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SUMMARY
Devil facial tumor disease (DFTD) and its lack of available therapies are propelling the Tasmanian devil pop-
ulation toward extinction. This study demonstrates that cholesterol homeostasis and carbohydrate energy
metabolism sustain the proliferation of DFTD cells in a cell-type-dependent manner. In addition, we show
that the liver-X nuclear receptor-b (LXRb), a major cholesterol cellular sensor, and its natural ligand 24S-hy-
droxycholesterol promote the proliferation of DFTD cells via ametabolic switch toward aerobic glycolysis. As
a proof of concept of the role of cholesterol homeostasis on DFTD proliferation, we show that atorvastatin, an
FDA-approved statin-drug subtype used against human cardiovascular diseases that inhibits cholesterol
synthesis, shuts down DFTD energy metabolism and prevents tumor growth in an in vivo DFTD-xenograft
model. In conclusion, we show that intervention against cholesterol homeostasis and carbohydrate-depen-
dent energy metabolism by atorvastatin constitutes a feasible biochemical treatment against DFTD, which
may assist in the conservation of the Tasmanian devil.
INTRODUCTION

The Tasmanian devil (Sarcophilus harrisii) is the largest extant

carnivorous marsupial (McCallum et al., 2009), distributed on

the island state of Tasmania in Australia. However, the Tasmanian

devil is an endangeredAustralian species (McCallumet al., 2009),

threatenedwith extinctionwithin the next 15–25 years because of

a contagious and transmissible parasitic formof cancer known as

devil facial tumor disease (DFTD) (Wei et al., 2006), which has

killed approximately 80% of the species since emerging in 1996

in northeastern Tasmania (McCallum et al., 2009; Pyecroft et al.,

2007). Primary DFTD tumors appear on the face or inside the

mouth and develop into large globular tumors that metastasize

in a short period to internal organs and spread among individuals

by biting during mating and territorial fighting (Pearse and Swift,

2006). DFTD causes devil death within 3–6 months of the first

appearance of clinical symptoms (Pyecroft et al., 2007).

With no treatment available against DFTD, scientists keep

captive, disease-free breeding populations that are released into
This is an open access article under the CC BY-N
thewild tomaintain thespecies.Major researcheffortsare focused

on understanding the genetic mutations and the molecular mech-

anisms underlying the dramatic downregulation of the expression

of major histocompatibility complex (MHC) class I that could

explain how the DFTD tumor cells proliferate and fail to stimulate

the immune system in the Tasmanian devil (Brown et al., 2016;

Flies et al., 2016; Patchett et al., 2016; Siddle and Kaufman,

2013; Siddle et al., 2013). An immense step forward has been

the characterization of the crosstalk between the receptor tyrosine

kinasesERBBandsignal transducerandactivator of transcription-

3 (STAT3) as potential targets to stimulate the immune response in

devils (Kosack et al., 2019). However, therapeutic approaches

using human chemotherapeutic agents, such as vincristine, doxo-

rubicin, and carboplatin, on DFTD-positive devils have proven

unsuccessful (Phalen et al., 2013, 2015). Only recently, the immu-

nomodulatory molecule imiquimod and the gomesin spider pep-

tide have been shown to display apoptotic activity against DFTD

cells and with minimum cytotoxicity on healthy devil fibroblasts

(FIBs) (Fernandez-Rojo et al., 2018; Patchett et al., 2016). Most
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molecular mechanisms that drive the proliferation of DFTD cells

remain obscure. In this study, we identify cholesterol homeostasis

as an essential factor sustaining the proliferation of DFTD cells in a

cell-type-dependent manner. Accordingly, we reveal that (1) the

liver-X nuclear receptor (LXR) and its natural ligand 24S-hydroxy-

cholesterol (24-OHC) drive the proliferation of DFTD in a cell-

type-dependent manner; (2) both LXR and 24-OHC unmasked

thatDFTDcells rely on carbohydratemetabolismand theWarburg

effect like human cancer cells; (3) cholesterol homeostasis is

essential for maintaining the proliferative capacity of DFTD cells;

and (4) this study provides an intervention via the use of statins

as a potential therapeutic approach to reduce DFTD progression

in vivo using xenograft tumors in nude mice that may contribute

to the long-term conservation of Tasmanian devils.

RESULTS

LXR signaling promotes DFTD cell proliferation
Genetic studies have started to dissect the origin and nature of

DFTD tumors (Murchison et al., 2010, 2012). However, the lack

of detailed insight into the molecular pathways that sustain

the proliferation and metastasis of DFTD cells in devil tissues re-

stricts the development of biochemical therapies against this fatal

disease. This is hindered by the virtual absence of specific molec-

ular tools and specific markers that permit the molecular charac-

terization of the devil cells. To address this issue and gain further

insight into the signaling cascades driving the proliferation of

DFTD cells, we performed an unbiased analysis of the effects of

available commercial drugs targeting specific signaling pathways

(i.e., AMPK, deacetylases, nuclear receptors, and PKA) and

cellular processes (i.e., endocytosis and actin re-organization)

(Table S1) on the proliferation of the immortalized DFTD4 cell

line. Among all drugs tested, we observed that LXR agonist

T0901317 exacerbates the proliferation and viability of cultured

DFTD cells (Figure 1A), but not on the immortalized Tasmanian

devil non-transformed skin FIBs (Figure 1B). These results on

DFTD4 were recapitulated in two independent DFTD cell lines

(DFTD1 and DFTD2) (Figures S1A and S1B). With LXRs acting as

cholesterol sensors (Duval et al., 2006; Peet et al., 1998; Repa
Figure 1. LXR activation and the oxysterol 24-OHC promote DFTD pro

(A) Drug screening to assess cell proliferation after 48 h of exposure in DFTD4 c

control, and 0.1% sodium dodecyl sulfate (SDS) was used as the positive cont

duplicate.

(B) Liver-X nuclear receptor (LXR) agonist T0901317 (T090) shows cell-specific

fibroblasts (FIBs). Four independent experiments were performed in duplicate.

(C) Relative gene expression analysis of LXR target genes. Three independent e

(D) Cholesterol content in T090-treated DFTD4 cells in comparison to vehicle (DM

(E) Effect of exogenous cholesterol (120 mg/mL) on DFTD4 cell proliferation. Five

(F) Dose-dependent effect of cholesterol on cell proliferation in DFTD4 cells in

replicates.

(G) Cell viability of DFTD4 cells treated with a range of cholesterol concentration

(H and I) Cell proliferation of oxysterols 24-OHC, 25-OHC, and 27-OHC versus u

performed in three replicates.

(J and K)Mitochondrial respiration (oxygen consumption rate [OCR]) in (J) T090-tre

ethanol, respectively), represented as fold change of picomoles per minute.

(L and M) Glycolytic flux (extracellular acidification rate [ECAR]) in (L) T090-treate

ethanol, respectively), represented as fold change of milli-pH per minute.

For OCR and ECAR, five independent experiments were performed in five replica

Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.00
and Mangelsdorf, 2000, 2002; Venkateswaran et al., 2000; Zelcer

et al., 2009), T0901317 stimulated the expression of bona fide LXR

target genes, including the cholesterol transporter of the ATP-

binding Cassette family ABCG1, the transcription factor SREBP,

and the fatty acid synthase (FASN) genes in DFTD cells and in

FIBs (Figure 1C; Figure S1C), as well as reduction in the total

cholesterol content in the DFTD4 cells (Figure 1D). T0901317 is

an agonist of other nuclear receptors, including FXRa, RORa,

and ERa at relatively high concentrations of 5 mM. However,

T0901317 stimulated the proliferation of DFTD cells at 2.5 and

1.25 mM while exhibiting a trend at 0.625 mM (p value = 0.068)

(Figure S1D). In addition, the FXRa agonist GW4064 (Figure 1A),

the RORa agonist SR1078 (10 mM), or the ERa agonist estradiol

(10 mM) did not promote proliferation in DFTD4 cells (data not

shown). Altogether, these data support the proposal that the

mode of action of T0901317 is directly through the activation of

LXR.We postulated that T0901317- and LXR-induced stimulation

of the proliferation of DFTD cells would depend on the cellular

cholesterol homeostasis. Supporting this, cell overloading with

exogenous cholesterol impaired the growth of DFTD cells

(Figure 1E; Figures S1E and S1F), with a half maximal effective

concentration (EC50) of 17.01 mg/mL in DFTD4 cells (Figures 1F

and 1G). Interestingly, activation of estrogen receptor and choles-

terogenesis (Wang et al., 2006) via fulvestrant (Figure 1A) and via

the ERa agonist estradiol (10 mM) (data not shown) did not affect

DFTD4 growth, suggesting that DFTD4 cells may exhibit a

threshold to tolerate certain increases in cholesterol content.

Moreover, because agonist-inducedactivationof other nuclear re-

ceptors thatmediate reverse cholesterol transport and cholesterol

catabolism into bile acids such as LRH-1 (Schoonjans et al., 2002)

viaDLPCandFXRa (Xuet al., 2016) viaGW4064 (Figure1A) did not

promote the proliferation of DFTD4 cells, our results suggest that

LXR may specifically drive DFTD proliferation by modulating

cholesterol content rather thanpromoting cholesterolmetabolism.

Conversely, and unlike in DFTD, cholesterol overloading signifi-

cantly increased FIB growth at concentrations ranging from

30.50 to3.81mg/mL (Figure1F), supportingcell-type-specific roles

of cholesterol in the proliferation of devil cells. The natural ligands

mediating LXR activation are 24-OHC, 25S-hydroxycholesterol
liferation

ells using an MTT assay. Dimethyl sulfoxide (DMSO) was used as the vehicle

rol, causing 100% toxicity. Five independent experiments were performed in

stimulation in DFTD4 cells and compared with healthy non-transformed skin

xperiments were performed in duplicate.

SO). Five independent experiments were performed in duplicate.

independent experiments were performed in three replicates.

comparison to FIBs. Five independent experiments were performed in three

s showing the EC50 (log 10 scale).

ntreated cells at 1 mM (H) and 10 mM (I). Three independent experiments were

ated and (K) 24-OHC-treated DFTD4 cells in comparison to vehicle (DMSOand

d and (M) 24-OHC-treated DFTD4 cells in comparison to vehicle (DMSO and

tes. DMSO was used as vehicle control in all assays unless reported otherwise.

01.
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Figure 2. Glucose metabolism drives the proliferation of DFTD4 cells

(A–C) DFTD4 cell proliferation in response to (A) 2-DG (1 mM), (B) C75 (1 mM), and (C) TOFA (3 mM) in comparison to vehicle (DMSO)-treated cells. 0.1% SDSwas

used as the positive control, causing 100% toxicity. Six independent experiments were performed in duplicate.

(legend continued on next page)
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(25-OHC), and 27S-hydroxycholesterol (27-OHC), collectively

termed oxysterols (Calkin and Tontonoz, 2012; Mutemberezi

et al., 2016; Russell, 2000). 24-OHC, similar to T0901317, reduced

the cholesterol content in DFTD4 cells (Figure S1G) and was the

only oxysterol capable of exacerbating DFTD4 cell proliferation

in a dose-dependent manner (1 and 10 mM), whereas 25-OHC

and 27-OHC either had no effect (27-OHC, 1 mM, Figure 1H) or

decreased cell proliferation (25-OHC, 1 mM, Figure 1H; 27-OHC

and 25-OHC, 10 mM, Figure 1I). When we examined the other

DFTD cells, 24-OHC, like in DFTD4 cells, was the predominant

oxysterol stimulating cell proliferation with a significant increase

in DFTD2 cell population (Figures S1H and S1I). However, 24-

OHC-treated DFTD1 only exhibited a trend to increase cell growth

(Figure S1H; p = 0.0768). Moreover, 27-OHC and 25-OHC did not

show a significant effect in DFTD1. However, in DFTD2 cells, only

27-OHCpromoted cell growth, albeit less than that seen using 24-

OHC,whereas 25-OHC exhibited no effect (FigureS1I). Therefore,

our experiments unravel a partial cell-type-dependent heteroge-

neity in the LXR-oxysterol response in DFTD cells (Figures 1H

and 1I; Figures S1H and S1I). Activation of LXR signaling leads to

the stimulation of glycolysis with an impact on themetabolic path-

ways producing ATP. To elucidate the metabolic mechanism

underlying T0901317-induced proliferation in DFTD cells, we

examined the glycolytic flux and mitochondrial respiration using

Seahorse technology. We observed nomodifications in glycolysis

in response to either T0901317 or 24-OHC (Figures S1J and S1K)

inFIBs. Incontrast, inDFTDcells, theactivationofLXRsignalingby

T0901317and24-OHC links the stimulationofcell proliferation toa

metabolic switch represented by a reduction of oxidative phos-

phorylation and mitochondrial respiration (Figures 1J and 1K)

and an elevation of aerobic glycolysis, also known as theWarburg

effect (Figures 1L and 1M).

DFTD cell proliferation relies on aerobic glycolysis
BecauseLXRnuclear receptors are also stimulatingglycolysis and

denovo lipogenesis, we investigated the impact of inhibiting these

twometabolic pathways on the proliferation and viability ofDFTD4

cells. Both 2-deoxy-glucose (2-DG), an allosteric inhibitor of

glycolysis, and cerulenin (C75), which inhibits FASN activity, pre-

vented DFTD4 proliferation (Figures 2A–2C; Figures S2A–S2D) in

association with an increase of reactive oxygen species (ROS)

(Figure 2D). However, TOFA, another inhibitor of lipogenesis tar-

getingacetyl-coenzymeA (CoA) carboxylase (ACC),didnotexhibit
(D) ROS generation by C75 and TOFA in response to vehicle (DMSO). Seven ind

(E) DFTD4 cell proliferation in response to high glucose (HG, 25mM) and low gluco

2-DG (1 mM) in comparison to medium glucose (11 mM; red line). Five independ

(F) Percentage of cells in the difference cell-cycle phases in response to HG, HG

(G) ROS generation by HG, HG+2-DG, and LG. Six independent experiments we

(H) DFTD4 cell proliferation in response to oligomycin (5 mg/mL, n = 4).

(I) Representative immunoblot of three independent experiments showing conse

insulin (5 U/mL) activation for 10 min in comparison to starved (Starv) DFTD4 ce

(J–L) DFTD4 cell proliferation for 48 h in response to (J) AKT inhibitor X (AKTi, 1 mM)

(1 nM). Five independent experiments (except for AKTi, which is the result of thr

(M) Representative immunoblot and band intensity quantification related to actin o

the Ser473 residue in response to T090 (2.5 mM, 24 h) in comparison to vehicle (

(N) DFTD4 cell proliferation in response to T0901317 alone or in combination w

Lys294 (30 mM), mTOR inhibitor rapamycin (1 nM), and mTORC1 and mTORC2 i

Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.00

experiments were performed at 24 h.
cytotoxic effects (Figure2C; FiguresS2CandS2D)or stimulate the

generation of ROS (Figure 2D; Table S2). This agrees with the null

effects observed in 5-aminoimidazole-4-carboxamide ribonucleo-

tide (AICAR)-treated DFTD4 cells (Figure 1A), a compound that

phosphorylates and inactivates ACC, suggesting that DFTD4 pro-

liferation does not rely on stimulation of de novo lipogenesis.

Instead, and in support of dependence on glycolysis, DFTD4 cells

exhibited higher ratios of proliferation in high glucose (HG, 25 mM

glucose) conditions but significant lower proliferation in low

glucose (LG, 5mMglucose) conditions,whichmimicked the effect

of 2-DG (Figure 2E). Supplementation of 2-DGwith oleic acid (OA)

or LG with various fatty acids, including OA, a mix of linoleic and

oleicacid (LOA),orpalmiticacid (PA)asanalternativesourceofen-

ergy, did not restore the growth ratios in 2-DG- or LG-treated

DFTD4 cells (Figure 2E; Figure S2E). This suggested that fatty

acids do not substitute for carbohydrates as a source of energy

and cellular scaffolds to sustain the proliferation of DFTD cells.

Both 2-DGand LG (24 h) treatment caused a trend of cell-cycle ar-

rest in the S phase of mitosis (Figure 2F; Table S3), with an alter-

ation in the cellular levels of ROS (Figure 2G; Table S2). Inhibition

of the generation of mitochondrial ATP by targeting ATP synthase

by oligomycin did not suppress proliferation (Figure 2H; Figures

S2F and S2G), suggesting again that DFTD cells exhibit a prefer-

ence for glycolytic metabolism to proliferate. To support this hy-

pothesis, first we questioned whether DFTD4 cellular glucose

metabolism is regulated by mechanisms similar to those in

mammalian cells. For this, we examined the activation of the

AKTpathway in response to insulin, amajor regulatorymechanism

for glucose transport andmetabolism. Analysis of AKT phosphor-

ylation by immunoblot revealed that phosphorylation in both

serine-473 (Ser473) and threonine-308 (Thr308) residues and

sensitivity to insulin are evolutionary conserved in DFTD cells

(Figure 2I). Then, we questionedwhether proliferation of DFTDde-

pends on the activation of AKT signaling, including its effector

phosphatidylinositol 3-kinase (PI3K) and its target mTOR.

Answering this, the AKT inhibitors IX (InhX), MK2206, or GDC-

0068; the PI3K inhibitor Lys294002; and themTOR inhibitors rapa-

mycin and AZD8055 prevented the proliferation of DFTD cells

(Figures 2J–2L; Figures S3A–S3J). Our analysis of the Tasmanian

devil genome revealed the existence of only AKT1 and AKT3

genes, not AKT2. We also deciphered that the devil genome con-

tains both LXR isoform genes, LXRa and LXRb, although gene

expression analysis showed that DFTD cells do not express
ependent experiments were performed.

se (LG, 5 mM) for 48 h alone or in combination with oleic acid (OA, 200 mM) and

ent experiments were performed in duplicate.

+2-DG, and LG. Six independent experiments were performed.

re performed.

rved phosphorylation of AKT in the Thr308 and Ser473 residues in response to

lls not treated with insulin.

, (K) PI3K inhibitor LY294002 (Lys294, 30 mM), and (L)mTOR inhibitor rapamycin

ee experiments) were performed in duplicate.

f three independent experiments showing upregulated AKT phosphorylation in

DMSO) in DFTD4 cells.

ith AKTi (1 mM), MK2206 (10 mM), and GDC-0065 (GDC, 1 mM), PI3K inhibitor

nhibitor AZD8055 (1 mM).

01. The proliferation experiments were performed at 48 h. All other described
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LXRa and only express LXRb (data not shown). First, 24-h treat-

ment with T0901317 did not stimulate the expression of LXRb,

AKT1, or AKT3 (Figure S3K). However, T0901317 increased the

phosphorylation of AKT at the Ser473 residue (Figure 2M). Next,

we assessed whether T0901317 stimulation of DFTD growth de-

pends on AKT signaling. Chemical repression of PI3K, AKT, and

mTORC1 and mTORC2 activities using the diverse inhibitors

described earlier abrogated T0901317-induced stimulation of

the proliferation of DFTD4 cells (Figure 2N). Hence, we postulate

that DFTD cells, like human tumor cells, rely on aerobic glycolysis

rather than oxidative phosphorylation to proliferate in a LXRb- and

AKT-dependent manner.

Cholesterol homeostasis sustains DFTD proliferation
Cells have developed complex mechanisms, including LXR and

24-OHC signaling cascades, to tightly regulate the content, distri-

bution, and metabolism of sterols by balancing intracellular syn-

thesis, dietarycellular uptake, intracellular trafficking, and removal

of cholesterol excess (Parton and del Pozo, 2013; Pommier et al.,

2010; Rothblat et al., 1999; Simons and Ikonen, 2000; Sorrentino

et al., 2014). Conversely, cholesterol constitutes a molecular core

in which the function of receptors and signaling proteins, en-

zymes, protein sorting, and lipid metabolism-related signaling

cascades (i.e., SREBPs and FXRa/LXR) converge to regulate

cell proliferation and apoptosis (Parton and del Pozo, 2013;

Pommier et al., 2010; Silvente-Poirot and Poirot, 2012; Simons

and Ikonen, 2000; Simons and Sampaio, 2011). Upon imbalance,

the signaling cascades underlying cell growth and death might

have key tissue-specific and systemic consequences that can

lead either to tumor growth and metastasis or to regression of

cancer (Calkin and Tontonoz, 2012; Mutemberezi et al., 2016;

Rothblat et al., 1999; Silvente-Poirot and Poirot, 2012; Simons

and Ikonen, 2000). Therefore, with the observed implications of

LXR signaling and cholesterol overloading in DFTD cells, we sug-

gest that targeting cholesterol homeostasis may constitute a

feasible therapeutic strategy against DFTD.

To test this hypothesis, we assessed how sequestration of

membrane cholesterol by b-methyl-cyclodextrin (MCD) affects

the viability and proliferation of DFTD cells. MCD is a water-solu-

ble,membrane-impermeablemolecule that binds free cholesterol
Figure 3. Manipulation of cholesterol homeostasis compromises DFTD

(A) Effect of MCD (0.05%) on DFTD4 cell proliferation by MTT assay. DMSO was

causing 100% toxicity. Five independent experiments were performed in duplica

(B) Dose-dependent effect of MCD on cell proliferation of DFTD4 cells in compa

(C) Cell viability of DFTD4 cells treated with a range of MCD concentrations show

(D) Effect of U18666A (7 mM) on DFTD4 cell proliferation. Four independent expe

(E) Dose-dependent effect of U18666A on cell proliferation of DFTD4 cells in com

(F) Cell viability of DFTD4 cells treated with a range of U18666A concentrations s

(G) Cell-cycle phase analysis (G0/G1, S, and G2/M phases) in DFTD4 cells exp

pendent experiments were performed.

(H) Percentage of DFTD4 apoptotic cells exposed to MCD, cholesterol, and U186

Three independent experiments were performed.

(I) Representative ROS measurement in DFTD4 cells exposed to MCD (0.05%),

independent experiments were performed.

(J) Representative experiment of mitochondrial membrane potential (MMP) in D

(7 mM), as well as their overall quantification. Five independent experiments were

(K) DFTD4 cell proliferation in 10% fetal bovine serum (FBS) or in 10% delipida

without the presence of the T0901317 (2.5 mM) LXR agonist. DMSO is used as a

Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
with high affinity without affecting the cellular cholesterol content

(Rothblat et al., 1999). Incubation of DFTD4 cells in medium con-

taining 0.05%MCD for 48 h caused a significant reduction in the

number of cells (Figure 3A), results that were recapitulated in

DFTD1 and DFTD2 cells (Figures S1E and S1F). Thus, a dose-

response experiment performed in untreated and MCD-treated

DFTD4cells versusFIBsdemonstrated thatMCD impairs thepro-

liferation of DFTD4 cells in a cell-autonomous-specific manner

(Figure 3B). MCD at 0.1%, 0.05%, 0.025%, and 0.0125% signifi-

cantly reduced the number of DFTD4 cells after 48 h, with an EC50

of 0.0099% (Figure 3C). Conversely, with the exception of 0.1%,

at which MCD was cytotoxic, concentrations %0.05 were not

harmful but instead promoted the proliferation of FIBs (Figure 3B).

Both plasma and endomembrane networks depend on choles-

terol trafficking among organelles. Hence, to test whether the

intracellular cholesterol flux compromises the viability of DFTD

cells, we used U18666A, a major inhibitor of the intracellular traf-

ficking of cholesterol (Cenedella, 2009) (Figure 3D; Figures S1E

and S1F). As seen in both MCD-treated and exogenous choles-

terol-treated DFTD cells, U18666A induced suppression of

cholesterol dynamics and compromised the proliferation of the

cells, even at a low concentration (i.e., 3.50 mM). Conversely at

the EC50 of U18666A in DFTD4 cells (2.85 mM, Figures 3E and

3F),U18666A treatmentofFIBs resulted ina trend to increase their

proliferation ratio, which was maintained over decreasing con-

centrations (i.e., 1.63, 0.81, and 0.41 mM) (Figure 3E). Thus, these

results suggest that in a cell-type-dependent manner, cellular

cholesterol balance determines the proliferative capacity of

tumorigenic and non-tumorigenic Tasmanian devil cells by

several mechanisms, which may include those regulating the

crosstalk between the intracellular compartments during the

transduction of signaling cascades and the cellular content of to-

tal and free cholesterol.

Mechanistically, at 24 h of cholesterol sequestration with

MCD, supplementation with exogenous cholesterol, and

U18666A-induced inhibition of the intracellular trafficking of

cholesterol, did not affect cell-cycle progression in DFTD4 cells

(Figure 3G; Table S3). Accordingly, MCD-, cholesterol-, and

U18666A-cholesterol interventions did not induce cell apoptosis

or necrosis in DFTD4 cells (Figure 3H; Table S4). Instead, the
cell proliferation

used as the vehicle control, and 0.1% SDS was used as the positive control,

te.

rison to FIBs. Six independent experiments were performed in duplicate.

ing the EC50 (log 10 scale).

riments were performed in duplicate.

parison to FIBs. Six independent experiments were performed in duplicate.

howing the EC50 (log 10 scale).

osed to MCD (0.05%), cholesterol (120 mg/mL), or U18666A (7 mM). Six inde-

66A was assessed using an annexin V-fluorescein isothiocyanate (FITC) assay.

cholesterol (120 mg/mL), and U18666A (7 mM) and their quantification. Eight

FTD4 cells exposed to MCD (0.05%), cholesterol (120 mg/mL), and U18666A

performed.

ted (lipoprotein-deficient serum [LPDS]) serum-supplemented culture media

vehicle control. Four independent experiments were performed in duplicate.
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number of healthy cells under MCD and U18666A conditions

was similar to the number observed in the untreated DFTD cell

population, whereas cholesterol-treated DFTD cells exhibited a

remarkable increase in the proportion of healthy cells (Figure 3H;

Table S4). Altogether, these data support our proposal that

disruption of cholesterol homeostasis compromises the long-

term viability of DFTD cells. Elevated generation of ROS and

reduction of the mitochondrial membrane potential (MMP) are

both hallmark parameters during cellular stress and under cyto-

toxic stimuli. Rather than augmenting, from all approaches we

assessed to disrupt cholesterol homeostasis (MCD, cholesterol,

and U18666A), only MCD significantly decreased ROS cellular

content (Figure 3I; Table S2), whereas the impact on MMP was

minimum among treatments (Figure 3J; Table S5). This suggests

that cholesterol might regulate the proliferation of DFTD cells via

specific molecular mechanisms. Indeed, T0901317-treated

DFTD4 cells exhibited elevated expression of the HMG-CoA

reductase (HMGCR) gene (Figure 1C), coding the major enzyme

for the synthesis of cholesterol, suggesting that when the choles-

terol levels are below a specific threshold, DFTD cells may try to

activate compensatory mechanisms to maintain a minimum

cholesterol content threshold. Accordingly, culture of DFTD cells

in medium supplemented with delipidated serum (without lipo-

proteins and therefore cholesterol) impairs cell growth and

prevented T0901317-induced proliferation of DFTD4 cells

(Figure 3K).

Pharmacological targeting of cholesterol synthesis by
atorvastatin inhibits DFTD-xenograft tumors’ growth
Reduced intensity of filipin staining in DFTD cells suggested that

MCD treatment reduce the cellular cholesterol, in accordance

with cholesterol overloading (Figure S4A). DFTD cells cultured in

cholesterol-enriched culture media exhibited a stronger intensity

of filipin staining, and U18666A treatment altered the distribution

of cellular cholesterol in comparison toDFTDcells in standardcul-

ture conditions (Figure S4A). Based on the dramatic impact of the

modulationof thecellular cholesterol on the viability andgrowthof

DFTD cells, we assessed the effect of statins, the preferred drugs

used to inhibit cholesterol synthesis to reduce blood cholesterol
Figure 4. Atorvastatin inhibits DFTD cell proliferation and DFTD-xenog

(A) Effect of atorvastatin (Atorv, 15 mM) on DFTD4 cell proliferation after 48 h of ex

was used as the positive control, causing 100% toxicity. Three independent exp

(B) Dose-dependent effect of Atorv on cell proliferation in DFTD4 and compared

(C) Cell viability of DFTD4 cells treated with a range of Atorv concentrations sho

duplicate.

(D) DFTD4 cell proliferation in the presence of the T0901317 (2.5 mM) LXR agoni

dependent experiments were performed in duplicate.

(E) Cell-cycle phase analysis in DFTD4 cells exposed to Atorv (15 mM) or DMSO

(F) Percentage of DFTD4 apoptotic cells exposed to Atorv (15 mM) for 24 h. Thre

(G) Representative ROS measurement in DFTD4 cells exposed to Atorv (15 mM)

(H) Representative experiment of MMP in DFTD4 cells exposed to Atorv (15 mM)

(I) Mitochondrial respiration (OCR) in Atorv-treated FIBs and DFTD4 cells in comp

(J) Glycolytic flux (ECAR) in Atorv-treated FIBs and DFTD4 cells in comparison to

(K) Hematoxylin and eosin staining in 12-day DFTD-xenograft tumors exposed to

within the DFTD-xenograft tumors. Scale bar represents 300 mm.

(L) DFTD-xenograft tumor growth (fold change relative to day 0) exposed to veh

examined over 12 days.

For OCR and ECAR, four independent experiments were performed in five replic

treated cells and are represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p
levels in the treatment of cardiovascular disorders and that have

also been proven to exhibit anti-tumorigenic properties, and the

clinical impact on patients (Cenedella, 2009; Pelton et al., 2014;

Rao et al., 1998; Zhang et al., 2014). Hence, we hypothesized

that statins might also have anti-proliferative (and thus anti-tu-

moral) activity in DFTD cells. Accordingly, atorvastatin reduced

cholesterol content (FigureS4B) anddrastically reduced the num-

ber of DFTDcells in vitro (Figure 4A; Figures S4C andS4D), exhib-

iting minimal overall effects on FIBs (Figure 4B) with an EC50

of 6.66 mM in DFTD4 (Figure 4C). Atorvastatin also prevented

the cell proliferation induced by the LXR agonist T0901317

(Figure 4D), supporting the preceding hypothesis that DFTD cells

might requireminimumcellular cholesterol content to grow. At the

cellular level, 24-h treatment with atorvastatin did not affect the

cell cycle ofDFTDcells (Figure 4E; TableS3). In addition, although

therewas a trend to increaseDFTDcells entering early apoptosis,

the number of atorvastatin-treated DFTD4 healthy cells was

significantly elevated after 24 h (Figure 4F; Table S4), resembling

the effects of MCD, exogenous cholesterol, and U18666A.

Furthermore, atorvastatin did not affect either ROS (Figure 4G;

Table S2) orMMP (Figure 4H; Table S5) in DFTD4 cells.Metabolic

assessment of DFTD cells using Seahorse technology showed

that 24-h atorvastatin treatment caused a blackout of the energy

system in DFTD cells in comparison to FIBs (Figures 4I and 4J).

Although atorvastatin reduced mitochondrial respiration in FIBs,

this was significantly more pronounced and almost completely

ablated in DFTD4 cells. In addition, in a cell-type-dependent

manner, atorvastatin inhibited glycolysis in DFTD4 cells but had

no effect on FIBs (Figures 4I and 4J). Because atorvastatin com-

promises the viability of DFTD cells in vitro, we postulated that it

may be beneficial in the treatment of DFTD tumor growth in vivo.

To test this, and as a proof-of-concept experiment, we examined

the anti-tumorigenic activity of atorvastatin in comparison to

vehicle in DFTD-xenograft tumors induced in nude mice. As re-

ported previously (Montero et al., 2008), atorvastatin (10 mg/kg/

mouse every 2 days for 12 days) did not result in deleterious ef-

fects on mouse health (data not shown). However, histology ex-

amination by hematoxylin and eosin (H&E) staining showed that

atorvastatin treatment increased necrosis in DFTD-xenograft
raft tumor growth

posure by MTT assay. DMSO was used as the vehicle control, and 0.1% SDS

eriments were performed in triplicate.

with FIBs.

wing the EC50 (log 10 scale). Six independent experiments were performed in

st alone or in combination with Atorv in comparison to untreated cells. Six in-

for 24 h. Five independent experiments were conducted.

e independent experiments were performed.

for 24 h. Eight independent experiments were performed.

for 24 h. Six independent experiments were performed.

arison to vehicle (DMSO), represented as fold change of picomoles per minute.

vehicle (DMSO), represented as fold change of milli-pH per minute.

vehicle or Atorv (10 mg/kg/mouse). Red arrows indicate areas of visible fibrosis

icle or Atorv (10 mg/kg/mouse). The progression of ten tumors per group was

ates. Data are shown as mean ± SEM. Statistical analyses are relative to un-

< 0.0001.
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tumors (Figure 4K). Moreover, atorvastatin, significantly reduced

the growth of DFTD-xenograft tumors in vivo (Figure 4L), under-

scoring its therapeutic potential as a treatment against DFTD in

Tasmanian devils.

DISCUSSION

The critical expansion of DFTD threatening the conservation of

the Tasmanian devil has been facilitated by limited comprehen-

sive analysis of the molecular mechanisms driving the prolifera-

tion of DFTD cells. Only recently has it been shown that tyrosine

kinases, DNA repair inhibitors, and ERBB or STAT3 inhibitors

could have therapeutic potential against DFTD (Kosack et al.,

2019; Stammnitz et al., 2018). Here, we have identified that in

a cell-autonomous manner, cholesterol homeostasis exerts an

essential role in regulating the proliferation of DFTD cells. Using

both cellular and molecular biological approaches, we conclude

that for efficient proliferation, DFTD cells maintain tight control of

the mechanisms regulating cellular cholesterol at different levels

(i.e., compartmentalization, synthesis, and uptake). Moreover,

via Seahorse metabolic analysis in DFTD cells, together with

pharmacological manipulation of PI3K/AKT/mTOR signaling,

we provide compelling evidence that the oncogenic impact of

the activation of LXR signaling may occur through the nuclear re-

ceptor LXRb in a cell-type- and oxysterol-type-specific manner

that promotes carbohydrate metabolism in a AKT-dependent

manner. We attempted to provide more supportive insight into

this conclusion via genetic manipulation of DFTD cells using

CRISPR-Cas9 technology (data not shown). Indeed, we were

able to generate AKT1 and LXRb-deficient DFTD4 cells. Howev-

er, DFTD cells happen to exhibit significant cytotoxic sensitivity

toward the transfer of genetic material and genetic manipulation.

Transfection strategies (lipofectamine and other similar re-

agents) of vectors overexpressing GFP- or hemagglutinin (HA)-

tagged AKT isoforms resulted in cellular death (data not shown).

Similar results occurred when we attempted to transfect vectors

expressing Cas9 protein complexed with single guide RNAs

(sgRNAs) targeting AKT1, AKT3, or LXRb. We were partially suc-

cessful using electroporation and generated DFTD cell pooled

populations lacking AKT1 (83%) or LXRb (55%) wild-type

sequence in comparison to control DFTD cells transfected with

sgRNAs against the ROSA (ROSA26) locus, which only exists

in mice, so it is commonly used as a non-targeting control. How-

ever, electroporation caused loss of proliferative capacity and

sensitivity to T0901317 over several cell passages. We also

observed this phenotype in electroporated DFTD cells without

sgRNA. We emphasize that generation of DFTD cells deficient

in key genes for their proliferation is crucial to full comprehension

of the mechanisms driving the development of DFTD in Tasma-

nian devils. Our results warrant investigation to optimize proto-

cols that apply CRISPR-Cas9 technologies in DFTD cells.

Nevertheless, we believe that the results presented in this study

constitute a significant step forward in our molecular under-

standing of the nature of the proliferation of DFTD cells, mainly

when activation of LXR signaling via agonists and 24-OHC has

been proven to exhibit tumor suppressor properties in human

cancer cells, particularly from the brain (i.e., glioblastoma).

Thus, this study suggests that cholesterol, LXRb, and the cellular
10 Cell Reports 34, 108851, March 16, 2021
machinery for DFTD cell growth constitute an intricate molecular

network that differs from the canonical signaling axis observed in

human cancer cells (Bensinger et al., 2008; Bovenga et al., 2015;

Villa et al., 2016) and that requires low cholesterol content to

stimulate DFTD growth. However, reduced DFTD cell growth in

response to sequestration of free cholesterol and inhibition of

the biosynthesis, as well as intracellular trafficking of cholesterol,

suggests that to proliferate, DFTD cells require a minimum

cellular cholesterol content threshold and communication

among the intracellular pools of cholesterol.

Cell-type-dependent sensitivity to oxysterol reveals that DFTD

cells exhibit oxysterol-LXR signaling heterogeneity. 24-OHC is a

prominent pro-oncogenic LXR-ligand, the activities of which in

DFTD cells may be explained by the common neuronal cellular

origin shared between 24-OHC and DFTD cells. Although DFTD

cells originated from Schwann cells, 24-OHC is known as a

brain-derived oxysterol or cerebrosterol because of the high

expression levels of cholesterol 24-hydroxylase (CYP46A1), the

enzyme responsible for 24-OHC synthesis, in neurons (Lo Sasso

et al., 2010). Moreover, because 25-OHC and 27-OHC exhibited

null pro-oncogenic or repressive activities on cell proliferation,

we postulate that LXRb signaling might exert a dual role in the

progression of DFTD.

Although these data provide a mechanistic model to better un-

derstand DFTD progression, experiments in DFTD-xenograft tu-

mors in vivo demonstrate that statins may constitute a potential

therapeutic approach to treat DFTD disease and therefore

contribute to the conservation of the Tasmanian devil species.

This is in agreement with studies in cultured human tumor cells,

human cancer mouse models, and clinical trials, which together

have recommended that statins may work as anticancer drugs

or as adjuvants in combination with standard antitumoral thera-

pies (Jiang et al., 2014; Nielsen et al., 2012; Tsan et al., 2012)

and hence validate the feasibility of applying our approach in

further in vivo studies in Tasmanian devils. Moreover, the

data obtained in vitro suggest that targeting carbohydrate meta-

bolism and even de novo lipogenesis via treatment with C75

may constitute feasible approaches against DFTD. 2-DG and the

AKT inhibitors MK2206 and GDC-0068 are being used in clinical

trials against solid tumors (Prêtre and Wicki, 2018; Raez et al.,

2013), whereas the mTOR inhibitor rapamycin and the FDA-

approved rapamycin analogs (rapalogs) have already been pro-

posed as therapeutic regimes against various solid and

soft tumors (Li et al., 2014). C75 is more controversial, because

its anti-tumorigenic effects emerge from the accumulation of ma-

lonyl-CoA rather from the inhibition of lipogenesis (Thupari et al.,

2001), which is in agreement with our data showing

opposite results from C75- and TOFA-treated DFTD cells. There-

fore, warranting further in vivo investigations, we postulate that

biochemical approaches to manipulate cholesterol-dependent

DFTD cell proliferation via statins alone or in combination with 2-

DG, AKT inhibitors, rapamycin/rapalogs, or C75 may prevent, or

at least reduce, the progression ofDFTD,whichmay greatly assist

in ongoing management plans for the conservation of the Tasma-

nian devil species. In summary, although implementation of these

strategies in wild Tasmanian devils may constitute a significant

challenge, we believe that validation of the therapeutic potential

of statins (atorvastatin) and drugs targeting carbohydrate
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metabolism in diseased animals in captivity would be a beneficial

alternative approach, in conjunction with current management

strategies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Total AKT Cell signaling Cat#4685; AB_2225340

Phosphorylated AKT Serine-473 Cell signaling Cat #4060; AB_2797780

Phosphorylated AKT Threonine-308 Cell signaling Cat #4056; AB_331163

Donkey Anti-Mouse IgG Antibody, HRP

conjugate,

Sigma-Aldrich Cat#AP192P

HRP-conjugated Anti-Rabbit IgG

Concentrate

Sigma-Aldrich Cat#RABHRP1

Anti-actin Proteintech Cat# 60008-1

Chemicals, peptides, and recombinant proteins

b-methyl-cyclodextrin Sigma-Aldrich C4555

Water-soluble cholesterol Sigma-Aldrich C4951

U18666A Cayman Chemicals 10009085; CAS: 3039-71-2

Atorvastatin Sigma-Aldrich Y0002229

Ly294002 Sigma-Aldrich L9908

C75 Cayman Chemicals 9000783; CAS: 1234694-20-2

TOFA Cayman Chemicals 10005263; CAS: 54857-86-2

2-Deoxyglucose Sigma-Aldrich D8375

T0901317 Cayman Chemicals 71810; CAS: 293754-55-9

Fulvestrant Cayman Chemicals 10011269; CAS: 129453-61-8

Aicar Cayman Chemicals 10010241; CAS: 3031-95-6

Metformin Cayman Chemicals 13118; CAS: 1115-70-4

EX527 Cayman Chemicals 10009798; CAS: 49843-98-3

GW4064 Cayman Chemicals 10006611; CAS: 278779-30-9

Wy14643 Cayman Chemicals 70730; CAS: 50892-23-4

H-89 Cayman Chemicals 10010556; CAS: 130964-39-5

ML265 Cayman Chemicals 13942; CAS: 1221186-53-3

NSC23766 Cayman Chemicals 13196; CAS: 1177865-17-6

AZD8055 Cayman Chemicals 16978; CAS: 1009298-09-2

GDC-0068 Cayman Chemicals 18412; CAS: 1001264-89-6

MK2206 Cayman Chemicals 11593; CAS: 1032350-13-2

Rapamycin Cayman Chemicals 13346; CAS: 53123-88-9

8-Bromo-cyclic AMP (8Br-cAMP) Cayman Chemicals 14431; CAS: 76939-46-3

DLPC Cayman Chemicals 11023; CAS: 18194-25-7

NSC23766 Cayman Chemicals 13196; CAS: 1177865-17-6

Nicotinamide (NAM) Sigma-Aldrich N0636; CAS: 98-92-0

Clostridium botulinum ADP-

ribosyltransferase C3

Cytoskeleton, Inc CT03

Carboxy-H2DCFDA Invitrogen C400

24(S)-Hydroxycholesterol (24-OHC) Avanti Polar Lipids 700071P: CAS: 474-73-7

25(S)-Hydroxycholesterol (25-OHC) Avanti Polar Lipids 700019P: CAS: 2140-46-7

27(S)-Hydroxycholesterol (27-OHC) Avanti Polar Lipids 700021P: CAS: 20380-11-4

PitStop2 Abcam AB120687: CAS: 1419093-54-1

Dyngo Abcam AB120689: CAS: 1256493-34-1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Propidium iodide (PI) Sigma-Aldrich P4170; CAS: 25535-16-4

DMSO Sigma-Aldrich D8418; CAS: 67-68-5

Ultraglutamine LONZA H3BE17-605E/U1

AmnioMAXTM-C100 (1X) Basal Medium Invitrogen 17001082

Glucose Sigma-Aldrich G8270; CAS: 50-99-7

Sodium Pyruvate Solution LONZA H3BE13-115E

Oligomycin Agilent 103015-100; CAS: 579-13-5

Carbonyl cyanide-p-

trifluoromethoxyphenylhydrazone (FCCP)

Agilent 103015-100; CAS: 370-86-5

Rotenone Agilent 103015-100; CAS: 83-79-4

antimycin Agilent 103015-100; CAS: 1397-94-0

Filipin III Sigma-Aldrich F4767; CAS: 480-49-9

LPDS Sigma-Aldrich LP4

Penicillin/streptomycin Sigma-Aldrich P4333

Sodium dodecyl sulfate Sigma-Aldrich L3771; CAS: 151-21-3

L- Glutamine Sigma-Aldrich G3126; CAS: 56-85-9

Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich M2128; CAS: 206-069-5

Neon transfection buffer R Invitrogen Cat#MKP1025

Cas9 Invitrogen Cat#A36498

Protease Inhibitors Roche Diagnostics COEDTAF-RO

Phosphatase Inhibitors cocktail Roche Diagnostics P2850

Rhodamine 123 Sigma-Aldrich R8004; CAS: 62669-70-9

Critical commercial assays

Annexin V-FITC Apoptosis detection kit BD Biosciences Cat#556547

Amplex� Red Hydrogen Peroxidase assay

kit

Molecular Probes, Invitrogen Cat#A22188

Amplex� Red Cholesterol Assay Kit Molecular Probes, Invitrogen Cat#A12216

SensiFAST kit Bioline Cat#BIO-65054

Pierce ECL Western Blotting Substrate kit Pierce Cat#34095

Seahorse XF Cell Mito Stress kit Agilent Cat#103015-100

Deposited data

Raw data western-blots Mendeley 10.17632/44ky4hzhcw.1

Experimental models: cell lines

DFTD1 Department of Primary Industries, Parks,

Water and Environment (DPIPWE), State

Government of Tasmania, Australia

N/A

DFTD2 Department of Primary Industries, Parks,

Water and Environment (DPIPWE), State

Government of Tasmania, Australia

N/A

DFTD4 Department of Primary Industries, Parks,

Water and Environment (DPIPWE), State

Government of Tasmania, Australia

N/A

FIBS Department of Primary Industries, Parks,

Water and Environment (DPIPWE), State

Government of Tasmania, Australia

N/A

Experimental models: organisms/strains

Nude mice Australian Resources Centre BALB/c-Foxn1nu/Arc

Oligonucleotides

Alt-R CRISPR Cas9 sgRNA AKT1

50-GGCCACAAGATGTGGACCAG-30
IDT N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alt-R CRISPR Cas9 sgRNA AKT3

50-TATAGAACGAACATTTCATG-30
IDT N/A

Alt-R CRISPR Cas9 sgRNA LXRb

50-GCGGCGCTACAACCACGAGA-30
IDT N/A

18S Forward 50-
AGCGGCTGAAGAAGATACGG -30

IDT N/A

18S Reverse 50-
TTGGACACACCCACAGTACG -30

IDT N/A

Actin Forward 50-
TGTGCGACGAAGACGAGAC -30

IDT N/A

Actin Reverse 50-
GACCCATACCCACCATGACG -30

IDT N/A

ABCG1 Forward 50-
AGACCATGGCTGATGTTCCC -30

IDT N/A

ABCG1 Reverse 50-
AGAGACTGAGCCACCAGTGA -30

IDT N/A

FASN Forward 50-
CGCTGTCCCAAGGGTATTGT -30

IDT N/A

FASN Reverse 50-
GCAAATACCCCCTCAGCCTT -30

IDT N/A

SREBP1c (SREBP) Forward 50-
GGCGGGGCTACACCTGCCTTCCA -30

IDT N/A

SREBP1c (SREBP) Reverse 50-
ACCAGCCCCCTCCTCCTCCTCCT -30

IDT N/A

HMG-CoA-REDUCTASE Forward 50-
GCCTGTTCCTGTTGGAGTAGCAGGGC

-30

IDT N/A

HMG-CoA-REDUCTASE Reverse 50-
ACAGCCTTCAGTGGTGGCCATAGGGA

-30

IDT N/A

ABCG8 Forward 50-
AGAAGGTCAAGTCCCTCGCTGCCTTGT

-30

IDT N/A

ABCG8 Reverse 50-
TCGGGCATCTGCCTCCAAGAAGCAACT

-30

IDT N/A

Software and algorithms

ADOBE Photoshop CC3 ADOBE N/A

FlowJo (LCC Ashland, Oregon, US) FlowJo, LCC Ashland, Oregon, US N/A

LAS V413 Fluorescence software Leica N/A

GraphPad Software, Inc version 8 GraphPad N/A

ImageJ NIH N/A

Other

Leica DMIL LED epifluorescence

microscope

Leica N/A

Neon Transfection System Invitrogen Cat#MKP5000

BD LSR Fortessa 5 analyzer BD Biosciences N/A

BD fluorescence-activated cell sorter

(FACS) Canto II

BD Biosciences N/A

Microplate reader BIOTEK PowerWave XS Biotek N/A

Seahorse XFe96 analyzer Agilent N/A

ZOE Fluorescent Cell Imager BioRad N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Manuel A.

Fernandez-Rojo (manuel.fernandez@imdea.org).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement and

after separate agreements with DPIPWE and the State of Tasmania.

Data and code availability
Raw data regarding western blots in this manuscript have been deposited in Mendeley under the reference 10.17632/44ky4hzhcw.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies
Ten females seven-week old BALB/c nude mice were maintained with ad libitum food and water availability and standard housing

guidelines at the QIMR Berghofer Institute. The mice were injected subcutaneously (s.c.) with approx. 6 3 106 DFTD4 cells in

both flanks to develop two tumors per mouse. Four-five weeks later, when the tumors were at palpable size, we initiated treatment

with atorvastatin (10 mg/kg/mouse). Briefly, mice were divided in two groups of five, that corresponded to ten tumors per group (i.e.,

two tumors per mouse), which were treated with vehicle (PBS) or atorvastatin. Every two days and for a total of twelve days, mice

were injected intraperitoneal (i.p.) with either atorvastatin or PBS in a final volume of 100 ml. We assessed the impact of atorvastatin

on tumor growth as previously described (Ikonomopoulou et al., 2018). The concentration chosen for atorvastatin is reported in the

literature to be innocuous when administered at 10mg/kg daily for 42 days by i.p. in nude mice (Zheng et al., 2010). The effects of

atorvastatin on tumor progressionwere estimated by calculating the fold-change in size versus the initial size prior to the first injection

of atorvastatin (day 0). At the end of the experiment, mice were euthanised with CO2 and tumors were harvested for histology (He-

matoxylin and Eosin staining). The animal experimental procedure was assessed and approved by the QIMR Berghofer MRI Insti-

tute’s ethics committee (Project number: P2290 and ethics committee approval number: A1703-603M).

METHOD DETAILS

DFTD cell lines and cell culture
All DFTD (DFTD1, DFTD2 and DFTD4) and fibroblast (FIBS) cell lines were obtained from the Department of Primary Industries, Parks,

Water and Environment (DPIPWE), State Government of Tasmania, Australia, and were established as part of a management plan

and adhered to a standard operating practice. Information on the devil cell lines is provided in Fernandez-Rojo et al. (2018). Devil

Facial Tumor cancer cell lines, and the control Tasmanian Devil fibroblast (FIBS) healthy cell line weremaintained in a humidified incu-

bator at 35�C and 5% CO2. The DFTD strains were cultured in RPMI-1640 media that was supplemented with 10% FCS, and 2mM

GlutamaxTM. The FIBS was grown in GIBCO AmnioMAX-C100 Basal Medium liquid, containing AmnioMAX-C100 Supplement. Peni-

cillin/streptomycin (PS) (100U/ml each) was added in all media. Cells were passaged at approximately 90% confluency. Functional

studies were performed with passages up to 20. All cell lines were mycoplasma free (QIMR Berghofer, Scientific Services, AU).

Cell viability
Cell viability was measured by MTT as previously described (Fernandez-Rojo et al., 2018). In brief, 8000 (DFTD) and 5,000 (FIBS)

cells/well were seeded in a 96-flat adherent microtiter well plate for 24 h to allow cell adhesion. MCD, cholesterol, U18666A, ator-

vastatin or other drugs were then added and MTT reduction was measured after 48 h at 540 nm absorbance in a microplate reader

(BIOTEKPowerWave XS). 0.1%Sodiumdodecyl sulfate (SDS) was used as a positive control (100% toxicity). A row of untreated cells

was used to define 100% viability and blank wells containing only media were used to extract background. The concentration of

MCD, cholesterol, U18666A or atorvastatin causing 50% inhibition (EC50) in DFTD and FIBS cells was determined using GraphPad

Software, Inc (US).

Seahorse glycolysis and mitochondrial respiration flux analysis
Tomeasure key parameters of mitochondrial function bymeasuring the oxygen consumption rate (OCR), we seeded 43 104 and 2$x

104 cell/well in 100 mL of DFTD and FIBS cells respectively, in a XF96Cell CultureMicroplates pre-coatedwith collagen (0.9mg/ml). 24

hours later, the cells (four wells/treatment/replicate) were exposed to TO901317 (1mM), 24-OHC (10mM) or atorvastatin (15mM) in

100 mL/well RPMI 1640 with Ultraglutamine 1 and 25 mM HEPES media (Lonza) in case of the DFTD cells and 100 mL/well Amnio-

MAXTM-C100 (1X) Basal Medium in case of the FIBS cells.

The following day, the existent media was replaced by 180 mL/well Seahorse XF basemedium (pH 7.4) with 15 mMGlucose, 1 mM

Pyruvate, 2 mM Glutamine, and the corresponding concentrations of each treatment (Control DMSO (0.001% (v/v)); Control
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Methanol (0.004% (v/v)); Atorvastatin (15 mM); T090 (1 mM); 24 OHC (10 mM)) and cells were further incubated into a 37�C non-

CO2 incubator for 1 hour. Meanwhile, injections were prepared using the Seahorse XF basemedium supplemented as detailed above

and 2 mM Oligomycin (port A), 0.3 mM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, port B) and 0.5 mM Rotenone/

antimycin (port C) (final well concentration). Then, the plate and the cartridge were placed in the Seahorse XFe96 analyzer where the

cycles of measurement involved 3 min mixing, 3 min waiting and 3 min measuring prior to the first injection and also after each in-

jection. The measurement data were analyzed following the Seahorse XF Cell Mito Stress Test Equations & Example Calculations.

To test glycolytic function in cells by directly measuring the extracellular acidification rate (ECAR), both type of cells, DFTD and

FIBS, were seeded and treated as to measure OCR. The day of the analysis, the existent media was replaced by 180 mL/well Sea-

horse XF basemedium (pH 7.4) supplemented with 0.5mMPyruvate, 1mMGlutamine and the corresponding concentrations of each

treatment (Control DMSO (0.001% (v/v)); Control Methanol (0.004% (v/v)); Atorvastatin (15 mM); T090 (1 mM); 24OHC (10 mM)) The cell

culture microplate was placed into a 37�C non-CO2 incubator for 1 h. The injections were prepared using the detailed medium and

10 mMGlucose (port A), 1 mMOligomycin (port B) and 50 mM 2-Deoxy-D-glucose (2-DG, port C) (final well concentration). The mea-

surements were executed and analyzed in the same way as in the OCR analysis. For both assays, each treatment was replicated in 4

wells and 3 to 5 complete assays were performed.

Filipin staining
DFTD4 cells in glass coverslips were fixed in PFA 4% for 1 hour, followed by three washes in PBS, then incubated in Filipin solution (1/

500 dilution in PBS from a stock of 10 mg/ml) for 30minutes. Afterward, coverslips werewashed in PBS and set in glass slides. Images

were taken using Leica DMIL LED epifluorescence microscope and using the LAS V413 Fluorescence software. Panel figures were

set using ADOBE photoshop.

Knockout of LXRb, AKT1 and AKT3 in DFTD4 cells
For CRISPR-Cas9 targeting of DFTD4 cells the following sgRNA sequences were ordered from IDT (Alt-R CRISPR Cas9 sgRNA):

AKT1 50-GGCCACAAGATGTGGACCAG-30, AKT3 50-TATAGAACGAACATTTCATG-30, LXRb 50-GCGGCGCTACAACCACGAGA-30.
For RNP complex formation, 2.5 mg Cas9 (Invitrogen, #A36498) and 2 mg of each sgRNA were incubated for 5min at 37�C in

10 mL Neon transfection buffer R (Invitrogen, #MKP1025). 23 10̂ 5 DFTD4 cells were resuspended in RNP transfection mix and elec-

troporated using theNeon Transfection System (Invitrogen, #MKP5000) under the following conditions: Voltage = 1500, Pulsewidth =

20, Pulse numbers = 2. Cells were placed in warm media immediately after electroporation. When cells were sufficiently confluent,

genomic DNA was extracted to assess InDel formation using Next Generation Sequencing analysis. Cells were observed for their

proliferative potential alongside parental DFTD4 cells. For imaging of the DFTD we used the ZOE Fluorescent Cell Imager from Bio-

Rad and captured images under bright field. The scale bar in each image is 50 microns.

Western blots
DFTD4 cells were lysed in cold RIPA buffer containing protease (Merck Pty Ltd, Kilsyth, Australia) and phosphatase (Roche Diagnos-

tics, Castle Hill, Australia) inhibitors and stored at�20�C. Protein concentrations were determined using a Pierce BCA Protein assay

kit (Thermo Fisher Scientific). Samples were subjected to SDS-PAGE and blotted according to standard procedures. In brief, 10 mg of

protein was loaded per lane. Antibodies used for western blots are Phosphorylated AKT Threonine-308, Phosphorylated AKT Serine-

473 and Total AKT (Cell signaling) and HRP-secondary antibodies (Sigma). Protein signals were visualized using enhanced chemi-

luminescence (Pierce ECL Western Blotting Substrate).

Cell cycle
DFTD4 cells were synchronized by removing serum from themedia for ~24 h. Complete media was then added into cells treated with

MCD, cholesterol, U18666A or atorvastatin for 24 hours. Cell cycle protocol is described in detail in Fernandez-Rojo et al. (2018). Cell

pellets that were stained with 10 ml of propidium iodide (PI) (1 mg/ml) were analyzed at a maximum emission of 605 nm by BD LSR

Fortessa 5 analyzer (BD Biosciences). Approximately 10,000 events were recorded, and data were analyzed using FlowJo software

v10.06 (FlowJo, LCC Ashland, Oregon, US).

Cell apoptosis
Apoptosis in DFTD4 cells treated with MCD, cholesterol, U18666A or atorvastatin were measured by the BD fluorescence-activated

cell sorter (FACS) Canto II high throughput system (HTS, BDBiosciences, San Diego, CA) using the Annexin V-FITC Apoptosis detec-

tion kit as previously described in Fernandez-Rojo et al. (2018). Briefly, cells were seeded at a density of ~100,000 in a round-bottom

96-well plate and treated with MCD, cholesterol, U18666A or atorvastatin for 24 hours. Cells were stained simultaneously with FITC-

labeled annexin V and propidium iodide (PI) for 30 minutes in the dark and at room temperature before been analyzed using FlowJo

software v10.06 (FlowJo, LCC Ashland, Oregon, US).

Reactive oxygen species
Amplex�RedHydrogenPeroxidaseassay kit (Invitrogen, AU)wasused tomeasureROSgenerationdue toMCD,cholesterol,U18666A,

C75, TOFA, HG, HG+2DG, LG or atorvastatin-treated DFTD4 cells for 24 h as we previously described in Fernandez-Rojo et al. (2018).
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Fluorescent cells were analyzed by BD FACSCalibur flow cytometer (BD Biosciences, San Diego, CA) using an excitation and emission

wavelength at 492 nm and 517 nm, respectively. The obtained data were analyzed using FlowJo (LCC Ashland, Oregon, US).

Mitochondria membrane potential
We measured mitochondria membrane potential (MMP) using Rhodamine 123 (Rhod-123), a cationic dye that is localized in

mitochondria to assess the effect of MCD, cholesterol, U18666A or atorvastatin after 24 h of exposure as previously described

(Fernandez-Rojo et al., 2018) and by flow cytometry (BD Biosciences, San Diego, CA, US). Data were analyzed using FlowJo

(LCC Ashland, Oregon, US).

Real time PCR
Total RNAwas isolated fromboth control and treated DFTD4 cells by using an RNeasy kit (QIAGEN, #74106) and cDNA synthesis was

performed using SensiFAST kit (Bioline) according to manufacturer�s protocol. Quantitative real-time PCR was completed using an

Applied Biosystems 7900HT Fast Real-Time PCR System. For analyses, the gene expression levels were normalized to the mRNA

expression levels of Tasmanian devil 18S used as housekeeping gene. All primers used in this manuscript are listed in the key

resources table.

Measurement of the cholesterol content
Cholesterol content was measured in cell lysates of control (DMSO) and 24 hours treated (T0901317) cells using the Amplex� Red

Cholesterol Assay Kit (Molecular Probes, Invitrogen), according to the manufacturer’s instructions. The results were normalized to

total cellular protein which was quantified using a BCA kit and following the manufacture�rs guidelines.

QUANTIFICATION AND STATISTICAL ANALYSIS

In the viability experiments, we used One-Way ANOVA to assess differences due to drugs at various concentrations as well as per-

mutation test for changes between DFTD versus FIBS in dose response experiments. To examine for changes among cell cycle

phases, and if the data were normally distributed (i.e., Shapiro-Wilk or Kolmogorov-Smirnov test to examine normality), we used

One-Way ANOVA. HG, HG+2DG, LG; PreG0 and G0/G1 phases were not normally distributed and neither were the PreGo phases

for MCD, Chol and U18666. Thus, for these comparisons we used the non-parametric Kruskal-Wallis test. Changes in cell cycle

phases due to atorvastatin treatment were examined by an unpaired t test. We used One-Way ANOVA to assess alterations among

% of cell populations (i.e., healthy, early apoptotic, late apoptotic or necrotic) due to MCD, cholesterol and U18666A as well as un-

paired t test for changes due to atorvastatin. ROS levels for HG and HG+2DG were examined by an unpaired t test while HG with LG

by the nonparametric Mann-Whitney test. In addition, ROS changes for MCD and U1866 as well as control versus C75 treated cells

were assessed by One-Way ANOVA. Variations caused by Cholesterol or TOFA were determined via the nonparametric Mann-Whit-

ney test. The impact of atorvastatin on ROSwas examined by an unpaired t test. One-way ANOVAwas used to assess discrepancies

for the mitochondrial membrane potential between MCD and cholesterol in response to control cells and Mann-Whitney nonpara-

metric test for differences between control and U18666 treated cells as well as control and atorvastatin. In addition, we assessed

differences from the seahorse experimental parameters, the alterations in gene expression levels and cholesterol content changes

by unpaired t tests. The data are shown as themean ± standard error. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 are considered

statistical significance. All experiments are the results of at least three independent experiments with three replicates each unless

indicated otherwise. The average data of the experiments (e.g., cell cycle, ROS, MMP and apoptosis) are given in Tables S2–S5.

Note that more statistical details and outcomes are provided in the appropriate result section and the figure legends. Finally, for

the Animal Studies, we used the permutation test to evaluate differences in the tumor progression between atorvastatin-treated

and vehicle-treated mouse groups for the duration of the experiment (*p % 0.05).
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