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Abstract. Colorectal cancer (CRC) remains one of the most
common and lethal malignancies worldwide, with limited
effective biomarkers for predicting prognosis and guiding
immunotherapy response. The present study aimed to inves-
tigate the potential of DDBI1- and CUL4-associated factor 13
(DCAF13) as a biomarker for CRC. Bioinformatics analyses
were performed using public datasets from The Cancer
Genome Atlas and Gene Expression Omnibus; ESTIMATE,
CIBERSORT, immune checkpoint, TIDE score and
Kaplan-Meier survival analyses were performed to assess the
prognostic value and implications of DCAF13 expression in
CRC. In silico findings were validated through immunohisto-
chemistry (IHC), in vitro cell-based assays and transcriptomic
analysis. Increased DCAF13 expression levels were associated
with reduced overall survival in patients with CRC based
on the bioinformatics analysis, and this was validated using
samples from patients using IHC. Immune profiling demon-
strated an increased infiltration of MO and M1 macrophages,
activation of mast cells, neutrophils and CD4* memory T
cells in the DCAF13-high expression group compared with
the DCAF13-low expression group. DCAF13 expression was
correlated with immune modulators and checkpoint genes.
High DCAFI13 expression was associated with lower TIDE
scores. In vitro assays and transcriptomic analyses confirmed

Correspondence to: Dr Liya Su or Dr Gang Liu, Central
Laboratory, Clinical Medicine Research Centre, Affiliated Hospital
of Inner Mongolia Medical University, 1 Tongdao North Street,
Hohhot, Inner Mongolia Autonomous Region 010050, P.R. China
E-mail: suliya2307@hotmail.com

E-mail: 20190043@immu.edu.cn

“Contributed equally
Key words: colorectal cancer, DDBI- and CUL4-associated factor

13, tumour microenvironment, immune infiltration, homologous
recombination

the pro-tumourigenic effects of DCAF13, which demonstrated
roles in regulating cell proliferation, migration, clonogenicity,
adhesion, metastasis, epithelial-to-mesenchymal transition
and homologous recombination in CRC cells. The present
study demonstrated that DCAF13 was upregulated in CRC
and served a role in tumour progression, thus providing novel
insights into the pro-tumourigenic functions of DCAF13 and
its potential as a critical regulator in CRC.

Introduction

Colorectal cancer (CRC), a malignant neoplasm originating
from the mucosal lining of the colon or rectum, remains a
significant global health burden. It is often diagnosed in the
first instance at an advanced stage, which complicates both
treatment and prognosis (1,2). Patients typically present with
systemic symptoms such as fatigue, unintended weight loss,
anaemia, abdominal pain and in certain cases, fever, often
indicative of metastatic spread. As a highly heterogeneous
disease, CRC encompasses several subtypes, including
mucinous, non-mucinous, neuroendocrine and undifferenti-
ated forms, each characterised by distinct molecular and
histological features (3). This heterogeneity poses substantial
challenges for clinical management, especially in advanced
disease, where resistance to conventional therapies is common
and long-term survival rates remain low (4). While early detec-
tion through screening and adenoma resection has contributed
to a decline in mortality, CRC incidence and metastatic
potential continue to rise. Globally, >1.85 million new cases
and 850,000 CRC-related mortalities are reported annually (2).
Notably, China recorded ~600,000 new CRC cases and
261,777 CRC-related mortalities in 2019, the highest national
mortality worldwide (5). The 5-year survival rate for metastatic
CRC remains <15%, despite aggressive treatment (6). These
trends are suggested to be driven by an ageing population,
the widespread adoption of Western dietary habits and rising
obesity, which are well-established risk factors for CRC (7-9).
Collectively, these factors underscore the need for innovative
approaches to CRC prevention, early diagnosis and treatment.
Current treatment strategies for CRC typically involve
a combination of surgery, chemotherapy and radiation
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therapy (9). Surgery remains the primary curative approach
for localised CRC, while chemotherapy and radiotherapy
are critical for advanced or metastatic disease. Targeted
therapies, such as monoclonal antibodies against epidermal
growth factor receptor (EGFR) and vascular endothelial
growth factor (VEGF), have improved outcomes in specific
patient subgroups, most notably patients with RAS wild-type
tumours for EGFR-targeted therapy and those receiving
combination chemotherapy for VEGF inhibition. EGFR
inhibitors, including cetuximab and panitumumab, are effec-
tive in patients harbouring wild-type RAS genes by blocking
ligand binding and downstream signalling pathways involved
in tumour progression. Similarly, VEGF inhibitors such as
bevacizumab suppress tumour angiogenesis, enhancing the
efficacy of chemotherapy (10). However, the clinical success
of these therapies is often limited by acquired resistance and
immune-related complications (11).

In this context, cancer immunotherapy has emerged as a
transformative modality, offering durable responses in various
malignancies, including CRC (12). Immunotherapeutic strate-
gies, such as immune checkpoint inhibitors (ICIs), adoptive cell
transfer, cancer vaccines and oncolytic virus therapy, aim to
reactivate antitumour immunity by targeting immune evasion
mechanisms (12). Among them, ICIs have shown therapeutic
potential, especially in tumours with high microsatellite insta-
bility (MSI-H) or mismatch repair deficiency ((MMR), where
they can elicit sustained clinical responses (13). Nevertheless,
the efficacy of ICIs in the broader CRC population remains
limited. A notable proportion of patients exhibit primary or
acquired resistance to ICIs, and immune-related adverse
events, including dermatological, gastrointestinal, pulmonary
and endocrine toxicities, are frequently observed (12,14). These
challenges highlight the need for reliable immune-related
biomarkers that can guide treatment selection, predict response
and minimise toxicity (12).

Recent studies have implicated dysregulation of the
tumour immune microenvironment as a key mechanism
underlying resistance to immunotherapy (15,16). Among the
emerging regulatory proteins, DDB1- and CUL4-associated
factor 13 (DCAF13) has gained attention due to its multifac-
eted roles in oncogenesis and immune modulation. DCAF13
is a conserved substrate receptor in the CUL4-DDBI1 E3
ubiquitin ligase complex, involved in post-translational
modification, RNA metabolism, protein degradation and cell
cycle regulation (17-19). Functionally, DCAF13 acts as a novel
RNA-binding protein, with pivotal roles in zygotic genome
activation and immune homeostasis (20). DCAF13 deficiency
leads to impaired proliferation in HeLa cells and preim-
plantation lethality in murine embryos (20), while DCAF13
upregulation is associated with a poor prognosis in patients
with breast cancer, where it promotes tumour progression via
the NOTCH4 signalling pathway (21,22). In addition to breast
cancer, DCAF13 has been associated with tumorigenesis in
lung, liver, ovarian and haematological malignancies (23-26).
DCAF]13 also modulates immune responses within the tumour
microenvironment (TME); in the TME, DCAF13 contributes
to immune escape and resistance to ICls, as demonstrated in
lung adenocarcinoma and hepatocellular carcinoma (26,27).
Furthermore, DCAF13 is essential for T-cell function, and
it has been shown that DCAF13 depletion disrupts T-cell

proliferation and homeostasis (28). These findings suggest a
dual role for DCAF13 in promoting tumour progression and
mediating immune evasion, making it a compelling candidate
for further exploration in cancer immunotherapy.

While the oncogenic role of DCAF13 has been increasingly
recognised, its specific function in CRC and association with
immune infiltration remain poorly understood. Sun et al (29)
recently demonstrated that CRISPR-mediated knockout of
DCAFI3 significantly impaired CRC cell proliferation. The
present study investigated the biological function of DCAF13
in CRC progression and immune modulation. Bioinformatics
analyses, including ESTIMATE, CIBERSORT, immune
checkpoint profiling, TIDE scoring and GEPIA, were used
to explore the relationship between DCAF13 and the tumour
immune microenvironment. Findings were validated using
transcriptomic data from the GSE40967 dataset and immu-
nohistochemical (IHC) staining of clinical CRC samples.
In vitro functional assays further confirmed the oncogenic
role of DCAF13. These results highlight DCAF13 as a novel
immune-related biomarker and a promising therapeutic target
for improving immunotherapy efficacy in CRC.

Materials and methods

Data collection and preprocessing. Gene expression profiles
and associated clinical information for patients with CRC
in The Cancer Genome Atlas (TCGA) cohort were obtained
from the UCSC Xena database (https://xena.ucsc.edu/,
accessed in March 2024). The data, with 332 primary CRC
cases, were screened and samples without follow-up informa-
tion, with 0-day survival or representing duplicate sequencing
from the same patient were removed, which resulted in a final
cohort of 282 primary CRC cases for the training dataset. The
gene expression dataset GSE40967 (575 CRC samples and
10 normal tissue samples) was downloaded from the Gene
Expression Omnibus (GEO) repository (https:/ncbi.nlm.nih.
gov/geo/) (30); this dataset served as the external validation
set. Samples lacking survival data in the GSE40967 dataset
were excluded from further analysis. To minimise technical
variability between datasets, batch effects were corrected
using the R ‘limma’ package (version 3.50.3) (31). Specifically,
the ‘removeBatchEffect’ function was applied after merging
tumour samples from the validation cohort in the UCSC Xena
data with GSE40967, which were generated using the same
microarray platform [GPL570 (HG-U133_Plus_2); Human
Genome U133 Plus 2.0 Array; Affymetrix; Thermo Fisher
Scientific, Inc.]. Subsequently, mRNA expression data from
both datasets were normalised to ensure consistency for down-
stream analysis. The demographics and clinicopathological
characteristics of these patients are displayed in Table 1.

Pan-cancer function and expression analyses of DCAFI3.
Pan-cancer functional analyses of DCAF13 were performed
using the Cancer Single-Cell State TCGA (CancerSEA;
https://biocc.hrbmu.edu.cn/CancerSEA/) database (32).
Expression levels of DCAF13 across different types of cancer
were explored using the Tumor Immune Estimation Resource
(TIMER; cistrome.shinyapps.io/timer/) (33), which was used
to compare DCAF13 expression levels between cancer tissues
and matched normal samples.
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Table I. Clinical features of patients with CRC in the TCGA
(n=332) and GEO (n=585) datasets.

Clinical feature TCGA, n (%) GSE40967,n (%)
Opverall survival

Alive 276 (83.13) 385 (65.81)

Dead 56 (16.87) 195 (33.33)
Age, years

>58 238 (71.69) 441 (75.38)

<58 94 (28.31) 141 (24.10)
Sex

Male 180 (54.22) 322 (55.04)

Female 152 (45.78) 263 (44.96)
PR status

Positive - 395 (67.52)

Negative - 180 (30.77)

Indeterminate - 11 (1.89)
Stage

I 106 (31.93) 38 (6.50)

11 84 (25.30) 271 (46.32)

III 92 (27.71) 210 (35.90)

v 50 (15.06) 60 (10.26)
T stage

T1 18 (5.42) 12 (2.05)

T2 56 (16.87) 49 (8.38)

T3 228 (68.67) 379 (64.79)

T4 28 (8.43) 119 (20.34)
N stage

NO 168 (50.60) 314 (53.68)

N1 90 (27.11) 137 (23.42)

N2 68 (20.48) 100 (17.09)
M stage

MO 252 (75.90) 499 (85.30)

MI 48 (14.49) 61 (10.43)

CRC, colorectal cancer; DACF13, DDB1- and CUL4-associated
factor 13; TCGA, The Cancer Genome Atlas.

For prognostic analysis, patients in the data
from TCGA (https://www.cancer.gov/ccg/research/
genome-sequencing/tcga) were stratified into high- and
low-expression groups based on the median expression
levels of DCAF13, which served as the optimal cut-off
value. The median DCAF13 expression was 11.98325, with
patients exhibiting expression levels =11.98325 classified
into the high-expression group, and those <11.98325 into
the low-expression group. The association between DCAF13
expression and overall survival (OS) was evaluated using
Kaplan-Meier (KM) survival analysis via the Kaplan-Meier
Plotter online tool (http://gepia.cancer-pku.cn/), using the
CRC mRNA dataset. Patients were stratified into high- and
low-expression groups based on the median expression of
DCAF13, and OS was analysed using the log-rank test. The
findings were validated using the GSE40967 dataset by
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performing the same survival analysis on this external cohort,
with patients stratified into high- and low-expression groups
based on the median DCAF13 expression level within the
GSE40967 cohort.

Assessment of immune cell infiltration, immune checkpoints
and response to immunotherapy. To assess immune cell
infiltration and immune checkpoint activity, several compu-
tational tools and bioinformatics algorithms were used. The
ESTIMATE algorithm (https://bioinformatics.mdanderson.
org/estimate/) was used to evaluate the stromal (StromalScore,
SS), immune (ImmuneScore, IS), and overall ESTIMATE
scores for each tumour sample in the data from TCGA (34).
These scores were derived from gene expression data using
the ESTIMATE R package (version 1.0.13). The relationships
between DCAF13 expression and the SS, IS, and ESTIMATE
scores were further analysed to gain insights into its role in
immune regulation within the TME.

For further assessment of immune infiltration, the
CIBERSORT software (https://sangerbox.com; accessed in
March 2024) was used to estimate the relative proportions
of 22 immune cell types in each tumour sample. This was
achieved through the analysis of a normalised gene expres-
sion matrix (35). Differences in immune infiltration between
the high- and low-DCAF13 expression groups were compared
using the Wilcoxon rank-sum test (two-sided).

To explore the role of DCAF13 in regulating cancer
immunity, its correlation with various immune checkpoints,
including B and T lymphocyte attenuator (BTLA), lympho-
cyte-activating 3 (LAG-3), signal regulatory protein o (SIRPa)
and V-domain Ig suppressor of T-cell activation (VISTA) was
visualised using Gene Expression Profiling Interactive Analysis
(GEPIA; https://gepia.cancer-pku.cn/) (36). Additionally, the
correlation between DCAF13 expression and 122 immune
checkpoint-related genes (ICPs) was analysed using Pearson's
correlation analysis (37).

To predict the response to immunotherapy, Tumor Immune
Dysfunction and Exclusion (TIDE; https://tide.dfci.harvard.
edu/; accessed in March 2024) analysis was applied to the
high- and low-DCAF13 expression groups (38). In the present
study, the TIDE score, dysfunction score, exclusion score and
MSI score between the high- and low-DCAF13 expression
groups were calculated to evaluate their potential responsive-
ness to immunotherapy.

Patient specimens and ethics statement. In the present study, a
total of 234 paraffin-embedded CRC tissue samples and their
matched adjacent non-tumorous tissues, collected =5 cm away
from the tumour margin, were obtained from patients who
underwent surgical resection at the Department of Pathology,
Affiliated Hospital of Inner Mongolia University (Hohhot,
China) between January 2013 and June 2015. All samples
were histologically confirmed as CRC and were obtained
prior to any neoadjuvant therapy. Among the 234 patients, 146
were male and 88 were female. The age distribution showed
83 patients were aged <60 years and 151 patients were aged
>60 years. The cohort included tumours originating from both
the colon and rectum, including the ascending (n=76), trans-
verse (n=31), descending/sigmoid (n=68) colon and rectum
(n=59). Tumour histology was classified according to WHO
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Table II. Association of DCAF13 expression with clinical characteristics and biological markers of patients with CRC.

High-DCAF13 expression

Low- or no-DCAF13

Characteristic Patients, n (n=137),n (%) expression (n=97), n (%) 2y P-value
Age, years 0.994 0.319
<60 83 45 (54.2) 38 (45.8)
>60 151 92 (60.9) 59 (39.1)
Sex 0.164 0.685
Male 146 84 (57.5) 62 (42.5)
Female 88 53 (60.2) 35 (39.8)
Tumour size, cm 2012 0.156
<5 182 111 (61.0) 71 (39.0)
>5 52 26 (50.0) 26 (50.0)
Histological classification 0.563 0.453
Tubular + papillary 208 120 (57.7) 88 (42.3)
Other 26 17 (65.4) 9 (34.6)
Location 6.712 0.082
Ascending colon 76 44 (57.9) 32 (42.1)
Transverse colon 31 18 (58.1) 13 (41.9)
Descending + sigmoid colon 68 33 (48.5) 35(51.5)
Rectum 59 42 (71.2) 17 (28.8)
Differentiation 4.080 0.043
Well + moderate 141 90 (63.8) 51 (36.2)
Poor 93 47 (50.5) 46 (49.5)
T stage 4.158 0.125
T1 54 28 (51.9) 26 (48.1)
T2 100 55 (55.0) 45 (45.0)
T3 + T4 80 54 (67.5) 26 (32.5)
N stage 2.099 0.350
NO 141 84 (59.6) 57 (40.4)
N1 63 39 (61.9) 24 (38.1)
N2 30 14 (46.7) 16 (53.3)
TNM stage 8.310 0.016
I 26 12 (46.2) 14 (53.8)
II 62 29 (46.8) 33 (53.2)
I +1v 146 96 (65.8) 50 (34.2)

CRC, colorectal cancer; DACF13, DDB1- and CUL4-associated Factor 13.

criteria, with the majority being tubular or papillary adeno-
carcinomas (n=208), and the rest categorised as other types
(n=26) (39). Tumour differentiation included well/moder-
ately differentiated (n=141) and poorly differentiated (n=93)
tumours. Staging was based on the AJCC 8th edition TNM
classification, comprising stage I (n=26), stage II (n=62) and
stage III/IV (n=146) cases (40). Additional T and N staging
details were also recorded. The present study was approved
by the Ethical Review Committee of Inner Mongolia Medical
University (approval no. 2022513411; Hohhot, China) and was
performed in accordance with the Declaration of Helsinki.
Informed consent was written from all patients prior to inclu-
sion in the study. Detailed clinicopathological characteristics
are summarised in Table II.

Immunohistochemical (IHC) staining. All tissue samples were
fixed in 10% neutral-buffered formalin (no. G2161; Beijing
Solarbio Science & Technology Co., Ltd.) at room tempera-
ture for 24 h, routinely dehydrated, embedded in paraffin and
stored under standard conditions. No tissues were frozen after
paraffin embedding. Prior to use, the paraffin sections of the
234 CRC samples and their adjacent tissues were prepared
at a thickness of 4 ym, deparaffinised in xylene, rehydrated
through a graded ethanol series and washed with PBS (0.01 M,
pH 7.0) (41). Endogenous peroxidase activity was quenched
by incubation with 3% hydrogen peroxide (cat. no. H792073;
Shanghai Macklin Biochemical Co., Ltd.) at room tempera-
ture for 10 min. Antigen retrieval was performed by boiling
the slides in citrate buffer (0.01 M, pH 6.0) at 95-100°C for
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15 min, followed by natural cooling to room temperature. For
blocking of non-specific binding, the sections were incubated
with 5% goat serum (cat. no. SL039; Beijing Solarbio Science
& Technology Co., Ltd.) at 37°C for 30 min. The sections were
then incubated at 4°C overnight with a rabbit anti-DCAF13
antibody (1:500; cat. no. bs-62879R; BIOSS). After washing
with PBS, the sections were incubated with a goat anti-rabbit
HRP secondary antibody (1:2,000; cat. no. ZDR-5306; Beijing
Zhongshan Jingiao Biotechnology Co., Ltd.) at 37°C for 1 h.
For visualisation, the sections were incubated with DAB
chromogen (cat. no. DA1010, Beijing Solarbio Science &
Technology Co., Ltd.) at room temperature for 5 min, followed
by counterstaining with haematoxylin solution at room
temperature for 10 sec. Immunostained sections were inde-
pendently evaluated by two experienced pathologists under
blinded conditions using a light microscope (Olympus BX53;
Olympus Corporation).The staining intensity and percentage
of DCAF13-positive cells were quantitatively analysed using
ImagelJ software (version 1.53t; National Institutes of Health).

Cell culture. FHC, Caco2, SW480, HCT116, Lovo and RKO
cells were used in the present study and cultured in a humidi-
fied atmosphere at 37°C and 5% CO,. FHC cells, a normal
intestinal cell line, were purchased from Zhejiang Meisen Cell
Technology Co., Ltd. (cat. no. CTCC-001-0208) and cultured in
their respective commercial medium (cat. no. CTCC-002-047;
Zhejiang Meisen Cell Technology Co., Ltd). Caco2 cells were
cultured in MEM medium (cat. no. PM150410; Procell Life
Science & Technology Co., Ltd.) supplemented with 20%
foetal bovine serum (FBS; cat. no. C04001; Shanghai VivaCell
Biosciences, Ltd.) and 100 IU/ml penicillin/streptomycin (P/S;
cat. no. 15070063; Thermo Fisher Scientific, Inc.). SW480,
Lovo and RKO cells were cultured in DMEM medium
(cat. no. PM150210; Procell Life Science & Technology Co.,
Ltd.) with 10% FBS and 100 IU/ml P/S. HCT116 cells were
maintained in IMEM medium (cat. no. C12440500BT; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
and 100 IU/ml P/S.

Western blotting. To identify the CRC cells with the highest
expression levels of DCFA13, protein lysates from CRC
cells were extracted using RIPA lysis buffer (cat. no. DE101;
TransGen Biotech Co., Ltd.) and quantified using a bicincho-
ninic acid assay kit (cat. no. PC0020; Beijing Solarbio Science
& Technology Co., Ltd.) (42,43). Proteins (30 ug per lane)
were resolved by 10% SDS-PAGE (cat. no. P1200; Beijing
Solarbio Science & Technology Co., Ltd.) and transferred to
PVDF membranes (cat. no. PVH00010; Merck KGaA) using
1x Tris-glycine buffer (cat. no. G2145; Wuhan Servicebio
Technology Co., Ltd.). After blocking with 10% non-fat milk
at room temperature for 1 h, the membranes were incubated
at 4°C overnight with a rabbit anti-DCAF13 antibody (1:2,000;
cat. no. bs-62879R; BIOSS), a rabbit anti-y-H2AX antibody
(1:2,000; cat. no. ab81299; Abcam), a rabbit anti-ATM
antibody (1:2,000; cat. no. bsm-52360R; BIOSS), a rabbit
anti-E-cadherin antibody (1:2,000; cat. no. AF0131; Affinity
Biosciences), a rabbit anti-N-cadherin antibody (1:2,000;
cat. no. AF6710; Affinity Biosciences), a rabbit anti-Vimentin
antibody (1:2,000; cat. no. 60330-1-Ig; Proteintech Group, Inc.),
a rabbit anti-PCNA antibody (1:2,000; cat. no. 10205-2-AP;
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Proteintech Group, Inc.) or a mouse anti-actin antibody
(1:2,000; cat. no. CW0096M; Jiangsu CoWin Biotech Co.,
Ltd.). After three washes with Tris-HCI with 0.1% Tween-20,
the membranes were incubated with goat anti-rabbit IgG H&L
HPR antibodies (1:2,000; cat. no. SO001; Affinity Biosciences)
or HRP-conjugated Affinipure goat anti-mouse IgG (1:2,000;
cat. no. SAO0001-1; Proteintech Group, Inc.) at room tempera-
ture for 1 h. Immunoblots were visualised using enhanced
chemiluminescence (cat. no. W1001; Promega Corporation)
using a ChampChemi system (Shanghai Champ Biomedical
Technology Co.,Ltd.). The densitometry analysis of the protein
bands was performed using ImagelJ software (version 1.53t;
National Institutes of Health).

Lentivirus packaging and infection. Lentiviral vectors
expressing either a short hairpin RNA (shRNA) targeting
the DCAF13 coding region (5'-CGAATCTTTCCTGTAGAC
AAA-3") or a non-targeting control shRNA sequence (5'-TTC
TCCGAACGTGTCACGT-3"), which does not match any
known human gene, were supplied by Shanghai GeneChem
Co., Ltd. The lentiviral plasmid containing the shRNA was
packaged using a second-generation system, with 293T cells
(American Type Culture Collection) used as the interim cell
line. For transfection, 10 pg lentiviral plasmid was mixed
with 10 ug lentivirus packaging plasmid (pMD2.G) and 10 ug
packaging plasmid (psPAX?2) in a 1:1:1 ratio. The mixture
was transfected into 293T cells using Lipofectamine 3000
(cat. no. L3000008; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. Transfection was carried out
at 37°C for 6 h, and the medium was replaced with fresh
growth medium after 6 h. Lentiviral particles were collected
48 h post-transfection, and the multiplicity of infection was
adjusted to 5 for infection of RKO cells with high baseline
expression of DCAF13. The cells were transduced in the pres-
ence of polybrene (8 pg/ml; cat. no. H9268; Sigma-Aldrich;
Merck KGaA) for 12 h. Following transduction, cells were
selected with puromycin (1 yg/ml; cat. no. 314Y0415; Beijing
Solarbio Science & Technology Co., Ltd.) for 14 days to estab-
lish stable cell lines. Stable DCAF13 knockdown (shDCAF13)
and the non-targeting control (shNC) cell lines were validated
using RT-qPCR and western blotting.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). RNA extraction and qPCR were performed to
assess the efficiency of DCAF13 knockdown. Total RNA was
extracted from RKO cells in both experimental groups using
TRIzol® reagent (cat. no. 79306; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. Reverse transcrip-
tion of 1 pug of RNA was performed using a PrimeScript™
RT Reagent Kit (cat. no. RR047A; Takara Biotechnology Co.,
Ltd.), according to the manufacturer's protocol, to synthesise
cDNA. For amplification, specific forward and reverse primers
for DCAF13 were designed using PrimerBank (version 2.1;
https://pga.mgh.harvard.edu/primerbank/) and synthesised
by Sango Biotech Co., Ltd. gPCR was performed using the
SYBR® Premix Ex Taq™ Kit (cat. no. RR820A; Takara
Biotechnology Co., Ltd.) in a 20-ul reaction volume, using a
Roche LightCycler 480 II System (Roche Diagnostics). The
following thermocycling conditions were used for qPCR:
Initial denaturation at 94°C for 2 min; 40 cycles of denaturation
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at 95°C for 5 sec; annealing at 60°C for 15 sec; and extension
at 72°C for 10 sec. Fluorescence signals were detected during
the annealing-extension phase, and GAPDH was used as the
internal reference for normalisation. The relative expression
levels of DCAFI3 in each group were calculated using the
2244 method (44). The following primer pairs were used for
qPCR: DCAF13 forward (F), 5-ACTGCACAGCTAAAG
AACCG-3" and reverse (R), 5“-TCCCAGACTACTTCCAGT
CAC-3"; and GAPDH F, 5"-TGAACGGGAAGCTCACTG-3'
and R, 5-GCTTCACCACCTTCTTGATG-3".

In vitro functional assays of DCAFI13 in RKO cells
Proliferation assays. RKO cells (1x10* cells per well) from
both groups were seeded in a 96-well plate and imaged at 8,
16 and 24 h using an IncuCyte system (Essen Bioscience) to
track proliferation. The growth curves of each group were then
analysed. In addition, the expression levels of PCNA in RKO
cells of both groups were detected by western blotting (42 ,45).

Wound healing assay. shNC and shDCAF13 RKO cells
(2x103 cells) were seeded into 6-well plates and cultured
at 37°C in DMEM medium supplemented with 10% FBS and
100 TU/ml P/S overnight. A wound was created by scratching
the monolayer with a 200 pl pipette tip, and the cells were
cultured in DMEM medium without FBS or P/S for an addi-
tional 24 h. The degree of wound closure was observed and
microscopically (Eclipse Ts2 inverted phase contrast micro-
scope; Nikon Corporation) imaged with the cell migration
rate calculated using the following formula: Migration rate
(%)=[(initial wound width-wound width at 24 h)/initial wound
width] x 100% (42 45).

Transwell assay. shNC and shDCAF13 RKO cells
(2x103 cells) were seeded into the upper chamber of a
Transwell migration assay plate (cat. no. CLS3422; Corning,
Inc.) without Matrigel precoating. The medium in the upper
chamber was MEM medium (cat. no. PM150410; Procell
system) without serum. In the lower chamber, DMEM medium
(cat. no. PM150210; Procell system) was supplemented with
20% FBS to attract migrating cells. After 24 h incubation
at 37°C, non-migrating cells on the upper side of the membrane
were removed with a cotton swab, and the migrating cells on
the lower membrane were fixed in 4% methanol (cat. no. P1110;
Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature for 15 min and stained with 0.1% crystal violet
(cat. no. C0121; Beyotime Biotechnology) at room tempera-
ture for 15 min. Cells were examined using an inverted phase
contrast microscope (Eclipse Ts2; Nikon Corporation) at 400x
magnification. A total of four fields of view per chamber were
randomly selected for quantification (42 45).

Clonogenicity assay. shNC and shDCAF13 RKO cells
(1x103 cells) were plated into 6-well plates and cultured for
7 days at 37°C in DMEM medium supplemented with 10%
FBS and 100 IU/ml P/S. The media was changed every 2 days.
After 7 days incubation, cells were fixed with 4% paraformal-
dehyde (cat. no. P1110; Beijing Solarbio Science & Technology
Co., Ltd.) at room temperature for 15 min, colonies were
stained with 0.1% crystal violet at room temperature for
15 min. Colonies, defined as clusters of >50 cells, were exam-
ined using an inverted phase contrast microscope (Eclipse Ts2;
Nikon Corporation) and counted using the Image J software
(version 1.53t; National Institutes of Health) (42,45).

Adhesion assay. shNC and shDCAF13 RKO cells
(5x103 cells) were plated in 10 pg/ml fibronectin-coated
(precoated at 37°C for 1 h) 96-well plates. After 30 min
plating at 37°C, the wells were washed with PBS to remove
non-adherent cells. Adherent cells were fixed with 100%
methanol at room temperature for 15 min and stained with
0.1% crystal violet at room temperature for 15 min. Adherent
cells were examined using an inverted phase contrast micro-
scope (Eclipse Ts2; Nikon Corporation) and counted using the
Image J software (version 1.53t) (42,45).

Cell cycle analysis. shNC and shDCAF13 RKO cells were
fixed overnight in 70% ethanol at 20°C. Following the manu-
facturer's protocol, cells were then stained with the cell cycle
analysis working solution (cat. no. CA1510; Beijing Solarbio
Science & Technology Co., Ltd.) at room temperature for
1 h. The staining solution contained propidium iodide (PI;
cat.no.C0121; Beyotime Biotechnology) for DNA content anal-
ysis, and RNase A (cat. no. C1608; Beyotime Biotechnology)
was used to degrade RNA prior to PI staining. Intracellular
permeabilization was not required in this assay, as the fixation
process with ethanol preserved the cell membranes. Cell cycle
analysis was performed using flow cytometry with a FACScan
flow cytometer (BD Biosciences) equipped with a 488 nm
laser for excitation. PI fluorescence was detected at 620 nm
(FL3 channel). Data were analysed using FlowJo software
(version 10.8.1; BD Biosciences) (42.,45).

Transcriptomic analysis and validation. For transcrip-
tomic analysis, total RNA was extracted from RKO cells using
TRIzol® reagent (cat. no. 79306; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions (46). RNA quality
and integrity were assessed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc.), and only samples with an RNA
integrity number (RIN) =7.0 were used for subsequent library
construction. mRNA was enriched using Oligo(dT) beads,
fragmented into short fragments, and reverse-transcribed
into cDNA using the NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® (cat. no. 7530; New England BioLabs,
Inc.). The resulting double-stranded cDNA fragments were
end-repaired and ligated to Illumina sequencing adapters,
followed by purification using AMPure XP Beads (1.0x;
Beckman Coulter, Inc.) and PCR amplification. The final
libraries were quantified using a Qubit™ 4 Fluorometer
(Thermo Fisher Scientific, Inc.), and molar concentrations
were calculated. Libraries were diluted to a final loading
concentration of 8 pM prior to sequencing. Sequencing was
performed on an Illumina NovaSeq 6000 platform (Illumina,
Inc.) using paired-end sequencing with a read length of 150 bp
(PE150). Raw sequencing data were pre-processed using
fastp (version 0.18.0; https://github.com/OpenGene/fastp)
to remove adapter sequences and low-quality reads. Clean
reads were aligned to the human reference genome (GRCh38)
using HISAT?2 (version 2.4; https://daechwankimlab.github.
io/hisat2/). Transcript abundance was quantified using
RSEM (version 1.3.3; https://deweylab.github.io/RSEM/).
Differentially expressed genes (DEGs) were identified using
DESeq2 (version 1.40.2; https://bioconductor.org/pack-
ages/DESeq2/), with a false discovery rate (FDR)-adjusted P
value <0.05 and an absolute log, fold change =1 considered
statistically significant. Functional enrichment analyses
were performed using DAVID Bioinformatics Resources
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(version 6.8; https://david.ncifcrf.gov/). In addition, gene set
enrichment analysis (GSEA) was conducted using GSEA soft-
ware (version 4.3.2; Broad Institute; https:/www.gsea-msigdb.
org/gsea/) to identify significantly enriched biological
processes and signalling pathways associated with DCAF13
regulation.

Statistical analysis. Statistical analyses were performed
using SPSS (version 19.0; IBM Corp.) and R (version 4.3.1;
Posit Software, PBC). Pearson's x* test was used to examine
the associations between categorical variables, including
DCAF13 expression status (high vs. low) and clinicopatho-
logical parameters. Pearson's correlation coefficient (r) was
used to assess correlations between continuous variables,
including DCAF13 expression levels and immune-related gene
expression or immune infiltration scores. Differences between
two independent groups were analysed using the Wilcoxon
rank-sum test (Mann-Whitney U test). Kaplan-Meier survival
curves were generated and compared using the log-rank test.
Variables with prognostic significance in univariate analysis
were further analysed using multivariate Cox proportional
hazards regression. A two-sided P<0.05 was considered to
indicate a statistically significant difference.

Results

Pan-cancer analysis of DCAFI13 expression levels and
prognostic performance in CRC. DCAF13 expression was
negatively correlated with angiogenesis (r=-0.29; P<0.05) and
differentiation (r=-0.30; P<0.05) signatures in CRC samples
(Fig. 1A). TIMER analysis indicated that DCAF13 expression
levels were significantly elevated in CRC tissues compared
with that of normal colorectal samples. Additionally, compared
with adjacent normal tissues, DCAF13 mRNA expression
levels were increased in 18 other types of cancer (Fig. 1B).

DCAF13 was found to be significantly upregulated in CRC
tumour tissue compared with that in the paired adjacent normal
tissue, in both the TCGA (P<0.005; Fig. 1C) and GSE40967
validation datasets (P<0.005; Fig. 1D). KM analysis of TCGA
data showed that patients with CRC with high expression
levels of DCAF13 had a shorter OS [hazard ratio (HR)=1.63;
P<0.05; Fig. 1E] compared with that of the low expression
group. Similarly, KM analysis of the GSE40967 validation
dataset confirmed that patients with CRC with high expression
levels of DCAF13 had a shorter OS compared with that of the
low expression group (HR=1.91; P<0.005; Fig. 1F).

Immune infiltration, immune checkpoints and response to
immunotherapy. DCAF13 expression exhibited a significant
negative association with both SS (P<0.05; Fig. 2A) and IS
(P<0.005; Fig. 2B) in TCGA-COAD cohort after excluding
samples with missing transcriptomic or ESTIMATE score
data. Immune infiltration analysis using the CIBERSORT
algorithm demonstrated the proportions of the 22 immune
cell types in the TME of CRC in TCGA cohort (Fig. 2C).
Comparison of immune cell infiltration between the high- and
low-DCAF13 expression groups showed that macrophages (MO
and M1), activated mast cells, neutrophils and activated CD4*
T cells were significantly more prevalent in the high-DCAF13
expression group. Conversely, the infiltration levels of naive B
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cells, resting dendritic cells, monocytes, plasma cells, resting
CD4" T cells and CD8* T cells were significantly lower in the
high-DCAF13 expression group (Fig. 2D).

Correlation between DCAFI13 and immune checkpoints.
Using the GEPIA database, the correlation between DCAF13
and various immune checkpoints was evaluated. The results
indicated a potential association between DCAFI13 and
immune checkpoints, including BTLA (P<0.05; Fig. 3A),
LAG-3 (P<0.05; Fig. 3B), SIRPa. (P<0.05; Fig. 3C) and VISTA
(P<0.05; Fig. 3D). This association with immune checkpoints
led to further investigation into the relationship between
DCAF13 and immunomodulators. ICP analysis demonstrated
that DCAF13 expression was significantly correlated with a
large proportion of immunomodulators in CRC (Fig. 3E).

TIDE score and response to immunotherapy. To predict the
potential response of patients with CRC to immunotherapy,
the TIDE algorithm was applied to compare predicted immu-
notherapy responses between patients stratified into high- and
low-DCAF13 expression groups. The analysis demonstrated
significantly higher TIDE scores in the high-risk group,
suggesting that patients with high DCAF13 expression may
have a worse response to immunotherapy compared with
those in the low-risk group (P<0.05; Fig. 4A). Notably, there
was no significant difference in T-cell dysfunction scores
between the high- and low-risk groups; however, T-cell
exclusion scores were significantly increased in the high-risk
group, which indicated a greater potential for immune
evasion in high-risk patients (Fig. 4B and C). Additionally,
the high-risk group exhibited significantly increased MSI
scores, which suggested that the high-risk CRC group may
have a higher prognostic potential and poor immunotherapy
response (Fig. 4D).

Upregulated expression of DCAF13 is predictive of a poor
prognosis in patients with CRC. DCAF13 expression was
predominantly localised to the cytoplasm in CRC tissues,
whereas no notably high positive staining was observed in
normal colon tissue (Fig. 5A). Quantitative analysis using
the %? test demonstrated that high DCAF13 expression was
detected in 58.55% (137/234) of CRC tissues, significantly
higher compared with the 41.45% (97/234) of non-cancerous
tissues (P<0.05; Table II). Further investigation into the associ-
ation between DCAF13 expression and the clinicopathological
features of patients with CRC is presented in Table II. Elevated
DCAF13 expression was significantly associated with poorer
differentiation and advanced TNM stage in patients with
CRC. Specifically, patients with well or moderately differenti-
ated tumours exhibited a higher proportion of high DCAF13
expression (63.8%) compared with those with poorly differen-
tiated tumours (50.5%; P<0.05; Table II), indicating a negative
association between DCAF13 expression and tumour differen-
tiation. In terms of TNM stage, high DCAF13 expression was
more frequent in advanced stages (65.8% in stage III + IV vs.
46.2% in stage I; P<0.05; Table II), suggesting a positive asso-
ciation between DCAF13 expression and disease progression.
However, no significant associations were observed between
DCAF13 expression and clinicopathological factors such as
age, sex, tumour location or tumour size.
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Figure 1. DCAF13 is upregulated in pan-cancer dataset and involved in multiple biological processes. (A) Functional states of DCAF13 and association with
15 different cancer types, as analysed using the CancerSEA database. (B) Expression levels of DCAF13 across various cancer types, based on data from the
TCGA database and analysed using the Tumour Immune Estimation Resource tool. (C) Differential expression of DCAF13 between CRC and NC tissues in the
TCGA cohort. (D) Differential expression of DCAF13 between CRC and NC tissues in the GSE40967 validation dataset. (E) KM survival analysis comparing
high- and low-expression groups of DCAF13 in the TCGA cohort. (F) KM survival analysis comparing high- and low-expression groups of DCAF13 in the
GSE40967 validation dataset. "P<0.05, “P<0.01 and "“P<0.001. For box plots, the centre line indicates the median, the box represents the interquartile range
and the whiskers represent data dispersion. CRC, colorectal cancer; DACF13, DDB1 And CUL4 Associated Factor 13; TCGA, The Cancer Genome Atlas; KM,
Kaplan-Meier; HR, hazard ratio; NC, normal control.
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Figure 2. Distribution of ESTIMATE scores and analysis of TIICs by CIBERSORT. (A) The stromal scores of DCAF13 were calculated using the ESTIMATE
method in the TCGA cohort. (B) The immune scores of DCAF13 were calculated using the ESTIMATE method in the TCGA cohort. (C) Bar chart depicting
the proportion of 22 TIIC types in the TME of CRC. (D) Boxplot comparing the distribution of 22 TIICs in the TME of CRC between high- and low-DCAF13
expression groups. Red labels indicate immune cell subtypes showing statistically significant differences between the high and low DCAF13 expression
groups. "P<0.05, “P<0.01, ""P<0.001 and "*“P<0.0001. CRC, colorectal cancer; DACF13, DDB1- and CUL4-associated factor 13; TCGA, The Cancer Genome
Atlas; TIIC, tumour-infiltrating immune cells; TME, tumour microenvironment.

To evaluate the clinical relevance of DCAF13 expression,  with various clinicopathological factors (Table III). High
univariable analyses were performed to assess its relationship DCAF13 expression (HR=2.230; P<0.001) and advanced
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Table III. Univariate and multivariate analysis of prognostic factors in CRC for 5-year overall survival.
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Univariate analysis

Multivariate analysis

Parameter Variable HR P-value 95% CI HR P-value 95% CI
Expression of High-expression vs. low- orno-  2.230  <0.001*  1.504-3.305  2.148 <0.001 1.447-3.189
DCAF13 expression
Age, years <60 vs.>60 0.962 0.840 0.663-1.396
Sex Male vs. female 0.749 0.134 0.512-1.094
Tumour size,cm  <5vs.>5 0.936 0.768 0.603-1.453
Histological Tubular + papillary vs. other 1.106 0.723 0.633-1.931
classification
Location Ascending colon vs. transverse 0913 0.240 0.785-1.062
colon vs. descending colon vs.
sigmoid colon vs. rectum
Differentiation Well + moderate vs. poor 0.899 0.562 0.626-1.289
T stage T1vs. T2 vs. T3 + T4 1.214 0.105 0.960-1.535
N stage NO vs. N1 vs. N2 1.202 0.128 0.949-1.523
TNM stage Ivs. T vs. I +1V 1.464 0.010* 1.096-1.955 1.398 0.023 1.047-1.867

2P<0.05 was considered to indicate a statistically significant difference. CRC, colorectal cancer; DACF13, DDB1- and CUL4-associated Factor

13; HR, hazard ratio.
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Figure 3. Correlation between DCAF13 and immune checkpoints and immune checkpoint gene analysis. (A) Correlation between DCAF13 expression and
BTLA. (B) Correlation between DCAF13 expression and LAG-3. (C) Correlation between DCAF13 expression and SIRPa. (D) Correlation between DCAF13
expression and VISTA. (E) Correlation analysis between different types of cancer, including CRC, and 122 immunomodulators, including chemokines, recep-
tors, MHC molecules and immunostimulators. “P<0.05. DACF13, DDB1- and CUL4-associated factor 13; BTLA, B and T lymphocyte attenuator; LAG-3,
lymphocyte-activating 3; SIRPa, signal regulatory protein a; VISTA, V-domain Ig suppressor of T-cell activation.

Cox proportional hazards regression analysis confirmed
that high DCAF13 expression (HR=2.148; P<0.001) and

TNM stage (HR=1.464; P<0.05) were significantly associ-
ated with a worse OS in patients with CRC. Multivariable
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Figure 4. Correlation between DCAF13 expression and TIDE Scores. (A) TIDE score in high- vs. low-DCAF13 expression groups. (B) T-cell dysfunction score
in high- vs. low-DCAF13 expression groups. (C) T-cell exclusion score in high- vs. low-DCAF13 expression groups. (D) MSI score in high- vs. low-DCAF13
expression groups “““P<0.0001. ns, not significant; DACF13, DDB1- and CUL4-associated factor 13; MSI, microsatellite instability.

TNM stage (HR=1.398; P<0.05) were independent prog-
nostic factors for poor 5-year OS (Table III). KM survival
analysis demonstrated that patients with CRC with high
DCAF13 expression had a significantly shorter OS compared
with those with low or no DCAF13 expression (Fig. 5B).
Furthermore, survival analysis according to TNM stage
revealed a clear prognostic stratification, with stage I patients
showing the most favourable survival, stage II patients
exhibiting intermediate outcomes and stage III/IV patients
having the worst prognosis, and the differences among TNM
stages were statistically significant (Fig. 5B). Additionally,
western blotting analysis demonstrated that, compared with
normal colon cells (FHC cells), DCAF13 expression was
significantly elevated in CRC cell lines, particularly in RKO
cells (Fig. 5C and D).

Effect of DCAF13 knockdown on CRC cells. To confirm
the pro-tumorigenic role of DCAF13 on CRC progression,
lentivirus-mediated shRNA was used to knock down DCAF13
expression in RKO cells. RT-qPCR results confirmed that
DCAFI13 expression levels in the shDCAF13 were signifi-
cantly reduced compared with control cells (Fig. 6A). As

confirmed by western blotting analysis, DCAF13 expres-
sion levels also showed a similar reduction, validating the
knockdown efficacy (Fig. 6B and C). Cell proliferation assays
revealed that DCAF13 knockdown significantly impaired the
proliferative potential of RKO cells (Fig. 6D). In parallel, the
expression of the cell proliferation marker PCNA was signifi-
cantly decreased in shDCAF13 cells, further confirming the
reduction in proliferation (Fig. 6E and F). Migration assays,
performed using scratch and Transwell assays, demonstrated
that DCAF13 knockdown significantly abrogated the ability
of RKO cells to migrate compared with that of the shNC
group (Fig. 6G-J). Furthermore, the colony formation and
adhesion assays showed significant reductions in the number
of colonies and adherent cells following DCAF13 knockdown
compared with that of the control group (Fig. 6K-N). Cell
cycle distribution analysis revealed that DCAF13 knockdown
induced a G, phase arrest, indicating a disruption in cell
cycle progression (Fig. 60 and P). Corresponding western
blotting analysis showed that, compared with shNC cells,
knockdown of DCAF13 resulted in increased expression of
the epithelial marker E-cadherin and decreased expression of
the mesenchymal markers N-cadherin and vimentin in CRC
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EMT, epithelial-to-mesenchymal transition.

cells (Fig. 6Q and R), further supporting the involvement of  Effect of DCAF13 knockdown on alterations in the transcrip-
DCAF]13 in regulating EMT progression in CRC cells. tome of RKO cells. To further uncover the pro-tumourigenic
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effect of DCAF13 on CRC progression, the transcriptome char-
acteristics of DCAF13 knockdown RKO cells were analysed.
The results confirmed that a total of 12,652 transcripts were
mined in the RKO cells between the shNC and shDCAF13
groups. The volcano plot identified 423 DEGs between the
shNC and shDCAF13 groups; this comprised 219 upregulated
DEGs and 204 downregulated DEGs in the shDCAF13 group
when compared with the shNC group (Fig. 7A). A distinct
hierarchical clustering of genes in the shDCAF13 RKO cells
compared with the shNC group was demonstrated in the heat
map (Fig. 7B). Conventionally, the functional GO enrichment
analyses were performed to determine the overall functional
implications of these identified DEGs. In terms of biological
processes (Fig. 7C), the identified DEGs were predominantly
involved in the subcategories of ‘locomotion’, ‘growth’ and
‘biological adhesion’. KEGG pathway enrichment analysis
indicated significant involvement of multiple oncogenic and
immune-related pathways, such as “TNF signalling pathway’,
‘MAPK signalling pathway’, ‘cytokine-cytokine receptor
interaction’ and ‘NOD-like receptor signalling pathway’,
which highlighted the potential role of DCAF13 in modulating
tumour biology (Fig. 7D). GSEA results further demonstrated
the TNF signalling pathway and homologous recombination
as central regulatory pathways that potentially mediate the
pro-tumourigenic effects of DCAF13 in CRC progression
(Fig. 7E and F), which was further validated by the increased
expression levels of y-H2AX and decreased ATM expression
levels in the shDCAF13 group when compared with that of
the shNC group (Fig. 8). These results suggest an associa-
tion between DCAF13 depletion and elevated DNA damage
signalling.

Discussion

CRC remains a leading cause of cancer-related mortality
globally. Advanced stages of CRC are often characterised
by metastasis, drug resistance and immune evasion, which
severely complicate treatment and contribute to a poor prog-
nosis (47). While traditional therapies, including chemotherapy
and surgery, have led to improvements in survival rates, meta-
static CRC still poses a major challenge (2). The prognosis for
patients with metastatic CRC remains poor, with a median
5-year survival of 12.5% in the USA (48). Recent advances
in immunotherapy offer hope, particularly for patients with
tumours that are resistant to conventional treatments. The
emergence of ICIs, such as pembrolizumab and nivolumab, has
marked a breakthrough in CRC treatment (48,49). Approvals
from the Food and Drug Administration of ICIs that target
the programmed cell death 1 PD-1/PD-L1 and cytotoxic
T lymphocyte antigen 4 (CTLA4), have shown significant
survival benefits in patients with dMMR or MSI-H CRC,
which are characterised by high mutational burdens (50,51).
By contrast, patients with proficient mismatch repair (pMMR)
tumours, including those with microsatellite stability (MSS) or
low-level microsatellite instability (MSI-L), typically exhibit
low levels of tumour-infiltrating lymphocytes and show only
modest responses to immune checkpoint inhibitors (52,53).
To identify novel biomarkers and therapeutic targets that
may enhance the efficacy of immunotherapy, particularly
in pMMR/MSS CRC, DCAF13, a substrate receptor within

the CUL4-DDBI1 E3 ubiquitin ligase complex, was assessed
in the present study. This protein complex regulates protein
turnover through the ubiquitin-proteasome system and is
known to influence processes such as DNA damage repair,
cell cycle progression and immune regulation. Recent studies
have implicated DCAF13 in tumorigenesis, metastasis and
chemoresistance across several malignancies, including breast
and ovarian cancer (18,25). These findings prompted further
investigation of the expression patterns, clinical relevance and
immunological implications of DCAF13 in CRC.

The TME serves a central role in immune evasion in
CRC through mechanisms such as the upregulation of
immune checkpoints and the presence of immunosuppressive
cells (47,54). CRC tumours enriched with tumour-infiltrating
lymphocytes and an inflamed TME tend to exhibit improved
responses to ICIs (55). Considering these challenges, combi-
nation therapies that pair ICIs with chemotherapy, targeted
therapies or immune modulators are being actively explored.
Personalised immunotherapy, guided by molecular profiles
and predictive biomarkers such as PD-L1 expression, MSI
status and tumour mutational burden (TMB) holds notable
potential (56-58). Despite these advances, the clinical chal-
lenges remain, particularly the heterogeneous nature of CRC.
In addition, current ICIs are largely ineffective in patients with
PMMR and MSS or MSI-L tumours (48). Low TMB and a lack
of immune cell infiltration in these tumours are considered
key mechanisms of immune resistance (48). Ongoing research
into combination strategies, TME modulation and the identifi-
cation of novel immunotherapy biomarkers will be critical for
optimising immunotherapeutic outcomes in CRC.

DCAFs regulates the ubiquitin-proteasome system (UPS)
to maintain cellular homeostasis (59). The UPS governs the
degradation of proteins involved in critical cellular functions,
including DNA repair, transcription, cell cycle regulation and
apoptosis. DCAFs are essential for substrate recognition and
specificity within the UPS, making them integral to main-
taining cellular functions that, when disrupted, may contribute
to cancer progression (60). An increasing body of research
into DCAF proteins has revealed their involvement in tumori-
genesis, metastasis, immune evasion and chemoresistance,
highlighting their potential as therapeutic targets (61,62).
DCAF]1 (also known as VprBP) and DCAF2 (also known
as CDT?2), for example, are key regulators of DNA damage
repair and cell cycle progression, processes that are key to
cancer development (63,64). Additionally, DCAF proteins,
particularly DCAF13, have been implicated in chemotherapy
resistance through their role in the CUL4-DDBI1 E3 ubiquitin
ligase complex, which targets key regulatory proteins for
polyubiquitination and proteasomal degradation. Although
direct modulation of classical drug-metabolising enzymes
by DCAF]13 has not been demonstrated, recent studies have
shown that DCAF13 negatively regulates the stability of
tumour suppressors such as PTEN and epigenetic enzymes
such as SUV39H1. Furthermore, in breast cancer, DCAF13 has
been identified as an RNA-binding protein that promotes the
degradation of DTX3 mRNA (21,23,27). Notably, doxorubicin
treatment was found to upregulate DCAF13 expression levels,
thereby enhancing cancer cell migration, and EMT, suggesting
a potential mechanism by which chemotherapy may inad-
vertently promote metastasis in drug-resistant tumours (65).
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These findings have prompted growing interest in targeting A previous study has further emphasised the role of DCAF
DCAF]13 to overcome resistance to therapy. proteins in CRC, particularly DCAFA4L2, which is upregulated in
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CRC cell lines and patient tissues (66). Upregulated expression
of DCAF4L2 in CRC is associated with enhanced cell migration
and metastatic potential, suggesting its involvement in tumour
initiation and progression. By modulating the CUL4A-DDBI1
complex, DCAF proteins regulate critical cellular processes
such as cell cycle control and DNA repair, reinforcing their
involvement in CRC pathogenesis. In addition, targeting
the DCAF-CUL4A-DDBI interaction with small-molecule
inhibitors such as NSC1892 has shown promise in preclinical
models, suppressing CRC cell proliferation and migration (67).
Furthermore, the integration of DCAF-related pathways with
immune checkpoint regulation and TME modulation highlights
novel possibilities for enhancing immunotherapy efficacy (68).
As such, DCAF proteins represent a promising molecular target
in CRC, and ongoing research into their mechanistic roles and
therapeutic potential is crucial. Their modulation could offer
novel avenues for precision medicine in CRC, improving treat-
ment strategies and patient outcomes.

In the present study, it was shown that DCAF13 expres-
sion was upregulated in various solid tumours, including
CRC. Specifically, CRC tissues exhibited higher levels of
DCAF13 compared with that of adjacent normal tissues.
This finding is consistent with previous studies, such as that
of Terano et al (69), who reported elevated DCAF13 protein
expression levels in CRC tissues relative to adjacent normal
samples. The results of the present study, further confirmed
by the results of analysis of data obtained from TCGA and the
GSE40967 cohorts, as well as by the IHC staining of clinical
CRC samples, corroborate these findings. Furthermore, KM
survival analysis demonstrated that higher expression of
DCAF13 was associated with a shorter OS in patients with
CRC, suggesting that DCAF13 may serve as a prognostic
biomarker. External validation with independent cohorts and
[HC staining experiments of the clinical samples confirmed
the robustness and reliability of this marker, further supporting
its potential as a therapeutic target.

According to a previous study, high DCAF13 expression
is associated with an immunosuppressive TME and resistance
to immunotherapy (27). Correspondingly, in the present study,
analysis of the immune microenvironment demonstrated
the correlation between DCAF13 expression and TIICs, as
well as immune checkpoint molecules. As TIICs are known
to serve significant prognostic and therapeutic roles in CRC
and other types of cancer (70,71), this finding is particularly
relevant. The present study also demonstrated that high
DCAFI13 expression was associated with increased respon-
siveness to immune checkpoint blockade therapy, as indicated
by immune checkpoint analysis and TIDE scores. TIDE is a
computational framework designed to model tumour immune
evasion mechanisms and to predict patient response to ICIs,
such as anti-programmed cell death 1 (PD-1)/programmed cell
death 1 ligand (PD-L1) therapies. Specifically, TIDE evaluates
two major mechanisms of immune escape. The first is T cell
dysfunction, which occurs in tumours with high levels of cyto-
toxic T lymphocyte (CTL) infiltration. In such cases, although
CTLs are present in the TME, their antitumour activity is
impaired due to exhaustion or other suppressive mechanisms.
The second mechanism is T cell exclusion, where CTLs fail
to infiltrate the tumour, often due to barriers in the TME or
immunosuppressive signalling pathways that prevent effective
T cell trafficking. In addition to these two components, TIDE
also incorporates an MSI score, which reflects the degree of
dMMR in tumour cells (72,73). High MSI levels are typically
associated with increased neoantigen load and an improved
response to ICIs. These findings suggest that DCAF13 may
serve as a valuable predictor of immunotherapy efficacy in
CRC. Nevertheless, further mechanistic studies are required
to clarify how DCAF13 modulates TIICs and immune check-
point interactions.

The analysis performed in the present study also identified
significant differences in SSs among patients with CRC, in
agreement with prior research highlighting the contribution
of stromal components to tumour progression, metastasis and
resistance to therapy (74,75). A significant difference in the ISs
among patients with CRC was also observed, which is likely
attributed to variations in the proportions of immune cell popu-
lations. These results suggested that DCAF13 expression may
influence CRC progression and metastasis by modulating the
immune microenvironment. Additionally, DCAF13 expression
was positively correlated with immune cell populations such
as MO and M1 macrophages, activated mast cells, neutrophils
and CD4* memory T cells in CRC, further highlighting the
potential application of targeting DCAF13 for improving the
efficacy of immunotherapy in patients with CRC.

Consistent with the results of Shan er al (18), the present
study demonstrated that the knockdown of DCAF13 signifi-
cantly suppressed proliferation, colony formation, migration
and adhesion in CRC cells, as well as disturbing cell cycle
progression, EMT and transcriptome characteristics of CRC
cells. These phenotypic changes further supported the results
of CancerSEA analysis, which indicated the pro-tumourigenic
role of DCAF13 in promoting the proliferation, migration,
clonogenicity, adhesion, metastasis and EMT progression of
CRC cells.

Mechanistically, the KEGG pathway and GSEA results in
the present study underscored the pivotal role of homologous
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recombination and the ‘TNF signalling pathway’ as key regu-
latory mechanisms mediating the pro-tumourigenic effects of
DCAF13 in CRC progression. Homologous recombination, a
highly regulated DNA repair mechanism essential for main-
taining genomic integrity in response to DNA double-stranded
breaks (DSBs) or lesions, protects cells from exogenous and
endogenous DNA damage (76). The homologous recombina-
tion deficiency (HRD) and homologous recombination repair
pathway gene mutations, comprising at least 10 key genes
(ATM,BARDI,BRCAI, BRCA2, BRIPI, CHEK2, NBSI(NBN),
PALB2,RAD5IC and RADS51D), are frequently associated with
inherited susceptibility to several types of cancer, including
breast, ovarian, prostate and pancreatic cancer (77,78). As a
well-recognised characteristic of tumours, HRD induces the
activation of error-prone DNA damage repair mechanisms,
which, while attempting to repair DNA, often result in the
accumulation of DSBs, promoting genomic instability and
eventual cell death (79). Additionally, HRD also enhances
cellular sensitivity to DNA-targeted therapies, including
platinum-based chemotherapy, DSB-inducing agents and poly
(ADP-ribose) polymerase (PARP) inhibitors (80,81). Notably,
accumulating evidence has revealed that tumours with HRD
often exhibit a high mutational load, resulting in increased
levels of TMB, tumour neoantigen burden and neoantigen
expression, which may increase tumour-cell recognition
by T cells, thus facilitating an effective lymphoid immune
response and potentially improving prognosis and survival
outcomes (82,83). Notably, Liu ez al (84) demonstrated that
HRD suppressed TNF-a expression via the JNK/c-Jun signal-
ling pathway in triple-negative breast cancer cells and patient
tissues, thereby negatively regulating PD-L1 expression. This
suggests a role for HRD in modulating immune responses,
further supporting the potential of HRD testing for cancer
diagnosis and treatment via immune regulation.

In the present study, knockdown of DCAFI3 impaired the
homologous recombination process, as indicated by changes
in the expression levels of key homologous recombina-
tion markers, including ATM and y-H2AX, in RKO cells.
These findings align with previous research showing that
DCAFSL2 overexpression disrupts homologous recombina-
tion in breast cancer cells by promoting the ubiquitination
and degradation of BARDI, thereby increasing sensitivity to
DNA damage and facilitating cancer progression (85). Given
the critical role of DCAF13 in homologous recombination, it
could be suggested that its dysregulation may affect tumour
sensitivity to DNA-damaging agents, such as platinum-based
chemotherapeutics and PARP inhibitors. Notably, multi-omics
approaches, particularly those integrating genomics and
pharmacogenomics, have demonstrated strong predictive
power in assessing drug responses and identifying syner-
gistic targets (86,87). Future studies should incorporate
these approaches to comprehensively evaluate the correlation
between DCAF13 expression and sensitivity to DNA-damaging
agents. Furthermore, considering the established interplay
between DNA repair defects and immunogenicity, combining
DCAF]13 inhibition with immune checkpoint blockade (such as
anti-PD-1/PD-L1 or CTLA-4 therapies) may yield synergistic
effects. This combination strategy is especially promising for
immunologically ‘cold” CRC tumours, which are often refrac-
tory to conventional ICIs (88). These insights support the

ONCOLOGY LETTERS 31: 145, 2026 17

rationale for exploring DCAF13 as a dual-function biomarker
and therapeutic target in precision oncology (27,69).

Several limitations of the present study should be acknowl-
edged. Notably, the absence of single-cell RNA sequencing
(scRNA-seq) and spatial transcriptomics data restricts the
resolution of the analysis regarding the heterogeneity and
spatial architecture of the tumour immune microenviron-
ment. These cutting-edge multi-omics techniques, especially
when combined with transcriptomic, proteomic and metabo-
lomic layers, are increasingly regarded as essential tools for
elucidating tumour heterogeneity, identifying drug resistance
pathways and optimising immunotherapy strategies (86,87).
By integrating scRNA-seq and spatial transcriptomic technol-
ogies, future research will more accurately map the immune
cell subtypes and their spatial distributions in tumours with
high DCAF13 expression, thereby providing direct evidence
for the immunomodulatory role of DCAF13 and facilitating
the development of precision immunotherapies.

In conclusion, the present study demonstrated that
DCAF13 is aberrantly upregulated in CRC and is closely
associated with CRC progression. Through comprehensive
cellular analyses, it was demonstrated that DCAF13 served
a pivotal role in regulating key cellular processes such as
proliferation, migration, metastasis, EMT and homologous
recombination in CRC. These findings provide novel insights
into the pro-tumourigenic functions of DCAF13, underscoring
its potential as a critical regulator in CRC pathophysiology.
However, further investigations are required to fully elucidate
the precise molecular mechanisms through which DCAF13
modulates homologous recombination and its impact on thera-
peutic responses. Specifically, understanding how DCAF13
influences DNA repair pathways and immune regulation
could offer novel avenues for improving the effectiveness of
DNA-targeted therapies and ICIs in CRC treatment in the
future.
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