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Abstract

In mammalian cells the pH gradient between the organelles, cytoplasm and extracellular space is
strictly regulated. Maintenance of pH homeostasis is crucial for the normal function of the cell and
its organelles. In solid tumours, cells often suffer from hypoxia, deprivation of nutrients and acidic
extracellular milieu as a result of inadequate vascularisation. Cancer cells are also known to suffer
from other pH abnormalities. Defective acidification of intracellular organelles as well as a
reversed pH gradient across the plasma membrane have been detected in numerous tumour tissues
and cells. 

Aberrant secretion of lysosomal hydrolases, loss of cell polarity and increased expression of
tumour-specific proteins are common phenotypic changes of cancer cells. In this study, secretion
of cathepsin D, a lysosomal aspartic hydrolase, was shown to result from the acidification defect
of cancer cells. In normal cells cathepsin D is sorted in the Golgi complex by mannose-6-
phosphate receptors and transported via endosomes to lysosomes. In breast and colorectal cancer
cells having abnormally neutral endosomes receptors were shown to accumulate in endosomes
resulting in the aberrant secretion of newly synthesised cathepsin D from the cells. 

Carcinoembryonic antigen (CEA) is an oncofetal protein widely used as a tumour follow-up
marker. It is normally expressed at low levels and is localised at the apical surface of epithelial
cells via a glycosyl phosphatidyl inositol (GPI) anchor. In cancer cells the expression of CEA is
increased and the protein is found over the entire surface of cells. In this study, the tumour
microenvironmental factors, hypoxia and abnormal pH homeostasis, were shown to increase the
expression of carcinoembryonic antigen in cancer cells. In addition, the absence of acidic
organelles was shown to induce mistargeting of CEA to the basolateral membrane in polarised
cells. The abnormally neutral Golgi was found to interfere with the complex formation of
carcinoembryonic antigen, a phenomenon recently associated with the apical sorting of other GPI-
anchored proteins. 

Altogether these results emphasise the role of tumour-related factors – altered pH homeostasis
and hypoxia – in the phenotypic changes of cancer cells. 

Keywords: cancer, cathepsin D, CEACAM5, hypoxia, pH homeostasis, protein transport
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Abbreviations 

A adenine 

AC-LL acidic cluster dileucine 

AE anion exchanger 

AP adaptor protein complex 

aPKC atypical protein kinase C 

Asn asparagine 

ATP adenosine triphosphate 

ATPase adenosine triphosphatase 

bHLH-LZ basic helix loop helix leucine zipper 

C cytosine 

cathD cathepsin D 

CEA carcinoembryonic antigen 

CEACAM5 carcinoembryonic antigen related cell adhesion molecule 5 

CMA concanamycin A 

COP coat protein complex 

CRB Crumbs 

DNA deoxyribonucleic acid 

E-box enhancer box 

EEA-1 early endosomal antigen 1 

EGFP enhanced green fluorescent protein 

ER endoplasmic reticulum 

FP footprint 

G guanine 

GalNAc N-acetylgalactosamine 

GARP Golgi-associated retrograde protein 

GGA Golgi-localized, γ-ear-containing, adenosine diphosphate 

ribosylation factor-binding protein 

GlcN glucosamine 

GlcNAc N-acetylglucosamine 

GOLAC Golgi anion channel 

GPI glycosyl phospatidyl inositol 

HIF hypoxia inducible factor  

Ig immunoglobulin 

IGF insulin-like growth factor 

kDa kilodalton 
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LIMP2 lysosomal integral membrane protein type 2 

Lys lysine 

M6P mannose-6-phosphate 

Man mannose 

MDCK Madin-Darby canine kidney 

miRNA micro-ribonucleic acid 

MPR46 cation-dependent mannose-6-phosphate receptor 46 kDa 

MPR300 cation-independent mannose-6-phosphate receptor 300 kDa 

N amino 

NCL neuronal ceroid-lipofuscinosis 

NHE Na+/H+ exchanger 

PACS-1 phosphofurin acidic cluster sorting protein 1 

PALS1 protein associated with Lin Seven 1 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

pHe extracellular pH 

pHi intracellular pH 

PI phosphatidyl inositol 

pVHL von Hippel-Lindau tumour suppressor protein 

RIPA radio-immunoprecipitation assay 

RNA ribonucleic acid 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 

Ser serine 

SNAP soluble N-ethylmaleimide-sensitive factor attachment protein 

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

Sp1 specificity protein 1 

T thymine 

TCA trichloroacetic acid 

TGN trans-Golgi network 

Thr threonine 

TIP47 47 kDa tail-interacting protein 

TI-VAMP tetanus-neurotoxin-insensitive vesicle-associated membrane protein 

UTR untranslated region 

VEGF vascular endothelial growth factor 

VIP36 vesicular integral membrane protein of 36 kDa 

ZO zonula occludens 
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1 Introduction 

A single cell cannot live without the company of surrounding cells and tissue. 

With the development of molecular biological research, tumour progression 

became associated with the accumulation of random gene mutations and research 

was concentrated on identifying critical oncogenic genes and proteins. During the 

last decade, however, the tumour microenvironment has regained the attention it 

deserves. The findings that certain cancer cells are able to differentiate and 

normalise when combined with normal mesenchyme, while others induce the 

surrounding stroma to be tumourigenic (reviewed by Ingber 2008), have raised 

the interest again on microenvironmental factors as a cause of cancer. A hypoxic 

microenvironment and aberrant pH homeostasis are known characteristics of 

cancer cells. They have been shown to e.g. induce genetic instability, differences 

in gene expression (Harris 2002) and the synthesis of abnormal glycan structures 

(Campbell et al. 2001, Kellokumpu et al. 2002).  

In the present study, the specific features of cancer cells and the tumour 

microenvironment were examined more closely as a cause of common phenotypic 

changes of cancer cells. The secretion of lysosomal enzymes, the feature 

associated with invasion and metastasis of cancer cells, was proven to be a pH-

dependent receptor recycling malfunction resulting from the inability of cancer 

cells to acidify their intracellular organelles. Also, the mislocalisation of the 

tumour-associated protein, carcinoembryonic antigen, was shown to result from 

the abnormally neutral organelles of cancer cells and disrupted protein complex 

formation in the Golgi. Finally, the hypoxic growth conditions and abnormally 

neutral intracellular pH of cancer cells were found to induce the overexpression of 

carcinoembryonic antigen. These findings altogether emphasise the role of non-

genetic factors in cells as inducers of cancer-related phenotypic changes.  
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2 Review of the literature 

2.1 Specific features of cancer cells and the tumour 

microenvironment 

To evolve into invasive carcinoma, tumour cells must overcome barriers in 

normal tissue that inhibit unlimited growth. These barriers include contact 

inhibition by neighbouring cells, detachment-induced apoptosis (aka anoikis) and 

regional deficiency of oxygen (hypoxia) and nutrients. To survive and proliferate 

in altered conditions, cells must phenotypically adapt to the new environment via 

genetic and epigenetic changes (Gatenby & Gillies 2008). Hanahan and Weinberg 

(Hanahan & Weinberg 2000) have declared six hallmarks of cancer that are 

essential for tumourigenesis. Tumour cells are self-sufficient in growth signals 

and insensitive to growth-inhibitory signals. They escape apoptosis and have a 

limitless replicative potential. They sustain angiogenesis and are able to invade 

tissues and metastasise. In addition, tumour cells avoid terminal differentiation 

and lose normal epithelial organisation and polarity (Hanahan & Weinberg 2000, 

Aranda et al. 2008, Banks & Humbert 2008). The tumour microenvironment 

responds to and supports carcinogenesis, but also participates actively in tumour 

initiation, progression and metastasis. Interaction between epithelial and stromal 

cells is essential for normal differentiation and development of organs and tissues 

and is now known to be necessary also for the growth and progression of tumours 

(Hu & Polyak 2008). 

Already in the 1950s, Otto Warburg found that cancer cells have consistently 

higher rates of glycolysis than normal cells (Warburg 1956). Genes involved in 

glycolysis are overexpressed in 24 different cancer types representing 70% of 

human cancer cases (Altenberg & Greulich 2004). Hypoxia inhibits adenosine 

triphosphate (ATP) production from aerobic glucose metabolism and thus leads to 

upregulation of anaerobic ATP production by glycolysis. Tumour cells can adapt 

to hypoxia by stabilising hypoxia inducible factor HIF-1α and maintaining 

glycolysis also under aerobic conditions (Harris 2002). During glycolysis in the 

presence of oxygen, glucose is metabolised to lactic acid and this adaptation 

results in increased acid production and regional acidosis. Tumour cells may 

conquer the extracellular acidosis by increasing the activity of Na+/H+ exchangers 

(NHE) or by achieving resistance to acid-mediated apoptosis through mutations in 

tumour-suppressor protein p53 and other pro-apoptotic pathways. Whether the 
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activation of NHE or the aerobic glycolysis is the initiator of extracellular 

acidosis and increased proliferation is not clear (Gatenby & Gillies 2008). NHE 

activation, however, has been shown to be an early event in oncogenic 

transformation and the resulting increase in intracellular pH (pHi) induces the 

activation of aerobic glycolysis (Reshkin et al. 2000, Cardone et al. 2005). 

Recently increased pHi and NHE activity were also found in pulmonary arterial 

smooth muscle cells isolated from chronically hypoxic mice (Rios et al. 2005) 

and hypoxia was shown to induce NHE1 expression through HIF-1 (Shimoda et 
al. 2006). By adapting to the environment and changing it, tumour cells gain a 

significant growth advantage since the new environment is toxic for other cell 

populations but not for the tumour cell itself (Gatenby & Gillies 2008). An acidic 

microenvironment is also known to increase metastatic potential by promoting 

neoangiogenesis, anchorage-independent growth, genetic instability and invasion 

(Cardone et al. 2005 and references therein).  

There are many indications that the extracellular milieu of tumour tissue is 

acidic (pHe~6.8), whereas intracellular pH is neutral or slightly alkaline 

(pHi~7.2). As a consequence, the transmembrane pH gradient in tumour cells is 

reduced or reversed compared to normal cells, where the extracellular pH 

(pHe~7.3) is slightly higher than intracellular pH (pHi~7.2) (Stubbs et al. 1994, 

Gerweck & Seetharaman 1996, Stubbs et al. 2000). Also, organelle pH (Golgi, 

endosomes, lysosomes) in various cancer cells has been shown to be abnormally 

neutral or alkaline (Altan et al. 1998, Rivinoja et al. 2006). Although human 

tumours produce increased amounts of lactic acid, almost half of the acid 

produced is in the form of CO2 involving the movement and metabolism of 

bicarbonate in the process (Helmlinger et al. 2002). Carbonic anhydrase IX is 

widely expressed in tumours and has a high catalytic activity reversibly 

converting CO2 to bicarbonate and a proton (Svastova et al. 2004).  

Tumour cells have altered glycan structures in their surface proteins 

compared with normal cells (Dube & Bertozzi 2005). The first indication of this 

phenomenon dates back to 1969 with the demonstration by Meezan et al. that 

tumour virus-transformed fibroblasts have heavier glycoproteins than their 

healthy counterparts (Meezan et al. 1969). Since then, cancer-associated glycan 

structures are more specifically identified using e.g. monoclonal antibodies and 

mass spectrometry. Both the over- and underexpression of naturally occurring 

glycans are associated with cancer cells. In addition, cancer cells may neoexpress 

glycan structures normally restricted to embryonic tissues. The most common 

changes in glycans are the increased branching of N-glycans and an excess 
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sialylation of cell surface oligosaccharides. Also, altered terminal glycosylation is 

associated with malignancy. These oligosaccharide structures include e.g. sialyl 

LewisX and sialyl-Tn antigens that are utilised in cancer diagnostics. Mostly, 

altered glycosylation in cancer cells arises from changes in the 

glycosyltransferase expression levels. In addition to changes in glycan structures, 

many cancer cells overexpress certain glycoproteins e.g. heavily O-glycosylated 

mucins that are in fact used as diagnostic markers of cancer (reviewed in Dube & 

Bertozzi 2005 and Varki et al. 2009). 

In many respects, tumour formation resembles embryonic development. Both 

have a migratory and invasive phenotype that includes the expression or 

repression of cell adhesion molecules and matrix-digesting enzymes 

(Soundararajan & Rao 2004). Many glycan structures seen in cancer cells are 

similar to cellular glycosylation changes seen in embryogenesis (Varki et al. 
2009). Hypoxia is commonly associated both with tumours (Harris 2002) and 

developing embryos (Simon & Keith 2008). Also, carbonic anhydrases 

increasingly expressed during tumourigenesis are involved in normal embryonal 

development (Kallio et al. 2006). An essential difference between embryonic and 

adult tissue is that the basement membrane in the embryo expands laterally, 

giving space for new cells, whereas in adult tissue the basement membrane is not 

able to expand and as a result, cells grow on top of each other. The overlying cells 

in this kind of hyperplastic tissue lose their adhesion to the basement membrane 

and die. However, if the growth stimulus continues long enough, the overlying 

cells may acquire spontaneous mutations or form subpopulations that can survive 

and proliferate even without the anchorage to the basement membrane. These 

tumours will survive and continue to grow even without the original growth 

stimulus, and when losing the connection to underlying stromal cells these 

tumour cells are ready for invasion and metastasis. This is called malignant 

cancer (reviewed in Ingber 2008). 

2.2 Cellular pH homeostasis 

Most enzymes have a strict pH optimum and many protein interactions such as 

ligand-receptor association and dissociation require a proper pH milieu to occur. 

Therefore, the strict regulation of the organelle pH is fundamental e.g. for proper 

protein processing and sorting. The endoplasmic reticulum (ER) is near neutral 

(pH 7.2), similar to the cytoplasmic pH. The pH of cis-Golgi is measured to be 

pH~6.7, reaching pH 6.2 in the trans-Golgi network (TGN). The pH of 
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endosomes is measured to be between pH 6.3–6.5 (early and recycling endosomes) 

and pH 6.0 (late endosomes) and the final destination of the endocytic pathway, 

lysosomes, are evidently acidic having a pH of below 5.5. In secretory vesicles 

the pH may be as low as pH 5.2 (reviewed in Demaurex 2002 and Paroutis et al. 
2004). Nuclear pH seems to follow the pH of the cytoplasm, but is usually 0.3–

0.5 pH units more alkaline (Seksek & Bolard 1996, Altan et al. 1998).  

The acidic pH of cellular organelles is primarily generated by a vacuolar H+-

adenosine triphosphatase (ATPase) that actively pumps H+ ions from the 

cytoplasm to the opposite side of the membrane in an ATP-dependent manner. 

Proton pumping activity has been detected in all secretory and endocytic 

organelles except the ER. Vacuolar ATPases are also found in the plasma 

membrane (Demaurex 2002, Nishi & Forgac 2002). ATPases are electrogenic, 

and hence the transmembrane potential affects the activity of the pump. Anion 

transporters and exchangers participate in the establishment and maintenance of 

organelle pH (Table 1). Chloride (Cl-) channels are localised in the membranes of 

intracellular organelles and most likely have an important role in pH regulation. 

Also, potassium (K+) channels and transporters are assumed to contribute to the 

maintenance of pH homeostasis as well as sodium (Na+), magnesium (Mg2+) and 

calcium (Ca2+) cations. Yet, the precise character of counterion channels in the 

organelle membranes remains to be clarified. With the theoretical maximal H+ 

concentration, based on thermodynamics and membrane potential, luminal pH 

would yield levels below pH 3. Since the most acidic organelles keep their pH >5, 

there must be other factors affecting pH homeostasis. Proton efflux or “leakage” 

is currently considered the most likely explanation for this inconsistency (Paroutis 
et al. 2004). The mechanisms behind the leakage are still under speculation, but 

e.g. anion exchanger 2 (AE2, Cl-/HCO3
-) detected in the Golgi apparatus 

(Kellokumpu et al. 1988, Holappa et al. 2001) is a potential candidate that may 

participate in organelle pH regulation (Paroutis et al. 2004). Proton pump activity 

has been shown to increase from the ER to the Golgi and thereafter. At the same 

time, proton leakage decreases gradually, ensuring the more acidic lumen of 

organelles at the late stages of the secretory pathway (Wu et al. 2001). 



21 

Table 1. Main regulators of cellular pH homeostasis. 

Protein Transported 

ion 

Transport 

type 

Membrane location References 

Vacuolar H+-ATPase H+  P Plasma membrane 

Golgi complex 

Endosomes 

Lysosomes 

Nishi & Forgac 2002 

NHE1, NHE2, NHE4 Na+/H+ E Plasma membrane Orlowski & Grinstein 

2007 

NHE3 Na+/H+ E Plasma membrane 

Early/recycling 

endosomes 

 

NHE5 Na+/H+ E Plasma membrane 

Recycling endosomes 

 

NHE6 Na+ (K+)/H+ E Early/Recycling 

endosomes 

Plasma membrane 

 

NHE7 Na+ (K+)/H+ E TGN 

Endosomes 

Plasma membrane 

 

NHE8 Na+ (K+)/H+ E Golgi complex 

Endosomes 

Plasma membrane 

 

NHE9 Na+ (K+)/H+ E Recycling endosomes 

Plasma membrane 

 

GOLAC-1 Cl-/ATP (?) C Golgi complex Nordeen et al. 2000 

GOLAC-2/GPHR K+/Cl- (?) C Golgi complex Thompson et al. 2002,  

Maeda et al. 2008 

ClC-0, -1, -2, Ka, Kb Cl- C Plasma membrane Jentsch 2007 

ClC-3, -6, -7 Cl- C Intracellular vesicles  

ClC-4, ClC-5 Cl-/H+ E Intracellular vesicles  

AE1, AE3 Cl-/HCO3
- E Plasma membrane Alper 2009 

AE2 Cl-/HCO3
- E Plasma membrane 

Golgi complex 

Kellokumpu et al. 1988 

NBCe1, NBCe2, 

NBCn1 

(Na+) HCO3
- T Plasma membrane Romero et al. 2004 

NDCBE Cl-/HCO3
- (Na+) T/E Plasma membrane  

P; ATP-powered pump, E; exchanger, T; cotransporter, C; channel 
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2.2.1 Anion transport 

Active accumulation of protons in intracellular organelles by vacuolar ATPases 

increases the luminal voltage. Since chloride is the most abundant anion in 

organisms it is thought to be the primary ion neutralising the electric current 

(Lodish et al. 2008). There are nine members of the mammalian CLC gene family 

that are grouped into three branches based on their degree of homology. Members 

of the first branch (ClC-0, -1, -2, -Ka, -Kb) are plasma membrane Cl- channels, 

whereas members of the two other branches (ClC-3, -4, -5 and ClC-6, -7, 

respectively) are found mainly on the membranes of intracellular vesicles. Instead 

of acting as a chloride channel, ClC-4 and ClC-5 are known to act as voltage-

dependent Cl-/H+-exchangers (for a review, see Jentsch 2007). There are also 

other characterised chloride channels that allow passive diffusion of a negatively 

charged ion (mainly chloride) along its electrochemical gradient. For example, 

CFTR (cystic fibrosis transmembrane conductance regulator) is expressed in the 

apical membrane of various epithelial cells and is a voltage-independent anion 

channel. It may also have a role in establishing a low pH in the TGN and 

endosomes (Haggie & Verkman 2009). Recently, a novel Golgi-resident anion 

channel (Golgi pH regulator, GPHR) was shown to regulate the acidification of 

the Golgi apparatus. It is suggested to act as a K+/Cl- counterion channel and it 

may be identical to GOLAC-2 (Golgi anion channel-2) (Thompson et al. 2002, 

Maeda et al. 2008). GOLAC-1 and -2 are not fully characterised yet but they are 

suggested to have dual roles providing pathways for Cl- and ATP influx into the 

Golgi complex (Nordeen et al. 2000, Thompson et al. 2002, Thompson et al. 
2006). 

Anion exchangers (AEs) belong to the SLC4 transporter family that consists 

of products of ten human genes and their multiple splice variants. They all 

transport HCO3
- (or a related species, like CO3

2-) across the plasma membrane. 

There are three Na+-independent electroneutral Cl-/HCO3
- exchangers (AE1-3) 

and five Na+-dependent HCO3
- transporters of which three are electroneutral 

(NBCn1, NCBE, NDCBE) and two electrogenic (NBCe1, NBCe2). It is not clear 

to date whether NCBE is a Na+-driven Cl-/HCO3
- exchanger or an electroneutral 

HCO3
- cotransporter. The functions of two other members of the family are still 

inconclusive (AE4) or unknown (BTR1). Proteins of the SLC4 family play an 

important role both in carrying CO2 in erythrocytes from systemic tissues to the 

lungs and the absorption or secretion of H+ or HCO3
- by many epithelial cells. 

They also regulate the intracellular pH and cell volume of most of the cell types 
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thereby participating to the regulation of membrane potential through their 

contribution to the Cl- transmembrane gradient. AE1-3 exchange Cl- to HCO3
- 

across the membrane and thereby participate in the regulation of cellular pH 

homeostasis. The direction of net transport depends on the transmembrane 

gradients for these two ions. In most cell types extracellular Cl- is exchanged for 

intracellular HCO3
- (for reviews, see Romero et al. 2004 and Alper 2009). 

Another anion exchanger family is encoded by the SLC26 gene family. SLC26 

family members transport with varying specificity e.g. chloride, sulphate, 

bicarbonate and hydroxyl ions across the plasma membrane (Mount & Romero 

2004). Carbonic anhydrases participate in the regulation of cellular pH 

homeostasis by catalysing the conversion of cellular CO2 and H2O into HCO3
- 

and H+ (Kallio et al. 2006). 

2.2.2 Na+/H+-exchangers 

Mammalian Na+/H+-exchangers (NHEs) are a family of nine related gene 

products (NHE1-9). They are integral membrane proteins that share 25–70% of 

amino acid identity with each other. The plasma membrane-type NHEs (NHE1-5) 

catalyse primarily the electroneutral exchange of one extracellular Na+ for one 

cytosolic H+. NHE1 has a ubiquitous tissue distribution, whereas NHE2-5 have a 

more limited distribution. In polarised epithelia, NHE1-5 are found either in the 

apical or basolateral membrane depending on the isoform. NHE3 and NHE5 are 

also found in endosomal compartments, where at least NHE3 is shown to be 

functional and participating in the acidification of the endosome. Endomembrane-

type NHEs (NHE6-9) are widely expressed, but they are less studied than plasma 

membrane-type NHEs. NHE7 is found in the TGN and perinuclear recycling 

vesicles and also to a minor extent in the plasma membrane. NHE8 localises to 

the medial- and trans-Golgi, whereas NHE6 and NHE9 are found in early and 

recycling endosomes, respectively. Altogether, the localisation of NHEs appears 

to be cell type-specific. Endomembrane-type NHEs are able to mediate not only 

Na+ but also K+ exchange for H+. Since K+ is the major cytoplasmic alkali cation, 

NHEs could act in endosomal membranes as an electroneutral alkalinising 

mechanism. However, the assays used today are unable to define the precise 

cation selectivity of these transporters (reviewed in Orlowski & Grinstein 2007). 
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2.3 Sorting of newly synthesised proteins 

Proteins destined for the cell surface, secretion or lysosomes are synthesised in 

the rough ER. Nascent polypeptides are co-translationally transported through the 

ER membrane. In the ER many polypeptides are N-glycosylated. Molecular 

chaperones assist the folding of polypeptides. Only properly folded and 

assembled proteins pass the quality control of the ER and are allowed to exit. 

Transport vesicles from the rough ER fuse with the cis-Golgi, where they leave 

their cargo (Harter & Wieland 1996, Lodish et al. 2008). Coat protein complexes 

(COPs) participate in the sorting of proteins between the ER and the Golgi 

complex. COPII-coated vesicles transport their cargo from the ER to the cis-Golgi, 

whereas COPI-coated vesicles mediate the transport in the opposite direction 

(reviewed in Barlowe 2000). ER resident proteins are sorted and retrieved from 

the cis-Golgi by specific receptors (Lewis & Pelham 1990) based on conserved 

carboxyl-terminal sequences, typically KDEL (lysine-aspartate-glutamate-

leucine), in the ER proteins (Munro & Pelham 1987). Alternatively they can form 

complexes with other ER resident soluble proteins containing the ER retention 

signal or with ER transmembrane proteins (Pelham 1996). 

In the Golgi complex N-glycans are modified (Stanley et al. 2009) and O-

glycans are added to some proteins (Spiro 2002). A major function of the Golgi 

complex is to sort the newly synthesised proteins to their final destination such as 

various domains of the cell surface and the endosomal-lysosomal system. Proteins 

destined for the plasma membrane, endosomes or lysosomes share the early 

transport route with secretory proteins (Bonifacino & Glick 2004, Lodish et al. 
2008). The work of George Palade set the basis of the vesicular transport model 

over 30 years ago (Palade 1975). Transport of proteins from one membrane-

enclosed compartment to another is mediated by vesicles that bud from one 

compartment and fuse with the next one. Cargo proteins are delivered from one 

compartment to another without being translocated across a membrane or 

changing orientation within the membrane. The sorting of newly synthesised 

proteins occurs in the Golgi apparatus and the trans-Golgi network (TGN) (Fig. 1) 

(Bonifacino & Glick 2004). The budding and selective loading of cargo into 

vesicles is based on specific coat proteins of which clathrin and COPs are the 

most studied (Bonifacino & Lippincott-Schwartz 2003). At least three different 

types of vesicles can bud from the TGN. One type of vesicle delivers proteins 

directly to the cell surface (constitutive secretion), and in some cell types the 

second type of vesicle stores the cargo in the cell until a signal for secretion is 
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received (regulated secretion). Proteins remaining in the plasma membrane are 

transported along with secretory proteins. The third type of vesicle budding from 

the TGN transports proteins to lysosomes via late endosomes in a receptor-

mediated manner. Endocytosed proteins from the plasma membrane and their 

ligands are also transported to lysosomes or recycled back to the cell surface 

(Lodish et al. 2008).  

Fig. 1. Overview of the secretory, membrane and lysosomal protein transport system. 

Proteins synthesised in the rough ER are carried through the Golgi complex. In the 

trans-Golgi network (TGN) proteins are loaded into vesicles that bud from the Golgi 

membrane and are transported either to the cell surface or lysosomes. In the 

conventional model all the sorting occurs in the TGN. Endosomal compartments 

budding from the plasma membrane carry endocytosed proteins that are either 

delivered to lysosomes or recycled back to the cell surface. Lysosomal proteins are 

released from the sorting receptors in endosomes and the receptors are recycled 

back to the Golgi via recycling endosomes. Numbers in the figure denote the steady-

state pH of each compartment (Bonifacino & Glick 2004, Paroutis et al. 2004, Lodish et 

al. 2008). 
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2.4 Sorting and trafficking of soluble enzymes to lysosomes 

Lysosomal proteins share the initial transport steps from the ER to the Golgi 

complex with secretory proteins. Soluble lysosomal enzymes are marked with a 

mannose-6-phosphate (M6P) recognition signal and newly synthesised proteins 

are segregated from secretory proteins in the trans-Golgi by specific receptors 

(Kornfeld 1992, Hille-Rehfeld 1995, Braulke & Bonifacino 2008). Two enzymes 

catalyse the mannose phosphorylation of lysosomal enzymes by sequential action 

(Fig. 2). First, in the cis-Golgi N-acetylglucosamine (GlcNAc)-1-

phosphotransferase transfers phospho-GlcNAc to one or more mannose residues 

of the high-mannose type glycan of a lysosomal protein, forming a mannose-

phosphate-GlcNAc intermediate (phosphodiester). Second, the GlcNAc-1-

phosphodiester α-N-acetylglucosaminidase cleaves off the GlcNAc residue in the 

TGN generating the phosphomonoester (Fiedler & Simons 1995, Dahms et al. 
2008). Two lysine residues in the correct orientation to each other and to the 

glycan are specifically recognised by GlcNAc-1-phosphotransferase and are 

shown to be a common determinant for the mannose-6-phosphorylation of 

lysosomal enzymes (Cuozzo & Sahagian 1994, Cuozzo et al. 1998, Steet et al. 
2005). 
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Fig. 2. Generation of the mannose-6-phosphate tag on N-linked glycans. 

Phosphorylation of mannose residues occurs in two steps. First, GlcNAc-1-phosphate 

is attached to the carbon-6 hydroxyl group of one or more mannose residues resulting 

in the mannose-phosphate GlcNAc phosphodiester intermediate. Second, the GlcNAc 

moieties are removed in the TGN revealing the mannose-6-phosphomonoester. MPR 

binds to the tag and the ligand-receptor complex is transported to endosomes. The 

ligand protein finally enters the lysosomes and MPR300 is recycled back to the TGN 

(modified from Stanley et al. 2009). 

2.4.1 Receptor-mediated segregation of lysosomal enzymes 

Mammalian cells have two distinct receptors responsible for directing soluble, 

newly synthesised M6P-tagged proteins from the Golgi complex to lysosomes 

(Fig. 3). Both are type I transmembrane glycoproteins, which span the cellular 
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membrane once and expose their amino-terminal (N-terminal) ligand-binding 

domain towards the extracellular space or the lumen of a vesicle. The cation-

dependent M6P-receptor has a molecular weight of about 46 kilodaltons (kDa) 

(MPR46) and divalent cations increase its affinity to M6P-conjugated ligands in 
vitro. In contrast, the binding affinity of the other M6P-receptor with a molecular 

weight of 275-300 kDa (MPR300) is independent of cations (for reviews, see 

Kornfeld 1992, Hille-Rehfeld 1995 and Dahms & Hancock 2002). 

 

 

Fig. 3. Schematic representation of mannose-6-phosphate receptors. MPR46 usually 

exists as a dimer in the cell membrane and has a single M6P binding site per 

polypeptide. MPR300 is also assumed to undergo oligomerisation and exists as a 

dimer. Both MPRs are post-translationally modified by phosphorylation, 

palmitoylation and N-glycosylation. Ligands binding to different domains of MPRs are 

mannose-6-phosphate conjugated ligand (M6P), mannose-6-phosphodiester 

conjugated ligand (M6PGlcNAc), insulin-like growth factor II (IGF-II) and urokinase-

type plasminogen activator receptor (uPAR) (modified from Dahms et al. 2008). 
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It is not clear why cells express two types of MPRs. The two receptors probably 

interact with different lysosomal proteins or different isoforms of a lysosomal 

protein (Pohlmann et al. 1995, Munier-Lehmann et al. 1996, Qian et al. 2008). 

MPR300 has a greater affinity to different ligands than MPR46 and MPR46 is 

able to bind only a subset of ligands bound by MPR300 (Sleat & Lobel 1997). 

With antibody blocking experiments MPR300 was found to be able to 

compensate for the blockade of MPR46 but not vice versa (Gartung et al. 1985, 

Stein et al. 1987). In many studies MPR300 was also shown to be more efficient 

in sorting newly synthesised soluble lysosomal enzymes than MPR46 (Hille-

Rehfeld 1995 and references therein). In addition, MPR46 is unable to bind 

ligands at the cell surface in contrast to MPR300 (Gartung et al. 1985, Stein et al. 
1987). 

In general, lysosomal enzymes with two phosphomonoesters in their 

oligosaccharides have the highest binding affinity to MPRs (Fischer et al. 1982, 

Munier-Lehmann et al. 1996, Dittmer et al. 1997). MPR300 is a multifunctional 

receptor that has also been shown to bind other ligands like retinoic acid and 

urokinase-type plasminogen activator receptor in an M6P-independent manner. 

Because of its ability to bind insulin-like growth factor II (IGF-II), MPR300 is 

sometimes referred to as the IGF-II receptor (Braulke & Bonifacino 2008). When 

localised at the cell surface, MPR300 can mediate endocytosis and lysosomal 

degradation of its ligands, for example, MPR300 is assumed to participate in the 

clearance of IGF-II from the circulation. In addition, MPR300 has a role in signal 

transduction such as stimulating glycogen synthesis in rat hepatoma cells and 

amino acid uptake in human myoblasts (see references in Kornfeld 1992). 

Furthermore, MPR300 is a putative tumour suppressor since its overexpression 

both in vivo and in vitro results in growth inhibition. Additionally, loss of 

MPR300 function is associated with progression of tumourigenesis in multiple 

studies (reviewed in Ghosh et al. 2003a). 

MPR300 expression levels are tissue- and cell type-specific and 

developmentally regulated. During fetal life the expression of MPR300 is 

especially high. High expression levels are also found in regenerating tissues. The 

developmental changes in the expression of MPR300 may be associated with its 

ability to bind to IGF-II (for a review, see Hille-Rehfeld 1995.). 

In general ~10% of MPRs are normally found at the cell surface, while the 

other 90% are present in early, recycling or late endosomes and in the TGN. The 

recognition of M6P-ligand occurs in the TGN, and enzyme-receptor complexes 

are transported to endosomal compartments by clathrin-coated vesicles. In the 
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acidic pH (pH<6) of late endosomes or prelysosomal compartments, receptor-

ligand complexes dissociate and the enzymes are carried with the fluid phase to 

lysosomes, while the unoccupied receptors are recycled back to the TGN for 

further rounds of sorting (Hille-Rehfeld 1995, Dahms & Hancock 2002, Ghosh et 
al. 2003a). The nature of endosomal compartments where MPRs dissociate from 

their ligands and leave the endosomal system is still under debate. However, the 

prevailing opinion is that the dissociation and the retrieval of MPR occur in late 

endosomes (Braulke & Bonifacino 2008). 

MPR46 exists as a stable homodimer, whereas oligomerisation of MPR300 is 

still questioned, but it most likely exists as a dimer (Dahms & Hancock 2002, 

Dahms et al. 2008). The extracytoplasmic region of MPR300 contains 15 

repeated domains formed by intramolecular disulfide bonds, whereas MPR46 

contains only a single extracytoplasmic domain (Fig. 3). Although MPR300 

contains 19 potential N-glycosylation sites, the ability of the receptor to bind 

M6P-ligands and IGF-II is not directly dependent on its N-glycans. N-glycans are, 

however, required for proper folding of the receptor (Dahms & Hancock 2002 and 

references therein). MPR300 has two high affinity M6P binding sites in domains 

3 and 9, whereas MPR46 has only one (Kornfeld 1992, Hille-Rehfeld 1995, 

Dahms & Hancock 2002). The IGF-II binding site in MPR300 is separate from 

M6P-binding sites located in domain 11 (Schmidt et al. 1995). Domain 5 was 

recently identified as a low affinity binding site for M6P-ligands (Reddy et al. 
2004) and was found to preferentially bind mannose-6-phosphodiester-ligands i.e. 

oligosaccharides with an M6P-tag, from which GlcNAc is for some reason not 

cleaved off in the TGN (Chavez et al. 2007). For MPR46 binding is optimal at pH 

6.0–6.5. The domain 9 binding site of MPR300 has a pH optimum of 6.4–6.5, 

while the binding site in domain 3 has a markedly higher optimal binding pH of 

6.9–7.0 (Marron-Terada et al. 2000), consistent with the ability of MPR300 to 

bind ligands also at the cell surface (Creek & Sly 1982, Gartung et al. 1985). 

MPR46 and MPR300 are not able to bind ligands at pH below 6 consistent with 

the model of lysosomal enzymes dissociating from their receptors in the acidic 

environment of late endosomes (Dahms & Hancock 2002 and references therein). 

Trafficking of lysosomal proteins lacking the M6P-signal is mediated by 

alternative receptors such as sortilin or lysosomal integral membrane protein 

type 2 (LIMP2). For example, sortilin has been shown to mediate the lysosomal 

trafficking of prosaposin and sphingomyelinase, whereas LIMP2 is responsible 

for lysosomal targeting of β-glucocerebrosidase (Braulke & Bonifacino 2008). 

Recently, sortilin was also shown to mediate the lysosomal targeting of soluble 
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enzymes, cathepsins D and H, in the conditions where the MPR pathway is non-

functional (Canuel et al. 2008). 

2.4.2 Adaptor proteins in the sorting and trafficking of MPRs 

Endocytic, recycling and basolateral sorting signals are a part of a family of 

peptide signals interacting with organelle-specific adaptor protein (AP) 

complexes (Bonifacino & Lippincott-Schwartz 2003). AP-1A and GGAs (Golgi-

localised, γ-ear-containing, adenosine diphosphate ribosylation factor-binding 

proteins) are adaptins localising to the TGN and participating in the sorting of 

MPRs from the TGN to endosomes (Poussu et al. 2000, Rodriguez-Boulan et al. 
2005, Braulke & Bonifacino 2008). GGAs bind to an acidic cluster-dileucine 

(AC-LL) sorting motif in the cytoplasmic tail of MPRs and play a key role in the 

trafficking of lysosomal enzymes from the Golgi complex to lysosomes (Zhu et al. 
2001). GGAs are suggested to cooperate with AP1 proteins in the packaging of 

MPRs to clathrin-coated transport vesicles in the TGN. The function of GGA1 

and GGA3 is regulated by cycles of phosphorylation and dephosphorylation 

(Ghosh & Kornfeld 2004). Three members of the mammalian GGA family act 

together to mediate the sorting of MPRs in the TGN (Ghosh et al. 2003b). Knock-

down of any one of the three GGAs or GGA accessory protein p56 resulted in the 

delayed processing and hypersecretion of cathepsin D (cathD) (Ghosh et al. 
2003b, Hida et al. 2007, Mardones et al. 2007). GGAs might also have a role in 

retrograde trafficking of MPRs from endosomes to the Golgi (Ghosh & Kornfeld 

2004). TIP47 (47 kDa tail-interacting protein), AP-1A, Rab9 and the PACS-1 

(phosphofurin acidic cluster sorting protein 1) are all associated with the 

recycling of MPRs to the TGN (Ghosh et al. 2003a). PACS-1 binds to proteins 

containing the AC-LL sorting motif. In cells lacking AP-1A or PACS-1, MPR300s 

accumulate in endosomes (Crump et al. 2001). Also, a multiprotein complex 

known as a retromer participates in the retrieval of MPR300 from endosomal 

compartments. The absence of one subunit of the retromer resulted in the 

relocalisation of MPR300 to the cell surface and endosomes. The quantity of 

MPR300 in the cells also decreased due to the shortened half-life of the receptor 

(Arighi et al. 2004, Seaman 2004). It is assumed that PACS-1/AP-1A mediates 

MPR retrieval from early endosomes to the TGN, whereas TIP47/Rab9 recycles 

receptors from late endosomes (Ghosh et al. 2003a). 
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2.5 Cathepsin D 

Cathepsins are a group of lysosomal peptidases, which belong to the cysteine, 

serine and aspartic protease classes. There are 11 characterised cysteine 

cathepsins (B, C, F, H, L, K, O, S, V, W, X) and they belong to the papain 

subfamily of cysteine proteases. Cathepsins A and G are serine carboxypeptidases 

and cathepsins D and E are aspartic proteases (reviewed in Conus & Simon 2008 

and Kuester et al. 2008). Some cathepsins (like B, L, H, C) are ubiquitously 

expressed, while others have more restricted expression in specific cell types e.g. 

cathepsin K in osteoclasts and cathepsin S in immune cells (Mohamed & Sloane 

2006, Kuester et al. 2008). Traditionally, cathepsins are associated with general 

protein turnover in lysosomes, however, other functions have also been found for 

different members of the cathepsin family. Several cathepsins participate in 

inflammatory processes or tumour progression and metastasis. For instance, 

cathepsins B, D and L are capable of degrading extracellular matrix proteins 

(Obermajer et al. 2008). Cathepsin C activates granzymes (Kummer et al. 1996, 

Pham & Ley 1999) and mast cell proteases (Henningsson et al. 2003) and 

cathepsin S is important for the major histocompatibility complex II-mediated 

antigen presentation (Riese et al. 1998). The main difference between the 

cathepsin classes is in their catalytic site. Aspartic proteases are a group of 

enzymes consisting of two lobes separated by a cleft that contains the catalytic 

site composed of two aspartic acid residues (Dunn & Hung 2000). Cysteine 

proteases have a cysteine residue in their catalytic site (Turk et al. 2001), and one 

of the amino acids int the active site of serine proteases is serine (Hiraiwa 1999).  

Cathepsin D (CathD) is a soluble lysosomal aspartic endopeptidase that is 

mainly found in lysosomes, phagosomes and late endosomes (Rochefort et al. 
2000). It is expressed in all tissues examined, but the expression levels vary a lot 

(Reid et al. 1986). CathD plays an important role in protein degradation and 

activation of enzymatic precursors (Barrett 1970, Benes et al. 2008).  

2.5.1 The processing and sorting of cathepsin D 

CathD, like other cathepsins, is synthesised as a prepropeptide containing an ER 

translocation signal and a propeptide for the control of enzymatic activity (Richo 

& Conner 1994). CathD is synthesised in membrane-bound ribosomes and 

cotranslationally translocated in the lumen of the ER. The procathD (about 

52 kDa) contains two N-linked high mannose-type oligosaccharide chains on 
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Asn70 and Asn199 that are phosphorylated or converted into complex-type 

glycans in the Golgi (Hasilik & Von Figura 1981, Gieselmann et al. 1983). Two 

lysine residues in the polypeptide backbone (Lys203 and Lys293) are required for 

efficient mannose phosphorylation (Cuozzo et al. 1998). Proteolytic processing of 

procathD to the intermediate form (44 kDa) occurs in endosomes and the final 

maturation into the two-chain catalytic enzyme consisting of ~30 kDa and 

~14 kDa fragments takes place in lysosomes (Rijnboutt et al. 1992). Cysteine 

proteases cathepsin B and L along with other unidentified proteases are involved 

in proteolytic processing of cathD (Wille et al. 2004, Laurent-Matha et al. 2006). 

Contrary to earlier views (Richo & Conner 1991, Conner & Richo 1992) 

processing was recently shown to be independent of the autocatalytic activity of 

cathD (Laurent-Matha et al. 2006). The treatment of cells with chemicals 

dissipating the pH gradient across the lysosomal membrane (e.g. nigericin, NH4Cl, 

chloroquine) delayed the processing of cathD (Gieselmann et al. 1985, Braulke et 
al. 1987, Capony et al. 1989) and increased the secretion of procathD (Isidoro et 
al. 1995, Isidoro et al. 1997). Enzymatic activity of aspartic proteinases requires 

acidic pH and human cathD was shown to have an optimal activity at pH 3.5 

(Barrett 1970). 

CathD contains a lysosomal targeting signal, M6P, in either or both of its 

N-oligosaccharide chains. Studies with mouse cathD have revealed that the 

phosphorylation pattern is different between the two oligosaccharides, which 

contain both phosphomonoesters and phosphodiesters. ProcathD is preferentially 

sorted by MPR300 in the trans-Golgi (Pohlmann et al. 1995, Munier-Lehmann et 
al. 1996, Qian et al. 2008) and transferred via clathrin-coated vesicles to 

lysosomes (Schulze-Lohoff et al. 1985). Clathrin depletion in MDCK cells results 

in delayed processing of cathD indicating the inhibition of its exit from the TGN 

(Deborde et al. 2008). 

2.5.2 Physiological functions of cathepsin D 

Under normal physiological conditions cathD is found mainly in lysosomes 

(Benes et al. 2008). Embyonic cathD knock-out mice developed normally, but 

newborns began losing weight and died at the age of four weeks. The mutant 

mice suffered from progressive atrophy of intestinal mucosa and massive damage 

in the spleen and thymus as well as atrophy of the retina. Based on the knock-out 

mice studies, cathD appears to be essential for the proteolysis of proteins that 

regulate cell growth, tissue homeostasis, remodelling and renewal of tissue in 
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addition to programmed cell death (Saftig et al. 1995, Koike et al. 2003). CathD 

seems to have a controversial role in apoptosis depending on the environmental 

factors. It can either prevent apoptosis as shown under physiologic conditions 

with cathD knock-out mice (Saftig et al. 1995) or promote apoptosis induced by 

cytotoxic (Wu et al. 1998) and stress agents (Kågedal et al. 2001). An inherited 

neurodegenerative disorder, congenital neuronal ceroid-lipofuscinosis (NCL), is 

caused by a cathD deficiency. It was recently found that the NCL patients have 

nucleotide duplication in the cathD gene resulting in the expression of truncated 

inactive enzyme (Tyynelä et al. 2000, Siintola et al. 2006). 

2.5.3 Pathological functions of cathepsin D 

CathD is overexpressed and excessively secreted e.g. in epithelial breast and 

prostate cancer cells as well as lung and gastric carcinomas (reviewed in Benes et 
al. 2008). The expression of cathD is highly regulated by estrogen and certain 

growth factors e.g. IGF-I and epidermal growth factor (Cavailles et al. 1989, 

Garcia et al. 1996, Wang et al. 2000). A high concentration of cathD is a sign of 

the aggressiveness of cancer (Thorpe et al. 1989) and it is associated with 

metastatic potential and invasion of tumour cells (Rochefort et al. 2000, Benes et 
al. 2008). CathD is considered a mitogenic factor since it stimulates cancer cell 

proliferation (Fusek & Vetvicka 1994, Glondu et al. 2001). Earlier it was assumed 

that cathD induces cell growth by activating growth factors (Briozzo et al. 1991) 

or by preventing the secretion of growth factor inhibitors (Liaudet et al. 1995). 

Now it seems that secreted procathD acts in an autocrine manner (Benes et al. 
2008). In both in vitro and in vivo studies, mitogenic activity of cathD was found 

to be independent of its catalytic activity and cathD was assumed to trigger cell 

proliferation via paracrine and/or autocrine signalling (Glondu et al. 2001, 

Berchem et al. 2002). In tumours cathD may also inhibit apoptosis (Berchem et al. 
2002) and reduce anti-tumoural immune response by inhibiting the functions of 

chemokines (Wolf et al. 2003). CathD is also shown to promote angiogenesis in 

tumours, yet the enzyme’s role in angiogenesis is not clear. One possibility is that 

cathD releases fibroblast growth factors bound to the extracellular matrix 

(Briozzo et al. 1991). However, catalytically inactive mutant cathD also induced 

angiogenesis in xenografts suggesting that cathD triggers a yet unidentified 

receptor at the cell surface through paracrine action (Berchem et al. 2002). 

Numerous studies have demonstrated the role of cathD in cancer invasion and 

metastasis (Rochefort et al. 1990 and references therein, Garcia et al. 1996). 
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Recently, catalytically inactive cathD was shown to induce invasive growth of 

fibroblasts and it was suggested that cathD could act as a paracrine communicator 

between cancer and stromal cells (Laurent-Matha et al. 2005). Previously, the 

metastatic activity of cathD was suggested to rely on its action as a mitogen 

(Garcia et al. 1996). 

In addition to its role in cancer, cathD is also associated with other diseases 

such as Alzheimer’s disease, since it is shown to proteolytically cleave amyloid 

precursor protein (Cataldo & Nixon 1990), apolipoprotein E (Zhou et al. 2006) 

and tau protein (Kenessey et al. 1997). The above three proteins are important 

factors in the pathogenesis of Alzheimer’s disease and in addition to cathD are 

found in increased amounts in the plaques of brains of Alzheimer’s disease 

patients (Cataldo & Nixon 1990, Kenessey et al. 1997, Benes et al. 2008). The 

first studies concerning the role of cathD in atherosclerosis were published in the 

1980s (Leake & Peters 1981, Sasahara et al. 1988). In the progression of 

atherosclerosis, low density lipoprotein-derived lipids accumulate in the 

extracellular matrix of the arterial intima. Macrophages are recruited onto the site 

where they transform into lipid-loaded foam cells (Lusis 2000). In vitro and in 
vivo studies suggest that macrophages release cathD along with other lysosomal 

enzymes into atherosclerotic lesions (Hakala et al. 2003). Macrophages are also 

able to acidify their environment by proton pumps and the secretion of lactic acid, 

and the nascent acidic environment could be enough to activate cathD (Leake 

1997). CathD along with other lysosomal enzymes induce the fusion of oxidised 

low density lipoprotein particles and their accumulation in arterial intima where 

macrophages and smooth muscle cells take up the lipoprotein particles and 

transform into foam cells (Hakala et al. 2003). In general, atherosclerotic lesions 

resemble chronic inflammation and cancer tissue since all of the above conditions 

are associated with hypoxia (Björnheden et al. 1999, Harris 2002, Schwartsburd 

2003) and an acidic extracellular environment (Leake 1997, Stubbs et al. 2000, 

Lardner 2001). 

2.6 Polarity of epithelial cells 

Epithelial cells form sheets that line surfaces, especially in tissues that are 

specialised for absorption and secretion. The plasma membranes of epithelial 

cells are separated by tight junctions into two domains, the apical surface facing 

the lumen of the internal organ and the basolateral membrane responsible for cell-

cell interactions and contacts with the underlying tissue (Füllekrug & Simons 
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2004). To achieve a fully polarised state epithelial cells undergo a dynamic 

process. Generally it is believed that adhesion and cell-cell contacts initiate the 

polarisation of epithelial cells (Wang et al. 1990, Wang & Margolis 2007). 

 

 

Fig. 4. Schematic representation of the main types of cell-cell junctions connecting 

epithelial cells. Tight junctions prevent the diffusion of apical and basolateral 

constituents between the membrane domains. Claudins, occludin and junctional 

adherens molecules are the best characterised proteins of tight junctions. Cadherins 

are the main constituents of adherens junctions and desmosomes. Connexon 

channels in gap junctions allow the movement of small molecules and ions between 

the cytosols of adjacent cells. Hemidesmosomes anchor the epithelium to 

components of the underlying extracellular matrix (modified from Lodish et al. 2008). 
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The junctional complexes attaching epithelial cells to each other are formed by 

tight junctions, adherent junctions and desmosomes (Fig. 4). Tight junctions are 

the most luminal (apical) and desmosomes the most basal of the junctions 

(Farquhar & Palade 1963, Lodish et al. 2008). Tight junctions between adjacent 

cells form a barrier that prevents the diffusion of molecules and ions across the 

epithelial sheet. In addition, tight junctions maintain cell polarity by preventing 

the diffusion of lipids and proteins between the apical and basolateral plasma 

membranes (Lodish et al. 2008). Tight junctions consist of transmembrane and 

peripheral membrane proteins that interact with each other. Intracellular 

scaffolding proteins link these proteins with the actin cytoskeleton. The most 

extensively studied protein families of tight junctions are occludin, claudins and 

junctional adherens molecules (reviewed in Shin et al. 2006). The interaction of 

occludin with the cytoskeleton requires scaffolding molecules like zonula 

occludens (ZO) proteins (Fanning et al. 1998). Also, Ca2+-dependent cadherin-

mediated adhesion plays a major role in the formation, stability and function of 

tight junctions (Gumbiner et al. 1988). E-cadherin (previously known as 

uvomorulin) is the main structural component of adherens junctions, a cell-cell 

junction more basal than the tight junction (Fig. 4). Gap junctions allow the 

movement of small water-soluble molecules between the cytoplasm of adjacent 

cells through the connexon channels. Gap junctions are not strengthening cell-cell 

or cell-extracellular matrix adhesions, but rather help a cell to communicate with 

its environment. Hemidesmosomes are mainly found on the basal surface of 

epithelial cells. They anchor the cell to components of the underlying 

extracellular matrix. Desmosomes are spot-like points of contact that bind 

neighbouring epithelial cells tightly together. Bundles of intermediate filaments 

connect desmosomes and hemidesmosomes providing shape and rigidity to the 

cell (Lodish et al. 2008). 

It is suggested that polarity complexes indicate the site of the tight junction in 

the polarisation process. The Crumbs (CRB) complex is composed of three 

proteins: Crumbs3 (CRB3), the protein associated with Lin Seven 1 (PALS1) and 

the PALS1-associated tight junction protein. The mammalian PAR complex is 

comprised of PAR3, PAR6 and atypical protein kinase C (aPKC), which 

physically interact with each other (reviewed in Wang & Margolis 2007). PAR 

and CRB complexes are also linked with each other since PALS1 is shown to 

interact with PAR6. It seems that the polarity complexes are dependent on each 

other for proper localisation. While CRB and PAR complexes act as apical 

membrane determinants, Scribble complex determines the lateral domain by 
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inhibiting the function of PAR complex. Also, at the apical membrane the CRB 

complex antagonises the activity of Scribble complex. This type of antagonistic 

regulation of protein complexes is assumed to maintain the integrity of apico-

basal polarity in mammalian cells (reviewed in Shin et al. 2006). In addition, PAR 

proteins PAR1 and PAR4 participate in polarisation. PAR4 phosphorylates and 

activates PAR1, which in turn determines the organisation of microtubules. The 

localisation of PAR3 is dependent on dynein, and therefore the polarity of PAR is 

probably determined by cytoskeletal polarity. Cdc42 is also a central regulator of 

cell polarity. For example, Cdc42 increases the association of PAR6 with PALS1 

and it is necessary for the correct localisation of PAR6-aPKC to the cell surface 

(reviewed in Goldstein & Macara 2007). Altogether, it seems likely that early 

adhesion events activate polarity complexes, which in turn reinforce cell adhesion 

that promotes further polarisation (Shin et al. 2006). 

2.6.1 Lipid rafts 

The model of lipid rafts in cell membranes was published by Simons and Ikonen 

in 1997 (Simons & Ikonen 1997), yet the first speculations about the role of 

sphingolipid patches in apical sorting date back to the end of the1980s (Simons & 

van Meer 1988). The lipid bilayer contains dynamic liquid-ordered areas 

concentrated with cholesterol and sphingolipids. These rafts are able to move in 

the fluid bilayer (Simons & Ikonen 1997). The association of lipids in rafts is 

suggested to be dependent on their degree of acyl chain order (Schroeder et al. 
1994, Brown & London 1998). 

GPI-anchored proteins, doubly acylated proteins and palmitoylated 

transmembrane proteins associate with lipid rafts (Füllekrug & Simons 2004). 

The clustering of the proteins in lipid rafts occurs during their processing in the 

Golgi complex. Raft formation is first possible in the Golgi since sphingolipids 

are synthesised there (Simons & Ikonen 1997). There are, however, indications 

that e.g. prion protein PrPC associates with lipid rafts already in the ER as an 

immature protein (Sarnataro et al. 2004). Lipid rafts are mainly transported from 

the Golgi complex to the apical surface of the cells. Raft-associated proteins are 

therefore also primarily found in the apical membrane (Simons & Ikonen 1997). 

However, in Madin-Darby canine kidney (MDCK) cells lipid raft-associated GPI-

anchored proteins carboxypeptidase M (McGwire et al. 1999) and prion protein 

PrPC (Sarnataro et al. 2002) were shown to be trafficked mainly to the basolateral 

surface, indicating that neither raft association nor GPI-anchor are sufficient for 
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apical sorting of the protein. Oligomerisation or clustering of proteins has been 

shown to be necessary for the apical sorting of raft-associated proteins (Hannan et 
al. 1993, Paladino et al. 2004). In contrast, non-raft-associated apical proteins do 

not require oligomerisation for their apical targeting (Paladino et al. 2007). 

Lipid rafts can be isolated from cells by non-ionic detergents, e.g. 

Triton X-100, at low temperatures (from 0°C to 4°C). Rafts are found in detergent 

insoluble fractions and can be further purified by density gradient centrifugation. 

However, detergent resistant domains of membranes do not correspond to lipid 

rafts and intracellular rafts in particular have proven difficult to study. In living 

cells lipid rafts are small and unstable and even their existence is challenged. To 

date, there is no direct evidence that rafts actually exist in living cells. Stable rafts 

might exist, but individual proteins or lipids might have a low affinity for them 

that is increased upon clustering. It is also possible that single rafts are fairly 

small and clustering of proteins increases the size and the stability of rafts (Brown 

& London 1998, Brown 2006). By using fluorescence resonance energy transfer 

microscopy, Varma and Mayor showed that GPI-anchored proteins in the surface 

of living cells are organised in submicron-sized domains (<70 nm) and one 

domain contains fewer than 50 GPI-anchored proteins (Varma & Mayor 1998). 

They also showed that cholesterol depletion resulted in the random distribution of 

GPI-anchored proteins at the cell surface indicating the existence of lipid 

platforms in the nontreated cell. At the same time Friedrichson and Kurzchalia 

used chemical crosslinking to prove the existence of lipid rafts in living cells 

(Friedrichson & Kurzchalia 1998). They also came to the conclusion that rafts in 

living cells contain fewer molecules than the rafts isolated with non-ionic 

detergents. Later studies confirmed that rafts actually accommodate a maximum 

of 3-5 GPI-anchored proteins (Sharma et al. 2004). 

Lipid rafts in living cells might participate in signal transduction processes by 

clustering both GPI-anchored and transmembrane proteins. A clear example is the 

binding of immunoglobulin E (IgE) to its receptor at the surface of basophils and 

mast cells. The binding of multivalent IgE-antigen complexes induces the 

clustering of the receptors, which in turn activates the tyrosine kinase Lyn that 

initiates a signalling cascade resulting in degranulation of the cell (Field et al. 
1997, Brown & London 1998, Kovarova et al. 2001). 
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2.6.2 Protein sorting in polarised cells 

To maintain the distinct composition of cell membranes, cells need to sort and 

transport proteins and lipids separately to specific areas of the cell surface. 

Different cell types have different routes for trafficking proteins from the Golgi to 

the cell surface (Simons & Ikonen 1997). An indirect route (transcytosis) from 

one cell surface to the opposing one seems to be a minor pathway in polarised 

MDCK cells (Polishchuk et al. 2004, Hua et al. 2006, Paladino et al. 2006), while 

being more important in other epithelial cell types like hepatocytes (Bartles et al. 
1987, Bastaki et al. 2002) and intestinal cells (Le Bivic et al. 1990, Matter et al. 
1990). In MDCK cells during cellular differentiation, proteins first use the 

indirect transcytotic pathway and during maturation switch to the direct route 

(Zurzolo et al. 1992, Ikonen & Simons 1998). Apical and basolateral surfaces 

differ also in their lipid composition, with the apical domain being enriched in 

sphingolipids (glycosphingolipids and sphingomyelin) and the basolateral domain 

in glycerolipid phosphatidylcholine. Mixing of the lipids in two surfaces is 

prevented by tight junctions formed between neighbouring cells (Simons & van 

Meer 1988). The apical surface of the epithelial cell is exposed to a harsh 

environment and therefore needs to be particularly robust. The special lipid 

composition of the apical membrane gives the cell the protection it needs. The 

apical membrane is a dynamic structure, which can be internalised and replaced 

within hours. It also has a large capacity for both absorption and secretion 

(Schuck & Simons 2004). 

There are no specific sorting receptors currently known for any apical or 

basolateral sorting signals (Rodriguez-Boulan & Gonzalez 1999). Neither the 

apical nor basolateral sorting pathway relies on bulk flow and neither of them can 

be referred to as a general default sorting pathway. Yet, basolateral sorting 

determinants seem to dominate over apical signals and basolateral transport is 

claimed to be more accurate than the apical sorting machinery (Schuck & Simons 

2004). 

Basolateral signals containing tyrosine or a dileucine motif are embedded in 

the cytoplasmic domain of basolateral transmembrane proteins (Casanova et al. 
1991). These signals are recognised by adaptor protein complexes, mainly AP-1B, 

that participate both in the assembly of the clathrin coat and the trafficking of 

clathrin-coated vesicles (Fölsch et al. 1999, Fölsch et al. 2003). Only recently 

clathrin was shown to be a main regulator of basolateral sorting. Knockdown of 
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clathrin disrupted the sorting of basolateral but not apical proteins (Deborde et al. 
2008). 

There is an ongoing debate about biosynthetic trafficking in polarised cells. 

In the conventional model (Fig. 5) newly synthesised apical and basolateral 

proteins are assumed to be sorted in the TGN into vesicles that are directly 

delivered to the plasma membrane. In recent years the model has been challenged 

by the observations that newly synthesised apical and basolateral proteins are 

found in the intermediate compartments before reaching the cell surface. Also, AP 

complexes participating in basolateral trafficking recycle between the TGN and 

endosomes and are not found at the plasma membrane (Ellis et al. 2006). In a 

model based on the microscopic studies of Polishchuk et al., sorting of apical and 

basolateral proteins occurs in the tubular structures that emerge from the TGN 

rather than vesicles (Polishchuk et al. 2000). These tubulo-saccular structures 

carry proteins destined for distinct surfaces of the cell and basolateral proteins are 

removed by clathrin-coated vesicles either from the tubulo-saccular structures or 

the TGN (Rodriguez-Boulan & Müsch 2005). The role of microtubules (Müsch 

2004) and actin filaments (Lebreton et al. 2008) in polarised trafficking is also 

under intense investigation. Vesicular transport is organised along microtubules. 

Direct apical targeting and transcytosis from the basolateral to apical membrane 

are dependent on microtubules, but despite contradictory results the targeting of 

basolateral proteins appears to be independent of microtubules (Müsch 2004). 

Actin filaments seem to participate only in the apical targeting of non-raft-

associated transmembrane proteins (Lebreton et al. 2008). 
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Fig. 5. Protein sorting in a polarised epithelial cell. In the conventional model, sorting 

of apical and basolateral proteins occurs in the TGN (1a and 1b). In an alternative 

model 2, apical, basolateral and lysosomal proteins are sorted to the separate routes 

in the common recycling endosome (CRE). In model 3, apical and basolateral proteins 

leave the Golgi in tubular structures, where basolateral proteins are segregated by 

clathrin-coated vesicles (3b). In some cell types, apical proteins are first transported 

to the basolateral membrane from where they are transported to the apical membrane 

by transcytosis (4) (modified from Rodriguez-Boulan & Müsch 2005 and Rodriguez-

Boulan et al. 2005). (TJ; tight junction) 

2.7 Sorting and trafficking of apical proteins to cell membrane 

Transport of membrane or secreted proteins in polarised cells has been studied 

intensively since the 1980s, but there are still many open questions. For example, 

it has been under debate whether the apical or basolateral transport is a default 

pathway for the targeting of proteins to the cell surface. The following overview 

focuses on apical trafficking signals and constituents. 
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2.7.1 Glycan structures 

Glycan structures are added to proteins during their synthesis in the ER and the 

Golgi by the stepwise addition or removal of glycosides. The structures can be 

linear or branched and are determined by the specificity of the 

glycosyltransferases involved in the processing. The diversity of glycan structures 

displayed by a particular cell reflects the expression of the glycosyltransferases 

and glycosidases in the cell. The levels and patterns of enzyme expression are cell 

type-specific and are differentially regulated during development (Potter et al. 
2006a, Vagin et al. 2009) and cancer (Varki et al. 2009). To date, the role of 

glycans in the sorting of proteins is not clear. It is not known whether the glycans 

in proteins act in a specific manner such as association with lectins or in an 

indirect manner by affecting the folding and stability of proteins (Huet et al. 
2003). 

N-glycosylation 

Oligosaccharide chains are added cotranslationally to the amino group of 

asparagine (Asn) residues. The GlcNAc-β-Asn bond is formed in the ER when a 

preassembled dolichol-linked precursor oligosaccharide is transferred en bloc to a 

nascent polypeptide chain (Fig. 6). This precursor consists of two 

N-acetylglucosamines (GlcNAc), nine mannoses (Man) and three glucoses (Glc) 

(Glc3Man9GlcNAc2) (Spiro 2002, Stanley et al. 2009). Terminal glucose residues 

and one mannose residue are removed by ER glucosidases and ER α-mannosidase 

I prior to the arrival of the newly synthesised glycoprotein to the Golgi complex, 

where glycans are sequentially modified by various processing enzymes. N-

glycan structures can be divided into three categories: high-mannose, complex 

and hybrid type. All the structures contain the common pentasaccharide core 

structure Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc-Asn. High-mannose 

type glycans have typically two to six additional mannose residues, whereas the 

majority of the complex type oligosaccharides include two to four outer branches 

linked to mannose residues that may contain e.g. galactose, sialic acid and/or 

fucose. Hybrid type glycans have features of both high-mannose and complex 

type glycans (for a review, see Kornfeld & Kornfeld 1985). A rather strict 

consensus sequence Asn-X-Ser/Thr (asparagine - any residue except proline - 

serine/threonine) for N-glycosylation has been established by numerous studies. It 

is noteworthy that although the Asn-X-Ser/Thr sequence occurs frequently in 
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proteins, all the sites do not contain N-glycans probably due to conformational 

factors (reviewed in Kornfeld & Kornfeld 1985 and Spiro 2002). 

 

 

Fig. 6. Schematic representation of N-glycosylation in the ER and the Golgi complex. 

Proteins destined for the ER, Golgi, lysosomes, cell membrane or secretion are 

translated in ribosomes attached to the ER. Nascent polypeptides are glycosylated co- 

and post-translationally. A dolichol-phosphate-glycan precursor donates a 

preassembled glycan structure to the polypeptide. ER glucosidases cleave three 

glucose residues sequentially from the glycan. Tunicamycin (TM) inhibits the 

assembly of the dolichol-phosphate-glycan precursor and castanospermine (CSP) 

blocks the removal of the first glucose residue. ER mannosidase removes a mannose 

residue and the properly folded glycoprotein is headed to the cis-Golgi, where glycans 

are further processed by the removal of mannoses. High-mannose type glycans 
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contain two to six additional mannoses compared to the core structure with two 

mannoses. Deoxymannojirimycin (DMJ) is a mannose analogue that inhibits both ER 

and Golgi α-mannosidases I. In the medial-Golgi, Golgi α-mannosidase II removes the 

two outer mannoses. The reactions are inhibited by swainsonine (SW). 

N-acetylglucosaminetransferase I initiates the first branch of N-glycan that can be 

extended by fucose, galactose and sialic acid. This complex N-glycan can have more 

sugar residues than shown in the figure including additional residues in the core and 

additional branches. Benzyl-N-acetyl-α-galactosaminide (BGN) acts as an acceptor 

substrate for galactosyl- and sialyltransferases and therefore competes with 

endogenous glycoprotein substrates. The hybrid-type glycan is a combination of the 

high-mannose and complex type glycans (modified from Potter et al. 2006a and 

Stanley et al. 2009). 

The role of N-glycans as an apical targeting signal is still under debate. They were 

shown to mediate the apical sorting of some GPI-anchored proteins (Benting et al. 
1999, Pang et al. 2004). A recent study, however, claimed that glycan structures 

only have an indirect role in the apical sorting of GPI-anchored proteins (Catino 
et al. 2008). To date, two types of lectins, galactose-binding galectins (Delacour 
et al. 2005, Delacour et al. 2006) and high-mannose type glycans recognising 

VIP36 (vesicular integral membrane protein of 36 kDa) (Fiedler et al. 1994, Hara-

Kuge et al. 1999, Hara-Kuge et al. 2002), have been identified as potential sorting 

receptors. Galectin-3 was shown to participate in the apical sorting of non-raft-

dependent glycoproteins (Delacour et al. 2006, Delacour et al. 2007), whereas 

galectin-4 was suggested to play a role in the clustering of lipid rafts for apical 

transport (Delacour et al. 2005). It is also possible that N-glycans are required for 

the retention of glycoproteins in the apical membrane since certain carbohydrate 

residues of N-glycans have been found to have a role in apical membrane delivery 

and endocytosis. Deletion of N-glycosylation sites of the H+,K+-ATPase β-subunit 

impaired its apical sorting and enhanced apical endocytosis resulting in decreased 

apical content of the protein. Core region sugars were found to be more important 

for the apical sorting in the TGN and endosomes, whereas terminal sugars (such 

as α-galactose, fucose or N-acetylglucosamine) were essential for the apical 

stability of the H+,K+-ATPase β-subunit (Vagin et al. 2004). 

O-glycosylation 

O-linked glycans are also associated with apical sorting, although the underlying 

mechanism has remained unclear (Potter et al. 2006a). For example, deletion and 
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point mutations in the O-glycan rich stalk region of an apical neurotrophin 

receptor p75 resulted in basolateral sorting of the receptor. Also, a soluble form of 

the receptor was aberrantly secreted to the basolateral medium in the absence of 

the same region. Inhibition of N-glycosylation by tunicamycin treatment, however, 

did not disrupt the apical targeting of p75. It was, indeed, suggested that O-

glycans might be essential for the association of neurotrophin receptor p75 with 

lipid rafts but not acting as sorting signals per se (Yeaman et al. 1997, 

Monlauzeur et al. 1998, Breuza et al. 2002). Also, some pharmacological studies 

have been done to examine the role of O-glycans in apical targeting. The 

limitation to that approach, however, has been the absence of a selective inhibitor 

of O-glycosylation (Potter et al. 2006a).  

O-glycosylation has proven to be a more complicated process than N-

glycosylation. In general, sugar is attached to an amino acid containing a 

hydroxyl group i.e. Ser, Thr, tyrosine, hydroxyproline or hydroxylysine (Spiro 

2002). The most common and extensively studied form of O-linked glycosylation, 

known as the mucin-type, is characterised by an N-acetylgalactosamine (GalNAc) 

residue α-linked to the hydroxyl group of serine or threonine. Mucin O-glycans 

are often very heterogeneous. They can be both linear or branched and further 

modified by acetylation or sulfation. Mucins are extensively present on epithelial 

surfaces such as in the gastrointestinal, genitourinary and respiratory tracts. There 

are also several types of nonmucin O-glycans such as α-linked O-fucose, β-linked 

O-N-acetylglucosamine (GlcNAc) and α- or β-linked O-glucose glycans 

(Brockhausen et al. 2009). 

2.7.2 Glycosyl phosphatidyl inositol anchor 

There are a wide variety of glycosyl phospatidyl inositol (GPI)-anchored proteins 

and the only common feature found is their attachment to the outer leaflet of the 

plasma membrane via a post-translational lipid modification, the GPI-anchor. The 

GPI core structure consists of ethanolamine phosphate in an amide linkage to the 

carboxyl terminus of the protein, three mannoses, glucosamine and 

phosphatidylinositol (Manα1-2Manα1-6Manα1-4GlcNα1-6PI). The motif is 

conserved across all species studied so far. The variety of GPI-anchor with 

proteins arises from the differences in the lipid portion or from side-chain 

substitutions on the tetrasaccharide backbone (Chatterjee & Mayor 2001, 

Ferguson et al. 2009). 
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The GPI-moiety is synthesised mainly in the ER. The complete structure of 

the GPI-anchor is constructed prior to its attachment to the protein. The addition 

of the anchor to the GPI-anchor attachment site near the carboxyl-end of the 

protein involves the cleavage of the transmembrane domain of the precursor 

protein via a transamidation reaction. A GPI transamidase creates an amide 

linkage between the ethanolamine of the GPI moiety and the carboxyl group of 

the cleaved precursor protein (Mayor & Riezman 2004). The GPI anchor 

attachment site is the first of the three short side chain amino acids and is 

followed by five to ten polar amino acids and a hydrophobic signal sequence of 

15-20 amino acids (Ferguson et al. 2009). The initiation of the GPI-assembly 

occurs on the cytosolic side of the ER membrane, whereas the attachment of the 

anchor to the carboxyl end of the protein occurs in the ER lumen. A 

flippase/translocase might be needed in the process, but it has not yet been 

identified (Chatterjee & Mayor 2001). Recently, it was shown that fatty acid 

remodelling of the GPI-anchor is required for the proper association of the GPI-

anchored protein with lipid rafts. The GPI-moiety is synthesised from 

phosphatidylinositol containing an acylated inositol (usually palmitoylated) and 

an unsaturated fatty acid along with a saturated fatty acid chain. The inositol is 

deacylated in the ER and the unsaturated fatty acid chain replaced with the 

saturated one in the Golgi. GPI-anchored proteins found at the cell surface 

contain mainly two saturated fatty acid chains. It is suggested that GPI-anchored 

proteins containing unsaturated lipid moieties have a very weak association with 

lipid rafts (Maeda et al. 2007). 

An interesting finding was that the GPI-anchor is able to modulate the 

biological functions of the anchored protein. It was recently shown that changing 

the specificity signal sequence located within the GPI-anchor attachment signal 

results in the addition of a different functional GPI-anchor (Nicholson & Stanners 

2006, Nicholson & Stanners 2007). The ultimate function of the mature protein is 

altered since different GPI-anchored proteins exist in separate lipid rafts that 

contain specific signalling molecules (Nicholson & Stanners 2006). Apical and 

basolateral lipid rafts have been found to consist of the same lipid species but in 

different ratios (Tivodar et al. 2006). Therefore, different GPI-attachment signals 

can also modulate the apical targeting of the protein due to differences in the 

surrounding lipid microenvironment with distinct GPI-anchors (Paladino et al. 
2008). 

GPI-anchored proteins are not able to interact directly with cytosolic sorting 

machinery components that recognise the sorting signals in the protein. Therefore, 



48 

they must either interact with other transmembrane proteins that span the whole 

lipid bilayer or be sorted into vesicles by other mechanisms. The signal might lay 

in the lipid or glycan moieties of the GPI-anchor, the peptide backbone of the 

protein or in the glycans of the GPI-anchored glycoproteins (Mayor & Riezman 

2004). Role of the GPI-anchor as an apical targeting signal has been speculated 

over the years. In polarised Madin-Darby canine kidney (MDCK) cells, GPI-

anchored proteins are mainly found at the apical surface, whereas Fischer rat 

thyroid cells sort GPI-anchored proteins primarily to the basolateral membrane 

(Chatterjee & Mayor 2001). The indications that N-glycans are sufficient to target 

any protein (transmembrane or GPI-anchored) to the apical surface have 

challenged the apical targeting role of the GPI-anchor (Benting et al. 1999, Potter 
et al. 2006b). 

In addition to acting as a component of an apical targeting signal, at least in 

yeast cells, the GPI-anchor has been suggested to act as a sorting determinant of 

the biosynthetic pathway. The exit of GPI-anchored proteins from the ER occurs 

in separate vesicles from other secretory proteins, and therefore it was concluded 

that the sorting of GPI-anchored proteins is already initiated in the ER (Muniz et 
al. 2001). 

2.7.3 Associating proteins in apical sorting 

Polarised trafficking of proteins to apical and basolateral membranes requires 

proteins involved in fusion of vesicles with their target membranes. The protein 

family called SNAREs (soluble N-ethylmaleimide-sensitive factor attachment 

protein (SNAP) receptor) includes v-SNAREs associated with vesicular cargo and 

t-SNAREs that lie in target membranes. SNARE complexes mediate specific 

recognition and fusion of vesicles with the target membrane. Rab proteins are also 

involved in the process (Pocard et al. 2007). The t-SNAREs syntaxin3 and 

SNAP23 form a complex at the apical membrane interacting with the v-SNARE 

tetanus-neurotoxin-insensitive vesicle-associated membrane protein (TI-VAMP) 

(Galli et al. 1998). Syntaxin3 and TI-VAMP also associate with lipid rafts in post-

TGN apical carriers (Lafont et al. 1999). Recently it was shown that at least two 

distinct v-SNAREs regulate the trafficking of vesicles in both the direct and 

indirect routes of apical proteins. TI-VAMP is necessary for direct apical 

trafficking of both raft- and non-raft-associated GPI-anchored and transmembrane 

proteins. TI-VAMP is not involved in the apical transcytotic pathway, where 

VAMP8 instead has a crucial role (Pocard et al. 2007). VAMP8 is a v-SNARE 
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that is able to form complexes with both apical and basolateral t-SNAREs (Imai 
et al. 2003, Pombo et al. 2003, Wang et al. 2007). There are also other identified 

proteins regulating the trafficking of apical proteins. One example is the FAPP 

(phosphatidylinositol-4-phosphate adaptor protein) family of proteins that 

regulate the formation of vesicles at the TGN and their further trafficking to the 

plasma membrane (Godi et al. 2004). Both FAPP1 and FAPP2 localise mainly to 

the TGN (Godi et al. 2004, Vieira et al. 2005). FAPP2 is involved in the apical 

targeting of proteins and is not needed in basolateral targeting. The role of FAPP1 

is still unclear as knockdown of FAPP1 did not disrupt either the apical or 

basolateral targeting of proteins (Vieira et al. 2005). 

2.8 Carcinoembryonic antigen 

Carcinoembryonic antigen (CEA), also known as CEACAM5 (CEA-related cell 

adhesion molecule 5), is a highly glycosylated protein first described by Gold and 

Freedman in 1965 (Gold & Freedman 1965). Its expression commences during 

early fetal life (week 9–14) and continues thereafter at lower levels in the 

epithelial cells of colon, stomach, tongue, esophagus and cervix as well as sweat 

glands (reviewed in Hammarström 1999). In normal colonic mucosa CEA 

localises to the apical surface of cells (Ahnen et al. 1982, Baranov et al. 1994). In 

adenocarcinomas including lung, colon, rectum and breast, CEA expression is 

increased (Guadagni et al. 1997, Hammarström 1999, Goldstein & Peterson 

Mitchell 2005) and it is also found in the serum and feces of the patients 

(Fujimoto et al. 1979, Guadagni et al. 1997, Hammarström 1999). 

Overexpression increases CEA at the apical and basolateral membranes, in the 

cytoplasm as well as in the stroma (Ahnen et al. 1982, Ng et al. 1993, Baranov et 
al. 1994). Serum levels of CEA were found to be highest when tumour staining 

extended also to the basolateral and stromal region (Ng et al. 1993). Since the 

levels of CEA in serum and fecal samples vary a lot between patients (Fujimoto et 
al. 1979, Guadagni et al. 1997), it is not used as a diagnostic tumour marker in 

screening. Especially in the early stages of disease, CEA measurement is 

particularly insensitive. CEA is, however, widely used as a postoperative follow-

up marker protein especially after the treatment of colorectal cancer. High 

preoperative levels of CEA are associated with poor prognosis and metastasis 

(Goldstein & Peterson Mitchell 2005). In addition to cancer patients, smokers 

exhibit elevated levels of CEA compared to nonsmokers and ex-smokers 

(Alexander et al. 1976, Ohwada et al. 1995). Interestingly, within three months 
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after quitting of smoking, the elevated CEA levels of ex-smokers declined to the 

levels of nonsmokers (Alexander et al. 1976). Increased CEA expression is also 

associated with e.g. alcoholic cirrhosis, gastritis, inflammatory bowel disease and 

renal failure (Goldstein & Peterson Mitchell 2005 and references therein). 

2.8.1 The structure of carcinoembryonic antigen 

The human CEA family is comprised of 29 genes that are clustered in 

chromosome 19. Eighteen genes of the family are expressed; seven of those 

belong to the CEACAM subgroup and eleven to the pregnancy-specific 

glycoprotein subgroup (reviewed in Hammarström 1999 and Goldstein & 

Peterson Mitchell 2005). The polypeptide chain of CEA is about 74 kDa. CEA 

possesses 28 potential N-glycosylation sites (Fig. 7), and therefore the molecular 

weight of the mature CEA protein is about 180 kDa (Oikawa et al. 1987). The 

amino-terminal signal peptide (34 amino acids) (Beauchemin et al. 1987) is 

cleaved off after the transfer of the nascent polypeptide chain to the ER (Lodish et 
al. 2008). The extracellular region of CEA consists of seven domains, each of 

which has a sequence similarity to immunoglobulin (Ig) domains. Based on its 

amino acid sequence, CEA belongs to the Ig superfamily (Beauchemin et al. 1987) 

that contains about 20 related molecules including e.g. the major 

histocompatibility antigens (Goldstein & Peterson Mitchell 2005). CEA has two 

kinds of Ig-like domains (Fig. 7); amino-terminal 108 amino acids form a 

structure homologous to the Ig variable domain (N-domain) and the six remaining 

domains (A1B1, A2B2 and A3B3) of the peptide are homologous to the Ig 

constant domain (Beauchemin et al. 1987, Oikawa et al. 1987, Paxton et al. 1987, 

Bates et al. 1992, Hammarström 1999). CEA is attached to the apical membrane 

of epithelial cells via a GPI-anchor. The GPI-anchor is added post-translationally 

in the carboxy-terminus of the CEA protein in the ER. The carboxy-terminal GPI-

anchor signal sequence is cleaved during GPI-anchor attachment (Hefta et al. 
1988, Takami et al. 1988). CEA is found at least partly in lipid rafts at the cell 

surface, like GPI-anchored proteins in general (Delacour et al. 2005, Schmitter et 
al. 2007). 
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Fig. 7. Schematic representation of the CEA structure. CEA contains an amino-

terminal Ig variable-like domain (N-domain) and six Ig constant-like domains (A1-3, 

B1-3). SS denotes disulphide bonds inside the domains. CEA protein is linked via a 

GPI-anchor to the outer leaflet of the cell membrane. Potential N-glycosylation sites 

are also indicated in the structure. The sizes of domains are not in scale (modified 

from Hammarström 1999). 

2.8.2 Biological functions of carcinoembryonic antigen 

CEA and other members of the Ig superfamily are able to form both homo- and 

heterophilic interactions at the cell surface facilitating cell-cell adhesions 

(Benchimol et al. 1989). In the CEA molecule three different subregions in the 

N-domain are required for CEA-mediated intercellular adhesion (Taheri et al. 
2000). The N-domain of CEA binds predominantly with the A3B3-domains of an 

antiparallel CEA molecule on neighbouring cell surfaces (Zhou et al. 1993, Stern 
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et al. 2005). It is also suggested that CEA can form homophilic parallel 

interactions between CEA molecules on the surface of the same cell and further 

improve the antiparallel interaction of CEA proteins between neighbouring cells 

(Taheri et al. 2000, Taheri et al. 2003). 

When overexpressed, CEA is shown to inhibit cell polarity (Yan et al. 1993, 

Ilantzis et al. 2002) and differentiation (Eidelman et al. 1993) as well as anoikis 

(Ordonez et al. 2000). The ability of CEA to inhibit cellular differentiation is 

dependent on the functional specificity of the GPI anchor and adhesion properties 

of the N-domain (Eidelman et al. 1993, Screaton et al. 2000). Since CEA is found 

at the luminal surface of intestine, it has been suggested to participate in innate 

immune defence. CEA is indeed involved in the activation of regulatory CD8+ T 

cells in the intestine (Shao et al. 2006). There are indications that some pathogens 

(Neisseria gonorrhoeae, Neisseria meningitidis, Haemophilus influenzae and 

Escherichia coli and Salmonella strains) exploit CEA for adhesion and invasion 

into the host cells. There seems to be at least two distinct ways involved in the 

binding of microbes depending on cell types. Enterocytes discard the bound 

microbes via microvilli vesiculation into feces, whereas M cells deliver them to 

underlying lymphoid tissues (reviewed in Baranov & Hammarström 2004). CEA 

is also suggested to have a role in cell signaling associated with the production of 

metastases (Tibbetts et al. 1993, Thomas et al. 1995, Jessup et al. 2004, Arrieta et 
al. 2009). The most common site for colorectal cancer metastasis is liver and the 

majority of those metastatic tumours produce CEA. CEA is released from 

colorectal cells and endocytosed by Kupffer cells (specialised macrophages 

located in liver), where it can induce cytokine production (Gangopadhyay et al. 
1997). Pro-inflammatory interleukin-6 and anti-inflammatory interleukin-10 are 

both shown to be upregulated by CEA in nude mice (Edmiston et al. 1997, Jessup 
et al. 2004). Also, tumour necrosis factor-α levels are increased by the action of 

CEA (Edmiston et al. 1997). 

2.8.3 The regulation of CEA gene transcription 

The CEA promoter (1098 basepairs upstream of the start codon) lacks the 

classical TATA and CCAAT boxes, but contains purine-rich (G/C) regions that are 

typical for a number of housekeeping genes (Schrewe et al. 1990, Hauck & 

Stanners 1995). The CEA promoter (Fig. 8) also contains four known cis-acting 

positive regulatory elements (footprints 1-4, FP1-FP4) and one silencing region 

(FP5), which bind upstream stimulatory factor (USF, FP1) and Sp1/Sp1-like 



53 

factor (specificity protein 1, FP1, FP2 and FP3) (Chen et al. 1995, Hauck & 

Stanners 1995). The FP1 site also harbours a consensus binding site for the Myc 

oncogene (Hauck & Stanners 1995) termed the enhancer box (E-box) with the 

core sequence 5’-CACGTG-3’ (C=cytosine, A=adenine, G=guanine, T=thymine) 

(Berberich et al. 1992, Blackwell et al. 1993, Eisenman 2001). Through its 

putative E-box, the CEA promoter may bind several transcription factors such as 

USF, Myc/Max, Mad/Max and Mnt/Max complexes, which are known to 

contribute to cell proliferation, differentiation and survival (Qyang et al. 1999, 

Patel et al. 2004). Interestingly, the E-box has an identical sequence to the more 

recently identified hypoxia response element (5’-RCGTG-3’, R=A/G) that binds 

hypoxia-inducible factor-1 (HIF-1) (Semenza et al. 1996, Semenza 1999). Since 

there are various transcription factors binding to the same consensus sequence, it 

has been suggested that nucleotides flanking the CACGTG core sequence may 

significantly affect the selectivity of the factors binding to the E-box (reviewed in 

Corre & Galibert 2005).  

 

 

Fig. 8. CEA promoter and the transcription factors binding to the known regulatory 

elements. A) Schematic representation of regulatory elements in the CEA promoter. 

USF, myc and Sp1/Sp1-like factors have been shown to bind to the promoter (Chen et 

al. 1995, Hauck & Stanners 1995, Fernandez et al. 2003). HIF has a consensus binding 

region in the CEA promoter, but the direct binding of the transcription factor to the 

promoter has not been shown earlier (arrow, start codon). B) Regulatory elements of 

the CEA promoter, their sequences and positions in the promoter (Hauck & Stanners 

1995). 
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The oligo-A-containing 3’UTR (untranslated region) of the CEA gene has not 

been shown to have any specific role in the regulation of CEA gene expression, 

although sequence instability in the 3’UTR was found in colonic tumour tissue 

(Bordonaro & Augenlicht 1997). Micro-ribonucleic acids (miRNAs) are 

endogenously expressed, noncoding RNAs that are about 22 nucleotides in length. 

They bind to complementary regions of the target messenger RNA and repress its 

translation or regulate its degradation. Binding sites often reside in the 3’UTR of 

the target RNA (for a review, see Bartel 2004). Expression levels of miRNAs are 

altered in a variety of human tumours. MiRNAs are thought to be involved in 

cancer pathogenesis by regulating the genes of both tumour suppressors and 

oncogenes (Nelson & Weiss 2008). Although altered expression of some miRNAs 

is associated with breast and colorectal cancer, the correlation to CEA serum 

levels was not found in recent research (Slaby et al. 2007). However, there are 

eight potential miRNAs in Sanger’s miRNA target gene database (miRBase 

Targets, http://microrna.sanger.ac.uk, (Griffiths-Jones et al. 2006)) that have a 

predicted binding region in the CEA transcript. In general, only a handful of 

miRNA transcripts are fully described to date and therefore the role of miRNAs in 

the post-transcriptional regulation of CEA remains to be clarified. 

c-Myc 

Genes of the myc family participate in the genesis of many human tumours. In 

normal cells the expression of myc is usually induced by mitogens and suppressed 

by growth-inhibitory signals. Oncogenic activation of the myc gene occurs by 

genetic rearrangements such as gene amplification or translocation or by 

mutations in upstream stimulatory signaling pathways. Also, stabilisation of Myc 

protein has been reported in cancer tissue (Fernandez et al. 2003). 

Myc is a basic helix-loop-helix leucine zipper (bHLH-LZ) motif-containing 

protein, whose binding to DNA (deoxyribonucleic acid) requires 

heterodimerisation with Max protein. It is assumed that binding to Max enables 

the correct folding of the Myc protein (Adhikary & Eilers 2005). The function of 

Myc depends on its expression level and binding partners. At normal expression 

levels the Myc-Max heterodimer promotes apoptosis. During Myc overexpression 

cell proliferation and growth are induced, whereas terminal differentiation is 

inhibited (Grandori et al. 2000, Eisenman 2001, Wu et al. 2003). When 

interacting with Miz1 protein, Myc-Max represses transcription of the target gene. 

The Myc-Max heterodimer binds directly to a consensus E-box sequence, 
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whereas Miz1 can recruit Myc-Max to other promoter sequences that lack the E-

box (Adhikary & Eilers 2005). Max protein is able to dimerise also with other 

proteins e.g. Mad. In contrast to Myc-Max, Mad-Max heterodimers act as 

transcriptional repressors and favour terminal differentiation. The binding affinity 

of Myc-Max to a particular E-box is dependent on the flanking sequences and 

methylation status of the E-box and the presence or absence of other transcription 

factors binding to the same site (Grandori et al. 2000). The loss of Myc function 

has been associated with defects in cell growth and proliferation, and it is also 

assumed to impair the cellular response to environmental stimuli (Fernandez et al. 
2003 and references therein). CEA expression during tumourigenesis could be 

controlled by Myc, due to its over-expression in cancer cells (Finley et al. 1989, 

Berns et al. 1992, Melhem et al. 1992, Feitelson 2004). Similarly to CEA 

(Hammarström 1999), the myc family genes are broadly expressed during 

embryogenesis (Pfeifer-Ohlsson et al. 1985, Littlewood & Evan 1990, Grandori 
et al. 2000). The cellular myc gene (c-myc) is widely expressed in adult 

proliferative tissues and in embryos. Other members of the myc gene family 

include N- and L-myc that are restricted to embryonic cell lineages and are often 

overexpressed in tumours of embryonic origin (reviewed in Littlewood & Evan 

1990). V-myc is a viral oncogene closely related to the c-myc gene and is able to 

transform mammalian cells and stimulate cell proliferation (Lee & Reddy 1999 

and references therein). 

Hypoxia-inducible factors 

The main function of hypoxia-inducible factors (HIF) is to promote cellular 

adaptation to low oxygen concentrations through various mechanisms. The 

majority of these mechanisms promote cell survival in an altered environment. 

Solid tumours contain hypoxic areas that form due to inadequate blood supply. 

HIF-1 and HIF-2 mediate a common mechanism of oxygen sensing in cells. Both 

HIFs are heterodimers consisting of a constitutively expressed HIF-1β molecule, 

also known as aryl hydrocarbon receptor nuclear translocator, and the α-subunit 

stabilised with decreasing oxygen levels, HIF-1α or HIF-2α (Sowter et al. 2003, 

Greijer et al. 2005). HIFs are members of the basic helix-loop-helix PER Ahr and 

Sim (bHLH-PAS) family of transcription factors (Wang et al. 1995). Amino-

terminal domains of HIFα proteins are involved in dimerisation and DNA binding, 

whereas the carboxy-terminal domains are associated with stabilisation and 

transactivation regulation of the heterodimer. HIF-1α and HIF-2α contain two 
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transactivation domains whose main function is to recruit and interact with 

coactivators participating in the transcriptional activation of target genes. These 

domains are also subject to post-translational regulation mediated e.g. through 

hydroxylation, phosphorylation and acetylation. A third protein called HIF-3α 

shares a homology with other HIFα proteins. The major difference is that it 

contains only one transactivation domain. Contrary to other HIFα proteins, 

HIF-1α contains an oxygen-dependent degradation domain that allows the 

regulation of protein stability as a function of the oxygen concentration (reviewed 

in Semenza 1999 and Höpfl et al. 2004). HIF-1α is the major isoform required for 

induction of genes responding to hypoxia (Sowter et al. 2003). 

The formation of HIF heterodimer depends on the stability of its α-subunit. 

HIF-1α accumulates in the nucleus within 2 minutes of hypoxic or anoxic 

exposure. During reoxygenation HIF-1α is rapidly degraded within ~5 minutes 

(Jewell et al. 2001). Two proline residues in the HIF-1α oxygen-dependent 

degradation domain are hydroxylated in the presence of oxygen (Ivan et al. 2001, 

Jaakkola et al. 2001) resulting in the ubiquitination by von Hippel-Lindau tumour 

suppressor protein (pVHL) and proteosomal degradation of HIF-1α (Maxwell et 
al. 1999). 

HIF-1α levels are higher in embryos and tumours than in normal adult cells. 

The increased HIF-1α expression in tumour cells may result from both genetic 

changes and physiological induction (Semenza 1999). It is also possible that the 

expression level is not changed, but HIF-1α is stabilised in tumours. Loss or 

mutation of pVHL results in stabilisation of HIF-1α protein even under normoxic 

conditions and may lead to VHL hereditary cancer syndrome (Krieg et al. 2000, 

Höpfl et al. 2004). Also, the inhibition of proline hydroxylation by oncogenes 

results in the stabilisation of HIFs (Chan et al. 2002). The role of HIF-1 in cancer 

arises from the regulation of genes involved in carcinogenesis. One of the most 

studied HIF-1 target genes is vascular endothelial growth factor (VEGF), which is 

the most potent promoter of neoangiogenesis that is crucial for tumour 

development. Also, the enzymes involved in glycolysis as well as glucose 

transporters important for glucose uptake are upregulated by HIF-1. HIF-2α is 

also associated with carcinogenesis and is expressed in a variety of tumours, but 

primarily its expression is associated with stromal cells and with tumour-

associated macrophages (reviewed in Höpfl et al. 2004). HIF-3α has been 

suggested to act as a negative regulator of the HIF-pathway in the distal tubules of 

kidney since it lacks the domain important for the activation of the protein. HIF-
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3α may bind to HIF-1β and form a non-functional complex (Gu et al. 1998, Hara 
et al. 2001). 

Upstream stimulatory factor 

The upstream stimulatory factor (USF) transcription factor family is comprised of 

two factors, USF-1 and USF-2, that form homo- and heterodimers when binding 

to the target gene (Corre & Galibert 2005). The main species found in tissues and 

cells are USF1-USF2 heterodimers (Sirito et al. 1994, Sirito et al. 1998). Both 

USF-1 and USF-2 are members of a highly conserved bHLH-LZ protein family. 

Methylation of E-box nucleotides strongly inhibits USF-1 complex formation 

resulting in negative regulation of gene expression (Corre & Galibert 2005). In 

co-transfection studies USF was shown to activate the CEA gene promoter in 

colorectal cancer cells (Hauck & Stanners 1995). Many cancer cells, however, 

lack USF transcriptional activity (Ismail et al. 1999), even though they express 

USF at similar levels to non-tumourigenic cells (Choe et al. 2005). Usually USF 

acts as a growth inhibitor in cells (Qyang et al. 1999, reviewed in Corre & 

Galibert 2005) and USFs have been shown to activate tumour suppressor genes 

such as p53 (Reisman & Rotter 1993), which regulates transcription of the genes 

involved e.g. in DNA repair, cell-cycle arrest and apoptosis (reviewed in Vazquez 
et al. 2008). 

Sp1/Sp1-like factors 

Specificity protein 1 (Sp1) was one of the first transcription factors cloned and 

identified (Kadonaga et al. 1987). It contains three zinc-fingers in its carboxyl-

terminal DNA-binding region. Sp1 and Sp1-like factors are ubiquitously 

expressed in mammalian cells and bind to purine rich regions 

(5’-GGGGCGGGGC-3’) in a wide variety of genes. To date, seven proteins 

similar to Sp1 have been identified and comprise the Sp protein family. At least 

15 Krüppel-like factors are also characterised and categorised into the Sp protein 

family (Safe & Abdelrahim 2005 and references therein). Sp1 can form multimers 

that allow it to synergistically activate transcription with promoters that have two 

or more adjacent Sp-binding sites. The multimer also offers multiple binding sites 

for Sp interacting proteins (Mastrangelo et al. 1991, Li et al. 2004). Sp1 can 

interact with various nuclear factors, such as p53 (Dhar et al. 2006) and Myc 

(Kyo et al. 2000). Depending on interacting proteins, Sp proteins may act as 
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positive or negative regulators of gene expression (Safe & Abdelrahim 2005). 

Increased Sp1 expression levels are found in cancerous tissues such as breast 

carcinomas (Zannetti et al. 2000) and thyroid tumours (Chiefari et al. 2002) in 

addition to colorectal cancer (Hosoi et al. 2004). Increased expression of Sp1 in 

cancer is associated with upregulation of genes involved in tumour growth and 

metastasis e.g. VEGF (Safe & Abdelrahim 2005). Sp1 expression levels vary 

during the cell cycle and the transcription factor is involved in controlling the cell 

cycle in the G1 phase, thus balancing cell proliferation and differentiation 

processes (Grinstein et al. 2002). In electrophoretic mobility shift assays, Sp1 was 

shown to bind to CEA promoter FP2 and FP3 sites. Also, other Sp1-like factors 

were assumed to bind to the sites (Hauck & Stanners 1995). Studies of the GC-

rich consensus sequence have revealed that the substitution of cytosine to adenine 

(5’-GGGGAGGGGC-3’) or thymine (5’-GGGGTGGGGC-3’) in the middle of 

the sequence decreases binding of Sp1 3-fold and 6-fold compared to the 

consensus site, respectively (Letovsky & Dynan 1989). The CEA promoter 

contains guanine-rich consensus sequences with a central A-substitution (Fig. 8) 

(Hauck & Stanners 1995).  
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3 Aims of the study 

In solid tumours cells are exposed to an acidic extracellular milieu as a result of 

hypoxia, altered energy metabolism and slow waste removal. Cancer cells have 

also been shown to suffer from abnormal pH homeostasis. In the present study the 

specific features of cancer cells and the tumour microenvironment were examined 

more closely as a cause of the common phenotypic changes of cancer cells. More 

specifically this thesis focused on: 

1. Clarifying the role of pH homeostasis in the sorting and trafficking of 

proteins destined for lysosomes or for the cell surface in polarised cells.  

2. Studying the role of pH homeostasis and hypoxia in the activation of gene 

expression. 
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4 Materials and methods 

The materials and methods are described in more detail in original articles I-III. 

4.1 Cell lines and culturing (I-III) 

African green monkey kidney cells (COS-7), human breast cancer cells (MCF-7), 

human colorectal adenocarcinoma cell lines (CaCo-2, HT-29, SW-48) and Madin-

Darby canine kidney cells (MDCK) were all obtained from American Type 

Culture Collection (ATCC). Multidrug-resistant human breast cancer cells (MCF-

7/AdrR) were kindly gifted to us by Dr. Myles Cabot (Santa Monica, CA, USA). 

All cell lines were maintained in Dulbecco’s modified Eagle’s medium 

supplemented with Glutamax (Invitrogen), 10% fetal bovine serum (Promocell or 

HyClone) and penicillin-streptomycin (Sigma-Aldrich). Cells were cultivated at 

37°C in a 5% CO2 humidified atmosphere. To analyse the apical and basolateral 

distribution of proteins, stably transfected MDCK cells were grown on Transwell 

polycarbonate or polyester filters (0.4 µm pores, Corning) for 6 days before 

experiments.  

4.2 Antibodies (I-III) 

Polyclonal antibodies against cathepsin D (C-20) and HIF-1α (H-206) as well as 

the monoclonal antibody against c-myc (9E10) were purchased from Santa Cruz 

Biotechnology, Inc. The polyclonal antibody against cathepsin D used in 

immunoprecipitations was from Calbiochem. Monoclonal antibodies against 

GM130 (Golgi matrix protein 130 kDa) and GFP (green fluorescent protein) were 

from BD Biosciences. Monoclonal antibodies against MPR300 and HIF-1α 

(mgc3) and the polyclonal antibody against EEA-1 (early endosomal antigen 1) 

were from Affinity Bioreagents, and the monoclonal anti-HIF-1α (H1alpha67) 

antibody was purchased from Abcam. Monoclonal antibodies against human CEA 

(Col-1) and ZO-1 were obtained from Zymed Laboratories and the polyclonal 

anti-CEA antibody from DAKO A/S. Monoclonal antibodies against α-tubulin 

(clone B-5-1-2) and LAMP-2 (H4B4, lysosome-associated membrane protein-2) 

were from Sigma-Aldrich and the Developmental Studies Hybridoma Bank 

(University of Iowa), respectively. The monoclonal antibody against carbonic 

anhydrase IX (M75) was a kind gift from Dr. Silvia Pastorekova (Bratislava, 

Slovak Republic) and polyclonal antibodies against MPR300 from Dr. Thomas 
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Braulke (Hamburg, Germany) and Dr. Varpu Marjomäki (Jyväskylä, Finland). 

Horseradish peroxidase-conjugated goat anti-mouse and goat anti-rabbit IgGs 

purchased from P.A.R.I.S and donkey anti-goat IgG from Santa Cruz 

Biotechnology, Inc. were used as secondary antibodies in Western blotting. Alexa 

fluor 488- and Alexa fluor 546-conjugated goat anti-mouse, Alexa fluor 594- and 

Alexa fluor 488-conjugated goat anti-rabbit and Alexa fluor 488-conjugated 

donkey anti-goat secondary antibodies were from Molecular Probes. 

4.3 DNA constructs (II, III) 

cDNA of human CEA (a kind gift from Dr. Clifford P. Stanners) was subcloned in 

the pcDNA3 vector (Invitrogen). GPI anchor attachment was prevented by 

mutating the GPI anchor attachment site (Alanine 677) to a STOP codon 

(pcDNA3CEAwoGPI). Three N-domain CEA mutants (pcDNA3CEAK35A, 

pcDNA3CEAQ80A, pcDNA3CEAQ44R+I46V) were prepared following the 

article of Taheri et al. (Taheri et al. 2000). All the mutated plasmids were 

synthesised using the QuikChange site-directed mutagenesis kit (Stratagene) 

according to the manufacturer’s instructions. 

The minimal CEA promoter (nucleotides -424 to -2) driven enhanced green 

fluorescent protein (EGFP) expression vector was kindly provided to us by Dr 

Masahiko Yano (Osaka, Japan). The promoter contained all known positive 

regulatory elements (FP1-4, (Hauck & Stanners 1995)), but lacked the negative 

regulatory site (FP5, (Hauck & Stanners 1995)). Deletion mutants lacking each 

positive regulatory element were constructed by creating BglII restriction sites 

between the elements by PCR. The synthesised promoter inserts were digested 

with BglII and HindIII restriction enzymes, purified from agarose gel and ligated 

into the original EGFP-expression vector. The plasmid containing the mutated 

FP1 element was synthesised using the QuikChange site-directed mutagenesis kit. 

All plasmid constructs were sequence verified using the DYEnamic ET 

terminator sequencing premix kit (GE Healthcare) and ABI Prism 377 sequencer 

(Perkin Elmer). Primers used in syntheses of the constructs can be found in the 

original articles (II, III). 

4.4 Cell treatments (I-III) 

MCF-7 breast cancer cells were grown in various pH environments for 72 h (III). 

In cultured cells pHi is found to follow the pHe. Cells grown in a lowered (from 5% 
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to 2%) CO2 concentration raised their pHi, whereas changing the concentration of 

CO2 from 5% to 10% shifted the pHi to more acidic (Simon et al. 1994). 

According to Simon et al. 1% CO2 and 10% CO2 were used to acidify or 

alkalinise cell cytoplasm, respectively. Alternatively, 10% HCl (hydrochloric acid) 

and 1 M NaOH (sodium hydroxide) were used to adjust the culture medium to pH 

6.8 and 7.8, respectively. The pH of intracellular organelles was raised by treating 

the cells for 24 h with 10 mM ammonium chloride (NH4Cl) (I, II) or 50 ng/ml 

concanamycin A (CMA) (II). To achieve hypoxic conditions cells were grown 

under a continuous flow of 95% N2/5% CO2 for 24 h (III). The total blocking of 

apical trafficking was achieved by treating the polarised MDCK cells (II) for 24 h 

with 10 µg/ml brefeldin A. Glycosylation enzyme inhibitors were used to disrupt 

the glycosylation of proteins at specific sites (II). Polarised stably transfected 

MDCK cells were grown in normal cell culture conditions for 24 h with 5 µg/ml 

swainsonine (Calbiochem), 2 mM benzyl-N-acetyl-α-galactosaminide (Sigma-

Aldrich), 100 µg/ml deoxymannojirimycin (Calbiochem) or 5 µg/ml 

castanospermine (Calbiochem). 10 mM mannosamine (Sigma-Aldrich) was used 

to inhibit the synthesis of the GPI anchor in polarised, stably transfected MDCK 

cells (II). PI-specific phospholipase C (Sigma-Aldrich) that cleaves all GPI-

anchored proteins at the cell surface was used to separately collect apical and 

basolateral CEA from the cell membrane of polarised cells. MDCK/CEA and 

CaCo-2 cells grown in Transwell filters were treated with 100 mU/ml enzyme for 

1 h at 37°C (II). 

4.5 Cell transfections and selection of stable cell lines (II, III) 

MDCK (II) and MCF-7 (III) cells were grown 5 h or overnight in 35 mm plastic 

dishes before transfections with various CEA-promoter-EGFP constructs or CEA 

expression plasmids. For transfections 1-2 µg plasmid-DNA/dish and 5 µl 

FuGENE 6 or FuGENE HD (Roche Diagnostics) were used according to the 

manufacturer’s instructions. Transfected cells were selected with 0.5 mg/ml 

geneticin during the first two weeks (G418, Sigma-Aldrich) and maintained in the 

presence of 0.3 mg/ml geneticin for up to 3 months. Transient transfection of 

MCF-7 cells with myc and HIF-1α expression plasmids were performed as above 

without selection (III). 
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4.6 Metabolic labelling (I) 

Cells were starved for 30 min in cysteine/methionine free Dulbecco’s modified 

Eagle’s medium (Sigma-Aldrich) supplemented with 1% serum, glutamine and 

penicillin-streptomycin. Cells were metabolically labelled with 200 µCi/ml Pro-

Mix L-35S in vitro cell labelling mix (Amersham Biosciences) for 6 h to overnight. 

Labelled cells were chased in culture medium containing an excess of unlabelled 

cysteine and methionine. The chase was performed in the presence of mannose-6-

phosphate to prevent the endocytosis of secreted cathepsin D. 

4.7 Immunoprecipitation (I, II) 

Cathepsin D (I), MPR300 (I) and CEA (II) were collected from cell lysates and 

media with specific antibodies. For cathepsin D immunoprecipitation, cells were 

lysed in lysis buffer 1 (1% Nonidet P-40, 0.1% SDS, 10 mM Tris pH 7.5) and for 

MPR300 immunoprecipitation, lysis buffer 2 (1% Nonidet P-40, 150 mM NaCl, 

10 mM Tris pH 7.5) was used. Protein-G-sepharose was used to precipitate 

monoclonal anti-MPR300-ligand complexes and protein-A-sepharose for 

precipitations with polyclonal anti-CEA and anti-cathepsin D antibodies. After 

overnight immunoprecipitation, sepharose beads were washed with RIPA- (radio-

immunoprecipitation assay) buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton 

X-100, 0.5% deoxycholate, 0.1% SDS) and 10 mM Tris pH 7.5. Washing of 

MPR300 immunoprecipitates (I) was performed in RIPA buffer with an increased 

salt concentration (500 mM NaCl). Proteins were eluted with 2x SDS sample 

buffer (4% SDS, 20% glycerol, 125 mM Tris pH 6.8, 100 mM dithiotreitol, 

bromphenolblue) and boiled for 5 min at 95°C. Metabolically labelled samples 

were size separated by SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel 

electrophoresis). The gels were fixed with 30% methanol - 10% acetic acid 

solution and treated with EN3HANCE (NEN Life Science Products), dried and 

exposed to X-ray films. Unlabelled samples were analysed by SDS-PAGE and 

Western blotting with specific antibodies. For more detailed descriptions, see 

original articles I and II. 

4.8 Indirect immunofluorescence (I, II) 

For immunostainings cells were grown either on glass coverslips (I) or Transwell-

filters (II). Cells were fixed with 4% paraformaldehyde and unspecific binding of 
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antibodies was inhibited by blocking the cells with 1% bovine serum albumin in 

PBS (phosphate buffered saline). Cells were permeabilised with 0.1% saponin 

simultaneously with blocking. After the blocking the cells were either single or 

double stained with specific antibodies. Alexa fluor-conjugated secondary 

antibodies were used for visualisation, and cells were embedded with Shandon 

Immu-Mount (Thermo Scientific). Stained cells were examined and photographed 

using either an Olympus epifluorescence microscope and a CCD camera or 

Olympus Fluoview FV1000 confocal laser scanning microscope. 

4.9 Staining of acidic organelles (I) 

Cells were grown overnight in normal cell culture conditions. The cells were 

incubated for 5 min at 37°C/5%CO2 in culture medium containing 2 µM 

LysoSensor Yellow/Blue DND-160 (Molecular Probes), the fluorescent pH 

indicator that accumulates in acidic organelles. The washed cells were examined 

and photographed with an Olympus epifluorescence microscope, 60x water 

objective and a CCD camera. LysoSensor reagent exhibits a pH-dependent 

increase in fluorescence intensity upon acidification, with acidic organelles 

having yellow fluorescence and less acidic organelles having blue fluorescence. 

4.10 Collection of released cathepsin D from membrane-bound 

MPR300 (I) 

Breast cancer cells MCF-7 and MCF-7/AdrR were grown to confluence on plastic 

dishes and scraped into PBS. The cells were suspended in ice-cold buffer 

containing 50 mM Tris pH 7.4, 10 mM KCl, 1 mM MgCl2, 1 mM dithiothreitol 

and protease inhibitors. Suspensions were homogenised by a bent 18-G needle 

and a syringe. Sucrose was added to the homogenate for a final concentration of 

250 mM. After discarding cell debris and nuclei by centrifugation, membranes 

were collected from the supernatant by ultracentrifugation (100 000 x g, 1h, 4°C). 

The membrane pellet was resuspended in the above buffer containing 250 mM 

sucrose. Bound cathepsin D was released by washing the fractions with either 

pH 7.5 or pH 6 buffers. After short sonication, fractions were ultracentrifuged and 

cathepsin D was immunoprecipitated from supernatants. 
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4.11 Patient specimens (III) 

Tissue specimens from both normal colorectal mucosa and carcinoma were 

collected from 23 patients who underwent surgery for colorectal carcinoma. 

Control samples were collected from normal mucosa at least 5–10 cm away from 

the tumour. The part of the tissue specimen used for Western blotting was 

immediately frozen in liquid nitrogen. The rest of the specimen was formaldehyde 

fixed and paraffinised. 

4.12 Immunohistochemistry (II, III) 

Paraffin sections 5 µm thick were cut from the paraffin tissue blocks. Tissue 

sections were deparaffinised and rehydrated in xylene and a series of decreasing 

ethanol to water. After washing in PBS, sections were blocked with 3% bovine 

serum albumin in PBS. The sections were incubated with monoclonal anti-CEA 

antibody and horseradish peroxidise conjugated goat-anti-mouse antibody. The 

tissue sections were then incubated with diaminobenzimide substrate to identify 

bound antibodies (II). Alternatively, sections were incubated with polyclonal anti-

CEA antibody and monoclonal antibody against carbonic anhydrase IX, and 

thereafter with Alexa fluor-conjugated secondary antibodies (III). Stained 

specimens were embedded in Shandon Immu-Mount and examined using an 

Olympus epifluorescence microscope with appropriate filter settings. 

4.13 SDS-PAGE and Western blotting (I-III) 

Tissue specimens (100 mg) (III) were solubilised in ice-cold RIPA buffer using a 

mechanical tissue grinder and vortexing. After centrifugation cleared supernatants 

were mixed with equal volumes of 2x SDS sample buffer. Cells (I, II, III) were 

washed with PBS and lysed in 2x SDS sample buffer. Samples were heated for 

5 min at 95°C. Proteins were separated in 7.5%, 10% or 12.5% SDS-PAGE and 

transferred onto a Protran nitrocellulose membrane (Whatman GmbH). After 

blocking with 5% fat-free milk, blots were incubated with the indicated primary 

antibodies and horseradish peroxidase-conjugated secondary antibodies. The 

antibody-labelled proteins were detected using the enhanced chemiluminescence 

substrates on ECL Hyperfilm (both from GE Healthcare). When needed, protein 

levels were normalised against α-tubulin content. The specific protein bands were 
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quantified using PhosphorImager software (ImageQuant, version 5.2, Molecular 

Dynamics/GE Healthcare). 

4.14 Chromatin immunoprecipitation (III) 

Control and hypoxia-treated MCF-7 cells were fixed by adding formaldehyde to a 

final concentration of 1% to the culture medium. Washed cells were suspended in 

SDS lysis buffer (50 mM Tris pH 8.1, 1% SDS, 10 mM EDTA, protease 

inhibitors) and DNA was sheared by sonication to obtain 200-1000 basepair 

fragments. Cleared samples were diluted 10-fold in chromatin 

immunoprecipitation dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM 

EDTA, 16.7 mM Tris pH 8.1, 167 mM NaCl, protease inhibitors) and HIF-1α was 

immunoprecipitated with a specific antibody (H-206) and protein A/G agarose 

(Santa Cruz Biotechnology, Inc.). Protein-DNA complexes were eluted with 

1% SDS-100 mM NaHCO3 and crosslinks reversed by adding sodium chloride to 

200 mM and heating at 65ºC for 4 h. Proteins were digested by proteinase K at 

45ºC for 1 h. DNA was recovered by phenol/chloroform extraction and ethanol 

precipitation. The precipitate was resuspended in water and analysed by real-time 

PCR. For details see original article III. 

4.15 Quantitative real-time polymerase chain reaction (PCR) (III) 

Real-time PCR was performed using an Applied Biosystems 7500 Real-Time 

PCR System and Power SYBR Green PCR Master Mix (Applied Biosystems). A 

melt-curve analysis was used after PCR amplifications to ensure the synthesis of a 

single product. Primer pairs were specific for areas flanking the putative HIF-1 

binding site in the CEA promoter. A VEGF-specific primer pair was used as a 

control for efficient HIF-1 immunoprecipitation. The detailed protocol is 

described in original article III. 

4.16 Velocity sucrose gradient centrifugation (II) 

Stably transfected MDCK cells were grown to confluence (3 days) on 50 mm 

plastic dishes and treated or not with CMA for 24 h. Cells were washed and lysed 

with cold buffer containing 20 mM Tris pH 7.5, 100 mM NaCl, 0.4% SDS and 

0.2% Triton X-100. Lysates were sheared through a 26-G needle and nuclei were 

discarded by centrifugation. Cleared lysates were layered on the top of the 
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sucrose gradient (10–40%) and centrifuged 100 000 x g for 16 h at 4°C. Ten 

fractions were collected starting from the top of the gradient and proteins were 

precipitated by TCA and washed with acetone. The pellets were resuspended in 

2x SDS sample buffer and the CEA content in samples was analysed with SDS-

PAGE and Western blotting. 

4.17 Partition of detergent resistant and soluble fractions (II) 

Cold Triton X-100 was utilised to prepare crude extracts containing lipid rafts. 

Confluent, stably transfected MDCK cells grown on plastic dishes for 3 days 

were lysed in 1% Triton X-100 containing buffer (25 mM Tris pH 7.5, 150 mM 

NaCl, 5 mM EDTA, 1% Triton X-100) on ice. Triton X-soluble and insoluble 

fractions were separated by centrifugation and the pellet was lysed in 2x SDS 

sample buffer. Proteins in the Triton X-soluble fraction were precipitated by 10% 

trichloroacetic acid (TCA) and acetone. The pellets were solubilised in 2x SDS 

sample buffer and the CEA content in the fractions was analysed by SDS-PAGE 

and Western blotting. 

4.18 Statistical analyses (II, III) 

Student’s T-test and Mann-Whitney U-test were used for statistical analyses. 

P-values less than 0.05 were considered statistically significant. 

4.19 Ethical considerations (II, III) 

Tissue samples used in articles II and III were collected from patients undergoing 

a surgical operation for colorectal cancer. A written consent was obtained from 

each patient before operation and the use of patient samples for research purposes 

was accepted by the ethical committee of Jyväskylä Central Hospital. 
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5 Results 

5.1 Abnormal pH homeostasis induces the secretion of 

cathepsin D (I) 

Cancer cells are known to anomalously secrete lysosomal enzymes such as 

aspartyl proteinase cathD, which is associated with the invasion and metastasis of 

cancer cells. In solid tumours cells suffer from hypoxia, malnutrition and an 

aberrant pH gradient between organelles and the cytosol. The role of the 

intracellular pH gradient in the sorting and trafficking of cathD was studied in 

breast cancer cells naturally able or not to acidify their intracellular organelles. 

5.1.1 Acidification defect found in MCF-7 and CaCo-2 cells (I) 

The ability of different cancer cell lines to acidify their intracellular organelles 

was estimated by using LysoSensor Yellow/Blue dye. The dye accumulates in 

acidic organelles and emits yellow or blue light depending on the acidity of the 

organelle. MCF-7 breast cancer cells and CaCo-2 colorectal cancer cells were 

found to contain a significantly smaller amount of acidic organelles than the other 

cell lines examined (COS-7, MCF-7/AdrR, HT-29, SW-48) (Fig. 1, I). Previously 

it has been shown that MCF-7 cells are unable to acidify their organelles 

(Schindler et al. 1996, Altan et al. 1998) and CaCo-2 cells were now found to 

possess a similar defect. 

5.1.2 pH-dependent processing and secretion of cathepsin D (I) 

CathD is synthesised as a 52-kDa proenzyme and further processed to an 

intermediate enzyme (44 kDa) in the ER. The final maturation into the two-chain 

catalytic enzyme (30 kDa + 14 kDa) occurs in lysosomes. The pH dependence of 

the process was studied by metabolic labelling followed by 12 h and 24 h chase in 

the presence or the absence of ammonium chloride, a weak base known to raise 

organelle pH via protonation (Ohkuma & Poole 1978, Poole & Ohkuma 1981). 

CathD content was analysed from cell lysates and media by immunoprecipitation 

and autoradiography. In normal conditions mature cathD (30 kDa) was the major 

form found in all the cell lines except the acidification-defective MCF-7 and 

CaCo-2 cells. The main form collected from the secretions was procathD 
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(52 kDa). The highest secretion levels were found in acidification-defective 

MCF-7 and CaCo-2 cells (44.1% and 22.3% of total/12 h), while in acidification-

competent cell lines (COS-7, MCF-7/AdrR, HT-29, SW-48) secretion levels 

varied between 8.5% and 14.5% (Fig. 2A and Table I, in the article I). 

Neutralisation of acidic organelles with ammonium chloride increased the 

secretion of procathD in COS-7 cells over 4-fold, whereas in MCF-7 and CaCo-2 

cells the neutralisation did not have an effect on the secretion of the proenzyme 

(Fig. 2B, I). In addition, ammonium chloride delayed the processing of cathD 

since the amount of the immature enzyme (intracellular 52 kDa and 44 kDa) was 

increased about 2-fold in four out of six cell lines examined. Secretion levels and 

processing of cathD after 24 h chase were similar to 12 h chase. Based on these 

results the processing and especially the aberrant secretion of cathD are strongly 

pH dependent.  

5.1.3 Defective acidification inhibits the release of cathepsin D from 

MPR300 (I) 

To assess the cellular amounts of MPR300, the receptor responsible for cathD 

sorting and trafficking, the MRP300 content was analysed in COS-7, MCF-7 and 

MCF-7/AdrR cell lines by Western blotting. All the cell lines were found to 

contain comparable quantities of the receptor (100%, 102% and 103% 

respectively) when normalised against α-tubulin expression in the cells (data not 

shown). To further assess the quantity and the localisation of the receptor, the 

above cell lines were immunostained with MPR300- and cathD-specific 

antibodies. In acidification competent COS-7 and MCF-7/AdrR cells, the receptor 

and the enzyme were found in distinct vesicular structures, whereas in 

acidification-defective MCF-7 cells the enzyme appeared to co-localise 

extensively with the receptor (Fig. 3, I) suggesting the existence of enzyme-

receptor complexes. To confirm this, MPR300 was immunoprecipitated from the 

metabolically labelled cells and co-precipitated cathD was quantified in the 

samples (Fig. 4AB, I). At near neutral pH (pH 7.5) immature cathD (52 kDa and 

44 kDa) was co-precipitated with MPR300 in COS-7 and MCF-7/AdrR cells in a 

ratio of 1:2 (enzyme:receptor), whereas the enzyme:receptor ratio in MCF-7 cells 

was roughly 7-fold higher (3.5:1). To test whether the co-precipitation of cathD 

was pH-dependent, MPR300 immunoprecipitation was performed in slightly 

acidic pH (pH 6). The amount of the immunoprecipitated receptor was unaltered, 
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while the co-precipitation of cathD in MCF-7 cells decreased to levels equal to 

those of the other cell lines examined (enzyme:receptor 1:2).  

The pH dependence of the dissociation of the enzyme from its receptor was 

confirmed by washing the microsomal membrane fractions with near neutral 

(pH 7.5) and slightly acidic (pH 6) buffers. The optimum pH for the binding of 

M6P-ligand to MPR300 was previously shown to be pH 6.4–6.5 and pH 6.9–7, 

while dissociation requires more acidic conditions (Marron-Terada et al. 2000, 

Dahms & Hancock 2002). Immunoprecipitation of cathD revealed that the 

enzyme was released in pH 6 buffer only from the membranes of MCF-7 cells 

(Fig. 4C, I). No enzyme was released from acidification competent MCF-7/AdrR 

cells in neither pH 7.5 nor pH 6 buffers. These results clearly indicate the strong 

pH dependence of ligand-receptor dissociation. 

5.1.4 MPR300-cathD complexes accumulate in late endosomes 
and/or lysosomes in MCF-7 cells (I) 

To identify the structures where MPR300 and cathD co-localise, MCF-7 and 

MCF-7/AdrR cells were double-stained with MPR300 and different organelle 

marker specific antibodies. In acidification-competent MCF-7/AdrR cells, 

MPR300 was co-localised with the cis-Golgi marker GM130, whereas in 

acidification-defective MCF-7 cells MPR300 co-localised most extensively with 

late endosome/lysosome marker LAMP-2 (Fig. 5, I). To study the pH dependence 

of the receptor localisation, acidic organelles were neutralised in both cell lines 

with ammonium chloride prior to double-staining with the receptor and LAMP-2-

specific antibodies. In MCF-7/AdrR cells the receptor was distributed in LAMP-2 

specific organelles like in MCF-7 cells in normal conditions (Fig. 6, I). Disruption 

of the pH gradient did not change the localisation of MPR300 in MCF-7 cells. 

After the removal of ammonium chloride, MPR300 was recovered in the Golgi in 

MCF-7/AdrR cells confirming the pH dependence of the receptor localisation. 

5.2 Disruption of organelle pH gradient results in mistargeting of 
CEA (II) 

In normal epithelial cells CEA is primarily localised at the apical surface of a 

polarised cell. On the contrary in cancer tissues CEA is found over the entire 

surface of the cell and also intracellularly, and it is released in plasma and feces 

(Nakane & Watanabe 1984, Ng et al. 1993, Baranov et al. 1994). The cause of 
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mislocalisation is not known so far. We studied the localisation of CEA in two cell 

lines, CaCo-2 and MDCK, which are commonly used in polarity studies. We also 

examined whether the known pH abnormalities in cancer cells have an effect on 

CEA localisation. 

5.2.1 Apical targeting of CEA in CaCo-2 and MDCK cells (II) 

CaCo-2 colorectal cancer cells express CEA endogenously. Western blot analysis 

revealed that in control conditions only about 50% of CEA at the surface of 

polarised CaCo-2 cells was released from the apical membrane with PI-specific 

phospholipase C (Fig. 1B, II). The existence of CEA at the basolateral surface 

was also evident in immunofluorescence images (Fig. 1A, II), where CEA was 

localised both above and below the tight junction marker ZO-1 (zonula 

occludens-1). In colorectal tissue samples the difference in CEA localisation is 

evident. In a normal tissue sample CEA is exclusively found at the luminal 

surface, whereas in a carcinoma sample CEA localises over the entire surface of 

the cells (Fig. 1C, II). MDCK cells are widely used in polarity studies because of 

their ability to polarise and differentiate in normal cell culture conditions 

(Balcarova-Ständer et al. 1984, Zegers et al. 2003). Plasmid encoding human 

CEA was stably transfected into MDCK cells (MDCK/CEA). In normal cell 

culture conditions CEA was mainly (90%) collected from the apical surface of 

polarised MDCK/CEA cells and clearly localised primarily above the tight 

junctions (Fig. 2, II). Based on these results MDCK/CEA cells provide a suitable 

model for the study of factors affecting the polarised localisation of CEA protein. 

To confirm that basolateral CEA was released with PI-specific 

phospholipase C as effectively as apical CEA, polarised MDCK/CEA cells were 

treated with Brefeldin A, which blocks the apical targeting of proteins but has no 

effect on basolateral trafficking (Low et al. 1992, Marzolo et al. 1997). Brefeldin 

A treatment resulted in primary basolateral targeting of CEA as only 10% of CEA 

was collected from the apical surface of MDCK/CEA cells (Fig. 2B, II). Thus, 

this method is feasible to detect CEA at both cell surfaces with sufficient 

sensitivity. 

5.2.2 N-glycans do not determine the apical sorting of CEA (II) 

Glycan structures are shown in many proteins to participate in polarised sorting 

(Benting et al. 1999, Pang et al. 2004). CEA is a highly N-glycosylated protein, 



73 

and therefore we first examined if N-glycans were directing CEA protein into the 

apical membrane. Various glycosylation inhibitors were used, but none of them 

disrupted the apical targeting of CEA (Fig. 3, II). Although the CEA protein 

synthesised prior to inhibitor treatment was visible in low amounts (~180 kDa), 

the smaller bands with immature glycans were clearly detectable and those were 

mainly (85–90%) collected from the apical surface. Total blocking of N-

glycosylation with tunicamycin resulted in the loss of CEA protein (data not 

shown) suggesting the inhibition of folding in the absence of glycans and further 

degradation of the newly synthesised protein (Molinari 2007). These results 

clearly indicate that N-glycan processing is not required for apical targeting of 

CEA. 

5.2.3 GPI-anchor is not essential for polarised trafficking of CEA (II) 

GPI-anchored proteins are mainly found at the apical membrane of polarised cells 

(Lisanti et al. 1988, Lisanti et al. 1989). To examine whether the GPI-anchor 

itself acts as an apical targeting signal of CEA, we constructed CEA without a 

GPI-anchor (CEAwoGPI). The mutant lacked the attachment site (Alanine677) and 

the following 26 amino acids including the signal sequence for GPI-anchor 

attachment (Hefta et al. 1988, Nicholson & Stanners 2007). CEAwoGPI was 

properly synthesised and secreted mainly (85%) into the apical medium of 

polarised, stably transfected MDCK cells (Fig. 4, II). There was only a trace of 

CEA inside the cells and the majority (95%) of the protein was secreted without 

the GPI-anchor (data not shown). These results clearly indicate that the apical 

targeting of CEA is not dependent on its GPI-anchor.  

Mannosamine (2-amino-2-deoxy-D-mannose) generally blocks GPI-anchor 

synthesis by inhibiting the formation of α1,2-mannose linkages (Lisanti et al. 
1991). The treatment of polarised MDCK/CEAwoGPI cells with mannosamine 

increased the basolateral secretion of CEAwoGPI by 15%, suggesting (Fig. 4, II) 

that CEA may rely at least to some extent on other GPI-anchored proteins for its 

apical targeting. 

5.2.4 N-domain subregions of CEA required for intercellular 

adhesion are not necessary for apical targeting of CEA (II) 

The role of CEA as an adhesion protein has been widely studied. The N-terminal 

domain (N-domain) of the protein (fig. 7, p. 51) is crucial for the intercellular 
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interactions of CEA (Eidelman et al. 1993, Zhou et al. 1993). It was also 

hypothesised that lateral interactions of CEA on the surface of the same cell 

would participate in adhesion by clustering the proteins and improving the 

binding between the cells. Clustering might also be a part of the dedifferentiation 

process associated with CEA (Eidelman et al. 1993, Taheri et al. 2000, Taheri et 
al. 2003). Recently three subregions of the N-domain were identified as necessary 

for the interactions of CEA protein at the cell surface (Taheri et al. 2000). We 

prepared those three CEA N-domain subregion mutants according to the article of 

Taheri and coworkers (Taheri et al. 2000) and followed the protein localisation in 

polarised, stably transfected MDCK cells. We found that all the three variants of 

CEA protein with a mutated N-domain were as effectively targeted to the apical 

membrane of the cells as the wild type CEA (Fig. 5, II). This clearly indicates that 

the N-domain subregions necessary for CEA interactions at the surface of cells 

are not important for apical targeting of CEA protein. 

5.2.5 Neutralisation of acidic organelles reduces apical targeting of 
CEA (II) 

The proper sorting and trafficking of proteins requires the strictly regulated pH 

gradient between organelles of the biosynthetic pathway; from the ER to Golgi 

and endosomes (Caplan et al. 1987, Paroutis et al. 2004). Inhibition of vacuolar 

H+-ATPase with CMA results in neutralisation of acidic organelles (e.g. Golgi and 

endosomes) and dissipation of the pH gradient between organelles and cytosol 

(Dröse & Altendorf 1997). Polarised MDCK/CEA cells treated with CMA fail in 

the apical targeting of CEA and the protein is found in increasing amounts at the 

basolateral surface of the cells (increase from 10% to 30%, Fig. 6B, II). The 

partial mislocalisation is also evident in immunofluorescence images of 

CMA-treated cells (Fig. 6A, II). When cells were treated with ammonium 

chloride, increased targeting of CEA to the basolateral surface was also detected 

(increase from 10% to 17%), but not as widely as in CMA-treated cells (Fig. 6AB, 

II). In CaCo-2 cells NH4Cl and CMA treatment increased CEA at the basolateral 

membrane by 13% and 28%, respectively (Fig. 7B, II). Inhibition of vacuolar H+-

ATPase by CMA virtually blocked the apical targeting of CEA in CaCo-2 cells, 

since after the CMA treatment 75% of CEA was collected from the basolateral 

surface. CMA treatment did not, however, disrupt the polarisation of the cells as 

assessed by the presence of tight junctions (Fig. 7A, II). Based on these results it 

is evident that organelle acidity is required for the apical targeting of CEA. 
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5.2.6 Perturbation of the pH gradient increases CEA in the detergent 
soluble fraction (II) 

GPI-anchored proteins are commonly known to associate with lipid rafts (Brown 

& Rose 1992, Sharma et al. 2004), and there are also indications that CEA 

associates with rafts (Delacour et al. 2005, Schmitter et al. 2007). The cholera 

toxin B subunit that binds to the lipid raft associating-glycolipid, ganglioside 

GM1, is used to visualise lipid rafts in cells (Harder et al. 1998). MDCK/CEA 

cells were immunostained with a CEA specific antibody and cholera toxin B 

subunit before fixing of the cells. CEA crosslinked with antibodies formed 

clusters adjoining cholera toxin B subunit confirming the localisation of CEA to 

lipid rafts at the cell surface (data not shown). Lipid rafts are insoluble in cold 

non-ionic detergents and can be isolated from cells and further purified by sucrose 

flotation gradient centrifugation (Simons & Ikonen 1997). Polarised MDCK/CEA 

and CaCo-2 cells were treated or not with ammonium chloride or CMA and the 

distribution of CEA between Triton X-100 soluble and insoluble fractions was 

analysed by Western blotting. Dissipation of the pH gradient increased the 

amount of CEA in Triton X-100 soluble fractions (Fig. 8, II) suggesting the 

diminished ability of CEA to associate with lipid rafts. Alternatively the formation 

of rafts could be disrupted with the used drugs.  

5.2.7 Lateral aggregation of CEA induces apical sorting (II) 

Recent studies of the apical sorting of GPI-anchored proteins have revealed that 

the GPI-anchor itself is not sufficient for the apical targeting of proteins (Marzolo 
et al. 1997, Benting et al. 1999, Pang et al. 2004). GPI-anchored proteins sorted 

to the apical surface form high molecular weight complexes, while the proteins 

heading to the basolateral surface remain as monomers (Paladino et al. 2004, 

Paladino et al. 2007). The complex formation may thus be a prerequisite for the 

apical targeting of CEA. To estimate the complex formation ability of CEA at 

normal and anomalous pH, we analysed the density of CEA protein by sucrose 

velocity gradient centrifugation (Fig. 9, II). As shown previously proteins that 

cluster into higher molecular weight complexes migrate to denser fractions than 

monomeric proteins (Paladino et al. 2004). In control MDCK/CEA and CaCo-2 

cells, the majority of CEA migrated to the middle part of the sucrose gradient 

(fraction 5). Interestingly, in CaCo-2 cells 9% of CEA was collected from the 

least dense fraction 1, indicating the existence of smaller molecular weight 
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protein complexes also in control conditions. In CMA-treated MDCK/CEA cells 

CEA peaked in the middle fractions 4 and 5. The largest increase (nearly twofold) 

of CEA protein in CMA-treated compared with control MDCK/CEA cells was 

seen in fraction 4. In control MDCK/CEA cells 18% of the total CEA migrated to 

fraction 4, whereas in CMA-treated cells 32% of CEA was collected from the 

same fraction. In CaCo-2 cells the largest increase of CEA protein was found in 

the lighter fractions 1 and 4. In CMA-treated CaCo-2 cells 14% of CEA protein 

was collected from the topmost fraction and the CEA content in fraction 4 

increased twofold from 17% to 35%. In total CMA treatment increased CEA 

migration to lighter fractions 1–4 by 17% in MDCK/CEA cells and by 23% in 

CaCo-2 cells. Consistent with the findings, basolateral CEA was increased in 

MDCK/CEA cells by 20% and in CaCo-2 cells by 28% upon CMA treatment 

(Figs. 6 and 7, II). Based on these results it is suggested that pH perturbation 

interferes with the clustering and complex formation of CEA protein resulting in 

mistargeting of the protein to the basolateral surface.  

5.3 Microenvironmental factors and CEA expression (III) 

CEA was identified as a cancer associated protein already in 1965 (Gold & 

Freedman 1965). Its expression is increased in e.g. breast and colorectal cancer 

tissues (Hammarström 1999). However, the mechanism behind the 

overexpression of CEA is still unclear. Tumour hypoxia is associated with 

carcinogenesis and it is known to contribute to e.g. cell proliferation, energy 

metabolism and pH homeostasis (Höpfl et al. 2004, Rios et al. 2005, Shimoda et 
al. 2006). Tumour microenvironmental factors offer a new insight into elevated 

CEA protein levels in cancer. Thus, we studied the role of hypoxia and pH 

homeostasis in CEA expression. 

5.3.1 Hypoxia and abnormal pH homeostasis upregulate CEA 
expression (III) 

CEA protein levels in breast cancer cells (MCF-7, MCF-7/AdrR) and colorectal 

cancer cells (HT-29, CaCo-2) were analysed in normal cell culture conditions and 

hypoxia. Quantification of Western blots revealed that hypoxic conditions 

increased the CEA protein levels in MCF-7, HT-29 and CaCo-2 cells 1.5–2-fold. 

MCF-7/AdrR cells did not express CEA either in normal or hypoxic conditions 

(Fig. 1B, III). MCF-7 cells were chosen for further analyses since they expressed 
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CEA at moderate levels (Fig. 1AB, III). Exposing the breast cancer cells to a 

slightly alkaline (1% CO2, pHe 7.8) or acidic (10% CO2, pHe 6.8) environment 

increased or decreased CEA protein levels about 40%, respectively. In contrast to 

in vivo conditions, intracellular pH in cell culture has been shown to follow 

extracellular pH (Simon et al. 1994). Simultaneous exposure of the cells to both 

hypoxia and alkaline extracellular pH increased the CEA protein level about 1.5-

fold when compared to levels in hypoxic cells (Fig. 1D, III). Hence, a hypoxic 

and alkaline microenvironment synergistically increased the CEA protein level up 

to 3-fold in relation to normoxic control cells. Simultaneous glucose deprivation 

and hypoxia decreased the CEA protein level about 35% in relation to hypoxic 

cells (Fig. 1D, III). 

5.3.2 Hypoxia increases CEA-promoter driven EGFP expression in 
the presence of a conserved HIF-1 binding motif (III) 

To assess whether microenvironmental factors affected CEA expression at the 

transcriptional level, a CEA promoter construct was stably transfected into MCF-

7 cells. EGFP expression driven by a minimal CEA promoter was increased in 

hypoxic and alkaline growth conditions (Fig. 2, III) similarly to CEA protein 

expression (Fig. 1, III) suggesting that microenvironmental factors upregulated 

CEA expression at the transcriptional level. The minimal CEA promoter 

contained all four positive regulatory elements, FP1-4 (Hauck & Stanners 1995, 

Kaneko et al. 2001). To examine the transcriptional regulation more closely, each 

of the regulatory elements was deleted sequentially from the promoter and EGFP 

expression in stably transfected MCF-7 cells was compared between normoxic 

and hypoxic conditions (Fig. 3B, III). Western blot analysis revealed that the 

removal of the first three elements (FP2-4) did not markedly affect either the 

expression or the response to hypoxia. The removal of all four elements (FP1-4), 

however, resulted in total loss of the protein. Sequence comparison revealed that 

the FP1 element of the CEA promoter contained the conserved E-box (5’-

CACGTG-3’) (Berberich et al. 1992, Blackwell et al. 1993) that also harbours a 

hypoxia response element (5’-RCGTG-3’) (Semenza et al. 1996, Semenza 1999). 

To confirm that the FP1 element is responsible for the hypoxia responsiveness of 

the CEA promoter, a promoter construct with a mutated FP1 element was created 

and the promoter-driven EGFP expression analysed as above. Interestingly, 

despite normal expression of EGFP in transiently and stably transfected cells, the 

promoter totally lost its responsiveness to hypoxia (Fig. 3B, III) and similar EGFP 
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levels were detected both in normoxic and hypoxic cells. These results strongly 

suggest that hypoxia exerts its effects on CEA expression via the FP1 element. 

5.3.3 Overexpression of HIF-1α upregulates CEA expression (III) 

The E-box is a known binding site for myc protein (Blackwell et al. 1993, 

Grandori et al. 2000) and the HIF-1 dimer binds to the hypoxia response element 

(Semenza et al. 1996). To separately study the effects of transcription factors 

capable of binding to the FP1 element, MCF-7 cells were transiently transfected 

with myc- and HIF-1α expression plasmids and CEA protein levels were analysed 

in normoxic and hypoxic cells by Western blotting. In normal conditions 

overexpression of both myc and HIF-1α increased CEA protein levels 2- and 3-

fold, respectively (Fig. 4A, III). Co-transfection with both transcription factors 

did not increase the CEA protein level from that obtained with either of them 

alone. In cells grown under hypoxia myc overexpression did not increase CEA 

protein levels compared to hypoxic control cells (Fig. 4B, III), whereas HIF-1α 

overexpression increased the CEA protein level 2-fold compared with hypoxic 

nontransfected cells. Co-transfection with myc and HIF-1α increased CEA protein 

level to the same extent as HIF-1α overexpression alone. In previous studies c-

myc expression was shown to be increased in cancer cells (Finley et al. 1989, 

Melhem et al. 1992, Feitelson 2004). Myc expression levels were analysed by 

Western blotting to study whether the overexpression of Myc could explain 

diverse CEA expression levels in different cancer cell lines. No direct correlation 

was found, however, between Myc protein and CEA protein levels (Fig. 4C, III). 

Hypoxia also affected only HIF-1α protein levels but not c-myc levels as 

expected (Fig. 4D, III). These results indicate that HIF-1 rather than myc is 

responsible for the upregulated CEA expression in hypoxic cells.  

5.3.4 Hypoxia-induced HIF-1α binding to CEA promoter (III) 

To directly analyse if HIF-1 transcription factor binds to the CEA promoter, 

MCF-7 cells were grown in normoxic and hypoxic conditions and chromatin 

immunoprecipitation assay was performed with a HIF-1α-specific antibody. 

Immunoprecipitates were analysed by real-time PCR with CEA promoter-specific 

primer pairs. The results showed that in hypoxic cells the HIF-1α antibody gave 

about 2-fold precipitated CEA chromatin compared to normoxic cells. Two 

distinct CEA primer pairs gave similar results (primer pair no. 1, 1.9-fold and 
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primer pair no. 2, 2.4-fold). A VEGF-specific primer pair was used as a positive 

control. Based on PCR analysis from hypoxic cells, nearly 3-fold more VEGF 

gene-containing chromatin was precipitated with the HIF-1α-antibody than in 

normoxic cells (Fig. 5, III and Fig. 9). According to a melt-curve analysis only a 

single PCR product was obtained in each reaction (data not shown). 

Fig. 9. HIF-1α binding to the endogenous CEA promoter. Chromatin 

immunoprecipitation with a HIF-1α-specific antibody was analysed by real-time PCR. 

Two distinct CEA promoter-specific primer pairs were used to analyse the amount of 

precipitated CEA gene from normoxic and hypoxic MCF-7 cells. A VEGF-specific 

primer pair was used as a positive control. Normoxic values were set as 1 and the 

amount of precipitated chromatin in hypoxic conditions was compared to normoxic 

levels. The results are averages of three separate experiments. Lines in the columns 

indicate standard deviations. 

5.3.5 Increased CEA levels and co-localisation with hypoxia marker 

in colorectal cancer tissue (III) 

As a comparison CEA levels in colorectal tissue specimens were analysed by 

SDS-PAGE and Western blotting. The amount of CEA in a carcinoma specimen 

was compared with the amount in a normal specimen from the same patient. As 

shown before (Guadagni et al. 1997) CEA protein levels varied between patients 

and when compared with expression levels in normal specimens, the increase 

varied from one- to sixfold, the average increase being 2.4-fold (Fig. 1E, III). To 
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estimate whether CEA overexpression localises in hypoxic tissue, paraffin 

sections were double-stained with CEA- and carbonic anhydrase IX-specific 

antibodies using indirect immunofluorescence. Since HIF-1α protein levels 

decrease rapidly after reoxygenation (Jewell et al. 2001), we used carbonic 

anhydrase IX instead of HIF-1α to locate the areas of periodical hypoxia. 

Carbonic anhydrase IX is a known hypoxia marker that is expressed only in 

minor amounts in normoxic conditions. Its expression is upregulated by HIF-1α 

under hypoxic conditions in tumours (Wykoff et al. 2000). It has a long half-life 

and remains in cells even after reoxygenation (Rafajova et al. 2004, Russell et al. 
2009). In microscopic examination CEA and carbonic anhydrase IX were found 

to co-localise extensively in colorectal carcinoma tissue (Fig. 6, III). In normal 

tissue sections only CEA was detectable and localised strictly to the apical surface 

of epithelial cells (data not shown). These results altogether provide further 

support for CEA being a hypoxia-inducible protein. 
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6 Discussion 

Cells in solid tumours suffer from fluctuating conditions of hypoxia (Harris 2002), 

acidic extracellular space (Helmlinger et al. 2002) and absence of nutrients as 

well as a slow rate of metabolic waste removal (Gatenby & Gillies 2008). Many 

cancer cells are also shown to have anomalously neutral organelles that in normal 

cells are acidic (Altan et al. 1998, Rivinoja et al. 2006). This acidification defect 

results in the virtual absence of a pH gradient between separate organelles and the 

cytoplasm. In this thesis study the importance of the pH gradient for two routes in 

cells, the sorting of lysosomal enzyme cathepsin D and the polarised trafficking 

of carcinoembryonic antigen were examined more closely. Both sorting pathways 

were disrupted by the neutralisation of organelles. The processing of cathD was 

delayed and the secretion of procathD highly increased in the cells treated with 

pH dissipating drugs. Also, neutralisation of the acidic organelles of polarised 

cells increased abnormal basolateral trafficking of CEA. 

6.1 Acidic endosomal pH is necessary for normal targeting and 
processing of cathepsin D 

Aspartic protease cathepsin D is anomalously secreted in several cancers and it is 

known to stimulate tumour growth (Glondu et al. 2001, Berchem et al. 2002) as 

well as induce metastasis (Rochefort et al. 1990). In our studies defective 

acidification was found to be the primary cause of aberrant secretion of cathD in 

certain cancer cells. A pH gradient is required for proper sorting and trafficking of 

proteins in the biosynthetic pathway (Caplan et al. 1987, Paroutis et al. 2004). To 

reveal the role of pH in the targeting of a lysosomal enzyme, we studied the 

processing and secretion of cathD in acidification-defective and competent cell 

lines. Previously, the secretion of cathD was suggested to result from the absence 

of MPR300 or its inability to bind procathD in the Golgi (Byrd et al. 1999, Devi 
et al. 1999). However, in our studies the three cell lines tested contained 

equivalent amounts of MPR300 regardless of the acidification defect or 

competence (data not shown). MPR300 was also able to bind newly synthesised 

procathD as was evidenced by the presence of cathD-MPR300 complexes in 

acidification-defective MCF-7 cells (Figs. 3 and 4, in article I). Consistent with 

the earlier studies (Isidoro et al. 1997) the result also confirmed that the absence 

of sorting signal was not a cause of secretion. Our study clearly indicates that the 

secretion of procathD in acidification-defective cells is simply a pH-dependent 
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defect of receptor trafficking. The abnormally neutral pH of the TGN, endosomes 

and lysosomes results in the inability of newly synthesised cathD to dissociate 

from its receptor and as a consequence, the receptor is anomalously accumulated 

in endosomal/lysosomal compartments. The deficiency of receptors in the TGN 

results in the rerouting of immature cathD out of the cell. The fact that MCF-7 

cells nevertheless possess high amounts of mature cathD (Fig. 2, Table I, article I) 

is not in conflict with the suggested model, since cathD is shown to be transported 

to lysosomes also in an MPR300-independent manner (Canuel et al. 2008). 

Neutralisation of cellular organelles with ammonium chloride increased the 

secretion of procathD in other cell lines except MCF-7 and CaCo-2 cells, in 

which organelles were abnormally neutral already in control conditions (Figs. 1 

and 2, I). Ammonium chloride treatment, however, delayed the proteolytic 

processing of cathD also in these cells as seen by the increased amounts of pro- 

and intermediate cathD. In addition to disrupted trafficking to lysosomes, delayed 

processing may result from the inability of processing enzymes, cathepsins B and 

L (Wille et al. 2004, Laurent-Matha et al. 2006), to catalyse the reactions in 

aberrantly neutral pH (Kirschke et al. 1983). Extensive co-localisation of cathD 

with MPR300 in LAMP-2-positive organelles in MCF-7 cells and ammonium 

chloride-treated MCF-7/AdrR cells (Figs. 3, 5 and 6, I) indicates that the 

recycling of MPR300 to the TGN is a strongly pH-dependent process. As 

expected, in MCF-7 cells treatment with ammonium chloride or its removal did 

not have an effect on the receptor localisation since the endosomal compartments 

of MCF-7 cells were already neutral enough to prevent the dissociation of ligand 

from MPR300.  

Retromer is known to participate in the recycling of MPR300 from 

endosomes to the TGN. In the absence of one retromer subunit, MPR300 

accumulates in endosomes and its half-life is shortened (Arighi et al. 2004, 

Seaman 2004). Although not studied here, this might also apply to MCF-7 cells. 

In addition to inhibiting receptor recycling, a prolonged receptor-ligand complex 

formation might induce the degradation of complexes in lysosomes. It was 

recently shown that the mammalian Golgi-associated retrograde protein (GARP) 

complex also participates in the recycling of MPR300. In the study the depletion 

of one protein of the complex resulted in the accumulation of MPR300 in small 

vesicles and the increased secretion of cathD (Perez-Victoria et al. 2008). 

Whether the acidification defect in cancer cells disrupts the formation of GARP 

complex or retromer or results in the depletion of complex components remain to 

be clarified. Interestingly, the depletion of GGA2, one of the three GGA proteins 
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participating in MPR trafficking from the TGN to endosomes, increased the 

secretion of procathD despite the normal Golgi localisation of MPR300 (Hida et 
al. 2007, Mardones et al. 2007). This also supports our suggested model (Fig. 7, I) 

that in the absence of normal sorting pathway from the TGN to lysosomes, 

procathD is rerouted to the constitutive secretory pathway and leaks out of the 

cells. 

From randomly selected colorectal cancer cells, CaCo-2 similar to MCF-7 

breast cancer cells were proven to contain less acidic organelles than the other cell 

lines examined (Fig. 1, I). This demonstrates that the acidification defect may be 

more common in cancer cells than previously thought. These findings might also 

explain earlier observations that pH-dissipating drugs did not increase the 

secretion of cathD in some human metastatic breast cancer cells (Capony et al. 
1994). It is also well known that in solid tumours cells are exposed to acidic 

extracellular milieu (Gerweck & Seetharaman 1996, Stubbs et al. 2000) as well as 

hypoxia (Harris 2002). Both of these factors can cause the increase of 

intracellular pH in vivo resulting in a reversed pH gradient between cell 

membranes and organelles (Gerweck & Seetharaman 1996, Cardone et al. 2005, 

Rios et al. 2005).  

6.2 Acidic Golgi pH is necessary for apical targeting of 
carcinoembryonic antigen 

In cancer cells CEA is abnormally localised to both the apical and basolateral 

membranes (Nakane & Watanabe 1984, Ng et al. 1993, Baranov et al. 1994). 

CEA was found to be mistargeted to the basolateral surface in polarised CaCo-2 

cells. While stably transfected MDCK cells targeted only 10% of CEA to the 

basolateral membrane, in CaCo-2 cells about 50% of CEA collected from cell 

surfaces was basolateral (Figs. 1 and 2, II). Both cell lines were polarising 

properly as assessed by the presence of tight junctions in indirect 

immunofluorescence staining (Figs. 1 and 2, II) indicating that depolarisation did 

not cause the mistargeting of CEA in these cells. Neutralisation of organelles with 

ammonium chloride or CMA resulted in increased basolateral targeting of CEA 

both in MDCK and CaCo-2 cells (Figs. 6 and 7, II) indicating the pH dependence 

of apical targeting of CEA protein. 

Previous studies of our group and others have revealed that various cancer 

cells suffer from pH abnormalities (Stubbs et al. 1994, Schindler et al. 1996, 

Rivinoja et al. 2006). Cancer cells are also commonly associated with the 



84 

abnormal glycosylation pattern of proteins (reviewed in Dube & Bertozzi 2005) 

and elevated Golgi pH was recently shown to increase cancer-specific glycan 

structures in cells (Campbell et al. 2001, Kellokumpu et al. 2002, Rivinoja et al. 
2006). Since CEA may contain up to 28 N-glycans (Oikawa et al. 1987) the role 

of oligosaccharides in the apical targeting of CEA was examined using various 

drugs that inhibit glycan processing. None of the inhibitors, however, changed the 

apical/basolateral distribution of CEA in MDCK/CEA cells (Fig. 3, II). There are 

no indications to date of O-glycosylation of CEA. In fact, besides inhibiting α2,3-

sialylation of N-glycans, benzyl-N-acetyl-α-galactosaminide also blocks the 

elongation of O-glycans beyond the addition of the initial GalNAc residue (Potter 
et al. 2006a). Treatment of MDCK/CEA cells with benzyl-N-acetyl-α-

galactosaminide had, however, no effect on the apical targeting of CEA (Fig. 3, 

II). This is also in accordance with the previous results indicating that even the 

prolonged treatment (up to 14 days) with this drug had no effect on CEA 

localisation in CaCo-2 cells (Leteurtre et al. 2003). These results together with the 

recent finding that N- and O-glycans are not directly involved in the apical sorting 

of other GPI-anchored proteins (Catino et al. 2008) indicate that polarised sorting 

of CEA is not dependent on its glycan structures.  

Three subregions in the N-terminal domain of CEA required for CEA 

interactions on the surface of the cell (Taheri et al. 2000) were also found 

unnecessary for the apical targeting of CEA. Three N-domain mutants were 

targeted to the apical surface as effectively as the wild-type CEA (Fig. 5, II). 

From previously known general apical targeting signals, the GPI-anchor (Lisanti 
et al. 1989, Pang et al. 2004) was also found inessential for the apical targeting of 

CEA (Fig. 4, II). GPI-anchorless CEA was sorted to apical secretion as effectively 

as GPI-anchored CEA to the apical membrane (Figs. 2 and 4, II). GPI-anchored 

proteins in general associate with lipid rafts (Brown & Rose 1992, Chatterjee & 

Mayor 2001) and CEA is also found in rafts (Delacour et al. 2005, Schmitter et al. 
2007). Lipid rafts can be isolated from cells based on their detergent insolubility 

(Lingwood & Simons 2007). We found that Triton X-100 solubility of CEA 

increased during pH dissipation suggesting the diminished association of the 

protein with lipid rafts (Fig. 8, II). However, a known cholesterol binding and 

lipid raft associating protein, caveolin-1 (Murata et al. 1995, Scheiffele et al. 
1998), remained in Triton X-100 insoluble fractions in all conditions (data not 

shown) suggesting that lipid raft formation was not compromised. Also, in 

flotation gradient CEA was collected from the least dense fractions implying its 

localisation in lipid rafts (data not shown). Our results thus indicate that the 
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association with lipid rafts is not sufficient alone to ensure the apical targeting of 

CEA.  

It was recently shown that the apical targeting of lipid raft associated proteins 

requires the clustering of proteins in high molecular weight complexes (Paladino 
et al. 2004, Paladino et al. 2007). Therefore, the complex formation of CEA in 

normal and pH dissipated conditions was analysed by sucrose velocity gradient. 

The results showed that in CMA-treated cells, CEA was migrating in smaller 

molecular weight complexes than in control cells (Fig. 9, II). Interestingly in 

CaCo-2 cells 9% of CEA was collected from the least dense fraction already in 

control conditions indicating the existence of smaller molecular weight 

complexes or monomeric CEA molecules. This was also consistent with the 

finding that in CaCo-2 cells substantially more CEA was collected from the 

basolateral membrane than in MDCK/CEA cells (Figs. 1 and 2, II).  

Previous results from our group have shown that Golgi pH in CaCo-2 cells is 

as acidic as in normal cells (Rivinoja et al. 2006). This explains the finding that 

neutralisation increases the amount of basolateral CEA also in CaCo-2 cells 

despite the mislocalisation already in control conditions (Fig. 7, II). Contrary to 

MDCK cells (Hua et al. 2006, Paladino et al. 2006) two routes for apical 

targeting of proteins have been described in CaCo-2 cells, the direct and indirect 

route via the basolateral membrane (Le Bivic et al. 1990, Soole et al. 1995). 

Lysosensor stainings revealed that CaCo-2 cells contain markedly less acidic 

endosomes than control cells (Fig. 1, I). This could explain the increased 

basolateral CEA in control CaCo-2 cells since endosomes with near neutral pH 

may disrupt the transcytotic route from the basolateral to the apical membrane. In 

MDCK cells influenza M2 protein (a proton channel) has been shown to inhibit 

the transcytosis of IgA from the basolateral to apical membrane by elevating the 

pH of endosomes (Henkel et al. 1998) and the trafficking of apical 

transmembrane protein and apically secreted protein by raising the pH of TGN 

(Henkel et al. 2000). Based on these assumptions the increase of basolateral CEA 

in CMA-treated CaCo-2 cells would result from the neutralisation of the Golgi 

complex and diminished formation of lipid rafts and/or protein complex 

formation in them.  

Despite considerable effort the proteins clustering with CEA remain 

unidentified. Several different crosslinking chemicals were used without success. 

Probably the high sugar content of the CEA protein protects it from crosslinking. 

Also, whether CEA forms homo-dimers/-oligomers or clusters with other lipid 

raft constituents remains to be clarified. To date, there are no direct indications 
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that CEA would form either homo- or hetero-oligomers with other CEA family 

members. Only speculations based on structural studies (Bates et al. 1992) and 

the dimerisation of separate CEA domains (Krop-Watorek et al. 1998) support 

this view. Earlier studies have shown that CEA interacts with CEACAM1 (Stern 
et al. 2005) and CEACAM6 (Oikawa et al. 1991) in intercellular adhesion. 

CEACAM1 is an apical transmembrane protein, whereas CEACAM6 is an apical 

GPI-anchored protein like CEA (Hammarström 1999). Both CEACAM1 and 

CEACAM6 are shown to associate with lipid rafts (Schmitter et al. 2007). 

Attempts to co-precipitate molecules interacting with intracellular CEA were not 

successful.  

CMA treatment seemed to increase the overall amount of CEA on the surface 

of cells. Whether this results from the increased expression or decreased 

endocytosis of the protein remains to be clarified. However, the amount of 

intracellular CEA changed during CMA treatment in MDCK cells only slightly, 

but in CaCo-2 cells intracellular CEA increased about 12-fold (data not shown). 

Since in immunofluorescence images (Fig. 2, II) CEA localises clearly to the 

surface of polarised cells, it is assumed that the intracellular CEA not cleaved by 

PI-specific phospholipase C is actually in subapical endosomal compartments as a 

result of endocytosis (Hoekstra et al. 2004). As seen in Western blot results of 

glycosylation inhibitor treatments, some of the “old” CEA still exists after 24 h 

treatment. The extent of previously processed and targeted CEA in pH treated 

cells is not known at the moment. However, based on the glycosylation inhibition 

and Brefeldin A treatments the majority of CEA detected in Western blotting is 

synthesised during the treatments. 

Altogether these results strongly suggest the weak noncovalent interactions 

between proteins clustering in lipid rafts like previously implied with other 

proteins (Paladino et al. 2004). Complex formation might be mediated by other 

proteins or e.g. lectins. However, lectins bind to glycan structures in proteins and 

since glycosylation inhibitors did not affect CEA localisation (Fig. 4, II), lectins 

hardly have a crucial role in CEA clustering. Also, the previous finding that the 

adhesion properties of CEA are not dependent on its glycan structures but rather 

rely on its polypeptide backbone (Charbonneau & Stanners 1999, Krop-Watorek 
et al. 2002) support this view. The finding that GPI-anchorless CEA is secreted 

apically suggests that plausible interactions occur the between luminal domains of 

CEA. Based on our results the abnormal pH of the Golgi complex and endosomes 

in cancer cells (Schindler et al. 1996, Altan et al. 1998, Stubbs et al. 2000, 

Rivinoja et al. 2006) induces mistargeting of CEA. Whether mislocalisation of 
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CEA is sufficient to induce depolarisation of cells remains to be clarified. Our 

results, however, show that CEA mistargeting can occur also in properly polarised 

cells, challenging the previous results indicating the blocking of polarisation as a 

cause of increased expression and mislocalisation of CEA (Yan et al. 1993). 

6.3 Cancer-related microenvironment increases CEA expression 

Tumour cells generally suffer from the deficiency or total absence of oxygen. 

These hypoxic (or anoxic) conditions are known to contribute to a wide variety of 

cellular functions. These include e.g. angiogenesis, cell proliferation, changes in 

energy metabolism and cellular pH homeostasis as well as invasion and 

metastasis (Harris 2002). Increased CEA expression is associated with various 

cancers (Gold & Freedman 1965, Baranov et al. 1994, Guadagni et al. 1997), yet 

the cause of its overexpression is still not clear. We examined the potential role of 

hypoxia and elevated cytoplasmic pH in the overexpression of CEA. Twenty-four 

hour hypoxic treatment alone and concurrently with intracellular alkalinisation 

increased CEA expression in cancer cells about twofold (Fig. 1, III). The same 

factors also increased CEA promoter-driven EGFP expression implying 

upregulation at the transcriptional level (Fig. 2, III). Increase of CEA expression 

in cell culture conditions was similar to CEA expression levels in cancer tissue 

samples (Fig. 1E, III), where the expression levels varied from one- to sixfold 

when compared to normal tissue levels. Furthermore, in colon cancer tissue 

specimens CEA colocalised extensively with carbonic anhydrase IX, a known 

hypoxia-inducible protein (Fig. 6, III). In normal tissue specimens carbonic 

anhydrase IX was undetectable, while CEA was stained at the apical surfaces of 

polarised colon epithelial cells. These findings suggest that CEA expression is 

increased in hypoxic tissue areas also in vivo. 

In support of our findings that CEA is a hypoxia-inducible protein, it has been 

shown that tissue ischemia induces CEA gene transcription along with HIF-1α 

transcription within 10 minutes of induction (Spruessel et al. 2004). Sequence 

comparison revealed that the CEA promoter contained the conserved E-box and 

overlapping hypoxia response element where myc and HIF-1 transcription factors 

may bind. Transfection of Myc and HIF-1α increased CEA expression and 

cotransfection of both factors increased CEA expression only to the level of HIF-

1α transfection alone (Fig. 4, III). Hypoxia-induced expression of CEA was 

shown to require the hypoxia response element (or E-box) in the CEA promoter. 

Site-directed mutagenesis of the CEA promoter did not abolish the expression of 
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EGFP but rendered the promoter unresponsive to hypoxia (Fig. 3, III), 

emphasising the role of a consensus sequence region especially in hypoxia. 

Further, in chromatin immunoprecipitation studies HIF-1α was found to bind 

directly to the CEA gene (Fig. 5, III and Fig. 9) indicating the direct activation of 

the CEA gene by hypoxia. 

It is also possible that hypoxia exerts its effects in an indirect manner since 

alkaline pHi was found to slightly increase CEA expression both alone and in 

synergy with hypoxia (Fig. 1CD, III). Recently hypoxia and HIF-1 were shown to 

increase the expression and enhance the activation of the Na+/H+ exchanger (Rios 
et al. 2005, Shimoda et al. 2006) and carbonic anhydrase IX (Svastova et al. 2004) 

at the plasma membrane resulting in elevated intracellular pH. The exact 

mechanism of how alkaline pHe increases CEA expression and promoter activity 

remains to be clarified. Also, the mechanism by which acidic pH and glucose 

deprivation under hypoxia inhibit the expression is unclear (Figs. 1 and 2, III). 

However, the findings that glucose deprivation is downregulating HIF-1α in 

hypoxic cells (Kwon & Lee 2005, Vordermark et al. 2005) may explain the latter. 

Nevertheless, it should be noticed that hypoxia and alkaline pHi synergistically 

increased CEA protein expression and promoter activity in the cells (Figs. 1 and 2, 

III) and that HIF-1α protein alone was sufficient to increase CEA protein levels 

(Fig. 4, III). 

Previously, it has also been shown that hypoxia induces Ki-Ras mutations 

(Shahrzad et al. 2005) and mutated Ki-Ras increases CEA expression in cancer 

cells (Yan et al. 1997). It is, however, unlikely that this is relevant in 24 hour 

hypoxia. Interestingly also vacuolar H+-ATPase inhibitors, bafilomycin A1 and 

CMA, induce HIF-1α expression and inhibit its degradation (Lim et al. 2006). 

This could explain the increased CEA protein levels in CMA-treated CaCo-2 cells 

(article II). In MDCK cells the human CEA gene was under the control of the 

cytomegalovirus promoter and the protein level was only slightly increased, 

whereas in CaCo-2 cells the increase of expression in CMA-treated cells 

compared to control cells was 12-fold (data not shown). Although HIF-1 is 

claimed to be hardly active in normoxic conditions, the amount of bafilomycin 

A1-induced HIF-1 in some cases seemed to be enough to induce the expression of 

a target gene (Lim et al. 2006). 

The existence of several positive regulatory elements within the CEA 

promoter suggests complex regulation of CEA expression in various cell types. 

For example, it has been reported that the Sp1/Sp1-like transcription factors that 

bind to the FP2 and FP3 sites of the CEA promoter (Hauck & Stanners 1995) are 
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also responsive to hypoxia. These transcription factors cause either up- or 

downregulation of various gene products, depending on the target promoter and 

the duration of hypoxia (Cummins & Taylor 2005). We also noticed a small 

decrease in CEA promoter activity with constructs that lacked the known 

Sp1/Sp1-like transcription factor binding sites (Fig. 3, III). Therefore, we cannot 

exclude their contribution to the hypoxia-induced increase in CEA promoter 

activity. 

The hypoxia response element and overlapping E-box present in the CEA 

promoter and in many other genes as well can potentially bind other transcription 

factors such as USF, c-Myc/Max/Mad and HIF-1α, which all have similar DNA 

binding specificities and compete with each other for binding (Semenza et al. 
1996, Eisenman 2001, Mazure et al. 2002, Dang et al. 2008). Previous chromatin 

immunoprecipitation studies have shown that c-Myc binds directly to the CEA 

gene (Fernandez et al. 2003), consistent with our observations that Myc 

overexpression increased CEA protein expression in cancer cells (Fig. 4, III). 

Moreover, we observed that the stimulatory effects of Myc and HIF-1α were not 

cumulative, providing further support for the competitive binding of these two 

transcription factors to the CEA promoter. We also noticed that Myc increased 

CEA protein levels in normoxic conditions (Fig. 4, III), while having no effect in 

hypoxia. These results altogether suggest that HIF-1α is the main transcription 

factor that increases CEA protein expression and promoter activity during 

hypoxia, even in the presence of endogenous c-Myc (Fig. 4, III). Intriguingly, 

most of the cell fate determining properties of HIF-1, such as protection against 

apoptosis and depolarisation, are also shared by overexpressed CEA (Yan et al. 
1993, Ordonez et al. 2000, Harris 2002), suggesting that CEA may mediate at 

least some of the known stimulatory effects of HIF-1 on cell survival, invasion 

and metastasis. 

6.4 Altered pH homeostasis and hypoxia as causes of the 
phenotypic changes of cancer cells 

Tumours are commonly considered to result from the accumulation of random 

mutations in cells. There are, however, multiple changes in the cells and their 

surroundings before the fateful mutations. During the last decades, there has been 

increased interest on the factors causing the mutations and cancer phenotype (for 

reviews, see Hu & Polyak 2008 and Ingber 2008). This thesis study has 

concentrated on two factors commonly associated with tumours, altered pH 
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homeostasis of the cells and inadequate oxygen supply. During malignant growth, 

cells furthest from the blood vessel suffer from the lack of oxygen and nutrients 

as well as poor waste removal. These factors induce metabolic and genetic 

changes in the cells that either alter the microenvironment or change the 

behaviour of the cell (Gatenby & Gillies 2008, Hu & Polyak 2008). Chronic 

inflammation is predisposing to many cancers and inflammatory cells have been 

found in the cancer cell microenvironment (Mantovani et al. 2008). Hypoxia and 

pH alterations are commonly associated also with inflamed tissues (Lardner 2001, 

Schwartsburd 2003). Without underestimating the other factors of inflammation, 

the microenvironment of inflamed tissue seems to have a crucial role in 

tumourigenesis. Our studies elucidate the importance of hypoxia and pH 

homeostasis in a few selected characteristics of cancer cells. When investigating 

the origins of cancer, it is inadequate to confine the search exclusively either to 

genetic changes or physical alterations of cells or their surroundings, as it is now 

obvious that both factors affect each other. Our results are small pieces of a 

puzzle, which is getting clearer and yet becoming more complicated with every 

new piece. As it is known from stem and embryonic cells, the surrounding tissue 

affects the phenotype of a single cell (Lodish et al. 2008). Therefore, it could be 

possible even to reverse cancer development by affecting the microenvironment 

of cancer cells. At the moment, the general aim in cancer research is the targeted 

killing of cancer cells, yet the problem is to find the cells before they develop into 

malignant cells. It is interesting to see whether the altered microenvironment or 

pH homeostasis of cancer cells will help also with this hunt.  
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7 Conclusions 

Known pH abnormalities in cancer cells are associated here with a few previously 

documented phenotypical changes of cancer cells. In this study the secretion of 

the lysosomal enzyme cathepsin D was shown to be dependent on the pH of 

intracellular organelles. Neutralisation of organelles delayed the processing of 

cathD and increased the secretion of procathD in acidification-competent cells. 

Neutralisation was found to inhibit the dissociation of cathD from MPR300, the 

receptor responsible for the sorting and trafficking of lysosomal enzymes. 

MPR300 was accumulated in late endosomes and inhibition of the receptor 

recycling from endosomes to the TGN resulted in the leakage of newly 

synthesised procathD out of the cells. Also, another sorting pathway was found to 

be sensitive to pH. Apical sorting and/or trafficking of carcinoembryonic antigen 

was disrupted by the neutralisation of the organelles of polarised cells. The 

sorting of highly glycosylated GPI-anchored CEA protein was shown to be 

dependent neither on its GPI-anchor nor N-glycans, since the incompletely 

glycosylated CEA was found at the apical surface and the mutated CEA protein 

lacking the GPI-anchor was secreted primarily to the apical medium. Lateral 

aggregation of CEA protein with other lipid raft constituents was found to be 

important for the apical sorting of CEA. Neutralisation of acidic organelles was 

shown to interfere with clustering and complex formation of CEA protein, 

therefore disrupting the apical trafficking of the protein. The cancer-related 

microenvironment induces pH abnormalities in cancer cells. Hypoxia and alkaline 

pHi were found to upregulate CEA expression and transcription factor HIF-1 was 

shown to bind directly to the CEA promoter under hypoxic conditions.  

Although epithelial cancers might be caused by random mutations, there are 

many other ways to induce tumour formation. In the present study the abnormal 

features of cancer cells - hypoxia and pH homeostasis - were shown to have direct 

effects on cells and to be able to induce phenotypic changes in cells similar to 

cancer cells. Secretion of lysosomal enzymes, increased expression of CEA and 

nonpolarised localisation of CEA, phenomena characteristic to cancer cells, were 

all induced by cancer-related factors, thereby indicating the fundamental role of 

surrounding tissue and growth conditions in the behaviour of a single cell.  
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