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Six-hour time-restricted feeding inhibits i

lung cancer progression and reshapes circadian
metabolism

Dan Shi'?**, Gaofeng Fang'~, Qianyao Chen'?, Jianling Li'? Xiongzhong Ruan'” and Xuemei Lian"*"

Abstract

Background Accumulating evidence has suggested an oncogenic effect of diurnal disruption on cancer progres-
sion. To test whether targeting circadian rhythm by dietary strategy suppressed lung cancer progression, we adopted
6-h time-restricted feeding (TRF) paradigm to elucidate whether and how TRF impacts lung cancer progression.

Methods This study used multiple lung cancer cell lines, two xenograft mouse models, and a chemical-treated
mouse lung cancer model. Stable TIM-knockdown and TIM-overexpressing A549 cells were constructed. Cancer
behaviors in vitro were determined by colony formation, EdU proliferation, wound healing, transwell migration,
flow cytometer, and CCK8 assays. Immunofluorescence, pathology examinations, and targeted metabolomics were
also used in tumor cells and tissues. mCherry-GFP-LC3 plasmid was used to detect autophagic flux.

Results We found for the first time that compared to normal ad libitum feeding, 6-h TRF inhibited lung cancer
progression and reprogrammed the rhythms of metabolites or genes involved in glycolysis and the circadian rhythm
in tumors. After TRF intervention, only timeless (TIM) gene among five lung cancer-associated clock genes was found
to consistently align rhythm of tumor cells to that of tumor tissues. Further, we demonstrated that the anti-tumor
effect upon TRF was partially mediated by the rhythmic downregulation of the TIM and the subsequent activation

of autophagy. Combining TRF with TIM inhibition further enhanced the anti-tumor effect, comparable to treatment
efficacy of chemotherapy in xenograft model.

Conclusions Six-hour TRF inhibits lung cancer progression and reshapes circadian metabolism, which is partially
mediated by the rhythmic downregulation of the TIM and the subsequent upregulation of autophagy.
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Introduction

Lung cancer is one of the most common malignant dis-
eases globally, ranking second in cancer morbidity and
first in cancer mortality worldwide [1]. Although tremen-
dous advances in surgical techniques and neoadjuvant
chemoradiotherapy have been made in recent years, the
therapeutic prognosis of patients with lung cancer has
only modestly improved, with a 5-year survival rate of
10-20% [2]. Recently, accumulating evidence has sug-
gested a connection between circadian metabolism and
cancer, specifically an oncogenic effect of diurnal disrup-
tion on cancer progression [3-5]. Circadian rhythm dis-
ruption by physiologic perturbation or genetic mutation
of the circadian clock significantly shortens survival and
drive growth and progression of lung cancer [6]. Circa-
dian disruption enhances tumorigenesis in lung cancer
model [7]. These observations indicate that targeting
circadian metabolism may be an alternative and effec-
tive strategy for lung cancer prevention and treatment,
although further investigation is required.

One way to target and reprogram circadian rhythm is to
modulate the timing of food intake via a time-restricted
feeding (TRF) diet; this dietary approach helps organ-
isms align the timing of internal circadian metabolism to
the external environment [8—10]. TREF, a form of inter-
mittent fasting in which all nutrient intake is restricted
to within typically<12 h of the day, accompanied by a
longer daily fasting period without an overt attempt to
impose energy restriction, has drawn considerable atten-
tion in the field of nutrition [8, 9]. Mounting evidence
indicates that energy restriction has broad health benefits
and remains the most robust dietary strategy to date for
achieving antitumor effects in various contexts, but the
results mainly pertain to model animals [11, 12]. Notably,
energy restriction in model animals is frequently accom-
panied by a change in feeding behavior, with food being
consumed within a few hours [13, 14]. Therefore, energy
restriction and TRF appear to be mutually intertwined in
enhancing the antitumor effect of energy restriction in
model animals. Although data are limited to a few ani-
mal studies, recent studies have revealed that 4-12 h
TRF might suppress the growth and progression of some
tumors, including pancreatic adenocarcinoma, renal can-
cer, and breast cancer, and inhibit the metastasis of lung
cancer [15-20]. However, whether TRF inhibits lung can-
cer growth and progression is still largely unknown, and
the complex mechanisms by which TRF affects cancer
risk and development remain to be elucidated.

Altered rhythmic metabolism and circadian gene
expression appear to be key factors in anti-tumor effect
of TRF [16, 18, 21]. TRF slows down osteosarcoma
progression and reprogrammed rhythmic components
in activity [18], as well as reverses the jet lag-driven

Page 2 of 26

alterations in clock genes expression [21]. Reinforce-
ment of the circadian timekeeping system with TRF
promotes 24-h rhythmic expressions of key genes, lead-
ing to growth inhibition of pancreatic adenocarcinoma
[16]. Among circadian genes, the circadian regulator
TIMELESS (TIM) is involved in tumor-related DNA
replication [22, 23]. A few studies have linked TIM with
lung cancer and reported a pro-proliferative role in
lung cancer cells and a positive correlation with poor
patient survival [24, 25]. However, whether TIM and its
circadian expression are involved in lung cancer growth
and progression in response to TRF have yet not been
reported.

In this study, we aimed to elucidate whether and how
6-h TRF impacts lung cancer growth and progression
and rewires circadian metabolism. We conducted a series
of in vitro experiments using multiple lung cancer cell
lines and in vivo experiments using two xenograft and
a urethane-induced lung tumorigenesis mouse mod-
els under normal dietary conditions. We first demon-
strated that 6-h TRF medium consistently inhibited the
proliferation and migration of multiple lung cancer cell
lines in vitro. Moreover, in both mouse models, 6-h TRF
(access to normal chow for 6 h, 10 pm—4 am) delayed
tumor initiation and growth in the absence of calorie
restriction. Notably, TRF suppressed glycolysis, activated
autophagy, and reprogrammed the rhythms of metab-
olites/genes involved in glycolysis and the circadian
rhythm in tumors. We further demonstrated that TIM
regulated autophagy as part of the mechanism by which
TRF mediated tumor suppression. Finally, TRF combined
with TIM inhibition further enhanced the anti-tumor
efficacy in the xenograft model, indicating the potential
of the combination regimen for therapeutic translation to
the clinic.

Materials and methods

Cells and reagents

The human lung cancer cell lines A549 were obtained
from the American Type Culture Collection (ATCC,
Shanghai, China); NCI-H460 were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai,
China); NCI-H1975, PC9, and NCI-H1299 were obtained
from the Chinese Tissue Culture Collections (Zhejiang,
China). Cell lines were cultured in RPMI 1640 medium
(C11875500BT, Gibco, NY, USA) supplemented with
10% fetal bovine serum (FBS) (04—001-1ACS, BI, Hae-
mek, Israel) and 100 U/ml penicillin—streptomycin mix
(C0222, Beyotime, Shanghai, China) at 37 °C in an atmos-
phere with 5% CO, and 95% air. Cell identity has been
authenticated using STR profiling and no mycoplasma
contamination was detected in cells.
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Lentivirus construction and stable cell line selection

The following constructs were used: TIM overexpression
plasmid of YOE-LVO0O05-TIMELESS (Ubigene, Guang-
zhou, China), YOE-LV005-Ctrl empty vector (Ubi-
gene, Guangzhou, China), TIM shRNA-1 constructs
of the LV-U6>hTIMELESS [shRNA #1]-PGK>EGFP/
T2A/Puro (Cyagen Biosciences, Jiangsu, China), TIM
shRNA-2 constructs of the LV-U6 > hTIMELESS [shRNA
#2]-PGK > EGFP/T2A/Puro (Cyagen Biosciences, Jiangsu,
China), LV-U6 > Scramble-shRNA-PGK > EGFP/T2A/
Puro empty vector (Cyagen Biosciences, Jiangsu, China),
GPI overexpression plasmid of PDS279_pL-CMV-GFP-
ccdB-puro-GPI (Tsingke, Beijing, China), PDS279 _pL-
CMV-GFP-ccdB-puro-blank empty vector (Tsingke,
Beijing, China), GPI shRNA constructs of the VP013-U6-
MCS-CMV-ZsGreen-PGK-PURO-GPI-shrna  (Tsingke,
Beijing, China), VP013-U6-MCS-CMV-ZsGreen-PGK-
PURO-blank empty vector (Tsingke, Beijing, China).
Sequences of sh-TIM1 and sh-TIM2 are 5-GCATCC
TCCATCTTGCCAAATCTCGAGATTTGGCAAGAT
GGAGGATGC-3" and 5-CAGGCCATTGTTTCTGGT
AATCTCGAGATTACCAGAAACAATGGCC-TG-3.
Sequence of GPI shRNA is 5-UUGUGAUGCAGACCC
UUCCTT-3! Lentiviral particles were produced by co-
transfecting the gag/pol or rev plasmids and TIM/ GPI
overexpression/ shRNA plasmids or empty vectors into
HEK293T cells using the Lipofectamine 2000 Reagent
(11668-027, Invitrogen, CA, USA) according to the
instructions. Stable cell lines were established by trans-
fection with the lentiviral particles followed by puromy-
cin (HY-B1743A, MCE, Shanghai, China) or hygromycin
B (HY-B0490, MCE, Shanghai, China) selection.

TRF and reagent treatment in vitro

Cells in the control group were incubated with normal
control medium consisting of glucose-free RPMI 1640
medium (11879020, Gibco, NY, USA) supplemented with
10% FBS (04—001-1ACS, BI, Haemek, Israel), 2 g/L glu-
cose (ST491-100 ml, Beyotime, China) in a day, whereas
cells in the TRF group were treated with TRF paradigm
consisting of normal control medium for 6 h and glu-
cose-free RPMI 1640 medium (11879020, Gibco, NY,
USA) supplemented with 0% FBS (04-001-1ACS, BI,
Haemek, Israel) for 18 h in a day. Cells in the control and
TRF groups were washed twice with PBS before switch-
ing to other medium or their fresh culture medium, and
the washing time in the control group was the same as
that of the TRF group.

For the TRF combined with rapamycin (53123-88-9,
MCE, Shanghai, China) group, cells were treated with
15 nM rapamycin for 6 h during the normal medium
phase, continuing 15 nM rapamycin treatment for 6 h
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during glucose-free, FBS-free medium phase in a day. For
the TRF combined with CQ (54—05-7, MCE, Shanghai,
China) group, cells were treated with 30 uM CQ for 6 h
merely during the normal medium phase in a day.

Animals and diets

All animals were maintained under pathogen-free con-
ditions with a 12:12 h light/dark cycle in an environ-
mentally constant room at a 21+2 °C temperature and
50% + 5% humidity with free access to water. All proto-
cols were approved by the Medical Ethics Committee of
Chongqing Medical University (ethics number: IACUC-
CQMU-2023-0006, Chongging, China) and were per-
formed in accordance with the Guide for the Care and
Use of Laboratory Animals.

In vivo subcutaneous xenograft model: Five-week-old
male BALB/c nude mice were purchased from Beijing
HFK Bioscience Co., Ltd. (Beijing, China). A total of
6x10°% or 1x107 cells (A549, A549 TIM OE-Ctrl empty
vector, A549 OE-TIM, A549 TIM sh-Ctrl empty vec-
tor, A549 sh-TIM, A549 GPI sh-Ctrl empty vector, or
A549 sh-GPI) or 2x 10° H460 cells were subcutaneously
implanted in the right flank. Once the tumors became
palpable, the mice were randomly assigned to a control
group or TRF group with or without carboplatin treat-
ment. The mice in the control group had ad libitum
access to normal chow throughout the day, whereas the
animals in the TRF group were allowed access to food
between ZT14 (2 h after lights off) and ZT20 (4 h before
lights on) daily. The TRF mice were manually provided
and removed with food pellet in each cage at ZT14 and
ZT20 time points every day, respectively. All used cages
(control group and TRF cages) were replaced with new
sterilized cages every 1 week to stay cleanliness. Car-
boplatin was administered by intraperitoneal injection
(50 mg/kg, HY-17393, MCE, Shanghai, China) once per
week at the initiation of TRF diet. Food intake and body
weight were recorded weekly in the morning by weigh-
ing. Tumor volume was measured with digital calipers
every 3 days for 27 to 33 consecutive days and calculated
using the formula V= (lengthxwidth?/2. Mice were
euthanized with sodium pentobarbital (90 mg/kg, i.p.)
at the end of the experiment or when the tumor volume
exceeded 1500 mm?.

Urethane-induced lung tumorigenesis model: Five-
week-old C57BL/6 ] male mice were purchased from
Vital River Laboratory Animal Technology Company Ltd.
(Beijing, China) and housed under pathogen-free condi-
tions in individually ventilated caging (IVC) systems. As
described by our previous study with slight modification
[26], after 3 days of adaptation, the mice were randomly
grouped and fed an ad libitum control diet or TRF (food
access between ZT14 and ZT20) for 3 weeks. Thereafter,
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the mice in the control and TRF groups were randomized
for treatment with saline or urethane (1 mg/g, 76,607,
Sigma-Aldrich Inc., USA) by intraperitoneal injection
every day for 10 consecutive weeks. After a 15-week
latency period, the mice were euthanized with sodium
pentobarbital (90 mg/kg, i.p.), and lung tumorigenesis
was assessed. During the entire study period, food intake
and body weight were recorded weekly in the morning.

Cells collection for gene expression detection in vitro

Cells were subjected to control and TRF paradigms
for 2 consecutive days before a 2-h 50% horse serum
shock. Then, the cells were switched to the normal con-
trol medium for sample collection at 4-h intervals from
ZT1 (11 PM) to ZT21 (7 PM). In the in vitro study, ZT0
was set as the time point at which the TRF intervention
ended. Cells in the control and TRF groups were washed
twice with PBS before switching to other medium or
their fresh culture medium, and the washing time in the
control group was the same as that of the TRF group.
Three to four replicates per time point were analyzed for
gene expression detection.

Colony formation assay

Lung cancer cell lines, including the A549, H460, H1975,
PC9, and H1299 cell lines and stable overexpression or
knockdown cell lines were plated in six-well plates at a
density of 400—800 cells per well. The cells were treated
with normal control or TRF paradigm with or without
treatment with rapamycin or CQ for 2-3 days and then
cultured with normal medium for 8-11 days. Next, the
cells were washed with PBS, fixed in 4% paraformalde-
hyde for 20 min at room temperature, dyed with crystal
violet for 20 min, and photographed with a cell phone.
Relative colony area was measured using Fiji software.
Three independent replicates were performed.

EdU proliferation assay

A total of 4x 10° cells were seeded on coverslips and sub-
jected to control or TRF paradigm with or without treat-
ment with rapamycin or CQ for 2 consecutive days. Then,
BeyoClick™ EdU-488 Kits (C0071S, Beyotime, Shanghai,
China) or BeyoClick™ EdU-555 Kits (C0075S, Beyotime,
Shanghai, China) were used to detect cell proliferation
according to the manufacturer’s protocols. Briefly, 10
uM EdU reagent was added to cells and incubation for
2 h at 37 °C, followed by fixation in 4% paraformalde-
hyde for 15 min and by permeabilization with 0.3% Tri-
ton-x 100 for 15 min at room temperature. Then, cells
were washed with PBS and incubated with Click Additive
Solution for 30 min at room temperature, protected from
light. Further, cells were stained nuclear using Hoechst.
Staining was observed under a confocal laser scanning
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microscope (Leica TCS SP2, Leica, Weztlar, Germany)
after sealing with antifade mounting medium (P0126,
Beyotime, Shanghai, China). Cell proliferation ability was
quantified using Leica LAS X software. Randomly cho-
sen 4 field of views were evaluated for each sample. Three
independent experiments were carried out.

Wound healing assay

A total of 2x10°-3x 10° cells were inoculated into six-
well plates and grown to over 80% confluence over-
night. Then, a scratch was made through the confluent
cell monolayer using a 200-pl pipette tip. The cells were
treated with control or TRF paradigm for 2 days. Dur-
ing this period, photographs of the same scratched areas
were taken using an optical microscope (EVOS XL Core,
Thermo Finnigan, Austin, USA) at 0, 24, and 48 h. Migra-
tion distances were quantified with Fiji. Three independ-
ent replicates were carried out.

Transwell migration assay

Cell culture inserts (#0286, Corning, NY, USA) contain-
ing a transparent PET membrane with an 8-um pore size
were used to measure cell migration. After cells were
treated with control or TRF paradigms for 2 days, 2 x 10*
to 4x10* cells suspended in 200 pL serum-free RPMI
1640 medium were seeded in the upper chambers, and
600 pL RPMI 1640 medium containing 15% FBS was
added to the lower chambers. After 24 h of incubation,
the cells on the lower surface of the membrane were fixed
in 4% paraformaldehyde for 20 min at room temperature,
followed by staining with 0.1% crystal violet for 20 min.
At least 3-5 fields were photographed for each chamber
using an optical microscope (EVOS XL Core, Thermo
Finnigan, Austin, USA).

Immunofluorescence

A549 cells were seeded on coverslips, subjected to control
or TRF paradigm for 2 days, and then switched to nor-
mal control medium. Then, the coverslips were collected
every 8 h over a 24-h period, fixed in 4% paraformalde-
hyde, and permeabilized with 0.5% Triton X-100. Then,
the coverslips were blocked in QuickBlock™ Blocking
Buffer for Immunol Staining (P0260, Beyotime, Shanghai,
China) for 20 min, followed by sequential incubations
with a mouse anti-GPI monoclonal antibody (TA501128,
OriGene, Wuxi, China, dilution 1:500, overnight at 4 °C)
and Alexa Fluor 647-labeled goat anti-mouse IgG (H+L)
(A0473, Beyotime, Shanghai, China, dilution 1:500, 1 h at
37 °C). The coverslips were counterstained with Hoechst
for 5-10 min to label the nuclei and visualized by con-
focal laser scanning microscopy (Leica TCS SP2, Leica,
Weztlar, Germany).
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Cell cycle and apoptosis analyses

For cell cycle analysis, adherent cells seeded in six-well
plates were treated with control or TRF paradigm for
2 days, and then, the cells were collected, washed with
precooled PBS, and fixed with precooled 75% ethanol.
Cell cycle analysis was conducted by propidium iodide
(PI) staining according to the manufacturer’s proto-
cols (P4170, Sigma Aldrich, St Louis, USA). Cell cycle
assessments were performed with a CytoFLEX flow
cytometer (Beckman Coulter, CA, USA) and CytExpert
V2.3.0.84 software (Beckman Coulter, USA). Three rep-
licates for each sample were detected.

For apoptosis analysis, adherent cells treated with
control feeding or TRF for 2 days were collected,
washed, and resuspended in precooled PBS. FITC
Annexin V Apoptosis Detection Kit I (E-CK-A211,
E-CK-A252, Elabscience, Wuhan, China) was used
according to the manufacturer’s instructions. Annexin
V staining was used to identify early apoptosis, while
PI and DAPI staining were used to identify late apop-
tosis. Cell apoptosis assessments were performed with
a CytoFLEX flow cytometer (Beckman Coulter, CA,
USA) and CytExpert V2.3.0.84 software (Beckman
Coulter, USA). Three replicates for each sample were
detected.

CCK-8 assay

In total, 10* cells per well were inoculated in 96-well
plates and treated with TRE, rapamycin, CQ, TRF+RA,
or TRF+CQ for 2 days. Cell viability was detected by
the CCK-8 method (HY-K0301, MCE, Shanghai, China)
according to the manufacturer’s instructions. Briefly, 10
pg CCK-8 solution was added to each well and incubated
at 37 °C for 1 h. The OD values were assessed at 450 nm
by an Agilent BioTek Synergy H1 multimode reader.

Collection of blood and tissues

At the experimental endpoint, mice were fasted start-
ing at ZT20 (4 h before lights on) and then randomly
anesthetized with chloral hydrate at 4-h or 6-h inter-
vals from ZT1 (11 PM) to ZT21 (7 PM). Blood samples
were collected immediately by cardiac puncture follow-
ing anesthesia and collected in plain tubes. Serum was
collected by centrifugation (3000 r/min for 15 min at 4
°C) and stored at — 80 °C for further analysis. Animal tis-
sues (tumor, lung, liver and muscles) were collected and
weighted by an electronic scale; one tissue specimen was
fixed for pathological examination, and the remaining
specimen was stored at—80 °C for further analysis. The
muscles included the hind legs gastrocnemius and soleus
muscles of mice.
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Pathology examinations and quantification
Paraformaldehyde-fixed paraffin sections of tumor and
lung tissues were stained with hematoxylin and eosin
(H&E). Histological examinations were conducted by
pathologists blinded to the groups. In addition, the
tumor tissues were further scored for mitotic cell. For
immunohistochemistry assay, tumor slides were de-
paraffinized with xylene for 30 min and hydrated in
gradient concentration of alcohols of 100-70% for 5
min followed by washing with water. Thereafter, the
slides were soaked in heated antigen retrieval solution
(10 mM Sodium citrate, pH 8.0 or 10 mM EDTA) for
20 min and then were allowed to be cool to room tem-
perature. UltraSensitiveTM SP (Mouse/Rabbit) IHC Kit
(KIT-9710, MXB, Fuzhou, China) was then applied to
block endogenous peroxidase and nonspecific stain-
ing and amplify the signal of primarily antibodies,
according to the manufacturers’ protocol. The follow-
ing primarily antibodies were used for staining: mouse
monoclonal anti-PCNA antibody (MAB-0145, MXB,
100 pl, 60 min at room temperature); mouse mono-
clonal anti-CD31 antibody (MAB-0031, MXB, 100 ul,
60 min at room temperature); rabbit monoclonal anti-
Ki67 antibody (ET1609-34, HUABIO, hangzhou,1:200
dilution, overnight at 4 °C); rabbit monoclonal anti-
Timeless antibody (ab109512, Abcam, USA, 1:600 dilu-
tion, overnight at 4 °C); rabbit monoclonal anti-LC3B
antibody (#3868, CST, USA, 1:200 dilution, overnight
at 4 °C); and rabbit monoclonal anti-P62 antibody
(WL02385, Wanglei, China, 1:2000 dilution, over-
night at 4 °C). The DAB kit (KIT-0014, MXB, Fuzhou,
China) was applied as a chromogenic agent and Meyer’s
hematoxylin for counterstaining. Sections were photo-
graphed using a pannoramic Scanner (3DHISTECH,
Budapest, Hungary). At least 4-8 fields were scored
for each slide. Images were quantified by Fiji (https://
imagej.net/Fiji) and positive staining was extracted
using trainable Weka segmentation plugin.

Lung tumor enumeration

After animals were euthanized, 4% paraformaldehyde
was injected into the lungs and the entire lung tissues
were harvested. Thereafter, lung tumors were counted
under a dissecting microscope by three experimental
researchers blinded to the groups.

Blood chemistry measurement

Serum parameters of GLU (A154-2-1), TCHO (A111-
1-1), TG (A110-1-1), LDL-C (A113-1-1), HDL-
C(A112-1-1) (NJJCBIO, Naijing, China), insulin
(SP14098, Spbio, Wuhan, China), and IGF1 (SP13776,
Spbio, Wuhan, China) were assayed with commercial
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kits according to the manufacturers’ instructions
(n=4-6 per group at each time).

Indirect calorimetry

As described by our previous study [27], the indirect calo-
rimetry (TSE, German) test was performed on male mice
at a temperature (21 +2 °C) and humidity (50% + 5%) with
a 12:12 h light/dark cycle in the environmentally constant
room (n=8 per group). Mice were placed individually
into the respirometry cages designed with food hoppers
and water bottles on the top, and the cage bottom was
covered with bedding material. Mice were allowed free
access to food and water and were granted to adapt to
the respirometry cages for 2 h prior to the start of experi-
ment. Stable air pressure and flow rates were monitored
daily to guarantee the acquirement of meaningful calo-
rimetry results. The experiment started at 9 am and was
consecutively monitored for 3 days. Measurements, such
as the values of oxygen consumption (VO2), carbon diox-
ide production (VCO?2), respiratory exchange ratio (RER)
and energy expenditure (EE), were output to the com-
puter at 3-min intervals. We analyzed data from the last
two days to attempt to minimize bias caused by the new
environment. Above results were analyzed with adjust-
ment for body weight.

Western blot analysis

Total proteins from tumor tissues or cells were extracted
with RIPA lysis buffer (P0013B, P0013C, Beyotime,
Shanghai, China) and protease inhibitor (P1006, Beyo-
time, Shanghai, China) plus phenylmethanesulfonyl
fluoride (PMSF) (ST506, Beyotime, Shanghai, China).
Antibodies were used for western blotting as follows:
rabbit monoclonal anti-Timeless antibody (ab109512,
Abcam, Boston, USA); mouse monoclonal anti-GPI
(TA501128, ORIGENE, MD, USA); rabbit monoclonal
anti-LC3B antibody (#3868, CST, Beverly, MA, USA);
and rabbit monoclonal anti-P62 antibody (WL02385,
Wanglei, Shanghai, China; 18420-1-AP, Proteintech,
Chicago, USA) and B-actin (TA-09, ZSGB-BIO, Beijing,
China); goat anti-rabbit secondary antibody (ZB-2301,
ZSGB-BIO, Beijing, China), and goat anti-mouse second-
ary antibody (ZB2305, ZSGB-BIO, Beijing, China). Bey-
oECL Moon kit (PO018FS, Beyotime, Shanghai, China)
was used to detect the signal.

Quantitative real-time PCR

Total RNA was isolated from tissues or cells with TRI-
zol reagent (9109, Takara, Kyoto, Japan) according to the
manufacturer’s protocols. RNA was reverse transcribed
to cDNA using the High-Capacity cDNA Reverse Tran-
scription Kit (RR047A-5, Takara, Kyoto, Japan). Real-
time PCR was carried out using the SYBR Green PCR
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Master Mix (HY-K0511, MCE, Shanghai, China) and
the 7500 FAST Real-time PCR System (BIO-RAD, Cali-
fornia, USA). All gene primers were obtained from San-
gon Biotech (Sangon Biotech, Jiangsu, China). All primer
sequences were proved to be specific and effective prior
to use. Data were normalized to the gene expression
of human B-actin or mouse B-actin. Details of primer
sequences used are presented in Table S8.

Measurement of energy-related metabolites

Targeted metabolomics analysis in the tumor tissues was
conducted using liquid chromatography-tandem mass
spectrometry (LC-MS/ MS) with the aid of Applied Pro-
tein Technology company and was described as follows:

Chemicals and reagents

Acetonitrile (1592230123, Merck, Darmstadt, Ger-
many), methanol (144282, Merck, Darmstadt, Germany),
formic acid (06450, Sigma-Aldrich, St Louis, USA),
CH3COONH4 (70221, Sigma-Aldrich, St Louis, USA),
and metabolic standards (Sigma-Aldrich, St Louis, USA).

Sample preparation

One hundred milligrams of tumor tissues were homog-
enized with 1 mL liquid mixture containing H20/
methanol/acetonitrile (1:2:2, v/v/v) by homogenizer and
sonication and centrifuged at 13,000 g for 15 min at 4 °C.
The supernatant was collected and dried in a vacuum
centrifuge followed by re-dissolved in 100 pL water/
acetonitrile (1:1, v/v). The solution was mixed and trans-
ferred to an autosampler vial for LC-MS/ MS analysis.
Quality control (QC) samples were prepared by mixing
all samples equally.

Chromatography

Chromatographic separation was carried out using an
Agilent 1290 Infinity LC UHPLC (Agilent Technolo-
gies, CA, USA) with ACQUITY UPLC BEH Amide col-
umn (2.1 X100 mm, 1.7 um, Waters, Milford, USA). A 4
uL solution was injected into the 45 °C column at a flow
rate of 400 uL/ min through an autosampler. The mobile
phase included solutions A (15 mM CH3COONH4 in
water) and solution B (pure acetonitrile). The elution gra-
dients were as follows: 90-40% B for 0—18 min, 40—90%
B for 18-18.1 min, and 90%B for 18.1-23 min. The QC
samples were injected every 5 samples.

Mass spectrometry

Mass spectrometry was performed using a 5500 QTRAP
mass spectrometer (AB Sciex, Framingham, USA)
equipped with electrospray ionization (ESI) in the nega-
tive mode. The conditions were set as follows: the source
temperature was 450 °C; ion Source Gasl was 45; ion
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Source Gas2 was 45; curtain gas was 30, and ionSapary
Voltage Floating was 4500 V. MRM mode was adopted to
detect the ion pair.

Data processing

The Multiquant software was applied to extract retention
time (RT) and peak area. The retention time was cor-
rected by the standards of metabolites, and the metabo-
lites were identified.

Autophagic flux analysis

mCherry-GFP-LC3 plasmid, which expressed LC3 fused
with mCherry and GFP, was used to detect autophagic
flux. mCherry-GFP-LC3 plasmid was obtained from
the laboratory of professor Lin Yong. Cells were seeded
on coverslips and transfected with plasmid using the
Lipo8000™ Reagent (C0533, Beyotime, Shanghai, China)
for 6 h, followed by control or TRF intervention for
2 days. Coverslips were fixed and permeabilizated by
paraformaldehyde and Triton X-100 (P0096, Beyotime,
Shanghai, China), respectively. Nuclear was stained by
Hoechst (C0071S, Beyotime, Shanghai, China). Staining
results were observed under a confocal laser scanning
microscope (Leica TCS SP2, Leica, Weztlar, Germany)
after sealing with antifade mounting medium (P0126,
Beyotime, Shanghai, China). GFP (green fluorescent sig-
nal), but not mCherry (red fluorescent signal), is highly
susceptible to the acidic environment of lysosomes,
which leads to the loss of fluorescence. Thus, colocaliza-
tion of both GFP and mCherry proteins (yellow) denotes
an autophagosome, while only localization of mCherry
fluorescence but not GFP (red) denotes an autolysosome.
Three independent experiments were carried out.

Transmission electron microscopy

Cells treated with control or TRF for 2 consecutive days
were collected and followed by fixed using 4% glutaralde-
hyde overnight at 4 °C. The experiment was performed
with the aid of staffs from electron microscope labora-
tory of Chongqing Medical University. Briefly, sections
were dehydrated in gradient alcohol and embedded using
EPON 812. Sections were made and stained with 2% ura-
nyl acetate and 0.3% lead citrate. Images were taken using
Hitachi-7500 transmission electron microscope (Hitachi,
Tokyo, Japan).

Statistical analysis

Unless otherwise stated, values were expressed as
mean+SEM or mean+SD, as appropriate. Statistical
calculations were performed with SPSS 22.0 software
(IBM SPSS, Chicago, IL), GraphPad Software (version
7), or R (version 3.5.2). Significance was determined by
using two-way ANOVA, one-way ANOVA with various
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post hoc tests, unpaired student ¢-tests, nonparametric
tests, or Pearson correlation test, as appropriate. Genes
or metabolites expressions over 24 h were analyzed and
visualized using the circacompare package or metacycle
in R, as appropriate. The value of period was set 24 h in
this study. MESOR, amplitude, and phase for the dual-
oscillating genes or metabolites were further compared
when there was rhythmicity in both groups. Phase-shift
was calculated by method described by previous study
[28]. Briefly, if genes or metabolites in both control and
TRF groups were circadian (both P value < 0.05), then the
absolute value of phase difference upon the two groups
was calculated as |phase in Control—phase in TRF|;
if |phase in Control—phase in TRF|<12, then phase
shift=24—|phase in Control—phase in TRF|, or phase
shift=|phase in Control—phase in TRF|. A P value<0.05
was interpreted as statistically significant.

Results

TRF inhibits lung cancer cell proliferation and migration

in vitro

To determine the effects of TRF on cancer behaviors, we
first aimed to determine the changes in cancer cell line
activities in proliferation and migration assays with 6-h
TRF-mimicking paradigm for two consecutive days. Cells
in the control group were incubated with normal control
medium consisting of glucose-free RPMI 1640 medium
supplemented with 10% FBS and 2 g/L glucose in a day,
whereas cells in the TRF group were treated with 6-h
TRF-mimicking paradigm consisting of normal control
medium for 6 h and glucose-free and serum-free RPMI
1640 medium for 18 h during the 24-h period. As indi-
cated by an EdU assay, 6-h TRF-mimicking paradigm
significantly inhibited the proliferation of A549 cells
(Fig. 1A, B) and H460 cells (Fig. 1A, C) compared to
control treatment, representing the most common lung
cancer cell lines. The TRF groups had relatively fewer col-
ony-forming cells than the control groups, as indicated
in colony formation assays for both the A549 cell line
(Fig. 1D, E) and the H460 cell line (Fig. 1D, F), suggesting
that TRF plays a role in suppressing cell proliferation.

To investigate the mechanism by which TRF inhibits
cell proliferation, we assessed the effects of 6-h TRF-
mimicking paradigm on apoptosis and the cell cycle
with a flow cytometry assay with the two cell lines. 6-h
TRF-mimicking paradigm increased the number of late
and total apoptotic cells and induced the proportion of
cells arrested in GO/G1 compared to control treatment
(Fig. 1G-N).

Furthermore, to explore the role of TRF in cell migra-
tion, wound healing and Transwell migration assays
were performed. Six-hour TRF-mimicking paradigm
significantly reduced lung cancer cell migration relative
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to control treatment in both the A549 (Fig. 10, P, R, S)
and H460 cell lines (Fig. 10, Q, R, T). Similar results were
also obtained for other different subtypes of lung cancer
cell lines (H1975, PC9, H1299) subjected to 6-h TREF-
mimicking paradigm (Additional file 1: Fig. S1). Thus,
taken together, these results demonstrate that TRF inhib-
its lung cancer cell proliferation and migration in vitro.

TRF inhibits lung cancer growth in xenograft lung
tumorigenesis mouse models

To determine whether TRF also has antitumor activ-
ity in vivo, we subcutaneously injected 6x10° A549
or 2x10° H460 cells into BALB/c nude mice. Once
the tumors became palpable, the mice were randomly
assigned into a control ad libitum feeding (food acces-
sible at any time) or TRF (food access restricted to 6 h
during a nocturnal feeding time) group (Fig. 2A). Total
food intake did not differ based on feeding protocol
(Fig. 2B, C), whereas body weight was slightly but signifi-
cantly lower in the TRF groups than in the correspond-
ing control groups (Fig. 2D, E), suggesting that TRF may
reprogram energy metabolism without imposing caloric
restriction. TRF visibly attenuated A549 and H460 tumor
volume in the xenograft mouse models (Fig. 2F). Tumor
volume (Fig. 2G, H) and final tumor weight (Fig. 21, J)
were significantly lower in the TRF groups than in the
corresponding control groups, while there were no sig-
nificant differences in the weights of multiple organs or
muscle (Fig. 2K, L), probably indicating no adverse effect
upon TRE.

Because lung adenocarcinoma represents the most
common histological subtypes of lung cancer (this con-
tains the A549 cell line), we further evaluated the path-
ological biomarkers of tumor growth and toxicity in
A549 xenograft tumors. Tumor sections from the TRF
group showed a decrease in mitotic events (Fig. 2M, N),
reductions in the percentages of PCNA-positive nuclei
(Fig. 2M, O), and Ki67-positive (Fig. 2M, P) compared
to those from the control group, indicating remarkable

(See figure on next page.)
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mitigation of tumor-associated pathological prolifera-
tion. Moreover, we performed pathological examinations
of both lung and liver tissues to evaluate safety and found
no significant pathological signs indicative of toxic effects
in the TRF group relative to the control group (Addi-
tional file 1: Fig. S2). Collectively, the results reveal that
TREF inhibits tumor growth in xenograft lung tumorigen-
esis mouse models without imposing caloric restriction.

TRF suppresses lung tumorigenesis

in urethane-administered mice

To potentiate the prevention and treatment application
of TRF in lung cancer patients, for whom lung cancer
was commonly induced from chemical reagents expo-
sure, we further determine whether the inhibitory effect
of TRF on tumor growth is also observed in the chronic
lung tumorigenesis model induced by chemical reagents
of urethane. The C57BL/6 ] mice in the control (fed an
ad libitum control diet) and TRF groups (food access
between ZT14 and ZT20) were randomized for treatment
with saline or urethane by intraperitoneal injection every
day for 10 consecutive weeks starting at 3 weeks con-
trol or TRF feeding, wherein the groups were as follows:
saline-treated normal control (SNC), saline-treated TRF
(STRF), urethane-treated normal control (UNC), and
urethane-treated TRF (UTRF) (Fig. 3A). After a 15-week
latency period, the experiment was ended (Fig. 3A).
Analogous to the results in the xenograft mouse study,
body weight was weakly but significantly decreased in the
STRF and UTRF groups compared to the corresponding
SNC and UNC groups, respectively, whereas food intake
and organ weight relative to body weight showed no dif-
ferences (Fig. 3B—D). The lung tumorigenesis model was
successfully established, and the tumors in the UTRF
group were smaller than those in the UNC group by gross
examination (Fig. 3E) and histopathological examination
(Fig. 3F). In addition, a gross pathological examination
from this model further revealed that atypical adenoma-
tous hyperplasia and papillary and solid adenoma were

Fig. 1 TRF inhibits lung cancer cell proliferation and migration in vitro. A Representative images of EdU assay to detect the proliferation of A549
and H460 cells in the control and time-restricted feeding (TRF) groups (scale bar=>50 um). Control intervention: normal control medium in a day,
TRF intervention: normal control medium for 6 h and glucose-free and FBS-free medium for 18 h in a day. Repeat the intervention for 2 days. B, C
Quantification of the EdU results for B A549 and ¢ H460 cells (n=3). D-F Colony formation assay to determine the proliferation upon TRF with D
representative images and quantification by E A549 and F H460 cells (n=3). G-N Flow cytometry assay. Annexin V staining for early apoptosis
and Pl staining for late apoptosis and cell cycle distribution. G-J Representative images showing the effect of TRF on G apoptosis and H cell
cycle distribution in the A549 cell. I-J Representative images showing the | apoptosis and J cell cycle distribution of H460 cells treated with TRF.
K, L Quantification of K apoptosis and L the cell cycle in A549 cells (n=3). M, N Quantification of M apoptosis and N the cell cycle in H460 cells
(n=3). 0-Q Wound healing assay with O representative images (scale bar= 100 um) and quantitative analysis performed with P A549 or Q H460
cells (n=4). R-T Transwell migration assays with R representative images (scale bar=100 um), and quantitative analysis performed with S A549
or T H460 cells (n=3-4). Data were analyzed by a two-tailed Student’s t test or two-way ANOVA with Tukey's post hoc test. Expression relative

to the control. Error bars, when present, show the SD. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001
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the two main pathological types (Fig. 3F), supported
by our previous study [26]. Compared with UNC mice,
UTREF mice had significantly fewer lung tumors (Fig. 3G),
indicating that TRF also effectively impedes tumorigen-
esis in this chemically induced lung cancer model.

The above-described results indicated that TRF attenu-
ates body weight without reducing caloric intake in mice,
raising the question of whether TRF impacts energy
metabolism in tumor-bearing mice. To address this, we
measured energy expenditure in urethane-administered
mice exposed to TRF or control feeding using indirect
calorimetry. During the experiment, food consumption
in the UTRF group occurred during the nocturnal phase,
and total food consumption did not differ between the
UTREF group and the UNC group (Fig. 3H, L). Heat pro-
duction was significantly higher in the UTRF group than
in the UNC group during the feeding phase (Fig. 31, M),
supporting the observation of weight loss in this study.
Compared with that of the control group, the respiratory
exchange ratio (RER) of the UTRF group showed a noc-
turnal increase, indicative of increased glycolysis during
feeding, and a reduction during the daytime, reflective
of an increase in fat oxidation during fasting (Fig. 3], N).
Additionally, oxygen consumption was increased at night
in the UTRF group relative to the UNC group (Fig. 3K,
O). Combined, TRF represses lung cancer tumorigenesis
and progression, as well as rewires energy metabolism in
urethane-administered mice.

TRF reprograms the rhythms of metabolites and genes
involved in glycolysis

Since TRF rewired energy metabolism in tumor mice,
we next determined whether TRF impacts the metabolic
factors and their rhythmicity in lung cancer. We first
attempted to measure the change in serum glucose and
lipids from serum samples being dynamically collected
every 4 h during a 24-h period in xenograft lung tumo-
rigenesis mouse models. The majority of serum meas-
ures, including glucose (GLU), low-density lipoprotein

(See figure on next page.)
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cholesterol (LDL-C), triglyceride (TG), insulin, and
insulin-like growth factor 1 (IGF-1), did not show rhyth-
mic levels in either the control or TRF group of A549
xenograft model mice; however, circadian rhythms were
observed for high-density lipoprotein cholesterol (HDL-
C) and total cholesterol (TCHO) in both groups (Addi-
tional file 1: Fig. S3 A-G and Table S1). Although GLU
levels were decreased in the TRF group during the dark
phase, the levels of many serum parameters were com-
parable between the TRF group and the control group
(Additional file 1: Fig. S3A-G). HDL-C, LDL-C, TCHO,
and TG were further evaluated in the urethane-induced
lung tumorigenesis model from serum samples being
dynamically collected every 6 h during a 24-h period
and rhythms were analyzed (Additional file 1: Table S2).
HDL-C showed a cyclical pattern only in the SNC and
UTRF groups (Additional file 1: Fig. S3H). Moreover,
HDL-C levels were decreased in saline-administered
mice exposed to TRF (STRF group) compared to those
on a normal diet (SNC group), but this decrease was not
observed in urethane-treated mice (Additional file 1:
Fig. S3H). LDL-C showed a cyclical pattern only in the
UNC and UTRF groups and its levels showed no statis-
tical difference in all compared groups (Additional file 1:
Fig. S3I). TCHO was circadian merely in the SNC group,
with its levels being significantly reduced under UTRF
conditions compared to UNC conditions during the light
phase (Additional file 1: Fig. S3]). TG was acyclic among
the four groups and its level was not changed (Additional
file 1: Fig. S3K). These findings suggest that TRF has a
minor impact on the levels of these serum metabolic
risk factors and their rhythmic regulation in lung can-
cer models, indicating that alternative metabolic factors
responsible for the antitumor activity of TRE.

Metabolic reprogramming in cancer is character-
ized by the Warburg effect, which stipulates that most
cancer cells rely on aerobic glycolysis to generate the
energy required for cellular processes [29]. Therefore,
we next applied targeted metabolomics to determine

Fig. 2 TRF attenuates lung cancer progression in two mouse xenograft models. A Schematic outline of the experimental design. B, C Food intake
trajectories from the B A549 xenograft model and C H460 xenograft model (n=30 mice per group). The dots on the graphs represent the values
of individual mice. The gray outline represents the confidence interval. D, E Body weight trajectories from the D A549 xenograft model (n=37-39
mice per group) and E H460 xenograft model (n=10-11 mice per group). F Photograph of dissected tumors derived from the two xenograft
models. G, H Tumor volume from the G A549 xenograft model (n=37-39 mice per group) and H H460 xenograft model (n=10-11 mice per group).
1-J Tumor weight from the I A549 xenograft model (n=33 mice per group) and J H460 xenograft model (n=10-11 mice per group) at the end

of the study. K, L Organ weight from the K A549 xenograft model (n=33 mice per group) and L H460 xenograft model (1=10-11 mice per group).
Organ mass values are expressed as the organ weight relative to total body weight. M Histopathology. Representative H&E, PCNA, and Ki67
staining of tumor tissue from A549 xenograft model (scale bar=50 um), and the images of H&E-stained tumors on the right is an enlargement

of the images on the left. The arrows indicate the mitoses. N-P Quantification of N mitoses, O PCNA-positive staining, and P Ki67-positive staining
(n=8 per group). Time-restricted feeding, TRF. Data were analyzed by area under the curve (AUC), two-tailed Student’s t test or two-way ANOVA
with Tukey’s post hoc test. Error bars, when present, show the SEM. *P < 0.05; **P <0.01; ***P<0.001; ****P<0.0001
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the temporal levels of metabolites involved in glycolysis
and energy metabolism in tumor tissues from the A549
xenograft mouse model. Heatmap revealed that the con-
trol and the TRF groups exhibited opposite metabolites
abundance tendencies (Fig. 4A). Rhythms were analyzed
by circacompare algorithm and the parameters of rhyth-
micity, MESOR (rhythmically adjusted mean level of a
response variable around which a wave function oscil-
lates), amplitude, and phase were outputted (Additional
file 1: Table S3). A total of 23 metabolites were identified
and detected, of which 12 in the control group and 17 in
the TRF group showed robust circadian rhythms; 10 of
these metabolites showed rhythmicity under both condi-
tions (Additional file 1: Fig. S4A). Notably, TRF did not
reduce the lactate level, a primary measure of the War-
burg effect, although lactate showed circadian rhythmic-
ity in both groups (Additional file 1: Fig. S4A). While
there were no significant differences in the amplitudes of
these oscillating metabolites in both groups, the MESOR
value of some metabolites, including beta-d-fructose
6-phosphate, fumarate, d-fructose 6-bisphosphate, isoci-
trate, and cis-aconitate, were consistently increased in
the TRF group (Fig. 4B and Additional file 1: Fig. S4A-
E). Additionally, the phases of isocitrate and cis-aconitate
were shifted in the TRF group (Additional file 1: Fig. S4A,
D, E). Correlation analysis suggested that among these
MESOR-differential and phase-differential metabolites,
only beta-d-fructose 6-phosphate, a metabolite enriched
in glycolysis, showed a significantly negative correlation
with tumor weight (Fig. 4C and Additional file 1: Fig. S4F,
G). Combined, TRF reprogrammed the temporal levels
of metabolites in tumor tissues compared with control
treatment.

As the accumulation of beta-d-fructose 6-phosphate
metabolite may be a result of enzyme suppression, several
key rate-limiting enzymes implicated in beta-d-fructose
6-phosphate metabolism were examined by qRT-PCR.
In tumor tissues, mRNA expressions of hexokinase 1

(See figure on next page.)
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(HK1), glucose-6-phosphate isomerase (GPI), fructose-
bisphosphatase 1 (FBPI1), phosphofructokinase, platelet
(PFKP), aldolase, fructose-bisphosphate A (ALDOA),
and phosphoglycerate kinase 1 (PGK1) all showed robust
circadian rhythms in the control and TRF groups, except
that mRNA expressions of HK1 showed acyclic expres-
sion in the control group (Fig. 4D-I). Three genes (GPI,
FBPI, and PGKI) of them showed a downregulated
mRNA expression and two genes (GPI and PFKP) of
them showed a shifted phases in mRNA expression in the
TRF group compared with the control group (Fig. 4D-1
and Additional file 1: Table S4), suggesting the suppres-
sion of glycolysis (illustrated in Fig. 4]). Combined, the
above results found that only the mRNA expression of
GPI was downregulated meanwhile its phase was also
shifted upon TRE, indicating a possible key role upon
TRE. Therefore, we further evaluated the GPI mRNA
expression pattern in A549 tumor cells by qRT-PCR and
found that circadian GPI expression was consistent with
that in tumor tissues (Fig. 4K). Moreover, compared to
the control, TRF evoked the same change in GPI protein
levels in A549 cells as in tumor tissues (Additional file 1:
Fig. S5A). However, evaluation of the proliferation and
migration assays of stable GPI-overexpressing and GPI-
knockout cell lines showed that the relative colony area,
relative cell proliferation, and relative cell migration were
not significantly changed compared to the corresponding
vector cell lines upon TREF, indicating that GPI does not
impact the TRF-mediated antitumor effect (Additional
file 1: Fig. S5B-H). These results indicate that while TRF
reshapes glycolysis, this effect is not implicated in the
antitumor activity of TRF, suggesting the involvement of
alternative pathways.

TRF shapes the rhythms of clock genes in a cell-or
tissue-specific manner

Aside from glycolysis, circadian rhythm disruption
is emerging as another characteristic of tumor ([3];

Fig. 3 TRF suppresses lung tumorigenesis in a urethane-administered mouse model. A Schematic illustration of the experimental design

for the urethane-administered mouse model. B Body weight trajectories (n=16-26 mice per group). The dots on the graphs represent the values
of individual mice. The gray outline to the lines represents the confidence interval. C Food intake trajectories (SNC: n=20 mice; STRF: n=16 mice;
UNC: n=26 mice; UTRF: n=24 mice). D Organ weight (SNC: n=16-20 mice; STRF: n=15-16 mice; UNC: n=18-26 mice; UTRF: n=16-24 mice).
Organ mass values are expressed as the organ weight relative to total body weight. E Representative photographs of lung tumors. F H&E staining
of whole-mount lungs showing reduced tumorigenesis following TRF in the top row and higher magnification images of H&E-stained lung tumors
in the bottom row (top: scale bar=2000 pum; bottom: scale bar=>50 um). G Number of lung tumors at the end of the study (n =8 mice per group).
H-0 Two 24-h energy metabolism cycles showing metabolic remodeling upon TRF (n=8 mice per group, 24 weeks). The temporal patterns of H
food intake, I heat production, J the respiratory exchange ratio (RER), and K oxygen consumption (VO,) is presented. Bar charts of L food intake, M
heat production, N the RER, and O VO, are shown. The data in H-K are shown as the mean. Data were analyzed by AUC, two-tailed Student’s ¢ test,
one-way ANOVA or two-way ANOVA with Tukey’s post hoc test. Saline-treated normal control, SNG; saline-treated time-restricted feeding, STRF;
urethane-treated normal control, UNGC; urethane-treated time-restricted feeding, UTRF. Error bars, when present, show the SEM. *P<0.05; **P < 0.01;

***P<0.001; ****P<0.0001
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therefore, we next explored whether circadian rhythm
genes were key factors in anti-tumor activity of TRE.
Because lung adenocarcinoma is the main pathological
type of lung cancer [30], we focused on the molecular
mechanism by which TRF limited lung adenocarcinoma.
To identify key clock genes that are likely involved in
TRF-mediated tumor suppression, we first screened
clock genes and regulators related to lung adenocar-
cinoma using public datasets (Additional file 2). In
both the TCGA and GEO datasets, the candidate clock
genes cryptochrome circadian regulator 1 (CRY1), cryp-
tochrome circadian regulator 2 (CRY2), F-box and leu-
cine rich repeat protein 3 (FBXL3), timeless circadian
clock (TIM), and G protein-coupled estrogen receptor
1 (GPERI) were identified based on their consistently
lower or higher expression levels in lung adenocarcinoma
tissues than in normal tissues (Additional file 1: Fig. S6A-
C). Survival analysis further revealed that CRYI, CRY2,
GPERI1, and FBXL3 were negatively related to survival of
lung adenocarcinoma patients, while TIM were positively
related to survival (Additional file 1: Fig. S6D).

We then examined the temporal expression of the five
clock genes in four distinct human lung adenocarcinoma
cell lines and one human large cell lung cancer cell line
at 4-h intervals over a 24-h period (ZT1, 5, 9, 13, 17, and
21), and analyzed their rhythmicity by circacompare
(Fig. 5A-F, M, N, and Additional file 1: Table S5, 6). The
mRNA expression levels of CRYI, CRY2, FBXL3, TIM,
and GPERI showed cell line-specific circadian rhythms
in either the control or TRF group for the majority of the
cell lines (Fig. 5B-F, M, N and Additional file 1: Fig. S7).
However, of these five genes, only the circadian expres-
sion of the TIM gene was enhanced or established in
the TRF group compared to the control group for each
cell line (Fig. 5B-F, M, N and Additional file 1: Fig. S7).
CRY1, CRY2, FBXL3, TIM, and GPERI expressions were
frequently lower in the TRF group than in the control
group (Fig. 5B-F, O, R and Additional file 1: Fig. S7).
Although there were no differences in the amplitudes of

(See figure on next page.)
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the 5 dual-oscillating genes (Fig. 5P), the phases of CRY1,
FBXL3, and TIM gene expression were significantly
shifted in certain cell lines (Fig. 5Q). Altogether, these
data suggest that TRF induces cell-specific programming
of some circadian oscillations in vitro, but conservatively
rewires TIM rhythm.

To further investigate whether TRF modulated cir-
cadian oscillations in peripheral tissues in vivo, we next
examined mRNA expressions of clock genes in the liver,
lung, and tumor tissues by collecting samples from A549
xenograft mice under TRF conditions every 4 h (Fig. 5G
and Additional file 1: Tables S5, S7). In the liver tissue, the
mRNA expression of Cryl and Cry2 showed circadian
rhythms in both the TRF group and the control group,
but there were no significant differences between groups
in the MESOR, amplitude, or phase; meanwhile, Gperl
expression was arrhythmic in the two groups (Fig. 5SM—-Q
and Additional file 1: Fig. S8A, B, E). Rhythms in FbxI3
and Tim expression were restored by TRF, but the
expression levels of these genes were not significantly dif-
ferent in the TRF and control groups (Fig. 5M, N, R and
Additional file 1: Fig. S8C, D). In the lung tissue, Cryl,
Cry2, and Fbxl3 expression showed significant periodic-
ity in both the control group and the TRF group, but Tim
and Gperl levels were acyclic (Fig. 5M, N and Additional
file 1: Fig. S8F-J). Analogous to the liver tissue results, the
expression levels of these genes in the lung tissue did not
differ between the two groups (Fig. 50 and Additional
file 1: Fig. S8EF-J). Overall, this lung and liver data indicate
that TRF rewired rhythms of clock genes in nontumor
tissues but did not affect the expression level.

In the tumor tissue, CRY1, TIM, and GPERI expres-
sions showed circadian rhythms in both the control and
the TRF groups, but the circadian rhythm of TIM expres-
sion was more robust in the TRF group, while CRY2 were
acyclic in the control group and FBXL3 were acyclic in
the TRF group (Fig. 5H-L, M, N). Similarly, no changes
in the MESOR or amplitude were observed for any of
the dual-oscillating genes (Fig. 5H-L, O, P). Of these five

Fig. 4 TRF reshapes the rhythms of metabolites and genes implicated in glycolysis. A Heatmap showing reprogramming of energy metabolites
in tumor tissues of mice inoculated with A549 tumor cells upon TRF versus control treatment. B Abundance of beta-d-fructose 6-phosphate

in tumor tissues from the mouse xenograft model collected at different times (ZT1, 5,9, 13, 17, 21) over 24 h (Control: n=5-6 mice per timepoint;
TRF: n=4-5 mice per timepoint). ZTO indicates 10 pm, which was the start of the TRF intervention during the experiment. C Correlation analysis
between beta-d-fructose 6-phosphate level and tumor weight (n=55 mice). D-1 gRT-PCR detects mRNA expression of rate-limiting enzymes
implicated in beta-d-fructose 6-phosphate metabolism including DHK1, EGPI, FFBP1, GPFKP, HALDOA, and IPGK1, in tumor tissues at different
times over 24 h (Control: n=3-4 mice per timepoint; TRF: n=3-4 mice per timepoint). J The abundance of metabolites and genes involved

in energy metabolism between the TRF and control groups. Log,-fold changes in genes and metabolites are color-coded; red represents

an increase and blue represents a decrease upon TRF compared to control. Black dots represent metabolites not detected by MS. Only enzymes
detected by gRT-PCR are shown. K mRNA expression of GP/ gene in A549 tumor cells in vitro was measured by gRT-PCR at different times over 24
h (n=3). ZT0 indicates the end of the two cycles of 24-h TRF intervention. Data were analyzed and visualized with circacompare or by Pearson

correlation analysis. Error bars, when present, show the SEM
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genes, only CRYI and TIM genes expressions showed a
significant phase shift in the TRF group compared to the
control group (Fig. 5SH-L, Q), consistent with our results
for the A549, H1975, and H460 cell lines (Fig. 5Q). More-
over, although the average CRYI, CRY2, and TIM gene
expression levels in tumor tissue did not differ between
the TRF and control groups, the levels during the day
phase were significantly lower in the TRF group (Fig. 5H,
I, K, R), in agreement with the A549 cell results (Fig. 5R).
Thus, taken together, these results suggest that TRF
remodels circadian oscillations in a cell- or tissue-specific
manner. However, more importantly, after TRF inter-
vention, only TIM gene in these five genes was found to
consistently align rhythm of tumor cells to that of tumor
tissues, including a decrease in expression during the day
phase (Fig. 5E, K), consistent with the circadian rhythm
driven by the intermittent TRF dietary regimen [31]. Fur-
ther, previous study reported that TIM enhanced prolif-
eration and migration in lung adenocarcinoma cells [24],
suggesting an important role in lung cancer. Therefore,
we speculated that TIM regulation may play a vital role in
tumor suppression by TRF.

TIM contributes to TRF-dependent changes in tumor
suppression

To ascertain whether TIM is involved in tumor suppres-
sion induced by TRF, we constructed an overexpressed
A549 cell line with altered average TIM expression lev-
els using lentivirus-mediated overexpression (Fig. 6A).
TIM overexpression promoted cell proliferation in TRF-
treated cells, but the proliferation ability was still lower
compared to control-treated cells, suggesting that TIM
overexpression partially attenuated the inhibitory effect
of TRF on cell proliferation (Fig. 6B). Moreover, TIM
overexpression enhanced the colony-forming ability of
TREF- and control-treated cells, but the fold increase in
proliferation was greater in the TRF group than in the
control group (Fig. 6C). Likewise, TIM overexpression

(See figure on next page.)
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partially reversed the TRF-mediated induction of cell
cycle arrest in GO/G1 and apoptosis (Fig. 6D-G). As fur-
ther indicated by a wound healing assay, TIM overexpres-
sion partially attenuated the suppression effect of TRF on
cell migration, which was similar to those for prolifera-
tion assays (Fig. 6H), demonstrating that downregulated
TIM partially contributes to the TRF-mediated inhibition
of tumor cell proliferation and migration.

Finally, to examine whether this inhibitory effect of
TRF on tumors is mediated by TIM in vivo, a mouse
xenograft model was established by implanting 1x 10’
stable TIM-overexpressing A549 cells into the back sub-
cutaneous tissue of nude mice, and tumor tissues were
harvested at the TO, T8, and T16 time points. TIM pro-
tein expression in tumor tissues was higher in mice bear-
ing TIM-overexpressing tumors than in those bearing
control tumors at the T0O, T8, and T16 time points, but
expression in the TIM-overexpressing group was com-
parable at different time points (Fig. 61, J). The tumor
growth inhibition induced by TRF was partially reversed
by TIM overexpression (Fig. 6K), as illustrated by reduc-
tions in final tumor weight and volume (Fig. 6L, M). Like-
wise, a reduction of in the percentages of PCNA-positive
and Ki67-positive induced by TRF was partially reversed
by TIM overexpression (Fig. 2N, P). Taken together, these
results demonstrate that TIM is involved in TRF-medi-
ated tumor growth inhibition in vitro and in vivo.

Autophagy regulation by TIM is involved in TRF-mediated
tumor suppression

TRF has been reported to regulate autophagy [31, 32],
which is widely related to tumor growth [33, 34]; there-
fore, we speculated that autophagy may be also involved
in TRF-mediated tumor suppression. Further, if this
mechanistic hypothesis were to hold true, we specu-
lated that a possible regulatory relationship appears to
exist of TIM and autophagy. To test this conjecture, we
first evaluated the degree of autophagy in A549 tumor

Fig. 5 TRF remodels the rhythmic expression of clock genes in vitro and in vivo. A Schematic illustration of in vitro sample collection. B-F
mRNA expression in A549 tumor cells at different times (ZT1, 5,9, 13,17, 21); the genes included BCRY1,CCRY2, DFBXL3, ETIM, and FGPERT (n=3
per timepoint in each group). ZT0 indicates the end of the two cycles of 24-h TRF intervention. G lllustration of the sample collection for A549
xenograft-bearing mice. H-L Gene expression in tumor tissue at different times; the genes included HCRYT,ICRY2, JFBXL3, KTIM, and LGPER1

(n=3-4 per timepoint in each group). ZT0 indicates 10 pm, which was the start of the TRF intervention in mice. M-R Visual plots showing rhythmic
and AUC results for clock genes from different cell lines and A549 xenograft model tissues analyzed with circacompare package. M, N Rhythmicity
in the M control and N TRF groups. Dark and light red both indicate rhythmicity in the control or TRF groups (P value < 0.05); light red indicates
higher P value upon TRF versus control. O MESOR. Blue indicates that MESOR values were decreased upon TRF versus control, light gray identifies
genes that could not be compared since there was no circadian oscillation in both groups, and white indicates nonsignificant results. P Amplitude
upon TRF versus control. Light gray identifies genes that could not be compared, and white indicates nonsignificant results. Q Phase-shift upon TRF
versus control. Red indicates P value < 0.05, light gray identifies genes that could not be compared, and white indicates nonsignificant results. R AUC
analysis. Red and blue indicates higher and lower AUC values upon TRF versus control, respectively; white indicates nonsignificant results. Error bars,
when present, show the SEM
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cell by electron microscopy and found increased for-
mation of autophagosomes upon TRF compared to
control treatment at both the TO and T16 time points
(Fig. 7A). The ratio LC3B-II/I protein (autophagy marker)
were increased, while those of P62 (substrate recep-
tor degraded by autophagy) were decreased in the TRF
group compared to the control group at the TO, T8,
and T16 time points; however, these changes in pro-
tein levels were partially or fully reversed when TIM
was overexpressed at either T0O, T8, or T16 time points
(Fig. 7B). Immunohistochemistry of tumor tissues pre-
pared from TIM overexpressing mouse xenograft tumor
models further confirmed these findings, which showed
that TIM overexpression attenuated autophagic activ-
ity induced by TRF (Fig. 7C-E). Additionally, autophagic
flux assays were conducted by monitoring the fusion pro-
tein mCherry-GFP-LC3 under confocal laser scanning
microscope; in the assays, autophagosomes express both
mCherry and GFP, displaying yellow in merged images.
TRF caused the accumulation of autophagosomes, but
this accumulation was reduced nearly to the level of con-
trol group (OE-Ctrl) in stable TIM-overexpressing cells
at the TO and T16 time points (Fig. 7F—H). These results
suggest that TIM mitigates the autophagy induced by
TRE.

To clarify whether TRF suppresses tumors by upregu-
lating autophagy via the regulation of TIM, we next
examined the proliferation of control or stable TIM-over-
expressing A549 cells with or without TRF in combina-
tion with the known autophagy inducer rapamycin (RA)
or autophagy inhibitor chloroquine (CQ). CCK8, colony
formation, and EdU assays showed that CQ partially
reversed the TRF-induced suppression of cell prolif-
eration (Fig. 7I-L). Moreover, in the same assays, rapa-
mycin treatment partially reversed the pro-proliferative
effect of stable TIM overexpression in cells exposed to
TREF (Fig. 7I-L). These results, along with those described
above, suggest that TRF decreases TIM expression, which

(See figure on next page.)
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leads to an increase in autophagy that consequently sup-
presses tumor growth.

Combining TRF and TIM inhibition enhances antitumor
activity

Considering the vital roles of TIM in the antitumor
effects of TRE, we further hypothesized that combined
TIM inhibition and TRF might have a synergistic anti-
neoplastic effect. To test this hypothesis, A549 cells were
stably transfected with TIM-specific shRNAs (sh-TIM1
or sh-TIM2) or negative control shRNA (sh-Ctrl). The
efficiency of TIM knockdown was confirmed by west-
ern blotting (Fig. 8A). EdU and colony formation assays
showed that TIM knockdown led to more robust sup-
pression of tumor cell proliferation upon TRF than did
sh-Ctrl treatment (Fig. 8B, C). The TRF-induced sup-
pression of cell migration was further enhanced in
TIM-knockdown A549 cells relative to sh-Ctrl-infected
cells (Fig. 8D), indicating that combining TRF with TIM
inhibition enhanced antitumor activity. This synergis-
tic antineoplastic effect was further confirmed by flow
cytometry assays that showed increased cell cycle arrest
and apoptosis upon TRF in the two stable TIM-knock-
down A549 cell lines (Fig. 8E-H).

We further evaluated the efficacy of combination
treatment with TRF, TIM inhibition, and chemotherapy
in vivo; in this experiment, mice bearing sh-Ctrl or sh-
TIM1 A549 xenografts administered a TRF or control
diet were treated with or without carboplatin. Sh-TIM1
induced efficient TIM knockdown in tumor tissues
compared with sh-Ctrl (Fig. 8I). In agreement with the
in vitro proliferation and apoptosis results, mice treated
with TRF had significantly decreased tumor volume and
weight compared to mice given control chow (sh-Ctrl
vs. sh-TRF) (Fig. 8J-L). TIM knockdown significantly
enhanced the effect of TRF on tumor inhibition (sh-TRF
vs. sh-TIM1+ TRF), which was comparable to the effect
of carboplatin alone (carboplatin vs. sh-TIM1+TRF)

Fig. 6 TIM contributes to TRF-dependent changes in tumor suppression in vitro and in vivo. A The protein expression of TIM in stable
TIM-overexpressing A549 cells. Left: representative blots; right: quantitative results. Expression relative to OE-control group at TO. B EdU
proliferation assay in stable TIM-overexpressing A549 cells. Left: representative images (scale bar= 100 um); right: quantitative results (n=3). C

Colony formation proliferation assay. Left: representative images; right: quantitative results (n=3). D, E Representative images of a flow cytometry
assay to detect D the cell cycle (Pl staining) and E cell apoptosis (Annexin V staining for early apoptosis and DAPI staining for late apoptosis)

in stable TIM-overexpressing A549 cells. F, G Quantification of the F cell cycle and G cell apoptosis (n=3). H Wound healing migration assay. Left:
representative images (scale bar= 100 um); right: quantitative results (n=3).1, J TIM expression of the xenograft model mice inoculated with stable
TIM-overexpressing A549 cells detected by immunohistochemistry; | representative images (scale bar=>50 um) and J quantification result (n=3).

K Photograph of dissected tumors from xenograft model mice injected with TIM-overexpressing A549 cells with or without TRF. L Tumor volume
(n=11-12 mice per group). M Tumor weight (n=11-12 mice per group). N-P Histopathology. N Representative PCNA and Ki67 staining of tumor
tissue (scale bar=50 um). O, P Quantification of the O PCNA-positive staining and P Ki67-positive staining (n=8 in each group). OE-Ctrl, negative-ov
erexpression-control; OE-TRF, negative-overexpression-control with TRF; OE-TIM, TIM-overexpression; and OE-TIM +TRF, TIM-overexpression with TRF.
Data were analyzed by one-way or two-way ANOVA with Tukey’s post hoc test. Data was expressed as mean +SD for Fig. 6A-H and mean + SEM

for Fig. 6 J-P. *P<0.05; **P<0.01; ***P<0.001; ****P < 0.0001
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(Fig. 8J-L). Strikingly, the combination of TRE, TIM1
knockdown, and carboplatin also inhibited tumor growth
(sh-TRF vs. sh-TIM1+ TRF +carboplatin), with this
treatment displaying the most robust antitumor efficacy
tendency (Fig. 8]-L). Overall, these data suggest that tar-
geting TIM is a strategy with high potential to augment
the antitumor efficacy of treatment with TRE.

Discussion

Accumulating evidence has suggested an oncogenic
effect of diurnal disruption on cancer progression [3-5,
35, 36]. To test whether targeting and reprogramming
circadian rhythm by dietary strategy suppressed lung
cancer progression, we adopted time-restricted feeding
(TRF) paradigm to elucidate whether and how 6-h TRF
impacts lung cancer progression and rewires circadian
metabolism. To our knowledge, using cell lines, xenograft
mice, and chemical-treated mice models, this study is the
first to demonstrate that compared to normal feeding,
6-h TRF inhibits the initiation and progression of lung
cancer and reprograms the circadian rhythm of clock
genes and glycolytic metabolism. In vitro and in vivo
experiments demonstrated that TRF activated autophagy
by downregulating TIM, resulting in tumor suppres-
sion. More broadly, combined TRF and TIM inhibition
enhances the anti-tumor efficacy of TRF alone in a lung
adenocarcinoma xenograft model.

In recent years, accumulating evidence has shown that,
in addition to the quantity and quality of food, the time of
feeding is crucial for the well-being of the organism; this
concept is termed “chrono-nutrition” and is embodied by
the typical feeding paradigm of TRF [37-39]. Consider-
able research has demonstrated that TRF substantially
benefits health, ranging from reducing body weight and
visceral fat mass to improving metabolic risk measures
and extending lifespan [31, 40-42]. Although data are
limited to a few animal studies, TRF intervention has
been shown to have an antineoplastic effect in various

(See figure on next page.)
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cancers [15-17, 20]. Animal or population evidences of
TREF effect on lung cancer are however arising from only
two experiments [19, 43]. Both studies have found that
12-h TRF abrogated the obesity-enhanced spontane-
ous metastasis of Lewis lung cancer, as well as restored
the health phenotypic impairment or shifted the plasma
metabolic profiles changes driven by high-fat diet [19,
43]. Although the above studies have both demonstrated
the potential inhibitory effects of 12-h TRF on lung can-
cer metastasis within the context of high-fat diet-induced
obesity, the impact of TRF on lung cancer growth
and progression in nonobese animals remains largely
unknown. Building on these prior studies, our work dem-
onstrates that 6-h TRF inhibited the initiation and pro-
gression of lung cancer in nonobese animals. Compared
with the control group, tumor volume and tumor weight
were visibly attenuated in the TRF group in the xenograft
mouse and chemical induced lung cancer models. Con-
sidering cancer patients are commonly non-obese, thus
TRF may be a promising nutrient therapy against lung
cancer. However, whether there is a difference in the anti-
tumor effect of TRF between obese and nonobese indi-
viduals remains largely unknown and requires further
investigation.

In this study, we also found that 6 h-TRF reduced
body weight by increasing energy metabolism without
reducing caloric intake, consistent with the results of
previous studies showing that TRF enhances overall oxi-
dative metabolism and reduces body weight [44]. We next
determined whether TRF impacts the metabolic factors
and their rhythmicity in lung cancer. Partially inconsist-
ent with previous studies [15, 44], although GLU levels
were decreased in the TRF group during the dark phase,
the levels of many serum parameters were comparable
between the TRF group and the control group, which
may be due to the background difference between normal
and obesogenic diets. Using targeted metabolomic and
qRT-PCR experiments, we further found that 6-h TRF

Fig. 7 TIM overexpression attenuates the tumor-suppressive effect of TRF by regulating autophagy. Transmission electron microscopy shows
autophagosomes in TRF-treated A549 cells. Left: representative images (scale bar=1 um); right: quantitative analysis (n=3). Arrows indicate

the autophagosomes. Autophagosomes were counted in 20 cells in three independent replicates. B The protein levels of LC3B and P62 in stable
TIM-overexpressing A549 cells, left: representative blots; right: quantitative analysis (n=3). ZT0 indicates the end of the two cycles of 24-h TRF
intervention. C Immunohistochemistry. Representative LC3B and P62 staining of tumor tissue from A549 xenograft model mice injected with stable
TIM-overexpressing cells (scale bar=50 pm). D Quantification of LC3B-positive staining (n=>5 in each group). E Quantification of P62-positive
staining (n=5 in each group). F-H Autophagic flux assays. Stable TIM-overexpressing A549 cells were transfected with mCherry-GFP-LC3 plasmids.
F Representative images (scale bar=10 um). G, H Quantitative analysis of autophagosomes (mCherry +/GFP +) based on yellow puncta per cell

at GTOand HT16 (n=3 in each group). | CCK-8 assay in stable TIM-overexpressing A549 cells after culture with 15 nM rapamycin (RA) for 12 h or 30
UM chloroquine (CQ) for 24 h with or without TRF (n=3-4 in each group). J, K Colony formation assay in TIM-overexpressing cells after culture

with RA or CQ upon TRF; J representative images, and K quantitative analysis (n=3 in each group). L EdU assay. Left: representative images (scale
bar=75 um); right: quantitative analysis (n=3). OE-Ctrl, negative-overexpression-control; OE-TRF, negative-overexpression-control with TRF; OE-TIM,
TIM-overexpression. Data were analyzed by one-way or two-way ANOVA with Tukey's post hoc test. Error bars, when present, show the SD. *P<0.05;

**P<0.01;***P<0.001; ***P<0.0001
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suppressed the temporal levels of energy metabolites and
glycolytic enzymes in tumor tissues from a mouse xeno-
graft model. Moreover, the rhythms of these metabolites
and enzymes in tumors were enhanced by 6-h TREF. These
findings are supported by previous studies showing TRF
improves the disordered metabolic rhythm induced by
a high-fat diet or obesity [45]. Many studies have dem-
onstrated that targeting glycolytic metabolism is crucial
for inhibiting tumor growth and identified the enzymes
and metabolites related to glycolysis that are critical to
cancer cells and widely involved in tumor growth, metas-
tasis, and prognosis [46—48]. Similarly, we found gly-
colytic suppression overall; in particular, glycolytic gene
GPI mRNA expression was persistently inhibited by TRF
in tumor tissues and cells. This observation is consist-
ent with previous studies showing that GPI overexpres-
sion aggravates the metastatic potential of non-small cell
lung cancer and glioblastoma [47, 49]. However, we did
not find GPI to be involved in TRF-mediated antitumor
effects in vitro.

We found that in tumor contexts, TRF, in which feed-
ing was restricted to 6 h in this study, reprogrammed the
rhythmic expression of clock genes in a cell-specific (in
vitro) or tissue-specific (in vivo) manner. These findings
agree with those of previous studies. Nutrition is among
the dominant external factors known to align the bio-
logical clock, and the concept of TRF was developed in
the context of circadian rhythm, in which meal timing is
coordinated with the body’s daily rhythms [8, 10]. More-
over, meal timing or TRF has also been shown to signifi-
cantly improve circadian rhythms in distinct contexts,
such as in cardiovascular disease, breast cancer, and pan-
creatic cancer [15, 16, 50]. Meal timing restricted from 9
am to 1 pm attenuates tumor growth driven by a high-
fat diet in pancreatic adenocarcinoma by reinforcing the
rhythmic expression of clock genes [16]. It is interesting
to note that a different TRF regimen (night vs morning)
and a high-fat diet seem to reach similar conclusions

(See figure on next page.)
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about the effect of TRF on cancer and clock genes. We
speculate that the specific timing of TRF is not important
to achieve antitumor effects and rewire rhythmic expres-
sion of clock genes. However, further study is warrant
to investigate the impact of different TRF regimen on
rhythms of clock genes and circadian metabolism.

More importantly, we found that in the context of TRE,
the phase of the clock gene TIM was significantly shifted
in tumors under most circumstances; this shift was par-
alleled by decreased TIM mRNA expression during the
day phase, consistent with the rhythmic pattern driven by
the intermittent TRF dietary regimen [51]. Notably, the
effect of TRF on the average expression level of TIM was
distinct in vitro and in vivo, which may be explained by
the difference in applying TRF in different systems. TIM
was highly expressed in lung cancer and cervical cancer
and was significantly correlated with poor survival [25,
52]. TIM overexpression exhibited a protective effect on
cancer cells against replication stress, independent of the
checkpoint mechanism [53]. TIM depletion suppressed
cell proliferation and enhanced cisplatin sensitivity in
cervical cancer [54]. A recent study further found that
TIM promoted the proliferation and migration of lung
adenocarcinoma cells [24]. However, conversely, knock-
down of TIM promoted breast cancer cell invasion and
metastasis [55] and loss of TIM induced tumor progres-
sion in colorectal cancer [56]. Consistent with previous
lung and cervical cancer studies, we found that TIM was
overexpressed in lung cancer and TIM inhibition has a
modest antitumor effect in lung cancer, but more robust
evidence showed that TIM was partially involved in TRE-
mediated tumor suppression. These results highlight the
role of TIM in the antitumor effect of TRF in specific
tumor type and further prompt us that TIM gene regula-
tion at specific times appears to be of importance, which
is in line with the concept of chronotherapy by adjusting
the therapy time to adapt to the rhythm of the cancer
[57]. However, further in-depth study for investigating

Fig. 8 Combining TIM inhibition with TRF enhances antineoplastic efficacy in lung cancer. ATIM protein expression in A549 cells was robustly
inhibited by a lentivirus expressing TIM-targeting shRNA (sh-TIM1 and sh-TIM2) versus control shRNA (sh-Ctrl) at ZT0, ZT8, and ZT16. ZTO indicates
the end of the two cycles of 24-h TRF intervention. Top: representative blots; bottom: quantitative results. B EJU proliferation assay in two stable
TIM-knockdown A549 cell lines. Left: representative images (scale bar= 100 um); right: quantitative results (n =3). C Colony formation assay. Left:
representative images; right: quantitative results (n=3). D Wound healing assay. Left: representative blots (scale bar=100 um); right: quantitative
results (n=3-4). E-F Representative images of a flow cytometry assay to evaluate the E cell cycle and F cell apoptosis of stably transfected
TIM-knockout A549 cells. G, H Quantification analysis of the G cell cycle and H cell apoptosis data (n=3). I TIM expression from ZT0, ZT8, and ZT16
in the xenograft mouse model inoculated with stable sh-TIMT A549 cells was confirmed by immunohistochemistry. Left: representative images
(scale bar=50 um); right: Quantification of TIM expression (n=3). All expressions are relative to sh-Ctrl: TO. ZTO indicates 10 pm, which was the start
of the TRF intervention in mice. J Photograph of tumors formed by implantation of stable sh-TIM1 A549 cells. K Tumor volume (n=11-13 mice

per group). L Tumor weight (n=11-13 mice per group). Data were analyzed by one-way or two-way ANOVA with Tukey's post hoc test. sh-Ctrl,
negative shRNA control; sh-TRF negative shRNA with TRF; sh-TIM1, TIM shRNAT; sh-TIM2, TIM shRNA2. Data was expressed as mean +SD for Fig. 8A-H
and mean £ SEM for Fig. 8l, K, L. *P < 0.05; **P <0.01; ***P<0.001; ****P < 0.0001
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the role of TIM gene regulation at specific times in TRF-
mediated tumor suppression is warranted. The current
study also demonstrated that combined TRF and TIM
knockdown enhanced antitumor efficacy of TRF alone in
A549 mouse xenografts, indicating that TRF in combina-
tion with TIM inhibition may be a promising strategy to
potentiate standard cancer therapies. These results were
supported by our previous finding demonstrating that a
6-h TRF enhanced the anti-tumor effects of cisplatin in
cisplatin-resistant and cisplatin-sensitive lung cancer
cells with TRF-mimicking paradigm [58].

We also found that autophagy regulation by TIM is
involved in TRF-mediated tumor suppression. First, TIM
overexpression partially reversed the accumulation of
autophagosomes induced by TRF; this result was paral-
leled by decreased LC3B and increased P62 protein expres-
sion. In A549 cells, the autophagy inducer CQ partially
reversed the TRF-mediated suppression of proliferation,
further suggesting that TRF regulates autophagy. Moreo-
ver, treatment with the autophagy inducer rapamycin
partially restored the TRF-mediated decrease in prolifera-
tion in the context of TIM overexpression, demonstrating
that autophagy primarily contributes to the mechanism
by which TRF regulates TIM to inhibit cancer. Previous
studies have reported that autophagy plays a vital role in
tumor growth [33, 34, 59]; however, autophagy frequently
plays dual roles, mediating tumor suppression or tumor
promotion in different contexts [33]. Specifically, in early
tumorigenesis, autophagy is generally sufficient to sup-
press cancer growth and progression [33]. Therefore, we
concluded that autophagy induced by TRF potentiates the
observed antitumor effect. Consistently, autophagy induc-
tion by caloric restriction mimetics strengthens anticancer
immunosurveillance [60], and fasting improves sensitivity
of tumor cells to chemotherapeutic agents by upregulat-
ing autophagy flux [61]; both consistent with the beneficial
role of autophagy involved. These data indicate that tar-
geting autophagy is a promising interventional strategy
for the treatment of cancer. However, how TIM regulates
autophagy remains unknown and requires further study.

Although this study demonstrates that TRF signifi-
cantly inhibits lung cancer growth, it has certain limita-
tions. First, this experiment was performed with mice of
only one sex (male). However, the mortality and morbid-
ity of lung cancer in women have been increasing for many
decades [1], so there may be the sex-specific differences
in TRF-mediated anti-tumor effect. Second, although we
observed that 6-h TRF had significant antitumor effects
in lung cancer, we did not investigate the effects of other
feeding windows, such as 4-h TRE, 8-h TRE, early TRE, or
late TRE, on lung cancer. Because different time windows
may have different effects on health [8], additional stud-
ies are needed to investigate different feeding windows for
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TRF to determine how to maximize tumor suppression in
lung cancer. Third, in vivo experiment of autophagy was
not performed in this study, which would strength our
findings; however, our current results still strongly support
the findings that autophagy regulation by TIM is involved
in TRF-mediated tumor suppression. Fourth, although we
used 6-h TRF-mimicking cellular medium, we struggled
to completely recapitulate the in vivo TRF intervention,
which could result in different metabolism response upon
TRE. Finally, we explored the anti-tumor effect of TRF only
in two xenograft mouse models and a chemical-treated
mouse model, further study is required to demonstrate the
anti-tumor effect of TRF in other more lung cancer mod-
els, such as Kras-driven genetically engineered mice mod-
els. Nevertheless, our study provides novel evidence that
6-h TRF without energy restriction effectively inhibits lung
cancer growth and progression.

Conclusion

In conclusion, we found for the first time that compared
to normal ad libitum feeding, 6-h TRF inhibited lung can-
cer growth and progression, and reprogrammed the circa-
dian rhythm. We also demonstrated that the anti-tumor
effect upon TRF was partially mediated by the rhythmic
downregulation of the TIM and the subsequent activa-
tion of autophagy. Combining TRF with TIM inhibition
further enhanced the anti-tumor effect. Our results pro-
vide in vitro and in vivo evidence of TRF on lung cancer
suppression and suggest that adjusting meal timing is
beneficial to reset circadian homeostasis and attain maxi-
mal cancer suppression. Further studies are warranted to
investigate the mechanisms underlying the TRF-mediated
anti-tumor effect and to explore the therapeutic efficacy
of combination treatment of TRF and TIM inhibition or
plus chemotherapy in patients with cancer.
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