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Abstract

Antimicrobial peptides are an ancient family of molecules that emerged millions of years ago and have
been strongly conserved during the evolutionary process of living organisms. Recently, our group
described that the human antimicrobial peptide LL-37 migrates to the nucleus, raising the possibility that
LL-37 could directly modulate transcription under certain conditions. Here, we showed evidence that
LL-37 binds to gene promoter regions, and LL-37 gene silencing changed the transcriptional program of
melanoma A375 cells genes associated with histone, metabolism, cellular stress, ubiquitination and

mitochondria.
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Introduction

LL-37 is one of the most studied antimicrobial
peptides (AMPs) and plays a significant role in
several biological processes. Despite its bactericidal
capacity, LL-37 can bind to lipopolysaccharide [1, 2]
and other pathogen-associated patterns [3], activate
membrane receptors [4-6], induce chemotaxis [7, 8],
stimulate angiogenesis [9], promote wound healing
[10-12], trigger the inflammasome [13], and induce
apoptosis and other mechanisms of cell death [14, 15],
among other immunoregulatory and non-immune
functions [16]. Recently, our group demonstrated that
LL-37 migrates to the nucleus and colocalizes with
genomic DNA [17]. We hypothesized that this peptide
could also directly modulate transcription under
certain conditions.

Material and Methods

Chromatin Immunoprecipitation (ChlP)
Cells were fixed with 1% formaldehyde for 15

min and quenched with 0.125 M glycine. Chromatin
was isolated by the addition of lysis buffer, followed
by disruption with a Dounce homogenizer. Lysates
were sonicated and DNA sheared to an average
length of 300-500 bp. Genomic DNA (Input) was
prepared by treating aliquots of chromatin with
RNase, proteinase K and heat for de-crosslinking,
followed by ethanol precipitation. Resulting DNA
was quantified on a NanoDrop spectrophotometer.
Extrapolation to the original chromatin volume
allowed quantitation of the total chromatin yield.

An aliquot of chromatin (30 ug) was precleared
with protein A agarose beads (Invitrogen, USA).
Genomic regions of interest were isolated using 10 ug
of antibody against cathelicidin (ab69192; Abcam,
USA). Complexes were washed, eluted from beads
with SDS buffer and subjected to RNase and
proteinase K treatment. Crosslinks were reversed by
incubation overnight at 65°C, and ChIP DNA was
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purified by phenol-chloroform extraction and ethanol
precipitation.

To wvalidate selected LL-37 binding sites
identified by ChIP-Seq assays, quantitative PCR
(qPCR) was performed in triplicate on specific
genomic regions using SYBR Green Supermix
(Bio-Rad, USA). Resulting signals were normalized
for primer efficiency by performing qPCR for each
primer pair using Input DNA.

DNA Sequencing

INlumina sequencing libraries were prepared
from ChIP and Input DNA by standard consecutive
enzymatic steps of end-polishing, dA-addition and
adaptor ligation. After a final amplification step,
resulting DNA libraries were quantified and
sequenced on NextSeq 500 (75 nt reads, single end).
Reads were aligned to the human genome (hgl9)
using the BWA algorithm (default settings). Duplicate
reads were removed and only uniquely mapped reads
(mapping quality > 25) were used for further analysis.
Alignments were extended in silico at 3'-ends to a
length of 200 bp, which is the average genomic
fragment length in the size-selected library, and
assigned to 32-nt bins along the genome. The number
of fragments in each bin was determined to identify
the density of fragments and extended tags. Resulting
histograms (genomic “signal maps”) were stored in
bigWig files. Peak locations were determined using
the MACS algorithm v1.4.2 with a cutoff P-value of
1x107 [18, 19]. Signal maps and peak locations were
used as input data to the Active Motifs proprietary
analysis program, which creates Excel tables
containing  detailed information on sample
comparison, peak metrics, peak locations and gene
annotations. Peaks were annotated with genes if
located < 10 kb from gene regions.

LL-37 gene silencing

Cells were plated at 2.5%10° cells/well in a 6-well
plate overnight. LL-37 Silencer Selected Pre-designed
short interfering RNA (siRNA) or negative scramble
siRNA (Ambion®) (10 nM each) was combined with 5
uL of Lipofectamine™ RNAIMAX reagent for 20 min.
Opti-MEM® I Reduced Serum Medium (Invitrogen)
was added at a final volume of 2.5 mL/well after cells
were rinsed with PBS. After 48 h, experimental assays
were performed.

RNA extraction and microarray experiments

Six independent samples of A375 cells were
subjected to gene silencing or a scrambled sequence of
the siRNA target sequence. Cells were then lysed in
TRIzol reagent and total RNA was isolated following
the manufacturer’s protocol (Life Technologies,
Carlsbad, CA, USA). RNA integrity and concentration

were assessed using the Agilent 2100 Bioanalyzer and
the RNA 6000 Nano Kit (Agilent Technologies, Santa
Clara, CA, USA), and total RNA was stored at —80°C
until use.

Expression levels of protein-coding genes and
long intergenic non-coding RNAs were evaluated by
DNA microarray using the SurePrint G3 Human GE
V2 Microarray (design ID #G4851B) and Low Input
Quick Amp Labeling kit, following a two-color
labeling protocol (Agilent Technologies). Cyanine-3
labeled RNA from samples and cyanine-5 labeled
reference RNA (Universal Human Reference RNA,
Agilent Technologies) were combined and hybridized
to microarrays following manufacturer’s protocols.

Data preprocessing and filtering

Microarrays were scanned using the SureScan
Microarray Scanner (Agilent Technologies) and
images were processed using Feature Extraction
Software v12 (Agilent Technologies) to determine
feature intensities and ratios. Each dataset was
preprocessed using the R/Bioconductor
arrayQualityMetrics package [20]. Probes that
represent the same gene were collapsed by taking
their mean divided by the square root of all probes
matching the gene. Preprocessing involved
background correction and log2 transformation. Data
normalization and transformation including quantile
normalization and Z-scores are detailed below.

Normalization

After data filtering and preprocessing raw data,
quantile normalization was performed using perl
scripts and pseudo code. Z-score transformation was
calculated using Math::Complex and
Statistics::Descriptive perl modules.

Microarray analyses

Differential gene expression analyses were
performed using limma R package [21, 22] using a
cutoff P-value < 0.01 and mean fold-change > 1.25.
Network enrichment analyses were performed using
Ingenuity =~ Pathway  Analysis  suite  (IPA;
www.qiagen.com/ingenuity) and NetworkAnalyst
program (http:/ /www.networkanalyst.ca/) [23]. IPA
Upstream Analysis was used to identify upstream
regulators and predict whether they were activated or
inhibited, given observed gene expression changes in
the expression dataset.

Microarray Quality controls

For unintended experimental factors (batch
effects), we computed mean absolute distances
between microarray data using data from all probes
without filtering. Furthermore, we generated a PCA
that reflects similarity between microarray
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arrangements of overall data.

LL-37 gene expression in A375 melanoma cell
lines

Differential expression (DE) analysis in the
microarray of A375 cell lines (control and LL-37
silenced) showed 379 significantly downregulated
and 505 upregulated genes. These results were
intersected and 64 downregulated and 80 upregulated
genes were obtained. LL-37 demonstrated the lowest
decreased fold change value, confirming the
experimental design.

Results and Discussion

To test this hypothesis, we performed chromatin
immunoprecipitation followed by next-generation
sequencing (ChIP-Seq) of LL-37 in immortalized skin
malignant melanoma A375 cells. Peak regions for
aligned reads distributed across all target regions,
transcriptional start sites, are presented in Fig. 1A. De
novo motif analysis was performed using MEME
software. The top 1,000 peak sequences (60-bp
surrounding peak summits) were used as input (Fig.
1B). Analysis showed peak regions with values > 100
were associated with 460 genes. Peak locations

relative to genomic features for A375 cell lines, and a
similar number of random locations as control, are
shown in Fig. 1C.

LL-37 gene silencing using siRNAs identified
differentially expressed genes (DEGs); 379 and 505
genes were down- and upregulated, respectively. As
expected, LL-37 was the greatest downregulated gene,
confirming successful LL-37 gene silencing. Network
enrichment analyses using the Ingenuity Pathway
Analysis suite (www.ingenuity.com) revealed that
these DEGs are associated with PI3K signaling, cell
cycle control and Rho signaling (Fig. 1D).

Eleven upregulated and 18 downregulated genes
were confirmed by ChIP-Seq experiments. Manual
functional annotation revealed that these genes are
associated with histone, metabolism, cellular stress,
ubiquitination and mitochondria (Fig. 2). We have not
confirmed the results with synthetic LL-37, because
the effects of exogenous and endogenous LL-37 are
different. In fact, exogenous LL-37 is cytotoxic, it is
hard to mimmick the effects of endogenous
cathelicidin using exogenous LL-37 [24]. RNA
silencing is the gold standard in this case.
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Figure 1. (A) Average density plot of tag distributions across peak regions. Note the strong enrichment for the A375 ChIP-Seq sample and essentially flat distribution
for the Input. (B) De novo motif analysis using MEME software. The top 1,000 peak sequences (60-bp surrounding peak summits) were used as input. (C) Genomic
locations for A375 cells and random control peaks were intersected with locations of known genomic features. Note that peaks were preferentially located in
promoter and 5’-UTR regions (enrichment over random distribution 10- to 20-fold for A375 cells, in red). (D) Schematic model integrating ChIP-Seq and DNA

microarray results with network enrichment analyses.
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Figure 2. A working model showing the most relevant up- and downregulated genes by LL-37 at the nuclear level. Functions were assigned to each gene through

active PubMed database search using MeSH terms.

The role of LL-37 in cancer has been under
intense investigation and both promotion and
inhibition of tumor growth have been described,
emphasizing its contradictory mechanisms of action.
Indeed, LL-37 overexpression has been demonstrated
to promote tumor development in ovarian, lung and
breast cancers and suppress tumorigenesis in colon
and gastric cancers [25, 26]. Interestingly, Kim et al.
reported that LL-37 promotes proliferation, migration
and invasion in vitro in melanoma cells [27].

By showing that LL-37 may bind to nuclear DNA
in a specific manner, we provided evidence, for the
first time, that this antimicrobial peptide may also act
as a transcription factor, controlling the expression of
several genes in malignant melanoma. Further
experiments are necessary to confirm our findings
and reveal the specific transcriptional program
regulated by LL-37. We have preliminary data in
SKMELS5 melanoma cells and the results are different,
putting in evidence that LL-37 exerts different
functions at the nucleus depending on the cell type
and tumor cell line.
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