UNIVERSITA DEGLI STUDI DI GENOVA

SCUOLA DI SCIENZE MEDICHE E FARMACEUTICHE

CORSO DIDOTTORATO DI RICERCA in EMATO ONCOLOGIA BMEDICINA INTERNA
CLINICO-TRASLAZIONALE - CURRICULUM GERONTOLOGIA, FISIOPATOLOGIA

DELLE MALATTIE GERIATRICHE E MEDICINAANTI-AGING (XXXIV CICLO)
TESI DI SPECIALIZZAZIONE

PERIODIC FASTING AS A TOOL FOR DRUG REPURPOSING: ENHANCEMENT OF
CHOLESTEROL BIOSYNTHESIS INHIBITORS ANTITUMOR EFFECTS VIA

DIETARY RESTRICTION

Relatore:

Prof. Alessio Nencioni

Candidato

Amr Khalifa

ANNO ACCADEMICO 20212022



INDEX

1. ABSTRACTeéeéeéeéeeceeceeceéeceéeéeéeéeéee 3
1. | NTRODUCTI ONééeéeéeéeéeeeeeecéeéeée 4
1.1 DI ETARY APPROACHES I N CANCER é.. 5

1.2 GASTROI NTESTI NAL (GlI) CANCERéeée 15
13PANCREATI C DUCTAL ADENOCARCI NOMA ( F 15

14COLORECTAL CANCER (CRC) éeéeéeéeeéeéeée 18

2. PURPOSE OF THE STUDYéeéeéeeéeeéeeée 29
3. METHODSééééeeeeéée. .  eééeeeceééeeeeé 30

,,,,,,,,,,,,,,,,,,,,,,,,,,

4 . RESULTSéééééééeéeéeéeéeéeéeéeéeéeéeéeéeéeéeéeéeéeéé 40
5. DISCUSSION ANDCONCLUBE ONé ééeéeécecéceceéee. éeéeéeé 56

///////////////////////

6 . REFERENCESéééeéeéeéeeeeeeeeeeeeéeeeeéeeéeeée 59



1. ABSTRACT

Drug repurposing through fasting could pinpoint new cancer cell liabilities and define new
treatment options. By screening over 800 approved drugs in PK9 pancreatic ductal
adenocarcinoma (PDAC) cells, we identified azoles, inhibitors of cholesterol tiesig)tas
agents whose cytotoxic activity against cancer cells was synergistically enhanced by starvation
conditions. We hypothesized that starvation and azoles would cooperate by blunting cholesterol
production in PDAC cells. Interestingly, we found otbleolesterol inhibitors had their antitumor
effects strongly enhanced by starvatilbnaddition, ombined starvation and cholesterol inhibitors
reduced tumor growth in gastrointestinal mouse models and intracellular cholesterol leviels both
vitro andin vivo. Furthermore, rathylbetacyclodextrin, which depletes intracellular cholesterol,

and starvation showed a synergistitotoxic effectagainstCapanl and MIA PaCa2 cells
(another PDAC cell line). Adding back cholesterol or LDL in gastrointestinahot
cells/xenografts prevented the synergistic interaction between starvation and cholesterol inhibitors.
Combined therapy inhibited pAKT (partially restored with LDL dzlitk) whereas, its antitumor
activity was abolished by the simultaneous supplementatith circulating growtkpromoting
factors(IGF1, insulin, and leptin)n addition, combined therapy reduced mitochondrial oxidative
phosphorylation (OXPHOS) and energy status in gastrointestinal tumor xenografts, whereas
cholesterol restoration abdfiss this effect. Taken together, these findings support the rationale
for conducting clinical studies to assess the safety, feasibility, and activity of combining periodic

cycles of fasting with inhibitors of cholesterol biosynthesis in cancer patients.



1. INTRODUCTION

One key issue that cancer treatment currently faces consists in its extremely substantial costs, high
attrition ratesanddeliberate pace of traditional drug discovery which are all becoming hard to
sustain by health care systendentifying oncological applications for drugs that are already
approved for other medical indications, drug repurposing, is considered to be a possible solution
for such an issu@l). Indeed, wHe it is estimated that the costs of designing, testing, and bringing

to the market a new drug typically exceed 10 billion dollars, bringing a repurposed drug to market
was calculated to cost 300 million US dollars on aver@ge3). An additional advantage of
repositioning agents is that the time needed for translating discovery into a possible therapy is
much shorter since old drugs have normally already passechtinials and FDA/EMAapproval,

leading to a speedp of the entire process, but also to higher predicted safety compared to a newer
agent (1, 3) There is strong hope that metabolic/dietary interventions hellp with drug
repurposing in oncologf4) and indeed here our recent findings indicate that fafiasgd dietary
regimens may well succeed in unleashing antiproliferative/anticancer effects of already approved

drugs

Dietary and lifestyleelated factors are key determinants of the rislenfeloping cancer, with
certaincancers being more dependent on dietary habits than @88}sConsistent with this
notion, obesity was independently associated with subsequent cancer mortality in seven
prospective cohort studies from the U.S., Australia, and Finla@}l leading to guidelines on
nutrition and physical activity for reducing the risk of developing caf@®ein addition, given the
emerging propensity of cancer cells, but not of normal tissues, to disobgyamitih signalg€11)

and ther inability to properly adapt to fasting conditio(f2, 13) there is growing interest in the

possibility that certain calormited diets could also become an integral part of cancer prevention



and, perhaps, of cancer treatmentaseans to increase efficacy and tolerability of anticancer
agentq12-14). To date, the main treatment options for cancer include surgery when possible and
chemotherapy and/or radiotherapy, plus taggetcific drugs such as tyrosine kinase inhibitors,
immunotherapy, hormone therapy, and others. Treatment ptaisnisually guided by tumor type

and stage and available resources. Although these novelsaegstic drugs may largely replace
chemotherapy and radiotherapy, traditional treatments are unlikely to be phased out for decades.
In addition, the high cosif many novel cancer therapies such as immunotherapy will limit their
availability to a large portion of the world population, making chemotherapy a viable treatment
option for many years to come. Most chemotherapeutic drugs target rapidly dividing aaiscer

but can also damage normal cells (e.g., bone marrow, gastrointestinal tract, heart, hair follicle)
generating various side effects including myelosuppression, fatigue, vomiting, diarrhea, and even,
in some cases, death. This greatly limits the useh&motherapy and treatment remains
suboptimal(15). Thus,somedietary approachgd able 1)have the potential to both promote the
protection of normal cells against chemotherapy, radiotherapy, and other treatments and enhance

their efficacy by generating a hostile environment for cancer cells.

1.1 DIETARY APPROACHES IN CANCER

1.1.1 Fasting

The dietary approaches basedpamiodicfasting[or shortterm starvation (ST$}hat have been
investigated mar extensively in oncology, botbreclinically and clinically, include watemly
fasting (abstinence from all food and drinks except for water)naodified fastingi.e. vegan,
very low-calorie, lowsugar, lowprotein diets that typically last two-five days. Modified fasting
regimens include medical food kitss u ¢ h  afastingmimécking diet (FMD) that was

developed by the University of Southern California sgiincompany, ENutra (12, 13, 16, 17)



Preclinical data indicate thaagtingshouldprotect normal cells that, when nutrients are absent,
canreallocate energy from reproduction and growth processes toward maintenance pathways.
According to the model proposed by the Longo this, switch to a protected mode is not possible

for cancer cells because oncogenes stimulate continued growth, preventing the activation of stress
resistancePreliminary clinical data indicate that a fast of at least 48 hours may be required to
achieve Bnically meaningful effects in oncology, such as preventing chemothendpged DNA
damage to healthy tissues and helping to maipatient quality of life duringhemotherapyl8-

20).

In a clinical study of 3 monthly cycles of aday FMD in generally healthy subjects, the diet was

well tolerated and reduced trunk and total body fat, blood pressudimsulin-like growth factor

1 (IGF1) levels (21). In previous oncological clinical trials, fasting orodified fastinghave
typically been administered every8weeks, for example, in combination with chehevapy
regimens, and their duration has ranged between 1 and JXd&86, 2224). Importantly, no
serious adverse events (level G3 or above, according to Common Terminology Criteria for

Adverse Events) were reported in these studies

1.1.2 Ketogenic diets

Ketogenic diets (KDsgonsists of high fat (55%60%), moderate protein (30%35%), and low
carbohydrate§5% - 10%) (25-27). In humans, a K@lecrease&5F1, glucoseand insulin levels,
thoughthese effects are affected by tigpesandlevels ofproteinandcarbohydrates in thdiet

(28). Notably KDs may be effective for preventing the increase in glucose and insulin that
typically occurs in response tohosphatidylinositol &kinase (PI3K)inhibitors, which vere
proposed to limit their efficac{29). KDs, as single agentsan nduce anticancer effeci{6, 29

34). Additionally, KDs were reported toe an effective adjuvant themotherapyantiangiogenic



treatmentsradiotherapyand PI3K inhibitors forthe treatment ofvarious types of malignancies
(29, 30, 35, 36)It was previously reported that KDs produsiroprotective effects thecentral
nervous systernB7, 38) However,it is not fully knownwhether KDs also havero-regenerave
effects similar to fastingnd whether KD$night protectagainst chemotherapgducedtoxicity

in living mammalsinterestingly the regnerative effects cftarvationappeato bemaximized by
switching from thefastingresponse mode, wth involvesthe death of many cells abhdeakdown
of cellular components, and thefeedingtime, in whichtissuesandcellsundergo reconstruction
(39). Since inKDs there is neentry into a starvation modeannotpromote a major breakdown of
intracellular components and tissyaed do not include a refeeding periticgy are unlikely to

cause the type of coordinated regeneration observed durifasthegrefeeding.

1.1.3Caloric restriction

Caloric restrictioCR) involvesadecrease of overall caloric intake byi 30% typically through
carbohydrate limitatiothat would allow an individual to maintain a normal wei@t, 41) While
chronic CR and diets deficient in specific amino acids are very different from periodic fasting,
they share with fasting andodified fastinga more or less selective restriction in nutrients, and
they haveanticancer effect33, 34, 4250). CR isproved to be a potent interventiomincreasing

the median end maximum lifespan in mamnialk) and protedhg against ageelated diseases
(52). In addition, it is very effective in robustly inhibiting the growth of diverse tumor types,
including breast, lung, prostate, brain, pancreaind colorectal cance(53-55). However,CR

can cause side effects, such as changes in physical appearance, increased cold sensitivity, reduced
strength, menstrual irregularities, infertility, loss of libidstemporosis, slower wound healing,
food obsession, irritabilityand depressioffrurthermorethere are substantial concerns that it may

exacerbate malnutrition and that it will unavoidably cause excessive loss of lean bod¢0nass



41, 53, 56, 57)CR reduces fasting blood glucose levels, though temain within the normal
range(41). In humans, chronic CR does not affect IGF1 levels unless a moderate protein restriction
is also implemente(b8). Studies show that by reducing mTORSIgnalingin Paneth cells, CR
augments their stem cell function and that it also protects reserve intestinal stem cells from DNA
damage(59, 60) but it is unknown whether pregenerative effects in other organs are also
elicited by CR. Thus, the available data suggest that fastmgdified fastingcreatesa metabolic,
regenerativeand protective profile that is distinct and probably more potent than that elicited by
a KD or CR.

1.1.4Effects of fasting on hormone and metabolite levels

Metabolic and circulating hormonal changes (reduced levels of glucose, IGF1,,iasdlieptin

and increased levels of adiponectinit are typically observed in response to fastiagexert
anticanceteffects(61-63) and/or afford protection of healthy tissues from side effects (reduced
levels of IGF1 and glucoseéBecause ketone bodies can inhibit historecdéylases (HDACSs), the
fastinginduced increase of ketone bodies may help slmmorgrowth and promote differentiation
through epigenetic mechanisif@!). However, the ketone body acetoacetate has been shown to
accelerate, instead of reding, the growth of certaitumors such as melanomas with mutated
v-raf murine sarcomsiral oncogene homolog BBRAF) (65). Those changes for which there is

the strongest evidence for a role in the beneficial eftéddtstingagainst cancer are the reductions

in the levels of IGF1 and glucose. At the nwlkiar level, fastingeduces intracellulasignaling
cascades including IGFIRKTT mTOR S6K and cAMPPKA signaling increases autophagy,

helps normal cells withstand streaad promotes anticancer immunity7, 6668).



Table 1 |Dietary approaches used in oncoldgy 69, 70)

Diet type Composition & Length IGF1 & Ketone Regenerative Anticancer
restriction in glucose bodies & protective effect
calories reduction increase effects

(humans) (humans)

Fasting - Water only Fast for 16 hours, | Yes Yes Potent
fasting with an 8hour

eating window for
- >50% 2i'5 consecutive
days per month

Modified - Vegan and low 2i 5 consecutive Yes Yes Potent
protein days per month

fasting and lowsugar,
high-plantbased All have an
fat composition, anticancer
with micronutrient effect which is
supplementation augmented

when used as ¢
- >50% complement

CR - Reduction in all | Chronic IGF1; decreasg No Yes, but notas | for standard
diet constituents only in the potent as fasting therapeutics
except for vitamins presence or modified
and minerals of protein fasting

restriction(58)
- 20-40% Glucose; No

Ketogenic | - High-fat, low Chronic IGF1; Yes Yes NA

diet carbohydrate
composition, with Glucose; No
adequate protein
content
- None

NA, not available.

1.1.5Differential stress sensitization: increasing the death of cancer cells

Most detary interventions when used aldm&velimited effectson cancertreatment According

to the differential stress sensitization (DSS) hypothesisbining these dietary interventions such

as fasting with another treatmaatmuch more promisinfl2, 13) This hypothesis predicts that

tumor cells canadapt to limitecconcentration®f nutrients anaxygen,however,many types of

tumor cells are not able tpreventchangesaccompanied by the combination of fasting and
standard therapeutics such as nutrotr and toxic environment, whiclllow cancer cell

sunival. In response to &ing melanoma, glioma, and breast cancer dedld a significant

increasein ribosome biogenesmésembly genes uch as el ongation fact

components of the 60S and 40S ribosomal proteiashe expression of proliferatiemssociated

9



genes(12, 13) Such changes wemgssociated witlunexpeted AKT and S6K activatig these
changes leado an increase in oxidative stressid may contribute toDNA damage and a
sensitizationto DNA- damaging drugs through DS%2). Suchresponse ofumor cells to the
altered conditions including the reduction in IGF1 and glucose levels caused by fasting
considerd a key regulatorymechanism underlying thantitumor properties of these dietary
interventions and their potential usefulnessdistinguishingthe effects of anticancelrugson
normal versugancercells (12, 13)(Fig. 1). In line with the DSS hypothesis, periodic cycles of
fastingare sufficient to slow the growth of many typesahcercells,includingsolid cancercell
lines and lymphoid leukemia cellsin vivo and, most importantly, to sensitize cancer cells to

tyrosine kinase inhibitors (TKIs), radiotherapyydchemotherapyl2, 16, 17, 39, 67, 714).

10
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Fig. 1 | Differential stress resistance versus differential stress sensitizati@9). Chemotherapy acts on both cancer cells and normal

cells, inducing tumor shrinkage but almost inevitably also causing side effects that can be severe ortereatdifitng because of the
damage to many epithelial and repithelial tissuedBased orihe available preclinical data, fastingroodified fastingcould prove useful

to separate the effects of chemotherapy, and possibly of newer cancer drugs, on normal versus cancer cells. Owingrtoetlté pres
oncogenic mutations that constitutively actevgrowthpromoting signaling cascades, cancer cells fail to properly adapt to starvation
conditions. As a result, many types of cancer cells, but not normal cells, experience functional imbalances, becoraet) tectosit
agents, including chemothena (differential stress sensitization). Conversely, fastingnodified fastinginitiates an evolutionarily
conserved molecular response that makes normal cells but not cancer cells more resistant to stressors, including cldifietbetiapy
stress esistance). The predicted clinical translation of these differential effects of fastimgldied fastingopn normal versus cancer cells

is a reduction in the side effects of cancer treatments, on the one hand, and improved tumor responses, patéotipeegsarviva)

and overall survival, on the othédapted fromNencioniet al. Nat Rev Cancer 2018

By reducing glucose availability andn c r e a s i n goxiflation,tfagtinggao pramotéhe
switch from aerobic glycolysis(Warburg effect)to mitochondrial oxidative phosphorylation
(OXPHOS, in cance cells (71) (Fig. 2). This switch leads tan increased mitochondrial
respiratory activity consequentlgcreasng readive oxygen specieROS production(12) and
may also involve a reduction glutaminolysis lactate generatiorand ATP synthesié/1). The
combined effect of ROBroductionand reduced antioxidant protectielevatesoxidative stress

in cancer cells andooststhe activity ofchemotherapie§/1).
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Notably, because a high glycolytic activity demonstrated by-hegitate production is predictive
of aggressiveness and metastatic propensity in several types of C&vicehe antiWarburg
effects of fasting omodified fastinghave the potential to be particulareffective against
aggressive and metastatic cancésart from the metabolic changtasting ormodified fasting
induceother changes thaan pomote DSS irpancreaticductal adenocarcinoma (PDAC) cells
Starvationincreases the expression levelsequilibrative nucleoside transporter (ENT1), a
plasma membraniansporter of gemcitabine, leaditgenhancedctivity of thischemotherapy
(74). In breat cancercellsand mouse B16 melanoma cellasting causesmall ubiquitinlike
modifier 2 SUMO2)-mediated and/or SUMO3mediated posttranslational modification of
REV1, aspecializedDNA polymerasenvolved in DNA repairand a p53inding protein(76).
This modificaion reduces thenhibitory effectsof REV1 on p53, leading to increaseub3
mediatedranscription of preapoptoticgenes ang@53-dependent cetleath(Fig. 2). Fastig also
increases the ability afommonly @ministered TKIs t@reventcancercell growth byinhibiting
MAPK signalingand, thereby blocking E2 transcriptiorfactordependengene expressioand
reducing glucoseuptake (16, 72) FMD downregulatedhe expression ohaem oxygenase 1
(HO1), a proten thatprovides protection againshpoptosis an@xidative damage, itumor cells
in micebutincreasedts expression in normal cel{68, 77) HO1reductionin tumorcells mediates
FMD- induced chemosensitization by increasing CD8+ tumifitrating lymphocytedependent
cytotoxicity, consguently making cancer cells more susceptible to CD8+ cytotoxic T cells,
possibly by countering the immunosuppressive effect of regulatory T (Tregj6@(&ig. 2).In
another study 2 weeksof alternateday fastingin a mouse colon cancer mod&wnregulated
CD73 expression and consequently decreased the production of immunosuppressive adenosine by

tumor cells via activaing autophagy(78). Ultimately, CD73 downregulation via fasting was

12



shown b prevent macrophage shift to an M2 immunosuppressive phenotype (FBgs2ll on
thesedatg it was recently reported thatdting synergizes witent-PD-1 immunotherapyo inhibit
lung cancer progression and metastasis in midas antitumor activityin micewas linkedto a
reduction in circulating IGR and downregulation of IGE receptor (IGFLR) signaling ircancer
cells Thisantitumoreffectincreasedhe intratumoral CD8/Treratio and led to the development
of tumorspecific immunity.Thus, a major goal for theear future Wl be to identify the types of

cancer thaare most susceptible to thesietary egimens by means of biomarkers.

13
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Fig. 2 | Mechanisms of dsting or fasting-dependent killing of cancer cells in solidumors (69). Preclinical and initial clinical data
indicate that fasting anodified fasting MF) reduce the levels aimorgrowth-promoting nutrients and factors, including glucose, IGF1
and insulin. Fastingan cause an ariVarburg effect by reducing glucose uptake via glucose transporters (GLUTSs) and aerobic glycolysis
and forcing cancer cells to increase oxidative phosphorgl§@XPHOS); this increases the production of reactive oxygen species (ROS)
in cancer cells and, resultantly, oxidative DNA damage, p53 activation, DNA daruadiecell death, particularly iresponse to
chemotherapy. By activating autophagy, fasting cange CD73 levels in some cancer cells, thereby blunting adenosine production in

the extracellular environment and preventing the shift of macrophages towards an immunosuppressive M2 phenotype tirigalty, fas

or modified fastingcan downregulate haemxygenase 1 (HO1) expression in breast cancer cells, which makes them more susceptible to

CD8+ cytotoxic T cells, possibly by countering the immunosuppressive effect of regulatory T (Treg) cells. Nassibly,or anor

modified fastingcan have very difrent and even opposite effects in different cancer cell types or even within the same cancer cell type.

Adapted fromNencioniet al. Nat Rev Cancer 2018
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1.2 GASTROINTESTINAL (Gl) CANCER

Gastrointestina(Gl) cancer is a leading cause adncefrelated mortality and remains a major
challenge for cancer treatméi®, 80) Despite the combined administratiorsafgical resection
andadjuvantchemdherapy oradiotherapythere were 4.8 million new cases of Gl cancers and
3.4 million relateddeaths, worldwide, in 2010), due to rapid disease progression, metastasis,
toxicity and resistance addjuvant treatmedn (81-83). Thus determining effectivetreatment
strategiedor Gl cances are urgently neededhe most commoand majortypes ofGl cancers

are esophageahncey gastric (stomachdancer liver cancer pancreatiaductal adenocarcinoma
(PDAC) and colorectal canc€CRC) (80). In this studywe focusedn the latter (pancreatic and
colorectal cancers) due theincreasedncidence and mortality rates of thea® types of cancers
worldwide (80, 81, 84, 85)In addition, several studies demonstrated that upregulation of the
cholesterol synthesis pathway, that was experimentally proved to be affected by the combination
treatment useth the current study, plays a crucial role in maintaining growth and metastasis of

PDAC and CRG86-89).

1.3PANCREATIC DUCTAL ADENOCARCINOMA (PDAC)

Global analyses predict that pancreatiecthl adenocarcinoma (PDAC) will be the second most
common cause of caneassociated mortality within the next decadea result ahe lack of early
diagnosis, a poor therapeutic arseaat increased burden of thisnorregardless ofjenderand
age(84, 9092). Though the overall survival of patients with advanced PDAC has doubled over
the past 15 years (median survival has increased from 6 to 12 monthsygtreshirvival rate has

just increased from 3% in the 1970s to BP2020(79, 93, 94)Thisslow improvement in survival

15



rate is much less than that seen in many other cancer types, thus$@h6idered a formidable

medical challengéd5).

1.3.1 PDACT risk factors

Due to lifestyle changesnd modifiable risk factorémoking, obesity, higiat diets, inactivity,
andincreases in alcohahtake (96), the worldwide incidence of PDAC is expected to increase
more shortly (91). Prognosis remains poor despite diagnostic progieghty-five percentof
patients are diagnosed with locally advanced tumors and/or metastimeesthey are

asymptomati@andlack theearly marker®f this highly aggressive diseal).

1.32 PDAC therapy

PDAC treatmengefficacy largely depends dhe diseasstage at the time of diagnos&urvival

can be prolonged bydauvant therapy after surgery, but oalfew PDAC patienty10i 20%)have
resectabletumors (98). Treatmentscomprise mainlychemotherapeutic regimensuch as
(gemcitabine,gemcitabine plus napaclitaxel or FOLFIRINOX (folinic acid, 5fluorouracil,
irinotecan, oxaliplatin)§93, 99, 100)The different treatment strategies commonly used for PDAC

are summarized in Tabk
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Table 2 | Current treatment options for pancreatic ductal adenocarci(@8n&7, 98)

Tumor type 1stline treatment 2" line treatment Median
survival

Resectable tumor Pancreatic resection Adjuvant chemotherapy: 26 months
gemcitabinécapecitabine
or FOLFIRINOX

Nonresectable borderline and/{ Neoadjuvant radiotherapy or Stable or response: surgical 61 18 months
nonresectable locally advance( chemotherapy (borderline); exploration or continued
tumor (ECOG score 0/1) chemotherapy (e.g. FOLFIRINOX) | chemotheapy; progression:

gemcitabine or FOLFOX or
nanoliposomal irinotecan + 5FU

Nonresectable borderline and/( Gemcitabine; BSC if ECOG FOLFOX or nab paclitaxel + 6i 8 months

nonresectable locally advance( score >2 gemcitabine onanoliposomal

tumor (ECOG score 2) irinotecan + 5FU or BSC

Metastatic tumor ECOG score 0/1: FOLFIRINOX FOLFOX or nab paclitaxel + 6i 11 months
or nab paclitaxel + gemcitabine; gemcitabine or nanoliposomal

ECOG score 2: gemcitabine; ECOQ irinotecan + 5FU or BSC
score >2: BSC
Treatments are indicated according to phase Il randomized trials and international recomme(@®at@®00)5-FU, fluorouracil; BSC, best
supportive care; ECOG, Eastern Cooperative Oncology Group; FOLFIRINEXnbination of folinic acid and-BU, irinotecan and
oxaliplatin; FOLFOX,a combination of folinic acid, #U, and oxaliplatin; nab, nanoparticle albmabound.

1.3.3 Role of diet in PDAC

Giventhe decline of cigarette smoking, which represents the main PDAC risk factor, a possible
explanatiorfor the registered augmented incidence and mortality of PDAC may resluetype

of diet that the general populatiemeating especially in adulthood and childhoda.preclinical
studies on mice, experimental pancreatitis induced by caerulein, amino acid oligopeptide that
stimulates smooth muscle and increases digestivieetsmts, or higkfat diets activated the
oncogenicKirsten rat sarcoma viral oncogene homol&dRAS) to induce the occurrence and
development of PDAQ101-103) In another study, metformin completely abrogated PDAC
incidence induced ba diet high in fats and caloriga transgenic mice that express oncogenic
KRAS (104) Consistent with this notionyuan et al(105) showedthat prediagnostic high BMI

is associeed with both increased risk afeveloping PDAC and mortality. Interestingly, they
demonstratea statistically significant positiveorrelationbetween thetages of PDAC angre-
diagnostic BM, showingthat non-obese patients preselessfrequently at the diagnosis with

metastatic disease when compared wliksepatients(105)

17



1.4COLORECTAL CANCER (CRC)

Colorectal cancer (CRC) is the third most commonly diagnosed cancer among men and the second
most common cancer amg women worldwid€81). An estimated 18.1 million new cancer cases
and 9.6 million cancer dde& occurred worldwide in 2018. Among them, colorectal cancer (CRC)
ranked third for incidence (10.2%, with 1.8 million new cases) and second for mortality (9.2%,
with 881,000 deathgB1, 106) In addition, the number of new cases may increase to nearly 2.5
million in 2035(85). According to statistics in the USA, the death rate declined by ~50% in 2016
(13.7 per 10,000 patients) compared with that in 1970 (29.2 per 10,000 pdien#aye of the

rapid development of screening methods and improved treatment methods. However, this trend
seems to be observed only in highly developed couri@®sMeanwhile, the byear survival rate

for CRC is ~64% but drops to 12% for metastatic CRC, and furtkestigation is still required

to develop effective approaches for medical interveni@Y) Despite reductions in thaverall

CRC burden, the incidence of CRC among individuals younger than age 50-daaely CRC;
EOCRC) has increased over the past two decades worldwide-téiongprojections suggest that

by 2030, incidence rates for colon and rectal cancers may inerégs90.0% and 124.2%,
respectively, foEOCRCpatientg108) In addition, an alarming increase of CRC in the population
under the age &5 has also recently been deteqi@2).

1.41 CRC risk factors

Progression of CRC is influenced blgesity,geography, human developmamiex, age, genetic,
environmental, and lifestyle facto(82, 109) Hereditary colorectal cancer syndromes include
Lynch Syndrome (Hereditary nonpolyposis colorectal cancer), Familial adenomatous polyposis
(FAP), MUTYH-associated polyposis (MAP). Lynch syndrome and Familial adenomatous

polyposis contribute to a vast majority of hereditary CRC syndrome, which astmuortly about

18



5% of entire CRGncidenceg(110). The presence @family history of colon cancer in firstegree
relatives, even in the absence of the above hereditary colon cancer syndromessitheease

of thedevelopment of CRC in about 20% of cases. The risk increases twofold when compared to
the general population, with a history GRC in first-degree relativesOther weltknown
associations with colorectal cancer include African American ethnicity, sealenflammatory
bowel di sease (Ul cer at i hesity,sedentary lifestyle, redmeat &0d o h n 6
processed meat, tobacco use, alcohol use, histogbddminal radiation, acromegaly, renal
transplant with use of immunosuppressive medicatidiabetes mellitus and insulin resistance,
androgen deprivation therapy, cholecystectoamglcoronaryartery diseas(110).

1.42 CRC stages

Clinical manifestations of CRC are categorize five stages (O, I, I, lll, and IV). These stages
determine treatment and prognosis and are based on histopatidézgio®s, the degree of bowel

wall invasion, lymph node spreading, and the appearance of disttastase€l11) Early stages

are often asymptomatic or concomitant witm-specific symptoms (., loss of appetite or weight

loss, anemia, abdominal pain, or changes in bowel hqlit®) Later stages are concomitant

with thedissemination of cancer cells to the lymph sgsbor other organs in the bodolorectal

cancer diagnosed in adults aged 85 and older is often associated with a more advanced stage, with
a10% lesdikely to be diagnosed at a local stage when compared with patiegisodied at the

age of 65 to 84113) The most relevant mechanisms of CRC cagemesis identified to date
include genetic chromosomal instability, microsatellite instability, serrated neoplasia, specific
gene signatures, and specific gene mutations, suchdasomatous Polyposis Coli (APC)

SMAD4, BRAF, or KRAS(114116)
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1.4.3 CRC molecular subtypes
To correlate cancer cell phenotype with clinical behavior and guide rational treatment with specific
targeted therapies, the CRC Subtyping Consortium unifiedierent molecular classification

systemspased on gene expressamalysisinto a single cosensus system with four distingpes,

known as the consensus molecular subgreGmS) (117)summarized irfTable 3.

Table 3 |Biological characterization and clinical prognosish® tonsensus molecular subtypes5, 118, 119)

CMS1 CMS2 CMS3 CMS4
Alternate Name | MSI Immune Canonical Metabolic Mesenchymal
Frequency 14%of CRCs 37%of CRCs 13%o0f CRCs 23%of CRCs
Predominance Proximal colon Distal colon &rectum | Mixed Distal colon & rectum

Main
Hallmarks

- Hypermethylation of the
promoter regions of the
DNA MMR genes cause
MSI.

- High BRAF mutation 42%
- KRAS mutation 25%

- Hypermethylation of CpG
islands (CIMP)

- Low SCNA counts
-Activation of JAK/STAT&
caspases

- High degrees ofIN,
CIMP

- Activation of WNT-b
cateninMYC &
EGFRsignaling
pathways

- Low BRAF mutation
<1%

- KRAS mutation25%
- Mutationsin APC,
p53, &PIK3CA

- Low, intermediate
MSI & CIMP
hypermethylation

- Low SCNA counts
- Low BRAF
mutation<10%

- Prevalent KRAS
mutation (68%)

- Mutations in APC,
p53, & PIK3CA

- Low levels of hypermutatiof&

MSI

- High SCNA counts

- Low BRAF mutation <10%

- KRAS mutation 40%

- overexpression of stromal invasiol
& necangiogenesigenes
activationof TGFb p at hwa
EMT.

- Mutations in APC, p53, & PIK3CA
- More chemoresistant

DNA mismatch repair (MMIR Microsatellite Instability (MSI); Chromosomal instability (CINJCNA, somatic copy number alterations; tissue
growth factor (TGFb ) ;ithekapmesenchymal transition (EMTAdenomatous Polyposis Coli (APC).

1.44 CRC therapy

Given the advances in primaand adjuvant treatments, tiservival time in CRC has been
improving. Typically, the ideal CR@eatment is to achieve emplete removal of the tumor and
metastases, which mostly requires swabjstervention120). However,despite the emergence of
numerous screening programséoaluce CRC incidence, nearly aagter of CRCs are diagnosed
atan advanced stage with metees, and 20% of the remaining cases may dewsddgchroous
metastase@netastasisleveloped after completion of the initial curative treatmenmk)ch result

in difficulties in curative surgical cordl and subsequent tumoglateddeathg121-124) For those
patierts with unresectable lesions who are intolerant to surgeryhd goal isa maximum
shrinkage othe tumor and suppression afther tumor spread and growtind radiotherapy and

chemotherapwre the leading strategies fmontroling disease in such patien{tcl6) Metastatic
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CRC is termed resectable when the primary tumoradnehetastases are amenable to complete
surgical removal. Resection of metastatic CRC achiaevesgterm cure for less than 20% of
metastatic CRC patien{d14) Systemic chemotherapggimensarethe primary treatment for
metastaticCRC and are summarizedn Table4. Although the cure formetastatic CRC is rare,
recent larg clinical trials that includegatients healthy enough teaeive chemotherapy have
shownthat intensive treatment withultiple systemic therapies caelp pdients survive for 2 to

3yearq114, 116)
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Table 4 |Chemotherapy regimemsost commonlywsed forthetreatment of ratastaticCRC (114, 116)

Regimen name First- Toxicities/adverse Additional comments Mechanism of actionand
and component drug$ line use | effects FDA approval date
FOLFOX (fluorouracil, Yes Pancytopenia, The most commonly used Fluorouracil Pyrimidine
leucovorin, &oxaliplatin) neuropathy, adjuvant regimen analog; interrupts DNA
hypersensitivity synthesisFDA approved in
CAPOX (capecitabine & | Yes Pancytopenia, diarrhea| A common adjuvant regimen; | 1962.
oxaliplatin)c hand/foot-syndrome, substitutes oral capecitabine fo
neuropathy, IV fluorouracil Leucovorin Folic acid analog;
hypersensitivity interrupts DNA synthesigDA
FOLFOXIRI (fluorouracil, | Yes Pancytopenia, diarrhea| Intensive regimen used for approved irL952.
leucovorin, oxaliplatin, & neuropathy, patients who are possible
irinotecan) hypersensitivity candidates for surgical resectiq Oxaliplatin Alkylating agent;
of limited metastatic disease | causes DNA break&DA
FOLFOX plus cetuximab | Yes Pancytopenia, diarrhea| For tumors that are approved in 2002.
or panitumumab hand/footsyndrome, KRAS/NRAS/BRAF
hypomagnesemia, wild type; ineffetive for tumors| CapecitabinePyrimidine
hypersensitivity with sequence variations in analog; interrupts DNA
reactions. neuropathy, | these genes synthesisFDA approved in
skin toxicity 1998.
IROX (irinotecan & Rare Diarrhea, neurophy Nonstandard regimen but usef| )
oxaliplatin) for patients intolerant of Irinotecan Topoisomerase |
fluorouracildue to severe inhibitor; interrupts the
dihydropyrimidine breaking and rejoining of DNA
dehydrogenase deficiency or strands dUrig replication.FDA
coronary vasospasm approved in 1996.
FOLFIRI (fluorouracil, Yes Pancytopenia, diarrhea] Not used in adjuvanegimens ) )
leucovorin, & irinotecan) Cetuximab Recombinant
CAPIRI (capecitabine Yes Pancytopenia, diarrhea] Substitutes oral capecitabine fd chimeric monoclonal antibody
orally & irinotecan) hand/footsyndrome intravenous fluorouracil to EGFR,; interrupts or stops
cell growth FDA approved in
FOLFIRI plus cetuximab | Yes Pancytopenia, diarrhea] KRAS/NRAS/BRAF wild type | 2004.
or panitumumab Hypomagnesemia,
infusionreaction, skin Panitumumab Humanized
toxicity monoclonal antibody to EGFR;
interrupts or slows down cell
Fluorouracil & leucovorin | Yes Pancytopenia, mucositi{ Singleagent regimen; often growth FDA approvedn 2006.
(Bolus and continuous optimal for frail patients with
infusion regimen) major comorbidities BevacizumabHumanized
monoclonal antibody to VEGF;
Bevacizumab plus Yes Hypertension, bowel All molecular subtypes interruptsthe growth of blood
FOLFOX, CAPOX, perforation, poor wound vessels. FDA approved in 2004
FOLFIRI, CAPIRI, healing, proteinuria,
FOLFOXIRI, thrombosis Pembrolizumab Humanized
fluourouracil & monoclonal antibody against
leucovorin, or capecitabing PD-1 receptor; activates
(VEGF-containing T-cellEnediated immune
regimen) ResponseFDA approved in
Pembrolizumab Yes Fatigue, colitis, Used inMSI-H andor MMR-D: | 2017.

(Immunotherapy
regimen)

dermatitis, hepatitis,
pneumonitis, thyriglitis

CRC patientnly

AbbreviationsKRAS, Kirsten rat sarcoma vial oncogene homolN&AS, neuroblastoma RAS viral oncogene homoBRAF, v-raf murine sarcomsiral oncogene
homolog B CRC, colorectal canceEGFR epithelial growth factor receptor; FDA, Food and Drug Administration; MMRmismatch repaideficient; MSHH,

microsatellite instabilityhigh; PD-1, programmed cell deatty VEGF, vasculaendothelial growth factor. a Drugs are administered intravenously except where noted.
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1.45Role of dietin CRC

The relationship betweedietary factorsand different cancers is now weécognized Several

review studies have discussed the ewgdefor the associations between dietary factors (eg, foods

and food groups, beverages, alcohol, macronutrients, and micronutrients) and the incidence of
CRC (111, 125) Although fasting exerts extensive antitumor effects in numerouexisras

previously discussedhe impact of fasting ometabolic changes in CRC remains poorly studied.

In a recently published study, fasting negatively regulated glucose metabolism and proliferation
viathe FDFTI/AKFMTORHI F1 U axi s i n CR @dactileserdiosysthesis t upr
enzymeFarnesyldiphosphate farnesyltransferase 1 (FDFRLLRC eitherin vitro or in vivo.

In addition, FDFT1 overexpression played an important tesnppressive role when combined

with fasting an effect that was reversactase of its knockdow(126) Another study evaluated

how gl ucose concentr at i onmetfomfinl usimgmwo ERC céllRnés c el |
with different growth rates (fagfrowingmoreglycolytic cell line SW948and slowgrowingcell

line SW111which is reliant on mitochondrial respiration in terms of metabolidihg authors

found thatboth cell lines show inhibitory growth after metformin treatment under physiological
glucose conditions, but not in high glucose conditions. In additr@tformintreated SW1116

shifted toward a more glycolytic profile resembling that of the SW948 a&dl. liThis metabolic

shift of SW116 to be more like SW948 could then also result in increased vulnerability to
chemotherapyThis demonstrates thaells having different metabolic phenotypes showlesr

differential response tmetformin treatmenbased orglucose concentratiofi27)
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1.5CHOLESTEROL

The discovery of cholesterol dates back to the second half of the eighteenth century when
Poulletier de la Salle isolated for the first time this molecule from human gallstone and bile.
Cholesterol is a ubiquitous sterol found in vertebratganisms with a plethora of biological
functions that are essential for proper cellular growth and ac{ia§, 129) It is a precursor for
steroid hormones, and an essential component of plasma mem{@adePue to its alicyclic
nature, cholesterol is highly hydrophobicdaresides predominantly within the phospholipidic
bilayer of cell membranes, where it preserves the barrier function by modulating permeability,
fluidity, and rigidity (131, 132) In this setting, cholesterol preferentially interacts with the
saturatedatty acidsof adjacent sphingolipids and glycophosphatidylinosaiothored proteins of

the outer leaflet, forming small orderadd tightly packed microdomain assembliglysically
separated from the shorter and unsaturated phospholipids of the (1la%4:34) Cholesterol is
enriched inlhese assemblies, usually called lipid radisd plays a key role irseveral biological
processes,including signal transductionpathways related to cell proliferatiosuch as
IGF1/PISKIAKT signaling(130, 135138).

1.5.1 Cholesterol homeostasiand metabolism

Cholesterol is an essential lipid for maintaining cellular homeogte®d3 Due to the crucial role
played by this sterol in several physiological settings, disruptiahaoliesterol homeostasis and
metabolic reprogramming may be responsible for the development of cardiovascular disorders and
is implicated in the pathogenesis of diabetes, Alzheinmzade and many types of cancer
(139-143) Cholesterol isither acquired fronthe diet (exogenouspr endogenouslgynthesized

in our body (~70% of total body cholesterol, endogenouBgyond de novo cholesterol

biosynthesis, most cells acquire cholesterol fromd@nsity lipoprotein (LDL) taken up from the
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circulation via LDL receptor (LDLRjnediated endocytosi€l31) The liver, 50% of total
synthesis in humans occurs in the li@44) delivers boh endogenously synthesized and
exogenously acquired cholesterol to the bloodstream aslearndensity lipoproteins (VLDLS).

After processing in the bloodstream, the VLDLs generate circulafigs, which can be taken

up by peripheral cells via receptorediated endocytosi€l31) LDL is taken into cells by
clathrinmediated endocytosis and transported to the lysosomes through the endocytic pathway,
where is then hydrolyzed to freholesterol molecules, which are shuttled to the cell membrane
and other cell membrad®und organelle€l30, 145) Cholesterol derived from dietary sources

can be absorbed from enterocytes in the intestine and bile in the biliary ducts by hepatocytes in the
liver by NiemaniiPick type Cllike 1 (NPC1L1) protein present onetlapical surface of these

cells (146) The cholesterobiosynthesigle novosynthesiscascade occulig every mammalian

cell. In brief,cholesterol synthess&arts from acetylCoA andis orchestrated b series of ~30
enzymes, whiclare distributed between cytosol aeadoplasmic reticulunfER) membraneas
summarized in fig3 (147). Within the cell, cholsterol is dynamically transported between various
organelles by vesicular and nonvesicular mechanisms tdl ftdfmultifaceted function$148)
Although all mammalian cells can produce cholesterol, most (except for hepatocytes, adrenal cells
and gonadal cells) are unable to catabolize the mol¢tdl® Therefore, excess cholesterol is
exported outside of the cell either to the blood by AbRding cassette (ABC3ubfamily A
member 1 (ABCA1)or the homodimer of AT®inding cassette subfamily G member 1 (ABCG1),

or tothe intestinal lumen and bile ducts by the ABCG5 and ABCG8 heterolidigr149) Lipid-

free apoA |l is the primary acceptdor cholesterol efflux by ABCA1150) This generates nascent

high-density lipoprotein (HDL) particles that, under the action of lecithin:cholesterol
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acyltransferase (LCAT), become mature and competent foiraageholesterol from ABCG1
(151, 152)

Surplusintracellularcholesterolcan also beesterified by acytoenzyme A(CoA):.cholesterol
acyltransferase (ACAT) tproducecholesteryl ester@CESs)(153). Indeed, produced cholesyl
esters isstored as a cholesterol reservoir in cytosolic lipid drop{ef3s) preventing free
cholesterol lipotoxicity(154) or released as a major constiht of plasma lipoproteins such as
HDL, VLDL, LDL, and chylomicronglarge trigyceriderich lipoproteins produced in enterocytes
from dietary lipids)(155). HDLs are finally transported froqeripheral tissues back to the liver
and intestine, where cholesterolabminated orrecycled,and alsoto steroidogeni@rgansto

generatesteroid hormones, thus maintainicigolesterol homeostagi$47).

1.52 Cholesterol role in cancer

Highly proliferative cancer cells are strongly dependent on cholesterol to satisfy their increasing
demandfor substrates for membrane biogenesis and other functional (Es#)s Cancer cell
satisfestheir needs by either increasing the uptake of exogenous (or dietary) cholesterot or over
activating the& endogenous synthade novdiosynthesis) (Fig3). For example, the cholesterol
derived oncometabolite-6xo-cholestar8 b ,-dtol) which is enriched in patients with breast
cancer, binds glucocorticoid receptors and subsequently prontotesr growth (157)
Accordingly, cholesterol metabolism is generally beneficial for cancer growth and prograssion,

it promotes oncogenic signaling and evasion of apoptosis, and cell proliferation, mjgraton
invasion(158164) As a consequence, @esterol depletion or trafficking blockade hindensor

growth and invasion in a variety of cancér65-168)
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Fig. 3 | Major pathways of cholesterol metabolism in a polarized ce{ll47). Cholesterol is synthesized from acet@loA through a
series of ~30 reactions usinghgdroxy-3-methylglutarylcoenzyme A reductase (HMGCR) and squalene monooxygenase($&id)
called squalene epoxidasay the ratdimiting enzymes (highlighted in red). In additionde novobiosynthesis, cholesterol carried by
low-density lipoprotein (LDL) particles in the bld@an be taken up by LDL receptor (LDLR) at the basal surface of polarized cells (such
as enterocytes or hepatocytes). Free cholesterol can also be absorbed from dietary sources by enterocytes in the frdestiie an

the biliary ducts by hepatom®s in the liver. This absorption is mediated by Nieni&ick type Cllike 1 (NPC1L1) and the associated
flotillins present on the apical surface of these cells. Excess cholesterol is exported to the blood lbndifig cassette sudunily A
member JABCAL1) or the homodimer of AT®inding cassette subfamily G member 1 (ABCG1), or to the intestinal lumen and bile ducts
by the ABCG5 and ABCGS8 heterodimer. Cholesterol can also be converted to cholesteryl ester (CErbgnagyhe A:cholesterol
acyltransfease (ACAT) for storage in lipid droplets or secretion as lipoproteins. CoA, coenzyme A; PP, pyrophoAphated from

Luo et al. Nat Rev molecular cell biology 2019

1.5.3 Increased choésterol biosynthesis and uptake

Increased cholesterol biosynthesis is a hallmark of many cancers. In situations in which lipids
and/or oxygerarelimited, such as in the glioblastomacroenvironment, the master transcription
factorsterol regulatory elemetinding protein 2$REBP2 and its downstream targets, including
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mevalonategathway enzymes, are significantly upregulated in turfi&8). Compared with time

and energyconsumingle novocholesterol synthesis, increasing cholesterol uptake might be more
efficient for cancer cells. An extreme example is that of some anaplastic large cell ymphoma cells,
which fully rely on cholesterol uptake to acquire cholesterol, owinghéoloss of squalene
epoxidase $QLE), a ratelimiting enzyme in the cholesterblosynthesis pathway170)

These cancer cells actively upregulate the LDLR, which takes up exogenous cholesterol as an
alternative strategy to support pferation In contrastlower levels of LDLR but higher levels of
SQLE are expressed in advangtdge prostate cancer, thus indicating a greater reliance on
cholesterol synthesis than uptal&1) In the case of intestindimorngenesis, both cholesterol
synthesis and uptake contribute72) Although cholesterol uptake is an important source of
cholesterol for cancer cells, how cells orchestrate cholesterol biosynthesis and uptake during
cancer progresion is complex and remains to be clarifidd. mentioned previously xeessive
cholesteroin normal cellss esterified and stored in LDs same ocaarsancer cellsthushigh

LDs and storegtholesteryl ester content in tumdlis’3-176) are now considered as hallmarks of
cancer aggressiveneds’5, 177179). Colon cancer stem cells skied a higher LD amount than

their differentiated counterparts, asvealed by Raman spectroscamaging (180). Moreover,

LD-rich carcer cells are more resistantdoemotherapyl73) In addition LD content, especially
cholesteryl etr, is mobilized by pancreat@ancer cells undeax restricted cholesteroich LDL
supply(176), and limiting LDL uptake reduces the oncogenic properties of parcoaamcer cells

and rendered them mosensitive to cytotoxic drug4d.76).

Incorporating dietary interventions into cancer therapy holds promise as means to enhance the
efficacy of either existing or novel cancer therapies and to reduce certain treatnszgent side

effects (4, 69, 181) Several studies show that periodic cycledasiting or modified fasting
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increase the activity of chemotherapeutics, tyrosine kinase inhibitors, and immune checkpoint
inhibitors in mice(16, 69) The lab of Prof. Necioni haspreviously shown that combining
endocrine therapy (ET) for hormone recegiositive (HR+) breast cancer (BC) with fasting or

MF also makes these agents more active (by lowering circulating insulin, leptin, and IGF1) and
delays acquired resistemto then(182, 183) Besides being studied as a complement for standard
therapeutics, fasting/MF has also been used to enhance the antitumor properties of drugs that are
normally used for an-oncological indications: this is tlease of the antidiabetic drugetformin,

and vitamin C, suggesting that this dietary approach could also hold value for drug repurposing in
oncology(184-186).

2. PURPOSE OF THE STUDY

Our study aims at repurposing FBapproved nononcological,drugs via fasting oSTS in
gastrointestinal cancers and identify the proposed mechanism of action behind the expected
sensitizationIn this context, using higthroughput drug screens, we haderitified inhibitors of
cholesterol biosynthesis (including several antifungal agents classified as azoles) as agents that
become cytotoxic to cancer cells under fasting conditwriST S(low-glucose (0.5 g/L) DMEM

medium with 1 % FBS). Based on our résulwe hypothesized that fasting conditions could
cooperate with agents, other than azoles, that inhibit cholesterol production to achieve synergistic
anticancer effectsSince wateionly fasting or modified diets inhibits AKINTOR signaling and

reduce ciculating growth factors such as insulin, IGF1, and lefit6) 29, 182, 187)Therefore,

we hypothesized that these fasting could be used to enhance the activity of cholesterol biosynthesis
inhibitors through the inhibition of AKT signaling pathway and modulatibthese circulatig

growth factors.
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3.METHODS

Unless mentione@ll the experiments were performed in the laB@if. Alessio Nencioni located

in Universita di GenovaDi.M.I. - Dipartimento di Medicina Interna e Specialita MedidBenoa,

Italy, by the doctoral candidate.

Cell Lines and Reagents

Capanl (PDAC) and HCT116(CRC) cell lines were used in most of the experiments because
they werethe mostsensitive to the combined treatments compaoesingle treatmerst andthey

are considered agoodin vivo animal xenograft modelsOther cell lines from different cancer
origins were used geoof oftheconcepthatfasting conditions or STS cooperate with cholesterol
biosynthesis inhibitors to kill different types of cancer cells originatiowgp fdifferent tumor types.
PK9, Caparl, MIA PaCa2, Panel, BxBC3, HCT116, HT29, CT26, N87, PC3, OVCARS5,
OVCAR8, MCF7, MDAMB-231, SKBR3, 4T1, H1975, and A549 cell lines weaaiher
purchased from the ATCC (LGC Standards S.r.l., Milan, Italy)rovided and certified as
mycoplasmdree by the cell bank of the IRCCS Ospedale Policlinico San Martino (Blood
Transfusion Centre, B. Parodi, Genoa, Italyfjle ID8 was purchased from Sigma Aldrich S.r.l.
Cells were authenticated by DNA fingerprirgiand isozyme detection. Cells were passaged for
less than 6 months before their resuscitation for this study. All of our cell lines were routinely
tested for mycoplasma contamination by Mycoalert Kit (ProméggR9 cell line was maintained

in high glucee DMEM mediun{LifeTechnologies, Italysupplemented with 10% FBS, penicillin
(50 units/ml), and streptomycin (50 g/ ml) (Li
in high glucose DMEM(LifeTechnologies, ltaly) 4% FBS, 5 pug/mL insulin presbed as
Humulin® R (Pharmacy of the IRCCS Ospedale Policlinico San MaxtiBqug/mL transferrin

(Sigma Aldrich S.rl.) and 5 ng/mL sodium selenite (Sigma Aldrich S.rl) and
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penicillin (50 units/ ml), and stAleteralhivessi n ( 5
were maintained in RPMI1640 mediufinfeTechnologies, Italysupplemented with 10% FBS,
penicillin (50 wunits/ ml), and st r Regudmbimagtc i n (
human IGF1 and recombinant human leptin were purchasem Peprotech. Insulin

(Humulin® R) was obtained from the Pharmacy of the IRCCS Ospedale Policlinico San Martino.
Puromycin, cholesteralater soluble (cholesterol), metiHec y cl odext r i n (M
protease/phosphatase inhibitor cocktail, sulforhodaminexi&onazole, miconazole nitrate salt
(miconazole), and clotrimazole were purchased from Sigma Aldrich S.r.l. terbinafine
hydrochloride (terbinafine) was purchased from Abcam. Simvastatin was purchased from
Targetmol. Itraconazole was purchased from 8kli@hemicals. Low density lipoprotein from

human plasma (LDL) was purchased from Thermo Fisher Scientific.

Library Screening

2.4x1G PK9 or 8x16 A549 cells were plated in 96 well plates in their regular medium. 24h later,

the cell medium was removed and cells were washed phitisphate buffer saling®BS and

incubated either in DMEMo glucosemedium (LifeTechnologies, Italywith 10% FBS, 1g/L

glucose (CTR medium) or in DMEMo glucosenediumwith 1% FBS, 0.5 g/L glucose short term
starvation medium (STS). The day after, cells were treated with Microsource Spectrum Collection

and Selleck Preclinical/Clinical Compound Library at a dose @fM0Viability was determined

72h later by CellTiter96 Aqueous One assay (Promega) according to the manufacturer's
instructions.

Cell Viability Assays

Cancer cells were plated in 9&ll plates in their regular medium. After 24 h, the medium was

removed ad cells were washed with PBS and incubated in either CTR or STS medium. Where
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indicated, cells were supplemented with insulin (500 pM), IGF1 (5 ng/ml), leptin (50 ng/ml),
3h MbCD incubation (3.5 mM), or c lvedsemalatedr ol ( &
with or without miconazole, clotrimazole, oxiconazole, itraconazole, simvastatin, or terbinafine in
CTR or STS medium at the indicated concentrations. Viability was determined 72 h later by
CellTiter 96 Aqueous One assay (Promega) accotding t he manuf acturer 6s i
Organoid Culture and Viability Assays

Our collaborator Roberto Benelli in the lab of Prof. Alessandro Poggi (Unita di Oncologia
Molecolare e Angiogenesi, Ospedale San Martenoa, Italycultured uman colorectal cancer
derived organoid©OMCR15045TK as previously described188, 189) The growth of CRC
organoids in different conditions was monitored inv@dls plates, by the livénager JuLiStage
(NancEntek, Waltham, MA) for 8 days. Tripsinized organoids were included in single 3ul Geltrex
(Gibco-Thermo) drops, in the center of each well, and allowed to recover in complete medium for
48 hand treated with or without clotrimazole and terbinafineegularor STS mediun{diluted

culture medium 1:10 in DMEM/F12 without B27 and E@E}he indicated concentratiofog 192

h. Ten wells for each condition welige-monitored after treatmenthe mean area of organoids

was calculated from each image byalgeJ. The time points of each well were normalized against
time 0, to compensater plating efficiency variabilityand plotted in excel. Studetitest was

used to assess the statistical significance of the variation of any experimental conditi@edomp

to the same time point of controls.

Retroviral Transduction

pBABE-puro (PBP), and PBRyr-AKT were purchased fra Addgene (Cambridge, MA, USA).

1 x 1@ Phoenix cells were plated in 60 mm Petri dishes and allowed to adhere for 24 h. Thereafter,

cells were transfected wi t-203 (Mirus Bjo, Madisos, Mi)d D NA
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according to the manufacturer's instructions. Viral supernatants weresteanagter 36, 48, 60

and 72h and used to infect Capdn(5 x 10), Panel (4.5 x 16), and MCF7 (5 x 19 cells in 100

mm Petri di shes in the presence of 5 e€g/ ml p |
selected using 1 egg/ ml puromyci n.

Immunoblotting

For protein lysate generation from cultured cells, 5 %¥Cl&panl, or 3 x 16 MIA PaCa?2 cells

were plated il00 mm Petri dishas their regular medium. After 24 h, the medium was removed,

and cells were washed with PBS and incubated in e@fié& or STS medium. After a further

24 h, cells were stimulated with or without cl
cells were washed and protein lysates were geneusiad the following protocol. Cells were

washed twice with cold PBand then manually scraped in the presence-@ 600 ¢ | ' ysi s &
(25mM Trisphosphate, pH 7.8; 2mM DTT; 2mM ¢eaminocyclohexan®&l,N,N",N -tetraacetic

acid; 10% glycerol; 1% Triton 200). Cell lysates were incubated on ice for 15 min with 10 sec

vortex shaking every five min. Finally, lysates were spun at 10.000 g for 2 min at 4°C. Supernatants
were recovered and either used immedyate stored for subsequent Ud®, 190) Protein lysates

from primary tumors were obtainkdy a d d i n g xtuse ofROPA lsuffer,amti-protease and
anti-phosphatase cocktatis tumor masses then homogenized using TissueRuptor (Qiagen). After

clear homogenization samples were washed twice in cold PBS and the pellets were used for lysate
preparationProteinconcentration was determined according to standard Bradford 8sSay g o f
proteins (for protein lysate obtained framvitroc e | | cul ture) or 20&egg of
lysate obtained fronm vivo xenografts) were separated by SIPAGE, transferredota PVDF

membrane (Immobilo#®, Millipore S.p.A.) and detected with the following antibodies:-anti

phopho-AKT (Serd73;#4058), antAKT (#9272), antiphosphep70S6kinase (Thr389; #9206),
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anti p70S6kinase (#9202), amphosphemTOR (Ser2448; #5536), aniTOR (#2983), anti
phosphedE-BP1(Thr37/46; #2855), arE-BP1 (#4923), all from Cell Signaling Technology;
vinculin, and antb-actin from Santa Cruz Biotechnology. Band intensities were quantified with
Quantity One SW software (BiBad Laboratories, Inc. using standard enhanced
chemiluminescence.

Colony Formation Assays

1 x 1G Capaii 1 cells were plated in-@ell plates in a regular medium. 24 h later, the cell medium
was removed. Cells were washed twice with PBS and were incubated in either CTR or STS
medium. The next day, cells were treated ittt M c | ot r i20waMvz diiheéine fora24 h.

Then cell medium was removed and cells were cultured &ddgional week# aregular culture
medium. Thereafter, the culture plates were fixed with cold 3% trichloroacetic acid at 4°C for 30
minutes, washed with cold watend driel overnight. Finally, the plates were stained with 0.4%
sulforodhamine B (SRB) in 1% acetic acid, washed four times with 1% acetic acid to rfrmove

unbound dye, dried overnigland then colonies were counted.

In vivo Therapy

All mouse experiments wereegormed in accordance with the relevant laws and institutional
guidelines for animal care and use established in the Principles of Laboratory Animal Care
(directive 86 /609 /EEC). Animal work was only started upon approval by the Italian Istituto
Superioe di Sanita (ISS). iB-weekold female BALB/c athymic (nu+/nu+) (purchased from
Envigo) were used in the experiments at the Animal Facility of the IRCCS Ospedale Policlinico
San Martino. These animals were maintained Hiiltéred laminar flow cabinetsith a 12h light

cycle and food and wated libitum Mice were acclimatized for 1 week. 2 x1@apanl or
HCT116 cells were injected subcutaneouS{g)(into either one or both flanks of the mouse.

Treatment was initiated when the tumors appeared as established palpable masses (~2 weeks after
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cell injection). In each experiment, mice were randomly assigned to one of the following arms:
control @d libitum diet); clotrimazole (60 mg/kg twice a week in peanut oil, intraperitoneal (i.p)
injections (191)); terbinafine (40 mg/kg/d in 5% of absolute ethanol + 95% of 0.5%
methylcellulose by oral gavag#92)); LDL (0.25 mg/mous€193, 194)i.p, twice a weekoupled

with fasting; fasting (water only, for 48 h every wefk 4 weekq68, 182); or combinations of

these treatments as indicated. Mice were housed in a clean, new cage to reduce coprophagy and
residual chow. Body weight was measured immediately before, during, and after fasting. Fasting
cycles wee repeated every 7 d to obtain complete recovery of body weight before a new cycle.
Tumor volume was calculated using the formul a
AWO are fiminor sideodo and fAmaj or sivlandethgti N mm)
was permitted by our Institutional Animal Care and Use Committee (IACUC) was 1,58Gmin

in none of the experiments were these limits exceeded. Tumor masses were always isolated at the
end of the last fasting cycle, weighed, divided into pveots, and stored in liquid nitrogenr fo
subsequent protein extraction and cholesterol quantification.

Sample size estimation was performed using PS (Power and Sample size calculation) software
(Vanderbilt University). By this approach, we estimated th&t number of mice that were

assigned to each treatment group would reach a power of 0.85. The Type | error probability
associated with our tests of the null hypothesis was 0.05. Mice were assigned to the different
experimental groups in a random fashi@perators were unblinded, blinding during animal
experiments was not possible because mice were subject to a specific diet supply and daily

treatment.
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Mice Serum Assays

To measure thehanges iserumlGF1, Gpeptide, and leptin concentrat®we inoculated female
BALB/c nude micewith HCT116 then treated with fasting (ad libitumdiet) with or without
clotrimazole or clotrimazole plus fasting plus i.p. injection of human plasma Lide whole

blood was collected in Eppendorf tubdesforerandomizatiorand at the end of the experiment.
Afterwards, serumvas allowed to coagulate for 2 h at room temperature, centrifog@® min

at 4,000 rpmand thentwas stored in aliquots in PCR tubes
serum parametemgere analyzed dstituto San Raffaele (Milan, Italy) using certified kits on the
llab-650 automatic instrument (Werfen Italy). Each analysis was preceded by the measurement of
certified internal quality controls purchased directly from the manufacturer.

Cholesterol Quantification

To measure total cholesterol concentration in cancerwelislateds x 1¢ Capanl PDACcells

in 100 mm Petri dishes in their regular medium. After 24 h, the medium was removed, and cells
were washed with PBS and incubatedither CTR or STS medium. After a further 24 h, cells
were stimulated with or without clotrimazol@Q(e M) or t &0cbM)Meahwhile déo (
measure total cholesterol concentration in tumor mé&eseale nude mice were SC inoculated
with Capanl or HCT15 cells. When tumors became palpable, mice were randomized to be
treated withad libitum diet, terbinafine, weekly 48h fastingr terbinafine+ fasting (Capanl
xenografts) orad libitum diet, clotrimazole fasting clotrimazole+ fasting or clotrimazole+
fasting+ i.p. human plasma LDL (HCT116 xenografts). At the end of the experiment (24 h after
treatment regarding the cells or 4 weeks of treatment regarding mice xenogifts))sor 10

mg tumor massesere washed with cold PBS. Lipids were extieddoy resuspending the samples

in 200 pL of Chloroform: Isopropanol: NBO (7:11:0.1) using the TissueRuptor (Qiagen). The
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extract was centrifuged for 5 10 minutes at 15,000 xg in a micro centrifuge. Organic phase
(supernatant) was transferred, avoidthg pellet, to a new tube, air dried at 50°C to remove
chloroform and subjected to vacuum for 30 minutes to remove trace organic solvent using vacuum
concentrator. Dried lipids were dissolved by vortexing with 200 pL of Assay B&ffer. ¢ I  of t o
cholegerol reaction mixture were added t@angples and standardsixed well and incubated at

37 AC for 30 minutes protected from |ight. Th
Tumor masses preparations andDXPHOS Assays and ATP/AMP measurements

Thefollowing experiments wre performed by our collaborator Silvia Ravera in Dipartimento di
medicina sperimeéal (DIMES), University of Geng lItaly.

Tissue Homogenate Preparation for OXPHOS Assays and ATP /AMP Measurements

To determinexidative phosphorylatio(OXPHOS assays and ATP /AMP measurements female
nude mice were SC inoculated with Cagdanr HCT116 cells. When tumors became palpable,
mice were randomized to be treated waith libitum diet, terbinafine, weekly 48h fasting, or
terbinafine + fasting (Capahxenografts) oad libitumdiet, clotrimazole, fasting, clotrimazole +
fasting, or clotrimazole + fasting + i.p. human plasma LDL (HCT116 xenografts). Mice were
sacrificed at the end of the fourth fasting cycle and 40 mgnobtumasses wensashed inPBS

and homogenized by a PoitBitvehjem system in 1 mL of PBS plus protease inhibitaik.
operations have been performed on ice. Total proteins were estimated by the Bradford method
(195)

Oxygen Consumption Rate Evaluation

Oxygen consumptionate (OCR) was measured at 25°C in a closed chamber, using an
amperometric electrode (Unisergkcrorespiration, Unisense A/S, Denmark0 ug of total

proteins were used for each experiment. To stimulate the pathways corapGeaaplexes |, I,
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and 1V, 10 mM pyruvate plus 5 mM malate were added; to activate the Complexes I, lll, and IV
pathwayg, 20 mM succinate was employgb6)

Evaluation of OXPHOS Efficiency

The OXPHOSefficiency was calculated as the ratiotiween the concentration of the produced
ATP and the amount of consumed oxygen in the presence of respiring substrate and ADP,
obtaining the phosphate/oxygen (P/O) raltiocoupled conditions, this value is around 2.5 or 1.5

in the presence of pyruvate +atate or succinate, respectively. Conversely, in the uncoupled
status, this value decreases proportionally to the grade of the OXPHOS ineff(di@ngry

Assay of ATP synthesis through FOFATP synthase activity

The assay was conducted at 25°C by measuring formed ATP from A@ded50 g of total
proteins were added to the incubation medium containing: 10 mvHTIH 7.4, 50 mM KClI,

1 mM EGTA, 2 mM EDTA, 5 mM KHPQ;, 2 mM MgCh, 0.6 mM ouabain, 0.040 mg/ml
ampicillin, 0.2 mM diadenosiné’'pentaphosphate, and the respiratory substrates: 10 mM
pyruvate plus 5 mM malate or 20 mM succinate. Tissue homogenates were incubated in the assay
medium for 5 min at 25°C, then ATP synthesss induced by the addition of 0.2 mM ADP and
monitored by the luciferin/luciferase ATP bioluminescence assay kit CLSII (Roche, Basel,
Switzerland), on a Luminometer (GloMax® 20/20 Luminomét&romega, Wisconsin, USA),

for two minutes, every thirty sends. ATP standard solutions (Roche, Basel, Switzerland) in the
concentration range 100- 10-7 M was used for calibratiof196)

Evaluation of intracellular ATP and AMP content and calculation of ATP/AMP ratio

ATP and AMP intracellular content was evaluated by the enzyme coupling method, as previously
described196) Fa each assay, 50 pg of total protein was employed. ATP was assayed, following

NADP reduction, at 340 nm. The assay medium contained: 50 mNHOlipH 8.0, 1 mM NADP,
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10 mM MgCI2, and 5 mM glucose. Samples were analyzed spectrophotometrically before and
after the addition of 4 pg of purified hexokinase plus glueégdosphate dehydrogenase. AMP
was assayed following the NADH oxidation, at 340 nm. The reaction medium contained: 100 mM
Tris-HCI pH 8.0, 75 mM KCI, 5 mM MgG| 0.2 mM ATP, 0.5 mM phosphoenolpyate, 0.2

mM NADH, 10 IU adenylate kinase, 25 IU pyruvate kinase, and 15 IU of lactate dehydrogenase.
The ATP/AMP value was calculated as the ratio between the intracellular concentration of ATP
and AMP, expressed in mM.

Statistical Analysis

The ®operaitve index (Cl) in library screening was calculatading effect-basedstrategy
(response additivity approactf)98) as the sum of the specific cell deaths induced by the single
agents divided by the specific cell death in
indicate a synergistic, additive, or irHaalditive effect, respectivelilo significant validation was
applied in the drug screening since we used only one replica forceagtound The positive
control used in our drug screening was the effect of starvatioditions alone on the cells which

is considered to be nearly the same in each experidestorewas not estimatedh the drug
screening experiments preformed in the current tisesee| calculated one single raw score per
experimentCompounds witta C1<0,8 were selected for the retestamgl statistical analysis was
applied All statistical analyses were performed using GraphPad Prism 8.0. Dateseateds

mean £ SEM. The results were analyzedviy-tailedS t u d etest addsP values lessath0.05

were considered to be statistically significant (*, P < 0.05; **, P < 0.01, ***, P < 0.001, and ****,

P < 0.0001; n.s., not significant).
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4. RESULTS

Starvation enhances the anttumor effects of cholesterol biosynthesis inhibitors in
pancreatic ductal adenocarcinoma PDAC), colorectal cancer CRC) cells and CRC tumor

organoids as well as various types of cancer cells from different origins.

We screened over 800 approved drugs in pancreatic cancer cells (PK9), searching for agents whose
antitumor activity would be synergistically increased by starvation conditi¢83S)

By this approach, we identified three fungicidal agents (imidazole derivatives), i.e. clotrimazole,
miconazole, and oxiconazole, which all became strongly cytotoxic agd{i®stancer cells when
combined \ith starvation conditions (Figad. Aside from azolesther screen hitawereidentified

that resulted in synergistic anticancer effects when combined withNEV@rthelessthey were

not utilized in this study since they merot from the same drugclasSi nce azol-es i nh
demethylase, which is a key enzyme for cholesterol biosynt{le3$3 we reasoned that other

agents targeng this metabolic route (Figi¥may also acquire antitumor effects through fasting.
Consistent with this notion, in subsequent ekpents we found thatitraconazole,

a triazole derivative, simvastatian inhibitor of cholesterol rademiting enzyme HMGCoA
reductaseand terbinafinean inhibitor of the cholesterpiroducing enzyme SQLElso had their
antitumor effects strongly nhanced by starvation in PK9 and Cafampancreatic ductal
adenocarcinoma (PDAQells (Fig.d) and HCT116 (colorectal cancerlCRC cells (Fig.4c).

STS also increased the anitmor activity ofterbinafineandclotrimazolein tumor organoids from

patients with CRC Rig.4d. STS cooperated with clotrimazole and terbinafine to reduce
intracellular cholesteroin cultured Capad cells (Fig.4). Methytb-c y c |l odextrin (M
a compound that acutely depletes intracellularesttelol(200), showed a synergistic interaction

(in terms of antcancer activity) with starvemn conditions in Capat (Fig.4y) and in
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MIA PaCa?2 cells (not shown) and when added to combined azoles (clotrimazole or terbinafine)
and starvation, it furtheenhanced PDAC cell demiseulfure media supplementation with a
watersoluble cholesterol formulation, cholestémelb C D, ( ¢ h odbeaxlgpresanted thea d d
synergistic interaction betwee®TS and cholesterol biosynthesis inhibitof&ig. 4h).
Subsequently, we screened the same library in A549 lung cancer celldin@ttempt to identify
whether the screen hits, identified azoles, would result in a synergistitu@uat effect when
combined with STS similar to those observed in the screening of PK9 cell line. Surprisingly, we
were able to obtain a cooperativeendCl) of the previously identified imidazole derivatives less
than 0.8 in A549 lung cancer cell lifleig. 58), much the same as the results of PK9 screening. In
subsequent experiments, we found STS strongly enhanced the anticancer activity of cholestero
biosynthesisnhibitors in various cancer cell lines from different origifg( S-g). In addition,
combined treatmenteduced the number ofaPanl cell colonies compared to other treatment
groups(Fig. 5h. Taken together, these data suggest a potential antitumor effect of this combined

therapyin vivo.
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Fig. 4| Cholesterol biosynthesis inhibitors cooperate with starvation to kill pancreatic cancer cella, Screens for compounds whose

antitumor activity is enhanced by starvation (i.e. 1% FBS and 0.5 g/l glucose) in PK9 pancreatic cancer cells (Microasctance Sp

Collection and Selleck Preclinical/Clinical Compound Library). Cooperative index (Cl) isrhefghe specific cell death induced by the

single agents divided by the specific cell death in response to the combination. While CI values <1 are consideredativieeoindi

a synergistic effect; we set our threshold for hit validation aiddr&rease stringency, PK9 and Capatl (PDAC cell lines) cell viability

[quantified by CellTiter96 Aqueousl (Promega)] after a 72h treatment with the indicated drugs (oxicmazglemiconazolgmic.),

and clotrimazolgclotr.) 1 0 & M; i t(itredd d o re Mz o | sei (simvad and tetbinafineglterb.)50 ¢ M) , w/  or w/ o st:
¢, HCT116 CRC cells cell viability [quantified by CellTiter96 AquedDee assayPromega)] after a 72h treatment with the indicated

drugs (mic. and cM)od Tumor ddanoigdsMrpm matiemts/with CRC @ereccultured w/ orterie.2 0 ¢ Milotr. o r

15 ¢ M. under control or STS c oeChapanlicellsgeretreated fdr B4R/ ortw/o20quM dotr.orh e n  wer e
50 uM terb.under control or starvation conditions or the combination of each drug with starvation. Thereafter, cellular cholesterol was
measured by Cholesterol/ Cholesteryl Ester Quantitation Assay Kit (Abtadhjolesterol biosynthesis pathway.Capanrl cells vere

plated in 96well plates and treated for 96hw/ orvefotr.( 1 0 t®rM) 50 midd) 1 0 ¢ Mhmethylb-cayc|l odextrin ( MbC|
incubation (3.5 mM) under control or starvatmonditions, othe combination of each drug with starvation. Theezatell viability was

quantified by CellTiter96 Aqueoune assagPromega)h, Capanl cells were plated in 9&ell plates and treated for 96h w/ or velotr.

(10 t®bd)30 mdl) 10 eM) under control or starvation conditions or <co
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of 5 ¢ g/ mimethykb-oycledextrie Afterlvard, cells were imaged by phase contrast microscopy and cell viability was quantified
as deschied above. All experiments were performed in at least triplicBsta are presented as mean + SEM. Data were analyzed-by two
tai | ed t8stand statisticdl einalysis was applied with *: p<0.05; **: p<0.01; ***: p<0.001, *1%0.0001: n.s., natignificant

compared to control treatment.
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Fig. 5 | Cholesterol biosynthesis inhibitors cooperate with starvation to kill various cancer cella, Screens for compounds whose

antitumor activity is enhanced by starvation (i.e. 1% FBS and 0.5 g/l glucose) in A548 lung cancer cells (Microsource Spiattion

and Selleck Preclinical/Clinical Compound Library). Cooperative index (Cl) is the stime specific cell death induced by the single

agents divided by the specific cell death in response to the combination. While Cl values <1 are considered to befralmatamistic

effect; we set our threshold for hit validation at @8ncrease singency.b, HT29 (CRC human cell line) and CT26 (CRC murine cell

line) cell wviability after a 72h treatment with themvin@iDcaMef@i dr
CT26 cells) and t er bn).c,8CF7eSKBR3, and/MDAMB23lv(BOG husmdn &dll kinas) delloviability after a 72h
treatment with the indicated drugs ( mi ccellsamd csliarntvr.. 11090 eN (s inmw
cel9 and terb. 30 ¢ M) MIA RaCa20PanelwahdoBxPC8 @DACa¢ll ilines) cell viability after a 72h treatment

with the indicated drugs (mic. and cl otr .eQVWARSHENdO¥AARB/(ovaridn0 0 & M an
human cancer cell lines) and ID8 (oar murine cancer cell line) cell viability after a 72h treatment with the indicated drugs (mic. and
clotr. 15 & M; si mv. 30 ¢M (in OVCARS5 and |1 D8 cells) or simv. 1
f, H1975 (lung human canceell line), PC3 (prostate human cancer cell line), and N87 (gastric human cancer cell line) cell viability after

a 72h treatment with the indicated drugs (miconazol a97amd c. ) and
PC3)ors mv . 30 ¢M (in 4T1) and ter bi n@g4Tl B mufirte eetl lne) rell Aabilitycaltky g3 72tw/ or w/
treatment with the indicated drugs (mic. and cl ot r . afterbcelle M; si mv.
viability was quantified by CellTiter96 Aqueous One assay (PrambgCapanl cells were seeded invéell plates and cultured with or

without STS, 10 uM clotr., 20 uM terb., or their combinations for 24 h. Thereafter, cells were cultured in a regular oregtivardditional

10 days. Finally, cells were fixed and st with sulforhodamine B and cell colonies were counted. All experiments were performed in

at least triplicates. Data are presented as mean + SEM. Data were analyzed by twb e d t-8st and gatistiodl einalysis was applied

with *; p<0.05; **: p<0.01; ***: p<0.001, ****: p<0.0001: n.s., not significant compared to control treatment.
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Fasting plus inhibitors of de novocholesterolbiosynthesispathway reduce tumor growth in

PDAC (Capan-1) xenografts

To further investigate the cooperative role of fasting and cholesiesyinthesisnhibitors against
PDAC, we employed twm vivoexperiments using Capdrcellswhichwereinjected ino female

nude mice that were treated wéH libitum(ad lib.) diet weekly 48hevery weelfasting(starv.)

or clotrimazole(clotr.) or combined fasting pluslotr. or terbinafine(terb.) or combined fasting

plus terb Weekly cycles of fasting were found to enhance clotrimazole and terbinafine antitumor
effects in Capail xenograftbearingnude mice (Fig.&, b. To determine whether azoles or
terbinafine synergize with fasting by disrupting the intratumor cholesterol production, we
determined total cholesterol content using Cholesterol/ Cholesteryl Ester Quantitation Assay Kit
in isolated tumor masses. Consitevith the hypothesis that cholestebabsynthesisnhibitors
cooperate with fasting by targeting cholesterol production in cancer cells, we found that terbinafine
plus fasting also blunt the cholesterol levd€apanl xenograftsKig.eb). In addition combined

fasting and terbinafine lowered circulating LDLs, whereas increased HDL cholesterol and reduced
triglycerides as compared to barafine treatment alone) (Fig)p Collectively, these results point

to that the demonstrated anticancer effecthiefcombined therapy may rely, at least in part, upon

intracellular and tumor mass cholesterol levels.
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Fig. 6| Fasting and inhibitors of cholesterol biosynthesis cooperata vivoto slowtumor growth and reduce intratumor cholesterol

and circulating LDL cholesterol. Growth of 2 x 16 Capanrl subcutaneous xenografts (SCBIALB/c female nude mice treated with

ad libitumdiet (n=6), weekly 48h fasting (starv(h=7), clotrimazole (clotr.J60 mg/kg twice a week, i.gh=8) or combined starv.+clotr.

(n=6) (a) ad libitumdiet (h=9), weekly 48h fasting (starv.h£11),terbinafine (terb.f40 mg/kg/d, orally\n=11)or combined starv.+terb.

(n=12) (b). At the end of the experiment, tumors were weighed and imaged. In adiitiorimals fecad libitumor undergoing weekly

fasting awl treated w/ or w/o tertumor masses and peripheral blood were collected at the end of the experiment. Intratumor cholesterol

content was measured by Cholesterol/ Cholesteryl Ester Quantitatiay Kgs(Abcam) normalized with the protein contenttbé

respective tissue specimen. (b, panel on the rightptal cholesterol, HDL and LDL cholesterol, and triglycerides were detected by

standard chemistry (Animaidchemistry, stituto San Raffaelaylilan). All experiments were performed in at least triplicaf®ata are

presented as mean + SEM. Data were analyzed bytad | e d t-8st and fatisticdl sinalysis was applied with *: p<0.05; **: p<0.01;

*+* n<0.001, ****: p<0.0001: n.s., not gnificant compared to control treatment.
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Exogenous administration of human plasma LDL counteracts the antitumor effect exerted

by fasting plus clotrimazole in HCT116 xenografts

To test the hypothesis that exogenous administration of LDL cholesterelsteain the previously
shown antitumor effect of fasting plus cholesterol biosynthesis inhibitors, we injected BALB/c
nude mice with HCT116 colorectal cancer (CRC) cell line and provided adhidritumdiet, or
weekly 48h fasting, or clotrimazole, or clotrimazole plus weekly 48h fasting, or clotrimazole plus
weekly 48h fasting plus intraperitoneal (i.p.) injection of human plasma LDL (twice a week
coupled with the 48h of fasting). As anticipated, addagk LDL, which is referred to as bad
cholesterol, in mice bearing HCT116 xenografts that were treated with clotrimazole plus fasting
was sufficient to revert the fastiigduced enhancemerdf clotrimazole activity (Fig. &).

We obtained similar resulta cultured HCT116 cells when its culture media were supplemented
with watersoluble cholesterol formulation and treated with clotrimazole plus Fig 1d).

In addition, administering LDL to combined fasting and clotrimazole not only abrogated
clotrimazle reduction of the intratumor cholesterol content of HCT116 xenografts via fasting but
also increased circulating triglycerides as compared to fasting amoinelpole treatment alone
(Fig.7b and € respectively). These data suggest that exogenous t&rolesjection, in the form

of LDL, impedes the antitumor effect produced by starvation plus choledigEsynthesis

inhibitors.

48



Fig. 7 | Adding back LDL reverts the fasting enhancement of clotrimazole antitumor activityin vivo and increases intratumor
cholesterol and circulating triglycerides.a, Growth of 2 x 16 HCT116 SC xenografts in BALB/c female nude mice treateith

ad libitum diet (n=8), or weekly 48h fasting (starv(p=4), or clotrimazole (clotr.Y60 mg/kgtwice a week, i.p (n=5) or combined
starv.+clotr.(n=7), or clotr. +starv.+ i.p. injection of human plasma LDL (0.25 mg/mouse, twice a week coupled with(ist&)v At the

end of the experiment, tumors were weighted and imdgddtratumor cholesterol content was meaduog Cholesterol/ Cholesteryl

Ester Quantitation Assay Kit (Abcam) normalized with the protein contetiteafespective tissue specimer).Peripheral blood as

collected at the end of the experimemd tiglycerides were detected by standardroistry(Animal biochemistry, dtituto San Raffaele,

Milan). d, HCT116 cells were plated in 98ell plates and treated for 96h w/ orvelotr.( 1 0 € M) under <contr ol or
or combined drugs with st ar v a tholesterolmethytb-tyeodgxtirineTheeeaftergcelloviabilig Was e n ¢ e
guantified by CellTiter96 Aqueous One assay (Proméggjerimentsn b, c, d,were performedh triplicates. Data are presented as mean

+ SEM. Data were analyzed by twoa i | e d t-8$t and statidtidalsanalysis was applied with *; p<0.05; **: p<0.01; ***: p<0.001,

*+ix: 0<0.0001: n.s., not significant compared to control treatment.
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