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Abstract
Human cathelicidin LL-37, a host defense peptide derived from leukocytes and epithelial cells,
plays a crucial role in innate and adaptive immunity. Not only does it eliminate pathogenic
microbes directly, LL-37 also modulates host immune responses. Emerging evidence from tumor
biology studies indicates that LL-37 plays a prominent and complex role in carcinogenesis. While
overexpression of LL-37 has been implicated in the development or progression of many human
malignancies, including breast, ovarian and lung cancers, LL-37 suppresses tumorigenesis in
gastric cancer. These data are beginning to unveil the intricate and contradictory functions of
LL-37. The reasons for the tissue-specific function of LL-37 in carcinogenesis remain to be
elucidated. Here, we review the relationship between LL-37, its fragments and cancer progression
as well as discuss the potential therapeutic implications of targeting this peptide.

Mini-Review
Cathelicidins, a family of host defense peptides discovered in mammals, birds, fish, and
reptiles, provide the first-line defense against infection by serving as “natural antibiotics”.[1]
[2] The only cathelicidin in humans is expressed as a 18-kDa preproprotein (hCAP-18) that
consists of an N-terminal signal sequence, a well conserved cathelin-like domain, and a C-
terminal antimicrobial peptide domain. Proteolytic cleavage of hCAP-18 is required for the
release of the bioactive peptide, LL-37. [1][2] The peptide is expressed in leukocytes and on
surfaces in contact with the outside environment like skin and gastrointestinal epithelium.[3]
[4][5][6][7] LL-37 plays an important role in the maintenance of natural immunity. For
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instance, LL-37 exhibits potent antimicrobial activities against a broad spectrum of
pathogens and chemotactic activities toward different types of leukocytes, including
neutrophils, monocytes, T-cells, eosinophils and mast cells.[8][9][10][11][12][13] More
noteworthy is that LL-37 often reaches high levels at sites of acute infection, in which
LL-37 also regulates inflammatory response and promotes tissue repair.[14][15][16][17][18]
[19][20][21] In contrast to it traditional roles, recent evidence suggests that LL-37 is
involved in carcinogenesis. Several laboratories have shown that LL-37 expression is
dysregulated in ovarian, breast, lung and gastric cancers and, depending on context, this
peptide may promote or suppress tumorigenesis.[22][23][24][25] In this review, the
structural characteristics of LL-37 as well as its biological effects on various cancers and the
signaling pathways involved will be discussed. Based on recent data, we also describe
possible use of LL-37 fragments to control cancers.

Structural studies of LL-37 by NMR spectroscopy
The protective role of human cathelicidin LL-37 against infection is well established.
Antimicrobial assays have revealed that LL-37 shows a wide spectrum of activities against
bacteria, fungi, and viruses.[3][4][5][6][7] LL-37 is a 37-residue amphipathic peptide with a
net charge of +6 (Table 1). It is proposed that this positively charged cathelicidin targets
negatively charged bacterial membranes.[26][27] Similarly, in cancer cells, the anionic
phosphorylserine is exposed. [28] We therefore hypothesize that LL-37 may also bind to and
have an effect on cancer cells. To identify the bioactive region of human LL-37, we have
synthesized several fragments. While the N-terminal fragment LL-12 corresponding to
residues 1–12 (Table 1) is inactive against bacteria or cancer cells, the C-terminal fragment
IG-27 (Table 1) corresponding to residues 13–37 is active. In this regard, IG-27 inhibits the
proliferation of drug-resistant KBv and drug-sensitive KB epidermoid carcinoma cells.[29]
Moreover, we have succeeded in identifying the active region within IG-27, in which both
GF-17 (Gly + residues 17–32) and FK-13 (residues 17–29) (Table 1) have retained
antibacterial and antitumor effects.[29] Other laboratories have reported the anticancer
activity of additional antimicrobial peptides.[30] According to the antimicrobial peptide
database (http://aps.unmc.edu/AP/main.php), 101 such peptides are known to have
anticancer effects.[31]

To elucidate the mechanism of action, we have determined the 3D structures of human
LL-37 fragments by 2D nuclear magnetic resonance (NMR) spectroscopy.[29] For solution
NMR studies, detergent micelles are commonly utilized to mimic bacterial membranes.[32]
In complex with sodium dodecylsulfate, a short helix (residues 3–7) is found in LL-12 with
the rest of the residues poorly defined (Fig. 1A). Because LL-12 is inactive against bacteria
or cancer cells, we conclude that the short helix at the N-terminal fragment of LL-37 is
insufficient to confer antimicrobial or antitumor activity to the peptide. In contrast, a longer
amphipathic helix (residues 17–30) has been defined in IG-27 (Fig. 1B). Because this helical
region corresponds well to the short active peptide FK-13, we propose that the long helix in
the C-terminal fragment of LL-37 is responsible for its antimicrobial and anticancer activity.
In micelles, FK-13 is found to be entirely helical.[29]

The two-dimensional NMR spectroscopy, however, does not provide sufficient spectral
resolution for structural determination of intact LL-37 in complex with sodium
dodecylsulfate.[29] It is necessary to obtain isotope-labeled LL-37 using bacterial
expression systems. As LL-37 is toxic to the expression host Escherichia coli, the peptide
has been expressed as a fusion protein. Recombinant LL-37 is released from the fusion
protein by chemical cleavage as enzyme cleavage has turned out to be problematic due to
protein aggregation.[33] The high-quality LL-37 structure, determined by 3D NMR
spectroscopy, is displayed in Figure 1C. It consists of a long amphipathic helix spanning
residues 2–31 with the C-terminal residues 32–37 unstructured. Heteronuclear nuclear
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overhauser effect (NOE) measurements have verified that the C-terminal residues of LL-37
are indeed mobile.[34] Another noticeable feature is that the structure is curved with a train
of hydrophobic side chains (L2, F5, F6, I13, F17, I20, V21, I24, F27, L28, and L31) on the
concave surface. Such a cationic structure is perfect to associate with anionic micelles.
Using dioctanoyl phosphatidylglycerol (D8PG) as a novel bacterial membrane-mimetic
model, we have found that LL-37 adopts a similar structure in this anionic lipid micelle.[34]
Furthermore, F5, F6, F17, and F27 show intermolecular NOE cross-peaks with D8PG,
verifying the location of the peptide on lipid micelles. In addition, Arg-PG cross-peaks have
been detected, providing evidence for direct interactions between cationic antimicrobial
peptides and anionic biological membranes.[35] Indeed, our more recent work indicates that
electrostatic interactions of cationic LL-37 fragments with anionic lipids can induce lipid
domain formation in lipid bilayers.[36] We propose that similar electrostatic interactions
may also play a role when LL-37 fragments interact with cancer cells.

Ovarian cancer -Involvement of FPR2 and mesenchymal stem cells
Expression of hCAP-18/LL-37 is upregulated in various ovarian tumor subtypes, including
serous adenocarcinomas, mucinous adenocarcinomas and granulosa cell tumors when
compared with normal ovarian tissues.[22] Tumor and stromal cells (i.e. leukocytes,
fibroblasts and endothelial cells) both express hCAP-18/LL-37 in these tumors, whereas
expression is limited to mainly CD45+ leukocytes in normal tissue. Importantly, normal
ovarian surface epithelial cells do not produce the peptide suggesting that acquired
mutations in these cells lead to hCAP-18/LL-37 upregulation. In agreement with its
inflammatory and pro-angiogenic roles, hCAP-18/LL-37 expression in tumors also
correlates with increased hematopoietic cell infiltration and microvessel density.[22][37][38]
However, further studies are warranted to determine whether hCAP-18/LL-37 expression is
predictive of poor prognosis or worsened survival of patients with ovarian tumors.

Several studies now indicate that LL-37 is a positive regulator of cancer progression in the
ovary. We have found that ovarian cancer cell lines treated with LL-37 in vitro are
stimulated to proliferate at a similar rate as other mitogens, such as epidermal growth factor
(EGF).[22][39] Likewise, administration of LL-37 neutralizing antibodies to tumor-bearing
mice results in a profound reduction in tumor volume and markedly decreases the
proliferative index of ovarian xenograft tumors.[40] The stimulatory effect of LL-37 on cell
proliferation is found to be independent of G-protein coupled receptors (GPCR). Aside from
cell proliferation, LL-37 enhances the metastatic capacity of ovarian cancer cells
presumably through upregulation of tissue remodeling enzymes, including matrix
metalloproteinase (MMP)-2.[22][39] The pro-invasive effect of LL-37 is mediated by the
GPCR, formyl peptide receptor 2 (FPR2; formerly known as formyl peptide receptor like-1/
FPRL-1), as pharmacologic inhibition or knockdown of the receptor attenuates invasion and
inhibits the ability of LL-37 to increase MMP-2 gene expression in ovarian cancer cells.
These data, together with analysis of activated signaling pathways, transcription factors, and
modulated expression of genes at both the mRNA and protein levels, implicate involvement
of two receptors through which LL-37 affects ovarian cancer cells.[39] This will be an
important consideration when designing anti-cancer therapeutics.

In addition to its autocrine actions on tumor cells, LL-37 has been shown to promote tumor
progression through its influence on a particular progenitor cell population known as
mesenchymal stromal/stem cells (MSCs).[40] MSCs comprise a group of heterogeneous,
non-hematopoietic multipotent cells that can be isolated from several adult tissues and
expanded ex vivo. MSCs preferentially home to damaged tissue where they release
immunomodulatory and pro-angiogenic factors, which facilitate tissue repair and
vascularization.[41][42] These cells maintain a perivascular location in normal tissue and
are now thought to be analogous to pericytes (or subpopulations of pericytes).[43][44][45]
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[46][47] However, in xenograft tumor models, exogenously delivered MSCs are rarely
found surrounding blood vessels and mainly contribute to the fibroblast or myofibroblast
population.[40][48][49] We found that LL-37 is directly involved in recruitment of MSCs to
tumors through a GPCR – possibly FPR2. Furthermore, LL-37 enhances the release of
immunodulatory and pro-angiogenic molecules, such as interleukin (IL)-6, IL-10, CCL5,
MMP-2 and vascular endothelial growth factor (VEGF), from MSCs suggesting that LL-37
augments the pro-tumorigenic nature of these cells. As such, neutralization of ovarian
tumor-derived LL-37 may abrogate tumor progression by preventing its association with
both tumor cells and stromal cells.[40]

Breast Cancers -ErbB2 Signaling & Metastasis
The normal mammary gland produces and secretes LL-37, which may contribute to the anti-
infectious properties of breast milk.[50] It has been shown that the expression of LL-37/
hCAP-18 is highly upregulated in human breast cancer tissues, when compared with normal
breast tissues, as demonstrated by in situ hybridization, immunohistochemistry and Western
blot. Upregulation of LL-37 is also more prominent in high-grade tumors.[23] Clinical
sample analysis has revealed that hCAP-18 expression is associated with lymph node
metastases in oestrogen receptor-positive tumours. Interestingly, the mRNA expression of
hCAP-18 also positively correlates with that of ErbB2.[51] ErbB2 belongs to the family of
ErbB receptors whose other members include ErbB1/EGF receptor (EGFR), ErbB3/HER3
and ErbB4/HER4. Upon binding of ligands, the ErbB receptors form homodimers or
heterodimers with other ErbB family members, after which the dimerized receptors are
internalized and autophosphorylated on their tyrosine residues and transduce oncogenic
signals.[52] It is noteworthy that ErbB2 has a functionless ligand-binding domain and its
activation relies on dimerization with other activated ErbB family members.[52] To this end,
LL-37 has been shown to amplify the activation of mitogen-activated protein kinase
(MAPK) signaling induced by heregulin (an ErbB3/ErbB4 ligand) through upregulation of
ErbB2, which leads to enhanced migration and anchorage-independent growth in breast
cancer cells. Transgenic overexpression of hCAP-18 in breast cancer cells also enhances
MAPK signaling and promotes the development of metastases in SCID mice, further
substantiating the pro-metastatic effect of LL-37.[51]

Lung cancer - EGFR transactivation
It has been shown that LL-37 stimulates proliferation and anchorage-independent growth of
cultured lung cancer cells as well as promotes tumorigenicity and formation of larger tumors
in a lung cancer xenograft model.[24] Immunohistochemical staining has revealed that the
peptide is expressed mostly in adenocarcinoma and squamous cell carcinoma. The
mitogenic effect of LL-37 on lung cancer cells is accompanied by the phosphorylation of
EGFR and the subsequent activation of Ras/MAPK cascade.[24] EGFR signaling plays a
crucial role in lung carcinogenesis by direct contribution to cell proliferation, resistance to
apoptosis, and promotion of angiogenesis, invasion and metastasis.[53] The mechanism by
which LL-37 activates EGFR in lung cancer cells remains obscure but it has been reported
that LL-37 transactivates EGFR in normal lung epithelial cells and other cell types through a
process known as ectodomain shedding. Most of the EGFR ligands, such as transforming
growth factor α and heparin-binding EGF, are expressed as transmembrane precursors in
which protease-mediated cleavage is required for releasing the soluble form. These cleaved
ligands then freely diffuse to bind to and activate EGFR.[54] In this respect, LL-37 has been
shown to transactivate EGFR to induce IL-8 secretion in airway epithelial cells through
MMP-mediated, ectodomain shedding of pro-EGFR-ligands.[19] EGFR transactivation by
LL-37 has also been reported in keratinocytes.[55] These findings suggest that EGFR
transactivation is an important mechanism mediating the oncogenic effect of LL-37 in
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certain tissues. Nevertheless, whether upregulation of ErbB2 is involved in amplifying the
effect of EGFR transactivation in lung cancer cells has not yet been investigated.

Gastric cancer -Proteasome inhibition & BMP signaling
The expression of LL-37 is dysregulated during Helicobacter pylori-associated gastric
carcinogenesis.[7] In normal stomach, the expression of LL-37 is restricted to differentiated
surface epithelial cells, chief cells and parietal cells, and is present in the gastric secretion. In
response to H. pylori infection, the expression of LL-37 is induced along the whole gastric
gland, which may help the host to fight against the infection initially. However, during
progression from atrophic gastritis to adenocarcinoma, the expression of LL-37 is reduced.
It has been observed that LL-37 is absent or expressed at very low levels in gastric
hyperplastic polyps, tubular adenomas, and adenocarcinomas.[7] Our recent study suggests
that LL-37 may function as a putative tumor-suppressing peptide in gastric carcinogenesis.
[25] We found that exogenous LL-37 inhibits proliferation and induces G0/G1-phase cell
cycle arrest in gastric cancer cells. Furthermore, depletion of endogenous LL-37 by RNA
interference stimulates gastric cancer cell DNA synthesis, suggesting that the
antiproliferative effect of LL-37 occurs at physiological concentrations. The direct
anticancer activity of LL-37 in vivo has also been confirmed using a gastric cancer xenograft
model in nude mice. Furthermore, the antiproliferative effect of LL-37 cannot be blocked by
pertussis toxin, which inactivates Gαi and Gαo G proteins, excluding the involvement of
FPR2.[25] These findings suggest that, unlike in other cancers, LL-37 negatively regulates
gastric cancer growth.

Bone morphogenetic protein (BMP) signaling is a crucial tumor-suppressing pathway in
gastric carcinogenesis. For instance, BMP2, a ligand of BMP receptor, inhibits gastric
cancer cell proliferation and is epigenetically silenced in gastric cancer tissues.[56][57]
Conditional knockout of BMP receptor I also promotes gastric cancer formation.[58] BMP
signaling is initiated by the binding of BMP ligands to BMP receptors which, upon
activation, recruit and phosphorylate the downstream Smad 1/5/8. The phosphorylated
Smads then form heterodimers with Smad4 and translocate into nucleus to act as
transcription factors, inducing genes that mediate biological effects of BMPs.[59]
Interestingly, we found that LL-37 increases BMP4 expression and Smad 1/5
phosphorylation and subsequently induces the mRNA and protein expression of p21Waf1.
Activation of BMP signaling as well as the inhibition of cell proliferation induced by LL-37
can be partially blocked by RNA interference targeting BMP receptor II. Moreover, LL-37
downregulates cyclin E2 expression in a BMP-independent manner.[25] It is known that
both p21Waf1 and cyclin E2 regulate cell cycle progression through the late G1-phase.[60] It
is therefore speculated that the concurrent upregulation of p21Waf1 and downregulation of
cyclin E2 contributes to the antitumor effect of LL-37 in gastric cancer. This hypothesis is
further supported by the positive correlation between hCAP18 and p21Waf1 mRNA
expression in primary gastric cancer tissue samples.[25] In relation to BMP signaling, we
and other investigators have previously reported that inhibition of proteasome, a multimeric
protein complex with proteolytic activity, results in upregulation of BMP ligands and
induction of Smad1/5/8 phosphorylation.[61][62][63] To this end, we found that LL-37
substantially inhibits the chymotrypsin-like and caspase-like activity of 20S proteasome.
Moreover, the proteasome inhibitor MG-132 induces the BMP/p21 cascade to inhibit cell
proliferation, producing effects similar to those of LL-37 in gastric cancer cells. These data
suggest that the antimitogenic effect of LL-37 is mediated through proteasome inhibition-
induced activation of BMP signaling (Fig. 2).[25]
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LL-37 as immunotherapeutics
Aside from the antitumor activity in gastric cancer, LL-37 has been used as an
immunostimulant or adjuvant to promote elimination of cancer cells by the host immune
system. In immunotherapy, CpG oligodeoxynucleotides are employed to enhance the tumor-
suppressing activity of the host immune cells through stimulation of Toll-like receptor
(TLR)-9. LL-37 can enhance the sensing of CpG oligodeoxynucleotides by B lymphocytes,
plasmacytoid dendritic cells and natural killer (NK) cells.[64][65] Chuang et al. have also
reported that co-administration of CpG oligodeoxynucleotides and LL-37 produces
synergistic antitumor effects against ovarian cancer in mice. Moreover, CpG
oligodeoxynucleotides and LL-37 enhance the proliferation and activation of peritoneal NK
cells, whose depletion by antibody reverses the antitumor effects.[65] In line with this
finding, a recent study by Büchau et al. has shown that cathelicidin is absolutely required for
the tumor-suppressing activity of NK cells.[66]

Concluding remarks & future perspectives
The host defense peptide LL-37 has emerged as a novel modulator of tumor growth and
metastasis in carcinogenesis of various types of cancers. In ovarian cancer, LL-37 promotes
cell proliferation and invasiveness via FPR2-independent and -dependent pathways,
respectively. In breast and lung cancers, LL-37 promotes cell proliferation and metastasis
mainly through ErbB-mediated pathways including sensitizing of ErbB signaling by
upregulation of ErbB2 or transactivation of EGFR (Fig. 3). Concordant with its putative
oncogenic functions, LL-37 expression is upregulated in these tumors.[22][23][24][39][51]
However, in gastric cancer where LL-37 expression is downregulated, this peptide inhibits
cell proliferation through a novel mechanism involving proteasome inhibition and activation
of BMP signaling.[7][25] LL-37 also exhibits antitumor effects on epidermoid carcinoma
cells, suggesting that the effect of LL-37 on cancer phenotypes depends on the tissue origin
of the tumor.[29] The tumor microenvironment may also take part in determining the effect
of LL-37 as this peptide has been shown to recruit MSCs to tumors and enhance their
expression of pro-inflammatory and pro-angiogenic cytokines.[40] The complex biological
actions of LL-37 in both healthy and diseased tissues and its dual role as a tumor-suppressor/
oncogene render systemic administration or targeting of LL-37 an undesirable approach.
Tissue-specific modulation or directed-drug delivery may thus provide an alternative to
circumvent unwanted effects in other tissues, and maintain the efficacy of LL-37-directed
therapeutics at targeted diseased organs. While LL-37 is demonstrated to promote cancer
metastasis, another fragment LL-25 (Table 1) abrogates its effects.[51] We have shown that
the C-terminal fragments of LL-37 (Table 1) also have tumor inhibitory effects.[29] These
findings suggest that the fragments of LL-37 have the potential to be developed into
anticancer agents. Future elucidation of the structure of LL-37 and its fragments in complex
with FPR2 or other receptors will provide a basis for structure-based anticancer drug design.
As an alternative strategy, LL-37 has been shown to enhance the antitumor effects induced
by CpG oligodeoxynucleotides through stimulating the tumor-suppressing activity of NK
cells. [64][65][66] With a further understanding of the complex biology of LL-37 in cancer,
novel therapeutic strategies will emerge.
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Figure 1.
Structures of LL-37 and its fragments. (A) LL-12 corresponding to residues 1–12 of LL-37
is inactive to bacteria or cancer cells. (B) IG-27 corresponding to residues 13–37 of LL-37 is
bioactive, which contains a long amphipathic helix structure for residues 17–30. (C) High-
quality structure of LL-37 as determined by 3D NMR spectroscopy.
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Figure 2.
Proposed antitumor mechanism of LL-37 in gastric cancer. LL-37 inhibits proteasomal
activity via an unknown mechanism, which leads to upregulation of BMP4 and subsequent
activation of BMP signaling. LL-37 also downregulates cyclin E2. These changes result in
cell cycle arrest at the late G1-phase.
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Figure 3.
Proposed mechanism by which LL-37 promotes cancer growth. LL-37, through activation of
FPR2 and transactivation of EGFR/ErbB2, stimulates multiple oncogenic pathways to
stimulate cell proliferation and migration. In addition, LL-37 recruits MSCs to tumors to
promote angiogenesis and metastasis.
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Table 1

Amino Acid Sequences of LL-37 and Its Fragments

Peptide Sequence1 AA2 Net Charge

LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 37 +6

LL-12 LLGDFFRKSKEK 12 +2

IG-27 IGKEFKRIVQRIKDFLRNLVPRTES 27 +4

GF-17 GFKRIVQRIKDFLRNLV-NH2 17 +5

FK-13 FKRIVQRIKDFLR-NH2 13 +5

LL-25 LLGDFFRKSKEKIGKEFKRIVQRIK 25 +6

1
NH2 indicates C-terminal amidation.

2
AA stands for the number of amino acid residues in the peptide. AA and net charge were calculated using the Prediction Interface of the APD

[31].
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