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Cathelicidin Suppresses Colon Cancer
Metastasis via a P2RX7-Dependent Mechanism
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The antimicrobial peptide cathelicidin inhibits development of
colitis-associated colon cancer. However, the role of cathelici-
din in colon cancer metastasis remains unknown. We hypoth-
esized that cathelicidin is effective in inhibiting colon cancer
metastasis. Human colon cancer HT-29 cells were injected
intravenously into nude mice. Control HA-tagged adeno-asso-
ciated virus (HA-AAV) or cathelicidin-overexpressing AAV
(CAMP-HA-AAV) were injected intravenously into nude
mice on the same day. Four weeks later, the nude mice were as-
sessed for lung and liver metastases. Human colon cancer
SW620 cells were used to study the effect of cathelicidin on
cell migration and cytoskeleton. Incubation of SW620 cells
with cathelicidin dose-dependently reduced cell migration, dis-
rupted cytoskeletal structure, and reduced PIII-tubulin
(TUBB3) mRNA expression. The addition of the P2RX7 antag-
onist KN62, but not the FPRL1 antagonist WRW4, prevented
the LL-37-mediated inhibition of cell migration and TUBB3
mRNA expression. The CAMP-HA-AAV-overexpressing
group showed significantly reduced human CK20 protein (by
60%) and TUBB3 mRNA expression (by 40%) in the lungs
and liver of the HT-29-loaded nude mice, compared to the
HA-AAV control group. Intraperitoneal injection of KN62
reversed the CAMP-HA-AAV-mediated inhibition of human
CK20 and TUBB3 expression in the lungs and liver of HT-
29-loaded nude mice. In conclusion, cathelicidin inhibits colon
cancer metastasis via a P2RX7-dependent pathway.

INTRODUCTION

Low survival rates of advanced colon cancer (stage ITIC 53% and stage
IV 11% in 5 years; American Cancer Society) and high treatment
resistance have driven discovery of novel drug targets and therapeutic
approaches. Cathelicidin (human gene CAMP, human protein LL-37,
mouse gene Camp, and mouse protein mCRAMP) is an antimicrobial
peptide that possesses therapeutic effects in inflammatory bowel dis-
ease, Clostridium difficile infection, and obesity.l’4 Recent studies
have also shown that cathelicidin is involved in malignancies. The
tumoral expression of endogenous cathelicidin varies among different
types of cancer.”® For example, cathelicidin expression is diminished
in gastric and colon cancers,”® while it is increased in breast, ovarian,
and lung cancers.””"' Endogenous cathelicidin modulates azoxyme-
thane (AOM)-mediated colon cancer in mice.” Cathelicidin sup-
presses gastric cancer cell proliferation via the bone morphogenetic

protein-mediated pathway.® The biological functions of cathelicidin
are largely mediated by its receptors, which include FPRL1 and
P2RX7."

Cathelicidin and its analog FK-16 induce p53-dependent apoptosis in
human colon cancer HCT116 cells.”"> Other cathelicidin analogs
(FF/CAP18 and Ceragenin CSA13) inhibit HCT116 cell proliferation
without relying on the p53-dependent mechanism in vitro.'*'>
estingly, cathelicidin does not inhibit the viability of colon cancer HT-
29 cells directly, but inhibits tumor-associated fibroblasts (TAFs)
through suppression of epithelial-mesenchymal transition (EMT)
and disruption of the cytoskeleton.'® The inhibition of TAFs, in
turn, reduces their support of colon cancer cell proliferation. All of
the evidence suggests that cathelicidin is a potential target for colon
cancer. However, the role of cathelicidin and its receptor in metastatic
colon cancer is unknown.

Inter-

Metastatic colon cancer cells often possess mesenchymal characteris-
tics, as exemplified by PIII-tubulin expression, which is associated
with increased cell migratory behavior.'”'® We hypothesize that cath-
elicidin acts through receptor-dependent modulation of the cytoskel-
eton in the colon cancer cells, leading to a reduction of colon cancer
cell migration. To address this hypothesis, a nude mouse model and
various cell-based assays were included in this study.

RESULTS

Systemic Overexpression of Cathelicidin Inhibited Colon Cancer
Metastasis in Nude Mice

To determine whether cathelicidin inhibits colon cancer metastasis, the
nude mice were injected intravenously with human colon cancer HT-
29 cells (Figure 1A). Control hemagglutinin-expressing adeno-associ-
ated viruses (HA-AAVs) and human cathelicidin-overexpressing
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AAVs (CAMP-HA-AAVs) were injected into nude mice intravenously
on the same day as the HT-29 injection, as described in a previous
study.'®

Human CAMP mRNA expression was low in the lungs and liver of
the HA-AAV control group (threshold cycle [Ct] value, 38-40).
Infection of CAMP-HA-AAVs significantly increased cathelicidin
mRNA expression in the lungs and liver of the recipient mice (Fig-
ure 1B). All groups carried similar intensities of HA-tagged staining
in the lungs and liver, indicating equal loading of AAV particles
and expression of their gene products in nude mice (Figures 1C
and 1D).

The injected nude mice developed human cytokeratin 18-positive tu-
mor colonies in the lungs and liver, indicating colon cancer metastasis
(Figures 2A and 2B). The lung and liver tissues in the cathelicidin-
overexpressing group showed much less human-specific cytokeratin
18 staining than those in the control group. Cathelicidin overexpres-
sion significantly reduced human keratin-20 mRNA expression in the
lungs and liver of HT-29-loaded nude mice (Figures 2C and 2D).

196 Molecular Therapy: Oncolytics Vol. 12 March 2019

Liver HA-Tag IHC 200X

Cytokeratin 18 and keratin 20 are epithelial
colon cancer markers.'”*’ Both approaches
indicated that cathelicidin overexpression in-
hibited colon cancer metastasis.

Cathelicidin Disrupted Tubulin

Cytoskeleton and Inhibited Cell Migration of
Colon Cancer Cells

Consistent with prior cell viability studies
i.v. involving HT-29 colon cancer cells and CCD-
18Co fibroblasts,'® cathelicidin peptide (LL-
37) did not affect the viability of SW620 cells
(Figure 3A). LL-37 (5-10 uM) inhibited migra-
tion of SW620 cells (Figure 3B), which reflected
the inhibition of metastatic potential. Tumoral
tubulin expression is associated with liver
metastasis of colon cancer.”' Cathelicidin-medi-
ated disruption of tubulin structure in HT-29
and CCD-18Co cells suggests the potential
role of tubulin in the anti-metastatic effect of
cathelicidin.'® Tubulin tracker staining demon-
strated that incubation of human advanced colon cancer SW620 cells
with LL-37 (5-10 uM) disrupted the tubulin structure in a dose-
dependent manner (Figure 3C). Constitutive TUBB1 mRNA expres-
sion in SW620 and HT-29 cells was not affected by exposure to LL-37
(Figure 3D).

Cathelicidin Inhibited Colon Cancer Cell Migration via TUBB3
Inhibition

LL-37 (5 uM) significantly inhibited TUBB3 mRNA expression in
both colon cancer cells (Figure 3E). Lentiviral overexpression of
TUBBS3 also led to increased colon cancer cell migration of SW620
cells, with or without exposure to LL-37 (Figure 4A). Infection of
TUBB3-overexpressing lentivirus significantly increased human
TUBB3 mRNA expression in SW620 cells (Figure 4B).

LL-37 Inhibited Colon Cancer Cell Migration and TUBB3
Expression via P2RX7

We used human colon cancer PCR arrays (Origene) and found that
tumoral cathelicidin mRNA expression was reduced in stage II
colonic tumors, but not in stage IIl and IV colonic tumors (Figure 4C).
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Figure 2. Intravenous Cathelicidin-Expressing
Adeno-Associated Virus Administration Reduced
the Presence of Human Colon Cancer Cells in
Lungs and Liver of HT-29-Loaded Nude Mice

(A and B) Human cytokeratin-18 expression (representing
human colon cancer cells) in (A) lungs and (B) liver of nude
mice was identified by brown color spots (indicated by
arrows). Intravenous cathelicidin  expressing AAVs
reduced human cytokeratin 18 expression in lungs and
liver of nude mice. (C and D) Human keratin 20 mRNA
expression in (C) lungs and (D) liver of nude mice was
significantly reduced by CAMP-HA-AAV.

ated inhibition of TUBB3 mRNA expression
in HT-29 cells (Figure 5D).

Cathelicidin Inhibited Colon Cancer
Metastasis via P2RX7

To validate this receptor pathway in vivo, we in-
jected KN62 into the HT-29-loaded nude mice.
Injection of KN62 did not significantly affect
colon cancer metastasis to lungs and liver in
the control vector-expressing group, but
reversed the colon cancer metastasis in the cath-
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The finding was consistent with a previous report.” Cathelicidin inter-
acts with two putative receptors, i.e., FPRL1 and P2RX7,>** which
mediate downstream effects. Normal colonic tissues and colonic
tumors of all stages had positive mRNA expression of P2RX7 and
FPRLI (Figures 4D and 4E).

To identify the involvement of cathelicidin receptors in the anti-
metastatic effects of cathelicidin, we pretreated the colon cancer
SW620 cells with FPRL1 antagonist WRW4 and P2RX7 antagonist
KNG62, followed by LL-37 exposure. The LL-37-mediated inhibition
of cell migration was prevented by KN62, but not by WRW4 (Fig-
ure 4F). KN62 also prevented the LL-37-mediated disruption of
tubulin structure in SW620 cells (Figure 5A). Exposure of SW620
cells to LL-37 (5 pM) significantly reduced TUBB3 mRNA expres-
sion (Figure 5B). This reduction was reversed by short hairpin RNA
(shRNA) inhibition of P2RX7 (Figure 5B). Transient transfection of
P2RX7 shRNA significantly reduced P2RX7 mRNA expression in
SW620 cells (Figure 5C). Also, KN62 prevented the LL-37-medi-

liver

We also injected the HT-29 cells into the nude

mice subcutaneously followed by intravenous
CAMP-AAV injection and intraperitoneal KN62 injection. Consis-
tent with our previous report,'® the cathelicidin-overexpressing group
had significantly reduced subcutaneous tumor diameter (Figure 7E).
This reduction was partially reversed by KN62 (Figure 7E). Thus,
cathelicidin-mediated inhibition of colonic tumor growth is P2RX7
dependent.

Cathelicidin Did Not Affect Colon Cancer Cell Invasion

Cathelicidin did not affect SW620 cell invasion (Figure S1A). It
altered the protein secretion of MMPI1, TIMP1-2, TGF-B1, and
VEGF in HT-29, SW620, and SW480 cells differently (Figure S1B).
We found no consistent pattern of LL-37-dependent soluble cancer
mediator secretion among the three cultured colon cancer cell lines.
Therefore, metalloprotease activity cannot address the anti-metastatic
effect of cathelicidin.?* Also, cathelicidin overexpression did not affect
the endothelial cell marker von Willebrand factor (vWF) mRNA
expression in lungs and liver of the HT-29-loaded nude mice (Fig-
ure S1C). LL-37 is unlikely to modulate tumoral angiogenesis in vivo.

Molecular Therapy: Oncolytics Vol. 12 March 2019 197


http://www.moleculartherapy.org

>
w

Molecular Therapy: Oncolytics

200001 Figure 3. Cathelicidin Inhibited Cell Migration and
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(A) Cell viability of SW620 cells. (B) Cell migration of
SW620 cells. (C) Green tubulin tracker staining with
blue nuclear staining in human cancer SW620 cells.
LL-37 reduced tubulin expression in SW620 cells. (D)
TUBB1 mRNA expression in SW620 and HT-29 cells. (E)
TUBB3 mRNA expression in SW620 and HT-29 cells.
Results were pooled from three independent experi-
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DISCUSSION

This study demonstrates that cathelicidin inhibits colon cancer
metastasis via a P2RX7-dependent pathway. Cathelicidin does
not inhibit the cell viability of colon cancer cells (Figure 3A) and

16 Instead, cathelicidin inhibits colonic

normal colonic fibroblasts.
tumor growth via indirect inhibition of TAFs.'® Both metastatic
colon cancer cells and TAFs possess mesenchymal cell properties.”
The cathelicidin-dependent inhibition of colon cancer devel-
opment and metastasis shares a common characteristic: the
disruption of tubulin cytoskeleton in cells with mesenchymal cell

properties.

Cytoskeleton, including tubulin, mediates the metastatic poten-
tial of circulating tumor cells (CTCs) in the vasculature.”>°
The adherent tumor cells extravasate to form new metastatic
foci in distant organs. Although the biophysics of CTCs is
complex and beyond our scope of investigation, cathelicidin-
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24 hours

pendent pathways.” Given the heterogeneity
and complexity of cancer, our study cannot
cover all aspects of colon cancer conditions.
This study attempts to reveal the potential cathelicidin-P2RX7
pathway in colon cancer development, which is worth further
investigation.

To understand how P2RX7 modulates TUBB3 expression, we pro-
filed the microRNA (miRNA) expression in SW620 cells (Fig-
ure S2A). LL-37 significantly increased miR200c-3p expression
in SW620 and HT-29 cells (Figures S2B and S2C). miR200c is
associated with distant metastasis in colorectal cancer patients>’
and is currently the only validated miRNA shown to target
TUBB3.” Inhibition of P2RX7 with shRNA did not affect basal
miR200c-3p expression but abolished the LL-37-mediated increase
of miR200c-3p expression (Figure S2B). Similarly, KN62 also in-
hibited LL-37-induced miR200c-3p expression in HT-29 cells
(Figure S2C). Pretreatment of SW620 cells with miR200c-3p inhib-
itor reversed the LL-37-mediated inhibition of TUBB3 mRNA
expression, cell migration, and disruption of tubulin structure
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(Figure S2D and S2F). Therefore, miR200c-mediated TUBB3 inhi-
bition is relevant to cathelicidin-mediated inhibition of cell migra-
tion. We did not determine miR200c expression in the lung and
liver tissues of HT-29-loaded nude mice, because the miR200c
primers could not differentiate between the human and mouse
miR200c.

Cathelicidin is a molecular target for colon cancer. Systemic infusion
or oral administration of cathelicidin peptide is not feasible, because
cathelicidin peptides degrade in body fluids or blood.’"** A non-pep-
tide cathelicidin mimic Ceragenin CSA13 is effective in inducing cell
cycle arrest and apoptosis in cultured colon cancer HCT116, HT-29,
and DLDI cells.'*** Development of clinically applicable cathelici-
din-based strategies for colon cancer metastasis needs further
investigation.

In conclusion, cathelicidin inhibits colon cancer metastasis via a
P2RX7 pathway.

Cruz Biotechnology). Some groups were pre-

treated with control inhibitor (YI00199006-

DFA, QIAGEN) or miR200c-3p inhibitor
(YI04101122-DFA, QIAGEN) overnight before exposure to catheli-
cidin peptide (LL-37).

Intravenous Injection of Colon Cancer Cells into Nude Mice
HT-29 cells (1 x 10° cells) in Hanks’ balanced salt solution (100 pL)
were injected intravenously into 8-week-old male and female nude
mice (stock number 002019, Jackson Laboratory) for the determina-
tion of colon cancer metastasis. The same number of cells was injected
subcutaneously into the left and right flanks of the nude mice for the
determination of local tumor growth. The injected nude mice were
housed in the UCLA animal facility under standard conditions, as
described previously.'® All animal experiments were approved by
the UCLA Animal Research Committee (#2007-116).

The human CAMP-HA-AAV and control HA-AAV were generated
by Vector Laboratories, as described previously.'® HA-AAV and
CAMP-HA-AAV (1 x 10" genomic copies in 100 pL) were injected
intravenously via tail veins into nude mice under transient isoflurane
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anesthesia. Some of the nude mice were injected intraperitoneally
with P2RX7 antagonist KN62 (5 mg/kg, Tocris) or control DMSO
solution (50 puL per mouse) daily from day 21 to day 28. Lung and
liver tissues were collected for analyses on day 28. Each group con-
sisted of 10 mice per group in two separate experiments.

Tail vein intravenous injection, but not orthotopic transplantation,
was used because the intravenous injection model simulates how
cathelicidin affects migration of CTCs to the distant organs.”*””
SW620 cells were not used in this study because intravenous injection
of these cells fails to develop metastatic tumors in the lungs and liver

of nude mic.*®

Immunohistochemistry
Immunohistochemistry was assisted by UCLA Translational Pathol-
ogy Core Laboratory (TPCL), as described previously.'® In short,
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Figure 5. Cathelicidin Inhibited TUBB3 Expression
via P2RX7

(A) Green tubulin tracker staining with blue nuclear
staining in human cancer SW620 cells. SW620 cells were
pretreated with DMSO (10 plL/mL) or KN62 (10 pM) for
30 min, followed by exposure to LL-37 (5 uM) for 24 h. LL-
37 reduced tubulin expression in SW620 cells that was
prevented by KN62. (B) SW620 cells were transiently
transfected with control small interfering RNA (siRNA)
or P2RX7 shRNA (1 ng/mL), followed by exposure to LL-
37. TUBB3 mRNA expression in SW620 cells. (C) P2RX7
mMRNA expression in the transfected SW620 cells. (D) HT-
29 cells were pretreated with DMSO (10 ulL/mL) or KN62
(10 uM) for 30 min, followed by exposure to LL-37.
TUBB3 mRNA expression. Results were pooled from
three independent experiments.

KN62 + LL-37

PEOI008 paraffin-embedded lung and liver tissue sec-

tions were stained with a rabbit monoclonal
anti-LL-37 antibody (ab207758, Abcam, 1:50
dilution), mouse polyclonal anti-cytokeratin
18 antibody (sc-51583, Santa Cruz Biotech-
nology, 1:50 dilution), or anti-HA-tagged anti-
body (3724, Cell Signaling Technology, 1:50
dilution). Images were recorded with a Zeiss
PARXT SRNA AX10 microscope.

Cell Viability MTS Assay

SW620 cells in 96-well plates (10° cells/plate)
were treated with trifluoroacetic acid (TFA)
0.1% or cathelicidin peptide (LL-37). Cell
viability was measured with MTS solution
(G3580, Promega), as described previously.'®

Cell Migration and Invasion Assays

Cell migration and invasion assays of SW620

cells were performed using a modified Boyden

chamber approach (ECM508 and ECM554,
EMD Millipore), as we described previously.37 Briefly, TFA and cath-
elicidin peptide (LL-37) were added to the lower chamber. Control-LV-
and TUBB3-LV-infected SW620 (2.5 x 10%) cells were seeded into the
upper chamber and incubated for 7 h (for cell migration) and 24 h (for
cell invasion) at 37°C. The FPRLI antagonist WRW4 and the P2RX7
antagonist KN62 were added to both upper and lower chambers at
the beginning of the cell migration experiments. Some of the SW620
cells were pretreated with control inhibitor (YI00199006, QIAGEN)
and miR200c-3p inhibitor (YI04100915, QIAGEN) 24 h before the
cell migration assay began. The migrated colon cancer cells through
the membrane were stained and determined by absorbance at 650 nm.

Real-Time RT-PCR

The total RNA from lung and liver tissues were extracted with an
RNeasy kit (74106, QIAGEN). The RNA was converted to cDNA
by iScript cDNA Synthesis kit (170-8891, Bio-Rad). The mRNA
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expression was determined with a Bio-Rad CFX384 PCR system, us-
ing Thermo Fisher Scientific’s inventoried primers (Table 1) and iTaq
Universal Probe Supermix (172-5135, Bio-Rad). Human colon cancer
PCR arrays (HCRT101) were purchased from Origene. Relative
mRNA expression was normalized to human 18S or mouse GAPDH
mRNA expression. miRNAs were converted to cDNA by miRCURY
LNA RT kit (339340, QIAGEN). PCR reactions were determined
using miRCURY LNA SYBR Green PCR kit (339346, QIAGEN).
Relative miRNA expression was normalized to RNU1A1 expression.
Results were expressed as fold induction compared to their respective
controls, as we described previously."®

Tubulin Tracker Staining

SW620 cells (2 x 10° cells/well) were seeded onto chamber slides and
were exposed to TFA 0.1% or cathelicidin peptide (LL-37) for 24 h. The
cells were incubated with tubulin-tracker (T34075, Invitrogen) for

HA-AAV i.v. + DMSO

Figure 6. Cathelicidin Inhibited Colon Cancer
Metastasis via P2RX7

(A and B) Human cytokeratin-18 expression (representing
human colon cancer cells) in (A) lungs and (B) liver of nude
mice was identified by brown color spots (indicated by
arrows). Intravenous cathelicidin expressing AAV admin-
istration reduced human CK18 expression in lungs and
liver of nude mice.

HA-AAV i.v.+ KN62

—

CAMP-AAV i.v. + DMSO

CAMP-AAV i.v. + KN62

Liver Cytokeratin 18 IHC 200X

45 min, followed by Hoechst 33342 (H3570, Invitrogen), and viewed
under a Zeiss AX10 confocal microscope, as described previously.'®

ELISA

The cells were serum starved overnight, followed by incubation with
TFA and LL-37 for 24 h. Soluble mediators in the conditioned media
were determined by R&D Systems DuoSet ELISA assays: MMP1
(DY901B), TIMP1 (DY970), TIMP2 (DY971), TGE-B1 (DY240),
and VEGF (DY293B).

Statistical Analyses

Results were analyzed using Prism professional statistics software
program (GraphPad). Unpaired Student’s t tests were used for
intergroup comparisons. Quantitative results were expressed with
error bars as means = SEM. Only p values of statistically signif-
icant differences (p < 0.05) are shown in the figures.
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Figure 7. Cathelicidin Inhibited TUBB3 mRNA
Expression in Metastasized Tumors via P2RX7

(A and B) Human keratin 20 mRNA expression (human colon
cancer cell marker) in (A) lungs and (B) liver of nude mice was
significantly reduced by CAMP-HA-AAV. Intraperitoneal
KNB2 treatment increased the presence of cytokeratin 18
protein and keratin 20 mRNA expression in the CAMP-HA-
AAV-treated nude mice. (C and D) Human TUBB3 mRNA
expression in (C) lungs and (D) liver of nude mice was
significantly reduced by CAMP-HA-AAV. Intraperitoneal
KN62 treatment increased the presence of human TUBB3
mRNA expression in the CAMP-HA-AAV-treated nude
mice. (E) Diameters of subcutaneous tumors. Intravenous
CAMP-HA-AAV significantly reduced subcutaneous tumor
diameters in nude mice that were partially reversed by KN62
treatment.
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Table 1. Primers for Real-Time RT-PCR

Gene

Assay Number

Human CAMP

Hs00189038_m1

Human KRT20

Hs00300643_m1

Human TUBB1

Hs00917771_gl

Human TUBB3

Hs00801390_s1

Human FPR2 Hs02759175_s1
Human P2RX7 Hs00175721_m1
Human 18S Hs99999901_s1

Mouse GAPDH

Mm99999915_g1

miR200c-3p YP00204482
RNU1A1 YP00203909
Unisp6 YP00203954

Inventoried primer list of RT-PCR reactions.
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