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ABSTRACT 
The biology of epithelial immunity as well as of tissue repair is complex and highly 
regulated. A variety of molecules, cell types, and biological processes such as, cell 
differentiation, proliferation and migration, programmed cell death and antimicrobial 
mechanisms contribute to maintaining a balance between tissue damage and tissue repair. 
Different sources of evidence indicated that the cathelicidin hCAP18/LL-37 might, not only 
act as an antibacterial molecule, but as a key regulator of the above mentioned processes. We 
therefore tested this concept through in vivo and in vitro studies aimed at determining 
whether and how hCAP18/LL-37 could be such a multifunctional molecule.  
The goal of this thesis was to investigate the role of LL-37 in epithelial cell biology by 
addressing the following questions: 
How is the expression of the human cathelicidin gene (CAMP) controlled in primary 
keratinocytes? Does LL-37 contribute to tissue repair through either, regulation of cell 
proliferation, differentiation and/or programmed cell death? Which genes become expressed 
in the presence of LL-37 and what potential biological processes do they control? And does 
LL-37 contribute to defects in cell proliferation, differentiation and/or migration during 
pathological states such as cancer? 
We found that the active form of Vitamin D (VD) and its metabolites induced the expression 
of CAMP. As the biological effects of VD are mediated by the vitamin D receptor (VDR), 
which, once activated binds to response elements in the promoter region of target genes 
(VDRE), we tested the CAMP promoter for the presence of VDR binding sites. We identified 
one active VDRE binding site at about ~500 bp from the transcription start site. In vivo 
stimulation of human skin with the vitamin D analog calcipotriol resulted in high expression 
of hCAP18 at the mRNA and protein levels, compared to control skin samples from the same 
individuals (Paper I). 
Tissue homeostasis is maintained by, among others, the selective removal of cells through 
mechanisms such as apoptosis or programmed cell death. Because cell proliferation and 
differentiation are central to skin biology, we tested the role of LL-37 in the apoptosis of 
human keratinocytes. We found that LL-37 prevented camptothecin-induced apoptosis, which 
was associated with decreased caspase-3 activity and increased expression of PGE2 and 
IAP2, through a mechanism dependent on COX2 activity (Paper II). 
By using a microarray approach we found that LL-37 affected the gene expression profile of 
human keratinocytes with a signifficant effect on STC2. We investigated the mechanism of 
LL-37-induced STC2 upregulation and found evidence (paper III, manuscript) suggesting 
that unfolded protein response in keratinocytes might be triggered by expossure to LL-37.  
We measured the expression of the hCAP18/LL-37 in a panel of 104 breast cancer tumors 
and compared it to the levels found in control samples, as well as analyzed its relationship to 
clinical data. We also studied, in vitro, the effect of LL-37 on breast cancer cell migration and 
in anchorage independent colony formation. In addition, we explored the molecular 
mechanisms responsible for LL-37 effects on breast cancer cells. To evaluate the relevance of 
our findings in vivo, a xenograft model using severely compromised immunodeficient (SCID) 
mice was designed to test the effect of the transgenic expression of the hCAP18/LL-37 in 
tumor formation. The results from these experiments indicate that 1) hCAP18/LL-37 is 
functionally connected with ErbB2; 2) LL-37 alters breast cancer cell phenotype in vitro 3) 
LL-37 stimulates the migration of breast cancer cells and 4) LL-37 stimulates metastasis 
formation in SCDI mice in vivo (paper IV). 
Increasing evidence shows that besides its immune function, LL-37 has tissue-repair-like 
effects, promotes cell proliferation, migration and angiogenesis. Furthermore LL-37 has been 
implicated in the pathogenesis of inflammatory skin disease such as psoriasis. Based on our 
findings, we propose that LL-37 is a key regulator of epithelial homeostasis by influencing, 
tissue defense, tissue repair and maintenance through control of programmed cell death, in 
association with vitamin D and likely acting as an alarmin by activating processes such as the 
unfolded protein response. Thus, these effects become relevant for the study of pathological 
states such as chronic inflammation and cancer. 
 



 

“With his hands in his front pockets  
he is rising on the tips of his toes 
and looking through his eye-lashes 
he is satisfied, 
by seeing the world in colours”. 
                                         A.C  
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1 INTRODUCTION 
 

Antimicrobial peptides (AMPs) are important components of the innate immune 

system to control microbial threats. These  molecules evolved about 600 million years 

ago, approximately at the time when the first multicellular organisms emerged (A. 

Linde, 2009) and at present they are broadly distributed in nature. Despite the 

fundamental role of antimicrobial peptides in host defense, the antimicrobial peptide 

research field waited long time to be explored. The initial clues about antimicrobial 

proteins of eukaryotic origin came with the discovery of Lysozyme in 1922 by 

Alexander Fleming (Fleming, 1932) but only in the middle of the 20th century, 

exploration of the killing mechanisms of leukocytes lead to the identification of extracts 

with antimicrobial activity, which were named leukins and phagocytins (Hirsch, 1956). 

However, the study of antimicrobial peptides took off only in the 1980s with the 

discovery of the antimicrobial peptides of insects, called cecropins, that were isolated 

from the silk moth (Hylaphora cecropia) by Hans Boman’s group in 1981(Steiner et 

al., 1981) Few years later, the first mammalian antimicrobial peptides were discovered, 

alpha-defensins derived from human PMNs (Selsted et al., 1983). Another important 

discovery represents Michael Zasloff's identification of the amphibian-derived AMP 

(the magainins) from skin of the African clawed frog (Xenopus laevis) (Zasloff, 1987). 

In the beginning of the 90s, PR39, a cathelicidin peptide, was isolated from pigs 

(Agerberth et al., 1991). At present, the number of known and predicted AMPs found 

in antimicrobial host defense peptide data bases comprise more than 1500 entries 

(Brahmachary et al., 2004; Wang, Li, and Wang, 2009). 

Structurally, AMPs could be grouped into several categories including α-helical, 

β-sheets, extended helices and loops. However, there are three common features in 

their structure that account for their direct antimicrobial activity: (1) they are small, less 

than 100 amino acid residues in length; (2) they are positively charged, and (3) they are 

amphipatic (Zasloff, 2002). 

 

1.1 HOW DO ANTIMICROBIAL PEPTIDES ELIMINATE 
MICROORGANISMS? 

The ability of AMPs to destroy microorganisms rests on direct and indirect 

mechanisms (see Figure 1). These peptides can directly disrupt membranes, interfere 

with metabolism and modify cytoplasmic components (Bierbaum and Sahl, 1987; 
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Brogden, 2005; Brotz et al., 1998) The disruption of microbial membranes caused by 

antimicrobial peptides in is due to electrostatic interactions between the small cationic 

peptides with the negatively charged microbial membranes (Zasloff, 2002). Upon 

binding, AMPs cause elastic strain on the lipid bilayer of microbial membranes, 

  
Figure 1: Events related with antimicrobial peptide release. a) A microbial challenge triggers 
antimicrobial peptide production and release from affected cells. b) Antimicrobial peptides diffuse in the 
surrounding tissues, c) and contribute to immune cell recruitment from the blood stream. d) Direct 
contact between peptides and microorganisms lead to damage of microbial membranes and to blockage 
of nucleic acid, protein and membrane synthesis. e) Antimicrobial peptides contribute to inducing cell-
dependent defense mechanisms. 
 

resulting in the formation of pores (Papo and Shai, 2003; Qian et al., 2008) and 

microbial cell death. In addition to membrane disruption, antimicrobial peptides can 

kill microorganism by targeting intracellular processes that are critical for the survival 

and proliferation of microbes. For example, α -helical peptides (pleurocidin and 

dermaseptin), proline- and arginine-rich peptides (PR-39 and indolicidin) and defensins 

(HNP-1) block thymidine, uridine and leucine uptake in E. coli, leading to inhibition of 

DNA, RNA and protein synthesis (Boman, Agerberth, and Boman, 1993). The indirect 

biological actions of AMPs are even more fascinating; these molecules are able to 

modulate inflammatory responses by influencing the host's innate and adaptive immune 

cells. In particular, they show endotoxin-binding and -neutralizing capacity, 

chemotactic- activities and induction of cytokines and chemokines. Thus, by killing 



 

  3 

microbes directly, by stimulating the production of cytokines in neighboring cells and 

by recruiting leukocytes to the site of infection, AMPs play critical roles against 

infections (Sorensen, Borregaard, and Cole, 2008). 

 

1.2 ANTIMICROBIAL PEPTIDES IN EPITHELIA  

Epithelia function as a front line of defense against microbes by providing a 

physical barrier and through production and storage of antimicrobial peptides. The 

production of AMPs by epithelia were likely preserved during evolution because they 

might have offered a survival advantage in a world teeming with microorganisms. It is 

well established that the gastrointestinal and skin epithelia, constitutively produce and 

secrete antimicrobial peptides in many different organisms including humans, frogs 

(Zasloff, 1992) invertebrates (Dimopoulos et al., 1997) and fish (Rakers et al.). 

The human genome contains codes for two main families of AMPs, the 

defensins and cathelicidins with several genes for defensins while, interestingly, only 

one gene representing the cathelicidin family and designated CAMP coding for 

hCAP18/ LL-37(Zanetti, 2004).  

Most antimicrobial peptides expressed by human epithelial cells are stored as 

pro-proteins in specific granules that are released into the extracellular compartment at 

the interface with the external environment, where they become activated (Selsted and 

Ouellette, 1995; Zasloff, 2002). Some antimicrobial peptides have a tissue specific 

distribution. For example, human α-defensins are mainly expressed or secreted by 

neutrophils or by intestinal Paneth cells (Pazgier et al., 2006) while β-defensins are 

produced in epithelial cells (Zhao, Wang, and Lehrer, 1996). The expression patterns of 

AMPs can also vary between tissues. As an example, the reproductive and the colonic 

epithelium constitutively release AMPs of the defensin and cathelicidin family. In 

contrast, the skin has low constitutive expression levels of these AMPs. Furthermore, 

the local distribution of a particular peptide can show a specific pattern; as in colon 

epithelium, where the expression of cathelicidin is low in the deeper crypts and more 

abundant in the superficial highly differentiated colon (Hase et al., 2002). In addition, 

the processing and the activities of the AMPs in epithelia are modulated by the local 

environments in which they are released (the skin, the gastrointestinal, respiratory, and 

genitourinary tracts) for example, the presence of specific microorganisms affects the 

expression of alpha-defensins both in vitro and in vivo (Bals et al., 1999; Kaiser and 

Diamond, 2000; Ogushi et al., 2001). 
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1.3 THE CATHELICIDINS  

The cathelicidins belong to a highly heterogeneous family of antimicrobial 

proteins found in fish (Chang et al., 2006), birds (Xiao et al., 2006), amphibians 

(Wang et al., 2008) and mammals (Zanetti, Gennaro, and Romeo, 1995). All 

cathelicidins are produced as a single protein with two domains: a highly conserved 

cathelin domain composed of about 100 amino acid residues, flanked by a signal 

peptide fragment on its N-terminus; and by a structurally variable cationic 

antimicrobial peptide on its C-terminus (Agerberth et al., 2000; Zanetti, Gennaro, and 

Romeo, 1995). Upon activation, the cathelicidin precursor is proteolytically cleaved 

by specific proteases. The proteases excise the C-terminus sequence containing the 

mature antimicrobial peptide from the cathelicidin precursor. Thus in humans the 

cathelicidin precursor release a peptide with the name LL-37 indicating that a specific 

protease, such as proteinase-3 in neutrophil and kallikrein 5 in skin cleaves the 

cathelicidin proprotein at the amino acid sequence alanyl and leucyl, located 37 

amino acids before the end of the precursor molecule. After being released from the 

precursor, LL-37 can suffer additional proteolysis in the skin, generating peptides 

with alternative antimicrobial and immunostimulatory activities (Yamasaki et al., 

2006). 

Cathelicidin derived peptides are heterogeneous and fit into different 

structures such as linear peptides, alpha-helical and amphipathic structure; flat β sheet 

structure stabilized by disulfide bounds and proline, arginine or tryptophan-rich 

peptides (Zanetti et al., 2000) (Figure 2). 

 

1.4 THE HUMAN CATHELICIDIN hCAP18/LL-37 

In humans, only one cathelicidin member has been identified so far. It is 

encoded by a single gene (CAMP) and translated into an inactive precursor protein with 

an approximate mass of 18 kDa, named hCAP-18 (Agerberth et al., 1995; Cowland, 

Johnsen, and Borregaard, 1995; Larrick et al., 1995). The antimicrobial peptide LL-37 

derives from the C-terminal part of hCAP-18, which is mainly expressed by neutrophils 

and epithelial cells, but also by other leukocytes and mast cells (Zanetti, 2004). 

Additionally, the N-terminal cathelin domain was also found to vary in antimicrobial 

activity depending on proteolytic processing or maturation (Zaiou, Nizet, and Gallo, 
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2003). LL-37 is a positively charged molecule (+6 at physiological pH) with a high 

content of basic and hydrophobic amino acids. It adopts an α-helical structure under 

physiological conditions and upon contact with lipid membranes (Henzler Wildman, 

Lee, and Ramamoorthy, 2003). Being a single representative of the cathelicidin family 

in humans, one could speculate that CAP18 may not tolerate genetic variation;  

 

Figure 2: The cathelicidin gene structure. The cathelicidin genes from different 

species have 4 exons. The three first exons, coding for the signal peptide and the cathelin peptide, are 

highly conserved sequences, but exon 4 varies widely depending on the species. The antimicrobial 

peptides are coded in the last exon (Exon 4 in humans) and are released upon enzymatic processing. The 

cathelicidin-derived AMPs from different species vary widely structurally, some adopt α-helical 

conformation, others, are enriched in certain aminoacid such as proline and cystein. This figure was 

modified with permission from Zanetti and Tomasinsing, current protein and peptide sciences, 2005, 6, 

23-24 
 

 

however, as described above, after protein processing hCAP18 can generate peptides of 

different size that may have functional diversity. LL-37 has antimicrobial activity 

against a variety of microorganisms including Gram/negative and Gram/positive 
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bacteria (Braff et al., 2005b), vaccina virus (Howell et al., 2004) and Candida albicans 

(Lopez-Garcia et al., 2005). The proteinases that process hCAP18 and release peptides 

Figure 3 The toroidal model to explain the mechanism of LL-37 induced membrane destruction in 

microorganisms. a) LL-37 peptides lie parallel to the cell membrane, b) interacts with the lipid polar 

heads, c) intrusion into the lipid bilayer, d) toroid formation (inspired by Antimicrobial peptides: pore 

formers or metabolic inhibitors in bacteria? Nat Rev Microbiol. 3, 238-50) (Brogden, 2005). 

 

from the precursor belong to the serine protease family. The specific type of proteinase 

depends on cell type, thus, in keratinocytes, kallikreins are the main proteolytic 

enzymes for hCAP-18 (Yamasaki et al., 2006) while in neutrophils and in seminal 

plasma, proteinase 3 (Sorensen et al., 2001) and gastricin (Sorensen et al., 2003b) are 

the main proteases, respectively. 

One of the most accepted model of LL-37 interaction with membranes, is the 

toroidal-pore formation (Gable et al., 2009; Henzler Wildman, Lee, and 

Ramamoorthy, 2003). This model assumes that electrostatic and hydrophobic 

interactions mediate contact between LL-37 and the microbial membrane. First, LL-

37 lays over the heads of the phospholipid chains, and then it gets absorbed into the 

head group region penetrating partially into the hydrophobic core of the bilayer. The 
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insertion of LL-37 into the membrane induces a local membrane curvature in the 

shape of a torus, and causes disruption in the lipid-lipid contacts leading to the 

formation of pores (see Figure 3 for a graphic representation). At high concentrations, 

in the range of 13 to 50 µM, LL-37 can disrupt the membrane of host cells (e.g. 

human peripheral leukocytes, T-cells and red blood cells) (Johansson et al., 1998), 

However, LL-37 can affect host cells also at physiological concentrations. LL-37 can 

activate receptor mediated signaling (such as MAPK, PI3K, and JNK) (Gallo, 2008; 

Niyonsaba et al., ; Yu et al., 2007) and is able to pass through cell membrane via the 

activation of endocytic pathways (Lau et al., 2005; Mookherjee et al., 2009b; 

Sandgren et al., 2004; Zhang et al., 2009) (Figure 4). The ability to pass through the 

cell membrane has been implicated in psoriasis pathogenesis where LL-37 was 

hypothesized to bind endogenous DNA or RNA and transport the complex into 

plasmacytoid dendritic cells resulting in production INF-α. (Lande et al., 2007). In 

macrophages, LL-37 binds in the cytoplasm to GADPH and also activate cytokine 

production (Mookherjee et al., 2009b). 

 

Figure 4 LL-37 interactions with eukaryotic cells. a) Intracellular signaling molecules 
activated by LL-37 (p38, ERk1/2, JNK, and PI3K) through specific cell surface receptors b). LL-37 
mediates nucleic acid delivery to the cells through endocytic pathways c) Once inside the cells LL-37-
DNA complexes bind with toll like receptors and activates the production of cytokines. d) LL-37 is 
also able to bind the metabolic enzyme Glyceraldehyde-3 phospahte dehydrogenase (GAPDH) 
modulating the expression of cytokines and/or growth factors in macropahes .e) At present ,it is not 
know if LL-37 is able to translocate inside the nucleus through endocytic- independent mechanisms  
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1.5 LL-37 IN HOST DEFENSE 

1.5.1 LL-37, a link between innate and adaptive immunity 

Several studies suggest that LL-37 acts as a link between innate and adaptive 

immunity (Auvynet and Rosenstein, 2009). Indeed, LL-37 has been shown to regulate 

inflammatory and immune responses (Mookherjee et al., 2009a). It is chemotactic for 

neutrophils, monocytes, eosinophils and T cells through FPRL1 (De et al., 2000). 

Additionally, LL-37 interacts with the purinergic receptor, P2X7 in different cells 

(Elssner et al., 2004) resulting in the processing and release of IL-1β by monocytes 

(Elssner et al., 2004) and the inhibition of apoptosis in neutrophils (Nagaoka, Tamura, 

and Hirata, 2006). LL-37 neutralizes endotoxin, thus limiting inflammatory responses 

by blocking TNF- α and IL-6 production (Larrick et al., 1995). Furthermore, LL-37 

stimulates histamine release from mast cells, which increases vascular permeability 

(Chen et al., 2006). LL-37-DNA complexes can activate DCs via toll like receptors 

(TLR), which may contribute to inflammation in psoriasis (Ganguly et al., 2009; Lande 

et al., 2007). Together, these activities suggest that LL-37 plays a multifunctional role 

in host defense and homeostasis. 

 

1.5.2 LL-37 in wound healing 

Wound healing is a normal dynamic and highly coordinated process that aims at 

repairing tissues upon injury. This process is achieved through four highly integrated 

and overlapping phases: hemostasis, inflammation, tissue formation and tissue 

remodeling (Velnar, Bailey, and Smrkolj, 2009). 

The first phase, hemostasis, begins immediately after wounding and results in 

clotting; it depends on vascular constriction and activation of the coagulation cascade. 

Several proinflammatory cytokines and growth factors are released during this early 

phase activating the next phase, inflammation. 

Inflammation is characterized by the sequential infiltration of neutrophils, 

macrophages and lymphocytes into the wound, which in turn, form a barrier against 

infection. Neutrophils, the first cells to appear (24-36h after injury), remove bacteria, 

foreign particles and damaged tissue through phagocytosis. Macrophages (appearing 

48-72h after injury) eliminate apoptotic cells (including neutrophils) and release 

cytokines that amplify the inflammatory response by recruiting additional leukocytes. 

Furthermore, macrophages in the late state of inflammation produce several growth 
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factors such as TGF-B, EGF, FGF, thus promoting tissue repair by-β. The last cells to 

enter the wound during the inflammatory phase of wound healing are lymphocytes 

(about 72h after injury). The function of these cells in wound healing is not yet clear 

but there are indications that they may modulate scar formation, keratinocyte 

proliferation, and cell survival (Gawronska-Kozak et al., 2006). 

The proliferative or tissue formation phase is characterized by epithelial and 

dermal proliferation and migration. This is a very intense phase where keratinocytes 

go through morphological changes and remodel their cytoskeleton to increase 

cohesion with neighboring cells. In the dermis, fibroblasts and endothelial cells 

support the production of new blood vessels and collagen deposition that contribute 

to forming granulation tissue. The complete wound healing involves tissue 

remodeling and it may take one to four years to complete. 

The LL-37 peptide has been implicated in several activities related with wound 

healing. LL-37 is induced upon wounding (Dorschner et al., 2001) and modulates 

keratinocyte (Heilborn et al., 2003) and fibroblast (Oudhoff et al.) proliferation 

epithelial cell migration (Carretero et al., 2008; Shaykhiev et al., 2005; Tokumaru et 

al., 2005) suppression of collagen synthesis (Park et al., 2009) and angiogenesis 

(Koczulla et al., 2003). These effects, are mediated through at least 3 different 

receptors: (1) The epidermal growth factor receptor; (2) the formyl peptide receptor-

like 1 (FPRL1, a member of the G-protein coupled receptors) and (3) the purinergic 

receptor P2X7 (a member of the P2X family of nucleotide-gated channels) (Carretero 

et al., 2008; Koczulla et al., 2003; Niyonsaba et al., 2007; Shaykhiev et al., 2005; 

Tokumaru et al., 2005). 

 

1.6 LL-37 AND APOPTOSIS 
Apoptosis is the mechanism that leads to controlled cell death, which under 

normal conditions, causes the selective removal of cells, thus maintaining tissue 

homeostasis. 

Apoptosis is important during wound healing, especially during the removal of 

granulation tissue after inflammation. As mentioned, high concentrations of LL-37 are 

cytotoxic to eukaryotic cells because, it can compromise membrane integrity. However, 

at low concentrations LL-37 has been shown to modulate contrasting effects on 

apoptosis in different mammalian cells types (Barlow et al., 2006). The role of LL-37 
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in apoptosis of human keratinocytes will be presented in more detail below, as this was 

a topic in this thesis. 

 

1.7 HOW IS THE CATHELICIDIN EXPRESSION REGULATED? 
Production of proteins is a multistage process regulated at different levels The 

major steps of the biogenesis of any protein are: 1) transcriptional 

activation/deactivation mediated by methylation/acetylation. 2) Transcription mediated 

by transcription factors binding to promoters, enhancers and repressors. 3) Translation 

dependent on RNA decoding within ribosomes. 4).Translational regulation affecting 

the rate of peptide production. 5). Post-transcriptional modifications contributing to 

protein maturation or to alternative peptide structures. 6).) Protein folding affecting the 

3D structure of the processed protein. 7). Intracellular protein fate or localization in 

organelles or cell membrane. 8). Export to the extracellular milieu and protein recycling 

(Read, 2006). 

The expression of CAP18/LL-37 relies on these very same processes; however, 

the overall picture of its regulation is not complete. Some of the pieces of information 

we have to date are discussed in the following sections. 

 

1.7.1.1 Transcriptional activation 

Many cells and tissues in the human body express hCAP18/LL-37 (Table 1 

for some of the cells and tissue expressing CAMP) but its expression can be regulated 

in a stimulus dependent manner resulting in different levels of the peptides according 

to body location. Wounding, infection or certain inflammatory diseases may 

contribute to wide differences in LL-37 expression. 

In order for CAP18/LL-37 to become expressed, its sequence must be 

available for the factors that initiate transcription. Histone methylation reduces 

transcription while acetylation facilitates it by allowing transcription factor binding to 

the promoter region of the gene (Rice and Allis, 2001). In the case of hCAP18/LL37, 

histone acetylation is actively induced by substances such as butyrate, which is a 

histone deacetylase inhibitor. Butyrate induced hCAP18 expression is dependent of 

MEK/ERK signalling (Schauber et al., 2003), of the activation of cofactors involved 

in epigenetic modification of DNA such as SRC3 and P300 (Kida, Shimizu, and 

Kuwano, 2006; Schauber et al., 2008).  
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Cell type or tissue  Reference 

Bone marrow (Agerberth et al., 1995; Cowland, 
Johnsen, and Borregaard, 1995) 

Neutrophils (Sorensen et al., 1997a) 

Lymphocytes and monocytes (Agerberth et al., 2000) 

Squamous epithelia (Frohm Nilsson et al., 1999) 

Epithelium of the epididymis and 
seminal plasma (Malm et al., 2000) 

Lung epithelia (Agerberth et al., 1999; Bals et al., 
1998) 

Plasma (Sorensen et al., 1999; Sorensen et 
al., 1997b) 

Skin (Dorschner et al., 2003; Dorschner 
et al., 2001; Frohm et al., 1997) 

Eccrine gland and sweat ductal 
epithelial cells (Murakami et al., 2002) 

Colon epithelium and mucousa (Hase et al., 2002; Tollin et al., 
2003) 

Amniotic fluid (Yoshio et al., 2003) 

         Table 1. Some tissues and cell types which express hCAP18/LL-37 

 

1.8.1.2 CAMP-related transcription factors 

The analysis of the putative promoter region of CAMP indicates that a variety 

of transcription factors may be involved in its expression. Studies and convincing 

effects on CAMP expression have been performed for CREB (Chakraborty et al., 

2009), C/EBP-ε (Verbeek et al., 1999), AP-1 (Kida, Shimizu, and Kuwano, 2006) and 

PU.1 (Termen et al., 2008). Patients with a rare congenital disorder called neutrophil-

specific granule deficiency have a mutation in the gene coding for C/EBP-ε and fail 

to express hCAP18/LL-37 and other antimicrobial peptides (Gombart et al., 2003; 

Gombart et al., 2001). 

Additional regulatory elements were found, including a potent repressor (still 

not characterized) within the 5’ sequence, a hypoxic response element and two GT 

boxes (Elloumi and Holland, 2008). As well as binding sites for the coactivator p300. 

Furthermore, multiple transcription start sites as well additional splicing variants of 
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hCAP18 (possessing a 10 to 26amino acid insertion in the cathelin domain) have been 

reported in bone marrow cells (Elloumi and Holland, 2008) 

One of the most important regulators of CAMP expression is the hormonal 

form of vitamin D (VD), 1.25(OH)2D3., a hormone that regulates diverse 

physiological processes such as mineral homeostasis, skeletal integrity and cell 

growth and differentiation (Verstuyf et al.). The synthesis of the biologically active 

VD (also known as calcitriol) is complex and involves hydroxylation steps on sterol-

like precursor molecules present in the diet or formed in the skin under the influence 

of UV-B. The hydroxylation steps are catalyzed by two different enzymes called 25-

hydroxylase (CYP2R1) and 25(OH) D3-1α-hydroxylase (CYP27B1). These enzymes 

are produced in the liver and kidney as well as in the skin by keratinocytes. The 

biological effects of calcitriol are mediated by the vitamin D receptor (VDR), a 

member of the nuclear receptor superfamily. Upon VD binding to this receptor in the 

cytoplasm, conformational changes activate VDR, which is then translocated into the 

nucleus where it binds, with high affinity, VD response elements (VDREs) in the 

promoters of target genes (Miller and Gallo). 

Interestingly, the colon epithelium constitutively produces hCAP18 (Hase et 

al., 2002; Schauber et al., 2003). Butyrate originates from the bacterial metabolism 

within the digestive system; its presence in a tissue that constitutively expresses 

hCAP18 supports a role of epigenetic regulation in the transcription of this gene. 

(Schauber et al., 2003). Butyrate also induces hCAP18 expression in other 

gastrointestinal cell types and in a lung cell line (Kida, Shimizu, and Kuwano, 2006). 

The effect of butyrate on CAMP expression was recently linked to the presence of the 

transcription factors PU1 (Termen et al., 2008) in colon. and AP-1 (Kida, Shimizu, 

and Kuwano, 2006) in lung epithelia, both with putative binding sites in the CAMP 

promoter.  

1.7.1.2 Factors known to trigger transcription of CAMP 

hCAP18 levels in cultured keratinocytes increase dramatically upon infection 

with Staphylococcus aureus (Li et al., 2008; Schaller-Bals, Schulze, and Bals, 2002) 

or stimulation with insulin–like growth factor (IGF-I) (Sorensen et al., 2003a), 

stimulation with IL1-alpha and LPS (Erdag and Morgan, 2002; Nell et al., 2004), 

wounding (Heilborn et al., 2003; Sorensen et al., 2003a; Sorensen et al., 2006) and 

inflammation (Frohm et al., 1997). In contrast, bacteria such as Neisseria gonorrheae 
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and Shigella spp. evolved mechanisms to down regulate the expression of LL-37 

(Bergman et al., 2005; Islam et al., 2001) 

 

Figure 4. Factors known to modulate hCAP/18 (CAMP) expression. This cartoon shows some of 
the intracellular mediators of CAMP transcription as well as some external triggering substances. 
Activating pathways are indicated with solid arrows, factors that cause inhibition of CAMP expression 
are indicated with a red segmented line. Binding of transcription factors to promoter binding sites is 
described in an arbitrary manner.  

 
1.8 LL-37 IN CANCER BIOLOGY  

So far, I have described CAMP18/LL-37 as a molecule that is involved in 

diverse processes such as, antimicrobial defense, communication between the innate 

and the adaptive immune responses, regulation of relevant processes for tissue repair 

such as inflammation, apoptosis and keratinocyte physiology, etc. However, these 

very properties suggest that LL-37 may also be of paramount importance during 

pathological processes such as cancer development and/or progression. Because 

antimicrobial peptides have immunomodulatory and cytotoxic effects at high 

concentrations, they have been proposed to have, primarily, anti tumor effects 

(Ohtake et al., 1999; Winder et al., 1998). Why would LL-37's effects on 

proliferation, migration and angiogenesis be exclusively relevant in the context of 
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wound healing and tissue repair? In principle any regulator of such important events 

is a good candidate for study of in relation to cancer biology, thus LL-37 is a 

plausible cancer related factor. Addressing this question in practical terms is difficult, 

considering the great complexity of cancer biology where many players under 

different conditions are involved.  

Early work in our research group linked hCAP18/LL-37 and breast cancer 

biology in humans. A set of breast cancer tumors was observed to express more LL-

37 than normal breast tissue, with an apparent relationship between levels of LL-37 

and tumor histological grade. This work led to the hypothesis that hCAP18/LL-37 

may be involved in tumor growth (Heilborn et al., 2005). Our group also found that 

treatment with LL-37 stimulated the proliferation of epithelial cells, suggesting that 

LL-37 may act as a growth factor (Heilborn et al., 2005). High expression of the 

hCAP18/ LL-37 was also observed by other research groups who studied lung and 

ovarian cancer (Coffelt et al., 2009b; Coffelt et al., 2008; von Haussen et al., 2008). 

Furthermore, stimulation of various cancer cell lines in vitro caused proliferation, 

migration, invasion and matrix metalloproteinase activation (Coffelt et al., 2009a; 

Coffelt et al., 2009b; Coffelt et al., 2008; von Haussen et al., 2008). We therefore 

investigated the biological significance of the hCAP18/LL-37 overexpression in 

breast cancer cells.  

Summarizing, LL-37 is involved in the biology of different types of cancer. In 

this thesis, I will discuss our findings on LL-37 in human breast cancer.  

 

1.9 DOES LL-37 INDUCE THE UNFOLDED PROTEIN RESPONSE? 

 
LL-37 is a multifunctional peptide in eukaryotic cells with stimulatory 

responses occurring via several receptors and signaling pathways in the low 

micromolar range in vitro. However, at only slightly higher concentrations (>10 µM), 

LL-37 is able to cause cell death (Johansson et al., 1998). It is suggested that LL-37 has 

an important role in tissue responses against injury and infection and it is therefore 

assumed that cytotoxic effects are not in play at physiological concentrations. One 

possibility is that LL-37 induces responses that make more resistant to cellular stress 

that may lead to death; one example with keratinocytes is described in this thesis. I will 
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discuss the possibility that LL-37 induces a specific program by which a cell copes with 

stress, the unfolded protein response (UPR). 

1.9.1.1 What is UPR? 

Recycling of wrongly folded proteins, which in most cases can be up to 30% of 

newly produced proteins (Schubert et al., 2000) is a basic task for the cells in order to 

maintain internal homeostasis. The detection, degradation and recycling of miss-folded 

proteins occurs in the endoplasmic reticulum (ER), and is facilitated by number of 

proteins known as chaperones; including the glucose-regulated proteins BiP and 

GRP78; and by a variety of folding enzymes such as protein disulfide isomerase (PDI) 

(Schroder and Kaufman, 2005). Conditions that trigger ER stress can cause the 

accumulation of unfolded proteins in the ER lumen. To deal with this stress, the cells 

activate a process called the Unfolded Protein Response (UPR) (Merksamer and Papa) 

which activates transcriptional and translational programs aiming to facilitate the cell 

response to stress.  

The Master proteins regulating this process are designated PKR-like ER kinase 

(PERK), activated transcription factor 6 (ATF6), and Inositol-requiring enzyme 1 

(IRE1) (Figure 5). In a cell, different factors lead to the activation of UPR, including 

nutrient deprivation; oxidative stress or inflammation (Ghosh et al.). 

Several genes are target of the UPR response (Schroder, 2008). These UPR 

genes are involved in cell metabolism, anti-oxidative response, and protective or 

apoptotic signals. The overall idea with the UPR is for the cell to recover or to die 

(Malhotra and Kaufman, 2007). There are genes that directly control the protein 

loading into the ER, others mediate cell cycle arrest that allows cells to repair 

themselves, and other UPR genes prevent apoptosis although apoptosis can also be 

promoted under some circumstances (Malhotra and Kaufman, 2007). In this context, 

UPR may rescue or execute; depending on the intensity of the stress signals and how 

they modulate the UPR, the affected cells will either recover or die. UPR is also 

involved in cell differentiation, such as differentiation of B cells into plasma cells 

(Iwakoshi et al., 2003); and may be involved in differentiation of epidermal 

keratinocytes (Sugiura et al., 2009). Furthermore, UPR plays an important role in 

cancer development (Wang, Yang, and Zhang). 

During our investigations of LL-37 effects on keratinocytes, several facts hinted 

at interactions with members of the UPR system and LL-37, we therefore wanted to ask 

if LL-37 may be involved in alarming the cell about stressful events.  
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1.9.1.2 1.10.2 UPR induces the stanniocalcin gene expression 

Stanniocalcins (STC) is a family of secreted glycoprotein hormones first 

identified in fish having calcium and phosphate regulating functions. In humans two 

members have been identified so far: STC1 and STC2. STC2 is expressed by a wide 

variety of tissues (Chang, Jellinek, and Reddel, 2003; Wagner et al., 1986). The 

function of STC2 is not clear but it has been implicated in several processes including 

ovarian development (Luo, Pisarska, and Hsueh, 2005) body growth (Gagliardi et al., 

2005), pancreatic α-cell function (Moore et al., 1999) and cancer (Bouras et al., 2002). 

Additionally, STC2 was proposed to be a target of UPR in different cells having 

protective functions during oxidative stress and hypoxia (Ito et al., 2004). I will 

describe our data linking LL-37 with STC2 regulation in the results and discussion 

section of this thesis. 

 
Figure 5: Signal transduction pathways of the unfolded protein response 
Accumulation of unfolded proteins in the ER, induce the activation of the unfolded protein response (UPR). This 
process is mediated by three molecules, PKR-like ER kinase ( PERK), activated transcription factor 6 (ATF6), and 
Inositol-requiring enzyme 1 (IRE1). These three molecules interact with the chaperones GRP78 (glucose regulated 
protein 78). Upon UPR activation, GRP78 dissociates from ATF6, PERK, and IRE1, leading to their activation. 
Active IRE1 triggers the splicing X box-binding protein 1(XBP1) mRNA. Spliced XBP1 protein is a highly active 
transcription factor. Active PERK phosphorylates eIF2α, which promotes the translation of the activation 
transcription factor 4 (CREB). Activated ATF6 acts in concert with XBP1 and ATF4 proteins to induce expression of 
genes related with the UPR including GRP78, CHOP, PD1. STC2 has been proposed as a target of the UPR through 
the activation of ATF4. This figure was modified with permission from Sugiora, et al; Journal of Investigative 
Dermatology (2009) 129, 2126-2145. 
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2 AIMS OF THE STUDY  
 
 

The aim of this work was to explore how the human cathelicidin hCAP18/LL-

37 affects epithelial cell biology. In particular, we explored the involvement of LL-37 

in apoptosis and in breast cancer development. Moreover, we explored the molecular 

mechanisms controlling the expression of LL-37 in the skin. 

 

Specific aims 

 

• To study the effect of vitamin D on hCAP18 (CAMP) expression in 

keratinocytes 

 

• To explore the role of LL-37 in apoptosis of keratinocytes  

 

• To study the genetic expression profiles of human keratinocytes exposed to LL-

37  

 

• To investigate the mechanisms of LL-37 induced STC2 expression 

 

• To explore the role of LL-37 in breast cancer 
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3 RESEARCH STRATEGY 
  

We studied the regulation of hCAP18 expression by VD in an experimental 

system consisting of primary keratinocytes. Repeated measures of hCAP18 mRNA and 

protein expression were performed and an observational study was attempted in order 

to explore the potential effects of VD in vivo. 

  

To explore a causal relationship between LL-37 and induction or prevention of 

apoptosis different methods were used to assess cell death in keratinocytes treated with 

LL-37 and a known pro-apoptotic substance, separate or in combination. 

 

We compared the global expression of genes in culture keratinocytes exposed to 

LL-37 for 6 hours. 

 

The expression of LL-37 in human breast cancer tumors performed was studied 

by comparing the mRNA and protein levels in the tumors with those of control normal 

mammary tissue. These studies were complemented by cell culture experiments with 

breast cancer cells cultured with and without LL-37 to study intracellular signaling, 

ability to migrate in artificial systems and to produce colonies in semisolid culture 

medium. An in vivo study of human breast cancer cells with or without transgenic 

overexpression of hCAP18 was performed to assess the effect of LL-37 on growth and 

metastatis. 

 

3.1 METHODOLOGY OVERVIEW  

 
Paper I 

Exploration of molecular mechanisms controlling the expression of CAMP  

 We investigated whether the expression of hCAP18 could be influenced by 

agents that affect the proliferation and differentiation of skin keratinocytes. As skin is 

the major source of VD, we hypothesized that this hormone might be involved in skin 

protection, possibly by affecting the production of antimicrobial peptides. Thus, we 

evaluated the expression of the hCAP18 at the mRNA and protein levels in human 

keratinocytes upon stimulation with various VD metabolites. To identify the functional 

vitamin D responsive elements in the hCAP18 gene promoter, we used in silico 



 

  19 

analysis and sub-cloned about 1 kb genomic region upstream of the transcription start 

site, containing putative binding sites for VDR. We evaluated the promoter activity of 

this region by using luciferase constructs to transfect the human keratinocyte line 

HaCaT. To assay whether vitamin D stimulated hCAP18 expression in vivo, we applied 

vitamin D to the skin of four healthy probands and assayed hCAP18 expression by 

quantitative Real-Time PCR analysis. 

Paper II 

Investigation of the role LL-37 in keratinocyte apoptosis  

 

To investigate if LL-37 would affect apoptosis pathways in human keratinocytes, 

we examined the effect of LL-37 on cells exposed to camptothecin (CAM), a 

topoisomerase I inhibitor. After treatment with CAM, membrane integrity and DNA 

fragmentation, as well as the activation of caspase-3, were analyzed. The effect of LL-37 

on the expression of the antiapoptotic protein IAP2 was studied at the transcriptional 

level. To gain a more complete understanding of how LL-37 affects apoptosis in human 

keratinocytes we used gene array technology to profile gene expression patterns in 

keratinocytes, 6 hours after treatment with 2 μM LL-37. To validate the results obtained 

by the microarray analysis, we next performed quantitative real-time PCR analysis in LL-

37-treated cells and indentified COX-2 as one of LL-37 induced genes. Since COX-2 

mediates its biological effects trough prostaglandin production, we next investigated 

whether the COX-2 expression correlated with prostaglandin–2 (PGE-2) production by 

keratinocytes using ELISA technique. Based on our experimental observations, we 

hypothesized that the anti-apoptotic role of LL-37 is mediated via the COX-2 pathway. In 

order to test this hypothesis, we evaluated the effects of a COX-2 inhibitor on the changes 

mediated by LL-37 on IAP2 mRNA levels, PGE-2 production and caspase-3 activation. 

Paper III 

Investigation of the role of LL-37 in breast cancer  

 

To explore the role of hCAP18/LL-37 in breast cancer, we investigated hCAP18 

mRNA levels by quantitative RT-PCR in a panel of primary human breast cancer 

samples (n = 109). In order to understand the biological significance of our findings, the 

levels of hCAP18 were compared to lymph node and estrogen receptor (ESR) status by 

means of analysis of variance (ANOVA). Since LL-37 has been linked to EGFR 

signaling, we decided to investigate whether increased hCAP18 expression was 

associated with changes in ERBB2 (Human Epidermal Growth Factor Receptor 2), a 

member of the epidermal growth factor receptor family associated with tumor growth 
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(Alvarado et al., 2009). To investigate whether hCAP18 regulates the expression of 

ERBB2 we performed signaling experiments involving the mitogen-activated protein 

kinase activation (MAPK) through ERBB2 on the ESR-positive breast cancer cell lines 

MJ1105. Next, to investigate whether LL-37 influences tumor cell behavior, we studied 

the in vitro effects of LL-37 on colony formation and migration of breast cancer cell 

lines. Finally, to extend our in vitro studies to an in vivo tumor model, we investigated the 

effects of hCAP18/LL-37 in a xenograft model by establishing primary tumors with 

hCAP18 transgenic and control derivatives of MJ1105 cells in severe combined 

immunodeficiency (SCID) mice and monitored tumor growth and metastasis formation. 

 
Paper IV 

Investigation of the effect LL-37 in keratinocyte gene expression: focusing on the 

STC2 gene  

In this work, we aimed to investigate potential genes regulated by LL-37 in 

human keratinocytes by using a microarray approach. The expression of selected genes 

was validated by qPCR. We focused on the most upregulated gene which was 

stanniocalcin 2 (STC2). We evaluated the LL-37-induced STC2 production both at the 

mRNA and protein level. In order to evaluate the molecular mechanisms behind LL-37 

induced STC2, we explored the involvement of different molecules previously 

associated with LL-37 biological functions by qRT-PCR, including EGFR and FPRL1 

signaling. As STC2 is a target of both HIF-1α and ATF4, we  explored the involvement 

of these transcription factors by western blot. 

 

3.1.1 Materials  

Patients and samples 
Breast cancer samples included in this study were collected consecutively from 

patients treated at Danderyd´s hospital during the period 1994 and 1998. 

The ER status was assessed on routinely processed paraffin sections.   

 

Established cell lines and primary cells  

The stable keratinocytes cell line HaCaT was used in the papers I and II. The 

breast cancer cell lines ZR75-1 MCF7 and derivatives MJ1105 were used in paper III.  

Human keratinocytes from skin were used in the studies I, II and IV. 

 



 

  21 

3.1.2 Methods 
A variety of routine methodologies was applied for the analysis of LL-37 

effects in epithelial cell biology, including western blot, qRT-PCR and 

immunohistochemistry.   

 

3.1.3 Expression analysis 
The expression of a gene can be studied with different methods and at different 

levels; in the studies presented here we used the following methods: 

 

3.1.3.1 Microarray  

Microarray is a screening tool to analyse the gene expression in a biological 

sample. It consists of different nucleic acid probes that are chemically attached to a 

fluorescent marker. Upon binding to labelled cDNA samples, the expression pattern 

is analysed using careful computational analysis. The intensity of the fluorescent 

signals on each probe corresponds to the RNA expression of a particular gene. This 

technique permits the simultaneous analysis of thousands of sequences of DNA and 

therefore represents a good screening possibility. In Papers II and III we have used a 

microarray approach in order to analyse how LL-37 influences gene expression in 

keratinocytes.  

 

3.1.3.2 Quantitative real time–RT-PCR (qRT-PCR) 

RT-PCR is a method used to study the gene expression on the RNA level. Once 

the RNA is extracted from the cells; it is converted to cDNA (or Reverse transcription). 

This cDNA is used as a template for a further amplification using specific primers to 

the gene of interest.  

Fluorescent probes are normally used to detect in real time and quantitatively the 

presence of the cDNA. The quantification is based on the time point during cycling 

when the exponential amplification of a PCR product is first detected. The higher the 

starting copy number of the nucleic acid target, the sooner a significant increase in 

fluorescence is observed. 

 

3.1.3.3 Western Blot 

Western blot is used to study gene expression in a tissue or cell extract at the 

protein level. Proteins are first separated by electrophoresis and transferred onto protein 
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binding membranes (often nitrocellulose). Specific antibodies are used to detect the 

presence of the proteins of interest. Once the protein-specific antibody complex has 

formed different detection systems can be used to visualize the presence of the proteins. 

These methods use secondary antibodies conjugated with a reporter molecules, which 

can be easily detected upon a chemical reaction. The visualization system we used was 

based on a chemoluminiscent substrate activated by an enzyme-conjugated secondary 

antibody. 

 

3.1.4 In silico analysis:Vitamin D receptor biding sites in hCAP18 gene  
DNA biding sites are sequences in the DNA where a specific transcription 

factor can specifically bind (Stormo, 2000). There are bioinformatics tools useful to 

predict the presence of these sequences in a specific gene or promoter of a gene. In 

paper I, we used an online bioinformatics tool called matinspector, available at 

www.genomatix.de, in order to predict the presence of VDR response elements in the 

promoter region of the hCAP18 gene. 

 

3.1.5 Analysis of promoter activity by luciferase activity  
The luciferase vector reporter system was used to the identification of DNA 

sequences required for gene expression. We used this system in order to determine the 

activity of the putative VDR binding sites. The basic design of this vector allows the 

cloning nd insertion of specific promoter regions upstream of the luc gene which 

encode for the enzyme luciferase. After the reporter vector is transfected into culture 

cells, the intensity of luciferase reflects the transcriptional activity of the inserted 

promoter region (in our case the region containing the VDR response elements). 

 

3.1.6 Apoptosis assays  

 
3.1.6.1 Induction of apoptosis with Camptothecin 

CAM is a drug derivate from the Chinese tree campotheca acuminate; it is an 

inhibitor of topoisomerase I, a molecule required for DNA synthesis. CAM has been 

shown to induce apoptosis in a dose dependent manner in vitro. Some of its derivates 

have been used in clinical trials to treat different types of cancer. The mechanism of 

apoptosis induction by CAM is not completely clear but it is cytotoxic to breast cancer 

cell and generates ROS (Reactive Oxygen Species) (Hiraoka et al., 1998).  

 

http://www.genomatix.de/
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3.1.6.2 Evaluation of apoptosis by flow cytometry 

To evaluate the impact of LL-37 in apoptosis of keratinocytes, we used flow 

cytometry methods that detect apoptotic changes, such as membrane integrity and DNA 

fragmentation. 

 

General principle of flow cytometry: 

Flow cytometry is a laser-based method for optical quantification of 

components or structural features of cells. Flow cytometers scan single particles or cells 

as they pass through an excitation light source. Once each particle (or cell) reaches the 

excitation source the light scatters in different directions. Light scatter provides 

information regarding the morphology of cells such as size and granularity. 

Additionally, in combination with specific fluorescent dyes or antibodies, it is possible 

to obtain information from the cells regarding viability, metabolic state and expression 

of specific molecules or enzymes.  

 

Propidium iodide (PI) 

PI is an intercalating fluorescent dye that can be used to stain DNA. It is a 

valuable tool for determining the DNA content of a cell. From PI stained- population 

of ethanol fixed cells, a typical flow cytometry DNA-histogram is produced; 

representing cells with different DNA content thus representing the different phases 

of the cell cycle: G0/G1 (2n), S (between 2n and 4n ) and M (4n). Since apoptotic 

cells are characterized by extensive damage to chromatin and cleavage of DNA into 

oligonucleosomal length fragments, it is possible to detect apoptotic cells in the 

subG0/G1 histogram (see cartoon below) 
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YO-PRO assay 

In this assay, cells are labeled with two different dyes: YO-PRO® (green-

fluorescent) and PI (red fluorescent) in order to discriminate between alive, apoptotic 

and dead cells. Cells with an intact membrane incorporate any or little amount of dye. 

Apoptotic cells, due to a change in membrane permeability, show an increased up-take 

of the vital dye YO-PRO but not to PI, dead cells show fluorescence for both dyes.  

 

Measuring apoptosis by Caspase-3 activity  

Caspases is a family of cysteine proteases, which play a central role in the 

initiation and execution phases of apoptosis. Upon activation, these enzymes cleave 

specific substrates and thereby mediate many of the typical biochemical and 

morphological changes in apoptotic cells, such as cell shrinkage, chromatin 

condensation, DNA fragmentation and plasma membrane blebbing (Kohler, Orrenius, 

and Zhivotovsky, 2002). Hence, the detection of activated caspases can be used as a 

biochemical marker for apoptosis. The method used here is based on the cleavage of a 

synthetic caspase substrate upon incubation with lysates from apoptotic cells. We used 

the VDVAD-AMC substrate, which contains tetra peptide sequences mimicking the 

cleavage sites of caspase-3. The tetra peptide is conjugated to a fluorochrome, 7-amino-

4-methylcoumarin (AMC). Upon cleavage of the substrate, the liberated chromophore 

is detected spectrophotometrically.  
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In vitro tumorogenesis assay 

In order to assay the capacity of LL-37 to influence tumor biology (paper IV) 

we use in vitro and in vivo models of tumorigenesis. In vitro we assayed the capacity of 

LL-37 to influence the anchorage independent growth and migration of a breast cancer 

cell line by using a colony formation assay and the Boyden chamber migration assay, 

respectively. 

 

Colony formation: 

In this assay, the cell are suspended in agar medium and plated over a surface 

containing agar. After incubation for a certain period of time, the colonies are counted 

and cathegorized morphologically.  

 

The Boyden chamber  

This assay is currently the most commonly used to evaluate migration. It 

involves the migration of cells through a microporous filter toward a chemoattractant 

placed in a well below the filter. After migration, the filter is stained and the cells on 

the lower side of filter are counted.  

 

In vivo tumorigenic assays  

There are several murine models to study the factors involved in malignant 

transformation, invasion and metastasis. One of them is the human tumor xenograft 

model. In this model, human tumor cells are injected into immunocompromised mice 

that do not reject the human cells (Morton and Houghton, 2007; Richmond and Su, 

2008). The formation of tumors and development of metastases can be monitored in a 

relatively short time (1 to 4 months). 

A xenograft model with the severely compromised immunodeficient (SCID) mice 

was used in order to test the effect of the transgenic expression of the hCAP18/LL-37 

in tumor formation of the breast cancer cell line MJ1105. 
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4 RESULTS AND DISCUSSION 
 
4.1 VITAMIN D AS A REGULATOR OF CAMP GENE EXPRESSION IN 

HUMAN KERATINOCYTES 

 
In paper I we reported our findings about molecular mechanisms controlling 

hCAP18 expression. We found that the active form of VD, 1,25(OH)2D3, induced the 

expression of the cathelicidin gene in human keratinocytes. This effect was also 

observed using VD metabolites, as well as the VD analog MC 903 (Calcipotriol) 

(Kragballe, 1995), used in the treatment of psoriasis but not with the VD precursor, 7-

DHC. In order to understand the molecular biology behind the induction of LL-37 

expression through VD, we studied the CAMP promoter region and found three 

potential vitamin D response elements (VDRE) upstream of the transcription start 

site. These were tested for their activity on transcription in a luciferase-based reporter 

system and through targeted sequence modifications. One VDRE, ~500 bp from the 

first coding nucleotide, increased transcription about 3-fold compared to control 

constructs. This finding explains the connection between VD and hCAP18 as a 

consequence of direct interaction that can eventually be manipulated for therapeutic 

purposes.  

As an initial attempt to explore this concept, calcipotriol was applied onto the 

skin of four probands, which resulted in high expression of hCAP18 at the mRNA 

and protein levels, compared to control skin samples from the same individuals. This 

result together with those of other studies, including the early work by Wang and 

collaborators (Wang et al., 2004), provided strong initial evidence that the interaction 

between 1,25(OH)2D3 and CAMP is part of fundamental homeostatic and defense 

mechanisms.  

Since our findings were published, many other research groups have verified 

that vitamin D is a regulator of antimicrobial protein expression and innate immunity. 

In fact, the control of cathelicidin expression by vitamin D is shared by different cell 

types and tissues in humans (Gombart et al., 2007; Schauber et al., 2006) and may 

play an important role in antimicrobial defense (Schauber et al., 2007) against 

organisms such as S. aureus (Schauber et al., 2006) Pseudomona aeruginosa (Wang 

et al., 2004) and Mycobacterium tuberculosis (Liu and Modlin, 2008; Liu et al., 2006; 

Liu et al., 2007). 1,25(OH)2D3 also induces the expression of molecules involved in 
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cell recognition and pathogen recognition such as TLR2 and CD14 , thus amplifying 

antimicrobial responses (Schauber et al., 2007). 

 

In the skin, Vitamin D3 (VD3) is synthesized by keratinocytes from the 

precursor 7-DHC upon UVB irradiation of UV-B light. VD3 is sequentially 

hydroxylated by specific enzymes in different organs such as the kidney and liver, 

which yields 25(OH)D3 (calcidiol)  and finally the metabolically active form, 

1,25(OH)2D3 (calcitriol). Despite keratinocytes being able to express the complete 

enzymatic machinery required to produce metabolically active vitamin D (Schauber 

et al., 2007) we found that in vitro, keratinocytes treated with the VD precursor were 

unable to induce LL-37 expression, which indirectly suggests that no active VD was 

available in this experimental setting. It needs further investigation whether the lack 

of UV-B exposure in this artificial cell culture setting could explain this finding. Our 

research group found that in vivo stimulation of human skin with UV-B light, 

stimulates expression of hCAP18, suggesting that this effect is mediated via VD 

(Mallbris et al., 2009). Furthermore, topical treatment with the vitamin D analog 

calcipotriol enhances hCAP18/LL-37 mRNA and protein expression during acute 

wounding (Heilborn et al., 2009) but only mRNA in chronic ulcers (Heilborn et al., 

2003). Regulation of hCAP18 by VD seems a recent event in evolutionary terms 

because VDREs in the promoter region of the cathelicidin gene have only been found 

in primates (humans and chimpanzee) (Gombart, Borregaard, and Koeffler, 2005). 

 Injury and toll like receptor signaling modulate the production of CYP27B1, 

the enzyme that converts calcidiol into calcitriol (Schauber et al., 2007), leading to 

local production of hCAP18. Histone acetylation is an important epigenetic 

mechanism that also influences the expression of hCAP18 via vitamin D in different 

cells (Gombart et al., 2007; Peric et al., 2009; Schauber et al., 2006; Schauber et al., 

2008), as indicated by experiments showing that butyrate or tricostatin A (two histone 

deacetylase inhibitors) potentiate vitamin D-induced cathelicidin expression. 

Vitamin D is a multifunctional hormone with profound effects in different 

systems. VD coordinates the activity of several pathways that interestingly link VD 

TLR2s, CYP27B1 (Heilborn et al., 2009; Schauber et al., 2007) and hCAP18 to both 

wound healing and antimicrobial defense. Studying VD in relation to hCAP18 could 

further link hCAP18/LL-37 to other VD-regulated effects such as immunomodulation 

(Baeke et al.) and cancer (King et al.). It would also be important to explore the 
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possibility that improper regulation of these molecules could be a component of 

inflammatory diseases such as psoriasis, rosacea and others. 

 

4.2 LL-37 PROTECTS HUMAN KERATINOCYTES FROM APOPTOSIS 
 

LL-37 is able to induce cell death at high concentrations (above of 13 µM) by 

damaging cell membranes, but at low concentrations it promotes or prevents apoptosis 

in different cell types (Barlow et al., 2006) although no information on apoptosis was 

available regarding keratinocytes. We therefore aimed, in paper II, at studying the role 

of LL-37 on keratinocyte apoptosis.  

 

We found that, at a low concentration (2 µM), LL-37 protected human 

keratinocytes from CAM-induced apoptosis (DNA damaging agent). The protection 

was evident by a decreased number of apoptotic cells detected by flow cytometry, and 

by a decrease in caspase-3 activity. In addition, we used gene array methodology to 

study the gene expression profile induced by LL-37 and found that the expression of 

some apoptosis-related genes were significantly increased. COX-2 was one such gene 

and we included it in our apoptosis studies because it has been shown to prevent 

apoptosis through the production of PGE2 (Liou et al., 2007; Papadimitriou et al., 

2007). We found that keratinocyte cell cultures treated with CAM had increased 

caspase-3 activity, which was reduced about 2 fold if the cultures received LL-37 

simultaneously. But, if these cultures received LL-37 plus a COX-2 enzyme inhibitor, 

the caspase-3 activity went up again to a similar level as in cultures treated with CAM 

alone. We therefore hypothesize that LL-37 prevents apoptosis through a COX-2-

dependent mechanism. As PGE-2 can be induced by the COX-2 enzyme, we measured 

this prostaglandin in a similar experimental setting and found that the use of a COX-2 

inhibitor reduced the amount of PGE-2 compared to cultures treated with LL-37 alone. 

PGE-2 can modulate the expression of members of the inhibitors of apoptosis 

protein family (IAPs) (Nishihara et al., 2003; Roy et al., 1997) which in turn can 

modulate the activity of caspase-3 (Roy et al., 1997). As we found that LL-37 induced a 

decrease in aspase-3 activity via COX-2 and likely PEG-2, we targeted IAP members 

as plausible mediators of LL-37's protective effect on apoptosis. Moreover, the porcine 

cathelicidin PR-39 has antiapoptotic functions through the activation of IAP2 (a family 

member of the IAP family). In our experiments, IAP-2 expression increased two-fold 

after treatment with LL-37 and COX-2 was necessary for the induction of IAP-2 by 
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LL-37. Altogether our results suggest that LL-37 protects human keratinocytes from 

apoptosis by a COX-2 dependent mechanism involving the production of PGE-2 and 

the expression of IAP2.  

In agreement with our findings, LL-37 also prevents apoptosis in neutrophil 

through antiapoptotic proteins (bcl-2 family) and the inhibition of caspase-3 through 

FPRL1 and P2X7 receptors and ERK-1/2 signalling (Barlow et al., 2006; Nagaoka, 

Tamura, and Hirata, 2006). The involvement of these or other receptors and signaling 

molecules in the LL-37 antiapoptotic functions in human keratinocytes remains to be 

investigated. So far, we are the only group who has studied the role of LL-37 in 

apoptosis of human keratinocytes. 

Our findings could have in vivo relevance, as both LL-37 and IAP2 were 

overexpressed in psoriatic skin (Tovar-Castillo et al., 2007). We found that LL-37 

increased in vitro IAP2 expression in human keratinocytes. It is possible that LL-37 

which is highly expressed in psoriatic skin may be involved in reducing keratinocyte 

apoptosis in psoriasis. 

 

4.3 TREATMENT WITH LL-37 RESULTED IN ALTERED GENE 
EXPRESSION IN HUMAN KERATINOCYTES 

As an exploratory tool, we performed one microarray study with a small 

number of keratinocytes samples treated in vitro with low concentrations (2µΜ) of LL-

37. By using a FDR of 10% we found that LL-37 induced the expression of about 140 

genes. After functional classification by using the Gene Ontology mapping we found 

significant association with genes involved with stress response; including 

inflammatory cytokines (IL-1α and IL-1β) and antioxidant enzymes (TR and SOD2) 

Other categories included response to wounding, cell cycle regulation and 

inflammatory responses (Table2 and figure 6).  
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Figure 6 Venn diagram illustrating the intersections between a list of LL-37-regulated 

genesclustered under the category of wounding, stress, cell cycle and inflammation. This 
diagram was generated on line using a Chris Seidel Venn Diagram Generator 
(www.pangloss.com/seidel/protocols/venn.cgi. ). 

 
The results of this microarray were confirmed for a small set of selected genes 

by using qRT-PCR and in some cases western blot. 

Today there is one reported microarray experiment performed on LL-37 (10µM) 

treated keratinocytes (Braff et al., 2005a). The published data from that microarray 

study indicates a clear induction of genes related with pro-inflammatory responses. 

Which make physiological sense, since the LL-37 concentrations used there were in the 

range of concentration reached upon wounding and inflammation (Ong et al., 2002; 

Schaller-Bals, Schulze, and Bals, 2002). 

Our microarray data indicates that LL-37 is able to modulate gene expression at 

low concentrations, including genes involved in wounding, keratinocyte differentiation 

and cell cycle, although many of this data needs to be validated, it suggest a number of 

potential pathways to be explored. 

The most upregulated gene by LL-37 was STC2, a gene with unknown 

functions in the skin biology so far. We found that LL-37 induced mRNA and protein 

STC2 expression level in a time- and concentration-dependent manner. These effects 

were dependent on new protein synthesis indicating that an unknown 
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protein/transcription factor is required for the LL-37 dependent increase in STC2 

transcription.  

A plausible candidate is the transcription factor HIF-1α, since STC2 has an 

active biding site in its promoter region (Law et al., 2008; Law and Wong) and LL-37 

has been shown to induce the expression of HIF-1α (Rodriguez-Martinez et al., 2008). 

To test this hypothesis, we treated keratinocytes with LL-37 under hypoxic (as a 

positive control) or normoxic conditions. Although hypoxia induced HIF-1α 

expression, LL-37 did not induce the activation of this transcription factor. Excluding 

the involvement of this factor in LL-37 induced STC2.  

In order to explore upstream mechanism of LL-37 induced STC-2 expression, 

we treated these cells with specific inhibitors targeting FPRL1 and EGFR signaling. 

We found that LL-37-induced STC2 expression independent of FPRL1 and EGFR 

signalling. 

 

4.3.1 Could LL- 37 activate the unfolded protein response? Clues from 
STC2 

STC2 is part of the unfolded protein response (UPR) as it has been shown to be 

activated after oxidative stress and hypoxia through a mechanism that involves the 

activation of a protein controlling the UPR; the transcription factor ATF4/CREB2 (Ito 

et al., 2004). Interestingly, ATF4 was one of the genes upregulated by LL-37 in our 

microarray suggesting that the LL-37-induced STC2 may be mediated through 

ATF4/CREB2. To validate the microarray data and to obtain more information about 

the temporal regulation of ATF4/CREB2, we treated keratinocytes with LL-37 for 6, 12 

and 24 hours and measured ATF4/CREB2 protein levels. Already 6 hours after LL-37 

treatment we observed a marked increase in ATF4/CREB2 levels, which was sustained 

for up to 24 hours post-treatment. Although these preliminary results suggest that LL-

37 might induce STC2 through induction of ATF4/CREB2 in keratinocytes, functional 

studies testing this possibility are necessary to clarify the role of ATF4/CREB in LL-37 

induced STC-2.  

The UPR is a mechanism activated by cells to cope with conditions that causes 

ER stress, such as nutrient deprivation, oxidative stress and inflammation. In this 

regard, is possible that LL-37 may activate stress response programs in the cells by 

activating the production of reactive oxygen species (ROS) leading to oxidative stress. 

Supporting this possibility, LL-37 induces the production of reactive oxygen species 
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(ROS) in neutrophils, enhancing their microbial killing capacity (Alalwani et al., ; 

Zheng et al., 2007; Zughaier, Shafer, and Stephens, 2005) and in a fibroblasts (Iaccio et 

al., 2009). Although the production of ROS plays important roles as second messengers 

and agents controlling infections (Harrison, 2009), within a certain concentration range, 

ROS induce stress responses triggering specific changes in the expression of antioxidant 

enzymes (Black et al., ; Imlay, 2008). Interestingly, our expression analysis showed that 

LL-37 induced the expression of superoxide dismutase 2 (SOD2) and thioredoxin 

reductase 1 (TR); two ROS scavenging and antioxidative response genes (Landis and 

Tower, 2005; Mustacich and Powis, 2000). 

ROS can target ER-based calcium channels causing a release of calcium into 

the cytoplasm (Zhang). The increase in the levels of calcium in the cytoplasm can in 

turn signal the mitochondria and activate the formation of additional ROS. This new 

ROS in turn can further target more of the ER calcium channels. This creates a vicious 

ROS-calcium production circle between ER and mitochondria exacerbating ER stress. 

The result is an accumulation of unfolded proteins in the ER and the activation of the 

UPR(Malhotra and Kaufman, 2007).  

LL-37 is able to induce a rapid increase in intracellular calcium concentrations 

in epithelial cells (De Yang et al., 2000) and increased ROS production in fibroblast. 

The question that needs to be resolved is if LL-37 ROS production is involved in the 

observed responses in keratinocytes. 

The term alarmin is used to describe endogens molecules that give alarm signal 

to the adaptative immune system, normally through its interactions with cell receptors 

(Harris and Raucci, 2006; Oppenheim et al., 2007). LL-37 fit into this category. But 

what if LL-37 is also “alarming” to normal epithelial cells? 

LL-37 may represent an alarm signal when injurious stimuli are present in the tissues. 

In the epidermis for example, infections and/or trauma provoke a rapid release of LL-

37 from intracellular storage vesicles, as well as rapid mRNA expression. The released 

peptide can then protect epithelia by damaging microorganisms, by modulating the 

cutaneous immune system and by promoting tissue repair.  

We have shown that LL-37 protects human keratinocytes from apoptosis by 

mechanisms that include the induction of COX-2 and production of prostaglandins. 

However the upstream mechanism behind the induction of COX-2 and prostaglandins 

were not explored. We consider now the hypothesis that LL-37 is activating the UPR 

response in human keratinocytes. This may induce genes with protective function such 
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as STC2 and antioxidant proteins, which could protect keratinocytes during 

unfavorable circumstances. 

 

Gene 
ID 

name Fold 
increase 

3028036 Vascular Endothelial Growth Factor 1.6 
3025023 Interleukin 1α 3.4 
3029531 Protein Phosphatase 1 2.1 
2873857 Interleukin 1β 3.4 
2878460 Cd55 Antigen 1.5 
2875314 Activating Transcription Factor 4  2.1 
2923156 Eukaryotic Translation Initiation Factor 1 2-0 
2864556 Superoxide Dismutase 2 2.6 
3027183 ER Degradation Enhancer 2.1 
2877911 Epiregulin 2.1 
2878298 Interleukin 1 Receptor Antagonist 2.0 
2877757 CCAATT/Enhancer Binding Protein (C/Ebp) 2.0 
3027036 Plasminogen Activator 2.0 
3024434 S100 Calcium Binding Protein A9 (Calgranulin B) 2.0 
2872035 Histone Deacetylase 9 2.0 
2858750 Prostaglandin-Endoperoxide Synthase 2, COX2) 2.0 
3026997 Phospholipase A2 2.0 
2863214 Stanniocalcin 2 14 
2865791 X-Box Binding Protein 1 (XBP1) 2.0 
2874306 Small proline-rich protein 2f 1,8 
2972244 Small proline-rich protein 2a 2.0 
2856612 Involucrin 2.0 
3024525 Thioredoxin reductase 1 2.3 

 

Table 2: Selected LL-37-induces genes. 

 
4.4 LL-37 PROMOTES A METASTATIC PHENOTYPE IN BREAST 

CANCER 
The role of hCAP18/LL-37, in cancer development and progression is poorly 

understood. We previously found that hCAP18/LL-37 is highly expressed at the 

protein level in breast cancer samples and that the treatment of epithelial cells with 

hCAP18/LL-37 stimulated cell proliferation (Heilborn et al., 2005). To further 

explore the role of hCAP18/LL-37 in breast cancer we examined hCAP18 mRNA 

expression in 109 breast cancer samples and found that the average level of hCAP18 

mRNA expression was at least one order of magnitude higher in breast cancer tissues 

in comparison with normal breast tissue. 
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In order to explore the clinical relevance of hCAP18/LL-37 overexpression, 

we compared hCAP18/LL-37 levels with that of estrogen receptor (ER) and the 

presence of lymph node metastasis. We found that expression of hCAP18/LL-37 

showed a significant correlation with the presence of lymph node metastases in 

estrogen receptor-positive samples.  

 

Amplification and overexpression of the tyrosine kinase receptor gene ErbB2 

is a hallmark of metastasis development in breast cancer. We investigated whether 

increased hCAP18 expression was associated with changes in ErbB2 levels. Our data 

demonstrate a highly significant correlation between the expression of hCAP18 and 

ErbB2 genes both in ER-positive and ER-negative tumours. 

 

To investigate whether hCAP18 regulates the expression of ErbB2 we 

explored the effects of exogenous LL-37 and transgenic overexpression of hCAP18 

on ErbB2 signaling using breast cancer cell lines ZR75-1 and derivatives of MCF7 

(MJ1105). We found that hCAP18/LL-37 amplified Heregulin-induced mitogen-

activated protein kinase (MAPK) signaling through ErbB2, thus identifying a 

functional association between hCAP18/LL-37 and ErbB2 in breast cancer. 

 

To further explore the molecular mechanisms of how hCAP18/LL-37 

cooperates with ErbB2, we performed inhibition experiments targeting previously 

reported mechanism of LL-37 activity. Inhibition of metalloproteinase release of 

EGF-liked ligands, and GPCR, did not modulate the effect of LL-37 on ErbB2 

phosphorylation or MAPK activation. 

 

We investigated the effect of in vitro stimulation of human breast cancer cell 

lines with LL-37 peptide on anchorage-independent colony formation. We found that 

LL-37 did not affect the number of colonies, but profoundly affected their 

morphology in all the cell lines studied. In the presence of LL-37, colonies became 

less compact and were surrounded by satellites. This observation suggested that LL-

37 might promote a migratory and invasive cell phenotype. In order to test this 

possibility we use a Boyden chamber assay to evaluate the LL-37 capability of induce 

MCF7 breast cancer cell migration. We found that LL-37 stimulated the migration of 

these cells. 
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To further investigate hCAP18/LL-37 in vivo, we established primary tumors 

with hCAP18 transgenic and control derivatives of MJ1105 (MJ1105 containing a 

hCAP18/LL-37 expression vector or an empty vector) cells in severe combined 

immunodeficiency (SCID) mice and monitored tumor growth and metastasis 

formation. We found a significant increase in metastases in the mice injected with the 

hCAP18 transgenic cell line and analysis of hCAP18 transgenic tumors showed 

enhanced activation of MAPK signaling.  

 

All together, our results indicate that 1) hCAP18/LL-37 is functionally 

connected with ErbB2; 2) LL-37 alters breast cancer cell phenotype in vitro 

3) LL-37 stimulates the migration of breast cancer cells and 4) LL-37 stimulates 

metastasis formation in SCDI mice in vivo.  

 

Previous reports showed that LL-37 affects ovarian (Coffelt et al., 2008) and 

lung tumor formation (von Haussen et al., 2008) through the activation of multiple 

mechanisms including cell proliferation, production of proangiogenic factors, 

migration and matrix metalloproteinase secretion (Coffelt et al., 2009b; Coffelt et al., 

2008; von Haussen et al., 2008); Our in vitro agar colony formation assay and in vivo 

mice tumorogenesis model indicated that LL-37 is promoting a metastatic phenotype, 

which is a conceivable property for LL-37, since this peptide induces the expression 

of the transcription factors SNAIL and SLUG and the expression of matrix proteases 

in keratinocytes. SLUG and SNAIL are involved in the transformation of epithelial 

cells into mesenchymal cells, characterized by a more motile, invasive and aggressive 

phenotype (Medici, Hay, and Olsen, 2008). Whether LL-37 is promoting the 

expression of these molecules in other cells including breast cancer cells, remains to 

be investigated. 

 

Strengthening the possibility of LL-37 acting as a pro-metastatic factor, are our 

clinical and experimental data showing a correlation between expression of hCAP18 

and the tyrosine kinase receptor ERbB2 expression and activation. This receptor is 

often present in aggressive breast cancers and is an important element controlling 

metastasis formation (Freudenberg et al., 2009). In ovarian cancer cells, LL-37 

potentiates an aggressive behavior by stimulating cancer cell migration, invasion and 

MMP secretion through its engagement with the FPRL1 receptor (Coffelt et al., 2008). 



 

36 

However, the mechanisms mediating the activation of ERbB2 by LL-37 and the 

induction of a metastatic phenotype in breast cancer, requires further investigation 

because our initial attempts using chemical inhibitors against FPRL1, EGFR  and Gi 

proteins did not affect the ERBb2 activation mediated by LL-37.  

It has been proposed that LL-37 stimulates the recruitment and activation of 

multipotent mesenchymal stromal cells (MSC) into the microenvironment of the 

ovarian tumor (Coffelt et al., 2009a). Once activated, these cells release proangiogenic 

and inflammatory molecules that contribute to tumor progression. In breast cancer, 

cytokines from MSC origin are associated with breast cancer metastasis(Karnoub et al., 

2007; Soria and Ben-Baruch, 2008), thus further linking LL-37 to tumor progression.  

Thus, recognizing the importance of inflammation in the development and 

progression of cancer (Porta et al., 2009), LL-37 a highly versatile molecule, with both 

protective and repair functions, could contribute to cancer trough its proinflammatory 

and repair-like functions  
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5 CONCLUSIONS 
  
In this thesis we have studied some of the non antimicrobial properties of LL-37 in 
human keratinocytes and in breast cancer cells. The main findings and implications of 
our work are: 
  

1. Vitamin D induces the expression of hCAP18 through binding to VDRE in 
the cathelicidin gene promoter. These findings became a starting point in our 
understanding of cathelicidin expression in skin and revealed a ground field 
with potential therapeutic applications connecting vitamin D, UVB light and 
antimicrobial protein expression. 

  
2. LL-37 protects human keratinocytes from apoptosis through the activation 

of the COX-2, PGE2 and IAP-2 gene expression. These are exciting results 
as LL-37 is an important element of skin biology participating in wound healing 
and immune responses and eventually in disease. For example, high LL-37 
levels in psoriasis could alter the turnover of keratynocytes by preventing 
apoptosis thus contributing to the thickening of the skin epithelium. 
Additionally, during tissue injury and wound healing, keratinocytes and 
infiltrating inflammatory cells, might produce a gradient of LL-37 peptide 
concentrations conducive to preventing apoptosis while keeping the 
antimicrobial function and shielding the tissues from its own  cytotoxic effects.  
A relevant is whether LL-37 may also participate in antiapoptotic mechanism in 
other cell types present in the skin, such as fibroblasts. 

3. Treatment with LL-37 results in altered gene expression in human 
keratinocytes. We have identified LL-37-regulated genes in primary human 
keratinocytes. Several of the LL-37-regulated genes were related to 
inflammation, stress response; including inflammatory cytokines (IL-1α and 
IL-1β) and antioxidant enzymes (TR and SOD2), cell differentiation program in 
keratinocytes, including involucrin and members of the SPRR family of 
keratinocyte differentiation markers. LL-37 also induced the expression of 
growth factors and cell cycle regulators such as VEGF and epiregulin.  

4. LL-37 induces the expression of STC2 mRNA and protein Our preliminary 
findings suggest that LL-37 induces the expression of STC2 trough the UPR-
related transcription factor ATF4. These findings could link many of the LL-37 
related properties with the stress response program in the cells. Future studies 
should address the possible involvement of the P2X7 receptor, ROS production 
or other specific LL-37 interactions with intracellular components, 
mitochondria or ER for example, in this response.  

5. hCAP18/LL-37 promotes a metastatic phenotype in breast cancer. We 
observed that breast cancer tumors highly express hCAP18/LL-37. Clinically, 
this expression was positively associated with the presence of estrogen receptor 
and of metastasis into lymph nodes. At the transcriptional level, hCAP18 levels 
correlated with the expression of tyrosine kinase receptor ErbB2. In vitro, LL-
37 altered the cell growth phenotype during colony formation and stimulated 
the migration of breast cancer cells. Furthermore, overexpression of hCAP18 in 
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a breast cancer cell line with low malignancy phenotype, promoted metastatic 
disease in a SCID mice model. All together, our data indicate that hCAP18/LL-
37 may be important for human breast cancer metastasis, and therefore 
represents a potential therapeutic target. 
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