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Abstract

Rationale: Antimicrobial peptides, such as cathelicidin LL-37/hCAP-18, are important effectors of the innate
immune system with direct antibacterial activity. In addition, LL-37 is involved in the regulation of tumor cell
growth. However, the molecular mechanisms underlying the functions of LL-37 in promoting lung cancer are
not fully understood.

Methods: The expression of LL-37 in the tissues and sera of patients with non-small cell lung cancer was
determined through immunohistological, immunofluorescence analysis, and enzyme-linked immunosorbent
assay. The animal model of wild-type and Cramp knockout mice was employed to evaluate the tumorigenic
effect of LL-37 in non-small cell lung cancer. The mechanism of LL-37 involving in the promotion of lung tumor
growth was evaluated via microarray analyses, recombinant protein treatment approaches in vitro, tumor
immunohistochemical assays, and intervention studies in vivo.

Results: LL-37 produced by myeloid cells was frequently upregulated in primary human lung cancer tissues.
Moreover, its expression level correlated with poor clinical outcome. LL-37 activated Wnt/B-catenin signaling
by inducing the phosphorylation of protein kinase B and subsequent phosphorylation of glycogen synthase
kinase 3 mediated by the toll-like receptor-4 expressed in lung tumor cells. LL-37 treatment of tumor cells
also decreased the levels of Axin2. In contrast, it elevated those of an RNA-binding protein (tristetraprolin),
which may be involved in the mechanism through which LL-37 induces activation of Wnt/3-catenin.

Conclusion: LL-37 may be a critical molecular link between tumor-supportive immune cells and tumors,
facilitating the progression of lung cancer.
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Introduction

Solid tumors comprise malignant cells, as well as
numerous non-malignant types of cells (e.g., immune
cells). Understanding the interactions between tumor
cells and immune cells is pivotal in designing and
developing novel immune therapeutics against cancer
[1]. The tumor microenvironment (TME) contains

many resident cell types (e.g., adipocytes and
fibroblasts), and is also populated by migratory
myeloid cells (e.g., macrophages, neutrophils, and
mast cells) [2]. Emerging evidence indicates that
myeloid cells affect the progression of cancer by
directly interacting with tumor cells. Moreover, they
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indirectly affect disease progression by enabling a
tumor stroma that promotes cancer growth [3, 4]. In a
previous study using a murine lung cancer model, we
provided evidence that LL-37 secreted by
macrophages promotes lung tumor growth through
further recruitment of inflammatory cells [5].
Cathelicidin represents an essential component of
innate immunity. Together with defensins and other
antimicrobial peptides (AMPs), it provides the first
line of defense against a variety of pathogens [6, 7].
The human LL-37 AMP gene, CAMP, codes for the
protein hCAP-18 and is the only known cathelicidin
isolated from human cells [8, 9] consisting of three
domains: a signal peptide, a cathelin domain, and an
LL-37 peptide. Cathelicidin possesses antibacterial,
antifungal, and antiviral functions [10, 11], as well as
chemotactic and immunostimulatory/modulatory
effects [12]. Furthermore, increasing evidence
suggests that LL-37 promotes the proliferation of
cancer. Under normal conditions, LL-37 plays a role in
tumor growth [13]. However, since LL-37 is involved
in proliferation, migration, and angiogenesis [14],
uncontrolled expression of LL-37 may also lead to
dysregulation of these processes and promotion of
cancer [15]. In lung cancers, upregulation of LL-37
expression led to tumor promotion instead of tumor
surveillance, rendering LL-37 a growth factor for this
type of tumor [16]. Consistent with this, we found that
knockdown of LL-37 expression decreased tumor
proliferation and recruitment of inflammatory cells in
a murine lung cancer model [5]. Other studies
suggested that LL-37 may activate epidermal growth
factor receptor and the downstream Ras and
mitogen-activated protein kinase pathways, resulting
in proliferation, angiogenesis, suppression
of apoptosis, invasion, and metastasis [16, 17].
Monocytes and macrophages are an important source
of LL-37. We have previously shown that versican V1
derived from tumor cells enhances the expression of
hCAP18/LL-37 in macrophages through activation of
the toll-like receptor-2 (TLR2) and subsequent vitamin
D-dependent mechanisms to promote the progression
of ovarian cancer [18]. In prostate tumors,
overexpressed  LL-37  initially = chemo-attracts
immature myeloid progenitors to the TME and
mediates differentiation and polarization of early
myeloid progenitors into pro-tumorigenic type2 (M2)
macrophages to drive the progression of prostate
cancer [19]. In addition, LL-37 may (re)direct
macrophage differentiation toward macrophages
with a proinflammatory profile [20]. However, the
molecular mechanisms underlying the functions of
LL-37 in promoting lung cancer are not fully
understood.

Aberrant activation of the Wnt signaling
pathway is a major trait of multiple types of tumors,
including lung cancer. In the absence of a Wnt signal
(off-state), the APC/ Axin/Gsk3p complex
phosphorylates B-catenin for ubiquitin-mediated
degradation [21]. In the presence of Wnt stimulation
(on-state), Wnt ligands bind to their membrane
receptors, resulting in dissociation of p-catenin from
the ‘destruction complex’. Consequently, stabilized
cytosolic B-catenin translocates to the cell nucleus to
form the B-catenin-LEF/TCF complex. This process
induces the transcription of various downstream
genes implicated in tumorigenesis [22]. Genetic
mutations in the core components of Wnt/[-catenin
signaling lead to the initiation of intestinal
tumorigenesis [23]. However, according to previous
studies, p-catenin gene mutations are uncommon in
non-small cell lung cancer (NSCLC) [24, 25].
Therefore, it is likely that other mechanisms
contribute to the overactivation of Wnt signaling in
NSCLC.

Materials and Methods

Animals and cells

Cramp knockout (Cramp~/-) mice previously
described [5] were kindly provided by Prof. Richard
L. Gallo (University of California, San Diego, CA,
USA). All mice were in C57BL/6 background. All
experiments involving animals were approved by the
Tongji Hospital of Tongji University Ethics
Committee on the Use and Care of Animals,
Shanghai, China. The human lung adenocarcinoma
cell line A549 and mouse LLC cells were obtained
from the American Type Culture Collection, and
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen, Carlsbad, USA), supplemented
with 10% fetal calf serum (Invitrogen, Carlsbad, USA),
100 U/ml penicillin, and 100 U/ml streptomycin
(PAA Laboratories GmbH).

Human lung samples

Human tissue specimens were retrospectively
obtained from lung biopsies or lung resections, fixed
in buffered formalin, and embedded in paraffin using
standard methods. Corresponding clinical data were
obtained from medical records and de-identified. The
study was approved by the institutional review board
and research and development committees of the
Tongji Hospital of Tongji University, Shanghai,
China.

Histologic and immunohistochemical analyses

Immunohistochemistry was performed as
previously described [5]. The following primary
antibodies were wused for immunohistochemical
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analysis: mouse anti-Ki-67 (Abcam, Cambridge, USA),
rabbit anti-CD68 (Abbiotec, San Diego, CA, USA),
mouse anti-CD68 (Dako, Glostrup, Denmark),
anti-CD66b rabbit (Cell Signaling Technology,
Danvers, USA), rabbit anti-hCAP18/LL-37 (Santa
Cruz, CA, USA), rabbit anti-TLR2 (Santa Cruz, CA,
USA), rabbit anti-TLR4 (Santa Cruz, CA, USA), and
mouse anti-unphosphorylated {-catenin (Millipore,
Billerica, USA). Secondary antibody incubation and
staining were performed using the EnVision®+
System-HRP (DAB) kit (Dako, Glostrup, Denmark),
according to instructions provided by the
manufacturer. TUNEL staining was performed using
the DeadEnd Colorimetric TUNEL System kit
(Promega, Madison, USA).

ELISA assay for LL-37

Samples of serum obtained from patients or mice
were analyzed using hCAP18/LL-37 or CRAMP
ELISA (USCN life science, Houston, TX, USA),
respectively, according to the instructions provided
by the manufacturer.

Preparation of cell total protein extract and
western blotting

Initially, 10 mg of microdissected tumor tissue
were homogenized in 500 ml of cell lysis buffer (Cell
Signaling Technology, Danvers, USA) using a
rotor-stator homogenizer. Western blotting analysis
was performed as previously described [5]. Briefly, 30
mg of total protein extract were loaded on 10% SDS
polyacrylamide gels, subjected to electrophoresis, and
blotted onto Hybond-C Extra membranes. The cell
supernatants were initially concentrated to 1/10 of
their original volume through vacuum centrifugation,
and subsequently subjected to electrophoresis in
4-12% NU/PAGE gradient gels (Invitrogen,
Carlsbad, USA). The primary antibodies used for the
western blotting analysis were as follows: mouse
anti-cyclin D1 (Cell Signaling Technology, Danvers,
USA), rabbit anti-c-myc (Cell Signaling Technology,
Danvers, USA), rabbit anti-total P-catenin (Cell
Signaling Technology, Danvers, USA), rabbit
anti-Gsk3B (pSer9) (Cell Signaling Technology,
Danvers, USA), rabbit anti-pan Gsk3p (Cell Signaling
Technology, Danvers, USA), rabbit anti-protein
kinase B (Akt) (pSerd73) (Cell Signaling Technology,
Danvers, USA), rabbit anti-pan Akt (Cell Signaling
Technology, Danvers, USA), mouse
anti-unphosphorylated p-catenin (Millipore, Billerica,
USA), and mouse anti-pB-actin (Sigma, St. Louis, USA).
Notably, HRP-conjugated goat anti-rabbit (Santa
Cruz, CA, USA) or rabbit anti-mouse (Dako, Glostrup,
Denmark) was used as the secondary antibody.

Gene set enrichment analysis (GSEA)

A GSEA for LL-37 was performed using Pearson
correlation coefficient with 1,000 permutations against
the kegg pathway geneset compilation. The GSEA
was performed using the GSEA 2.0.9 software
(http:/ /www.broadinstitute.org/gsea/).

RNA isolation and real-time polymerase chain
reaction (PCR)

Total RNA was isolated from microdissected
tumors and noncancerous lung tissues or cells,
according to the instructions provided by the
manufacturer, using an RNeasy plus mini kit (Qiagen,
Duesseldorf, Germany). Real-time PCR reaction
mixtures have been previously described [5]. Briefly,
cDNA was synthesized through reverse transcription
reaction using the First Strand ¢cDNA synthesis kit
(Invitrogen, Carlsbad, USA). Real-time PCR was
performed using the qPCR SYBR Green Mix (Bio-Rad,
Hercules, USA) on an AB 7300 Real time PCR system.
The sequences of primers used in this analysis are
listed in Supplementary Table 1. The specificity of
RT-PCR was controlled wusing ‘no reverse
transcription” controls and melting curve analysis.
Quantitative PCR results were obtained using the
AACT (cycle threshold) method. Data were
normalized to the levels of B-actin in each sample.

TOPflash reporter assay

The TOPflash/FOPflash luciferase reporter
system (Genomeditech, Shanghai, China) measured
p-catenin-driven TCF/LEF transcriptional activation.
A549 cells were transfected with the TOPflash
construct at a concentration of 1 pg/ml per well in a
12-well plate wusing the Lipofectamine 2000
transfection reagent (Life Technologies, Gaithersburg,
USA). For the normalization of transfection efficiency,
cells were co-transfected with a pCMV-Renilla
luciferase vector (Genomeditech, Shanghai, China) at
a concentration of 100 ng/ml. Transfection complexes
were removed after 2 h, and cells were stimulated
with LL-37 in DMEM supplemented with 0.5% fetal
calf serum for 24 h. Cell lysates were prepared, and
luciferase activity was evaluated using a dual
luciferase reporter system in accordance with the
protocol provided by the manufacturer (Promega,
Madison, USA). The activity of firefly luciferase was
normalized to that of Renilla luciferase and expressed
as the relative fold change.

Isolation of lung macrophages and neutrophil

Mouse macrophages and neutrophils were
purified from individual lung tissue samples. Whole
lung tissues were minced into a fine slurry and
digested using 1 mg/mL collagenase A (Roche
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Applied Science, Basel, Switzerland) in DMEM media
containing 10% fetal calf serum and 2 units/mL of
DNAse (Roche Applied Science, Basel, Switzerland)
for 1 h at 37°C with constant shaking (85 rpm). The
resultant digest was passed x10 through an 18-gauge
needle and filtered using a 40-pum cell strainer. The
single-cell suspension of lung tissues was plated, and
macrophages were isolated via plastic adherence for 1
h at 37°C. The extraction of neutrophils from free
floating cells was performed using the Mouse
neutrophil Isolation Kit (Solarbio, Beijing, China).

Statistical analysis

The data are presented as means + standard
deviation or + standard error of the mean as indicated.
Differences in means were analyzed using Student’s
t-test and one-way analysis of variance. Kaplan-Meier
survival curves were analyzed using the log-rank test.
A P<0.05 denoted statistical significance.

Results

LL-37 is overexpressed in the human lung
cancer stroma, and its level in the serum
correlates with poor prognosis

We compared the expression levels of LL-37 in
45 adjacent normal lung tissues and 86 NSCLC tissues
(i.e,, 47 adenocarcinomas and 39 squamous cell
carcinomas) through immunohistochemistry. We
detected significantly higher levels of LL-37 in lung
cancer tissues versus those observed in adjacent
normal lung tissues (Figure 1A). Additionally,
contrary to previous reports for other carcinomas [26,
27], LL-37 was mostly restricted to tumor-infiltrating
immune cells (i.e, macrophages and neutrophils)
with limited or no expression in tumor cells per se.
Immunohistological ~ and  immunofluorescence
staining experiments using macrophage and
neutrophil markers CD68 and CD66b, respectively,
demonstrated that these types of cells were enriched
in tumor tissues compared with those reported in
adjacent normal lung tissue controls, and were the
predominant site of LL-37 expression (Figure 1 A and
B). Subsequently, we inoculated wild-type (WT)
C57BL/ 6 mice with Lewis lung carcinoma (LLC) cells
to further determine the expression of LL-37 in lung
tumors. Macrophages and neutrophils were isolated
from lung tissues of tumor-bearing mice and controls
(Figure S1A). We observed an increased secretion of
LL-37 by macrophages and neutrophils in
tumor-bearing mice compared with that measured in
control mice (Figure S1B). Similarly, induction of the
LL-37 gene was observed in macrophages and
neutrophils obtained from tumor-bearing mice
(Figure S1C). These results were consistent with those

obtained through immunohistochemical analysis of
tumor tissues obtained from patients diagnosed with
NSCLC.

We subsequently investigated the levels of LL-37
in the sera of healthy donors and patients diagnosed
with NSCLC. The concentration of LL-37 in the sera of
healthy controls was 275.6£30.6 ng/L. However, the
level of LL-37 in the serum of NSCLC patients was
significantly increased (7,312+532.3 pug/L). There were
no significant differences in the levels of LL-37
between patients with adenocarcinoma and those
with squamous cell carcinoma (7,498+799.5 ug/L vs.
7,065£597.5 pg/L, respectively) (Figure 1C). We
subsequently investigated whether the higher level of
LL-37 required the presence of the tumors, by
measuring the levels of LL-37 in the serum prior to
and after surgery. Indeed, 1 month after surgery the
levels of LL-37 in the serum were significantly
decreased (Figure 1D), suggesting that this peptide
may be associated with the presence of a tumor.

Based on these results, we further investigated
the prognostic role of the levels of LL-37 in peripheral
blood. A total of 86 patients with lung cancer, who
had received curative resection, were divided into the
following two groups: 1) those with LL-37 levels
above the median level (6,785 ng/L) in peripheral
serum at the time of diagnosis; and 2) those with
LL-37 levels below the median level. As shown in
Figure 1E, patients in the former group (i.e.,, LL-37
levels >6,785 ng/L) exhibited worse recurrence-free
survival and overall survival compared with patients
in the latter group (i.e., LL-37 levels <6,785 pg/L). This
result suggested that elevated levels of LL-37 in the
blood are negatively correlated with survival in
patients with lung cancer.

Knockdown of LL-37 in non-tumor cells
inhibits metastatic growth of lung cancer in
vivo

The levels of LL-37 were consistently higher in
NSCLC. Therefore, we examined the impact of LL-37
deficiency on the development of lung tumors and its
role as a tumor promoter. In mice, the gene Cnlp is
homologous to the human gene CAMP, coding for the
LL-37-related antimicrobial peptide (Cramp) [28].
Therefore, we injected WT and Cramp~/- mice with
1x10> LLC cells via tail vein injection. After
inoculation, Cramp”/- mice exhibited markedly
reduced mortality versus WT mice (Figure 2a) and
decreased tumor multiplicity (Figure 2B and C),
further demonstrating the significant role of LL-37 in
the growth of lung tumors.

Subsequently, we investigated whether the
LL-37-induced changes in lung tumor burden were
due to altered cell proliferation or apoptosis. We
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analyzed the proliferation of tumor cells in WT and
Cramp~/- mice (Figure 2D). Immunohistochemical
analysis revealed a marked decrease in key cell cycle
proteins and proliferation markers, such as
proliferating cell nuclear antigen (PCNA), Ki-67, and
cyclin D1, in tumor cells injected in Cramp~/- mice.
These results were further confirmed through western

blotting analysis and extended to c-jun and c-myc
(Figure 2E). In contrast, we did not observe a
significant difference in the rate of cellular apoptosis
between WT and Cramp/- mice (Figure 2F).
Therefore, LL-37 plays an important role in tumor
growth by affecting the expression of proliferative
genes.
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Figure 1. LL-37 is overexpressed in the human lung cancer stroma, and its level in the serum correlates with poor prognosis. (A) Inmunohistological analysis
of the expression of LL-37, CD68 (macrophage marker), and CDé6b (neutrophil marker) in normal lung tissues (n = 35) and NSCLC tissues (adenocarcinoma [n = 47] and
squamous cell carcinoma [n = 39]). Scale bar, 100 ym. (B) Immunofluorescence analysis of the expression of LL-37, CDé68, and CD66b in NSCLC tissues. Scale bar, 50 pm. (C)
The levels of LL-37 in the sera of healthy donors and patients diagnosed with NSCLC. (D) The levels of LL-37 in the sera of patients with lung cancer prior to and after surgery.

(E) Kaplan—Meier analysis of the 5-year RFS (left panel) and OS (right panel) of patients with NSCLC. Patients were stratified according to their expression of LL-37 as follows:
high (i.e., greater than the median, n = 69) versus low (greater than or equal to the median, n = 70).
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Figure 2. Knockdown of LL-37 in non-tumorous cells inhibits metastatic growth of lung cancer in vivo. (A) Kaplan—Meier survival analysis of WT and Cramp-- mice
injected with 1%105 LLC cells via the tail vein (P<0.001, log-rank test for statistical analysis; (B) Lungs of WT and Cramp-- mice 21 days after inoculation with 1105 LLC cells. Lung
appearance and histology (n = 5 for each group) (H&E stain; lower panel). Scale bar, 200 ym. (C) Number of tumor nodules detectable on the surface of the lung (n = 5 for each
group). (D) Immunohistochemical analysis of the expression of PCNA, Ki-67, and cyclin D1 in WT and Cramp-- mice injected with 1x105 LLC cells via the tail vein. Scale bar, 50
pm (n =5 for each group). (E) Immunoblotting analysis in isolated tumors from WT and Cramp-- mice injected with 1105 LLC cells via the tail vein. (F) Apoptotic cells were
identified using TUNEL staining. Scale bar, 100 um (n = 5 for each group).

that the Class I PI3K signaling event mediated by Akt
was the most upregulated pathway in LL-37-treated
A549 cells (Figure 3B). Activation of the Akt pathway
is a common feature in human cancers, leading to
increased cell survival, growth, and proliferation [29].
Activated Akt phosphorylates numerous downstream

LL-37 is required for activation of
Whnt/B-catenin signaling

We performed RNA sequencing of A549 cells
treated with LL-37 to identify differentially expressed
genes (Figure 3A) and signaling pathways influenced
by LL-37. An ingenuity pathway analysis revealed
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targets, including forkhead box O3 and proline-rich
Akt substrate of 40kDa [30, 31]. Moreover, Akt
phosphorylates and inactivates the glycogen synthase
kinase Gsk3p at Serine 9. Gsk3f functions as a
negative regulator of p-catenin stabilization.
Therefore, Akt phosphorylation of Gsk3p may lead to
stabilization of p-catenin and accumulation of nuclear
[-catenin [32]. Numerous studies suggested that Wnt
signaling cross-talks with the PI3K/ Akt pathway [33,
34]. In this respect, the GSEA of RNA-sequencing data
indicated that LL-37 also increased the expression of
Wnt-responsive genes (Figure 3C). In agreement with
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the results of the GSEA, a heatmap depiction showed
that treatment with LL-37 increased the expression of
Wnt-responsive genes, including Akt3, LEF1, Gsk3p,
and Wnt3. However, it decreased the expression of
Axin2 (Figure 3D). Quantitative reverse-transcription-
PCR (qRT-PCR) validation of RNA-sequencing in
Ab549 cells treated with LL-37 for 4 h showed similar
results (Figure 3E), suggesting that LL-37 is involved
in the activation of Akt-Wnt-B-catenin signaling in
NSCLC.

Class | PI3K signaling events mediated by Akt
TNF recptor signaling pathway

Influenza Infection
C-MYC pathway

Cylin D associated events in G1

Signaling by Wnt

0 5 10 15 20 25 30
Percentage of genes(%)

Wnt Signaling

NES: 1.474
Pval: 0.000

FDR: 0.402

LL-37treat (Positively Correlated)

Zero score at 10034

con (Negatively Correlated)

Control/1pg LL-37  Adjusted
p value

Akt3 0.924

Axin2 0.884

Left 0.824

Gsk3B 0.466

wnt3 0.677

Ctnnbip1  0.130

—_ > > - —>

0.0003
0.0004

0.0035

0.0039
0.0061

0.3752

2500 5000 7500 10000 12500 15000 17500 20000

E

Axxx

<] W Control
1w 1pg LLa7mL .
[==)

Relative mRNA expression

Akt3 Gsk3B Axin2 Left Tcf1

Whnt3 Ctnnbip1 TTP

Figure 3. LL-37 is required for the activation of Wnt/B-catenin signaling. (A) Heatmap of differentially expressed genes between A549 and LL-37-treated A549 cells
(2logFC cutoff value < —0.5 or > 0.5, P<0.05, FDR < 5%). (B) Ingenuity pathway analysis of genes differentially represented in RNA-seq data from LL-37-treated A549 cells (n = 3).
Top canonical pathways are ranked according to the percentage of genes (%). (C) GSEA plot showing that LL-37-treated A549 cells were positively correlated with Whnt-activated
gene signatures and inversely correlated with Wnt-activated gene signatures in the WNT_SIGNALING dataset (n = 3). (D) Heatmap representation of upregulated genes in
LL-37 treated A549 cells relative to A549 cells (n = 3) associated with ‘Wnt-responsive genes, including Log2FC and an adjusted P value. (E) RT-qPCR analysis of the expression
levels of Akt3, Gsk3P, Axin2, LEFI, TCF1, Wnt3, Ctnnbipl and TTP, in LL-37-treated A549 cells versus control cells. A two-tailed Student’s t-test was used for statistical analysis

(*P<0.05, **P<0.01, ***P<0.001, ***P<0.001).
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Figure 4. LL-37 activates Wnt/B-catenin signaling to promote growth of lung tumors. (A) Immunohistochemical analysis of the expression of unphosphorylated
B-catenin in WT and Cramp-- mice injected with 1x105 LLC cells via the tail vein. Scale bar, 100 um. (B) Immunoblotting analysis in isolated tumors from WT and Cramp-- mice
injected with 1%105 LLC cells via the tail vein. (C) Immunohistochemical analysis of the expression of unphosphorylated B-catenin and LL-37 in serial sections of NSCLC tumor
specimens. Scale bar, 100 ym. (D) Immunofluorescence staining shows the subcellular localization of unphosphorylated 3-catenin and actin (phalloidin) in A549 cells. Scale bar,
20 um. (E) Western blotting analysis of unphosphorylated -catenin, total B-catenin, phosphorylated Gsk3B, pan Gsk3p, phosphorylated Akt, pan Akt, Cyclin D1, c-myc, TTP,

and B-actin in A549 cells after stimulation with LL-37 for indicated time periods.

We analyzed the phosphorylation of f-catenin in
lung tumor cells of WT mice and Cramp~/- mice after
inoculation with LLC cells to examine whether LL-37
is required for the activation of Wnt/ 3-catenin in LLC
tumors. We found strong staining of unphos-

phorylated p-catenin in the tumor cells of WT mice. In
contrast, decreased staining was noted in Cramp~/-
mice (Figure 4A). Downregulation of the [-catenin
pathway was further confirmed via immunoblotting
analysis, showing lower levels of unphosphorylated
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B-catenin in Cramp~/- mice tumors. This finding
indicated a potential role of the P-catenin pathway
during the development of lung tumors (Figure 4B).

We further examined the expression of
unphosphorylated p-catenin through immunohisto-
chemical staining on two sets of human NSCLC tissue
arrays containing high (>6,785 ng/L) (n=60) and low
(6,785 ng/L) (n=19) levels of LL-37 in the serum. We
found that the former group exhibited significantly
higher levels of unphosphorylated p-catenin versus
the latter group (Figure 4C). These data indicated that
the role of LL-37 is conserved between humans and
mice, and that Wnt/[-catenin signaling plays a
critical role in the LL-37-induced proliferation of lung
cancer cells in vivo.

LL-37 activates Wnt/B-catenin signaling to
promote growth of lung tumors

We analyzed the p-catenin pathway of
LL-37-treated lung cancer cell line A549 to further
investigate the molecular mechanisms mediating the
effects of LL-37 on tumor cell physiology and
development. Treatment with LL-37 caused
accumulation of unphosphorylated p-catenin in the
nuclei of A549 cells versus untreated cells, exhibiting
diffuse localization with a small fraction of
unphosphorylated [-catenin in the nuclei (Figure 4D).
A dual-luciferase reporter assay was employed to
determine whether the canonical Wnt signaling
pathway was regulated by LL-37. We found that the
activity of the TCF/LEF-reporter was significantly
increased in A549 cells treated with LL-37 for 24 h.
(Figure S2). It is established that the GSK3p and Akt
proteins regulate Wnt/p-catenin signaling [35]. The
levels of GSK3p phosphorylation on Ser9 and Akt
phosphorylation on Serd73 were significantly
increased in A549 cells treated with LL-37 for 4 h. The
accumulation of unphosphorylated {-catenin was
associated with the phosphorylation of GSK3p and
Akt (Figure 4E). Tristetraprolin (TTP) downmodulates
the induction of Axin2 by increasing the rate of
mRNA decay [36]. In the present study, we found that
LL-37 significantly stimulated the expression of TTP
protein in A549 cells observed for 12 h (Figure 4E).

TLRs - required for innate immune responses -
plays a significant role in inflammation, regulation of
immune cells, survival, and proliferation [37, 38]. In
addition, TLRs have been associated with the
activation of Wnt/f-catenin signaling [39-42]. We
assayed the expression of TLR2 and TLR4 - closely
related to lung cancer growth - to examine the
contribution of TLRs to LL-37-induced activation of
Wnt/p-catenin signaling [43]. We performed an
analysis of patients with adenocarcinoma and
squamous cell carcinoma using data available in The

Cancer Genome Atlas database. This analysis did not
identify a significant correlation between the
expression of LL-37 and that of TLR2 or TLR4 (Figure
S3A and B). In addition, immunoblotting and
qRT-PCR did not reveal statistically significant
differences in the expression of TLR2 or TLR4
following incubation of A549 cells with LL-37 (Figure
S3C and D). Furthermore, there was no
LL-37-induced increase in the expression of TLR2 or
TLR4 in lungs obtained from WT and Cramp~/- mice
(Figure 54 and S5). Furthermore, A549 cells were
treated with the TLR2 or TLR4 inhibitor to further
investigate whether TLRs are required for the
activation of Wnt/ B-catenin in tumor cells. The results
showed that the LL-37-induced accumulation of
unphosphorylated -catenin was dependent on TLR4,
but not on TLR2 (Figure S6A and C). Moreover, TLR4
was  required for optimal  LL-37-induced
phosphorylation of Akt and Gsk3fB, as well as
expression of LEF1 and TCF1 (Figure S6A and Figure
B). Thus, the LL-37 induced activation of
Wnt/ pB-catenin in lung cancer cells requires functional
TLR4.

The B-catenin pathway plays a critical role in
the stimulation of lung tumor growth by LL-37

We treated mice with LL-37 (5 pg or 10 pg) or
phosphate-buffered saline every 2 days after 1-week
of inoculation with 2x105 LLC cells, to test whether
LL-37 is continuously required for the stimulation of
lung tumor growth. Tumors were analyzed 21 days
after injection of LLC cells (Figure 5). We found that
continuous treatment with LL-37 resulted in a
significant increase in tumor size and multiplicity
(Figure 5A and B). Immunoblotting analysis of tumor
lysates obtained from LL-37-treated mice revealed the
upregulated expression of gene products targeted by
B-catenin, including c-Myc, cyclin D1, and c-jun.
These results indicated that LL-37 may affect the
formation and growth of tumors (Figure 5C). In
addition, treatment with LL-37 enhanced the
expression of unphosphorylated p-catenin in lung
tumors and importantly, elevated the levels of LL-37
in the serum (Figure 5D). This observation was
consistent with previous results based on human
serum.

In addition, we tested whether inhibition of
B-catenin may block the action of LL-37, to determine
the importance of p-catenin in the observed effects of
LL-37 in vivo. XAV939 - a tankyrase inhibitor -
selectively inhibits P-catenin-mediated transcription
by stabilizing Axin, a component of the B-catenin
destruction complex [44]. Combined treatment with
XAV939 (200 pg) and LL-37 (5 pg or 10 pg) in the LLC
tumor model in C57BL/6 mice significantly reduced
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the number of lung tumor nodules compared with
LL-37 monotherapy (Figure 5A and B). Moreover, we
analyzed cell proliferation in tumors treated with
XAV939 or combined XAV939/LL-37. The combined
treatment resulted in a significant decrease in staining
with PCNA-specific and Ki-67-specific antibodies
versus  LL-37  monotherapy  (Figure  6A).
Immunoblotting analysis of tumor lysates revealed
that the accumulation of unphosphorylated p-catenin
was associated with the phosphorylation of Gsk3p
and Akt (Figure 6B). Notably, the expression of TTP
and cell cycle-related proteins were also increased in
LL-37-treated mice (Figure 6B). The qRT-PCR analysis
indicated that treatment with XAV939 resulted in the
upregulation of Axin2 mRNA in tumor cells.

Ctrl

Sug LL-37

However, treatment with LL-37 suppressed the
expression of Axin2 (Figure 6C). The TCF/LEF family
of transcription factors are the major mediators of
Wnt signaling and their expression is upregulated by
stabilized P-catenin [45]. As shown in Figure 6D and
E, the expression of TCF1 and LEF1 was significantly
increased in tumor lysates of LL-37-treated mice. In
contrast, this effect was blocked by treatment with
XAV939. We also found that LL-37 significantly
stimulated the expression of TTP mRNA in wvivo
(Figure 6F). The results of the animal model were
consistent with those of the in wvitro cell model,
providing mechanistic insight and suggesting that
LL-37 mediates growth of lung cancer via activation of
Wnt/ 3-catenin.
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Figure 5. The B-catenin pathway plays a critical role in the stimulation of lung tumor growth by LL-37. C57BL/6 mice were inoculated with 2x105 LLC cells via the
tail vein. One week after inoculation, C57BL/6 mice were treated with XAV939 (200 ug) or LL-37 (5 ng or 10 pg) every 2 days for 3 weeks. (A) Macroscopic and microscopic
pathology (hematoxylin and eosin staining) of lungs in mice with indicated treatments (n = 5 for each group). (B) Number of tumor nodules detectable on the surface of the lung
with indicated treatments at the experimental endpoint (n = 5 for each group). (C) Immunoblotting analysis of PCNA, cyclin D1, c-myc, c-jun, and B-actin in tumor lysates from
C57 BL/6 mice inoculated with 2x105 LLC cells with indicated treatments. (D) The levels of LL-37 in the sera of mice with indicated treatments.
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and neutrophils infiltrated the tumor area and

Discussion

The main finding of the present study is that
LL-37 expressed by myeloid and non-tumorous cells
is an important regulator of the development and
growth of lung tumors. We observed a marked
increase in the expression of LL-37 in cancerous lung
tissues obtained from NSCLC patients. Macrophages

secreted LL-37. Importantly, the concentration of
LL-37 in the serum correlated with worse
recurrence-free survival and overall survival in
NSCLC patients. The peptide exerted a direct
tumor-promoting effect by activating Wnt/-catenin
signaling. This conclusion was supported by our
observations that the levels of LL-37 in the serum
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growth. P, phosphorylation.

were negatively associated with the survival of
NSCLC patients. Our data suggest that LL-37 may be
a potential prognostic biomarker and serve as a
therapeutic target.

Previous studies performed by our research
group and other investigators have suggested that the
expression of LL-37 is increased in a variety of
cancers, including ovarian [18], lung, colon [46],
breast [47], and melanoma [48]. However, gastric
cancers produce lower amounts of LL-37, which
inhibit tumor growth in this type of cancer. This
evidence indicates that the actions of LL-37 are
tissue-specific [49]. Previous studies reported low
expression of LL-37 in colon cancer, with possible
antitumor activity. However, our previous research
showed that LL-37 was strongly expressed and
secreted by infiltrating macrophages in tumor stroma,
significantly contributing to the progression of colon
cancer [50].

LL-37-deficient mice developed fewer and
smaller tumors versus WT mice. Besides its
importance during early tumor promotion, LL-37
affects tumor growth during all stages of lung cancer.
LL-37 modulates cellular immune responses by
increasing the production of chemokines, particularly
interleukin 8 (IL-8) [51]. LL-37 directly induces the
transcription of IL-8 and regulates the inflammatory
process in various inflammatory lung diseases [52].
IL-8 is a potent attractant of myeloid cells, facilitating
the recruitment and survival of macrophages and

neutrophils capable of producing proinflammatory
factors [53]. These immune cells regulate tumor
growth by producing cytokines and chemokines that
act in both the autocrine and paracrine manner. In the
present study, we found that fewer myeloid cells
(macrophages, neutrophils) were recruited in
LL-37-deficient tumors. This finding was consistent
with the role of LL-37 in the migration of leukocytes.
We previously reported that inhibition of
nuclear factor-kB (NF-«xB) activation in myeloid cells,
especially the lack of RelA/p65 in the myeloid
lineage, inhibited the proliferation of lung tumor cells
in a mouse model of lung cancer and resulted in
decreased expression of LL-37 [54]. This observation
indicated that the expression of this peptide is
strongly correlated with NF-«xB signaling. However,
ablation of RelA/p65 in myeloid cells - affecting the
induction of LL-37 - does not significantly alter the
recruitment of myeloid cells [54]. Thus, in addition to
controlling the expression of LL-37, NF-xB may also
be involved in the production of chemotactic factors.
Sequestosome 1 (SQSTM1/p62), an autophagic
adaptor protein whose expression is dependent on
NF-xB, is one such candidate. NF-xB exerts its
anti-inflammatory activity by inducing delayed
accumulation of the  autophagy  receptor
p62/SQSTM1, suppressing the production of TNF-a
and IL-1B. TNF-a and IL-1f induce the production of
chemokines and expression of chemokine-receptors in
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tumor and stromal cells [55]. By binding to diverse
receptors, LL-37 activates four signaling pathways
(i.e., purinergic receptor P2X7 [56], epidermal growth
factor receptor [17], insulin-like growth factor-1
receptor [57], and Wnt/B-catenin) to increase growth
of tumor cells. Our results suggest that, among these
signaling pathways, B-catenin is a critical LL-37
effector in the growth of lung tumors.
Unphosphorylated p-catenin is highly expressed in
tumor cells of mice and patients with NSCLC.

Wnt/p-catenin signaling is activated in various
types of cancer, including colon cancer [58] and
hepatocellular  carcinoma [59]. However, the
mechanisms involved in its activation remain obscure.
Wnt/p-catenin induces the expression of genes
important for cell proliferation (i.e., cyclin D1 and
c-myc [23, 60]) and migration (i.e., MMP-7 and CD44
[61, 62]). In the present study, we demonstrated that
activation of Wnt/p-catenin signaling is an important
contributor to the tumor-promoting activity of LL-37,
leading to enhanced proliferation of lung tumor cells.
Gsk3p is a major component, regulating the activation
of Wnt/[B-catenin signaling by constitutively
phosphorylating B-catenin. This leads to its
degradation, consequently blocking p-catenin-
mediated gene transcription. Our current results
showed that LL-37 is responsible for the
phosphorylation of several Wnt/p-catenin signaling
proteins, including B-catenin, Akt, and Gsk3p (Figure
7).

Previous research reported that LL-37 affects
both the surface and intracellular expression of TLR.
However, almost all research studies investigating
LL-37 and TLRs were performed using immune cells.
In mast cells, it has been shown that LL-37 may
enhance the expression of TLR2, TLR4, and TLR9 on
the surface, and TLR3, TLR5, and TLR7 in the interior
of the cell [63]. Moreover, LL-37 binds to agonists of
multiple TLRs in human monocytic cells and
macrophages [64, 65], B lymphocytes and
plasmacytoid dendritic cells [66], and DC cells [67].
However, it has not been determined whether
binding of LL-37 to the TLR agonists may
differentially ~affect signaling in cancer cells.
Furthermore, although Wnt signaling activity has
been linked to TLR signaling activity [68-70], the
currently available evidence remains inconclusive.
Further studies are warranted to investigate the link
between TLR signaling and Wnt signaling in lung
cancer cells. Additionally, there is no evidence linking
LL-37 with TLR/Wnt signaling in tumor cells. Our
results illustrated that, in lung tumor cells, the
expression of TLR4 was not significantly altered
following treatment with LL-37. However, the activity
of Wnt/p-catenin and expression of related genes

were greatly reduced by the TLR4 inhibitor TAK-242.
This finding indicated that TLR4 mediates the
activation of Wnt/p-catenin by LL-37 in tumor cells.
The regulation of Wnt/B-catenin activity is complex
and involves cross-talk with other factors. In a
previous study, we demonstrated that LL-37 also
activates the PI3K/ Akt signaling pathway by binding
to its specific receptor FPRL1 [71]. Moreover, we
reported that the induction of Axin2 mRNA - a
component of the f-catenin destruction complex
inducing the phosphorylation and subsequent
ubiquitin-mediated degradation of B-catenin - was
significantly decreased by LL-37. It appears that TTP
is a RNA-binding protein, which enhances mRNA
decay by binding to AU-rich elements located in the
3’-untranslated region of the Axin2 transcript [72].
Our results showed that the expression of TTP was
significantly enhanced by LL-37. This finding
indicated that a possible mechanism through which
LL-37 induces Axin2 mRNA decay may involve the
production of TTP.

In summary, the present results establish a link
between LL-37 and Wnt/p-catenin signaling in lung
cancer. Moreover, they provide a rationale for the use
of LL-37 blockers and Wnt/ B-catenin inhibitors in the
treatment and prevention of lung cancer.
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