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Abstract 

Epithelial cells form the secretory glands and line and cover nearly all organs and body surfaces, 

respectively. Epithelial cell dysfunction manifests in the vast majority of cancers as well as in 

common monogenetic disorders, such as cystic fibrosis (CF). Therapeutic strategies to treat such 

diseases are available, including targeted intracellular protein degradation and gene therapy; 

however, their targeted use in treating epithelial cell dysfunction is not currently possible. Recently a 

cell-penetrating peptide (CPP) named Xentry was discovered which has the potential to deliver 

therapeutics exclusively into adherent cells, and therefore into epithelial cells. Here it is shown that 

Xentry can be used to deliver proteolysis targeting chimeras (PROTACs) into cultured epithelial 

breast cancer cell lines to degrade the HER2 and MUC1 oncoproteins which have been associated 

with resistance to the breast cancer drug tamoxifen. PROTAC-mediated MUC1 degradation was 

associated with modest reductions in cancer cell viability, though there was only weak synergy with 

the tamoxifen metabolite 4-hydroxytamoxifen (4-OHT). Here it is also shown that Xentry appended 

with protamine, a nucleic acid-binding motif, can deliver mRNA and plasmid DNA into cultured 

epithelial cell lines. Moreover, mRNAs encoding proteins lost in CF and hereditary diffuse gastric 

cancer (HDGC), namely the cystic fibrosis transmembrane conductance regulator and E-cadherin, 

were delivered into cell lines derived from respective disease-specific tissues. Further, the addition 

of cell type-specific homing motifs to Xentry showed some ability to enhance the targeting of Xentry 

uptake. Notably, the co-application of lysosomotropic agents chloroquine or hydroxychloroquine, or 

nucleic acid-sensing toll-like receptor (TLR) antagonist E6446 during nucleic acid delivery improved 

gene expression levels approximately ten-fold, with protein expression observed in ~2-10% of cells. 

Together these results provide evidence that Xentry has the potential to target the delivery of 

therapeutics into epithelial cells, and it is anticipated that the present study may provide a starting 

point for further preclinical investigations. Finally, the ability of E6446 to enhance nucleic acid 

transfection here signifies E6446 as a novel agent for general use in pre-clinical studies in this 

context. Further, the findings suggest that E6446 may be uniquely suited to enhancing gene therapy 

delivery in general, and that this notion should be explored further. 
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1 Development of Xentry peptide PROTACs capable of 
knocking down oncoproteins in cancer cells 

1.1 Introduction 

1.1.1 Targeted intracellular post-translational protein degradation 

1.1.1.1 Targeted intracellular post-translational protein degradation 

Targeted intracellular post-translational protein degradation is an approach to modifying the 

expression of intracellular proteins by proteolysis (Schrader, Harstad, & Matouschek, 2009). It differs 

from other methods of modifying cell protein expression, such as gene knockouts and RNA 

interference (RNAi), in that it acts on proteins that have already been synthesized rather than 

preventing the synthesis of new proteins. Some potential advantages of targeted intracellular post-

translational protein degradation are enhanced temporal and spatial control of protein expression 

and the ability to target stable proteins with long half-lives (Buckley & Crews, 2014). Various 

techniques have been developed for targeted intracellular post-translational protein degradation (K. 

Raina & Crews, 2010). Typically these make use of small molecules, peptides, and/or proteins to 

direct the degradation of target proteins via the ubiquitin-proteasome system (UPS) (Schrader et al., 

2009). 

 

1.1.1.2 The ubiquitin-proteasome system 

The UPS is the major pathway for the degradation of intracellular proteins in eukaryotic cells (Lecker, 

Goldberg, & Mitch, 2006). As such, it has been reported to undertake ~80–90% of protein 

degradation in mammalian cultured cells, with the remaining degradation attributed to autophagy 

(Lilienbaum, 2013). In general the UPS degrades short-lived proteins, such as cell cycle regulators 

and transcription factors, and abnormal proteins; whereas autophagy degrades long-lived proteins 

and organelles (Myeku & Figueiredo-Pereira, 2009). In its capacity the UPS is involved in a variety of 

cellular functions, including quality control of the proteome, cellular stress responses, cell cycle 

control, and presenting antigens to the immune system (Figure 1.1) (Vilchez, Saez, & Dillin, 2014). 

 

The UPS degrades proteins via a series of enzymatic reactions (Lecker et al., 2006). The process 

begins with a member of the ubiquitin-activating class of enzyme (E1) activating ubiquitin in an ATP-

dependent manner (Figure 1.1). The activated ubiquitin is then transferred to a member of the 

second class of enzyme, ubiquitin-conjugating enzyme (E2). Interaction of the E2 enzyme with a 

member of the third class of enzyme, ubiquitin ligase (E3), links the ubiquitin from the E2 to a lysine 
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residue of the target protein. The E3 enzymes, of which there are many, each recognize only one or 

several specific protein motifs and are therefore responsible for the selectivity of the process (Finley, 

2009). Additional ubiquitins are subsequently linked to the primary ubiquitin of the target protein 

via the same enzymatic process to form a polyubiquitin chain. A chain of four or more ubiquitins 

marks a protein for degradation by a 26S proteasome 1. Polyubiquitinated proteins are recognized by 

19S regulatory particles of 26S proteasomes, then deubiquitinated, unfolded, and fed into the 20S 

proteolytic core of 26S proteasomes; where the proteins are degraded into short peptides (Vilchez 

et al., 2014).   

 

 
 

Figure 1.1: Target protein degradation by the ubiquitin-proteasome system. 

Target proteins are polyubiquitinated by the actions of E1, E2, and E3 enzymes, and then recognized 

and degraded into peptides by the 19S and 20S components of 26S proteasomes. Ub, ubiquitin; ATP, 

adenosine triphosphate; AMP, adenosine monophosphate; PPi, pyrophosphate. This figure was 

influenced by Figure 1 " The Ubiquitin-Proteasome System (UPS)" by Saez and David Vilchez (2014), 

used under Creative Commons license BY-NC 3.0.   

 

                                                           
1 Additionally, a protein must contain an unstructured region where the proteasome can engage to 

initiate degradation. Unstructured regions are common in eukaryotic proteins (Schrader et al., 

2009).  
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1.1.1.3 PROTACs: chimeric molecules for targeted protein degradation via the UPS 

Perhaps the most promising technique for targeted intracellular post-translational protein 

degradation involves PROteolysis TArgeting Chimeric molecules (PROTACs) (Deshaies, 2015). 

PROTACs comprise a ligand (a molecule that binds to another molecule) for the target protein 

connected by a linker to a ligand for an E3 ubiquitin ligase (Figure 1.2). Upon introduction into a cell, 

the PROTAC connects the target protein to an E3 ligase which induces the polyubiquitination and 

degradation of the target protein via the UPS. As the same E3 ligase ligand can be linked to a wide 

variety of target protein ligands, the PROTAC approach can be applied to target a wide variety of 

proteins. 

  

 
 

Figure 1.2: Targeted protein degradation by PROTAC. 

PROTACs comprise a ligand for a target protein connected by a linker to a ligand for an E3 ubiquitin 

ligase. When both ligands have bound to their respective proteins in a cell, the target protein 

undergoes polyubiquitination and degradation by the UPS. 

 

 

PROTACs have been extensively developed since they were first reported in 2001 (Kathleen M 

Sakamoto et al., 2001). The initial E3 ubiquitin ligase ligand was a 10 amino acid motif 

(DRHDSGLDSM) derived from IκBα, an inhibitor of NF-κB transcription factor activity (Kathleen M 

Sakamoto et al., 2001). This ligand bound the β-transducin repeat-containing protein (β-TRCP) of the 

Skp1-Cullin-F box (SCF)β-TRCP E3 ligase complex (Yaron et al., 1997). While PROTACs using the IκBα 
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motif successfully induced polyubiquitination and proteasomal degradation of target proteins, the 

PROTAC was limited in its utility as it could only be delivered into cells by injection 2 (Kathleen M 

Sakamoto et al., 2001). A solution to this limitation was found in the form of a 5 amino acid motif 

LAPYI from the oxygen-dependent degradation (ODD) domain of hypoxia inducible factor α (HIF-1α) 

protein (Bargagna-Mohan, Baek, Lee, Kim, & Mohan, 2005). HIF-1α is a ligand for the von Hippel-

Lindau tumour suppressor protein (VHL) that is part of the VBC-Cul2 E3 ubiquitin ligase complex. 

PROTACs containing the ODD motif and made cell-permeable by the addition of the cell-penetrating 

peptide nonarginine were shown to degrade target proteins, such as the androgen receptor 

(Rodriguez-Gonzalez et al., 2008), in cells. Recently, non-peptidic, small-molecule PROTACs have 

been developed in order to improve pharmacokinetics, cell permeability, and stability. These 

PROTACs, which use synthetic, low-molecular weight E3 ligands, have demonstrated some efficacy in 

in vivo models (Bondeson et al., 2015; Deshaies, 2015). 

 

1.1.1.4 Applications of targeted intracellular protein degradation 

Targeted intracellular post-translational protein degradation technologies have several applications. 

Firstly, they can be applied in molecular biology as tools for the elucidation of cell protein function 

(K. Raina & Crews, 2010). There they complement traditional genetic tools used for this purpose, 

such as RNAi and gene knockout, by offering reversibility and better temporal control over protein 

expression (J. S. Schneekloth & Crews, 2005). Secondly, they may potentially be applied in treating 

diseases caused by the presence or overexpression of certain proteins (A. R. Schneekloth & Crews, 

2011). Such diseases include cancer, where the mutation and overexpression of oncogenic proteins 

(oncoproteins) play a key role. Technologies such as PROTACs can be seen as complementary to 

conventional treatments for disease. Typically conventional treatments involve small molecules 

which bind to pockets within proteins, such as enzymes, receptors, and ion channels, to activate or 

inhibit their activity. Such treatments are therefore unable to target proteins which work through 

protein-protein or protein-nucleic acid interactions (Crews, 2010), such as scaffold proteins and 

transcription factors (Nebert, 2002; Xu & Fang, 2015). In contrast, PROTACs can potentially be 

generated to target any protein so long as a specific ligand can be identified. Thus, targeted 

intracellular post-translational protein degradation technologies, such as PROTACs, can be applied as 

unique tools for molecular biology and as therapies where specific proteins cause disease.   

 

                                                           
2 The IκBα motif needed to be phosphorylated on serine residues for binding and the negative charge of the 
phosphate groups prevented cell entry of the PROTAC by methods other than injection (Kathleen M Sakamoto 
et al., 2001). 
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1.1.2 How to target targeted intracellular post-translational protein 
degradation to specific cells? 

An unsolved problem for targeted intracellular protein degradation technologies, though, is how to 

selectively target the proteolysis to specific cells and tissues. This is particularly important for 

therapeutic applications, where cell-/tissue-specific targeting is crucial to avoid off-target effects. 

Peptidic PROTACs are made cell-permeable by the addition of a cell-penetrating peptide (CPP), but 

CPPs typically enter cells by several mechanisms and are therefore indiscriminate as to which types 

of cells they enter (Copolovici, Langel, Eriste, & Langel, 2014; Duchardt, Fotin-Mleczek, Schwarz, 

Fischer, & Brock, 2007). The few CPPs identified to be cell- or tissue-specific (Zahid & Robbins, 2015) 

are specific to cardiac myocytes (Zahid et al., 2010) and to synovial tissue (Mi et al., 2003), and 

therefore would not be suitable for use in targeting diseases of the epithelia, such as carcinoma. 

Non-peptidic, small molecule PROTACs also enter cells indiscriminately, though by diffusion (Ashley 

R. Schneekloth, Pucheault, Tae, & Crews, 2008). A potential solution to the targeting issue would be 

to incorporate into a PROTAC a ligand for an E3 ligase that is expressed in a tissue-specific manner, 

but such a ligand is yet to be identified (Bunnage & Chemistry, 2010). Thus, any attempts at the 

systemic application of current PROTACs in a therapeutic context risks the side effects of target 

protein degradation in non-target cells.  

 

1.1.3 Xentry PROTAC: a platform for targeted protein degradation in 
adherent cells 

1.1.3.1 The design of a PROTAC that antagonizes and destroys the cancer-forming X-
protein of the hepatitis B virus 

The X-protein of the hepatitis B virus (HBV) is a 154 amino acid, 17 kDa oncoprotein with several 

defined functional domains (Murakami, 1999) (Figure 1.3A). The X-protein is believed to play a role 

in the pathogenesis of HBV-induced hepatocellular carcinoma (HCC) by promiscuous transactivation 

of cellular signalling cascades and oncogenes (Caselmann & Koshy, 2011; Kew, 2011). Functional 

domains of the X-protein which have been defined include the oligomerisation domain (amino acids 

16-35; sequence: LCLRPVGAESRGRPVSGPFG) and the instability domain (amino acids 141-154; 

sequence: CRHKLVRSPAPCKFFTSA) (Montrose & Krissansen, 2014). The instability domain is so called 

because the X-protein has a short half-life (Schek, Bartenschlager, Kuhn, & Schaller, 1991), reflecting 

rapid proteasomal degradation (Bergametti, Sitterlin, & Transy, 2002; Fischer, Runkel, & Schaller; Hu 

et al., 1999; J. H. Kim, Sohn, Benedict Yen, & Ahn, 2008; Sirma, Weil, Rosmorduc, Urban, & 

Kremsdorf, 1998), and deletion of amino acids 141-154 increased the X-protein’s half-life (i.e. 

stability) (H. Li, Chi, Lee, & Andrisani, 2006).   
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Recently, a cell-penetrating peptide PROTAC that antagonized and destroyed the X-protein in cells 

was reported (Montrose & Krissansen, 2014). The PROTAC comprised a synthetic fusion of three 

peptide sequences: a CPP, the X-protein oligomerisation domain, and the X-protein instability 

domain (Figure 1.3B). The CPP was an octa-arginine (RRRRRRRR; R8) motif which was placed at the 

N-terminus to render the construct cell-permeable. The oligomerisation domain sequence was used 

in the PROTAC as a ligand to bind the X-protein, while the instability domain sequence was used to 

initiate X-protein degradation. The PROTAC, applied three times at 10 μM over 48 h to HepG2 

human liver carcinoma cells in vitro, was able to completely degrade transiently expressed X-protein. 

Similar results were obtained when the X-protein instability domain was substituted with the ODD 

domain of HIF-1α, suggesting that the X-protein instability domain acts as an E3 ubiquitin ligase 

ligand. The PROTAC may also antagonize X-protein activity, as a fusion peptide comprising only the 

CPP and the oligomerization domain acted as a dominant-negative inhibitor of X-protein activity 

(Montrose & Krissansen, 2014). The X-protein oligomerization domain was subsequently shown to 

be inherently cell-permeable, as it harbours the CPP Xentry (discussed further below) at its N-

terminus (Montrose, Yang, Sun, Wiles, & Krissansen, 2013). Thus, the PROTAC presumably did not 

require the R8 motif to render it cell-penetrating. 

 

A 

 
B 

 
 

Figure 1.3: The X-protein and the PROTAC.  

A) Amino acid sequence of the X-protein showing the positions of the oligomerization and instability 

domains and the CPP Xentry. B) Amino acid sequence of the X-protein-targeting PROTAC based on 

the instability and oligomerization domains of the X-protein.  
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1.1.3.2 Xentry, a new class of CPP uniquely equipped for drug delivery  

Xentry represents a new class of CPP. CPPs are a diverse set of peptides which can cross the plasma 

membrane and enter into cells (Bechara & Sagan, 2013). Typically they are 5-30 amino acids in 

length and can be categorised as either arginine-rich, amphipathic and lysine-rich, or extensively 

hydrophobic (Milletti, 2012). Recently, though, a CPP named Xentry was discovered which has 

unique properties (Montrose et al., 2013). Xentry, derived from amino acids 16-22 of the X-protein 

of the HBV (Figure 1.3A), has an active core comprising just the 4 amino acids leucine-cysteine-

leucine-arginine (LCLR) (Montrose, Yang, & Krissansen, 2014). Thus, Xentry’s size and its physico-

chemical properties mean it falls outside the standard CPP categorization. Also uniquely, Xentry has 

been shown to enter adherent cells exclusively (Montrose et al., 2013). This is unusual as, as 

mentioned, CPPs are typically indiscriminate as to which cell types they enter (Copolovici et al., 

2014; Duchardt et al., 2007). Xentry’s cell entry process is energy-dependent, endocytic, and 

involves the heparan sulphate side-chains of the syndecan-4 transmembrane receptor proteoglycan 

(Montrose et al., 2013), a key cell adhesion molecule (Morgan, Humphries, & Bass, 2007). Thus, the 

unique physico-chemical properties of Xentry and its tropism for adherent cells place the CPP in a 

class of its own.  

 

Xentry is uniquely equipped for drug delivery into epithelia. For example, intravenous delivery of 

Xentry in mice showed that it avoided sequestration by circulating blood cells and concentrated 

within particular regions of certain tissues, such as the epithelia lining the colon, stomach, and 

bronchial airways (Montrose et al., 2013). Xentry’s tropism for epithelia is not surprising considering 

that they express particularly high levels of syndecans (M Bernfield et al., 1992). In addition, D-

isomeric forms of Xentry have been shown to be active and stable in serum, and caused no signs of 

acute toxicity when delivered at very high concentrations (Montrose et al., 2014). Also, Xentry has 

been shown to be capable of delivering large proteins, antibodies, and siRNAs into cells in a 

biologically active form (Montrose et al., 2013). Further, Xentry’s cell-penetrating ability can be 

conditionally controlled in a protease-specific manner by fusing Xentry to itself via a protease-

cleavable peptide motif (Montrose et al., 2014). Cleavage of the motif frees Xentry to enter cells; use 

of a motif cleavable by a protease expressed exclusively by a subpopulation of cells could enhance 

the entry of Xentry and cargo into that subpopulation. Thus, Xentry appears to have advantages over 

other CPPs for therapeutic applications targeting epithelial cells, in that it has a predilection for 

entering adherent cells when administered intravenously, it appears stable and non-toxic in vivo, it 

has the ability to deliver a variety of therapeutic cargo types, and its cell entry can be conditionally 

enhanced to target epithelial cell subpopulations.  
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1.1.3.3 A Xentry PROTAC platform for targeted protein degradation in epithelial cells 

Combining Xentry with the X-protein instability domain and a ligand for a target protein could make 

a PROTAC platform for targeted post-translational protein degradation in adherent cells (Figure 1.4). 

Xentry’s ability to transport attached peptides into cells, and Xentry’s predilection for uptake by 

adherent cells, could guide a PROTAC into adherent cells and prevent its sequestration by other cell 

types in an in vivo context. Further, protease-activatable forms of Xentry could enhance PROTAC 

targeting to specific epithelial cell subpopulations. Further still, tissue targeting could also be 

improved by adding to the PROTAC a homing peptide, a peptide that homes to a specific tissue 

(Laakkonen & Vuorinen, 2010). Potentially, a rich source of target protein ligands may be 

oligomerization domains, which are present in a large number of proteins (Engel & Kammerer, 

2000). Once a Xentry PROTAC has entered cells it should bind to the target protein, whereupon the 

instability domain should initiate proteolysis of the target protein via the UPS.  

 

 

 
 

Figure 1.4: Schematic of a Xentry PROTAC platform 

Combining Xentry with the X-protein instability domain and a ligand for binding to a target protein 

makes a PROTAC platform for targeted post-translational protein degradation in adherent cells. 

Protease-activatable motifs and homing motifs could be further appended to the PROTAC to 

enhance epithelial tissue-targeting.  

 

The Xentry PROTAC platform may be particularly amenable to targeting breast carcinomas. 

Carcinoma is a type of cancer that develops from epithelia (Kirkham & Lemoine, 2001). 

Approximately 80% of cancers and nearly 100% of breast cancers are carcinomas (C. I. Li, Uribe, & 

Daling, 2005). Breast cancer is the most frequently diagnosed cancer worldwide (>1,300,000 

cases/year), and is the leading cause of cancer death amongst females (>450,000 deaths/year) 

(Jemal et al., 2011). Breast cancer development and progression are driven by oncogenic proteins, 

such as human epidermal growth factor receptor 2 (HER-2) (Yu & Hung, 2000) and mucin 1 (MUC1) 

(Zaretsky et al., 2006). Notably, breast cancers often overexpress the syndecans to which Xentry 

binds during cell entry (see above) (Baba et al., 2006; Lendorf, Manon-Jensen, Kronqvist, Multhaupt, 

& Couchman, 2011). Fortuitously, various homing peptides that bind specifically to breast tumour 
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tissues have been described (Table 1). Thus, as breast cancers are driven by oncogenic protein 

expression, often overexpress syndecans, and may be targeted by homing peptides, they could be 

suitable therapeutic targets for Xentry PROTACs.  

 

Table 1: Examples of peptide homing motifs that bind specifically to breast tumour tissues 

Peptide homing motif Breast cancer target Ligand (if known) Reference 

CPGPEGAGC Blood vessels Aminopeptidase P (Essler & Ruoslahti, 2002) 

CGKRK  Blood vessels and 

tumour cells 

 (Hoffman et al., 2003) 

CDTRL Blood vessels and 

tumour cells 

 (Hoffman et al., 2003) 

TDGDKAFVDFLSDEIKEE Lymphatics and 

tumour cells 

p32/p33/gC1qR r (Fogal, Zhang, Krajewski, 

& Ruoslahti, 2008) 

LTVSPWY  Tumour cells  (Shadidi & Sioud, 2003) 

WNLPWYYSVSPT Tumour cells  (Shadidi & Sioud, 2003) 

 

 

 

1.1.3.4 Breast cancer oncoproteins HER2 and MUC1 

1.1.3.4.1 Human epidermal growth factor receptor 2 

Human epidermal growth factor receptor 2 (HER2), also known as receptor tyrosine-protein kinase 

erbB-2, is a member of a family of cell-surface epidermal growth factor receptors (Gutierrez & Schiff, 

2011). These receptors activate a diverse range of intracellular signalling pathways in response to 

extracellular signals in the form of peptide growth factors (Schneider & Wolf, 2009). HER2 is widely 

expressed at low levels in normal epithelial tissues (Press, Cordon-Cardo, & Slamon, 1990). It does 

not have a ligand-binding domain and exists in a constitutively activated conformation (Gutierrez & 

Schiff, 2011). HER2 signalling is engaged by heterodimerisation with another ligand-bound, activated 

family member or by homodimerization with itself when expressed at high levels (Gutierrez & Schiff, 

2011) (Figure 1.5).  
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Figure 1.5: HER2 and intracellular signalling. 

HER2 heterodimerisation with a ligand-bound EGFR family member catalyses phosphorylation (P) via 

the tyrosine kinase domain (TK) and activates intracellular signalling pathways. Mutated forms of 

HER2 in cancer can still act as signalling molecules and may lack epitopes for monoclonal antibody 

anti-cancer therapies. This figure is a derivative of Figure 1 "Conformation of monomeric and dimeric 

ErbB-proteins" by Bertelsen and Stand (2014), used under Creative Commons license BY.   

 

 

 

HER2 is an important target in breast cancer therapy. HER2 is overexpressed in 20-30% of breast 

cancers (D. Slamon et al., 1989). Its overexpression hyperactivates cell signalling pathways involved 

in cell survival and proliferation (Harari & Yarden, 2000), and is associated with a more aggressive 

disease and increased mortality (Mitri, Constantine, & O'Regan, 2012). Various monoclonal antibody 

therapeutics have been developed to block HER2 activity. One of these, trastuzumab (Herceptin), in 

combination with chemotherapy is the frontline therapy used to treat HER2 positive breast cancer 

(A. R. Tan & Swain, 2003). Resistance to trastuzumab is common, though, and is thought to develop 

through mechanisms including HER2 mutation (Figure 1.5) (Vu & Claret, 2012). Knockdown of HER2 

by RNAi or inhibition of HER2 dimerization by blocking peptide, either alone or in combination with 

tamoxifen, has been shown to inhibit the proliferation of breast cancer cell lines (Table 2).   
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Table 2: Effects of targeting HER2 proteins alone or in combination with tamoxifen in breast cancer cells. 

Cell line(s) Agent Method Tam Effects Reference 

MDA231, 
BT474, SKBR-3 

Peptide Inhibitor of 
dimerization 

− Inhibited proliferation of cells. Little cytotoxicity. (Nakajima et al., 2008) 

SKBR3, MCF7 siRNA Knockdown − Reduced the cell surface expression of HER2 protein on SKBR3 cells. Growth 
arrest of SKBR3 and MCF7/HER2 cells in the late G1/S-phase. 

(Choudhury et al., 2004) 

SKBR3, BT474, 
MDA-MB-468 

siRNA Knockdown − Cell cycle arrest at G0/G1; antiproliferative and apoptotic in cells 
overexpressing HER2. No effect on HER2-negative MDA-MB-468. 

(Faltus et al., 2004) 

SKBR3 siRNA Knockdown − Decreased proliferation via an increase in apoptosis and alterations in cell 
cycle. 

(Mittendorf et al., 2010) 

BT474 Tra Inhibition + Combination with Tam inhibited growth more than Tra or Tam alone. 
Antagonistic interactions at IC30 and below, although additive effects at the 
highest levels of cell kill. 

(Ropero et al., 2004) 

BT474 Tra Inhibition + Combination with Tam caused synergistic growth inhibition, inhibited HER2 
activity, and had a cytostatic effect.  

(Argiris, Wang, Whalen, 
& DiGiovanna, 2004) 

BT474 Tra Inhibition + In vivo xenograft model. Combination showed a greater inhibition of tumour 
growth compared to either Tam or Tra alone. A paradoxical proliferation-
inducing effect of Tam that was reversed by the addition of Tra. 

(C.-X. Wang et al., 2005) 

BT474, MCF7 AEE788 Inhibitor of 
EGFR, HER2 
and VEGFR 

+ Two-fold increase in sensitivity in MCF-7 to Tam (IC50 10 nM to 5 nM), 100-
fold increase for BT474 (1000 nM to 10 nM). 

(Evans et al., 2010) 

Abbreviation: Tam, tamoxifen; Tra, trastuzumab. 
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1.1.3.4.2 Mucin 1 

Mucins are heavily glycosylated proteins that function to protect and lubricate epithelial surfaces 

(Devine & McKenzie, 1992). Mucin 1 (MUC1) is a large transmembrane mucin expressed on the 

apical surfaces of most secretory epithelia, including the mammary gland (Gendler, 2001). It 

comprises a long (1,000-2,500 amino acid) extracellular N-terminal subunit (MUC1-N) non-covalently 

attached to a short (158 amino acid) C-terminal subunit (MUC1-C), which has extracellular, 

transmembrane, and cytoplasmic domains (Figure 1.6). MUC1-C is involved in cell signalling 

(Gendler, 2001). It interacts with a range of signal transduction pathways at the cell membrane and 

at the nucleus after translocation (Kufe, 2012). Nuclear translocation of MUC1-C is dependent on 

dimerisation, which is mediated by a CQC motif in the cytoplasmic domain (D. Raina et al., 2012) 

(Figure 1.6B).  

 

MUC1 is an important target in breast cancer therapy (Kufe, 2012). MUC1 is aberrantly 

overexpressed in over 90% of breast cancers, with overexpression correlated with high metastatic 

potential and poor survival (McGuckin, Walsh, Hohn, Ward, & Wright, 1995; Rakha et al., 2005). 

MUC1-C and its homodimerisation are implicated in breast cancer oncogenesis (Kufe, 2012). 

Inhibition of MUC1-C dimerisation by blocking peptide has been shown to inhibit the growth of 

breast cancer cell lines and xenograft tumours (Table 3). Knockdown of MUC1 by siRNA decreased 

the proliferation of the MDA-MB-468 breast cancer cell line, though, curiously, increased the 

proliferation of the BT-20 breast cancer cell line (Hattrup & Gendler, 2006). 
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Figure 1.6: The mucin 1 (MUC1) structure.  

A) MUC1 is a heterodimer comprising a long extracellular N-terminal subunit (MUC1-N) non-

covalently attached to a short C-terminal subunit (MUC1-C). The subunits are formed by the 

processing of a single polypeptide. MUC1-C may dimerise, particularly when MUC1 is overexpressed 

in cancer, and translocate to the nucleus where it may regulate transcription. B) MUC1-C comprises 

extracellular, transmembrane (TM), and cytoplasmic domains. The cytoplasmic domain contains a 

motif essential for MUC1-C dimerization. 
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Table 3: Effects of targeting MUC1 proteins, alone or in combination with tamoxifen, in breast cancer cells. 

Cell line(s) Agent Method Tamoxifen Effects Reference 

MDA-MB-468, 
BT-20 

siRNA Knockdown − Decreased proliferation and increased stress-induced apoptosis in 
MDA-MB-468 cells. Increased proliferation of BT-20 cells. 

(Hattrup & Gendler, 2006) 

MCF-7 CPP Inhibitor of 
dimerisation 

− Inhibited proliferation and reduced cell membrane integrity; reduced 
nuclear translocation of MUC1-C. Growth arrest of xenograft tumour. 

(D. Raina et al., 2009) 

BT-20, MDA-
MB-231 

CPP Inhibitor of 
signalling 

− Inhibited cell growth and invasion in vitro, and growth and recurrence 
of a xenograft tumour. 

(Bitler et al., 2009) 

BT474 CPP Inhibitor of 
dimerisation 

+ Sensitized cells to tamoxifen treatment. (Kharbanda, Rajabi, Jin, 
Raina, & Kufe, 2013) 
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1.1.3.4.3 HER2 and MUC1 are associated with tamoxifen resistance in breast cancer 

HER2 and MUC1 have been associated with the resistance of breast cancer tumours to treatment 

with the chemotherapeutic drug tamoxifen (Houston et al., 1999; Kharbanda et al., 2013). Tamoxifen 

is the most commonly prescribed breast cancer drug worldwide (V. C. Jordan, 2006). Its metabolites 

act as partial estrogen receptor (ER) antagonists in breast tissues. Inhibition of ER signalling is one of 

the major strategies for the prevention and treatment of breast cancer (V. C. Jordan, 2006). 

Tamoxifen can block the growth of ER-expressing tumours in about half of breast cancer cases, but 

the other half develop resistance (Wiebe, Osborne, Fuqua, & DeGregorio, 1993). Tamoxifen 

resistance is believed to be due in part to the overexpression of proteins such HER-2 (Benz et al., 

1992; Borg et al., 1994) and MUC1 (Kufe, 2012) in tumour cells. More specifically, both HER2 

signalling (Cui et al., 2012) and MUC1-C binding (Kharbanda et al., 2013) can enhance ERα3 

transcriptional activity. Inhibiting HER2 activity by trastuzumab or small molecule in combination 

with tamoxifen treatment generally inhibited the growth of breast cancer cells and xenograft 

tumours in an additive or synergistic manner, though antagonistic effects were reported at low 

concentrations (Table 2). Inhibiting MUC1-C dimerisation in breast cancer cells by blocking peptide 

sensitised the cells to tamoxifen treatment (Kharbanda et al., 2013) (Table 3). 

 

                                                           
3 One of the two main types of ER, the other being ERβ (Haldosén, Zhao, & Dahlman-Wright, 2014). 
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1.1.4 Aims of this study 

The aims of this study were two-fold. The first aim was to test the Xentry PROTAC platform for its 

ability to generate functional PROTACs which degrade their target protein. The second aim was to 

assess the effects of targeting HER2 and MUC1 proteins by PROTAC, both alone and in combination 

with tamoxifen, on breast cancer cell viability.  

 

The specific objectives were to: 

1. Screen the Cancer Genome Atlas (TCGA) Data Portal to confirm associations between HER2 

(ERBB2), MUC1, and ERα (ESR1) gene expression in breast cancer tumours. 

2. Screen a range of breast cancer cell lines by Western blot analysis to identify those that 

overexpress HER2 and MUC1. 

3. Develop Xentry PROTACs capable of degrading HER2 and MUC1 proteins in breast cancer 

cells.  

4. Assess the effects of targeting HER2 and MUC1 by PROTAC on breast cancer cell line 

viability.  

5. Assess the effects of targeting HER2 and MUC1 by PROTAC in combination with tamoxifen 

treatment on breast cancer cell line viability. 
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1.2 Materials and Methods 

1.2.1 Suppliers 

Abcam Inc. Cambridge, MA, USA. 

Applied Biosystems. Carlsbad, CA, USA. 

AppliChem. Darmstadt, Germany. 

American Type Culture Collection. ATCC, Manassas, VA, USA. 

BD Biosciences. Franklin Lakes, NJ, USA. 

BDH chemicals. Poole, UK. 

Bethyl. Montgomery, TX, USA. 

Bio-Rad Laboratories. Hercules, CA, USA. 

Cayman Chemical Company. Michigan, USA. 

Cell Signaling Technology. Danvers, MA, USA. 

Clontech. Mountain View, CA, USA. 

Enzo. Farmingdale, NY, USA. 

GE Healthcare. Chalfont St. Giles, UK. 

GibcoBRL/Life Technologies - now supplied by Invitrogen. 

Ibidi GmbH. München, Germany. 

Invitrogen. Carlsbad, CA, USA. 

Jackson ImmunoResearch. West Grove, PA, USA. 

Life Technologies. Grand Island, NY, USA. 

LSBio. Seattle, WA, USA. 

Millipore Corp. Bedford, MA, USA. 

Nunc - now part of Thermo Fisher Scientific. 

OriGene Technologies. Rockville, MD, USA. 

Peptide 2.0 Inc. Chantilly, VA, USA. 

Perkin Elmer. Waltham, MA, USA. 

Pierce Biotechnology. Rockford, IL, USA. 

R&D Systems. Wiesbaden, Germany. 

Roche Applied Science Roche. Mannheim, Germany. 

Santa Cruz Biotechnology Inc. Santa Cruz, CA, USA. 

Sigma-Aldrich. St. Louis, MO, USA. 

Thermo Fisher Scientific Inc. Waltham, MA, USA. 
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1.2.2 Peptides 

The peptides used in this study (Table 4) were synthesized by Peptide 2.0 Inc. Their supplied data 

sheets are included in the Appendix. Peptides were dissolved in water containing 1 mM 

dithiothreitol (DTT) to stock concentrations ranging from 0.5-5 mM and then stored at -80˚C in 

single-use aliquots.  

 

Table 4: Peptides used in the PROTAC study. 

Peptide Sequencea N-terminus 

Xentry lclrpvg TAMRA 

HER2 PROTAC LCLRPVGGRHKLVRSPAPCKFFTSAGGAAEEIYAARRG TAMRA 

Control PROTAC LCLRPVGGRHKLVRSPAPCKFFTSA TAMRA 

PROTAC-1 LCLRPVGGRHKLVRSPAPCKFFTSAGGCQCRRKN TAMRA 

PROTAC-2 LCLRPVGGRHKLVRSPAPCKFFTSAGGCQCRRKNYGQLDIFP TAMRA 

GO-201 rrrrrrrrrCQCRRKNYGQLDIFP  

Xen-201 lclrpvggCQCRRKNYGQLDIFP  
aL-isomers in uppercase, D-isomers in lowercase. TAMRA, 5-Carboxytetramethylrhodamine. 

 

1.2.3 Cell lines 

Unless otherwise specified, all cell lines were obtained from the American Type Culture Collection 

(ATCC) in 2012. Cell lines from the ATCC were cultured in bulk and cryopreserved. Identical aliquots 

were thawed as required throughout the project, so that cells used in experiments were <10 

passages of growth from when purchased.   

 

BT474: ATCC, HTB-20. A human breast ductal carcinoma cell line derived from a 60 year old female 

Caucasian. 

BT483: ATCC, HTB-121. A human breast ductal carcinoma cell line derived from a 23 year old female 

Caucasian. 

BT549: ATCC, HTT-122. A human breast ductal carcinoma cell line derived from a 72 year old female 

Caucasian. 

DU4475: A human skin carcinoma cell line derived after metastasis from the breast of a 70 year old 

female Caucasian. 

HCC38: ATCC, CRL-2314. A human breast ductal carcinoma cell line derived from a 50 year old 

female Caucasian. 
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HEK293T: A human embryonic kidney epithelial cell line derived from human embryonic kidney 293 

cells by transformation with the SV40 T-antigen. 

MCF-7: ATCC, HTB-22. A human breast adenocarcinoma cell line derived from a 69 year old female 

Caucasian. 

MDA-MB-231: ATCC, HTB-26. A human breast adenocarcinoma cell line derived from a metastatic 

pleural effusion in a 51 year old  female Caucasian. 

MDA-MB-361: ATCC, HTB-27. A human breast adenocarcinoma cell line derived after metastasis 

from the brain of a 40 year old female Caucasian. 

SKBR3: ATCC, HTB-30. A human breast adenocarcinoma cell line derived after metastasis from a 

pleural effusion of a 43 year old female Caucasian. 

  

1.2.4 Tissue culture media 

Dulbecco’s Modified Eagle’s Medium (DMEM) medium (Invitrogen, 11995-065). 

DMEM/F12 medium (Invitrogen, 11320-033). 

Ham's F-12K (Kaighn's) medium (Invitrogen, 21127-022). 

‘Complete’ media refers to media supplemented with 10% (v/v) fetal bovine serum (FBS). The FBS 

(Gibco, 10091-148) was heat-inactivated at 56°C for 30 min prior to use.  

 

1.2.5 Cell culture 

BT483, BT549, DU4475, and HCC38 cells were cultured in RPMI 1640 Medium (Invitrogen, 11875-

093) supplemented with 10% FBS. BT474 and MDA-MB-361 cell lines were cultured in DMEM/F12 

medium (Invitrogen, 11320-033) supplemented with 10% FBS. HEK293T, MCF-7, MDA-MB-231, and 

SKBR3 cells were cultured in DMEM medium (Invitrogen, 11995-065) supplemented with 10% FBS.  

 

Cell culture work was carried out using disposable tissue culture (TC) grade plasticware (BD 

Biosciences) and reagents in a class IIA biohazard tissue culture hood using sterile techniques. All 

equipment and work surfaces were sterilised with UV light and 70% ethanol, and laminar airflow was 

established for 3 min prior to use to ensure sterility. Cells were cultured in a Heraeus incubator 

(Thermo Scientific) at 37°C in a humidified atmosphere of 5% CO2 in air. The culture medium was 

replaced with fresh medium every 2-3 days. 

 

The cells were passaged or seeded once they had reached approximately 90% confluence. To do so, 

the cells were washed with 1 x trypsin-ethylenediaminetetraacetate (EDTA) (Invitrogen, 15400-054) 

diluted in phosphate buffered saline (PBS), and detached by incubation with 1 x trypsin-EDTA for ~5 
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min at 37°C. The cells were observed under a microscope to ensure complete detachment from the 

flask surface, and the trypsin-EDTA was then neutralised with complete growth media. Cell 

concentrations were calculated using a haemocytometer. Suspended cells were pelleted by 

centrifugation at 180 x g for 5 min, and cell pellets were resuspended in fresh medium. Cells were 

then passaged or plated as required.  

 

Cells for cryopreservation were resuspended following detachment in freezing medium comprising 

95% full growth medium and 5% DMSO. Cell suspensions were then transferred to cryovials, and the 

vials were frozen overnight in a polystyrene container at -80°C before being transferred to liquid 

nitrogen for longer term storage. Cryopreserved cells for culture were thawed in a 37°C water bath, 

then diluted in full media and cultured in flasks.           
 

Phosphate buffered saline (1x PBS): 137 mM sodium chloride (NaCl), 2.7 mM potassium chloride 

(KCl), 1.4 mM potassium dihydrogen orthophosphate (KH2PO4), 4.3 mM disodium hydrogen 

orthophosphate (Na2HP04.7H20), pH 7.4.    

 

1.2.6 Western blot analysis 

1.2.6.1 Cell treatments 

Cells were seeded into 12-well TC-treated plates at 1-1.75 x 105/well (Table 5), and cultured 

overnight. The following day PROTAC stocks, MG132, and controls were diluted as required in 

serum-free medium to the concentrations and volumes indicated in Table 5. Serum-free media was 

used to prevent potential peptide degradation by serum components. Note that for potential testing 

and application of the peptides in vivo, they could be synthesized as d-isomers to prevent serum 

degradation. The cells were then washed with serum-free media, and treated with solutions. The 

cells were cultured for 3 h, after which an equal volume of complete media was added, and the cells 

cultured for the remainder of the indicated durations.  

 

Table 5: Summary of variables used in Western blot analysis of PROTACs. 

Test (section) Cell line(s) 

Cells 

seeded  

(x105) 

Treatment  

vol. (mL) 

Duration 

(h) 

HER2-targeting PROTAC (Section 1.3.2) BT474, 

SKBR3 

1.25 2 0-24 
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MUC1-targeting PROTAC-2 (Section 1.3.3) MCF7 1.25 2 0-24 

PROTAC-1 and -2 concentration (Section 

1.3.5) 

MCF7 1 1 24 

PROTAC-1 and -2 and BT483 cells (Section 

1.3.5) 

BT483 1.25 2 48 

PROTAC-1 and -2 72 h test (Section 1.3.6) MCF7 1.25 2 72 

PROTAC-1 and -2 time course (Section 1.3.7) MCF7 1.25 2 6, 12. 24 

PROTAC-1 and -2 proteasome inhibition 

(Section 1.3.9) 

MCF7 1.75 2 8, 12 

 

MG132 (Sigma-Aldrich, C2211 SIGMA) was dissolved at 10 mM with dimethylsulfoxide (DMSO) 
(Sigma-Aldrich, D-5879). 

 

1.2.6.2 Total cell lysis and sample preparation 

Cells were washed with 1 mL of fridge-cold PBS and then lysed with 30 μL of 1x sodium dodecyl 

sulfate (SDS) Loading Buffer. The lysates were transferred to microcentrifuge tubes on ice and 

sonicated to shear the DNA. Either equal volumes of lysates were analysed, or the protein 

concentrations of lysates were measured using the Pierce BCA Protein Assay Kit (23225) and then 

equal amounts of protein analysed. In the latter case, proteins were diluted to equal volumes with 

1x SDS Loading Buffer. Lysates were mixed in microcentrifuge tubes with 6x Reducing Loading Dye to 

give a 1x concentration of Loading Dye, and then incubated at 95°C for 5 min. The tubes were then 

chilled on ice for 2 min and centrifuged in a microfuge for 1 min to consolidate the contents. 

 

1x SDS Loading Buffer: 62.5 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% glycerol. 

6x Reducing Loading Dye: 300 mM Tris (pH 6.8), 10% SDS, 30% glycerol, 0.5 M DTT, 0.06% (w/v) 

bromophenol blue (BDH chemicals, 200152E). Stored at –20°C. 

 

1.2.6.3 Preparation of a nuclear fraction from cancer cells, and sample preparation 

The nuclear fraction of cancer cells was prepared using the REAP procedure (Suzuki, Bose, Leong-

Quong, Fujita, & Riabowol, 2010). Specifically, plates containing cultured cells were placed on ice, 

and the cells were washed twice with ice-cold PBS. Ice-cold PBS (1 mL) was then added to each well, 

and the cells detached with a plastic scraper and collected into microcentrifuge tubes. The tubes 

were then briefly (~10 s) centrifuged at high speed (‘pop-spun’) and the supernatants discarded. The 

cell pellets were resuspended in 45 μL of ice-cold 0.1% Nonidet-PBS (AppliChem, MO, USA) in 1x PBS 
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and triturated by pipetting up and down 5 times. A 15 μL aliquot was then removed to represent a 

sample of the whole cell lysate. The remainder was then pop-spun and the supernatant discarded. 

The pellet containing the cell nuclei was resuspended in 500 μL of ice-cold 0.1% Nonidet-PBS, the 

tube pop-spun, and the supernatant discarded. The nuclear pellet remaining was resuspended in 1x 

Laemmli sample buffer, while the whole cell lysate sample was mixed with 4x Laemmli sample 

buffer. 

 

4x Laemmli sample buffer: 200 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 0.2 M DTT, 50 mM EDTA, 

0.08% bromophenol blue.  

 

1.2.6.4 SDS-gel electrophoresis 

Protein samples were resolved on 8-12% (w/v) polyacrylamide Tris-glycine SDS mini gels prepared as 

indicated in Table 6. The gels were transferred to Amersham Biosciences Mighty Small II 

electrophoresis tanks and electrophoresis carried out using SDS-PAGE running buffer (1.24 M Tris pH 

8.3, 9.6 M glycine, 5% SDS). The samples were then loaded onto the gels along with a Precision Plus 

protein standard (Bio-Rad, 161-0373) as a guide to the molecular weights of resolved proteins. 

Electrophoresis was carried out at 30 V for the first 30 min, and then at 150 V for 1-2 h.  

  

Table 6: Solutions used to prepare Tris/glycine SDS-PAGE separating and stacking gels. 

 Separating gel Stacking gel 

 8% 10% 12%  

Water 2.3 2.0 1.7 1.4 

30% (w/v) acrylamide mix a 1.3 1.7 2.0 0.33 

1.5 M Tris (pH 8.8) 1.3 1.3 1.3 0.25 

10% (w/v) SDS b 0.05 0.05 0.05 0.02 

10% (w/v) APS c 0.05 0.05 0.05 0.02 

TEMED d 0.003 0.002 0.002 0.002 

Volumes are in mL. a 29.2% acrylamide and 0.8% N,N’-methylene-bis-acrylamide; b Sodium dodecyl 

sulfate; c Ammonium persulfate; d N,N,N’,N’-tetramethylethylendiamine. 

 

1.2.6.5 Protein transfer to PDVF membranes 

Polyvinylidene fluoride (PVDF) membranes (Amersham Hybond P 0.45, GE Healthcare, RPN3034) 

were wetted with methanol and equilibrated with 1x transfer buffer. After SDS-gel electrophoresis, 

the gels were placed in 1x transfer buffer for 5 min before being assembled together with the PDVF 
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membrane and Whatman filter papers into a transfer ‘sandwich’. The sandwich stack was placed in a 

semi-dry Hoeffer TE77 transfer unit, and electrophoretic transfer was carried out at 50 V and 50 mA 

for 1 h for proteins <100 kDa, and for 2 h for proteins >100 kDa.  

 

10X transfer buffer recipe (1 L): 30.3 g Tris base, 144.1 g glycine, water.  

1X transfer buffer (1 L): 100 mL 10x stock, 700 mL water, 200 mL methanol, chill to 4°C. 

 

1.2.6.6 Blocking of membranes 

After protein transfer, PDVF membranes were washed briefly with water and then blocked for 1 h at 

room temperature with 5% non-fat dry milk in Tris-buffered saline/Tween [TBST: 10 mM Tris HCl, pH 

7.4; 140 mM NaCl; 0.1% Tween 20 (Sigma-Aldrich, P7949)]. 

  

1.2.6.7 Incubation of membranes with antibodies 

The PDVF membranes containing transferred proteins were incubated overnight at 4°C with the 

indicated primary antibodies (Table 7) diluted in 4 mL of TBST containing 5% bovine serum albumin 

(BSA; Gibco, Fraction V lgG Free, 30063 572). Blots were then washed with water and TBST before 

being incubated for 1 h at room temperature with the species appropriate anti-IgG HRP-conjugated 

antibody (Table 7) diluted in 10 mL of TBST containing 5% non-fat dry milk.  

 

1.2.6.8 Antibodies 

Table 7: Antibodies and dilutions used for Western blot analysis. 

Antibody/antigen Antibody type Dilution Supplier Cat. no. 

Anti-rabbit IgG HRP-conjugated Goat polyclonal 1:10,000 Sigma A-0545 

Anti-mouse IgG HRP-conjugated Goat polyclonal 1:10,000 Bethyl A90-105P 

β actin Rabbit polyclonal 1:4,000 Abcam ab8227 

Estrogen receptor α  Rabbit monoclonal 1:1,000 Abcam ab16660 

HER2/ErbB2 Rabbit polyclonal 1:1,000 Abcam ab2428 

HER2/ErbB2 Mouse IgG2b 1:1,000 BD Biosciences  610161 

Lamin A/C Mouse monoclonal 1:500 BD Biosciences 612162 

Mono- and polyubiquitinylated 

conjugates (FK2) 

Mouse monoclonal 1:1,000 Enzo BML-PW8810 

MUC1-C  Rabbit monoclonal 1:1,000 Abcam ab109185 

HRP, horseradish peroxidase. 
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1.2.6.9 Detection of immunoreactivity 

Following incubation with secondary antibodies, blots were washed with water and TBST. Detection 

of immunoreactivity was carried out using ECL Advance (Amersham, GE Healthcare, RPN2135) and a 

Fujifilm LAS-3000 CCD camera-based luminescence imager. The automatic exposure time setting was 

used to ensure blots were not overexposed.  

 

1.2.6.10 Reprobing blots with a second antibody 

Blots were subsequently probed with an anti-β actin antibody (Table 7) to detect β actin as a loading 

control. Inactivation of HRP on blots was undertaken first in some instances, by incubating blots with 

hydrogen peroxide solution (Sigma, H1009) for 30 min at 37°C (Sennepin et al., 2009). Blots were 

then reblocked prior to probing. An anti-rabbit HRP-conjugated secondary antibody (Table 7) was 

used to detect the β actin antibody. 

 

1.2.6.11 Densitometry of Western blots 

Densitometry of Western blots was undertaken using MultiGauge software (V2.0, Fujifilm). The 

optical densities of bands and background were measured over areas of equal size, and then 

background measurements were subtracted from band measurements to give final measurements. 

Data from experimental samples were normalized to β actin, to account for protein loading, and to 

vehicle-treated controls.  

 

1.2.7 Analysis of cell uptake of PROTACs 

Analysis of TAMRA-labelled peptide uptake by cells by confocal microscopy was carried out as 

described previously (Holm et al., 2006), with minor modifications. Briefly, MCF7 cells (6.6 x 104/ 

well) were seeded in 8-well µ-Slides (Ibidi; 80826) and cultured overnight. The next day, controls and 

TAMRA-labelled PROTACs were diluted in 300 μL of serum-free medium at the indicated 

concentrations. The cells were washed twice with PBS (300 μL) and then cultured with the treatment 

solutions for the indicated times. The cells were then washed thrice with PBS (300 μL), and complete 

media was added to well. In some tests, CellTracker Green CMFDA Dye (Thermo Fisher, C7025) and 

Hoechst 4442 (Invitrogen, 62249) were added as counterstains. Confocal microscopy was then 

undertaken to visualize peptide uptake by cells (Section 1.2.9). 

 



25 
 

1.2.8 Analysis of pathways used by PROTACs to enter cells 

MCF7 cells were seeded (6.6 x 104/well) in Ibidi 8-well µ-Slides and cultured overnight. The next day, 

TAMRA-labelled PROTAC-1 (50 μM) and fluorescein (FITC)-labelled ChromPure human transferrin 

(125 μg/mL; Jackson ImmunoResearch, JI009090050) were mixed together in 300 μL of serum-free 

medium. Control solutions containing PROTAC-1 or FITC-transferrin only were similarly diluted. The 

cells were then washed twice with PBS (300 μL), and cultured with the treatment solutions for 2.5 h. 

Treatment solutions were then removed, and the cells washed thrice with PBS (300 μL) before being 

cultured for 30 min with 300 μL of complete media. The cells were then examined live by confocal 

microscopy (Section 1.2.9). 

 

1.2.9 Confocal microscopy 

Images were captured with an LSM 710 inverted confocal microscope (Zeiss, Germany) using a 

63×/1.4NA oil immersion objective. Excitation was with 405 nm diode, argon, diode-pumped solid 

state (561 nm), and helium-neon (633 nm) lasers. The live cells were viewed for a maximum of 

30 min. Images were captured and processed with Zeiss Zen Black 2011 software. Settings (gain, 

exposure, etc.) were kept constant for all images in an experiment.  

  

1.2.10 WST-1 cell viability assay 

In general, cells were seeded into 96-well TC-treated plates at 1 x 104 cells per well and cultured 

overnight. HEK293T cells, though, were seeded at 1 x 104 cells per well in 48-well plates as this was 

found to minimise cell loss from processing. The following day PROTAC stocks, 4-hydroxytamoxifen 

(4-OHT) stocks, and controls were diluted to the indicated concentrations in 100 μL of cell-line 

appropriate serum-free medium. Stock solutions (5 mM) of 4-OHT were prepared by dissolving 

lyophilized 4-OHT (Sigma; H7904) in ethanol. The cells were then washed once with PBS or serum-

free medium, and the treatment solutions applied. The cells were then cultured for 3 h, after which 

100 μL of complete media was added and the cells cultured for the remainder of the indicated 

durations. Treatments were repeated as indicated. On the day of the assay, WST-1 cell proliferation 

reagent (Clontech, 630118) was added to the wells following the supplier’s directions. The cells were 

then cultured for 2-3 h before absorbance was measured using an Enspire 2300 plate reader (Perkin 

Elmer) at excitation and emission wavelengths of 440 nm, with background levels measured at 690 

nm. Data was plotted relative to vehicle-treated controls.   
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1.2.11 Gene expression analysis 

Analysis of ERBB2, MUC1, and ERα (ESR1) gene expression in breast cancer tumours was undertaken 

using the Cancer Genome Atlas (TCGA) Data Portal (https://genome-

cancer.ucsc.edu/proj/site/hgHeatmap). The RNAseq data set TCGA_BRCA_exp_HiSeqV2-2015-01-28 

was downloaded and correlation analysis done on the data using SigmaPlot software (San Jose, CA; 

v.12.5) and the Pearson Product Moment test, which is a measure of the strength and direction of a 

linear association between two variables, and is denoted by r. 
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1.3 Results 

1.3.1 ERBB2 and MUC1 gene expression correlates with ESR1 gene 
expression in breast cancer.  

The RNAseq data set (TCGA_BRCA_exp_HiSeqV2-2015-01-28) from the Cancer Genome Atlas (TCGA) 

was examined using the TCGA Data Portal to determine whether gene expression of HER2 (ERBB2) 

and MUC1 correlates with expression of ERα (ESR1) in breast tumours. The data set characterises 

the gene expression from the tumours of 1188 breast cancer patients. The examination revealed a 

positive correlation for expression of ERBB2 and ESR1 (Pearson Product Moment Correlation 

coefficient, r = 0.066; p = 0.0282) and a very strong positive correlation for MUC1 and ESR1 

expression (Pearson Product Moment Correlation coefficient, r = 0.328; p = 3.39 x 10-29) (Figure 1.7). 
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Figure 1.7: ERBB2 and MUC1 gene expression correlates with ESR1 gene expression in breast 
cancer. 

Heat map showing the normalized expression of the ERBB2, MUC1, and ESR1 genes in breast cancer 

samples analysed by TCGA. Each line represents a single patient’s tumour sample, with higher than 

mean expression (1.0) coloured red, mean expression (0) uncoloured, and lower than mean 

expression (-1.0) coloured blue.
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Expression of the ER, HER2, and MUC1-C oncoproteins in a panel of human 

breast cancer cell lines 
Nine human breast cancer cell lines were analysed by Western blotting to determine their 

expression of ERα, HER2, and MUC1 C-terminal subunit (MUC1-C) proteins. The analysis revealed 

expression of the ERα protein (65 kDa) in BT474 (weakly), BT483, MCF-7, and MDA-MB-361 (weakly) 

cell lines (Figure 1.8). The analysis also revealed HER2 protein (185 kDa) was expressed by the BT474, 

BT483, MCF-7 (weakly), MDA-MB-361, and SKBR3 cell lines (Figure 1.8). Thus, three (BT474, BT483, 

MDA-MB-361) of the four breast cancer cell lines with moderate to high HER2 expression also 

expressed the ER. Finally, the analysis showed that MUC1-C protein migrated as two broad bands 

around 17 and 25 kDa (Figure 1.8). The larger species is known to be glycosylated (Ramasamy et al., 

2007). MUC1-C expression varied widely between the cell lines, with BT483, DU4475, BT549, and 

MCF-7 expressing the highest levels, HCC38, MDA-MB-231, and MDA-MB-361 expressing moderate 

levels, and BT474 and SKBR3 expressing low levels. Thus, three (BT483, MCF-7, MDA-MB-361) of the 

five cells lines with moderate to high expression of MUC1-C also expressed the ER (Figure 1.8). Table 

8 shows a summary of the relative expression of the proteins analysed by Western blotting. It should 

be noted that the ratings for protein expression are relative to the set of breast cancer cell lines 

examined here, and may differ if compared to normal breast tissue.  
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Figure 1.8: Western blot analysis of the expression of the ERα, HER2, and MUC1-C oncoproteins in 
human breast cancer cell lines. 

Proteins in the lysates from nine human breast cancer cell lines were analysed by Western blotting. 

The blots were probed with antibodies to ERα, HER-2, and MUC1-C. The positions of the expected 

protein bands are indicated in the right margin. The blots were also probed with an anti-β actin 

antibody to detect β actin as a loading control. The sizes of molecular weight markers are indicated 

in the left margin.  
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Table 8: Summary of the relative expression of the proteins analysed in breast cancer cell lines by 
Western blotting. 

Cell Line  ER HER2 MUC1-C 

BT474  + +++ +/− 

BT483  ++ + +++ 

BT549  − − ++ 

DU4475  − − ++ 

HCC38  − − + 

MCF-7  ++ +/− ++ 

MDA-MB-231  − − + 

MDA-MB-361  + + + 

SKBR3  − ++ +/− 

 

+++ Very high expression  

++ High expression  

+ Moderate expression  

+/− Low expression  

− No expression  
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1.3.2 Treatment of breast cancer cells with a HER2-targeting PROTAC 
reduces HER2 protein expression as evidenced by Western blot 
analysis  

A HER2-targeting peptide PROTAC (Figure 1.9A) was constructed which comprised the CPP Xentry 

(LCLRPVG), the X-protein instability domain sequence (RHKLVRSPAPCKFFTSA), and the peptide 

sequence AAEEIYAARRG as the HER2 binding motif. This latter motif was reported to be a HER2 

kinase substrate (P. M. Chan, Nestler, & Miller, 2000). In theory, this motif should bind the 

intracellular HER2 tyrosine kinase domain (Figure 1.9B) at the active site, namely the part of the 

kinase where substrates bind and are phosphorylated, whereupon the instability domain will initiate 

degradation of HER2 via the ubiquitin-proteasome system.  

 

To test this theory, HER2-expressing BT474 and SKBR3 cell lines were cultured with 25 or 50 μM 

HER2-targeting PROTAC for 8 or 24 h. As controls, other sets of cells were cultured with vehicle or 

Xentry CPP. HER2 degradation in the cells was assessed by Western blotting. Two antibodies were 

used for blotting analysis: a polyclonal antibody directed at the HER2 intracellular domain and a 

monoclonal antibody directed at the HER2 extracellular domain (Figure 1.9B). The analysis revealed 

that treatment with the HER2 PROTAC reduced HER2 protein levels in both cell lines, though the 

reductions were more modest in the blots probed with the polyclonal antibody directed at the 

intracellular domain (Figure 1.9C). A possible explanation for this discrepancy is that the HER2 

epitopes for the monoclonal antibody were blocked somehow, e.g. by polyubiquitination (Carmony 

& Kim, 2012). If this explanation is correct, then the polyclonal antibody should be the better 

indicator of PROTAC activity. Treatment with 50 μM but not 25 μM Xentry for 24 h also reduced the 

intensity of the HER2 bands in the blots probed with the monoclonal antibody directed at the 

extracellular epitope, but not in the blots probed with the antibody directed at the intracellular 

epitope. Thus, potentially the prolonged incubation with the higher PROTAC concentration had a 

nonspecific effect on HER2 expression. 

 
  

 

 

A 

B 

HER2 PROTAC:     TAMRA-LCLRPVGGRHKLVRSPAPCKFFTSAGGAAEEIYAARRG 
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C 
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Figure 1.9: A HER2-targeting peptide PROTAC reduces HER2 protein in human breast cancer cells 
as evidenced by Western blot analysis 

A) Sequence of the HER2-targeting PROTAC highlighting Xentry (blue), the X-protein instability 

domain (green), and the HER2-binding motif (red). B) Diagram of HER2 protein illustrating the 

extracellular, intracellular, and tyrosine kinase (tk) domains. This figure is a derivative of Figure 1 

"Conformation of monomeric and dimeric ErbB-proteins" by Bertelsen and Stang (2014), used under 

Creative Commons license BY. Western blot analysis of BT474 (C) and SKBR3 (D) breast cancer cells 

cultured with 25 (*) or 50 μM Xentry-based HER2-targeting PROTAC or controls for 8 or 24 h. Blots 

were probed with a monoclonal antibody to an extracellular HER2 epitope, a polyclonal antibody to 

the HER2 cytoplasmic domain, and an antibody to detect β actin as a loading control . The sizes of 

molecular weight markers are indicated in the left margin. Densitometry analyses compare HER2 

staining relative to β-actin staining, and are plotted as a percentage of vehicle (water)-treated 

controls.  

D 
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1.3.3 Treatment of breast cancer cells with a MUC1-targeting PROTAC 
reduces MUC1-C protein expression as evidenced by Western blot 
analysis.  

 

Similarly, a PROTAC was designed to target MUC1 at its cytoplasmic domain (MUC1-C). MUC1-C 

consists of a 58 amino acid extracellular domain, a 28 amino acid transmembrane domain and a 72 

amino acid cytoplasmic domain (Kufe, 2012) (Figure 1.10A). Dimerization of MUC1-C is dependent 

on a CQC motif in the cytoplasmic domain (D. Raina et al., 2012). Blocking the dimerisation of the 

cytoplasmic domain is the basis of the MUC1 inhibitor peptide GO-201 (D. Raina et al., 2009). GO-

201 comprises a CPP attached to a 15 amino acid sequence containing the CQC motif plus the 

subsequent 12 amino acids (CQCRRKNYGQLDIFP) (D. Raina et al., 2009).  Thus, the MUC1-targeting 

PROTAC was designed to fuse Xentry, the X-protein instability domain, and the 15 amino acid MUC1-

C dimerization motif (CQCRRKNYGQLDIFP) for binding to MUC1-C (Figure 1.10B).  

 

To test if this PROTAC could degrade MUC1-C in cells, MUC1-C-expressing MCF7 cells were cultured 

with 40 μM of the PROTAC for 4, 8, or 24 h. As controls, other sets of cells were cultured with vehicle 

or Xentry. The cells were then analysed by Western blotting using antibodies to MUC1-C and β actin. 

The analysis showed that PROTAC treatment caused near complete reduction of MUC1-C band 

intensity at 24 h, whereas Xentry had no effect (Figure 1.10C).  
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Figure 1.10: Culture of human breast cancer cell line with a MUC1-targeting PROTAC reduces 
MUC1-C protein staining in Western blot analysis 

Diagram of the MUC1-C subunit highlighting the extracellular, transmembrane (TM), and 

cytoplasmic domains, and the dimerization motif. B) Peptide sequence of the MUC1-targeting 

C 
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PROTAC, indicating the positions of the motifs for Xentry, the X-protein instability domain, and the 

MUC1-C dimerization domain. Glycine (G) residues were used as spacers between the motifs. C) 

Western blot analysis of MCF-7 breast cancer cells cultured with 40 μM of the PROTAC or controls 

for 4, 8, or 24 h. Note that 1.25 x 105 cells/well were seeded initially, and that the cells were cultured 

with the PROTAC in a 2 mL volume. The blot was probed with a monoclonal antibody to MUC1 and 

an antibody to detect β actin as a loading control (refer to Materials and Methods). The sizes of 

molecular weight markers are indicated in the left margin.  

 

 

 

 

After evaluating the activity of the HER2- and MUC1-C-targeting PROTACs, it was decided to 

concentrate subsequent testing on the latter for two reasons. The first reason was the clearer ability 

of the MUC1-C targeting PROTAC to reduce its target protein. The second reason was the ample 

research which has been conducted on MUC1-C inhibitor GO-201 (and variants), which also use the 

MUC1-C binding motif. The activity of the previously published MUC1-C inhibitors could serve as 

comparators for PROTAC activity.  

 

A second MUC1-C-targeting PROTAC (LCLRPVGGRHKLVRSPAPCKFFTSAGGCQCRRKN) was also 

designed which incorporated a shorter (7 amino acid) version of the MUC1-dimerization motif. This 

motif (CQCRRKN) is used in the MUC1 inhibitor GO-203, a variant of GO-201, which has also been 

shown to block dimerization of the MUC1-C cytoplasmic domain (D. Raina et al., 2011). Notably, a 

cyclic version of GO-203 has completed a Phase I clinical trial in patients with advanced solid 

tumours including lymphomas, though the results have not been released4. The rationale for also 

testing a shorter PROTAC here was that it would be cheaper to synthesize but may have the same or 

improved activity. The shorter PROTAC was designated PROTAC-1 and the longer PROTAC was 

designated PROTAC-2.  

 

 

1.3.4 Uptake and intracellular distribution of MUC1-targeting PROTACs in 
breast cancer cells over time 

The MUC1-C-targeting PROTACs were examined for their ability to enter breast cancer cells. MCF-7 

cells were cultured with 5 μM of TAMRA-labelled PROTAC-1 or -2 for 1 h, and then the live cells were 

                                                           
4 https://clinicaltrials.gov/ct2/show/NCT01279603 
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imaged by confocal microscopy. As controls, other sets of cells were cultured with vehicle or 

TAMRA-labelled Xentry. The images show that the perinuclear cytoplasm of the cells was stained red 

in a diffuse and/or punctate manner, indicating that the PROTACs had entered the cells (Figure 

1.11). Interestingly, the PROTACs stained the cells much more intensely than Xentry alone. 
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Figure 1.11: Uptake of PROTACs -1 and -2 by breast cancer cells. 

Differential interference contrast (DIC) microscopy (left column) and confocal microscopy (red 

fluorescence; right column) of live MCF-7 cells 1 h after incubation with 5 μM of TAMRA-labelled 

PROTACs or vehicle. Images were recorded at 630x magnification; scale bar = 50 µm. 
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Xentry enters cells via the clathrin pathway (Montrose, 2013). To investigate whether the PROTACs 

also enter cells via the clathrin pathway, MCF-7 cells were co-cultured with 50 μM TAMRA-labelled 

PROTAC-1 and 125 μg/mL of FITC-labelled transferrin. Transferrin is known to enter cells via the 

clathrin pathway (Hanover, Willingham, & Pastan, 1984; K. Takahashi & Tavassoli, 1983). As controls, 

other sets of cells were cultured with PROTAC-1 or FITC-transferrin only. Molecular uptake was 

recorded by imaging the live cells with confocal microscopy 3 h after treatment. The images show 

that TAMRA-PROTAC-1 (red) and FITC-transferrin (green) colocalised in some perinuclear 

endosomes, resulting in punctate yellowish-orange staining (Figure 1.12). The images also show that 

FITC-transferrin strongly stained the plasma membrane, presumably bound to transferrin receptors 

(Aisen, 2004), whereas TAMRA-PROTAC-1 did not. This suggests that PROTAC-1 was rapidly taken up 

by the cells and was not recycled back to the plasma membrane. Notably, the cytoplasm of some 

cells stained diffusely with TAMRA-PROTAC-1, similar to Figure 1.11, indicating that the PROTAC had 

escaped from endosomes.  
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Figure 1.12: MUC1-targeting PROTAC colocalises in intracellular vesicles with clathrin pathway 
substrate transferrin. 

Confocal imaging of live MCF-7 cells co-cultured with 125 μg/mL of FITC-labelled transferrin (green) 

and 50 μM TAMRA-labelled PROTAC-1 (red) for 3 h. The cell nuclei were counterstained with 

Hoechst 33342 (blue). The arrows in merged images indicate yellowish-orange-staining where the 

PROTAC and transferrin colocalise, presumably in endosomes. The images were recorded at 630x 

magnification; scale bar = 10 µm.
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To examine the intracellular distribution of the PROTACs in breast cancer cells over time, MCF-7 cells 

were cultured with 50 μM of TAMRA-labelled PROTAC-1 for 4, 8, and 24 h. For reference, the cells 

were also counterstained with Hoechst 33342 (nuclear) and CellTracker Green (intracellular) dyes. 

The PROTAC distribution was recorded by imaging the live cells by confocal microscopy. The images 

show that intracellular PROTAC staining was diffuse or localised to perinuclear cytoplasmic vesicles 

at 4 h, and that the diffuse staining became predominantly confined to nuclei at 24 h (Figure 1.13). 

The images 4 h after PROTAC-1 application also show that some cells stained intensely with the 

TAMRA-labelled PROTAC but not at all with CellTracker Green or Hoechst 33342. This indicates that 

these cells were dead, presumably as a consequence of PROTAC uptake and PROTAC-mediated 

killing.  

 

 
Figure 1.13: Intracellular distribution of PROTAC-1 in breast cancer cells over time. 

Confocal imaging of live MCF-7 cells cultured with 50 μM of TAMRA-labelled PROTAC-1 (red) for 4, 8, 

or 24 h, and counterstained with Cell Tracker intracellular (green) and Hoechst 33342 nuclear (blue) 

dyes. Arrows indicate cells which were stained by TAMRA-labelled PROTAC-1 but not by Cell Tracker 

Green or Hoechst 33342. Arrowheads indicate diffuse PROTAC staining of cell nuclei 24 h after 

treatment. Scale bar = 20 µm; 630x magnification. 
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1.3.5 PROTACs reduce MUC1-C in breast cancer cells with concentration-
dependence 

MCF-7 breast cancer cells were cultured for 24 h with increasing concentrations of PROTAC-1 and -2 

to test the ability of the PROTACs to degrade MUC1-C protein. As controls, other sets of cells were 

cultured with vehicle or a control PROTAC lacking a MUC1-C binding motif (Figure 1.14A). The cells 

were then analysed by Western blotting for MUC1-C and β actin expression. Analysis of this 

preliminary test shows that MUC1-C protein decreased with increasing PROTAC -1 or -2 

concentration, while the control PROTAC had no effect (Figure 1.14B). Densitometric analysis of the 

blot shows that PROTAC-1 reduced MUC1-C by ~25% at 40 µM, while PROTAC-2 reduced MUC1-C by 

~20% at 20 μM and ~65% at 40 μM (Figure 1.14C). Thus, PROTAC-2 had more activity than PROTAC-

1.  

 

Note, that the cell numbers seeded (1 x 105 cells/well) and the volumes of PROTAC solutions used 

for culture (1 mL/well) in this experiment are scaled to be equivalent to those used in the 

subsequent cell viability testing of the PROTACs detailed below. These variables differ from those 

used in some of the other experiments, e.g. Figure 1.10, Figure 1.17, Figure 1.18, where greater 

volumes of PROTAC solution (2 mL/well) were used. The full properties of each experiment are listed 

in Table 5. 
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Figure 1.14: PROTACs reduce MUC1-C in breast cancer cells with concentration-dependence.  

A) PROTAC amino acid sequences. B) Western blot analysis of MCF-7 cells cultured with 1 mL of 5 to 

40 μM of PROTAC-1, -2, or controls for 24 h. Note that 1 x 105 cells/well were seeded initially, and 

that the cells were cultured with the PROTACs in a 1 mL volume. The blot was probed with a 

monoclonal antibody to MUC1-C and an antibody to detect β actin as a loading control. The sizes of 

molecular weight markers are indicated in the left-hand margin. C) Densitometry of MUC1-C staining 

relative to β-actin staining and plotted as a percentage of vehicle (water)-treated controls.

B 

C 
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The PROTACs were also tested for their ability to degrade MUC1-C in BT-483 cells, which expressed 

the highest level of MUC1-C of all the cell lines examined (Figure 1.8). BT-483 cells were cultured 

with a single 40 μM application of PROTAC-1 or -2 for 48 h, and then analysed by Western blotting 

for expression of MUC1-C and β actin proteins. Both PROTACs, but particularly PROTAC-2, reduced 

MUC1-C expression compared to vehicle in this preliminary test (Figure 1.15). Densitometric analysis 

of MUC1-C expression, relative to β actin expression, indicates that PROTAC-1 reduced MUC1-C by 

~40%, while PROTAC-2 reduced MUC1-C by ~85%.  

 

 
 

Figure 1.15: PROTACs reduce MUC1-C in highly MUC1-C-expressing breast cancer cells.  

Western blot analysis of BT-483 cells cultured with a single 40 μM application of PROTAC-1 or -2 for 

48 h. Note that 1.25 x 105 cells/well were seeded initially, and that the cells were cultured with the 

PROTACs in a 2 mL volume. The blot was probed with an antibody to MUC1 and an antibody to β 

actin as a loading control. The sizes of molecular weight markers are indicated in the left margin.  
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1.3.6 Reduction of MUC1-C in breast cancer cells after prolonged 
incubation with PROTACs  

To test if the MUC1-targeting PROTACs are more effective if given more time to act, MCF-7 cells 

were cultured for 72 h with 0, 6.25, 12.5, 25, or 50 μM of PROTAC-1 or -2. As controls, other sets of 

cells were cultured with vehicle. The cells were then analysed by Western blotting for MUC1-C and β 

actin expression.  Analysis of this preliminary test showed that 50 μM of PROTAC-1 and 12.5 μM of 

PROTAC-2 suppressed MUC1-C expression by ~90% 72 h after application (Figure 1.16). 
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Figure 1.16: Reductions in MUC1-C protein after a 72 h culture with PROTACs. 

Western blot analysis of MCF-7 cells cultured with 0, 6.25, 12.5, 25, or 50 μM of PROTACs -1 or -2 for 

72 h. Note that 1.25 x 105 cells/well were seeded initially, and that the cells were cultured with the 

PROTACs in a 2 mL volume. The blots were probed with a monoclonal antibody to MUC1-C and an 

antibody to detect β actin as a loading control. The sizes of molecular weight markers are indicated 

in the left margin. B) Densitometry of MUC1-C staining relative to β-actin staining and plotted as a 

percentage of vehicle-treated controls.  

 

A 

B 
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1.3.7 Time course of reduction in MUC1-C after PROTAC treatment 

MCF-7 cells were cultured with 50 μM of TAMRA-labelled PROTACs -1 or -2 for 6, 12, or 24 h to 

determine the time required for the PROTACs to reduce MUC1-C protein expression. As controls, 

other sets of cells were cultured with vehicle. At the end of the incubation period the cells were 

analysed by Western blotting for MUC1-C and β actin expression. Analysis of this preliminary 

experiment showed that 6 h of culture with PROTAC-2 reduced MUC1-C expression by >80%, while 

24 h of culture PROTAC-1 reduced MUC1-C expression by ~60% (Figure 1.17A,B). Notably, bands 

staining for MUC1-C also appeared at ~50 kDa in the blot lanes of cells cultured with PROTAC-2. 

Further, broad bands also appeared in these same lanes below the 15 kDa mark. These broad bands 

partially colocalised  with the red staining of the TAMRA labeled PROTAC-2, as apparent in an image 

scan of the blot (Figure 1.17C). Presumably these bands represent either degraded forms of MUC1-C 

or the MUC1-C antibody binding to PROTAC-2. The supplier information provided with the anti-

MUC1-C antibody indicates that the antibody epitope is not a part of the MUC1 dimerisation motif 

included in PROTAC-2. Therefore the antibody is not expected to bind PROTAC-2 here, though this 

cannot be excluded. This staining is observed here and not in some other blots presumably because 

a higher percentage gel was used for SDS-PAGE.  
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Figure 1.17: Time course of reduction in MUC1-C after PROTAC treatment.  

A) Western blot analysis of MCF-7 cells cultured with vehicle or 50 μM of PROTAC-1 or -2 for 6, 12, 

or 24 h. Note that 1.25 x 105 cells/well were seeded initially, and that the cells were cultured with 

the PROTACs in a 2 mL volume. The blot was probed with a monoclonal antibody to MUC1 and an 

antibody to detect β actin as a loading control. The positions of the bands at ~50 kDa are also 

indicated in the right-hand margin. The sizes of molecular weight markers are indicated in the left-

hand margin. B) Densitometry of MUC1-C staining relative to β-actin staining and plotted as a 

percentage of vehicle-treated controls at the respective time points. C) An image scan of the blot 

showing red staining indicating the TAMRA label attached to the PROTACs. The blue bands on the 

right of the blot are the protein standards. 

C 
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1.3.8 PROTAC-1 reduces nuclear MUC1-C  

MUC1-C translocates from the cell membrane to the nucleus where it acts as a transcription factor 

(Bouillez et al., 2014; Leng et al., 2007). MUC1-C translocation depends on its dimerization (Leng et 

al., 2007). MUC1 dimerization and nuclear translocation are implicated in breast cancer oncogenesis 

(Kufe, 2012). Levels of nuclear MUC1-C in MCF-7 breast cancer cells were reduced after three 

consecutive days of treatment with 5 μM of the MUC1-C inhibitor GO-201; with the investigators 

suggesting that GO-201 prevented MUC1-C dimerization, and thus its nuclear translocation5 (D. 

Raina et al., 2009).  

 

As a preliminary test of whether nuclear MUC1-C levels in breast cancer cells are also reduced by 

PROTAC treatment, MCF-7 cells were cultured with 0-50 μM of PROTAC-1 for 24 h and then their 

nuclear fractions were analysed by Western blotting. Whole cell lysates were also analysed 

separately for comparison. The blots were probed with an antibody to MUC1 and then probed for 

fraction-specific loading controls. The nuclear fraction blot was probed with an antibody against the 

nuclear envelope protein lamin A/C and the whole cell blot was probed with an antibody against β 

actin. The analyses showed that MUC1-C expression in whole cell and nuclear lysates decreased to 

similar extents after treatment, with 25 and 50 µM of PROTAC-1 reducing MUC1-C by ~40 and 80%, 

respectively (Figure 1.18). The similar reductions in whole cell and nuclear lysates could be due 

either to PROTAC activity occurring to a similar extent in these cell compartment, or to the majority 

of the MUC1-C being localised to the nucleus. Interestingly, the analyses also showed that levels of 

lamin A/C also decreased to a similar extent after treatment with 25 or 50 μM of PROTAC-1.  

 

                                                           
5 Details of why GO-201 is presumed to prevent dimerization are presented in Section 1.3.3.  
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Figure 1.18: PROTAC-1 treatment reduces nuclear MUC1-C in breast cancer cells. 

Western blot analyses of whole cell and nuclear lysate fractions from MCF-7 cells cultured with 0, 

12.5, 25, or 50 μM of PROTAC-1 for 24 h. Equal cell equivalents of whole cell and nuclear lysates 

were separated by SDS-PAGE. The blots were probed with an antibody to MUC1-C. As loading 

controls, the whole cell lysate blot was probed with an antibody against β actin (42 kDa) and the 

nuclear fraction blot was probed with an antibody against the nuclear envelope protein lamin A/C 

(65 and 75 kDa). The sizes of molecular weight markers are indicated in the left-hand margins. Below 

each blot is the respective densitometric analysis of MUC1-C staining plotted as a percentage of the 

vehicle-treated control.  
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1.3.9 Proteasome inhibition has a limited effect on reductions in MUC1-C 
caused by PROTACs 

To determine whether proteasomal proteolysis is the mechanism underlying the reductions in 

MUC1-C caused by the PROTACs, MCF-7 cells were cultured for 8 h with 50 μM of PROTAC-1 in the 

presence of 0, 0.5, or 50 μM concentrations of the cell-permeable proteasome inhibitor MG-132. 

Other sets of cells were cultured with vehicle +/− MG-132 as controls. The cells were then analysed 

by Western blotting, probing for MUC1-C and β actin. The blot showed that MG132 had a limited 

effect on reduction of MUC1-C by PROTAC-1. Specifically, PROTAC-1 reduced MUC1-C by ~75% and 

~40% in the absence or presence of MG132, respectively. The blot also showed that 0.5 and 50 μM 

MG132 increased the levels of MUC1-C by ~80 and 20%, as seen in the Vehicle control (Figure 1.19). 

Note that the gel used for Western blotting has warped slightly at the bottom right side with bands 

in lanes 5 and 6 shifted slightly upwards. As such, the bands just above the 25 kDa marker in lanes 5 

and 6 are considered to be MUC1-C and are included in the densitometry analysis. 
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Figure 1.19: Proteasome inhibition has a limited effect on reductions in MUC1-C caused by 
PROTACs.   

Western blot analysis of MCF-7 cells cultured with 50 μM of PROTAC for 8 h in the absence or 

presence of 0.5 or 50 μM of the proteasome inhibitor MG132. Note that 1.25 x 105 cells/well were 

seeded initially, and that the cells were cultured with the PROTAC in a 2 mL volume. The blot was 

probed for MUC1-C and β actin as a loading control. Shown under the blot is densitometric analysis 

of MUC1-C staining relative to β-actin staining and plotted as a percentage of the vehicle-treated 

control. Note that the gel used for Western blotting has warped slightly at the bottom right side with 

bands in lanes 5 and 6 shifted slightly upwards. As such, the bands just above the 25 kDa marker in 

lanes 5 and 6 are considered to be MUC1-C and are included in densitometry analysis. 
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To corroborate and extend this investigation, a second test was performed with modifications. 

Specifically, MCF-7 cells were cultured for 12 h with 50 μM of TAMRA-labelled PROTAC-1 or -2 in the 

presence of the cell-permeable proteasome inhibitor MG-132. Other sets of cells were cultured with 

vehicle or Xentry +/− MG-132 as controls. The cells were then analysed by Western blotting. 

Separate blots were probed for MUC1-C and mono- and polyubiquitinated conjugates, and both 

blots probed for β actin as a loading control. The blot probed for MUC1-C showed that MG132 had 

no effect on MUC1-C knockdown by either PROTAC (Figure 1.20A). It also showed that MG132 

treatment itself reduced the levels of MUC1-C by ~40%, as seen in the Vehicle control. Further the 

same broad bands below 15 kDa apparent in Figure 1.17 were apparent in the PROTAC-2 lanes here. 

The blot probed for mono- and polyubiquitinated conjugates showed that MG132 treatment 

increased levels of the conjugates by ~250%, as seen in the Vehicle control (Figure 1.20B). Mono- 

and polyubiquitinated conjugate levels were decreased by approximately 40 and 75% for PROTAC-1 

and -2 treatments, respectively, including where MG132 was added. Notably, broad bands below 15 

kDa were also apparent in PROTAC-2 lanes. These partially colocalise with TAMRA fluorescence and 

staining in these lanes (Figure 1.20C). Presumably these bands represent either ubiquitinated forms 

of PROTAC-2 or ubiquitinated and degraded proteins.  
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Figure 1.20: Proteasome inhibition does not prevent reductions in MUC1-C caused by PROTACs; 
proteasome inhibition reduces MUC1-C. 

Western blot analysis of MCF-7 cells cultured with 50 μM of PROTAC for 12 h in the absence or 

presence of 20 μM of the proteasome inhibitor MG132. Note that 1.75 x 105 cells/well were seeded 

initially, and that the cells were cultured with the PROTACs in a 2 mL volume. Separate blots were 

probed for MUC1-C (A) and mono- and polyubiquitinated conjugates (B). The blots were then HRP-

inactivated with hydrogen peroxide and reprobed for β actin as a loading control. Shown under each 

blot is a densitometric analysis of MUC1-C or mono- and polyubiquitinated conjugates staining 

relative to β-actin staining and plotted as a percentage of vehicle-treated controls. C) Fluorescence 

(left) and white light (right) scans of the blot probed for mono- and polyubiquitinated conjugates.  

 

C 
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1.3.10 MUC1-targeting PROTACs reduce the viability of breast cancer 
cell lines  

As described above, treatment with 50 μM PROTAC-1 for 4 h appeared to kill a portion of MCF-7 

breast cancer cells (Figure 1.13). To quantify the effects of PROTAC treatments on breast cancer cell 

viability, various breast cancer cells were treated twice over 4 days 6 with increasing concentrations 

of PROTAC-1 or -2. Cell viability was measured at the end of the 4 days using the WST-1 colorimetric 

assay, which is based on the cleavage of tetrazolium salts by mitochondrial dehydrogenase (Isiyama, 

Shiga, Sasamoto, Mizoguchi, & He, 1993).  

 

In an initial round of testing, the PROTACs were applied to BT474 and SKBR3 cell lines, which express 

relatively little MUC1-C. As controls, other sets of cells were treated with vehicle or Xentry. The WST-

1 assay showed that the PROTACs reduced the viability of both cell lines in a concentration-

dependent manner, with SKBR3 being more sensitive than BT474, and PROTAC-2 reducing viability 

more than PROTAC-1 (Figure 1.21A). The estimated IC50 values for the agents and cell lines are 

shown in Table 9. 

 

In a subsequent round of testing, the PROTACs were applied to MDA-MB-231 and MCF-7 cell lines, 

which express relatively moderate and high levels of MUC1-C. As controls, other sets of cells were 

treated with vehicle or the control PROTAC. The WST-1 assay again showed that the PROTACs 

reduced the viability of both cell lines with concentration dependence, with MDA-MB-231 being 

more sensitive than MCF7, and PROTAC-2 reducing viability more than PROTAC-1 (Figure 1.21B). 

Notably, the control PROTAC reduced MDA-MB-231 viability by ~75% at 40 μM. The estimated IC50 

values for the agents and cell lines are shown in Table 9.  

 

Comparing the estimated IC50 values across the cell lines, there appears to be no correlation 

between relative MUC1-C expression levels and sensitivity to PROTAC treatment. More specifically, 

similar IC50 values were obtained for relatively low (SKBR3) and high (MCF7) MUC1-expressing cell 

lines, and these were greater than those obtained for the cell line (MDA-MB-231) expressing a 

moderate level of MUC1-C. 

                                                           
6 The cells were treated on days 0 and 2. 
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Figure 1.21: MUC1-targeting PROTACs reduce the viability of breast cancer cell lines. 

WST-1 cell viability analyses of A) BT474 and SKBR3 cells, and B) MDA-MB-231 and MCF-7 cells 

treated twice over 4 days (at days 0 and 2) with increasing concentration of PROTACs -1 or -2 or a 

control peptide (Xentry or the control PROTAC). Note that the cells were seeded at 1 x 104 cells/well 

the day prior to treatment. The values plotted represent the means (+ SEM) of two independent 

experiments performed in duplicate and are relative to a vehicle-treated control.   

A 

B 



61 
 

Table 9: Estimated IC50 values for agent-mediated inhibition of cell viability. 

 BT474 SKBR3 MDA-MB-231 MCF7 

MUC1-C expression a Low Low Moderate High 

Control peptide b NE NE 33 NE 

PROTAC-1 48 38 19 39 

PROTAC-2 40 29 17 28 
 

The estimated IC50 values (µM) were calculated by linear regression of plots, where the abscissa 

represents the concentration of the tested PROTACs and the ordinate the average percent of cell 

viability relative to vehicle-treated control cells.  
a MUC1-C expression levels are from Table 8 and, as such, are relative to the set of breast cancer cell 

lines examined by Western blotting here.  
b Xentry for BT474 and SKBR3, control PROTAC for MDA-MB-231 and MCF7. 

NE, not estimated as did not reach 50% viability.  
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1.3.11 PROTACs -1 and -2 reduce the viability of MDA-MB-231 breast 
cancer cells less than the MUC1 inhibitor GO-201 

The MUC1 inhibitor peptide GO-201 comprises a polyarginine CPP (R9) fused to the 15 amino acid 

MUC1-C dimerization domain sequence used in PROTAC-2 (D. Raina et al., 2009). GO-201 applied 

daily at 5 μM to MDA-MB-231 breast cancer cells caused cell growth arrest and death (D. Raina et 

al., 2009). To compare the activity of GO-201 with the MUC1-C-targeting PROTACs, 5 μM of GO-201 

peptide, PROTAC-1, or PROTAC-2 were applied daily for 5 days to MDA-MB-231 cells. As controls, 

other sets of cells were cultured with vehicle, the control PROTAC, or Xen-201—a version of the GO-

201 peptide incorporating Xentry instead of R9. Cell viability was measured daily using the WST-1 

assay. The set of assays showed that PROTAC-1, the control PROTAC, and Xen-201 had no effect on 

MDA-MB-231 viability, while PROTAC-2 reduced cell viability by ~20%. In stark contrast, the GO-201 

peptide extinguished cell viability within 2 days of addition (Figure 1.22).   

 

 
Figure 1.22: PROTACs -1 and -2 reduce the viability of MDA-MB-231 breast cancer cells less than 
the MUC1 inhibitor GO-201.  

WST-1 cell viability analyses of MDA-MB-231 cells treated daily with 5 μM of the indicated peptides. 

Note that the cells were seeded at 1 x 104 cells/well the day prior to treatment. The values represent 

the means (+ SEM) of two independent experiments performed in duplicate and are plotted relative 

to the vehicle-treated control. 
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1.3.12 MUC1-targeting PROTACs reduce the viability of MUC1-C-
deficient cells, though less than MUC1 inhibitor GO-201 

The activity of the GO-201 peptide is reported to be specific to MUC1-expressing cells, as treating 

MUC1-negative HEK293 kidney epithelial cells daily for 3 days with 5 μM of GO-201 had no effect on 

their growth (D. Raina et al., 2009). To test if the PROTACs have similar specificity towards MUC1-C-

expressing cell lines, 5 μM of PROTAC-1 or -2 was applied daily to HEK293T cells 7 for 3 days. As 

controls, other sets of HEK293T cells were cultured with vehicle, the control PROTAC, the GO-201 

peptide, or Xen-201. Cell viability was measured daily over the 3 days using the WST-1 assay. The 

assays showed that 5 μM of the PROTACs, including the control PROTAC, reduced HEK293T viability 

by ~40-70% after 3 days (Figure 1.23A). Xen-201 had the least effect of the peptides, reducing cell 

viability by 35% after 3 days. Surprisingly, GO-201 reduced cell viability by >95% by day 2. The 

HEK293T cells were analysed by Western blot to confirm that they were deficient in MUC1-C 

expression. The blotting analysis included lysate from MDA-MB-231 cells as a positive control. The 

blot showed no clearly discernible MUC1-C band for the HEK293T cells (Figure 1.23B), suggesting 

that if they expressed MUC1-C then the levels were very low. The results suggest either that all the 

peptide reagents have off-target effects or that HEK293T cells depend on very low levels of MUC1 

for viability. 

 

  

 

                                                           
7 A derivative of HEK293 cells. 



64 
 

 

 
 

Figure 1.23: PROTACs reduce the viability of MUC1-C-deficient cells though less than MUC1-
inhbitor GO-201. 

A) WST-1 cell viability analysis of HEK293T cells treated daily with 5 μM of the indicated peptides. 

The values represent the means (+ SEM) of two independent experiments in duplicate. Note that the 

cells were seeded at 1 x 104 cells/well the day prior to treatment. B) Western blot analysis of 

HEK293T and MDA-MB-231 cells (10 μg protein per lane). The blot was probed for MUC1-C and beta 

actin as a loading control. The expected position of MUC1-C is indicated to the right of the blot and 

the sizes of the molecular weight markers are indicated to the left of the blot.   
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1.3.13 MUC1-targeting PROTACs weakly synergize with tamoxifen 
metabolite 

As MUC1 expression correlated with ESR1 expression in breast cancer samples (Figure 1.7), 

combining agents which target MUC1 with agents which target ER, such as the ER antagonist 

metabolite 4-hydroxytamoxifen (4-OHT), may have potent anti-cancer effects. In accordance, the 

resistance of BT-474 breast cancer cells to tamoxifen in vitro was reported to be conferred by MUC1-

C expression, and targeting MUC1-C with the MUC1-blocking peptide GO-203 sensitized these cells 

to tamoxifen treatment (Kharbanda et al., 2013). To test if the MUC1-targeting PROTACs could also 

sensitise BT474 cells to the cytostatic effects of tamoxifen, or render tamoxifen treatment cytotoxic 

(Brünner et al., 1989), BT474 cells were treated twice over 4 days with 10-80 μM of PROTAC-1 or -2 

either alone or in combination with 1 μM of 4-OHT. As controls, other sets of cells were cultured 

with vehicle +/− 1 μM of 4-OHT. The effects of the treatments on cell viability were measured using 

the WST-1 assay. The assay showed that 4-OHT reduced BT474 viability by ~15% (Figure 1.24). The 

assay also showed that PROTAC-1 was inactive at 20 µM, but in combination with 4-OHT reduced 

cell viability by ~25%; and that PROTAC-2 reduced cell viability by ~40% at 20 µM, but in 

combination with 4-OHT reduced cell viability by ~60%. Thus, the PROTACs at the suboptimal 

concentration of 20 µM weakly synergized with 4-OHT. There was no synergy at other PROTAC 

concentrations.  
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Figure 1.24: MUC1-targeting PROTACs weakly synergize with tamoxifen metabolite 4-OHT in a 
preliminary study. 

WST-1 cell viability analysis of BT474 cells treated with PROTACs twice over 4 days in the absence or 

presence of 1 μM of tamoxifen metabolite 4-OHT. A control set of cells was also cultured with 

vehicle +/− 1 μM 4-OHT. Note that the cells were seeded at 1 x 104 cells/well the day prior to 

treatment. The values represent the means of one experiment in triplicate and are plotted relative 

to the vehicle-treated control.     
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1.4 Discussion 

1.4.1 Results summary 

Firstly, examination of the Cancer Genome Atlas Invasive Breast Carcinoma (TCGA-BRCA) data 

collection, characterising the gene expression from the tumours of 1188 breast cancer patients, 

revealed a positive correlation for the expression of HER2 (ERBB2) and ERα (ESR1), and a very strong 

positive correlation for MUC1 and ESR1 expression.  

 

Next, Western blotting analysis was used to examine ERα, HER2, and MUC1-C protein expression in 

nine human breast cancer cell lines. The analysis showed that three (BT474, BT483, MDA-MB-361) of 

the four breast cancer cell lines with relatively moderate to high HER2 expression also expressed the 

ER. The analysis also showed that three (BT483, MCF-7, MDA-MB-361) of the five cells lines with 

relatively moderate to high expression of MUC1-C also expressed the ER.  

  

A HER2-targeting peptide PROTAC comprising a fusion of CPP Xentry, the X-protein instability 

domain sequence, and an 11 amino acid HER2 kinase substrate peptide sequence as the HER2 

binding motif, was then tested at 25 or 50 μM on HER2-expressing BT474 and SKBR3 cell lines. HER2 

degradation was analysed by Western blotting using a polyclonal antibody directed at the HER2 

intracellular domain and a monoclonal antibody directed at the HER2 extracellular domain. The 

analysis revealed that HER2 PROTAC treatment reduced HER2 protein levels by 24 h in both cell 

lines, though the reductions were less apparent in the blots probed with the polyclonal antibody. It 

was postulated that the HER2 epitopes for the monoclonal antibody may have been blocked 

somehow, e.g. by polyubiquitination, thereby exaggerating the actual degradation. 

 

A MUC1-targeting PROTAC comprising a fusion of Xentry, the X-protein instability domain, and a 15 

amino acid MUC1-C dimerization motif for binding to MUC1-C was then tested at 40 μM on MUC1-C-

expressing MCF7 cells. Western blotting analysis showed that MUC1 PROTAC treatment clearly 

reduced MUC1-C protein levels at 24 h. Subsequently, it was decided to concentrate testing on 

MUC1 PROTACs due to the clear reduction in MUC1-C observed and the ability to compare PROTAC 

activity with structurally-related MUC1-C inhibitors. A second MUC1-C-targeting PROTAC was also 

designed which incorporated a shorter (7 amino acid) version of the MUC1-dimerization motif. The 

shorter MUC1 PROTAC was designated PROTAC-1 and the longer PROTAC was designated PROTAC-2.  
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The uptake of the MUC1-targeting PROTACs by breast cancer cells and the intracellular distribution 

of the PROTACs over time were then examined in live MCF7 cells using TAMRA-labelling and 

confocal microscopy imaging of the PROTACs. The examination showed that the PROTACs applied at 

5 μM entered the cells within 1 h and either localised to perinuclear endosomes or diffused into the 

cytoplasm. Notably, PROTAC uptake appeared greater than Xentry alone. The examination also 

showed that PROTAC-1 colocalised in perinuclear endosomes with the clathrin pathway substrate 

transferrin, potentially indicating that PROTAC uptake is mediated by the clathrin pathway. Finally, 

the examination showed that 50 μM of PROTAC-1 killed some MCF7 cells within 4 h of application, 

and that the PROTAC localised predominantly to cell nuclei in remaining cells 24 h after application.  

  

The activity of the MUC1 PROTACs in breast cancer cell lines was then examined in some detail by 

Western blotting analyses. An initial analysis showed that the PROTACs reduced MUC1-C levels in 

MCF7 within 24 h of application in a concentration-dependent manner. Specifically, PROTAC-1 

reduced MUC1-C by ~25% at 40 μM, while PROTAC-2 reduced MUC1-C by ~20% at 20 μM and ~65% 

at 40 μM. Thus, PROTAC-2 had more activity than PROTAC-1. Notably, a control PROTAC lacking a 

MUC1-C binding motif had no effect on MUC1-C levels at these concentrations.  A subsequent 

analysis also showed that the PROTACs, and particularly PROTAC-2, reduced MUC1-C expression in 

BT-483 cells, which expressed the highest levels of MUC1-C of all the cell lines examined. Specifically, 

culture for 48 h with 40 μM of PROTAC reduced MUC1-C by ~40% (PROTAC-1) and ~85% (PROTAC-2). 

Further analysis showed increased reductions in MUC1-C levels in MCF7 cells after extended 

incubation with the PROTACs. Specifically, 50 μM of PROTAC-1 and 12.5 μM of PROTAC-2 almost 

completely suppressed MUC1-C expression 72 h after application. Analysis additionally showed that 

50 μM PROTAC-2 reduced MUC1-C expression by >80% after 6 h of incubation, while 50 μM 

PROTAC-1 reduced MUC1-C expression by ~30% after 6 h and ~40% after 12 h. Notably, MUC1-C 

bands also appeared at ~50 kDa in the blot lanes of cells cultured with PROTAC-2.  Further, broad 

bands staining for MUC1-C were apparent below 15 kDa in PROTAC-2 lanes, which did not appear in 

PROTAC-1 lanes. These bands colocalised to some extent with the TAMRA-labelling associated with 

PROTAC-2. Finally, analysis showed that culture of MCF-7 cells with PROTAC-1 for 24 h reduced 

nuclear MUC1-C levels to a similar extent as whole cell MUC1-C. Specifically, 25 or 50 μM of 

PROTAC-1 reduced MUC1-C in both these cell fractions by ~40 and 80%, respectively. Analysis of the 

nuclear fraction also showed that the levels of the nuclear envelope protein lamin A/C similarly 

decreased from treatment with 25 or 50 μM of PROTAC-1.  
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The cell-permeable proteasome inhibitor MG-132 was then used to examine whether proteasomal 

proteolysis is the mechanism underlying the reductions in MUC1-C caused by the PROTACs. Western 

blotting analysis showed that MG-132 had a limited effect on reductions in MUC1-C in MCF-7 cells 

cultured for 8 or 12 h with 50 μM of PROTAC-1 or -2. Notably, MG132 itself increased the levels of 

MUC1-C in the 8 h culture, but reduced MUC1-C levels in the 12 h culture. Interestingly, the PROTAC 

treatments in the 12 h culture abrogated the increase in cellular levels of mono- and 

polyubiquitinated conjugates caused by MG132 treatment. Further, broad bands staining for mono- 

and polyubiquitinated conjugates were apparent below 15 kDa in PROTAC-2 lanes. These bands 

colocalised to some extent with the TAMRA-labelling associated with PROTAC-2.  

 

The effects of the PROTACs on breast cancer cell viability were then assessed by applying increasing 

concentrations of PROTAC to various breast cancer cell lines twice over 4 days (at days 0 and 2), and 

then measuring cell viability by the WST-1 assay. The PROTACs reduced the viability of cell lines in a 

concentration-dependent manner, with PROTAC-2 reducing viability more than PROTAC-1. The 

estimated IC50 values for the PROTACs ranged from 17 μM (PROTAC-2, MDA-MB-231) to 48 μM 

(PROTAC-1, BT474). The sensitivity of the cell lines to the PROTACs was in the order of MDA-MB-231 

> MCF7 = SKBR3 > BT474. Notably, the control PROTAC also reduced MDA-MB-231 cell viability by 

~75% at 40 μM. Overall, there appeared to be no obvious correlation between sensitivity to PROTAC 

treatment and MUC1-C expression levels determined by Western blotting.  

  

The activity of the PROTACs against breast cancer cell viability was also directly compared to that of 

the MUC1 inhibitor GO-201, which comprises a polyarginine CPP (R9) fused to the 15 amino acid 

MUC1-C dimerization domain sequence used in PROTAC-2 (D. Raina et al., 2009). To compare the 

activity the agents were applied to MDA-MB-231 cells daily for 5 days at 5 μM. As controls, other 

sets of cells were cultured with vehicle, the control PROTAC, or a version of the GO-201 peptide 

incorporating Xentry instead of R9 (Xen-201). Analysis by WST-1 assay showed that PROTAC-1, the 

control PROTAC, and Xen-201 had no effect on MDA-MB-231 viability; PROTAC-2 reduced viability by 

~20%; and GO-201 extinguished cell viability within 2 days of addition. Thus, GO-201 was far more 

active than the PROTACs against MDA-MB-231 breast cancer cells at the 5 μM concentration.  

 

To test if PROTAC activity is specific towards MUC1-C-expressing cell lines, the PROTACs were 

applied daily at 5 μM for 3 days to the MUC1-deficient human epithelial kidney cell line HEK293T. As 

controls, other sets of cells were cultured with the control PROTAC, the GO-201 peptide, or Xen-201. 

Analysis by WST-1 assay showed that the PROTACs, including the control PROTAC, reduced HEK293T 
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viability by ~35-70%. In contrast to previous reporting, GO-201 also reduced HEK293 cell viability—

here by >95% within 2 days. Western blot analysis confirmed that the HEK293T cells were deficient 

in MUC1-C protein. These results suggest that either all of the peptides, and particularly GO-201, 

have off-target effects, or that HEK293T cells depend on extremely low levels of MUC1 for survival.  

 

As MUC1 gene expression strongly correlated with ER gene expression in human breast cancer 

samples, combining agents which target MUC1 with agents which target the ER, such as the 

tamoxifen metabolite 4-hydroxytamoxifen (4-OHT), may have potent anti-cancer effects. To test if 

the PROTACs could sensitise tamoxifen-resistant cells to the cytostatic effects of 4-OHT, or render 4-

OHT treatment cytotoxic, the PROTACs were applied to BT474 cells at increasing concentrations 

either alone or in combination with 1 μM of 4-OHT. WST-1 analysis of the cells after four days and 

two treatments showed that the PROTACs at 20 μM only weakly synergized with 4-OHT.  

 

1.4.2 The relevance of this work 

The first aim of this study was to test the Xentry PROTAC platform for its ability to generate 

functional PROTACs which degrade target proteins in cells. The evidence presented here, in the form 

of Western blotting analysis of breast cancer cell lines treated with HER2- and MUC1-targeting 

PROTACs, suggests that the Xentry PROTAC platform has this ability. Reductions in target proteins 

were concentration-dependent, were observed in the low double-digit micromolar range, and were 

recorded within 6 h of application.  

 

Notably, the proteins targeted here are plasma membrane proteins, a protein type which has not 

been reported to have been targeted by PROTACs previously. Thus far, PROTACs have only been 

reported to target cytoplasmic and nuclear proteins, such as enzymes and nuclear receptors 

(Bondeson et al., 2015; Rodriguez-Gonzalez et al., 2008). Plasma membrane proteins may present a 

different challenge to targeted proteolysis due to their membrane integration. In contrast to other 

endogenous cellular proteins, which are degraded by the proteasome, plasma membrane receptors 

are typically degraded by lysosomes (Ciechanover, 2013) (discussed further below). 

 

The second aim of this study was to assess the effects of targeting HER2 and MUC1 proteins by 

PROTAC, both alone and in combination with tamoxifen, on breast cancer cell viability. The scope of 

this aim was subsequently reduced, following initial PROTACs testing, to examining MUC1-targeting 

solely. MUC1-targeting PROTACs, with ligands for binding to the dimerization domain of the 

oncogenic MUC1-C subunit, proved capable on their own of reducing breast cancer cell viability. The 
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estimated IC50 values for these PROTACs ranged from 17 μM to 48 μM, depending on the cell line 

and the length of the MUC1-binding ligand incorporated into the PROTAC. Activity in a MUC1-

deficient cell line, and the activity of a control PROTAC, lacking a MUC1 binding domain, in some cell 

lines indicated that there was a relatively small window between specific and non-specific activity, 

though. In addition, the PROTACs fared relatively poorly when compared to the activity of MUC1 

inhibitor GO-201, albeit the comparison involved testing in only a single cell line and non-specific 

activity may be involved (discussed below). Further, the PROTACs displayed similarly modest activity 

when combined with tamoxifen metabolite 4-OHT in a tamoxifen-resistant breast cancer cell line. As 

such, the MUC1-C-targeting PROTACs described here appear to be unsuitable in their current forms 

for further preclinical testing as agents for targeting MUC1 in breast cancer, either on their own or in 

combination with tamoxifen.  

 

That said, modifications of the PROTAC design could lead to improvements in MUC1-targeting 

efficacy and the creation of more viable agents. For example, alternative configurations of binding 

and degrading motifs were recently shown to radically improve the activity of PROTACs targeting the 

oncogenic fusion protein BCR-ABL (Lai et al., 2016). Potentially such modifications could also include 

replacement of the instability domain with the HIF1α motif (Section 1.1.1.3) or even a recently 

developed, high-affinity, small-molecule ligand for VHL (Bondeson et al., 2015); although addition of 

the latter would make PROTAC production more laborious. Alternatively, the inefficiency of the 

PROTACs here could have been due in part to their endosomal sequestration and lysosomal 

degradation, which is a common issue with CPPs (Erazo-Oliveras, Muthukrishnan, Baker, Wang, & 

Pellois, 2012). As such, various strategies designed to improve endosomal escape could be employed 

with the PROTACs. These include N-stearylation modification (Lehto et al., 2011), the incorporation 

of trifluoromethylquinoline moieties or a phosphoryl group (Arukuusk, Pärnaste, Hällbrink, & Langel, 

2015), and the addition of an endosomolytic fusion peptide derived from the influenza virus 

hemagglutinin-2 (HA2) (Liou et al., 2012). Further, cyclization of the PROTACs could be considered, 

as cyclization of arginine-rich CPPs has recently been reported to radically improve cell uptake and 

endosomal escape (Qian et al., 2016). 

 

Finally, the limited efficacy of the Xentry PROTACs and resource/time constraints precluded the 

testing of epithelial cell-specific targeting by Xentry PROTACs, as well as the use of peptide homing 

and conditional domains to enhance targeting. Thus, efficient, epithelial cell-specific targeted 

intracellular protein degradation still remains to be achieved.  

 



72 
 

1.4.3 How this work relates to other work in the field 

1.4.3.1 Correlations between ER, HER2, and MUC1 gene and protein expression in 
breast cancer 

The positive correlation between ERα and HER2 mRNA expression in the TCGA-BRCA data collection 

observed here has some support in the literature. Specifically, a study of 1,139 breast tumours 

showed that ER and HER2 RNA levels were positively correlated in HER2-non-overexpressing (HER2-

negative) tumours, which comprise about 85% of breast tumours (D. J. Slamon et al., 1987), and that 

these findings are also present at the protein level (Pinhel et al., 2012).   

 

The positive correlation between ERα and MUC1 mRNA expression in the TCGA-BRCA data collection 

observed here is also consistent with the literature. Specifically, ER-positive specimens in a sample of 

48 breast tumours showed significantly higher MUC1 mRNA levels than ER-negative tumours (Iizuka 

et al., 2015). Notably, a positive association was also detected between ER status and MUC1 protein 

overexpression in 1,447 cancer samples examined immunohistochemically (Rakha et al., 2005).  

 

The correlations between ESR1/ERα and MUC1/MUC1 expression are presumably related to the 

interactions of these genes and proteins in breast cancer cells. In particular, the MUC1 promoter 

contains estrogen-responsive elements to which ERα may bind and activate MUC1 transcription 

(Zaretsky et al., 2006). Additionally, MUC1-C has been shown to bind directly with ERα8 in breast 

cancer cell lines, including MCF7, and stabilize ERα by blocking its ubiquitination and proteasomal 

degradation (Wei, Xu, & Kufe, 2006). This interaction has been shown to stimulate ERα-mediated 

transcription and contribute to breast cancer cell line proliferation (Wei et al., 2006). Thus, these 

interactions promote breast cancer survival and thereby reinforce the mutual expression of ERα and 

MUC1.  

 

The interactions between ERα and MUC1 may explain why the Western blotting analysis here 

showed that cell lines which expressed ERα also expressed MUC1, but cell lines which expressed 

MUC1 did not necessarily express ERα. Presumably this relates to the ability of ERα to activate MUC1 

transcription (Zaretsky et al., 2006) and the lack of ability of MUC1 to activate ERα transcription. The 

relatively high levels of MUC1 expression in some cell lines where ER was not detected suggests that 

factors besides ERα regulate MUC1 expression in these cell lines. Concordantly, MUC1 

overexpression has been shown to be regulated by a variety of mechanisms and molecules besides 

                                                           
8 It would be interesting to determine whether ERα is degraded at the same time as MUC1-C by the PROTACs. 
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ERα, including epigenetic derepression (Nath & Mukherjee, 2014) and signal transducer and 

activator of transcription (STAT) proteins (Gaemers, Vos, Volders, van der Valk, & Hilkens, 2001).  

 

Finally, it worth mentioning that HER2 and MUC1 expression does not appear to be strongly 

correlated. Specifically, while HER2-positive specimens in a sample of 48 breast tumours showed 

higher MUC1 mRNA levels than normal breast tissue (Iizuka et al., 2015), examination of 280 breast 

tumours by immunohistochemistry found no association between MUC1 and HER2 protein 

expression (Do et al., 2013).  

 

1.4.3.2 Uptake and intracellular distribution of MUC1-targeting PROTACs in breast 
cancer cells over time 

Xentry is reported to enter cells by clathrin-mediated endocytosis (CME) (Montrose, 2013). In the 

current study, colocalisation of Xentry-containing PROTAC-1 with transferrin, which is internalized 

via CME (Hanover et al., 1984), provides corroborative evidence of PROTAC cell entry, and indicates 

that PROTAC uptake is mediated by endocytosis. To distinguish whether PROTAC endocytosis is 

clathrin-mediated or -independent, inhibitors of CME, such as chlorpromazine, could be included in 

testing (McMahon & Boucrot, 2011).  

 

There are several potential explanations as to why PROTAC-1 colocalized with transferrin in only 

some endosomes in the confocal microscopy images. One explanation is differential endocytic 

sorting. For example, transferrin is constitutively recycled to the cell surface following uptake 

(Klausner, Ashwell, Van Renswoude, Harford, & Bridges, 1983), whereas PROTAC-1 may not be. 

Thus, recycling vesicles could contain transferrin but not PROTAC. An alternative or co-explanation is 

that there was a short amount of time (~30s) between the sequential fluorophore scans of 

transferrin and PROTAC in the live cells during which some vesicles may have moved thereby 

creating an artefact of imaging.  

 

The appearance of much greater uptake of PROTACs than Xentry by MCF-7 cells is presumably due 

to physicochemical differences between the peptides. CPP uptake is known to be affected by various 

factors, including peptide length, charge, and secondary structure (Madani et al., 2011). Within 

certain limits, more of each of the latter factors generally improves uptake. The TAMRA-labelled 

form of Xentry used here comprises 7 residues, has a net charge of 1.91 at pH 79, and is predicted to 

form a β-strand (Montrose et al., 2014). In contrast, PROTACs -1 and -2 are respectively 34 and 42 
                                                           
9 Peptide Property Calculator, Bio-Synthesis Inc. 
http://www.biosyn.com/PeptidePropertyCalculatorLanding.aspx 
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residues long, have approximately 4-fold more charge1, and contain 3 additional β-strand 

structures10.  Thus, the PROTACs have properties which could improve uptake compared to Xentry. 

Use of an additional technique, such as spectrofluorometry, could potentially be used to quantify 

uptake (Holm et al., 2006).   

 

The localisation of PROTAC-1 to cell nuclei within 24h of application may be explained by the 

properties of the dimerisation motif. Specifically, the translocation of MUC1-C into cancer cell nuclei 

is reportedly dependent on factors including MUC1-C dimerisation through the CQC motif and the 

presence of a non-classical nuclear localisation signal (NLS), RRK, which interacts with nuclear import 

proteins (Leng et al., 2007; D. Raina et al., 2012). As the CQC and RRK motifs comprise the first 6 

amino acids of the MUC1 dimerisation motif (CQCRRK) they were present in both PROTACs here. 

Thus, potentially PROTAC-1 dimerised with itself or MUC1-C and the dimers were picked up by 

nuclear transport and shuttled into nuclei. Two reasons suggest that the TAMRA-labelled species 

present in nuclei at 24h was not PROTAC-1-MUC1-C dimers, though. One reason is that the Western 

blotting analysis here showed little sign of MUC1-C in the nuclear fraction 24h after PROTAC-1 

application. The other reason is that the MUC1 inhibitor GO-201, which also contains the CQCRRK 

motif, was reported to reduce nuclear localisation of MUC1-C (D. Raina et al., 2009). Notably, the 

diffusion limit set by nuclear pores is ≥60 kDa (X.-F. Wang et al., 2007), so presumably PROTAC-1 

dimers (at ~8 kDa) would have diffused out of nuclei unless they had bound to some nuclear 

complex or were being continuously shuttled into nuclei. Finally, artifactual bleed through of nuclear 

counterstain Hoechst 33342 fluorescence into the TAMRA fluorescence channel does not seem to be 

an explanation for the TAMRA nuclear staining, as there is at least one Hoechst 33342-labelled cell 

nucleus which does not show red fluorescence. Thus, the simplest explanation for the red 

fluorescence in cell nuclei 24h after PROTAC-1 application would appear to be the localisation of 

TAMRA-labelled PROTAC-1 dimers.  

 

1.4.3.3 MUC1-targeting PROTACs reduce MUC1-C expression in breast cancer cells 

Why PROTAC-2 reduced MUC1-C levels in cells more than PROTAC-1 is uncertain. A simple 

explanation is that the shorter MUC1-binding domain was less effective at binding MUC1-C. Whilst 

this is possible, the MUC1-C CQC motif cysteines are reported to be necessary and sufficient for 

MUC1-C dimerization (D. Raina et al., 2012), and the shorter binding motif has been shown to 

efficiently bind MUC1-C (D. Raina et al., 2015). Also, there is no indication in the literature that GO-

                                                           
10 PSIPRED protein structure prediction server (http://bioinf.cs.ucl.ac.uk/psipred/) (McGuffin, Bryson, & Jones, 
2000) 
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201 is any more potent than GO-203, and rather it is GO-203 and not GO-201 that has been entered 

into clinical trials (https://clinicaltrials.gov/ct2/show/NCT01279603).  

 

A key difference between the PROTACs and their antecedent, the X-protein-targeting PROTAC, is the 

octa-arginine (R8) CPP motif. The X-protein-targeting PROTAC, which efficiently degraded 

transiently-expressed X-protein in a hepatic cancer cell line, incorporated the R8 motif as well as 

Xentry (Montrose & Krissansen, 2014). The inclusion of two CPPs in the X-protein PROTAC was 

inadvertent, with Xentry included as a part of the target protein binding domain and not being 

recognized as a CPP at the time. The use of Xentry as the sole CPP in the PROTACs here though was 

seen as essential to the intended eventual epithelial cell-specific design. While the confocal imaging 

appears to show efficient uptake of the MUC1 PROTACs relative to Xentry, uptake was not 

compared to that of R8.  

Direct comparison of Xentry and R8 uptake has not been reported previously, though comparison of 

Xentry and R9 peptides carrying cargoes has. Specifically, in 3 h cultures at low (0.6 μM) 

concentration, uptake of Xentry appeared to be at least as good as R9 both in mouse pancreatic 

acinar tumour (266-6) cells, when fused to a sequence of 6 glutamine residues, and in 266-6 cells, 

the HepG2 liver cancer cell line, and primary acinar cells, when conjugated to β-galactosidase (Liu, 

2012). Thus, it is uncertain whether the inclusion of the R8 CPP in the PROTACs here would have 

increased PROTAC uptake and efficiency, though if it had then it would likely be at the expense of 

epithelial cell-specific targeting.  

 

Outside of the X-protein-targeting PROTAC, perhaps the closest study to the current one involved 

PROTACs targeting endogenous ERα and the androgen receptor (AR) in cancer cell lines (Rodriguez-

Gonzalez et al., 2008). The PROTACs in this study comprised the pentapeptide motif of the oxygen-

dependent degradation (ODD) domain of hypoxia inducible factor α (HIF-1α) (a ligand for the VHL E3 

ligase complex; Section 1.1.1.3) coupled by a short linker to either dihydrotestosterone (DHT) or 

estradiol (E2) as ligands for the AR and ER, respectively. Applied to cancer cell lines dependent on 

the activity of DHT or E2 for their growth, the PROTACs reduced both the levels of AR or ER as well as 

cell proliferation. In contrast, the reductions in proliferation were not seen in cells not dependent on 

DHT or ER for growth. Specifically, the AR PROTAC was reported to reduce proliferation in androgen-

dependent LnCaP prostate cancer cells (IC50 at 72 h =12.5 μM), but not in androgen-independent PC-

3 prostate cancer cells; while the ER PROTAC reduced proliferation in estrogen-dependent MCF7 

cells (IC50 at 72 h =50 μM), but not in estrogen-independent SKBR3 cells. Further, addition of the R9 

CPP to the AR PROTAC enhanced its inhibition of LnCaP cell proliferation (IC50 at 72 h =3.8 μM). 

https://clinicaltrials.gov/ct2/show/NCT01279603
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Notably, application of proteasome inhibitor MG132 (20 μM) for 6 h reduced the reductions in AR 

and ER and increased the ubiquitination of these proteins (Rodriguez-Gonzalez et al., 2008).  

 

Comparing the Rodriguez-Gonzalez et al. study to the current study reveals some interesting 

similarities and differences. The inhibitory effect (IC50) on MCF7 proliferation by the ER PROTAC (50 

µM) over 72 h (Rodriguez-Gonzalez et al., 2008) is comparable to those of PROTACs -1 (~39 µM) and 

-2 (~28 µM) over 96 h in the present study. Interestingly, the quantitative reductions in target 

proteins from PROTAC application, apparent in Western blotting analyses, appear similar between 

these studies, albeit the target proteins are different. Potentially AR and ER may present ‘easier’ 

targets for proteasomal degradation as they typically reside in the cytosol or nucleus, whereas 

MUC1-C is chiefly a membrane protein; although, dysregulation of MUC1-C expression in breast 

cancer may result in accumulation of MUC1-C in the cytosol (Kufe, 2009). An interesting difference 

between the studies is that Rodriguez-Gonzalez et al. provide evidence that PROTAC activity was 

mediated via the UPS, whereas that was not seen here (Rodriguez-Gonzalez et al., 2008). Reasons 

for the lack of effect by proteasome inhibition here are discussed below. Testing variants of the 

PROTACs used in the current study which incorporate the HIF1α pentapeptide instead of the X-

protein instability domain would be useful in exploring the effects of these motifs on degradation. 

Dramatic improvements in PROTAC-mediated degradation have been reported from modifying the 

ligands for either the target protein or the recruited E3 ligase (Lai et al., 2016). Two further 

differences between the two studies are worth mentioning. One is that the PROTACs here were 

intended to have some cell specificity, whereas those of the other study were not. The other 

difference is that the PROTACs here were wholly peptidic and easily synthesizable, whereas 

production of the PROTACs in the study by Rodriguez-Gonzalez et al. has been acknowledged to be 

challenging and a limitation for their utilisation (K.M. Sakamoto, 2010).  
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The presence of lysine residues in the target protein and their proximity to where the PROTAC binds 

are important considerations for PROTAC efficacy. They are important because proteins targeted for 

degradation by the proteasome are typically ubiquitinated by E3 ligases at lysine residues 11 

(Mattiroli & Sixma, 2014), and E3 ligases presumably have a limited physical range within which they 

can work. Therefore at least one lysine residue should be present in the target protein, and the 

lysine should be accessible to ubiquitination and within working range of the recruited E3 ligase (J. S. 

Schneekloth et al., 2004). In the current study MUC1-C had three lysine residues, one in the 

extracellular domain and two in the cytoplasmic domain, of which one was in the dimerisation 

domain (Figure 1.25). In comparison, the X-protein—which was successfully targeted for degradation 

by the X-protein PROTAC (see above and Section 1.1.3.1) (Montrose & Krissansen, 2014), is of a 

similar length to MUC1-C, and is wholly cytosolic—has six lysine residues (Figure 1.25). Potentially, 

the difference in the number of lysine residues may have made the X-protein an easier target. The 

spatial dynamics between lysine residues on target proteins and potential recruited E3 ligases are 

difficult to gauge theoretically due to generally unknown structural conformations, and potentially 

may need to be optimised on a case-by-case basis by empirical testing. In accordance, both the 

spacing between the target protein binding ligand and the E3 ligand of an ERα-targeting PROTAC and 

the orientation of the E3 ligand were shown to impact significantly on PROTAC efficacy (Cyrus et al., 

2011). Here, the MUC1-C cytoplasmic domain is reported to be essentially unstructured (D. Raina et 

al., 2015), so presumably at least the two lysine residues in its cytoplasmic domain were accessible 

to ubiquitination. A final consideration is that the MUC1-C dimerization domain is in close proximity 

to the transmembrane region, which could potentially inhibit binding of PROTACs to membrane-

bound MUC1-C (Figure 1.25). Potentially, inverting the orientation of the PROTAC to move the 

instability domain and Xentry away from the transmembrane domain could improve PROTAC 

binding, at least in membrane-bound MUC1-C. Thus, perhaps reorienting the PROTACs and/or the 

individual motifs and increasing the spacing between the instability domain and the MUC1-C binding 

motif may improve the efficacy of MUC1-targeting PROTACs.

                                                           
11 Less common forms of ubiquitin-based signalling for proteasomal degradation have also been reported 
(Kravtsova-Ivantsiv & Ciechanover, 2012). 
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Figure 1.25: Alignment of MUC1-C, X-protein, and their respective PROTAC sequences. 

MUC1-C and X-protein sequences are aligned with their respective PROTACs at the putative binding positions. Xentry and R8 CPP sequences are coloured 

blue, lysine residues are highlighted in yellow, peptide sequences involved in binding are coloured red, and the MUC1-C transmembrane domain is coloured 

grey. The MUC1-C sequence was obtained from The UniProt Consortium UniProtKB - P15941, and the X-protein sequence was obtained from GenBank 

(accession number Y18857; the National Center for Biotechnology Information, Bethesda, MD) via Guo et al. (1999). 
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The species represented by the MUC1-staining bands at ~50 kDa in PROTAC-2-treated samples of the 

PROTAC treatment time course blot (Figure 1.17) is uncertain. The bands are unlikely to be keratin 

artefact bands often observed in the 50–68 kDa size range in Western blots, which have been 

associated with the use of β-mercaptoethanol (β-ME) and polyclonal antisera (Lee & McNellis, 2008), 

as the blotting here used dithiothreitol (DTT) as the reducing agent and a monoclonal antibody to 

MUC1-C. The most likely explanation, due to the size of the bands, would seem to be that they 

represent MUC1-C homodimers. Bands staining for MUC1-C at ~50 kDa have previously been 

detected in carcinoma cell lines, including MCF7, in Western blotting under non-reducing conditions 

(D. Raina et al., 2012). That homodimers appeared here under reducing conditions is perplexing, but 

perhaps the conditions used here were suboptimal. Suboptimal reducing conditions would also 

explain why the ~50 kDa bands were not apparent in other blots here, such as Figure 1.14. Notably, 

MUC1-C-staining bands at ~37 kDa have also been detected in a MUC1-transfected carcinoma cell 

line by Western blotting, again under non-reducing conditions (Brown, 2014). These ~37 kDa bands 

are thought to represent MUC1-C conjugated to ubiquitin12, as a consequence of MUC1-C exhibiting 

E2 ubiquitin-conjugating enzyme-like activity (Brown, 2014). The size discrepancy between these 

bands and those observed in the current study (~37 kDa vs. ~50 kDa), though, would seem to 

discount ubiquitin conjugation to MUC1-C as an explanation here. Di-ubiquitination of MUC1-C is an 

alternative possibility, though then the 37 kDa intermediate monoubiquitinated MUC1-C species 

might also be expected to present to some extent. A final potential explanation, namely PROTAC-2 

(5 kDa) bound to MUC1-C (~17-25 kDa), seems even more unlikely due to the greater size disparity 

to what was observed13.  

 

The knockdown of MUC1 could lead to the nuclear lamin loss observed here and this side-effect 

could be beneficial in cancer therapy. MUC1-C interacts with various signal transduction pathways in 

breast cancer cells, including transcription complexes in the nucleus (Kufe, 2012). Likewise, lamins 

interact with various signal transduction pathways and transcription factors (Andrés & González, 

2009). Silencing of MUC1 expression by siRNA has been shown to reduce the expression of 

associated signalling molecules, such as the epidermal growth factor receptor (EGFR), though it did 

not reduce lamin A/C expression (Xiaojing Li, Wang, Nunes, Troxler, & Offner, 2005). Still, PROTAC-

mediated degradation of MUC1 could interfere with lamin A/C and its expression in other ways, such 

as by degrading signalling complexes which include lamin A/C. Notably, lamin A overexpression is 

associated with invasiveness and mortality in some forms of carcinoma (Ho & Lammerding, 2012; 

                                                           
12 The ubiquitin is conjugated to a cysteine residue in this case. 
13 As to why the bands here are only apparent in PROTAC-2-treated samples is also uncertain, though the 
reason presumably relates to the greater MUC1-C degradation by PROTAC-2 than PROTAC-1. 
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Willis et al., 2008), and knockdown of lamin A/C reduced circulating breast cancer cell line resistance 

to fluid shear stress compared with non-malignant cells (Mitchell et al., 2015). Thus, reductions in 

lamin A/C associated with MUC1 PROTAC treatment could be beneficial in combating breast cancer 

metastasis.  

 

Finally, because the PROTACs reduced cell viability and caused cell death, it cannot be excluded that 

the reductions in MUC1-C observed were partly mediated to some extent by proteolytic processes 

associated with cell death pathways. This would provide an alternative explanation for the loss of 

lamin observed, as lamin proteolysis has been associated with apoptosis (Rao, Perez, & White, 

1996). That actin has been demonstrated to be resistant to cleavage during apoptosis (Q. Song et al., 

1997) could explain why β-actin remained intact in the same cell lysates where MUC1-C levels were 

reduced.  

 

1.4.3.4 Proteasome inhibition had limited effects on reductions in MUC1-C caused by the 
PROTACs 

The limited effects of proteasome inhibition on PROTAC activity were surprising as MUC1-C 

degradation induced by the PROTACs was expected to be mediated by proteasomes. The main 

reason for this expectation was that the instability domain incorporated into the PROTACs has been 

associated with rapid (≤ 6 h) proteasomal degradation (J. H. Kim et al., 2008). As such it was assumed 

that the instability domain would transfer this property to the PROTACs. Critically, the proteolytic 

machinery involved in the degradation of the X-protein induced by the X-protein PROTAC was not 

established (Montrose & Krissansen, 2014). Another reason was that MG132 has been reported to 

retard PROTAC activity previously. For example, MG132 retarded degradation of ERα by the ERα-

targeting PROTAC Protac-B in MCF7 cells during a 6 h culture (Rodriguez-Gonzalez et al., 2008). 

Notably, Protac-B incorporated the HIF1α pentapeptide LAPYI as the E3 ligand to induce degradation 

(Rodriguez-Gonzalez et al., 2008). A final reason was that MUC1-C degradation has been reported to 

be mediated by the proteasome in a process regulated by nuclear receptor and E3 ligase peroxisome 

proliferator activated receptor-γ (PPARγ), with the proteasome inhibitor MG132 shown to impede 

this degradation (Y. Hou et al., 2014; Yongzhong Hou, Moreau, & Chadee, 2012). Thus, MUC1-C is 

amenable to degradation via the ubiquitin-proteasomal pathway.  

 

Potentially, then, MUC1-C was degraded via a lysosomal pathway. Perhaps the PROTACs targeted 

MUC1-C to lysosomes somehow. At least one peptide which targets proteins for proteolysis by 

lysosomal degradation has been reported (X. Fan, Jin, Lu, Wang, & Wang, 2014). In this case it was 



81 
 

achieved by attaching a pentapeptide motif (KFERQ) to the target protein, which signalled it for 

chaperone-mediated autophagy and lysosomal degradation. Alternatively, plasma membrane 

proteins are known to be degraded by a lysosomal process involving ubiquitination, endocytosis, and 

sorting to a lysosomal degradation pathway (Piper, Dikic, & Lukacs, 2014). Notably, this 

ubiquitination is either multiple monoubiquitination or polyubiquitination via ubiquitin lysine 63, as 

opposed to the polyubiquitin of ubiquitin lysine 48 that targets proteins to proteasomes (Hicke, 

2001). As such, the PROTACs may have bound membrane-located MUC1-C and induced its 

ubiquitination, leading to its endocytosis and lysosomal degradation14. Clearly, inclusion of lysosome 

inhibitors in any future testing of the MUC1 PROTACs would be informative.   

 

A third potential explanation for the limited effects of proteasome inhibition on PROTAC activity 

observed is that cell death processes initiated by the PROTACs (mentioned above) may have 

degraded MUC1-C in a manner removed from proteasomal degradation.  

 

There are several possible explanations as to why the PROTACs reduced the levels of mono- and 

polyubiquitinated conjugates in MCF-7 cells during the 12h incubation. One explanation is that the 

PROTACs outcompeted endogenous proteins for ubiquitin. This did not manifest in signs of MUC1-C 

ubiquitination, such as higher molecular weight species, though possibly ubiquitinated MUC1-C were 

immediately degraded. The ~50 kDa band observed in some PROTAC-2 lanes does not seem to be to 

indicate such a species, as discussed above. The PROTACs themselves may have been ubiquitinated. 

The X-protein instability domain contains two lysines and an additional lysine residue is present in 

the target protein binding motif of the MUC1-targeting PROTACs15. This may explain the 

colocalisation of PROTAC-2 TAMRA labelling and staining for mono- and polyubiquinated conjugates 

in one Western blot below 15 kDa. Given that PROTAC-1 also contains the three lysine residues, it is 

surprising that it also did not elicit the same staining, though. PROTAC-2 is 5.1 kDa and ubiquitin is 

8.5 kDa (Goldstein et al., 1975), while the staining appears to cover quite a wide range of molecular 

sizes below 15 kDa. Therefore the staining presumably includes a range of degraded PROTAC-2 

and/or degraded ubiquitin species (A. M. Weissman, Shabek, & Ciechanover, 2011). A final potential 

explanation for the reductions in mono- and polyubiquitinated conjugates observed is that cell death 

                                                           
14 Relatedly, MUC1-C has been reported to be internalized from the cell membrane by clathrin-mediated 
endocytosis (Kinlough, Poland, Bruns, Harkleroad, & Hughey, 2004), and clathrin-mediated endocytosis of 
receptors is known to be regulated in part by ubiquitination (Weinberg & Drubin, 2014). 
15 The presence of lysine residues is a notable difference between the X-protein instability domain 
(CRHKLVRSPAPCKFFTSA) and the ‘classical’ degradation motifs, namely the prototypical degradation motif 
(DRHDSGLDSM) derived from IκBα (Kathleen M Sakamoto et al., 2001) and the pentapeptide LAPYI derived 
from the ODD domain of HIF-1α (Bargagna-Mohan et al., 2005). 
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processes initiated by the PROTACs may have manifested in disruption of cellular processes including 

ubiquitination.  

 

The discrepancy in MUC1-C levels in the MCF7 control cells between the 8 h and 12 h cultures with 

proteasome inhibitor MG132 may be a consequence of the culture duration. The increase in MUC1-C 

levels in the 8 h culture is in accordance with a reported increase in MUC1-C in MCF7 cells from a 6 h 

culture with MG132 (Y. Hou et al., 2014). The decrease in MUC1-C levels from the 12h culture 

though may have been caused by prolonged exposure to cell processes stimulated by MG132. Such 

processes include autophagy (Gavilan, Sanchez-Aguayo, Daza, & Ruano, 2013) and caspase-8-

dependent apoptosis (Pan, Ullman, Dou, & Zong, 2011), which have been shown to be induced in 

MCF7 with time-dependence in response to MG132 exposure. As such, presumably the 8 h culture is 

more indicative of PROTAC activity, and perhaps a 6 h culture would have been even better. 

Unfortunately, time/resource constraints precluded further investigation.  

 

1.4.3.5 Effects on cell viability from MUC1-targeting PROTACs and MUC1 inhibitor GO-
201  

The reductions in breast cancer cell viability from PROTAC treatments would seem to be in 

accordance with previous findings. For example, MUC1 inhibitor CPP GO-201 inhibited growth and 

induced necrosis of MCF7 and MDA-MB-231 cell lines and MUC1-expressing primary breast cancer 

cells, and a CPP designed to block the interactions of MUC1 with both β-catenin and the epidermal 

growth factor receptor (EGFR) inhibited the proliferation of BT20 and MDA-MB-231 cells (Bitler et 

al., 2009).  

 

Similarly, the apparent lack of correlation of MUC1 expression levels in cells with the effects of 

PROTACs on cell viability has also been observed previously. For example, MUC1 siRNA caused 

apoptosis of MDA-MB-468 cells yet increased the proliferation of BT-20 breast cancer cells, which 

express much less MUC1-C (Hattrup & Gendler, 2006); while MUC1-C inhibitor GO-201 reduced the 

viability of the MDA-MB-231 cell line, but had no effect on the MCF10A immortalized breast 

epithelial cell line (D. Raina et al., 2009), which expresses much more MUC1-C (Pochampalli, Bejjani, 

& Schroeder, 2006).  

 

These disparate findings presumably reflect the complexity of biological systems. Indeed, some cell 

types are known to rely heavily on one or two dominant oncogenes for their growth and survival, a 

phenomenon known as oncogene addiction (Torti & Trusolino, 2011). This phenomenon may explain 
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the sensitivity of MDA-MB-231 to the PROTACs, and hypothetically it may involve the ErbB1 receptor 

(EGFR1). The logic for this notion is as follows: MUC1 is reported to stabilize EGFR1 in MDA-MB-231 

cells (Pochampalli et al., 2006), EGFR1 is a key regulator of cancer cell survival and growth 

(Mendelsohn, 2001), and MDA-MB-231 rely on EGFR1 for growth (N. G. Anderson, Ahmad, Chan, 

Dobson, & Bundred, 2001). Hence reductions in MUC1 could markedly affect MDA-MB-231 cell 

viability.  

 

The GO-201 MUC1 inhibitor peptide, which inspired the use of the MUC1-C dimerisation domain 

motifs in the PROTACs here, was reported to target MUC1-expressing breast cancer cells specifically 

(D. Raina et al., 2009). GO-201 along with GO-202 and GO-203 peptides were designed to block 

MUC1-C dimerisation and thereby signalling, with GO-201 incorporating the 15 amino acid 

dimerisation motif used here in PROTAC-2 and GO-202/-203 16 incorporating the 7 amino acid motif 

used in PROTAC-1. The GO-201/-202/-203 peptides were made cell-permeable by the addition of an 

R9 CPP motif. In the study of Raina et al., GO-201 was tested on various cell lines in vitro, and applied 

to the cells daily at a 5 μM concentration. The study reports that 3 or more days of treatment had no 

effect on cellular MUC1-C levels but disrupted MUC1 nuclear localisation, cell redox balance, and 

activated DNA damage responses in cancer cell lines, including MCF7 and MDA-MB-231. GO-201 

treatment also inhibited growth and induced necrosis in these cell lines and in MUC1-expressing 

primary breast cancer cells. In contrast, GO-201 was reported to have no effect on the growth of the 

putatively MUC1-negative HEK293 epithelial cell line and the MCF-10A immortalized breast 

epithelial cell line. As such, the study authors suggested that their findings indicated “…that GO-201 

targets breast carcinoma cells that are addicted to endogenous MUC1” (D. Raina et al., 2009). 

 

Comparison of the GO-201 study with the current study provides few distinctions, as the 

experimental conditions varied or are unclear in the former. The studies do show that GO-201 and 

the PROTACs each inhibited the viability of an array of breast cancer cell lines, including MCF7 and 

MDA-MB-231. The PROTACs appear relatively less potent, having little or no effect on cell viability at 

5 μM, though they were applied every second day rather than daily. One apparently clear distinction 

between the peptides is that the PROTACs reduced levels of both whole cell and nuclear MUC1-C 

whereas GO-201 reduced nuclear levels only.  An important consideration when comparing CPP 

activity is that CPP uptake is reported to be dependent on the peptide-to-cell ratio rather than on 

peptide concentration (Hällbrink, Oehlke, Papsdorf, & Bienert, 2004). Thus, variables such as cell 

numbers and treatment volumes should be to taken into account. Unfortunately this information 

                                                           
16 GO-202 and G0-203 are the L- and d-isomeric forms, respectively, of the same inhibitor peptide sequence.   
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was not provided in the GO-201 study (D. Raina et al., 2009), thereby limiting potential comparisons. 

An additional consideration for peptide studies is the presence of serum in media in experimental 

assays. Peptides, particularly L-isomeric forms, are susceptible to degradation by serum proteases, 

which may alter peptide activity. In the current study steps were employed to remove serum from 

cultures where PROTACs were applied, as a compromise to assist in determining proof-of-concept17. 

These steps included cell washes and the use of serum-free media for PROTAC treatment solutions. 

Serum-containing media was subsequently added to cultures a few hours after treatments were 

applied. Such procedures unfortunately introduce further variables into experiments, which should 

be taken into consideration. Notably, GO-201 is an L-isomer yet details are not provided on whether 

such steps were employed in its testing (D. Raina et al., 2009). This similarly confounds comparison-

making.  

 

That GO-201 reduced MDA-MB-231 cell viability markedly more than the PROTACs in the current 

study was surprising and may have one of several explanations. The result was surprising as the 

PROTACs were expected to exert the same dominant-negative activity against MUC1-C as GO-201, as 

well as reducing MUC1-C levels via proteolysis. That the control X-201 peptide, essentially GO-201 

but with the R9 CPP substituted for Xentry CPP, had no effect on MDA-MB-231 viability in the 

testing, suggests that the CPP plays a key role in the effects of the peptides on viability. Specifically, 

it suggests that either Xentry is inefficient at peptide delivery or that the R9 motif is associated with 

non-specific effects on cell viability18. Regarding the efficiency of Xentry peptide delivery, the 

confocal imaging in the current study appears to show clear PROTAC uptake by cells at 5 µM (as 

discussed above), though to what extent the PROTACs were bioavailable in cells and not 

sequestered in endosomes and lysosomes is uncertain. Alternatively, concentration-dependent 

effects on uptake have been reported for cationic CPPs, with uptake shown to be relatively 

inefficient at lower concentrations (< 5 μM) (Duchardt et al., 2007). Despite Xentry not being very 

cationic, relative reductions in Xentry uptake efficacy at the 5 μM concentration used here in the 

testing could be a possibility 19. Regarding whether the R9 motif is associated with non-specific 

effects on cell viability, this possibility is supported to some extent by the toxicity of GO-201 to 

MUC1-deficient HEK293T cells recorded here. Further, arginine-rich peptides are known to elicit a 

range of cellular responses, some of which could interfere with viability and/or the viability assay 

used here (Verdurmen & Brock, 2011). Such effects include downregulating EGF and TNF receptors 

                                                           
17 Protease resistant D-isomeric peptides, which are more expensive to produce, may be employed once proof-
of-concept is realised. 
18 Experimental error is a third possibility. 
19 Though this would suggest re-evaluation of Xentry uptake pathways may be required (Duchardt et al., 2007) 
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(Fotin-Mleczek et al., 2005), actin rearrangement (Nakase et al., 2007), and inhibition of intracellular 

convertases (Ramos-Molina et al., 2015). Notably, the latter has been shown to directly inhibit 

cancer cell proliferation (Ma et al., 2014). Finally, it is worth noting that the testing conducted by 

Raina et al. showed only a modest difference in viable cell numbers between GO-201-treated and 

control MDA-MB-231 cells three days after the treatment began, whereafter the difference become 

more pronounced (D. Raina et al., 2009). In contrast, the current study showed a dramatic difference 

in cell viability between GO-201-treated and control MDA-MB-231 cells within one day of treatment. 

This suggests that there are nontrivial differences between the assays used in the studies, and 

potentially that the assay used here is the more sensitive.   

 

That GO-201 reduced the viability of cells which do not express MUC1 has not been reported 

previously. As mentioned, Raina et al. suggest that GO-201 selectively targets carcinoma cells which 

express MUC1 (D. Raina et al., 2009). As evidence they report that daily application of GO-201 (5 

µM) had no effect on the growth of HEK293 cells over a 3 day period (D. Raina et al., 2009). In 

contrast, the same treatment here almost completely abolished HEK293T cell viability within 2 days. 

Importantly, the Western blotting conducted here confirmed that the HEK293T cells expressed no 

appreciable MUC1-C protein. The reason for the discrepancy between these studies is unclear. The 

two studies used different methods to measure cell viability in that Raina et al. used trypan blue 

exclusion and cell counting to measure cell death, whereas the WST-1 reagent was used here to 

measure cellular metabolic activity as a proxy for cell growth/proliferation. Nevertheless, the 

different techniques used should not account for the polar outcomes observed with HEK293 cells. 

Notably, the study of Raina et al. only shows the activity of GO-201 on HEK293 cells over 3 days, 

which seems to be insufficient considering that they also show that there was only a modest 

difference between GO-201-treated and control MDA-MB-231 cells after 3 days (as mentioned 

above) (D. Raina et al., 2009). Also mentioned above, Raina et al. do not report treatment volumes, 

cell numbers, nor serum conditions – all of which could influence outcomes (D. Raina et al., 2009). As 

such, the current study provides an independent counterpoint to the reported MUC1-specific 

targeting of the GO-20x set of peptides (Hasegawa et al., 2015; D. Raina et al., 2009; Ren et al., 2004; 

H. Takahashi et al., 2015).  

 

The non-specific reductions in cell viability caused by the PROTACs in the current study should also 

be accounted for. These included the ~40-70% reductions in HEK293T cell viability from culture with 

5 μM of PROTAC, as well as the ~80% reduction in MDA-MB-231 viability from culture with 40 μM of 

the control PROTAC. A potential explanation for these observations may be trifluoroacetate (TFA) 
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contamination of the peptides. TFA is a contaminant in protein preparations purified by HPLC, and 

has been proposed to be a potential inhibitor of cell viability in experiments involving peptides 

(Cornish et al., 1999). All the peptides used in the current study were supplied as TFA salts. That 

culture with Xentry here, at concentrations up to 80 μM, had little to no effect on BT474 and SKBR3 

breast cancer cell viability would suggest that TFA contamination was not the major issue. However, 

the effects of Xentry on MDA-MB-231 or HEK293T cells viability were not assessed, and so it cannot 

be excluded that these cell lines were susceptible to the effects of TFA contamination of peptides. 

An alternative explanation for the non-specific effects observed is cellular responses elicited by the 

peptides. These may relate to the physicochemical properties of the peptides. Certain combinations 

of properties such as length, positive charge, and the presence of hydrophobic amino acids allowing 

the formation of regular secondary structures, may alter the interactions of peptides with 

membrane components and lipids potentially leading to membrane perturbation and cytotoxicity 

(Cardozo et al., 2007; Holm et al., 2011). Notably the PROTACs, as well as GO-201, are predicted20 to 

adopt amphipathic secondary structures which have been associated with cytotoxic properties 

(Cornut, Thiaudiere, & Dufourcq, 1993). Whether or not such properties contributed to the non-

specific effects observed here is unknown. To control for some of these variables, PROTACs with 

scrambled dimerisation sequences could have been included in testing. Additionally, leakage of 

lactate dehydrogenase (LDH) could have been measured to assess whether the non-specific effects 

were due to extensive membrane damage after PROTAC treatment (Holm et al., 2011). Finally, 

potentially the fluorophore labelling of the PROTACs here may even have had an effect on cell 

viability. For example, both rhodamine (Jones et al., 2005) and fluorescein labelling (El-Andaloussi, 

Järver, Johansson, & Langel, 2007) of CPPs have been reported to reduce cell viability up to ten-fold. 

Clearly, this issue could be explored by testing unlabelled PROTACs.  

 

1.4.3.6 MUC1-targeting PROTACs weakly synergize with the tamoxifen metabolite 4-
hydroxytamoxifen 

The interactions between the PROTACs and the tamoxifen metabolite 4-hydroxytamoxifen (4-OHT; 1 

μM) in tamoxifen resistant BT474 cells is partially consistent with previous work. More specifically, 

the only other study of a similar nature also reported a synergistic effect, with application of MUC1 

inhibitor peptide GO-203 (3.9 µM) sensitizing BT474 cells to tamoxifen treatment (16.6 µM) 

(Kharbanda et al., 2013). The difference between these studies, though, is that the PROTACs and 4-

OHT were very weakly synergistic at one concentration (20 μM), whereas GO-203 and tamoxifen 

were highly synergistic over a wide range. Notably, in both studies synergy was demonstrated using 
                                                           
20 Peptide Property Calculator, Bio-Synthesis Inc. 
http://www.biosyn.com/PeptidePropertyCalculatorLanding.aspx 
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concentrations of 4-OHT or tamoxifen which greatly exceed those found in the serum and breast 

tissues of treated patients. Specifically, tamoxifen is conventionally given at a dose of 20 mg daily, 

reaching levels of  0.083 and 0.744 μg/mL in serum and breast cancer tissue, respectively; equivalent 

to 0.22 μM and 2 μM, respectively (Kisanga et al., 2004). Levels of 4-OHT are much lower at 0.003 

and 0.029 4-OHT μg/mL, respectively; equivalent to ~8 nM and 75 nM, respectively. Thus, the 

relevance of the synergies between MUC1- and 4-OHT/tamoxifen reported in both studies to breast 

cancer therapy is questionable.  
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2 Testing the ability of Xentry peptides to deliver long 
nucleic acids into epithelial cells 

2.1 Introduction  

2.1.1 Gene therapy 

Gene therapy is the treatment or prevention of disease at the level of the gene (Verma & Weitzman, 

2005). Typically it involves the transfer of nucleic acids into cells to alter gene expression or to 

correct a defective gene sequence. Thus, either the amount of gene expression or the gene 

sequence expressed may be altered. As genes and their transcripts are encoded by deoxyribose and 

ribose nucleic acids, DNA and RNA respectively, gene therapy can be applied at the level of DNA or 

RNA. Gene therapy can be applied in response to disease or pre-emptively to mitigate or prevent 

disease. Thus gene therapy involves the transfer of nucleic acids into cells to alter DNA or RNA gene 

expression in order to treat or prevent disease.  

 

Gene therapy can potentially be applied to treat almost any disease. Most obviously it can be 

applied to single gene (monogenic) disorders, which are caused by mutation in one gene (O'Connor 

& Crystal, 2006). Several thousand monogenetic disorders have been identified in humans, including 

cystic fibrosis, the muscular dystrophies, and hereditary diffuse gastric cancer (HDGC) (O'Connor & 

Crystal, 2006). Perhaps less obviously, gene therapy may also be applied to more complex diseases 

which have a genetic component, such as cardiovascular disease, allergies, and cancer (Gillet, 

Macadangdang, Fathke, Gottesman, & Kimchi-Sarfaty, 2009; Ya-Hui, Yao-Hsu, Si-Jie, & Bor-Luen, 

2009). Around 30-60% of such diseases are estimated to be linked to a genetic cause 21, and are 

referred to as being polygenic disorders (Price, Spencer, & Donnelly, 2015). Gene therapy may also 

be applied to diseases which have an external cause, such as infectious diseases (Bunnell & Morgan, 

1998). Thus gene therapy may be applied to treat any monogenic or polygenic disorder as well as 

disorders with an external cause. 

 

Various types of nucleic acid can be used in gene therapy. These include protein-coding and 

noncoding nucleic acids (Giacca & Zacchigna, 2012; D. Wang & Gao, 2014a). Protein-coding nucleic 

acids include DNA and messenger RNA (mRNA). These are relatively long nucleic acids, ranging from 

<1,000 to >100,000 nucleotides in length. DNA is often used in the form of plasmids, which are 

usually circular, autonomously replicating molecules. Noncoding nucleic acids include small 

                                                           
21 More specifically, hereditary, with environmental factors making up the remaining component. 
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interfering RNAs (siRNAs), microRNAs (miRNAs) and antisense oligonucleotides (AONs). These are 

typically only ~20 nucleotides in length. The choice of which type of nucleic acid to use for gene 

therapy will depend on the strategy applied (see below). Thus various types of long protein-coding 

and short noncoding nucleic acids can be used for gene therapy, with the choice dependent upon 

the application. 

 

Four main gene therapy strategies have emerged so far (D. Wang & Gao, 2014b). The first strategy is 

gene replacement, where a functional copy of a gene is used to replace a mutant one. It is the 

obvious choice for treating monogenic disorders where there is a deficiency in normal gene 

expression. The second strategy is gene addition, where one or more genes are added to target 

some aspect of a disease mechanism. This strategy is useful for treating polygenic disorders and 

infectious diseases. The third strategy involves altering aberrant RNA gene expression in some way. 

One way to do this is silencing RNA expression using siRNAs or miRNAs. Another way to do this is 

reprogramming mRNA splicing by use of AONs. The fourth strategy is gene editing to introduce 

targeted changes in genes. Various target sequence-specific, designer nuclease technologies have 

been developed for this purpose, such as zinc-finger nucleases (ZFNs), transcription activator-like 

effector nucleases (TALENs), and the clustered regulatory interspaced short palindromic repeat 

(CRISPR)/CRISPR-associated (Cas) system. This strategy can be used to disrupt aberrant gene 

expression or may be combined with gene replacement or addition strategies to enhance efficacy 

and safety (D. Wang & Gao, 2014b). Thus, common gene therapy strategies involve gene 

replacement, addition, alteration, and/or editing.  

 

The gene therapy strategies can be applied in vivo or ex vivo. In vivo application involves direct 

administration to the patient to target genes in their cells in situ. In contrast, in the ex vivo approach 

the target cells for gene therapy are first isolated from the patient, then treated in vitro, and finally 

reintroduced back into the patient (Naldini, 2011). The ex vivo approach has the advantage of 

providing direct access to the target cells for treatment, but can only be applied to cell types which 

are amenable to the process. These include blood and immune cells, but not the majority of 

epithelial, muscle, and neuronal cells. Thus gene therapy strategies can be applied either in vivo to 

cells in situ or ex vivo to a subset of cell types and disorders.   

 

Gene therapy usually requires a vector to deliver the nucleic acids into cells. Naked nucleic acids can 

enter cells of their own accord, and naked DNA has been used in ~18% of gene therapy trials thus far 

(Ginn, Alexander, Edelstein, Abedi, & Wixon, 2013). But naked nucleic acids generally enter cells at 
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low levels and are poorly expressed (Lorenz et al., 2011; Wolff & Budker, 2005). They are also 

degraded by serum nucleases and cleared by the liver following intravenous injection (Kawabata, 

Takakura, & Hashida, 1995). Further, they are not targeted and so are unable to selectively target 

cell subpopulations, such as cancer cells. As such, methods have been devised to facilitate nucleic 

acid delivery, expression, and cell-specific targeting for gene therapy. These methods also have to 

take into account the properties of the various types of nucleic acid used in gene therapy (see 

above). These properties, such as nucleic acid size, charge, stability, and intracellular site of activity, 

can present different delivery challenges (Scholz & Wagner, 2012). Thus, over time, a diverse range 

of gene delivery methods have been devised. These methods can be broadly divided into viral and 

non-viral vectors, and are discussed below. 

 

Viruses have been modified for use as gene therapy vectors (Kay, Glorioso, & Naldini, 2001). This 

harnesses the natural ability of viruses to transfer (or transduce) nucleic acids into cells (Bouard, 

Alazard-Dany, & Cosset, 2009). Viral vectors have been used in approximately two-thirds of gene 

therapy clinical trials carried out so far (Ginn et al., 2013). These vectors include modified forms of 

adenoviruses, retroviruses, adeno-associated viruses (AAVs), and herpes simplex virus (HSV) (Giacca 

& Zacchigna, 2012). The viruses are modified to reduce their pathogenicity and immunogenicity, to 

incorporate the nucleic acids for transfer, and to facilitate cell-specific targeting (Bouard et al., 

2009), amongst other reasons. The viral vectors differ in their characteristics, including the type of 

cells transduced (dividing vs. non-dividing), the destination of the transferred nucleic acids (genomic 

integration vs. nuclear episome), and their immunogenicity. Thus, a variety of viruses have been 

modified for use as gene therapy vectors, with each having its own characteristics. 

 

Various non-viral vectors have also been developed for gene therapy (Yin et al., 2014). These include 

bioorganic lipids (Balazs & Godbey, 2010), polymers (Hosseinkhani, Abedini, Ou, & Domb, 2015), and 

cell-penetrating peptides (CPPs) (de Figueiredo, Freire, Flores, Veiga, & Castanho, 2014), as well as 

inorganic nanoparticles (Sokolova & Epple, 2008). Non-viral vectors often have a cationic component 

for electrostatic binding of the negatively charged nucleic acids for delivery. Cationic and neutral 

lipids, such as DOTAP (dioleoyltrimethylammoniopropane) and DOPE 

(dioleoylphosphatidylethanolamine), respectively, are typically mixed to form spherical vesicles 

(liposomes) capable of nucleic acid encapsulation and cellular delivery (transfection) (Balazs & 

Godbey, 2010). Similarly, cationic polymers, such as polylysine and polyethylenimine (PEI), are able 

to bind, condense, and transfect nucleic acids (Hosseinkhani et al., 2015). CPPs, which are typically 

short (10-50 amino acids), cationic peptides, have also been used to covalently or non-covalently 
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bind nucleic acids and carry them into cells (Alhakamy, Nigatu, Berkland, & Ramsey, 2013; de 

Figueiredo et al., 2014). Finally, nanoparticles made from inorganic materials, such as calcium 

phosphate, carbon nanotubes, silica, and gold, can be loaded with nucleic acids which are taken up 

by cells (Sokolova & Epple, 2008). Thus, non-viral vectors produced from materials including lipids, 

polymers, CPPs, and inorganic nanoparticles have been developed for use in gene therapy.  

 

2.1.2 Gene therapy remains a delivery challenge  

Despite its promise and all the technical innovation, gene therapy has had limited success thus far. 

Gene therapy has been subject to several decades of investigation and 2,210 clinical trials at the 

time of writing ("Gene therapy clinical trials worldwide," 2015 ). Yet, no gene therapy clinical 

treatment or product has been approved by the US Food and Drug Administration (FDA), and only a 

few products have been approved worldwide (Wirth, Parker, & Ylä-Herttuala, 2013). Gene therapy 

has had some success in a small number of clinical trials, mostly using an ex vivo approach (Naldini, 

2015), though this has been tempered by some severe adverse events (Check, 2005; Hollon, 2000). 

Thus gene therapy, particularly when applied in vivo, remains largely experimental and has 

challenges to address before its potential can be realised. 

 

The delivery of gene therapy for many genetic disorders remains the major challenge. This is 

because there is currently no simple, safe, and effective way to deliver nucleic acids to a significant 

proportion of cells in epithelial and muscle tissues in vivo (Collins & Thrasher, 2015). The limitations 

of current viral and non-viral vectors (discussed below) preclude their ability to treat disorders of 

these tissues. The disorders include those which primarily affect epithelia, such as cystic fibrosis, and 

gastric cancer (Kotzamanis, Papalois, Kotsinas, & Gorgoulis, 2013; Sutter & Fechner, 2006), those 

which primarily affect muscle, such as the muscular dystrophies (Rodino-Klapac, Chicoine, Kaspar, & 

Mendell, 2007), and those which affect both cell types, such as cardiovascular disease (Pankajakshan 

& Agrawal, 2013). Thus, due to the limitations of current vectors gene therapy of many disorders 

affecting epithelial and muscle tissues is unable to be delivered.  

 

Viral vectors have various limitations for use in in vivo gene therapy. These include immunogenicity, 

as viral antigens expressed by viral vectors can trigger immune responses which reduce treatment 

efficacy (Nayak & Herzog, 2010). Such immune responses can also preclude recurrent 

administration, which may be necessary where the target cells are rapidly turned over (e.g. some 

epithelia), if the therapy is administered sequentially (e.g. limb-by-limb for muscular dystrophy), or 

in the application of next-generation viral vectors in previously treated patients (Guiraud et al., 
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2015). Other limitations concern the use of viral vectors which integrate genomically, such as 

modified retroviruses. Genomic integration is by default insertional mutagenesis, which risks 

disruption of essential genes and carcinogenesis due to oncogene activation (Baum, Kustikova, 

Modlich, Li, & Fehse, 2006). Further limitations of viral vectors include difficulties in viral vector 

production and cell/tissue targeting issues (Bouard et al., 2009; Waehler, Russell, & Curiel, 2007). 

Thus immunogenicity, insertional mutagenesis, and difficulties in production and targeting limit the 

use of viral vectors for gene therapy. 

 

Non-viral vectors also have limitations for use in in vivo gene therapy. For example, lipid and 

polymer vectors typically have low delivery efficiencies in vivo. This has been linked to their cationic 

nature causing both aggregation in physiological fluids (Wiethoff & Middaugh) and adsorption to 

blood cells and plasma proteins in circulation (Putnam, 2006; Shim, Kim, Park, & Oh, 2013). These 

vectors can also be cytotoxic, which has similarly been related to their cationic nature (Lv, Zhang, 

Wang, Cui, & Yan, 2006), and they have been associated with systemic toxicity (Kedmi, Ben-Arie, & 

Peer, 2010). Further, cationic lipids have been shown to modify cellular pathways and stimulate 

immune responses (Lonez, Vandenbranden, & Ruysschaert, 2008). Likewise, CPPs and inorganic 

nanoparticles have shown limited delivery efficiency and possible toxicity (Järver, Mäger, & Langel, 

2010; Sokolova & Epple, 2008). Finally, all non-viral vectors also typically lack the cell/tissue-specific 

targeting which is imperative for safe and efficient delivery of gene therapy in vivo (Kapoor & 

Burgess, 2015). Thus, for reasons including low efficiency, toxicity, and lack of cell/tissue-specific 

targeting, current non-viral vectors are limited in their ability to deliver gene therapy in vivo. 

 

2.1.3 Xentry-based peptides for gene therapy delivery 

2.1.3.1 Xentry, a new subclass of CPP uniquely equipped for therapeutic drug delivery 

Refer to Section 1.1.3.2.  

 

2.1.3.2 Enhancing Xentry’s ability to deliver gene therapy 

Xentry’s ability to deliver gene therapy will be enhanced by various means. These means will include 

physical augmentation with functional peptide motifs such as nucleic acid-binding motifs to bind, 

compact, and protect nucleic acids (Tsuchiya, Ishii, Okahata, & Sato, 2006); nuclear localisation 

signals to deliver nucleic acids which require nuclear localisation, such as pDNA and gene corrective 

oligonucleotides, to nuclei (Cartier & Reszka, 2002); and fusogenic motifs to enhance the 

bioavailability of Xentry-nucleic acid complexes by assisting their escape from intracellular 
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compartments, such as endosomes and lysosomes (S. Oliveira, van Rooy, Kranenburg, Storm, & 

Schiffelers, 2007). These means will also include strategies such as multimerization to enhance cell 

entry and endosome/lysosome escape (Eggimann, Buschor, Darbre, & Reymond, 2013; Erazo-

Oliveras et al., 2012). Finally, these means will also include assistance by small chemical agents, such 

as lysosomotropic agents, to modulate cellular processes in a way that enhances nucleic acid 

delivery and expression (Itaka et al., 2004). Thus, a variety of strategies, both physical and chemical, 

will be utilized to enhance gene therapy delivery by Xentry.  

 

Notably, an enhanced version of Xentry has already been successfully used to deliver gene therapy 

in the form of siRNA in vitro. Xentry was synthetically fused with the cationic amphipathic peptide 

KALA (WEAKLAKALAKALAKHLAKALAKALKACEA), which is reported to bind and transfect DNA 

(Wyman et al., 1997). The Xentry-KALA fusion peptide when mixed with B-raf siRNA proved capable 

of killing B-raf-dependent melanoma cells. Notably, Xentry conjugated directly to B-raf siRNA did not 

have any activity on the cells (Montrose et al., 2013). Thus, while Xentry alone was unable to deliver 

siRNA, fusion of Xentry with the nucleic acid-binding peptide KALA produced a peptide capable of 

delivering functional siRNA.  

 

2.1.4 Aims of this study 

The overarching aim of this study was to develop Xentry-based peptides which efficiently deliver 

nucleic acids for gene therapy into adherent cells specifically. In particular, the delivery of mRNA and 

plasmid DNA for gene replacement and addition strategies were investigated. The lower level aims 

of this study were to:  

• Test the ability of Xentry-based peptides bearing various functional motifs to transfect 

mRNA and plasmid DNA into epithelial cell lines.  

• Test the ability of multimeric forms of Xentry-based peptide to transfect nucleic acids. 

• Test the ability of selected chemical agents, with the potential for use in vivo, to enhance 

nucleic acid delivery by Xentry-based peptides. 

• Test whether transfections by Xentry-based peptides retain Xentry’s selectivity for adherent 

but not non-adherent cells.  
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2.2 Materials and Methods 

2.2.1 Suppliers 

American Type Culture Collection. ATCC, Manassas, VA, USA. 

BD Biosciences. Franklin Lakes, NJ, USA. 

Eppendorf AG. Hamburg, Germany. 

GibcoBRL/Life Technologies - now supplied by Invitrogen. 

Ibidi GmbH. München, Germany. 

IBM. Chicago, IL, USA. 

Invitrogen. Carlsbad, CA, USA. 

Life Technologies. Grand Island, NY, USA. 

Peptide 2.0 Inc. Chantilly, VA, USA. 

Roche Applied Science Roche. Mannheim, Germany. 

Sigma-Aldrich. St. Louis, MO, USA. 

Stratagene. La Jolla, CA, USA. 

Thermo Fisher Scientific Inc. Waltham, MA, USA. 

TriLink Biotechnologies. San Diego, CA, USA. 

 

2.2.2 Peptides 

Table 10: Peptides used to deliver nucleic acids 

Name Abbrev. Sequence N-terminus  

Xentry  lclrpvg TAMRA 

Xentry-protamine XP lclrpvggrsqsrsryyrqrqrsrrrrrrs Biotin 

Xentry-NLS-protamine XNP lclrpvggpkkkrkvggrsqsrsryyrqrqrsrrrrrrs Biotin 

Xentry-NLS-his-

protamine 

XNHP lclrpvggpkkkrkvghhhhhhhhhgrsqsrsryyrqrqrsrrrrrrs Biotin 

FITC-Xentry-protamine FITC-XP lclrpvggrsqsrsryyrqrqrsrrrrrrs FITC-Ahx 

FITC-protamine  rsqsrsryyrqrqrsrrrrrrs FITC-Ahx 

Ahx, 6 carbon linker aminohexanoic acid; TAMRA, 5-Carboxytetramethylrhodamine. 

 

The peptides were synthesized as D-isomers by Peptide 2.0 Inc. They were dissolved in 1 mM 

dithiothreitol (DTT; in water) to 0.5 mM and stored as single-use aliquots at -80˚C. The data sheets 

for the peptides are supplied in the Appendix. 
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2.2.3 Cell lines and cell culture 

2.2.3.1 Cell lines 

All cell lines were obtained from the American Type Culture Collection (ATCC) in 2012. The cell lines 

were cultured in bulk and cryopreserved. Identical aliquots were thawed as required throughout the 

project, so that cells used in experiments were <10 passages of growth from when purchased.  

  

AGS (ATCC, CRL-1739): a human gastric adenocarcinoma cell line derived from a 54 year old 

Caucasian female. AGS are infected with Parainfluenza type 5 (PIV5 formerly known as SV5). 

A549: ATCC, CCL-185. A human epithelial lung carcinoma cell line derived from a 58 year old 

Caucasian male. 

HCC38: ATCC, CRL-2314. A human breast ductal carcinoma cell line derived from a 50 year old 

female Caucasian. 

HepG2: ATCC, HB-8065. A human liver carcinoma cell line derived from a 15 year old Caucasian male.  

HT-29: ATCC, HTB-38. A human colorectal adenocarcinoma cell line derived from a 44 year old 

female Caucasian. 

MCF-7: ATCC, HTB-22. A human breast adenocarcinoma cell line derived from a 69 year old female 

Caucasian. 

 

The AGS and A549 cell lines were cultured in Ham's F-12K (Kaighn's) medium (Invitrogen, 21127-022) 

supplemented with 10% (v/v) fetal bovine serum (FBS). The HepG2, HT-29, and MCF-7 cell lines were 

cultured in DMEM/F12 medium (Invitrogen, 11320-033) supplemented with 10% (v/v) FBS. The FBS 

(Gibco, 10091-148) used to culture the cell lines was heat-inactivated at 56°C for 30 min prior to use. 

Cells were cultured at 37˚C with 5% CO2.  

 

2.2.4 mRNAs and cDNAs encoding fluorescent marker proteins 

Enhanced green fluorescent protein (EGFP) mRNA (cat. # L-6101) and mCherry mRNA (cat. # L-6113) 

were obtained from TriLink Biotechnologies. The GFP-encoding plasmid, pCDNA3-hrGFP (6.1 kb), 

was made by Dr Klaus Lehnert, a former member of our laboratory (Figure 2.1). The plasmid was 

amplified here using standard molecular biology techniques.  
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Figure 2.1: Construction of the pcDNA3-hrGFP plasmid. 

The gene coding for humanized recombinant GFP (hrGFP; 724 bp) was cut from the vector phrGFP-C 

and inserted into pcDNA3 (5.4 kb) to create pcDNA3-hrGFP (6.1 kb).  

 

2.2.5 Assays of CPP uptake by cells 

AGS cells (5 x 104/well) were seeded in an 8-well chamber slide the day prior to the assay. The next 

day the following treatments were prepared with agents diluted in 500 μL of Ham's F-12K medium: 

vehicle, 50 µM of TAMRA-labelled Xentry, 50 µM of biotin-labelled Xentry-NLS-protamine (XNP), and 

50 µM of biotin-labelled Xentry-NLS-his-protamine (XNHP) peptides. The treatments were added to 

the cells, and the cells cultured for 3 h. The cells were then washed thrice with phosphate-buffered 

saline (PBS), and fixed with 4% (v/v) formaldehyde for 15 min. After washing, the cells were 

permeabilized with 0.5% Triton X-100 for 2 min, and washed again. The cells cultured with the 

biotin-labelled peptides were then incubated with streptavidin-FITC (Sigma, E2761) diluted 1:200 in 

PBS (200 μL) for 1 h in the dark. After further washing, the cells were counterstained by addition of 

50 μL of 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, D1306) diluted 1:10,000 in PBS, then 

imaged by epifluorescence microscopy (Section 2.2.9). 

 

2.2.6 Cell transfection 

Cells were seeded at 1 x 104/well in flat-bottomed, tissue culture (TC)-treated 96-well plates (BD 

Falcon) the day prior to transfection. On the day of transfection, peptides and nucleic acid stocks 

were diluted separately in 25 μL of Opti-MEM Reduced Serum Medium, no phenol red (Invitrogen, 

11058021), then mixed together and placed on a rocker for 15 min at room temperature in the dark. 

The appropriate amounts of vehicle (water and/or DMSO), and other agents* were then mixed into 

the solutions, and the volumes made up to 100 μL with culture medium appropriate to the cell line. 
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An example is a 4:1 peptide:nucleic acid ratio which included 1 µg (~2.5 μM) peptide and 0.25 μg 

nucleic acid. Lipofectamine 2000 transfection agent (Invitrogen, 11668030) was applied according to 

the used manual. Culture media was then removed from the cells and the treatment solutions 

applied. The cells were then cultured at 37˚C with 5% CO2 for the indicated times. Commonly, 

treatment solutions were removed from the cells and replaced with full media after 4 h, and the 

cells returned to the incubator. Total incubation times were 24 and 48 h for mRNA and plasmid DNA 

(pDNA) transfections, respectively. Experiments were repeated the indicated number of times. 

Finally, note that the charge ratios of the components indicated were calculated as the N:P ratio, 

which is the molar ratio of the amine groups in the CPP to the phosphates in the DNA. 

 

* Agents included: 

• Chloroquine diphosphate (Sigma, C6628) – dissolved in water to 30 mM and stored at -20˚C.  

• Hydroxychloroquine sulfate (Sigma, 1327000) – dissolved in water to 30 mM and stored at -

20˚C. 

• E6446 (Merck Millipore, 614315) – dissolved in DMSO (Sigma-Aldrich, D-5879) to 20 mM and 

stored at -20˚C.  

 

2.2.7 Transfection of AGS cells with XNP using protamine sulfate and 
polybrene  

AGS cells were seeded (3 x 104/well) in flat-bottomed, TC-treated 96-well plates (BD Falcon) the day 

prior to transfection. The next day protamine sulfate (Sigma, P4505) and hexadimethrine bromide 

(polybrene; Sigma, H9268) were diluted separately in warm water to 25 mg/mL. They were then 

mixed with GFP pDNA at 0.02:1, 0.2:1, and 2:1 (w/w, agent:pDNA) ratios and the mixtures incubated 

for 15 min. XNP was subsequently added to the mixtures at a 3.3:1 (w/w, XNP:pDNA) ratio, and the 

solutions incubated for another 15 min. The solutions were then added to the AGS cells. As a 

control, another set of cells was treated with 3.3:1 (w/w) XNP:pDNA mixture not containing either 

protamine sulfate or Polybrene. Forty-eight hours after treatment, GFP expression was recorded by 

imaging the live cells by epifluorescence microscopy. 

 

2.2.8 Nuclear counterstaining and fixation 

Cells imaged live were counterstained with NucBlue Live ReadyProbes reagent (Invitrogen, R37605) 

as per the supplier’s instructions. Otherwise, cells were fixed with 4% formaldehyde (diluted in PBS) 

for 15 min, then washed with PBS, and counterstained with 50 μL of DAPI (Invitrogen, D1306) diluted 

1:10,000 in PBS.  
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2.2.9 Epifluorescence microscopy and imaging 

Images were recorded at 100 x magnification using a Nikon Eclipse TE2000-S microscope, Nikon 

Digital Sight DS-U1 PC controlled colour camera, and NIS-Elements F software. Images were taken at 

5+ fixed, non-overlapping sites in each well, or as indicated.  

 

2.2.10 Image analysis and quantification of transfection efficiency 

Images were analysed by both manual and automated counting using ImageJ software (Wayne 

Rasband, National Institutes of Health). For manual counts, the Cell Counter plugin was used. For 

automated counts the Cookbook plugin was used in conjunction with custom macros. Specifically, 

the macros were:  

• Count transfected cells: 

o Image > Type > 8-bit. 

o Image > Adjust > AutoThreshold Local > Bernson option. 

o Process > Binary > Make Binary. 

o Process > Binary > Watershed. 

o Analyze > Analyze particles > Size pixel^2: 25-infinity. 

• Count cell nuclei: 

o Image > Type > 8-bit. 

o Cookbook (plugin) > Particle Analyzer > Nuclei counter > Size pixel^2: 25 – 200. 

 

Cell counts were based on the cell tallies in manual counts and the number of nuclei stained by 

NucBlue or DAPI in automated counts. Transfected cell numbers were based on the number of 

discrete areas of GFP, EGFP, or mCherry fluorescence above the size of 25 square pixels in an image. 

Transfection efficiency (%) was calculated using the following equation: (the number of transfected 

cells ÷ the number of cells counted) x 100.   

 

2.2.11 Tetramerization of XP 

AGS cells (4 x 104/well) were seeded in an 8-well chamber slide the day prior to the assay. The next 

day 8 μg of biotin-labelled XP (MW: ~5 kDa) was mixed with 3 μg of ExtrAvidin-Cy3 (Sigma-Aldrich, 

cat# E4142; MW: ~60 kDa) in a total volume of 50 μL (made up with serum-free Ham's F-12K 

medium) to give an ExtrAvidin-Cy3:biotin-XP molar ratio of 12:3 and generate a tetrameric XP 

complex, EA-Cy3(XP)4. To this complex, 1 μg of EGFP mRNA was then added, to give a 3:1 XP:mRNA 

(w:w) ratio, and 0.83 μL of 30 mM chloroquine. The mixture was then gently vortexed briefly and 
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incubated for 30 min at room temperature. Serum-free Ham's F-12K (Kaighn's) medium (200 μL) was 

then added to make a 100 μM final chloroquine concentration. Control treatment solutions were 

also prepared in which the EGFP mRNA was omitted, or the mRNA was mixed with just the 

equivalent amounts of XP or EA-Cy3, with each including 100 μM of chloroquine. Culture media was 

then removed from the cells and the treatment solutions added, and the cells cultured as above. The 

treatment solutions were removed after 4 h of culture and replaced with full media. EGFP 

expression was recorded 24 h after treatment by imaging the live cells by epifluorescence 

microscopy (Section 2.2.9). 

 

2.2.12 Statistics 

Statistical analyses, in the form of two-way analysis of variance (ANOVA), were performed using IBM 

SPSS Statistics (version 19; Chicago, IL); with the significance level set at or below 5%. Standard error 

of the mean and confidence intervals were calculated using Microsoft Excel 2010.   
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2.3 Results 

2.3.1 Potential strategies to facilitate gene therapy delivery by Xentry 

Xentry (lclrpvg) was fused to a truncated form of human protamine to facilitate nucleic acid delivery. 

Protamines are ~40-50 amino acid, arginine- and cysteine-rich peptides expressed in testis (Balhorn, 

2007). They replace histones in the chromatin of sperm during the final stage of sperm formation 

(spermiogenesis), compacting the DNA into a highly condensed, stable, and inactive complex (Mahi 

& Yanagimachi, 1975). Protamine sulfate, isolated from the sperm of mature fish, is an FDA-

approved compound. It is used clinically as an excipient both in neutral protamine Hagedorn (NPH) 

insulin (Owens, 2011) and mRNA vaccines (Schlake, Thess, Fotin-Mleczek, & Kallen, 2012), and to 

reverse the anticoagulant properties of heparin (Carr & Silverman, 1999). Protamine sulfate can be 

used to condense DNA and mRNA and it protects both against nuclease activity (Alderson, Wilson, 

Laible, Pfeffer, & L'Huillier, 2006; Hoerr, Obst, Rammensee, & Jung, 2000; Sorgi, Bhattacharya, & 

Huang, 1997). Protamine sulfate can also be used to enhance lipid-mediated transfection (Sorgi et 

al., 1997) as well as to transfect RNA and DNA into cells (Amos, 1961; Reynolds, Weissleder, & 

Josephson, 2005). In addition, a low molecular weight form of protamine sulfate, LMWP 

(vsrrrrrrggrrrr), has also been reported to transfect DNA into cells (Park, Liang, Ko, Kim, & Yang, 

2003); while a 22 amino acid truncated form of human protamine (amino acids 8-29; 

rsqsrsryyrqrqrsrrrrrrs) has been used in protamine-antibody fusion proteins to deliver nucleic acids 

into cells (Xuguang Li, Stuckert, Bosch, Marks, & Marasco, 2001; E. Song et al., 2005). Thus, fusing a 

protamine motif to Xentry may produce a peptide able to non-covalently bind, neutralize, compact, 

and protect highly negatively-charged long nucleic acids during gene therapy delivery. As such, a 

peptide fusing the truncated form of human protamine to the C-terminus of Xentry 

(lclrpvggrsqsrsryyrqrqrsrrrrrrs) was synthesized for testing. This peptide was termed Xentry-

protamine (XP).  

 

A second Xentry peptide was also designed which incorporated a nuclear localization sequence (NLS) 

in addition to protamine. Besides entry into cells, exogenous DNA must also enter the nucleus to be 

transcribed. Further, other types of nucleic acid, such as gene corrective oligonucleotides, must also 

enter the nucleus to have their effect. Cytoplasmic barriers and the nuclear membrane, also known 

as the nuclear envelope, prevent the nuclear entry of most DNAs which have entered cells (Vaughan, 

DeGiulio, & Dean, 2006). This issue is reduced to some extent in dividing cells, where the nuclear 

envelope breaks down during mitosis, though expression is still reduced 30-100 fold compared to 

direct introduction of DNA into the nucleus (Vaughan et al., 2006). As such, trafficking of DNA into 
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the nucleus is a barrier to efficient transfection for non-viral vectors, particularly in terminally 

differentiated, non-dividing cells (Lam & Dean, 2010). A potential way to overcome this barrier is by 

the incorporation of an NLS motif into the vector. NLSs are short, typically lysine- and arginine-rich 

peptide motifs that mark a protein for import into the cell nucleus by nuclear transport (C.-K. Chan & 

Jans, 2002). A well-characterized NLS is the 7 amino acid pkkkrkv motif from the large T antigen of 

the simian virus 40 (SV40) (Goldfarb, Gariepy, Schoolnik, & Kornberg, 1986). Conjugation of the SV40 

NLS to linear DNA has been shown to enhance nuclear uptake of the DNA (Zanta, Belguise-Valladier, 

& Behr, 1999), and more recently, fusion of the SV40 NLS to CPPs has been shown to enhance 

transfected DNA expression (Duvshani-Eshet et al., 2008; Simeoni, Morris, Heitz, & Divita, 2003; 

Xavier, Singh, Dean, Rao, & Gopal, 2009). Thus, addition of an NLS motif to Xentry-based vectors may 

facilitate the nuclear delivery of DNA and its expression. As such, a peptide fusing the SV40 NLS in 

between Xentry and the truncated form of human protamine 

(lclrpvggpkkkrkvggrsqsrsryyrqrqrsrrrrrrs), was synthesized for testing. This peptide was termed 

Xentry-NLS-protamine (XNP).  

 

A third Xentry peptide was designed which further incorporated a multiple histidine repeat 

sequence. Endosomal entrapment of CPPs and their cargoes is a common issue (Erazo-Oliveras et al., 

2012) and would likely reduce the efficacy of gene therapy. One potential way to overcome this 

barrier is to incorporate a multiple histidine-containing motif into the CPP design. For example, the 

addition of a 10 histidine residue motif to the Tat CPP radically improved plasmid transfection 

efficiency in several cell lines (Lo & Wang, 2008). The multi-histidine repeat is thought to work by the 

‘proton sponge’ effect (Behr, 1997). Specifically, protonation of the imidazole groups of the histidine 

residues in acidic compartments, such as late endosomes and lysosomes, is thought to draw chloride 

ions into the compartments causing their osmotic swelling and permeabilization and the liberation 

of the CPP and cargo (Ferrer-Miralles et al., 2011). Thus, as Xentry enters cells by endocytosis 

(Montrose et al., 2013), the addition of a multi-histidine repeat sequence might increase the 

bioavailability of Xentry-nucleic acid complexes by facilitating their release from endosomes. As 

such, a peptide fusing a multiple (9 amino acid) histidine repeat sequence in between the SV40 NLS 

and the truncated form of human protamine of XNP 

(lclrpvggpkkkrkvghhhhhhhhhgrsqsrsryyrqrqrsrrrrrrs) was synthesized for testing. This peptide was 

termed Xentry-His-protamine (XNHP). 
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2.3.2 Xentry-protamine peptides bind to or enter epithelial cancer cells 

To test whether the Xentry-protamine peptides can enter human cells, AGS gastric cancer cells were 

cultured with 50 µM of biotin-labelled XNP or XNHP peptides for 3 h. As controls, other sets of cells 

were treated with vehicle or 50 µM TAMRA-labelled Xentry. Peptide binding/uptake by cells was 

assessed by fixing the cells, probing with FITC-labelled streptavidin, and imaging the cells by 

epifluorescence microscopy. The images from this preliminary study show that the cells treated with 

XNP and XNHP fluoresced green with FITC-streptavidin, suggesting that they had either bound or 

taken up peptide (Figure 2.2). As expected, the control cells treated with TAMRA-labelled Xentry 

fluoresced red. The images also show that the numbers of cells in wells treated with XNP or XNHP 

were reduced compared to the control wells, presumably due to the cytotoxicity of the protamine 

peptide. As such, peptide concentrations were reduced in subsequent testing to reduce cytotoxicity.  

 
Figure 2.2: Xentry-protamine peptides bind to or enter human epithelial-derived cancer cells. 

Epifluorescence microscopy images of human gastric cancer cells (AGS) which had been cultured for 

3 h with 50 µM of biotin-labelled XNP or XNHP peptides or TAMRA-labelled Xentry (red), and then 

fixed, permeabilized, and probed with FITC-labelled streptavidin (green). The cells were 

counterstained with DAPI (blue) prior to imaging at 100x magnification; scale bar = 100 µM. 
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2.3.3 Xentry-protamine peptides transfect EGFP mRNA into human cancer 
cells at low levels 

Xentry-based peptides were tested for their ability to deliver mRNA into AGS cells. Commercially 

available mRNA encoding enhanced green fluorescence protein (EGFP; 966 nucleotides) was used to 

provide a reasonably simple way to gauge transfection efficiency. The mRNA is capped (Cap 0) and 

polyadenylated and incorporates pseudouridine and 5-methylcytidine bases to reduce stimulation of 

immune responses. XP and XNP peptides were each mixed with a fixed amount of EGFP mRNA in 

serum-free media at various ratios to help optimise transfection efficiency and cell viability. 

Specifically, the peptide:mRNA (w/w) ratios tested were 2:1, 4:1, 8:1, and 16:1; which gave 

approximate positive/negative charge ratios of 1.67:1, 3.3:1, 6.6:1, and 13.2:1, respectively. The 

mixtures were incubated for 15 min at room temperature to allow peptide-mRNA complexes to 

form, and then applied to AGS cells and the cells cultured for 24 h. The final peptide concentrations 

in solution ranged from approximately 1.25-10 µM. As controls, other sets of cells were treated with 

mRNA which had been mixed with either vehicle (water) or the commercial transfection reagent 

Lipofectamine 2000. Transfection was recorded by imaging the live cells by epifluorescence 

microscopy. The images from this preliminary study show that XP and XNP were able to transfect 

EGFP mRNA, though the number of EGFP-expressing cells (i.e. the transfection efficacy) was very low 

relative to transfection by Lipofectamine 2000 (Figure 2.3). Specifically, EGFP was expressed in ~1 % 

or less of cells, with the highest transfections achieved using 4:1 and 8:1 ratios of peptide to mRNA 

(Figure 2.3C). This compared to transfection of ~71% of cells for Lipofectamine 2000.  
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Figure 2.3: Xentry-protamine-based peptides transfect EGFP mRNA into human cancer cells at low 
levels. 

A) Epifluorescence microscopy images of live AGS cells 24 h after treatment with XP and XNP 

peptides which had been mixed with EGFP mRNA at peptide:mRNA (w/w) ratios ranging from 2:1 to 

16:1. The images recording EGFP fluorescence (green) and NucBlue nuclear counterstaining (blue) 

were captured at 100x magnification; scale bar = 100 µM. B) As controls, other sets of cells were 

treated with EGFP mRNA only or mRNA mixed with Lipofectamine 2000 transfection agent. C) 

Quantification of the transfection efficiencies expressed as the percentage of remaining cells 

expressing EGFP. The colours indicate the relative magnitudes of expression, from highest (red) to 

lowest (blue). 

 

C 

B 



106 
 

2.3.4 Xentry-protamine-based peptides transfect GFP plasmid DNA into 
human cancer cells at low levels 

In a similar manner, Xentry-protamine-based peptides were tested for their ability to deliver pDNA 

into AGS cells. Plasmid DNA (~6.1 kb) encoding green fluorescent protein (GFP) was used in testing 

to provide a convenient visual guide to transfection efficiency. XNP and XNHP peptides were each 

mixed with GFP pDNA in serum-free media at peptide:pDNA (w/w) ratios of 2.5:1, 5:1, and 10:1; 

which gave approximate (positive/negative) charge ratios of 1:1, 2:1, and 4:1. The mixtures were 

incubated for 15 min at room temperature to allow the peptides to bind the pDNA, and then applied 

to AGS cells, and the cells cultured for 48 h. The final peptide concentrations in solution were in the 

approximate range of 5-20 µM. As controls, other sets of cells were treated with mRNA which had 

been mixed with either vehicle (water) or the commercial transfection reagent Lipofectamine 2000. 

Transfection was recorded by imaging the cells live by epifluorescence microscopy. The images from 

this preliminary study show that XNP and XNHP were able to transfect GFP pDNA into AGS cells, 

though to a lesser extent than Lipofectamine 2000 (Figure 2.4). Specifically, GFP was expressed in 

~1-2% of cells transfected with 2.5:1 and 5:1 ratios of XNP or XNHP, but in less than 1% of cells at the 

10:1 ratio. This compared to GFP expression in ~51% of cells transfected by Lipofectamine 2000. 
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Figure 2.4: Xentry-protamine-based peptides transfect GFP plasmid DNA into human cancer cells 
at low levels. 

A) Epifluorescence microscopy images of live AGS cells 48 h after treatment with XNP and XNHP 

peptides which had been mixed with GFP pDNA at various peptide:mRNA (w/w) ratios. As controls, 

other sets of cells were treated with GFP pDNA only or pDNA mixed with Lipofectamine 2000 

transfection agent. The images recording EGFP fluorescence (green) and NucBlue nuclear 

counterstaining (blue) were captured at 100x magnification; scale bar = 100 µM. B) Quantification of 

the transfection efficiencies expressed as the percentage of remaining cells expressing GFP. The 

colours indicate the relative magnitudes of expression, from highest (red) to lowest (blue). 
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2.3.5 Protamine sulfate and hexadimethrine bromide (polybrene) do not 
assist pDNA transfection by XNP 

Protamine sulfate and hexadimethrine bromide (polybrene) are highly cationic molecules that bind 

and compact DNA. They also neutralize the negative charge of the DNA. They have previously been 

used to assist transfection of cells (Cornetta & Anderson, 1989; Davis, Morgan, & Yarmush, 2002; 

Sorgi et al., 1997). Here they were employed to determine whether they might assist XNP to deliver 

nucleic acids into AGS cells. Protamine and polybrene were mixed with GFP pDNA at 0.02:1, 0.2:1, 

and 2:1 (w/w) ratios, and the mixtures incubated for 15 min at room temperature. XNP was then 

added to the mixtures at a 3.3:1 (w/w) XNP:pDNA ratio 22, and the mixtures incubated for another 15 

min. The mixtures were then applied to AGS cells. As a control, another set of cells was treated with 

a 3.3:1 (w/w) XNP:pDNA mixture in the absence of protamine sulfate or polybrene. GFP expression 

was recorded 48 h after treatment by imaging the live cells by epifluorescence microscopy. The 

results from this preliminary study show that protamine sulfate and polybrene did not enhance GFP 

expression at the concentrations tested (Figure 2.5). 

 

 

  

 

 

 

                                                           
22 Equivalent to a 2.75:1 (positive/negative) charge ratio. 
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Figure 2.5: Protamine sulfate and hexadimethrine bromide (polybrene) do not assist pDNA 
transfection by XNP. 

A) Molecular structure of hexadimethrine bromide (polybrene). B) Protamine and polybrene were 

mixed with GFP pDNA at 0.02:1, 0.2:1, and 2:1 (w/w) ratios, and the mixtures incubated for 15 min 

at room temperature. Subsequently, XNP was added to the mixtures at a 3.3:1 (w/w) XNP:pDNA 

ratio, and the mixtures incubated for another 15 min. The mixtures were then applied to AGS cells. 

As a control, another set of cells was treated with a 3.3:1 (w/w) XNP:pDNA mixture in the absence of 

either protamine sulfate or polybrene. GFP expression (green) was recorded 48 h after treatment by 

imaging the live cells by epifluorescence microscopy (100x magnification; scale bar = 100 µM).  
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2.3.6 Lysosomotropic agents chloroquine and hydroxychloroquine assist 
mRNA transfection by Xentry-protamine 

Application of lysosomotropic agents could enhance nucleic acid delivery by Xentry-based peptides. 

Xentry is reported to deliver certain cargoes rapidly and efficiently into cells, but is sequestered 

upon cell entry within endosomes from which it may only slowly escape (Montrose et al., 2013). 

Endosomal sequestration is a common issue with CPPs (Erazo-Oliveras et al., 2012). Endosomal 

sequestration has not been reported to interfere with the bioactivity of Xentry-delivered molecules 

previously, but it could be the reason for the relatively low levels of EGFP/GFP expression observed 

here. Lysosomotropic agents are those which collect in lysosomes. These agents include 

chloroquine, a widely used antimalarial drug (Figure 2.6A). Chloroquine is reported to increase the 

transfection efficacy of many non-viral vectors in vitro, including CPPs (Ciftci & Levy, 2001; Guy, 

Drabek, & Antoniou, 1995; Mueller, Kretzschmar, Volkmer, & Boisguerin, 2008). Chloroquine is 

thought to enhance transfection through various mechanisms, including the disruption of endosome 

and lysosome function via the proton sponge effect (Cheng et al., 2006). Unfortunately chloroquine, 

while FDA-approved for treatment of malaria, is unacceptably toxic in vivo at the concentrations 

shown to improve transfection in vitro (X. Zhang et al., 2003). Chloroquine’s activity, though, may 

provide clues in identifying other less toxic agents which may assist in nucleic acid delivery. One 

potentially less toxic alternative to chloroquine is its analogue hydroxychloroquine (Al-Bari, 2015) 

(Figure 2.6A), which has also been reported to improve gene delivery (Itaka et al., 2004). As such, 

lysosomotropic agents such as chloroquine and hydroxychloroquine may enhance Xentry-based 

nucleic acid delivery and expression, as well as providing insights into regulatory mechanisms.  

 

Chloroquine and hydroxychloroquine were tested to determine whether they might improve mRNA 

transfection by Xentry-protamine peptides. AGS cells were treated with a 4:1 XP:EGFP mRNA 

(w/w) 23 mix to which 0-100 μM chloroquine or hydroxychloroquine had been added. As controls, 

other sets of cells were treated with mRNA in the absence of XP to which 100 μM chloroquine or 

hydroxychloroquine had been added. The treatment solutions were removed after 4 h and replaced 

with fresh media, as extended exposure to chloroquine is reported to increase cytotoxicity (Ciftci & 

Levy, 2001). EGFP expression was recorded 24 h after treatment by imaging the live cells by 

epifluorescence microscopy. The images from this preliminary study show that chloroquine and 

hydroxychloroquine increased EGFP expression in a concentration-dependent manner (Figure 2.6). 

The numbers of cells expressing EGFP increased ~5-fold with the addition of 100 μM chloroquine or 

hydroxychloroquine to XP, meaning that ~5 % of cells expressed EGFP.  

                                                           
23 Equivalent to a 4:1 (positive/negative) charge ratio. 
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Figure 2.6: Chloroquine and hydroxychloroquine assist mRNA transfection by XP. 

A) Molecular structures of chloroquine and hydroxychloroquine. B) Epifluorescence microscopy 

images of live AGS cells 24h after treatment with a 4:1 XP:EGFP (w/w) mRNA mix to which 0-100 μM 

chloroquine (CQ) or hydroxychloroquine (HCQ) had been added. As controls, other sets of cells were 

treated with EGFP mRNA in the absence of XP to which 100 μM chloroquine or hydroxychloroquine 

had been added. EGFP expression was recorded 24 h after treatment by imaging the live cells by 

epifluorescence microscopy (100x magnification; scale bar = 100 µM). C) Quantification of 

transfection efficiencies expressed as the percentage of cells expressing EGFP. The colours indicate 

the relative magnitudes of expression, from highest (red) to lowest (blue). 

 

 

 

 

 

2.3.7 Chloroquine assists pDNA transfection by Xentry-protamine-based 
peptides 

In a similar manner, chloroquine was tested for its ability to assist Xentry-based peptides to transfect 

pDNA. AGS cells were treated with either a 2.5:1 or a 5:1 peptide:GFP (w/w) pDNA mix to which 0 or 

100 μM chloroquine had been added. As a control, another set of cells was treated with pDNA in the 

absence of XNP and XNHP to which 100 μM chloroquine had been added. The treatment solutions 

were removed after 4 h and replaced with fresh media. GFP expression was recorded 48 h after 

treatment by imaging the live cells by epifluorescence microscopy. The images from this preliminary 

study showed that 100 μM chloroquine increased GFP expression by 1.6-5.4 and 1.3-3.7 fold for XNP 

and XNHP pDNA transfection at (w/w) ratios of 2.5:1 or a 5:1, respectively 24, with 2.7-3.3% of 

remaining cells expressing GFP at the 5:1 ratios (Figure 2.7). 

                                                           
24 Equivalent to 1.25:1 and 2.5:1 (positive/negative) charge ratios, respectively. 
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Figure 2.7: Chloroquine assists pDNA transfection by Xentry-based peptides. 

Microscopic images of live AGS cells 48 h after treatment with a 2.5:1 or a 5:1 peptide:GFP (w/w) 

pDNA mix to which 0 or 100 μM chloroquine had been added. Another set of cells was treated with 

pDNA and 100 μM chloroquine but no peptide as a control. Epifluorescence microscopy was used to 

record phase contrast and GFP expression (green) images at 100x magnification; scale bar = 100 µM. 

Transfection efficiencies are shown below the images expressed as the percentage of cells 
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expressing GFP. The colours indicate the relative magnitudes of expression, from highest (red) to 

lowest (blue). 

 

2.3.8 Tetramerization of XNP does not increase mRNA transfection 
compared to monovalent XNP 

Multimerization of Xentry-based peptides for gene therapy may also assist transfection. 

Multimerization means combining multiple copies of an entity into a single multivalent structure. 

Combining 2 or 4 copies of some CPPs has been shown to improve cell entry compared to the 

monovalent CPPs (Eggimann et al., 2013). Multivalency has also been reported to improve the 

endosomal escape of CPPs (Erazo-Oliveras et al., 2012). The mechanism for this is postulated to be 

an increase in the local concentration of the CPP at the endosome membrane which results in more 

effective membrane destabilization leading to endosomal escape (Erazo-Oliveras et al., 2012). Thus 

using a multivalent form of a Xentry-based delivery vector may enhance nucleic acid transfection 

through improved cell entry and endosomal escape.   

 

To determine if multivalent branched XNP molecules might increase transfection efficiencies 

compared to monovalent XNP, biotinylated XNP was tetramerized by mixing it with Cy3-labelled 

ExtrAvidin (EA-Cy3), a proprietary tetrameric form of avidin. A EA-Cy3:XNP molar ratio of 1:4 was 

used to generate the tetrameric XNP species, here termed EA-Cy3(XNP)4. EA-Cy3(XNP)4 was then 

mixed with EGFP mRNA at a ratio of 3:1 XNP:mRNA (w/w)25 and with 100 μM chloroquine. The 

mixture was then applied to AGS cells. As controls, other sets of cells were treated with the same 

mixture in the absence of mRNA, or mRNA mixed with the equivalent amounts of XNP or EA-Cy3 

alone. All treatments included 100 μM chloroquine. The treatment solutions were removed after 4 h 

and replaced with fresh media. EGFP expression was recorded 24 h after treatment by imaging the 

live cells by epifluorescence microscopy. The images from this preliminary study show that EA-Cy3 

only stained cells when mixed with XNP to generate EA-Cy3(XNP)4, indicating that EA-Cy3 was not 

bound or taken up by cells unless it was conjugated to XNP (Figure 2.8). There was low-level 

fluorescence bleed-through from Cy3 into the green channel, as seen in the cells treated with EA-

Cy3(XNP)4 in the absence of mRNA. Similar amounts of GFP fluorescence were obtained with the 

XNP/mRNA treatment as with the EA-Cy3(XNP)4/mRNA treatment, taking the Cy3 bleed-through 

into account. Thus, the tetramerization of XNP did not improve mRNA transfection above that 

obtained with monovalent XNP. 

 

                                                           
25 Equivalent to a 2.5:1 (positive/negative) charge ratio. 
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Figure 2.8: Tetramerization of XP does not increase mRNA transfection compared to monovalent 
XP. 

Epifluorescence microscopy images of live AGS cells 24 h after treatment with Cy3-labelled 

ExtrAvidin (EA-Cy3) tetrameric XNP species EA-Cy3(XNP)4 or controls which had been mixed with 

EGFP mRNA, at a 3:1 XNP:mRNA (w/w) ratio, and 100 μM chloroquine. Phase contrast and 

epifluorescence microscopy images of GFP (green) and Cy3 (red) were recorded at 100x 

magnification; scale bar = 100 µM. 
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2.3.9 The nucleic acid-sensing TLR antagonist E6446 enhances mRNA 
transfection of various human cancer cell lines by XP though reduces 
cell numbers 

Another way in which chloroquine and hydroxychloroquine may assist nucleic acid transfection is by 

suppression of cellular Toll-like receptor (TLR) activity (Kužnik et al., 2011). TLRs play a key role in 

activating innate immunity in response to infectious agents (De Nardo, 2015). The TLRs 3, 7, 8, and 9 

are localised to endolysosomal membranes and detect foreign nucleic acids. TLR3 recognizes double-

stranded RNA, TLRs 7 and 8 recognize single-stranded mRNAs, and TLR9 detects DNA (De Nardo, 

2015). Foreign nucleic acid detection by TLRs activates signalling cascades leading to the initiation of 

innate inflammatory immune responses including nuclease activity and inhibition of translation 

(Kawai & Akira, 2007). E6446 (6[3-(pyrrolidin-1-yl)propoxy)-2-(4-(3-(pyrrolidin-1-

yl)propoxy)phenyl]benzo[d]oxazole) is a synthetic antagonist of nucleic acid-sensing TLRs (Figure 

2.9A). E6446 is able to block the activation of TLRs 7, 8, and 9 by nucleic acids and reduce 

inflammation and cytokine release (Franklin et al., 2011; Lamphier et al., 2014). The ability of E6446 

to inhibit TLR signalling appears to depend on its weak interaction with nucleic acids and high 

accumulation in endosomes. This is the same way that chloroquine and hydroxychloroquine 

suppress TLR activity, though E6446 is ~3-5 fold more selective (Lamphier et al., 2014). If nucleic acid 

transfection by Xentry-protamine peptides activates TLRs then adding E6446 could potentially 

enhance transfection with less toxicity than chloroquine or hydroxychloroquine. 

 

To test this possibility, AGS cells were treated with a 4:1 XP:EGFP (w/w) mRNA mix 26 to which 0-50 

μM E6446 had been added. As a control, another set of cells was treated with mRNA to which 20 μM 

E6446 had been added. The treatment solutions were removed after 4 h and replaced with fresh 

medium. EGFP expression was recorded 24 h after treatment by imaging the live cells by 

epifluorescence microscopy. The images from this preliminary study show that E6446 increased 

EGFP expression, with a maximal effect around 20-30 μM (Figure 2.9B,C). At these concentrations 

the numbers of EGFP-expressing cells were 9.6-12.6-fold higher than the vehicle-treated control 

(Figure 2.9D). Notably, cell numbers appeared to decrease in XP/mRNA-treated wells with increasing 

E6446 concentration.  

  

 

 
                                                           
26   Equivalent to a 4:1 (positive/negative) charge ratio. 

A 



118 
 

 

B 



119 
 

 

 
 

E6446 (μM): 10 20 30 40 50 

Fold increase: 2.4 9.6 12.6 8.9 5.6 
 

Figure 2.9: Nucleic acid-sensing TLR antagonist E6446 enhances mRNA transfection by XP.  

A) Molecular structure of E6446. B) Phase contrast and epifluorescence microscopy images of live 

AGS cells 24h after treatment with a 5:1 XP:EGFP (w/w) mRNA  mix to which 0-50 μM E6446 had 

been added. Another set of cells was treated with EGFP mRNA and 20 μM of E6446 as a control (C). 

All images were recorded at 100x magnification; scale bar = 100 µM. D) The approximate fold 

increase in the number of GFP-expressing cells relative to vehicle-treated cells is indicated. The 

colours indicate the relative magnitudes of expression, from highest (red) to lowest (blue). 
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E6446 was then tested for its ability to enhance mRNA transfection by XP in cancer cell lines derived 

from five human tissues. The five carcinoma cell lines were A549 (lung), AGS (stomach), HepG2 

(liver), HT-29 (colon), and MCF7 (breast). The cells were treated with EGFP mRNA that had been 

mixed in serum-free media with XP and 0-40 μM of E6446. The treatment solutions were removed 

after 4 h and replaced with fresh medium. The cells were fixed 24 h after treatment and 

counterstained with DAPI. Fluorescence microscopy was then used to record transfection, and 

transfection was quantified using ImageJ software. E6446 increased mRNA transfection of all cell 

lines, both in terms of the fold-change relative to vehicle-treated cells and the percentage of 

remaining cells transfected (Figure 2.10A-C). E6446 concentrations between 10 and 20 μM gave the 

highest levels of transfection, except for HT-29 cells where 40 μM was best. E6446 increased mRNA 

transfection by XP ~4-93-fold compared to vehicle across the different cell lines, which translates to 

~3-9 % of (remaining) cells being transfected. AGS, A549 and MCF7 cells showed the highest levels of 

transfection at ~7-9%, whereas only ~3.5-5% of HEPG2 and HT29 cells were transfected. However, 

E6446 also reduced cell numbers across the cell lines in a concentration-dependent manner. For 

example, 20 μM E6446 reduced cell numbers by 18-53 % across the cell lines (Figure 2.10D). 

Reductions in cell numbers were slightly greater in HepG2 and slightly less in A549 and HT29. 
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Figure 2.10: E6446 enhances mRNA transfection by XP of various human cancer cell lines but also 
reduces cell numbers 

A549, AGS, HepG2, HT-29, and MCF7 cancer cells were seeded (1 x 104/well) into 96-well plates, 

cultured overnight, and then treated with 0.25 µg EGFP mRNA which had been mixed with 2.5 μM 

(~1 µg) XP27 and 0, 10, 20, or 40 μM of E6446. The cells were fixed with 4% formaldehyde 24 h later, 

counterstained with DAPI, and imaged by fluorescence microscopy. Five sets of images were taken 

per well at independent, fixed locations at 100x magnification; scale bar = 100 µM. EGFP transfection 

was subsequently quantified via ImageJ using custom macros. A) EGFP (green), B) EGFP and DAPI 

(blue) merged. C) Fold-change in transfected cell number relative to Vehicle-treated cells (upper 

graphs); percentage of remaining cells transfected (lower graphs). D) Cell numbers remaining after 

transfection relative to vehicle control. All data are shown as mean ± 95% confidence interval (CI) 

and are representative of 4+ independent experiments.

                                                           
27   Equivalent to a 4:1 (positive/negative) charge ratio. 
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Note that CI and not standard deviation (SD) were plotted in these graphs as CI as they are “…a more 

intuitive measure of uncertainty…” (Cumming, Fidler, & Vaux, 2007). Or, in other words, plotting CIs 

helps the reader better judge whether the experimental groups are statistically different from the 

control, as opposed to simply indicating the spread of data (i.e. SD) (Krzywinski & Altman, 2013).  

 

 

 

 

 

2.3.10 E6446 assists pDNA transfection by Xentry-protamine of 
various human cancer cell lines though reduces cell numbers 

E6446 was also tested for its ability to assist Xentry-based peptides to deliver pDNA into cells. The 

same five human cancer cell lines used for testing mRNA transfection were treated with GFP pDNA 

that had been mixed with XP and 0-40 μM of E6446. The cells were fixed after 48 h and 

counterstained with DAPI. Fluorescence microscopy was then used to record transfection, and 

transfection was quantified using ImageJ software. E6446 increased pDNA transfection into all cell 

lines, both in terms of the fold-change relative to vehicle-treated cells and the percentage of 

remaining cells transfected (Figure 2.11A-C). For example, 10 μM E6446 significantly increased pDNA 

transfection of all cells (2-way ANOVA: F1,38 = 4.50; p = 0.04). E6446 concentrations between 5 and 

20 μM gave the highest levels of transfection, except for HT-29 cells where 40 μM was best. E6446 

increased pDNA transfection by XP by ~2-10-fold across the cell lines, which translates to ~0.4-2.3 % 

of remaining cells being transfected. As before (Figure 2.10), E6446 reduced cell numbers across the 

cell lines in a concentration-dependent manner, though this time the cells appeared to be similarly 

sensitive to E6446. For example, 20 μM E6446 reduced cell numbers by ~23-63% (Figure 2.11D).  
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Figure 2.11: E6446 enhances pDNA transfection by XP of various human cancer cell lines though 
reduces cell numbers 

A549, AGS, HepG2, HT-29, and MCF7 cancer cells were seeded (1 x 104/well) into 96-well plates, 

cultured overnight, and then treated with 0.25 µg GFP pDNA which had been mixed with 2.5 μM (~1 

µg) XP28 and 0, 10, 20, or 40 μM of E6446. The cells were fixed with 4% formaldehyde 48 h later, 

counterstained with DAPI, and imaged by fluorescence microscopy. Five sets of images were taken 

per well at independent, fixed locations at 100x magnification; scale bar = 100 µM. GFP transfection 

was subsequently quantified via ImageJ using custom macros. A) GFP (green), B) GFP and DAPI (blue) 

merged. C) Fold-change in transfected cell number relative to Vehicle-treated cells (upper graphs); 

percentage of remaining cells transfected (lower graphs). D) Cell numbers remaining after 

transfection relative to vehicle control. All data are shown as mean ± 95% CI and are representative 

of 4+ independent experiments. 

                                                           
28 Equivalent to a 4:1 (positive/negative) charge ratio. 
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2.3.11 Comparing the abilities of XP, XNP, and XNHP to transfect GFP 
pDNA in combination with E6446 

The Xentry-protamine peptides XP, XNP, and XNHP were also compared for their abilities to 

transfect pDNA in the presence or absence of increasing concentrations of E6446. The HepG2 and 

HT-29 human cancer cell lines, which had previously proven to be the most difficult cell lines to 

transfect with pDNA (Figure 2.11), were treated with 5:1 peptide:GFP pDNA (w/w) mixes29 to which 

0-20 μM of E6446 had been added. The treatments solutions were removed after 4 h and replaced 

with fresh media. The cells were fixed after 48 h and counterstained with DAPI. Fluorescence 

microscopy was then used to record transfection, and transfection was quantified using ImageJ 

software. The results from this preliminary study show that with the addition of 20 μM E6446, XNP 

transfected slightly more HepG2 cells than XP or XNHP (0.9 vs. 0.5% and 0.3%, respectively) and 

XNHP transfected slightly more HT-29 cells than XP or XNP (0.2% vs. 0.1% vs. 0.1%) (Figure 2.12). The 

transfection efficiencies still remained low compared transfections of the AGS, A549, and MCF7 cell 

lines (Figure 2.11). 

 

 

  

                                                           
29 Equivalent to a 2:1 (positive/negative) charge ratio. 
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Transfection efficiencies – fold change relative to transfection with XP alone: 

    HepG2     HT-29   
E6446 
(μM) 

XP XNP XNHP XP XNP XNHP 

0 1.0 1.2 0.4 1.0 1.0 0.0 
5 1.3 2.9 0.6 0.0 0.0 0.0 

10 1.8 3.3 0.8 0.0 0.0 1.0 
20 2.3 3.6 1.1 4.0 3.0 7.0 

 

Transfection efficiencies – percentage of remaining cells transfected: 

    HepG2     HT-29   
E6446 
(μM) 

XP XNP XNHP XP XNP XNHP 

0 0.1 0.5 0.2 0.0 0.0 0.0 
5 0.1 0.8 0.2 0.0 0.0 0.0 

10 0.2 0.9 0.2 0.0 0.0 0.0 
20 0.5 0.9 0.3 0.1 0.1 0.2 

 

Figure 2.12: Comparing the abilities of XP, XNP, and XNHP to transfect GFP pDNA in combination 
with E6446 into HepG2 and HT-29 cells 

HepG2 and HT-29 human cancer cell lines were treated with 5:1 peptide (XP, XNP, or XNHP):GFP 

pDNA mixes to which 0-20 μM of E6446 had been added. The treatment solutions were removed 

after 4 h and replaced with fresh media. The cells were fixed after 48 h and counterstained with 

DAPI. Fluorescence microscopy (100x magnification; scale bar = 100 µM) was then used to record 

transfection, and transfection was quantified using ImageJ software. B) Heat maps indicate 

transfection efficiencies as both the fold change in the number of GFP-expressing cells relative to 

transfection with XP (in the absence of E6446), and the percentage of remaining cells expressing 

GFP. The colours indicate the relative magnitudes of expression, from highest (red) to lowest (blue). 
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2.3.12 E6446 is more potent than chloroquine at enhancing mRNA 
transfection by XP, and the agents have additive effects 

The abilities of chloroquine/hydroxychloroquine and E6446 to enhance nucleic acid transfection by 

Xentry-protamine peptides made it of interest to compare their activity, both individually and in 

combination. To do so, the A549, AGS, and HepG2 cell lines were transfected with EGFP mRNA by XP 

at a 4:1 peptide:mRNA ratio (w/w)30 in combination with increasing concentrations of E6446 (0-20 

μM) and chloroquine (0-100 μM). The cells were fixed 24 h after treatment, counterstained with 

DAPI, and imaged by epifluorescence microscopy to record transfection. The results show that 10 or 

20 μM E6446 increased the number of A549, AGS, and HepG2 cells expressing EGFP maximally 46, 9, 

and 4-fold, respectively, compared to respective 24, 5, and 7-fold increases with 100 μM chloroquine 

(Figure 2.13A-E). This indicates that E6446 is ~5-10-fold more potent than chloroquine at improving 

EGFP mRNA transfection by XP. However, E6446 reduced cell numbers slightly more than 

chloroquine, with 66-77% and 42-53% of cells remaining after treatment with 10 and 20 μM E6446, 

respectively, compared to 70-75% of cells remaining after treatment with 100 μM chloroquine 

(Figure 2.13A-C,F). 

 

Combining E6446 with chloroquine at lower concentrations had approximately additive effects on 

mRNA transfection by XP in all cell lines. Certain combinations of E6446 and chloroquine improved 

the transfection in AGS and HepG2 cells slightly more than E6446 or chloroquine alone. For example, 

10 μM E6446 plus 100 μM chloroquine transfected 13% and 5% of remaining AGS and HepG2 cells, 

respectively, compared to 8% and 2% with 20 μM E6446 and 5% and 2% with 100 μM chloroquine, 

respectively. Though, potentially slightly higher concentrations of E6446 (e.g. 25 or 30 μM) may have 

assisted transfections to these levels if they had been tested. Combining E6446 with chloroquine 

also had roughly additive effects on cell loss in all cell lines, and at higher concentrations the 

combinations had inhibitory effects on transfection. Notably, the combination of 100 μM 

chloroquine with 20 μM E6446 reduced cell numbers significantly more than the combination of 100 

μM chloroquine and 10 μM E6446 (2-way ANOVA: F1,24 = 17.74; p < 0.001), perhaps indicating 

limitations regarding useful concentrations (Figure 2.13F).  

 

 

                                                           
30 Equivalent to a 3.3:1 (positive/negative) charge ratio. 
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Figure 2.13: Effects of combining E6446 with chloroquine on XP-mediated transfection of EGFP 
mRNA into cancer cell lines. 

Human A549, AGS, and HepG2 cancer cells were seeded (1 x 104/well) into 96-well plates, cultured 

overnight, and then treated with 0.25 µg EGFP mRNA which had been mixed with 2.5 μM (~1 µg) XP 

plus 0-20 μM of E6446 and 0-100 μM chloroquine (CQ), either alone or in combination. The cells 

were fixed with 4% formaldehyde 24 h later, counterstained with DAPI, and imaged by fluorescence 

microscopy. Five sets of images were taken per well at independent, fixed locations at 100x 

magnification; scale bar = 100 µM. EGFP transfection was subsequently quantified using ImageJ and 

custom macros. Images of A) A549, B) AGS, and C) HepG2 cells are representative of results and are 

taken from a single experiment. Heat maps represent D) fold-changes in transfected cell numbers, E) 

percentage of remaining cells transfected, and F) percentage of cell numbers remaining after 

transfection; all are relative to vehicle-treated cells. The colours indicate the relative magnitudes of 

expression, from highest (red) to lowest (blue). Data are representative of 4 or more independent 

experiments. Standard errors are shown for each data set.  

  

F 
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2.3.13 E6446 assists mRNA transfection by XP slightly better in 
combination with hydroxychloroquine than with chloroquine  

Hydroxychloroquine is reportedly 3-fold less toxic in vivo than chloroquine (Al-Bari, 2015). As 

hydroxychloroquine increased mRNA transfection by XP to a similar extent as chloroquine (Figure 

2.6) it could potentially combine with E6446 to enhance transfection with less toxicity than 

chloroquine. To test this theory, AGS cells were transfected with a 4:1 ratio (w/w) of XP and EGFP 

mRNA31 in combination with increasing concentrations of E6446 (0-40 μM) and chloroquine (25, 50, 

100 μM) or hydroxychloroquine (25, 50, 100 μM). As a control, another set of cells was transfected 

with EGFP mRNA using XP and vehicle (water) instead of chloroquine or hydroxychloroquine. The 

cells were fixed 24 h after treatment, counterstained with DAPI, and imaged by fluorescence 

microscopy to record transfection. The results from this preliminary study show that 

hydroxychloroquine in combination with E6446 assisted mRNA transfection by XP slightly more than 

chloroquine in combination with E6446. In evidence, hydroxychloroquine and E6446 gave a maximal 

~5-fold increase over control whereas chloroquine and E6446 gave a maximal ~4-fold increase. 

Hydroxychloroquine (100 μM) in combination with 5-10 μM E6446 caused slightly less (2-8%) cell 

loss than transfection with chloroquine (100 μM) in combination with E6446 (Figure 2.14).  But 

reductions in cell numbers were still considerable (57-67%), and transfected cell numbers were no 

better than that produced by 20 μM of E6446 alone, i.e. a ~5-fold increase over the control. Note 

that while the percentage of remaining cells transfected associated with some combinations was 

greater than that associated with E6446 alone, these percentages are offset by the reductions in cell 

numbers.  

 

 

                                                           
31 Equivalent to a 3.3:1 (positive/negative) charge ratio. 



140 
 

 

 

A 



141 
 

 

 

 
 

B 



142 
 

 

Transfected cell number – fold-difference relative to Vehicle-treated cells: 

   

CQ (μM) HCQ (μM) 

  

0 25 50 100 25 50 100 

E6
44

6 
(μ

M
) 

0 1.0 0.6 0.4 2.0 0.9 1.4 3.3 

5 1.4 1.8 2.0 3.7 1.8 3.2 4.6 

10 1.5 2.6 3.2 4.2 2.1 3.6 4.5 

20 5.4 2.6 2.3 2.1 3.5 5.1 4.9 

40 1.3 1.0 0.4 0.0 1.1 0.4 0.1 

 

Percentage of remaining cells transfected: 

   CQ (μM) HCQ (μM) 

 

 

0 25 50 100 25 50 100 

E6
44

6 
(μ

M
) 

0 0.5 0.4 0.2 1.8 0.4 0.8 2.6 

5 0.7 1.3 1.7 5.0 1.0 2.8 5.0 

10 0.8 2.0 4.5 6.4 1.6 3.7 7.3 

20 4.2 4.2 4.5 4.2 4.1 8.4 8.3 

40 3.0 2.6 1.0 0.0 2.1 0.7 0.1 

 

Cell number relative to Vehicle-treated: 

   

CQ (μM) HCQ (μM) 

  

0 25 50 100 25 50 100 

E6
44

6 
(μ

M
) 

0 100 72 81 51 97 88 59 

5 92 63 56 35 83 53 43 

10 83 62 33 31 61 47 33 

20 59 30 24 24 40 28 28 

40 20 18 21 15 25 27 24 

 

Figure 2.14: E6446 assists mRNA transfection by XP slightly better in combination with 
hydroxychloroquine than with chloroquine. 

AGS cancer cells were seeded (1 x 104/well) into 96-well plates, cultured overnight, and then treated 

with 0.25 µg EGFP mRNA which had been mixed with 2.5 μM (~1 µg) XP plus 0-40 μM of E6446 and 

0, 25, 50, or 100 μM chloroquine (CQ) or hydroxychloroquine (HCQ). The cells were fixed with 4% 

formaldehyde 24 h later, counterstained with DAPI, and imaged by fluorescence microscopy. Five 

C 
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sets of images were taken per well at independent, fixed locations at 100x magnification; scale bar = 

100 µM. A) EGFP (green). B) DAPI (blue). EGFP transfection was subsequently quantified using 

ImageJ and custom macros. C) Heat maps represent fold-changes in transfected cell numbers, 

percentage of remaining cells transfected, and percentage of cell numbers remaining after 

transfection; all are relative to vehicle-treated cells. The colours indicate the relative magnitudes of 

expression, from highest (red) to lowest (blue). 

 

 

 

2.3.14 Human protamine peptide transfects mRNA; transfection is 
assisted by E6446, albeit less than XP is 

Protamine sulfate derived from fish has cell penetrating abilities (Reynolds et al., 2005), and it has 

been used to transfect nucleic acids into cells (Amos, 1961). Further, a low molecular weight form of 

protamine sulfate (LMWP; vsrrrrrrggrrrr), produced by enzymatic digestion, has also been used for 

transfection (He et al., 2014). As such, it was wondered whether the truncated human protamine 

peptide sequence (rsqsrsryyrqrqrsrrrrrrs), incorporated into the Xentry-protamine peptides, could 

also transfect long nucleic acids. To test this, a FITC-labelled form of the truncated human protamine 

peptide (FITC-protamine) was mixed with mCherry red fluorescent protein mRNA, at a 4:1 

peptide:mRNA (w/w) ratio32, and 0-40 μM E6446 and then applied to AGS cells. Other sets of cells 

were transfected with mCherry mRNA using vehicle or FITC-labelled XP for comparison. The 

treatment solutions were removed after 4 h and replaced with fresh medium. The cells were fixed 

24 h after treatment and counterstained with DAPI. FITC fluorescence and mCherry protein 

expression were recorded by imaging the cells with epifluorescence microscopy. The results from 

this preliminary study show that the FITC-protamine peptide stained the cells green in a similar 

manner to FITC-XP, suggesting cell binding or entry (Figure 2.15A). The images also show that the 

FITC-protamine peptide was able to transfect mCherry mRNA, and to a slightly greater extent than 

FITC-XP; albeit the levels of transfection were low (0.8-1.8%) in both cases (Figure 2.15B). 

Transfection mediated by FITC-protamine and FITC-XP increased with the addition of 10 or 20 μM 

E6446, but decreased along with cell numbers with 40 μM E6446. Specifically, transfection by FITC-

protamine and FITC-XP increased with the addition of 20 μM E6446 to 7.8 and 12.5% of cells, 

respectively, which suggests that E6446 may potentiate the transfection efficiency of FITC-XP slightly 

better than FITC-protamine.   

 

                                                           
32 Equivalent to a 3.3:1 (positive/negative) charge ratio. 
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Remaining cells transfected (%): 

 

 
 

Figure 2.15: Human protamine peptide transfects mRNA; transfection is assisted by E6446, albeit 
less than XP is. 

A) Epifluorescence microscopy images of AGS cells treated with mCherry mRNA mixed with FITC-

labelled truncated human protamine peptide (protamine) or FITC-labelled XP and 0-40 μM E6446. 

Other sets of cells were treated with mCherry mRNA but omitting FITC-protamine as a control. The 

cells were fixed 24 h after treatment and counterstained with DAPI. Images of FITC (green), mCherry 

protein (red), and DAPI fluorescence were recorded at 100x magnification; scale bar = 100 µM. 

Twelve sets of images were taken of cells at independent, fixed well locations for each treatment 

condition for the purpose of quantification. B) The approximate percentage of cells transfected for 

each treatment condition. Protamine (P). The colours indicate the relative magnitudes of expression, 

from highest (red) to lowest (blue). 
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2.3.15 XP does not transfect mRNA into non-adherent leukaemic cell 
lines 

Xentry is unable to enter unactivated, non-adherent blood cells (Montrose et al., 2013). This is 

because they lack either heparan sulphate proteoglycans (B cells) or the heparan sulphate moieties 

on syndecan-4 transmembrane receptors to which Xentry binds (T cells). This is seen as a 

therapeutic advantage as Xentry will not be sequestered by blood cells when administered 

intravenously (Montrose et al., 2013). As the protamine sequence of XP acts as a CPP the question 

arises as to whether it might override Xentry and carry XP into non-adherent cells. To examine this 

question, XP was used to transfect EGFP mRNA into two non-adherent leukaemic cell lines, namely 

the K562 erythroleukemia cell line and the TK1 T cell lymphoma cell line. E6446 (20 μM) was also 

added in combination with XP to see if it would have any effect on mRNA transfection by XP in this 

context. As controls, other sets of cells were transfected with mRNA by Lipofectamine 2000 and 

adherent AGS cells were transfected EGFP mRNA by XP in parallel. EGFP expression was recorded 24 

h after treatment by imaging the live cells with epifluorescence microscopy. The results show that XP 

was unable to transfect EGFP mRNA into K562 or TK1 cells, even with the addition of E6446 (Figure 

2.16). Notably, Lipofectamine 2000 transfected K562 cells though not TK1 cells, which is unsurprising 

considering T cells are known to be difficult to transfect (Ebert et al., 1997).  
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Figure 2.16 XP does not transfect mRNA into non-adherent leukaemic cell lines. 

Epifluorescence microscopy imaging of live adherent AGS cells and live non-adherent K562 

erythroleukemia and TK1 T cell lymphoma cells 24 h after transfection with vehicle (−) or EGFP 

mRNA (+) by XP +/− 20 µM E6446. Other cells were transfected with EGFP mRNA by Lipofectamine 

2000 (L2k) as a control. Images of EGFP (green) and NucBlue nuclear counterstain (blue) 

fluorescence were recorded at 100x magnification; scale bar = 100 µM. 
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The test was repeated with the inclusion of the truncated human protamine peptide for comparison. 

As the protamine peptide available was labelled with FITC, mCherry mRNA was used for transfection 

instead of EGFP mRNA and a FITC-labelled version of XP was used for equivalence. mCherry protein 

expression was recorded 24 h after treatment by imaging the live cells with epifluorescence 

microscopy. The results show that neither XP nor protamine transfected mCherry mRNA into K562 

or TK1 cells, even with the addition of E6446 (Figure 2.17). Several other observations are worth 

noting. Firstly, K562 and TK1 cells appear to be associated with FITC fluorescence, perhaps from XP 

and protamine binding to their cell surfaces, though this cannot be confirmed due to the lack of 

controls for autofluorescence.  Secondly, the addition of E6446 increased the FITC fluorescence 

associated with all cell lines, though whether this is due to increased internalisation of peptide 

cannot be confirmed due to the lack of controls for E6446 autofluorescence. Finally, a very small 

number of TK1 cells were transfected by Lipofectamine 2000, which was not apparent in the 

previous experiment (Figure 2.16).   



149 
 

 

 



150 
 

 

 



151 
 

 

 
 



152 
 

Figure 2.17: XP and truncated human protamine do not transfect mCherry mRNA into non-
adherent leukaemic cell lines 

Epifluorescence microscopy imaging of live adherent AGS cells and non-adherent K562 

erythroleukemia and TK1 T cell lymphoma cells 24 h after transfection with vehicle (−) or mCherry 

mRNA (+) by FITC-labelled XP +/− 20 µM E6446 or FITC-labelled protamine (P) +/− 20 µM E6446. 

Further sets of cells were transfected with the mRNA by Lipofectamine 2000 (L2k) as controls. 

Images of mCherry protein (red), FITC (green), and NucBlue nuclear counterstain (blue) fluorescence 

were recorded at 100x magnification; scale bar = 100 µM. 
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2.4 Discussion 

2.4.1 Results summary 

The primary strategy tested to create CPPs capable of delivering nucleic acids into human epithelial 

cells was to add functional peptide motifs to Xentry. The central motif added was a 22 amino acid 

truncated form of human protamine. This highly cationic sequence was added to non-covalently 

bind, neutralize, and compact the highly anionic long nucleic acids. This peptide construct was 

designated Xentry-protamine (XP). A 7 amino acid SV40 nuclear localisation sequence (NLS) motif 

was also added to XP to help deliver nucleic acids which require nuclear localisation (e.g. pDNA). This 

peptide was designated Xentry-NLS-protamine (XNP). Further, a 9 amino acid multiple histidine 

repeat sequence with reported endosomolytic activity was added to XNP to potentially overcome 

endosomal entrapment of the nucleic acids following cell entry. This peptide was designated Xentry-

His-protamine (XNHP). Thus, three variants of Xentry—XP, XNP, and XNHP—were designed to 

deliver nucleic acids into human epithelial cells.  

 

The Xentry variants were able to transfect long nucleic acids into epithelial cells at low levels. Firstly, 

fluorophore-labelled forms of the peptides were shown by epifluorescence microscopy to bind or 

enter human gastric cancer (AGS) cells in culture within 3 h of addition. Then XP and XNP were 

shown to transfect commercially available capped and base-modified EGFP mRNA (966 nucleotides) 

into AGS cells, as evidenced by EGFP expression 24 h after treatment. EGFP was expressed in ~1% or 

less of cells, with the highest transfection efficiencies achieved using 4:1 and 8:1 ratios of peptide to 

mRNA. In comparison, the commercial transfection reagent Lipofectamine 2000 transfected ~71% of 

cells. XNP and XNHP peptides were also shown to transfect a ~6.1 kb pDNA encoding GFP into AGS 

cells, as evidenced by GFP expression 48 h after treatment. GFP was expressed in ~1-2% of cells 

transfected with 2.5:1 and 5:1 peptide:pDNA (w/w) ratios. In comparison, Lipofectamine 2000 

transfected pDNA into ~51% of cells. Thus, expression of reporter proteins in a human gastric 

epithelial cell line showed that XP-based peptides were capable of transfecting mRNA and pDNA at 

low levels. 

 

The levels of transfection by XP peptides were improved by the addition of lysosomolytic agents.  

Lysosomolytic agents, such as chloroquine and hydroxychloroquine, are often used to improve 

transfection. They are thought to do so by overcoming the lysosomal sequestration of nucleic acids 

and delivery vectors upon cell entry. The addition of chloroquine or hydroxychloroquine to EGFP 

mRNA transfections of AGS cells by XP improved EGFP expression in a concentration-dependent 
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manner. More specifically, the addition of 100 μM chloroquine or hydroxychloroquine had the 

greatest effect, increasing EGFP expression ~5-fold over controls so that ~5 % of the remaining cells 

expressed EGFP. Similarly, the addition of 100 μM chloroquine improved transfections of GFP pDNA 

by XNP and XNHP into AGS cells ~2-5-fold to ~2.7-3.3% of cells present, respectively. Thus, 

lysosomolytic agents chloroquine and hydroxychloroquine improved reporter protein expression ~2-

5-fold, suggesting that endosomal sequestration was partly responsible for the relatively low nucleic 

acid transfection efficiencies by XP peptides. 

 

Two further strategies tested to enhance plasmid transfection did not work. The first strategy 

involved the addition of the highly cationic molecules protamine sulfate and hexadimethrine 

bromide (polybrene) to the plasmid to bind, compact, and neutralize its negative charge prior to 

mixing with XNP. This procedure did not improve GFP expression following transfection. The second 

strategy tested was to create a branched multivalent version of XNP. Specifically, a tetravalent 

branched version of XNP was created by mixing biotinylated XNP with a fluorophore-labelled 

tetrameric form of avidin. Live cell epifluorescence microscopy imaging showed that the tetrameric 

XNP species, mixed with 100 μM chloroquine, bound or entered AGS cells but did not increase EGFP 

mRNA transfection compared to monovalent XNP. Thus neither the addition of protamine sulfate or 

polybrene to the transfection mix nor tetramerization of XNP improved plasmid transfection.  

  

The levels of EGFP expression following mRNA transfections by XP were improved by the addition of 

E6446, a synthetic antagonist of nucleic acid-sensing TLRs. Adding E6446 increased EGFP mRNA 

transfection by XP by ~4-93-fold across five carcinoma cell lines, which translates to ~3-9% of 

remaining cells being transfected. AGS (stomach), A549 (lung) and MCF7 (breast) cell lines showed 

the highest levels of transfection at ~7-9%, whereas only ~3.5-5% of HepG2 (liver) and HT29 (colon) 

cell lines were transfected. E6446 concentrations between 10 and 20 μM gave the highest levels of 

transfection, except for HT-29 cells where 40 μM was best. However, E6446 also reduced cell 

numbers across the cell lines in a concentration-dependent manner, with 20 μM E6446 reducing 

numbers by 18-53%.  

 

Similarly, E6446 also improved pDNA transfections by Xentry-based peptides. E6446 increased GFP 

pDNA transfections by XP by ~2-10-fold in the same five human cancer cell lines used for testing 

mRNA transfection, which translated to ~0.4-2.3% of remaining cells being transfected. E6446 

concentrations between 5 and 20 μM gave the highest levels of transfection, except for HT-29 cells 

where 40 μM was best. Again, the addition of E6446 to transfections reduced cell numbers across 



155 
 

the cell lines in a concentration-dependent manner, with 20 μM E6446 reducing cell numbers by 

~23-63%. A comparison of the abilities of the XP, XNP, and XNHP peptides plus E6446 to transfect 

pDNA into HepG2 and HT-29 cell lines, which had proven to be the most difficult to transfect, 

showed little difference between the peptides in their ability to transfect. Thus the addition of 10-40 

μM E6446 to pDNA transfections by XP increased GFP expression ~2-10-fold across various cell lines, 

with expression detected in ~0.4-2% of cells, although it also reduced cell numbers. 

 

Direct comparison showed that E6446 is ~5-10-fold more potent than chloroquine in assisting mRNA 

transfection by XP, and that the agents had additive effects. The comparisons were made in A549, 

AGS, and HepG2 cell lines. Quantification of cell numbers expressing EGFP following mRNA 

transfection by XP showed that 10 or 20 μM E6446 enhanced transfection to a similar extent as 100 

μM chloroquine, thus indicating that E6446 is ~5-10-fold more potent than chloroquine in this 

respect. However, E6446 reduced cell numbers ~10-20% more than chloroquine. Combining E6446 

with chloroquine had roughly additive effects on mRNA transfection by XP in all cell lines examined, 

both in terms of EGFP expression and reductions in cell numbers. This included an additive inhibitory 

effect on EGFP expression at higher concentrations, as generally seen previously in applying E6446 

beyond 20-30 µM. Notably, the combination of 100 μM chloroquine with 20 μM E6446 was 

significantly more cytotoxic than the combination of 100 μM chloroquine and 10 μM E6446. Thus, 

analysis in the three cells lines showed that E6446 is ~5-10-fold more potent than chloroquine in 

assisting mRNA transfections by XP, the agents have additive effects both in terms of transfection 

efficacies and reductions in cell numbers, and that similar levels of transfection efficacy can be 

achieved by either combining E6446 with chloroquine or by increasing E6446 concentration. 

 

Likewise, the effects of hydroxychloroquine combined with E6446 on mRNA transfection by XP were 

similar, though slightly better, than chloroquine. E6446 (5 or 10 μM) in combination with 

hydroxychloroquine assisted mRNA transfection by XP slightly more (5-fold vs. 4-fold) and reduced 

cell numbers slightly less (2-8%) than in combination with chloroquine. But reductions in cell 

numbers were still considerable (~60%), and transfection efficacies were no better than that 

produced by 20 μM of E6446 alone. Thus, hydroxychloroquine fared only little better than 

chloroquine in assisting mRNA transfection by XP, and no better than increasing E6446 

concentration. 

 

Notably, the truncated human protamine sequence of XP had similar transfection efficacy to XP. As 

fish-derived protamine sequences have shown the ability to transfect nucleic acids, it was realised 
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that the truncated human protamine (hProtamine) peptide sequence used in the XP-based peptides 

may also have this ability. Testing showed that a FITC-labelled hProtamine peptide was able to 

transfect mCherry mRNA into AGS cells. The transfection efficacy was slightly greater than that of 

XP, albeit the levels of transfection were low (0.8-1.8%) in both cases. Transfection by hProtamine 

increased with the addition of 10 or 20 but not 40 μM E6446; and a maximal transfection of 7.8% of 

cells was achieved with the addition of 20 μM E6446, which compared to 12.5% of cells for XP. Thus 

the hProtamine sequence transfected mRNA into AGS cells to a similar extent as XP, and was 

assisted to a similar extent by addition of E6446. 

 

Finally, XP was shown to be incapable of transfecting non-adherent cells. Xentry is unable to enter 

unactivated, non-adherent blood cells, which is seen as a therapeutic advantage as it avoids 

sequestration by blood cells upon intravenous administration (Montrose et al., 2013). For the same 

reason it would be beneficial if XP also had the same property. As the hProtamine sequence of XP 

showed that it can act as a CPP the question arose as to whether it might override Xentry and carry 

XP into non-adherent cells. Testing showed that XP was unable to transfect EGFP mRNA into the 

non-adherent leukaemic K562 and TK1 cell lines, even with the addition of 20 μM E6446. Notably, 

the truncated human protamine peptide also did not deliver EGFP mRNA into these cell lines. Thus, 

the tentative conclusion, based on the small sample size, is that XP is only able to transfect adherent 

cells.  

 

2.4.2 What the results mean for targeted gene therapy 

This study provides evidence that Xentry-based peptides could be useful in targeted gene therapy of 

epithelial cell disorders. The demonstration here of mRNA and pDNA transfection into adherent cells 

exclusively, an advantageous property for gene therapy of epithelial cell disorders, has not 

previously been reported (de Figueiredo et al., 2014). The low levels of transfection obtained here 

(0.2-2% of cells), though, even with the assistance of lysosomotropic agents or E6446 (2-10% of 

cells), suggest that Xentry-based peptides may have limited utility in their current form. A potential 

application could be in the delivery of mRNA as a protein replacement therapy for disorders where 

even small increases in expression will provide benefits. An example of this is cystic fibrosis, where it 

has been proposed that a 10% restoration of CFTR activity may be sufficient to alleviate symptoms 

(Dannhoffer, Blouquit-Laye, Regnier, & Chinet, 2009). Potentially, other peptide modifications which 

were not explored here could improve transfection ability. These could include cyclization of XP, as 

cyclization of arginine-rich CPPs has recently been reported to radically improve cell uptake and 

endosomal escape (Qian et al., 2016). They could also include N-terminal stearylation and 
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incorporation of trifluoromethylquinoline moieties or a phosphoryl group to facilitate endosomal 

release (Arukuusk et al., 2015). Moreover advances in nucleic acid technologies, such as minicircle 

DNA (Kobelt et al., 2013), could enhance the utility of Xentry-based peptides further. The dynamics 

of nucleic acid transfection by Xentry-based peptides may change quite radically upon testing in vivo, 

though, and so further preclinical testing is required. Thus, if more advanced testing continues to 

support the targeted delivery of nucleic acids by Xentry-based peptides then the peptides could find 

utility in gene therapy of epithelial cell disorders, such as cystic fibrosis. Finally, this study also 

provides evidence that E6446 is a novel enhancer of nucleic acid transfection, suitable for use in pre-

clinical studies and potentially for enhancing gene therapy delivery in general.    

 

2.4.3 How the results relate to other work in the field 

2.4.3.1 Xentry-protamine peptides and nucleic acid transfection  

Xentry-protamine joins the list of CPPs which have been reported to transfect plasmid DNA into 

cells. These CPPs include arginine-rich peptides (Lehto, Kurrikoff, & Langel, 2012; Reissmann, 2014), 

amphiphilic peptides (Rittner et al., 2002), hydrophobic peptides (Rennert et al., 2008), and 

chemically modified CPPs (Arukuusk et al., 2013; Lehto et al., 2011; Veiman et al., 2013). Some of 

these CPPs require the assistance of an agent such as chloroquine to transfect (Åmand, Nordén, & 

Fant, 2012; Rennert et al., 2008); while others are reported to transfect on their own with 

efficiencies33 rivalling commercial transfection reagents (Veiman et al., 2013). These differences 

presumably reflect a combination of the intrinsic properties of the peptides and the methodologies 

and materials used in testing efficacy. As an example of how the latter can affect outcomes, smaller 

plasmids are internalized at higher copy numbers (Ribeiro et al., 2012). Critically though none of the 

other CPPs which can transfect DNA are reported to selectively target specific cell populations (de 

Figueiredo et al., 2014), whereas XP only transfected adherent cells here.  

 

Two of the other CPPs which can transfect pDNA are of particular interest for comparison due to 

their use of protamine sequences. One is Tat (GRKKRRQRRRPQ) fused (one or two molecules) to a 

protamine sequence (PRRRRSSSRPVRRRRRPRVSRRRRRRGGRRRR), which was reported to deliver GFP 

pDNA into cells at unquantified levels (Nore, 2012). Analysis of cell-specific targeting was not 

undertaken in that study, though Tat is known to enter cells by various endocytic pathways 

simultaneously (Duchardt et al., 2007). The other CPP is a low molecular weight form of protamine 

(LMWP; sequence: VSRRRRRRGGRRRR), which was reported to transfect plasmid encoding β-

galactosidase into cells with a similar efficiency as Tat (Park et al., 2003). Again, analysis of cell-
                                                           
33 In cell lines, though not primary cells. 
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specific targeting was not undertaken, although the authors reported that LMWP entered cells in a 

similar manner to Tat (Park et al., 2003), which is in line with their shared cationic nature. LMWP was 

subsequently reported to enter erythrocytes (Kwon et al., 2009), which is viewed as a liability for 

intravenous administration of therapeutics not targeting blood cells (Montrose et al., 2013). Full 

length protamine is reported to enter cells by receptor-mediated endocytosis (Nagai, Komeda, 

Katagiri, Yumoto, & Takano, 2013; Tsuchiya et al., 2006); though its uptake was not impeded by cell 

treatment with heparinase to remove surface heparan sulphate (Peterson & Gruenhaupt, 1992), 

which is a common portal for cationic CPP endocytic uptake (Poon & Gariépy, 2007). Thus, the bulk 

of the evidence suggests that Tat-protamine and LMWP have broad cellular specificities and 

therefore will be unable to deliver gene therapy specifically to epithelial cells.  

 

The peptides used here–XP, XNP, and truncated human protamine–and protamine sulphate would 

seem to be the only CPPs to have been used to transfect mRNA34. This is surprising considering both 

the promise of mRNA transcript therapy (D. Weissman & Karikó, 2015) and that protamine from fish 

was first used in 1961 to transfect bacterial RNA into chicken cells (Amos, 1961). Currently 

protamine is used in mRNA vaccines, which are designed to deliver mRNA encoding disease antigen 

into antigen-presenting cells following intradermal or intranodal injection (Schlake et al., 2012). 

mRNA vaccines are currently being applied to cancer and infectious diseases  (D. Weissman & Karikó, 

2015). Interestingly, protamine is primarily used in the vaccines to stimulate an immune response 

rather than to deliver mRNA for protein expression. The rationale is that mRNA-protamine 

complexes have been shown to highly stimulate and activate immune cells compared to naked 

mRNA (Scheel et al., 2005), and an immunostimulatory effect is important for the vaccines to work 

(Fotin-Mleczek et al., 2011). As such, the vaccines commonly use a mixture of naked mRNA encoding 

the disease antigen to be expressed and protamine-mRNA complexes to stimulate an immune 

response (Schlake et al., 2012). As protamine appears to have broad cellular specificity (discussed 

above), XP would appear to be the only CPP capable of transfecting mRNA into adherent cells 

exclusively.  

 

 

                                                           
34 CPPs have been used to deliver short regulatory oligonucleotides, such as short interfering RNAs (siRNA) and 
micro RNAs (miRNAs) (Margus, Padari, & Pooga, 2012), but mRNA pose a different challenge due to their much 
greater length. Recently also an R9 CPP was used to complex and deliver single guide RNA (sgRNA) of ~100 
nucleotides in length into cultured cells as a part of the CRISPR/Cas genome editing system (Ramakrishna et 
al., 2014). The CRISPR/Cas system has been rapidly adopted by mainstream research (Sander & Joung, 2014), 
and potentially Xentry-based peptides could be used to deliver it into adherent cells specifically. 
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2.4.3.2 Comparing XP with XNP and XNHP for pDNA transfection 

The limited ability of the NLS motif in XNP to improve transfection compared to XP is not 

unexpected. While NLS peptide motifs have been reported to improve transfection efficiency in 

cultured cells in some instances, they have only explicitly been shown to increase the nuclear 

localisation of nucleic acids when conjugated directly to linear DNA (Lam & Dean, 2010). In the 

studies reporting positive effects from NLS inclusion generally gene expression and not nuclear 

import per se have been evaluated, and as such the effects may be due to other properties of the 

NLS. For example the SV40 NLS motif can both bind DNA via electrostatic interactions (Bremner, 

Seymour, Logan, & Read, 2004) and enter cells on its own accord (Ragin, Morgan, & Chmielewski, 

2002). In accordance, the addition of the SV40 NLS to the S413 CPP assisted plasmid transfection 

efficacy but not nuclear import (Duvshani-Eshet et al., 2008). In comparison, mutation of the SV40 

NLS in the MPG peptide slowed plasmid expression and reduced final expression levels (Simeoni et 

al., 2003), though potentially the mutation could have affected properties outside of nuclear import. 

A further consideration is that Xentry is reported to localise to the nucleus (Montrose et al., 2013), 

and protamine has various NLS-like regions (Sorgi et al., 1997) which may enhance nuclear DNA 

delivery (Masuda, Akita, & Harashima, 2005). Thus the SV40 NLS may have been largely redundant. 

Finally, it has been suggested that close proximity of NLS and DNA binding sequences may result in 

the NLS interacting with DNA and therefore being inaccessible to nuclear import machinery (Dean & 

Gokay, 2005; Vaughan et al., 2006). As the NLS and protamine sequences were closely adjacent this 

could have been an additional factor.  

 

The addition to XNP of a multi-histidine (H9) motif to form XNHP also had limited effects and, 

depending on the cell line, either did not increase transfection or did so to only a small extent (≤ 1%) 

compared to XP and XNP. The multiple histidine repeat is designed to work by the hypothetical 

‘proton sponge’ effect (Behr, 1997), in a manner similar to the putative lysosomolytic activity of 

chloroquine. The design theory is that protonation of the imidazole groups of the histidine residues 

in acidic compartments, such as late endosomes and lysosomes, draws chloride ions into the 

compartments causing their osmotic swelling and permeabilization and the liberation of the CPP and 

cargo (Ferrer-Miralles et al., 2011). Polylysine histidylation improved plasmid transfection in vitro 

(Pichon, Gonçalves, & Midoux, 2001); while the addition of 10 histidine residues to Tat CPP 

(RKKRRQRRRR) radically improved gene expression after plasmid transfection in several cell lines, 

with 5 histidine residues attached either side of Tat working better than a single stretch of 10 

histidine residues attached to Tat (Lo & Wang, 2008). Histidines were also used to replace certain 

amino acids in the penetratin CPP sequence, to change its secondary structure to an alpha helix 
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upon protonation in acidic compartments in order to facilitate membrane penetration and 

CPP/cargo escape, with the modification improving siRNA transfection (Lundberg, El-Andaloussi, 

Sütlü, Johansson, & Langel, 2007). That transfection by XNHP improved with the addition of 

chloroquine here suggests that XNHP had not been able to liberate most pDNA from 

endo/lysosomes. Finally, the addition of the histidine-rich peptide H5WYG 

(GLFHAIAHFIHGGWHGLIHGWYG)35 to polyarginine (R9) CPP was reported to improve its ability to 

deliver protein into cells, however the further appendage of the SV40 NLS motif to this construct 

inhibited the protein delivery enhancement (Liou et al., 2012). Thus, it is possible that the NLS and 

H9 motifs in XNHP interacted and interfered with their activity, and perhaps an XHP peptide may 

have worked better than XNHP.  

 

2.4.3.3 Protamine sulfate and hexadimethrine bromide (polybrene) 

Cationic agents protamine sulfate and polybrene have been used to assist plasmid transfection by 

non-viral vectors (Abe, Miyanohara, & Friedmann, 1998; Sorgi et al., 1997; Tsuchiya et al., 2006). 

They are used to condense pDNA into a compact structure to promote stability and transfection 

(Scheel et al., 2005). That these agents did not improve transfection here though perhaps indicates 

that they were made redundant by the cationic protamine and NLS sequences in XNP. 

 

2.4.3.4 Multimerization 

Multimerization (linear or branched; 2, 3, or 4 copies) has been associated with the enhanced uptake 

of polycationic CPPs in several studies (Angeles-Boza, Erazo-Oliveras, Lee, & Pellois, 2010; Eggimann 

et al., 2013; Kawamura, Sung, Bolewska-Pedyczak, & Gariépy, 2006); while, in contrast, multivalency 

did not improve the uptake of amphipathic or largely hydrophobic CPPs (Eggimann et al., 2013), and 

tandem linear arrangement inhibits the uptake of weakly charged Xentry (Montrose et al., 2014). 

Thus, it might have been expected that multimerization would have enhanced cell entry of XNP, due 

to the polycationic NLS and protamine motifs it contains. This may or may not have been the case 

(cell entry was not measured here), though XNP tetramerization did not improve transfection. 

Potentially, this was due to endosomal sequestration of the tetramers. In accordance, tetramerized 

Tat CPP, in the form of a TAT–streptavidin fusion protein, accumulated largely in cell endosomes and 

lysosomes (Rinne et al., 2007). Notably, dimerization of the penetratin CPP, through the addition of a 

terminal cysteine residue and disulfide bond formation, enhanced its ability to transfect pDNA into 

HEK293T cells several-fold (Helene L Åmand et al., 2012); while tetramerization by conjugation to 

the tetramerization domain of the p53 protein greatly increased (20-1,000-fold) gene expression 
                                                           
35 Analogous to the N-terminal segment of the HA-2 subunit of the Influenza virus hemagglutinin. 
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levels from luciferase pDNA transfection for polyarginine (10R) and polylysine (10K) though not Tat 

CPPs in CHO and Vero cells (Kawamura et al., 2006)(Sung, Poon, & Gariépy, 2006). Perhaps the 

better efficacy of the p53 tetramerization domain protein compared to ExtrAvidin or streptavidin is 

due to the size of the molecules. The latter at ~50-60 kDa may be more readily sequestered in 

endosomes upon internalization whereas the 31-residue, <4 kDa p53 tetramerization domain 

protein may not. Xentry-based peptides already contain a cysteine residue which may naturally form 

cystine bonds with the same in another Xentry molecule causing dimerization (Figure 3.20), so 

perhaps there is no benefit in exploring this option; but tetramerization of Xentry-based peptides via 

the tetramerization domain of the p53 protein may be worthwhile exploring in the future.   

 

2.4.3.5 Chloroquine and hydroxychloroquine 

Chloroquine, in particular, and hydroxychloroquine are widely reported to increase the transfection 

efficacies of non-viral vectors including CPPs ("Calcium phosphate-mediated transfection of 

eukaryotic cells," 2005; Ciftci & Levy, 2001; Guy et al., 1995; Kondo et al., 2008; Luthman & 

Magnusson, 1983; X. Zhang et al., 2003). The ~5-10-fold increases in transfection efficacies by XP 

peptides upon chloroquine or hydroxychloroquine addition recorded here are comparable to 

increases observed by others. For example, 0-50-fold (Hellgren, Gorman, & Sylvén, 2004), 1.5-5-fold 

(Lehto et al., 2011), ~10-fold (Veiman et al., 2013), and 5-50-fold (Helene L Åmand et al., 2012) 

increases in transfection have been reported. Though, reported transfection levels are likely 

influenced by experimental variables such as the cell lines, assays, and quantification approaches 

used, which perhaps makes it difficult to directly compare between studies.  

 

Chloroquine and hydroxychloroquine are lysosomotropic agents, meaning that they accumulate 

preferentially in the lysosomes of cells. The agents are nonpolar, weak bases at neutral pH and can 

diffuse across the lipid membranes of cellular compartments. If they enter acidic compartments, 

such as late endosomes and lysosomes, though, they become protonated and their charge prevents 

diffusion out of these compartments (De Duve et al., 1974). Chloroquine has been proposed to 

enhance non-viral transfection methods by at least three mechanisms (Cheng et al., 2006). The first 

proposed mechanism is that the high lysosomal concentrations of chloroquine enhance the 

‘unpackaging’ of nucleic acids from their vectors. The second proposed mechanism is that the 

buffering of lysosomal pH enhances nucleic acid escape, potentially by the proton sponge effect and 

by inhibiting lysosomal nuclease activity (Appelqvist, Wäster, Kågedal, & Öllinger, 2013). The third 

proposed mechanism is that chloroquine interacts with the transfected nucleic acids and modifies 

their intracellular interactions, for example by altering their trafficking, processing, or degradation 
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within cells (Cheng et al., 2006)36. The improvement of transfected gene expression by co-

application of chloroquine or hydroxychloroquine here suggests that endolysosomal sequestration 

of the nucleic acids upon cell entry reduces transfection. Though, due to the uncertain extent of the 

ability of chloroquine to free sequestered nucleic acids it is hard to draw conclusions as to the 

amounts sequestered. If chloroquine makes 100% of sequestered nucleic acid bioavailable then this 

would indicate that XP peptides are delivering detectable amounts of nucleic acids into only about 5-

10% of cells.  

 

2.4.3.6  E6446 

Similarly, E6446 could have assisted transfection via lysosomotropic activity. E6446 is quite different 

to chloroquine and hydroxychloroquine structurally, but like these agents it is a lipophilic, 

lysosomotropic weak base (Lamphier et al., 2014). The roughly additive effects of the agents on 

mRNA transfection by XP suggest that E6446 and chloroquine act by similar mechanisms. This raises 

the question, though, as to why E6446 is approximately five-fold more potent than chloroquine or 

hydroxychloroquine in enhancing mRNA transfection by XP. Each of these agents binds nucleic acids 

in intracellular endosomal and lysosomal compartments, thereby suppressing their activation of 

resident single-stranded RNA (ssRNA) and double-stranded RNA (dsRNA) sensors, namely TLRs 7 and 

9, respectively (Kužnik et al., 2011; Lamphier et al., 2014). E6446 is approximately five-fold more 

selective in suppressing TLR signalling than chloroquine and hydroxychloroquine (Lamphier et al., 

2014). Thus, the difference in selectivity is consistent with the difference in potency in transfection 

assistance shown here. Whether this is coincidental or suggests that E6446 and 

chloroquine/hydroxychloroquine increase transfection by XP mainly by suppressing nucleic acid-

sensing TLR signalling is uncertain. If it is the latter and if it applies to other non-viral vectors then 

this would radically alter the current perception of how chloroquine enhances transfection (Cheng et 

al., 2006). Curiously, the same five-fold concentration difference between E6446 and 

chloroquine/hydroxychloroquine in assisting transfection was also apparent in their associated 

reductions in cell numbers observed here. 

 

Should suppression of nucleic acid-sensing TLRs have enhanced mRNA transfection by XP? Cells have 

various mechanisms by which they can destroy exogenous mRNAs. These evolved as protection from 

RNA viruses and are in the form of RNA-sensing pattern recognition receptors (PRRs). Exogenously 

delivered in vitro transcribed (IVT) mRNA has been verified to activate or interact with many PRRs 

                                                           
36 A hypothetical example is that chloroquine could prevent the direct lysosomal uptake of RNA and DNA from 
the cytosol by interfering with nucleic acid receptors (Hase et al., 2015). 
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(Loomis, Kirschman, Bhosle, Bellamkonda, & Santangelo, 2016). These PRRs include TLRs 7 and 8 

which reside in endosomes, and TLR 3 which resides in endosomes and the plasma membrane. They 

also include protein kinase R (PKR), oligoadenylate synthetase-like protein (OAS-L), and retinoic acid-

inducible gene I protein (RIG-I), which reside in the cytosol. Together the RNA-sensing PRRs act to 

inhibit translation, degrade mRNA by ribonuclease L (RNAse-L) activation, and induce apoptosis if 

required (Loomis et al., 2016). These PRRs are predominantly expressed in hematopoietic immune 

cells, though they are also expressed to a lesser extent in non-hematopoietic cells, such as epithelial 

cells (Guillot et al., 2005; McClure & Massari, 2014). TLRs, at least, are also expressed by cancer cells 

(Sato, Goto, Narita, & Hoon, 2009). Whether the RNA-sensing PRRs would be activated by the EGFP 

and mCherry mRNAs used here though is uncertain. These mRNAs incorporated modified 5-

methylcytidine and pseudouridine bases, which are reported to reduce the activation of TLRs 3, 7 

and 8 (Karikó et al., 2008), decrease activation of PKR (B. R. Anderson et al., 2010) and OAS-L, and 

increase resistance to RNAse-L cleavage (B. R. Anderson et al., 2011). dsRNA contaminants created 

during mRNA synthesis can activate RNA-sensing PRRs, and purification of modified IVT mRNAs by 

high performance liquid chromatography (HPLC) is reported to remove these contaminants and 

improve translation (Karikó, Muramatsu, Ludwig, & Weissman, 2011). However, the mRNAs used 

here were purified by silica membrane spin column and so potentially could have stimulated PRRs. It 

is also worth mentioning that complexation of unmodified mRNA with protamine sulphate has been 

reported to strongly activate TLRs 7 and 8 in immune cells compared to naked mRNA (Scheel et al., 

2005), though whether this was due to protamine increasing the entry of the mRNA into the cells or 

some intrinsic property of the complex is unknown. Finally, it should be noted that IC50 values of 

1.78 μM and 0.01 μM were recorded for E6446 for TLRs 7 and 9, respectively, in HEK cells 

engineered to express the receptors (Lamphier et al., 2014). This indicates that the optimal 

concentrations of E6446 used here (~10 μM) were in large excess of what should have been required 

to inhibit these receptors. Potentially, these higher concentrations were required to inactive 

cytosolic-resident RNA-sensing PRRs, which would not have been exposed to the elevated 

concentrations of E6446 which had accumulated in endosomes. Thus, it seems possible that the 

mRNA transfection by XP here could have stimulated PRR activity in the cells which E6446 may have 

prevented; though the E6446 concentrations required to do so were in large excess of what is 

reported to be sufficient to inactivate endosomal-resident nucleic acid-sensing PRRs, presumably as 

higher concentrations were required to inactivate cytosolic nucleic acid-sensing PRRs.  

 

Finally, the findings here support others suggesting that E6446 may have benefits as an adjuvant for 

therapeutics. E6446 has not been tested for toxicity in humans, though it has been tested in mice on 
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several occasions and shown to be non-toxic (Franklin et al., 2011; Lamphier et al., 2014). The 

highest dose of E6446 reported, 120 mg·kg−1·d−1 given orally for 12 days, produced a serum 

concentration around 1 μM (Franklin et al., 2011). This concentration is less than what was observed 

to be optimal here (~10 μM), though the pharmacokinetics of E6446 may differ in humans and could 

prove favourable for assisting transfection. Notably, E6446 has shown promising therapeutic effects 

in experimental mouse models of cerebral malaria and lupus (Franklin et al., 2011; Lamphier et al., 

2014). Thus, it would seem worthwhile to explore the potential utility of E6446 in therapeutic 

contexts, including enhancing gene therapy delivery, further.  

 

2.4.3.7 E6446 in combination with hydroxychloroquine 

The slight increases in transfection efficacy and cell numbers from combining E6446 with 

hydroxychloroquine as opposed to chloroquine may have some value. Similar modest reductions in 

cytotoxicity from the use of hydroxychloroquine to assist transfection compared to chloroquine have 

been reported previously (Itaka et al., 2004). In that study polylysine cationic complexes were used 

to transfect luciferase plasmid into HEK 293T cells. Increasing cell loss was correlated with increasing 

concentrations of hydroxychloroquine, though, and reductions in cell numbers were similar to what 

was observed here e.g. ~50% at 100 μM (Itaka et al., 2004). Hydroxychloroquine is used for the 

treatment of rheumatoid arthritis and lupus erythematosus, is FDA approved for use in clinical trials, 

and has been reported to be 3-fold less toxic than chloroquine 37 (Al-Bari, 2015). Rheumatoid 

arthritis patients have steady-state plasma concentrations of hydroxychloroquine in the range of 

200-1,000 ng/mL or 0.4-2.0 µM (Tett, Cutler, Beck, & Day, 2000). Itaka et al. have suggested that this 

indicates that locally and temporarily higher concentrations of hydroxychloroquine could be used to 

enhance transfection (Itaka et al., 2004). Though, as E6446 alone or in combination with 

hydroxychloroquine assists transfection to a similar extent, and as these agents appear to have 

similar mechanisms of action, it is uncertain whether there would be any benefit in combining them. 

 

2.4.3.8 Reductions in cell numbers 

The lysosomotropic activity of the assisting agents could have reduced the cell numbers by inhibiting 

cell growth and causing cell death. Lysosomes are the key degradative compartments of the cell and 

are considered crucial regulators of cell homeostasis (Appelqvist et al., 2013). Lysosomotropic agents 

can disrupt lysosome function and permeabilize the lysosomal membrane thereby precipitating cell 

death (Villamil Giraldo, Appelqvist, Ederth, & Öllinger, 2014). To elaborate, lysosomal membrane 

                                                           
37 Hydroxychloroquine toxicity has been reported in humans at a plasma concentration of 29 µM (P. Jordan, 
Brookes, Nikolic, Le Couteur, & Le Couteur, 1999). 
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permeabilization releases hydrolases, such as cathepsins, into the cytosol which may elicit cell death 

(Hafner Česen, Pegan, Špes, & Turk, 2012). Lysosomotropic agent activity can also disrupt upstream 

endocytosis, phagocytosis, and autophagy processes, which can also slow cell growth and precipitate 

cell death (Eskelinen & Saftig, 2009). This may particularly apply to cancer cells, which can rely 

heavily on these processes for survival and proliferation (Frieboes, Huang, Yin, & McNally, 2014). 

Chloroquine and hydroxychloroquine are being tested as cancer therapeutics (Sui et al., 2013), and 

the findings here suggest that E6446 may also have anti-cancer activity. Notably, others have 

reported that chloroquine treatment applied at similar concentrations and for similar durations to 

here reduced the growth and induced the death of the A549 cell line used here. Specifically, 

exposure to 0.25-32 μM chloroquine for 24 h inhibited A549 cell growth, while exposure to 64-128 

μM chloroquine for this period induced apoptosis (C. Fan, Wang, Zhao, Zhang, & Miao, 2006). Thus, 

it seems plausible that lysosomotropic activity by chloroquine, hydroxychloroquine, and E6446 could 

have caused the reductions in cell numbers observed here when used in conjunction with XP and 

mRNA. Testing of nucleic acid transfection by XP on primary cell lines or in in vivo models would be 

useful in gauging the effects of E6446 on normal cells.  

 

A somewhat paradoxical potential explanation exists for the shared five-fold concentration 

difference between E6446 and chloroquine/hydroxychloroquine in assisting mRNA transfection as 

well as in reducing cell numbers. It presumes that the mRNA was immunogenic to some extent (as 

discussed above). The explanation is that potentially E6446 more potently (i.e. five-fold) inhibited 

activation of endosomal nucleic acid-sensing TLRs, which allowed more mRNA to enter the cytosol. 

This may then have directly activated nucleic acid-sensing PRRs, such as cytosolic resident RNAse L, 

which were not subject to inhibition by E6446 at its lower cytosolic concentration. In the presence of 

high amounts of immunogenic mRNA, RNAse L activity may then have triggered apoptosis (Siddiqui, 

Mukherjee, Manivannan, & Malathi, 2015). Presumably similar mechanisms could be found which 

would account for the similar reductions in cell numbers associated with pDNA transfection by XP in 

the presence of E6446. Potentially the cell reductions would not have manifested if the mRNA was 

completely non-immunogenic and, as such, testing transfection of HPLC-purified modified mRNA by 

XP would be informative. 

   

2.4.3.9 Truncated human protamine 

As discussed, various forms of protamine have been used to transfect nucleic acids and they appear 

to have broad cell specificity. The present study provides the first report that truncated human 

protamine (rsqsrsryyrqrqrsrrrrrrs) can also transfect nucleic acids on its own accord. The truncated 
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human protamine sequence has been used previously as a component in several vectors which have 

been shown to transfect pDNA. Specifically, a vector fusing an anti-HER2 single-chain antibody 

fragment with the truncated human protamine transfected a luciferase reporter gene plasmid into 

ErbB2-expressing SKBR3 cells (Xuguang Li et al., 2001); and a vector fusing listeriolysin O38 and one 

or two molecules of truncated human protamine transfected a luciferase reporter gene plasmid into 

the murine lymphoma cell line P388D1 and mouse lung tissue following intravenous administration 

(N. H. Kim, Provoda, & Lee, 2015). That truncated human protamine did not transfect leukaemic cell 

lines here may indicate it that has different cell uptake properties than native fish protamine and 

LMWP. Arginine-rich CPPs have been reported to lose their ability to be taken up passively when 

attached to large cargoes, and are then only taken up by endocytic pathways (Duchardt et al., 2007). 

This could explain why truncated human protamine complexed with mRNA did not transfect the 

leukaemic cell lines which are deficient in certain endocytic pathways. It is possible that truncated 

human protamine complexed with mRNA may enter adherent cells specifically, which might make 

Xentry redundant in XP. This possibility could be explored by testing transfection by truncated 

human protamine in additional non-adherent cell lines. Finally, that mRNA transfection by truncated 

human protamine was enhanced by E6446 indicates that E6446 can be used to assist different types 

of CPP to transfect cells. 

 

                                                           
38 The endosomolytic pore-forming protein from Listeria monocytogenes. 
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3 Testing the ability of Xentry peptides to deliver mRNA 
transcript therapy into epithelial cells 

3.1 Introduction  

3.1.1 mRNA transcript therapy 

Messenger RNA (mRNA) transcript therapy can be described as a transient form of gene therapy (D. 

Weissman, 2015). Gene therapy, as discussed in Section 2.1.1, is the treatment or prevention of 

disease at the level of the gene, typically involving the transfer of nucleic acids into cells to alter 

gene expression in some way (Verma & Weitzman, 2005). One of the types of nucleic acid that can 

be used for gene therapy is mRNA. mRNA is synthesized as single-stranded RNA by transcription of 

DNA. In cells, mRNA ‘transcripts’ have half-lives ranging from a few hours to a few days, and their 

corresponding protein products are stable for a few days to a few weeks (Schwanhausser et al., 

2011). Thus, delivery of mRNA transcripts into cells will result in only transient alterations in gene 

expression39. As such, mRNA transcripts may need to be reapplied frequently, depending on the 

gene therapy strategy instigated. In contrast, DNA gene therapy may enable longer-term or even 

permanent expression of an encoded gene, dependent on factors such as the vector used, the 

turnover of the target cells, and immune responses to the DNA or vector (Bainbridge et al., 2015; 

Nathwani et al., 2014).  

  

Nevertheless, mRNA has various potential advantages over DNA for gene therapy (Sahin, Kariko, & 

Tureci, 2014; D. Weissman, 2015). For example, mRNA cannot integrate into the genome therefore 

there is no risk of insertional mutagenesis and oncogenesis. Further, exogenous mRNA only needs to 

reach the cytoplasm for translation, whereas DNA must cross the nuclear membrane. Thus, delivery 

of DNA-based gene therapies is either limited to dividing cell populations, where the nuclear 

envelope breaks down during cell division, or requires the use of a viral vector with its inherent 

biosafety issues (Section 2.1.2). Additionally, mRNA transcripts are also smaller and simpler to 

engineer than DNA, as there is no need for promoter and terminator sequences. Finally, the 

transient nature of mRNA is essential where short-term gene expression is desired, and so suits 

applications such as gene editing. Together these attributes enhance safety and potentially reduce 

the cost and time for mRNA transcript therapy to enter into clinical testing (Sahin et al., 2014; D. 

Weissman, 2015).   

 

                                                           
39 Unless the transcripts are involved in gene editing, in which case the results may be permanent. 
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mRNA may be utilized in many gene therapy situations (Sahin et al., 2014; D. Weissman, 2015). The 

most obvious application is protein replacement or supplementation. Here, for example, mRNA may 

be used to help restore protein expression in inherited genetic disorders of protein insufficiency or 

to express certain therapeutic proteins to counteract the disease condition in acquired disorders. 

Other applications for mRNA transcript therapy include gene editing through encoding engineered 

nucleases, cancer immunotherapy, vaccines for infectious disease and allergies, and the generation 

of pluripotent stem cells. Various clinical trials involving therapeutic mRNAs have been conducted or 

are in progress, though so far these have been limited to the application of cancer immunotherapy 

or vaccines (Sahin et al., 2014; D. Weissman, 2015). The reason for this limited application of mRNA 

transcript therapy in trials is discussed below.  

 

3.1.2 Delivery is the major challenge for gene therapy of monogenetic 
disorders such as cystic fibrosis and hereditary diffuse gastric cancer 

3.1.2.1 Cystic fibrosis  

Cystic fibrosis (CF) is the most common life-shortening monogenetic disorder, and is characterized 

by altered epithelial mucus secretions (Ratjen et al., 2015). This disorder affects about 1 in 3,000 live 

births of persons of northern European descent and other ethnicities to a greater or lesser extent 

(O'Sullivan & Freedman). CF is an autosomal recessive disorder, caused by mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene. The gene encodes a transmembrane 

chloride and bicarbonate ion channel, the CFTR, which is expressed on the apical surface of glandular 

epithelial cells. The CFTR has multiple functions involving fluid balance across epithelial cells. The 

mutation ΔF508, which accounts for about two-thirds of CF cases, produces a CFTR protein which 

fails to mature properly and is consequently degraded (Du, Sharma, & Lukacs, 2005). CFTR mutation 

alters epithelial mucus secretions in organs such as the lungs, pancreas, biliary tract, and gut, leading 

to infections, disease, and death at around 35 years of age (Ratjen et al., 2015).   

 

3.1.2.2 Hereditary diffuse gastric cancer 

Hereditary diffuse gastric cancer (HDGC) is a less common monogenetic disorder, which manifests in 

early-onset, incurable cancer (Guilford, Humar, & Blair, 2010). The disorder is relatively rare in the 

general population40, but has insidious, multigenerational effects in families, including in a large 

Maori kindred from New Zealand (Guilford et al., 1998). HDGC is an autosomal dominant disorder, 

commonly caused by mutations in the cadherin-1 (CDH1) gene. The gene encodes a cell-to-cell 

                                                           
40 The CDH1 mutant allele is estimated to have a frequency of 0.001 (Hansford, Kaurah, Li-Chang, & et al., 
2015). 
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adhesion protein, E-cadherin, which is ubiquitously expressed by epithelial cells. E-cadherin provides 

the intrinsic polarity for multifarious epithelial cell functions, including cytoskeletal organisation and 

cell division (Humar & Guilford, 2009). A wide variety of germline mutations in CDH1 have been 

reported in HDGC, which typically lead to truncated, dysfunctional E-cadherin protein (Hansford et 

al., 2015). Mutation in the second copy of CDH1 in carriers of a CDH1 germline mutation may lead to 

cancer (Guilford et al., 2010). In those with CDH1 germline mutations, gastric cancer afflicts ~70% of 

males and 56% of females and breast cancer afflicts ~42% of females (Hansford et al., 2015). The 

only therapeutic option for carriers of pathogenic CDH1 mutations is total gastrectomy, which itself 

is associated with considerable risks and effects on quality of life. Without this surgery, though, 

HDGC can quickly turn invasive and typically leads to death by the age of 40 (Humar & Guilford, 

2009).  

 

3.1.2.3 CF and HDGC pose specific delivery challenges to gene therapy 

As discussed in Section 2.1.2, gene therapy for epithelial cell disorders is largely a delivery challenge. 

Further to the general challenge, CF and HDGC each pose additional obstacles to gene therapy 

delivery. To elaborate, the lung airways and the stomach present barriers to the entry of foreign 

materials, such as topically applied gene therapy vectors. In the lung the initial barriers to inhaled 

gene therapies for CF are the extracellular respiratory mucus and alveolar fluid layers which blanket 

airway epithelial cells (Sanders, Rudolph, Braeckmans, De Smedt, & Demeester, 2009). These fluid 

layers contain a diverse range of secreted lipids, peptides, and proteins which may bind to delivery 

vectors hindering their diffusion and causing their aggregation. Further, these fluid blankets act as a 

continuous conveyor belt, transporting ensnared molecules out of the lungs through the combined 

actions of beating lung cilia. Critically, the mucus is much thicker in the CF lung, which compromises 

access to lung epithelia further (Sanders et al., 2009). The glycocalyx, the polysaccharide-rich layer 

underlying the fluid layers and coating the lung epithelia, can also impede gene transfer 

(Stonebraker et al., 2004). In the stomach, the harsh environment and the mucus secreted by the 

gastric mucosa pose similar problems for gene therapy of HDGC by oral administration (Ichikawa & 

Ishihara, 2011). An additional consideration in HDGC is that potentially any gastric cell may become 

malignant and form a cancer. Therefore, ideally every gastric cell needs to receive gene therapy. So 

far the barriers to gene therapy in lung and stomach epithelia have proven to be largely 

insurmountable (Sinn, Anthony, & McCray, 2011; Sutter & Fechner, 2006). 
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3.1.3 Xentry-protamine-based peptides for delivery of therapeutic 
modified mRNA transcripts into epithelial cells 

Xentry-based peptides may be suitable vectors for delivering mRNA transcript therapy in epithelial 

cell disorders, such as CF and HDGC. As detailed in the previous chapter, Xentry-protamine (XP) in 

conjunction with E6446 proved capable of delivering modest levels of EGFP mRNA into cells in 

culture. Further, Xentry and a Xentry-β-galactosidase conjugate which were intravenously injected 

into mice were preferentially taken up by epithelia lining the bronchial airways, stomach, and small 

intestine (Montrose et al., 2013). Therefore, intravenously injected XP could avoid the barriers to 

gene therapy in the lung and stomach that topical application presents. Additionally, the initial 

targeting of XP to lung and stomach tissues may be facilitated by conjugation to peptide motifs that 

home to these organs (Laakkonen & Vuorinen, 2010). Thus, intravenously injected modified XP-

based peptides, potentially in combination with E6446, may home to lung and stomach tissues and 

deliver mRNA transcripts encoding wild type CFTR or E-cadherin proteins into the epithelia of 

patients with CF or HDGC.  

 

Modification of mRNA has improved its ability to facilitate gene therapy. Up until recently mRNA has 

been largely overlooked for use in gene therapy. This is due to two main issues, namely mRNA is less 

stable than DNA and it elicits unfavourable immune stimulation (D. Weissman, 2015). Recently some 

solutions to these issues have been developed. Firstly, modification of the main structural elements 

of mRNA (Figure 3.1)—the 5′ cap, the 5′- and 3′-untranslated regions (UTRs), the coding region, and 

the poly(A) tail—have improved the stability and translation of in vitro-transcribed mRNAs (Sahin et 

al., 2014). These modifications include the addition of 5′ caps which resist mRNA degradation and 

the incorporation of regulatory sequence elements into 5′‑ and 3′‑UTRs which enhance mRNA 

translation and provide a degree of tunability. Secondly, incorporation of 5-methylcytidine and 

pseudouridine modified bases into mRNA to replace uridine and cytidine, respectively, reduces 

immunostimulatory responses to mRNA which can stall translation and degrade mRNA (Sahin et al., 

2014). More specifically, these modified bases have been shown to reduce the activation of cellular 

nucleic acid-sensing pattern recognition receptors, such as TLRs 3, 7 and 8 (Karikó et al., 2008), PKR 

(B. R. Anderson et al., 2010), and OAS-L; as well as to increase mRNA resistance to RNAse-L cleavage 

(B. R. Anderson et al., 2011). Notably, preclinical testing of these mRNA modifications has shown 

some therapeutic efficacy in experimental animal models (Kariko, Muramatsu, Keller, & Weissman, 

2012; Kormann et al., 2011). Thus, these mRNA modifications, perhaps in combination with new 

strategies to enhance mRNA translation being developed (D. Weissman & Karikó, 2015), appear to 

make mRNA a potent medium for gene therapy.  
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Figure 3.1: The main structural elements of mRNA. 

These are the 5′ cap, the 5′- and 3′-untranslated regions (UTRs), the open reading frame (ORF), and 

the poly(A) tail.  

 

 

3.1.4 Aims of this project 

The properties of Xentry-based peptides suggest that they have the potential to deliver genes via an 

intravenous route to correct protein deficits in hereditary genetic disorders affecting epithelia. As 

such, Xentry-based therapies have the potential to provide a cure for disorders such as CF and 

HDGC. It is envisaged that the Xentry-based therapies for these disorders might be subcutaneously 

injected on a daily basis as is already performed by millions of type 1 patients worldwide who inject 

insulin.  

 

The overall aims of this project were to test whether Xentry-based peptides can deliver modified 

mRNAs encoding wild type CFTR and E-cadherin into disease tissue-specific lung and stomach cells in 

vitro, and whether peptide modifications assist in targeting the peptides to these cells.  

  

The specific tasks set were to: 

1. Generate modified CFTR and E-cadherin mRNAs from linearized plasmids encoding the 

respective human proteins.  

2. Determine the ability of Xentry-protamine to deliver the mRNAs into appropriate cell lines, 

including cell lines with mutations typical for CF and HDGC.  

3. Fuse Xentry-based peptides to lung- and stomach-homing peptides, as appropriate, and test 

for specific uptake by disease tissue-specific cells.  

4. Test protease-activatable forms of the homing Xentry peptides for retention of function.  
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3.2 Materials and Methods 

3.2.1 Plasmids 

 

Plasmid Human CFTR Human E-cadherin (CDH1) 

Supplier GenScript (Piscataway, NJ) OriGene (Rockville, MD) 

Cat. no. clone ID:  OHu27239 SC117413 

Plasmid size (bp) 9,896 9,522 

Vector pcDNA3.1+-DYK pCMV6-XL4 

Vector size (bp) 5,453 4,707 

Insert (GenBank accession no.) NM_000492.3 NM_004360 

Insert size (bp) 4,443 4,815 

 

Both vectors contained T7 promoters to initiate in vitro transcription (Figure 3.2). 
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Figure 3.2: Plasmid vector maps. 

A) The CFTR plasmid contained the pcDNA3.1+-DYK vector (5,453 bp).  

B) The E-cadherin plasmid contained the pCMV6-XL4 vector (4,707 bp). 

 

  

A 

B 



174 
 

3.2.2 Amplification and linearization of plasmids to provide DNA templates 
for use in in vitro transcription 

3.2.2.1 Plasmid transformation into competent cells and amplification 

Plasmids were transformed into E. cloni ® 10G Chemically Competent Cells (Lucigen, Middleton, WI; 

60107-0) as per the manufacturer’s instructions, with minor exceptions. Briefly, 100 ng of plasmid 

(0.1 μg/μL) was mixed with 40 µL of thawed E. cloni ® cells in a sterile 15 mL tube, and the mixture 

placed on ice for 30 min. The cells were then heat-shocked by placing the tube in a 42°C water bath 

for 45 s, before returning the tube to ice for 2 min. Room temperature Recovery Medium (260 µL; 

Lucigen) was then added to the cells, and the tube was placed in a shaking incubator at 200 rpm for 

1 h at 37°C. Up to 100 µL of the transformation mixture was plated on LB agar plates* containing 

filter-sterilized ampicillin (100 μg/mL; Sigma-Aldrich, St. Louis, MO; A9518) antibiotic. The plates 

were then incubated overnight at 37°C. Transformed clones were selected from the plates and 

incubated in 4 mL of LB-Miller medium** overnight at 37˚C (200 rpm). Culture of the CFTR plasmid 

transformants at 37˚C failed to produce plasmid containing the CFTR insert, presumably because the 

insert was toxic to the cells. However, culture of the CFTR transformants on plates for 2 days at 28°C 

and in media for 2 days at 28˚C (200 rpm) produced cells containing the plasmid with CFTR insert. 

Plasmids were recovered from transformed cultures using a Presto Mini Plasmid kit (Geneaid, 

Taiwan; PDH004).  

 

* LB-Lennox agar plates with ampicillin: Per litre: 10 g tryptone (Oxoid, Cheshire, England; LP0042), 5 

g NaCl (Scharlau, S0227125p), 5 g yeast extract (Oxoid, LP0021), 15 g agar (Coast Biologicals, NZ) 

dissolved in deionized water. Autoclave. Cool to 55°C and add ampicillin to 100 µg/mL final 

concentration. 

 

** LB-Miller medium with ampicillin for growth of transformants: Per litre: 5 g yeast extract, 10 g 

tryptone, 10 g NaCl dissolved in deionized water. Autoclave. Cool to 55°C and add ampicillin to 100 

µg/mL final concentration. 
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3.2.2.2 Analysis of transformed and amplified CFTR plasmid  

Recovered CFTR plasmids were analysed by restriction enzyme digestion. Plasmid (0.25 μg) was 

incubated with 10X Sure/Cut Buffer H (Roche, SF, CA) and 2.5 U of restriction enzyme Sal I (Roche) in 

a 10 μL total volume for 1 h at 37°C. The original GenScript plasmid was also digested as a control. 

Digested plasmid (100 and 150 ng) was then diluted with water, mixed with 6x loading dye, and 

separated by agarose gel electrophoresis. Plasmid from a correctly transformed clone produced two 

bands which migrated at the same sizes (~7,700 and 2,200 bp) as bands from the control plasmid 

(Figure 3.3). 

 
 

Figure 3.3: Restriction digest analysis of a CFTR plasmid transformant. 

Transformed and amplified CFTR plasmid (9,896 bp) was digested with the Sal I restriction enzyme, 

and then the digest was resolved on a 1% agarose gel (100 or 150 ng/lane) along with 10 or 15 ng of 

the original GenScript CFTR plasmid. The gel was stained with SYBR Safe dye (Invitrogen, S33102) 

and imaged with a Gel Doc EZ Imager (Bio-Rad, Hercules, CA). Arrows indicate the positions of the 

expected bands at 7,700 and 2,200 bp. Note that 10x less control plasmid was cut than intended, 

hence the faintness.  
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3.2.2.3 Further amplification of the CFTR plasmid and then its linearization  

A transformant which produced the expected size bands in the restriction digest analysis was 

cultured in 200 mL of LB-Miller medium with ampicillin for 2 days at 28˚C (200 rpm). Amplified 

plasmid was then recovered using a NucleoBond Xtra Midi Kit (Macherey-Nagel, Düren, DE). The 

plasmid was digested to produce a linear template for in vitro transcription (IVT). The 250 μL 

digestion included 10 μg of CFTR plasmid, 10X CutSmart Buffer (NEB), and 100 U Not I-HF (NEB), and 

was incubated at 37°C for 2 h. The enzyme was expected to cut the plasmid downstream of the 

insert and generate the 5’ overhang which is optimal for in vitro transcription (IVT) (Huang & Yu, 

2013). Agarose gel electrophoresis (Section 3.2.2.7) of a sample of the digest produced a single band 

around the expected size of the plasmid (9,896 bp) which ran slower than the bulk of the uncut 

plasmid (Figure 3.4). This confirmed that the plasmid was fully digested.  

 

 
 

Figure 3.4: Agarose gel electrophoresis of linearized CFTR plasmid. 

The CFTR plasmid (9,896 bp) comprising the pcDNA3.1+-DYK vector (5453 bp; Figure 3.2A) and a 

human CFTR insert (4,443 bp) was digested with Not I-HF restriction enzyme and then resolved on a 

1% agarose gel (50 or 100 ng/lane) along with uncut construct. The gel was stained with SYBR Safe 

and imaged with a Gel Doc EZ Imager. 



177 
 

3.2.2.4 Analysis of transformed and amplified E-cadherin plasmid 

The plasmids from four amplified transformants were analysed by restriction digest. Digests included 

1 µg of plasmid, 10X CutSmart Buffer (NEB, Ipswich, MA), and 10 U Not I-HF (NEB); and were 

incubated at 37°C for 2 h. The digests were separated by agarose gel electrophoresis (Section 

3.2.2.7) to verify the presence of the insert. Each transformant produced a band which migrated 

around the expected size of the insert (4,815 bp; Figure 3.5). The insert band could not be clearly 

distinguished from the vector band (4,707 bp) though due to their similar sizes. Transformant 3 was 

arbitrarily selected for larger scale amplification, and the plasmid generated from this amplification 

was recovered using a NucleoBond Xtra Maxi Plus kit (Macherey-Nagel).  

 

 
 

Figure 3.5: Agarose gel electrophoresis of digested E-cadherin plasmid. 

Transformed and amplified E-cadherin plasmid (9,522 bp), comprising the pCMV6-XL4 vector (4,707 

bp; Figure 3.2) and a human E-cadherin insert (4,815 bp), from four cultures was isolated and 

digested with the restriction enzyme Not I-HF to excise the insert. The uncut plasmids and the 

digests (labelled 1-4) were resolved (1 μg/lane) on a 1% agarose gel. The gel was then stained with 

SYBR Safe and imaged with a Gel Doc EZ Imager. The sizes of DNA markers are indicated in the left 

margin. 
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3.2.2.5 Verification that E-cadherin plasmid produces wild-type E-cadherin protein 

The E-cadherin plasmid was tested to verify that it could produce full-length E-cadherin protein upon 

transfection. Lipofectamine 2000 (Invitrogen, 11668030) transfection reagent was used to transfect 

human gastric adenocarcinoma AGS cells, which harbour an E-cadherin mutation and express a 

truncated E-cadherin protein. As controls, other sets of cells were treated with vehicle or 

Lipofectamine 2000 only. The cells were incubated for 36 h following treatment, and then E-cadherin 

protein expression was examined by immunofluorescence* and Western blot analysis (Section 

3.2.8). Only cells transfected with the E-cadherin plasmid stained positively with 

immunofluorescence (Figure 3.6A) and produced a protein band in the Western blot (Figure 3.6B) at 

the expected size of full-length E-cadherin (135 kDa). 

 

*Immunofluorescence was undertaken by seeding 2 x 104 AGS cells/well in a 96-well plate the day 

prior to transfection. The cells were transfected with 0.25 µg of E-cadherin mRNA mixed with 

Lipofectamine 2000 and incubated for 36 h. The cells were fixed with ice-cold 100% methanol for 15 

min and then washed. The cells were then probed with a rabbit polyclonal anti-E-cadherin antibody 

(Pierce, Rockford, IL; PA5-32178) diluted 1:500 in PBS and incubated overnight at 4°C. The cells were 

washed thrice with PBS for 5 min, and incubated for 2 h at room temperature with a FITC-labelled 

goat anti-rabbit IgG antibody (Sigma-Aldrich, F9887) diluted 1:1,000 in PBS. The cells were again 

washed thrice with PBS for 5 min, and then counterstained with DAPI (Thermo Fisher, D1306) 

diluted 1:10,000 in PBS. Images were recorded at 100X magnification using a Nikon Eclipse TE2000-S 

microscope, Nikon Digital Sight DS-U1 PC controlled colour camera, and NIS-Elements F software.  
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Figure 3.6: Transformed and amplified E-cadherin plasmid produces full-length E-cadherin protein 
upon transfection. 

Human gastric adenocarcinoma AGS cells were transfected with amplified E-cadherin plasmid using 

Lipofectamine 2000 (L2k), incubated for 36 h, and then analysed by immunofluorescence and 

Western blotting. A) Immunofluorescence was undertaken on fixed AGS cells using a rabbit anti-E-

cadherin antibody and an anti-rabbit IgG Alexa 488-labelled (green) antibody. Cells were 

counterstained with DAPI (blue) and then imaged at 100x magnification with epifluorescence 

microscopy (scale bar = 100 µm). B) Western blot analysis was undertaken on lysed AGS cells using 

SDS-PAGE (8% gel) and probing with a rabbit polyclonal anti-E-cadherin antibody (Pierce; PA5-

32178). The position of the E-cadherin band at 135 kDa is indicated. Subsequently an anti-β actin 

antibody was also applied to the blot to detect β-actin as a loading control. The sizes of molecular 

weight markers are indicated in the left margin. 
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3.2.2.6 Linearization of amplified E-cadherin plasmid 

The amplified E-cadherin plasmid was then digested to generate a linear DNA template for IVT. 

Plasmid (20 µg) was incubated with 80 U each of restriction enzymes Nde I, Sac II, and Sca I (all from 

NEB) in a 200 μL volume overnight at 37°C. The Nde I and Sac II enzymes were used to excise the 

DNA template (5,442 bp) containing a correctly-orientated phage T7 RNA polymerase promoter and 

the E-cadherin cDNA insert. The Sca I enzyme was included to cleave the unwanted plasmid DNA 

into 2,795 and 1,247 bp fragments. The digest was separated on a 0.8% gel prepared using agarose 

LE (Roche, 11685678001) and TAE buffer (10 mM Tris-Cl (pH 8.0), 1 mM EDTA (pH 8.0)). The digest 

was mixed with 40 μL of 6 x loading dye (NEB) and loaded onto the gel over several wells. A 1 kb Plus 

DNA ladder (Invitrogen; 10787-018) was separated alongside the samples as a guide to the 

molecular weights of resolved DNA. Electrophoresis was carried out at 2.5 V/cm2 for 4 h. After 

separation, the DNA was stained with SYBR Safe dye for 30 min and then imaged with a Gel Doc EZ 

Imager (Figure 3.7). The digest generated three fragments of the expected sizes, indicating the 

plasmid had been digested as intended. The 5,442 bp DNA template fragment, viewed using a Safe 

Imager Blue Light Transilluminator (Thermo Scientific), was then excised from the gel with a scalpel 

and purified using a NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel). 

 

 
 

Figure 3.7: Electrophoresis of digested E-cadherin plasmid for extraction of a linear IVT template. 

The digest was electrophoresed on a 0.8% agarose gel (~5 μg per each of 4 lanes), stained with SYBR 

Safe, and imaged with a Gel Doc EZ Imager. The sizes of DNA markers in a 1 kb Plus ladder are shown 

in the left margin. The desired 5,442 bp DNA template fragments (indicated with an arrow), 

containing a T7 promoter and the E-cadherin cDNA insert, were subsequently excised from the gel 

using a Safe Imager Blue Light Transilluminator and a scalpel. 
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3.2.2.7 Agarose gel electrophoresis of analytical restriction digests 

Agarose gel electrophoresis of analytical restriction digests was undertaken as follows. Agarose gels 

(1%) were prepared using agarose LE (Roche, 11685678001) and TAE buffer (10 mM Tris-Cl (pH 8.0), 

1 mM EDTA (pH 8.0)). Digest samples were diluted in water to 5 μL and mixed with 6x loading dye. A 

1 kb Plus DNA ladder was separated alongside the samples in order to determine the molecular 

weights of resolved DNA. Electrophoresis was carried out at 15 V/cm2 for ~60 min. After separation, 

DNAs were stained with SYBR Safe diluted 1:10,000 in TAE buffer for 30 min and then imaged with a 

Gel Doc EZ Imager. 

 

3.2.3 Synthesis of modified mRNA by in vitro transcription, capping, and 
polyadenylation 

3.2.3.1 CFTR mRNA 

3.2.3.1.1 Proteinase K treatment, phenol/chloroform extraction, and ethanol precipitation 

The linearized CFTR plasmid was treated with Proteinase K (NEB, P8107S) to remove residual 

RNAses. Linear CFTR plasmid (10 μg) was mixed with 0.5% SDS, 30 µL 10x CutSmart buffer (NEB), and 

800 U (~20 µg) Proteinase K in a total volume of 300 μL, and incubated at 50˚C for 1 h. The DNA was 

then extracted with phenol/chloroform and precipitated by ethanol as follows: 

1. An equal volume of phenol (Sigma, P4557)/chloroform (EMD Millipore, Billerica, MA) was 

added to the DNA solution. 

2. The mixture was vortexed vigorously until an emulsion formed. 

3. The emulsion was centrifuged at top speed (~15,000 x g) in a microfuge for 1 min at RT. 

4. The aqueous (upper) phase was carefully removed and transferred to a new tube.  

5. Steps 1-4 were repeated if protein was still in the in aqueous phase.  

6. An equal volume of chloroform was added and Steps 2-4 repeated. 

7. One-tenth volume of (RNase-free) 3 M NH4OAc (Ambion, Austin,TX; 9740G) and 2 volumes 

of ice-cold ethanol were mixed with the aqueous phase, and the solution incubated for 1 h 

at –20°C. 

8. The DNA was pelleted by microfuging at top speed for 15 min at 4˚C.  

9. The supernatant was carefully removed.  

10. The pellet was washed with 500 μL of ice cold 70% ethanol. 

11. The pellet was air dried then dissolved in RNase-free dH2O. 
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3.2.3.1.2 In vitro transcription of ARCA-capped modified CFTR mRNA  

The linear CFTR plasmid template was in vitro transcribed using an INCOGNITO T7 ARCA 5mC- & Ψ-

RNA Transcription Kit (CellScript, Madison, WI; C-ICTAMY110510) to synthesize (dual modified) 5-

methylcytosine (5mC) - and pseudouridine (Ψ)-containing, ARCA-capped CFTR mRNA. This process 

was undertaken according to the manufacturer’s instructions and included a DNAse treatment. The 

CFTR mRNA was then recovered using lithium chloride precipitation (Section 3.2.3.3) and then 

polyadenylated (Section 3.2.3.1.4). The integrity and size of the ARCA-capped, modified mRNA was 

examined by bleach agarose gel electrophoresis (Section 3.2.3.5). Untailed CFTR mRNA (4,443 bases) 

migrated at ~3,500 bases relative to the RNA ladder. This was expected as modified RNAs are known 

to migrate faster than unmodified RNAs of identical sequence (personal correspondence with 

CellScript). The polyadenylated mRNA (4,443 bases plus 200+ adenine tail) migrated at ~4,700 bases 

relative to the RNA ladder (Figure 3.8). This was surprising as it indicated a poly(A) tail length of 

1,000+ bases, which is “unheard of” (personal correspondence with CellScript). Thus, presumably 

the tailing reaction counteracted the increased migration velocity provided by the modified bases. 

 

 
 

Figure 3.8: Bleach agarose gel analysis of in vitro transcribed CFTR mRNA. 

In vitro transcribed ARCA-capped, modified CFTR mRNA (0.5 µg) pre- (lane 2) and post- (lane 3) 

poly(A) tailing was mixed with 2x RNA loading dye (containing ethidium bromide), separated by 

bleach agarose gel electrophoresis, and imaged using a Gel Doc EZ Imager. The sizes of RNA markers 

(Thermo Fisher, RiboRuler High Range RNA Ladder Ready-to-Use) are indicated in the left margin.  
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3.2.3.1.3 In vitro transcription of Cap 1 modified CFTR mRNA  

The linear CFTR plasmid template was also in vitro transcribed using an INCOGNITO T7 Ψ-RNA 

Transcription Kit (CellScript, C-ICTY110510). This process was undertaken according to the 

manufacturer’s instructions and included a DNAse treatment. The resultant mRNA was single-

modified (Ψ-containing) only, as it works as well as dual-modified (5mC- & Ψ) mRNAs in most 

systems and applications (personal correspondence with CellScript). The uncapped mRNA was then 

recovered using lithium chloride precipitation (Section 3.2.3.3). The mRNA was then simultaneously 

capped to Cap 0 and 2'-O-methylated to Cap 1 mRNA using a ScriptCap m7G Capping System 

(CellScript, C-SCCE0610) and a ScriptCap 2'-O-Methyltransferase Kit (CellScript, C-SCMT0610). The 

mRNA was subsequently polyadenylated as follows.   

 
3.2.3.1.4 Polyadenylation 

CFTR mRNA transcripts were polyadenylated using the A-Plus Poly(A) Polymerase Tailing Kit 

(CellScript; C-PAP5104H). A polyadenylation reaction of 90 min was used to generate tails >200 

bases as per the user instructions. The rationale for the reaction duration was that CFTR mRNA 

requires a tail of at least 70-120 bases to produce functional full-length protein (Bangel-Ruland et al., 

2013), the initial length of poly(A) tails on mammalian mRNAs is ∼250 nucleotides, and mRNAs with 

longer tails are translated better than mRNAs with shorter tails (Eckmann, Rammelt, & Wahle, 2011).  
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3.2.3.2 E-cadherin mRNA 

The linear E-cadherin DNA template was in vitro transcribed using a mMESSAGE mMACHINE T7 

ULTRA Kit (Invitrogen, AM1345) into mRNA. Transcription included (ARCA) capping and poly(A) 

tailing procedures to improve mRNA stability and translation. This process included a DNAse 

treatment. The uncapped mRNA was then recovered using lithium chloride precipitation 

(section3.2.3.3). The integrity of the mRNA was assessed via bleach agarose gel electrophoresis 

(Section 3.2.3.5). Untailed mRNA was also electrophoresed for comparison. A 1 Kb Plus DNA ladder 

(Invitrogen) was run on the gel as a rough guide to sizing as an RNA ladder was unavailable at the 

time. RNA migrates faster than DNA of the equivalent size. The untailed mRNA (4,815 bases) 

migrated to around 3,500 bp relative to the DNA ladder, whereas the poly(A) tailed mRNA migrated 

to around 3,800 bp (Figure 3.9). This indicated that tailing was successful. The mRNA bands were 

relatively distinct indicating that the mRNA was intact. 

 

 
 

Figure 3.9: Electrophoretic separation of in vitro transcribed E-cadherin mRNA. 

In vitro transcribed E-cadherin mRNA pre- (1 µg; lane 2) and post- (0.5 µg; lane 3) poly(A) tailing was 

mixed with 6x loading dye, resolved by bleach agarose gel electrophoresis, and imaged using a Gel 

Doc EZ Imager. The sizes of the DNA markers (1 Kb Plus DNA Ladder) are indicated in the left margin. 
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To verify that the E-cadherin mRNA could generate full-length E-cadherin protein, the mRNA was 

transfected into AGS cells and E-cadherin-deficient Chinese hamster ovary CHO-K1 cells using 

Lipofectamine 2000. Other sets of cells were transfected with Lipofectamine only as controls. E-

cadherin protein expression was assessed 24 h after treatment by Western blotting. The blot 

showed that E-cadherin mRNA transfection produced a protein band at the expected molecular 

weight of E-cadherin (135 kDa) in both cell lines (Figure 3.10). Notably, E-cadherin protein expression 

was much greater in CHO-K1 cells than in AGS cells.  

 

 
 

Figure 3.10: Transfection of E-cadherin mRNA into E-cadherin-deficient cells produces full-length E-
cadherin protein. 

AGS (1 x 105/well and 2 x 105/well (*)) and CHO K1 (1 x 105/well) cells were seeded into 12-well 

plates, incubated overnight, and then transfected with vehicle (−) or 2.5 μg of E-cadherin mRNA 

which had been mixed with Lipofectamine 2000 (+). After 24 h, total cell protein was isolated using 

SDS sample buffer, and the lysates were separated by SDS-PAGE on a 6% polyacrylamide gel. The 

proteins were transferred onto a PVDF membrane, and the blot sequentially probed with a rabbit 

monoclonal anti-E-cadherin antibody (Cell Signaling; #24E10) and a goat anti-rabbit HRP-conjugated 

antibody. The blot was subsequently probed with an anti-β actin antibody to detect β actin as a 

loading control. The figure indicates the expected size of E-cadherin protein (135 kDa). Arrows 

indicate the position of the faint E-cadherin protein bands produced by transfection of E-cadherin 

mRNA into AGS cells. The sizes of molecular weight markers are indicated in the left margin. 
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3.2.3.3 Lithium chloride mRNA precipitation 

Lithium chloride precipitation solution (AM9480, Invitrogen) was used to precipitate mRNA from 

transcription reactions. Briefly, lithium chloride solution (7.5 M) was added to the mRNA solution to 

a final concentration of 2.5 M, and the solution mixed well and then chilled at –20°C for 30+ min. 

The solution was then centrifuged at 15,000 x g in a microcentrifuge for 15 min. The supernatant 

was discarded, and the pellet washed with ice-cold 70% EtOH to remove residual salt. The pellet was 

then air-dried and resuspended in nuclease-free water. 

 

3.2.3.4 mRNA quantification and storage 

Poly(A)-tailed mRNAs were resuspended after lithium chloride precipitation in RNAse-free water, 

and quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific). The mRNA was then 

stored at -80°C. 

 

3.2.3.5 Bleach agarose gel electrophoresis  

The size and integrity of the mRNAs were examined by bleach agarose gel electrophoresis (Aranda, 

LaJoie, & Jorcyk, 2012). Briefly, a 1% (w/v) agarose solution was prepared using 1x TAE buffer. Clorox 

bleach (1% v/v) was then added to the solution, and the solution was incubated at room 

temperature for 5 min with occasional swirling. The solution was then heated to melt the agarose, 

cooled, and poured to form the ‘bleach gel’. Once set, the gel was covered with 1x TAE buffer. Pre- 

and post-poly(A) tailing in vitro transcribed mRNAs (0.5 µg) were mixed with RNAse-free water and 

2x RNA loading dye (supplied with the RiboRuler High Range RNA Ladder; Thermo Fisher Scientific, 

SM1821). The samples and the RiboRuler High Range RNA Ladder were heated at 70˚C for 10 min, 

then chilled on ice and loaded on the gel. Gels were electrophoresed at 15 V/cm, and imaged using 

UV transillumination and a Gel Doc EZ Imager (Bio-Rad).  
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3.2.4 Cell lines 

Unless otherwise specified, all cell lines were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA). All cell lines were adherent. The AGS, A549, HEK293T, HepG2, HT-29, MCF-7, 

and MDA-MB-231 cell lines are described in Sections 1.2.3 and 2.2.3.1.  

 
Caco-2: a human colorectal adenocarcinoma cell line derived from a male. The cell line was obtained 

from the ATCC and provided by Neuronz, Auckland.  
CFPAC-1 (ATCC, CRL-1918): a human pancreatic (metastatic: liver) ductal adenocarcinoma cell line 

derived from a 26 year old Caucasian male with cystic fibrosis. 

CHO-K1: was derived as a subclone from the parental CHO cell line initiated from a biopsy of an 

ovary of an adult Chinese hamster (Puck, Cieciura, & Robinson, 1958).  

COS-1: an African green monkey kidney cell line transformed with origin-deficient SV40. The cell line 

was kindly donated by Professor Phil Crosier (University of Auckland). 

CuFi-1 (ATCC, CRL-4013): a human bronchial lung epithelium cell line derived from a 14 year old 

female with cystic fibrosis. 

DU145 (ATCC, HTB-81): a human prostate carcinoma cell line derived from a metastatic site in the 

brain of a male with prostate cancer. 

HeLa: a human cervix adenocarcinoma cell line derived from a 31 year old black female. 

 

3.2.5 Tissue culture media 

Iscove's Modified Dulbecco's Medium (Invitrogen, 12440053). 

Other media used are described in Section 1.2.4.  

 

3.2.6 Cell culture 

AGS, A549, and CHO-K1 cells were cultured in Ham's F-12K (Kaighn's) medium (Invitrogen, 21127-

022) supplemented with 10% FBS. HT-29, MCF-7, and MDA-MB-231 cell lines were cultured in 

DMEM/F12 medium (Invitrogen, 11320-033) supplemented with 10% FBS. COS-1, HeLa, and 

HEK293T cells were cultured in DMEM medium (Invitrogen, 11995-065) supplemented with 10% 

FBS. CFPAC-1 cells were cultured in Iscove's Modified Dulbecco's Medium (Invitrogen, 12440053) 

supplemented with 10% FBS. CuFi-1 cells were cultured in serum-free Bronchial Epithelial Growth 

Medium (Lonza, Visp, Switzerland; CC-3171) supplemented with the contents of a SingleQuot kit 

(Lonza, CC-4175).   
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3.2.7 Peptides 

Table 11: Peptides used in testing the ability of Xentry to deliver mRNA transcripts into epithelial 
cells 

Name Abbrev. Sequence N-terminus C-terminus 

Xentry  lclrpvg TAMRA  

Xentry-protamine XP lclrpvggrsqsrsryyrqrqrsrrrrrrs biotin  

Xentry-protamine XP lclrpvggrsqsrsryyrqrqrsrrrrrrs TAMRA  

THALWHT   THALWHT TAMRA  

Xentry-THALWHT  LCLRGGTHALWHT TAMRA  

THALWHT-Xentry-

KHYR-protamine 

TX-XP THALWHTGlclrpvGKHYRGlclrpvgrsqsrs

ryyrqrqrsrrrrrrsk 

 TAMRA 

Xentry-GFE-1  LCLRGGKHYRGGCGFECVRQCPERCG TAMRA  

Xentry-TFF3 XTFF3 LCLRGEEYVGLSANQCAVPAKDRVDCGYP

HVTPKECNNRGCCFDSRIPGVPWCFKPL

QEAECTF 

TAMRA  

 

The peptides were synthesized as L-isomers (uppercase) and D-isomers (lowercase) by Peptide 2.0 

Inc. (Chantilly, VA). The peptides were dissolved in 1 mM dithiothreitol (DTT; in water) to 0.5 mM, 

with warming (< 40°C) and vortexing applied to maximise dissolution. Peptide stocks were stored as 

single-use aliquots at -80˚C.  

 

3.2.8 Western blot analysis 

3.2.8.1 Cell transfections  

Cells were seeded at 4 x 105 cells/well in TC-treated 12-well plates (BD Falcon) in 1 mL of culture 

media the day prior to transfection. Transfection reagents: vehicle/water, XP-biotin (10 µg), and 

MessengerMax/Lipofectamine 2000 (3 μL) were diluted separately in 50 µL Opti-MEM Reduced 

Serum Medium, no phenol red (Invitrogen, 11058021), and incubated for 10 min at room 

temperature. Vehicle/water and CFTR mRNA (5 μg) were also diluted in 50 µL of OptiMEM. 

Transfection reagents and mRNA solutions were then mixed, and the mixtures incubated at room 

temperature for 5 min. Chloroquine*, E6446, or Vehicle/DMSO were then added to these mixtures 

as indicated. The solutions were then added dropwise to the media in the respective wells, and the 

plates rocked gently by hand to disperse the treatment solutions. The cells were then incubated for 
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24 h. Where indicated, treatment solutions were removed from cells after 4 h and replaced with 

fresh culture media. 

 

*Chloroquine diphosphate (Sigma, C6628) was dissolved in water to 30 mM and stored at -20˚C.  

E6446 (614315, Merck Millipore) was dissolved in DMSO to 20 mM and stored at -20˚C. 

  

3.2.8.2 Lysate sample preparations  

CFTR mRNA transfections 

Twenty-four hours after transfection, the cells were washed with 1 mL of fridge-cold PBS, and then 

lysed with 50 µl of 1% Triton X-100 lysis buffer* and placed on ice for 30 min. The lysates were 

collected by cell scraper and centrifuged at ~13,000 x g for 15 min at 4°C. The supernatants were 

removed and their protein concentrations measured using a bicinchoninic acid assay (BCA) assay 

(Pierce, 23225). Samples containing ~7-20 µg of lysate protein were mixed with 4x SDS sample 

buffer** and incubated at 37°C for 15 min.   

 

*1% Triton X-100 lysis buffer: 1 mM Tris, 15 mM NaCl, 0.2 mM EDTA, 1% Triton X-100 (Sigma, X100), 

and 1 x protease inhibitor (Sigma, S8820). 

**4x SDS sample buffer (10 mL): 250 μM Tris-HCl (pH 6.8), 8% SDS, 40% glycerol, 4 mg bromophenol 

blue, and 200 mM DTT. Aliquoted and stored at -20˚C.  

 

E-cadherin mRNA transfections 

Twenty-four hours after transfection, the cells were washed with 1 mL of fridge-cold PBS, and then 

lysed with 40 μL of 1X SDS Sample Buffer*. The lysates were then placed on ice and sonicated to 

shear DNA. Lysate protein concentrations were measured using the Pierce BCA assay. Equal volumes 

of lysate or equal amounts of lysate protein were mixed with 6x loading dye (300 mM DTT, 0.06% 

bromophenol blue) and incubated at 95°C for 5 min. The samples were then chilled on ice for 2 min 

and centrifuged for 1 min. Note that the charge ratios of the components indicated were calculated 

as the N:P ratio, which is the molar ratio of the amine groups in the CPP to the phosphates in the 

DNA. 

 

*1X SDS Sample Buffer: 62.5 mM Tris (pH 6.8), 2% SDS, 10% glycerol, and protease inhibitors: 

Complete Mini (Roche; 2x concentration), soybean trypsin inhibitor (STI; 5 μg/mL), pepstatin A (10 

μg/mL). 
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3.2.8.3 Antibodies 

Table 12: Antibodies used for Western blot analysis of mRNA transcript delivery by Xentry 
peptides. 

Antibody/antigen Antibody type Dilution Supplier Cat. no. 

E-cadherin (24E10) Rabbit 

monoclonal  

1:2,000 Cell Signaling (MA, USA) 3195 

CFTR Mouse 

monoclonal 

1:1,000 Merck Millipore (Darmstadt, 

Germany) 

MM13.4 

β actin Rabbit 

polyclonal 

1:4,000 Abcam (Cambridge, MA) AB8227 

Anti-rabbit HRP-

conjugated 

Goat polyclonal 1:10,000 Sigma (St. Louis, MO) A-0545 

Anti-mouse HRP-

conjugated 

Goat polyclonal 1:10,000 Bethyl (Montgomery, TX) A90-

105P 

HRP, horseradish peroxidase. 

 

3.2.8.4 SDS-PAGE and Western blotting 

Samples were resolved on 6% (w/v) polyacrylamide Tris-tricine or 8% (w/v) polyacrylamide Tris-

glycine SDS-gels prepared in Amersham Biosciences Mighty Small II electrophoresis tanks. A 

Precision Plus protein all blue ladder (Bio-Rad) was separated alongside the samples in order to 

determine the molecular weights of resolved proteins. Electrophoresis was carried out at 30 V for 

the first 30 min and then at 150 V for 1-2 h. During this time, PVDF membranes (Amersham Hybond 

P 0.45, GE Healthcare, Little Chalfont, UK) were wetted with methanol and equilibrated with 

Western blot transfer buffer*. After separation of the lysates/proteins, gels were placed in transfer 

buffer for 5 min, before being assembled together with the membrane and Whatman filter papers 

into a transfer ‘sandwich’. The sandwich stack was placed in a semi-dry Hoeffer TE77 transfer unit, 

and electrophoretic transfer was carried out at 50 V, 50 mA for 1.5 h. Blots were then washed briefly 

and blocked for 1 h at room temperature with 5% non-fat dry milk in Tris-buffered saline/Tween 

(TBST: 10 mM Tris HCl, pH 7.4; 140 mM NaCl; 0.1% Tween 20). Blots were then incubated overnight 

at 4°C with anti-CFTR or anti-E-cadherin primary antibodies (Table 12) diluted in 4 mL of 5% 

BSA/TBST. Blots were then washed with water and TBST before being incubated for 1 h at room 

temperature with the species appropriate anti-IgG HRP-conjugated antibody (Table 12) diluted in 10 

mL of 5% non-fat dry milk/TBST. After washing the membrane with water and TBST again, detection 

of antigens was carried out using ECL Advance (Amersham, GE Healthcare) and a Fujifilm LAS-3000 
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CCD camera-based luminescence imager. Blots were subsequently probed with an anti-β actin 

antibody (Table 12) to detect β actin as a loading control. Inactivation of HRP on blots was 

undertaken first, in some instances, by incubating blots with hydrogen peroxide solution (Sigma, 

H1009) for 30 min at 37°C, then reblocking the membrane. An anti-rabbit HRP-conjugated secondary 

antibody (Table 12) was used to detect the β actin antibody. 

 

*10X transfer buffer recipe (1 L): 30.3 g Tris base, 144.1 g glycine, water.  

1X transfer buffer (1 L): 100 mL 10X stock, 700 mL water, 200 mL methanol, chill to 4°C. 

 

3.2.9 E-cadherin immunofluorescence staining 

CHO-K1 and MDA-MB-231 cells (2.5 x 103/well) were seeded in 16-well chamber slides (Thermo 

Fisher, Lab Tek) and incubated overnight. They were then treated in a 100 μL volume with vehicle or 

0.25 μg ARCA-capped E-cadherin mRNA which had been mixed with 1 μg of XP −/+ 100 μM 

chloroquine, 1 µg of XP + 20 μM E6446, or Lipofectamine 2000. After 24 h the cells were fixed with 

4% formaldehyde (diluted in PBS) for 15 min, and then permeated with ice-cold methanol for 10 

min. The cells were then probed with a rabbit monoclonal anti-E-cadherin antibody (Cell Signaling, 

3195) diluted 1:200 in PBS and incubated overnight at 4°C. The cells were washed thrice with PBS for 

5 min, and incubated for 2 h at room temperature with a FITC-labelled goat anti-rabbit IgG antibody 

(Sigma-Aldrich, F9887) diluted at 1:1000 in PBS. The cells were washed thrice with PBS for 5 min, and 

then counterstained with Prolong Gold Antifade Reagent with DAPI (Thermo Fisher, P36935), and a 

coverslip added to the slide. Images were recorded at 100X magnification using a Nikon E600 

fluorescent microscope, digital camera (DXM1200F), and ACT-1 software.   

 

3.2.10 Peptide uptake studies  

3.2.10.1 Confocal microscopy 

Analysis of TAMRA-labelled peptide uptake by confocal microscopy was carried out as described 

previously (Holm et al., 2006), with minor modifications. Briefly, cells (6.6 x 104/ well) were seeded 

the day prior to the experiment in 8-well µ-Slides (Ibidi, Martinsried, DE; 80826). The next day, 

TAMRA-labelled peptide solutions (300 μl, 5 or 10 μM) and control solutions were prepared in 

serum-free medium. The cells were washed twice with PBS (300 μL) and then incubated with the 

peptide solutions for 1 or 3 h at 37˚C. The cells were then washed thrice with PBS (300 μL), and 

complete media was added. The live cells were subsequently viewed for a maximum of 30 min. 

Images were captured with an LSM 710 inverted confocal microscope (Zeiss, Germany) equipped 
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with a 63×/1.4NA oil immersion objective and handled with a TCS SP2 system equipped with an 

Acoustic Optical Beam Splitter (AOBS). Excitation was with 405nm diode, argon, diode-pumped solid 

state (561nm), and helium-neon (633nm) lasers. Images were captured and processed with Zeiss Zen 

Black 2011 software. Settings (gain, exposure, etc.) were kept constant for all images in an 

experiment.  

 

3.2.10.2 Spectrofluorometry 

The quantification of TAMRA-labelled peptide uptake by spectrofluorometry was carried out as 

described previously (Holm et al., 2006; Mäe, Myrberg, El-Andaloussi, & Langel, 2009), with minor 

modifications. Cells (2.5 x 105/well) were seeded on a 12-well plate 1 day before the experiment. 

The next day the cells were washed twice with PBS (1 mL) and incubated with TAMRA-labelled 

peptides (500 μL, 5 μM) for 1 h at 37˚C. The cells were washed and treated with 1x trypsin-EDTA at 

37°C until detachment. PBS (1 mL) was then added to the wells and the cells were collected and 

centrifuged for 5 min at 4˚C at 1,000 x g. Cell pellets were lysed with 0.1 M NaOH (300 μL) for 1 h at 

4˚C, and the lysates were centrifuged for 10 min at 4˚C at 10,000 x g. Lysate supernatants (250 μL) 

were transferred to a black 96-well plate and fluorescence (546/579 nm) was measured with an 

EnSpire 2300 Multilabel Plate Reader (Perkin Elmer, Waltham, MA). Protein concentrations of lysate 

supernatants were also determined using the BCA assay (Pierce). The peptide molarity in the 250 μl 

of lysate was calculated using the correlation between fluorescence and peptide concentration 

derived from a dilution series of the TAMRA-labelled peptides.  Peptide molarity was then divided by 

the amount protein in the lysate to obtain uptake in mol/mg−1.  

 

3.2.11 Prostasin cleavage site assay 

Peptides were dissolved in reaction buffer (25 mM Tris, pH 9.0, 1% CHAPS, 0.5 mM DTT) to 0.5 mM. 

Activated recombinant human prostasin/Prss8 (R&D Systems, Minnneapolis, MN; 4599-SE) was 

dissolved in buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 10 mM CaCl2). TAMRA-labelled TX-XP peptide 

(30 pmol) was mixed with 1 µg of prostasin or buffer in 2.9 μL total volumes, and the solutions were 

incubated for 2 h at 37°C. The solutions were then mixed with 1 μL of ‘reduced SDS’ 4x sample buffer 

and incubated at 37°C for 30 min. The sample buffer (3% SDS (w/v), 200 mM DTT, 30% glycerol 

(w/v), 150 mM Tris-HCl (pH 7.0)) and reduced volumes are recommended for the optimal resolution 

of small peptides (Schagger, 2006). The samples were then separated by reducing Tricine-SDS-PAGE 

(Section 3.2.8.4) with the inclusion of 6 M urea (Schagger, 2006) over 4 h. TAMRA-labelled Xentry-

protamine and Precision Plus Protein Dual Xtra Prestained Protein Standards (Bio-Rad, 1610377) 
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were also separated on the gel for reference. The gel was then imaged using a Gel Doc EZ Imager 

(Bio-Rad) and UV illumination.  
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3.3 Results 

3.3.1 CFTR 

3.3.1.1 Xentry-protamine plus E6446 transfects ARCA-capped, modified CFTR mRNA 
into human embryonic kidney cells  

Human embryonic kidney HEK293T cells express neither CFTR mRNA nor protein (Domingue et al., 

2014). To determine whether XP can deliver translatable CFTR mRNA into human cells, cultured 

HEK293T cells were treated with 2.5 μM Xentry-protamine (XP; 10 μg) which had been mixed with 5 

μg of ARCA-capped, modified CFTR mRNA41. Another set of cells was treated similarly, but with the 

addition of 10 μM E6446 to test whether E6446 might assist XP in transfection. As controls, further 

sets of cells were transfected with CFTR mRNA mixed with vehicle or with the commercially available 

transfection reagent Lipofectamine MessengerMAX (MessengerMAX). The cells were lysed 24 h after 

treatment, and CFTR protein expression was examined by Western blotting. The results from this 

preliminary study show that CFTR mRNA transfection by XP alone was unable to produce detectable 

CFTR protein (Figure 3.11). Adding 10 μM of E6446 to XP and the mRNA produced detectable CFTR 

protein. Transfection by XP/E6446 produced less CFTR protein than transfection by MessengerMax, 

though.  

 

  

                                                           
41 Equivalent to a 1.67:1 (positive/negative) charge ratio. 
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Figure 3.11: Xentry-protamine (XP) transfects ARCA-capped, modified CFTR mRNA into HEK293T 
human embryonic kidney cells. 

Western blot analysis of HEK293T cells 24 h after treatment with 5 μg of ARCA-capped, modified 

CFTR mRNA (+) or buffer (−) which had been mixed with 10 µg of XP +/- 10 μM E6446 or 

MessengerMax transfection agent. The blot was probed with a monoclonal anti-CFTR antibody to 

detect the CFTR protein, and an anti-β actin antibody to detect β actin as a loading control. The 

position of the expected CFTR band size (170 kDa) is indicated. The sizes of molecular weight 

markers are indicated in the left margin.  
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3.3.1.2 Xentry-protamine transfects type 1-capped, modified CFTR mRNA into human 
embryonic kidney cells 

In the previous test (Figure 3.11), E6446-only controls had been overlooked. Therefore the test was 

repeated with the addition of the E6446 controls. Additionally, the ARCA-capped, modified CFTR 

mRNA was replaced with type 1 capped, modified CFTR mRNA in order to increase translation 

efficiency (Slagter-Jäger et al.). As such, HEK293T cells were treated with 2.5 μM Xentry-protamine 

(XP; 10 μg) which had been mixed with 5 μg of type 1-capped, modified CFTR mRNA 42 +/− 10 or 20 

μM E6446. Other sets of cells were treated with type 1-capped, modified CFTR mRNA mixed with 

vehicle, E6446, or MessengerMAX as controls. The cells were lysed 24 h after treatment and 

examined for CFTR protein expression by Western blotting. The blot showed that CFTR mRNA 

transfection by XP produced weak but detectable CFTR expression (Figure 3.12), which was not 

apparent in the previous test (Figure 3.11), suggesting that the type 1-capped mRNA gave better 

expression than the ARCA-capped mRNA. Ideally, the two types of mRNA would have been 

compared in a single test, but this was not possible due to time constraints. The blot also showed 

that the addition of 10 and 20 μM E6446 to mRNA transfection by XP produced increasingly more 

CFTR expression. Transfection by XP and E6446 produced less CFTR than transfection by 

MessengerMax, though.  

 

 

  

                                                           
42 Equivalent to a 1.67:1 (positive/negative) charge ratio. 
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Figure 3.12: Xentry-protamine (XP) transfects type 1-capped, modified CFTR mRNA into HEK293T 
human embryonic kidney cells. 

Western blot analysis of HEK293T cells 24 h after treatment with 5 μg of 1-capped, modified CFTR 

mRNA (+) or buffer (−) which had been mixed with 10 µg of XP +/- 10 or 20 μM E6446 (E) or 

MessengerMax transfection agent. The blot was probed with a monoclonal anti-CFTR antibody to 

detect the CFTR protein and an anti-β actin antibody to detect β actin as a loading control. The 

position of the expected CFTR band size (170 kDa) is indicated in the figure. An arrow indicates the 

faint CFTR band produced by transfection of CFTR mRNA with XP. The sizes of molecular weight 

markers are indicated in the left margin.  
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3.3.1.3 Xentry-protamine plus E6446 weakly transfects ARCA-capped, modified CFTR 
mRNA into human lung carcinoma cells   

A549 human lung carcinoma cells, which express neither CFTR mRNA nor protein (Renier et al., 

1995), were treated with 5 µg of ARCA-capped, modified CFTR mRNA that had been mixed with 10 

μg of XP 43 +/- 20 or 40 μM E6446 to determine whether XP could transfect CFTR mRNA into human 

lungs cells. Other sets of A549 cells were transfected with CFTR mRNA mixed with vehicle or with 

MessengerMAX as controls. After 24 h the cells were lysed, and CFTR protein expression was 

examined by Western blotting. Transfection of the CFTR mRNA by XP +/− 20 μM E6446 was unable 

to produce detectable CFTR protein (Figure 3.13). The results from this preliminary study show that 

transfection using a combination of XP + 40 μM E6446 produced a very faint band of CFTR protein. In 

contrast, CFTR mRNA transfection by MessengerMax produced a large amount of CFTR protein.  

                                                           
43 Equivalent to a 1.67:1 (positive/negative) charge ratio. 
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Figure 3.13: Xentry-protamine plus E6446 transfects ARCA-capped, modified CFTR mRNA into A549 
human lung carcinoma cells. 

Western blot analysis of A549 cells 24 h after treatment with 5 μg of CFTR mRNA (+) or buffer (−) 

which had been mixed with 10 µg of XP +/− 20 or 40 μM E6446 (E). The blot was probed with a 

monoclonal antibody to detect CFTR protein, and an anti-β actin antibody to detect β actin as a 

loading control. An arrow indicates the position of the faint CFTR protein band produced by 

transfection of CFTR mRNA with XP + 40 μM E6446. The sizes of molecular weight markers are 

indicated in the left margin. Note that the brightness and contrast of this blot has been enhanced for 

clarity.  
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3.3.1.4 Xentry-protamine is unable to transfect ARCA-capped, modified CFTR mRNA into 
human lung cells with CF mutation 

The human airway epithelial cell line CuFi-1, derived from the lung of a patient with CF homozygous 

for the common ΔF508 mutation (Zabner et al., 2003), was transfected with ARCA-capped, modified 

CFTR mRNA as described above in order to determine whether XP can successfully deliver CFTR 

mRNA into CF human lung cells. After 24 h the cells were lysed, and CFTR protein expression was 

examined by Western blot analysis. The results from this preliminary study show that transfection of 

the CFTR mRNA by XP +/− E6446 was unable to produce detectable CFTR protein (Figure 3.14). In 

contrast, CFTR mRNA transfection by MessengerMax produced a clear band of CFTR protein. 

 

 

 
 

Figure 3.14: XP plus E6446 is unable to transfect ARCA-capped, modified CFTR mRNA into CuFi-1 
human lung cells. 

Western blot analysis of CuFi-1 cells 24 h after treatment with 5 μg of CFTR mRNA (+) or buffer (−) 

which had been mixed with 10 µg of XP +/− 20 or 40 μM E6446 (E). The blot was probed with an 

antibody to detect CFTR protein and an anti-β actin antibody to detect β actin as a loading control. 

The sizes of molecular weight markers are indicated in the left margin.  
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3.3.1.5 Xentry-protamine is unable to transfect ARCA-capped, modified CFTR mRNA into 
human pancreatic cells with CF mutation 

The human pancreatic adenocarcinoma cell line (CFPAC-1), derived a patient with CF homozygous 

for the common ΔF508 mutation (Schoumacher et al., 1990), was transfected with ARCA-capped, 

modified CFTR mRNA as described above in order to determine whether XP can successfully deliver 

CFTR mRNA into CF human pancreatic cells. After 24 h the cells were lysed, and the lysates were 

examined for CFTR protein expression by Western blotting. The results from this preliminary study 

show that transfection of the CFTR mRNA by XP +/− E6446 was unable to produce detectable CFTR 

protein (Figure 3.15). In contrast, CFTR mRNA transfection by MessengerMax produced a clear band 

of CFTR protein. 

 

  

 

 
 

Figure 3.15: XP plus E6446 is unable to transfect CFTR mRNA into CFPAC-1 human pancreatic cells. 

Western blot analysis of CFPAC-1 cells 24 h after treatment with 5 μg of CFTR mRNA (+) or buffer (−) 

which had been mixed with 10 µg XP +/− 20 or 40 μM E6446 (E). The blot was probed with an 

antibody to detect CFTR protein and an anti-β actin antibody to detect β actin as a loading control. 

The sizes of molecular weight markers are indicated in the left margin. 
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3.3.1.6 Lung-homing Xentry fusion peptides preferentially enter lung cells 

Two Xentry-based lung-homing peptides, Xentry-THALWHT and Xentry-GFE-1, were designed and 

tested for cell entry and cell specificity. 

 

3.3.1.6.1 Xentry-THALWHT 

The seven amino acid peptide THALWHT shows a tropism towards airway epithelial cells (Jost et al., 

2001). Thus, adding the THALWHT motif to Xentry-based peptides may help them home to and enter 

lung cells specifically. To test this idea, a TAMRA-labelled peptide fusing the Xentry and THALWHT 

motifs (LCLRGGTHALWHT), and designated Xentry-THALWHT, was synthesized for testing. To test 

the cell-penetrating abilities of Xentry-THALWHT, it was added at 5 µM to cultured A549 lung cancer 

cells and CuFi-1 cystic fibrosis lung cells for 1 h. Other sets of cells were cultured with TAMRA-

labelled Xentry and THALWHT peptides for comparison. Peptide uptake was then recorded 

quantitatively by spectrofluorometry and by confocal microscopy. The results show that TAMRA-

Xentry-THALWHT entered the cells, with uptake ~4-fold greater than TAMRA-Xentry and ~20-fold 

greater than TAMRA-THALWHT (Figure 3.16). 
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Figure 3.16: Lung-homing Xentry fusion peptide Xentry-THALWHT enters lung cells. 

A) Confocal microscopy of live A549 and CuFi-1 cells 1 h after incubation with 5 μM TAMRA-labelled 

Xentry, THALWHT, and Xentry-THALWHT peptides. Images were recorded at 630x magnification; DIC 

(left column) and corresponding fluorescence mode (red; right column); scale bars = 20 µM. B) 

Graphical representation of peptide uptake in A549 and CuFi-1 cells 1 h after incubation with 5 μM 

A 

B 
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TAMRA-labelled peptides. The cells were lysed with 0.1 M NaOH and the amount of fluorescence in 

the cell lysates was measured. The peptide molarities in the lysates were derived from a standard 

curve and then normalized to the lysate protein concentrations. The results are presented as the 

mean + SEM (n = 6). 

 

 

The cervical cancer cell line HeLa was reported to be poorly bound and transfected by THALWHT-

containing peptides relative to human lung cell lines (Jost et al., 2001). To test if Xentry-THALWHT 

selectivity enters lung cells, HeLa, MCF7 breast cancer cells, and CuFi-1 cystic fibrosis lung cells were 

cultured with 10 µM TAMRA-labelled peptides for 1 h. Uptake of TAMRA-labelled peptides was 

recorded by live cell confocal microscopy. The images from this preliminary study show that Xentry-

THALWHT bound or entered HeLa and MCF7 cells relatively poorly compared to CuFi-1 (Figure 3.17). 
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Figure 3.17: Lung-homing Xentry peptide Xentry-THALWHT preferentially enters lung cells. 

Confocal imaging of live HeLa (cervical), MCF-7 (breast), and CuFi-1 (lung) cells 1 h after incubation 

with 10 μM TAMRA-labelled peptides. Images were recorded at 630x magnification; DIC (left 

column) and corresponding fluorescence mode (red; right column); scale bar = 20 µM.  
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3.3.1.6.2 Xentry-GFE-1 

The thirteen amino acid peptide CGFECVRQCPERC (designated GFE-1) has also shown a tropism 

towards airway tissue, selectively binding to mouse lung vasculature after intravenous injection (D. 

Rajotte et al., 1998). The lung airway receptor for GFE-1 was subsequently identified as membrane 

dipeptidase (Daniel Rajotte & Ruoslahti, 1999), a membrane-bound glycoprotein expressed mainly in 

the lung and kidney (Keynan, Hooper, & Turner, 1997). Adding the GFE-1 motif to Xentry peptides 

might help them home to lung cells specifically. As such, a peptide fusing Xentry and GFE-1 motifs 

was designed (LCLRGGKHYRGGCGFECVRQCPERCG; Xentry-GFE-1) and synthesized for testing. The 

peptide also included a KHYR motif, cleavable by the membrane-bound protease prostasin that is 

highly expressed in airways, for potential subsequent testing (refer to Section 3.3.1.7). To compare 

the cell-penetrating ability of Xentry with Xentry-GFE-1, A549 lung cancer cells were cultured with 5 

µM TAMRA-labelled peptides for 3 h. Peptide uptake was then examined by confocal microscopy. 

The results from this preliminary study show that TAMRA-Xentry-GFE-1 bound or entered A549 cells 

far greater than Xentry alone, with the perinuclear punctate staining pattern suggesting mostly cell 

entry into endosomes (Figure 3.18). 
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Figure 3.18: Lung-homing Xentry fusion peptide Xentry-GFE-1 enters lung cells. 

Confocal microscopy of live A549 cells 3 h after incubation with 5 μM TAMRA-labelled Xentry and 

Xentry-GFE-1 peptides. Images were recorded at 630x magnification; DIC (left column) and 

corresponding fluorescence (red; right column); scale bar = 20 µM. 
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COS-1 cells are reported to be deficient in membrane dipeptidase (MDP) (Keynan et al., 1997), the 

receptor for GFE-1 which is highly expressed in the lungs. To test if Xentry-GFE-1 uptake is 

dependent on MDP expression, COS-1 cells and A549 lung cancer cells were cultured with 5 μM 

TAMRA-Xentry-GFE-1 for 3 h. The uptake of TAMRA-labelled peptide was then recorded by live cell 

confocal microscopy. The images from this preliminary study show that TAMRA-Xentry-GFE-1 

entered A549 cells more efficiently than COS-1 cells (Figure 3.19). While this result provides 

tentative evidence of cell-specificity, a much larger panel of different cell lines would need to be 

examined before any conclusion can be made. 

 

 
Figure 3.19: Lung-homing peptide Xentry-GFE-1 enters lung cells more efficiently than it enters 
membrane dipeptidase-deficient cells. 

Confocal imaging of live A549 (lung) and COS-1 (membrane dipeptidase-deficient) cells 3 h after 

incubation with 5 μM TAMRA-Xentry-GFE-1. Images were recorded at 630x magnification; bright 

field (left column) and corresponding fluorescence mode (red; right column); scale bar = 20 µM. 
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3.3.1.7 Lung protease prostasin ‘activates’ activatable lung-homing Xentry-protamine  

Xentry when arranged in tandem is not cell-penetrating (Montrose et al., 2014). Linking tandem 

Xentry peptides by a short protease-cleavable peptide sequence creates a non-penetrating peptide 

which can be cleaved (‘activated’) to allow cell penetration. This design could be used to enhance 

tissue-specific targeting by Xentry by using a cleavage sequence specific to proteases expressed by 

the target tissue. The tandem Xentry arrangement should prevent cell penetration until the peptide 

reaches the target tissue and the linker motif is cleaved by the tissue-specific proteases present at 

the cell-surface or secreted by the cells (Montrose et al., 2014). To test whether this design could be 

applied to enhance mRNA delivery by Xentry peptides to lung epithelia a suitable protease and its 

cleavage motif were identified. The membrane-bound protease prostasin is highly expressed in 

cystic fibrosis airways (Shipway et al., 2004; Tong, Illek, Bhagwandin, Verghese, & Caughey, 2004), 

and the amino acid sequence KHYR is a prostasin cleavage motif (Shipway et al., 2004). A prostasin-

activatable form of XP was then designed (Figure 3.20A) and synthesized from protease-resistant D-

isomeric amino acids, except for the prostasin cleavage site which was made of L-isomeric amino 

acids. The peptide, designated TX-XP, also incorporated the THALWHT motif for lung cell homing.  

 

To verify that prostasin could cleave the TX-XP peptide, C-terminally TAMRA-labelled TX-XP was 

incubated with commercially prepared and activated recombinant human prostasin and then 

separated by reducing Tricine-SDS-PAGE. TAMRA-XP was also separated on the gel for comparison. 

The gel was then illuminated for TAMRA fluorescence and imaged. Surprisingly, TAMRA-TX-XP (6.6 

kDa) formed four bands on the gel (Figure 3.20B, a-d), which migrated around 18, 9, 8.5, and 5 kDa, 

respectively; and TAMRA-XP (4.2 kDa) formed two bands (Figure 3.20B, h, i) which migrated around 

11 and 7 kDa, respectively. Xentry contains a cysteine residue so presumably the extra bands 

represent TAMRA-labelled peptide species formed by disulfide bonding between cysteine residues in 

Xentry motifs (Figure 3.20C). The gel was run under reducing conditions which should have 

dissociated disulfide bonds, but perhaps the conditions were suboptimal or the species were very 

stable. Bands i and h presumably represent monomeric and dimeric (~8.5 kDa) forms of TAMRA-XP, 

respectively. If so, then they migrated much slower than their molecular weights suggest. TX-XP 

contains two Xentry motifs therefore intermolecular and intramolecular disulphide bonding is 

possible. Thus, presumably band d represents the monomeric form of TAMRA-TX-XP, while bands b 

and c represent dimeric forms (single and dual disulphide bonds, perhaps), and band a represents 

trimeric TX-XP. That monomeric TAMRA-TX-XP should migrate faster than monomeric XP seems 

surprising considering their molecular weights. An alternative explanation is that band d represents 

an artefact produced during synthesis, and thus bands b and c represent linear and cyclic forms of 
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TX-XP and band a represents dimeric TX-XP. The HPLC data for TX-XP provided by the manufacturer 

(see Appendix) shows that the lyophilized peptide comprises 76% TX-XP and 12% of one particular 

contaminating species. Thus possibly this contaminant comprises band d on the gel. Prostasin 

treatment of TAMRA-TX-XP removed the three highest molecular weight TAMRA-TX-XP bands (a-c) 

and produced two lower molecular weight bands (e, f) of similar sizes to TAMRA-XP bands h and i. 

Assuming that band d is artifactual, this suggests that prostasin successfully cleaved TAMRA-TX-XP at 

the prostasin cleavage site.  
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Figure 3.20: Tricine-SDS-PAGE of prostasin-digested activatable lung-homing Xentry-protamine, 
TX-XP. 

A) The peptide sequence of TX-XP, indicating L-(uppercase) and D-isomeric (lowercase) amino acids. 

B) Reducing Tricine-SDS-PAGE of TAMRA-labelled TX-XP after it had been incubated with buffer (−) 

or recombinant human prostasin (+). TAMRA-labelled Xentry-protamine (XP) was also separated on 

the gel as a control. The gel was imaged using UV illumination for TAMRA fluorescence. Molecular 

weight markers are indicated to the left of the gel. The results are representative of two 

independent experiments. C) The major possible TAMRA-labelled species and their predicted 

molecular weights (MW) in kDa. Note that the cleaved species THALWHTGlclrpvKH (~2.4 kDa) should 

not be apparent by fluorescence illumination as the TAMRA fluorophore is attached to the C-

terminus of the TX-XP peptide. A colon (:) indicates a potential disulfide bond which may or may not 

exist in the oligomeric species. Note that several other configurations of the shown species are 

possible though these would not appreciably alter MW. Finally, only species indicated with an 

asterisk (*) may be present in lane 2 of the gel if prostasin-cleavage went to completion.    
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3.3.1.8 Cell uptake or binding of activatable lung-homing Xentry-protamine does not 
depend on prostasin-expression 

To test if TX-XP enters prostasin-expressing cells specifically, cell lines reportedly either deficient in 

prostasin or expressing prostasin were cultured with 5 µM of TAMRA-labelled TX-XP for 1 h. 

Specifically, the cell lines reported to express little or no prostasin were CHO, HEK293, DU145, and 

PC-3 (Chen et al., 2001; Tong et al., 2004); while A549 lung cancer cells are reported to express 

prostasin (Tong et al., 2004), and lung-derived CuFi-1 cells were presumed to. Other sets of these 

cells were treated with TAMRA-labelled XP as controls. To measure peptide entry cells were nuclear 

counterstained and then imaged live for fluorescence by confocal microscopy. The images show that 

TX-XP bound or entered each cell line to a similar extent as XP (Figure 3.21). Thus, this suggests that 

cell entry of TX-XP may not depend on prostasin-expression. 
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Figure 3.21: Uptake of activatable lung-homing Xentry-protamine does not depend on prostasin 
expression. 

Live-cell confocal images of reportedly prostasin-deficient A549, CHO-K1, DU145, and HEK293T cells 

and lung-derived A549 and CuFi-1 cells after 1 h of culture with 5 μM TAMRA-labelled XP or TX-XP 

peptides. Images of TAMRA fluorescence (red) and nuclear counterstain Hoechst 33442 (blue) were 

recorded at 630x magnification and are shown here merged; scale bar = 20 µM.  
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3.3.2 E-cadherin mRNA 

3.3.2.1 Xentry-protamine plus chloroquine or E6446 transfects ARCA-capped, modified 
E-cadherin mRNA into human cells 

To determine whether XP could transfect E-cadherin mRNA into epithelial cells, ARCA-capped, 

modified E-cadherin mRNA was mixed with XP at a 1:4 (w/w) ratio and then added to E-cadherin-

deficient cell lines: Chinese hamster ovary CHO-K1 (Bordeira-Carrico et al., 2014) and human breast 

cancer MDA-MB-231 (Chao, Shepard, & Wells, 2010). Other sets of cells were treated in the same 

manner but with the addition of 100 μM chloroquine or 20 μM E6446 for comparison, and a further 

set of cells was transfected with E-cadherin mRNA using commercially available transfection reagent 

Lipofectamine 2000 as a control. After 24 h the cells were lysed or formaldehyde-fixed for 

examination of E-cadherin protein expression by Western blot analysis and immunofluorescence, 

respectively. Western blotting showed that mRNA transfection by XP alone did not produce 

detectable E-cadherin protein in the cells (Figure 3.22A). However, the addition of chloroquine or 

E6446 to XP/mRNA did produce E-cadherin protein. E6446 assisted transfection to a similar extent as 

chloroquine in CHO-K1 cells, but to a greater extent in MDA-MB-231 cells. The expression was less 

than that mediated by Lipofectamine 2000 transfection, though. Immunofluorescence analysis was 

undertaken on cells permeabilized with methanol, as the epitope for the antibody was cytoplasmic. 

The analysis showed that mRNA transfection by XP plus either chloroquine or E6446 produced 

detectable E-cadherin protein expression in a small number of CHO-K1 cells (Figure 3.22B). 

Surprisingly, transfection of E-cadherin mRNA by any agent, including Lipofectamine 2000, did not 

produce detectable E-cadherin protein expression in MDA-MB-231 cells (Figure 3.22B). Notably, E-

cadherin-expressing MCF7 cells (Chao et al., 2010) immunostained in parallel showed that the 

staining was specific to the anti-E-cadherin antibody (Figure 3.22B). Finally, it is also notable that 

mRNA transfection by Lipofectamine 2000 was relatively toxic to MDA-MB-231 cells judging by the 

reduced cell numbers in the immunofluorescence assay.    
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Figure 3.22: Xentry-protamine plus chloroquine or E6446 transfects ARCA-capped, modified E-
cadherin mRNA into human cells. 

A) Western blot analysis of CHO-K1 and MDA-MB-231 cells 24 h after treatment with vehicle (−) or  

ARCA-capped, modified E-cadherin mRNA (+) which had been mixed at a 1:4 (w/w) ratio with XP 44 

+/− 20 μM E6446 or 100 μM chloroquine (CLQ), or mRNA mixed with Lipofectamine 2000 (L2k). Note 

that equal volumes of lysate were separated. The blots were probed with an antibody to E-cadherin 

and an anti-β actin antibody to detect β actin as a loading control. The position of the expected E-

cadherin band size (135 kDa) is indicated in the figure. The sizes of molecular weight markers are 

indicated in the left-hand margin. B) Immunofluorescence imaging of CHO-K1 and MDA-MB-231 cells 

cultured for 24 h with either vehicle (−) or ARCA-capped, modified E-cadherin mRNA (+) which had 

been mixed at a 1:4 (w/w) ratio with XP +/− 100 μM chloroquine or 20 μM E6446. As controls other 

set of cells were treated with vehicle (−) or ARCA-capped, modified E-cadherin mRNA (+) mixed with 

Lipofectamine 2000. Further, MCF-7 cells were stained as positive controls for E-cadherin 

expression, +/− the primary antibody (1˚ Ab). The cells were fixed with formaldehyde and then 

permeated with methanol as the E-cadherin antibody epitope is cytoplasmic. The cells were then 

sequentially probed with a rabbit monoclonal anti-E-cadherin antibody and a FITC-labelled goat anti-

rabbit IgG antibody (green), and counterstained with DAPI (blue). Images were recorded at 400x 

magnification with epifluorescence microscopy; scale bar = 25 µM. 
                                                           
44   Equivalent to a 3.33:1 (positive/negative) charge ratio. 

MCF-7 
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3.3.2.2 Xentry-protamine plus E6446 transfects ARCA-capped, modified E-cadherin 
mRNA into E-cadherin-deficient human gastric cells 

Xentry-protamine and E6446 in combination were then examined for their ability to transfect E-

cadherin mRNA into human gastric cells. Human gastric adenocarcinoma AGS cells harbour an E-

cadherin mutation leading to a truncated form of the protein that is not detectable by Western 

blotting (Bordeira-Carrico et al., 2014; M. J. Oliveira et al., 2009). AGS cells were seeded into 12-well 

plates, incubated overnight, and then treated in a 100 μL volume with 2.5 μg of ARCA-capped, 

modified E-cadherin mRNA which had been mixed with 10 μg of XP45 +/− 20 μM E6446. Further sets 

of AGS cells were treated with E-cadherin mRNA mixed with vehicle or Lipofectamine 2000 as 

controls. After 24 h the cells were lysed, and E-cadherin protein expression was examined by 

Western blot analysis. The blot from this preliminary experiment showed that E-cadherin mRNA 

transfection by XP alone did not produce a detectable amount of E-cadherin protein. However, E-

cadherin mRNA transfection by XP with the addition of E6446 produced a very faint protein band 

(Figure 3.23). This expression was less than that mediated by Lipofectamine 2000 transfection, 

though. 

                                                           
45   Equivalent to a 1.67:1 (positive/negative) charge ratio. 
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Figure 3.23: Xentry-protamine in combination with E6446 transfects E-cadherin mRNA into E-
cadherin-deficient human gastric cells. 

Western blot analysis of AGS cells 24 h after treatment with 2.5 μg of E-cadherin mRNA which had 

been mixed with either vehicle, 10 μg of XP +/− 20 μM E6446, or Lipofectamine 2000 (L2k). Note that 

equal volumes of lysate were separated. The blot was probed with an antibody to E-cadherin and an 

anti-β actin antibody to detect β actin as a loading control. The position of the expected E-cadherin 

band size (135 kDa) is indicated in the figure.  An arrow indicates the position of the faint E-cadherin 

protein band produced by E-cadherin mRNA transfection with XP + 20 μM E6446. The sizes of 

molecular weight markers are indicated in the left margin. 
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3.3.2.3 Gastric-homing Xentry peptide enters human gastric cells  

Trefoil factors (TFFs) are a group of polypeptides secreted by mucus-producing cells in the 

gastrointestinal (GI) tract (Kjellev, 2009). The peptides are important for maintaining the integrity of 

the GI mucosal lining (Hoffmann, 2004). Interestingly, it has been shown that systemically 

administered TFFs specifically bind to gastric cells and are transferred to the gastric lumen, 

presumably translocating through the cells (Kjellev, Nexø, Thim, & Poulsen, 2006; Poulsen et al., 

2003). As such, it was conceived that fusing a TFF peptide to Xentry may assist in the specific delivery 

of E-cadherin mRNA to the gastric epithelium. To test this notion, a TAMRA-labelled peptide 

combining Xentry (LCLR) with the 59-amino acid TFF3 peptide 

(EEYVGLSANQCAVPAKDRVDCGYPHVTPKECNNRGCCFDSRIPGVPWCFKPLQEAECTF), was synthesized  

(LCLRGEEYVGLSANQCAVPAKDRVDCGYPHVTPKECNNRGCCFDSRIPGVPWCFKPLQEAECTF). The peptide, 

designated TAMRA-XTFF3, was then applied at 5 μM to AGS cells in culture for 3 h, to determine 

whether it retained Xentry’s ability to enter adherent cells.  Other sets of cells were incubated with 

vehicle or TAMRA-labelled Xentry (LCLR) as controls. The cells were then imaged live by confocal 

microscopy to determine peptide binding or uptake. The images from this preliminary experiment 

show that TAMRA-XTFF3-treated cells had a mainly punctate, perinuclear pattern of fluorescence, 

suggestive of endosomal accumulation, which was similar to the fluorescence staining of TAMRA-

Xentry-treated cells (Figure 3.24). Thus TAMRA-XTFF3 appears to enter human gastric cells to a 

similar extent as TAMRA-Xentry. 
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Figure 3.24: Gastric-homing Xentry peptide conjugate (XTFF3) enters human gastric cells. 

Confocal imaging of live human gastric AGS cells 3 h after incubation with vehicle or 5 μM of TAMRA-

labelled Xentry or XTFF3.  The images were recorded by fluorescence confocal microscopy (left) and 

DIC (centre) at 630x magnification. The merged images are shown to the right. Scale bar = 20 µM. 
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3.4 Discussion 

3.4.1 Results summary  

This study tested the ability of Xentry-protamine (XP) to transfect CFTR and E-cadherin mRNAs into 

epithelial cells as potential protein replacement therapies for CF and HDGC, respectively. This study 

also tested strategies to target the delivery of these mRNAs to tissues affected by the disorder, 

specifically lung and gastric tissues for CF and HDGC, respectively. 

 

Firstly, XP was tested for its ability to transfect type 1- and ARCA-capped modified CFTR mRNAs. 

Transfection of type 1-capped but not ARCA-capped modified CFTR mRNA produced levels of CFTR 

protein detectable by Western blot analysis in cultured human embryonic kidney cells. The analysis 

also showed that the addition of E6446 to XP transfections produced detectable CFTR expression 

from ARCA-capped mRNA, and that 20 μM E6446 increased CFTR protein expression compared to 10 

μM with both types of mRNA. Transfection of ARCA-capped, modified CFTR mRNA by XP alone was 

unable to produce CFTR protein detectable by Western blot analysis in CFTR-deficient A549 human 

lung carcinoma cells, but did so with the addition of 40 μM E6446 to XP. Transfection of ARCA-

capped, modified CFTR mRNA by XP plus E6446 into human airway epithelial CuFi-1 and pancreatic 

adenocarcinoma CFPAC-1 cell lines, homozygous for the common ΔF508 CF mutation, was unable to  

produce CFTR protein detectable by Western blot analysis, though. 

 

Next, two lung-homing peptide versions of Xentry were tested for lung cell entry and specificity. The 

peptides fused Xentry with THALWHT or GFE-1 peptide motifs, which are reported to have tropism 

towards lung epithelial tissue. Specifically, THALWHT has been shown to bind lung cells and have 

some cell-penetrating ability; while GFE-1 has been identified to bind to membrane dipeptidase 

(MDP), a membrane-bound glycoprotein expressed mainly in the lung and kidney. The fusion 

peptides, designated Xentry-THALWHT and Xentry-GFE-1, were TAMRA-labelled for testing. 

Quantitative spectrofluorometry showed that Xentry-THALWHT uptake was ~4-fold greater than 

Xentry and ~20-fold greater than THALWHT in A549 lung cancer cells and CuFi-1 CF lung cells; while 

live cell confocal microscopy showed that Xentry-THALWHT bound or entered HeLa human cervical 

cancer cells and MCF7 human breast cancer cells lines relatively poorly compared to CuFi-1 cells, 

suggesting that Xentry-THALWHT may selectivity enter lung cells. Live cell confocal microscopy also 

showed that Xentry-GFE-1 bound or entered A549 cells far better than Xentry alone, and that 

Xentry-GFE-1 bound or entered A549 cells better than it did MDP-deficient COS-1 cells. Together the 
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results provide some evidence that the lung-homing peptides are lung cell-specific, though further 

cell lines would need to be examined before any firm conclusions can be made.  

 

The THALWHT motif was also incorporated into an activatable form of XP peptide, designed to 

further enhance selective targeting of lung epithelia. This peptide, designated TX-XP, was designed 

to not to enter cells until activated by the lung-specific protease prostasin. Incubating TX-XP with 

commercially prepared and activated recombinant human prostasin and analysis by Tricine-SDS-

PAGE indicated that TX-XP could be activated by prostasin. Live cell confocal microscopy of various 

cell lines treated with TAMRA-labelled TX-XP showed that it entered cell lines whether or not they 

were reported to express prostasin, though, suggesting that cell entry of TX-XP may not depend on 

prostasin-expression. 

 

Next, XP was tested for its ability to transfect ARCA-capped, modified E-cadherin mRNA. 

Transfection of the mRNA by XP into E-cadherin-deficient CHO-K1 and MDA-MB-231 human breast 

cancer cell lines did not produce E-cadherin protein detectable by Western blot analysis, however it 

did with the addition of 100 μM chloroquine or 20 μM E6446. Immunofluorescence analysis of cells 

subjected to the same test conditions detected E-cadherin protein expression in a small number of 

CHO-K1 cells transfected with E-cadherin mRNA by XP plus either chloroquine or E6446, but 

surprisingly it could not detect E-cadherin expression in MDA-MB-231 cells from transfection by any 

agent. Transfection of E-cadherin mRNA by XP in combination with E6446 also produced weak E-

cadherin protein expression in E-cadherin-deficient human gastric adenocarcinoma AGS cells as 

assessed by Western blot analysis. 

 

Finally, a gastric-homing peptide version of Xentry was tested for gastric cell entry. The peptide 

fused Xentry with trefoil factor 3 (TFF3), a peptide which has been shown to bind specifically to 

gastric cells upon systemic administration. The fusion peptide, designated TAMRA-XTFF3, was 

TAMRA-labelled for testing. Live cell confocal microscopy showed that AGS cells treated with 

TAMRA-XTFF3 had similar staining patterns to cells treated with TAMRA-Xentry, suggesting that 

XTFF3 retained Xentry’s ability to enter adherent cells.   

 

3.4.2 What does this work mean for diseases such as CF and HDGC? 

This work potentially advances our ability to safely and efficiently deliver mRNA transcript therapy. 

For example, it shows that it is possible for cell-penetrating peptides to successfully deliver mRNAs 

encoding human proteins into human cells. Furthermore, these mRNAs encoded proteins involved in 
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two common monogenetic disorders, with expression of both proteins shown. Further still, delivery 

was via a CPP shown to target adherent cells exclusively, and the addition of homing motifs provided 

insights into disease-specific tissue targeting and its application. The major drawback to this work, 

though, is the lack or relatively low level of therapeutic protein expression produced from mRNA 

transfections by XP, particularly in the target tissue cell lines. That said, the levels of protein 

restoration required to benefit patients with these disorders may be relatively low. For CFTR, two 

studies have estimated that correcting normal CFTR activity in ~10% of cells would be enough to 

restore normal chloride ion transport (Dannhoffer et al., 2009; Johnson et al., 1992), while a 

subsequent study estimated that expressing CFTR in ~25% of CF lung cells would be required to 

restore normal mucus function (L. Zhang et al., 2009). Further, some individuals with only ~10% of 

normal CFTR mRNA expression maintain normal airway function (Chu, Trapnell, Curristin, Cutting, & 

Crystal, 1992). For HDGC, the causative role of E-cadherin loss in HDGC development (C. Oliveira, 

Pinheiro, Figueiredo, Seruca, & Carneiro, 2015) suggests that any supplementation of E-cadherin 

protein may provide therapeutic benefits. Thus, the present study may provide a starting point for 

future treatments of these disorders.    

 

3.4.3 How the results relate to other work in the field 

3.4.3.1 CFTR mRNA transfection 

A recent study presented proof-of-concept for mRNA-based restoration of impaired CFTR function 

(Bangel-Ruland et al., 2013). In the study Lipofectamine 2000 was used to transfect IVT CFTR mRNA 

into a human CF bronchial epithelial cell line (CFBE41o-) homozygous for the ΔF508 mutation The 

study showed by Western blot and immunofluorescence analyses that CFTR expression increased in 

the cells after transfection. The study also showed by measurement of transepithelial chloride ion 

currents that transfected cells behaved similarly functionally to the wild-type airway epithelial cell 

line 16HBE14o-. Specifically, treatment of transfected and wild-type cell types with a cAMP 

‘activation cocktail’ (cAMP analogue 8-[4-chlorophenylthio (CTP)], 100 mM; 3-isobutyl-1-

methylxanthine (IBMX), 1 mM) increased their transepithelial currents, and these increases could be 

blocked by co-treatment with CFTR inhibitor CFTRinh172. Finally, the study showed that transfecting 

primary cultured human nasal epithelial (HNE) cells, wild-type for CFTR, with the CFTR mRNA also 

increased their transepithelial currents upon cAMP activation (Bangel-Ruland et al., 2013).  

 

The study by Bangel-Ruland et al. is consistent with the present one in that Lipofectamine 

transfection agents were used successfully in both studies to transfect CFTR mRNA into human 

airway CF cell lines. The Lipofectamine class of reagents has been widely used in vitro to transfect 
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mRNA (Avci-Adali et al., 2014; Ejeskär, Fransson, Zaibak, & Ioannou, 2006; Williams, Puhl, & Ikeda, 

2010). So far, though, Lipofectamine reagents have limited utility in vivo due in part to their toxicity 

and poor transfection potency (Kauffman, Webber, & Anderson, 2015). In contrast, CPPs have 

shown to be relatively non-toxic in vivo in mice and rats (Khafagy, Kamei, Nielsen, Nishio, & Takeda-

Morishita, 2013; Tünnemann, Cardoso, & Castanho, 2009), though admittedly relatively few studies 

have been done. Xentry is reported to be non-toxic at high concentrations in vivo in mice (Montrose 

et al., 2013), though the toxicity of XP has not been tested in mice or humans. Protamine, though, is 

widely used clinically as an excipient both in neutral protamine Hagedorn (NPH) insulin (Owens, 

2011) and mRNA vaccines (Schlake et al., 2012) and to reverse the anticoagulant properties of 

heparin (Carr & Silverman, 1999). As CFTR mRNA transfections by XP produced less CFTR expression 

than transfections by Lipofectamine, and as they were unable to transfect CFTR mRNA into human 

CF cells there is clearly room for improvement. Use of type-1 capped CFTR mRNA as opposed to 

ARCA-capped mRNA may have produced detectable levels of CFTR expression in the CF cell lines, 

based on the testing done on HEK293T cells, though presumably the levels would still have been 

relatively low. Potentially, further modification of XP, as described in Section 2.4.2, will improve 

transfection efficacy. 

 
3.4.3.2 Lung-homing peptides Xentry-THALWHT and Xentry-GFE-1   

The observations from the testing of Xentry-THALWHT here are consistent with previous work. 

THALWHT has been shown to have some ability to enter cells, and particularly lung cells (Jost et al., 

2001). Here, Xentry-THALWHT showed ~4- and 20-fold greater cell uptake than Xentry and 

THALWHT, respectively, in A549 lung cancer cells and CuFi-1 CF lung cells. The size of the difference 

is consistent with the synergistic ability of THALWHT and adeno-associated virus 2 (AAV2), when 

combined in a modified vector, to transduce human airway epithelial Calu-3 and CFBE41o- cell lines 

(White, Mazur, Sorscher, Zinn, & Ponnazhagan, 2008). In that case the synergy was suggested to be 

due to AAV2 and THALWHT having separate receptors for cell entry, with THALWHT activity shown 

to be independent of cellular expression of heparan sulfate proteoglycans (HSPGs) (White et al., 

2008), the primary cellular receptor for AAV2 (Summerford & Samulski, 1998). As Xentry uptake is 

mediated by HSPGs (Montrose et al., 2013), it therefore has the potential for synergy in uptake with 

THALWHT. Further, the greater affinity of Xentry-THALWHT for CuFi-1 lung cells than for HeLa 

(cervical) or MCF7 (breast) cancer cells, apparent by confocal microscopy here, is consistent with 

previous enzyme-linked immunosorbent assay (ELISA) testing showing that phage-displayed 

THALWHT had higher affinity for bronchial epithelium-derived (16HBE14o-) and tracheal epithelium-

derived (HTEo-) human cell lines compared to colon carcinoma (CaCo2), HeLa, hepatoma (HUH-7), 
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gall bladder epithelium-derived (Mz-ChA1), and colon epithelium-derived (SW480) cell lines (Jost et 

al., 2001). As Xentry would be expected to enter into HeLa and MCF7 cells of its own accord, 

presumably there was synergy in uptake between Xentry and THALWHT in the lung cells. A caveat to 

this work, though, is that a scrambled version of Xentry-THALWHT could have been tested in parallel 

to discount the possible effects of increased peptide length on peptide uptake by cells (Mueller et 

al., 2008).  

 

Similarly, the observations from the testing Xentry-GFE-1 here are consistent with previous work, 

though several caveats apply. The GFE-1 peptide was identified to bind to membrane dipeptidase 

(MDP) on the endothelial cells of mouse lung blood vessels (Daniel Rajotte & Ruoslahti, 1999; Yan et 

al., 2006). Here, Xentry-GFE-1 showed far greater uptake than Xentry in human A549 lung cancer 

cells. Whether A549 lung epithelial carcinoma cells express MDP and whether GFE-1 binds human 

MDP are unknown, though. In support, the endothelium is considered to be a specialized type of 

epithelium (Kovacic, Mercader, Torres, Boehm, & Fuster, 2012); and GFE-1 has been shown to bind 

to the surface of RD human rhabdomyosarcoma cells and MDA-MB-435 human breast cancer cells, 

which presumably aberrantly express the human form of the GFE-1 receptor (Trepel, Grifman, 

Weitzman, & Pasqualini, 2000). Further, Xentry-GFE-1 entered A549 cells here far better than it did 

COS-1 cells, and phage particles displaying the GFE-1 peptide were reported to selectively bind to 

COS-1 cells transfected with the murine MDP cDNA (Daniel Rajotte & Ruoslahti, 1999). Finally, 

similar to THALWHT above, a scrambled version of Xentry-GFE-1 could have been tested in parallel 

to discount the possible effects of increased peptide length on peptide uptake by cells (Mueller et 

al., 2008). 

 

3.4.3.3 Lung-homing activatable XP peptide  

The aberrant migration of XP and potentially TX-XP in SDS-PAGE is explicable. Various factors are 

known to influence peptide migration on polyacrylamide gels, including amino acid composition, 

peptide length and secondary structure (Sarfo, Moorhead, & Turner, 2003; Walkenhorst, 

Merzlyakov, Hristova, & Wimley, 2009), net charge, and even acrylamide concentration (Rath, 

Cunningham, & Deber, 2013). These factors dictate differential interactions between peptides and 

the SDS detergent and drive migration that does not necessarily correlate with formula molecular 

weight (Rath, Glibowicka, Nadeau, Chen, & Deber, 2009). Anomalous migration has been observed 

in both membrane (Rath et al., 2009) and cytosolic polypeptides (Shi et al., 2012), and smaller 

polypeptides analysed on high-percentage gels may be particularly subject to these variations 
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(Westerhuis, Sturgis, & Niederman, 2000). The small size and highly charged nature46 of the peptides 

and the 16% polyacrylamide Tricine gel used here seem to fit these criteria. Thus, it seems quite 

feasible that XP and potentially TX-XP may have migrated slower than expected here. 

 

The design of an activatable TX-XP form has a precedent (Montrose et al., 2014). The peptide 

(lclrpvGGGGPLGLAGGlclrpvgk-FITC) comprised two D-isomeric Xentry motifs separated by an L-

isomeric linker motif (GGGGPLGLAGG) containing a cleavage site (PLGLA) for matrix-

metalloproteinase 9 (MMP9). The peptide was reported to enter MMP-9-deficient MCF7 cells only 

after treatment with MMP-9. There are various differences between this peptide and TX-XP 

(THALWHTGlclrpvGKHYRGlclrpvgrsqsrsryyrqrqrsrrrrrrsk-TAMRA). These differences include that TX-

XP is twice the length (50 vs. 25 amino acids) and contains 20 (40%) basic (cationic) amino acids 

compared to 3 (12%) in the other peptide. Cationic peptide charge has been associated with 

increased membrane affinity and uptake ability (Helene L. Åmand et al., 2012), while peptide length 

has been proposed to play an important role in CPP uptake (Mueller et al., 2008). Additionally, 

peptide secondary structure is thought to control membrane interaction and insertion, with a helical 

structure associated with strong CPP-membrane interactions (Eiríksdóttir, Konate, Langel, Divita, & 

Deshayes, 2010). TX-XP has a predicted helical structure whereas the lclrpvGGGGPLGLAGGlclrpvgk-

FITC peptide does not47. 

 

Relatedly, one or a combination of the other motifs comprising TX-XP (THALWHT, KHYR, and 

protamine) could have overcome the inhibitory effects of the tandem Xentry arrangement on cell 

entry. For example, while the THALWHT peptide entered cells relatively poorly on its own here, the 

Xentry-THALWHT peptide entered cells 4-fold more than Xentry (refer Section 3.3.1.6.1). As a 

Xentry-THALWHT sequence forms a part of the TX-XP peptide, albeit in reverse order, perhaps its 

presence could have contributed to TX-XP uptake. Likewise, the KHYR motif contains 3 cationic 

amino acids (lysine, K; histidine, H; and arginine, R), whose presence between the Xentry motifs may 

have negated their inhibitory effects on uptake. In comparison, the PLGLA protease-cleavable motif 

for the prototype activatable Xentry did not contain any cationic amino acids (Montrose et al., 

2014). Furthermore, as reported here (Section 2.3.14), the highly basic protamine sequence has cell 

penetrating ability. To discern which if any of these possibilities were involved would require testing 

of the various possible combinations of peptide motifs that make up TX-XP.  

 

                                                           
46 The charge:amino acid ratio of XP is 0.46 (+14, 30 amino acids) and of TX-XP is 0.4 (+20, 50 amino acids).  
47 http://www.biosyn.com/peptidepropertycalculatorlanding.aspx 
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An alternative or co-explanation for the apparent off-targeting binding/uptake of TX-XP is that the 

putative artefact of synthesis, apparent as the lowest MW band (band d) on the Tricine SDS-PAGE 

gel, bound or entered the cells. Judging by the migration of band d on the gel and assuming that 

band d represents an N-terminally truncated version of TAMRA-TX-XP and not some other species, 

then it should comprise a largely cationic, truncated protamine sequence. As such, this sequence is 

likely cell penetrating and would have carried the TAMRA-label into cells. That said, as the artefact 

comprised only 12% of the lyophilized TX-XP it would seem surprising if it was the only reason for 

the TAMRA labelling of non-target cells. Testing a higher purity TX-XP for uptake on prostasin-

deficient and -expressing cells would be informative. 

 

Finally, it is possible that an unidentified cell-expressed protease may have cleaved the KHYR motif. 

A comparison of the prostasin structure with other known protease structures of high sequence 

identity failed to identify another protease with likely similar substrate specificity, though (Rickert et 

al., 2008).  

   

3.4.3.4 E-cadherin mRNA transfection 

This study appears to provide the first report of E-cadherin mRNA transfection whatsoever. In 

contrast, E-cadherin plasmid has been transfected into cells on numerous occasions (Kohya, 

Kitajima, Jiao, & Miyazaki, 2003; Stockinger, Eger, Wolf, Beug, & Foisner, 2001), including into MDA-

MB-231 cells (Chao et al., 2010) and AGS cells (Busche, Kremmer, & Posern, 2010; M. J. Oliveira et 

al., 2009). Stable transfection of E-cadherin plasmid into MDA-MB-231 cells resulted in partial 

reversion towards an epithelial phenotype (Chao et al., 2010), while transfection of E-cadherin 

plasmid into AGS cells restored adherens junction formation (Busche et al., 2010), of which E-

cadherin is a key component (Hartsock & Nelson, 2008). Any future testing of E-cadherin gene 

delivery by Xentry-based peptides should also assess these endpoints. That E-cadherin expression 

after transfection by XP was less than that mediated by Lipofectamine 2000 transfection, again 

indicates that there is plenty of room to improve XP-mediated transfection efficiency.  

 

A recent study perhaps hints at an alternative way in which XP may be able to assist in treating 

HDGC and similar disorders. The study provided proof of principle that suppressor-transfer RNAs 

(tRNAs) could be applied to treat an E-cadherin nonsense mutation (Bordeira-Carrico et al., 2014). 

Suppressor-tRNAs override nonsense mutations by introducing the cognate amino acid at a 

premature stop codon site. The study showed that ~20% of E-cadherin-mutant families carried 

nonsense mutations that could potentially be corrected by suppressor-tRNAs. In the study plasmid 
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encoding the suppressor-tRNAs was transfected into cells by Lipofectamine 2000 (Bordeira-Carrico 

et al., 2014), which presumably XP could replace. Alternatively, as tRNA fragments have been 

transfected by Lipofectamine 2000 previously (Emara et al., 2010), it may be possible for XP to 

directly deliver suppressor-tRNAs. 

 

3.4.3.5 Gastric-homing peptide XTFF3  

This is the first time TFF3 has been used for the purpose of cell-specific homing. Its uptake by 

secretory cells of the gastrointestinal tract following systemic administration (Kjellev et al., 2006) 

indicates that it has a basolaterally located receptor. TFF3 has variously been shown to bind to ∼28 

kDa (Chinery & Cox, 1995) and 50 kDa membrane proteins in the rat gastrointestinal tract (X.-D. Tan, 

Hsueh, Chang, Wei, & Gonzalez-Crussi, 1997), although a specific receptor has not been identified. 

That XTFF3 did not show synergic uptake here, like Xentry-THALWHT and Xentry-GFE-1 appeared to, 

suggests that either AGS cells do not express the receptor for TFF3 or that the receptor is the same 

as that for Xentry. Xentry is taken up by cells via syndecan binding (Montrose et al., 2013). 

Syndecan-1 (MW: 85 kDa) has been identified in the basolateral surface of human gastric mucosa 

(Tanabe, Yokota, & Kohgo, 1999), while syndecan-4 (MW: 29 kDa) has been shown to be expressed 

in gastric epithelial cell lines, including AGS (Smith, Novotny, Carl, & Comeau, 2006). The similar 

molecular weights of syndecan-4 and the TFF3-binding protein identified by Chinery et al. is worth 

noting, and comparing the uptake of Xentry and XTFF3 with TFF3 in gastric cells would be 

informative. In addition, the appendage of the protamine motif to XTFF3 for mRNA binding could 

impact on uptake specificity, and it would be important to test this before taking the peptide any 

further. Finally, two variants of XTFF3 were designed to enhance gastric epithelial targeting, but 

were unable to be tested due to time constraints. In one variant Xentry/XP was to be conjugated to 

TFF3 via an acid-cleavable linker, BMEP (Neville, Srinivasachar, Stone, & Scharff, 1989). Thus, once 

delivered to the stomach environment in vivo, decreasing pH would release Xentry/XP and 

potentially increase its uptake into the stomach epithelia. With the similar uptakes of Xentry and 

XTFF3 shown here, it is now debatable as to whether this approach would be useful. It may be given 

that TFF3 is secreted into the gastric lumen following uptake (Kjellev et al., 2006). If XTFF3 was 

likewise secreted then Xentry/XP may need to re-enter the gastric cells in order to deliver the mRNA 

cargo. The other variant used the activatable Xentry design, in a similar manner to TX-XP, including a 

linker cleavable by a gastric-specific protease. Given the apparent non-specific binding/uptake of TX-

XP shown here, though, the design of this variant may need to be reconsidered.  
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3.4.4 Potential drawbacks of this work  

Aside from the limitations already mentioned, there are various other potential drawbacks to this 

work. Most of these relate to the limitations of in vitro gene therapy testing in accurately replicating 

the in vivo environment (Hill, Chen, Chen, Pfeifer, & Jones, 2016). One potential way to improve this 

work would be to test the peptides on primary human cells in addition to the transformed cell lines 

used here. That the mRNA transfections undertaken here were made in the presence of serum, a 

potentially problematic factor in vivo, at least indicates that the XP/mRNA complexes were serum 

stable. No doubt the use of a D-isomeric form of XP helped in this respect (Fominaya, Bravo, & 

Rebollo, 2015). A final limitation of the work here is that the toxicity of E6446 remains to be 

determined in humans. As discussed in Section 2.4.3.6, the current study in combination with two 

studies showing therapeutic benefits from the use of E6446 in treating different animal models of 

disease (Franklin et al., 2011; Lamphier et al., 2014), suggest that this limitation may be well 

worthwhile addressing.  

 

3.4.5 Future work 

Various studies have been envisioned to extend the current work. Firstly, these include in vitro 

studies undertaken to examine the functionality of proteins expressed in cells transfected with CFTR 

or E-cadherin mRNA by XP. For the CFTR this could include measurement of chloride ion flux in these 

cells. Specifically, a fluorescent indicator of intracellular chloride ion (Cl-) concentration ([Cl−]i) 

MQAE (N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide) (Verkman, Sellers, Chao, Leung, 

& Ketcham, 1989) could be loaded into transfected and non-transfected cells in a microplate assay, 

and then changes in MQAE fluorescence in response to CFTR stimulation by forskolin (West & 

Molloy, 1996) in the absence or presence of CFTR inhibitor CFTRinh-172 (Melis et al., 2014) could be 

measured. For E-cadherin, a cell aggregation assay could be undertaken (M. J. Oliveira et al., 2009). 

Specifically, transfected and non-transfected cells could be added to 96-well agar-coated plates in 

the presence or absence of an anti-E-cadherin antibody. In this assay E-cadherin-expressing cells 

would be expected to aggregate via homotypic interactions whereas E-cadherin-deficient cells would 

remain as a single-cell suspension. Inhibition of aggregate formation by the E-cadherin antibody 

would confirm that the E-cadherin–catenin complex is functional.  

 

Subsequently, mouse studies for CF could be undertaken as follows. In the absence of an available 

mouse model of CF, fluoresceinated XP, containing or not containing a lung-homing motif, will be 

complexed with human CFTR mRNA and then intravenously injected via the tail vein into 

immunodeficient NOD SCID mice, and the mice killed at various time-points. For comparison, XP 
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complexes will be delivered directly to the lung as aerosols. In this case, the lung-homing peptide will 

be replaced with the benign tomato lectin Lycopersicon esculentum agglutinin, which will bind 

mucins on the lining of the lungs (Bies, Lehr, & Woodley, 2004). Aerosol delivery will be performed 

using a continuous, unrestrained whole body exposure protocol by placement of mice in a plastic 

exposure chamber with exposure to aerosols generated using an Aeroneb® Lab Micropump 

Nebulizer. Our laboratory have previously successfully applied aerosol delivery in the establishment 

of a mouse model of asthma, hence are familiar with the technique. In preparation for measurement 

of CFTR expression, half of the lung will be homogenized for Western blot analysis and the other half 

frozen and sectioned. All the other major organs will be homogenized. Organ homogenates will be 

screened by Western blot analysis with a human-specific anti-CTFR antibody to determine the 

biodistribution of the human transgene within different tissues. Blots will be reprobed with an 

antibody against mouse CFTR to compare expression profiles with the endogenous protein. Lung 

sections will be costained with anti-mouse and anti-human CFTR antibodies to compare expression 

profiles. The aim will be to show that the Xentry-based peptide delivers CFTR mRNA preferentially to 

the lung epithelium, that the human CFTR is expressed, and that intravenous delivery is more 

efficient than aerosol delivery. Following a successful outcome, Xentry-conjugates will be injected 

via a subcutaneous route to determine whether their efficiency is retained.  

 

Further, mouse studies for HDGC could be undertaken as follows. B6;129S2-Cdh1tm1Kem/J mice 

heterozygous for a mutant E-cadherin gene (cdh1+/-), which are otherwise healthy, will be obtained 

from the Jackson Laboratory. They will be intravenously injected via the tail vein with different doses 

of FLAG-tagged mouse E-cadherin mRNA48 complexed with fluoresceinated XP, containing or not 

containing a TFF3 motif, and the mice killed at various time-points. For comparison, XP complexed 

with E-cadherin mRNA will be delivered intragastrically. In this case, the trefoil factor motif will be 

replaced with the benign tomato lectin Lycopersicon esculentum agglutinin (Bies et al., 2004), which 

will bind to mucins on the stomach lining. In preparation for measurement of E-cadherin expression, 

half of the stomach will be homogenized for Western blot analysis and the other half frozen and 

sectioned. All the other major organs will be homogenized. Organ homogenates will be screened by 

Western blot analysis with an anti-FLAG tag antibody, and a mouse anti-E-cadherin antibody to 

determine the biodistribution of the transgene and endogenous E-cadherin within different tissues. 

Stomach sections will be co-stained with an anti-FLAG tag and anti-E-cadherin antibodies to compare 

expression profiles. The aim will be to show that the Xentry-based peptide delivers E-cadherin mRNA 

preferentially to the stomach epithelium, that the mRNA is expressed, and that intravenous delivery 

                                                           
48 Note that the mice would have to be examined quickly as an immune response will develop to Flag. 
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is more efficient than intragastric delivery. The carcinogen N-methyl-N-nitrosourea, which promotes 

stomach cancer, will be administered to untreated and treated mice, and the mice followed to 

determine whether they develop gastric cancer due to carcinogen-induced loss of the remaining 

copy of the CDH1 gene (Humar et al., 2009). Stomachs will be sectioned and examined, and the 

numbers of macroscopic and microscopic lesions counted. 
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4 Appendix 

 

Data sheets for peptides used in these studies. 

 

 

Xentry: 
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HER2 PROTAC: 
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Control PROTAC: 
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PROTAC-1: 
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PROTAC-2: 
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GO-201: 
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Xen-201: 
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Xentry-protamine: 
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Xentry-NLS-his-protamine: 
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FITC-Xentry-protamine: 
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 FITC-protamine: 
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THALWHT:   
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Xentry-THALWHT: 
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TP: 
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TX-XP: 
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TAMRA-XP: 
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GFE-1:  
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XTFF3:  
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