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Background: Cathelicidin (LL-37 in humans and mCRAMP in mice) represents a family of 

endogenous antimicrobial and anti-inflammatory peptides. Cancer-associated fibroblasts can 

promote the proliferation of colon cancer cells and growth of colon cancer tumors.

Methods: We examined the role of cathelicidin in the development of colon cancer, using 

subcutaneous human HT-29 colon-cancer-cell-derived tumor model in nude mice and 

azoxymethane- and dextran sulfate-mediated colon cancer model in C57BL/6 mice. We also 

determined the indirect antitumoral mechanism of cathelicidin via the inhibition of epithelial–

mesenchymal transition (EMT) of colon cancer cells and fibroblast-supported colon cancer 

cell proliferation.

Results: Intravenous administration of cathelicidin expressing adeno-associated virus signifi-

cantly reduced the size of tumors, tumor-derived collagen expression, and tumor-derived fibro-

blast expression in HT-29-derived subcutaneous tumors in nude mice. Enema administration of 

the mouse cathelicidin peptide significantly reduced the size and number of colonic tumors in 

azoxymethane- and dextran sulfate-treated mice without inducing apoptosis in tumors and the 

adjacent normal colonic tissues. Cathelicidin inhibited the collagen expression and vimentin-

positive fibroblast expression in colonic tumors. Cathelicidin did not directly affect HT-29 cell 

viability, but did significantly reduce tumor growth factor-β1-induced EMT of colon cancer 

cells. Media conditioned by the human colonic CCD-18Co fibroblasts promoted human colon 

cancer HT-29 cell proliferation. Cathelicidin pretreatment inhibited colon cancer cell prolif-

eration mediated by media conditioned by human colonic CCD-18Co fibroblasts. Cathelicidin 

disrupted tubulin distribution in colonic fibroblasts. Disruption of tubulin in fibroblasts reduced 

fibroblast-supported colon cancer cell proliferation.

Conclusion: Cathelicidin effectively inhibits colon cancer development by interfering with 

EMT and fibroblast-supported colon cancer cell proliferation.
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Introduction
Cathelicidin is a family of peptides with established antimicrobial and anti-inflammatory 

functions.1 Previous reports have shown that cathelicidin peptide administration via 

enema ameliorates dextran sulfate (DSS)-mediated colitis and Clostridium difficile-

mediated intestinal inflammation.2,3 Bacterial vector or DNA plasmid-mediated 

expression of mouse cathelicidin can also confer similar anti-inflammatory effects 

in a DSS model of mouse colitis.4,5 The anti-inflammatory effects of cathelicidin 

may partially depend on its ability to neutralize lipopolysaccharide.6 An alternative 

mechanism for the anti-inflammatory effects of cathelicidin is that it may inhibit C. 

difficile toxin A- and B-mediated tumor necrosis factor alpha (TNFα) expression in 
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human peripheral blood monocytes via suppression of the 

nuclear factor kappa-light-chain-enhancer of activated B 

cell-dependent pathway.2 The anti-inflammatory effects of 

cathelicidin can also be explained by how the human ver-

sion LL-37 can inhibit lipoteichoic acid-induced TNFα and 

interleukin-6 (IL-6) production in macrophages via suppress-

ing p38 and Akt pathways.7

According to information from American Cancer Society 

(http://www.cancer.org/cancer/colonandrectumcancer/

detailedguide/colorectal-cancer-key-statistics), colorectal 

cancer is the third most common cancer in both sexes. It is 

also the third most common cause of cancer deaths in the 

United States. Despite recent medical advancement, many 

colorectal cancers are undiagnosed until late stages. The rate 

of treatment success and survival declines with advancing 

stages, and new solutions and medical therapies are still 

being actively sought.

The expression of cathelicidin in different cancer tumors 

is very diverse.8,9 LL-37 expression is increased in breast, 

ovarian, and lung cancers,10–12 but it is decreased in colorectal 

cancer.13 Cathelicidin can also suppress gastric cancer cell 

proliferation via a pathway mediated by the bone morphoge-

netic protein.14 The role of cathelicidin in colorectal cancer 

is still being investigated, but its antitumoral mechanism is 

still not fully understood.

Recent reports have shown that endogenous cathelicidin 

expression modulates azoxymethane (AOM)-mediated colon 

cancer in mice.13 Endogenous cathelicidin expression is 

downregulated in human colon tumors and may be unable 

to confer protection against colon cancer development.13 

Cathelicidin and its analog FK-16 can induce apoptosis in 

human colon cancer HCT116 cells via a p53-dependent 

mechanism.13,15 However, other cathelicidin analogs such 

as FF/CAP18 and Ceragenins CSA-13 can inhibit HCT116 

cell proliferation without relying on the p53-dependent 

mechanism in vitro.16,17 All available evidence suggests 

that cathelicidin may become a novel therapeutic approach 

against colon cancer. However, the antitumoral mechanism 

of cathelicidin in colon cancer development has not been 

fully elucidated.

From the findings that cancer-associated fibroblasts 

(CAFs) promote cell proliferation of colon cancer cells,18 it is 

possible that cathelicidin may inhibit colon cancer indirectly. 

We hypothesize that cathelicidin indirectly inhibits colon 

tumor growth in vivo. We have determined that cathelicidin 

overexpression and cathelicidin peptide administration via 

enema can inhibit subcutaneous colon cancer tumor xenograft 

growth in nude mice and colonic tumor growth in AOM- and 

DSS-treated mice, respectively. Furthermore, we explored 

whether cathelicidin-mediated inhibition of fibroblasts indi-

rectly reduces colon cancer cell proliferation. These findings 

provide a novel scientific basis of cathelicidin-mediated 

therapy of colorectal cancer.

Materials and methods
Cell culture
HT-29 human colon cancer cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM; Invitrogen, Carlsbad, 

CA, USA) containing 10% fetal calf serum (Invitrogen) and 

1% penicillin/streptomycin (Invitrogen). CCD-18Co human 

colon cancer cells were cultured in Minimum Essential 

Medium (MEM) (Invitrogen) containing 10% fetal calf serum 

(Invitrogen) and 1% penicillin/streptomycin (Invitrogen).19 

All cultured cells were purchased from American Type Cul-

ture Collection (Manassas, VA, USA).

Adeno-associated viral vector of 
cathelicidin expression
The human cathelicidin CAMP gene overexpressing the 

adeno-associated virus (AAV) was generated by Vector 

Biolabs, Inc. (Philadelphia, PA, USA). The construct carries 

the full complementary DNA (cDNA) sequence of human 

cathelicidin CAMP and hemagglutinin (HA) tag sequence, 

ie, CAMP-HA-AAV. The control AAV carries only the HA 

sequence but no CAMP sequence, ie, HA-AAV.

Subcutaneous tumor in nude mouse 
model
Human colon cancer HT-29 cells (1×106 cells) in Hank’s 

Balanced Salt solution (100  µL) were injected under the 

skin of the left and right flanks of nude mice (Stock number 

#002019; Jackson Laboratories, Sacramento, CA, USA). 

The injected nude mice were housed in the University of 

California Los Angeles (UCLA) animal facility (Division 

of Laboratory Animal Medicine) under standard condi-

tions with a 12-hour light period and a 12-hour dark period 

per day at 25°C (room temperature). They were housed in 

disposable plastic cages with high-efficient particulate air 

(HEPA)-filtered air circulation, autoclaved bedding, standard 

animal chow, and sterile water ad libitum.2,20 HA-AAV and 

CAMP-HA-AAV (4×1012 genomic copies in 100 µL) were 

injected into nude mice intravenously via tail veins under 

transient isoflurane anesthesia. Subcutaneous tumors were 

collected for analyses on day 28. The experimental details 

are described in Figure 1A. Each group consisted of ten mice 
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Figure 1 Intravenous cathelicidin expressing AAV administration inhibited EMT in HT-29-derived subcutaneous tumors in nude mice. (A) Experimental plan. (B) Human 
cathelicidin mRNA expression in subcutaneous tumors. The CAMP-HA-AAV expressed human cathelicidin mRNA in tumors. (C) Immunohistochemistry of HA tag. AAV-
mediated infected cells were stained by HA antibody and appeared brown. The extent of infection was similar among tumors from the HA-AAV and CAMP-HA-AAV groups. 
(D) Diameters of subcutaneous tumors. Intravenous CAMP-HA-AAV significantly reduced subcutaneous tumor diameter in nude mice. (E) TUNEL staining. Apoptotic cells should 
be staining with intense brown color. There was no apoptosis in the cathelicidin-expressing and control groups. (F) Immunohistochemistry of N-cadherin. N-cadherin-positive 
cells were identified by brown color staining. Intravenous cathelicidin-expressing AAVs reduced mesenchymal cell marker N-cadherin expression in the subcutaneous tumors.
Abbreviations: AAV, adeno-associated virus; EMT, epithelial–mesenchymal transition; HA, hemagglutinin; HBSS, Hank’s balanced salt solution; IHC, immunohistochemistry; 
iv, intravenous; mRNA, messenger RNA; SC, subcutaneous; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.

per group. Each mouse carried two subcutaneous tumors (left 

and right flanks).

In vivo colon cancer model
Eight-week-old (C57BL/6J) female mice (Stock number 

#000664; Jackson Laboratories) were housed in the UCLA 

animal facility (Division of Laboratory Animal Medicine) 

under standard conditions with a 12-hour light period and 

a 12-hour dark period per day at 25°C (room temperature). 

They were housed in disposable plastic cages with 

HEPA-filtered air circulation, autoclaved bedding, standard 

animal chow, and sterile water ad libitum.2,20 They were 

given a single intraperitoneal injection of AOM (10 mg/kg 

body weight; Sigma, St Louis, MO, USA). Seven days later, 
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2% DSS ∼40,000 molecular weight (#42867; Sigma) was 

given in the drinking water for 5 days after which the mice 

were switched to normal drinking water until the end of 

the experiment for three cycles as previously described.21 

Specifically, mice were given an AOM injection on day 0, 

and were provided with water on days 0–6, DSS on days 

7–13, water on days 14–20, DSS on days 21–27, water on 

days 28–34, DSS on days 35–41, and water from day 42 

until the end of experiment on week 18. Mouse cathelicidin-

related antimicrobial peptide (mCRAMP) (10 mg/kg body 

weight synthesized from American Peptide, Inc. [Sunnyvale, 

CA, USA]) was administered every 2 days between weeks 

10 and 18 via enema. The mice were oriented head-down 

and tail-up for 10 seconds to prevent leakage. The enema 

injection was given via the insertion of 3-cm PE10 catheter 

attached to a 25-G needle into the rectum without anes-

thesia. The colonic tumors and adjacent normal tissues 

were obtained for analyses. The experimental details are 

described in Figure 2A. The animal studies were approved 

by the Institutional Animal Research Committee of UCLA. 

Each group had ten to twelve mice.

Immunohistochemistry and TUNEL 
staining
Tumor tissues were fixed in 4% paraformaldehyde and 

embedded in paraffin. After incubation with blocking buf-

fer, sections were incubated with a rabbit anti-N-cadherin 

antibody (#GTX112733; Genetex, Irvine, CA, USA; 1:1000 

dilution), goat polyclonal anti-vimentin antibody (sc-7557; 

Santa Cruz Biotechnology, Dallas, TX, USA; 1:50 dilution), 

or anti-HA-Tag antibody (#3724; Cell Signaling Technology, 

Inc., Danvers, MA, USA; 1:500 dilution) overnight at 4°C. 

After washing, sections were incubated with donkey anti-goat 

IgG or bovine anti-rabbit IgG, and the slides were stained with 

Figure 2 Cathelicidin peptide administration via enema inhibited colitis-associated colonic tumor development. (A) Experimental plan of colitis-associated colon cancer 
mouse model. (B) Tumor number per colon. (C) Average colonic tumor area. Mouse cathelicidin mCRAMP administration via enema significantly reduced colonic tumor 
number and colonic tumor size of mice treated with AOM and DSS. (D) TUNEL staining. Apoptotic cells should be stained with intense brown color. There was no apoptosis 
in colonic tumors and adjacent normal colonic tissues of the cathelicidin-treated and control groups.
Abbreviations: AOM, azoxymethane; DSS, dextran sulfate; ip, intraperitoneal; mCRAMP, cathelicidin-related antimicrobial peptide; TFA, trifluoroacetic acid; TUNEL, 
terminal deoxynucleotidyl transferase dUTP nick end labeling.
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an ABC kit for color development (Santa Cruz, sc-2018). Ter-

minal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) staining and immunohistochemistry were carried 

out with assistance from the Translational Pathology Core 

Laboratory (TPCL) of UCLA. Images were analyzed with a 

Zeiss AX10 microscope.

Masson trichrome staining
Staining of collagen deposition of colonic tissue sections was 

performed with the Masson Trichrome staining kit (HT-10) 

and Bouin solution (HT-10132) as previously described.19

Real-time reverse transcription 
polymerase chain reaction
The total RNA from colonic tumors in colitis associated 

colon cancer model, adjacent normal colonic tissues in 

colitis-associated colon cancer model, healthy normal 

control tissue, subcutaneous tumors in nude mice, and 

cultured cells were extracted by RNA mini kit (#74106; 

Qiagen RNeasy kit, Valencia, CA, USA). The RNA was 

converted to cDNA by iScript cDNA Synthesis kit (170-

8891; Bio-Rad, Hercules, CA, USA). The messenger RNA 

(mRNA) expression was determined using their respective 

inventoried real-time primer sets obtained from Applied 

Biosystems (Thermo Fisher Scientific, Waltham, MA, USA) 

(Table S1) and iTaq Universal Probe Supermix (#172-5135; 

Bio-Rad) according to the manufacturer’s instructions. 

Levels were normalized to equal levels of human 18S or 

mouse GAPDH mRNA, and results were expressed as fold 

induction compared to their respective control, as previ-

ously described.20

Western blot analyses
Cells were lysed in 1× blue loading buffer (#7722; Cell 

Signaling Technology, Inc.). Equal amounts of cell extracts 

were fractioned by 10% sodium dodecyl sulfate polyacryl-

amide gel electrophoresis, and proteins were transferred onto 

nitrocellulose membranes (400 mA for 1.5 hours; Bio-Rad). 

Membranes were blocked in 5% nonfat milk in TBST (50 mM 

Tris, pH 7.5, 0.15  M NaCl, 0.05% Tween 20), and then 

incubated with antibodies against various proteins: β-tubulin 

#2128 (Cell Signaling Technology, Inc.); GAPDH sc25778 

(Santa Cruz Biotechnology), E-cadherin #3195 (Cell Sig-

naling Technology, Inc.), N-cadherin #GTX112733, Twist1 

#GTX121924, and Slug #GTX127310 (Genetex, South San 

Francisco, CA, USA). Horseradish peroxidase-labeled anti-

rabbit antibody (#7074; Cell Signaling Technology, Inc.) was 

detected by chemiluminescence (Fisher Scientific, Pittsburgh, 

PA, USA). Signals were captured by a luminescent image 

analyzer (LAS4000; Fujifilm, Tokyo, Japan).

Human colonic fibroblast-modulated 
colon cancer cell proliferation
The human colonic CCD-18Co fibroblasts in serum-free 

DMEM were first incubated with LL-37 and trifluoroacetic 

acid (TFA) 0.1% (LL-37 vehicle solution) for 6 hours to 

influence the cell proliferation mediator expression mecha-

nism. Afterward, the CCD-18Co fibroblasts were further 

incubated with fresh media without LL-37 or TFA for 

24 hours. The purpose of this media change was to ensure 

that TFA or LL-37 did not exist in HT-29 cell culture. The 

24-hour incubation period with TFA/LL-37-free media 

provided sufficient time for the fibroblasts to secrete cell-

proliferation-stimulating factors into the conditioned media. 

The resulting media contained no cathelicidin, and thus it 

was shown that cathelicidin would not directly influence 

HT-29 cell viability. The medium conditioned by CCD-18Co 

fibroblasts was then transferred to HT-29 cell culture and 

incubated for up to 72 hours. Cell proliferation of HT-29 

cells was determined by 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) assays.

Cell viability MTS assay
HT-29 and CCD-18Co cells, seeded on 96-well plates (106 cells/

plate) were treated with TFA 0.1% or LL-37 1–10 µM. After 

24 hours, 20 µL of CellTiter AQueous One solution (MTS 

tetrazolium compound, G3580; Promega, Fitchburg, WI, USA) 

was added to each well and incubated at 37°C for 1 hour. Absor-

bance at 490 nm (indicating cell viability) was measured using 

a 96-well plate reader as previously described.22

Tubulin tracker staining
CCD-18Co fibroblasts (2×105  cells/well) were seeded to 

chamber slides and were exposed to TFA 0.1% or LL-37 for 

24 hours. The cells were incubated with a tubulin tracker 

(T34075; Invitrogen) for 45 minutes, followed by Hoechst 

33342 (1 drop per well) (H3570; Invitrogen) according to 

manufacturer’s instructions. The stained cells were imme-

diately covered and viewed under a Zeiss AX10 confocal 

microscope.

Immunoprecipitation
CCD-18Co fibroblasts (2×105  cells/well) were seeded to 

chamber slides and were exposed to TFA 0.1% or LL-37 for 

24 hours. The cell lysate was immunoprecipitated with anti-β-
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tubulin antibody (#sc-9104; Santa Cruz Biotechnology) using 

the Pierce classic IP kit #26146 (Fisher Scientific) according 

to manufacturer’s instructions. The lysate was eluted and used 

for Western blot analyses and LL-37 ELISA (enzyme-linked 

immunosorbent assay) (HK321; Hycult Biotech, Plymouth 

Meeting, PA).

Statistical analyses
Quantitative results were expressed with error bars as mean ± 

standard error of the mean (SEM). Results were analyzed 

using the Prism professional statistics software program 

(Graphpad, San Diego, CA, USA). Unpaired Student’s 

t-tests were used for intergroup comparisons. Only P-values 

of statistically significant differences are shown in the 

figures, and results with P,0.05 are regarded as statistically 

significant.

Results
Viral expression of cathelicidin inhibits 
subcutaneous tumor development  
in nude mice
To further understand the role of cathelicidin in the inhibition 

of tumoral development, human cathelicidin CAMP gene-

expressing AAV was injected intravenously to nude mice 

implanted with human colon cancer HT-29-derived subcuta-

neous tumors (Figure 1A). Human cathelicidin CAMP gene 

mRNA expression was induced in the subcutaneous tumors 

of the nude mice with CAMP-expressing AAV injection, and 

was compared with those with HA-expressing control AAV 

injection (Figure 1B). Equal AAV infection efficiency was 

demonstrated in both CAMP-HA-AAV and control HA-AAV 

groups as observed by HA-tag immunohistochemistry 

(Figure 1C). CAMP-expressing group showed significantly 

reduced diameter of subcutaneous tumors compared to HA-

AAV-expressing control group (Figure 1D). However, cathe-

licidin overexpression did not lead to apoptosis, as reflected 

by weak TUNEL staining (Figure 1E). This suggests that 

cathelicidin inhibits tumor development without inducing 

apoptosis.

Cathelicidin inhibits cancer-associated 
fibroblasts
Since cathelicidin fails to induce cancer cell apoptosis 

directly in vivo, we believe that cathelicidin can mediate 

an indirect pathway to inhibit colon tumor development. 

CAFs can facilitate cancer cell proliferation and tumor 

development.18 Some CAFs are developed from colon 

cancer cells via epithelial–mesenchymal transition (EMT). 

N-cadherin immunohistochemistry identified cells with mes-

enchymal characteristics in the subcutaneous HT-29-derived 

tumors in nude mice (Figure 1F). CAMP-expressing group 

showed reduced N-cadherin expression of subcutaneous 

tumors compared to HA-AAV-expressing control group 

(Figure 1F), indicating cathelicidin-mediated inhibition of 

EMT. CAFs express collagen,23 and we therefore determined 

tumoral collagen expression to reflect CAF activity. Using 

Masson Trichrome staining, prominent collagen deposi-

tion was found in the subcutaneous tumors in nude mice 

(Figure 3A). CAMP-expressing group showed significantly 

reduced tumoral collagen deposition compared to HA-

AAV-expressing control group (Figure 3A). Alternatively, 

CAMP-expressing group had significantly lower human col-

lagen COL1A2 mRNA expression than HA-AAV-expressing 

control group (Figure 3B). This reflects that the human-cell-

derived CAFs in the subcutaneous tumors contribute to the 

tumoral collagen deposition.

Colon cancer cells undergoing EMT express alpha 

smooth muscle actin (α-SMA) and vimentin (mesen-

chymal cell marker) that resembles fibroblast character-

istics.24,25 In the subcutaneous tumors of nude mice, the 

cathelicidin-expressing group had significantly reduced 

tumoral α-SMA mRNA expression (Figure 3C) as well as 

vimentin protein expression (Figure 3D), suggesting inhibi-

tion of EMT and CAF generation. There was a significant 

reduction of only human vimentin (HT-29-cell-derived), but 

not mouse vimentin (host) mRNA expression in the cathe-

licidin-expressing group (Figure 3E and F). This suggests 

that cathelicidin inhibits CAF generation from the human 

colon cancer cells but does not inhibit the mouse fibroblast 

infiltration of the host.

Administration of cathelicidin peptide 
inhibited colon cancer development  
in mice
To confirm whether cathelicidin administration can be 

an effective therapeutic approach against colon tumor 

development in vivo, we administered mouse cathelicidin 

peptide via enema to a colonic cancer mouse model as 

described in Figure 2A. The mouse cathelicidin dose and 

enema administration approach were similar to the proto-

col used to treat DSS-induced colitis in mice.3 We found 

that mouse cathelicidin administration during the last 

8  weeks of the experimental period significantly reduced 

the tumor number per colon and average tumor area in 

mice (Figure 2B and C). Similar to the nude mouse model 
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Figure 3 Intravenous cathelicidin-expressing AAV administration inhibited human cell-derived fibroblasts in HT-29 derived subcutaneous tumors in nude mice. (A) Collagen 
deposition (blue color staining indicated by arrows) of subcutaneous tumors in nude mice was identified by Masson Trichrome staining. Intravenous cathelicidin-expressing 
AAVs reduced collagen deposition in tumors. (B) Human collagen COL1A2 mRNA expression in subcutaneous tumors of nude mouse model. Intravenous cathelicidin-
expressing AAVs significantly reduced human-cell-derived fibroblast secretion product collagen in the subcutaneous tumors. (C) Human fibroblast marker α-SMA mRNA 
expression in subcutaneous tumors. Cathelicidin treatment led to significant reduction of human-cancer-cell-derived mesenchymal cells. (D) Immunohistochemistry of total 
(human + mouse) vimentin in subcutaneous tumors. Cathelicidin treatment led to reduced protein expression of vimentin in tumors. (E) Human fibroblast marker vimentin 
mRNA expression in subcutaneous tumors of nude mice. (F) Mouse vimentin mRNA expression in subcutaneous tumors of nude mice. Cathelicidin-expressing AAV infection 
led to significant reduction of human but not mouse vimentin mRNA expression in the subcutaneous tumors.
Abbreviations: AAV, adeno-associated virus; α-SMA, alpha smooth muscle actin; HA, hemagglutinin; IHC, immunohistochemistry; iv, intravenous; mRNA, messenger RNA; 
ns, not significant; SC, subcutaneous.
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(Figure 1E), cathelicidin did not trigger apoptosis in both 

colonic tumors and adjacent normal colonic tissues as shown 

by TUNEL staining (Figure 2D).

We also found prominent collagen deposition in 

the colonic tumors of mice as identif ied by Masson 

Trichrome staining (Figure 4A). Mouse cathelicidin peptide 

administration via enema substantially reduced collagen 

deposition in the colonic tumors (Figure 4A). Alternatively, 

the increased collagen COL1A2 mRNA expression in the 

colonic tumors was significantly reduced to low levels compa-

rable to colonic tissues from normal control mice (Figure 4B). 

Normal control mice refer to C57BL/6 mice without AOM 

and DSS treatment. These normal control mice did not 

develop colonic tumors.
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Figure 4 Cathelicidin reduced collagen expression and fibroblast infiltration in colonic tumors. (A) Collagen deposition of colonic tumors was identified by Masson Trichrome 
staining (blue color). Cathelicidin peptide administration reduced collagen deposition in colonic tumors. (B) Mouse collagen COL1A2 mRNA expression in colonic tumors of 
AOM+DSS-treated mice. Cathelicidin peptide administration significantly reduced the fibroblast secretion product collagen in colonic tumors. (C) Immunohistochemistry of 
vimentin. Vimentin-positive cells (arrows) were identified by brown color staining. Mouse cathelicidin mCRAMP administration reduced tumoral vimentin protein expression. 
(D) Vimentin mRNA expression in colonic tumors. Cathelicidin reduced tumoral vimentin mRNA expression. (E) Immunohistochemistry of N-cadherin. N-cadherin-positive 
cells were identified by brown color staining. Mouse-cathelicidin mCRAMP administration reduced tumoral N-cadherin protein expression. N-cadherin protein expression 
in adjacent normal regions was not affected by cathelicidin treatment.
Abbreviations: AOM, azoxymethane; DSS, dextran sulfate; mCRAMP; cathelicidin-related antimicrobial peptide; mRNA, messenger RNA; TFA, trifluoroacetic acid.
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Figure 5 Cathelicidin modulated fibroblast-stimulated colon cancer cell proliferation. (A) HT-29 cells were treated with trifluoroacetic acid (TFA) 0.1% or LL-37 for 24 hours. 
Cell viability was determined by MTS assays. LL-37 up to 10 µM did not affect cell viability of HT-29 cells. (B) CCD-18Co fibroblasts were treated with TFA 0.1% or LL-37 for 
6 hours, followed by incubation with serum-free MEM without TFA or LL-37 for 24 hours. Cell viability was determined by MTS assays. LL-37 up to 10 µM did not affect cell viability 
of CCD-18Co cells. (C) Serum-free CCD-18Co-cell-conditioned media (1×105 cells/mL media) or untreated cell-free and serum-free MEM were used to treat HT-29 cells for 
48 hours. Cell confluence was evaluated by light microscopy at 100× magnification. HT-29 cells treated with CCD-18Co-conditioned media had higher cell confluence than those 
treated with blank MEM. (D) Serum-free CCD-18Co-conditioned media (1×105 cells/mL media) or untreated cell-free and serum-free MEM were used to treat HT-29 cells for 
72 hours. HT-29 cell proliferation was determined by MTS assays. Fibroblast-conditioned media significantly increased HT-29 cell proliferation. (E) CCD-18Co fibroblasts were 
first pretreated with TFA 0.1% or LL-37 for 6 hours, followed by incubation with new media without TFA or LL-37 for 24 hours. The conditioned media were used to treat HT-29 
cells for 24 hours. HT-29 cell confluence was slightly reduced by cathelicidin-treated fibroblast-conditioned media. (F) CCD-18Co fibroblasts were first pretreated with TFA 0.1% 
or LL-37 for 6 hours, followed by incubation with new media without TFA or LL-37 for 24 hours. The conditioned media were used to treat HT-29 cells for 72 hours. HT-29 cell 
proliferation was significantly reduced by conditioned media from cathelicidin-pretreated fibroblasts. Results are representative of three independent experiments.
Abbreviations: CM, conditioned media; MEM, Minimum Essential Medium; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; 
ns, not significant; TFA, trifluoroacetic acid.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Clinical and Experimental Gastroenterology 2015:8submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

22

Cheng et al

Immunohistochemistry identif ied high numbers of 

vimentin-positive fibroblasts in the colonic tumors (Figure 4C). 

Cathelicidin peptide administration considerably reduced 

vimentin-positive fibroblast infiltration in the colonic tumors 

(Figure 4C). The increased tumoral vimentin mRNA expression 

was significantly reduced to normal levels (Figure 4D). Also, 

N-cadherin immunohistochemistry identified a large number 

of cells with mesenchymal characteristics in the colonic tumors 

(Figure 4D left panel). Cathelicidin peptide administration 

reduced N-cadherin signal in colonic tumors (Figure 4E left 

panel). N-cadherin signal level in normal adjacent colonic tissues 

was low and not affected by cathelicidin treatment (Figure 4E 

right panel). These suggest that cathelicidin inhibits EMT and 

generation of fibroblast-like cells in colonic tumors.

Cathelicidin inhibits fibroblasts-supported 
colon cancer cell proliferation via 
reduced fibroblast activity
Although cathelicidin had been shown to inhibit certain colon 

cancer cells such as HCT116,13 cathelicidin LL-37 does not 

affect HT-29 cell viability within 24  hours of incubation 

(Figure 5A). This suggests that cathelicidin does not affect 

colon cancer proliferation directly but may modulate the 

tumor microenvironment.

We believe that cathelicidin may affect f ibroblast 

activity and its cell proliferation stimulating mediator 

production, which further influences the colon cancer 

cell proliferation. To mimic the interactions of CAFs and 

colon cancer cells, we incubated the HT-29 colon can-

cer cells with media conditioned by CCD-18Co colonic 

fibroblasts. LL-37 treatment did not affect cell viability of 

the CCD-18Co fibroblasts (Figure 5B). Interestingly, the 

conditioned media of human colonic CCD-18Co fibroblasts 

increased HT-29 cell confluence and significantly promoted 

HT-29 cell proliferation by 20% (Figure 5C and D). This 

suggests that fibroblasts produce growth mediator(s) and 

promote colon cancer cell proliferation, consistent with 

previous reports.24,25 To determine the role of cathelicidin 

in this mechanism, we first treated CCD-18Co fibroblasts 

with cathelicidin to inhibit the cell proliferation media-

tor expression mechanism, followed by media change 

to remove cathelicidin in the media and incubation with 

cathelicidin-free media for secretion of cell prolifera-

tion stimulating mediator(s). HT-29 cell proliferation in 

cathelicidin-pretreated fibroblast conditioned media was 

significantly suppressed by 14% with noticeable reduction 

of HT-29 cell confluence (Figure 5E and F). This suggests 

that cathelicidin interfered with fibroblast-derived growth 

mediator expression and indirectly suppressed colon cancer 

cell proliferation.

Cathelicidin suppresses EMT in colon 
cancer cells
Fibroblasts and cells with mesenchymal phenotype express 

vimentin.18,26 TGF-β1 can induce EMT in colon cancer cells 

with the expression of vimentin and α-SMA.27 Cathelicidin 

inhibited TGF-β1-induced expression of α-SMA and vimen-

tin in HT-29 colon cancer cells, suggesting the inhibition 

of transition from an epithelial cell phenotype to a mes-

enchymal cell phenotype (Figure 6A and B). In addition, 

exposure of epithelial HT-29 colon cancer cells to TGF-β1 

for 48 hours induced EMT as characterized by partial change 

to spindle fibroblast-like cell shape and loss of colony size 

(Figure 6C). Co-incubation with human cathelicidin LL-37 

(10 µM) prevented TGF-β1-induced change of cell shape 

and maintained the relatively large HT-29 cell colony size 

(Figure 6C). In the EMT process, N-cadherin Twist and 

Slug expressions increased, while E-cadherin expression 

decreased.26,28 Similarly, exposure of epithelial HT-29 

cells to TGF-β1 for 72 hours increased N-cadherin protein 

expression, indicating mesenchymal phenotype transition 

(Figure 6D). Co-incubation with LL-37 (10 µM) suppressed 

TGF-β1-induced N-cadherin expression, indicating the 

inhibition of EMT (Figure 6D). However, TGF-β1 exposure 

did not change the basal E-cadherin protein expression, sug-

gesting the preservation of some epithelial cell phenotype 

(Figure 6D). LL-37 mildly reduced EMT molecule Twist1 and 

Slug protein expression in the presence of TGF-β1 but did not 

alter E-cadherin protein expression (Figure 6D). Inhibition 

of EMT may reduce the availability of mesenchymal cells 

with fibroblast phenotypes that support colon cancer cell 

proliferation.

Cathelicidin-mediated inhibition of EMT 
and fibroblasts is cytoskeleton related
Tubulin forms the basic structure of microtubules.29 Taxol® 

(Bristol-Myers Squibb, NY, USA) (Pacitaxel, generic name) 

binds to tubulin,30 stabilizes microtubules, and interferes with 

many cellular processes.29 Using the tubulin tracker staining 

method, Taxol treatment disrupted tubulin distribution in 

HT-29 cells as a positive control group (Figure 7A). Taxol 

also inhibits EMT and TGF-β1 signaling in various human 

cancer cells.31–33 We found that, similar to cathelicidin, co-

incubation of HT-29 colon cancer cells with Taxol abolished 

TGF-β1-induced α-SMA mRNA expression, ie, EMT inhibi-

tion (Figure 7B).
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Figure 6 Cathelicidin inhibits EMT and associated cell morphology changes of HT-29 cells. (A and B) HT-29 cells were treated with TGF-β1 (40 ng/mL) with or without 
LL-37 for 48 hours. TGF-β1-induced α-SMA and vimentin mRNA expression was significantly inhibited by LL-37. (C) HT-29 cells were treated with TGF-β1 (40 ng/mL) 
with or without LL-37 for 72 hours. TGF-β reduced HT-29 cell colony cell size, and some cells changed into a fibroblast-like spindle shape (see arrows) which was reversed 
by the co-incubation with LL-37. Results are representative of three independent experiments. (D) HT-29 cells were treated with TGF-β1 (40 ng/mL) with or without 
LL-37 for 72 hours. Protein expression of EMT mediators was determined by Western blot analyses. TGF-β1 increased N-cadherin but not the Slug, Twist1, or E-cadherin 
protein expression. LL-37 (10 µM) reduced N-cadherin, Slug, and Twist1 but not E-cadherin protein expression in the presence of TGF-β1. Results are representative of 
two independent experiments.
Abbreviations: EMT, epithelial–mesenchymal transition; α-SMA, alpha smooth muscle actin; mRNA, messenger RNA; TFA, trifluoroacetic acid; TGF-β1, tumor growth 
factor-β1.
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Figure 7 Cathelicidin-mediated inhibition of EMT and fibroblast-supported colon cancer cell proliferation may be cytoskeleton-mediated. (A) Tubulin tracker staining 
with nuclear staining in human cancer HT-29 cells. HT-29 cells were incubated with DMSO or Taxol (0.1 µM) for 24 hours. Taxol reduced tubulin expression in fibroblasts. 
(B) HT-29 cells were treated with TFA or TGF-β1 (40 ng/mL) for 24 hours. Some groups were treated with DMSO or Taxol (0.1 µM). α-SMA mRNA expression was 
determined by real-time RT-PCR. TGF-β1-induced α-SMA mRNA expression was abolished by Taxol. (C) CCD-18Co fibroblasts were first pretreated with DMSO or Taxol 
(0.1 µM) for 6 hours, followed by incubation with new media without DMSO or Taxol for 24 hours. The conditioned media were used to treat HT-29 cells for 72 hours. HT-
29 cell proliferation was significantly reduced by the conditioned media from Taxol-pretreated fibroblasts. (D) Tubulin tracker staining with nuclear staining in human colonic 
CCD-18Co fibroblasts. Cathelicidin (10 µM) reduced tubulin expression in fibroblasts. (E) Immunoprecipitation of β-tubulin and LL-37. CCD-18Co fibroblasts were treated 
with TFA 0.1% or LL-37 10 µM for 24 hours. Increased yield of LL-37 in the immunoprecipitated complex indicated that LL-37 co-immunoprecipitated with β-tubulin. Western 
blot analyses of the immunoprecipitated protein complex. The amounts of immunoprecipitated β-tubulin of the control and LL-37-treated groups were the same. (F) Summary 
of the roles of cathelicidin in colon cancer development.
Abbreviations: EMT, epithelial–mesenchymal transition; DMSO, dimethylsulfoxide; α-SMA, alpha smooth muscle actin; IP, immunoprecipitation; MTS, 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; mRNA, messenger RNA; TFA, trifluoroacetic acid; TGF-β1, tumor growth factor-β1; RT-PCR, reverse 
transcription polymerase chain reaction.

Cell proliferation of HT-29 cells was significantly 

reduced by the conditioned media from Taxol-pretreated 

CCD-18Co f ibroblasts (Figure 7C), suggesting that 

the disruption of cytoskeleton in f ibroblasts was suf-

ficient to affect f ibroblast-supported colon cancer cell 

proliferation. (Note: Taxol was removed from CCD-

18Co fibroblast culture in the media change step. No 

Taxol was carried over to HT-29 cell culture. Such 
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Taxol treatment condition did not affect CCD-18Co cell 

viability [Figure S1].)

LL-37 disrupted the tubulin distribution in human colonic 

CCD-18Co fibroblasts (Figure 7D). As demonstrated by 

immunoprecipitation, we found that the LL-37 molecule was 

bound with β-tubulin in CCD-18Co fibroblasts (Figure 7E). 

Similar to Taxol, cathelicidin may disrupt cytoskeleton dis-

tribution and other cellular activities by binding with tubulin 

molecules.

Discussion
A previous report suggested that cathelicidin inhibits colon 

cancer cell proliferation and induces apoptosis in vitro.13 

Here we showed that cathelicidin could be a novel therapeutic 

approach against colon cancer in vivo (Figure 2). This is the 

first report in the literature showing the effective inhibition 

of colonic tumor development by cathelicidin with indirect 

mechanisms. We discovered several cathelicidin-mediated 

mechanisms, including cytoskeleton disruption and inhibi-

tion of EMT, that are linked to inhibiting indirect fibroblast-

stimulated colon cancer cell proliferation.

Administration of mouse cathelicidin mCRAMP peptide 

via enema significantly reduced the number and area of 

colonic tumors in the AOM+DSS model (Figure 2B and C). 

In nude mice, cathelicidin specifically inhibited tumoral 

vimentin but not mouse host fibroblast vimentin. This sug-

gests a good safety profile. Consistent with the findings in 

nude mice (Figure 3D and E), administration of mCRAMP 

peptide significantly reduced the fibroblast marker vimentin 

protein and mRNA expression in the tumors of an in vivo 

colon cancer model (AOM+DSS) (Figure 4C and D). As 

vimentin expression in tumor stroma is associated with short 

survival period of patients with colon cancer,34 we speculate 

that cathelicidin-mediated inhibition of tumoral vimentin 

expression may confer better survival.

There are several reports showing the induction of apop-

tosis mediated by cathelicidin (and its mimic compounds) 

in colon cancer cells in vitro.13,15–17 However, mCRAMP 

administration via enema did not affect the viability marker 

p21 mRNA expression in colonic tumors and adjacent 

normal colonic tissues in the AOM+DSS mouse model 

(data not shown). Cathelicidin did not trigger apoptosis 

(TUNEL staining) in colonic tumors and adjacent normal 

tissues (Figure 2D), suggesting that it inhibits colon cancer 

development without causing cell death in tumors and/or 

adjacent normal tissues. There was no sign of apoptosis 

(TUNEL staining) in the subcutaneous tumors of nude 

mice (Figure 1E). Cathelicidin (up to 10 µM) also failed 

to inhibit human colon cancer HT-29 cell viability within 

24 hours (Figure 5A) and human normal colonic epithelial 

NCM460 cell viability within 48  hours.2 Apoptosis and 

direct inhibition of cell viability may not be a mainstay 

mechanism of the antitumoral effects of cathelicidin in vivo. 

This may be beneficial to the clinical safety of cathelicidin as 

an antitumoral agent because the risk of nonspecific damage 

to nontumoral tissues is low.

As colonic tumors develop and progress, some colon 

cancer cells change from an epithelial phenotype to a 

mesenchymal phenotype.35 It is not surprising to observe 

the existence of CAFs in and around the tumors. As fibro-

blasts secrete extracellular matrices such as collagen, we 

used collagen expression to evaluate the activity of CAFs. 

Cathelicidin peptide administration significantly reduced 

tumoral mouse collagen COL1A2 mRNA and protein 

expression in the AOM+DSS colon cancer model (Figure 

4A and B). Intravenous administration of cathelicidin 

expressing AAV significantly reduced tumoral human colla-

gen deposition (Figure 3A) and COL1A2 mRNA expression 

(Figure 3B) in the subcutaneous nude mouse colonic tumor 

model. This indicates cathelicidin-mediated specific inhibi-

tion of human colon cancer-cell-derived fibroblasts. Both 

intravenous administration of cathelicidin expressing AAV 

and enema administration of cathelicidin peptide reduced 

tumoral N-cadherin expression (Figure 1F and 4E). LL-37 

also reduced TGF-β1-induced N-cadherin expression in 

HT-29 cells (Figure 6D). All these indicate that cathelicidin 

can inhibit EMT in vivo and in vitro. Inhibition of EMT may 

reduce the conversion from epithelial colon cancer cells to 

mesenchymal CAFs.

Co-culture of CAFs with colon cancer cells has been 

shown to promote colon cancer cell proliferation in a para-

crine manner and HT-29-cell-derived subcutaneous tumor 

growth.24 We found that CCD-18Co fibroblasts supported 

HT-29 cell proliferation (Figure 5C and D). Keratinocyte 

growth factor (KGF) has been shown to mediate CCD-18Co 

fibroblast-supported HT-29 cell proliferation.36 Our data 

did not observe increased KGF mRNA expression in 

AOM+DSS-treated colonic tumors (data not shown), and 

another report has shown that the KGF expression in colon 

tumor CAFs and cancer cells was only moderate.37 IL-6 has 

been proposed to mediate bone-marrow-derived fibroblast-

supported colon tumorigenesis.38 However, cathelicidin 

mCRAMP administration via enema failed to alter IL-6 

mRNA expression in AOM+DSS-treated tumors and adja-

cent normal tissues (data not shown). This again shows that 

cathelicidin does not target the host fibroblasts. The blockade 
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of hepatocyte growth factor by neutralizing antibody also 

failed to alter CCD-18Co fibroblast-supported HT-29 cell 

proliferation (data not shown). Although the exact fibroblast-

derived cell proliferation mediator is yet to be identified 

despite our attempts, our experiments demonstrate that 

pretreatment of fibroblasts with cathelicidin can significantly 

inhibit fibroblast-supported colon cancer cell proliferation in 

vitro (Figure 5E and F).

To  f u r t h e r  u n d e r s t a n d  t h e  m e c h a n i s m  o f 

cathelicidin-mediated inhibition of fibroblast activity, 

we found that the cathelicidin protein bound to tubulin 

protein and disrupted cytoskeletal tubulin distribution in 

CCD-18Co fibroblasts (Figure 7D and E). Both catheli-

cidin (Figure 7D) and Taxol (Figure 7A)30 are capable 

of binding to tubulin molecules. The pattern of tubulin 

disruption and inhibition of fibroblast-supported colon 

cancer cell proliferation was comparable to the effects of 

Taxol (Figure 7A and C). Since there is no known way to 

reverse cathelicidin-mediated cytoskeleton disruption, we 

speculate that cathelicidin can indirectly inhibit fibroblast-

supported colon cancer cell proliferation via disruption of 

the fibroblast cytoskeleton.

Interestingly, both cathelicidin and Taxol also dis-

rupted tubulin distribution in HT-29 colon cancer cells 

(Figures S2 and 7A). (Note: TGF-β1 did not affect tubu-

lin distribution in HT-29 cells [Figure S2].) As Taxol 

abolished TGF-β1-induced α-SMA expression of HT-29 

cells (Figure 7B), ie, EMT inhibition, we speculate that 

the disruption of tubulin distribution may be involved 

in cathelicidin-mediated inhibition of TGF-β1-induced 

expression of mesenchymal fibroblast markers (α-SMA and 

vimentin) mRNA expression in HT-29 colon cancer cells. 

The inhibition of colon cancer cell EMT to mesenchymal 

phenotype may subsequently reduce the generation of tumor-

derived CAFs in the tumors. Again, cathelicidin inhibited 

tumoral human vimentin but not mouse host vimentin in 

the subcutaneous tumors of nude mice (Figure 3E and F), 

suggesting that nonspecific elimination of normal fibroblasts 

is unlikely. We believe that cathelicidin-mediated inhibition 

of tumor-derived CAF availability (with their activities and 

subsequent growth mediator production) limits the promo-

tion of tumoral development in vivo.

Cathelicidin may be a promising future therapeutic solu-

tion against colon cancer. However, cathelicidin peptide can 

be easily degraded in body fluids or blood, making it difficult 

to be directly used in a clinical setting. However, ectopic 

expression of cathelicidin by a probiotic bacterial vector or 

a cathelicidin-encoding plasmid may deliver cathelicidin 

to intestines or stomach for extended periods of time.4,39,40 

These approaches have been successful in treating DSS 

colitis and Helicobacter pylori-mediated gastritis in mice 

and may become a viable way to prevent or inhibit colon 

cancer tumors in intestine.

In conclusion, cathelicidin inhibits colon cancer develop-

ment in multiple pathways including 1) inhibition of EMT 

of colon cancer cells and 2) inhibition of fibroblast-mediated 

colon cancer proliferation. A concise summary of our find-

ings is shown in Figure 7F.
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Table S1 Primer list for real-time RT-PCR

Human CAMP Hs00189038_m1
Mouse Camp Mm00438282_m1
Human vimentin Hs00185584_m1
Mouse vimentin Mm01333430_m1
Human α-SMA Hs00426835_g1
Mouse COL1A2 Mm00483888_m1
Mouse TGF-β1 Mm01178820_m1
18S Hs99999901_s1
GAPDH Mm99999915_g1

Abbreviation: RT-PCR, reverse transcription polymerase chain reaction.
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Figure S1 Short-term incubation with Taxol did not affect CCD-18Co fibroblast viability. CCD-18Co fibroblasts were treated with DMSO or Taxol (0.1 µM) for 6 hours, 
followed by incubation with serum-free MEM without DMSO or Taxol for 24 hours. Cell viability was determined by MTS assays. Taxol treatment did not affect cell viability 
of CCD-18Co cells.
Abbreviations: DMSO, dimethylsulfoxide; MEM, Minimum Essential Medium; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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Figure S2 Cathelicidin disrupted tubulin distribution in HT-29 cells. Tubulin tracker staining with nuclear staining in HT-29 cells. HT-29 cells were treated with TFA, LL-37 10 µM 
with or without TGF-β1 40 ng/mL for 24 hours. TGF-β1 did not affect tubulin expression in the HT-29 cells. Cathelicidin (10 µM) reduced tubulin expression in HT-29 cells.
Abbreviations: TFA, trifluoroacetic acid; TGF-β1, tumor growth factor-β1.
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