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Fasting-mimicking diet synergizes with ferroptosis against
quiescent, chemotherapy-resistant cells
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Summary
Background More than ten randomized clinical trials are being tested to evaluate the efficacy, effectiveness and safety
of a fasting-mimicking diet (FMD) combined with different antitumor agents.

Methods UMI-mRNA sequencing, Cell-cycle analysis, Label retention, metabolomics, Multilabeling et al. were used to
explore mechanisms. A tandem mRFP-GFP-tagged LC3B, Annexin-V-FITC Apoptosis, TUNEL, H&E, Ki-67 and
animal model was used to search for synergistic drugs.

Findings Here we showed that fasting or FMD retards tumor growth more effectively but does not increase
5-fluorouracil /oxaliplatin (5-FU/OXA) sensitivity to apoptosis in vitro and in vivo. Mechanistically, we demonstrated
that CRC cells would switch from an active proliferative to a slow-cycling state during fasting. Furthermore,
metabolomics shows cell proliferation was decreased to survive nutrient stress in vivo, as evidenced by a low level
of adenosine and deoxyadenosine monophosphate. CRC cells would decrease proliferation to achieve increased
survival and relapse after chemotherapy. In addition, these fasting-induced quiescent cells were more prone to
develop drug-tolerant persister (DTP) tumor cells postulated to be responsible for cancer relapse and metastasis.
Then, UMI-mRNA sequencing uncovered the ferroptosis pathway as the pathway most influenced by fasting.
Combining fasting with ferroptosis inducer treatment leads to tumor inhibition and eradication of quiescent cells
by boosting autophagy.

Interpretation Our results suggest that ferroptosis could improve the antitumor activity of FMD + chemotherapy and
highlight a potential therapeutic opportunity to avoid DTP cells-driven tumor relapse and therapy failure.

Funding A full list of funding bodies can be found in the Acknowledgements section.

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Colorectal cancer; Fasting; Quiescent cells; Ferroptosis; Drug-tolerant persister cells; Autophagy;
Metabolomics

Introduction microenvironment, including growth factors and
A core hallmark of cancer cells is the dependency on metabolite levels, which might affect cancer cell meta-
specific metabolites (also called altered metabolism), ~ Dbolism to tumor growth."” Recently, Caffa et al. showed
and they are especially vulnerable to nutrient depriva-  that FMD as an adjuvant to estrogen therapy could
tion.! Fasting-mimicking diet (FMD), a plant-based, ~ induce breast cancer regression. Accumulating evi-
calorie-restricted, low-carbohydrate, low-protein diet to ~ dence suggests that short-term fasting or FMD can
mimic a fasting-like state, has been proposed as a more ~ render different types of cancers more vulnerable to

feasible and safer diet. It has been proved that fasting or ~ anticancer drugs but protect healthy cells against toxic
FMD elicits wide alterations in the tumor  insults."”¢ In addition, numerous studies have shown
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Research in context

Evidence before this study

Emerging evidence supports the view that developing dietary
interventions as therapy for cancer. Fasting-mimicking diet
(FMD) has emerged as an attractive strategy for cancer
therapies. More than ten randomized clinical trials are being
tested to evaluate the efficacy, effectiveness and safety of the
FMD in combination with different antitumor agents.
However, whether any other antitumor agent synergizes with
FMD to inhibit CRC progression and recurrence is still
unknown.

Added value of this study
Here, we revealed several important new findings. @ While
fasting and 5-FU/OXA can suppress the growth of CRC

that dietary interventions can enhance anticancer
immunosurveillance.”” Currently, at least ten clinical
trials are evaluating the safety and efficacy of FMD
combined with different anticancer drugs, including
colorectal cancer, non-small cell lung cancer, breast
cancer, and melanoma et al., indicating that FMD has
potential application value in the prevention and treat-
ment of cancers (http://clinicaltrials.gov/).

Colorectal cancer (CRC) poses a serious threat to
public health, with a risk of high morbidity and mor-
tality rates.® Although the diagnosis and treatment of
CRC were improved, such as early detection by colo-
noscopy, neoadjuvant therapy and immunotherapy, the
S5-year survival rate remains low because of tumor
metastasis or recurrence.''” Identifying and developing
new therapeutic targets is imperative to overcome CRC
tumor metastasis and relapse.

As the most common cancer arises from the intes-
tine, CRC tumors undergo metabolic reprogramming,
making tumor cells very sensitive to changes in the
nutritional metabolism of the surrounding environ-
ment.” Emerging evidence supports the view that
developing dietary interventions as therapy for CRC
cancer. However, is there any other antitumor agent that
synergizes with FMD to inhibit CRC progression and
recurrence still unknown?

Here we used UMI-mRNA sequencing, Cell-cycle
analysis, Label retention experiments et al. to identify
that CRC cells enter a state similar to the diapause state to
evade chemotherapy-induced death under fasting condi-
tions. Subsequently, using untargeted metabolomics, we
show that FMD reduced the levels of the nucleosides/nu-
cleotides and analogs in subcutaneous xenograft tumors,
including adenosine, deoxyadenosine monophosphate and
S-adenosylmethionine, indicating decreased proliferation
in vivo. Then the transcriptional profiling reveals that the
ferroptosis pathway was dysregulated in the diapause state
CRC cells. We, therefore, investigate the capacity of fer-
roptosis inducers to improve the anti-tumor activity of

tumors more effectively, the combination did not eliminate
the slow-cycling cells. @ Fasting-induced quiescent CRC cells
are more prone to develop drug-tolerant persister tumor cells
postulated responsible for cancer relapse and metastasis. @
Our results indicated that the FMD + ferroptosis inducer is
safe and tolerable, demonstrating antitumor activity in CRC
and eliminating dormant drug-resistant cancer cells.

Implications of all the available evidence

Based on our results, the FMD + chemotherapy combined
with ferroptosis inducer may be an innovative therapeutic
strategy for CRC patients to overcome tumor relapse by
targeting proliferative tumor bulk and relatively quiescent
state cells.

FMD + chemotherapy and highlight a potential thera-
peutic opportunity to avoid drug-tolerant persister cells-
driven tumor relapse and therapy failure.

Methods

Cell lines and culture conditions, Reagents and antibodies,
Cultivation of Primary Human CRC cells, Cell viability
and Apoptosis assay, Lipid ROS detection, Organoid cul-
ture, Immunofluorescence by flow cytometry, Immuno-
histochemistry, Multilabeling and confocal microscopy,
Quantitative RT-PCR, Iron Staining, Database analysis and
UMI-mRNA sequencing and data analysis were provided
in Supplementary Materials and Methods.

Animal models and drug treatments

Female Balb/c nude mice aged 46 weeks (~20 g) were
obtained from Guangdong GemPharmatech Co., Ltd
(Guangdong, China). Mice were adapted to a 12 h light/
dark cycle and had free access to water. Indicated cells:
HCT116 cells (3.5%106), RKO cells (3.0%106) and DLD1
cells (3.0*106) were implanted subcutaneously into the
right flank of immunodeficient nude mice. For the
syngeneic model, 6-week-old female BALB/c mice
(GemPharmatech Co., Ltd, China) were subcutaneously
injected with 4 x 10 ® CT26 cells resuspended in 100 pL
of PBS. 7 days after inoculation, mice were randomly
divided into the different experimental groups. Body
weights were recorded daily, and tumor volumes were
measured every 3—4 days by a digital vernier caliper
according to the following equation: tumor volume
(mm?) =(length x width?) x 0.5.

2 x 10° MC38-Luc + cells were injected intraperito-
neally into 6-week-old C57BL/6 ] female mice in 100 pl
of PBS. Animals were bioimaged (Xenogen IVIS sys-
tem) by detecting the luciferase emission spectrum 1
week after i.p. injection to confirm the tumor growth in
the peritoneum. Then, mice were randomly divided into
different experimental groups. All animals were
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monitored for abnormal behaviors to minimize animal
suffering and pain, and the minimum number of ani-
mals necessary for the appropriate sample size was
used.

Animal diets

Mice were fed ad libitum with an irradiated VRFI (P)
diet (XIETONG SHENGWU, Cat#1010088) containing
about 14.77 kJ/g of gross energy. The FMD diet
(ReadyDietech, China) consists of two different com-
ponents designated as the day 1 diet and days 2—4 diet.
Day 1 diet contains 7.67 kJ/g (Cat#: RJ20082701) (pro-
vided 50% of normal daily intake; 0.46 kJ/g protein,
2.2 kJ/g carbohydrate, 5.00 kJ/g fat); the day 2—4 diet
contains 1.48 kJ/g (Cat#: RJ20082702) (provided at 10%
of normal daily intake; 0.01 kJ/g protein/fat, 1.47 kJ/g
carbohydrates). Mice were transferred in fresh cages to
avoid residual chow feeding and coprophagy before the
FMD diet was supplied. Mouse weight loss did not
exceed 20% by monitoring daily during the FMD cycle.
Mice were fed a ketogenic diet (XIETONG SHENGWU,
Cat#XTKDO1) after about 18 h fasting.

Metabolomics analysis

Tumors were prepared, and metabolites were extracted.
Briefly, 25 mg of the sample was homogenized with
500 pL extract solution (acetonitrile: methanol: wa-
ter = 2: 2: 1, with the isotopically-labeled internal stan-
dard mixture). After a 30s vortex, the samples were
homogenized at 35 Hz for 4 min, sonicated for 5 min in
an ice-water bath, and repeated thrice. Then the samples
were incubated for 1 h at —40 °C and centrifuged at
12,000 rpm for 15 min at 4 °C. The resulting superna-
tant was transferred to a fresh glass vial for analysis
(Biotree Biomedical Technology Co., Ltd., Shanghai,
China). The quality control (QC) sample was prepared
by mixing an equal aliquot of the supernatants from all
samples. The metabolomics analysis was performed
with LC-MS/MS, as described in previous
publications.™

Fluorescent dye label retention assay

RKO or HCT116 cells were labeled with Dil (DiIC18(3),
Cell membrane red fluorescent probe) (Beyotime, Cat#
C1036, China) according to the manufacturer’s in-
structions. Labeled samples were treated with either a
control or fasting medium for 5 days and were analyzed
by flow cytometry. Negative control samples were cells
that were not labeled with Dil and were used to set the
gate to detect Dil. Cells not found in this gate were
determined to be positive for the Dil dye label. The
percentage of cells found in each gate at the indicated
time points using CytExpert software.

Ethics statement

Ethical approval was gained from the Institutional
Review Board of the Sixth Affiliated Hospital of Sun
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Yat-sen University, China (2020ZSLYEC-231). All pa-
tients provided their written informed consent. All ani-
mal experiments complied with the ARRIVE guidelines
and were operated according to protocols approved by
the Institutional Laboratory Animal Care and Use
Committee of The Sixth Affiliated Hospital, Sun Yat-sen
University, China (IACUC-2022032401).

Statistical analysis

Data were analyzed by Student’s t-test or one-way
ANOVA using GraphPad Prism analytical software.
The results are expressed as the mean + SD, and a P
value < 0.05 was considered to indicate statistical
significance.

Role of the funding source

The funding sources were not involved in the study
design, analysis, interpretation, tissue collection, and
submission decision.

Results

Combing FMD with 5-fu/oxaliplatin retards tumor
growth but does not alter apoptosis sensitivity
Compared to the ad libitum (AL) diet, two FMD cycles
obviously delayed tumor progression and slowed tumor
growth in CT26 subcutaneous tumor model (Fig. 1a),
consistent with data previously reported.”'® C57BL/6 |
mice bearing peritoneal murine colon cancer (MC38-
luc+) were exposed to a control diet or an FMD.
Although this difference was not statistically significant,
there was a trend toward significance (Fig. 1b). Then,
the in vitro fasting conditions were used to confirm our
data, and fasting can significantly reduce the prolifera-
tive advantage of CRC cells (Fig. 1c). Moreover, nutrient-
restricted conditions decreased organoid generation and
volume (Fig. 1d). These results indicated that fasting
might be a promising adjuvant treatment for colorectal
cancer.

Adjuvant 5-FU-based chemotherapy combined with
oxaliplatin for stage III and high-risk stage II colorectal
cancer patients has demonstrated efficacy and is
commonly used.” Even though the FMD cycles can
enhance gemcitabine, anti-estrogen, cyclin-dependent
kinase 4 (CDK4) and CDK6 (hereafterCDK4/6) thera-
peutic efficacy,* it remains unclear whether FMD
combined with 5-FU/OXA has a safe and encouraging
clinical activity. To explore the inhibitory effect of fast-
ing on CRC cells when combined with 5-FU/OXA, we
examined cell apoptosis using a Cell Counting Kit-8
(CCK8) and Annexin V-FITC/PI Apoptosis assays.
Notably, fasting cultures treated with 5-FU/OXA
showed significant growth suppression in CRC cells
(Fig. le). However, no increase in the percentage of
apoptosis was observed (Fig. 1f). The survival rates also
showed no decrease with increasing 5-FU/OXA doses
(10 pM, 15 pM and 20 pM) under fasting conditions
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Fig. 1: Fasting impairs CRC tumor growth in vitro and in vivo, yet did not increase sensitivity to 5-FU-based chemotherapy. (a) Kaplan-
Meier survival curves of Normal diet-treated (n = 7) and FMD-treated (n = 8) BalB/C mice. CT26 cells were inoculated subcutaneously into BALB/
¢ mice. Mice were sacrificed when the tumor volume reached 1500 mm?. P-value was derived from the log-rank test. (b) The antitumor effect of
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(Fig. 1le, red arrow). Similarly, fasting did not enhance
the inhibitory effect of 5-FU alone on tumor growth,
even at a high concentration (50-200 pM) (Fig. Sla-b).
To further verify the effect of FMD on 5-FU-based
chemotherapy observed in vitro, we subcutaneously
injected RKO cells into BALB/c nude mice. The FMD
synergized with 5-FU/OXA appreciably attenuated tu-
mor growth in the mice. The final tumor weights and
volumes in the FMD+5-FU/OXA group were markedly
lower than those in the other groups (Fig. 1g-h,
Fig. Slc-d). However, despite FMD + 5-FU/OXA treated
tumors ceased to grow, the necrotic/apoptotic areas
were not expanded compared with 5-FU/OXA by the
Hematoxylin/eosin (H&E) staining (Fig. 1i), as evident
by shrinkage and nuclear condensation indicative of
apoptosis. This result was consistent with our in vitro
finding that fasting retarded tumor growth but did not
increase 5-FU/OXA sensitivity to apoptosis in CRC. In
addition, clusters of viable tumor cells in the necrotic/
apoptotic regions can be found (Fig. 1i, red arrow), likely
to be a source for tumor recurrence and resistance.

Nutrient-restricted conditions drive CRC cells to
enter a quiescent state to resist chemotherapy
Fasting/FMD can protect normal cells and organs but
sensitize different cancer cell types to chemotherapy.’
However, here we showed that fasting did not poten-
tiate the anti-tumor effect of 5-FU/OXA, which appears
to be in conflict with the previous finding. This obser-
vation prompted us to investigate the possible cause(s).
We next performed an UMI-mRNA sequencing experi-
ment on RKO cells to evaluate the effect of low glucose
and low FBS treatment. As shown in Fig. 2a and b,
pathway enrichment analysis identified that upregulated
genes significantly enriched in Protein processing in
endoplasmic reticulum, Ribosome, and RNA transport;
but a significant decrease in cell proliferation pathways,
including DNA replication and Cell cycle et al. Gene
ontology analysis of these downregulated genes,
revealed that cell cycle and cell division et al. were
among the most significantly enriched pathways
(Fig. 2c). Key genes involved in proliferation (MKI67,
CDK1) and DNA replication (PCNA) were all down-
regulated (Fig. 2d). However, among the most upregu-
lated genes in fasting-treated CRC cells, we identified

genes linked to stemness: RUNX1, KLF4, CD44,
ALDH2 and ALDHG6A1"“%; and related to chemo-
resistance: RBCK1, RAE1l, NR4A2 and KDMS5B>*
(Fig. 2d). Label retention experiments were used to
confirm whether these cells entered a low proliferative
state under fasting conditions. The result revealed that
dilution of the Dil dye at a much slower rate in fasting-
treated cultures compared with control cultures (Fig. 2e,
Fig. S2a). Similarly, we found that fasting caused a
decrease in the fraction of cells in the S phase (Fig. 2f,
Fig. S2b). Additionally, fasting-treated cells showed a
significant decrease in total RNA abundance (Fig. 2g,
Fig. S2c), indicating the global suppression of tran-
scription.”** These data suggested that the fasting-
induced dormant state may be important in endowing
chemoresistance to CRC cells.

It has been reported that FMD affects various
metabolic and endocrine parameters in vivo.” Subse-
quently, we measured metabolite abundance in two
subcutaneous tumor models: CT26 and HCT116, using
LC-MS/MS-based metabolomics. Interestingly, OPLS-
DA analysis revealed a clear difference in metabolic
profiles between the tumor tissues collected from FMD-
fed and normally-fed mice regardless of which cell line
was used (Fig. 3a, Fig. S3a). As shown in Fig. 3b and
Supplementary Fig. 3b, the permutation test of the
OPLS-DA model showed no overcorrection phenome-
non, suggesting that the model was suitable and the
differential metabolites were reliable. Among these
metabolites, the levels of Lipids and lipid-like molecules,
Organic acids and derivatives, Organic compounds et al.
were increased. However, FMD reduced adenosine and
deoxyadenosine monophosphate levels, indicating
decreased proliferation (Fig. 3¢, Fig. S3c) as the nucle-
osides/nucleotides and analogs are the most abundant
metabolic substrates for providing essential components
to synthesize DNA/RNA and the necessary energy and
cofactors to promote cell proliferation (Tables S1 and
S2). These suggested that FMD can induce a meta-
bolic switch from using glucose as a fuel source to using
fatty acids and lipids et al., and decreased cell prolifer-
ation to survive nutrient stress.

In addition, tumors from mice treated with 5-FU/
OXA and FMD+5-FU/OXA appeared to have more
necrotic or apoptotic regions by H&E staining (Fig. 1i)

FMD was determined in the MC38-Luc + peritoneal model. Animals were bioimaging (Xenogen IVIS system) by detecting the luciferase
emission spectrum at 2 weeks. n = 6. P-values were calculated by two-tailed paired t-test. (c) The proliferation of HCT116 cells (upper panel) and
RKO cells (lower panel) under fasting conditions was measured by a CCK8 assay. n = 3. P values were calculated by two-tailed paired t-test. (d)
Representative pictures of colon organoids under nutrient-restricted conditions for 48 h were shown. n = 3. (e) Cell survival was measured by a
CCK8 assay after the indicated treatment for 72 h. n = 3. P values were calculated by two-tailed paired t-test. (f) Apoptosis was assessed by
annexin-V/Pl assay by FACS analysis after the indicated treatment for 72 h. The value in each panel indicates the % of surviving cells. Data are
representative of three independent experiments. (g) Tumor growth and (h) weight of RKO cells inoculated subcutaneously in Balb/C nude mice
treated with 5-FU/OXA (25 mg/kg 5-FU and 2.5 mg/kg OXA; i.p.; twice/week), FMD, their combination or vehicle (control) was shown. n = 5 per
group. P values were calculated by one-way ANOVA. (i) Tumor tissues were fixed, sliced, and stained with H&E for pathological analysis. Scale
bar: 500 pm (upper panel); 100 pm (lower panel). Bars, mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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accompanied by decreased proliferation by Ki-67 stain-
ing compared to corresponding controls, especially in
FMD+5-FU/OXA group (Fig. 3d, upper panel). It is well-
known that degradation of P27 (also named CDKN1B or
KIP1), a cyclin-dependent kinase inhibitor, is required
for the cellular transition from quiescence to the pro-
liferative state. Indeed, surviving cells in the necrotic or
apoptotic regions formed clusters from 5-FU/OXA and
FMD+5-FU/OXA treated groups expressing higher P27
(Fig. 3d, lower panel). Next, immunofluorescence and
flow cytometry was performed to show that surviving
cells in the presence of chemotherapeutics were at a
higher level of P27 (Fig. 3e—f, Fig. S3d-e). However, the
EdU signal was negative (Fig. 3e, Fig. S3d), suggesting
that a quiescent state may increase constitutive survival
signals in CRC cells. We analyzed GEO datasets
(GSE193865) and showed that the tumor cells could
survive long-term exposure to low-dose 5-FU are slow-
cycling (Fig. 3g). Importantly, analysis of the public
database (GSE87211) revealed that CRC patients who
received 5-FU-based chemotherapy after surgery with
recurrence had lower expression of PCNA (DNA repli-
cation marker) (Fig. 3h). Then, our data also revealed
that CRC cell survival or drug tolerance after 5-FU/OXA
treatment had a decrease in the percentage of cells
entering S-phase of the cell cycle and the expression of
genes associated with cell proliferation, especially the
group of fasting+5-FU/OXA (Fig. 3i—j, Fig. S3f-g). These
results demonstrated that tumor cells with a quiescent
state likely contributed to their resistance to chemo-
therapy, which was consistent with observations re-
ported previously.”*

Fasting-induced quiescent CRC cells are more prone
to develop drug-tolerant persister tumor cells

Drug-tolerant persister (DTP) cells, a subpopulation of
cells adapted to survive in response to chemotherapy or
targeted agent with nonmutational mechanisms that
drive drug tolerance, present a major hurdle to suc-
cessful cancer therapy.”*” One of the important char-
acteristics of DTP cells is quiescent or slow-cycling to
survive cytotoxic agent exposure. Primary CRC cells
derived from patient-derived tissue resections were used
to determine whether fasting-induced quiescent state

plays a role in driving the DTP state. Immunofluores-
cence results showed that a-SMA expression was nega-
tive, whereas cytokeratin expression was positive in the
targeted cells (Fig. 4a), suggesting pure primary CRC
cells were obtained. CCK8 assay showed that no statis-
tical differences were observed under the high dose of
5-FU/OXA (10, 15 and 20 pM) among the control and
fasting group (Fig. 4b). In addition, despite a slight in-
crease in the cytotoxic effect of 5-FU/OXA in primary
CRC cells under fasting conditions using flow cytometry
analysis of apoptotic cell death and were not statistically
different from each other, a large population of viable
cells remained (Fig. 4c, Fig.S4a-b). Then, the DTP cells
model was introduced, as described in Fig. 4d, to eval-
uate the influence of fasting on persister cell generation.
The data showed that a small population of primary
CRC cells, about 10%, entered a persister state to evade
the cytotoxic of 5-FU/OXA (Fig. 4d). About 30 days after
removal of 5-FU/OXA allowed the persister cells to
regrow. Persister cells from control cultures re-acquire
sensitivity to 5-FU/OXA, whereas fasting cultures
derived-drug-tolerant cells showed more resistance to
5-FU/OXA (Fig. 4e and f). This result implied that a
dormant state is believed to contribute to developing
resistance or persister cells if tumor cells cannot be
killed under starvation conditions.

CRC cells that enter a quiescent state to resist
chemotherapy are vulnerable to ferroptosis
Ferroptosis was originally defined as an iron-dependent
form of cancer cell death.” Based on UMI-mRNA
sequencing results, we showed that eleven of the top
25 most changed genes (P-value) after fasting treatment
were implicated in regulating ferroptosis, endoplasmic
reticulum (ER) stress or belonging to heat shock protein
(HSP) family (Fig. 5a). Interestingly, ER stress and
HSPs play an important role in the occurrence and
development of ferroptosis.*'** Moreover, according to
the fold change, four of the top 20 most significantly up-
regulated genes were reported to be involved in ferrop-
tosis (Fig. 5b and c), including ferroptosis-promoting
(HMOX1, PTGS2) and ferroptosis-inhibiting (NUPRI,
SLC7A11). It is reasonable to expect that nutrient-
deprivation-induced quiescent cells may be sensitive to

negative ion mode. P values were calculated by two-tailed paired t-test. (d) Representative images of Ki-67 staining (upper panel) and
Immunohistochemistry analysis of the residual tumor cells (subcutaneous RKO tumors, Fig. 1i) in the indicated tumors-expressing P27 level
(lower panel). n = 5. (e) EdU labeling and P27 staining in the residual viable RKO cells after 5FU/OXA treatment for 48 h. Data are representative
of two independent experiments. Scale bar: 10 pm. (f) Flow cytometry analysis of P27 expression in RKO cells with indicated treatment for 48 h.
n = 3. P values were calculated by one-way ANOVA. RFI: relative fluorescence intensity. (g) Bar plots show differentially expressed genes
involved in the proliferation of survival HCT8 cells after treatment with low dose 5FU from the GSE193865 database. n = 3. P values were
calculated by two-tailed paired t-test. (h) Scatter plot of PCNA expression in CRC patients who received neoadjuvant chemotherapy with
recurrence (n = 49) and no recurrence (n = 49) based on the GSE87211 database. P values were calculated by two-tailed paired t-test. (i) Cell
cycle analysis of RKO cells with indicated treatment for 48 h was detected by flow cytometry. Data are representative of three independent
experiments. (j) Relative mRNA expression of the indicated genes in RKO cells with indicated treatment for 48 h. n = 3, P values were calculated
by two-tailed paired t-test. Bars, mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4: Fasting-induced quiescent CRC cells are more prone to develop drug-tolerant persister tumor cells. (a) Immunofluorescence staining
of Cytokeratin and a-SMA in primary CRC cells isolated from colon cancer tissues. n = 3. (b) CRC primary cells were treated with various
concentrations of 5-FU/OXA under control or fasting conditions for 72 h and then subjected to CCK8 assay, n = 3. P values were calculated by
two-tailed paired t-test. (c) Apoptosis was assessed by annexin-V/Pl assay by FACS analysis after treatment under the indicated conditions for

72 h. The value in each

panel indicates the % of surviving cells. Data are representative of three independent experiments. (d) Schematic

illustration of the construction of primary CRC persister cells. Scale bars indicate 50 pm. (e) Indicated persister cells were treated with various
concentrations of 5-FU/OXA for 72 h and then subjected to CCK8 assay, n = 3. P values were calculated by two-tailed paired t-test. (f) Indicated
persister cells were treated with various concentrations of 5-FU/OXA for 72 h and then subjected to apoptosis assay by annexin-V/PI. The value
in each panel indicates the % of surviving cells. Data are representative of two independent experiments. Bars, mean + SD. ***p < 0.001.
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ferroptosis inducers. Indeed, we observed that fasting
cultures enhanced the antitumor effect of Erastin and
RSL3 against all tested CRC cell lines in vitro by
Apoptosis Assay, Crystal Violet Staining, CCK8 and
Colony formation (Fig. 5d—g, Fig. S5a-d). Consistently,
cell death induced by RSL3 only could be rescued by
ferrostatin-1 (ferroptosis inhibitor), but not z-VAD-FMK
(apoptosis inhibitor), necrostatin-1 (necroptosis inhibi-
tor) (Fig. 5h, Fig. S5e). Then, we wondered whether
persister cells with a preferential vulnerability to fer-
roptosis. Our data showed that persister cells were more
sensitive to the ferroptosis inducer-induced cell death
(Fig. 5i, Fig. S5f-g). Following the increased ferroptotic
cell death in CRC cells, it was further detected that the
intracellular iron levels were obviously higher (Fig. 6a,
Fig. S6a), suggesting specific effects of fasting on
regulating the ferroptosis response in CRC cells. Fur-
therly, we showed that fasting cultures promoted fer-
roptosis by increasing lipid ROS production (Fig. 6b,
Fig. S6b). Previous reports have shown that nutrient
deprivation activates autophagy.*** Importantly, auto-
phagy contributes to ferroptotic cell death.***” We hy-
pothesized that autophagy played an important role in
fasting and sensitized cells to ferroptotic cell death. As
expected, Erastin and RSL3 treatment significantly
induced the expression of a universal autophagy marker
(LC3B) under fasting conditions (Fig. 6¢, Fig. S6c).
Subsequently, a tandem mRFP-GFP-tagged LC3B
construct was used to confirm this observation. Notably,
we observed that fasting + RSL3 or Erastin markedly
increased the number of LC3B puncta (GFP + RFP+) in
CRC cells, a large proportion of yellow puncta, reflective
of RFP+ and GFP + signal (autophagosomes) (Fig. 6d—e,
Fig. S6d-e), suggesting increased induction of auto-
phagy. Indeed, when autophagy in normal cultures
treated RKO cells were activated by rapamycin, their
apoptotic response to RSL3 was significantly increased
with only 14.89% viable cells (Fig. 6f, Fig. S6f). The
RSL3-induced cell death under fasting cultures could be
rescued by the ferroptosis inhibitor ferrostatin-1,
Liproxstatin-1 (Fig. 6g, Fig. S6g). Additionally, block-
ing the early-stage autophagic flux by wortmannin could
partially protect from fasting + RSL3-induced apoptosis
(Fig. 6g, Fig. S6g).** Altogether, these findings demon-
strated that induction of autophagy by fasting promotes

cellular lipid ROS accumulation upon ferroptosis by
increasing free iron levels in cells and contributes to
ferroptosis inducer-mediated CRC cell death.

Dietary interventions enhance the antitumor
effects of ferroptosis in vivo

FMD cycles can enhance cancer therapy. Dietary in-
terventions could improve tumor therapy by eliminating
specific nutrients, modulating growth factors, and
altering the systemic immune state to affect tumor
growth and the antitumor immune response et al."**
Thus far, we have shown that fasting can induce auto-
phagy and promote ferroptosis in vitro. Next, we inves-
tigated whether FMD cycles enhance the anticancer
activity of ferroptosis inducers in vivo. Compared with
standard diets, all FMD groups displayed some degree
of inhibitory effect on growth (Fig. 7a—c). However, the
inhibition was not statistically significant at the end time
point, except for group FMD + RSL3+5FU (Fig. 7b and
c). Of note, triple treatment (FMD + RSL3+5-FU) was
the most active therapeutic intervention in delaying tu-
mor progression in a mouse xenograft, accompanied by
increased Fe?* accumulation (Fig. 7d) and augmented
apoptosis via TUNEL and H&E staining (Fig. 7e and f).
Fe®" levels did not increase in the FMD + RSL3 group,
which may result from a large amount of necrosis/
apoptosis causing liquefaction and exudation of the tu-
mor tissue during sampling. Furthermore, according to
the results of H&E staining for intact tumors (Fig. 7f),
necrosis/apoptosis occurred in all of the FMD group
xenografts in the process of tumor treatment. Impor-
tantly, foci of residual viable tumors in the areas of tu-
mor necrosis were barely visible in the FMD + RSL3 and
FMD + RSL3+5FU treated tumors. These data indicate
that FMD cycles sensitize to RSL3-induced ferroptosis
and tumor suppression in vivo, especially plus the
chemotherapeutic agent 5-FU. These results indicated
that RSL3 could further potentiate the effects of
chemotherapy + FMD against quiescent CRC cells that
resist chemotherapy.

There is growing enthusiasm for using very low
carbohydrate (ketogenic) diets (KD) as an anticancer
intervention. As a potential pharmacologic partner of
PI3K-mTOR pathway inhibitor, KD can activate AMP-
activated protein kinase (AMPK)’ and enhance

mRNA sequencing. n = 3. (d) RKO cells were treated with the RSL3 or Erastin and fasting + RSL3 or fasting + Erastin for 24 h and subjected to
annexin-V/Pl assay. The values within each panel indicate % of survival cells. Data are representative of two independent experiments. (e)
Comparison of the sensitivity of RKO cells to ferroptosis inducers under control or fasting cultures. Cell viability was measured by CCK8 assay
after treatment under the indicated conditions for 24 h n = 3. (f) RKO cells were stained with crystal violet after treatment under the indicated
conditions for 24 h. Data are representative of two independent experiments. Scale bars indicate 5 mm. (g) Colony formation assay. RKO cells
were grown for 14 days in the presence of Erastin (5 pM) or RSL3 (1 uM) under control or fasting conditions. n = 3. Scale bars indicate 5 mm.
(h) The reversal effect by the indicated inhibitors on 5 uM RSL3-induced ferroptosis. Cell viability was measured by CCK8 assay after treatment
under the indicated conditions for 24 h n = 3. ferrostatin-1 (1 pM), z-VAD-FMK (10 pM), necrostatin-1 (1 pM). (i) Parental and persister cells
were treated with the RSL3 for 24 h and subjected to annexin-V/PI assay. The values within each panel indicate % of survival cells. n = 3. Bars,
mean = SD. *p < 0.05, **p < 0.01, ***p < 0.001, P values were calculated by two-tailed paired t-test.
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autophagy* by inducing energy deprivation. We further
demonstrated that the KD combined with Erastin was
more efficient than Erastin alone in inhibiting tumor
growth in another CRC model that subcutaneously im-
plants DLD1 cells (Fig. 8a—d). In addition, clusters of
viable tumor cells in the necrotic/apoptotic regions
obviously decreased (Fig. 8e). Collectively, our data
support the idea that activation of autophagy effectively
enhances the anticancer activity of ferroptosis inducers
in vivo, especially contributing to persister cells’ ferrop-
totic death and presenting a potential strategy to prevent
tumor relapse in vivo.

Discussion

Multiple preclinical and randomized clinical trials have
demonstrated that FMD enhances the antitumor ac-
tivity of chemotherapy agents and immunotherapy in
various malignancies.>**'**"** Adiposity could lie along
a causal pathway from dietary pattern to colon cancer.”
Tabung et al. showed that dietary patterns were asso-
ciated with colorectal cancer development.* Klurfeld
et al. proposed that calorie restriction can inhibit CRC
tumor growth as early as 1987.” In our study, tumor
growth inhibition was also apparent besides FMD be-
ing safe, well tolerated and feasible in combination
with 5-FU/OXA. Strikingly, fasting cannot increase
apoptosis triggered by 5-FU/OXA in CRC cells in vitro,
and the findings we could confirm in a subcutaneous
xenograft mouse model in vivo. Clusters of residual
viable tumors in the apoptotic regions were visible in
the FMD+5FU/OXA-treated tumors.

Since several reports have previously shown that
nutrient-deficient conditions would induce and select
cancer stem cells adapted to survive, promote stemness
programs, drive cells to enter a quiescent state and
become tolerant to drugs.”*** Then we speculated that
the capability of cancer cells to escape the cytotoxic effect
of the chemotherapeutic drug in fasting cultures resul-
ted from a dormant state since starving cells have to exit
proliferation and enter quiescence. Using UMI-mRNA
sequencing, cell-cycle analyses, label retention experi-
ments, EdU staining and metabolomics, we further
revealed that CRC cells are slow-cycling under a
nutrient-deficient environment, consistent with previ-
ous reports.”>%%!

Subsequently, metabolomics revealed that metabolites
were consistently altered in the subcutaneous tumors
arising from different cell types between the two groups.
On the one hand, a shift of the energy source to maintain
cellular energy and survival during fasting. On the other
hand, tumor growth and cell proliferation slow down to

cope with nutrient deficiency. The animal experiments
confirmed that CRC cells escaped being killed by
5-FU/OXA and formed clusters of quiescent cancer cells
expressing a higher level of P27 but a lower level of ki-67.
Long-term exposure to chemotherapeutic drugs would
cause the development of resistance, and we observed that
CRC cells mitigated the cell-killing effects of low-dose 5-
FU by decreased proliferative capacity (GSE193865).
Furthermore, we analyzed GEO datasets to confirm that
slowing cell proliferation in chemotherapy patients con-
tributes to relapse and disease progression (GSE87211).
Rehman et al. demonstrated that CRC cells enter a
diapause-like drug-tolerant persister state to survive
chemotherapy.” We also consistently found that survival
of the live CRC cells after the chemotherapy challenge had
a significantly low gene expression level involved in pro-
liferation, and S phases concomitantly decreased. In light
of a recent publication, Baldominos et al. showed that
quiescent cancer cells form clusters with reduced immune
infiltration and resist T-cell attack.”® Using patient-derived
xenografts (PDXs), Echeverria et al. also revealed that only
the quiescent or slow-cycling cancer cells could repopulate
the tumor after neoadjuvant chemotherapy.”> Sarah et al.
revealed that dormant human ALL cells displayed drug
resistance and can survive drug treatment that exhibits
typical challenging adverse characteristics of relapse
induction.”

The dormancy of cancer cells is becoming more
widely recognized as an important clinical issue. A
recurring question is whether tumor cells that become
dormant in fasting cultures would be more prone to
generate persister cells and confer drug resistance.
Then we reinforced this hypothesis by using primary
human CRC cells. A mild decline (P > 0.5) in the
proportion of surviving cells in the fasting group that
might result from primary cells in the ex vivo system
was less adaptive to cope with stress during 5-FU/OXA
treatment. However, due to the high heterogeneity in
the initial primary cell population, nutrient deprivation
can drive small subpopulations of primary cells into a
quiescent state to survive the chemotherapeutic stress
and enter a drug-tolerant ’persister’ state, promoting
the emergence of resistance. Notably, residual or
dormant tumor cells may be the primary cause of
eventual resistance and recurrence after therapy.
Consequently, some studies showed that targeting
dormant cancer cells is a promising approach to over-
coming cell-intrinsic drug resistance and preventing
disease relapse.”’

Since fasting/FMD is known to be safe and effica-
cious in treating tumors, efforts are needed to develop

measured in tumor tissues. (e) TUNEL staining (upper) and Ki-67 staining (lower) in tumor tissues from different treatment groups. (f) Cross-
sections of tumors were H&E stained (Bottom left panel, Scale bar: 2 mm); Magnified H&E images (upper right panel, Scale bar: 250 pm). Bars,
mean = SD. *p < 0.05, P values were calculated by two-tailed paired t-test or one-way ANOVA.
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more efficient approaches to block drug resistance and
recurrence. Using UMI-mRNA sequencing, we discov-
ered that the ferroptosis pathway was already dysregu-
lated in CRC cells under fasting conditions. Combination
treatment of fasting and ferroptosis inducers significantly
promotes CRC cell death, including quiescent cancer
cells, providing insight into therapeutic opportunities to
target cancer cells in the dormant state. Notably, drug-
tolerant persister cancer cells derived from human pri-
mary colorectal cancer cells and RKO cell lines are
vulnerable to the ferroptosis inducer. In addition to fer-
roptosis being a form of autophagic cell death, autophagy
promotes ferroptosis, which has been extensively
documented.”** Our data revealed that fasting-induced
autophagy benefits ferroptosis inducers by increasing
Fe2+ accumulation and lipid ROS production, supporting
autophagy’s causal role in the anti-CRC effect of ferrop-
tosis. Importantly, fasting can synergize with ferroptosis
inducers to eliminate dormant drug-resistant CRC cells
in vivo. In mice, two cycles of FMD or a ketogenic diet
that stimulates autophagy induction® can increase the
antitumor activity of ferroptosis inducers and eliminate
dormant cancer cells induced in the nutrient-deficient
tumor microenvironment.

Our study revealed several important new findings.
® While fasting and 5-FU/OXA can suppress the
growth of CRC tumors more effectively, the combina-
tion did not eliminate the slow-cycling/quiescent cells.
@ Fasting-induced quiescent CRC cells in energy stress
conditions are more prone to develop drug-tolerant
persister tumor cells. ® Our results indicated that the
FMD/ketogenic diets + ferroptosis inducer is safe and
tolerable, demonstrating antitumor activity in CRC and
eliminating dormant drug-resistant cancer cells.

Collectively, FMD + chemotherapy combined with
ferroptosis inducer may yield better outcomes to effec-
tively inhibit tumor growth and prevent resistance or
tumor recurrence by targeting both the proliferative
tumor bulk and relatively quiescent state cells.
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