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Abstract. Colorectal cancer (CRC) is a common cause of cancer-related deaths worldwide. Electron 
transfer flavoprotein dehydrogenase (ETFDH) is a novel prognostic biomarker for human CRC. 
However, the role and molecular mechanism of ETFDH in CRC are still unclear. DEGs in CRC de-
velopment were identified using mRNA microarray datasets GSE23011, GSE44076, and GSE113513. 
Gene expression was determined using RT-qPCR and Western blot. Cell proliferation, migration, 
and invasion were detected by EdU, Colony formation, Transwell, and wound healing. Effects of CRC 
cells on CD8+ T cell apoptosis were analyzed using flow cytometry. Effects of ETFDH on CRC cell 
growth in vivo was analyzed using xenograft model. After JASPAR prediction, the binding between 
Transcription factor Kruppel-like factor 4 (KLF4) and ETFDH promoter was verified using ChIP 
and dual-luciferase reporter. ETFDH and KLF4 were decreased in CRC tissues and cells. ETFDH 
upregulation blocked CRC cell proliferation, migration, invasion, and repress the apoptosis of CD8+ 

T cells in vitro. ETFDH overexpression hindered CRC tumor growth in vivo. Mechanistically, KLF4 
enhanced the transcriptional activity of ETFDH via binding to its promoter region. KLF4-activated 
ETFDH transcription suppresses CRC cell malignant behavior and decreases the apoptosis of CD8+T 
cells, which provides a promising therapeutic target for CRC.
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Introduction

As a prevalent gastrointestinal malignancy, colorectal can-
cer (CRC) has become a major public health concern and 
brings a heavy economic and societal burden in many coun-
tries, particularly in China, with increasing incidence and 
mortality rates annually (Qu et al. 2022; Shin et al. 2023). 
Nevertheless, current understanding of its pathogenesis and 
treatment strategies remains limited. Although traditional 
treatment approaches, such as early diagnosis, screening, 
surgery, radiotherapy, chemotherapy, and targeted drugs, 
have made significant progress in clinical application, most 

CRC patients are identified at an advanced stage involving 
metastatic tumors with high resistance, leading to poor 
prognosis (Biller and Schrag 2021; Abedizadeh et al. 2024; 
Mou et al. 2025). Accordingly, exploring the potential 
mechanism of CRC is crucial for alternative therapeutic 
strategies.

Increasing evidence has indicated that immune check-
point blockade presents durable responses and long-lasting 
clinical benefits for many types of solid tumors, inducing 
CRC (Ganesh et al. 2019; Weng et al. 2022). As an important 
immune checkpoint protein, programmed death ligand-1 
(PD-L1), a  33 kDa type I  transmembrane glycoprotein, 
is able to downregulate T-cell function and cell survival 
through binding to programmed death-1 (PD-1) receptor 
on T cell surface, which are the primary effector cells in 
antitumor immunity (Lee et al. 2024). Furthermore, it has 
been reported that PD-L1 could assist tumor cells in evading 

https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0009-0007-1993-7089


482 Zeng et al.

host immune surveillance within the tumor microenviron-
ment by suppressing immune-mediated rejection response 
(Lin et al. 2024). At present, pembrolizumab and nivolumab, 
two PD-1-blocking antibodies, have been approved in 
combination with Ipilimumab or without for patients with 
metastatic CRC (Lin et al. 2023; Kciuk and Wanke 2025). 
Thus, investigating the regulatory mechanisms associated 
with PD-L1 expression in CRC is vital for gaining a deeper 
understanding of the function of this immunosuppres-
sive molecule. Notably, the electron transfer flavoprotein 
dehydrogenase gene (ETFDH) is located in 4q32.1, which 
encodes the ETF-quinone oxidoreductase protein localized 
to the inner mitochondrial membrane (Herrero and Salegi 
2024). It mediates electron transfer from flavoprotein de-
hydrogenase to the ubiquinone pool, playing a crucial role 
in the electron transport system of oxidative respiration 
(Liang et al. 2009). The current study has suggested that 
ETFDH was significantly correlated with the overall survival 
of CRC patients and has been identified as a potentially at-
tractive biomarker for this tumor (Sun et al. 2020). Herein, 
the present work found the negative association between 
ETFDH and PD-L1 in CRC patients. However, whether 
ETFDH can regulate CRC progression through immune 
responses remains unknown.

Recently, the Kruppel-Like Factor (KLF) family of regula-
tory proteins has been identified as transcription factors that 
could regulate the activation and suppression of transcription 
by binding to DNA, RNA, and proteins, thereby affecting 
development, growth, metastasis, and immune response 
(Bushweller 2019; Yuce and Ozkan 2024). Moreover, previ-
ous studies have suggested that KLF family members are ab-
errantly expressed in CRC patients and partake in a variety of 
tumor-related biological progression (Huang and He 2022). 

Among them, KLF4 is a member of the KLF subfamily that 
possesses an ambivalent nature in tumorigenesis by acting as 
a carcinogen or tumor suppressor in a tissue-specific way (Hu 
et al. 2009; Qi et al. 2019). In some CRC studies, KLF4 has 
been reported as a tumor suppressor and hinders CRC cell 
proliferation and stemness by trans-activating tumor sup-
pressor gene NDRG2 and P53 pathway-related genes (Ma et 
al. 2017; Yang et al. 2025). Beyond that, it has been reported 
that diminished expression of KLF4 could potentially acti-
vate the immune microenvironment within the CRC tumor 
(Yuan et al. 2024; Zhang et al. 2025). In the present work, 
JASPAR software initially identified that KLF4 has binding 
sites with the ETFDH promoter region. Moreover, ETFDH 
expression was negatively correlated with PD-L1 in CRC 
patients. Hence, this study aimed to explore whether KLF4 
affects the development and immune evasion of CRC cells 
by targeting ETFDH. 

Materials and Methods

Clinical samples and cell culture

112 CRC tumor samples and matched adjacent normal tis-
sues were provided by the Jiujiang Third People’s Hospital. 
Written informed consent was obtained from all subjects 
prior to enrollment. These excised samples were frozen 
and stored at −80°C. Clinicopathological data of colorectal 
cancer patients are shown in Table 1. The protocol of this 
study was authorized by the Ethics Committee of the Jiujiang 
Third People’s Hospital and was carried out according to the 
guidelines of the Declaration of Helsinki. 

A normal human colon mucosal epithelial cell line 
(NCM460) was cultured in M3 TM Base medium (M310A; 
INCELL Corporation, San Antonio, TX, USA). Further-
more, CRC cells (HCT 116, CL-0096; SW620, CL-0225) 
were maintained in media (CM-0096, CM-0225A, Procell, 
Wuhan, China) at 37°C with 5% CO2.

RT-qPCR

In short, total RNAs were prepared using Trizol reagent (In-
vitrogen, Paisley, Scotland, UK). For cDNA synthesis, 1 μg of 
total RNA was reverse transcribed using HiScript 1st Strand 
cDNA synthesis kit (Vazyme, Nanjing, Shanghai). Reverse 
transcription condition: the transcription was performed 
in a 20 μl reaction mixture, including total RNA (100 ng), 
2×Mix (10 μl), HiScript II Enzyme Mix (2 μl), Oligo (dT)23 
VN (1 μl), Random hexamers (1 μl), and RNase-free water. 
The total reaction mixture was incubated at 25°C for 5 min, 
50°C for 15 min, and 85°C for 5 s. On the ABI 7500 fast 
PCR System, cDNAs were amplified using Real-time Fluo-
rescent Quantitative PCR Kit (Vazyme). The amplification 

Table 1. Clinicopathological data of colorectal cancer patients in 
this study 

Characteristic Value
Total number of patients 112
Age (year)

Median 58
Range 23–82

Sex (n)
Male 56
Female 56

TNM stage
I/II 40
III/IV 72

Pathologic grade
Well 29
Moderate 62
Poor 21
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parameters were: denaturation at 95°C for 10 min, followed 
by 40 cycles of denaturation at 95°C for 30 s, annealing at 
60°C for 30 s and extension at 72°C for 1 min. At last, rela-
tive expression levels were standardized to that of the β-actin 
and analyzed utilizing 2–ΔΔCt method. Primer sequences 
are presented in Table 2. This assay was conducted at least 
three times.

Western blot assay

In brief, clinical samples or cultured cells were washed with 
PBS and then lysed using RIPA lysis buffer (CST, Danvers, 
MA,  USA). After centrifugation and mixture with load-
ing buffer for 5–10 min at 98°C, samples were subjected 
to SDS-PAGE separation and electro-transfer onto PVDF 
membranes (Invitrogen). After blocking, the membranes 
were labeled with primary antibodies overnight at 4°C: 
ETFDH (ab103910, Abcam, Cambridge, MA, USA, 1:1000), 
KLF4 (ab215036, Abcam, 1:1000), PD-L1 (ab205921, Ab-
cam, 1:1000), and β-actin (ab6276, Abcam, 1:1000). Af﻿ter 
hybridization with secondary antibodies, bands were visual-
ized using ECL reagent. This experiment was carried out at 
least three times.

Cell transfection

Lentiviral pLenti-target gene construct constructs encod-
ing human ETFDH cDNA (NM_001281738.1) or human 
KLF4 cDNA (NM_004235.6), and lentiviral pLKO.1 shRNA 
constructs targeting human ETFDH (sh-ETFDH) were 
provided by Addgene (Cambridge, Massachusetts, USA). 
In parallel, pLenti/pLKO.1 empty vector acted as a nega-
tive control (vector or sh-NC). After that, HEK293T cells 
at 80% confluence were individually transfected with these 
constructs with packaging plasmids. 72  h  later, secreted 
virus particles in the medium were collected, and infected 
CRC cells with polybrene. At last, the infected cells were 
passaged and selected using puromycin for three days. In 
addition, sh-resistant ETFDH was also constructed and 
provided by Addgene.

EdU assay

In short, 4×103 CRC cells were seeded into 96-well plates 
and mixed with 20 μM EdU solution (Beyotime, Shanghai, 
China) at 37°C for 2 h. Then, the cells were washed with 
PBS to remove the EdU that did not penetrate into the 
DNA. After fixation in 4% formaldehyde, the cells were 
incubated in a permeabilization solution for 15 min, fol-
lowed by reaction with Apollo reaction cocktail. Subse-
quently, the cell nuclei were stained with DAPI for 10 min 
and visualized using a fluorescence microscope. At last, 
NIS-Elements BR 3.0 software was employed to analyze 

the EdU-positive cells (red cells). This experiment was 
repeated three times.

Colony formation assay

500 CRC cells were cultured at 37°C for approximately two 
weeks. Then, the visible colonies in 6-well plates were washed 
and fixed, followed by staining with 0.1% crystal violet. Cell 
colonies with >50 cells were counted and analyzed. This 
experiment was performed in triplicates

Transwell assay

24-well Transwell chamber with 8 μm pore inserts (Chemi-
con, Temecula, CA, USA) was employed to assess CRC 
cell migration and invasion. In short, 5×104 cells in 200 μl 
serum-free medium were added to the upper insert of Tran-
swell chamber for migration assay, whereas 1×105 cells were 
seeded in top chamber pre-coated with 50 μl 1:8 (volume 
ratio) diluted Matrigel (356234, BD Biosciences, Heidel-
berg, Germany) for invasion assay. In parallel, the medium 
in the bottom counterparts harbored 10% FBS. After being 
incubated for 24 h, the cells on the lower surface were fixed 
and stained, followed by observation with an inverted micro-
scope. This experiment was conducted at least three times.

Wound healing assay

To detect the migratory ability of CRC cells, cells were 
cultured in 6-well plates at 95% confluence. Then, the cell 
monolayer was scratched with a  200 μl sterile pipette tip 
(0 h). After washing, the cells were re-suspended in serum-
free medium and allowed to migrate for 24 h. Representative 
images from the same regions of cell migration were captured 
by microscope at 0 h and 24 h. Finally, the distance between 
the two edges of the wound was analyzed using ImageJ 
software for the relative migration rate. This experiment was 
performed at least three times.

Table 2. Primers sequences used for qPCR

Name Primers for qPCR (5’–3’) Size (bp)

ETFDH 
F: TGCCTTGATCCAGGTGCTTT

70
R: GAGTGTTAAGTGGAGCCCCC

KLF4
F: ACCCTGGGTCTTGAGGAAGT

158
R: GGCATGAGCTCTTGGTAATGGA

PD-L1
F: ATTTGCTGAACGCCCCATAC

120
R: TCCAGATGACTTCGGCCTTG

β-actin
F: AGGATTCCTATGTGGGCGAC

273
R: ATAGCACAGCCTGGATAGCAA

F, forward; R, reverse.
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T-cell apoptosis and cytotoxicity assay

First of all, human CD8+ effector T  cells were isolated 
using EasySep™ Direct Human CD8+ T  cell Isolation Kit 
(STEMCELL, Vancouver, Canada) and activated by anti-
CD3/anti-CD28, followed by re-suspending in the culture 
medium at 1×106 cells/ml. A total of 1×105 CRC tumor cells 
were counted and plated on the bottom of 24-well plates. 
Then, 1×106 activated CD8+ T cells were plated in the top 
compartment of the Transwell at 3:1 ratio of T cells to pre-
adherent CRC cells (effector-to-target). 7  h  later, CD8+ 

T cell apoptosis was stained with Annexin V-FITC and PI 
(Beyotime), followed by flow cytometer analysis. Meanwhile, 
in the co-culture system, the plates were centrifuged and the 
supernatant was collected. Then, the supernatant was used 
for the enzyme-linked immune sorbent assay (ELISA) for 
quantifying IFN-γ production (Beyotime). These experi-
ments were repeated three times.

Tumor xenograft assay

In general, BALB/C male nude mice (aged 5–6 weeks, 
SPF Biotech, Beijing, China) were housed in specific-
pathogen-free environments. Then, 5×106 SW620 cells 
or HCT 116 cells with vector or ETFDH were suspended 
in 100 μl PBS and subcutaneously injected into mice (n = 
6 for each group). During this period, tumor volume 
(length×width2/2) was determined at 5, 10, 15, 20, and 
25 days after first injection. At the end of the experiment, 
all mice were euthanized, and the tumors were removed 
for imaging, weight, and Immunohistochemical (IHC) 
staining. This assay was authorized by the Animal Ethics 
Committee of the Jiujiang Third People’s Hospital.

Chromatin immunoprecipitation (ChIP) 

The putative KLF4 binding sites in the ETFDH promoter 
were assessed using SimpleChIP® Enzymatic Chromatin 
IP Kit (CST). To be brief, the harvested HCT 116 and 
SW620  cells were cross-linked with 1% formaldehyde at 
37°C for 30 min, followed by termination with glycine. After 
being disrupted into 200–300 bp chromatin fragments using 
ultrasound, anti-KLF4 and anti-IgG were added. Finally, the 
precipitated DNA fragments were analyzed using RT-qPCR. 
The primers are located at −967 bp relative to transcription 
start site (TSS). This experiment was performed three times.

Dual-luciferase reporter assay

For ETFDH-WT/MUT reporter plasmids, the promoter 
regions of ETFDH with wild-type (wt) or mutant-type (mut) 
KLF4 binding sites were sub-cloned into the downstream of 
pGL3 vector (Promega, Madison, WI, USA). Then, HCT 116 

and SW620 cells were transfected with recombinant vectors 
and sh-NC or sh-KLF4. Finally, Dual Luciferase Assay Kit 
(Promega) was used for the assessment of the luciferase 
activities. This assay was performed at least three times.

Statistical analysis

Statistical analysis and visualization were conducted based 
on GraphPad Prism7. Differences were deemed significant 
at p < 0.05. All results were reported as the mean ± standard 
deviation (SD) from at least three independent experiments. 
Data distribution was tested with Shapiro-Wilk test. Cor-
relation analysis was performed using Pearson correlation 
analysis. Student’s t-test or one-way ANOVA with Tukey’s 
tests were employed for comparisons.

Results

Low ETFDH expression predicted a poor overall survival in 
CRC patients 

Firstly, to identify the DEGs in CRC, the GEO2R online tool 
was used in three datasets, including GSE23011, GSE44076, 
and GSE113513. As displayed in the Venn diagram (Fig. 1A), 
1 overlapping DEG (ETFDH) was identified in the three 
datasets. Compared to adjacent normal tissues, ETFDH ex-
pression level was significantly downregulated in CRC tumor 
tissues from microarray data (GSE44076 and GSE113513 
databases) (Fig. 1B). To further validate the result, the GEPIA 
database was applied to analyze the expression of ETFDH 
in cancer tissues and normal samples from TCGA-COAD 
(T = 275 and n = 41) and TCGA-READ (T = 92 and n = 10) 
databases. The results exhibited that ETFDH content was 
obviously decreased in tumors in comparison to normal tis-
sues (Fig. 1C). Moreover, TNMplot was utilized to evaluate 
the ETFDH expression profile in metastatic colorectal cancer. 
As shown in Figure 1D, ETFDH expression was apparently 
reduced in metastatic colon tissues relative to normal tis-
sues. Consistent with the above results, RT-qPCR results 
verified that ETFDH was expressed at a  low level in 112 
CRC tumor tissues when compared to 112 adjacent normal 
tissues (Fig. 1E). Meanwhile, Western blot analysis exhibited 
a remarkable decrease in ETFDH protein levels in 6 CRC 
tissues (Fig. 1F). In addition, Kaplan-Meier survival analysis 
was performed to assess the correlation between ETFDH 
expression and prognosis, based on the GEPIA database. As 
exhibited in Figure 1G, low ETFDH expression was associ-
ated with worse overall survival. Meanwhile, based on the 
median value of ETFDH, 112 CRC patients were divided into 
the high expression group (n = 56) and the low expression 
group (n = 56). Then, Kaplan-Meier survival analysis also 
displayed that low ETFDH expression was correlated with 
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poorer overall survival rates (Fig. 1H). Besides, western blot 
results further validated that ETFDH was lower expressed 
in the normal human colon mucosal epithelial  cell  line 
NCM460 versus CRC cells (HCT 116 and SW620) (Fig. 1I). 
Together, these data suggested that ETFDH expression was 
decreased in CRC, and its low expression exhibited a poor 
prognosis in CRC patients.

Overexpressing ETFDH could block CRC cell proliferation, 
migration, and invasion

Subsequently, in vitro gain-of-function analyses were 
performed to determine the functional role of ETFDH in 
CRC cells. At first, Western blot analysis displayed that the 
ETFDH protein level was significantly increased in ETFDH-
transfected HCT 116 and SW620 cells compared with cells 
with vector (Fig. 2A). After that, EdU and colony formation 
results showed that the numbers of EdU-positive cells and 
colony formation were markedly reduced by the upregula-
tion of ETFDH in HCT 116 and SW620 cells (Fig. 2B,C). 

Beyond that, Transwell results showed that the upregula-
tion of ETFDH could prominently suppress cell migration 
and invasion in HCT 116 and SW620 cells (Fig. 2D,E). In 
parallel, wound healing assay also displayed that the forced 
expression of ETFDH led to a  significant decrease in the 
migration potential of HCT 116 and SW620 cells (Fig. 2F). 
Besides, the current data displayed that ETFDH deficiency 
could promote the proliferation, migration, and invasion 
of HCT 116 and SW620 cells, whereas these effects were 
partly overturned by sh-resistant ETFDH addition (Fig. S1 in 
Supplementary Material). Overall, these data indicated that 
ETFDH upregulation could inhibit CRC cell proliferation 
and metastasis in vitro.

ETFDH upregulation could suppress the apoptosis of CD8+ 
T cells

Next, to clarify the correlation between ETFDH expression 
and host antitumor immune response in CRC, the expression 
of ETFDH and immunomodulator gene PD-L1 in CRC clini-

Figure 2. Effects of ETFDH on CRC cell proliferation, migration, and invasion. HCT 116 and SW620 cells were transfected with vector 
or ETFDH. A. ETFDH protein level was detected using Western blot. Cell proliferation and colony formation number were determined 
using EdU (B) and colony formation (C) assays. Cell migration (D) and invasion (E) were assessed using Transwell assays in transfected 
HCT 116 and SW620 cells. F. Cell migratory ability was measured using wound healing assay. n = 3.

A

C

E F

B

D
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cal samples was assessed using Pearson correlation analysis. 
As exhibited in Figure 3A, there was a negative correlation 
between ETFDH and PD-L1. Beyond that, Western blot 
analysis displayed that PD-L1 was obviously reduced in 
HCT 116 and SW620 cells after ETFDH transfection relative 
to the vector group (Fig. 3B). Meanwhile, RT-qPCR results 
showed that PD-L1 mRNA level was apparently decreased 
in ETFDH-transfected HCT 116 and SW620 cells (Fig. 
S2). After that, the influence of ETFDH overexpression on 
the immune response of CRC cells to T cells was further 
explored. On co-culturing vector or ETFDH-transfected 
HCT 116 and SW620 cells with CD8+ T cells, flow cytom-
etry analysis showed that the upregulation of ETFDH could 
effectively relieve the proportion of CD8+ T cell apoptosis 
(Fig. 3C), while these effects were partly abolished by PD-L1 
overexpression (Fig. S3), verifying that the immune effects 
were specifically mediated by the ETFDH/PD-L1 axis. In 
addition, T cells were activated with the increase in IFN-γ 
secretion due to ETFDH overexpression (Fig. S4), imply-
ing that tumor-infiltrating cytotoxic CD8+ T  cells were 

increased by ETFDH up-regulation. Collectively, these 
results suggested that ETFDH upregulation could decrease 
PD-L1 expression, which in turn inhibits the apoptosis of 
co-cultured CD8+T cells in vitro.

Overexpressing ETFDH could block CRC cell growth in vivo 

Furthermore, a  xenograft mouse model of CRC was es-
tablished to validate the impacts of ETFDH on tumor cell 
malignancy in vivo. Results showed smaller tumor volume 
and lighter tumor weight in the ETFDH group relative 
to the vector group (Fig. 4A,B), indicating that ETFDH 
upregulation could dramatically attenuate tumor growth 
in xenograft mouse models. Beyond that, IHC staining ob-
served that the negative expression rate of Ki-67, MMP-9, 
and N-cadherin was blocked in the tissue samples from 
the ETFDH group compared to the vector group, whereas 
ETFDH expression was increased (Fig. 4C). Therefore, it is 
concluded that ETFDH overexpression could inhibit CRC 
cell growth in vivo.

Figure 3. Effects of ETFDH upregu-
lation on apoptosis of CD8+ T cells. 
A. Pearson correlation analysis was 
applied to evaluate the expression 
association between ETFDH and 
immunomodulator gene PD-L1 in 
CRC samples. B. PD-L1 protein 
level was detected in HCT 116 and 
SW620 cells transfected with vector 
or ETFDH using Western blot assay. 
C. HCT 116 and SW620 cells were 
transfected with vector or ETFDH. 
Then, transfected HCT 116 and 
SW620  cells were co-cultured with 
isolated effector CD8+ T  cells, and 
CD8+ T cell apoptosis was monitored 
using flow cytometry. n = 3.
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C
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Transcription factor KLF4 promoted the transcription of 
ETFDH 

Then, the upstream mechanism of ETFDH was further 
explored in this study. Based on the JASPAR database 
analysis, a sequence in the ETFDH promoter was found 
as a  putative target, and Figure 5A displayed that KLF4 
binding sites in the ETFDH promoter. To validate the bind-
ing, ChIP assay was performed in HCT 116 and SW620 
cells. As exhibited in Figure 5B, anti-KLF4 could elevate 
the enrichment of ETFDH relative to the anti-IgG group, 
verifying the interaction between KLF4 and ETFDH. 
Moreover, to further verify whether KLF4 impacts the 
promoter activity of ETFDH in CRC cells, a dual-luciferase 
reporter assay was performed. Results presented that KLF4 
deficiency could obviously decrease the luciferase activity 
of cells expressing ETFDH-wt, rather than the mutant 
group (Fig. 5C), implying that KLF4 directly bound to 
the region of the ETFDH promoter. In addition, ETFDH 
mRNA level and protein level were remarkably reduced in 

sh-KLF4-transfected CRC cells and apparently increased 
in KLF4-transfected CRC cells when compared with their 
corresponding controls (Fig. 5D). Consistent with ETFDH 
expression, KLF4 content was also evidently decreased in 
CRC tumor tissues relative to adjacent normal tissues from 
microarray data (GSE44076 and GSE113513 databases) 
(Fig. 5E). Meanwhile, GEPIA database analysis exhibited 
that KLF4 expression was distinctly reduced in tumors ver-
sus normal tissues from TCGA-COAD and TCGA-READ 
(Fig. 5F). Consistently, RT-qPCR assay verified a signifi-
cant downregulation of KLF4 in 112 CRC clinical tumor 
tissues compared with 112 adjacent normal tissues (Fig. 
5G). Beyond that, the GEPIA database exhibited that KLF4 
expression was positively associated with ETFDH in CRC 
tumors (Fig. 5H). Similar to the above results, Western blot 
assays further validated that the KLF4 protein level was 
strikingly decreased in CRC tumor tissues and cell lines 
(Fig. 5I,J). In total, these results suggested that ETFDH 
was the target downstream of transcription factor KLF4 
in CRC cells.

Figure 4. ETFDH upregulation suppressed 
CRC cell growth in vivo. SW620 cells and HCT 
116 cells stably infected vector or ETFDH were 
subcutaneously inoculated into mice. A. Tumor 
growth curve of xenografts and representative 
image of the tumors at the end of the experiment 
were shown. B. Weight of resected tumor masses 
was measured. C. IHC staining was conducted to 
assess the negative expression of Ki-67, ETFDH, 
MMP-9, and N-cadherin in xenografts. n = 3.
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Figure 5. KLF4 activated the transcription of ETFDH. A. The JASPAR website was used to predict the binding of transcription fac-
tor KLF4 to the ETFDH promoter. B. ChIP assay was applied to assess the binding between KLF4 and ETFDH promoter. C. Their 
binding activity was analyzed using a dual-luciferase reporter assay. D. ETFDH mRNA level and protein level were measured in 
HCT 116 and SW620 cells transfected sh-NC, sh-KLF4, vector, or KLF4 using RT-qPCR and Western blot assays. E. Expression level 
of KLF4 in GSE44076 and GSE113513 databases was assessed. F. KLF4 level was analyzed in both TCGA-COAD (T = 275 and N = 
41) and TCGA-READ (T = 92 and N = 10) databases using the GEPIA tool. G. RT-qPCR assay was performed to determine KLF4 
mRNA level in 112 pairs of CRC tumor tissues and adjacent normal tissues. H. GEPIA database displayed the correlation between 
KLF4 and ETFDH expression in CRC tumors. I. Western blot analysis of KLF4 protein level in 6 CRC tumor tissues and 6 adjacent 
normal tissues. J. Western blot analysis of KLF4 protein level in normal human colon mucosal epithelial cell line NCM460 and CRC 
cells (HCT 116 and SW620). n = 3. 
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KLF4 upregulation could repress CRC cell proliferation, 
migration, and invasion by regulating ETFDH

Considering the modulatory role of KLF4 in ETFDH ex-
pression in CRC cells, whether the influence of KLF4 on 
tumor development was correlated with ETFDH was further 
determined. First of all, Western blot results displayed that 
the forced expression of KLF4 could prominently increase 
ETFDH protein level in HCT 116 and SW620 cells, which was 
partly abolished after sh-ETFDH co-transfection (Fig. 6A). 
Furthermore, KLF4 transfection could apparently increase 
KLF4 ETFDH protein level in HCT 116 and SW620 cells, 
whereas the knockdown of ETFDH does not affect this 
change (Fig. S5). Functionally, the number of EdU-positive 
cells and colony formation were distinctly reduced by KLF4 
overexpression in HCT 116 and SW620 cells, whereas these 
effects were partially overturned after sh-ETFDH introduc-
tion (Fig. 6B,C). Furthermore, the inhibitory role of KLF4 

upregulation on HCT 116 and SW620 cell migration and 
invasion was effectively ameliorated by ETFDH knockdown 
(Fig. 6D,E). In parallel, KLF4-mediated migratory ability sup-
pression in HCT 116 and SW620 cells was markedly relieved 
through ETFDH silencing (Fig. 6F). All of these findings 
indicated that KLF4 overexpression could hinder CRC cell 
proliferation and metastasis by targeting ETFDH in vitro.

Elevated KLF4 could hinder the apoptosis of CD8+ T cells by 
regulating ETFDH

Additionally, the impacts of KLF4 and ETFDH on PD-L1 
expression and the apoptosis of CD8+ T cells were further 
investigated. Subsequently, Western blot results exhibited 
that KLF4 upregulation could apparently dampen PD-L1 
protein level in HCT 116 and SW620 cells, while these ef-
fects were partly reversed by ETFDH downregulation (Fig. 
7A). After co-culturing CD8+ T cells and transfected HCT 

Figure 7. KLF4/ETFDH affected the apoptosis of CD8+ T cells. HCT 116 and SW620 cells were transfected with vector+sh-NC, KLF4+sh-
NC, KLF4+sh-ETFDH. A. PD-L1 protein level was examined using Western blot. B. The transfected HCT 116 and SW620 cells were 
co-cultured with isolated effector CD8+ T cells. Then, flow cytometry analysis of CD8+ T cell apoptosis. n = 3.
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116 and SW620 cells, flow cytometry analysis showed that 
the proportion of CD8+ T cell apoptosis was prominently 
decreased through KLF4 overexpression, which was partially 
attenuated after sh-ETFDH co-transfection (Fig. 7B). Col-
lectively, these findings illuminated that KLF4 upregulation 
could decrease PD-L1 expression and suppress CD8+ T cell 
apoptosis by targeting ETFDH.

Discussion

Despite encouraging advances in current immunotherapy ef-
ficacy, a substantial number of patients fail to achieve durable 
responses due to acquired resistance (Weng et al. 2022; Singh 
et al. 2024; Vahidfar et al. 2024). Notably, it has been reported 
that PD-L1, a  primary co-inhibitory immune checkpoint 
protein, could form the axis with PD-1 to suppress cytotoxic 
T cell killing within the tumor microenvironment, thereby 
leading to tumor immune escape. Furthermore, conventional 
chemotherapeutics could also induce the expression of PD-L1 
in CRC. According to these mechanistic insights, elucidating 
regulatory mechanisms governing PD-L1 expression in CRC 
has become a critical determinant for therapeutic strategy 
development (Yaghoubi et al. 2019; Payandeh et al. 2020). 
Herein, ETFDH, an inner mitochondrial membrane protein 
monomer, was negatively associated with PD-L1 expression in 
CRC patients. Furthermore, it has been reported that ETFDH 
is a required oxidative phosphorylation component and medi-
ates electron transfer from flavoprotein dehydrogenases to the 
ubiquinone pool, resulting in ATP as the body energy supply 
(Herrero and Salegi 2024; Martino and D’Addabbo 2024). 
Interestingly, some studies have suggested that ETFDH was an 
independent predictor of overall survival for various human 
cancers (Wu et al. 2019; Wang et al. 2023), including CRC (Sun 
et al. 2020). Therefore, ETFDH was selected for further study. 

In this study, public databases analysis found that ETFDH 
expression was decreased in CRC patients and related to 
metastatic CRC. Consistent with the former report (Sun et 
al. 2020), the current work verified the under-expression of 
ETFDH in CRC tissues and cell lines, which is significantly 
associated with the overall survival of CRC patients. Subse-
quently, functional assays exhibited that overexpressing ET-
FDH could hinder the proliferation, migration, and invasion 
of CRC cells, and block tumor growth in vitro. Considering 
the negative correlation between ETFDH and PD-L1 in CRC 
patients, the effects of ETFDH on CD8+ T-cell-mediated im-
mune evasion in CRC were further determined. Herein, the 
present research validated that ETFDH upregulation could 
obviously decrease PD-L1 protein level in CRC cells. Moreo-
ver, ETFDH overexpression could hinder T-cell apoptosis to 
reduce immune evasion by downregulating PD-L1 expression. 
Besides, previous studies have indicated that PD-L1 could 
promote tumor growth and progression by activating WIP and 

β-catenin signaling pathways or EGFR signaling pathway (Yu 
et al. 2020; Che et al. 2025). Therefore, this study inferred that 
ETFDH might inhibit these signaling pathways by reducing 
PD-L1 expression, thereby suppressing CRC tumor progres-
sion. In other words, metabolic genes can influence tumor 
progression through the immune-related axis. In total, these 
findings implied that ETFDH could inhibit CRC development 
and enhance CRC response to immunotherapies.

Belonging to a prominent member of the KLF subfamily 
of zinc finger transcription regulators, KLF4 has recently 
been reported as a pivotal transcriptional control and actively 
participates in many cellular activities, such as proliferation, 
invasion, cell death, differentiation, and immune regulation 
(Luo et al. 2022; Ju et al. 2025). Increasing evidence has 
discovered that KLF4 presents either tumor-suppressing or 
oncogenic properties in several malignant tumors (Wang et 
al. 2020; Ingruber and Savic 2021; He et al. 2023). It has been 
reported that KLF4 acts as a tumor suppressor by blocking 
CRC cell proliferation and immune evasion (Xiu et al. 2017; 
Zhang et al. 2025). Similar to transcription factors, KLF4 
could exert its function via directly binding to the promoter 
of target genes at the transcriptional level, thereby affecting 
tumor progression. For example, KLF4 could transcription-
ally activate NDRG2 by binding to its promoter region, 
thereby hindering CRC cell proliferation and tumorigenesis 
(Ma et al. 2017). Moreover, KLF4 could potentially regulate 
STAT3 expression via directly binding to its promoter, thereby 
activating p-STAT3 signaling and affecting CRC progression 
(Yuan et al. 2024). Herein, the current work displayed that 
KLF4 could increase ETFDH transcription by directly bind-
ing to its promoter region, validating that ETFDH is a novel 
KLF4-target gene. In accordance with these studies, KLF4 
content was decreased in CRC patients and cells, and its over-
expression could constrain CRC cell proliferation, metastasis, 
and repress T-cell exhaustion by regulating ETFDH. These 
observations further supported the KLF4/ETFDH modula-
tory mechanism in CRC progression. Nevertheless, there are 
still some shortcomings in this research. For example, the 
immune-related findings in this study are primarily derived 
from in vitro co-culture assays, while the in vivo experiments 
were conducted using nude mouse models, which lack mature 
T cells and cannot fully recapitulate intact adaptive immune 
responses. Consequently, although these data suggest poten-
tial immunomodulatory effects, these conclusions should 
be interpreted with caution. Further investigations using 
immunocompetent animal models are warranted to validate 
the proposed immune regulatory mechanisms.

Conclusion

Taken together, these findings discovered that KLF4 inhibits 
CRC cell growth, metastasis, and decreases CD8+ T  cell 
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exhaustion-like phenotype through mediating transcrip-
tional upregulation of ETFDH, which provides a potential 
therapeutic target for CRC.
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