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Approximately 75% of all breast cancers express the oestrogen and/or progesterone
receptors. Endocrine therapy is usually effective in these hormone-receptor-positive
tumours, but primary and acquired resistance limits its long-term benefit*2. Here we
show that in mouse models of hormone-receptor-positive breast cancer, periodic
fasting or a fasting-mimicking diet>> enhances the activity of the endocrine
therapeutics tamoxifen and fulvestrant by lowering circulating IGF1, insulin and leptin
and by inhibiting AKT-mTOR signalling via upregulation of EGR1and PTEN. When
fulvestrant is combined with palbociclib (a cyclin-dependent kinase 4/6 inhibitor),
adding periodic cycles of a fasting-mimicking diet promotes long-lasting tumour
regression and reverts acquired resistance to drug treatment. Moreover, both fasting
and afasting-mimicking diet prevent tamoxifen-induced endometrial hyperplasia. In
patients with hormone-receptor-positive breast cancer receiving oestrogen therapy,
cycles of afasting-mimicking diet cause metabolic changes analogous to those
observedinmice, including reduced levels of insulin, leptin and IGF1, with the last two
remaining low for extended periods. In mice, these long-lasting effects are associated
with long-term anti-cancer activity. These results support further clinical studies of
afasting-mimicking diet as an adjuvant to oestrogen therapy in
hormone-receptor-positive breast cancer.

Growth factor signalling through the phosphoinositide 3-kinase (PI3K)—
AKT-mammalian target of rapamycin (mTOR) and mitogen-activated
protein kinase (MAP kinase) axes enhances oestrogen receptor activity
and frequently underlies endocrine resistance in breast tumours**®.
Water-only fasting or plant-based diets that are simultaneously
low in calories, sugar and protein and proportionally high in fat
(fasting-mimicking diets (FMDs)) reduce circulating growth factors
such as insulin and IGF1**”. Therefore, we hypothesized that these
dietaryinterventions could be used to enhance the activity of oestrogen
therapy (ET) and delay endocrine resistance.

Low-serum, low-glucose cell culture conditions designed to mimic
the effects of fasting or FMD (referred to as short-term starvation,
STS) increased the anti-tumour activities of tamoxifen and fulvestrant

in HR'/HER2 breast cancer (BC) cell lines, and similar results were
obtained inmouse xenografts of the same cell lines subjected to weekly
cycles of fasting or FMD (Fig. 1a, Extended Data Figs. 1, 2a,b). STS also
increased the anti-tumour activity of tamoxifen in tumour organoids
from patients with HR* BC® and weekly FMD cycles prevented acquired
resistance to tamoxifenin mice (Extended DataFig. 2c, d). Enhancement
of ET activity through STS was dependent on the reduction in serum,
butnotglucose, as adding back glucose to the growthmedium did not
affect the observed potentiation (Extended Data Fig. 3a).

In mice, besides increasing 3-hydroxybutyrate levels (Extended
Data Fig. 3b) and lowering blood glucose (from 6.3 + 0.6 mmol I to
4.1+0.3mmol " and 4.0+ 0.9 mmol 7, respectively; n=4), fasting or
FMD modified the levels of circulating growth factors and adipokines
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Fig.1|Fasting or FMD potentiates the activity of ETin HR* BCby reducing
circulating growth-promoting factors. a, Growth of MCF7 xenografts in
6-8-week-old female BALB/c nude mice treated with ad libitum diet (control,
CTR; n=6), weekly 48-h FMD (n = 6), tamoxifen (TMX; n=6), fulvestrant (FULV;
n=8),orcombined TMX +FMD (n=8) or FULV+FMD (n=10).b, Changesin
serumIGF1, C-peptide and leptin concentration in female 6-8-week-old
BALB/c nude mice treated with fasting or FMD (or ad libitum diet) with or
without TMX or FULV. Serum was collected at the end of the fast or FMD.

¢, Six-to-eight-week-old female BALB/c nude mice wereinoculated with MCF7
cells; when tumours became palpable, mice were randomized to be treated
with ad libitumdiet (n=6), FULV (n=6), FULV plus weekly FMD (n = 6), FULV plus
weekly FMD plusintraperitoneal (i.p.) insulin (ins.; n=5),IGF1(n=5), leptin
(lept.; n=5) or combined insulin + IGF1+leptin (FRFs comb.; n=7). At day 35
(crossover), FRF administration was withdrawn, whereas it was started in mice
thathadreceived only FULV + FMD. Left, MCF7 xenograft growthinresponse to

(Fig. 1b, Extended Data Fig. 3c). Both dietary interventions reduced
serum C-peptide (a proxy of endogenous insulin production). They
also reduced both circulating insulin-like growth factor 1 (IGF1) and
insulin-like growth factor-binding protein 3 (IGFBP3, which binds to
circulating IGF1, protecting it fromrapid degradation®), while increas-
ing IGFBP1 (whichinhibits IGF1action by preventing its binding to IGF
receptors®). Thus, fasting or FMD reduced IGF1 levels and bioavail-
ability. Fasting or FMD combined with ET also reduced the levels of
leptin (Fig 1b), an adipokine that acts as a growth factor for HR* BC
cells and reduces ET efficacy'®". Notably, adiponectin, which exerts
anti-tumour effects'®, was increased when fasting was added to the
tamoxifen treatment(Extended Data Fig. 3c).

Adding back insulin, leptin or IGF1—-which we collectively refer to
as fasting-reduced factors (FRFs)—in mice bearing MCF7 xenografts
that were treated with fulvestrant plus FMD was sufficient torevert the
FMD-induced enhancement of fulvestrant activity (Fig. 1c, Extended
Data Fig. 3d). We obtained similar results in cultured MCF7 cells
(Extended Data Fig. 3e). In mice, withdrawing FRFs after three cycles
of FMD (day 35) restored tumour sensitivity to ET plus FMD, whereas
administering FRFs to mice treated with fulvestrant plus FMD stimu-
lated tumour growth and abrogated fulvestrant potentiation via FMD
(Fig.1c). These data are consistent with a previous study demonstrat-
ing that insulin reduction enhances PI3K inhibitor activity in various
cancer types'. That these FRFs have overlapping effects in activating
signalling cascades affecting HR" BC sensitivity to ET—such as the PI3K-
AKT-mTOR pathway'**—may explain why reducing all three factors
maximizes the enhancement of ET anti-tumour activity. Consistent
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ad libitum diet, fulvestrant, fulvestrant plus FMD, or fulvestrant, FMD and
re-addition of the three FRFs (for the first 35 days or starting from day 35).
Right, volume of MCF7 xenograftsin response to the different treatments at
day 35.d, Six-to-eight-week-old female BALB/c nude mice were inoculated with
MCF7 cells. When tumours became palpable, mice were randomized to be
treated with ad libitum diet, FULV, 48-h FMD or FULV + FMD. Mice were killed at
theend of the fourth FMD cycle. Left, phosphorylated (p-) (Ser473 for AKT;
Thr389 for p70S6K) and total AKT and p70S6K, EGR1, PTEN and vinculin (on the
same gel) in the tumours were detected by immunoblotting. Right,
phosphorylated AKT bands were quantified and normalized to total AKT (data
points arebiological replicates). For gel source data, see Supplementary Fig. 1.
n,number of tumours per treatment group. Dataare mean +s.e.m. (a, c) ors.d.
(b, d, right). a, Pvalues determined by two-way ANOVA with Bonferroni
post-hoctest and two-tailed Student’s t-test (day 45); b-d, by two-tailed
Student’s t-test.

with this notion, tumours isolated from mice from which FRFs were
withdrawn showed reduced phosphorylation of AKT and of p70S6K
(an mTOR target), whereas tumours from mice that were given FRFs
during treatment with fulvestrant plus FMD showed AKT and p70S6K
phosphorylation levels comparable to those in mice fed ad libitum
(Extended Data Fig. 3f).

Inaddition to IGF1, insulin and leptin, fasting or FMD (with or with-
out tamoxifen or fulvestrant) lowered tumour necrosis factor (TNF),
which can promote cancer growth by upregulating aromatase in the
tumour microenvironment and by enhancing angiogenesis and cell
invasion (Extended Data Fig. 3¢). By contrast, interleukin 1 (IL-1p),
which enhances HR* BC cell migration and metastasis''¢, was reduced
by combined tamoxifen or fulvestrant and FMD. Because downregu-
lation of insulin, IGF1 and leptin proved essential for FMD-induced
potentiation of ET anti-tumour activity, we focused on these FRFs for
subsequent mechanistic experiments. However, it is likely that the
benefit of adding fasting or FMD to ET involves other mediators, such
as TNF and IL-1f.

STS and the FMD (in experiments with MCF7 xenografts) cooper-
ated with ET to increase the expression of PTEN, a negative regulator
of AKT-mTORssignalling®, in HR* BC cell lines (in vitro and in vivo) and
in HR'/HER2 BC organoids (Fig. 1d, Extended Data Fig. 4a—d). In line
with the previously described reduction of AKT phosphorylation and
mTOR activity, these treatment combinations reduced p70S6K and
elF4E phosphorylation;increased the abundance of the translational
repressor 4E-BP1, primarily in its unphosphorylated form; and inhib-
ited protein synthesis (Extended Data Fig. 4a, b, e). Among the known
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Fig.2|FMD prevents resistance tocombined fulvestrant and palbociclib
and reduces tamoxifen-induced endometrial hyperplasia. a, Growth of
orthotopic MCF7 xenograftsin 6-8-week-old female NOD/SCIDy mice treated
withadlibitumdiet (n=15), cyclicFMD (n=15), fulvestrant (n =16), palbociclib
(n=15), FULV + PALB (n=18), FULV + FMD (n=16), PALB + FMD (n=10) or

FULV +PALB +FMD (n=18).b, Left, MCF7-xenograft-bearing 6-8-week-old
female NOD/SCIDy mice were treated with ad libitum diet (n=3) or combined
FULV +PALB (n=6). At tumour progression, mice that were treated with

FULV +PALB received weekly FMD cycles. Right, MCF7 cells with acquired
resistance to FULV + PALB were expanded ex vivo and re-transplanted; xenograft-
bearing mice were treated with FULV + PALB (n=7) or FULV + PALB+FMD (n=10).

enhancers of PTEN expression, we focused on the tumour suppressor
epidermal growth factor1(EGR1), the expression of whichis associated
withgood prognosisin patients with BC'¢, and whichis upregulatedin
healthy tissues during fasting' and is suppressed by oestrogen receptor
activity?®. EGR1 levels increased in HR* BC cell lines and HR* BC orga-
noids after treatment with ET plus STS/FMD (Fig. 1d, Extended Data
Fig.4a-d).EGR1silencingreduced the anti-tumour activity of coupled
ET and STS/FMD and prevented ET-STS-induced PTEN accumulation
and AKT inhibition (Extended Data Fig. 5a-e). BC cell protection from
combined ET and STS through EGR1silencing reflected persistent AKT
activity, as the AKT inhibitors GDC0068 and AZD5363 and the PI3K
inhibitor LY294002 all abolished this protection (Extended Data Fig. 5f).
PTEN silencing and expression of a constitutively active AKT (myris-
toylated (myr)-AKT) also reduced the sensitivity of MCF7 to combined
ET and STS/FMD (Extended Data Fig. Se, g, h). Supplementation with
insulin, IGF1and leptin, or with17(3-oestradiol, prevented increasesin
EGRI, PTEN and 4E-BP1in response to combined tamoxifen and STS
in MCF7 cancer cells (Extended Data Fig. 5i). Myr-AKT also abolished
upregulation of EGR1 and PTEN (Extended Data Fig. 5j, k). Therefore,
fasting or FMD and ET appear to cooperate to reduce AKT-mediated
inhibition of EGR1expression.Inturn,increased EGR1raises PTEN levels
and strengthens AKT inhibition. AMP-activated kinase (AMPK), which
reduces mTOR activity, was also phosphorylated in BC cells exposed
to combined ET and STS (Extended Data Fig. 6a). This effect was pre-
vented by silencing of either PTEN or myr-AKT, indicating that AMPK
stimulation through coupled ET and STS is secondary to upregulation
of PTEN and to reduced AKT activity®.

Oestrogenreceptor activity is essential for the survival and prolifera-
tionof HR*BC cells and is enhanced by insulin, IGF1and leptinsignalling
at multiple levels*”""**, STS reduced oestrogen-receptor-dependent
transcription and enhanced fulvestrant- and tamoxifen-mediated

622 | Nature | Vol 583 | 23 July 2020

& «VS:,@‘@ X«V‘+ q\‘s) X«V‘*‘

& &

&
c-e,Six-to-eight-week-old female BALB/c mice were treated for 5 weeks with ad
libitumdiet (n=35), TMX (n=5), weekly 48-h fasting (n=5), FMD (n=5),
fasting + TMX (n=5) or TMX+FMD (n=5).Mice from all groups werekilled at
theend of the last FMD or fasting cycle. Uteri were collected, weighed (c; uterus
weight was normalized to the mean uterus weight of mice from the control
arm) and fixed for histology (d), and intra-abdominal fat (gonadal,
retroperitoneal and mesenteric depots) was collected and weighed (e).Ind,
black arrowsindicate the tufts or blebs budding from the epithelium. Dataare
meants.e.m.(a,b)ors.d.(c,e).a,b, Pvalues determined by two-way ANOVA
with Bonferroni post-hoc test and two-tailed Student’s ¢-test (last day); c, e, data
pointsarebiological replicates; Pvalues, two-tailed Student’s t-test.

oestrogen receptor inhibitionin HR*BC cell lines, asindicated by lucif-
erasereporter assays and by the reduced expression of the oestrogen
receptortarget genes TFF1, PGR and GREBI (Extended DataFig. 6b, c).
Thus, STSand ET also cooperate to inhibit oestrogen receptor activity.

Using gene expression microarrays and gene set enrichment analy-
sis (GSEA), we observed a downregulation of cell-cycle-related cat-
egories of genes after combined TMX and STS treatment in MCF7
cells (Extended Data Fig. 7a—c). We verified the downregulation of
four of these genes—E2F1, E2F2, CCNE1 and CCNDI—at the mRNA level
(Extended Data Fig. 7d) and the protein level (cyclin D1 (CCND1);
Extended Data Fig. 7e, f) after combined treatment. Consistent with
their effects oncell cycle regulators, coupled STSand ET reduced levels
of phosphorylated retinoblastoma protein (RB) in HR* BC cells and
induced cell cycle arrest in the GO-G1 phase (Extended Data Figs. 7e,
g, 8a,b). Silencing of EGR1 and expression of myr-AKT both attenu-
ated thedownregulation of CCNDI inresponse to coupled ET and STS,
and myr-AKT protected MCF7 from the cell cycle arrest caused by ET,
STS or their combination (Extended Data Fig. 8c, d). Therefore, EGR1
upregulation and AKT inhibition mediate the downregulation of CCND1
by combined ET and STS and the consequent cell cycle arrest.

We reasoned that the downregulation of CCNDI by combined ET and
FMD could be exploited to provide an additional therapeutic effect,
by adding a cyclin-dependent kinase 4/6 (CDK4/6) inhibitor such as
palbociclib, which is widely used together with ET in patients with
HR*BC. In mice bearing orthotopic MCF7 xenografts, FMD cycles
or palbociclib postponed the occurrence of fulvestrant resistance
toasimilar extent (Fig. 2a, Extended Data Fig. 8e). However, even the
combination of fulvestrant and FMD or fulvestrant and palbociclib
could not prevent resistance from arising. Combining fulvestrant,
FMD and palbociclib not only prevented tumour growth for more
than 160 days, but also led to slow—but steady—tumour shrinkage.
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Fig.3|Effects of periodic FMD on disease control and circulating FRFsin
patients with HR* BCand in mice. a, Representative positron-emission
tomography (PET) scans froma patient with HR*/HER2 metastatic BC (mBC;
patient 26) exhibiting complete metabolic response upon treatment with
fulvestrant, palbocicliband FMD.b, ¢, Serum IGF1, leptin and (inb) C-peptidein
patients with HR' BC treated with ET and cyclic FMD (NCT03595540) before
and immediately (b; n=6) or three weeks (c; n=23) after an FMD cycle.

d, MCF7 cells were grafted into 6-8-week-old female BALB/c nude mice.
Tumour-bearing mice were treated for one month withad libitumdiet (n=16),
TMX (n=16), FULV (n=18), FMD (n=16), TMX + FMD (n=16) or FULV + FMD

Furthermore, administering FMD cycles to mice with tumours that
had become resistant to fulvestrant plus palbociclib induced tumour
shrinkage even at this advanced stage (Fig. 2b, left). MCF7 cells with
acquired resistance to fulvestrant plus palbociclib (Extended Data
Fig. 8f, g) were expanded and used to establish new xenografts, and,
again, adding the FMD to fulvestrant and palbociclib resulted in sig-
nificant anti-tumour activity (Fig. 2b, right).

Necropsies of mice treated with combined tamoxifen and fasting or
FMD revealed uteri of smaller size than the enlarged uteri from mice
treated with tamoxifen alone. Fasting or FMD prevented the increase
inuterus size and weight caused by tamoxifen and attenuated the his-
tological signs of tamoxifen-induced endometrial hyperplasia, such
as wide, thick endometrial villi and tufts or blebs budding from the
epithelium (Fig. 2c, d, Extended Data Fig. 9a, b). Fasting or FMD with
or without tamoxifen reduced the expression of TffI and the levels
of phosphorylated AKT in mouse uteri, while increasing £grl and Pten
mRNA (Extended Data Fig. 9¢c, d). PTEN and EGR1 proteins were also
upregulated in the uterus in response to water fasting, whereas FMD
resultedinonlyatrend towards anincrease in these proteins (Extended
Data Fig. 9d). Therefore, fasting or FMD reduces tamoxifen-induced
endometrial hyperplasia, oestrogen receptor activity and AKT acti-
vation in the mouse uterus. Finally, fasting or FMD cooperated with
tamoxifentoreduceintra-abdominal fatin mice (Fig. 2e, Extended Data
Fig. 9e). Because intra-abdominal fat is a major source of adipokines,
this reduction could explain the leptin-lowering effect of combined
ET and fasting or FMD.

Days after treatment onset

(n=17) and observed thereafter. n, number of tumours per treatment group.

e, f, MCF7 engraftment and growth in 6-8-week-old female BALB/c nude mice
thatwere pre-treated for one monthwithad libitumdiet (n=7), TMX (n=8),
FULV (n=8),FMD (n=8), TMX +FMD (n=8) or FULV + FMD (n=8). Mice were
inoculated with MCF7 cells one week after the end of pre-treatment. g, Putative
model forthe cooperation between fastingor FMD and ET at the level of PI3K-
AKT-mTOR and CCND1signalling. ER, oestrogenreceptor; IRS, insulin receptor
substrate. b, ¢, Pvalue determined by two-tailed Student’s paired t-test;

d,f, meants.e.m.; Pvalues, two-way ANOVA and Student’s t-test (f, day 90);

e, Pvalues, log-rank test.

Wetested the combination of periodic FMD and ET in 36 patients with
HR' BC enrolled in one of two clinical trials, NCT03595540 (patients
1-24) and NCT03340935 (patients 25-36), designed to assess the safety
and feasibility of periodic FMD in patientsreceiving active cancer treat-
ment (Supplementary Table 1). In the NCT03595540 trial, patients
received afive-day FMD (Xentigen)** every four weeks. They completed
an average of 6.8 FMD cycles, with some undergoing up to 14 cycles.
Also in this clinical study, the FMD proved to be safe, leading to only
grade1-2adverse events, most commonly headache (41%) and fatigue
(21%) (Supplementary Tables 1, 2). Patients from the NCT03340935
study received a similar, albeit more calorie-restricted, five-day FMD
regimen every three to four weeks and completed an average of 5.5
cycleswithnosevere adverse events. Patients from the NCT03595540
trial, who also received dietary recommendations®and instructions for
daily muscle training for the intervals between FMD cycles, maintained
astable body weight and hand grip (Extended Data Fig. 10a). Their
bioimpedance phase angle® and fat-free mass increased over time,
whereas their fat mass decreased. These findings were confirmed by
abdominal or thoracic computed tomography (CT) scan analyses in
those patients for whom CT scans were available at baseline and dur-
ing treatment (Extended Data Fig.10b). Clinical outcomes in patients
with metastatic HR"/HER2™BC, including those treated with combined
ET, palbocicliband FMD (n=4), are promising (Fig. 3a, Supplementary
Table1). Patients1,26 and 27 have been treated in the second-line treat-
ment setting for 32,20 and 11 months, respectively, receiving atotal of
10 (patient 1) and 8 (patients 26 and 27) FMD cycles. Patients 1and 26

Nature | Vol 583 | 23 July 2020 | 623



Article

still have clinically controlled disease, whereas patient 27 progressed
after 11months (median progression-free survival (PFS) in this clinical
settingis 9 months)'*?. Patient 29 received fourth-line treatment with
fulvestrant and palbociclib plus five FMD cycles, ultimately progressing
after 11months. Considering all of the patients with HR*/HER2" BC who
were enrolled in these trials, the FMD lowered blood glucose, serum
IGF1, leptinand C-peptide, while increasing circulating ketone bodies
(Fig. 3b, Extended Data Fig. 10c, d). Levels of leptin and IGF1—but not
insulin—were still lower than the baseline values three weeks after the
end of the FMD (Fig. 3¢, Extended Data Fig. 10e).

Similar findings were obtained in mice (Extended Data Fig. 10f):
inresponse to combined ET and FMD (but not to ET or FMD alone),
leptinand IGF1remained lower thanin ad-libitum-fed mice, even with
refeeding one week after the end of the FMD. Given that both leptinand
IGF1stimulate BC cell proliferation'**?, we evaluated whether these
long-term changesin circulating FRFs, which persisted beyond the FMD
period, were associated with anti-cancer effects. A one-month treat-
ment of MCF7-xenograft-bearing mice with ET plus FMD (or fasting),
butnotwith each treatment separately, slowed tumour growth for up
to 90 days after treatment withdrawal, and resulted in enhanced mouse
survival (Fig. 3d, Extended Data Fig.10g, h). Pre-treating the mice with
coupled ET and FMD for one month, followed by MCF7 cellinoculation,
reduced tumour engraftment and slowed the growth of those tumours
that did engraft (Fig. 3e, f). Pre-treatment with fulvestrant also slowed
MCF7 xenograft growth, probably due to the use of along-acting for-
mulation. However, pre-treatment with combined FMD and fulvestrant
was more effective than treatment with fulvestrant alone.

Inconclusion, periodic fasting or FMD increases the anti-cancer activ-
ity of tamoxifen and fulvestrant, delays resistance to these agents and,
incombination with fulvestrant and palbociclib, causes tumour regres-
sion and reverses acquired resistance to these two drugs. A pivotal
cause for the enhancement of ET anti-tumour activity by fasting or
FMD appearstobethereductioninbloodinsulin,IGF1andleptin, with
the consequentinhibition of the PI3K-AKT-mTOR pathway, atleastin
partthroughthe upregulation of EGR1and PTEN (Fig. 3g). Notably, fast-
ing or FMD inhibits the AKT-mTOR axis without causing the rebound
hyperglycaemia and hyperinsulinaemia that are associated with the use
of PI3K or mTORClinhibitors and have beenimplicated in tumour resist-
ance to these treatments'>'*#?%, The leptin- and IGF1-lowering effects
of ET plus FMD persist beyond the FMD period and are associated with
carry-over anti-cancer activity. Therefore, the observed regression of
HR*'BCinmice couldreflect both an acute and stronger, together with
achronic and milder, reduction of these FRFs. These results also sup-
portapotential cancer-preventive effect of FMD cycles. The ability of
fasting or FMD to prevent tamoxifen-induced endometrial hyperplasia
is another interesting finding, given the prevalence of this side effect
of tamoxifen and the limited options for preventing it"?.

Overall, our results provide the rationale for larger clinical studies
of FMDs as a means to improve clinical outcomes in patients with HR*
BC receiving ET, but also for the treatment of other cancers that are
sensitive to insulin, IGF1 or leptin deprivation.
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Methods

Celllines and reagents

MCF7,ZR-75-1and T47D cell lines were purchased from the ATCC (LGC
Standards S.r.1., Milan, Italy). Cells were authenticated by DNA finger-
printing and 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
(Promega). Recombinant humanIGF1land recombinant humanleptin
were purchased from Peprotech. Insulin (Humulin R) was obtained
from the Pharmacy of the IRCCS Ospedale Policlinico San Martino.
Puromycin, protease/phosphatase inhibitor cocktail, B-oestradiol,
sulforhodamine B, tamoxifen and V (for in vitro use) were purchased
from Sigma Aldrich S.r.I. Fulvestrant for in vivo use was purchased
from AstraZeneca (Faslodex). Palbociclib forin vitro experiments was
purchased from Selleck Chemicals, while that for in vivo experiments
was purchased from Medchem Express. 173-oestradiol-releasing pellets
were purchased from Innovative Research of America.

Cell viability assays

2.8 x10°MCF7,5x10°T47D or 5x10°ZR-75-1cells were plated in 96-well
platesin CTR medium. After 24 h, medium was removed and cells were
washed withPBSandincubatedin either CTR (10% FCS and 1g/L glucose)
or STS (1% FBS, 0.5g/L glucose) medium. After afurther24 h, cells were
stimulated with or without with tamoxifen or fulvestrant at theindicated
concentrations. Where indicated, GDC0068, AZD5363 and LY294002
(from SelleckChem) were used at 1uM, 400 nM and 2 uM concentration,
respectively. Viability was determined 72 h later by CellTiter 96 Aqueous
One assay (Promega) according to the manufacturer’s instructions.

Organoid culture and viability assays

33T,209M and 213M BC organoid lines were previously published® and
were cultured and passaged as previously described®. For viability assays,
organoids were collected, washed, filtered with a 70-um nylon filter
(Falcon)andbroughttoa7.5x10°organoids/mL densityinregularmedium
or STS medium (0.5 g/L for STS and concentration of B27 brought to
0.1x instead of 1x) containing 5% BME. Thereafter, 40 pL organoid sus-
pension was dispensed in each well of a 384-well plate (Corning) using
aMulti-drop Combi Reagent Dispenser (Thermo Scientific). Organoids
were subsequently treated with 2.5uM (209M) or 13 uM (33T and 213M)
tamoxifenwith four replicates. tamoxifen was dispensed using the Tecan
d300edigital dispenser. DMSO concentrations never exceeded 1%. Five
days later, viability was assessed using CellTiterGlow 3D reagent (Pro-
mega) according to the manufacturer’s instructions. Cell viability was
normalized based on the signal obtained in organoids treated with1yuM
staurosporine (Sigma Aldrich; positive control, corresponding to 0% cell
viability) and DMSO (negative control, corresponding to 100% viability).

Retroviral and lentiviral transduction

pBABE-puro (PBP), PBP-myr-AKT, pMKO-GFP-shRNA (short hair-
pin RNA), pMKO-PTEN-shRNA and the lentiviral packaging plasmid
(pCMV-dR8.2 dvpr and pCMV-VSV-G) were purchased from Addgene
(Cambridge, MA, USA). pLKO and pLKO-EGR1-shRNA1-3 were purchased
from Sigma Aldrich S.r.l. Retro- and lentiviral transduction were per-
formedas described elsewhere®®. The sequence of the PTEN-targeting
shRNA was CTTGAAGGCGTATACAGGACTCGAGTCCTGTATACGCCT
TCAAGTCTTTTT, that ofthe EGR1shRNA#1was CCGGGCCAAGCAAACC
AATGGTGATCTCGAGATCACCATTGGTTTGCTTGGCTTTTT (Sigma
Aldrich, TRCN0000013833) and that of the EGR1shRNA#2 was CCGGC
GACATCTGTGGAAGAAAGTTCTCGAGAACTTTCTTCCACAGATGTCG
TTTTT (Sigma Aldrich, TRCNO000013834).

Immunoblotting
For protein lysate generation from cultured cells, 5 x 10* MCF7, T47D
or ZR-75-1cells were plated in 6-well platesin CTR medium. After 24 h,

medium was removed, and cells were washed with PBS and incubated
ineither CTR or STS medium. After afurther 24 h, cells were stimulated
with or without with tamoxifen (5 uM) or fulvestrant (10 pM). Where
indicated, cells were supplemented with insulin (400 pM), IGF1(5ng/
ml), leptin (50 mg/ml) or 173-oestradiol (100 nM). 24 h later, cells were
washed and protein lysates were generated as described elsewhere®*?,
Protein lysates from primary tumours or mouse uteri were obtained
using TissueRuptor (Qiagen). Proteins (35ug) were separated by SDS-
PAGE, transferred to a PVDF membrane (Immobilon-P, Millipore S.p.A.)
and detected with the following antibodies: anti-phospho-AKT (Ser473;
#4058), anti-AKT (#9272), anti-PTEN (#9552), anti-phospho-p70Séki-
nase (Thr389; #9206), anti-p70Sékinase (#9202), anti-4E-BP1 (#4923),
anti-phospho-elF4E (Ser209; #9741), anti-phospho-RB (Ser807/811;
#9308), anti-RB (#9309), anti-CCND1 (#2978), all from Cell Signaling
Technology; anti-phospho-AMPK (Thr172; PA5-17831), anti-AMPK (PA5-
29679), anti-EGR1(MA5-15008), from Thermo Fisher; and anti-f-actin
from Santa Cruz Biotechnology. Band intensities were quantified with
Quantity One SW software (Bio-Rad Laboratories, Inc.) using standard
enhanced chemiluminescence.

Colony formation assays

8x10>MCF7 or2x10°ZR-75-1cells were plated in 6-well plates in regular
medium. 24 hlater, cellmedium was removed. Cells were washed twice
with PBS and were incubated in either CTR or STS medium. The next
day, cells were treated with either DMSO (vehicle), 5 pM tamoxifen or
10 pM fulvestrant for 24 h. Then cell medium was removed and cells
were cultured for 2 weeks. Cell colonies were finally enumerated as
described inref. .

Cell cycle analysis by flow cytometry

Cell cycle analysis of cultured BC cells was performed by propidium
iodide staining of isolated cell nuclei and flow cytometry as described
elsewhere®, acquiring 10,000 events.

Protein synthesis assay

7.5x10> MCF7 or 1 x10* T47D or ZR-75-1 cells were plated in 96-well
platesin CTR medium. After 24 h, the cell medium was removed, cells
were washed withPBS and thenincubated in either CTR or STS medium.
24 h later, cells were stimulated with or without tamoxifen (5 pM) or
fulvestrant (10 pM). Protein synthesis was determined with Click-iT Plus
OPP Alexa Fluor 488 Protein Synthesis Assay Kit (Life Technologies)
with PerkinElmer Operetta High Content Imaging System.

Luciferase reporter assay

For oestrogen receptor luciferase reporter assays, 4 x 10* MCF7 cells
were seededin a24-well plate 48 hbefore transfection. Cells were grown
in phenol red free regular medium, supplemented with 10% charcoal
stripped FBS (Gibco). Cell medium was then replaced and substituted
with either regular or STS phenol red free medium, containing 10% or
1% charcoal treated FBS respectively, and 70% confluent cells were
transfected with TransIT-LT1 Transfection Reagent (Mirus). 350 ng of
pGL3 promoter plasmid (Promega) or of the pS2/TFF1reporter vector
containing 1.3 kb of the proximal promoter of the oestrogen-responsive
gene TFFI cloned in the pGL3-basic backbone® were used together
with 150 ng of the pRLSV40 plasmid (Promega), which harbours the
luciferase gene from Renilla reniformis under a constitutive promoter.
The next day, transfected cells were treated with or without tamoxifen
(5uM), fulvestrant (10 pM) and/or 17B-oestradiol (1nM) and harvested
after an additional 24 h. Luciferase signals were measured using the
Dual-Luciferase Reporter Assay System (Promega) as described pre-
viously*.

Gene expression profiles and functional analyses
For gene expression microarray studies of cultured MCF7 cells, 5 x 10*
cells were plated in 6-well plates in CTR medium. After 24 h, medium
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was removed, and cells were washed with PBS and incubated either in
CTRor STSmedium. After afurther 24 h, cells were stimulated with or
without 5 uM tamoxifen. 24 h later, total RNA isolation was performed
with the RNeasy Mini Kit (Quiagen, GmbH Hilden, Germany). RNAs
were hybridized in quadruplicate on Agilent Human GE 4x44K V2
Microarray (G2519F-026652) following the manufacturer’s protocol.
Hybridized microarray slides were scanned with the Agilent DNA Micro-
array Scanner G2505C at a 5-um resolution with the manufacturer’s
software (Agilent ScanControl 8.1.3). The scanned TIFF images were
analysed numerically and background-corrected using the Agilent
Feature Extraction Software (version10.7.7.1), according to the Agilent
GE1_107_Sep09 standard protocol. The output of Feature Extraction
was analysed with the R software environment for statistical computing
(http://www.r-project.org/) and the Bioconductor packages (http://
www.bioconductor.org/). The arrayQuality Metrics package was used to
checkthe quality of the arrays. Low-signal Agilent probes, identified by
arepeated “not detected” flag across the majority of the arraysin every
condition, werefiltered out from the analysis. Signal intensities across
arrays were background corrected (Edwards method) and normal-
ized with the quantile normalization method. DEGs were determined
adoptingadouble threshold based on (i) the magnitude of the change
(fold change greater than + 2) and (ii) the statistical significance of
the change, measured with multiple-test-correction-adjusted Pvalue
(g-value) 0.05, using the Limma package. Gene-set enrichment analysis
was performed using the version implemented in fgsea package, per-
forming 10,000 permutations and using as database the REACTOME
Pathways data set (reactome.db package). Box plots were generated
using the ggplot2 package, and to evaluate the differences between the
groups, anon-parametric two-sided Wilcoxon test was used. All results
were corrected according to the Benjamini-Hochberg procedure.

Quantitative PCR

Quantitative PCR (qQPCR) was performed as described elsewhere™.
Gene-specific primers were purchased from Sigma-Aldrich or Thermo
Fisher and are listed in Supplementary Table 3. Comparisons in gene
expression were performed using the 2**“ method.

ELISAs

Mouse wholeblood was collected in Eppendorftubes. It was allowed to
coagulate for2hatroomtemperature, centrifuged 20 minat4,000 rpm
andthenstoredinaliquotsin PCRtubes at -80 °C until subsequent use.
Wholeblood from patients was collected in Vacuette Serum Clot Tubes,
centrifuged 20 min at 2,100 rpm and then aliquoted into small tubes
and stored at -80 °C until use. All the ELISA assays to detect mouse
and human serum level of IGF1, IGFBP1, IGFBP3, C-peptide, leptin and
adiponectinwere purchased from R&D System except that for mouse
C-peptide, which was purchased from Alpco.

Animal models

Allmouse experiments were performed inaccordance with therelevant
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
Superiore di Sanita (ISS). NOD/SCIDy mice were used in the experiments
shownin Fig. 2a, b and Extended Data Fig. 8e-g at the animal facility
of IFOM-IEO (Milan, Italy). They were derived from in-house colonies
and were kept foramaximum of three generations. Breeders (Charles
River Laboratories) and experimental animals were maintained under
pathogen-free conditions. 6-8-week-old female athymic Nude-FoxN1
mice (purchased from Envigo) were used in the experiments shownin
Figs.1and 3 d-fand Extended DataFigs. 1, 2, 3, 4c, 7fand 10f-h at the
Animal Facility of the IRCCS Ospedale Policlinico San Martino. These
animals were maintained in air-filtered laminar flow cabinets with a
12-hlight cycle and food and water ad libitum. Mice were acclimatized
for 1week. To allow MCF7, T47D and ZR-75-1 xenograft growth, the

day before cell injection a17f3-oestradiol-releasing pellet (Innovative
Research of America) wasinserted inthe intra-scapular subcutaneous
regionunder anaesthesia conditions. 5 x10° MCF7, 8 x10° ZR-75-10r 5
x10°T47D cells were injected subcutaneously (s.c.) into either one or
both flanks of the mouse (see Source Data files). Alternatively, 3 x10°
MCF7 were injected orthotopically into the fourth abdominal fat pad
(experiments shown in Fig. 2¢, d and Extended Data Fig. 8e). Treat-
mentwas initiated when the tumours appeared as established palpable
masses (-2 weeks after cell injection). In each experiment, mice were
randomly assigned to one of the following arms: control (ad libitum
diet); tamoxifen (45 mg/kg/d in peanut oil, oral gavage®*); fulvestrant
(150 mg/kg/once a week, s.c.’>*); palbociclib (65 mg/kg, in H,0, oral
gavage, three times aweek on Mondays, Tuesdays and Fridays® *°); IGF1
(200 pg/kgbody weight*, s.c., twice aday on the days of FMD); insulin
(20 mU/kg body weight'?, s.c., on the days of FMD); leptin (1 mg/kg
body weight*, s.c., once aday Monday through Friday, including on the
days of FMD); fasting (water only, for 48 hevery week**?); FMD (previ-
ously described inrefs.>*; for 48-96 h every week); or combinations of
these treatments as indicated. Mice were housed in a clean, new cage
toreduce coprophagy and residual chow. Body weight was measured
immediately before, during and after fasting/FMD. FMD cycles were
repeated every 5or 7 dinorder obtain complete recover of body weight
before anew cycle. Tumour volume was calculated using the formula:
tumour volume = (w2 x W) x Ti/6, where “w” and “W” are “minor side”
and “major side” (in mm), respectively. The maximal tumour volume
that was permitted by our Institutional Animal Care and Use Commit-
tee (IACUC) was 1,500 mm?, and in none of the experiments were these
limits exceeded. Tumour masses were always isolated at the end of
the last FMD/fasting cycle, weighed, divided in two parts and stored
inliquid nitrogen for subsequent RNA extraction, or fixed in formalin
for histology. For the resistance acquisition experiments mice were
treated with weekly FMD cycles, with a1l-week break every fifth week,
until the masses quadrupled their initial volume (or quadrupled the
smallest volume ever reached, in Fig. 2b), as this was chosen as the
criterion for defining resistance acquisition and disease progression,.
In Extended Data 8e (representing mouse progression-free survival),
mouse deaths that were unrelated to disease progression are presented
as outreach symbol on the survival curves. In the experiments with
tamoxifen-induced endometrial hyperplasia, 6-8-week old female
BALB/c mice (Envigo) were used. At the end of the experiment, uteri
were divided into two parts and stored in liquid nitrogen for subsequent
RNA extraction and in formalin for histological examination.

Sample size estimation was performed using PS (Power and Sample
size calculation) software (Vanderbilt University). By thisapproach we
estimated that the number of mice that was assigned to each treatment
group would reachapower of 0.85. The Typel error probability associ-
ated with our tests of the null hypothesis was 0.05. Mice were assigned
to the different experimental groups in arandom fashion. Operators
were unblinded, with the exception of the pathologists who analysed
the tumour samples isolated from animals in Fig. 2 and in Extended
Data Figs. 8 and 9 (these pathologists were blinded). Blinding during
animal experiments was not possible because mice were subject to a
specific diet supply and daily treatment.

Tissue preparation, histology and immunohistochemistry
Tissue samples of uterus and breast gland were formalin fixed for 24 h,
routinely processed and paraffin embedded. From each paraffinblock,
4-pm-thick sections were cut in one session and mounted on Super-
frost Plus (Thermo Scientific) microscopesslides. Polyclonal antibody
for Ki67 (Cell Signaling, D2H10) diluted 1:50 plus Dako EnVision and
Dual Link System HRP coupled with DAB detection kit were used for
Ki67 staining. Afterimmunostaining slides were counterstained with
haematoxylin and coverslipped. All stains and immunostains were
evaluated by one expert pathologist (LM) blinded as to the different
treatments.
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Clinical studies of FMDs in patients undergoing ET for HR* BC
The NCT03595540 was conducted at the IRCCS Ospedale Policlinico
SanMartino and was approved by the Comitato Etico Regione Liguria.
This trial consists of a single-arm phase Il clinical study of a FMD
(Xentigen, by L-Nutra, Los Angeles, CA) in 60 patients with solid or
hematologic tumours undergoing active cancer treatment. Primary
study endpoints were the feasibility and safety of monthly cycles of
the FMD in patients with solid or hematologic tumours who undergo
active treatment. Secondary pre-specified endpoints were: patient
nutritional status; quality of life; clinical responses; long-term effi-
cacy (progression-free survival, overall survival); effect of FMD on
metabolic parameters (for example, HOMA index, circulating levels
of IGF1); and effect of FMD on circulating immune cell subsets. An
amendment to the protocol (which included the possibility of using
imaging studies that are otherwise routinely prescribed for disease
monitoring, for example, CT scans, for body composition evaluation)
was approved by the Ethics Committee of the Regione Liguriaon 8 April
2019 (#27). The FMD tested was described elsewhere®’. Throughout the
clinical study, patients received dietary counselling for the intervals
between FMD cycles, aiming at providing an appropriate intake of
proteins (primarily from seafood and legumes), essential fatty acids,
vitamins and minerals as per international guidelines®***, and were also
invited to performlight/moderate daily muscle training (for example,
500-600 kJ/d; as allowed by their medical condition; https://docs.
google.com/presentation/d/1szaRW4t-pZQI1702Pe0747FsUEOVW-
WiA6BHjaOp8H_0/edit#slide=id.g34ad797184_0_0) to enhance muscle
anabolism*. Between FMD cycles, patients were prescribed amino
acid supplements (Aminotrofic; 30 g essential amino acids two times
aday)inthe presence of a difficulty in maintaining phase angle values
of 5degrees or greater. Additional information on this trial is available
at https://clinicaltrials.gov/ct2/show/NCT03595540. Patient serum for
subsequent ELISA assays of circulating growth factors and adipokines
was routinely collected before commencement of the first and of the
second FMD cycle. In addition, in those patients who lived close to the
enrolmentsite, blood draws were also performed on day 6 of the FMD
cycle. Blood glucose and ketone bodies were self-measured by the
patients using Glucomen Areo 2k (Menarini). Bioimpedance measure-
ments were done by BIA 101 (Akern, Florence, Italy) according to the
instructions of the manufacturer.

The NCT03340935 clinical trial was conducted at the Fondazione
IRCCS Istituto Nazionale dei Tumori, Milan, Italy. It was approved by
the Comitato Etico of this Institution. This study aimed to assess the
safety of a FMD in patients with cancer treated with different stand-
ard anti-tumour therapies (primary study endpoint). Secondary
pre-specified endpoints included feasibility of the FMD in patients
with cancer; metabolic effects of the FMD; effects of the FMD on blood
growth; weight changes during the FMD; changesin blood cell counts;
changes in kidney function parameters; and changes in liver param-
eters. Patients with any malignancy, with the exception of small-cell
neuroendocrine tumours, were considered for enrolment in this
study. The FMD was administered up to a maximum of 8 consecutive
cyclesincombination with standard adjuvant treatments or therapies
for advanced disease. The FMD used in this study consisted of a 5-d
plant-based, low-calorie (600 kcal on day 1, followed by 300 kcal/d on
days 2-5), low-protein, low-carbohydrate diet (patent pending). The
FMD wasrepeated every 3 or 4 weeks up to amaximum of 8 consecutive
cycles. Additional information on this trial can be obtained at https://
clinicaltrials.gov/ct2/show/NCT03340935.

Both ofthese studies complied with all relevant ethical regulations.
Informed consent was obtained from all patientsin both clinical trials.

CT-scan-based body composition analysis
CT scans of patients1and 3 were acquired with different CT scanners.
Both 1.25-mm and 5-mm slice thickness with standard body kernel

were available. The whole body was scanned from the lung apex to the
pubic symphysis (patient 1). Reconstructed axial images with both a
1.25-mm and a 5-mm slice thickness were analysed using the software
installed on the workstations of the IRCCS Ospedale Policlinico San
Martino Radiology Department (Suite-Estensa 1.9-Ebit-Esaote Group
Company, 2015). The third lumbar vertebra (L3), at the level in which
both transverse processes are clearly visible, was the bony landmark
for the estimation of total muscle area. If abdominal CT scans were
notavailable and only thoracic CT was done (patient 3), estimation of
totalmuscle areaat thelevel of the Louis angle (manubriosternal joint
thatlies at the level of the second costal cartilage) at baseline and after
repeated FMD cycles were done as described previously*.

Statistical analysis

Statistical analyses were performed with GraphPad Prism software
version 5 (GraphPad Software). All parameters were tested by two-way
Student’s t-test, paired ¢-test or two-way ANOVA. Pvalues < 0.05 were
consideredto besignificant. To evaluate changes in fat-free body mass,
fatbody mass and phase angle over time, we fitted alinear mixed-effects
model taking into account absolute (values expressed in kg) fat-free
body mass, absolute fat body mass (values expressed in kg) and phase
angle (values expressed in degrees) as a function of time assessment,
with a random covariate represented by subject ID (package Ime4 in
the R Environment for Statistical Computation).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1|Fasting and FMD enhance ET anti-tumour activity in
HR*BCcells.a, b, MCF7 cellswere plated in 96-well plates and treated with STS
conditions, tamoxifen or fulvestrant at the indicated concentrations, or their
combinations. After 96 h, cellswereimaged by light microscopy (b) and their
viability was detected (a). c, MCF7 cells were seeded in 6-well plates and
cultured with or without STS, tamoxifen (TMX) or fulvestrant (FULV), or their
combinations for 24 h. Thereafter, cells were cultured in regular medium for an
additional 14 d. Finally, cells were fixed and stained with sulforhodamine B and
cellcolonies were counted. d, T47D and ZR-75-1 cells were plated in 96-well
platesand exposed to STS, TMX at the indicated concentrations or their
combination. Cell viability was detected after 96 h. e, ZR-75-1cells were seeded
in 6-well plates and cultured with or without STS, TMX or FULV, or their
combinations for 24 h before being cultured in regular medium for an

e F &3]
O /\\“Qx@@ S

additional 14 d. Finally, cells were fixed and stained with sulforhodamine B and
cell colonies were counted. f, g, MCF7 xenografts were established in
6-8-week-old female BALB/c nude mice. Once tumours became palpable, mice
wererandomized tobe treated with ad libitum diet (control; n=5), TMX (n=5),
FULV (n=5), weekly 48-h water-only fasting (n=5), or combined TMX + fasting
(n=5) or FULV +fasting (n=>5). Tumour volume and mouse weight were
monitored over time (f). At the end of the experiment, mice were killed and
tumour masses wereimaged and weighed (g).In a-e, onerepresentative
experimentoutof threeispresented.Ina, c, e,dataare fromfour, three, and
fourbiological replicates (four wells), respectively.Ind - left graph, dataare
fromsix (left) or four (right) biological replicates (wells).Data are presented as
mean+s.d. (a, c-e, g) ors.e.m. (f). Datawere analysed by two-tailed Student’s
t-test (a, c-f; tumour volume at day 32, g) or two-way ANOVA (f).
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Extended DataFig.2|Enhancement of ET activity via fasting/FMDin
mouse xenografts of HR* BC cell lines and inhuman HR" BC organoids.

a, ZR-75-1xenograft-bearing, 6-8-week-old female BALB/c nude mice were
treated withad libitumdiet (control; n=5), TMX (n=5), weekly 48-h FMD (n=6)
or combined TMX and FMD (n = 6). Tumour volume (left) and mouse weight
(right) were monitored over time. Mice from all treatment groups were killed at
day 65, and tumours wereisolated and weighed (middle). b, Growth of T47D
xenografts in 6-8-week-old female BALB/c nude mice treated with ad libitum
diet (n=10), TMX (n=7), fulvestrant (FULV; n=9), or combined TMX + FMD
(n=5)or FULV +FMD (n=5).c, Tumour organoids from patients with HR* BC
were cultured with or without TMX, STS conditions or their combination for
120 h,and then were imaged (left; one representative experiment out of three

100 120

ispresented) and their viability quantified (right). Viability of 209M, 213M and
33T BCorganoids (graphsat right) was calculated from four biological
replicates (wells) ineach type of organoid for each treatment condition.

d, MCF7 cells were grafted into 6-8-week-old female BALB/c nude mice, and
once tumours became palpable, mice were treated with ad libitum diet (n=14),
TMX (n=14), weekly FMD (n=18) or their combination (n=20). Tumour volume
(left) and progression-free survival (right) were monitored for each group. n
indicates the number of mice (with one tumour per animal; a) or the number of
tumours per treatment group (b, d). Dataare mean =s.e.m. (a-d) ors.d.

(c). Datawere analysed by two-way ANOVA (a, left; b; d, left), by two-tailed
Student’st-test (a, right; b, tumour volume at day 105; ¢) or by log-rank test

(d, right).
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Extended DataFig. 3 | See next page for caption.



Article

Extended DataFig.3|FMD-mediated increasein ET anti-cancer activity is
mediated by thereductionincirculatinginsulin, IGF1andleptin.a, MCF7
cellswereseeded in 96-well plates and cultured for 96 hwith or without STS
conditions (1% FBS, 0.5 g/l glucose), low-serum conditions (1% FBS,1g/I
glucose), TMX or FULV at the indicated concentrations, or combinations of
these treatments. Thereafter, cell viability was determined. Onerepresentative
experimentoutofthreeis presented. Cell viability ineach treatment condition
was calculated from three (MCF7 cells) or four (T47D, ZR-75-1 cells) biological
replicates (wells). b, ¢, Serum B-hydroxybutyrate, IGFBP1, IGFBP3, adiponectin,
TNF and IL-1$ concentrations in female 6-8-week-old BALB/c nude mice treated
with fasting/FMD (or ad libitum diet) with or without TMX or FULV. In allmouse
groups, serumwas collected at the end of the fasting/FMD. Data are from
biologicalreplicates. d, e, MCF7 cells wereinjected into 6-8-week-old female
BALB/c nude mice; once tumours became palpable, mice were randomized to be
treated with ad libitumdiet (n=6), FULV (n=6), FULV + weekly FMD (n=6), FULV
+FMD +i.p.insulin (n=5), FULV + FMD +I1GF1(n=5), FULV+FMD +leptin (n=5),

or FULV + FMD + combinedinsulin, IGF1and leptin (FRFs; n=7). FRF
administration was withdrawn at day 35 (crossover), while it was started in mice
thathad only been treated with FULV + FMD. Right, tumour volumein each
treatment group atday 57; n, number of tumours per treatment group. e, MCF7
cellswereseededin 96-well plates and cultured for 96 h with or without STS,

10 uM FULYV, insulin, IGF1, leptin (at the indicated concentrations), combined
insulin,IGF1andleptin, or combinations of these treatments. Cellswere then
imaged by light microscopy (left) and cell viability was determined (right). One
representative experiment out of threeis presented. f, Attheend of the
experimentshownind, e,tumour masses were isolated for protein lysate
generation. Total and phosphorylated AKT (Ser473) and p70S6K (Thr389) and
vinculin (onthe same gel) were assessed by immunoblotting. One
representative experimentout of three (n=>5or 6 tumour masses/treatment
group were evaluated) is presented. For gel source data, see Supplementary
Fig.1.Dataare frombiological replicates and represent mean +s.d.

(a-c, e, right) ors.e.m.(d). Datawere analysed by two-tailed Student’s ¢-test.
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Extended DataFig. 4 |Fasting or FMD and oestrogen therapy cooperate to
inhibit PI3K-AKT-mTOR and oestrogenreceptor signallingin HR* BC cells.
a,b,MCF7,T47D and ZR-75-1 cellswere seeded in 6-well plates and cultured for
48 hwith or without STS conditions in the presence or absence of tamoxifen
(SuM) or fulvestrant (10 pM). Thereafter, cells were subjected to protein lysate
generation, and PI3K-AKT-mTOR signalling and EGR1, PTEN and B-actin (on the
same gel) levels were detected by immunoblotting. For gel source data, see
SupplementaryFig.1.Inb, proteinbands were quantified and normalized to
vinculinlevels; dataare frombiological replicates and were obtained by three
differentexperiments. c, MCF7 cells wereinjected into 6-8-week-old female
BALB/c nude mice. Once tumours became palpable, mice were randomized to
betreated withadlibitumdiet (n=3), FULV (n=3), TMX (n=3), weekly 48-h FMD
(n=4),FULV + FMD (n=4) or TMX + FMD (n=4). Mice were killed at the end of
the fourth FMD cycle. Tumour masses were isolated and EGRI and PTEN
expression were detected by qPCR. Data are from biological replicates.

TMX -+ -4 =F- kot ok ok ook oo

0.0025

CcTrR
= TMX
Wl STS
B STS+TMX

MCF7 T47D

ZR-75-1

OPP intensity

n,number of tumoursisolated and used for this experiment.

d, Metastasis-derived HR* BC organoids were cultured with or without TMX,
STS or their combination for 48 h. Thereafter, organoids wereisolated and
subjected toRNAisolation, and EGRI and PTEN expression was quantified by
qPCR.Dataare frombiological replicates. One representative experiment out
ofthreeispresented. e, MCF7, T47D and ZR-75-1 cells were seeded in 96-well
platesand cultured for 48 h with or without 1pug/ml cycloheximide (CYCLO),
STS conditions, TMX (5 uM), FULV (10 pM) or their combinations. Thereafter,
protein synthesis was detected by OPP assay. Left, cells were imaged by
fluorescence microscopy (one representative image out of three biological
replicates (wells) is shown). Right, single-cell analysis was performed by
acquiringthe fluorescence signal from >1,000 cells per treatment condition
(range 11548290).Inb-e, datarepresent mean +s.d. Pvalues were calculated by
two-tailed Student’s ¢-test. b, ns: non-significant; *P<0.05; **P< 0.01;
***P<0.001 (for Pvalues, see Source Data file).
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Extended DataFig.5|EGR1, PTEN and reduced AKT activation mediate the
cooperationbetweenET and fasting/FMD in BCcells. a-d, MCF7 cells were
transduced with either one oftwoindependent EGR1-targeting shRNAs (#1 or
#2).Ina, d, cellswere seeded in 96-well plates and cultured with or without STS
conditions, TMX or FULV at the indicated concentrations (5 pM TMX or 10 uM
FULVina) or their combinations for 96 hand then cell viability was detected
(a,d).Ina(upperpanel), b, c, cells were plated in 6-well plates and cultured with
orwithout STS, 5uM TMX, 10 pM FULV or their combinations for 48 h.
Afterwards, cells were subjected to protein lysate generation,and EGR1, PTEN
and phosphorylated (Ser473) and total AKT, as well as GAPDH, were detected by
immunoblotting. e, MCF7 cells transduced with a control vector (n=12), an
EGR1-(n=10) oraPTEN-targeting (n=10) shRNA, or myr-AKT (n=11) were
injected into 6-8-week-old female BALB/c nude mice. Once tumours became
palpable, mice were treated with FULV and weekly cycles of FMD, and tumour
volume was monitored. n, number of tumours per treatment group. f, MCF7
cellsengineered to express either acontrol scrambled shRNA or an EGR1-
targeting shRNA (shRNA#1) were seeded in 96-well plates. Twenty-four hours
later, cells were cultured with or without TMX (5 uM), STS, GDC0068 (1 uM),
AZD5363 (500 nM),LY294002 (2 uM) or their combinations. Cell viability was
detected after 96 h. g, h, MCF7 cells were transduced with either aPTEN-
targeting shRNA or myr-AKT. Cells were plated in 6-well plates and subjected to
proteinlysate generation. PTEN (g), AKT (h) and vinculin (g, h) were detected

by immunoblotting. Thereafter, cells were seeded in 96-well plates and
cultured with or without STS, TMX (5 uM), FULV (10 uM) or their combinations
for96 hand then cell viability was detected.i, MCF7 cells were seeded in 6-well
platesand 24 hlater were cultured with or without STS + TMX (5 uM),

STS +TMX +combined insulin (400 pM), IGF1 (5 ng/ml) and leptin (50 mg/ml)
or STS+ TMX +17B-oestradiol (100 nM). Forty-eight hours later, cellswere
subjected to proteinlysate generationand EGR1, PTEN, 4E-BP1and vinculin
were detected by immunoblotting. j, k, MCF7 cells that were engineered with
eitheracontrol vector or myr-AKT were cultured for 48 h with or without
TMX (5 M), FULV (10 pM), STS or their combinations. Thereafter, cells were
subjected to protein lysate generation and monitoring of EGR1and GAPDH
levels by immunoblotting (j) or for RNA extraction and EGRI and PTEN mRNA
quantification (k). Ina (lower panel), d, f, g (lower panel), h (lower panel),

k, dataare from biological replicates (ind, data are from four biological
replicates (wells) per treatment condition). Ina (upperinset), b, ¢, g (upper
inset), h (upperinset), i,j, onerepresentative experimentout of threeis
presented. Loading controls (GAPDH, vinculin) were always run on the same
gelsthatwere used to detect other proteins. For gel source data, see
Supplementary Fig.1. Dataare presentedasmean +s.d.(a,d, f-h, k) ors.e.m.
(e).Ina,d, f-h,k, Pvalueswere determined by two-tailed Student’s t-test.Ine,
datawere analysed by two-way ANOVA with Bonferroni post-hoc test and by
two-tailed Student’s ¢-test (tumour volumes at day 40).
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Extended DataFig. 6 |STS conditions cooperate withET to activate AMPK
and todampen oestrogen receptor transcriptional activity inBC cells.

a, MCF7 cellstransduced witha control vector, a PTEN-targeting shRNA or
myr-AKT were plated into 6-well plates and cultured with or without STS
conditions, TMX (5 uM), FULV (10 uM) or their combinations for 48 h.
Afterwards, cells were subjected to protein lysate generation, and total and
phosphorylated AMPK (Thrl72) were detected by immunoblotting. The
loading control for theimmunoblots with PTEN-silenced MCF7 cells (vinculin)
isshowninSupplementary Fig.1. Theloading control for the immunoblots with
myr-AKT-expressing MCF7 (GAPDH) is shown in Extended Data Fig. 5j. Both
loading controls were runon the same gels that were used to detect totaland
phosphorylated AMPK. For gel source data, see Supplementary Fig. 1.

GREB1

b, MCF7 cells were plated into 24-well plates and transfected witha pGL3
promoter plasmid or witha pS2/TFF1reporter vector containing1.3 kb of the
proximal promoter of the oestrogen-responsive gene TFFIclonedinthe
pGL3-basicbackbone. Afterwards, cells were cultured with or without STS,
TMX (5 uM), FULV (10 pM) or their combinations for 48 h. Finally, luciferase
reporter activity was measured. ¢, MCF7, T47D and ZR-75-1 cells were plated

in 6-well plates and cultured with or without STS, TMX (5 uM) or their
combinations for48 h. Thereafter, cells were subjected to RNA extraction, and
PGR, TFF1and GREBI expression was detected by qPCR.Ina-c, one
representative experiment outof threeis presented.Inb, ¢, dataare from
biological replicatesand are presented asmean +s.d. Pvalues were determined
by two-tailed Student’s t-test.
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Extended DataFig.7 | FMD cooperates withETstoinduce cellcyclearrestin
HR"BC. a-c, MCF7 cellswere plated in 6-well plates and cultured with or
without STS conditions, 5 tM tamoxifen (TMX) or their combination. After

24 h,RNAwasisolated and used for gene expression microarray experiments
(threebiological replicates for each treatment condition were used). GSEA,
represented by a heat map (a), was done by performing 10,000 permutations
and using the REACTOME Pathways data set. Box plots (b) were generated
using the ggplot2 package; to evaluate the differences between the groups, a
non-parametric two-sided Wilcoxon test was used. The box-plot centre lines
indicate the median value. ¢, Enrichment scores for G1-specific transcription
genesof STS+ TMX versus CTR, STS, or TMX groups. NES: normalized
enrichmentscore.d, MCF7, T47D and ZR-75-1 cells were treated with

TMX (5uM), STS or their combinations. After 48 h, cells were subjected to
RNA extraction or protein lysate generation. E2F1, E2F2, CCNDI and CCNE1
mRNA expression was detected by qPCR. e, CCND1, phosphorylated
(Ser807/811) and total RB protein and vinculin (on the same gel) were detected

by immunoblottinginthe MCF7 cells. f, Tumour masses from mice that were
treated for 4 weeks with ad libitum diet (n=5), FULV (n=4), weekly 48 hFMD
(n=4) ortheir combination (n=4) wereisolated at the end of the last FMD cycle.
CCND1andvinculin (runonthe same gel) were detected by immunoblotting
(left). CCND1 levels were quantified and normalized to vinculin (right).
nsignifies the number of tumoursisolated per treatment group. g, T47D and
ZR-75-1cellswere cultured in vitro for 48 hwith or without TMX (5 pM), STS
conditions or their combination, and then used to generate protein lysates.
Phosphorylated (Ser807/811) RB protein bands were quantified and
normalized tototal RB.Ind, f(right), g, dataare from biological replicates.
Ing (right), datawere obtained through three independent experiments.
Ind-f(left), onerepresentative experiment out of three (d, e) or out of two

(f, left)is presented.Ind, f, (right), g, data are presented as mean +s.d. Pvalues
were determined by two-tailed Student’s t-test. For gel source data, see
Supplementary Fig.1.
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Extended DataFig.8|Combined FMD and ET downregulate CCND1via EGR1
upregulation and AKT inhibition and revert acquired resistance to
fulvestrant plus palbociclib. a,b, MCF7, T47D and ZR-75-1 cells were plated
into 96-well plates and cultured with or without TMX (5 uM) or FULV (10 pM),
STS conditions or their combinations for 48 h. They were then subjected to cell
cycleanalysis by propidiumiodide staining of isolated cell nuclei and flow
cytometry.c, Upper panel, MCF7 cells were transduced with eithera control
scrambled shRNA or an EGR1-targeting shRNA (EGR1-shRNA#1); lower panel,
MCF7 cells were transduced with a control vector or myr-AKT. Cells were
cultured with or without TMX (5 uM) or FULV (10 pM), STS or their
combinations for48h. Afterwards, cellswere subjected to protein lysate
generation,and CCND1and vinculin (on the same gel) levels were detected by
immunoblotting. For gel source data, see Supplementary Fig.1.d, MCF7
cellstransduced witha control vector or myr-AKT were cultured with or
without TMX (5 uM) or FULV (10 M), STS or their combinations for 48 hand
then subjected to cell cycle analysis. e, MCF7 cells were injected orthotopically
into 6-8-week-old female NOD/SCIDy mice. Once tumours became palpable,
mice were treated with ad libitum diet (n=15), FULV (n=16), cyclicFMD (n=15),
palbociclib (n=15), FULV + PALB (n=18), FULV + FMD (n=16), PALB + FMD (n=10)

CTR-MCF7 RES-MCF7

or FULV + PALB + FMD (n=18), and their progression-free survival was
monitored over time. f, g, MCF7 cells with acquired resistance to combined
FULV +PALB (from Fig. 2b) were isolated and expanded ex vivo. Resistant MCF7
aswell as parental MCF7 cells (control) were injected into 6-8-week-old female
NOD/SCIDy mice. Once tumours became palpable, mice were randomly
assigned tobe treated with or without FULV + PALB (mice with control MCF7
treated withvehicle: n=35, with FULV + PALB: n=4; mice with resistant MCF7
treated with vehicle: n=4, with FULV + PALB: n=5). Tumour volumes were
monitored, and at the end of the experiment (day 38) tumour masses were
isolated and subjected to histology (haematoxylin and eosin, HE) and
immunohistochemical detection of Ki67* cells (g).Ing, right, 3-5slices were
prepared from each tumour (technical replicates) and subjected toKi67* cell
enumeration.Ine,f, nindicates the number of mice per treatmentgroup (one
tumour per mouse). Ina-d, onerepresentative experiment out of three is
presented. Dataare mean +s.e.m. (f) ormean ts.d. (g, right). Ine, progression-free
survival was analysed by log-rank test. In f, data were analysed by two-way
ANOVA with Bonferroni post-hoc test and by two-tailed Student’s t-test (day
38).Ing, Pvalues were determined by two-tailed Student’s ¢-test.
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Extended DataFig. 9 |Fasting or FMD prevents tamoxifen-induced
endometrial hyperplasiaandreducesintra-abdominal fat.a-d, Six-
eight-week-old female BALB/c mice were treated for S weeks with ad libitum
diet (n=11), tamoxifen (TMX; n=11), weekly 48-h water-only fasting (n=11) or
FMD (n=_8), TMX +fasting (n=11) or TMX + FMD (n=8). Mice fromall treatment
groupswerekilled at the end of the last fasting/FMD cycle. Uteriwere
collected, imaged (a), fixed for histology (b) and subjected to protein lysate
generation and RNA extraction. In addition, intra-abdominal fat depots were

alsoisolated. Tff1, Pten and EgrI mRNA levels in mice uteri were determined by
qPCR(c), and total and phosphorylated AKT (Ser473), EGR1, PTEN and vinculin
inmouse uteriwere detected by immunoblotting (d; vinculin was detected on
thesamegelas EGR1and PTEN). For gel source data, see Supplementary Fig. 1.
e, Intra-abdominal fat depotsisolated from the mice wereimaged.Inc, d, data
arefrombiological replicates. Pvalues were determined by two-tailed
Student’s t-test.
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Extended DataFig.10 | Effects of periodic FMD on circulating FRFsand on
diseasein patients with HR* BCand in HR* BC mouse xenografts. a, Body
weight, hand grip, phase angle, fat-free and fat massin patients (n=23) with HR*
BCtreated with ET and cyclicFMD inthe NCT03595540 clinical trial. To
evaluate changesinthese parameters, we fitted a linear mixed-effects model
takingintoaccountabsolute values as afunction of time witharandom
covariate represented by subject ID. b, Quantification of total muscle area
(highlightedinred) at L3 level (patient1) and at the Louis angle level (patient 3)
inpatients with HR"BC treated with ET and cyclic FMD (NCT03595540).
c,SerumIGFBP1and IFGBP3 (n=6),blood glucose (n=7) and ketone bodies
(n=11) before and after an FMD cycle in patients with BC treated with ET and
FMDinthe NCT03595540 trial.d, Serum leptin, adiponectin, C-peptide, IGF1,
IGFBP1and IFGBP3 (n=7) and blood glucose (n=12) before and after an FMD
cyclein patients with BC treated with ET and FMD inthe NCT03340935 clinical
trial. e, Serum C-peptide, IGFBP1and IGFBP3 in patients with HR* BC treated
with ET and cyclic FMD before and 3 weeks after an FMD cycle (n=23;
NCT03595540 trial). f, 6-8-week-old BALB/c nude mice were treated with ad

libitumdiet (n=7), fulvestrant (n=7), tamoxifen (n=6), weekly FMD (n=7),
FULV+FMD (n=6) or TMX+FMD (n=7) for 2weeks;1week after the end of the
last FMD cycle, mice werekilled, serum wasisolated and serum C-peptide, IGF1
and leptin were measured by ELISA. g, h, MCF7 cells were injected into
6-8-week-old female BALB/c nude mice. Once tumours became palpable, mice
were randomly assigned to be treated forImonth withad libitumdiet (g,n=9;h,
n=8), TMX(g,n=9;h,n=7),FULV(g,h,n=9),FMD(g,n=7), TMX+FMD(g,n=9),
FULV+FMD (g, n=9),48 hwater-only fasting (h, n=8), TMX +fasting (h, n=14) or
FULV +fasting (h, n=10), followed by observation. Tumour volume (h) and
mouse survival (g, h) were monitored. n, number of mice per treatment group
(f, g) or of tumours per treatment group (h). In c-f, dataare from biological
replicates.Inf,dataaremean +s.d.Inh (left), dataaremean+s.e.m.Inc-e, data
were analysed by two-tailed Student’s paired t-test. Inf, Pvalues were
determined by two-tailed Student’s -test. Ing, h (right), data were analysed by
log-rank test. In h (left), results were analysed by two-way ANOVA with
Bonferronipost-hoc test.
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Data collection Band intensities of Western Blots were detected by Quantity One SW software (Bio-Rad Laboratories, Inc.).
Hybridized microarray slides were scanned with the Agilent ScanControl 8.1.3 software.

Data analysis The scanned TIFF images from microarray slides were analysed with Agilent Feature Extraction Software (version 10.7.7.1), according to
the Agilent GE1_107_Sep09 standard protocol. The output of Feature Extraction was analysed with the R software environment for
statistical computing (http://www.r-project.org/) and the Bioconductor packages (http://www.bioconductor.org/). Gene set enrichment
analysis was performed using the version implemented in fgsea package, performing 10000 permutations and using as database the
REACTOME Pathways dataset (reactome.db package).

CT scans were analysed using the software Suite-Estensa 1.9-Ebit-Esaote Group Company, 2015.

Statistical analyses were performed with GraphPad Prism software version 5 (GraphPad Software) and package Ime4 in the R
Environment for Statistical Computation.

Cell cycle analysis was performed by BD CellQuest software.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data generated or analysed during this study are included in this published article (and its Supplementary Information files). Source Data for all main Figures and
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Extended Data Figures are provided with the paper. All microarray data are available through the Gene Expression Omnibus database (http://
www.ncbi.nIm.nih.gov/geo/) using the accession number GSE121378.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For our in vivo experiments, we estimated sample size by PS (Power and Sample size calculation-Vanderbilt University) software considering a
multifactorial variance analysis. By this approach we estimated that the minimum number of mice that was assigned to each treatment group
in our in vivo experiments (typically n=5) would reach a power of 0.85. The Type | error probability associated with our tests of the null
hypothesis was 0.05.

Data exclusions  No data were excluded

Replication We confirm that all experiments were reproducible by repeating them several times and by using different lots of reagents, different stocks of
cell lines and some experiments were also repeated and confirmed by other operators.

Randomization  Samples and mice were assigned to the different experimental groups in a random fashion.

Blinding Operators were unblinded with the exception of the pathologist who analyzed the samples from Fig. 2 and from Extended Data Fig. 8 and 9
(these pathologists were blinded). Blinding during animal experiments was not possible because mice underwent a specific diet supply and
daily treatment. Similarly, our clinical studies were one-arm studies and no blinding applied to these trials.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |X| Flow cytometry
Palaeontology X|[ ] MRi-based neuroimaging

Animals and other organisms

Human research participants

O00OXOOS
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Clinical data

Antibodies

Antibodies used Anti-phospho-AKT (Ser473; clone 193H12, Cat Num #4058s, Lot Num 30, diluted 1:1000, Cell Signaling Technology, Danvers, MA,
UsA),
anti-AKT (Cat Num #9272s, Lot Num 25, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-PTEN (Cat Num #9552s Lot Num 3, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-phospho-p70S6kinase (Thr389; clone 1A5, Cat Num #9206s, Lot Num 6, diluted 1:1000, Cell Signaling Technology, Danvers,
MA, USA),
anti-p70S6kinase (Cat Num #9202, Lot Num 7, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-phospho-4E-BP1 (Thr37/47, clone 236B4, Cat Num #2855s, Lot Num 17, diluted 1:1000, Cell Signaling Technology, Danvers,
MA, USA),
anti-4E-BP1 (Thr47, clone 87D12, Cat Num #4923s, Lot Num 5, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-phospho-elF4E (Ser209; Cat Num #9741s, Lot Num 4, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-phospho-RB (Ser807/811; Cat Num #9308s, Lot Num 12, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-RB (4H1 Mouse mAb, Cat Num #9309s, Lot Num 9, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA),
anti-CCND1 (clone 92G2, Cat Num #2978s, Lot Num 12, diluted 1:1000, Cell Signaling Technology, Danvers, MA, USA)
anti-phospho-AMPK (Thr172; Cat Num PA5-17831, Lot Num #QC1992129, diluted 1:1000, Thermo Fisher),
anti-AMPK (Cat Num PA5-29679, Lot Num #QE20222038B, diluted 1:1000, Thermo Fisher),
anti-EGR1 (clone T.160.5, Cat Num MA5-15008, Lot Num #UD279762, diluted 1:1000, Thermo Fisher);
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Validation

anti-B-actin ( Cat Num sc47778, Lot Num f0215, diluted 1:10000, Santa Cruz Biotechnology).

phospho-AKT antibody was validated on NIH/3T3 cells treated with PDGF (https://www.cellsignal.com/products/primary-
antibodies/phospho-akt-ser473-193h12-rabbit-mab/4058).

Relevant citations:

A MST1-FOXO1 cascade establishes endothelial tip cell polarity and facilitates sprouting angiogenesis. Nature Communications
on 19 Feb 2019 by Kim, Y. H. et al..

The N6-methyladenosine (m6A)-forming enzyme METTL3 controls myeloid differentiation of normal hematopoietic and
leukemia cells. Nature Medicine on 1 Nov 2017 by Vu, L. P. et al..

anti-AKT was validated on MCF7 cells transduced with Akt Myr (https://www.cellsignal.com/products/primary-antibodies/akt-
antibody/9272). In addition, we validated the antibody in MCF7 cells transduced w/ or w/o myr-AKT.

Relevant citations:

Identification of the PTEN-ARID4B-PI3K pathway reveals the dependency on ARID4B by PTEN-deficient prostate cancer. Nature
Communications, 24 Sept 2019 by Wu, R. C. et al..

Patient-derived lung cancer organoids as in vitro cancer models for therapeutic screening. Nature Communications ,5 Sept 2019
by Kim, M. et al.

PTEN antibody was validated on MCF7 cells transduced with PTEN shRNA (https://www.cellsignal.com/products/primary-
antibodies/pten-antibody/9552). Similarly, we validated the antibody in MCF7 cells that were transduced w/ or w/o a PTEN
shRNA.

Relevat citations:

Methylation and PTEN activation in dental pulp mesenchymal stem cells promotes osteogenesis and reduces oncogenesis.
Nature Communications, 20 May 2019 by Shen, W. C. et al..

Compartmentalized activities of the pyruvate dehydrogenase complex sustain lipogenesis in prostate cancer. Nature Genetics, 1
February 2018 by Chen, J. et al..

phospho-P70S6K antibody was validated on NIH/3T3 cells, serum-starved or 20% serum-treated (https://www.cellsignal.com/
products/primary-antibodies/phospho-p70-s6-kinase-thr389-1a5-mouse-mab/9206).

Relevant citations: Transcriptional regulation of autophagy-lysosomal function in BRAF-driven melanoma progression and
chemoresistance. Nature Communications, 12 Apr 2019, Li, S. et al..

Methyllycaconitine alleviates amyloid-B peptides-induced cytotoxicity in SH-SY5Y cells. PLoS ONE, 2 Nov 2014 by Zheng, X. et al..

P70S6K antibody was validated on NIH/3T3 cells (https://www.cellsignal.com/products/primary-antibodies/phospho-p70-s6-
kinase-thr389-1a5-mouse-mab/9206).

Relevant citations: Transcriptional regulation of autophagy-lysosomal function in BRAF-driven melanoma progression and
chemoresistance. Nature Communications, 12 Apr 2019, Li, S. et al..

Amino acids stimulate the endosome-to-Golgi trafficking through Ragulator and small GTPase ArlS. Nature Communications, 26
Nov 2018, Shi, M. et al.

phospho-4EBP1antibody was validated on MDA-MB-435 cells, untreated or treated with EGF (https://www.thermofisher.com/
antibody/product/Phospho-4EBP1-Thr37-Antibody-Polyclonal/PA5-37556).

Relevant citations: Environmental arginine controls multinuclear giant cell metabolism and formation. Nature Communications,
22 Jan 2020, Brunner, J. S. et al..

Recurrent hotspot mutations in HRAS Q61 and PI3K-AKT pathway genes as drivers of breast adenomyoepitheliomas. Nature
Communications, 8 May 2018, Geyer, F. C. et al..

4EBPlantibody was validated on MCF7 transfected with 4EBP1 siRNA (https://www.cellsignal.com/products/primary-antibodies/
non-phospho-4e-bp1-thr46-87d12-rabbit-mab/4923).

Relevant citations: GSK-3f at the Crossroads in Regulating Protein Synthesis and Lipid Deposition in Zebrafish. Cells, 28 Feb 2019,
Gu, Y. etal..

The integrated stress response regulates BMP signalling through effects on translation. BMC Biology, 3 Apr 2018, Malzer, E. et
al..

phospho-elF4e antibody was validated on NIH/3T3 cells, untreated or treated with 20% serum (https://www.cellsignal.com/
products/primary-antibodies/phospho-eif4e-ser209-antibody/9741).

Relevant citations: Interferon-y regulates cellular metabolism and mRNA translation to potentiate macrophage activation. Nature
Immunology, 1 Aug 2015, Su, X. et al..

MNKs act as a regulatory switch for elF4E1 and elF4E3 driven mRNA translation in DLBCL. Nature Communications, 18 Nov 2014,
Landon, A. L. et al..

Phospho-Rb antibody was validated on human fibroblasts synchronized by serum deprivation for 24h then released by addition
of serum for further 24h (cellsignal.com/products/primary-antibodies/phospho-rb-ser807-811-antibody/9308).

Relevant citations: Shear-induced Notch-Cx37-p27 axis arrests endothelial cell cycle to enable arterial specification. Nature
Communications, 15 Dec 2017, Fang, J. S. et al.

KIF13B establishes a CAV1-enriched microdomain at the ciliary transition zone to promote Sonic hedgehog signalling. Nature
Communications, 30 Jan 2017, Schou, K. B. et al..

Rb antibody was validated on MCF7 cells transfected with Rb siRNA (https://www.cellsignal.com/products/primary-antibodies/
rb-4h1-mouse-mab/9309).

Relevant citations: Shear-induced Notch-Cx37-p27 axis arrests endothelial cell cycle to enable arterial specification. Nature
Communications, 15 Dec 2017, Fang, J. S. et al..

CyclinD-CDK4 kinase destabilizes PD-L1 via cullin 3-SPOP to control cancer immune surveillance. Nature 4 Jan 2018, Zhang, J. et
al..

=
Q
—+
C
=
@)
=
(D
W
Q)
Q
=
(@)
o
=
1)
o
[}
=
>
(@]
wn
c
3
3
Q
=
S

810 12990120




Cyclin D1 antibody was validated on MCF7 cells (https://www.cellsignal.com/products/primary-antibodies/cyclin-d1-92g2-rabbit-
mab/2978).

Relevant citations: Sirtuin5 contributes to colorectal carcinogenesis by enhancing glutaminolysis in a deglutarylation-dependent
manner. Nature Communications, 7 Feb 2018, Wang, Y. Q. et al..

CyclinD-CDK4 kinase destabilizes PD-L1 via cullin 3-SPOP to control cancer immune surveillance. Nature 4 Jan 2018, Zhang, J. et
al..

phospho-AMPK antibody was validated on THP-1 cells treated with PMA (https://www.thermofisher.com/antibody/product/
Phospho-AMPK-alpha-1-2-Thr183-Thr172-Antibody-Polyclonal/PA5-17831).

Relevant citations: Gomisin N Alleviates Ethanol-Induced Liver Injury through Ameliorating Lipid Metabolism and Oxidative
Stress. Int J Mol Sci. 2018 Sep 1, Nagappan A, et al..

Palmitoleic acid reduces intramuscular lipid and restores insulin sensitivity in obese sheep. Diabetes Metab Syndr Obes. 2014
Nov 20, Duckett SK, et al..

AMPK antibody was validated on MDA-MB-231 cells (https://www.thermofisher.com/antibody/product/AMPK-alpha-2-
Antibody-Polyclonal/PA5-21494).

EGR1 antibody was validated on MCF7 cell transduced with EGR1 shRNA (https://www.thermofisher.com/antibody/product/
EGR1-Antibody-clone-T-160-5-Monoclonal/MA5-15008).

Relevant citations: METTL3-mediated N6-methyladenosine mRNA modification enhances long-term memory consolidation. Cell
Res. 2018 Nov;28, Zhang Z, et al..

Melatonin attenuates scopolamine-induced memory/synaptic disorder by rescuing EPACs/miR-124/Egrl pathway. Mol
Neurobiol. 2013 Feb, Whang X, et al..
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Beta-Actin antibody was validated on NIH/3T3 cells (https://www.scbt.com/it/p/beta-actin-antibody-c4).

Relevant citations: B1 oligomerization regulates PML nuclear body biogenesis and leukemogenesis. Nature Communications
2019 Aug 22, Li Y, et al..

Transcriptional regulation of autophagy-lysosomal function in BRAF-driven melanoma progression and chemoresistance. Nature
Communications, 2019 Apr 12, Li S, et al..

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) MCF7, ZR-75-1 and T47D cell lines were purchased from ATCC (LGC Standards S.r.l., Milan, Italy).
Authentication Cells were authenticated by DNA fingerprinting and isozyme detection.
Mycoplasma contamination All cell lines were routinely tested for Mycoplasma contamination and results were always negative.

Commonly misidentified lines  None of the cell lines used in our study belongs to the Commonly misidentified lines.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals NOD SCID gamma mice derived from in house colonies and were kept for a maximum of 3 generations. Breeders (Charles River
Laboratories) and experimental animals have been maintained at IFOM-IEO Campus animal facility under specific pathogen-free
conditions. Athymic Nude mice were acquired from Envigo. Six-to-eight week-old female mice (for both strains) were used in our
experiments.

Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve field-collected samples.
Ethics oversight Italian Istituto Superiore di Sanita and Organismo preposto al Benessere Animale (OPBA) of the IRCCS Ospedale Policlinico San

Martino (Genoa, Italy) and of the Istituto FIRC per I'Oncologia Molecolare (IFOM), Milan.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics We have conducted a single-arm phase Il clinical study of a FMD (Xentigen, by L-Nutra, Los Angeles, CA) in 60 patients with solid
or hematologic tumours undergoing treatment with chemotherapeutic regimens, hormone therapies, other molecularly
targeted therapies (including kinase inhibitors), biological drugs (including trastuzumab, pertuzumab, cetuximab and
bevacizumab) or inhibitors of immune checkpoints (e.g. Opdivo, Keytruda) (NCT03595540; University of Genoa, Genoa, Italy).
Within this study, we recorded side effects, tumor responses, as well as body weight, handgrip strength, as well as body
composition by bioimpedance measurement and CT scan analyses in 24 consecutive patients (all females; average age 50.2
years, range 37-62) receiving ET for a HR+ BC, either in the adjuvant (19) or in the palliative context (5), including one patient
who has been treated with the combination FULV plus palbociclib for advanced disease (see Supplementary Table 1).
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A second trial (NCT03340935) was conducted at the Fondazione IRCCS Istituto Nazionale dei Tumouri (Milan, Italy) to assess the
safety, feasibility and metabolic effects of a FMD in cancer patients treated with different standard antitumour therapies.
Patients with any malignancy, with the exception of small cell neuroendocrine tumours, were considered for enrollment in this
study. Within this study, we recorded side effects and tumor responses in 12 consecutive patients (all females; average age 54.2
years, range 43-73) receiving ET for a HR+ BC either in the adjuvant (3) or in the palliative context (9), including two patient who
have been treated with the combination FULV plus palbociclib for advanced disease (see Supplementary Table 1).

Recruitment In the NCT03595540 clinical study, patients were enrolled who had a cancer diagnosis (either a solid or a hematologic type of
malignancy) and who were receiving active medical or radiotherapy treatment.
Inclusion Criteria were as follows:
>Written informed consent
>Age > 18 years
>Patients with solid or hematologic tumors undergoing active treatment, including patients who are preparing to start a new
treatment with chemotherapeutic regimens, hormone therapies, other molecularly targeted therapies (including kinase
inhibitors), biologics (including trastuzumab) , pertuzumab, cetuximab and bevacizumab) or inhibitors of immune checkpoints
(eg Opdivo, Keytruda), ie patients in whom treatment is already underway;
>ECOG performance status 0-1
>Adequate organ function
>BMI >21 kg/m?2 (with possibility to also enroll patients with 19<BMI<21 based on the judgement of the treating physician)
>Low nutritional risk according to nutritional risk screening (NRS)
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Exclusion criteria were as follows:

>Diabetes mellitus;

>Previous therapy with IGF-1 inhibitors;

>Food allergies to the components of the FMD;

>BMI <19 kg/m2;

>bioimpedance phase angle <5.0°%;

>medium/high nutritional risk according to NRS;

>Any metabolic disorder that can affect gluconeogenesis or ability to adapt to fasting periods;
>Patients who live alone or are not adequately supported by the family context;

>Treatment in progress with other experimental therapies.

All patients signed an informed consent for participating in the study, as well as for the use of clinical and biological data for
research purposes. No bias that can impact on the results applies to this study.

The clinical trial "Safety, Feasibility and Metabolic Effects of the Fasting Mimicking Diet (FMD) in Cancer Patients" (NCT03340935)
was conducted at the Fondazione IRCCS Istituto Nazionale dei Tumori, Milan.

Inclusion criteria were:

>Cytologically or Histologically confirmed diagnosis of malignant neoplasm

>Capability of swallowing plant-based foods foreseen by the FMD

>Body mass index (BMI) > 20 kg/m2

>Adequate bone marrow function (i.e. Hemoglobin > 9 g/dl; Piatelets > 75,000/ul; Absolute neutrophil count (ANC) > 1,500/pl)
>Creatinine < 1.5 mg/dl or calculated creatinine clearance =50 mL/min;

>Uric acid < 6 mg/dl;

>Fasting glucose > 65 mg/dl;

>Total bilirubin < 2 mg/dl or < ULN, except for patients with Gilbert syndrome

>Written informed consent according to the local Ethics Committee requirements

>Willing and ability to accomplish blood and urinary examinations according to the protocol

>Ability to maintain a daily contact (by phone or email) with the study staff for the communication of crucial clinical information,
including daily body weight, blood pressure, health status and adverse events during each of the 5 days on diet

Exclusion criteria were:

>Small cell neuroendocrine carcinoma

>Unintentional weight loss > 5% in the last 3-6 months

>Known HIV infection

>Pregnancy or lactation

>History of alcohol abuse

>Diagnosis of diabetes mellitus type | or type Il that requires medical treatment
>Fasting glucose > 200 mg/d|

>Clinically meaningful cardiovascular, renal or pulmonary diseases

>Current treatment with antipsychotics

In both trials, enrollment was offered to all patients who met the listed inclusion and exclusion criteria at the IRCCS Ospedale
Policlinico San Martino (Genoa, Italy) and at the at the Fondazione IRCCS Istituto Nazionale dei Tumori, Onco-hematology
Department, Medical Oncology 1 Unit (Milan, Italy). Thus, no major selection bias is envisioned in either one of these clinical

studies. o

8

&

Ethics oversight Comitato Etico Regione Liguria (Genoa, Italy) and Ethics Committee of the Fondazione IRCCS Istituto Nazionale dei Tumouri %
(Milan, Italy) for the NCT03595540 and NCT03340935 clinical trials, respectively. =

Note that full information on the approval of the study protocol must also be provided in the manuscript.




Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration

Study protocol

Data collection

Outcomes

Flow Cytometry

Clinical trials NCT03595540 (IRCCS Ospedale Policlinico San Martino, Genoa, Italy) and NCT03340935(Fondazione IRCCS Istituto
Nazionale dei Tumouri, Milan, Italy).

Information on NCT03595540 trial can be obtained at: https://clinicaltrials.gov/ct2/show/NCT03595540.

Information on NCT03340935 trial can be obtained at: https://clinicaltrials.gov/ct2/show/NCT03340935.

Alternatively, the two full protocols can be obtained on request from Prof. Alessio Nencioni (alessio.nencioni@unige.it) and from
Prof. Filippo De Braud (Filippo.DeBraud@istitutotumori.mi.it).

In the NCT03595540 clinical trial, patients were enrolled and data were collected at the Department of Internal Medicine and
Medical Specialties of the University of Genoa (Viale Benedetto XV 6, 16132 Genoa, Italy), Day Service Room 1, between
December 2017 and February 2020.

In the NCT03340935 clinical trial, patients were enrolled and data were collected at the Fondazione IRCCS Istituto Nazionale dei
Tumori, Milan, Onco-hematology Department, Medical Oncology 1 Unit, between February 2017 and February 2020.

In the NCT03595540 clinical trial, primary outcomes were safety and feasibility of the FMD in patients with cancer undergoing
active medical or radiotherapy treatment.

FMD-emergent adverse events [ Time Frame: 6 months ] were classified according to NCI CTCAE 5.0.

Feasibility was measured as the percentage of prescribed diet consumed and intake of any extra food [ Time Frame: 6 months ]
It was monitored through the compilation of a food diary or via phone calls during the FMD periods and was defined as the strict
adherence to the diet prescribed in all its days with the possibility to admit the consumption of only 50% of the planned diet
and / or a maximum consumption of 4- 5 Kcal / kg of food not expected in only one of the days -2, -1, +1 of each cycle.
Pre-specified secondary outcome measures:

> patient nutritional status as monitored by weight, handgrip strength, bio-impedance and serum markers (ferritin, transferrin,
cholinesterase).

> Quality of life (QLQ-C30)

> Clinical responses measured by CT, MRI or by blood chemistry tests, dosing of tumor markers and / or molecular biology tests
in the case of prostate tumors or hematologic tumors (e.g. PSA in patients affected by prostate cancer, BCR / Abl mRNA in the
case of patients undergoing treatment with kinase inhibitors for CML; CM in the case of patients undergoing treatment for
multiple myeloma).

> Long-term efficacy (progression-free survival, overall survival).

> Effect of FMD on circulating (blood) growth factors and adipokines, glucose, ketone bodies, and other metabolic parameters.

In the NCT03340935 clinical trial, primary outcome was the safety of the fasting mimicking diet (FMD) in cancer patients (time
frame: two years). Safety was assessed by recording each adverse (AE) occurring during the period on diet. All AEs were graded
according to the NCI CTCAE v 4.03.

Pre-specified secondary outcome measures:

> Feasibility of the FMD in cancer patients [ Time Frame: 16 months ]. Feasibility was defined as the ability of the patient to
comply with the prescribed dietary regimen. It was assessed through the analysis of food diaries filled by patients during the five
days of each FMD cycle.

> Metabolic effects of the FMD [ Time Frame: 16 months ]. FMD-induced metabolic changes was evaluated by measuring blood
metabolites (glucose, cholesterol, triglycerides) and urinary ketone bodies before and at the completion of each FMD cycle.

> Effects of the FMD on blood growth factors [ Time Frame: 16 months ]: FMD-induced changes in blood growth factors was
evaluated by measuring modifications of plasma insulin and serum insulin-like growth factor 1 (IGF-1) concentration before and
at the completion of each FMD cycle

> Weight changes during the FMD [ Time Frame: 16 months |: Percent changes in body weight was measured during each FMD
cycle and across subsequent FMD cycles.

> Changes in blood cell counts [ Time Frame: 16 months ]: FMD-induced changes in blood cell counts

> Changes in kidney function parameters. [ Time Frame: 16 months ]

FMD-induced changes in parameters linked to kidney function, such as blood urea nitrogen, creatinine and uric acid.

> Changes in liver parameters [ Time Frame: 16 months ]: FMD-induced changes in parameters linked to liver function, such as
aspartate and alanine transaminases, total bilirubin.

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Propidium iodide staining of cell nuclei for cell cycle analysis was performed as previously reported (Piacente F. et al. Cancer
research 77, 3857-3869; Caffa | et al. Oncotarget, 2015)

Instrument FACS Calibur (Becton Dickinson, Milan, Italy).
Software Data were processed by Cellquest analysis software (Beckman coulter, version 2.0)
Cell population abundance  All populations were analyzed without post-sort analysis

Gating strategy Cell cycles analysis was done without gating as previously reported (Piacente F. et al. Cancer research 77, 3857-3869; Caffa | et
al. Oncotarget, 2015).

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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