
Heliyon 10 (2024) e29859

Available online 17 April 2024
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Gfi-1 modulates HMGB1-Mediated autophagy to overcome 
oxaliplatin resistance in colorectal cancer 

Weijun Liu a,1, Zhenyong Zhang a,1, Liju Zhang b, Xiaoming Jiang a, 
Changxian Chen a, Xi Wu c, Quan Zhao d,* 

a Department of Anorectal Diseases, The First People’s Hospital of Yunnan Province, Affiliated Hospital to Kunming University of Science and 
Technology, Kunming, 650032, PR China 
b Yunnan University School Medicine, Kunming, 650032, PR China 
c Medical School, Kunming University of Science and Technology, Kunming, 650504, PR China 
d Department of General Surgery, The First People’s Hospital of Yunnan Province, Affiliated Hospital to Kunming University of Science and 
Technology, Kunming, 650032, PR China   

A R T I C L E  I N F O   

Keywords: 
Oxaliplatin 
Colorectal cancer 
Autophagy 
Growth factor independence 1 
HMGB1 

A B S T R A C T   

Background: Resistance to oxaliplatin (L-OHP) is a major barrier in the treatment of colorectal 
cancer (CRC). Autophagy is the main cause of L-OHP tolerance in CRC cells. 
Method: The human colon cancer cell lines HCT116 and SW480 were treated with L-OHP to 
obtain the drug-resistant cell lines HCT116/L-OHP and SW480/L-OHP, respectively. To probe the 
relationship between autophagy and L-OHP tolerance of growth factor independent 1 (Gfi-1) and 
high-mobility group protein 1 (HMGB1) in CRC cells, gene knockout or overexpression was 
performed, and Western blotting was used to determine the levels of drug tolerance interrelated 
proteins. Transwell and CCK-8 assays were employed to analyze the proliferation of cancer cells. 
Immunofluorescence detection of LC3 reflected autophagy levels. Finally, the relationship be-
tween Gfi-1 and HMGB1 was detected by chromatin immunoprecipitation (ChIP). 
Result: Compared to normal CRC cells, L-OHP-tolerant CRC cells exhibited greater autophagy (8.2 
times greater in HCT116/L-OHP cells and 7.4 times greater in SW480/L-OHP cells). In addition, 
we detected low levels of Gfi-1 (0.6-fold for HCT116/L-OHP cells and 0.4-fold for SW480/L-OHP 
cells), and OE-Gfi-1 decreased HMGB1 levels (0.6-fold for HCT116/L-OHP + OE-Gfi-1 cells and 
0.5-fold for SW480/L-OHP + OE-Gfi-1 cells). The inhibition of Gfi-1 further enhanced cell 
viability (1.7 times in HCT116+sh-Gfi-1 cells and 1.2 times in SW480+sh-Gfi-1 cells) and inva-
sion (1.8 times in HCT116+sh-Gfi-1 cells and 2.1 times in SW480+sh-Gfi-1 cells) in CRC cells, 
thus promoting oxaliplatin resistance in these cells. The autophagy inhibitor 3-MA reversed the 
above effects. Furthermore, we noted that Gfi-1 can restrain HMGB1 expression by binding to its 
promoter (0.5 times in HCT116+OE-Gfi-1 cells and 0.5 times in SW480+OE-Gfi-1 cells). The 
inhibitory influence of 3-MA on HMGB1 reversed the influence of Gfi-1 on autophagy and ma-
lignant progression in CRC cells. 
Conclusion: Our study suggested that Gfi-1 inhibited HMGB1 to reduce CRC autophagy levels, 
increasing CRC sensitivity to L-OHP.  
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1. Introduction 

Colorectal cancer (CRC) is the third most common cancer and a main health issue responsible for cancer-related deaths [1,2]. 
Chemotherapy is still one of the main nonsurgical tumor control methods for patients with unresectable CRC. Oxaliplatin (L-OHP) is a 
small-molecule platinum compound and a commonly used anticancer drug for CRC [3]. However, related side effects and chemical 
sensitivity are the main reasons for treatment failure [4]. Therefore, it is essential to further understand the mechanism underlying 
L-OHP tolerance in CRC to improve the survival rate and prognosis of CRC patients. 

Autophagy is an accommodative catabolic process that plays a pivotal role in sustaining the homeostasis of the internal envi-
ronment of cells and plays a complex and critical role in cancer. Basic autophagy can restrain tumor progression by sustaining normal 
cellular homeostasis, while revitalized autophagy can help tumor cells overcome stress and survive, thereby facilitating tumor 
development [5]. Autophagy is also a pivotal mechanism of drug tolerance. Many studies have confirmed that L-OHP can restore 
autophagy in CRC cells in many ways. For example, a new protein encoded by the exosome CircATG4B induced CRC resistance to 
oxaliplatin by promoting autophagy [6]. Candida tropicalis could downregulate tumor cell-intrinsic PD-1 expression by enhancing 
tumor cell autophagy levels to promote CRC tumor growth and chemotherapeutic resistance to oxaliplatin [7]. miR-135b-5p upre-
gulation in CRC could induce protective autophagy and promote oxaliplatin resistance [8]. Inhibition of protective autophagy may 
provide a new treatment strategy for cancer drug development that may help to prevent issues with disease progression and overcome 
drug resistance in CRC [9]. Therefore, it is necessary to investigate the relationship between L-OHP resistance and autophagy in CRC. 

Research has shown that growth factor independence 1 (Gfi-1) plays major roles in tumorigenesis and cancer progression, including 
in chronic myeloid leukemia tumors [10], bone marrow cancer [11], and lung cancer [12]. The level of Gfi-1 is associated with drug 
resistance in tumors [13–15]. In addition, research has shown that Gfi-1 plays a role as a transcription factor in cancer development by 
regulating target genes, such as alpha 1-antitrypsin (AAT), alpha 1-antichymotrypsin (ACT) [16], HMG20B [17], and HMGB1 [18]. 
However, whether Gfi-1 participates in L-OHP tolerance in CRC by regulating autophagy remains unclear. 

Increasing evidence has shown that high-mobility group protein 1 (HMGB1) plays a pivotal role in the development of cancer 
through multiple physiological and pathological processes (including cell metabolism, inflammation and cell death) [19]. Importantly, 
HMGB1 is considered a key regulatory factor for autophagy [20,21]. The regulation of HMGB1-mediated autophagy has been the focus 
of research on drug resistance in various cancers, including glioblastoma [22], non-small cell lung cancer [23] and CRC [24]. In 
addition, there is evidence suggesting that HMGB1-mediated autophagy contributes to CRC cell sensitivity to L-OHP [25], indicating 
that HMGB1-mediated autophagy may be a potential target for overcoming L-OHP resistance. 

In this study, we investigated the mechanism and role of Gfi-1-mediated autophagy in oxaliplatin resistance in CRC through 
HMGB1 and provided a novel perspective on the potential mechanism of Gfi-1 in oxaliplatin sensitivity. 

2. Materials and methods 

2.1. Cell culture 

HCT116 (ATCC, CCL-247) and SW480 (ATCC, CCL-228) cells were obtained from the American Type Culture Collection (ATCC) in 
the United States and passaged in the laboratory for fewer than 6 months after resuscitation. The median lethal concentrations (IC50s) 
of oxaliplatin (Sigma, USA) in the human colon cancer cell lines SW480 and HCT116 were measured, and the initial concentration of L- 
OHP needed to induce the generation of drug-resistant subclones was determined based on the IC50. The half maximal inhibitory 
concentration (IC50) of L-OHP was detected for the cell lines treated with different concentrations of L-OHP (0, 0.01, 0.05, 0.1, 0.2, 
0.5, and 1 μmol/L) for 24 h. Cell viability was determined by a CCK8 assay, and an inhibition curve was generated. The drug con-
centration at a 50 % inhibition rate was calculated. 

The drug-resistant cell line was constructed based on previous reference [26,27]. The cells in the logarithmic growth phase were 
cultured in 10 % FBS, 1 % penicillin/streptomycin and L-15 medium supplemented with 0.25 μmol/L oxaliplatin, after which the cells 
were allowed to grow and passed through three generations stably to reach the next concentration (0.5 μmol/L). By repeatedly 
increasing the drug concentration, the cells were allowed to grow stably for 2–3 months at a drug concentration of 2.0 μmol/L. This 
was the drug-resistant cell line CRC/L-OHP to be constructed. In subsequent experiments, the cells were cultured in RPMI 1640 
medium supplemented with 3 μmol/L oxaliplatin. Cell culture was carried out in a 37 ◦C environment containing 5 % CO2 for pro-
liferation. The autophagy inhibitor 3-MA (1 mM, Sigma, USA) was used in this study. 

2.2. Cell transfection 

Cell transfection was performed based on previous reference [28]. In a 6-well plate, when the cells grew to 90 % confluence, they 
were transfected with 1 μg of plasmids (HMGB1, Gli1, sh-Gli1, and the corresponding negative control plasmids) according to the 
instructions for the Lipofectamine 3000 reagent (Invitrogen, USA). Then, the cells were incubated at 37 ◦C and cultured in 5 % CO2 for 
48 h, after which the transfection efficiency was measured for subsequent experiments. 

2.3. Immunofluorescence detection of LC3 

Methodology technique was performed based on previous reference [28]. The cells were digested with trypsin and centrifuged 
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(1200 rpm, 5 min), and the supernatant was discarded. The cells were resuspended in culture substrate and treated with 2 × 105 

cells/mL in a special Petri dish. The cells in each group were treated according to different experimental requirements. After the culture 
was completed, the supernatant was removed with a pipette, and the excess medium was removed with PBS. Anti-LC3 (ab192890, 
Abcam) was added for 2 h, and after washing with PBS, the corresponding fluorescent secondary antibody was incubated for 1 h. DAPI 
(ab104139, Abcam) was used for nuclear staining. Finally, the cells were fixed at room temperature with paraformaldehyde for 15 min 
and washed 3 times with PBS. The fluorescence intensity of the cells was observed on an inverted fluorescence microscope (Lecia, 
Germany). 

2.4. CCK-8 determination of cell viability 

Cell viability was performed based on previous reference [28]. Cells (4 × 103 cells) were inoculated into a 96-well plate and treated 
with the designated treatments or doses of L-OHP for 24 h. After incubation, 20 μL of CCK (Solarbio, China) solution was added, the 
absorbance was measured at 450 nm according to the manufacturer’s specifications, and the cell viability was calculated. 

2.5. Transwell assay 

Transwell was performed based on previous reference [28]. Cells in the logarithmic growth phase were washed with PBS. The cells 
were then suspended in serum-free culture substrate, and the density was adjusted to 5 × 105/mL. Culture substrate containing 10 % 
FBS was added to the lower chamber of a 24-well plate, and the Transwell chamber was sealed with matrix glue. A 100 μL cell sus-
pension was added to the upper chamber and placed in an incubator for 24 h of cultivation. The chamber and culture substrate were 
removed, and the cells were gently removed with a cotton swab. Then, the cells were fixed with 4 % paraformaldehyde in a new 
24-well plate for 20–30 min. The fixative was discarded, and the cells were stained with 0.1–0.2 % crystal violet for 5–10 min and 
washed with PBS 3 times to remove crystal violet that was not bound to the cells. Three fields of view were selected under a high-power 
microscope for observation and counting after suitable air drying. 

2.6. Western blot 

Western blot was performed based on previous reference [28]. Total proteins were extracted with RIPA lysis buffer, the concen-
tration was measured by BCA, and the proteins were separated by Tris-glycine/SDS gel electrophoresis. The isolated proteins were 
transferred to PVDF membranes and blocked with 5 % nonfat milk powder. The membranes were then incubated overnight at 4 ◦C with 
the following primary antibodies: anti-ABCG2 (ab207732, 1/1000), anti-P-gp (ab261736, 1/500), anti-MRP2 (ab172630, 1/2000), 
anti-GST-pi (ab138491, 1/2000), anti-GAPDH (ab8245, 1/1000), and anti-GAPDH (ab8245, 1/1000). After the membranes were 
washed 3 times with TBST, they were then incubated with secondary goat anti-rabbit IgG antibodies (1:1000) for 1 h at room tem-
perature. ECL chemiluminescence was used for development, a chemiluminescence instrument was used for exposure and observation, 
and ImageJ was used for protein band analysis. 

2.7. Electrophoretic mobility shift assay (EMSA) 

EMSA was performed based on previous reference [29]. EMSAs were performed using the Lightshift Chemiluminescent EMSA kit 
(Pierce, Rockford IL). HMGB1 was extracted from HCT116 cells. Gfi-1-specific binding oligonucleotides of the HMGB1 promoter were 
labeled with biotin at the 3′ end using a DNA biotin labeling kit (Pierce). The extract was incubated with an excess of biotin-labeled 
ds-DNA probe. The binding reaction was carried out at room temperature for 30 min in binding buffer supplemented with 0.1 μg of the 
nonspecific competitor poly-dIdC (Pierce). A monoclonal HMGB1 antibody (1 μL/reaction) was used in the HMGB1 supershift ex-
periments. The complexes were resolved on a 5 % polyacrylamide gel, transferred to a nylon membrane and visualized with a 
chemiluminescent nucleic acid detection module kit (Pierce). 

2.8. Luciferase assay 

Luciferase assay was performed based on previous reference [18]. HCT116 cells were transfected with 1 μg of Gfi-1-pcDNA3.1 and 
0.3 μg of HMGB1 reporter plasmids using Lipofectamine 3000 following the manufacturer’s instructions (Invitrogen). The pRL-SV40 
luciferase reporter was used as an internal control. After incubation for 24 h, the luciferase activity of the cell lysis supernatant was 
determined using a dual-luciferase reporter assay system according to the manufacturer’s instructions. 

2.9. Chromatin immunoprecipitation (ChIP) 

As mentioned earlier [18], ChIP experiments were conducted, and the purified DNA was quantified by qPCR using a ChIP reagent kit 
(Millipore). Briefly, CRC cells were crosslinked with fresh 1 % formaldehyde and lysed in SDS lysis buffer containing 1 % protease in-
hibitor. The harvested cell lysate was subjected to ultrasound treatment to cleave the cross-linked DNA into fragments with a growth rate of 
200–1000 base pairs. Three micrograms of anti-Gfi-1 antibody or control IgG was used for immunoprecipitation of the protein/DNA 
complexes. After elution from the antibody, the complexes were dissociated in a solution containing 5 mol/L sodium chloride. ChIP 
specimens were analyzed via RT‒qPCR using HMGB1 promoter-specific primers. The primer sequences are listed in Table 1. 
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2.10. Statistics and analysis 

The analysis results are expressed as the mean ± SD. GraphPad Prism 8.0 was used for all the statistical analyses. All experiments 
were performed in at least 3 parallel groups and repeated 3 times. ANOVA and t tests were used for analysis. p < 0.05 was considered to 
indicate statistical significance. 

3. Results 

3.1. Inhibiting autophagy can increase the sensitivity of CRC cells to L-OHP 

Autophagy is interrelated with L-OHP tolerance. To probe the influence of autophagy on oxaliplatin resistance in CRC, we used 3- 
MA (an autophagy inhibitor) to investigate the relationship between autophagy and L-OHP tolerance in CRC. Compared with normal 
CRC cells (HCT116 and SW480 cells), CRC/L-OHP cells (HCT116/L-OHP and SW480/L-OHP cells) exhibited higher levels of LC3 
expression (Fig. 1A). Transmission electron microscopy revealed that L-OHP tolerance promoted the formation of autophagosomes in 
the L-OHP-treated group but not in the CRC group (Fig. 1B), indicating that autophagy was activated in the CRC/L-OHP group. 
Moreover, compared with the levels in CRC/L-OHP cells, the addition of 3-MA inhibited the activity and invasion of CRC cells (Fig. 1C 
and D). Moreover, the addition of 3-MA inhibited the levels of the drug tolerance-related proteins ABCG2, P-gp, MRP2, and GST-pi in 
CRC/L-OHP cells (Fig. 1E). Compared with those in the normal CRC cell group, L-OHP tolerance promoted the expression of LC3 II/I 
and Beclin1 and inhibited the expression of p62, and these effects were reversed after the addition of 3-MA (Fig. 1F). These results 
suggest that autophagy promotes the insensitivity of CRC cells to L-OHP. Reactivation of autophagy can help tumor cells overcome 
stress and increase drug sensitivity, thereby facilitating tumor development [5]. 

3.2. Gfi-1 can promote the sensitivity of drug-fast CRC cells to L-OHP 

In previous studies, Gfi-1 has been linked to drug resistance [13,18]. Therefore, we explored the influence of Gfi-1 on L-OHP 
tolerance in CRC by knocking down or overexpressing Gfi-1. Western blot analysis showed a low level of Gfi-1 in CRC/L-OHP cells 
(Fig. 2A), and protein immunoblotting revealed the successful transfection of Gfi-1 in CRC/L-OHP cells (Fig. 2B). In drug-resistant CRC 
cells, overexpression of Gfi-1 decreased cell viability and weakened invasion ability (Fig. 2C and D). Overexpressing Gfi-1 decreased 
the levels of the drug tolerance-interrelated proteins ABCG2, P-gp, MRP2, and GST-pi in CRC cells (Fig. 2E). The transfection efficiency 
analysis showed that sh-Gfi1-2 had better interference efficiency than sh-Gfi1-1; therefore, sh-Gfi1-2 was used in the following ex-
periments (Fig. 2F). Moreover, compared with that of normal CRC cells, knocking down Gfi-1 resulted in increased viability and in-
vasion of CRC cells (Fig. 2G and H). In addition, knocking down Gfi-1 increased the levels of ABCG2, P-gp, MRP2, and GST-pi (Fig. 2I). 
The results indicated that while overexpression of Gfi-1 could sensitize CRC/L-OHP cells to oxaliplatin, downregulation of Gfi-1 could 
desensitize CRC cells to oxaliplatin. 

3.3. Gfi-1 inhibits autophagy by regulating HMGB1 expression 

Research on HMGB1-mediated autophagy has focused on drug resistance in various cancers [22–24]. Next, we investigated the 
relationships among Gfi-1, HMGB1, and autophagy in CRC cells. Western blot analysis revealed that Gfi-1 overexpression increased 
autophagy in resistant CRC cells (Fig. 3A). Immunofluorescence also showed the same results (Fig. 3B). In addition, overexpression of 
Gfi-1 reduced HMGB1 levels in HCT116/L-OHP and SW480/L-OHP cells (Fig. 3C). Next, we overexpressed HMGB1 in CRC/L-OHP 
cells, and Western blot analysis confirmed the successful transfection of HMGB1 (Fig. 3D). Compared with CRC/L-OHP, over-
expressing Gfi-1 resulted in a reduction in LC3 expression levels, while further overexpression of HMGB1 restored LC3 levels (Fig. 3E). 
Transmission electron microscopy revealed that, compared with that in the CRC/L-OHP group, the formation of autophagosomes was 
inhibited in the Gfi-1-overexpressing group, and the formation of autophagosomes was promoted in the HMGB1-overexpressing group 
(Fig. 3F). The above results indicate that Gfi-1 restrains CRC cell autophagy and that HMGB1 facilitates CRC cell autophagy, which is 
interrelated with L-OHP resistance. 

3.4. Gfi-1 binds to the HMGB1 promoter and inhibits its expression 

First, the start site of HMGB1 was determined through NCBI (https://www.ncbi.nlm.nih.gov/), and the binding site between Gfi-1 
and the HMGB1 promoter was determined through JASPAR (https://jaspar.genereg.net/) (Fig. 4A). EMSAs revealed that Gif-1 could 
directly interact with the HMGB1 promoter region (Fig. 4B). ChIP‒qPCR detection showed that Gfi-1 bound to the site of the HMGB1 
promoter region (Fig. 4C). Transfection with pGL3-HMGB1-luc alone resulted in lower luciferase activity than cotransfection with Gfi- 

Table 1 
Primers for detecting Gfi-1 located in the promoter region of HMGB1.  

Site Forward primer (5′-3′) Reverse primer (5′-3′) 

HMGB1 GAAGCAGTACACGTCGTA AGAAAACCGTTTGATTTG  
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Fig. 1. Restraining autophagy can increase the sensitivity of CRC/L-OHP cells to L-OHP (n = 3) 
A: Immunofluorescence assay for the LC3 level in CRC (scale = 100 μm, T test); B: Observation of autophagosome formation using transmission 
electron microscopy (scale bar = 1 μm); C: CCK-8 assay for checking cell viability (T test); D: Transwell assay for checking cell invasion (T test); E: 
Western blot analysis for measuring the levels of the drug tolerance-related proteins ABCG2, P-gp, MRP2, and GST-pi (two-way ANOVA, Uncropped 
images of gels were supplemented in Fig. S1); F: Western blot analysis for measuring the levels of LC3, Beclin1, and p62 (two-way ANOVA, Un-
cropped images of gels were supplemented in Fig. S2). **P < 0.01, ***P < 0.001 vs. the CRC group. #P < 0.05, ##P < 0.01, ###P < 0.001, vs. the 
CRC/L-OHP group. 
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1-pcDNA3.1 (Fig. 4D). We also observed that the expression of HMGB1 mRNA prominently decreased after Gfi-1 was overexpressed, as 
measured by RT‒qPCR (Fig. 4E). These data confirm that Gfi-1 directly restrains the transcription of HMGB1 by binding to the 
promoter region of HMGB1, as reported by Xian et al. [18]. 

3.5. Gfi-1 inhibits autophagy through HMGB1 and promotes the sensitivity of CRC cells/L-OHP to L-OHP 

The above results showed that Gfi-1 and HMGB1 are associated with autophagy and drug tolerance in CRC cells and that Gfi-1 binds 
to the HMGB1 promoter. We further validated that Gfi-1 restrains autophagy through HMGB1 and promotes the susceptibility of CRC 
cells/L-OHP to L-OHP by overexpressing Gfi-1 and HMGB1. Compared with the NC group, the Gfi-1-overexpressing group exhibited 
reduced cell viability and decreased invasion of drug-fast CRC cells. The overexpression of HMGB1 increased the viability and invasion 
of drug-resistant CRC cells, and the autophagy inhibitor 3-MA reversed these effects (Fig. 5A and B). Similarly, Western blot results 
showed that overexpressing Gfi-1 decreased the levels of the drug tolerance-interrelated proteins ABCG2, P-gp, MRP2, and GST-pi in 
drug-resistant CRC cells, while overexpression of HMGB1 increased the levels of ABCG2, P-gp, MRP2, and GST-pi in drug-fast CRC 
cells. The autophagy inhibitor 3-MA inhibited the expression of these proteins (Fig. 5C). Compared with those in the NC group, Gfi-1 
overexpression inhibited the expression of LC3 II/I and Beclin1 and promoted the expression of p62. HMGB1 overexpression promoted 
the expression of LC3 II/I and Beclin1 and inhibited the expression of p62 in drug-resistant CRC cells, and the autophagy suppressor 3- 
MA reversed these effects (Fig. 5D). 

4. Discussion 

Most patients with early colorectal cancer can be treated with surgery, but the prognosis of patients with advanced colorectal 
cancer is poor. Oxaliplatin is widely used as a first-line treatment for CRC; however, L-OHP tolerance is the main barrier to treatment, 
and the response in such cases is not satisfactory [30]. Although significant progress has been made in recent years, the molecular 
mechanism underlying CRC tolerance to L-OHP is still entirely unclear [30,31]. Hence, there is an urgent need to find valid biomarkers 
and targets for CRC diagnosis and therapy. 

Previous reports have shown that autophagy, as a phylactic mechanism, exposes cancer cells to various anticancer drugs [32]. Song 
et al. reported that hypoxia-induced autophagy is interrelated to chemotherapy resistance in hepatocellular carcinoma cells [33]. Ahn 
et al. suggested that restraint of autophagy can enhance resistance to Src family tyrosine kinase (SFK) inhibitors [34]. In addition, 
studies have shown that autophagy mediated by miR-637 promotes the tolerance of CRC to L-OHP [35]. P-glycoprotein (P-gp), 
multidrug resistance associated protein 1 (MRP1/ABCC1), MRP2, and cassette efflux transporter G2 (ABCG2) are considered the main 
factors that induce multidrug resistance [36]. It has been reported that some GSTs are interrelated with the mechanism underlying the 
multidrug tolerance of tumor cells to anticancer drugs. Glutathione S-transferases (GSTs) are a family of multimolecular enzymes with 
multiple drug detoxification functions [37]. Here, we found that L-OHP-resistant CRC cells exhibited high levels of autophagy, and the 
expression levels of the tolerance-related proteins ABCG2, P-gp, MRP2, and GST-pi increased. 3-MA can reduce the autophagy level of 
CRC cells and restrain CRC progression. It is unclear how the expression levels of ABCG2, P-gp, MRP2, and GST pi in CRC/L-OHP are 
decreased upon treatment with 3-MA. This will be explored and validated in future research. 

Independent growth factor 1 (Gfi-1) is a pivotal transcription factor in cancer evolution. Cai et al. reported that Gfi-1 facilitates the 
proliferation of cervical cancer cells [38]. Lee et al. suggested that Gfi-1 regulates the development of acute myeloid leukemia by 
restraining SOCS1 [39]. Here, we found that Gfi-1 facilitates an increase in L-OHP sensitivity in CRC cells, while inhibiting Gfi-1 
expression can desensitize CRC cells to L-OHP. This finding indicates that Gfi-1 may be a potential target for increasing the sensi-
tivity of CRC cells to L-OHP. Previous studies have demonstrated that Gfi-1 is involved in macrophage-mediated gemcitabine tolerance 
in pancreatic ductal adenocarcinoma [18]. Moreover, Gfi-1 levels are intimately interrelated with panobinostat tolerance in acute 
myeloid leukemia [13]. 

Gfi-1 can regulate the expression of multifarious targets, including HMGB1 [18]. HMGB1 is a nucleoprotein that contributes to 
tumorigenesis [40]. In addition, the role of HMGB1 in autophagy is well characterized. Li et al. demonstrated that autophagy-based 
unconventional secretion of HMGB1 in glioblastoma promotes chemosensitivity to temozolomide [41]. Guo et al. suggested that 
HMGB1-mediated autophagy is critical to the vulnerability of multiple myeloma cells [42]. Notably, HMGB1-mediated autophagy is 
crucial for the drug tolerance of many cancers [22–24]. Here, we observed that Gfi-1 restrains HMGB1 expression in CRC by binding to 
the promoter of HMGB1, as reported by Xian et al. [18]. The autophagy suppressor 3-MA can reverse the inhibitory influence of Gfi-1 
on the sensitivity of CRC cells to L-OHP and reduce the autophagy level of CRC/L-OHP cells. 

In this work, we first confirmed that autophagy plays a pivotal role in the chemosensitivity of L-OHP-resistant CRC, as reported by 
Pan [6]. Elevated autophagy levels were observed in L-OHP-resistant CRC cells. Importantly, our study further demonstrated that the 

Fig. 2. Gfi-1 can increase the sensitivity of CRC-resistant cells to L-OHP (n = 3) 
A: Western blot for detecting Gfi-1 expression (T test, Uncropped images of gels were supplemented in Fig. S3); B: Western blot for detecting Gfi-1 
overexpression efficiency (one-way ANOVA, Uncropped images of gels were supplemented in Fig. S4); C: CCK-8 for detecting cell viability (T test); 
D: Transwell for detecting cell invasion (T test); E: Measurement of the levels of ABCG2, P-gp, MRP2, and GST-pi (GAPDH was used as an internal 
reference protein, two-way ANOVA, Uncropped images of gels were supplemented in Fig. S5); F: Western blot for detecting the knockdown effi-
ciency of Gfi-1 (one-way ANOVA, Uncropped images of gels were supplemented in Fig. S6); G: CCK-8 for detecting cell viability (T test); H: 
Transwell for detecting cell invasion (T test); I: Measurement of the levels of ABCG2, P-gp, MRP2, and GST-pi (two-way ANOVA, Uncropped images 
of gels were supplemented in Fig. S7). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the CRC or CRC/L-OHP group. 
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expression of the transcription inhibitor Gfi-1 was decreased in CRC/L-OHP cells and was crucial for autophagy regulation in 
L-OHP-resistant CRC cells. Inhibiting Gfi-1 further enhanced the autophagy and drug resistance phenotype of L-OHP-resistant CRC 
cells. Notably, Gfi-1 could restrain HMGB1 expression by binding to its promoter in CRC cells. As an important autophagy regulatory 
factor, HMGB1 is involved in Gfi-1-mediated autophagy and CRC cell resistance to L-OHP. Similar to the results of Liu et al.’s previous 
study [25], HMGB1 mediated autophagy and L-OHP tolerance in CRC cells. Nevertheless, the pharmacological effects of Gfi1 need to 
be verified in vivo, which will greatly improve the findings of this study. Nanostructured drug delivery systems with modifiable 
chemical properties have been identified as promising candidates for reversing drug resistance in CRC [43]. In addition, 
tumor-associated fibroblast-derived exosomes have also been found to be associated with drug resistance [44]. In the future, we will 
focus on the study of other mechanisms of oxaliplatin resistance, and animal experiments will be performed for further verification of 
potential mechanisms. 

5. Conclusion 

The abnormal increase in autophagy levels in CRC cells is due to the promotion of HMGB1 expression by Gfi-1 inhibition, which 
leads to oxaliplatin resistance. Gfi-1 can inhibit autophagy through HMGB1 and facilitate the susceptibility of CRC/L-OHP cells to L- 
OHP. Gfi-1 may become a target of L-OHP tolerance in CRC cells, providing new ideas and strategies for clinical cancer chemotherapy. 

Fig. 3. Gfi-1 restrains autophagy by regulating HMGB1 expression (n = 3) 
A: Western blot analysis of the levels of LC3, Beclin1, and p62 (two-way ANOVA, Uncropped images of gels were supplemented in Fig. S8); B: 
Immunofluorescence analysis of the LC3 level in CRC tissue (scale = 100 μm, t-test); C: Western blot analysis of HMGB1 expression (t-test, Un-
cropped images of gels were supplemented in Fig. S9); D: Western blot analysis of HMGB1 overexpression efficiency (one-way ANOVA, Uncropped 
images of gels were supplemented in Fig. S10); E: Immunofluorescence analysis of the LC3 level in CRC tissue (scale = 100 μm, one-way ANOVA); F: 
Observation of autophagosome formation via transmission electron microscopy (scale bar = 1 μm). **P < 0.01, ***P < 0.001 vs. the CRC/L-OHP 
group. ##P < 0.01, ###P < 0.001, vs. the CRC/L-OHP + OE-Gfi-1 group. 

Fig. 4. Gfi-1 binds to the HMGB1 promoter and restrains its expression (n = 3) 
A: Gfi-1 and HMGB1 promoter-binding site; B: The binding between Gif-1 and HMGB1 was determined by EMSA (Uncropped images of gels were 
supplemented in Fig. S11); C: HMGB1 expression was detected by chromatin immunoprecipitation (T test); D: Luciferase activities were measured (T 
test); E: RT‒qPCR for determining the level of HMGB1 expression (T test). **P < 0.01, ***P < 0.001 vs. the IgG or CRC group. 
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Fig. 5. Gfi-1 can promote the sensitivity of CRC-resistant cells to L-OHP (n = 3) 
A: CCK-8 for checking cell viability (one-way ANOVA); B: Transwell assay for checking cell invasion (one-way ANOVA); C: Detection of the levels of 
ABCG2, P-gp, MRP2, and GST-pi (GAPDH was used as an internal reference protein, two-way ANOVA, Uncropped images of gels were supplemented 
in Fig. S12); D: Western blot for measuring the levels of LC3, Beclin1, and p62 (two-way ANOVA, Uncropped images of gels were supplemented in 
Fig. S13). P *<0.05, P * *<0.01, P * * *<0.001, vs. the NC group; ##P < 0.01, ###P < 0.001, vs. the OE-Gfi-1 group; ^P < 0.05, ^^P < 0.01, ^^^P <
0.001, vs. the OE-Gfi-1+OE-HMGB1 group. 
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