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Tasmanian devil cathelicidins 
exhibit anticancer activity 
against Devil Facial Tumour Disease 
(DFTD) cells
Cleopatra Petrohilos 1,2, Amanda Patchett 3, Carolyn J. Hogg 1,2*, Katherine Belov 1,2 & 
Emma Peel 1,2

The Tasmanian devil (Sarcophilus harrisii) is endangered due to the spread of Devil Facial Tumour 
Disease (DFTD), a contagious cancer with no current treatment options. Here we test whether seven 
recently characterized Tasmanian devil cathelicidins are involved in cancer regulation. We measured 
DFTD cell viability in vitro following incubation with each of the seven peptides and describe the 
effect of each on gene expression in treated cells. Four cathelicidins (Saha-CATH3, 4, 5 and 6) were 
toxic to DFTD cells and caused general signs of cellular stress. The most toxic peptide (Saha-CATH5) 
also suppressed the ERBB and YAP1/TAZ signaling pathways, both of which have been identified as 
important drivers of cancer proliferation. Three cathelicidins induced inflammatory pathways in DFTD 
cells that may potentially recruit immune cells in vivo. This study suggests that devil cathelicidins have 
some anti-cancer and inflammatory functions and should be explored further to determine whether 
they have potential as treatment leads.

The Tasmanian devil (Sarcophilus harrisii) is the largest extant marsupial carnivore1, playing a vital role in 
maintaining the diversity and resilience of the Tasmanian ecosystem2–4. The species is currently listed as Endan-
gered due to Devil Facial Tumour Disease (DFTD)5, a contagious cancer that is spread by biting during social 
interactions6. DFTD was first observed in 1996 in NE Tasmania7, however in 2012 a second transmissible cancer 
was found, giving rise to the naming convention of DFT1 for the first form of DFTD, and DFT2 for the more 
recent form8. All further mentions of DFTD in this paper refer to DFT1. Much has been written on Tasmanian 
devils, their immune systems, DFTD and the interaction between devils and the disease (see9 for a comprehen-
sive review).

Currently, there are no treatment options for DFTD although there are research efforts into developing a 
vaccine. Histocompatibility barriers between different major histocompatibility complex class I (MHC-I) mol-
ecules ordinarily prevent the proliferation of allograft tissue10. However, as DFTD cells do not express MHC-I 
molecules, they are able to evade recognition by the host immune system11.Vaccine candidates have focused on 
upregulating expression of MHC-I in DFTD cells using interferon gamma12. Although these have successfully 
induced anti-DFTD antibodies within vaccinated individuals12, this has not been sufficient to prevent infection 
long term13,14. However, unlike unvaccinated devils, the tumours in vaccinated animals exhibited immune cell 
infiltration14 and regressed with immunotherapy13.

Other drug candidates have been identified as potential treatments for DFTD and show promising anticancer 
activity in vitro but have not yet progressed to clinical trials. DFTD cells are sensitive to Receptor Tyrosine Kinase 
(RTK) inhibitors in vitro, particularly Afatinib15. This inhibits the ErbB2 receptor, resulting in suppression of 
the ErbB3-STAT3 axis. The ErbB3-STAT3 axis influences genes involved in the cell cycle and angiogenesis and 
its overexpression is linked to cancer metastasis16. It also enables DFTD cells to evade the host immune system 
by downregulating expression of MHC-I molecules17. Imiquimod, a guanosine analogue, similarly suppresses 
elements of the ErbB3-STAT3 axis, as well as inducing DFTD cell apoptosis via oxidative stress and the unfolded 
protein response (UPR)18. Recently, statins such as Atorvastatin have also shown therapeutic potential against 
DTFD19. Atorvostatin disrupts cholesterol homeostasis which is an important driver of DFTD. In addition, 
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Atorvastatin prevented DFTD cell proliferation in vitro with no effect on Tasmanian devil fibroblasts, and 
induced necrosis of DFTD xenografts in nude mice19.

We propose that a novel treatment for DFTD may be derived from cathelicidins, a major class of verte-
brate antimicrobial peptides. Cathelicidins are small cationic peptides that share a conserved N-terminal 
preprosequence20. They have pleiotropic properties that extend beyond direct antimicrobial activity, including 
chemotaxis, wound healing and angiogenesis21. Cathelicidins also regulate cancer in a highly tissue specific 
manner: in some types of tumours they are overexpressed and promote tumorigenesis22–26, while in others they 
exhibit anticancer properties27–29. For example, cathelicidin-BF (BF-30), a peptide from the venom of the banded 
krait (Bungarus fasciatus), suppresses proliferation of the murine melanoma cell line B16F10 by interfering with 
the transcription of vasoendothelial growth factor (VEGF)30. Similarly, bovine myeloid antimicrobial peptide 
28 (BMAP‑28) suppresses the proliferation of human thyroid cancer TT cells in xenograft murine models31, 
and the caprine cathelicidin ChMAP-28 shows selective cytotoxicity against multiple human cell lines in vitro 
via necrotic mechanisms32. Multiple peptides derived from the porcine cathelicidin tritrpticin exhibit selective 
cytotoxicity towards Jurkat T cell leukemia line in vitro via a membranolytic mechanism33.

Cathelicidins have been isolated from many vertebrate taxa34–37. However, they have undergone gene expan-
sion in marsupials due to the need for additional protection of immunologically naïve young during development 
in the pouch38. Unlike eutherians, marsupials are born immunologically naïve and do not develop a mature 
immune response until many months postpartum39. During development within the pouch, young are exposed 
to diverse microbial flora, some of which are pathogenic38. This has likely encouraged the lineage-specific expan-
sion of cathelicidins in marsupials, resulting in multiple diverse peptides: 36 cathelicidins have been identified 
in four species to date40–43, including 7 in the Tasmanian devil44. Many marsupial cathelicidins have exhibited 
potent antimicrobial activity against a range of microorganisms in vitro while being non-toxic to mammalian 
cell lines up to concentrations of 500 µg/mL40,44,45. Of the three devil cathelicidins with antimicrobial activity 
(Saha-CATH3, 5 and 6), Saha-CATH3 is not haemolytic to human red blood cells while the other two are mod-
erately haemolytic are high concentrations above 250 μg/mL44. However, their anticancer potential has not yet 
been explored. Here, we investigate the cytotoxicity of seven Tasmanian devil cathelicidins against the DFT1 cell 
line 1426 in vitro, and explore potential mechanisms of action using RNAseq, with the aim to identify peptide 
candidates for future development as anti-DFTD therapeutics.

Materials and methods
Peptide preparation and cell lines.  Tasmanian devil cathelicidin mature peptides Saha-CATH1, 2, 3, 4, 
5, 6 and 744 (Supplementary Table 1) were synthesized by ChinaPeptides Co. Ltd to 95% purity by high perfor-
mance liquid chromatograph (HPLC). All peptides were solubilized in water for cell culture (Sigma-Aldrich) 
with 0.01% glacial acetic acid at a concentration of 10 mg/mL, then serially diluted twofold in Roswell Park 
Memorial Institute (RPMI) 1640 media to give a final concentration of 1 mg/mL to 31.25 μg/mL.

The DFT1 cell line 1426, derived from a primary DFT1 tumour46, was obtained from Menzies Institute 
for Medical Research, University of Tasmania. The cell line was maintained in RPMI 1640 media with 2 mM 
l-glutamine (Gibco) supplemented with 10% AmnioMax II (Gibco), 10% heat-inactivated foetal bovine serum 
(FBS) and 1% penicillin/streptomycin (Sigma-Aldrich), in T75 flasks (Nunc) at 35 °C 5% CO2. Cells were pas-
saged using trypsin–EDTA (Sigma-Aldrich) when 90% confluent.

Cytotoxicity assay.  Toxicity of seven Tasmanian devil cathelicidins against DFT1 1426 cells was deter-
mined for twofold dilutions from 500 to 15.62 µg/mL, and four different timepoints (12, 18, 24 and 36 h). Con-
fluent DFT1 1426 cells (passage 22) were re-suspended in RPMI 1640 with 10% FBS and 10% AmnioMax II at 
a concentration of 5 × 105 cells/mL, and 100μL seeded into each well of a sterile flat-bottom 96 well plate (Corn-
ing), with individual plates for each timepoint (12, 18, 24 and 36 h). All plates were incubated for 24 h at 35 °C 
5% CO2 prior to the cytotoxicity test.

At 0 h, 100 μL of each peptide dilution was then added to each plate in quadruplicate for all timepoints (12, 
18, 24 and 36 h), resulting in a final peptide concentrations of 500 μg/mL, 250 μg/mL, 125 μg/mL, 62.50 μg/mL, 
31.25 μg/mL and 15.62 μg/mL. To ensure that the solvent did not affect absorbance values, a vehicle control was 
also included for the maximum incubation period (36 h). An untreated growth control of RPMI 1640, a posi-
tive control of dimethylsulfoxide (DMSO) (15%) and sterility control of RPMI 1640 only (no cells) were also 
included for each time point.

For the 12 h timepoint, 10% alamarBlue was immediately added to each well of the plate after addition of the 
peptide. For the remaining timepoints, plates were incubated for an additional 6, 12 or 24 h after addition of the 
peptides, then 10% alamarBlue added to each well. For all timepoints, after the addition of alamarBlue cells were 
incubated for a further 12 h, resulting in a total peptide incubation period of 12, 18, 24 and 36 h. Absorbance of 
alamarBlue for all timepoints was determined at 570 nm and 630 nm on a Biotek 800 TS microplate reader. Cell 
viability was calculated according to manufacturer’s instructions and expressed as a percentage of cell survival 
compared to the untreated growth control.

A one-sample, one-tailed t-test was used to test for significant difference in viability between treated cells and 
the negative growth control. A one sample, two-tailed t-test was also conducted to ensure there was no significant 
difference in viability between the negative growth control and the cells treated with the solvent only. Statistical 
analysis was conducted in R (R Development Core Team 2021).

Mechanism of action.  RNAseq was used to characterize the mechanisms underlying the anticancer activ-
ity of the peptides. Confluent DFT1 1426 cells (passage number 25) were re-suspended at a concentration of 
5 × 105 cells/ml and 1  mL seeded into each well of a sterile flat-bottom polystyrene 12-well plate (Corning). 
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Following incubation for 24 h at 35 °C 5% CO2, media was aspirated from the cells and replaced with 500 μL of 
RPMI 1640 with 2 mM l-glutamine, 10% FBS and 10% AmnioMax II. 500 μL of each 1 mg/mL peptide solution 
(Saha-CATH1 to 7) was then added to the plate in triplicate, to give a final peptide concentration of 500 μg/
mL. This was the highest concentration tested in the previous cytotoxicity assay and hence would likely lead 
to maximal peptide activity, enabling precise analysis of changes in gene expression. A vehicle control was also 
added to the plate in triplicate.

The plate was then incubated for a further 10 h at 35 °C in 5% CO2. This incubation period was selected as the 
cytotoxicity assay indicated it was sublethal for most of the peptides and would maintain sufficient cell viability to 
extract intact RNA. Media was then aspirated from the cells, which were washed twice with Dulbecco’s phosphate 
buffered saline (DPBS) (Sigma-Aldrich).

Total RNA was extracted from each replicate of the peptide-treated and vehicle control cells (n = 3) using the 
RNeasy mini kit (Qiagen) with cell lysis directly in each well of the 12 well plate. Total RNA was quality assessed 
using the RNA nano 6000 kit on the Agilent Bioanalyzer with all samples displaying a RIN score between 5 and 
9. In total, 24 RNA samples corresponding to three treatments per peptide (Saha-CATH1 to 7) and a vehicle 
control were submitted to Ramaciotti Centre for Genomics (The University of New South Wales) for sequencing. 
Illumina TruSeq mRNA libraries were prepared for all samples, which were sequenced as 2 × 150 bp paired-end 
reads across an SP flowcell on the NovaSeq6000. This resulted in 27 to 50 million raw reads per sample.

Raw reads were quality assessed using FastQC v0.11.847, then quality and length trimmed using Trimmomatic 
v0.3948 using default parameters. Trimmed reads for each treatment (n = 3) and the control (n = 3) were aligned 
to the Tasmanian devil reference genome v7.0 (NCBI: GCA_000189315.149 using STAR v2.7.8a50. Alignments 
for each treatment were summarized into gene counts using featureCounts in the subread package v1.5.151.

Gene counts were used as input for differential expression analysis in R52. Genes with less than 50 counts 
across all samples were removed from the analysis, as these were unlikely to be biologically relevant and lacked 
sufficient statistical power. Firstly, the data was normalized by trimmed mean of M values (TMM) using edgeR 
v3.32.153 to account for any composition bias between libraries and to give an effective library size for downstream 
analysis. Multidimensional scaling (MDS) was used to check for variation between treatments using limma 
v3.36.054. Expression levels were then normalized using upper-quartile normalization in EDAseq v2.24.055 to 
account for differences in distribution between lanes, such as sequencing depth. Differential expression analysis 
was performed using voom in the limma v3.36.0 package54.

For each treatment, a false discovery rate (FDR) cutoff of 0.02 was applied and genes that were up or down-
regulated greater than 1.5× fold were selected for Gene Ontology (GO) and Ingenuity Pathway Analysis (IPA)56. 
Over-representation analysis of Biological Processes was conducted in clusterProfiler v3.18.157. Statistical signifi-
cance was adjusted for multiple comparisons using the Benjamini–Hochberg method, and terms were considered 
significant when p-adj < 0.05. To remove general terms, gene sets larger than 200 were removed, and the simplify 
function was used to remove redundant GO terms. Further pathway analysis was conducted in IPA (Qiagen)58, 
using mammal as the species type and nervous system for the tissue/cell type.

Results
Four Tasmanian devil cathelicidins (Saha-CATH3, 4, 5 and 6) significantly decreased cell viability by more than 
50% over 36 h compared to the growth control at 500 μg/mL. Saha-CATH5 displayed the most rapid cytotoxic 
activity against DFT1 cells, and reduced cell viability to less than 0% at all time points (p-value < 3.63E−09) 
(Fig. 1). This negative viability is likely caused by the change in media pH over the incubation period. Cell 
viability was calculated by measuring the amount of reduced alamarBlue (AR). This calculation requires a cor-
rection factor to allow for the oxidized substrate present in the media. In cases of very low survival, the change 
in pH between the media of the treated cells and the media used to calculate the correction factor can result in a 
negative AR value. Saha-CATH3 (p-value < 2.44E−06) and Saha-CATH6 (p-value < 7.12E−05) required an 18-h 
incubation period before exhibiting a similar level of toxicity to Saha-CATH5. Saha-CATH4 also significantly 
reduced cell viability (p-value = 0.04) but was slower acting, requiring 36 h to induce significant cytotoxicity by 
more than 50%.

Saha-CATH3, 5 and 6 also reduced cell viability by more than 50% at lower concentrations (Supplemen-
tary Fig. 1). Saha-CATH5 was cytotoxic at concentrations ≥ 125 µg/mL (p-value < 5.56E−04) at all time points, 
while Saha-CATH6 was cytotoxic at concentrations ≥ 250 µg/mL at incubation periods ≥ 18 h (p-value < 1.05 
E−04). Saha-CATH3 was cytotoxic at concentrations between 62.5 and 250 µg/mL at incubation periods ≥ 18 h 
(p-value < 1.12 E−04). The exception was the Saha-CATH3 concentration of 62.5 µg/mL at 24 h (mean cell 360 
viability 78.8% ± 21.4sd), although this result was not statistically significant (p = 0.07).

Differential expression (DE) analysis identified 12,402 DE genes out of a total of 15,548 across all seven treat-
ments when compared to the control. Most of these were in the Saha-CATH5 treatment (11, 514 or 74.05%). The 
other toxic treatments had between 10 and 20% DE genes—Saha-CATH3 had 1, 963 (12.63%), Saha-CATH4 had 
2, 915 (18.75%) and Saha-CATH6 had 2, 419 (15.56%). All the DFT1 cells treated with the non-toxic peptides 
Saha-CATH1, 2 and 7 had less than 1% DE genes, with Saha-CATH7 having 0 under the quality filters chosen. 
Due to the low number of differentially expressed genes, these treatments were excluded from further analysis.

Treatment of DFT1 cells with Saha-CATH3, 4 and 5 resulted in downregulation of genes involved in DNA 
replication, cell cycle progression and checkpoints (Table 1). This was supported by both GO (Fig. 2) and IPA 
analysis (Supplementary Table 2). Canonical pathways significantly inhibited by treatment with these peptides 
included ‘cell cycle control of chromosomal replication’ (Saha-CATH4: p-value = 9.64E−06; Saha-CATH5: 
p-value = 1.85E−02) and ‘cyclins and cell cycle regulation’ (Saha-CATH3: p-value = 3.27E−02; Saha-CATH4: 
p-value = 1.22E−02).
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Alongside cell cycle arrest, Saha-CATH5 also regulated the ERBB and Hippo signaling pathways in DFT1 
cells based on GO analysis (Fig. 2). IPA also revealed these canonical pathways were enriched in the treat-
ment (‘Hippo signaling’: p-value = 1.64E−07; ‘ERBB’: p-value = 9.14E−04; ‘ERBB2-ERBB3’: p-value = 1.34E−03; 
‘ERBB4’: p-value = 1.43E−04) (Supplementary Table 2). The ERBB3 gene was significantly downregulated by 
Saha-CATH5 (FC = 0.34, FDR = 9.99E−22).

Saha-CATH6 induced Endoplasmic Reticulum (ER) stress in DFT1 cells via multiple mechanisms according 
to GO analysis (Fig. 3). IPA results confirmed some elements of ER stress were enriched in the Saha-CATH6 

Figure 1.   Changes in DFT1 1426 cell viability over time at peptide concentrations of 500 µg/mL. Cell viability 
is expressed as a percentage of cell survival compared to the untreated growth control. The mean values ± SD 
(error bars) of the assay performed in quadruplicate are reported. 3 of the toxic peptides (Saha-CATH3, Saha-
CATH5 and Saha-CATH6) reduced cell viability to 0% after 18 h, while Saha-CATH4 reduced cell viability by 
50% after 36 h. The other 3 the peptides (Saha-CATH1, Saha-CATH2 and Saha-CATH7) did not reduce cell 
viability.

Table 1.   DE genes in SahaCATH3, 4 and 5 treatments involved in DNA replication and cell cycle progression.

Function Gene Cathelicidin Fold change False discovery rate

G1-S Phase transition CCND1 Saha-CATH5 0.52 2.54E−15

G1-S Phase transition CCND3 Saha-CATH3 0.62 9.16E−10

G1-S Phase transition CCND3 Saha-CATH4 0.35 6.30E−16

G1-S Phase transition CCNE1 Saha-CATH3 0.57 1.67E−08

G1-S Phase transition CCNE1 Saha-CATH4 0.44 1.98E−11

G1-S Phase transition CCNE1 Saha-CATH5 0.37 5.17E−15

G1-S Phase transition CCNE2 Saha-CATH3 0.61 7.83E−09

G1-S Phase transition CCNE2 Saha-CATH4 0.31 4.61E−15

G1-S Phase transition CCNE2 Saha-CATH5 0.30 7.93E−18

Cyclin transcription factor E2F2 Saha-CATH3 0.48 9.28E−18

Cyclin transcription factor E2F2 Saha-CATH4 0.28 3.29E−22

Pre-replication complex ORC1 Saha-CATH4 0.46 2.28E−11

Pre-replication complex ORC1 Saha-CATH5 0.54 1.14E−11

Pre-replication complex CDC6 Saha-CATH4 0.29 8.76E−16

Pre-replication complex CDC6 Saha-CATH5 0.39 1.65E−16

Pre-replication complex CDC7 Saha-CATH4 0.38 3.99E−20

Pre-replication complex CDC45 Saha-CATH5 0.42 6.51E−16
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treatment. The most significant canonical pathway that was enriched was ‘EIF2 signaling’ (p-value = 1.33E−11), 
with GADD34 (PPP1R15A: FC = 2.14, FDR = 2.15E−19), CHOP (DDIT3: FC = 1.91, FDR = 1.03E−06) and ATF3 
(FC = 5.02, FDR = 2.28E−16) all upregulated (Supplementary Table 2).

Figure 2.   GO terms downregulated in (a) SahaCATH3 treatment, (b) SahaCATH4 treatment and (c) 
SahaCATH5 treatment. Terms associated with cell cycle and DNA repair/checkpoints were downregulated in all 
three. In Saha-CATH5 treatment, terms associated with ERBB and YAP1 signalling were also downregulated.
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Interestingly, Saha-CATH3, 4 and 6 upregulated multiple genes involved in cytokine expression and immune 
signaling (Table 2). GO analysis further supported this, with multiple immune processes upregulated in the 
three treatments, including angiogenesis, wound healing, immune cell differentiation and cytokine response 
(Fig. 3a, Supplementary Fig. 2). IPA analysis indicated that the canonical pathway ‘Th17 activation’ was signifi-
cantly enriched by Saha-CATH3 (p-value = 6.55E−05), Saha-CATH4 (p-value = 3.17E−03) and Saha-CATH6 
(p-value = 2.55E−03) (Supplementary Table 2).

Discussion
Here we aimed to identify cathelicidin candidates for future development as anti-DFTD therapeutics. Four Tas-
manian devil cathelicidins (Saha-CATH3, 4, 5 and 6) were toxic to DFT1 1426 cells at high concentrations: Saha-
CATH3 at concentrations ≥ 62.5 µg/mL; Saha-CATH4 at 500 µg/mL; Saha-CATH5 at concentrations ≥ 125 µg/
mL and Saha-CATH6 at concentrations ≥ 250 µg/mL. Previous studies have shown that two of these peptides 
(Saha-CATH3 and 4) are non-toxic to human cell line A54944. The other two (Saha-CATH5 and 6) reduced 
cell viability at high concentrations (500 µg/mL), resulting in 42% and 59% cell survival respectively44. At the 
same concentrations and incubation period in this experiment, Saha-CATH5 and 6 resulted in 0% cell survival 
(Fig. 1). Interestingly, the fastest acting peptide has also shown broad- spectrum antimicrobial activity44. One 
of the toxic peptides (Saha-CATH4) has not previously shown antimicrobial activity in vitro. This may indicate 
that Saha-CATH4 also has antimicrobial activity against pathogens that have not been tested or is slower acting 
against the strains it has been tested against.

Saha-CATH3, 4 and 5 induced cell cycle arrest at the G1/S phase. The cell cycle is composed of four phases 
(M, G1, S, G2) during which DNA is replicated and the cell is divided in two59. Cell progression from one phase 
to the next is primarily triggered by cyclin dependent kinases (CDKs). Although CDKs are constantly expressed, 
they only become activated upon binding with a specific cyclin subunit60. Cyclin expression oscillates throughout 
the four phases to coordinate the cell cycle61. The transition between the G1 and S phase is triggered by cyclins 
D and E and signifies the point at which cell growth ceases and DNA replication begins62,63. It is accompanied 
by an increase in proteins that form the pre-replication complex (pre-RC) required for chromosomal replica-
tion such as ORC164. Both the cyclins and elements of the pre-RC are overexpressed in tumours and have been 
identified as potential therapeutic targets65–71.

Many of these elements were downregulated in DFT1 1426 cells treated with Saha-CATH3, 4 and 5 (Table 1). 
This aligns with the activity of cathelicidins from other species that also suppress genes involved in DNA replica-
tion and cell cycle progression72,73. The data suggests that Saha-CATH3, 4 and 5 were inducing cell cycle arrest 
at the G1/S phase and should be further explored as potential therapeutics.

Alongside cell cycle arrest, Saha-CATH5 also regulated the ERBB and Hippo signaling pathways. It is par-
ticularly interesting that the ERBB3 gene was significantly downregulated by Saha-CATH5. This receptor has 
undergone copy gains in the DFTD genome15 and the ERBB-STAT3 axis has been identified as an important 
driver of DFTD17. Although DFTD cells are sensitive to multiple RTK inhibitors, they appear to respond most 
to those acting via this pathway15. This suggests Saha-CATH5 may be acting via a similar mechanism.

The oncogenic activity of RTK signaling pathways is often amplified by the formation of a positive feedback 
loop with the Hippo pathway74,75. When the Hippo pathway is dysregulated, the transcription factor YAP1 accu-
mulates in the nucleus76,77. This can cause overexpression of many genes involved in proliferation and survival78. 
WWC3 attenuates this process by phosphorylating YAP1 to prevent its nuclear translocation79. WWC3 has 
undergone hemizygous deletion in DFTD, potentially resulting in overexpression of YAP115. Therefore, the high 
toxicity of Saha-CATH5 against DFT1 1426 cells may be due to the peptide targeting the synergistic activity of 
both RTK signalling and YAP1 expression.

Table 2.   Genes involved in immune cell activation upregulated in Saha-CATH3, 4 and 6 treatments.

Function Gene Cathelicidin Fold change False discovery rate

Cytokine IL6 Saha-CATH3 4.38 0.0019

Cytokine IL6 Saha-CATH4 3.73 0.0050

Cytokine IL6 Saha-CATH6 11.14 1.02E-06

Cytokine receptor IL6R Saha-CATH3 2.88 4.56E-06

Cytokine receptor IL6R Saha-CATH4 5.25 3.62E-10

Cytokine receptor IL6R Saha-CATH6 1.70 0.012

Immune signaling MYD88 Saha-CATH3 2.64 4.57E-11

Immune signaling MYD88 Saha-CATH4 4.15 2.01E-15

Immune signaling MYD88 Saha-CATH6 1.78 9.77E-07

Transcription factor RUNX1 Saha-CATH3 2.71 2.58E-07

Transcription factor RUNX1 Saha-CATH4 2.43 1.46E-06

Transcription factor RUNX1 Saha-CATH6 1.61 0.0046

Cytokine receptor IL1R1 Saha-CATH3 2.41 0.00031

Cytokine receptor IL1R1 Saha-CATH6 2.29 0.00045

Cytokine receptor IL21R Saha-CATH6 1.58 0.0019
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RTK inhibition has not yet been documented for any cathelicidins. The human cathelicidin LL-37 has even 
shown the opposite by activating two RTKs (EGFR and ERBB2), promoting tumour progression in certain 
cell lines23,26. However, RTK inhibitors are a major class of therapeutics against a wide variety of cancers80,81. 
This reveals an important property of Saha-CATH5 that has strong potential for future drug development as a 
therapeutic for DFTD.

GO analysis of Saha-CATH6 treatment suggested ER stress. These include glycosylation inhibition, calcium 
depletion and elevated reactive oxygen species (ROS)82–85. ER stress is induced when excessive misfolded pro-
teins start to accumulate and disrupt homeostasis84. The unfolded protein response (UPR) aims to alleviate this 
stress by reducing protein translation, increasing chaperone expression, and degrading malformed proteins. If 
prolonged, the UPR leads to apoptosis86.

Other enriched GO terms in Saha-CATH6-treated DFT1 cells also indicated signs of ER stress. For example, 
protein hydroxylation was downregulated, suggesting attenuation of ER function that is characteristic of a stress 
response. Increased mRNA catabolism may be indicative of Regulated Ire1-Dependent Decay (RIDD). This 
process is upregulated during the UPR and involves degrading mRNAs to reduce the burden on the ER87. GO 
terms also suggested that translation was increased. Although this may appear contradictory as global translation 
is reduced during ER stress, the expression of ER chaperones and ERAD components is upregulated85.

This is one of three main pathways activated by the UPR. It attenuates global translation, while increasing 
expression of protective proteins88–90. The other two main pathways involved in the UPR are activated by inositol-
requiring enzyme 1-a (IRE1a) and activating transcription factor 6 (ATF6)86. The increased mRNA catabolism 

Figure 3.   GO terms (a) upregulated and (b) downregulated in Saha-CATH6 treatment. Terms associated with 
an immune response were upregulated. Treatment also indicated signs of ER stress.
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in this treatment suggests RIDD is occurring, which may indicate activation of IRE1a. There is no evidence that 
the third pathway (ATF6) was enriched. However, the RNA from this treatment had degraded prior to sequenc-
ing (RIN = 5) which may influence the results. We recommend further studies using a lower concentration of 
Saha-CATH6 to confirm this mechanism of action.

GO and IPA results suggests a cytokine milieu within Saha-CATH3, 4 and 6-treated DFT1 cells that encour-
ages Th17 differentiation, mirroring the activity of other vertebrate cathelicidins91. Pro-inflammatory cytokines 
can play a paradoxical role in cancer progression. Studies have indicated that cathelicidin-induced inflamma-
tion can promote the development of certain types of tumours24. However, many of these genes have also been 
shown to contribute to antitumour activity. There is evidence of interleukin-1 and -6 enhancing the cytotoxic 
activity of immune cells against cancer92–94. The transcription factor RUNX1 regulates expression of genes that 
inhibit leukaemia and breast cancer cells95,96. Further research is required to determine which of these dual roles 
predominate in DFTD.

In this study, we have identified four Tasmanian devil cathelicidins (Saha-CATH3, 4, 5 and 6) with cytotoxic 
activity against DFT1 cells in vitro. Using RNAseq we show that this activity is mediated via peptide-specific 
mechanisms (Fig. 4). Some of these mechanisms mirror the activity of other therapeutics currently being tri-
alled against DFTD cells. For example, Saha-CATH5 inhibited the ERBB-STAT3 axis similarly to Afatinib15 and 
imiquimod18. Our results also reveal that three devil cathelicidins (Saha-CATH 3, 4 and 6) may induce inflam-
matory pathways in DFT1 cells involving increase cytokine expression. We suggest that future studies validate 
the pathway analyses using qRT-PCR. As the peptides have not been tested on healthy devil cells, we recommend 
that future studies investigate what effect cathelicidins have on fibroblasts. We also suggest that the peptides are 
tested against other human cancer cell lines to elucidate their broader anti-cancer functions. This will establish 
the selectivity of the peptides’ toxicity and determine whether they have future potential for drug development.

Data availability
The raw sequencing reads generated and analyzed during this study are available in the National Centre for 
Biotechnology Information (NCBI) short read archive under BioProject number PRJNA970848.

Figure 4.   (a) Saha-CATH3, 4 and 5 induced cell cycle arrest at the G1/S phase; (b) Saha-CATH5 inhibited 
RTK signalling pathways and YAP1 expression; (c) Saha-CATH6 caused ER stress; (d) Saha-CATH3, 4 and 6 
activated inflammatory cytokines. Figure created with BioRender.com.



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12698  | https://doi.org/10.1038/s41598-023-39901-0

www.nature.com/scientificreports/

Received: 19 May 2023; Accepted: 1 August 2023

References
	 1.	 Brown, O. J. Tasmanian devil (Sarcophilus harrisii) extinction on the Australian mainland in the mid-Holocene: Multicausality 

and ENSO intensification. Alcheringa 30, 49–57 (2006).
	 2.	 Hawkins, C. E. et al. Emerging disease and population decline of an island endemic, the Tasmanian devil Sarcophilus harrisii. Biol. 

Conserv. 131, 307–324 (2006).
	 3.	 Hollings, T., Jones, M., Mooney, N. & Mccallum, H. Trophic cascades following the disease-induced decline of an apex predator, 

the Tasmanian devil. Conserv. Biol. 28, 63–75 (2014).
	 4.	 Ritchie, E. G. & Johnson, C. N. Predator interactions, mesopredator release and biodiversity conservation. Ecol. Lett. 12, 982–998 

(2009).
	 5.	 Hawkins, C. E., McCallum, H., Mooney, N., Jones, M. & Holdsworth, M. Sarcophilus harrisii. The IUCN Red List of Threatened 

Species (2008).
	 6.	 Hamede, R. K., McCallum, H. & Jones, M. Biting injuries and transmission of T asmanian devil facial tumour disease. J. Anim. 

Ecol. 82, 182–190 (2013).
	 7.	 Loh, R. et al. The pathology of devil facial tumor disease (DFTD) in Tasmanian devils (Sarcophilus harrisii). Vet. Pathol. 43, 890–895 

(2006).
	 8.	 Pye, R. J. et al. A second transmissible cancer in Tasmanian devils. Proc. Natl. Acad. Sci. 113, 374–379 (2016).
	 9.	 Hogg, C., Fox, S., Pemberton, D. & Belov, K. Saving the Tasmanian Devil: Recovery Through Science-Based Management (CSIRO 

Publishing, 2019).
	10.	 Siddle, H. V., Marzec, J., Cheng, Y., Jones, M. & Belov, K. MHC gene copy number variation in Tasmanian devils: Implications for 

the spread of a contagious cancer. Proc. R. Soc. B Biol. Sci. 277, 2001–2006 (2010).
	11.	 Siddle, H. V. et al. Reversible epigenetic down-regulation of MHC molecules by devil facial tumour disease illustrates immune 

escape by a contagious cancer. Proc. Natl. Acad. Sci. 110, 5103–5108 (2013).
	12.	 Pye, R. et al. Immunization strategies producing a humoral IgG immune response against devil facial tumor disease in the majority 

of Tasmanian devils destined for wild release. Front. Immunol. 9, 259 (2018).
	13.	 Tovar, C. et al. Regression of devil facial tumour disease following immunotherapy in immunised Tasmanian devils. Sci. Rep. 7, 

1–14 (2017).
	14.	 Pye, R. et al. Post release immune responses of Tasmanian devils vaccinated with an experimental devil facial tumour disease 

vaccine. bioRxiv (2020).
	15.	 Stammnitz, M. R. et al. The origins and vulnerabilities of two transmissible cancers in Tasmanian devils. Cancer Cell 33, 607-619.

e615 (2018).
	16.	 Xie, T.-X. et al. Stat3 activation regulates the expression of matrix metalloproteinase-2 and tumor invasion and metastasis. Oncogene 

23, 3550–3560 (2004).
	17.	 Kosack, L. et al. The ERBB-STAT3 axis drives Tasmanian devil facial tumor disease. Cancer Cell 35, 125-139.e129 (2019).
	18.	 Patchett, A. L. et al. Transcriptome and proteome profiling reveals stress-induced expression signatures of imiquimod-treated 

Tasmanian devil facial tumor disease (DFTD) cells. Oncotarget 9, 15895 (2018).
	19.	 Ikonomopoulou, M. P. et al. LXR stimulates a metabolic switch and reveals cholesterol homeostasis as a statin target in Tasmanian 

devil facial tumor disease. Cell Rep. 34, 108851 (2021).
	20.	 Zanetti, M., Gennaro, R. & Romeo, D. Cathelicidins: A novel protein family with a common proregion and a variable C-terminal 

antimicrobial domain. FEBS Lett. 374, 1–5 (1995).
	21.	 Ramanathan, B., Davis, E. G., Ross, C. R. & Blecha, F. Cathelicidins: Microbicidal activity, mechanisms of action, and roles in 

innate immunity. Microbes Infect. 4, 361–372 (2002).
	22.	 Heilborn, J. D. et al. Antimicrobial protein hCAP18/LL-37 is highly expressed in breast cancer and is a putative growth factor for 

epithelial cells. Int. J. Cancer 114, 713–719 (2005).
	23.	 Weber, G. et al. Human antimicrobial protein hCAP18/LL-37 promotes a metastatic phenotype in breast cancer. Breast Cancer 

Res. 11, 1–13 (2009).
	24.	 Coffelt, S. B. et al. The pro-inflammatory peptide LL-37 promotes ovarian tumor progression through recruitment of multipotent 

mesenchymal stromal cells. Proc. Natl. Acad. Sci. 106, 3806–3811 (2009).
	25.	 Ji, P. et al. Myeloid cell-derived LL-37 promotes lung cancer growth by activating Wnt/β-catenin signaling. Theranostics 9, 2209 

(2019).
	26.	 von Haussen, J. et al. The host defence peptide LL-37/hCAP-18 is a growth factor for lung cancer cells. Lung Cancer 59, 12–23 

(2008).
	27.	 Wu, W. K. K. et al. The host defense peptide LL-37 activates the tumor-suppressing bone morphogenetic protein signaling via 

inhibition of proteasome in gastric cancer cells. J. Cell. Physiol. 223, 178–186 (2010).
	28.	 Mader, J. S., Mookherjee, N., Hancock, R. E. & Bleackley, R. C. The human host defense peptide LL-37 induces apoptosis in a 

calpain-and apoptosis-inducing factor-dependent manner involving Bax activity. Mol. Cancer Res. 7, 689–702 (2009).
	29.	 Ren, S. X. et al. Host immune defense peptide LL-37 activates caspase-independent apoptosis and suppresses colon cancer. Cancer 

Res. 72, 6512–6523 (2012).
	30.	 Wang, H. et al. BF-30 selectively inhibits melanoma cell proliferation via cytoplasmic membrane permeabilization and DNA-

binding in vitro and in B16F10-bearing mice. Eur. J. Pharmacol. 707, 1–10 (2013).
	31.	 Zhang, D., Wan, L., Zhang, J., Liu, C. & Sun, H. Effect of BMAP-28 on human thyroid cancer TT cells is mediated by inducing 

apoptosis. Oncol. Lett. 10, 2620–2626 (2015).
	32.	 Emelianova, A. A. et al. Anticancer activity of the goat antimicrobial peptide ChMAP-28. Front. Pharmacol. 9, 1501 (2018).
	33.	 Arias, M. et al. Selective anticancer activity of synthetic peptides derived from the host defence peptide tritrpticin. Biochim. Biophys. 

Acta Biomembr. 1862, 183228 (2020).
	34.	 Achanta, M. et al. Tissue expression and developmental regulation of chicken cathelicidin antimicrobial peptides. J. Anim. Sci. 

Biotechnol. 3, 1–7 (2012).
	35.	 Wang, Y. et al. Snake cathelicidin from Bungarus fasciatus is a potent peptide antibiotics. PLoS ONE 3, e3217 (2008).
	36.	 Hao, X. et al. Amphibian cathelicidin fills the evolutionary gap of cathelicidin in vertebrate. Amino Acids 43, 677–685 (2012).
	37.	 Chang, C.-I., Zhang, Y.-A., Zou, J., Nie, P. & Secombes, C. J. Two cathelicidin genes are present in both rainbow trout (Oncorhynchus 

mykiss) and atlantic salmon (Salmo salar). Antimicrob. Agents Chemother. 50, 185–195 (2006).
	38.	 Cheng, Y. & Belov, K. Antimicrobial protection of marsupial pouch young. Front. Microbiol. 8, 354 (2017).
	39.	 Old, J. M. & Deane, E. M. Development of the immune system and immunological protection in marsupial pouch young. Dev. 

Comp. Immunol. 24, 445–454 (2000).
	40.	 Peel, E. et al. Koala cathelicidin PhciCath5 has antimicrobial activity, including against Chlamydia pecorum. PLoS ONE 16, e0249658 

(2021).
	41.	 Belov, K. et al. Characterization of the opossum immune genome provides insights into the evolution of the mammalian immune 

system. Genome Res. 17, 982–991 (2007).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:12698  | https://doi.org/10.1038/s41598-023-39901-0

www.nature.com/scientificreports/

	42.	 Daly, K. A. et al. Identification, characterization and expression of cathelicidin in the pouch young of tammar wallaby (Macropus 
eugenii). Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 149, 524–533 (2008).

	43.	 Carman, R. L., Old, J. M., Baker, M., Jacques, N. A. & Deane, E. M. Identification and expression of a novel marsupial cathelicidin 
from the tammar wallaby (Macropus eugenii). Vet. Immunol. Immunopathol. 127, 269–276 (2009).

	44.	 Peel, E. et al. Cathelicidins in the Tasmanian devil (Sarcophilus harrisii). Sci. Rep. 6, 1–9 (2016).
	45.	 Wang, J. et al. Ancient antimicrobial peptides kill antibiotic-resistant pathogens: Australian mammals provide new options. PLoS 

ONE 6, e24030 (2011).
	46.	 Deakin, J. E. et al. Genomic restructuring in the Tasmanian devil facial tumour: Chromosome painting and gene mapping provide 

clues to evolution of a transmissible tumour. PLoS Genet. 8, e1002483 (2012).
	47.	 Andrews, S. Babraham bioinformatics-FastQC a quality control tool for high throughput sequence data. https://​www.​bioin​forma​

tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc (2010).
	48.	 Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120 

(2014).
	49.	 Murchison, E. P. et al. Genome sequencing and analysis of the Tasmanian devil and its transmissible cancer. Cell 148, 780–791 

(2012).
	50.	 Dobin, A. et al. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21 (2013).
	51.	 Liao, Y., Smyth, G. K. & Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic 

features. Bioinformatics 30, 923–930 (2014).
	52.	 R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, 2021).
	53.	 Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: A Bioconductor package for differential expression analysis of digital 

gene expression data. Bioinformatics 26, 139–140 (2010).
	54.	 Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res. 

43, e47–e47 (2015).
	55.	 Risso, D., Schwartz, K., Sherlock, G. & Dudoit, S. GC-content normalization for RNA-Seq data. BMC Bioinform. 12, 1–17 (2011).
	56.	 Krämer, A., Green, J., Pollard, J. Jr. & Tugendreich, S. Causal analysis approaches in ingenuity pathway analysis. Bioinformatics 30, 

523–530 (2014).
	57.	 Yu, G., Wang, L.-G., Han, Y. & He, Q.-Y. clusterProfiler: An R package for comparing biological themes among gene clusters. 

OMICS 16, 284–287 (2012).
	58.	 QIAGEN Ingenuity Pathway Analysis (QIAGEN IPA), https://​digit​alins​ights.​qiagen.​com/​produ​cts-​overv​iew/​disco​very-​insig​hts-​

portf​olio/​analy​sis-​and-​visua​lizat​ion/​qiagen-​ipa/.
	59.	 Johnson, D. G. & Walker, C. L. Cyclins and cell cycle checkpoints. Annu. Rev. Pharmacol. Toxicol. 39, 295–312 (1999).
	60.	 Morgan, D. O. Principles of CDK regulation. Nature 374, 131–134 (1995).
	61.	 Musgrove, E. A. Cyclins: Roles in mitogenic signaling and oncogenic transformation: Mini review. Growth Factors 24, 13–19 (2006).
	62.	 Möröy, T. & Geisen, C. Cycline. Int. J. Biochem. Cell Biol. 36, 1424–1439 (2004).
	63.	 Zhang, X. et al. The effect of cyclin D expression on cell proliferation in human gliomas. J. Clin. Neurosci. 12, 166–168 (2005).
	64.	 Ohta, S., Tatsumi, Y., Fujita, M., Tsurimoto, T. & Obuse, C. The ORC1 cycle in human cells: II. Dynamic changes in the human 

ORC complex during the cell cycle. J. Biol. Chem. 278, 41535–41540 (2003).
	65.	 Alao, J. P. The regulation of cyclin D1 degradation: Roles in cancer development and the potential for therapeutic invention. Mol. 

Cancer 6, 1–16 (2007).
	66.	 Feng, C.-J., Lu, X.-W., Luo, D.-Y., Li, H.-J. & Guo, J.-B. Knockdown of Cdc6 inhibits proliferation of tongue squamous cell carcinoma 

Tca8113 cells. Technol. Cancer Res. Treat. 12, 173–181 (2013).
	67.	 Jiang, W. et al. Downregulation of Cdc6 inhibits tumorigenesis of osteosarcoma in vivo and in vitro. Biomed. Pharmacother. 115, 

108949 (2019).
	68.	 Kanska, J., Zakhour, M., Taylor-Harding, B., Karlan, B. & Wiedemeyer, W. Cyclin E as a potential therapeutic target in high grade 

serous ovarian cancer. Gynecol. Oncol. 143, 152–158 (2016).
	69.	 Musgrove, E. A., Caldon, C. E., Barraclough, J., Stone, A. & Sutherland, R. L. Cyclin D as a therapeutic target in cancer. Nat. Rev. 

Cancer 11, 558–572 (2011).
	70.	 Sun, T.-Y., Xie, H.-J., He, H., Li, Z. & Kong, L.-F. miR-26a inhibits the proliferation of ovarian cancer cells via regulating CDC6 

expression. Am. J. Transl. Res. 8, 1037 (2016).
	71.	 Youn, Y., Lee, J.-C., Kim, J., Kim, J. H. & Hwang, J.-H. Cdc6 disruption leads to centrosome abnormalities and chromosome 

instability in pancreatic cancer cells. Sci. Rep. 10, 16518 (2020).
	72.	 Ding, X. et al. Host defense peptide LL-37 is involved in the regulation of cell proliferation and production of pro-inflammatory 

cytokines in hepatocellular carcinoma cells. Amino Acids 53, 471–484 (2021).
	73.	 Mahmoud, M. M. et al. Anticancer activity of chicken cathelicidin peptides against different types of cancer. Mol. Biol. Rep. 49, 

4321–4339 (2022).
	74.	 Azad, T. et al. A gain-of-functional screen identifies the Hippo pathway as a central mediator of receptor tyrosine kinases during 

tumorigenesis. Oncogene 39, 334–355 (2020).
	75.	 Azad, T. et al. Hippo signaling pathway as a central mediator of receptors tyrosine kinases (RTKs) in tumorigenesis. Cancers 12, 

2042 (2020).
	76.	 Johnson, R. & Halder, G. The two faces of Hippo: Targeting the Hippo pathway for regenerative medicine and cancer treatment. 

Nat. Rev. Drug Discov. 13, 63–79 (2014).
	77.	 Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth 

control. Genes Dev. 21, 2747–2761 (2007).
	78.	 Pan, D. The hippo signaling pathway in development and cancer. Dev. Cell 19, 491–505 (2010).
	79.	 Han, Q. et al. WWC3 regulates the Wnt and Hippo pathways via Dishevelled proteins and large tumour suppressor 1, to suppress 

lung cancer invasion and metastasis. J. Pathol. 242, 435–447 (2017).
	80.	 Du, Z. & Lovly, C. M. Mechanisms of receptor tyrosine kinase activation in cancer. Mol. Cancer 17, 1–13 (2018).
	81.	 Saraon, P. et al. Receptor tyrosine kinases and cancer: Oncogenic mechanisms and therapeutic approaches. Oncogene 40, 4079–4093 

(2021).
	82.	 Banerjee, A., Banerjee, V., Czinn, S. & Blanchard, T. Increased reactive oxygen species levels cause ER stress and cytotoxicity in 

andrographolide treated colon cancer cells. Oncotarget 8, 26142 (2017).
	83.	 Kim, B. et al. Curcumin induces ER stress-mediated apoptosis through selective generation of reactive oxygen species in cervical 

cancer cells. Mol. Carcinog. 55, 918–928 (2016).
	84.	 Li, Y., Guo, Y., Tang, J., Jiang, J. & Chen, Z. New insights into the roles of CHOP-induced apoptosis in ER stress. Acta Biochim. 

Biophys. Sin. 46, 629–640 (2014).
	85.	 Yoshida, H. ER stress and diseases. FEBS J. 274, 630–658 (2007).
	86.	 Sano, R. & Reed, J. C. ER stress-induced cell death mechanisms. Biochim. Biophys. Acta Mol. Cell Res. 1833, 3460–3470 (2013).
	87.	 Coelho, D. S. & Domingos, P. M. Physiological roles of regulated Ire1 dependent decay. Front. Genet. 5, 76 (2014).
	88.	 Jiang, H.-Y. et al. Activating transcription factor 3 is integral to the eukaryotic initiation factor 2 kinase stress response. Mol. Cell. 

Biol. 24, 1365–1377 (2004).

https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/
https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qiagen-ipa/


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12698  | https://doi.org/10.1038/s41598-023-39901-0

www.nature.com/scientificreports/

	89.	 Liu, Z. et al. Activating transcription factor 4 (ATF4)-ATF3-C/EBP homologous protein (CHOP) cascade shows an essential role 
in the ER stress-induced sensitization of tetrachlorobenzoquinone-challenged PC12 cells to ROS-mediated apoptosis via death 
receptor 5 (DR5) signaling. Chem. Res. Toxicol. 29, 1510–1518 (2016).

	90.	 Rozpedek, W. et al. The role of the PERK/eIF2α/ATF4/CHOP signaling pathway in tumor progression during endoplasmic reticu-
lum stress. Curr. Mol. Med. 16, 533–544 (2016).

	91.	 Minns, D. et al. The neutrophil antimicrobial peptide cathelicidin promotes Th17 differentiation. Nat. Commun. 12, 1285 (2021).
	92.	 Haabeth, O. A. W., Lorvik, K. B., Yagita, H., Bogen, B. & Corthay, A. Interleukin-1 is required for cancer eradication mediated by 

tumor-specific Th1 cells. Oncoimmunology 5, e1039763 (2016).
	93.	 Spolski, R. & Leonard, W. J. Interleukin-21: A double-edged sword with therapeutic potential. Nat. Rev. Drug Discov. 13, 379–395 

(2014).
	94.	 Wang, G. et al. In vivo antitumor activity of interleukin 21 mediated by natural killer cells. Can. Res. 63, 9016–9022 (2003).
	95.	 Hong, D. et al. Suppression of breast cancer stem cells and tumor growth by the RUNX1 transcription factorRUNX1 inhibits breast 

cancer stem cells. Mol. Cancer Res. 16, 1952–1964 (2018).
	96.	 Liu, S. et al. RUNX1 inhibits proliferation and induces apoptosis of t (8; 21) leukemia cells via KLF4-mediated transactivation of 

P57. Haematologica 104, 1597 (2019).

Acknowledgements
Funding for this project was provided by the ARC Centre of Excellence for Innovations in Peptide and Protein 
Science (CE200100012) and ARC Linkage (LP180100244). We acknowledge the Menzies Institute for Medical 
Research at the University of Tasmania the kindly sharing DFT1 cell lines.

Author contributions
K.B. and C.J.H. sourced funding for this project and undertook project management. C.P. wrote the main manu-
script text. E.P. maintained cell cultures and conducted cytotoxicity assays. C.P., E.P. and A.P. designed the 
mechanism of action experiment and C.P. and E.P. performed extractions. C.P. completed all bioinformatics 
analysis and generated all tables and figures, with assistance from A.P. K.B., C.J.H. and E.P. designed the study 
and all authors reviewed drafts of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​39901-0.

Correspondence and requests for materials should be addressed to C.J.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-39901-0
https://doi.org/10.1038/s41598-023-39901-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tasmanian devil cathelicidins exhibit anticancer activity against Devil Facial Tumour Disease (DFTD) cells
	Materials and methods
	Peptide preparation and cell lines. 
	Cytotoxicity assay. 
	Mechanism of action. 

	Results
	Discussion
	References
	Acknowledgements


