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Abstract 
 
Breezy Malakkaran Lindqvist (2013): Biological signature of HER2-
positive breast cancer. Örebro Studies in Medicine 90, 61 pp. 
 
Human epidermal growth factor receptor 2 (HER2) overexpressing breast cancers 
(HER2+ breast cancer) are associated with an aggressive disease course. This thesis 
is focused on improving the understanding of the biological signature of HER2+ 
breast cancer.  

In Paper I, we identified a common deletion spanning the SLC25A43 gene 
which codes for a mitochondrial transport protein. Loss of heterozygosity in this 
gene was confirmed in an extended cohort of HER2+ breast cancer and in other 
types of cancers. Protein expression analysis of SLC25A43 using immunohistochem-
istry (IHC) in HER2+ breast cancers showed that tumours with negative or low 
expression of SLC25A43 had lower S-phase fraction compared to tumours with 
medium or high expression, indicating its possible role in cell proliferation. Absence 
of mutations in this gene in HER2+ breast cancers led to Paper II where DNA meth-
ylation in the SLC25A43 gene was interrogated using Pyrosequencing. HER2+ 
breast cancer with no deletion in the SLC25A43 gene showed higher methylation in 
the CpG island (CGI), suggesting methylation in the CGI as an alternate mechanism 
for SLC25A43 gene inactivation. Methylation in the CGI and in the adjacent shores 
of the SLC25A43 gene was associated with negative oestrogen receptor status and 
positive lymph node status. In Paper III, genome-wide DNA methylation analysis of 
HER2+ breast cancer and normal breast tissue revealed hypermethylation in HER2+ 
breast cancer affecting particularly the homeobox gene family when compared to 
normal. We identified a total of 73 candidate genes showing differential methylation 
in HER2+ breast cancer and external validation of gene expression in a selected 
group of these genes revealed lowered mean expression in HER2+ breast cancer, 
warranting future clinical studies of these candidate genes. In Paper IV, we investi-
gated expression and localisation of phosphorylated (p) Akt and FOXO3a and 
FOXG1 in HER2+ breast cancer using IHC. Cytoplasmic expression of pFOXO3a 
was associated with sentinel node metastasis while cytoplasmic expression of 
FOXG1 was correlated to negative progesterone receptor status. This indicates the 
biological and prognostic value of these proteins in HER2+ breast cancer. 

Thus, this thesis identified changes at the genetic, epigenetic and protein levels 
which add new information and improve our understanding of HER2+ breast cancer. 

Keywords: HER2+ breast cancer, SLC25A43, CpG island, DNA methylation, 
Homeobox genes, FOXO3a, FOXG1. 
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LIST OF ABBREVIATIONS 

ADCC Antibody-dependent cellular cytotoxicity 
AKT Activated protein kinase B 
APC Adenomatous polyposis coli 
APS Adenosine 5’ phosphosulfate 
AR Allelic ratio 
ASE Allele specific expression  
Bcl9 B-cell CLL/lymphoma 9 
BF-1 Brain factor-1 
Bp Base pair 
Bs-DNA Bisulfite converted DNA 
C1orf114 Chromosome 1 open reading frame 114 
CGI CpG island 
CpG Cytosine-phosphate-Guanine 
CPXM1 Carboxy peptidase X (M14 family), member 1 
CNV Copy number variation 
DAB Diaminobenzidine 
DAVID Database for Annotation, Visualization and Integrated Dis-

covery 
ddNTP Dideoxynucleotide triphosphate 
Del- Deletion negative in SLC25A43 gene 
Del+ Deletion positive in SLC25A43 gene 
DKK3 Dickkopf 3 homolog 
DNP 2, 4-dinitrophenol 
dNTP Deoxynucleotide triphosphate 
ECD Extracellular domain 
ER Oestrogen receptor 
FISH Fluorescence in situ hybridization 
FOX Forkhead-box 
gDNA Genomic DNA 
GABRA Gamma-aminobutyric acid receptor A 4 
GLUT1 Glucose transporter 1 
H2O2 Hydrogen peroxide 
HER2 Human epidermal growth factor receptor 2 
HER2- Human epidermal growth factor receptor 2 negative 
HIF Hypoxia-inducible factor  
HIST1H4 Histone cluster 1, H4a 
HK1 Hexokinase 1 
HRP Horse radish peroxidase 
IHC Immunohistochemistry 
INA Internexin neuronal intermediate filament protein, alpha 
IRF4 Interferon regulatory factor 4 
Kb Kilobase 
LOH Loss of heterozygosity 



mir129-2 microRNA 129-2 
MLPA Multiple ligation - dependent probe amplification 
NEUROD1 Neuronal differentiation 1 
PCR Polymerase chain reaction 
PFKP Phosphofructokinase, platelet 
PI3K Phosphotidylinositol 3 – kinase 
PIP2 Phosphotidylinositol-3,4-biphosphate 
PIP3 Phosphotidylinositol-3,4,5-triphosphate 
PPi Pyrophosphate 
PgR Progesterone receptor 
POU4F1 POU class 4 transcription factor 1 
PTEN Phosphatase and tensin homolog  
PVDF Polyvinylidene fluoride 
ROH Retention of heterozygosity 
SFRP2 Secreted frizzled protein 2 
SLC25A43 Solute carrier family 25A member 43 
SNP Single nucleotide polymorphism 
SOX17 SRY (sex determining region Y)-box 17 
SPF S-phase fraction 
SSCP Single strand confirmation polymorphism 
ssDNA Single stranded DNA 
TGF-β Transforming growth factor- beta 
TMA Tissue micro array 
TSTD1 Thiosulfurtransferase (rhodanase)-like domain containing 1 
VDAC Voltage-dependent anion channel 
VEGF Vascular endothelial growth factor 
WDR69 Dynein assembly factor with WDR repeat domains 1 
WGA Whole genome amplification 
Xa Active X 
Xi X-inactivation or inactive X 
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INTRODUCTION 

Breast cancer 
Breast cancer is the most common cancer among women worldwide with 
an estimated 1.38 million newly diagnosed cases in 2008 and with a mor-
tality rate ranging from 6-19 per 100,000 (1). In Sweden it is the most 
common cancer among women with 7000 new cases every year according 
to Cancerfonden 2009. As per the report of Socialstyrelsen (2009), breast 
cancer incidence is increasing in Sweden with an average annual incidence 
of 1.2% during the last two decades.  

Breast cancer is detected mostly by self-examination and screening 
mammography. Staging is based on the tumour features and histopatholog-
ical examination of the resected primary tumour from the breast or the 
axillary lymph nodes (pathological classification / pTNM) (2) where T is 
tumour size, N is lymph node status and M is the presence or absence of 
metastasis. The treatment option in breast cancer can be broadly divided in 
to surgery, loco-regional radiotherapy, chemotherapy, endocrine therapy 
and targeted therapy.  

A prognostic factor provides an estimate of the risk of disease recurrence 
and the Swedish breast cancer group currently recommends the use of the 
following prognostic factors. Nottingham histologic grading system which 
grades the degree of tubular formation, nuclear atypia and mitotic activity 
(Elston & Ellis, 1991), tumour size, lymph node status, distant metastasis, 
human epidermal growth factor receptor 2 (HER2) status, age, progester-
one receptor (PgR) status and one of the proliferation markers (Ki67 or 
cyclin A). A predictive factor predicts the probability of response to a spe-
cific mode of treatment. For e.g. hormone receptor status (oestrogen recep-
tor status and PgR status) predicts response to endocrine therapy and 
HER2 receptor status predicts response to anti-HER2 agents. 

HER2-positive breast cancer 
HER2-positive breast cancer (HER2+ breast cancer) is a molecular subtype 
of breast cancer (3, 4) characterized by HER2 gene amplification or HER2 
overexpression which is found in approximately 15-30% of breast cancers. 
HER2+ breast cancer has an aggressive phenotype and is associated with 
poor prognosis (5, 6).  

The HER2 receptor belongs to the receptor tyrosine kinase family along 
with HER1, 3 and 4 and is coded by a gene located at 17q21 (7). Though 
HER2 has no known natural ligand it is the most preferred partner for 
dimerisation with the HER 1, 3 and 4 (8). Dimerisation, results in tyrosine 
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autophosphorylation and activation of downstream signalling leading to 
induction of cell cycle progression / survival (9), inhibition of apoptosis 
(10) and promotion of angiogenesis via production of vascular endothelial 
growth factor (VEGF) (11). In addition to these effects, slower endocytosis 
and faster recycling of HER2 containing heterodimers following lysosomal 
internalisation have been reported promoting a more potent and sustained 
signalling (12-14).  

HER2 signalling results in the activation of pathways like the phos-
photidylinositol 3 - kinase (PI3K) - activated protein kinase B (AKT) path-
way. HER2 dimerisation leads to recruitment of PI3K to inner cytoplasmic 
membrane followed by a cascade of events which results in the activation 
of Akt by phosphorylation (15-18). Activated Akt (pAkt) acts upon its 
downstream effectors resulting in cell proliferation, cell survival, cell mo-
bility and invasiveness (19) (illustrated in Figure 1). 

 

Figure 1. Following HER2 dimerisation, PI3K is recruited to the inner cytoplasmic 
membrane. PI3K phosphorylates membrane bound phosphotidylinositol-3,4-
biphosphate (PIP2) to phosphotidylinositol-3,4,5-triphosphate (PIP3) which serves 
as a docking site for AKT. Upon activation of AKT, downstream signalling is facili-
tated promoting cell survival. Phosphatase and tensin homolog (PTEN) is a critical 
negative regulator of the PI3K-AKT pathway. 

Anti-HER2 agents  
HER2 status is confirmed by fluorescence in situ hybridization (FISH) 
which determines HER2 gene amplification and/or by immunohistochemis-
try (IHC) which detects HER2 protein overexpression. HER2+ breast can-
cer patients are candidates for treatment with the anti-HER2 agents like 
trastuzumab (20) or lapatinib (21). 



BREEZY MALAKKARAN LINDQVIST  Biological signature of HER2-positive breast cancer I 15 
 

Trastuzumab is a humanised monoclonal antibody (22) against the ex-
tracellular domain (ECD) of the HER2 protein (23) whose exact mecha-
nism of action is not fully understood. The proposed mechanism of 
trastuzumab action is as follows. Binding of the trastuzumab to the jux-
tamembrane domain of the HER2 reduces the number of available HER2 
receptors. This leads to reduced HER2 dimerisation with other HER family 
receptors (24) and reduced proteolytic cleavage of HER2 ectodomain (25). 
All this result in reduced signalling through PI3K/AKT and 
Ras/Raf/MEK/MAPK pathways leading to p27 mediated G1 arrest (26) 
and apoptosis (27). Trastuzumab also inhibit angiogenesis (28) and pro-
mote antibody-dependent cellular cytotoxicity (ADCC) (29), though it is 
not considered to be a major mechanism of action.  

Trastuzumab is used in the treatment of primary breast cancer overex-
pressing HER2 along with chemotherapy which improves recurrence-free 
survival in women (30, 31). However, only less than half of these patients 
treated with the combination therapy (trastuzumab plus chemotherapy) 
benefit, while the rest are non-responders (de-novo resistance) (20, 32). 
Also, acquired resistance and side effects like cardiotoxicity are drawbacks 
of trastuzumab (20, 33). Mechanisms of trastuzumab resistance include 
truncated HER2 protein which lacks the trastuzumab binding site (p95) 
(34), masking of HER2 by the expression of membrane associated glyco-
protein mucin-4 (MUC-4) (35) and HER2 dimerisation with HER3 or 
EGFR (36). Increased signalling through PI3K/Akt pathway due to deregu-
lation of downstream signalling molecules like activating mutations in 
PIK3CA (37), and loss of function of PTEN also contributes to 
trastuzumab resistance (38, 39).  

This has led to the development of lapatinib, that binds to the kinase 
domain, inhibiting HER2 phosphorylation and thus repressing the down-
stream signalling (40). Lapatinib reversibly inhibits HER2 (as well as 
HER1/EGFR) and is clinically approved for combination therapy along 
with capacitabine in advanced HER2+ breast cancers that progressed on 
disease after trastuzumab-based treatment regimen (21). Recently, deregu-
lation in PI3K/AKT pathway was found to contribute to lapatinib re-
sistance (41).  

Genomics and epigenomics of HER2-positive breast cancer  
The current understanding of breast cancer as a heterogeneous disease is 
shown by the classification of breast cancer in to molecular subtypes based 
on the gene expression patterns (3, 4). Whether this heterogeneity extends 
to the HER2+ breast cancer and if this is responsible for the development 
of treatment resistance led to studies interrogating genomic and gene ex-
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pression profile of HER2+ breast cancer (42-48). These studies report sig-
nificant numbers of genomic alterations in HER2+ breast cancer indicating 
the complexity which may affect the treatment outcome (42, 46). A sum-
mary of the main copy number alterations (CNA) observed in previous 
studies is given in Table 1.  
 
Table 1. Main CNAs associated with HER2+ breast cancers.  

 
Features Gain Loss Reference 
HER2+ 1q, 7p, 8q, 16p, 20q 1p, 8p, 13q, 

18q 
(42) 

 10p, 11q13, 17q12, 
17q21, 17q23 

5q (44) 

 1q, 5p, 6p, 8q, 9q, 
11q, 12p, 12q, 16p, 
17q, 19p, 19q, 20p, 
20q, 21q 

1p, 3p, 8p, 9p, 
11q, 16q, 17p, 
17q, 18q 

(47) 

 6q, 8p, 8q, 10p, 11q, 
17q, 19q, 20q 

11q, 16q, 17p, 
17q, 18q 

(48) 

HER2+/ER+ 1q, 6p, 8q, 11q, 17q 1p, 7q, 8p, 9p, 
11q, 17p, 19p, 
22q 

(43) 

 11q13 1p, 11q, 6q (47) 
 8p, 8q, 17q, 8q 1p36, 4p16, 

11p15 
(45) 

HER2+/ER- 1q, 5q, 8q, 17q 1p, 8p, 16q, 
19p 

(43) 

  5q (47) 
 11q  (45) 
A summary of the main copy number alterations (CNAs) associated with 
HER2+ breast cancers observed by different authors (Based on a review by 
Bravata et al. (49)). 

 
Epigenetic changes alter gene expression through mechanisms like his-

tone modifications, DNA methylation, nucleosome/chromatin remodelling 
and small, noncoding RNAs (50), of which DNA methylation is the most 
widely studied. In mammals epigenetic silencing via DNA methylation is 
often discussed in a CG dinucleotide scenario, where the 5’ cytosine residue 
of the CG dinucleotide is methylated by DNA methyltransferases. This is 
followed by the recruitment of methylcytosine proteins to the area resulting 
in chromatin condensation and transcriptional repression. CpG sites close 
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to the transcriptional start site and promoter regions are usually unmethyl-
ated at CpG islands (CGI) (CpG rich regions, ~100-1000 bases long) and 
at CpG shores (low CpG density areas ~2Kb close to CGI) to promote 
transcription (51, 52). DNA hypermethylation in promoters of tumour 
suppressor genes and DNA repair genes resulting in their transcriptional 
repression has been reported in cancer (53-58). Aberrant methylation at 
promoters seems to be an early event in carcinogenesis and the number of 
genes affected by such methylation increases with breast cancer progression 
(59, 60). Cancer-related genes showed different methylation pattern in 
different breast cancer subtypes (61) and hypermethylated genes in a par-
ticular subtype of breast cancer were found to be less expressed in the same 
subtype (62). Terada at al. reported frequent CpG island methylation to be 
highly associated with HER2 amplification in breast cancer (63), indicating 
that epigenetic alterations could be of importance in HER2+ breast cancer. 

Main genes involved in this thesis 

SLC25A43 gene 
SLC25A43 gene is located at Xq24 and codes for a protein which is the 
43rd member of the solute carrier (SLC) 25A family which has 46 mem-
bers in total. All of the characterised members of this family except for 
SLC25A17 are located in the inner mitochondrial membrane and are 
known as the mitochondrial transporters. They transport energy/metabolic 
intermediates and provide a link between cytosol and mitochondria. Cur-
rently there is no known substrate for SLC25A43, however its closest rela-
tive SLC25A16 (29% amino acid homology with SLC25A43), transports 
CoA (64, 65). According to the findings based on the symmetry analysis of 
the mitochondrial carriers, SLC25A43 is presently thought to be an im-
porter (66). SLC25A43 gene is an X-linked gene and allele specific expres-
sion (ASE) has been reported (67) pointing towards its X-inactivation (Xi). 

Homeobox genes 
Homeobox genes code for homeoproteins which are transcriptional regula-
tory proteins that control embryogenesis. The HOX complexes (HOXA-D 
cluster) are the most widely studied vertebrate homeobox genes. Expres-
sion of some of the homeobox genes (HOX genes) are limited to undiffer-
entiated and/or proliferative cells, indicating their role in regulating cell 
proliferation (68, 69) while others (NKX genes) promote differentiation 
and have a role in maintaining homeostasis (70, 71). Homeobox gene ac-
tivity is tissue specific; for e.g., HOXD10 down regulation results in in-
creased proliferation in breast (72), while in lung it results in apoptosis 
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(73). Epigenetic regulation is the most common mechanism that controls 
homeobox gene expression and silenced homeobox genes have methylated 
CpG islands in their promoter region (74, 75). Though only a few of these 
genes are proved to have a direct role in carcinogenesis through altered 
expression, deregulation of homeobox genes (loss or gain of gene expres-
sion) is associated with cancer giving them the status of ‘tumour modula-
tors’ (76, 77). 

Forkhead-box genes  
Forkhead-box genes code for Forkhead-box (FOX) proteins that regulate 
cell growth and differentiation and are important in embryogenesis and 
longevity (78). Forkhead-box genes have a FOX (Winged-helix) domain 
involved in DNA binding and an extra-FOX protein-protein interaction 
domain that interact with activators/repressors of transcription or DNA 
repair complexes (79-82). FOX family genes are known to undergo genetic 
alterations as well as epigenetic changes in human cancers and may act as 
tumour suppressors or oncogenes (78).  

FOXO3a is an important downstream target of pAkt and belongs to the 
FOX transcription factor subfamily O. FOXO3a is known for its tumour 
suppressive role (83, 84) and its transcriptional activity is regulated by 
phosphorylation by growth factor signalling pathways. Pro-survival signals 
via AKT (85) regulate transcriptional activity of FOXO3a by site-specific 
phosphorylation resulting in nuclear exclusion and cytoplasmic localization 
due to its interaction with 14-3-3 proteins (85, 86). In the absence of pro-
survival signals, FOXO3a is translocated to nucleus where it transcription-
ally activates genes that inhibit cell cycle progression at G1 (86), promote 
apoptosis (87), promote DNA repair (88), and inhibit angiogenesis (89). 
Tight regulation of PI3K/AKT and FOXO3a has been shown to be neces-
sary for the completion of the cell cycle in mammals (90), in metabolic 
regulation (91), in regulating cell survival in response to oxidative stress 
(92), and hypoxic stress (93). Overexpression of FOXO3a has been shown 
to inhibit tumour growth (83, 84).  

FOXG1 (also known as Brain factor-1 (BF-1)) on the other hand is a 
transcriptional repressor (94, 95) which hinders neuronal progenitor cells 
from untimely differentiation (96-98). FOXG orthologs are known to 
cause oncogenic transformation in chicken embryo fibroblasts (99) and 
studies show that FOXG1 can promote oncogenesis by inhibiting trans-
forming growth factor-beta (TGF-β) signalling. TGF-β signalling regulates 
cell cycle by various mechanisms including p15 up regulation (100) and 
cyclin A downregulation (101). FOXG1 execute its anti-TGF- β role by 
blocking FOXO/ Smad complex by associating with Smads (102-104). It is 
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proposed that FOXG1 can act as a transcriptional repressor for other 
genes which are transcriptionally activated by FOXOs (105). Consistent 
with its oncogeneic property, FOXG1 deregulation has been reported in 
cancers (106-109). FOXG1 expression is nuclear in undifferentiated cells 
and cytoplasmic in differentiated cells and phosphorylation of FOXG1 by 
fibroblast growth factor (FGF) via AKT, results in its nuclear export (110).  

Why this thesis? 
Breast cancer, like other cancers is thought to result from an accumulation 
of genetic and epigenetic changes in the genome. The different responses to 
treatment (sensitive or resistant) and the pattern of progression (metastatic 
or non-metastatic) that are found in HER2+ breast cancer may be due to 
the molecular complexity of this breast cancer subtype. Therefore more 
studies are warranted at genetic, epigenetic and protein levels, to improve 
the understanding of the biology of HER2+ breast cancer.  
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AIMS OF THE STUDY  
The general aim of this study was to improve the understanding of HER2+ 
breast cancer. 
 
The specific aims were, 
 

• To find novel genes involved in HER2+ breast cancer using a ge-
nome wide screening approach (Paper I). 

• To interrogate the methylation pattern of the SLC25A43 gene in 
breast tumours (Paper II). 

• To obtain a comprehensive epigenetic signature of HER2+ breast 
cancer tissue (Paper III). 

• To investigate the clinical relevance of the expression and localiza-
tion of pAkt, pFOXO3a and FOXG1 in HER2+ breast cancers and 
relation between these proteins (Paper IV). 
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MATERIALS & METHODS 
This section briefly explains the materials and the principles behind the 
methods used in this thesis. A more detailed explanation can be found in 
the respective papers. 

Cancer cohort 
Tumour samples from 85 patients with HER2+ breast cancer diagnosed 
between 1993 and 2008 were included in Paper I. The patients had a me-
dian age of 59 years (range 25 – 90 years). In addition, an extended cohort 
of 52 HER2-negative (HER2-), oestrogen receptor (ER) positive breast 
cancer (median age = 64 years), 65 cervical cancer (median age = 69 years) 
and 18 lung cancers (median age = 63 years) samples were also used in this 
study.  

For Paper II, HER2+ (n=40) and HER2- (n=40) breast cancer tissues 
from the above mentioned cohort were used. In the HER2+ group 
SLC25A43 gene deletion status was analysed using one of the two loss of 
heterozygosity (LOH) assays (PCR-SNP based assay or Multiple ligation - 
dependent probe amplification (MLPA) assay). In the HER2- cohort, 
MLPA assay could not be performed as DNA showed signs of degradation 
and therefore the gene deletion in this group is based on the PCR-SNP 
based assay.  

For Paper III, DNA from 17 HER2+ breast tumours were used for the 
methylation analysis, and clinical data was not used for this small cohort.  

For Paper IV, tissue microarray (TMA) constructs from HER2+ primary 
breast tumours (n=91) diagnosed between the years 1994 to 2008 at the 
Örebro University Hospital with a median age of 59 years (range 25 to 94 
years) were used.  

The clinical studies were approved by the research ethical committee at 
the Örebro-Uppsala region and Linköping, Sweden.  

Control cohort 
DNA isolated from blood leukocytes of healthy donors were used in both 
paper I and II as normal controls either to define a control range or as a 
quality check of the method. Female blood leukocyte DNA was used in the 
LOH assay (Paper I) to define the range of LOH/ retention of heterozygo-
sisty (ROH) and in the MLPA assay (Paper II) to define deletion/no dele-
tion. In addition, it was used in the methylation assay for the method de-
velopment. Male blood leukocyte DNA was also used in the MLPA and 
the methylation assay (Paper II) as a quality check of the method. DNA 
isolated from normal breast tissues from women were used as controls in 
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Paper II and Paper III and were compared to the methylation pattern in the 
cancer tissues. 

Extraction of DNA  
DNA was extracted from tissue or blood using QIAamp DNA Mini Kit 
(QIAGEN®) or using EZI DNA, QIAGEN® tissue kit and BioRobot EZI 
workstation according to the standard protocol. DNA concentrations were 
determined by NanoDrop® ND-1000 UV-Vis Spectrophotometer 
(NanoDrop Technologies). 

Microarray 
Microarray technology is a genome-wide high-resolution, high-throughput 
assay used to study genetic variations. In Paper I this method is used for 
the screening of copy number variations (CNVs) in HER2+ breast cancer. 
We used Genechip® Mapping 250K Assay Kit which is capable of geno-
typing ~250,000 single-nucleotide polymorphisms (SNPs) per sample. A 
schematic overview of the assay is given in Figure 2.  

 

  

Figure 2. A schematic overview of the Genechip® Mapping Assay (modified from 
www.affymetrix.com). 

In short, 250 ng of genomic DNA (gDNA) is digested with NspI re-
striction enzyme and the fragments are then ligated to adaptors. PCR-
amplification is optimised to amplify only fragments of 200 to 1,100 bp 
size range and carried out using a primer which recognises the adaptor 
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sequence. The PCR-amplified adaptor-ligated DNA is then fragmented, 
labelled, hybridised to the array chip and is subsequently washed and 
stained using streptavidin-biotin solution. During scanning (GeneChip 
Scanner 3000 7G, Affymetrix) of the chip, the signals are generated due to 
the DNA fragments hybridised on to the SNP probes.  

Loss of heteorozygosity analysis 

PCR-SNP based assay 
This method is based on the presence of a polymorphic site (SNP ID: rs 
217978) common among the European/Scandinavian population. This 
SNP is located between the exon 1 and exon 2 of the SLC25A43 gene and 
PCR amplification was carried out using a forward and a HEX-labelled 
reverse primer that flanks this SNP. The PCR product was then cleaved 
using a restriction endonuclease, Acc1 and cases that were heterozygous 
for the SNP was capillary electrophoresed in an ABI Prism® 3130 Genetic 
Analyzer (Figure 3). 
 

 

Figure 3. Schematic representation of the PCR-SNP based LOH assay. Following 
PCR, the amplicon was cleaved at the SNP site using Acc1 and cases that were 
heterozygous for the SNP was capillary electrophoresed. Given in the figure are 
tumours with ROH (1) and  LOH (2, 3) for the SLC25A43 gene. 

Genemapper v4.0 software was used for the analysis and the allelic ratio 
(AR) was obtained for each sample, which is defined as the peak area of 
the allele 1/peak area of the allele 2. Mean AR ± 1.96 standard deviation of 
the control samples were used to determine the reference interval to which 
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AR of the tumour samples were compared and ROH or LOH for the 
SLC25A43 gene in Paper I. 

 

MLPA 
MLPA is a PCR based method, where the MLPA probes that are bound to 
the target sequence are amplified instead of the target sequence by a pair of 
universal primers. Each MLPA probe is made of two oligonucleotides and 
each of them has a primer recognising sequence. This method has four 
important steps outlined in Figure 4 and is followed by data analysis using 
Genemapper v4.0 software. 

Ligation occurs only if the oligonucleotides are hybridised to the target 
sequence and are in close proximity to each other. This method can be 
used for detecting gene deletions or duplications and it is used in Paper II 
for detecting deletion in the SLC25A43 gene. 

 

Figure 4. MLPA assay. Schematic representation of the four important steps in the 
assay are, 1) DNA denaturation and hybridization with the MLPA probe,2) liga-
tion, 3) amplification of the probe, and 4) capillary electrophoresis of the amplified 
product. 

Mutation analysis 

Single strand confirmation polymorphism 
Single strand confirmation polymorphism (SSCP) is a screening method for 
identifying mutations and was used in Paper I for screening of mutations in 
the SLC25A43 gene. In this method, PCR products are radiolabelled using 
deoxyadenosine 5’-triphosphate (d-ATP), α-33P, following which they are 
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heat denatured and immediately cooled on ice. This is followed by separa-
tion on a non-denaturing 6% polyacrylamide gel and on a Mutation Detec-
tion Enhancement (MDE™) gel and visualisation on an x-ray film. Heat 
denaturation and cooling will cause the single stranded DNA (ssDNA) to 
adopt different secondary conformation depending on their nucleotide 
sequence. Even a single nucleotide difference may result in a different sec-
ondary structure and can be seen as a separate band. The DNA fragments 
with mobility shifts were excised, reamplified and sequenced.  

Sanger sequencing 
DNA samples which showed mobility shift in SSCP were sequenced to 
confirm mutation using Sanger sequencing in Paper 1. This method makes 
use of four-colour fluorescent labelling for each of the four ddNTPs which 
are incorporated in to the reaction mixture along with dNTPs. Chain ter-
mination occur due to the incorporation of ddNTPs in to the growing 
chain as they have no 3’OH group to promote hydroxyl bond formation 
with the next dNTP. This generates fragments of different lengths which 
are separated by capillary electrophoresis in an ABI Prism® 3130 Genetic 
analyzer platform. 

Methylation analyses 

Bisufite conversion 
500 ng ds-DNA from each sample was used for bisulfite conversion using 
EZ DNA Methylation-Gold kit (Zymo Research) as per the standard rec-
ommendations. Bisulfite treatment of the gDNA results in the conversion 
of unmethylated cytosines to uracils, while the methylated cytosines remain 
the same. This C/T polymorphism generated by bisulfite treatment is geno-
typed and used to evaluate CpG methylation (Paper II and Paper III). 

Pyrosequencing technology 
In Paper II, this technology was used for the quantification of methylation 
in 17 CpG sites distributed within 2220 bp region upstream of the 
SLC25A43 gene and 3660 bp region at the 5’ end of the SLC25A43 gene.  

Bisulfite converted DNA (Bs-DNA) is amplified by PCR using a biotin–
labelled primer, which during the sample preparation step is immobilized 
on to streptavidin coated sepharose beads. The ssDNA serves as the tem-
plate to which the sequencing primer is hybridised during the annealing 
step. During Pyrosequencing this is incubated along with DNA polymerase, 
ATP sulfurylase, luciferase, apyrase, substrates (adenosine 5’ phosphosul-
fate (APS) and luciferin. The addition of each nucleotide to the growing 
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strand releases pyrophosphate (PPi), which is converted to ATP in the pres-
ence of APS and sulfurylase. ATP in turn converts luciferin to oxyluciferin 
which generates light and is detected by the camera and gives a peak in the 
pyrogram (Figure 5).  

 

Figure 5. Outline of the important steps in Pyrosequencing (modified from 
www.qiagen.com) 

Using Pyrosequencing technology, each CpG site can be specifically ana-
lysed and quantified as a C/T polymorphism. Thus a 100% C means that 
the C in the CG-dinucleotide is fully methylated while a 100% T means 
that the C is unmethylated. Following analysis methylated fraction at each 
CpG site is obtained which reflects the percentage of methylation at that 
CG dinucleotide in the analysed cell population. 

Illumina Infinium HumanMethylation450 BeadChip 
In order to interrogate the global DNA methylation pattern, 200 ng of Bs-
DNA was used for the methylation assay using Infinium HumanMethyla-
tion450 BeadChip kit according to the Illumina Infinium HD Methylation 
protocol. Briefly, this included whole genome amplification (WGA) where 
Bs-DNA is denatured, neutralised and incubated at 37°C. This was fol-
lowed by enzymatic fragmentation, precipitation and resuspension in hy-
bridisation buffer. Samples were then hybridised on the chip during which 
the WGA-DNA molecules hybridise to site-specific DNA probes bound to 
individual bead types. Following a washing step to remove the unhybrid-
ised DNA, single-base extension using labelled ddNTPs (biotin labelled 
ddCTP, ddGTP; DNP labelled ddATP, ddTTP) is carried out using Bs-
hybridised DNA as the template.  

Infinium 450K uses two different assays, Infinium I and II. Infinium I 
uses two different probes (for the methylated or the unmethylated allele) 
attached to two different bead types (methylated and unmethylated). Dur-
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ing single-base extension signals from the methylated and the unmethylated 
bead type are detected in the same colour channel. This is because at a 
given CpG locus both the bead types will incorporate the same type of 
ddNTP determined by the base that precedes the ‘C’ under investigation. 
Infinium II on the other hand uses only a single bead type and during sin-
gle-base extension, the ddNTP is added complementary to the base at the 
interrogated cytosine. Thus if the base is a C, ddGTP is incorporated and if 
it is a T, ddATP is incorporated and therefore the methylated and un-
methylated signals are detected in different colour channels (111).  

The array is then scanned using Illumina iScan Scanner which simulta-
neously scans the BeadChips at two wavelengths and an image file is creat-
ed for each channel. iScan Control software determines intensity values for 
each bead type and data files are created for each channel. GenomeStudio 
Methylation module (v1.0) uses the data files to obtain the percentage of 
methylation for each cytosine of a given CpG locus. This is given by a β 
value which is the ratio of the methylated signal divided by the sum of the 
methylated and unmethylated signals. It is expressed as a continuous vari-
able that ranges from 0 (unmethylated) to 1 (fully methylated).  

Western blot 
This method was used to confirm the specificity of antibodies in Paper I 
and Paper IV. Briefly, proteins present in the cell lysates were separated 
using 12% sodium dodecyl sulphate-polyacrylamide gel (SDS/PAGE) elec-
trophoresis and electroblotted on to a polyvinylidene fluoride (PVDF) 
membrane. This is followed by specific binding of the primary antibodies 
to the proteins followed by the binding of the secondary antibody conju-
gated with horse-radish peroxidise (HRP) and visualisation using a chemi-
luminescence detection system. 

Immunohistochemistry  
In Paper I and IV, immunohistochemistry (IHC) was carried out on forma-
lin-fixed TMA sections which were deparaffinised, rehydrated and washed. 
This was followed by blocking of the endogenous peroxidases using hy-
drogen peroxide (H2O2) and heat-induced antigen retrieval in 1mM EDTA 
buffer (pH 8.0). Slides were then incubated with primary antibody fol-
lowed by incubation with HRP-conjugated secondary antibody. Bound 
antibodies were visualised using a substrate-chromogen solution which has 
H2O2 and diaminobenzidine (DAB). HRP bound to the secondary antibody 
uses H2O2 as the substrate and oxidises DAB which forms a brown deposit. 



30 I BREEZY MALAKKARAN LINDQVIST  Biological signature of HER2-positive breast cancer 
 

The slides are then counterstained with haematoxylin, examined and 
scored by two independent observers under light microscope. 

Data analyses 

Paper I 
For the whole genome assay, initial data analysis using Genotyping Consol 
3.1 (Affymetrix) generated a segment report, which is a table where each 
row corresponds to a segment with copy number change that deviates from 
the expected normal. Array data from forty-six females, available from the 
International HapMap project, were used as controls for known CNV 
regions. To generate the segment report, three different criteria were ap-
plied by setting different values of the parameters provided by the applica-
tion. One of the parameters is defined as the number of SNPs within the 
segment. This was set to five, which introduce a constraint to only identify 
segments with a minimum of five SNPs within the segment. The other pa-
rameter 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. Further bioinformatics 
analysis consisted of selecting the most frequent aberrations and applying 
clustering tools to find common patterns of genetic changes among differ-
ent patients.  

To evaluate the relationship between LOH, IHC and ER-status or posi-
tive lymph nodes, χ2 tests were performed. Differences in age, tumour size 
or S-phase fraction (SPF) between LOH/ROH and IHC scoring were tested 
by Student’s T-test. Statistical significance was set at p < 0.05. Statistix8, 
analytical software (Tallahasse, FL, USA) was used for all tests.  

Paper II 
Mean methylation fraction at each CpG site in the total breast cancer co-
hort (n=80) were compared to the control tissue (one-way ANOVA, Welch 
F test). Association between site-specific methylation in the breast cancer 
cohort to SLC25A43 gene deletion status and tumour features were inves-
tigated (Independent t-test). Similar comparison between site-specific 
methylation to tumour characteristics was also made within HER2+ and 
HER2- group. Correlation of site-specific methylation to age at diagnosis 
was analysed using bivariate Pearson’s correlation (two-tailed). All anal-
yses were performed using SPSS 15.0 statistical software for Windows 
(SPSS Inc. Chicago, IL, USA) and p < 0.05 was considered statistically sig-
nificant.  
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Paper III 
Data analysis was performed using R-software (Illumina Methylation Ana-
lyzer package) (112) which also quality controls the data material. Data 
analysis includes filtering of loci with missing β value, arcsine transfor-
mation of the raw β value followed by the moderated t-test (empirical 
Bayes statistics) to obtain a p-value. This p-value was corrected using Ben-
jamini-Hochberg method to obtain an adjusted p-value.  

Hypo- and hypermethylated genes were investigated for their functional 
role using the Database for Annotation, Visualization and Integrated Dis-
covery (DAVID) (113) and an enrichment score of >1.3 and a p-value 
(Fisher’s exact test / EASE score) < 0.05 after adjusting for multiple testing 
were used as the criteria for statistical significance. For site-wise analysis, 
mean Δβ (difference in the mean β values for a given CpG site between 
tumour tissues and normal tissues) was used. Regional analysis (at tradi-
tional promoter region) was performed taking all the CpGs in a region in 
to account and for a given gene, median β value was used to generate 
methylation index of the region. 

Paper IV 
The immunoreactive score (nuclear and cytoplasmic) of pAkt, pFOXO3a 
and FOXG1 (cytoplasmic) were compared to each other and the relation 
between their cellular localisation was obtained using Spearman’s rank 
correlation test. For pAkt and pFOXO3a the relation between dominant 
nuclear or dominant cytoplasmic expression to clinico-pathological charac-
teristics were assessed using Fisher’s exact test. Survival analysis was per-
formed using Kaplan-Meier method and statistical significance was as-
sessed using log rank test. For FOXG1, the cytoplasmic immunoreactive 
score was used to assess its relation to clinico- pathological characteristics 
using Spearman’s rank correlation test. All statistical analysis was per-
formed using the SPSS 17.0 statistical software for Windows (SPSS Inc. 
Chicago, IL, USA) and a p-value of ≤ 0.05 was considered to be statistically 
significant. 
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RESULTS & DISCUSSION 

Paper I 
In our search for CNVs in HER2+ breast cancer, 25 tumours were 
screened using a whole genome array. In order to limit the number of 
CNVs, we proceeded with only those events that were found in at least ten 
of the tumours. This limitation resulted in the identification of 40 loci with 
either deletions or amplifications. Loci with amplification were located on 
1q, 3q, 8q, 12q, 17q, Xp and Xq. On the other hand, loci with deletion 
were located on 1p, 3p, 4q, 7q, 10q, 11q, 13q, 14q, 17p, 17q, 19q, 22q 
and Xq. These findings were similar to previously reported CNVs in 
HER2+ breast cancer (given in Table 1) indicating that CNVs in these re-
gions could be of relevance in HER2+ breast cancer. 

We found that deletion at Xq24 was present in 20 of the 25 of the 
HER2+ breast cancers, affecting both previously known genes as well as 
novel genes in relation to cancer. A schematic representation of extend of 
the deletion at Xq24 is given in Figure 6.  

 

Figure 6. The extend of the  deletion at Xq24 found in 20 of the 25 HER2+  breast 
cancer tissues as revealed by the whole genome array is indicated by horizontal red 
bars. The blue bar indicates the position of the SLC25A43 gene. 
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In all these twenty tumours, a well-defined deletion at Xq24 encom-
passed two genes - SLC25A43 and SLC25A5 which codes for inner mito-
chondrial membrane transporters of the SLC25 family (114-116). 
SLC25A5 has also been investigated for its possible involvement in tu-
mourigenesis (117-119) while the knowledge about the biological function 
of SLC25A43 is limited. This motivated us to focus further studies on the 
SLC25A43 gene.  

LOH in the SLC25A43 gene was verified using a PCR-SNP based assay 
in an extended cohort of HER2+ breast cancers and in other cancers. LOH 
in SLC25A43 gene was found in HER2+ breast cancer (48%), HER2- 
breast cancer (9%), cervical cancer (42%) and lung cancer (67%). In our 
search for an alternate hit (of the Knudson’s two hit hypothesis) for 
SLC25A43 gene inactivation, mutation analysis was carried out in all the 
six exons of the SLC25A43 gene in HER2+ breast cancers. However, we 
could not detect any mutations. When protein expression of SLC25A43 
was investigated in HER2+ breast tumours, those with negative or low 
expression of SLC25A43 had lower S-phase fraction compared to tumours 
with medium or high expression, indicating its possible role in cell prolifer-
ation. 

Frequent loss of SLC25A43 in HER2+ breast tumours in whole genome 
array points towards its possible a role in carcinogenesis. This hypothesis 
was further strengthened when deletion in this gene was also found in oth-
er cancers. Absence of intragenic mutation in SLC25A43 gene suggests that 
another mechanism like promoter hypermethylation might be operative to 
ensure SLC25A43 gene silencing (53, 57, 120). SLC25A43 gene is located 
on the X-chromosome and allele-specific expression in SLC25A43 (67) 
indicates X-inactivation (Xi) in this gene. Xi monoallelic expression ac-
companied by inactivation (epigenetic or by LOH) of the active allele can 
result in complete gene silencing. Therefore the need for two hits for the 
inactivation of the SLC25A43 gene is dependent on whether the Xi affects 
this gene and also whether the deletion is localised on the active X or on 
the inactive X, which is currently not known.  
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Paper II 
Our finding of the absence of mutations in SLC25A43 gene in Paper I led 
to Paper II where DNA methylation in SLC25A43 gene was interrogated 
using Pyrosequencing in a cohort of breast tumour tissues (HER2+ or 
HER2-) with different SLC25A43 gene deletion status as well as in normal 
breast tissues (control group).  

A schematic representation of the CpG sites analysed in Paper II is given 
in Figure 7. 

 

 

Figure 7. Schematic representation of the CpG sites analysed in the study. The CpG 
site positions are numbered relative to translation start site. Thin vertical lines with 
black circles indicate assayed CpG sites on the 5’ and 3’ shores of the SLC25A43 
gene; thick vertical lines with grey circles indicate assayed CpG sites located on the 
CGI of the SLC25A43 gene. Vertical arrow represents the beginning of the 
SLC25A43 gene; curved arrow represents the translation start site of the 
SLC25A43 gene. (Based on Ensembl, ENSG 000007713). 

When breast cancers with no deletion in the SLC25A43 gene (Del-) was 
compared to cases with deletion in the gene (Del+), statistically significant 
higher methylation was found at 7 of the 10 CpG sites in the CGI of the 
SLC25A43 gene (Figure 8). Also, when breast cancer cases with no dele-
tion in SLC25A43 gene (Del-) were compared to control group, statistical-
ly significant higher methylation was found at three CpG sites (-245, +533, 
+547) located in the CGI of the SLC25A43 gene. On the other hand, Del+ 
cancer tissues showed statistically significant lower methylation than the 
control group on the CGI at four CpG sites (-258, -238, +392, +543).  
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Figure 8. Mean methylation fraction (±SD) of the CpG sites in the SLC25A43 gene 
in control tissues and breast cancer tissues with different SLC25A43 gene deletion 
status are shown. CpG sites that show statistically significant difference in mean 
methylated fraction between Del- and Del+ groups are indicated (∗). 

By virtue of its location in the gene, methylation of this CGI can in theo-
ry lead to silencing of the SLC25A43 gene. This CGI spans exon 1, transla-
tion start site and extends in to the intron 1 of the SLC25A43 gene. Intra-
genic methylation alters chromatin architecture and may result in tran-
scriptional silencing or lowered expression of transcriptionally active genes 
(121, 122). Exonic CGIs are found to be more prone to de novo methyla-
tion and can act as points from where methylation can spread to upstream 
regions of the gene resulting in its silencing (123). Based on our findings, 
LOH and methylation seem to be mutually exclusive and the methylation 
in the CGI could be an alternate mechanism of SLC25A43 gene inactiva-
tion. 

When the total breast cancer cohort was compared to control group, 
statistically significant lower methylation fraction was found in seven CpG 
loci. This lower methylation was mostly located on the 5’ and the 3’ shore 
CpG sites of the SLC25A43 gene. Similar pattern of lower methylation 
fraction in 5’ and 3’ CpG shore sites was also observed when breast can-
cers were sub grouped (Del- and Del+) and compared to control group. 
Our findings of lower methylation at CpG shores in breast cancer tissues 
could be part of the cancer related de-methylation (124, 125) which may 
lead to chromosomal instabilities (126, 127) and could be another key step 
in neoplasia (126). This is further strengthened by the finding that CpG 
sites located ~3 Kb upstream or downstream of the SLC25A43 gene trans-
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lation start site had a higher methylation fraction in the control group. The 
downstream sites lie within the intronic region and high methylation there 
may be necessary to maintain chromosomal integrity and also to avoid 
faulty transcription initiation (51). 

In the HER2+ cohort, positive lymph node status was associated with 
statistically significant higher methylation in the CpGs located in the CGI 
(+543, +547) and 5’ adjacent shores (-589, -578) of the gene. Also, nega-
tive ER status was associated with a statistically significant higher methyla-
tion at 5’ shore sites (-589, -578, -556). These associations between site-
specific methylation in the SLC25A43 gene to clinic-pathological parame-
ters further indicate the importance of this gene in HER2+ breast cancer. 

 

Paper III 
Data from a total of 466,255 CpG sites (CpGs) was obtained using Hu-
manMethylation450 BeadChip from the study group, of which ≈ 91% of 
the CpGs were differentially methylated in HER2+ breast tumour tissues 
when compared to normal breast tissues. In order to find the most signifi-
cant cancer related DNA methylation changes, only CpGs with an adjusted 
p-value < 0.05 and Δβ > │0.5│ were included for the downstream analysis. 
Main steps in the data analysis of the 450K array are summarized in Figure 
9. Functional annotation clustering of hypermethylated genes using DA-
VID (113) indicated that these genes are involved in multicellular develop-
ment, neurogenesis/differentiation and transcription and was overrepre-
sented by the homeobox family of genes.  

Our results are consistent with the recent findings of Fackler et al. (128) 
who performed genome-wide methylation analysis using Illumina Infinium 
HumanMethylation27 array. Using the 450K array, we could also ascer-
tain the regional distribution of methylation in homeobox genes. Hyper-
methylated CpGs of the homeobox genes were located mostly on the CGIs 
in the traditional promoter regions, which may lead to their transcriptional 
repression (129). Deregulation of homeobox genes (loss or gain of gene 
expression) is associated with cancer (76) and epigenetic regulation is the 
most common mechanism that controls homeobox gene expression and 
silenced homeobox genes have methylated CpG islands in their promoter 
region (74, 75). The result of hypermethylation in homeobox genes on 
expression is not verified in our study. However, hypermethylated CpGs of 
the homeobox genes were located mostly on the CGIs which are known to 
affect gene expression (130) and reprogramming (131). 
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Figure 9. Main steps in the data analysis of the 450K array. See Method section of 
Paper III for a detailed description. 

In order to identify candidate biomarker genes that might be involved in 
HER2+ breast carcinogenesis, hypo- or hypermethylated genes were select-
ed if aberrant DNA methylation was found in at least four of the interro-
gated CpG probes. This resulted in one hypomethylated gene, TSTD1 and 
72 hypermethylated candidate genes. Regional analysis showed that meth-
ylation affected mostly the traditional promoter region in these candidate 
genes. TSTD1/KAT, the only hypomethylated gene in the candidate bi-
omarker gene list has been previously reported to be preferentially ex-
pressed in breast cancer cell lines (132). Predicted functional/biological 
interaction of the proteins coded of the 72 hypermethylated candidate bi-
omarker genes by STRING analysis (9.0) (133) identified a large protein 
network, which were mostly coded by the homeobox genes. KEGG path-
way indicated that hypermethylated candidate biomarker genes are in-
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volved in neural signalling, metabolic pathways, the Wnt signaling path-
way, and leukocyte transendothelial migration and tight junctions.  

Top candidate biomarker genes (candidate biomarker genes showing 
maximum differential methylation) were found to be involved in transcrip-
tion (HIST1H4, NEUROD1, IRF4, mir129-2, FOXC2, POU4F1), neural 
signalling / development / differentiation (GABRA4, INA, NEUROD1, 
WDR69, POU4F1), glucose metabolism (AKR1B1), and epidermal growth 
factor signalling (CDKL2). Five of the top candidate biomarker genes 
(HIST1H4F, GABRA4, WDR69, C1orf114 and CPXM1) have not been 
previously identified to be involved in any cancer. External validation of top 
candidate biomarker genes using a publically available dataset (134) con-
firmed lowered mean expression in HER2+ breast cancers, statistically signif-
icant in INA and FOXC2. We postulate that the transcriptional repression 
of these candidate biomarker genes could lead to breast carcinogenesis.  

When hypo-or hypermethylated genes were verified for their involvement in 
HER2-related signalling pathways by hypothesis-driven analysis, alteration of 
methylation was found to affect key players of the PI3K/AKT and the Wnt 
signalling pathways. Most notable among them are HER2, AKT3, HK1 and 
PFKP and site-wise analysis revealed that hypomethylation affected CpGs on 
the gene bodies of these genes. Interestingly, hypomethylation affected CpGs in 
the traditional promoter regions of the HER2 gene. Though HER2 gene am-
plification and HER overexpression is reported in HER2+ breast cancers (5, 6) 
and HER2 mediated downstream signalling through PI3K/AKT pathway (9-
11, 19) is well documented, methylation status of HER2 or AKT has not been 
reported so far. Two important checkpoints of the glycolytic pathway - HK1 
and PFKP, were also found to be hypomethylated. Increased glycolysis in the 
presence of oxygen is a feature of cancer (135, 136) and is favoured by in-
creased expression of hexokinases (137) which through its interaction with 
voltage-dependent anion channel (VDAC) inhibits apoptosis (138). Recently 
Krüppel-like factor 4 (KLF4) has been shown to increase glycolytic activity in 
breast cancer cells via upregulation of PFKP gene (139). Again, alteration of 
methylation in HK1 and PFKP has not been previously reported. In addition 
to these, we also found hypermethylation in HIF3A, an inhibitor of HIF-
mediated gene expression (140), Wnt supressors like SOX17, APC, SFRP2, 
SFRP5 and DKK3 (141) and hypomethylation of Bcl9, a Wnt activator, (142) 
and cyclin D1 (CCDN1).  Together, altered methylation may contribute to 
increased cell proliferation through afore mentioned genes of the key signalling 
pathway aided by HIF-mediated gene expression and altered glucose metabo-
lism (Figure 10).  

The relevance of altered methylation and expression of candidate bi-
omarker genes as well as homeobox genes, HER2, AKT3, HK1, and PFKP 
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should be explored in a HER2+ breast cancer cohort with available clinical 
data. 

Figure 10. DNA methylation affecting PI3K/AKT pathway and Wnt signalling in 
HER2-positive breast cancer. Hypomethylated genes are given in blue boxes, hy-
permethylated genes given in pink boxes and genes that have both hypo- as well as 
hypermethylated CpGs are given in olive green boxes. 
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Paper IV 
Expression and localisation of Ser-473 phosphorylated Akt1 (pAkt), Ser-
253 phosphorylated FOXO3a (pFOXO3a) and FOXG1 was analysed us-
ing IHC on TMA constructs from HER2+ primary breast tumours. P-Akt 
and pFOXO3a expression was found in both the cytoplasm and nucleus of 
the tumours, mostly localised in the cytoplasm. This could be due to the 
increased signalling of Akt found in HER2+ breast cancer (143-147) which 
phosphorylates FOXO3a at S-253 resulting in its nuclear exclusion (85, 
86). We found that nuclear expression of pAkt was correlated to nuclear 
(p<0.001) as well as cytoplasmic expression of pFOXO3a (p = 0.006), 
while cytoplasmic expression of pAkt was correlated cytoplasmic expres-
sion of pFOXO3a (p<0.001). This suggests that the expression and locali-
sation of pAkt and pFOXO3a is interconnected. In the case of FOXG1, the 
expression was solely localised in the cytoplasm. This is consistent with the 
findings of Regad et al. who showed that FOXG1 phosphorylation by 
fibroblast growth factor (FGF) via AKT results in its nuclear export (110). 
We found that nuclear expression of pFOXO3a was inversely correlated to 
the cytoplasmic expression of FOXG1 (p=0.003) indicating that the ex-
pression of FOXG1 is connected to pFOXO3a. 

When the relation between expression and localisation of pAkt, 
pFOXO3a and FOXG1 to clinico-pathological parameters were analysed, 
no association was found in the case of pAkt. However, cytoplasmic ex-
pression of pFOXO3a was found to be associated with sentinel node me-
tastasis (p=0.011). FOXO3a transcriptionally activates genes that promote 
cell cycle progression (86) and apoptosis (87) in the nucleus, and cytoplas-
mic pooling of pFOXO3a due to Akt-mediated phosphorylation may re-
duce the expression of these genes, thus favouring survival. This may partly 
explain the correlation between cytoplasmic expression of pFOXO3a and 
sentinel node metastasis in our study. Cytoplasmic FOXG1 expression was 
correlated to negative progesterone receptor (pgR) status (p=0.008) in our 
cohort. Insulin-like Growth Factor-1 (IGF-1) has been found to inhibit PgR 
expression via PI3K/AKT pathway (148) and loss of PgR expression is 
suggested to be criterion for high risk in luminal breast cancers (149). Our 
findings indicate the biological value of these proteins in HER2+ breast 
cancer and should be validated in a larger HER2+ breast cancer cohort. 
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CONCLUSIONS 
 

• SLC25A43 gene undergoes deletion in breast cancers and other 
cancers and therefore may have a general role in carcinogenesis. 
 

• In the absence of LOH events, methylation in the CpG island of the 
SLC25A43 gene occur in breast cancer tissues which could be rele-
vant in gene silencing. 
 

• Extensive hypermethylation in HER2+ breast cancers mostly affects 
the homeobox-containing genes. Genes with maximum differential 
methylation in HER2+ breast cancer are involved in transcription, 
differentiation, glucose metabolism and epidermal growth factor 
signalling and their transcriptional repression could lead to HER2+ 
breast carcinogenesis.  
 

• Expression and localisation of pAkt and pFOXO3a is interconnect-
ed, while the expression of FOXG1 is connected to pFOXO3a. Our 
findings of the relation between pFOXO3a and FOXG1 to clinic-
pathological parameters indicate the biological value of these pro-
teins in HER2+ breast cancer.  
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