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Abstract 

 

ErbB2 is one of the four members of the epidermal growth factor family of receptor tyrosine 

kinases, which mediate the activation of several signaling pathways that lead to cell 

proliferation, survival, differentiation and migration. ErbB2 is the only member of the family 

that does not have a known ligand, but it is the preferred dimerization partner of all the other 

members of the family. This receptor is overexpressed in up to 30% of all breast cancers and 

is resistant to down-regulation.  

ErbB2 is stabilized by the chaperone Hsp90 and this thesis confirms that the Hsp90 inhibitor 

17-AAG leads to ErbB2 internalization and degradation in MDA-MB-453 cells. The study 

also confirms that PMA-mediated activation of PKC induces ErbB2 internalization. However, 

unlike 17-AAG, PMA does not induce degradation of ErbB2. MDA-MB-453 cells were 

chosen because they have been reported to overexpress extracellular Hsp90 (eHsp90). Hsp90 

was originally believed to function only intracellularly, but recent data show that Hsp90 under 

conditions like stress, can be secreted. Hsp90 is secreted by a large number of cancer cells and 

eHsp90 has been shown to be involved in cancer invasiveness. It has also been suggested that 

eHsp90 is the reason why cancer cells are more vulnerable to Hsp90 inhibitors. One of the 

aims of this thesis was thus to initiate studies on how eHsp90 affects ErbB2 and how eHsp90 

can be targeted. Therapeutic antibodies that specifically target eHsp90 could lead to the 

development of future drugs that are less harmful to normal cells, and some experiments 

involving anti-Hsp90 antibodies were performed.  

ErbB2 is targeted by therapeutic antibodies like Herceptin (trastuzumab) and its derivative 

Kadcyla (trastuzumab emtansine).  The cytotoxic effect of Kadcyla depends on its 

internalization and degradation. This thesis shows, using Herceptin as a model, that both 17-

AAG and PMA induces internalization of the antibody, but as for ErbB2, only 17-AAG 

induces degradation. Finally, since eHsp90 has been shown to interact with the extracellular 

domain of ErbB2, it may affect the binding of therapeutic anti-ErbB2 antibodies. With the 

assumption that anti-Hsp90 antibodies can have a neutralizing effect, it was thus studied 

whether such antibodies affect binding of Herceptin. Under the conditions tested no clear 

effect was observed. This might, however, depend on antibody concentrations and overall the 

experiments in this thesis have made the fundament for further studies of eHsp90. 
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1 Introduction 

1.1 Background 

Receptor tyrosine kinase ErbB2, often referred to as HER2 (human epidermal growth factor 

receptor 2) in human cells, is a transmembrane protein that is overexpressed in up to 30% of 

all breast cancers (Weinberg, 2014), the most common form of cancer in women worldwide 

(Bray et al., 2018). The cause of the overexpression is often, but not always, the amplification 

of the relative gene. A higher number of copies of the gene is linked to a poor prognosis and 

higher recurrence probabilities (Weinberg, 2014). 

1.2 Receptor tyrosine kinases (RTKs) 

ErbB2 is part of the large enzyme-coupled transmembrane class of proteins known as receptor 

tyrosine kinases (RTKs). In most cases, RTKs dimerize upon ligand binding. The kinase 

domain in each two receptor proteins is thus activated, and reciprocally cross-phosphorylate 

the receptors on several tyrosine residues (Figure 1). This process, known as 

transautophosphorylation, increases the activity of the kinase domains and generates high-

affinity binding sites for particular domains on other signaling proteins. The proteins bound to 

the phosphotyrosine residues, which are involved in signal transduction inside the cell, 

become activated either through a conformational modification, phosphorylation, or merely 

by being placed in the proximity of their substrate (Alberts et al., 2008, pp. 922-924; Lemmon 

& Schlessinger, 2010). 

 

Figure 1. The diagram illustrates the dimerization of RTKs upon ligand binding followed by activation and cross- 

phosphorylation (based on Alberts et al., 2008) 
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1.3 The ErbB or epidermal growth factor receptor (EGFR) 

family 

At present, there is no known ligand for ErbB2, however, it can be activated through 

heterodimerization with the other members of the ErbB family, also known as the epidermal 

growth factor receptor (EGFR) family. 

The ErbB family is composed by the four RTKs EGFR (ErbB1 or HER1), ErbB2, ErbB3 

(HER3), and ErbB4 (HER4). Since ErbB2 does not appear to bind ligand, its 

heterodimerization depends on the initial binding of ligand to one of the other family 

members. Heterodimers with EGFR can form in the presence of any ligand of the EGF 

family, such as EGF, TGF-α, HB-EGF, amphiregulin, betacellulin, and epiregulin. 

Heterodimers with ErbB3 or ErbB4 can be induced by the binding of epigen and more than 15 

ligands derived from alternative splicing of neuregulin mRNA, such as heregulin (HRG), glial 

growth factor (GGF), and sensory and motor neuron-derived factor (SMDF).  

1.3.1 Structure and activation mechanism of the ErbB protein family 

The receptors of the ErbB family do all have a similar structure composed by an extracellular 

region, a transmembrane α-helix, and an intracellular region (Figure 2). The extracellular 

region is made up by four subdomains numbered I to IV. Domains I and III present binding 

sites for ligands, while domains II and IV are rich in cysteine residues that create disulfide 

bonds. Domain II also contains what is known as the dimerization arm which allows 

interaction with other ErbB molecules for dimerization. The intracellular portion is formed by 

a juxtamembrane (JM) portion, a kinase domain, and a C-terminal tail (Roskoski, 2014). 

 

Figure 2. General structure of an ErbB (based on Baselga & Swain, 2009; Roskoski, 2014). 
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When a ligand binds to one of the ErbBs, the extracellular region shifts from a closed 

conformation to an open one as a consequence of removal of a stabilizing β-hairpin-loop in 

domain II from a pocket in domain IV. The dimerization arm is then exposed. This allows the 

dimerization with another ErbB molecule in open conformation by interaction with the 

dimerization arm of the second receptor (Burgess et al., 2003; Roskoski, 2014; Wilson, 

Gilmore, Foley, Lemmon, & Riese, 2009). 

ErbB2 is an exception in the ErbB family as it does not shift between open and close 

conformations, but is constitutively found in the open conformation (Cho et al., 2003; Garrett 

et al., 2003). Probably due to this, ErbB2 is indeed the preferred companion for dimerization 

with other ErbBs  (Garrett et al., 2003; Graus-Porta, Beerli, Daly, & Hynes, 1997; Tzahar et 

al., 1996). 

ErbB3 has a weak kinase activity (Shi, Telesco, Liu, Radhakrishnan, & Lemmon, 2010), 

however, it can function as a substrate for the other receptors. Interestingly, when dimerized 

with the orphan ErbB2, the signal produced is the strongest among this family of RTKs 

(Pinkas-Kramarski et al., 1996).  

 

1.4 ErbB2 and heat shock protein 90 (Hsp90) 

When ErbB2 is in its monomeric state, it is normally bound through a loop of the N lobe of 

the kinase domain to the chaperone heat shock protein 90 (Hsp90) and the relative co-

chaperone Cdc37 (p50), which are thought to stabilize ErbB2 and limit its dimerization (Citri 

et al., 2004; Xu et al., 2001; Xu et al., 2005).  

Exposure to Hsp90 inhibitors such as geldanamycin (GA) or 17-AAG (also known as 

Tanespimycin) is thought to cause dissociation of Hsp90 from ErbB2. Hsp90 is then 

substituted by Hsp70. This further leads to recruitment of the ubiquitin ligases CHIP (C-

terminus of Hsc70-interaction protein) and/or Cullin-5, which induce ubiquitination, 

internalization and lysosomal degradation of ErbB2 (see below).  

Hsp90 interacts with several proteins, as it has many housekeeping functions in eukaryotic 

cells such as correct folding of proteins and their stabilization and regulation, and it is 

essential for cell survival. Co-chaperons confer specificity to client binding, and Cdc37 allows 
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binding to kinases in general (reviewed in Bertelsen & Stang, 2014; J. Li, Soroka, & Buchner, 

2012).  

Hsp90 forms homodimers that can shift between several conformations. In the open 

conformation, the two Hsp90 molecules often position themselves in a V shape. When ATP 

binds to the N-terminal domain, the first intermediate state (I1) is attained as a lid portion 

changes position. This induces further structural modifications that lead to dimerization of the 

N-domains and their binding to the middle domains (M-domains), thus attaining the closed 

conformation. In the second intermediate state (I2) ATP is hydrolyzed, leading to separation 

of the N-domains. The open conformation is attained again as ADP and Pi are removed. Co-

chaperons and client proteins bind to the M-domain of Hsp90. The binding of Cdc37 hinders 

the ATPase activity, and keeps dimer in open conformation (J. Li et al., 2012).  

Hsp90 was originally considered to function only intracellularly, but more recent studies have 

shown that it is found both in the cytoplasm and on the surface of the cells (Sidera, Gaitanou, 

Stellas, Matsas, & Patsavoudi, 2008). Hsp90 is secreted by normal cells in stress conditions 

and constitutively by certain cancer cells and is then referred to as extracellular Hsp90 

(eHsp90) (reviewed in Calderwood, 2018). eHsp90 interacts with the extracellular portion of 

ErbB2, and appears to be important for the formation of heterodimers with ErbB3 (Sidera & 

Patsavoudi, 2008). It is unknown to which domain of ErbB2 eHsp90 binds, but it has been 

suggested that its function is to stabilize the active (open) conformation of ErbB2 (reviewed 

in El Hamidieh, Grammatikakis, & Patsavoudi, 2012; Sidera & Patsavoudi, 2014) 

1.4.1 ErbB2 and Hsp90 are part of a larger protein complex 

Unlike EGFR, which is quickly internalized upon ligand binding, the ligandless ErbB2 

protein remains at the plasma membrane much longer, also after heterodimerization with 

EGFR or ErbB3, and as a consequence, it inhibits ligand-induced internalization of both 

(Hughes et al., 2009; Sak et al., 2013). ErbB2 is typically associated with plasma membrane 

protrusions and normally it is kept out of clathrin-coated pits (Hommelgaard, Lerdrup, & van 

Deurs, 2004).  

The stable localization of ErbB2 at the plasma membrane is made possible thanks to a 

complex including ErbB2, Hsp90, and flotillin proteins. It was shown that down-regulation of 

ErbB2 can be induced not only through Hsp90 inhibition, but also by reducing flotillin levels, 

especially flotillin-2, which leads to separation of ErbB2 and Hsp90 due to complex 
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disruption. Similarly, down-regulation of ErbB2 causes the dissociation of flotillins and 

Hsp90 (Pust et al., 2013).  

Another family of proteins known as ERM (ezrin, radixin and moesin), together with Ebp50 

(ERM binding protein 50) was also shown to form a complex with Hsp90, ErbB2 and ErbB3 

(and probably flotillin proteins) in cells derived from breast cancers. Without ERM proteins 

the complex disassembles and ErbB2 becomes ubiquitinated by c-Cbl and internalized. 

However, it seems that different cell types utilize different combinations of the members of 

ERM protein family. In some cases, the complex might be stabilized by the protein CD44, 

which can bind to hyaluronic acid (Asp, Kvalvaag, Sandvig, & Pust, 2016).  

Additionally, correct ErbB2 localization at the basolateral membrane in normal epithelial cells 

appears to be regulated by the ErbB2 interacting protein (ERBB2IP or ERBIN), which 

contains a PDZ domain that binds to the C-terminal domain of ErbB2 (Borg et al., 2000). 

 

1.5 Mechanisms of endocytosis 

Endocytosis is the process by which cells take up material from their environment that is 

larger than the small molecules that can be internalized through membrane channels and 

pumps. There exist several different types of endocytic mechanisms, but the most important 

distinction is between phagocytosis and pinocytosis. Phagocytosis is the uptake of material 

that is larger than 500 nm in vesicles known as phagosomes, and in animals it is carried out by 

specialized cells called phagocytes. Smaller material is instead normally engulfed in vesicles 

with a diameter smaller than 200 nm, and in this case the endocytic process is termed 

pinocytosis. 

The best characterized and a very common pinocytic mechanism is clathrin mediated 

endocytosis (CME), which takes place at specialized membrane areas known as clathrin-

coated pits and gives rise to clathrin-coated vesicles that quickly release the clathrin coat and 

fuse with early endosomes (reviewed in Robinson, 2015). 

A key element in the formation of clathrin-coated pits is the clathrin adaptor protein 2 (AP2) 

complex, which is also the first adaptor protein that was discovered. The α subunit of the 

complex has the ability to bind to PIP2 on the plasma membrane, but this association lasts 

only a very short time, unless the open conformation, induced by the additional interaction of 

its µ subunit with PIP2, is stabilized by the binding of a cargo and clathrin. The association 
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between AP2 and clathrin is self-reinforcing as it induces other molecules of both proteins to 

join the complex, as well as alternative adaptors like CALM or FCHo1/FCHo2 (reviewed in 

Robinson, 2015). 

The signals that trigger endocytosis of receptors are localized to their intracellular portion. 

This can be linear motifs, conformational amino acid arrays on the external surface of the 

protein, or covalent modifications. Linear motifs are short amino acid sequences such as the 

tyrosine based YXXØ and [FY]XNPX[YF] and the dileucine based [DE]XXXØ[LI], where X 

represents any amino acid, Ø an amino acid with a large hydrophobic side chain, and the 

letters in brackets represents the two possible amino acids for that position. The YXXØ and 

the [DE]XXXØ[LI] motifs are recognized by AP2 complex, while the [FY]XNPX[YF] is 

recognized by other adaptor proteins such as the ARH, Dab2 or Idol (reviewed in Traub & 

Bonifacino, 2013). 

The covalent modifications can be for example the phosphorylation of hydroxyl amino acids 

of G-protein-coupled receptors, recognized by β-arrestins 1 and 2, or the polyubiquitination 

on lysines, recognized by the adaptor proteins Eps15 (EGF receptor pathway substrate clone 

no. 15) and Epsins (Eps15-interaction proteins) 1 and 2, which possess ubiquitin-interacting 

motifs (UIM) (reviewed in Traub & Bonifacino, 2013). 

The binding of Epsin to the polyubiquitinated receptor causes an initial bend of the membrane 

due to interactions between the ENTH domain of Epsin and the phospholipid PIP2, which is 

concentrated in certain regions of the inner layer of the membrane. With the aid of the 

proteins AP180 and CALM, the clathrin triskelions are recruited. Thereafter, Epsin binds the 

AP2 complexes (directly or through the mediation of Eps15), and the triskelions start to 

polymerize, leading to the supplanting of Epsin and the formation of a clathrin coated pit. The 

pit then evolves towards a vesicle shape thanks to the recruitment of additional proteins such 

as endophilin, dynamin and Rab5. Once the vesicle is pinched off the plasma membrane 

through the assistance of dynamin, clathrin is removed with the assistance of other proteins 

among which auxilin and OCRL1 (reviewed in Mousavi, Malerød, Berg, & Kjeken, 2004; 

Traub & Bonifacino, 2013). 

Eps15 and Epsin function as ubiquitin binding adaptors also in clathrin-independent 

pinocytosis, making ubiquitination an internalization signal for different pathways (Sigismund 

et al., 2005). 
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Among the clathrin-independent pinocytosis pathways, the best characterized is endocytosis 

via caveolae. Caveolae are flask-shaped invaginations of the plasma membrane that form in 

specialized regions with a high concentration of cholesterol and glycosphingolipids, and 

which are characterized by the presence of integral proteins known as caveolins (reviewed in 

Doherty & McMahon, 2009; Sandvig, Torgersen, Raa, & van Deurs, 2008). This pathway is 

dynamin-dependent. EGFR was found inside caveolae, but it was shown that this does not 

lead to its internalization (Kazazic et al., 2006). Instead, the association is believed to hinder 

signaling, as caveolin1 can prevent its activation (reviewed in Doherty & McMahon, 2009).  

A morphologically similar type of endocytosis involves membrane microdomains that contain 

flotillins. Flotillins are thought to act in a similar manner due to their homology to caveolin1. 

Endocytosis is also possible without the aid of any of the above-mentioned proteins, in a 

cholesterol-dependent process that takes place at membrane microdomains. This process is 

used by cells for GPI-linked proteins that are internalized through clathrin-independent 

carriers (CLICS) that deliver them to GPI-AP-enriched early endosomal compartments 

(GEECs) (reviewed in Conte & Sigismund, 2016; Doherty & McMahon, 2009). 

A newly discovered dynamin-dependent pinocytic pathway, known as fast endophilin-

mediated endocytosis (FEME), can internalize ligand-bound RTKs within seconds through a 

process that requires the protein endophilin and actin polymerization (reviewed in Conte & 

Sigismund, 2016). 

Macropinocytosis is a type of endocytosis that allows the cells to internalize larger volumes of 

extracellular material than those typical for pinocytosis, the vesicle formed can be up to 500 

nm in diameter (reviewed in Conte & Sigismund, 2016). This mechanism is related to the 

formation of membrane ruffles and requires actin and the kinase PAK1, which is activated by 

the binding of the G protein rac1. The recruitment of rac1 requires cholesterol, which is also 

essential for the process. Other proteins that have been found to be involved in 

macropinocytosis include PI3K, ras, src, HDAC6, and Hsp90. Macropinocytosis is induced 

by the activation of membrane receptors. When cells are exposed to large amounts of EGF the 

cell membrane start to form circular ruffles, in a process that is thought to require cortactin 

and dynamin. EGFR proteins are assembled in these structures, from which they are 

internalized quickly without the intervention of clathrin or caveolin1. This could be a system 

the cell uses to become less responsive to growth factors when their concentrations are very 

high. It appears that the ruffles themselves are not necessary for macropinocytosis, as 
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preventing their development does not hinder the process (reviewed in Doherty & McMahon, 

2009). 

Antibody-induced cross binding of receptors like EGFR and ErbB2 can induce 

macropinocytosis of antibody-receptor complexes. An antibody alone, such as Herceptin, is 

not enough, a stronger cross binding is necessary, either by using two antibodies that 

recognize different epitopes or for example a secondary antibody (Berger, Madshus, & Stang, 

2012; Szymanska et al., 2016; Vuong et al., 2013). 

ErbBs can be internalized through clathrin dependent and independent pinocytosis or through 

macropinocytosis. The pathway through which a receptor is internalized influences its final 

destination towards degradation or recycling (reviewed in Conte & Sigismund, 2016; Doherty 

& McMahon, 2009).  

 

1.6 Mechanisms of internalization and degradation of ErbB2  

1.6.1 Endosomal sorting 

All the ErbB molecules except EGFR were originally reported to be endocytosis deficient 

(Baulida, Kraus, Alimandi, Di Fiore, & Carpenter, 1996). This was based on the fact that at 

time only EGFR had endocytosis signals known to be recognized by AP2. It was later shown 

that ErbB3 is constitutively internalized, but the rate increases upon ligand binding (Fosdahl 

et al., 2017; Szymanska et al., 2016). The majority of the studies show that ErbB2 is in fact 

resistant to endocytosis, but some authors argue that it is internalized and quickly recycled 

back to the plasma membrane (Bertelsen & Stang, 2014).  

As mentioned, ubiquitination serves as an important internalization signal and it has been 

shown that ubiquitination is sufficient to drive internalization and degradation of both EGFR 

and ErbB2 (Bertelsen et al., 2011; Vuong et al., 2013). 

Different Hsp90 inhibitors have been tested in clinical trials in the past years, including 

ErbB2-positive breast cancers (Wang, Lu, Yao, & Zhu, 2016). The benzoquinone ansamycin 

geldanamycin (GA) and its derivative 17-N-allylamino-17-demethoxygeldanamycin (17-

AAG, also known as Tanespimycin) are substances that have the ability to bind to the ATP 

binding site of HSP90, causing the dissociation of ErbB2 (Schulte & Neckers, 1998). This 

leads to ubiquitination of the receptor, followed by its internalization through clathrin coated 

pits (Pedersen, Madshus, Haslekas, & Stang, 2008). ErbB2 has been reported to be cleaved by 
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caspases and/or proteasomes (reviewed in Bertelsen & Stang, 2014), but Pedersen et al. 

showed that this is not necessary for endocytosis, and that the entire receptor is transported 

intact to late endosomes and lysosomes (Pedersen et al., 2008). ErbB2 is internalized also as a 

consequence of PKC activation, but in this case through a clathrin-independent mechanism 

(see paragraph below).  

The newly formed endosomes merge with each other and, with the assistance of Rab5, early 

endosome antigen 1 (EEA1) and SNAREs, become part of early endosomes near the cell 

membrane. The proteins that need to be recycled and most of the phospholipids are returned 

to the cell membrane. The sorting endosomes are then transferred more internally, where their 

pH lowers, and they start to include hydrolases, a process known as maturation, in which they 

gradually transform into late endosomes. Depending on the sorting signals, the ErbB proteins 

are recycled to the plasma membrane, or they are translocated to inner vesicles of late 

endosomes and transported lysosomes for degradation. Which prevents further signaling 

unless new synthesis is taking place (reviewed in Maxfield & McGraw, 2004). The receptors 

that need to be recycled are recovered by the multi-protein complexes retromer or retriever, 

together with the CCDC22, CCDC93, and COMMD (CCC) and the Wiskott-Aldrich 

syndrome protein and SCAR homologue (WASH) complexes (reviewed in McNally & 

Cullen, 2018). 

The best known signal for translocation to inner vesicles in late endosomes, also called 

multivesicular bodies (MVBs), is ubiquitination. The ubiquitin molecules are recognized by 

the endosomal sorting complex required for transport (ESCRT) machinery which mediate the 

formation of intralumenal vesicles (ILVs) of MVBs. There are in total four ESCRTs. ESCRT-

0, -I and -II have sites that can recognize ubiquitin, while ESCRT-III can recruit de-

ubiquitylating enzymes (DUBs) that separates ubiquitin from the proteins before they are 

transferred to ILVs. ESCRT-III also recruits other proteins involved in the removal of the 

other ESCRTs from the endosome. ESCRT-0 is composed by HRS and STAM. HRS can 

sequester the ubiquitinated protein in clathrin-coated microdomains that are necessary for 

degradation and facilitate interaction with ESCRT-I and the subsequent downstream ESCRTs 

(reviewed in McNally & Cullen, 2018; Williams & Urbe, 2007). 

Recycling can also take place from late endosomes, but probably only in the case when the 

receptors have not yet been transported to ILVs of MVBs. This is often referred to as a slow 

recycling route and can involve the endosomal recycling compartments where EGFR and 
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ErbB2 have been shown to localize after PKC activation (reviewed in Grant & Donaldson, 

2009). 

Figure 3 shows an overview of the endocytic vesicles mentioned in this and the previous 

paragraph. 

 

 

Figure 3. Overview of different endocytic mechanisms and endosome destinations (based onDoherty & McMahon, 2009; 

Sandvig et al., 2008). 

 

1.6.2 PKC-induced endocytosis 

Protein kinase C (PKC) is a family of serine- and/or threonine kinases that have many 

functions in the cells, among others, as regulators of endocytic trafficking of a variety of 

different receptors. PKCs can be activated downstream of RTKs and G protein coupled 

receptors. This process involves diacylglycerol (DAG), and phorbol 12-myristate 13-acetate 

(PMA), which mimic DAG, is often used as PKC activator in the laboratory (Alvi, 2007). One 

of the best studied receptors is EGFR which upon PKC activation becomes internalized and 

sequestered in a compartment often referred to as the pericentrion. The sequestration depends 

on a PKC-induced phosphorylation of Thr654 in EGFR (Liu et al., 2013). ErbB2 has a 

corresponding site at Thr686 which is phosphorylated upon activation of PKC (Ouyang, 
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Gulliford, & Epstein, 1998). Likewise, it has been shown that activation of PKCs induces 

internalization and sequestration, but not degradation, of ErbB2 (Bailey et al., 2014; Dietrich, 

Malik, Nikolaysen, Skeie, & Stang, 2018; Ouyang et al., 1998). A recent study from our 

group showed that the internalization is independent of Hsp90 dissociation and ErbB2 

ubiquitination. The exact internalization pathway was not identified, but importantly, it was 

shown to be clathrin independent, but sensitive to cholesterol depletion (Dietrich et al., 2018), 

it is therefore possible that PKCs trigger a dedicated endocytic mechanism. The pericentrion 

is positive for Rab11 (Alvi, 2007), and PMA has been shown to result in colocalization of 

ErbB2 with PKCα and PKCδ and Arf6, (Bailey et al., 2014). Since both Rab11 and Arf6 are 

known to regulate recycling, the pericentrion does most likely represent a specialized 

endocytic recycling compartment. 

 

1.7 Therapeutic antibodies 

The activity of ErbB2 can be down-regulated directly by using antibodies that bind directly to 

its extracellular portion (Ben-Kasus, Schechter, Lavi, Yarden, & Sela, 2009; Klapper, 

Waterman, Sela, & Yarden, 2000).   

Herceptin (also called trastuzumab) is a commonly used therapeutic anti-receptor monoclonal 

antibody that has a high affinity for ErbB2. Because breast cancer cells may have up to 100 

times more than the normal levels of this receptor, they become preferential targets of 

Herceptin, leading to their killing by the immune system. Herceptin is also though to prevent 

the formation ErbB2/ErbB3 heterodimers, which leads to lower levels of active PI3K. This 

causes a lower Akt/PKB signal, making the cells vulnerable to apoptosis (Junttila et al., 

2009).  

A similar therapeutic antibody, known as pertuzumab (Omnitarg) prevents the formation of 

ErbB2 dimerization by binding to the dimerization arm of ErbB2 (Hughes et al., 2009; Sak et 

al., 2013). Similarly, cetuximab (Erbitux) and nimotuzumab interact with and inhibit ligand 

binding to EGFR (Berger, Krengel, Stang, Moreno, & Madshus, 2011). 

Another possibility is represented by Kadcyla (trastuzumab emtasine), which is an antibody-

drug conjugate combining the effects of Hercepin/trastuzumab to those of the cytotoxin 

emtasine. This cytotoxin inhibits microtubule formation by binding to tubulin. In order to 
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release emtasine, it is necessary that the antibody part binds to ErbB2, and that the complex is 

internalized and degraded (LoRusso, Weiss, Guardino, Girish, & Sliwkowski, 2011).  

It is reported that Herceptin induces ErbB2 internalization, but most of the studies show that 

the uptake is minimal and that a more effective crossbinding, induced by two or more 

antibodies, is necessary to obtain internalization and degradation (Bertelsen & Stang, 2014; 

Szymanska et al., 2016). 

 

1.8 ErbB dimerization and transautophosphorylation 

It is believed that the transautophosphorylation interactions vary not only depending on the 

partner receptor, but that there are slight variations also depending on the ligand bound, so 

that each combination favors different transphosphorylation patterns (Wilson et al., 2009). 

Table 1 shows the known and putative tyrosine phosphorylation sites of all four ErbBs with 

the effector molecules that are believed to bind to each of them. 

Table 1. Upon ligand binding and dimerization, the C-terminal part of the ErbB molecules become phosphorylated. Here are 

shown both documented and putative tyrosine phosphorylation sites and the effectors that are predicted to bind (based on 

Wilson et al., 2009). 

 

 

When ErbB2 is overexpressed, as in many breast cancers, homodimers can be formed simply 

because the high number of monomers increases the probability of a collision, because ErbB2 

is in a constitutively open conformation, and this results in ligand-independent 

transautophosphorylation. In other cases, ErbBs may be truncated at their N-terminal domain, 



13 

 

corresponding to the extracellular domain. This mutation can cause a constantly active 

conformation of its intracellular domain. A similar outcome can be obtained as a consequence 

of a single amino acid substitution. For example, a Val to Glu point mutation at codon 659 in 

the ErbB2 gene (V659E), corresponding to the transmembrane region of the receptor, causes 

its constitutive phosphorylation (Bargmann & Weinberg, 1988; Pahuja et al., 2018). 

 

1.9 ErbB downstream targets 

Shc and Grb2, which have possible docking sites on all of the ErbBs, are respectively adaptor 

and scaffolding proteins that connect the receptors to Sos, the guanine nucleotide exchange 

factor (GEF) of Ras. Grb2 can either bind directly to the receptor through its SH2 domain or 

indirectly, through the intermediation of Shc (Figure 4) (Wieduwilt & Moasser, 2008). 

 

 

Figure 4. Grb2 and Shc function as bridges between the phosphorylated tyrosine sites and Sos, the guanine nucleotide 

exchange factor of Ras. Here are shown both the case in which Grb2 binds directly to the receptor and the case in which it 

binds though the intermediation of Shc. The downstream signaling induced by the activation of Ras results in a cell behavior 

that is typical of cancer (based on Weinberg, 2014, pp. 189-191). 

 

The activation of Ras triggers an important signaling cascade that leads to an increase in 

protein synthesis and induces some cell behaviors typical of cancer: cell growth and 
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proliferation, the inhibition of apoptosis, and activation of cell motility caused by the 

formation of filopodia and lamellipodia (Yamaguchi & Condeelis, 2007). 
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2 Materials and Methods 

 

2.1 Materials 

Unless otherwise stated, all the reagents used were produced by Sigma-Aldrich (St. Louis, 

MO, USA). The antibodies were supplied by the companies indicated in Table 2. 

 

2.1.1 Cell lines 

MDA-MB-453 ATCC HTB-131TM cell line 

The cell line used in the present study was established in 1976 by R. Cailleau and colleagues 

from a pericardial effusion of a 48-year-old Caucasian woman suffering from breast 

carcinoma with metastasis to the lymph nodes, the brain, and the pleural and pericardial 

cavities (Cailleau, Olive, & Cruciger, 1978). The cells were purchased from ATCC® 

(American Type Culture Collection) (HTB-131TM) and cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) with high Glucose (4.5 g/L) and stabile UltraGlutamine (Lonza, 

Basel, Switzerland)) supplemented with 10% fetal bovine serum (FBS) in the presence of 5% 

carbon dioxide and 95% humidified air. 

The MDA-MB-453 cell line has been reported to be triple negative, meaning that it lacks 

amplification (but still has normal gene expression) of estrogen receptor-α, progesterone 

receptor, and ErbB2, while having high levels of androgen receptor (AR) and fibroblast 

growth factor receptors (FGFR) (Vranic, Gatalica, & Wang, 2011). Other studies do, 

however, conclude that MDA-MB-453 cells overexpress ErbB2 (Holliday & Speirs, 2011; 

Sidera et al., 2008). The cells have a luminal morphology and belong to the luminal androgen 

receptor (LAR) subtype of the triple-negative breast cancers (TNBCs) identified by (Lehmann 

et al., 2011). 

Several studies conducted by the group of Patsavoudi show that MDA-MB-453 cells 

overexpresses eHsp90 and secrete Cdc37. Both eHsp90 and Cdc37 were then found to 

interact with and regulate the function of ErbB2 (El Hamidieh et al., 2012; Sidera et al., 2008; 

Stivarou, Stellas, Vartzi, Thomaidou, & Patsavoudi, 2016). MDA-MB-453 cells have 

furthermore been reported to be responsive to Herceptin (Holliday & Speirs, 2011) and for 
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these reasons this cell line was chosen to investigate of functions of eHsp90 and Herceptin 

with respect to ErbB2. 

 

SKBR3 cell line 

In certain experiments the SKBR3 cell line, which is widely used in studies of ErbB2, was 

used as a control. This cell line was established in 1970 by G. Trempe and L. J. Old from 

metastatic pleural effusion cells of a 43-year-old Caucasian woman suffering from breast 

adenocarcinoma. Among the features of these cells are glycogen granules, large lysosomes 

and overexpression of ErbB2. The cells were purchased from ATCC® (HTB-30TM) and 

cultured in DMEM with high Glucose (4.5 g/L) and stabile UltraGlutamine (Lonza) 

supplemented with 10% FBS in the presence of 5% carbon dioxide and 95% humidified air. 

 

2.1.2 Cell incubation conditions 

Normally DMEM was used as a medium, and the cells were incubated at 37˚ C with 5% CO2 

or on ice on the bench. For short incubations, the cells were sometimes incubated in MEM 

(Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚ C without CO2. 

In the experiments, the cells were treated with a number of substances that were added to the 

medium at the following concentrations: 

• 25 µg/ml cycloheximide (CHX, a eukaryote protein synthesis inhibitor) 

• 3 µM 17-AAG (Tocris, Bio-Techne Ltd. Abingdon, UK) 

• 100 nM PMA 

• 3 µM GA-FITC (Abcam. Cambridge, UK) 

• 25 µg/ml Herceptin (Roche Pharma AG, Grenzach-Wyhlen, Germany) 

• 3% (v/v) Dimethyl sulfoxide (DMSO) (VWR International, Radnor, PA, USA) 

• 0.1% (w/v) BSA  
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2.1.3 Antibodies 

In Table 2 are listed the antibodies used in this study and their characteristics. 

Table 2. Overview of the antibodies used in the present studies, their characteristics, and the method they were used for. ICC 

stands for immunocytochemistry, WB stands for Western blotting, and FC stands for flow cytometry. (Source addresses not 

mentioned before are: BD Biosciences, San Jose, CA, USA; Santa Cruz Biotechnology, Santa Cruz, CA; DSHB, Iowa City, 

Iowa, USA; Jackson ImmunoResearch, West Grove, PA, USA; Biolegend, San Diego, CA, USA) 

 

 

2.2 Methods 

2.2.1 Western blotting 

Western blotting is a technique that is used to detect the presence of selected proteins in a 

sample through the use of antibodies. This method requires a prior treatment of the samples 

with the anionic surfactant sodium dodecyl sulfate (SDS), β-mercaptoethanol (which cleaves 

disulfide bonds) and heat to induce the denaturation of the proteins. SDS coats the surface of 

the proteins, keeping them in a linear form and conferring an equal negative charge density to 

all proteins, which allows their separation by gel electrophoresis based on the molecular 

weight only. The bands with the protein of interest can be visualized with a very sensitive 

Antigen Conjugate Host Dilution WB Dilution FC/ICC Source Method

ErbB2 cytoplasmic domain Rabbit 1:4000 1:100 Thermo Fisher WB/ICC

ErbB2 extracellular domain Mouse 1:4000 BD Biosciences WB

β-tubulin Rabbit 1:30000 Abcam WB

PKCα Rabbit 1:10000 Abcam WB

PKCδ Mouse 1:5000 BD biosciences WB

ErbB2 extracellular domain Mouse 1:200 Thermo Fisher ICC

EEA1 Goat 1:500 Santa Cruz ICC

Hsp90 full length Mouse 1:500 Abcam ICC/FC

Hsp90 C-terminus Rabbit 1:500 Santa Cruz ICC/FC

LAMP1 Rabbit 1:250 (saponin) Abcam ICC

LAMP1 Mouse 1:300 (overnight) DSHB ICC

IgG/human HRP Donkey 1:1000 Jackson WB

IgG/rabbit HRP Donkey 1:30000 Jackson WB

IgG/mouse HRP Donkey 1:30000 Jackson WB

IgG/goat HRP Donkey 1:20000 Jackson WB

IgG/mouse Alexa488 Donkey 1:400 Jackson ICC

IgG/goat Alexa555 Donkey 1:300 Thermo Fisher ICC

IgG/rabbit Alexa488 Donkey 1:400 Jackson ICC

IgG/mouse Alexa555 Donkey 1:500 Thermo Fisher ICC

IgG/rabbit Alexa555 Donkey 1:500 Thermo Fisher ICC

IgG/goat Alexa647 Donkey 1:300 Thermo Fisher ICC

IgG/rabbit Rhodamine-RedX Donkey 1:400 Jackson ICC

IgG/human Alexa488 Goat 1:1000 1:50 Thermo Fisher WB/FC

ErbB2 Alexa488 Mouse 1:40 BioLegend FC

IgG/human Alexa488 Donkey 1:50 Jackson FC
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special camera (CCD – Charge Coupled Device) after having transferred them to a 

nitrocellulose or PVDF membrane and having incubated them with antibodies conjugated to 

HRP (Horse Radish Peroxidase) that can react with a substrate producing chemiluminescence. 

Adding a molecular weight marker allows one to determine the molecular weight of the 

proteins in the detected bands. However, the marker will not be visible for the camera unless a 

special marker consisting of peptides with a detectable tag is used, together with an HRP-

conjugated reagent for their detection. For the experiments in this study, a phosphorescent 

marker pen was used to label the bands for visualization. 

After having treated the cell cultures with the substances that were to be tested, the cells were 

washed twice at room temperature (RT) with phosphate-buffered saline (PBS) (137 mM 

NaCl, 2.7 mM KCl, 1 mM Na2HPO4, 2 mM NaH2PO4, pH 7.4) and lysed at RT in SDS lysis 

buffer (10 mM Tris, pH 6.8, 5 mM ethylenediaminetetraacetic acid (EDTA), 50 mM NaF, 30 

mM sodium pyrophosphate, 2% (w/v) SDS) with freshly added protease and phosphatase 

inhibitor cocktails. 100 μl of the lysis buffer were used for each of the wells of 12 well plates. 

The lysates were then homogenized and filtered to shred DNA and remove cellular debris by 

applying them to QIAshredder columns (Qiagen, Hilden, Germany) and centrifuging at 20000 

x g for 2 minutes at 4˚C. This process reduced viscosity significantly. 

The samples were prepared for gel electrophoresis by adding 15 μl sample buffer (80% (v/v) 

glycerol, 4% (v/v) β-mercaptoethanol, 0.005% bromophenol blue) to each tube, and 

incubating at 95˚C for 5 minutes. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

using 10 or 15 well Mini-PROTEAN® TGXTM precast protein gels (4% stacking gel, 10% 

separating gel) (Bio-Rad Laboratories, CA, USA), which were run at 300V for 20 minutes 

after having applied 15 μl of sample or 10 μl of molecular weight marker (AmershamTM 

ECLTM RainbowTM Marker-Full range, GE Healthcare Life Sciences, Little Chalfont, 

Buckinghamshire, UK), diluted 1:4 in lysis buffer) per well.  

The separated proteins were blotted onto a nitrocellulose membrane using the Trans-Blot® 

TurboTM transfer system (Bio-Rad Laboratories). After rinsing the membranes shortly with 

Tris-buffered saline (TBST) ((10 mM Tris, pH 7.6, 137 mM NaCl) with 0.1% (v/v) Tween 

20), they were blocked with 5% (w/v) Blotting Grade Blocker (Bio-Rad Laboratories) in 

TBST for minimum 20 minutes on a shaker at RT to avoid unspecific binding of the 

antibodies. 
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Thereafter, the membranes were rinsed shortly again with TBST and incubated with the 

primary antibodies diluted in 1% (w/v) Blotting Grade Blocker in TBST overnight at 4˚C with 

shaking. The membranes were then washed three times for 5-10 minutes in TBST and 

blocked as in the previous step, before being incubated with HRP-conjugated secondary 

antibodies diluted in 1% (w/v) Blotting Grade Blocker in TBST for at least one hour at RT 

with shaking. Prior to antibody binding detection, the membranes were washed again three 

times for 5-10 minutes in TBST. 

The membranes were incubated for 5 minutes with LuminataTM Forte Western HRP Substrate 

(Millipore Corporation, MA, USA) before detecting the chemiluminescence using the 

ChemiDocTM MP Imaging System (Bio-Rad Laboratories) and Image LabTM Software (Bio-

Rad Laboratories). 

2.2.2 Flow cytometry 

Flow cytometry is a technique that allows analyzing the characteristics of a large population 

of particles or cells in a short time through the detection of the scattering of light and the 

fluorescence generated as a consequence of the passage of each of the cells or particles, one at 

the time, through a laser beam. Most commonly, it is used to measure the fluorescence 

emitted by a fluorochrome conjugated to an antibody, in which case only the selected 

wavelengths will be measured. If more than one type of fluorochromes are used, there is the 

possibility that the fluorescence they emit might overlap. This issue can be solved by the 

software through a mathematical method known as compensation. The unfiltered forward 

light scattering (FS) is associated with cell size, while the side light scattering (SS) is an 

indicator of cell granularity. These two parameters can be plotted on a two-dimensional dot 

plot and used to select a particular cell population in a sample. The selected areas in the plot 

are called gates, and the process is known as gating. 

After the treatment with the substances to be tested, the growth medium was removed, and the 

cell cultures were washed with PBS at RT. The cells were trypsinized with 360 μl 0.25% 

trypsin/EDTA solution (0.25% trypsin, 2.5 g porcine trypsin and 0.2 g EDTA • 4Na per liter 

of Hanks′ Balanced Salt Solution with phenol red) for each of the wells of 6 well plates, then 

1500 μl buffer A (98% (v/v) PBS, 2% (v/v) FBS, 2 mM EDTA) were added to each well, and 

the cells were transferred to 2 ml Eppendorf tubes and centrifuged at 500 x g for 5 minutes at 

4˚C. This extra passage was necessary because the MDA-MB-453 cells would form floating 

clumps difficult to resuspend if the cells were kept in a solution with a high trypsin 

concentration.  
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After having removed the supernatant, the cells in each tube were resuspended in 180 μl 

buffer A and transferred to a 96-well V-bottom plate. From this moment on, the samples were 

kept on ice, unless otherwise stated. 

The plate was centrifuged at 300 x g for 3 minutes at 4˚C, the supernatants discarded, and the 

cells of each well resuspended in 100 μl buffer A with eBioscienceTM Fixable Viability Dye 

eFluorTM 450 (Thermo Fisher Scientific) diluted 1:1000, with which the cells were incubated 

for 15 minutes. This dye allows to select the population of cells that were alive during the 

experiment. From this moment on, the cells were kept in darkness as much as possible. 

The plate was centrifuged at 300 x g for 3 minutes at 4˚C, the supernatants discarded, and the 

cells were resuspended in 170 μl buffer A to remove the excess of dye. The cells were then 

washed and centrifuged as before, the supernatants discarded, before incubating for 15 

minutes with 20 μl 10% neutral buffered formalin (NBF) (approximately 4% (v/v) 

formaldehyde) per well at RT to fix them. 

Thereafter, 150 μl buffer A were added to each well, the plate was centrifuged as before, and 

the supernatants discarded. This step was repeated a second time adding 170 μl buffer A to 

each well this time. The samples were then incubated for 30 minutes with 20 μl buffer A 

containing fluorochrome-conjugated antibodies (either a secondary Alexa 488-conjugated 

anti-human IgG to detect Herceptin already bound to ErbB2 or a primary Alexa 488-

conjugated anti-ErbB2 antibody).  

The cells were then washed twice by adding 150 μl buffer A to each well the first time and 

170 μl the second time, centrifuging as in the previous steps and discarding the supernatants.  

Finally, the samples were resuspended in 350 μl buffer A in flow tubes and analyzed with a 

BDTM LSR II flow cytometer (BD Biosciences) and the software FlowJo™ 10. 

2.2.3 Immunocytochemistry and confocal microscopy 

Immunocytochemistry is a technique that allows for visually localizing the proteins of interest 

inside the cells through the use of a fluorescence microscope and fluorophore-conjugated 

antibodies. The conjugated antibodies bind to the proteins either directly or indirectly, in the 

case of a fluorophore-conjugated secondary antibody binding to a primary antibody. For the 

experiments in this study a confocal microscope was used. With this type of microscopes, the 

light emitted by the laser passes through a primary pinhole (illumination pinhole) and is 

directed towards the objective lenses by a dichroic mirror, which only reflects shorter 
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wavelengths and passes longer ones. The effect of the primary pinhole is to concentrate light 

on a small area of the sample. The fluorophores emit light at longer wavelengths than the light 

of the laser beam that excites them, and this light can pass through the dichroic mirror and 

reach the detector through a second pinhole (confocal pinhole).  Only the light at the focal 

plane can pass through the confocal pinhole, while the out-of-focus light is blocked. This 

system allows to obtain a better resolution and to examine only the structures at a determined 

vertical plane in the cells, which is important to visualize the exact position of the proteins of 

interest. However, it also reduces the intensity of the light that reaches the detector, thus 

making longer exposure times necessary. Long exposures to laser light cause gradual 

bleaching of the fluorophores, and this limits the number of images that can be taken of a 

given sample area. There are different types of fluorophores that are excited by different laser 

wavelengths, so by using different fluorophore-conjugated antibodies it is possible to 

determine whether two or three proteins are colocalized. 

Due to technical issues, two methods were used to prepare the samples for confocal 

microscopy. In the first method, the cells were seeded on round glass coverslips in 24 well 

plates. The coverslips had prior to this been washed in sterile distilled water, sterilized by 

placing them in a microwave oven for 3 minutes, and coated with fibronectin to improve cell 

adhesion. The coating was done by incubating the coverslips for at least 45 minutes at 37˚C in 

a solution with fibronectin (15 μg/ml) diluted in sterile PBS and allowing to air dry for one 

hour after removal of the solution. In the second method, the cells were seeded directly on 6 

cm plastic culture dishes and a rectangular area, corresponding to a large coverslip, was 

isolated using a PAP pen (Dako Pen from Agilent Technologies) and then immunostained. 

In both cases, after the treatment with the substances to be tested, the cells were washed once 

with PBS at RT and fixed with 4% (v/v) formaldehyde at RT for 15 minutes. Then, they were 

washed three times with PBS at RT before incubating them for 10 minutes with 50 mM 

NH4Cl at RT (quenching) to avoid the reaction between the aldehyde in the formalin solution 

with amine and proteins, which could lead to the formation of fluorescent substances that 

would disturb the antibody detection later on. After that, they were washed twice with PBS 

and permeabilized for 10 minutes with 0.1% (v/v) Triton X-100 in PBS at RT or, if required 

by the antibodies used, with 0.05% (w/v) saponin (which was also used in all solutions 

thereafter, except the last wash before mounting). 

From this moment on, the cells on the coverslips were treated by having the coverslips face 

down on 35 μl solution drops on parafilm, while the cells in the plastic culture dishes were 
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treated by placing the solutions inside the area isolated with the PAP pen. The samples were 

incubated with 1% (w/v) BSA (bovine serum albumin) in PBS for 30 minutes to block 

unspecific antibody binding, then incubated with the primary antibodies diluted in the same 

solution for one hour (or overnight if the antibodies required it). After washing for three times 

for 10 minutes with PBS, the cells were incubated for 30 minutes with the secondary 

antibodies diluted in 1% (w/v) BSA in PBS. From this moment on, the samples were kept in 

darkness. The cells were finally washed three times in PBS for 10 minutes, then rinsed in 

distilled water and mounted with ProLong® Gold or ProLong® Diamond (Thermo Fisher 

Scientific) antifade mountant. The samples were examined using an Olympus FV1000 

confocal fluorescence microscope (Olympus Corporation, Tokyo, Japan) and the FluoView 

software. 
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3 Results 

3.1 Characterization of MDA-MB-453 cells 

As it was mentioned in the materials and methods section, the MDA-MB-453 cells were 

selected for this thesis because it was shown by the group of Patsavoudi that they express 

eHsp90, and that this may regulate the activity of ErbB2 (El Hamidieh et al., 2012). The 

expression level of ErbB2 in MDA-MB-453 cells is, however, more uncertain, as discording 

data have been reported in previous studies (Holliday & Speirs, 2011; Vranic et al., 2011). For 

this reason, a number of initial experiments were aimed at detecting ErbB2 in the cells and to 

test whether Hsp90 stabilizes its expression. 

3.1.1 MDA-MB-453 cells express ErbB2 and its levels are affected by Hsp90 inhibition 

The expression of ErbB2 in MDA-MB-453 cells was visually demonstrated by 

immunocytochemistry. After fixation with 4% formaldehyde and permeabilization with 

Triton X-100, the untreated MDA-MB-453 cells were immunostained with antibodies to the 

extracellular domain of ErbB2 and to early endosome antigen 1 (EEA1).  

As  Figure 5 shows, ErbB2 (stained in green) is found in large amounts on the plasma 

membrane. There is an apparent colocalization of ErbB2 (stained in green) and EEA1 (stained 

in red) in certain cells. This could indicate that some ErbB2 is, as suggested, constitutively 

internalized and rapidly recycled (reviewed in Bertelsen & Stang, 2014). The colocalization 

is, however, restricted to areas showing strong plasma membrane staining for ErbB2, and 

does most likely mainly represent a false colocalization caused by thickness of the focal plane 

which may include early endosomes in close proximity of the cell surface.  
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Figure 5. Localization of ErbB2 (extracellular domain, green) and early endosomes (EEA1, red) in untreated MDA-MB-453 

cells. The micrographs were obtained by confocal microscopy after double immunostaining. 

 

The expression of ErbB2 in MDA-MB-453 cells was further confirmed by Western blotting, 

by which it was additionally shown that its stability is affected by Hsp90 inhibition, as 

previously shown in other cell lines. 

The cells were incubated with cycloheximide (CHX), to prevent protein synthesis, and the 

Hsp90 inhibitor 17-AAG for 2, 4 or 6 hours. In this case, CHX was not added to the control 

sample. The lysates were then analyzed by using antibodies to the cytoplasmic domain of 

ErbB2 and β-tubulin (loading control). The results are shown in Figure 6. The intensity of the 

ErbB2 bands became steadily weaker as the incubation time with 17-AAG increased, while 

the intensity of the bands of the tubulin loading control remained stable. 

 

 

Figure 6. Effect of 17-AAG on ErbB2 in MDA-MB-453 cells. The cells were incubated with CHX and 17-AAG for two, 

four, or six hours. In this case, CHX was not added to the control sample. The homogenized cell lysate was used to perform 

Western blotting with antibodies to the cytoplasmic (intracellular) domain of ErbB2 and β-tubulin (loading control). 
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3.1.2 The MDA-MB-453 cells express eHsp90 

Since one intent of this study was to investigate the interaction between eHsp90 and ErbB2, it 

was fundamental to verify that the MDA-MB-453 cells exhibit eHsp90 bound to the 

extracellular side of the cell membrane.  

As MDA-MB-453 cells are reported to have high levels of eHsp90 (Stivarou et al., 2016), 

while the SKBR3 cells, which are commonly used in studies involving ErbB2 and its 

stabilization by intracellular Hsp90, have been reported to have low levels of eHsp90 

(Tsutsumi et al., 2008), it was decided to compare the two cell lines by 

immunocytochemistry, with the intent of staining only eHsp90.  

After fixation with 4% formaldehyde, the cells were triple stained with antibodies to Hsp90 

(either full length or C-terminus), intracellular - or extracellular domain of ErbB2, and EEA1 

(marker for early endosomes) without permeabilization. Figure 7 shows that the antibodies to 

the C-terminus of Hsp90 gave good staining, while the antibody to full length Hsp90 (Figure 

8) was not successful at staining, indicating that this antibody is not suited for the purpose. 

When comparing the Hsp90 staining in the two cell lines shown in Figure 7 it appears that, 

although the MDA-MB-352 cells stained more intensely, the SKBR3 cells also exhibit 

eHsp90 to some degree. However, since both cell lines showed staining of the intracellular 

domain of ErbB2 and EEA1, which were used as a control to make sure that the plasma 

membrane was not permeabilized, it can be deduced that, surprisingly, the cells were 

permeabilized even though the permeabilization step was not performed. 
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Figure 7. Immunostaining of MDA-MB-453 and SKBR3 cells using antibodies to extracellular domain of ErbB2, C-terminal 

part of Hsp90, and EEA1 without permeabilization. The micrographs were obtained by confocal microscopy after triple 

immunostaining. 
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Figure 8. Immunostaining of MDA-MB-453 and SKBR3 cells using antibodies to intracellular domain of ErbB2, full length 

Hsp90, and EEA1 without permeabilization. The micrographs were obtained by confocal microscopy after triple 

immunostaining. 
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It was suspected that the formalin solution could contain traces of methanol even though it 

should not, and that this could have caused permeabilization of the cell membrane. For this 

reason, the permeabilizing ability of the 10% formalin from Sigma Aldrich (approximately 

4% formaldehyde) that was normally used to fix the cells was compared to a 4% 

formaldehyde solution made in our laboratory (40% formaldehyde in H2O diluted to 4% 

formaldehyde in Sörensen phosphate buffer), and a guaranteed methanol-free 16% 

formaldehyde solution (Polysciences, Inc. Warrington, PA) used for electron microscopy, 

diluted to 4% in phosphate buffer.  

For this experiment, only EEA1 was stained, with the intent of comparing the visibility of 

intracellular vesicles in permeabilized and non-permeabilized cells. Permeabilization was 

performed by incubating the cells with 0.1% Triton X-100 in PBS for 10 minutes. The results 

are shown in Figure 9. The vesicles seem to be visible in all the samples, indicating that, for 

some reason, the cells become permeabilized in the procedure. Consequently, it cannot be 

concluded that the Hsp90 staining seen in Figure 7 exclusively represents eHsp90. 
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Figure 9. Testing the permeabilizing ability of different formaldehyde solutions on MDA-MB-453 cells. The micrographs 

were obtained by confocal microscopy after fixation with 4% formaldehyde and immunostaining to EEA1 to compare the 

visibility of the vesicles with or without permeabilization with 0.1% Triton X-100. 

 

It was then decided to attempt a different approach to obtain staining of eHsp90 only. Living 

cells were incubated with 4 µg/ml anti-Hsp90 (C-terminal) primary antibodies (10 times more 

concentrated than the previous immunocytochemistry experiments) in MEM with 0.1% (w/v) 
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BSA for 30 minutes, either on ice or at 37˚C, to see which conditions are best for primary 

antibody binding. The idea behind this experiment was that incubation on ice should prevent 

unspecific uptake of antibody, but incubation at 37˚C could give a more effective antibody 

binding and maybe it could be possible to get an idea on whether binding of antibodies to 

Hsp90 induce its internalization. Before adding the secondary antibody, the cells were fixed 

with 10% formalin. The results are shown in Figure 10. Incubation on ice resulted in a diffuse 

surface staining, indicating that the cells do in fact present eHsp90. Incubation at 37˚C yielded 

a punctuated staining, suggesting that the binding of the antibody leads to clustering and/or 

internalization of eHsp90.  

 

Figure 10. Binding of C-terminal anti-Hsp90 on alive MDA-MB-453 cells. The incubation with primary antibodies (4 

µg/ml) was done either at 37˚C or on ice. The micrographs were obtained by confocal microscopy after fixation with 4% 

formaldehyde and permeabilization before incubation with secondary antibody. 

 

3.2 Investigation of the effects of eHsp90 on ErbB2 

3.2.1 Study of the effect of a cell impermeable Hsp90 inhibitor 

Previous studies have made use of both neutralizing anti-Hsp90 antibodies (reviewed in W. 

Li, Sahu, & Tsen, 2012; Sidera et al., 2008; Stellas, El Hamidieh, & Patsavoudi, 2010) and 

DMAG-N-oxide, a cell-impermeant variant of 17-AAG (Tsutsumi et al., 2008) to target 

eHsp90 exclusively and study the effects of its inhibition. Unfortunately, these products are 

not commercially available any more, and it was unknown whether the anti-Hsp90 antibodies 

used in our laboratory have a neutralizing effect or not. For this reason, it was decided to test 

fluorescein-5-isothiocyanate-labeled Geldanamycin (GA-FITC), which is also reported to be 

cell-impermeant (Tsutsumi et al., 2008), and compare its affect to that of unlabeled GA. 
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GA-FITC was reported by the producer to be soluble in DMSO (10 mg/ml), however, 

dissolving it proved to be difficult. Although the solution was warmed and vortexed for a long 

time, it remained unsure to what degree GA-FITC dissolved, as particles were visible in the 

solution. 

The solution was tested anyway, and the cells were incubated for 6 hours at 37˚C in DMEM 

with BSA and CHX and either DMSO alone, GA or GA-FITC in DMSO. As Figure 11 

shows, the ErbB2 bands for the cells treated with unlabeled GA are very weak, indicating that 

ErbB2 was degraded, but those for the cells threated with the GA-FITC solution are strong. 

However, due to the difficulties in dissolving GA-FITC, it is not possible to draw any 

conclusions from the results. 

 

 

Figure 11. Testing of the effect ot FITC-conjugated Geldanamycin (GA-FITC) on ErbB2. The cells were incubated for 5 

hours at 37°C in DMEM with BSA, CHX, and either DMSO, GA, or GA-FITC. The control was incubated in DMEM 

containing only BSA and CHX. 

 

3.3 Investigation of eHsp90 with respect to the function of 

therapeutic anti-ErbB2 antibodies 

The results shown thus far strongly suggest that the MDA-MB-453 cells exhibit eHsp90 on 

the cell surface, however, a direct effect of eHsp90 on ErbB2 was not yet demonstrated.  
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As explained in the introduction section, one suggested effect of eHsp90 is stabilization of the 

conformation of the extracellular domain of ErbB2, which could have a repercussion on the 

binding ability of therapeutic anti-ErbB2 antibodies such as Herceptin, and their effect on 

ErbB2. In the case of Kadcyla, which is dependent on its internalization and degradation for 

the release of its cytotoxic component, reduced binding, or altered trafficking of ErbB2, 

would compromise the treatment outcome. 

In order to be able to study the effect of anti-Hsp90 on anti-ErbB2 antibodies binding ability, 

it was necessary first to characterize ErbB2 trafficking in MDA-MB-453. 

3.3.1 Hsp90 inhibition and activation of PKC both induce ErbB2 internalization, but 

only Hsp90 inhibition induces degradation of ErbB2 

ErbB2 is known to be resistant to internalization, but it has been demonstrated in other cell 

lines that both the inhibition of Hsp90 and the activation of PKC can induce the 

internalization of ErbB2 (reviewed in Bertelsen & Stang, 2014; Dietrich et al., 2018). As 

shown in Figure 6, ErbB2 is sensitive to Hsp90 inhibition also in MDA-MB-453 cells, but 

since there were no previous detailed studies on this for MDA-MB-453 cells, additional 

experiments with both 17-AAG and the PKC activator PMA, were carried out.  

To localize ErbB2 after PMA and 17-AAG treatment the MDA-MB-453 cells were analyzed 

by immunocytochemistry.  

The medium of the cells was changed to DMEM with BSA, and the cells were treated with 

either PMA or 17-AAG, or both, for 2 or 4 hours at 37˚C. The cells were then fixed, 

permeabilized and immunostained for EEA1, LAMP1, and either the intracellular - or 

extracellular domain of ErbB2. The experiment was repeated twice. In Figure 12 and Figure 

14 are shown representative micrographs obtained using an antibody to the intracellular 

domain of ErbB2, while in Figure 13 and Figure 15 are shown representative micrographs 

obtained using an antibody to the extracellular domain of ErbB2. Upon treatment with PMA, 

some labeling for ErbB2 can be seen inside early endosomes as well as in EEA1 and LAMP1 

negative compartments, but it remains mostly located on the cell membrane, suggesting a 

weak PKC-induced internalization. Treatment with 17-AAG leads to a more marked 

internalization. ErbB2 shows colocalization with both EEA1 and LAMP1, while its staining 

on the cell membrane is reduced, suggesting that it is internalized and degraded. The effect of 

17-AAG was increased when PMA was used simultaneously. 
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Figure 12. Intracellular domain of ErbB2 (green), EEA1 (red) and LAMP1 (red) localization after treatment of MDA-MB-

453 cells with PMA. The micrographs were obtained by confocal microscopy after triple immunostaining. 
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Figure 13. Extracellular domain of ErbB2 (green), EEA1 (red) and LAMP1 (red) localization after treatment of MDA-MB-

453 cells with PMA. The micrographs were obtained by confocal microscopy after triple immunostaining. 
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Figure 14. Intracellular domain of ErbB2 (green), EEA1 (red) and LAMP1 (red) localization after treatment of MDA-MB-

453 cells with 17-AAG alone or in combination with PMA. The micrographs were obtained by confocal microscopy after 

triple immunostaining. 
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Figure 15. Extracellular domain ErbB2 (green), EEA1 (red) and LAMP1 (red) localization after treatment of MDA-MB-453 

cells with 17-AAG and PMA. The micrographs were obtained by confocal microscopy after triple immunostaining. 
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The effect of PMA, as seen by confocal microscopy, was weak. To confirm that 17-AAG and 

PMA both induce internalization of ErbB2 in MDA-MB-453 cells, the cells were thus 

analyzed also by flow cytometry after the treatment. After changing the medium to fresh 

DMEM, the cells were pre-incubated with CHX for 15 minutes, and then treated with either 

PMA, 17-AAG, or both for 4 or 6 hours at 37˚C. Immunostaining was performed using an 

Alexa Fluor® 488 conjugated antibody to the extracellular domain of ErbB2.  

The experiment was repeated three times with similar results. A representative result is shown 

in Figure 16, which was obtained by assigning 1 to the median value of the control sample 

(incubated for 6 hours with CHX only), and calculating the values of the other samples on the 

base of the ratio between their median value and that of the control. Treating the cells with 

PMA resulted in a reduced amount of surface ErbB2 (about 80%-85% of the amount found in 

the control), however the level seems to stabilize around this value, and a longer treatment 

does not result in lower surface ErbB2. Treatment with 17-AAG results in much lower surface 

ErbB2 levels, that decreases further with longer incubation time, and, as suggested by the 

confocal microscopy experiments, the effect is enhanced when PMA is added simultaneously.  

 

 

Figure 16. Flow cytometric analysis of ErbB2 internalization after treatment with PMA and 17-AAG. The MDA-MB-453 

cells were pre-incubated with CHX and then treated with either PMA, 17-AAG, or both for 4 or 6 hours at 37˚C in DMEM. 

After immunostaining with Alexa Fluor® 488 conjugated anti-ErbB2 antibody the cells were analyzed by flow cytometry 

and the result of each sample was compared to the surface ErbB2 value of the control. 
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The effects of 17-AAG and PMA over a time course were additionally analyzed by Western 

blotting, which allow to see if there is a degradation of ErbB2. The cells were incubated in 

solutions containing CHX and either PMA, 17-AAG, or PMA and 17-AAG together for 2, 4, 

or 6 hours. The control cells were incubated in DMEM with BSA and CHX only for 2, 4, or 6 

hours. The results are shown in Figure 17 (antibody to the extracellular domain of ErbB2) 

and Figure 18 (antibody to the intracellular domain of ErbB2). In both figures it can be 

observed that the bands become increasingly weaker when the cells are treated with 17-AAG, 

confirming that the treatment induces ErbB2 degradation, and the effect is amplified when 

PMA is used in conjunction with 17-AAG. Treatment with PMA alone does not seem to 

visibly affect band intensity in time, and the bands are similar to those of the untreated 

samples. 

 

Figure 17. Comparison of the effects of PMA, 17-AAG, and PMA and AAG together on ErbB2 (antibody to extracellular 

domain) in MDA-MB-453 cells. The cells were incubated in solutions containing the different substances and CHX for two, 

four, and six hours. "Untreated" cells were incubated with CHX only. The homogenized cell lysates were used to perform 

western blotting with antibodies to extracellular domain of ErbB2 and β-tubulin (loading control).  

 



39 

 

 

Figure 18. Comparison of the effects of PMA, 17-AAG, and PMA and AAG together on ErbB2 (antibody to intracellular 

domain) in MDA-MB-453 cells. The cells were incubated in solutions containing the different substances and CHX for two, 

four, and six hours. "Untreated" cells were incubated with CHX only. The homogenized cell lysates were used to perform 

western blotting with antibodies to intracellular domain of ErbB2 and β-tubulin (loading control). 

 

DMSO is used as a solvent for 17-AAG and PMA, and for this reason an additional 

experiment was conducted to test whether DMSO could affect ErbB2. After a 15 minutes pre-

incubation with CHX, the MDA-MB-453 cells were incubated for 6 hours with solutions 

containing either DMSO only, PMA, 17-AAG, or PMA and 17-AAG together.  

The cells lysates were then analyzed by Western blotting using antibodies to the cytoplasmic 

and extracellular domain of ErbB2 and β-tubulin (loading control). The results are shown in 

Figure 19.  

The ErbB2 bands of the cells treated with DMSO only are comparable to the control sample, 

indicating that DMSO does not induce ErbB2 degradation. The other bands show similar 

results to the ones seen in Figure 18. 
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Figure 19. Comparison of the effects on ErbB2 in MDA-MB-453 cells of DMSO alone, PMA, 17-AAG, and additive effect 

of PMA and AAG used together. The cells were incubated in solutions containing the different substances and CHX for six 

hours. The homogenized cell lysate was used to perform western blotting with antibodies to extracellular - and intracellular 

domain of ErbB2 and β-tubulin (loading control). 

 

An additional experiment was done to analyze by Western blotting the effect of PMA on 

PKCα and PKC, in addition to the effect of PMA and 17-AAG on ErbB2 degradation. This 

was done to verify a PMA-induced activation of PKC, which again over time is known to lead 

to PKC degradation (Parker et al., 1995). The experiment was repeated three times, and as the 

representative blots in Figure 20 show, PMA induces degradation of the two PKC forms, in 

particular PKC seems to be more affected than PKCα. 
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Figure 20 Comparison of the effects of PMA, 17-AAG, and PMA and AAG together on PKCα, PKCδ, and ErbB2 

intracellular domain (IC) and extracellular domain (EC) in MDA-MB-453 cells. The cells were incubated in solutions 

containing the different substances and CHX for two, four, and six hours. The homogenized cell lysates were analyzed by 

western blotting, β-tubulin was used as loading control. 

 

3.3.2 Both Hsp90 inhibition and activation of PKC induce internalization of Herceptin, 

but only Hsp90 inhibition induces its degradation 

In order to study the conditions that could favor the internalization and degradation of 

Kadcyla, Herceptin was used as a model to test the effects of subsequent Hsp90 inhibition 

and/or PKC activation. 

Herceptin localization after PMA- and/or 17-AAG treatment in the MDA-MB-453 cells was 

analyzed by immunocytochemistry after having first incubated the cells for 30 minutes on ice 

with Herceptin, and then with either PMA, 17-AAG, or both, for 4 hours at 37˚C. All the 

substances for the treatment were added directly to DMEM which was used as medium. 

 

The results are shown in Figure 21 and Figure 22, where Herceptin is stained in green 

(recognized by an anti-human IgG antibody) and EEA1 and LAMP1 are stained in red. When 
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used alone, Herceptin is internalized only minimally. It appears that Herceptin internalization 

is induced by both PMA and 17-AAG, and in both cases it seems to colocalize mainly with 

LAMP1.   
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Figure 21. Herceptin localization after treatment of MDA-MB-453 cells with PMA. The cells were incubated with Herceptin 

on ice before chase for 4 h at 37˚C in medium PMA. The micrographs were obtained by confocal microscopy after triple 

immunostaining of Herceptin (green, using anti-human IgG antibodies), EEA1 (red) and LAMP1 (red). 
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Figure 22. Herceptin localization after treatment of MDA-MB-453 cells with 17-AAG alone or together with PMA. The 

cells were incubated with Herceptin on ice before chase for 4 h at 37˚C in medium 17-AAG alone or 17-AAG + PMA. The 

micrographs were obtained by confocal microscopy after triple immunostaining of Herceptin (green, using anti-human IgG 

antibodies), EEA1 (red) and LAMP1 (red). 

 

In order to quantify the Herceptin internalization, the cells were treated as in the previous 

experiments and analyzed by flow cytometry to measure the amount of Herceptin left on the 

plasma membrane. Previous studies in our group had shown PMA-induced internalization of 

Herceptin in SKBR3 cells using confocal microscopy (Dietrich et al., 2018), but not 

confirmed it by flow cytometry. SKBR3 cells were thus included both as a control and to 

verify previous results.   

The cells were incubated on ice for 30 minutes with Herceptin (added to the medium), then 

the medium was changed to fresh DMEM and either PMA or 17-AAG or both were added, 

and the cells were incubated for 4 hours at 37˚C. The cells were then trypsinized and prepared 

the flow cytometry as described in Materials and methods. The results are shown in Figure 23 

(a representative result for the MDA-MB-453 cells) and Figure 24 (SKBR3 cells). The values 
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shown were calculated by giving value 1 to the samples incubated with Herceptin only, and 

the other results were calculated as a ratio between the value of each sample and the 

Herceptin only sample. 

The results for the two cell lines are very similar and indicate that about 15% of Herceptin is 

internalized as a consequence of PMA treatment, while the 4-hour treatment with 17-AAG 

results in an almost complete internalization, especially when PMA is used simultaneously. 

 

Figure 23. Herceptin internalization in MDA-MB-453 cells after a 4-hour treatment with or without either PMA, 17-AAG, or 

both. The results were obtained by flow cytometry. Control represents cells not exposed to Herceptin. Herceptin represents 

cells incubated with Herceptin only. 

 

 

Figure 24. Herceptin internalization in SKBR3 cells after a 4-hour treatment with or without either PMA, 17-AAG, or both. 

The results were obtained by flow cytometry. Control represents cells not exposed to Herceptin. Herceptin represents cells 

incubated with Herceptin only. 
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A prerequisite for full effect of Kadcyla is that it is internalized and its antibody part, 

Herceptin, has to be degraded. Using Western blotting we thus studied Herceptin degradation 

as a consequence of the treatment with or without PMA and/or 17-AAG. 

MDA-MB-453 cells were incubated for 30 minutes on ice with Herceptin (added to the 

medium), then washed twice with PBS at RT and incubated for 6 hours at 37˚C with either 

PMA, 17-AAG or both in fresh DMEM medium. The cell lysates were then analyzed using 

antibodies to Herceptin (anti-human IgG) and to the intracellular domain of ErbB2. 

Representative results are shown in Figure 25 and Figure 26, which demonstrate that, as for 

ErbB2, Herceptin is degraded when combined with 17-AAG, but not when PMA is used 

alone.  

 

 

Figure 25. Western blot showing degradation of Herceptin and ErbB2 (antibody to intracellular domain) in MDA-MB-453 

cells after a 6 hours incubation with or without either PMA, 17-AAG, or both. The blot was stained using an anti-human 

Alexa488-conjugated antibody and a secondary HRP-conjugated antibody, because the HRP-conjugated anti-human antibody 

did not work. Only the heavy chain subunits of the antibody were visible in the blot (~50 kDa), even though the data sheet of 

the antibody reported that also the light chain should be recognized. 
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Figure 26. Western blot showing intracellular ErbB2 degradation in MDA-MB-453 cells pretreated with Herceptin after a 6 

hours incubation with or without either PMA, 17-AAG, or both. 

 

 

3.3.3 Incubation with anti-Hsp90 antibodies has no significant effect on binding of 

Herceptin 

As a last experiment the MDA-MB-453 cells were used to test whether anti-Hsp90 antibodies 

could affect the binding of Herceptin. 

After having changed the medium to fresh DMEM, the cells were pre-treated for 30 minutes 

on ice with either one of the two anti-Hsp90 antibodies (C-terminal or full length) we had 

available, followed by a 30 minutes incubation on ice with Herceptin. The cells were then 

analyzed by flow cytometry. What appeared to be the most representative results are shown in 

Figure 27 and Figure 28. Judged by this the anti-Hsp90 has no significant effect on 

Herceptin binding. However, as not all repetitions were consistent (data not shown), more 

experiments are needed before a final conclusion can be drawn. As will be discussed later, the 

anti-Hsp90 concentration is likely to be a critical factor. 
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Figure 27. Flow cytometry results showing the amounts of Herceptin bound to the surface of MDA-MB-453 cells 

preincubated with or without an antibody to the C-terminal part of Hsp90. The amount of Herceptin bound to cells not treated 

with anti-Hsp90 was set as 1.  

 

 

Figure 28. Flow cytometry results showing the amounts of Herceptin bound to the surface of MDA-MB-453 cells 

preincubated with an antibody to full length Hsp90. The amount of Herceptin bound to cells not treated with anti-Hsp90 was 

set as 1. 
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4 Discussion and future perspectives 

 

ErbB2, the preferential dimerization companion of all others ErbB family members and an 

important oncogene in breast cancer, was the central topic of this thesis, together with the 

chaperone Hsp90. ErbB2 has been shown to be endocytosis resistant or deficient (Austin et 

al., 2004; Hommelgaard et al., 2004), and Hsp90 is known to play an important role in ErbB2 

stabilization. It was intended to specifically study the extracellular variant of Hsp90, eHsp90, 

which has been reported to interact with and regulate the activation of ErbB2 (Sidera et al., 

2008).  For this we chose the MDA-MB-453 cells, the cell line used in the original study of 

eHsp90-ErbB2 interaction. Since the MDA-MB-453 cell line was never used before by our 

group, and there are differing reports with respect to its expression of ErbB2, it was important 

to characterize the cells with respect to ErbB2 expression and effects of a general Hsp90 

inhibition. This thesis was also aimed to study the effects of Hsp90 inhibition on ErbB2 and 

the consequences for therapeutic antibodies such as Kadcyla (trastuzumab emtansin), that 

binds to this RTK. Kadcyla is a Herceptin/trastuzumab derivative which depends on 

internalization and degradation of the antibody part (Herceptin), to have full effect. Since 

previous studies have shown that Herceptin is internalized only to a highly limited extent 

(reviewed in Bertelsen & Stang, 2014), it was studied how its internalization and degradation 

can be induced. It was also attempted to target eHsp90 exclusively, as this seems a promising 

approach for the development of future drugs. 

The immunocytochemistry experiments shown in this study suggest that MDA-MB-453 cells 

express ErbB2 in large amounts (Figure 5) and, to the extent results from such experiments 

can be compared, the expression level seems to be similar to that of SKBR3 cells (Figure 7 

and Figure 8), which are commonly used in ErbB2 studies. This confirms that also the MDA-

MB-453 cells overexpress this RTK, as previously reported by other groups (Holliday & 

Speirs, 2011; Sidera et al., 2008). The micrographs in Figure 7 additionally show that the 

MDA-MB-453 cells express Hsp90 at higher levels than the SkBR3 cells, and the 

immunostaining on live cells shown in Figure 10 confirms that this cell line exhibits eHsp90. 

The overexpression of eHsp90 reported in previous studies for this cell line was the reason it 

was chosen for this study. Studies of eHsp90 are important, because it has been suggested that 

eHsp90 could be the reason why cancer cells are more sensitive than normal cells to Hsp90 
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inhibitors (reviewed in W. Li et al., 2013) and it was reported that eHsp90 is a key element in 

cancer invasiveness and metastasis (reviewed in Wong & Jay, 2016). 

Hsp90 is characterized mainly for its intracellular functions. Together with its co-chaperone 

Cdc37, Hsp90 was found to interact with and regulate the function of ErbB2 by preventing 

Src association (Xu, Yuan, Beebe, Xiang, & Neckers, 2007). Unlike the other receptors in the 

ErbB protein family, ErbB2 does not shift between open and close conformations, but is 

constitutively found in the open conformation (Cho et al., 2003; Garrett et al., 2003). It has 

been suggested that eHsp90 can contribute to stabilize this conformation (Sidera et al., 2008), 

however this has not been proven. A general inhibition of Hsp90 leads to internalization and 

lysosomal degradation of ErbB2 (Bertelsen & Stang, 2014), and the current study show that 

this also is the case for the MDA-MB-453 cells. Already after 2 hours of incubation with the 

Hsp90 inhibitor 17-AAG and CHX only, a large proportion of ErbB2 was found to be 

internalized and to localize to early and late endosomes (Figure 13 and Figure 15). After 4 

hours flow cytometry showed that about 75% of ErbB2 had been internalized (Figure 16) and 

Western blotting showed that most of it was degraded (Figure 6, Figure 17, Figure 18, 

Figure 19, Figure 20), and after 6 hours of incubation internalization was up to about 80% 

with more marked degradation. It can therefore be concluded that ErbB2 in MDA-MB-453 

cells responds to a general Hsp90 inhibition in the same way as previously seen with other 

cell lines such as SKBR3 (reviewed in Bertelsen & Stang, 2014), and that the MDA-MB-453 

cells are well suited for studies of the effect of both extracellular and intracellular Hsp90 on 

ErbB2. 

Previous studies found that treatment with PMA induces activation of PKC, which in turn 

leads to ErbB2 internalization but not degradation (Bailey et al., 2014; Dietrich et al., 2018), 

and ErbB2 was then found to be colocalized with PKCα and PKCδ in an endocytic recycling 

compartment near the nucleus (Bailey et al., 2014). PKC induced internalization has been 

particularly well studied for EGFR, and it was shown that a PKC-induced phosphorylation of 

Thr654 in that receptor regulates its sequestration in a juxtanuclear recycling compartment 

known as pericentrion (Liu et al., 2013).  

Prolonged PMA induced activation of PKCs is known to lead to their degradation (Parker et 

al., 1995). PMA-induced degradation of PKCs can therefore be used as a control to prove 

their activation. The results of Western blotting in this thesis show that PMA results in a 

strong PKCδ degradation, while PKCα seems to be somewhat less affected (Figure 20). Since 
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both PKC variants are degraded, although not at the same level, it is not possible to say with 

certainty which isoform is the one that causes the internalization of ErbB2.  

It was also shown that PMA used alone with CHX leads to the internalization of about 15-

20% of total ErbB2, but does not appear to induce degradation, as the ErbB2 band intensity in 

Western blots is not visibly affected. The amount of internalized ErbB2 seems to remain 

stable over time, which can be explained by the degradation of PKC induced by PMA seen by 

Western blotting. This can also suggest that ErbB2 is sequestered intracellularly and not 

recycled back to the cell membrane, which had also been suggested by previous studies from 

our group (Dietrich et al., 2018) and which has been reported for EGFR (Liu et al., 2013). 

When PMA was used together with 17-AAG, ErbB2 degradation was increased, as 

demonstrated by both immunocytochemistry and Western blotting, where ErbB2 becomes 

almost not detectable after 6 hours of incubation, probably due to the increased internalization 

rate. The amount of surface ErbB2 was then measured by flow cytometry to be reduced by 

about 85% after only 4 hours of incubation. The reason for the additive effect is most likely 

due to the fact that 17-AAG and PMA induce internalization by two different mechanisms, 

while the first leads to Hsp90 dissociation, Hsp70 recruitment, and ErbB2 ubiquitination 

followed by clathrin-dependent endocytosis, the latter does not lead to Hsp90 dissociation and 

does not induce ubiquitination and the internalization is not clathrin-dependent (Dietrich et 

al., 2018). The fact that all the internalized ErbB2 seems then to be degraded suggests that the 

degradation signal induced by 17-AAG overrides the sorting signal induced by PKC. An 

explanation for the additive effect could be that the ubiquitin-dependent internalization 

triggered by 17-AAG becomes saturated, but that PMA allows an increased internalization of 

ubiquitinated ErbB2 which is then destined to degradation. When PMA is used alone, ErbB2 

is internalized, but lacking the ubiquitin tag it is sorted to the recycling endosome instead of 

lysosomes. 

Factors like ErbB2 ubiquitination and phosphorylation, and the internalization and 

degradation mechanisms in MDA-MB-453 cells were not investigated in this thesis, but this 

could be an interesting topic for future studies. 

It is reported that Herceptin leads to internalization and degradation of ErbB2, but most 

studies show that this is not the case, and that the therapeutic function consists instead of an 

immune response (reviewed in Bertelsen & Stang, 2014). The lack of internalization is 

confirmed by the results shown in Figure 21. Earlier studies from our group showed that both 
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17-AAG and PMA, in varying degrees, induce internalization of Herceptin (Dietrich et al., 

2018), but the degree of degradation was then not determined. Herceptin can be used as a 

model for the therapeutic antibody Kadcyla (consisting in emtasine-conjugated Herceptin) 

Herceptin was now shown to become internalized when treating the MDA-MB-453 cells with 

PMA and/or 17-AAG, and just as in the case of ErbB2 without Herceptin, about 20% of the 

total bound Herceptin became internalized after a 4-hour treatment (Figure 23) with PMA 

alone, but it was not degraded (Figure 25). What was surprising was, however, that 

immunocytochemistry seemed to show a colocalization of Herceptin and LAMP1 (Figure 21) 

also in this case. This was not observed in experiments previously done by our group with 

SKBR3 cells, and is difficult to explain, since there was no degradation of ErbB2. A possible 

explanation is that the LAMP1-positive vesicles are late endosomes in which there is no 

degradation. This should be verified in future studies by both immunocytochemistry and 

immune electron microscopy, to check whether Herceptin is transported to ILVs of MVBs or 

if it remains on the surrounding membrane of the endosomes and in that way becomes 

protected against transportation towards lysosomes and degradation. 

17-AAG induced both internalization and degradation of Herceptin, and when 17-AAG and 

PMA was used together only about 3% of the originally bound Herceptin was still found on 

the cell surface after 4 hours of incubation. As discussed above, the seemingly additive effect 

of PMA may be explained by the induction of different internalization pathway. This finding 

could be of medical interest, because the release of the cytotoxic agent emtasine contained in 

Kadcyla is dependent on the internalization and degradation of the drug.  

17-AAG is a general Hsp90 inhibitor, and even if the results obtained by using it are often 

interpreted as an effect of intracellular Hsp90, it also affects eHsp90. This is particularly 

important for cells like MDA-MB-453, which, as shown in Figure 10 and in previous studies 

(Stivarou et al., 2016), has high eHsp90 levels. In this thesis it was attempted to test the cell 

impermeable Hsp90 inhibitor GA-FITC, but the experiments were unfortunately unsuccessful, 

most likely due to the technical issues encountered (the inability to dissolve it in DMSO). It is 

therefore also suggested that future experiments should be aimed at testing the effects of 

either better GA-FITC solutions or other DMAG-N-oxide alternatives. A cell impermeable 

Hsp90 inhibitor should target exclusively eHsp90, and this could be the base for a more 

efficient drug with less side effects, as eHsp90 is expressed mostly by cancer cells and not by 

normal cells. 
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Since certain anti-Hsp90 antibodies have a neutralizing effect on eHsp90, this was tested as an 

alternative inhibition method. Sidera et al. used an antibody they made themselves (4C5) 

(Sidera et al., 2008), but Woodley et al. used an antibody (SPS-771) which at the time was 

commercially available (Woodley et al., 2009). Unfortunately, the antibody can no longer be 

purchased, and there are no other inhibitors with known effect. For this reason, it was decided 

to test the antibodies that we already had in our laboratory. The anti-Hsp90 antibody binding 

seemed to result in eHsp90 clustering and/or internalization (Figure 10), but did not appear to 

affect Herceptin binding (Figure 27 and Figure 28).  

Sidera and Patsavoudi suggested that eHsp90 functions as chaperone that keeps ErbB2 in 

active conformation (Sidera & Patsavoudi, 2014). However, the chaperone function depends 

on ATP, and extracellular ATP concentration is low (Seminario-Vidal, Lazarowski, & Okada, 

2009). Moreover, while they showed that the Cdc37-eHsp90 complex binds to the 

extracellular domain of ErbB2, they did not identify the region. Herceptin binds to the C-

terminal part of domain IV in the extracellular part of ErbB2 (Burgess et al., 2003), and an 

open conformation of ErbB2 can therefore be a requirement for its binding. Based on Sidera 

and Patsavoudi suggestion, it could be that a neutralizing eHsp90 antibody would inhibit the 

binding of Herceptin due to a change in ErbB2 conformation or that that eHsp90 and 

Herceptin compete for the binding to ErbB2. It could then be expected that a neutralizing 

antibody leads to increased binding of Herceptin, which would be therapeutically useful.  

The antibody concentration is an important factor. Sidera et al. used 200 µg/ml (Sidera et al., 

2008), which is 50 more times than the concentration that was used here (4 µg/ml), but they 

did not change the medium, and the antibody will then also bind to free eHsp90. In this study, 

the antibody was incubated on ice after changing the medium, but even so we got no 

measurable effect. It cannot exactly be concluded whether the lack of effect is a matter of 

antibody concentration, but experiments performed in our laboratory after the end of the 

practical part of this thesis showed that the data of Sidera et al. relative to reduced Heregulin-

induced ErbB2 activation, could be reproduced. This suggests that the C-terminal antibody 

probably has a neutralizing effect, but to obtain it the antibody should have been 5 times more 

concentrated (20 µg/ml).  

Even if this study did not give the desired results relatively to eHsp90, the characterization of 

the MDA-MB-453 cells and the testing of eHsp90 inhibition has laid the groundwork for 

further studies in our laboratory. Furthermore, the experiments on Herceptin degradation can 

be useful for the use of Herceptin and Kadcyla in the clinic. 
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