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Increased autophagy activity  
suppresses hyperglycemia-related colorectal  
cancer tumorigenesis both in vitro and in vivo
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Abstract: Hyperglycemia contributes to recurrence, poor survival, and drug resistance in colorectal cancer (CRC) pa-
tients. Overexpression of G9a (euchromatic histone-lysine N-methyltransferase 2, EHMT2), together with decreased 
autophagy activity, has been implicated in promoting CRC tumorigenesis and chemoresistance. Here, we demon-
strate that high glucose (25 mM) enhances proliferation, focus formation, and migration of CRC cells, while concur-
rently suppressing autophagy activity. Importantly, pharmacological induction of autophagy increases CRC cell sen-
sitivity to chemotherapeutic agents (5-fluorouracil and oxaliplatin) and attenuates high glucose-induced tumorigenic 
behaviors. Analysis of CRC patient specimens and data from the TCGA COAD database revealed that LC3, an au-
tophagy marker, is elevated in tumor tissues compared to adjacent normal tissues, and that high LC3 mRNA expres-
sion correlates with poor overall survival. Furthermore, enhancing autophagy via the autophagy inducer rapamycin 
significantly suppressed high glucose-induced tumor formation in a CRC xenograft mouse model. In addition, we 
identified niclosamide (NC), a repurposed antihelminthic agent, and its derivative niclosamide ethanolamine (NEN), 
as potential G9a inhibitors and autophagy inducers. NEN dose-dependently suppressed high glucose-activated on-
cogenic signaling pathways, including β-catenin, c-Myc, STAT3, G9a, and cyclin D1, while restoring autophagy activ-
ity. Collectively, our in vitro and in vivo findings strongly support that enhancing autophagy represents a multifaceted 
strategy to alleviate hyperglycemia, inhibit G9a-mediated signaling, increase chemosensitivity, and suppress high 
glucose-driven CRC tumorigenesis.
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Introduction

Colorectal cancer (CRC) ranks among the most 
common malignancies and is associated with 
poor five-year survival rates, with nearly half of 
patients developing distant metastases despite 
standard treatment protocols [1]. Epidemio- 
logical studies have revealed a strong associa-
tion between CRC progression and hyperglyce-
mia, a common complication of diabetes melli-
tus [2-6]. Hyperglycemia promotes CRC cell 
proliferation, metastasis, and drug resistance, 
particularly to oxaliplatin [5]. Meanwhile, au- 
tophagy, a cellular degradation and recycling 
mechanism, plays a complex role in cancer pro-
gression and treatment resistance [7, 8]. 
Notably, increasing autophagy activity has 
been linked to both tumor suppression and 
improved therapeutic responses in CRC and 
diabetic conditions [9-16]. Understanding the 
interplay between autophagy, hyperglycemia, 
and CRC tumorigenesis is critical for developing 
more effective therapies.

Autophagy is a lysosomal degradation pro- 
cess that maintains cellular homeostasis by 
recycling damaged organelles, proteins, and 
microRNAs. Functionally, it is categorized into 
conventional degradative autophagy and un- 
conventional secretory autophagy. The former 
protects cells under stress by degrading in- 
tracellular contents, while the latter exports 
selected cargoes through autophagosome-like 
vesicles, bypassing the endoplasmic reticulum-
Golgi route [17-20]. This unconventional path-
way is implicated in various diseases, including 
cancers and metabolic syndromes [18]. Au- 
tophagy serves as a double-edged sword in 
tumorigenesis, playing distinct roles depending 
on the stage and cellular context of cancer. In 
the early stages, knockout of autophagy-relat-
ed genes (ATGs) in mice leads to tumorigenic 
phenotypes [7], and that Beclin1, a core 
autophagy gene, is often downregulated in 
colorectal cancer (CRC), where its restoration 
suppresses tumor growth [15]. Furthermore, 
specific autophagy inhibitors or repressors, 
such as miR-338-5p, can promote tumor devel-
opment and metastasis through suppression of 
autophagy via targets like PIK3C3 [11]. We 
have shown that autophagy can inhibit Ha-ras-
driven tumorigenesis by limiting proliferation 
[21], and that pharmacological activation of 
autophagy through agents such as rapamycin 
and amiodarone can suppress CRC progres-

sion both in vitro and in vivo [11, 22]. Jeong et 
al. (2019) also demonstrated that combining 
oxaliplatin with docosahexaenoic acid enhanc-
es autophagic cell death in CRC, further high-
lighting autophagy’s therapeutic potential [23].

Autophagy frequently promotes tumor develop-
ment, growth, and survival in established or 
advanced malignancies [24]. This pro-tumor 
function involves several mechanisms includ-
ing to support the high metabolic demands of 
cancer cells by supplying necessary nutrients 
under challenging conditions like hypoxia [25]. 
Autophagy also prevents cancer cell death dur-
ing treatment, inducing dormancy, promoting 
recurrence and metastasis, and impeding ther-
apeutic efficacy by contributing to drug resis-
tance [25]. Furthermore, autophagy can pro-
mote metastasis by enhancing resistance to 
apoptosis and is strongly correlated with the 
survival and maintenance of cancer stem cells 
[25]. In the context of immunity, autophagy may 
support immune evasion by acting as a tumor 
protector, potentially through mechanisms like 
the degradation of MHC-I, which is observed  
in pancreatic cancer [26], or by protecting 
tumor cells from T cell-mediated cytotoxicity 
[25]. This pro-survival role in RAS-mutated can-
cers (including lung, colon, and pancreatic) and 
its link to advanced stages of various cancers 
underscore its significance in therapeutic resis-
tance and progression. Therefore, understand-
ing how autophagy facilitates these aspects in 
specific cancer contexts is crucial for develop-
ing effective treatments that target this path-
way [25].

Hyperglycemia is increasingly recognized as a 
critical factor in cancer progression. Cohort 
studies have linked high blood glucose levels to 
increased risks for pancreatic and colorectal 
cancers [3]. Hyperglycemia is an etiological fac-
tor for poor outcomes and shorter overall sur-
vival in glioblastoma multiforme (GBM) patients 
[4]. In CRC, hyperglycemia is associated with 
oxaliplatin resistance and reduced survival [5, 
6]. Mechanistic studies show that hyperglyce-
mia enhances CRC malignancy via the ERK-
αvβ6 signaling pathway [2] and by remodeling 
the hexosamine biosynthetic pathway (HBP), 
thereby facilitating immune evasion [27, 28]. 
Hyperglycemia also undermines the efficacy 
and safety of immune checkpoint therapies in 
breast cancer [29]. In pancreatic cancer, high 
glucose enhances sphere formation and tumor-
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igenicity [30], while in prostate cancer, it pro-
motes matrix metalloproteinase (MMP) expres-
sion [31]. These findings reflect the diverse and 
cancer-specific effects of hyperglycemia.

G9a, a histone methyltransferase, is overex-
pressed in several malignancies, including 
CRC, gastric, ovarian, and esophageal cancers 
[32]. It epigenetically regulates gene expres-
sion to promote proliferation, survival, and inva-
sion. G9a knockdown suppresses tumor growth 
and induces chromosomal instability, under-
scoring its therapeutic potential [32]. Moreover, 
G9a expression has been associated with 
hyperglycemia in type 1 diabetes [33], suggest-
ing a possible mechanistic link between epi-
genetic regulation and metabolic disorders.

In the context of CRC, increasing autophagy 
activity not only suppresses tumor progression 
but also restores glucose homeostasis and 
overcomes chemoresistance [10, 16]. Cheng et 
al. (2025) demonstrated that statins (pitavas-
tatin and atorvastatin) suppress the growth of 
high-glucose-adapted CRC cells by inducing 
autophagy and enhancing 5-FU cytotoxicity via 
the PERK/ATF4/CHOP signaling axis [9]. These 
findings highlight autophagy’s central role in 
hyperglycemia-related tumorigenesis and ther-
apy resistance.

Type 2 diabetes mellitus (T2DM), characterized 
by insulin resistance and hyperglycemia, is 
commonly managed by increasing insulin se- 
cretion or sensitivity [34]. Autophagy is essen-
tial for pancreatic β-cell homeostasis and insu-
lin secretion. Deficiency of autophagy genes 
like Atg7 leads to hyperglycemia, reduced β-cell 
mass, and impaired insulin output [12-14, 
35-37]. Niclosamide, a repurposed anthelmin-
tic drug, was found to induce autophagy and 
promote insulin secretion, improving glycemic 
control in vitro and in vivo [38]. These observa-
tions support the hypothesis that autophagy 
contributes to blood glucose regulation through 
pancreatic β-cell modulation.

As a nutrient sensor, autophagy is activated 
under conditions of starvation or energy depri-
vation. The process degrades cytosolic con-
tents to supply amino acids and fatty acids for 
energy production [39, 40]. Interestingly, while 
starvation induces autophagy in most cells, 
β-cells suppress autophagy under such condi-
tions but activate it in response to high glucose 

[41, 42]. This suggests a cell-type-specific regu-
lation of autophagy based on nutrient status.

Altogether, these studies indicate that autopha-
gy plays a multifaceted role in regulating glu-
cose metabolism, insulin secretion, tumor pro-
gression, and treatment responses. However, 
the precise mechanisms by which autophagy 
influences hyperglycemia-related CRC develop-
ment and chemoresistance remain unclear and 
merit further investigation.

Although autophagy has been extensively stud-
ied in the context of cancer and diabetes, the 
precise mechanisms by which autophagy regu-
lates hyperglycemia-related CRC tumorigenesis 
and chemoresistance remain largely unex-
plored [5, 9-11, 16]. While autophagy appears 
to influence insulin secretion and glucose 
metabolism via pancreatic β-cells [12-14, 
35-38], it is still unclear how these systemic 
metabolic effects impact CRC progression in 
hyperglycemic patients. Furthermore, the in- 
volvement of epigenetic factors such as G9a in 
linking hyperglycemia, autophagy, and CRC 
metastasis has not been elucidated [32, 33]. 
Thus, a mechanistic investigation into the 
autophagy-mediated signaling pathways that 
bridge hyperglycemia and CRC malignancy is 
urgently needed.

This study proposes a comprehensive appro- 
ach to investigate the role of autophagy in 
hyperglycemia-associated CRC tumorigenesis 
and chemoresistance. We begin by establish-
ing in vitro CRC models under high-glucose cul-
ture conditions to mimic the diabetic microenvi-
ronment. Autophagy activity, blood insulin level, 
and key metabolic regulators will be assessed 
using Western blotting, CRISP/Cas9, ELISA, 
and immunofluorescence microscopy. Next, we 
will assess whether autophagy inducers such 
as rapamycin and niclosamide can restore 
autophagic flux and suppress CRC cell prolifer-
ation and migration in high-glucose environ-
ments. These interventions will be evaluated 
alone and in combination with 5-FU or oxalipla-
tin to determine their effects on drug sensitivi-
ty. Autophagy dependency will be confirmed via 
genetic manipulation (e.g., Atg5 knockout or 
siRNA knockdown). We will use the animal 
model of hyperglycemia with CRC to validate 
the role of autophagy observed in vitro. Finally, 
clinical relevance will be addressed by analyz-
ing CRC patient tissue samples, correlating LC3 
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expression level with CRC patient tumor and 
multiply clinical parameters. These investiga-
tions will clarify how autophagy modulates CRC 
progression under hyperglycemia conditions.

Materials and methods

Cell lines and reagents

Human CRC cell lines SW480 and HCT-116 
were purchased from Bioresource Collection 
and Research Center (Hsinchu, Taiwan) and 
cultured with low-glucose Dulbecco’s modified 
Eagle medium (DMEM, 5 mM Glucose, Gibco, 
11885-084) supplemented with 10% fetal 
bovine serum (FBS, Gibco, 10437-028) and 
Pen Step (100 Units/mL penicillin + 100 μg/mL 
Streptomycin, Gibco, 15140-122). Cells were 
incubated at 37°C in a 5% CO2 incubator. High-
glucose DMEM was purchased from Gibco (25 
mM Glucose, 11965-092). Niclosamide etha-
nolamine salt (NEN, LGC Standards, TRC-
N395505), rapamycin (Sigma-Aldrich, R0395), 
Tat-Beclin 1 D11 (Tat-D11, Novus Biologi- 
cals, NBP2-49888), 10058-F4 (Selleck Chemi- 
cals, S7153), PNU-74654 (Selleck Chemicals, 
S8429), and Cryptotanshinone (Tanshinone C, 
Selleck Chemicals, S2285) were purchased. 

Immunoblotting analysis

After various treatments, the cells (1×106) were 
lysed with 100 μl of Lysate-RIPA buffer, and the 
total protein from the cell lysate was collected. 
For Western blotting, the lysates (30 μg protein) 
were electrophoretically separated by sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to a polyvi-
nylidene fluoride (PVDF) membrane (Millipore, 
ISEQ85R). The membrane was blocked with 5% 
skimmed milk in PBST [sodium chloride (100 
mM), disodium hydrogen phosphate (80 mM), 
sodium dihydrogen phosphate (20 mM), Tween 
20 (0.2%), pH 7.5] for 1 h. The membrane was 
incubated with the primary antibody (LC3, 
1:1000, MLB, PM036; β-catenin, 1:1000, Cell 
Signaling, 9562; Phospho-β-catenin (Ser675), 
1:1000, Cell Signaling, 4176; c-Myc, 1:1000, 
Cell Signaling, 5605; EHMT2-G9A, 1:1000, 
abcam, ab185050; Cyclin D1, 1:1000, abcam, 
ab134175; ATG5, 1:1000, abcam, ab108327; 
Phospho-SRAT3 (Tyr705), 1:1000, Cell Sig- 
naling, 9145; STAT3, 1:1000, Cell Signaling, 
9139; CD133, 1:1000, GeneTex, GTX100567; 
CD44, 1:1000, GeneTex, GTX102111; Nanog, 

1:1000, Cell signaling, 4893S; OCT4, 1:1000, 
Cell signaling, 2750S; p62 (SQSTM1), 1:1000, 
MLB, PM045; GAPDH, 1:10000, GeneTex, 
GTX100118) at 4°C overnight. After washing 
with PBST, the membrane was hybridized with 
an HRP-conjugated secondary antibody (Ther- 
mo Fisher Scientific, 31460 and 31430) at RT 
for 1 h. The membrane was exposed to an 
imaging system to detect signals using chemi-
luminescence. Views were quantified by ImageJ 
software.

Immunofluorescent staining

Cells (1×105/well) were seeded on a slide. Cells 
under different conditions were then fixed in 4% 
formaldehyde for 20 min. The slide was incu-
bated for 30 min in 0.1% Triton X-100 in PBS. 
Anti-LC3 antibodies (1:50, MBL, M152-3) will 
be added to the slide and left overnight at 4°C. 
The primary antibody was visualized using an 
appropriate secondary antibody (Thermo Fisher 
Scientific, A11001). The fluorescent change of 
the cells was investigated under a confocal 
microscope (FV-1000; Olympus).

Immunohistochemical staining (IHC)

The paraffin sections slides were treated with 
anti-LC3 (1:300, MBL, PM036) and anti-Ki67 
(1:250, Sigma-Aldrich, AB9260) antibodies fol-
lowed by labeling with the secondary antibody 
for 30 min at RT [19]. The slides were treated 
with diaminobenzidine (DAB) solution for 10 
min at RT and counterstained with 10% he- 
matoxylin (Muto Pure Chemicals Co., LTD, 
3000-2).

Small hairpin RNA (shRNA) lentiviral infection 
system

Cells were infected with lentivirus containing 
shGFP RNA (Academia Sinica, TRCN000007- 
2181), shAtg5 RNA (Academia Sinica, TRCN- 
0000151474), or shEHMT2 RNA (Academia 
Sinica, TRCN0000115669) and incubated 
overnight. Stable cell lines were selected by 
puromycin treatment for 2 weeks.

CRISPR-Cas9 system

This system consists of two steps: (a) CRISPR/
Cas9 RNP electroporation: SW480 cells were 
synchronized with 200 ng/ml nocodazole for 
17 h, followed by Cas9/gRNA (for specific gene 
target) delivery through electroporation. On the 
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day of electroporation, an equal volume of 
cRNA and tracrRNA was mixed to prepare the 
gRNA complex solution (150 pmol). Cas9 pro-
tein (30 pmol) and Cas9/gRNA (150 pmol) were 
mixed in Opti-MEM ™ I Reduced Serum Medium 
(ThermoFisher, #31985062) at RT for 15 min 
to form Cas9/gRNA ribonucleoprotein (RNP). At 
the same time, 1×105 of synchronized cells 
were collected by centrifugation, washed with 
Opti-MEM twice, and then re-suspended in the 
optimal volume of Opti-MEM, followed by add-
ing Cas9/gRNA RNP. The RNP was delivered 
into the cell through the NEPA21 Electro- 
porator™. (b) Evaluation of gene editing effi-
ciency by T7E1 digestion and high-resolution 
melting (HRM) analysis: The electroporated 
cells were transferred immediately to 24-well 
culture dishes containing 1 ml of the corre-
sponding culture medium and then incubated 
in a 37°C, 5% CO2 incubator. After 48 h recov-
ery, we performed T7E1 and high-resolution 
melting to validate gene editing efficiency. 
Moreover, a limited dilution was carried out by 
seeding cells at 0.5 cells/well density. After two 
weeks of incubation, some single-cell clones 
were used for HRM-qPCR analysis to check for 
mutations in both target genes.

MTT assay

Cells (1×105/well) in 96-well plates received dif-
ferent treatments for 1 to 5 days. MTT solution 
(Sigma, M2128) (0.5 mg/ml in DMEM medium) 
was added to each well at 37°C for 3 h. The 
medium was removed, and 100 μl of DMSO 
(Sigma, D4540) was added. Cell proliferation 
was determined by measuring the cell lysate at 
the optical density of 570 nm wavelength using 
a 96-well Thermo Scientific™ Multiskan Sky 
Microplate Spectrophotometer.

Focus formation assay

Cells received different glucose concentration 
medium treatments for 5 days. The 1000 cells 
plated into the 6 cm culture dish received other 
treatments and were cultured for 7 days to 
allow colony formation. Then cells were fixed 
with 4% formaldehyde and stained with 0.4% 
crystal violet (Sigma, V5265). Cells were then 
lysed with 2% SDS solution and measured at 
an optical density at 570 nm wavelength.

Wound healing assay

Cells were seeded in a 2-well culture insert, 
which was placed on a 12-well plate. Cells were 

treated with 1 μM NEN or 150 nM rapamycin in 
different glucose concentration mediums, and 
inserts were removed on day 4. Wash each well 
with 1X PBS on day 5 to remove residual cell 
debris. The wound healing was observed under 
microscopy. Views were quantified by ImageJ 
software.

Sphere formation assay

SW480 cells were pretreated 1 μM NEN for 24 
h in DMEM containing 5 or 25 mM glucose, 
detached with 0.25% Trypsin/2.21 mM EDTA 
(Corning), and plated at 3,000 cells/well in 
6-well ultra-low adhesion plates (Corning) with 
sphere formation medium (SFM). SFM, a cru-
cial component for promoting sphere forma-
tion, consisted of serum-free 5 or 25 mM glu-
cose DMEM supplemented with 1x B27 supple-
ment (Gibco, 17504044), 20 ng/mL epidermal 
growth factor (EGF) (Sigma, E4127), and 20 
ng/mL basic fibroblast growth factor (bFGF) 
(Gibco, 100-18B-50UG). Media were re-supple-
mented every 3 days until 7 days of growth, 
and the spheres were collected for immuno- 
blotting.

Tissue microarray (TMA) of CRC specimens

CRC patient specimens used in the study were 
approved by the Institutional Review Board of 
the Kaohsiung Medical University Hospital 
(KMUH) (IRB document number: KMUHIRB-
G(I)-20210047) and the Institutional Review 
Board of National Cheng Kung University 
Hospital (Approval No. A-ER-108-535). The 
research methods conformed to the standards 
set by the Declaration of Helsinki. CRC speci-
mens were obtained from KMUH and National 
Cheng Kung University Hospital. A total of 14 
CRC tissue array slides were used, including 61 
normal tissues and 209 tumor specimens. The 
analysis of human tissue sections in adjacent 
normal and tumor parts was performed using 
paraffin-embedded CRC specimens in the tis-
sue array.

Tissue microarray (TMA) score

Positive IHC staining of the tissue sections was 
obtained by multiplying the intensity and per-
centage scores, ranging from 0 to 9. The stain-
ing percentage was scored as follows: 0, 0% 
immunoreactive cells; 1, detectable dots in 
<5% of cells; 2, readily detectable dots in 
5-50% of cells; 3, dots in >50% of cells. The 
intensity score was defined as 0 (no staining), 1 
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(weak staining), 2 (moderate staining), and 3 
(strong staining) [43, 44]. All IHC slides were 
scored by a professionally trained and certified 
pathologist who was blinded to clinical data. 
Since a single rater performed the assess-
ments, inter-rater reliability was not applicable.

CRC mice models

Male nude mice (4 weeks old) were obtained 
from the National Laboratory Animal Center, 
Taipei, Taiwan. The mice were maintained in a 
pathogen-free facility under isothermal condi-
tions with regular photoperiods in the KMU 
Center for Laboratory Animals. Institutional 
Animal Care and Use Committee (IACUC) Animal 
experimental procedures were approved by the 
Institute of Animal Care and Use Committee at 
Kaohsiung Medical University (Affidavit of 
Approval of Animal Use Protocol No. 109134) 
and performed following the Guide for the Care 
and Use of Laboratory Animals [Guide for the 
Care and Use of Laboratory Animals (8th 
Edition)]. Mice (n=18, aged 7 weeks) were ran-
domly divided into a control diet group (CD; con-
taining 10% animal fat) (TestDiet, St Louis, Mo, 
catalog #58Y2) and a high-fat diet group (HFD, 
containing 60% animal fat) (TestDiet, catalog 
#58Y1). We used these diets in murine studies 
of obesity [45]. Body weight and blood glucose 
were measured weekly throughout the study.

Xenograft mouse model: Male nude mice fed 
control and high-fat diets for 11 weeks were 
inoculated with cells (2×106 cells in 100 μl of 
PBS) subcutaneously on the back of the mice. 
The tumor volume was measured according to 
the following formula: Tumor volume (mm3) = 
length (mm) × width2 (mm2) ×0.5. The mice 
were divided into the following groups: (i) 
SW480 cell (CD), (ii) SW480 cell (HFD), and (iii) 
SW480 cell (HFD) plus autophagy inducer. Each 
group contained 6 mice.

Insulin detection

Blood was collected by a cardiac bleed into 
tubes containing heparin as an anticoagulant, 
and the plasma fraction was separated. The 
plasma was collected to measure insulin con-
centration with the Mercodia Mouse Insulin 
ELISA kit (Mercodia AB, 10-1247-01).

Quantification and statistical analysis

The results of the western blot assay were 
quantified using ImageJ software. Data were 

computed using the GraphPad Prism ver. 
10.3.1 (GraphPad Software, Inc., San Diego, 
CA, USA). All data are presented as the mean ± 
SD. Differences between the experimental and 
control groups were analyzed by a two-tailed 
Student’s t-test, one-, or two-way ANOVA with 
Turkey’s multiple comparison test. The symbol 
represents *: P<0.05; **: P<0.01 and ***: 
P<0.001.

Results

The effect of high glucose on the autophagy 
activity and cell viability of CRC cells

Initially, we clarified the effect of high glucose 
on the autophagy activity of CRC cells. We 
investigated the level of the autophagy repre-
sentative protein LC3 in CRC SW480 and 
HCT116 cell lines incubated with 5 (normal, 90 
mg/dI blood sugar), 15 (diabetes, 270 mg/dI 
blood sugar), or 25 mM (over+, 450 mg/dI 
blood sugar) glucose-containing media for 
short (1 day) and long (5 days) times. Our 
results consistently demonstrated a dose-
dependent decrease of LC3-II levels (represent-
ing autophagic vesicles) in SW480 and HCT116 
cells by Western blotting (Figure 1A) and image 
analysis for GFP puncta formation of LC3 pro-
tein under a fluorescent microscope (Figure 
1B). These results indicate that increasing glu-
cose concentration may decrease autophagy 
activity in CRC cells from 1 to 5 days. 

It is known that high glucose increases CRC cell 
viability and chemoresistance [5]. Similarly, we 
confirmed that both SW480 and HCT116 cell 
lines showed significant increase of cellular 
viability under high glucose (25 mM) conditions 
compared to low glucose (5 mM) at 72 h by 
MTT assay (Figure 1C and 1D).

The effect of inducing autophagy activity on 
CRC cell viability and the sensitivity of CRC 
cells to anti-cancer drug treatment under high 
glucose conditions

We are interested in clarifying whether inducing 
autophagy activity by various inducers can 
affect CRC cell viability under high glucose con-
ditions. Three autophagy inducers, niclosamide 
ethanolamine salt (NEN), rapamycin, and Tat-
D11, were used to induce the autophagy activ-
ity of SW480 and HCT116 cells. Balgi et al. 
(2009) reported that niclosamide is a potential 
autophagy inducer and mTOR inhibitor [46]. 
NEN, a salt form of niclosamide, has higher util-
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ity than niclosamide because it is high solubility 
in water, low toxicity, and orally bioavailable in 
vivo. Tat-D11 (Tat-Beclin 1 D11, Novus) is a 
highly specific autophagy inducing peptide. 
Rapamycin is an antifungal antibiotic and mTOR 
inhibitor. We confirmed that the LC3-II level was 
induced in a dose-dependent manner by three 
autophagy inducers under high glucose condi-
tions (Figure 2A-F, upper panel). We then used 
the optimal dose of NEN (1 μM), rapamycin 

silenced or knocked out under high glucose 
conditions. It indicates that autophagy plays a 
suppressive role in CRC cell viability under high 
glucose conditions.

We found that SW480 and HCT116 cells after 
5-fluorouracil (5-FU, 1 μg/ml) or oxaliplatin 
(Oxa, 7.5 μg/ml) treatment for 24 h, endoge-
nous LC3-II was increased to various levels 
(Figure S2A-D, upper panel) under high glucose 

(150 nM), and Tat-D11 (5 μM) 
to enhance the autophagy 
activity of these CRC cell lines 
under high glucose conditions 
to clarify whether increas- 
ed autophagy activity affects 
CRC cell viability determined 
by MTT assay. We reveal th- 
at the viability of both CRC  
cell lines was suppressed at 
48 h post-treatment under 
high glucose conditions (Fig- 
ure 2A-F, lower panel). To fur-
ther confirm the suppressive 
effect of autophagy on CRC 
cell viability, we blocked au- 
tophagy activity by either 
genetic silencing (Figure S1A 
and S1C) or CRISPR-Cas9 
knockout of Atg5 gene un- 
der high glucose conditions 
(Figure S1B). We established 
various stable Atg5 knockout 
clones. SW480-C19 is the 
heterologous Atg5 knockout 
clone, SW480-C10, C12, C20 
are homologous Atg5 knock-
out clones (Figure S1B). We 
found that HCT116 cell via- 
bility was increased by silenc-
ing the Atg5 gene at 72 h 
under high glucose condi- 
tions (Figure S1F), but this 
phenomenon was not signifi-
cant for SW480 cells (Figure 
S1D). Likewise, the viability  
of SW480 Atg5 knockout 
clones was also increased at 
72 h under high glucose con-
ditions (Figure S1E). In sum-
mary, the suppressive effect 
of autophagy on cancer cell 
viability was reversed while 
the autophagy gene was 

Figure 1. The effect of high glucose on the autophagy activity and cell viabil-
ity of CRC cell lines. (A) SW480 and HCT116 cells were incubated in 5, 15, 
or 25 mM glucose (Glc) containing media for 1 day and 5 days. Cell lysates 
were investigated for LC3 protein level by Western blotting using the anti-
LC3 antibody. GAPDH was used as the internal control. (B) LC3 protein was 
labeled by FITC-conjugated anti-LC3 antibody, and the nucleus was labeled 
by DAPI in SW480 cells maintained in 5 or 25 mM glucose medium for 1 day 
and investigated under a confocal fluorescent microscope. Scale bar =5 um. 
(C) SW480 cells and (D) HCT116 cells were incubated in 5 or 25 mM glucose-
containing media for 72 h. Cell viability was determined by MTT assay at 570 
nm wavelength. Error bars represent mean ± SD. Data were analyzed by 
Student’s t-test. ***: P<0.001.
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Figure 2. The effect of enhancing autophagy activity on CRC cell viability and sensitivity to anti-cancer drugs under 
high glucose conditions. (A-C) SW480 cells and (D-F) HCT116 cells were maintained in high glucose media with 
different concentrations of autophagy inducers for 24 h. LC3 protein levels were determined by Western blotting 
using the specific anti-LC3 antibody. GAPDH was used as the internal control. Cells were further treated with 1 μM 
niclosamide ethanolamine salt (NEN; A, D), 150 nM rapamycin (Rapa; B, E), or 5 μM Tat-D11 (C) and (F) for 48 h 
followed by MTT assay to determine the cell viability. (G, H) SW480 cells and (I, J) HCT116 cells were treated with 
150 nM rapamycin (Rapa) or 1 μM NEN combined with 1 μg/ml 5-fluorouracil (5-FU; G and I) or 7.5 μg/ml oxalipla-
tin (Oxa; H and J) for 48 h. Cell viability was determined by MTT assay. Error bars represent mean ± SD. Data were 
analyzed by Student’s t-test or one-way ANOVA. *: P<0.05; **: P<0.01; ***: P<0.001.
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conditions, indicating that anti-cancer drugs 
enhance autophagy activity of CRC cells under 
high glucose conditions. Moreover, cell viability 
was significantly decreased after 5-FU or Oxa 
treatment compared to the control group under 
high glucose conditions (Figure S2A-D, lower 
panel).

We then investigated whether enhancing 
autophagy activity affects CRC cell sensitivity 
to anti-cancer drugs under high glucose condi-
tions. Initially, we elevated the autophagy activ-
ity using NEN (1 μM) or rapamycin (Rapa, 150 
nM) followed by measuring the cellular viability 
using MTT assay. Our data showed that NEN-
induced autophagy increased the sensitivity of 
SW480 and HCT116 cells to 5-FU (1 μg/ml) and 
Oxa (7.5 μg/ml) under high glucose conditions 
(Figure 2G-J). However, rapamycin-induced 
autophagy could not increase the sensitivity of 
HCT116 cells to Oxa (Figure 2J).

Consistent with the above result, silencing Atg5 
gene expression by lentiviral shRNA significant-
ly decreased the sensitivity of SW480 and 
HCT116 cells to 5-FU as well as Oxa compar- 
ed to shGFP control cells (Figure S3A, S3B, 
S3D, and S3E). In contrast, knockout of Atg5 
gene by CRISP/Cas9 system further sensitizes 
SW480-C20 cells to 5-FU and Oxa treatment 
(Figure S3C and S3F). Altogether, the above 
findings suggest that boosting autophagy  
activity further sensitizes CRC cells to anti-can-
cer drugs in a high-glucose environment. 
Intriguingly, abolishing endogenous autophagy 
also enhances CRC cell sensitivity to anti-can-
cer treatment.

The effect of glucose concentration and au-
tophagy activity on focus formation, migration, 
and sphere formation of CRC cells

Tumor cells with increased tumorigenicity may 
form foci in a plate. Focus formation (anchor-
age-dependent colony formation) was used to 
evaluate the effect of autophagy on CRC cell 
tumorigenesis under high glucose conditions. 
Initially, we found that high glucose (25 mM, 
HG) medium increased the number of focus for-
mations compared to low glucose medium (5 
mM, LG). The SW480 cells were then incubat- 
ed with 5 or 25 mM glucose medium with 
autophagy either induced by rapamycin, NEN or 
abolished by knockout of the Atg5 gene 
(SW480-C20). We found that increased autoph-

agy by rapamycin or NEN significantly sup-
pressed focus formation in either 5 or 25 mM 
glucose medium (Figure 3A). However, focus 
formation suppressed by enhancing autophagy 
activity was not blocked by knockout of the 
Atg5 gene in SW480-C20 cells under 5- or 
25-mM glucose medium (Figure S4A). These 
data suggest that the suppression of colony 
formation through enhanced autophagy activity 
depends on endogenous autophagy function.

Furthermore, we assessed how glucose con-
centration and enhanced autophagy affect 
CRC cell migration by wounding healing assay. 
We showed that SW480 and HCT116 cells cul-
tured in high glucose (25 mM) medium showed 
higher cell migration than in low glucose (5 
mM) medium (Figures 3B and S4B). Despite 
high glucose suppresses autophagy and en- 
hances the motility of CRC cells, the effect of 
enhanced autophagy on cell motility remains 
unclear. Therefore, we treated CRC cells with 
the autophagy inducer (NEN or Rapa) for 24 h 
and found that high glucose increased CRC  
cell motility was significantly suppressed by 
increased autophagy activity using two induc-
ers (Figures 3B and S4B).

Moreover, sphere formation is a characteristic 
of cancer cell stemness. It has been reported 
that high glucose promotes sphere and tu- 
mor formation of pancreatic cancer [30]. We 
clarified whether glucose concentration and 
enhanced autophagy activity affect cancer cell 
stemness. In contrast to Sato et al. (2020) 
report [30], we found that high glucose sup-
pressed CRC cell sphere formation compared 
to low glucose (Figure 3C). Increased autopha-
gy, induced by rapamycin (Rapa) or NEN, sup-
pressed sphere formation in both low- and 
high-glucose media (Figure 3C). These data 
suggest that autophagy inducers can reduce 
stem-related sphere formation and high-glu-
cose-induced focus formation and migration in 
CRC cells.

Signaling pathways involved in high glucose 
and NEN treatment of CRC cells 

G9a histone methyltransferase affects tumori-
genesis of many cancer cells, and is overex-
pressed in various cancers including CRC, 
therefore, small molecule inhibitors have been 
developed including BIX01294 [32]. Using 
BIX01294 we predicted a novel G9a inhibitor 
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named “niclosamide”, by the Connectivity Map 
(CMap) platform (https://clue.io/) [47]. Niclo- 
samide is an FDA-approved anthelmintic drug. 
It has been reported that niclosamide is an 
mTOR inhibitor and a potential autophagy 
inducer [46]. NEN (niclosamide ethanolamine), 
a non-toxic salt form of niclosamide, has higher 
utility than niclosamide because it can provide 
high solubility in water, low toxicity, and orally 
bioavailable in vivo. NEN has widely been used 
to treat digestive system-related cancers [48, 
49]. We confirmed that both niclosamide (NC) 
is autophagy inducers of mouse β-cells (Min-6) 
and many cancer cell lines [38].

Western blot analysis revealed that high glu-
cose significantly increased the expression of 
β-catenin, phospho-β-catenin (Ser675), c-Myc, 
STAT3, phospho-STAT3 (Tyr705), G9a, and 
cyclin D1, while simultaneously reducing LC3-II 
levels (Figure 4A and 4B, lane 1 vs. lane 6). 
These findings suggest that high glucose not 
only activates tumor-promoting signaling cas-
cades but also suppresses autophagy in CRC 
cells.

NEN treatment dose-dependently suppressed 
the levels of β-catenin, p-β-catenin, c-Myc, 
STAT3, p-STAT3, G9a, and cyclin D1 while 
increasing LC3-II, key markers of autophagy 
(Figure 4A and 4B). These effects were 
observed, and over a time course from 0 to 72 
h under the high glucose conditions, where 
LC3-II levels progressively increased, whereas 
G9a and other oncogenic proteins diminished 
by 48-72 h (Figure S5A and S5B). These data 
support the role of NEN as a potent autophagy 
inducer and inhibitor of oncogenic signaling in 
CRC cells.

To further dissect this pathway, pharmacologi-
cal inhibitors targeting c-Myc, β-catenin, and 
STAT3 were employed. The c-Myc inhibitor 

10058-F4 reduced β-catenin, p-β-catenin, 
STAT3, p-STAT3, G9a, and cyclin D1 expres- 
sion, while increasing LC3-II (Figure 4C), sug-
gesting that c-Myc lies upstream of both G9a 
and autophagy suppression. In contrast, the 
β-catenin inhibitor PNU-74654 decreased 
STAT3 and p-STAT3 and increased p62 and 
LC3-II, but did not suppress c-Myc or G9a le- 
vels (Figure 4D), indicating that β-catenin regu-
lates STAT3 and autophagy independently of 
c-Myc and G9a. Meanwhile, the STAT3 inhibitor 
Tanshinone C reduced p-STAT3 without sup-
pressing other key proteins or autophagy mark-
ers (β-catenin, c-Myc, G9a, cyclin D1 and LC3-
II) (Figure 4E), indicating its limited influence in 
this regulatory network.

To evaluate the role of autophagy more directly, 
we utilized Atg5 knockout (SW480-C20) cells. 
Under high glucose conditions, Atg5 knockout 
led to complete loss of LC3-II expression and 
significantly increased β-catenin, p-β-catenin, 
and cyclin D1 levels, without altering c-Myc or 
G9a expression (Figure S6, lane 1 vs. lane 5). 
Notably, NEN treatment of Atg5-deficient cells 
still reduced β-catenin, p-β-catenin, c-Myc, 
STAT3, p-STAT3, G9a, and cyclin D1, and 
increased p62 levels, although LC3-II remained 
undetectable (Figure S6, lane 5 vs. lane 6). 
Moreover, compared to wild type SW480, NEN 
in SW480-C20 cells increased total β-catenin, 
p62, and cyclinD1 accompanied by the unde-
tectable LC3-II and no evident influence on G9a 
and c-Myc expression under high glucose con-
ditions (Figure S6, lane 2 vs. lane 6). Silencing 
G9a decreased G9a level but has no evident 
effect on β-catenin, p-β-catenin, c-Myc, STAT3, 
cyclinD1, and LC3-II under high glucose condi-
tions (Figure S6, lane 3 vs. lane 4). Our findings 
suggest that NEN-induced suppression of the 
β-catenin - c-Myc - STAT3 -G9a - cyclin D1 axis 
occurs independently of functional autophagy. 
Taken together, these results reveal a high glu-

Figure 3. The effect of glucose concentration and autophagy activity on focus formation, migration, and sphere 
formation of CRC cells. A. SW480 cells were treated with 150 nM rapamycin (Rapa) or 1 μM niclosamide ethanol-
amine (NEN) under 5 or 25 mM glucose medium for 7 days to form foci. The representative images and quantified 
data of cell-formed foci under 5 mM (low glucose, LG) or 25 mM (high glucose, HG) glucose medium at 7 days were 
shown. B. To clarify the effect of glucose concentration and autophagy activity on the mobility of SW480 cells, the 
wound healing assay was conducted. SW480 cells were treated with 1 μM NEN or 150 nM Rapa for 24 h, and the 
cell migration under 5 or 25 mM glucose conditions were evaluated by the wound healing assay. Representative 
images of each group at the indicated time points after gap formation were shown. C. To clarify the effect of glucose 
concentration and autophagy activity on the stemness of SW480 cells, sphere formation assay was conducted. 
SW480 cells in 5 or 25 mM glucose medium was pretreated with 1 μM NEN or 150 nM Rapa for 24 h to observe 
sphere formation for 7 days. Quantification is shown in the diagram. Error bars represent mean ± SD. Data were 
analyzed using one-way ANOVA or two-way ANOVA. * P<0.05; **: P<0.01; ***: P<0.001.
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Figure 4. Signaling pathways involved in NEN treatment of CRC cells under low and high glucose conditions. (A) 
SW480 cells and (B) HCT116 cells maintained in 5 mM (low glucose, LG) or 25 mM (high glucose, HG) glucose 
medium were treated with various doses of NEN for 24 h. HCT116 cells were treated with (C) c-Myc inhibitor (10058-
F4), (D) β-catenin inhibitor (PNU-74654), and (E) STAT3 inhibitor (Tanshinone C) at the indicated doses for 24 h. 
Protein levels of G9a, β-catenin, phospho-β-catenin (Ser675), p62, STAT3, phospho-STAT3 (Tyr705), c-Myc, cyclin 
D1, and LC3 were evaluated by Western blotting using specific antibodies. GAPDH was used as the internal control.
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cose-induced oncogenic cascade: β-catenin - 
c-Myc - STAT3 - G9a - cyclin D1 associated with 
autophagy inhibition in CRC cells. NEN effec-
tively disrupts this cascade and restores the 
p62-mediated autophagy activity. However, 
autophagy induction by NEN is mechanistically 
separable from its suppression of the G9a sig-
naling axis, as demonstrated by the preserved 
effects of NEN in Atg5-deficient cells. These 
unique events indicate that NEN exerts dual 
antitumor functions by both inhibiting oncogen-
ic signaling and promoting autophagy, making it 
a promising candidate for treating high glucose-
driven colorectal cancer progression. 

Analysis of the expression level of LC3 in clini-
cal CRC specimens as well as the effect of 
high-fat diet and increased autophagy on tu-
mor formation in xenograft mice

To clarify the autophagy status in CRC patient 
specimens, we assessed LC3 expression, a 
marker of autophagy activity, via immunohisto-
chemistry (IHC) on tissue arrays. A total of 14 
CRC tissue array slides (61 normal tissues and 
209 tumor specimens) were obtained from 
Kaohsiung Medical University Hospital (Kao- 
hsiung, Taiwan) and National Cheng Kung 
University Hospital (Tainan, Taiwan) (Table S1). 
IHC analysis revealed that LC3 expression was 
significantly higher in CRC tumor tissues com-
pared to adjacent normal tissues (Figure 5A 
and 5B). Notably, a higher percentage of 
patients in the non-recurrent group exhibited 
elevated LC3 levels compared to those in the 
recurrent group (Figure 5C). To further explore 
clinical correlations, we stratified patients into 
high- and low-risk groups based on LC3 expres-
sion and conducted multivariate analysis using 
Fisher’s exact test. LC3 expression did not 
show significant association with age, sex, TNM 
stage, or recurrence status (Table 1). These 
findings suggest that elevated LC3 expression 
is associated with tumor tissues but reduced 
recurrence in CRC patients, reflecting the com-
plex and context-dependent role of autophagy 
in CRC progression. Additionally, LC3 expres-
sion appears independent of common clinical 
factors such as age, sex, TNM stage, and 
recurrence.

Given the established use of a high-fat diet 
(HFD) to model obesity and type 2 diabetes in 
mice [50], we investigated the effect of autoph-
agy modulation in hyperglycemia-associated 

CRC tumorigenesis. Nude BALB/c mice (7 
weeks old) were fed either a chow diet (CD) or 
HFD for 11 weeks. HFD-fed mice exhibited sig-
nificantly elevated blood glucose levels com-
pared to CD-fed controls (Figure S7A), though 
their body weights remained comparable 
(Figure S7B).

To assess the impact of autophagy in this con-
text, mice were subcutaneously injected with 
SW480 CRC cells and divided into three groups: 
(i) CD, (ii) HFD, and (iii) HFD plus the autophagy 
inducer rapamycin. Three days post-inocula-
tion, rapamycin (3 mg/kg) was administered 
intraperitoneally every 3 days for 3 weeks. At 
the endpoint (day 21), tumors were harvested 
and measured. Tumor volumes were signifi-
cantly larger in the HFD group than the CD 
group, whereas rapamycin treatment attenuat-
ed tumor growth in HFD-fed mice (Figure 5D).

Western blot analysis of tumor tissues showed 
reduced LC3-II levels in HFD tumors compared 
to CD controls, while rapamycin restored LC3-II 
levels in the HFD group (Figure 5E, lane 3 vs. 
lanes 2). IHC analysis confirmed increased 
Ki67 expression, a marker of proliferation, in 
HFD tumors, which was reduced by rapamycin 
treatment (Figure 5F). Similarly, LC3-II expres-
sion decreased in the HFD group but was ele-
vated upon rapamycin treatment (Figure 5F). 
Previously, we demonstrated that secretory 
autophagy facilitates RAB37-mediated insulin 
secretion to maintain insulin/glucose homeo-
stasis [38]. In line with this, serum insulin levels 
were elevated in HFD-fed mice and further 
increased following rapamycin administration 
(Figure S7C). These findings suggest that a 
high-fat diet promotes CRC tumor growth  
by suppressing autophagy, as indicated by 
reduced LC3-II levels and increased prolifera-
tion. Induction of autophagy with rapamycin 
restores LC3-II expression, reduces tumor 
growth and Ki67 levels, and enhances in- 
sulin secretion, highlighting the protective role 
of autophagy in hyperglycemia-driven tumor 
progression.

Discussion

In this study, we demonstrate that (1) high glu-
cose suppresses autophagy in CRC cells, as 
evidenced by decreased LC3-II levels, which is 
accompanied by enhanced tumor cell viability, 
colony formation, motility, and mice tumor for-
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Figure 5. Analysis of the expression level of LC3 in clinical CRC specimens as well as the effect of high-fat diet and 
increased autophagy on tumor formation in xenograft mice. A. Representative images of LC3 expression in the 
tumor and the normal tissue of CRC specimens in the tissue array. B. Quantification of LC3 protein levels in non-
tumor (n=59) and tumor (n=169) sections of CRC specimens. The level of LC3 expression was scored from 0 to 
+9 by a pathologist. A paired t-test was used to compare two groups. Error bars represent mean ± SD. Data were 
analyzed by Student’s t-test. ***: P<0.001. C. Percentage of high and low LC3 expression in non-recurrence (n=41) 
and recurrence (n=20) CRC specimens. High and low LC3 protein expression was defined by the mean IHC value of 
the tumor tissue. Data were analyzed using Fisher’s exact test. D. SW480 cells (2×106) were inoculated subcutane-
ously into nude mice fed with HFD for 11 weeks. Three days after cancer cell inoculation, rapamycin (Rapa, 3 mg/
kg) was intraperitoneally injected into the mice every 3 days for 21 days and sacrificed. The final tumor volume was 
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mation (Figures 1A-C, 3A, 3B and 5D). 
Interestingly, while high glucose impairs 
autophagy and promotes cancer cell develop-
ment, analysis of patient specimens revealed 
that elevated autophagy marker LC3 protein 
are detected in CRC tumors (Figure 5A and 5B), 
underscoring the microenvironment-dependent 
roles of autophagy in CRC progression. This dis-
crepancy is consistent with the notion that 
autophagy plays dual roles during cancer devel-
opment, initially suppressing and later support-
ing tumor progression [51]. (2) Pharmacolo- 
gical induction of autophagy using inducers 
increased autophagic activity and suppresses 
CRC progression (Figures 2 and 5D), while  
also enhancing sensitivity to chemotherapeutic 
agents such as 5-fluorouracil (5-FU) and oxali-
platin (Oxa) under high glucose conditions 
(Figure 2G-J). These effects are reversed by 
Atg5 silencing, but not knockout, confirming 
the functional significance and complexity of 
autophagy in mediating therapeutic response 
under high glucose environments (Figures S1 
and S3). (3) Mechanistically, we identify G9a  
as a downstream effector of high glucose-
induced c-Myc activity (Figure 4C), contributing 

to tumorigenic phenotypes via upregulation of 
STAT3, β-catenin, and cyclin D1 (Figures 4A, 4B 
and 6A). Our data show that NEN, by increasing 
autophagy, also downregulates c-Myc, STAT3, 
G9a, and β-catenin, thereby reducing CRC 
tumorigenesis (Figures 4A, 4B and 6B). This is 
consistent with prior reports that niclosamide 
targets multiple oncogenic signaling path- 
ways including Wnt/β-catenin, NF-κB, STAT3, 
mTORC1, and p53 to suppress c-Myc expres-
sion and function [52-55]. In this study, we 
observed elevated blood glucose levels in a 
high-fat diet mouse model. Administration of 
the autophagy inducer rapamycin to mice  
bearing CRC SW480 xenografts resulted in 
increased systemic insulin levels (Figure S7C) 
and a concomitant reduction in tumor burden 
(Figure 5D-F). These findings support our 
hypothesis that autophagy differentially con-
tributes to physiological processes: secretory 
autophagy enhances systemic insulin secre-
tion, thereby influencing glucose homeostasis, 
while degradative autophagy plays a crucial 
role in suppressing tumor formation. Spe- 
cifically, rapamycin-induced autophagy in a 
hyperglycemic CRC xenograft model demon-
strably increased insulin secretion, corroborat-
ing our prior observations regarding Rab37-
mediated secretory autophagy’s regulation of 
glucose homeostasis both in vitro and in vivo 
[38]. Meanwhile, NEN accompanied by induced 
degradative autophagy inhibited high glucose-
related oncogenic regulators such as G9a, 
β-catenin, and c-Myc, thereby suppressing 
tumorigenesis (Figures 4 and 6). Although pre-
vious studies suggested that G9a negatively 
regulates autophagy [56], our results reveal 
that in CRC cells under high glucose conditions, 
G9a and autophagy may function in parallel 
rather than through a reciprocal regulatory loop 
(Figures 6 and S6), suggesting a combinatorial 
therapeutic strategy.

The paradoxical role of autophagy in CRC - 
tumor-suppressive under certain conditions yet 
tumor-supportive in others - is consistent with 
Levine’s (2007) comment that autophagy plays 
dual roles during cancer development [51]. 

determined. E. The protein expression level was evaluated by Western blotting using an anti-LC3 antibody. GAPDH 
was used as the internal control. F. Representative Ki67 and LC3 IHC staining images showed the protein expres-
sion levels in the tumor tissues. Magnification: 20×. The quantification was based on the average of 4 randomly 
selected fields. The values shown are expressed as the mean ± SD. Data were analyzed using one-way ANOVA. ns: 
no significant; *P<0.05; **P<0.01; ***P<0.001.

Table 1. Correlation of LC3 protein level 
with clinical multiple-parameters of the CRC 
patients

Parameters
LC3

P value#Low@

(Number)
High@

(Number)
Gender
    Male 51 73 0.7763
    Female 37 48
Age (years)
    <66 49 55 0.1264
    ≥66 39 66
TNM stage
    Stage 1-2 43 74 0.0908
    Stage 3-4 45 47
1. The definitions of gender, age, and TNM stage are the 
same as in Table S1. @: The LC3 IHC score is higher than 
the IHC mean value of the tumor tissue, defined as High; 
the others are Low. #: Fisher’s exact test was used for 
multiple-factor analysis.
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Briefly, early-stage autophagy suppresses tu- 
morigenesis by removing damaged organelles 
and maintaining homeostasis, whereas later 
stages autophagy facilitates survival in stress-
resistant cancer cells. Our observation that 
CRC tumor tissues exhibit elevated LC3 levels 
yet high glucose reduces LC3-II in vitro is con-
sistent with Levine’s speculation that autopha-
gy status is temporally and spatially regulated 
during cancer development under various con-
ditions. In this study, our finding that high glu-

where G9a suppression by NEN or Rapa re- 
duced sphere formation (Figure 3C). Moreover, 
Sato et al. (2020) [30] reported that high glu-
cose enhances pancreatic cancer sphere for-
mation via p-STAT3 and c-Myc related path-
ways. In our CRC model, however, high glucose 
suppressed sphere formation (Figure 3C), even 
in the presence of upregulated p-STAT3 and 
c-Myc (Figure 4A and 4B), highlighting po- 
tential tissue-specific responses. Altogether, 
these discrepancies may arise from differen- 

Figure 6. High glucose and NEN treatment related signaling pathways in-
volved in CRC tumorigenesis. A. High glucose induces β-catenin - c-Myc - 
STAT3 - G9a - cyclin D1 signaling together with decreased autophagy. B. NEN 
decreases β-catenin - c-Myc - STAT3 - G9a - cyclin D1 axis accompanied by 
increased autophagy Green line: induction signaling; Red line: suppression 
signaling. These images were created in https://BioRender.com. 

cose suppresses autophagy 
activity is consistent with Li  
et al.’s report that high glu-
cose suppresses autophagy 
through induction of PI3K/
Akt/mTOR axis in CRC tumori-
genesis [57]. Similarly, Zhou 
et al. (2019) reported that 
high blood glucose decrea- 
ses autophagy and promotes 
pancreatic cancer through 
SREBP1 [58]. However, the 
status of autophagy activity at 
late stages of hyperglycemic 
tumors remains to be deter-
mined. In conclusion, regard-
less the variation of autopha-
gy status in cancers, we dem-
onstrate that further induc-
tion of autophagy activity by 
inducers results in cancer cell 
death and mitigation of malig-
nant transformation of cancer 
cells through autophagy-relat-
ed excessive degradation.

Moreover, Cheng et al. (2021) 
[59] reveal that hyperglyce-
mia-related recurrence and 
drug resistance in CRC are 
epigenetically regulated. Al- 
together, above findings cor-
roborate and reinforce our 
evidence that c-Myc-mediat-
ed G9a transcription plays a 
central role in CRC cells un- 
der high glucose conditions 
(Figure 6A).

Ichikawa et al. (2022) [60] 
showed that silencing G9a 
increases CRC sphere forma-
tion through IL-8 upregulation, 
contrasting with our findings 
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tial experimental systems, levels of G9a silen- 
cing, or cancer subtype-specific epigenetic 
programs.

Yamazaki et al. (2020) [61] demonstrated that 
loss of autophagy genes sensitizes mammary 
carcinoma cells to radiation, echoing our find-
ings that Atg5 silencing increases CRC chemo-
sensitivity under specific conditions (Figure 
S3). Notably, the duality of Atg5-tumor suppres-
sive in autophagy-competent states, yet tumor-
promoting under autophagy-deficient settings-
has been similarly proposed [62].

Niclosamide’s diverse anti-cancer effects have 
been attributed to its ability to target multiple 
upstream regulators of c-Myc, including Wnt/β-
catenin, NF-κB, STAT3, mTORC1, and AMPK 
pathways [52, 53]. Niclosamide may also post-
translationally regulate c-Myc via GSK-3β and 
PP2A [54, 55]. Our results support these obser-
vations by demonstrating that NEN downregu-
lates β-catenin, c-Myc, STAT3, G9a, and cyclin 
D1 protein levels (Figures 4 and 6B).

Finally, previous work by our group and others 
has shown that autophagy inducers can 
improve insulin secretion and glycemic control 
[38], extending the implications of autophagy 
modulation beyond cancer cell-intrinsic effects 
to systemic metabolic benefits.

This study makes several important contribu-
tions to the field of cancer biology and therapy: 
(1) clarifying the role of autophagy under meta-
bolic stress, we address a previously unre-
solved paradox regarding autophagy status in 
CRC tumors versus cultured CRC cells. By  
demonstrating that high glucose suppresses 
autophagy and promotes CRC progression, 
while patient tumors show elevated autophagy 
markers, we propose a model of metabolic 
adaptation where autophagy levels are possi-
bly modulated according to systemic and micro-
environmental cues; (2) therapeutic potential 
of autophagy inducers in hyperglycemic CRC, 
we establish that pharmacological induction of 
autophagy via rapamycin or NEN suppresses 
CRC viability, focus formation, migration, tumor 
formation, and enhances sensitivity to stan-
dard chemotherapeutics; (3) G9a as a down-
stream target of c-Myc in high glucose-driven 
CRC progression, we identify c-Myc as a key 
transcriptional activator of G9a under high glu-
cose, providing mechanistic insight into how 

metabolic stress promotes epigenetic repro-
gramming; (4) no reciprocal regulation between 
autophagy and G9a; contrary to some reports, 
we found that increasing autophagy activity  
did not alter G9a expression levels, and vice 
versa. This indicates that autophagy and G9a 
pathways independently converge on common 
tumorigenesis, and could be targeted simulta-
neously without cross-inhibition.

Despite the strengths of this study, several  
limitations warrant consideration: The dual 
nature of autophagy complicates its therapeu-
tic modulation. Although we show consistent 
tumor suppression with autophagy inducers in 
our models, the long-term consequences of 
sustained autophagy activation especially in 
vivo remain unclear and warrant further 
investigation. 

While we demonstrate that G9a expression is 
regulated by c-Myc and contributes to tumori-
genesis, future studies using ChIP-seq and 
transcriptomic profiling are necessary to iden-
tify the target genes epigenetically regulated by 
G9a under hyperglycemic conditions. Because 
others have reported that G9a’s targets related 
to cancer cell malignancy are often through the 
silencing of tumor suppressor genes or activa-
tion of oncogenic pathways by H3K9 methyla-
tion, or even through methylation of non-his-
tone proteins like p53 [63]. Moreover, we have 
reported that G9a governs chemoradioresis-
tance in colon cancer. Knockdown of G9a 
increases the sensitivity of CRC cells to radia-
tion and DNA damaging agents through the 
PP2A-RPA axis [56]. Nevertheless, we conduct-
ed a preliminary experiment to screen for the 
target of G9a using H3K9m2 antibody-immuno-
precipitation followed by ChIP analysis, our 
data showed that in AGS cells G9a-related 
H3K9m2 antibody binds to the promoter of 
Atg7 and Beclin1 genes. After NEN treatment 
resulted in significant decrease binding of 
H3K9m2 with Atg7 an Beclin1, (unpublished 
data) which is consistent with the induction of 
autophagy activity.

The discrepant effects of Atg5 silencing and 
knockout on SW480 (Figure S1D, S1E) as well 
as Atg5 silencing on SW480 versus HCT116 
cells (Figure S1D, S1F) may be caused by the 
following reasons: 1) for the former in SW480 
cells, may be related to off-label targeting of 
Atg5 silencing or the degree of suppression by 
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silencing or knockout Atg5 genes within the 
cell; 2) for the latter, may stem from their dis-
tinct genetic backgrounds (Table 2) [64]. 
Understanding how genetic mutations (e.g., 
TP53, KRAS, PIK3CA, BRAF, PTEN) influence 
autophagy response may be helpful for patient 
stratification and precision therapy.

While our mouse xenograft data support the 
therapeutic efficacy of autophagy inducers, 
clinical relevance needs validation. Studies 
involving patient-derived organoids, orthotopic 
tumor models, and metabolic profiling in CRC 
patients are essential next steps.

Although we observed no reciprocal inhibition 
between G9a and autophagy, other studies 
suggest bidirectional regulation. The exact mo- 
lecular mechanisms underlying the indepen-
dence or interaction of these pathways need 
further exploration, potentially through pro-
teomics or CRISPR-based genetic screens.

In conclusion, this study provides compelling 
evidence that autophagy induction under hy- 
perglycemic conditions mitigates CRC progres-
sion and enhances therapeutic efficacy. By elu-
cidating the mechanistic role of c-Myc-G9a sig-
naling and demonstrating the effects of autoph-
agy, we propose a novel therapeutic strategy 
that integrates metabolic regulation with can-
cer control. Future research should aim to dis-
sect the epigenetic landscape governed by G9a 
and refine autophagy-based interventions for 
clinical application.
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Figure S1. The effect of silencing Atg5 gene on the viability of CRC cell lines under high glucose conditions. (A, D) 
SW480 cells and (C, F) HCT116 cells were treated with lentiviral shRNA to silence the Atg5 gene. (B, E) SW480 
cells were cloned by CRISPR-Cas9 knockout Atg5 gene. SW480-C19 was the heterologous recombination, and the 
others (SW480-C10, C12, C20) were the homologous recombination. (A-C) Atg5 protein expression in the cells was 
detected by Western blotting using anti-Atg5 antibody. GAPDH was used as the internal control. (D-F) Cell viability 
was determined by MTT assay at 570 nm wavelength for 72 h. Error bars represent mean ± SD. Data were analyzed 
by Student’s t-test. ns: no significant, **: P<0.01; ***: P<0.001.

Figure S2. The effect of anti-cancer drugs on the autophagy activity and viability of CRC cells under high glucose 
conditions. (A, C) SW480 cells and (B, D) HCT116 cells were maintained in different concentrations of 5-fluorouracil 
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(5-FU) or oxaliplatin (Oxa) for 24 h. LC3 protein expression was evaluated by Western blotting using the anti-LC3 
antibody. GAPDH was used as the internal control. Cells were maintained in 1 μg/ml 5-FU or 7.5 μg/ml Oxa. CRC 
cell lines were treated with anti-cancer drugs for 24 h. Cell proliferation was determined by MTT assay. Error bars 
represent mean ± SD. Data were analyzed by Student’s t-test. **: P<0.01; ***: P<0.001.

Figure S3. The effect of silencing or knockout Atg5 gene on the sensitivity of CRC cells to anti-cancer drugs (5-fluo-
rouracil or oxaliplatin) under high glucose conditions. (A, D) SW480 cells and (B, E) HCT116 cells, the Atg5 gene was 
silenced by specific lentiviral shRNAs. (C, F) SW480-C20 cells were the homologous recombination by CRISPR-Cas9 
knockout Atg5 gene. Cells were treated with (A-C) 5-fluorouracil (5-FU) or (D-F) oxaliplatin (Oxa). Cell viability was 
determined by MTT assay at 570 nm absorbance for 48 h. Error bars represent mean ± SD. Data were analyzed by 
Student’s t-test. ns: no significant; *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure S4. CRC cell focus formation and migration. A. SW480-C20 cell focus formation under 5 (LG) and 25 (HG) 
mM glucose medium was evaluated at 7 days by focus formation assay. In SW480 cells, the Atg5 gene was deleted 
using the CRISPR-Cas9 knockout system to abolish autophagy activity. B. The effect of autophagy on migration of 
HCT116 cells in 5 or 25 mM glucose medium. The wound healing assay was used to clarify the effect of autophagy 
on the mobility of HCT116 cells under 5 or 25 mM glucose medium. HCT116 cells were treated with 1 μM NEN or 
150 nM rapamycin for 24 h. Then, they evaluated CRC cell migration under 5 or 25 mM glucose conditions at 0 h 
and 24 h after the treatment of autophagy inducers. Representative images of each group at the indicated time 
points after gap formation are shown. Quantification is shown in the diagram. Error bars represent mean ± SD. Data 
were analyzed by one-way ANOVA and two-way ANOVA. *P<0.05.
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Figure S5. Time course effect of niclosamide on signal pathways of CRC cells under high glucose conditions. (A) 
SW480 cells and (B) HCT116 cells maintained in high glucose medium were treated with niclosamide (NC, 1 μM) for 
0, 24, 48, and 72 h. Protein levels of G9a, β-catenin, phospho-β-catenin (Ser675), STAT3, phospho-STAT3 (Tyr705), 
c-Myc, cyclin D1, and LC3 were evaluated by Western blotting using specific antibodies. GAPDH was used as the 
internal control.
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Figure S6. Clarifying the role of autophagy and G9a in related signaling pathways under high glucose conditions 
by modulating autophagy activity and G9a levels. For suppression of autophagy activity, SW480 cells were cloned 
by CRISPR-Cas9 knockout Atg5 gene (SW480-C20). Using genetic silencing of the G9a gene, SW480 cells were 
treated with lentiviral shRNA to silence the G9a gene. SW480 and SW480-C20 cells maintained in high glucose 
medium were treated with NEN (1 μM) for 24 h. Protein levels of G9a, β-catenin, phospho-β-catenin (Ser675), STAT3, 
phospho-STAT3 (Tyr705), c-Myc, cyclin D1, and LC3 were evaluated by Western blotting using specific antibodies. 
GAPDH was used as the internal control.
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Table S1. Characteristics of CRC patients
Parameters Number
Gender
    Male 124
    Female 85
Age (year)
    Range 32-90
    Mean 65
    <66 104
    ≥66 105
TNM stage
    Stage 1-2 117
    Stage 3-4 92
Recurrence
    Non-recurrence 41
    Recurrence 20

Figure S7. The effect of high-fat diet and autophagy on glucose and the level of blood insulin in xenograft mice. Nude 
mice were fed a high-fat diet (HFD) beginning at 7 weeks of age. The mice were investigated every week. A. Blood 
glucose was measured weekly. Statistical significance between groups was determined by the Student’s t-test. B. 
The body weight of the mice was recorded weekly. SW480 cells (2×106) were inoculated subcutaneously into nude 
mice fed with HFD for 11 weeks. Three days after cancer cell inoculation, rapamycin (Rapa, 3 mg/kg) was intraperi-
toneally injected into the mice every 3 days for 21 days and sacrificed. C. Blood insulin was measured by the ELISA 
kit. The values shown are expressed as the mean ± SD. Data were analyzed by one-way ANOVA. ns: no significant; 
***P<0.001.


