) 

Expression of SLC25A43 protein in HER2-positive breast tumours 

Out of the 71 HER2-positive tumours available for further analysis using 
TMA in paper I, 37% of the cases showed negative/low expression of 
SLC25A43 to compare with 63% of the cases showing medium/high ex-
pression. In paper IV, the expression of SLC25A43 was evaluated in 176 
HER2-positive cases. Out of these, 45% were determined as having a nega-
tive/low expression of SLC25A43, compared to 55% showing medi-
um/high expression. 

Correlation to SLC25A43 and proliferation markers in tumours 

In paper I, there was no significant association between SLC25A43 expres-
sion and LOH. Neither in paper I nor paper IV, was SLC25A43 expression 
associated with ER status, lymph node metastasis, age at diagnosis, recur-
rence or DOD.  

However, in paper I, cases with negative or low protein expression of 
SLC25A43 did show a significantly lower SPF (mean SPF 9.4%) compared 
to cases with medium or high expression (mean SPF 12.6%) (P = 0.024). 
This was confirmed in paper IV using the expanded cohort of HER2-
positive breast tumours where tumours with negative/low expression of 
SLC25A43 (n = 41) had a mean SPF 8.9% compared to tumours with me-
dium/high expression (n = 61) with a mean SPF of 12.0% (P = 0.015) (Fig-
ure 6). 

In paper IV, using the data available from the I-SPY-1 trial [120], the 
mRNA expression of SLC25A43 was correlated to histological grade (El-
ston grade) in the HER2-positive tumours. Grade 1 or 2 tumours (n = 18) 
had a significantly lower mean SLC25A43 mRNA expression compared to 
tumours with histological grade 3 (n = 24) (P = 0.0025) (Figure 7). 
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Figure 6. Plot of S phase fraction (SPF) distribution and SLC24A43 protein expres-
sion in HER2-positive breast tumours. Distribution of SPF in tumours with nega-
tive/low protein (SLCLow) expression (n = 41) and medium/high (SLCHigh) expres-
sion (n = 61) of SLC25A43 (paper IV). The box-whiskers encompass 95% of the 
observations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Plot of mean SLC25A43 mRNA expression grouped by histological grade 
in HER2-positive breast tumours from the I-SPY-1 trial. Tumours with histological 
grade (Elston grade) 1 or 2 (n = 18) compared to grade 3 tumours (n = 24) (paper 
IV). Data are expressed as mean ± SE. 
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SLC25A43 influences cell proliferation rate and cell cycle phase 
distribution in vitro (paper II) 

Silencing SLC25A43 alters the cell proliferation rate 

Using flow cytometry analysis in paper II, we analysed the cell prolifera-
tion rate in three cell lines after transfection with SLC25A43 siRNA. No 
difference in proliferation rate was found in MCF7 cells after silencing 
SLC25A43 (Figure 8). However, MCF10A cells proliferated significantly 
slower over time (48 to 96 h after transfection) compared to cells transfect-
ed with siCtrl (P < 0.01) (Figure 8). In contrast, SLC25A43-silenced BT-
474 cells displayed a time-dependent significant increase in proliferation 
rate (72 and 96 h after transfection) compared to siCtrl (P < 0.01 and P < 
0.001, respectively) (Figure 8). The effects of SLC25A43 silencing on pro-
liferation were not caused by either induced apoptosis or altered viability. 
Based on the results from the proliferation rate assay, we decided to only 
continue with our investigations at the time points 48 and 72 h after silenc-
ing SLC25A43 in paper II. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8. Silencing SLC25A43 alters the proliferation rate of MCF10A and BT-474 
cells. MCF10A, MCF7 and BT-474 cells were stained with the green fluorescent 
membrane dye PKH67 to measure cell proliferation rate 24 to 96 h after transfec-
tion. The figure shows representative histograms of mean fluorescent intensity 
(MFI) of MCF10A, MCF7 and BT-474 cells comparing siCtrl (red) and siSLC 
(blue) cells over time (paper 2).  
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Silencing SLC25A43 alters the expression of Ki-67 

Loss of growth control, including aberrations in the mechanisms regulating 
the integrity of cell cycle progression, is a hallmark of cancer [11] and the 
proliferation frequency of cancer cells is considered to have a prognostic 
value [7, 78]. The proliferation marker Ki-67 is nowadays routinely used in 
the clinic to determine the proliferation of cancer cells. In paper II we 
therefore investigated if silencing SLC25A43 alters the expression of Ki-67 
both in the non-malignant and breast cancer cells. As shown in Figure 9, 
silencing SLC25A43 in MCF10A cells significantly decreased the total 
expression of Ki-67 at 48 h as well as 72 h after transfection, compared to 
control transfected cells. In contrast, silencing SLC25A43 resulted in an 
increased Ki-67 expression after 72 h in BT-474 (Figure 9). No change in 
Ki-67 expression was observed in MCF7 after silencing SLC25A43. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Silencing SLC25A43 alters Ki-67 expression. Expression of the prolifera-
tion marker Ki-67 in MCF10A and BT-474 cells 48 and 72 h after transfection 
comparing siCtrl (dark grey) and siSLC (light grey) cells. For all assays n = 6. Col-
umns represent mean ± SD. **, P < 0.01; ***, P < 0.001 for siSLC compared to 
siCtrl. 
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Silencing SLC25A43 alters the cell cycle phase distribution 

We continued by determining the effect of silencing SLC25A43 on the cell 
cycle progression. In MCF10A, silenced cells exhibited a significant block 
in the G1-to-S transition. This was demonstrated by a higher proportion of 
cells in the G0/G1 phase of the cell cycle along with a significantly lower 
proportion of cells in the S phase, compared to the siCtrl cell population 
(Figure 10). Contrary to this, silencing SLC25A43 in BT-474 cells led to a 
significantly increased G1-to-S transition, as demonstrated by a lower pro-
portion of cells in G0/G1 together with a higher proportion of cells in S 
phase (Figure 10). No significant change in cell cycle distribution was ob-
served in MCF7 after silencing SLC25A43.  
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Silencing SLC25A43 alters the cell cycle phase distribution. The propor-
tion of cells in the different cell cycle phases at the indicated time points after trans-
fection of MCF10A and BT-474 cells using propidium iodide staining of cell nuclei. 
For all assays n = 6. Columns represent mean ± SD. **, P < 0.01; ***, P < 0.001 
for siSLC compared to siCtrl. 
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SLC25A43 influences proteins regulating cell proliferation in 
vitro (paper II) 

Silencing SLC25A43 reduced nuclear p21 levels in BT-474 

Analysis of the nuclear content of p21 using flow cytometry revealed that 
silencing led to a significant reduction of the expression in BT-474 cells 
compared to control transfected cells both at 48 and 72 h after transfection 
(Figure 11). There was no significant change in p21 expression in either 
MCF10A or MCF7 after silencing SLC25A43. 
 
 
 
 
 
 
 

 
 
 
 

 

Figure 11. Silencing SLC25A43 in BT-474 cells reduces the levels of nuclear p21. 
Total nuclear expression (%) of p21 in BT-474 cells 48 and 72 h after transfection 
comparing siCtrl (dark grey) and siSLC (light grey). For all assays n = 6. Columns 
represent mean ± SD. *, P < 0.05; **, P < 0.01 for siSLC compared to siCtrl. 

Silencing SLC25A43 influences proteins downstream of HER2-signalling 

As we found the common deletion of SLC25A43 in HER2-positive breast 
tumours (paper I), we decided to investigate the phosphorylation levels of a 
number of proteins downstream of HER2-signaling after silencing (paper 
II)). Phosphorylation of PTEN (Ser380) was independent of SLC25A43 
expression in MCF10A and MCF7. However, a tendency of increased 
phosphorylation was observed in BT-474 cells 72 h after transfection. 
Phosphorylation of both GSK3β (Ser9) and mTOR (Ser2448) tended to be 
lower 48 and 72 h after SLC25A43 silencing in MCF10A. In contrast, 
mTOR phosphorylation was largely independent of SLC25A43 in both 
MCF7 and BT-474 cells. A tendency to increased phosphorylation of 
GSK3β was observed in BT-474 cells 72 hours after silencing. We did not 
detect any SLC25A43-dependant changes in the levels of phosphorylated 
Akt1 at Ser473 or ERK1/2 (Thr185/Tyr187) in any of the cell lines.  
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SLC25A43 and p27 in tumours (Paper IV) 

SLC25A43 and p27 influence proliferation in tumours 

In paper IV, we analysed the possible connection between SLC25A43 and 
the cell cycle regulatory protein p27 in HER2-positive breast tumours. 
Nuclear expression of p27 (p27N+) was found in 142 tumours (79%). 
There was no significant association between p27N and lymph node status, 
tumour size, age of the patient, histological grade, recurrence or DOD. 
There was however an association between p27N expression and hormone 
receptor status. Furthermore, in p27N- tumours, SPF was significantly 
higher compared to p27N+ tumours (P = 0.015). 

There was no significant association between SLC25A43 protein expres-
sion and p27N expression. Nonetheless, through analysis of differences in 
SPF in relation to SLC25A43 and p27 nuclear expression we identified a 
subpopulation of tumours displaying a higher SPF. This subpopulation 
expressed high SLC25A43 and low nuclear p27 (Figure 12). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 12. Plot of SPF in relation to SLC24A43 and nuclear p27 protein expres-
sion. Distribution of SPF in tumours with different combinations of SLC25A43 
and p27 expression (SLCLow/p27N- (n = 5), SLCHigh/p27N- (n = 9), SLCLow/p27N+(n 
= 36) and SLCHigh/p27N+(n = 51)) (paper IV). The box-whiskers encompass 95% of 
the observations. 
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Expression of SLC25A43 and p27 in relation with recurrence-free survival 

in tumours  

Patient outcome was assessed in the cohort of HER2-positive breast cancer 
tumours analysed with IHC in paper IV. There was no significant differ-
ence in recurrence-free survival between patient groups determined as 
SLCLow or SLCHigh, both amongst patients who did and did not receive ad-
juvant trastuzumab treatment. Neither was recurrence-free survival signifi-
cantly dependent of nuclear p27 expression. 

All the tumours in the cohort were further analysed in order to see the 
benefit of trastuzumab in relation to combined SLC25A43 and nuclear p27 
expression. Through analysis of SPF, the subpopulation of SLCHigh/p27N- 
tumours was identified to express a higher SPF (paper IV). Although this 
group contained relatively few cases, we determined it to be of interest for 
analysis of recurrence-free survival. There was no significant difference 
between the groups amongst patient who did not receive adjuvant 
trastuzumab. Between the patients who received adjuvant trastuzumab, the 
subpopulation of SLCHigh/p27N- tumours tended to have an increased re-
currence compared to the other tumours (P = 0.065) (Figure 13A). Cox 
regression analysis showed a hazard ratio of 3.25 (95% confidence interval 
(CI) 0.86-12.28). When analysing all four different subpopulation, the 
SLCHigh/p27N- group had a significantly increased recurrence after 
trastuzumab treatment compared to the patients whose tumours were clas-
sified as SLCLow/p27N- or SLCHigh/p27N+ (P = 0.048 and P = 0.003, respec-
tively).  

 
Analysis of the I-SPY-1 data revealed that a high expression of SLC25A43 
was associated with an adverse outcome among patients with HER2-
positive breast cancer (P = 0.0029), whereas this could not be seen in the 
HER2-negative tumours. p27 was not found to be associated with patient 
outcome in the HER2-positive tumours, however, HER2-negative tumours 
with low levels of p27 had an increased risk of recurrence compared to 
tumours expressing high levels (P = 0.04). Analysis of patient outcome in 
the total cohort was also determined in relation to combined SLC25A43 
and p27 mRNA levels of expression. The population of patients with the 
combination of high SLC25A43 mRNA and low p27 mRNA expression 
had a significantly worse outcome in the whole cohort (P = 0.0014) (Figure 
13B). This subpopulation was also associated with a hazard ration for 
recurrence of 2.62 (95% CI 1.24-5.54). 
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Figure 13. Cumulative recurrence-free survival in relation to SLC25A43 and p27 
expression. (A) Survival of patients with HER2-positive breast tumours with adju-
vant trastuzumab treatment in relation to subpopulation of high SLC25A43 and 
low nuclear p27 protein expression (n = 8), compared to other tumours (n = 58). 
(B) Survival of patients including both HER2-positive and HER2-negative breast 
tumours in relation to subpopulation of high SLC25A43 and low p27 mRNA ex-
pression (n = 37), compared to other tumours (n = 110). 
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SLC25A43 alters the effect of cytostatic drugs in vitro (paper III) 

Reduced efficacy of paclitaxel after SLC25A43 knockdown 

To evaluate any possible effects of silencing SLC25A43 on cytotoxicity, we 
began by analysing the viability of MCF10A, MCF7 and BT-474 cells after 
72h exposure to paclitaxel or epirubicin. The sensitivity for paclitaxel was 
not altered in MCF10A cells after silencing SLC25A43. In contrast howev-
er, silencing SLC25A43 resulted in a significant reduction of cytotoxic 
effect by 16 nM paclitaxel in the two breast cancer cell lines MCF7 and 
BT-474 compared to siCtrl (Figure 14). The reduction in cytotoxicity was 
also observed at the higher concentration of paclitaxel in MCF7 cells (P < 
0.05). Contrary to the paclitaxel exposure, silencing SLC25A43 did not 
influence the cytotoxic effect of epirubicin in any cell line. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Silencing SLC25A43 reduces the cytotoxic effect of paclitaxel breast 
cancer cells. Silencing SLC25A43 24 h before exposing cells to 16 nM paclitaxel for 
72 h significantly increased viability in cancer cells MCF7 and BT-474, compared 
to control siRNA. For all assays n = 6. Data are expressed as mean ± SD. * < 0.05. 

SLC25A43 affects the cell cycle phase distribution upon drug exposure 

Because paclitaxel, epirubicin and trastuzumab are all known to induce cell 
cycle arrest, thus leading to cell death or inhibition of proliferation, we 
analysed the cell cycle phase distribution after silencing SLC25A43 in sur-
viving cells after drug exposure.  

Paclitaxel is known to block the cells in the late G2 and M phases of the 
cell cycle [96]. This was further confirmed in all three of our cell lines. 
Interestingly however, silencing SLC25A43 resulted in a significantly high-
er G2/M-block at 16 nM paclitaxel in MCF7 (P < 0.01) and BT-474 (P < 
0.01) compared to control, a consequence of silencing not observed in the 
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MCF10A cells. The significant difference in G2/M distribution remained in 
MCF7 (P < 0.05) and BT-474 (P < 0.05) at the higher concentration of 
paclitaxel. 

Epirubicin induces permanent double strand breaks leading to G2/M-
block [98, 99]. Similarly to paclitaxel, epirubicin also induced G2/M-block 
in the cell lines upon exposure. However, only MCF7 cells showed a signif-
icant change in cell cycle phase distribution between siCtrl and siSLC (P < 
0.01) at the lower concentration (2.5 µM) of epirubicin. Exposing the cell 
lines to 10 µM of epirubicin resulted in fewer cells in G2/M compared to 
2.5 µM, although there were still a significantly higher fraction of cells in 
G2/M-phase in siSLC compared to siCtrl in both MCF7 (P < 0.05) and BT-
474 (P < 0.05). 

SLC25A43 alters the effect of trastuzumab in vitro (paper III) 
The HER2-positive breast cancer cell line, BT-474, was further investigated 
through exposure with the targeting drug trastuzumab.  

Trastuzumab is known to exhibit growth arrest in the G1 phase, partly 
due to inhibition of proteins involved in regulating the cell cycle, rather 
than inducing cell death in vitro [30, 109, 126-128]. We therefore meas-
ured both the viability and inhibition of proliferation as well as cell cycle 
phase distribution of BT-474 cells subjected to exposure of either 
trastuzumab (10 µg/ml) or a combination-dose of trastuzumab (10 µg/ml) 
and paclitaxel (16 nM) (T/P).  

As expected, trastuzumab solely did not induce cell death. However, 
when combining paclitaxel with trastuzumab, the reduced cytotoxic effect 
of paclitaxel exposure only was no longer present after silencing 
SLC25A43.  

Measuring proliferation of BT-474 cells after trastuzumab exposure re-
vealed that silencing SLC25A43 contributes to a significantly lower inhibi-
tion of cell proliferation (P < 0.005) (Figure 15). This effect was however 
abolished when combining trastuzumab and paclitaxel.  
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Figure 15. Trastuzumab-induced inhibition of cell proliferation, measured using 
PKH67, was significantly reduced after silencing SLC25A43. However, when com-
bining trastuzumab and paclitaxel (T/P) (16 nM and 10 mg/ml, respectively), the 
drug-induced inhibition was independent of a silenced SLC25A43 expression. For 
all assays n = 6. Columns represent mean ± SD. * <0.05. 

When examining the cell cycle phase distribution upon exposure of 
trastuzumab, we confirmed that the drug induces a G1-block also in our 
cell line. Further, silencing SLC25A43 led to a significantly decreased G1-
block at both 10 µg/ml and 100 µg/ml of trastuzumab (P < 0.05). Exposure 
to trastuzumab in combination with paclitaxel resulted in reduced G2/M 
block compared to paclitaxel alone; however, the significant effect of si-
lencing SLC25A43 on the G2/M-block remained. 
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DISCUSSION 

SLC25A43 expression in tumours and cancer cell lines (Papers I 
to IV) 
Overexpression of the HER2 receptor along with altered activity of the 
PI3K/Akt signalling pathway play an important role in HER2-positive 
breast cancer. In an effort to find new genes that might contribute with 
more information about the disease we used whole genome assay based on 
SNPs for analysis of HER2-positive breast tumours (paper I). We found a 
common deletion covering the gene SLC25A43, and using a PCR-based 
LOH assay we further observed allelic imbalance in SLC25A43. Interest-
ingly, only 9% of the HER2-negative breast tumours analysed for LOH 
showed allelic imbalance, compared to a ratio between 42% and 67% 
allelic imbalance in HER2-positive breast cancers, cervical- and lung can-
cer. This suggests that, at least in breast cancer, the loss of SLC25A43 is a 
feature predominantly found in HER2-positive cancers. A limitation with 
these methods however, is the low number of cases included in the analy-
sis.  

Consistent with these results, analysis of SLC25A43 mRNA expression 
retrieved from the public available cohort demonstrated that HER2-
positive tumours expressed lower levels of SLC25A43 mRNA compared to 
the HER2-negative tumours (paper IV). These findings further strengthen 
the idea that lost SLC25A43 is connected to HER2-positivity in breast 
cancer. Also our cell lines used in papers II and III expressed various levels 
of SLC25A43 mRNA; the non-malignant cells MCF10A and HER2-
negative breast cancer cells MCF7 demonstrated the same levels of expres-
sion. In comparison however, the HER2-positive breast cancer BT-474 
cells expressed SLC25A43 mRNA levels 4.4 folds lower than the MCF10A 
cells.  

Evaluation of SLC25A43 protein expression with IHC in HER2-positive 
breast tumours showed that the level of expression varied amongst the 
tumours, spanning from negative to high expression. 

SLC25A43 and mitochondrial metabolism (Paper I and II) 
SLC25A43 encodes a mitochondrial inner membrane transporter, presently 
without any known ligand [117]. The closest relative of SLC25A43 is the 
CoA transporter SLC25A16 and the CoA and ADP transporter SLC25A42 
[115, 118]. Even though the function of SLC25A43 remains unexplored, 
alterations in the expression is likely to affect mitochondrial function.  
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Mitochondrial dysfunction in cancer cells was first described by Otto War-
burg in the 1920s where he demonstrated an increased glycolysis in the 
presence of oxygen (aerobic glycolysis) [50]. Today, it is well established 
that altered mitochondrial function has an important role in tumour devel-
opment and progression. Hanahan and Weinberg proposed that one of the 
hallmark capabilities in cancer cells is the sustained chronic proliferation as 
a result of evading the strictly controlled production and release of growth 
factors as well as deregulation of receptors and downstream signal [11]. 
Another hallmark found in cancer cells is altered metabolism; a mechanism 
providing not only ATP for the proliferating tumour cells high bioenergetic 
demands, but also precursors and metabolites for the synthesis of macro-
molecules, such as nucleotides, proteins, and lipids. De novo fatty acid 
synthesis is upregulated in tumour tissues, thereby fuelling the rapidly pro-
liferating cells membrane synthesis [129, 130]. Acetyl-CoA is a necessary 
building block for the production of fatty acids. It is thus possible that an 
altered CoA transport across the mitochondria in cells that have undergone 
a metabolic conversion might influence the proliferation rate of cancer 
cells. In fact, Hatzivassiliou et al have shown that tumour cells that have 
undergone a metabolic conversion utilise cytosolic acetyl-CoA to fuel lipid 
synthesis and promote tumour growth [131].  

Further studies on the metabolic functions of SLC25A43, both in non-
malignant and cancer cells, are needed.  

SLC25A43 and regulation of cell proliferation (Papers I to IV) 
Sustained cell proliferation is a hallmark of cancer cell development and 
progression [11]. In recent years, the mitochondrion has revealed itself to 
be a significant part of cell proliferation [39, 40, 42, 43], and recently, 
Mitra et al have shown how the mitochondria have an important role in 
cell cycle regulation through the organisation of a mitochondrial network 
[43]. In all of the four studies presented herein, we have demonstrated that 
SLC25A43 is connected to the regulation of cell proliferation.  

In both studies analysing the protein expression of SLC25A43 in HER2-
positive breast tumours, the SPF was shown to be significantly higher in 
cases with medium or high SLC25A43 expression compared with negative 
or low expression of SLC25A43 (paper I and IV). Nonetheless, it is cur-
rently not possible to explain the relation between SLC25A43 expression 
and SPF.  

The Cdk inhibitor p27 is relocated to, and retained in, the cytoplasm 
upon Akt-phosphorylation, thereby preventing the cell cycle inhibitory 
effects of p27 [27-29]. In our cohort, 21% of the tumours had lost their 
nuclear expression of p27, and these tumours demonstrated a significantly 
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higher SPF compared to tumours with positive nuclear expression of p27. 
Increased SPF and increased proliferation rate along with low p27 levels 
have been demonstrated in HER2-postive, trastuzumab-resistant breast 
cancer cells [31]. Our data suggests that the tumours with the combination 
of high SLC25A43 and low nuclear p27 tended to exhibit the highest SPF. 

Corroborating these results is the finding that SLC25A43 mRNA is cor-
related to histological grade in the HER2-positive tumours (paper IV). 
Together, these findings suggest a relation between SLC25A43 expression 
and proliferation, both on an mRNA and protein level. 

 
In the in vitro experiments in paper II, silencing SLC25A43 led to in-
creased cell proliferation rate of the HER2-positive BT-474 cells and de-
creased cell proliferation rate of the non-malignant MCF10A cells.  

The decreased proliferation rate in the MCF10A cells was also related to 
a lower expression level of the proliferation marker Ki-67, which is only 
expressed in the late G1, S and G2/M phases of the cell cycle. Concomitant 
with this, cell cycle phase analysis of MCF10A cells suggest that silencing 
SLC25A43 decreases cell proliferation through the induction of a G0/G1-
block thus reducing the percentage of cells in S phase. 

We speculate that the blocked cell proliferation is regulated through the 
activation of a mitochondrial checkpoint. The mitochondrion is a suggest-
ed key regulator of the cell cycle and its activity has been linked to the G1-
to-S transition [38-40, 42]. Mandal et al have also proposed the presence 
of a mitochondrial checkpoint in late G1 [40]. They isolated a mutation in 
the gene encoding cytochrome oxidase subunit Va, causing a drop in intra-
cellular ATP to levels sufficient to maintain cell survival, growth and dif-
ferentiation. However, the mutation did not enable the cells to progress 
through the cell cycle. Further, Gwinn et al have shown that energetic 
stress lead to an inhibition of mTOR activity and activation of a metabolic 
checkpoint, which inhibited the G1-to-S transition [21]. In line with this we 
also observed a tendency to inhibited mTOR activity in MCF10A cells 
after silencing SLC25A43.  
 
Contrary to the MCF10A cells, silencing SLC25A43 in BT-474 cells in-
creased the cell proliferation. In fact, silencing SLC25A43 enhanced the G1-
to-S transition, suggesting a reduced function of the putative mitochondrial 
checkpoint in late G1. Silencing also significantly increased the expression 
of Ki-67. BT-474 cells are HER2-overexpressing breast cancer cells whose 
mitochondrial function may already be altered. In HER2-positive cancer 
cells, Akt1 generally promotes G1-to-S transition by translocating the cell 
cycle inhibitor p21 from the nucleus to the cytoplasm, thus impairing its 
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regulatory function [18-22]. Although our experiments did not reveal any 
change in Akt1 phosphorylation levels at S473, silencing SLC25A43 de-
creased the nuclear expression of p21 in the BT-474 cells. Reducing the 
levels of nuclear p21 could possibly result in the observed increased G1-to-S 
transition and cell proliferation (Figure 16).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16. A putative model of SLC25A43 regulation of the cell cycle after silenc-
ing in vitro. Lefts side, siRNA mediated silencing of SLC25A43 induces a G1-block 
in non-malignant MCF10A mammary cells by inhibition of mTOR and the subse-
quent increased activation of GSK3β. Right side, silencing SLC25A43 in the 
HER2-poitive breast cancer cells BT-474 increases the G1-to-S transition, in part, 
through inhibition of the cell cycle regulatory protein p21. 

The HER2-negative breast cancer cells MCF7 did not demonstrate the 
same sensitivity to silenced SLC25A43, suggesting that reduced expression 
of SLC25A43 will render different cellular effects dependent on the pheno-
type of the affected cells. This finding is in line with the findings reported 
in paper IV regarding SLC25A43 mRNA expression in HER2-positive and 
HER2-negative breast cancers.  

 
The clonogenic assay revealed that silencing SLC25A43 reduces the clono-
genic capacity of all tested cell lines. This suggests that reducing the expres-
sion of SLC25A43 in an early stage of clonal expansion will not be benefi-
cial for the cells ability to expand on a single cell level. 
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SLC25A43, in vitro drug efficacy and patient survival (Paper I, III 
and IV) 
In light of the notion that mitochondrial dysfunction has a role in the can-
cer cells’ response to therapy [11], we investigated if an altered mitochon-
drial function through a reduced expression of SLC25A43 may change the 
efficacy of antitumour drugs in vitro (paper III).  

Paclitaxel exerts is cytotoxic effects through other mechanisms involving 
microtubule assembly, cell cycle arrest and the mitochondrial apoptotic 
pathway [132-134]. Deregulations in this pathway and other mitochondri-
al functions have been suggested to induce paclitaxel resistance [36, 134, 
135]. In our experiments, exposing the HER2-negative MCF7 cells and the 
HER2-positive BT-474 cells to paclitaxel after knockdown increased the 
viability of the cells compared to control. This change in viability was ac-
companied by an increased G2/M-block in the exposed silenced cells, indi-
cating that further blocking the cells in G2/M might be beneficial for the 
cells to survive. In fact, Tan et al have demonstrated that delaying cell en-
try into M phase conferred survival advantages after paclitaxel exposure in 
breast cancer cells [136]. BT-474 cells were further subjected to exposure 
to trastuzumab. Silencing SLC25A43 followed by exposure to trastuzumab 
resulted in decreased inhibitory effect on proliferation by the antibody and 
reduced the G0/G1-arrest. Trastuzumab is known to increase the associa-
tion between p27 and CDK2 complexes resulting in induced G1 cell cycle 
arrest [30, 109, 126-128, 137]. Altered expression of these proteins has 
been connected with trastuzumab resistance [31]. Our findings show that 
silencing SLC25A43 reduces the G0/G1-arrest possibly leading to the re-
duced inhibitory effect of trastuzumab in the HER2-positive BT-474 cells. 
When combining trastuzumab and paclitaxel to BT-474 cells, all survival- 
and proliferative advantages due to silenced SLC25A43 previously seen are 
abolished. This demonstrates the beneficial effect of dual drug treatment.  

 
Paper IV is the first report about SLC25A43 protein expression and its 
possible potential as prognostic factor and a predictor for response to 
trastuzumab in HER2-positive breast cancer. Analyses of mRNA expres-
sion levels retrieved from the I-SPY-1 [120] trial suggest a possible prog-
nostic value for SLC25A43. In the trastuzumab treated group of patients 
analysed with IHC, the subgroup of patients with SLCHigh and p27N- were 
found to have less benefit from trastuzumab treatment. The findings pre-
sented in paper IV suggest that the combination of high SLC25A43 expres-
sion and negative/low nuclear p27 results in a more malignant and less 
susceptible phenotype and support the knowledge that altered p27 expres-



62 I MARIKE GABRIELSON The mitochondrial protein SLC25A43 and its possible role … 
 

sion is an important component in the development of trastuzumab-
resistance [30-32]. However, the subpopulation in this cohort contained 
few cases and it would thus be of interest to further explore this in an ex-
tended cohort.  

The mitochondrion has revealed itself to be an important part of cell 
proliferation through regulation of the cell cycle [39, 40, 42, 43]. Never-
theless, the complete connection between malfunctioning mitochondria, 
sustained cell proliferation and drug resistance remains elusive. These data 
regarding SLC25A43 further connect mitochondrial function to drug sensi-
tivity in cancer cells.  
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CONCLUSION 
Referring to the overall aim of this thesis to elucidate the role of 
SLC25A43 both in non-malignant and in cancer cells, the following con-
clusions are drawn: 

 

• The expression of SLC25A43 is connected to the proliferation 
marker SPF and tumour grade in HER2-positive breast tumours. 
SLC25A43 also influences the rate of proliferation as well as the 
proliferation markers Ki-67 and SPF in vitro.  

• The expression of SLC25A43 influences recurrence-free survival of 
HER2-positive breast cancer patients after treatment with 
trastuzumab and alters the cytotoxic efficacy of anti-cancer drugs 
in vitro. 

• The findings presented herein connect SLC25A43 to the idea of 
mitochondrial regulation of cell proliferation and involvement in 
cancer development  
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FUTURE PERSPECTIVE 
The secrets of SLC25A43 have just begun to be revealed and much more 
research is needed. Specifically, it is of importance to further investigate 
what this protein is transporting across the inner mitochondrial membrane, 
and how SLC25A43 is involved in the metabolic processes of the cell.  

It is also of great interest to further map the mechanisms through which 
SLC25A43 participates in regulation of the cell cycle and cell proliferation, 
and what the consequences are of an altered expression of SLC25A43 on 
these functions. Alongside, it is also of importance to understand how 
SLC25A43 interacts with certain anti-cancer drugs, thus affecting their 
cytotoxic effects.  

The relation between SLC25A43 expression and HER2-positivity in 
breast cancer needs to be confirmed in a larger cohort. Also, a more exten-
sive mapping of SLC25A43 expression in other types of both male and 
female cancers is of great interest. Better understanding of the different 
genes implicated in cancer, as well as in mitochondrial function, could lead 
to new possible target molecules for treatment in the future.  
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