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CCDC113 promotes colorectal cancer tumorigenesis and
metastasis via TGF-β signaling pathway
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Colorectal cancer (CRC) is the second leading cause of cancer-related mortality worldwide. Although CRC patients’ survival is improved
with surgical resection and immunotherapy, metastasis and recurrence remain major problems leading to poor prognosis. Therefore,
exploring pathogenesis and identifying specific biomarkers are crucial for CRC early diagnosis and targeted therapy. CCDC113, a
member of CCDC families, has been reported to play roles in ciliary assembly, ciliary activity, PSCI, asthma and early lung cancer
diagnosis. However, the functions of CCDC113 in CRC still remain unclear. In this study, we find that CCDC113 is significantly highly
expressed in CRC. High expression of CCDC113 is significantly correlated with CRC patients’ poor prognosis. CCDC113 is required for
CRC tumorigenesis and metastasis. RNA-seq and TCGA database analysis indicate that CCDC113 is positively correlated with TGF-β
signaling pathway. TGF-β signaling pathway inhibitor galunisertib could reverse the increased proliferation and migration ability of
CRC cells caused by CCDC113 overexpression in vitro and in vivo. These results indicate that CCDC113 promotes CRC tumorigenesis
and metastasis via TGF-β signaling pathway. In conclusion, it is the first time to explore the functions and mechanisms of CCDC113 in
CRC tumorigenesis and metastasis. And CCDC113 may be a potential biomarker and therapeutic target for CRC intervention.
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INTRODUCTION
Colorectal cancer (CRC) is the second cause of cancer-related
deaths and the third most common cancer worldwide [1].
Although surgical resection and immunotherapy have largely
alleviated CRC patients’ clinical symptoms and prolonged their
survival [2, 3], recurrence and metastasis remain the leading
causes of death in CRC patients [4, 5]. Two-thirds of CRC patients
develop distant metastasis and liver is the most common organ of
CRC metastasis [6]. Gene mutation and accumulation of environ-
mental risk factors are the main causes of CRC [7], and oncogenes
play important roles in CRC tumorigenesis and metastasis. Five-
year survival of CRC patients with advanced metastasis is only
approximately 14% [8], so early diagnosis is the most effective way
to improve CRC patients’ survival. Specific molecular biomarkers
are important for early diagnosis and prognosis of CRC [9].
Therefore, exploring roles of key regulators in CRC tumorigenesis
and finding specific CRC biomarkers are helpful to elucidate CRC
pathogenesis, ultimately serving CRC clinical diagnosis and
treatment.
CCDC (coiled-coil domain-containing) family contains

approximately 180 genes from CCDC2 to CCDC201 [10], and
they all have a highly conserved coiled-coil motif [11]. CCDC
family members are widely involved in important biological
functions including DNA recognition, protein scaffold, vesicles
formation, ciliary motion and tumorigenesis and metastasis

[12–14]. Coiled–coil domain containing 113 (CCDC113), also
known as CFAP263, is located on human chromosome 16q21
and encodes a 377 amino acid protein. CCDC113 is identified to
be a component of centrosome [15] and plays roles in ciliary
beating regulation [16]. Bioinformatics analysis has shown that
CCDC113 is associated with post-stroke cognitive impairment
(PSCI) [17] and asthma [18, 19]. CCDC113 has also been
predicted to be a biomarker for diagnostic detection of early
lung cancer [20]. However, whether and how CCDC113 are
involved in the regulation of CRC tumorigenesis and metastasis
still remains largely unknown.
In this study, we identified CCDC113 is highly expressed in CRC

through bioinformatics analysis in GEO CRC database. And high
expression of CCDC113 is significantly correlated with CRC
patients’ poor prognosis. CCDC113 knockdown significantly
inhibits proliferation and migration of CRC cells, while CCDC113
overexpression has the opposite effects. In nude mouse sub-
cutaneous xenograft tumor models and tail vein metastasis
models, CCDC113 knockdown attenuates tumorigenesis and liver
metastasis. While CCDC113 overexpression promotes tumorigen-
esis and liver metastasis. RNA-Seq and TCGA database analysis
indicate that CCDC113 is positively correlated with TGF-β signaling
pathway. Importantly, inhibition of TGF-β signaling pathway
abolishes the oncogenic roles of CCDC113 overexpression
in vitro and in vivo. Altogether, these findings reveal the role of
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CCDC113 in CRC tumorigenesis and metastasis, which may have
important diagnostic and therapeutic implications in CRC.

RESULTS
Screening of differentially expressed genes in CRC
To screen key regulators involved in tumorigenesis of CRC, three
cohorts (GSE21815, GSE35279 and GSE89076) were selected for
differentially expressed genes (DEGs) analysis between normal

tissues and CRC tumor tissues. Finally, according to |log2FC | > 2
and adjusted p < 0.05, 222 common DEGs were identified,
including 124 upregulated and 98 downregulated genes
(Fig. 1A). Additionally, GO (Gene Ontology) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) enrichment analysis were
conducted on 222 common DEGs, revealing predominant
concentration on receptor ligand activity, signaling receptor
activator activity (Fig. 1B) and Wnt signaling pathway and TGF-
beta signaling pathway (Fig. 1C). DEGs in three cohorts (GSE21815,
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Fig. 1 Screening of DEGs in CRC. A DEGs in GSE21815, GSE35279 and GSE89076 datasets were shown by Venn diagram. B, C GO (B) and
KEGG (C) analysis of 222 common DEGs in (A). D DEGs in GSE21815, GSE35279 and GSE89076 datasets were shown by hockey-stick plots.
E MCODE was used to extract 52 most highly interconnected clusters with CCDC113 from the string network of 222 common DEGs in (A).
F, G GO (F) and KEGG (G) analysis of 52 CCDC113 related genes in (E).

C. Hou et al.

2

Cell Death and Disease          (2024) 15:666 



GSE35279 and GSE89076) were shown by hockey-stick plots
(Fig. 1D). Through research literature and bioinformatics analysis,
we specifically focused on CCDC113 among 124 common
upregulated genes in three datasets, which has not been studied
in CRC. We performed protein-protein interaction (PPI) network
analysis by STRING online database (http://string-db.org) among
222 common DEGs and the sub-network showed 52 CCDC113
related genes clusters by MCODE plugin (Fig. 1E), implying
CCDC113 as a central regulator. GO enrichment analysis of
CCDC113 interacting proteins revealed significant enrichment in
various transmembrane transporter activities, including organic
anion transmembrane transporter activity and active transmem-
brane transporter activity (Fig. 1F). Also, these genes exhibited
significant enrichment in both metabolism and Wnt signaling
pathways (Fig. 1G). Conclusively, CCDC113 most likely plays a
critical role in CRC tumorigenesis.

CCDC113 is upregulated in CRC
To verify the carcinogenic role of CCDC113, we reanalyzed its
expression in GEO datasets (GSE21815, GSE35279, GSE89076,
GSE14297 and GSE81558), TCGA and GTEx database. We found
CCDC113 expression was higher in CRC tumor tissues than normal
tissues (Fig. 2A). Moreover, CCDC113 expression was also higher in
READ and COAD tissues (Fig. 2B). High expression of CCDC113 in
CRC tumor tissues was verified by IHC staining (Fig. 2C) and qRT-
PCR (Fig. 2D). Besides, CCDC113 upregulation was confirmed in
CRC metastasis tissues compared to CRC non-metastasis tissues
according to TCGA database (Fig. 2E). The higher expression of
CCDC113 in CRC liver metastasis tissues than CRC tumor tissues
was further confirmed by IHC staining (Fig. 2F) and qRT-PCR
(Fig. 2G). Kaplan-Meier survival analysis revealed that high
expression of CCDC113 was correlated with CRC patients’ poor
survival (Fig. 2H). Conclusively, CCDC113 is highly expressed in
CRC and positively correlated with CRC patients’ poor survival.

CCDC113 knockdown inhibits CRC proliferation and migration
in vitro
To explore the role of CCDC113 in CRC, we detected CCDC113
expression in human normal colonic epithelial cell (NCM460) and
CRC cells (SW480, HT29, SW620, LoVo, RKO, and HCT116). We
found CCDC113 expression was higher in CRC cells than NCM460
cells (Fig. 3A). And CCDC113 expression was relatively higher in
HCT116 and RKO cells among these CRC cells (Fig. 3A, B). So, we
chose HCT116 and RKO cells for further study. Immunofluores-
cence staining showed that CCDC113 predominantly located in
the cytoplasm of CRC cells (Fig. 3B). We designed two shRNAs and
silenced CCDC113 in HCT116 and RKO cells (Fig. 3C, D). According
to CCK-8 assays, CCDC113 knockdown significantly inhibited the
viability of HCT116 and RKO cells (Fig. 3E). What’s more, colony
formation assays revealed that proliferation abilities of HCT116
and RKO cells were also repressed in CCDC113 knockdown cells
compared to control cells (Fig. 3F). Furthermore, wound-healing
assays (Fig. 3G) and transwell migration assays (Fig. 3H) revealed
that CCDC113 knockdown restrained the migration abilities of
HCT116 and RKO cells. We also detected apoptotic cell rate after
CCDC113 knockdown and found apoptotic cells rate was
increased after CCDC113 knockdown (Fig. 3I). Conclusively,
CCDC113 knockdown inhibits CRC cells proliferation and migra-
tion in vitro.

CCDC113 knockdown inhibits CRC tumorigenesis and
metastasis in vivo
To explore the role of CCDC113 in CRC in vivo, we established
subcutaneous xenograft tumor model. CCDC113 knockdown
(shCCDC113) and control (shNC) HCT116 cells were subcuta-
neously injected into BALB/c nude mice. The tumor volumes and
tumor weight in shCCDC113 group were significantly inhibited
compared to shNC group (Fig. 4A, B), which was further confirmed

by another independent shRNA (Fig. S1A, B). This reveals that
CCDC113 knockdown attenuates xenograft tumor formation ability
of CRC cells in vivo. Western blotting (Fig. 4C) and IHC staining
(Fig. 4D) also showed that CCDC113 expression was significantly
decreased in shCCDC113 group tumor tissues compared to shNC
group in subcutaneous xenograft model. Moreover, Ki67
expression was sharply decreased after CCDC113 knockdown
(Fig. 4E). To explore the metastasis ability of CCDC113 in vivo, we
established tail vein metastasis model. shCCDC113 HCT116 cells
and shNC HCT116 cells were injected into the tail vein of BALB/c
nude mice for 42 days. We found liver metastasis nodules was
significantly decreased in shCCDC113 group (Fig. 4F). HE staining
also reached the same conclusion (Fig. 4G). Moreover, IHC staining
showed that CCDC113 and Ki67 expression was significantly
decreased in shCCDC113 liver metastatic nodules tissues
compared to shNC group in tail vein metastasis model (Fig. 4H).
Conclusively, CCDC113 knockdown inhibits CRC tumorigenesis and
metastasis in vivo.

CCDC113 overexpression promotes CRC proliferation and
migration in vitro
To further validate the role of CCDC113 in CRC, we constructed
CCDC113 overexpression cell line (Fig. 5A, B). CCK-8 assays and
colony formation assays indicated that CCDC113 overexpression
significantly promoted proliferation abilities of HCT116 and RKO
cells (Fig. 5C, D). Transwell migration assays and wound-healing
assays showed that CCDC113 overexpression significantly pro-
moted migration abilities of HCT116 and RKO cells (Fig. 5E, F). We
also detected apoptotic cell rate after CCDC113 overexpression
and found apoptotic cells rate was decreased after CCDC113
overexpression (Fig. 5G). Moreover, we detected the expression of
CCDC113, MMP2 (associated with migration and invasion of
cancer cells), BAX and BCL2 in CCDC113 overexpression cells and
control cells. Western blotting showed the expression of MMP2
increased after CCDC113 overexpression (Fig. 5H), confirming its
function on initiating metastasis. The expression of anti-apoptotic
protein BCL2 increased significantly while the expression of
proapoptotic protein BAX did not change distinctly after CCDC113
overexpression (Fig. 5H), which was consistent with above results.
Correlation analysis showed that CCDC113 expression was
positively correlated with EMT (epithelial-mesenchymal transition)
(Fig. 5I). We also validated the positive correlation between
CCDC113 expression and EMT related genes by qRT-PCR (Fig. 5J).
Conclusively, CCDC113 overexpression promotes CRC proliferation
and migration in vitro.

CCDC113 overexpression promotes CRC tumorigenesis and
metastasis in vivo
To confirm the role of CCDC113 in CRC in vivo, we established
subcutaneous xenograft tumor model with CCDC113 overexpres-
sion HCT116 cells. CCDC113 overexpression (oeCCDC113) and
control (oeVec) HCT116 cells were subcutaneously injected into
BALB/c nude mice for 27 days. The tumor volumes (Fig. 6A) and
tumor weight (Fig. 6B) of oeCCDC113 group significantly increased
compared to oeVec group. IHC staining showed that the
expression of CCDC113 (Fig. 6C) and Ki67 (Fig. 6D) obviously
increased in oeCCDC113 group tumor tissues compared to oeVec
group in subcutaneous xenograft tumor model. These results
indicate that CCDC113 overexpression cells have a stronger
xenograft tumor formation ability in vivo. To confirm CCDC113
metastasis ability in vivo, we established tail vein metastasis
model of CCDC113 overexpression cells. oeCCDC113 HCT116 cells
and oeVec HCT116 cells were injected into the tail vein of BALB/c
nude mice for 28 days. We found liver metastasis nodules
significantly increased in oeCCDC113 group (Fig. 6E). As confirmed
by HE staining, oeCCDC113 group had more liver metastasis
nodules than oeVec group (Fig. 6F). Moreover, IHC staining
showed that CCDC113 and Ki67 expression was significantly
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increased in oeCCDC113 liver metastatic nodules tissues com-
pared to oeVec group in tail vein metastasis model (Fig. 6G). These
indicate that CCDC113 overexpression cells have a stronger
liver metastasis ability. Conclusively, CCDC113 overexpression
promotes CRC tumorigenesis and metastasis in vivo.

CCDC113 promotes CRC tumorigenesis and metastasis via
TGF-β signaling pathway
To investigate molecular mechanisms of CCDC113 in CRC
tumorigenesis and metastasis, we performed high-throughput
RNA sequencing (RNA-seq) of CCDC113 knockdown (shCCDC113)
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HCT116 cells and control (shNC) HCT116 cells. Volcano plot
revealed 565 DEGs between shCCDC113 group and shNC group,
including 148 upregulated genes and 417 downregulated genes
(Fig. 7A). GO pathway enrichment analysis for DEGs in (A) revealed
that DEGs were predominantly enriched in SMAD protein signal
transduction, pathway-restricted SMAD protein phosphorylation,
SMAD binding and transforming growth factor beta receptor
activity (Fig. 7B). SMADs are key proteins in TGF-β signaling
pathway [21]. KEGG enrichment showed that ECM regulators were
suppressed and temporal TGF-β1 signature down was activated
(Fig. 7C). TGF-β can induce EMT and excessive deposition of
Extracellular Matrix (ECM), thus promoting tumor invasion and
metastasis [22, 23]. Meanwhile, Gene set enrichment analysis
(GSEA) showed TGF-β signaling pathway was inhibited after
CCDC113 knockdown (Fig. 7D). And this result was consistent with
the KEGG enrichment analysis. Correlation analysis showed
CCDC113 was significantly positively correlated with TGF-β
signaling pathway from TCGA database (Fig. 7E). These results
suggest that CCDC113 may activate TGF-β signaling pathway to
promote CRC tumorigenesis and metastasis. RNA-seq showed that
expression of CD24, FERMT1, EPCAM, and SLC3A2 were decreased
after CCDC113 knockdown (Fig. 7F), which were identified as TGF-
β signaling pathway-related genes. CD24 was reported to regulate
TGF-β1-mediated migration and EMT by regulating Src/FAK
activity [24]. FERMT1 regulates TGF-β-induced EMT in breast
cancer cell lines to promote breast cancer development and lung
metastasis [25]. EPCAM cooperates with TGF-β signaling pathway
to enhance tumorigenesis and metastasis in HCC [26]. SLC3A2
coordinates with TGF-β signaling pathway during aging [27]. Of
note, correlation analysis showed positive correlations of CD24,
FERMT1, EPCAM and SLC3A2 with CCDC113 in CRC (Fig. 7G). We
also validated the positive correlation of CD24, FERMT1, EPCAM
and SLC3A2 with CCDC113 by qRT-PCR (Fig. 7H). Importantly,
CD24, FERMT1, EPCAM and SLC3A2 was also positively correlated
with TGF-β signaling pathway in CRC (Fig. 7I). Moreover, according
to TCGA and GTEx database, CD24, FERMT1, EPCAM and SLC3A2
are highly expressed in CRC (Fig. 7J). To further validate whether
CCDC113 promotes CRC tumorigenesis and metastasis via TGF-β
signaling pathway, we constructed CCDC113 overexpression
SW480 cells (Fig. 8A, B). CCK-8 assays and colony formation
assays indicated that CCDC113 overexpression significantly
promoted proliferation abilities of SW480 cells (Fig. 8C, D). And
TGF-β signaling pathway inhibitor galunisertib (Gal) could reverse
these effects (Fig. 8C, D). Transwell migration assays and wound-
healing assays showed galunisertib could reverse enhanced
migration abilities caused by CCDC113 overexpression
(Fig. 8E, F). Moreover, galunisertib could impede increased tumor
growth caused by CCDC113 overexpression in vivo (Fig. 8G–I).
Conclusively, CCDC113 promotes CRC tumorigenesis and metas-
tasis via TGF-β signaling pathway.

DISCUSSION
CRC is one of the most common malignant cancers worldwide
accounting for 10% of all cancer cases and deaths [28]. According
to global cancer statistics, more than 1.9 million new cases and

935,000 deaths occurred in 2020 [29]. We previously defined
several key regulators in CRC that played important roles in the
regulation of CRC progress and metastasis [30, 31]. In the present
study, we screened out a key regulator named CCDC113 was
highly expressed in CRC. And the expression of CCDC113 had a
good correlation with CRC patients’ survival. Loss of function or
gain of function assays indicated that CCDC113 was crucial for
CRC growth and metastasis. Thus, targeting CCDC113 may be a
novel strategy for CRC intervention.
CCDC family members are widely expressed, and they play

important roles in multiple biological processes, including tumor
growth, invasion, metastasis and chemical sensitivity [10, 14]. They
may also be potential targets for cancer therapy [10]. CCDC family
members exert different functions in tumors. CCDC8 and CCDC65
have been reported to act as tumor suppressors in tumors such as
gastric and lung cancer [13, 32–34]. However, other CCDC family
members have been reported to promote tumorigenesis and
metastasis [12, 35–37]. In the present study, we found that CCDC
family member CCDC113 acted as oncogene to promote CRC
tumorigenesis and metastasis. Thus, more exploration will be
meaningful to define what roles CCDC family members play in
tumorigenesis and metastasis.
CCDC113 was originally found in CD34+ hematopoietic stem/

progenitor cells (HSPCs) and contains two sequences: amidation
site and leucine zipper motif (LZ) [38]. CCDC113, satellite proteins
HAP1 and PCM1 form centriolar satellite protein complex, and
CCDC113 plays a role in primary cilia formation [15]. Ccdc113/
Ccdc96 complex has been reported to regulate ciliary activity and
ciliary beating [16]. CCDC113 is also identified to be key gene
involved in the effect of cognitive training immediately after rTMS
(rTMS-COG0h) on PSCI [17]. The expression of CCDC113 is higher in
asthmatic nasal brushes than healthy controls [18], and CCDC113
has been reported to be predictors of omalizumab response in
moderate-to-severe asthma patients [19]. It has been reported
that CCDC113 can be used as diagnosis detection biomarkers of
early lung cancer [20]. In the present study, we showed that
CCDC113 was upregulated in CRC. CCDC113 played an important
role in CRC tumorigenesis and metastasis as an oncogene.
CCDC113 may be a potential biomarker and therapeutic target
for CRC intervention.
Volcano plot of RNA-seq shows 565 DEGs between shNC group

and shCCDC113 group (Fig. 7A). Among 148 upregulated genes,
IGFBP3 (insulin-like growth factor-binding protein 3), a tumor
suppressor, plays an important role in CRC tumorigenesis [39].
PLK2 (polo-like kinase 2) plays important roles in CRC progression
and invasive [40]. Among 417 downregulated genes, high
expression of non-mitochondrial C1QBP is correlated with high
grade CRC [41]. And expression of vimentin (VIM) is correlated
with CRC patients’ poor prognosis [42]. Moreover, phosphorylation
of VIM promotes growth of CRC metastasis tumors [43]. These
suggest that CCDC113 knockdown inhibit proliferation and
metastasis abilities of CRC cells. These are consistent with our
results that CCDC113 is an oncogene.
TGF-β signaling pathway plays important roles in early

embryonic development, tissue and organ formation, immune
supervision, tissue repair and tumorigenesis [44]. In pathological

Fig. 4 CCDC113 knockdown inhibits CRC tumorigenesis and metastasis in vivo. A, B CCDC113 knockdown HCT116 cells and control cells
were subcutaneously injected into BALB/c nude mice for 24 days. Representative images of subcutaneous xenograft tumors were shown in
left panel. Statistical results of tumor volumes (A) and tumor weights (B) were shown in right panel (n= 4 per group). C CCDC113 expression
was detected by Western blotting in shNC and shCCDC113 of subcutaneous xenograft tumors. D, E IHC staining detected CCDC113
expression (D) and Ki67 expression (E) in subcutaneous xenograft tumors (n= 4 per group). Scale bars, 50 μm. F CCDC113 knockdown HCT116
cells and control cells were injected into tail vein of BALB/c nude mice for 42 days. Representative images of liver metastasis nodules were
shown in left panel and statistical results were shown in right panel (n= 3 per group). G Liver metastasis nodules in (F) were analyzed by HE
staining. Representative images were shown in left panel and statistical results were shown in right panel (n= 3 per group). Scale bars, 1 mm.
H IHC staining detected CCDC113 and Ki67 expression in liver metastasis tissues (n= 3 per group). Scale bars, 50 μm. Data are presented as
means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05.
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conditions, overexpression of TGF-β leads to EMT, ECM deposition
and cancer-associated fibroblasts (CAF) formation, leading to
fibrosis disease and cancer [45]. EMT is a phenotypic plastic
process that confers epithelial cell migration and invasion
properties during development, fibrosis and cancer [46–48]. We
showed that expression of MMP2 increased after CCDC113

overexpression. Also, CCDC113 expression was positively corre-
lated with EMT according to our correlation analysis. ECM genes
upregulated in cancer is correlated with the activation of TGF-β
signaling in cancer-associated fibroblasts [49]. We found ECM
regulators were suppressed after CCDC113 knockdown according
to KEGG analysis. The downstream effectors of classical TGF-β
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signaling pathway are SMAD transcription factors [21, 50]. We
found DEGs between shCCDC113 group and shNC group were
predominantly enriched in SMAD signaling. We also examined
SMAD2 and SMAD3 expression in CCDC113 knockdown HCT116
cells. We found the expression of SMAD2 and SMAD3 decreased in
CCDC113-depleted HCT116 cells (Fig. S1C). Also, GSEA and
correlation analysis showed positive correlations between
CCDC113 and TGF-β signaling pathway. We showed CD24,
FERMT1, EPCAM and SLC3A2 were positively correlated with
CCDC113 according to RNA-seq analysis, correlation analysis and
qRT-PCR. Also, CD24, FERMT1, EPCAM and SLC3A2 were positively
correlated with TGF-β signaling pathway. Blocking TGF-β signaling
pathway could inhibit increased proliferation and migration
abilities of CCDC113 overexpression CRC cells in vitro and
in vivo. Thus, CCDC113 may promote SMAD2 and SMAD3
expression, thereby activating TGF-β signaling pathway and
promoting CRC tumorigenesis and metastasis.
In conclusion, exploring how key genes regulate CRC tumor-

igenesis and metastasis has tremendous biological and clinical
importance. To elucidate it, we performed bioinformatics analysis
to screen key genes in GEO CRC databases. We demonstrated that
CCDC113 promoted CRC tumorigenesis and metastasis via TGF-β
signaling pathway.
However, our study has some drawbacks. More experimental

validation is necessary to elucidate how CCDC113 promoting CRC
tumorigenesis and metastasis via TGF-β signaling pathway.

METHODS
Gene ontology and pathway enrichment analysis
GO enrichment analysis of DEGs and PPI sub-network genes were
performed using the enrichGO function in clusterProfiler package
(https://github.com/YuLab-SMU/clusterProfiler). The functional categories
considered encompassed biological processes (BP), cellular components
(CC) and molecular functions (MF). The organism reference was specified
as “org.Hs.eg.db”. Terms meeting the criteria of p < 0.05 and p Adjust
Method = “BH” were selected. Similarly, KEGG pathway analysis were
conducted utilizing clusterProfiler (enrichKEGG). EnrichGO and enrichKEGG
functions were used to implement enrichment analysis. The p values were
calculatesd using the hypergeometric distribution.

Kaplan-Meier survival analysis
GDC TCGA colon cancer cohort file and clinical survival data file were
downloaded from the UCSC Xena database (http://xena.ucsc.edu/). Tumor
patients were separated into two groups, the optimal cutoff value was
determined using the surv_cutpoint and surv_categorize function of the R
package survminer (v0.4.9). Kaplan-Meier curves for overall survival were
calculated using the Surv() function, log-rank tests comparing survival
curves calculated using the survdiff() function and survival curves were
computed using the “survfit” function. And then we used ggsurvplot from
the survminer R package to generate the survival plot.

Protein and protein interaction (PPI) network
PPI network of 222 common DEGs was constructed using Search Tool for the
Retrieval of Interacting Genes (STRING, https://string-db.org). PPI network

was generated based on an interaction combined score > 0.4. Subsequently,
interaction information network was visualized using Cytoscape software
(v3.9.1). Molecular Complex Detection (MCODE) plugin was applied to select
the sub-networks from PPI network (MCODE Score=7.269).

Cell culture
NCM460 cells (human normal colonic epithelial cell), HEK293T cells and
human CRC cell lines (HCT116, RKO, LoVo, HT29, SW620 and SW480) were
maintained in cell incubator (Thermo Fisher Scientific) with 37°C and 5%
CO2. Cells were routinely cultured in DMEM medium (VivaCell, #C3113-0500)
or 1640 medium (VivaCell, #C3010-0500) supplemented with 10% FBS (fetal
bovine serum) (Lonsera, #S711-001S) and 1% Penicillin-Streptomycin
antibiotics solution (Beyotime, #C0222). All cell lines were tested for
mycoplasma contamination and authenticated using an STR profiling.

Knockdown and overexpression plasmid construction
We looked for gene targets on Invitrogen Block-iT RNAi Designer (https://
rnaidesigner.thermofisher.com/rnaiexpress) and designed shRNAs with a
fixed structure (target sequences: shCCDC113-1: 5′-GCGACCTCCACGAT-
TATCA-3′; shCCDC113-2: 5′-GATAGCAGAGATGTCCTTA-3′). shRNA primers
were synthesized by BGI Tech Solutions (Beijing Liuhe). shRNAs were linked
to enzyme-digestion pSicoR PGK puro plasmid (Addgene, #12084). To
construct CCDC113 overexpression plasmid, we cloned CCDC113 gene
sequence to pLVX-IRES-Zsgreen1 plasmid. The recombined plasmids were
extracted using EndoFree Plasmid Midi Kit (Cwbio, #CW2105).

Lentiviral infection
CCDC113 knockdown or CCDC113 overexpression plasmid and control
plasmid were transfected into HEK293T cells with lentiviral packaging
plasmids psPAX2 (Addgene, #12260) and pMD2.G (Addgene, #12259)
using jetPRIME reagent (Polyplus, #101000046) according to protocol of
manufacturer. HEK293T cells were seeded in 6-well plates (NEST, #703001)
before transfection. The transfection mix was discarded after 6 h and
replaced with fresh DMEM medium containing 10% FBS. Viral fluids were
harvested at 48 h and filtered by 0.45 μm syringe filter (BioFil, #FPV403030).
HCT116 and RKO cells were seeded in 6-well plates the day before
infection and cultured in DMEM or 1640 medium with 10% FBS until cells
reached 40% confluency. The original medium was replaced with the
filtered virus fluids and polybrene (Yeasen, #40804ES86). Virus fluids were
discarded after 6 h and replaced with fresh DMEM or 1640 medium
containing 10% FBS. After 48 h, cells were selected by puromycin (1mg/ml
for HCT116 cells and 1.5 mg/ml for RKO cells) for 3-4 days to generate
stable CCDC113 knockdown cells. And successful construction of CCDC113
overexpression cells were confirmed by observing fluorescence of HCT116,
RKO and SW480 cells under fluorescence microscope (Nikon Eclipse Ti2,
Japan). Efficiency of CCDC113 knockdown or overexpression was detected
by qRT-PCR and Western blotting.

Cell counting kit-8 (CCK-8) assay
Proliferation abilities of CRC cells were detected by cell counting kit-8
(APExBIO, #K1018). Cells (2×10^3 cells per well per 100 μL medium) of
logarithmic growth phase were seeded into 96-well plates. Then 10 μL
CCK-8 solution was added into each well at 0, 24, 48, 72, 96 hours, followed
by incubation under dark place at 37°C for 1 h. Absorbance value at
wavelength of 450 nm (OD450) was detected at corresponding time by
microplate reader (Spectramax Absorbance Reader CMax Plus, Molecular
Devices, USA).

Fig. 5 CCDC113 overexpression promotes CRC cells proliferation and migration in vitro. A, B Western blotting (A) and qRT-PCR (B)
detected CCDC113 overexpression in HCT116 and RKO cells. C CCK-8 assays detected cell viability of HCT116 and RKO cells after CCDC113
overexpression. D Colony formation assays detected proliferation abilities of HCT116 and RKO cells after CCDC113 overexpression.
Representative images were shown in left panel and statistical results were shown in right panel. E Transwell migration assays detected
migration abilities of HCT116 and RKO cells after CCDC113 overexpression. Scale bars, 100 μm. Representative images were shown in left
panel and statistical results were shown in right panel. F Wound-healing assays detected migration abilities of HCT116 after CCDC113
overexpression. Representative images were shown in left panel and statistical results were shown in right panel. G FACS detected HCT116
and RKO cell apoptotic rate after CCDC113 overexpression. Representative images were shown in left panel and statistical results were shown
in right panel. H Western blotting detected expression of CCDC113, MMP2, BAX and BCL2 between CCDC113 overexpression HCT116 cells
and control cells. I Correlation analysis between CCDC113 expression and EMT according to TCGA database. J Expression of EMT-related genes
were detected by qRT-PCR. Data are presented as means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05. Correlation p values were generated using the
stat_cor function in the ggpubr package in R.
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Fig. 6 CCDC113 overexpression promotes CRC tumorigenesis and metastasis in vivo. A, B CCDC113 overexpression HCT116 cells and
control cells were subcutaneously injected into BALB/c nude mice for 27 days. Representative images of subcutaneous xenograft tumors were
shown in left panel. Statistical results of tumor volumes (A) and tumor weights (B) were shown in right panel (n= 4 per group). C, D IHC
staining detected CCDC113 expression (C) and Ki67 expression (D) in oeVec group and oeCCDC113 group of subcutaneous xenograft tumors
(n= 4 per group). Scale bars, 50 μm. E CCDC113 overexpression HCT116 cells and control cells were injected into tail vein of BALB/c nude mice
for 28 days. Representative images of liver metastasis nodules were shown in left panel and statistical results were shown in right panel (n= 4
per group). F Liver metastasis nodules in (E) were analyzed by HE staining. Scale bars, 1 mm. G IHC staining detected CCDC113 and Ki67
expression in liver metastasis tissues (n= 4 per group). Scale bars, 50 μm. Data are presented as means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05.
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Colony formation assay
CRC cells (5 × 102 cells per well) were seeded into 6-well plates and
incubated at 37 °C for 10-18 days. Cells were fixed with 4% paraformalde-
hyde for 30minutes and stained with 0.1% crystal violet for 20minutes.
Colony numbers were counted by Image J and recorded.

Transwell migration assay
CRC cells (2 × 104 cells) were resuspended in 200 μL medium without FBS
and seeded into 8 μm pore upper chambers of transwell chambers
(Corning, #3422), while lower chambers were filled with medium contain-
ing 20% FBS. After 48 h, CRC cells were fixed with 4% paraformaldehyde
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for 30 minutes and stained with 0.1% crystal violet for 20minutes. Images
were taken under microscope Eclipse Ti2 (Nikon, Japan). Migration cells
were counted by Image J and recorded.

Wound-healing assay
CRC cells were seeded in 6-well plates and grew until confluency.
Confluent cells were scraped by 10 μL pipette tip (Axygen, #AXYT300).
After 24 h, 36 h and 48 h, cells migrated to the wound and the scratched
area was taken by inverted microscope Eclipse Ti2 (Nikon, Japan). The
migration distance was measured by Image J and migration rate was
obtained by formula: (Width 0 h − Width 24/36/48 h) / Width 0 h.

Apoptosis assay
Apoptotic rate of CRC cells was detected by apoptosis detection kit
(Vazyme, #A214) and (Yeasen, #40302ES60). After treatment with EDTA-
free trypsin, cells were collected by centrifugation at 4 °C for 5 min at
300 g. After washing cells twice with pre-cooled PBS, 100 μL 1×Binding
Buffer was added to 1-5×105 cells. Then cells were incubation with 5 μL
Annexin V-FITC/APC and 10 μL PI Staining Solution at room temperature
for 10-15 min in the dark. Finally, 400 μL 1×Binding Buffer was added and
mixed well for detection by flow cytometry within 1 hour.

RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA from whole cell lysates or tissues were isolated by Total RNA
Extraction Kit (Beibei biotechnology, #082001) and TRIzol reagent (Sigama,
#93289) according to the protocol of manufacturer. 1 μg of total RNA was
reverse transcribed to cDNA by HiScript III RT SuperMix for qRT-PCR
(+gDNA wiper) (Vazyme, #R323). qRT-PCR was performed in CFX96TM Real-
Time System (Bio-RAD, #CT032238). Each reaction was assayed in 20 μL
reaction system containing AceQ Universal SYBR qRT-PCR Master Mix
System (Vazyme, #Q511), primers, ddH2O and template DNAs. The Ct values
obtained from samples were compared using 2−ΔΔCt method. β-actin
served as internal reference genes. The following primers were used:
CCDC113-Forward: 5’-TCCGACTCCCATGAAGGGT-3’; CCDC113-Reverse:
5’-CTGATAATCGTGGAGGTCGCT-3’; β-actin-Forward: 5’-GGCGGCACCACCAT
GTACCC-3’; β-actin-Reverse: 5’-AGGGGCCGGACTCGTCATACT-3’; E-cadherin-
Forward:5’-CAGCACGTACACAGCCCTAA-3’; E-cadherin-Reverse: 5’-TGGGA
GGAAGGTCTGCATCA-3’; N-cadherin-Forward:5’-ACAGTGCAGTCTTATCGAA
GGAT-3’; N-cadherin-Reverse: 5’- GCTTCTCACGGCATACACCA-3’; VIMENTIN-
Forward:5’-GCTAACCAACGACAAAGCCC-3’; VIMENTIN-Reverse:5’-CGTTCAAG
GTCAAGACGTGC-3’;TWIST1-Forward:5’-CTCGGACAAGCTGAGCAAGA-3’; TWI
ST1-Reverse: 5’-CTCCATCCTCCAGACCGAGA-3’; MMP2-Forward:5’-CTTCCAA
GTCTGGAGCGATGT-3’; MMP2-Reverse: 5’-TACCGTCAAAGGGGTATCCAT-3’;
MMP9-Forward:5’-TACCACCTCGAACTTTGACA-3’; MMP9-Reverse: 5’-AGGG
CGAGGACCATAGAG-3’; CD24-Forward:5’-CCAGTGAAACAACAACTGGAAC
T-3’; CD24-Reverse: 5’-GCAGAAGAGAGAGTGAGACCAC-3’; FERMT1-Forward:
5’-ACAGCCCTTTGACGGAACAA-3’; FERMT1-Reverse:5’- TCCATAAGGGAGCGT
GAGGA-3’; EPCAM-Forward:5’-CCGCAGCTCAGGAAGAATGT-3’; EPCAM-Reverse:
5’-GCTCTCATCGCAGTCAGGAT-3’; SLC3A2-Forward:5’- GGGCGTCTCGATTAC
CTGAG-3’; SLC3A2-Reverse: 5’-GTTCTCACCCCGGTAGTTGG-3’; SMAD2-For-
ward:5’-AGAGATATGGCTGGCACCCT-3’; SMAD2-Reverse:5’-TGCCTTCGGTAT
TCTGCTCC-3’; SMAD3-Forward:5’-CATCCTGCCTTTCACTCCCC-3’; SMAD3-Reverse:
5’-CTGGGGATGGTGATGCACTT-3’.

Western blotting
Cells and tissues were lysed by RIPA buffer (Beyotime, #P0013B) with
protease inhibitor PMSF (Solarbio, #P0100). Proteins were harvested and
separated by SDS-polyacrylamide gel electrophoresis (PAGE) and electro-
transferred onto polyvinylidene fluoride (PVDF) membrane (Merck milli-
pore, #IPVH00010). After incubating with primary and secondary
antibodies, protein expression was visualized using chemiluminutesescent

reaction kit of BeyoECL Star (Beyotime, #P0018AS) by enhanced
chemiluminutesescent system BG-gds AUTO 720 (Baygene Biotech, China).
GAPDH served as internal reference protein. The following primary
antibodies were used: anti-CCDC113 (1:1000, GeneTex, #GTX12-0455),
anti-BAX (1:1000, Proteintech, #50599-2-Ig), anti-MMP2 (1:1000, Protein-
tech, #10373-2-AP), anti-BCL2 (1:1000, Proteintech, #12789-1-AP) and anti-
GAPDH (1:1000, Santa Cruz, #sc-47724). The following secondary
antibodies were used: goat anti-rabbit secondary antibody (1:3000,
ZSGB-Bio, #ZB-2301) and goat anti-mouse secondary antibody (1:3000,
ZSGB-Bio, #ZB-2305).

Immunofluorescence
CRC cells were seeded on slides (Biosharp, #BS-14-RC) for overnight and
fixed with 4% paraformaldehyde at 4 °C for 20minutes. Between each
steps described below, cells were rinsed 2minutes for three times by PBST
buffer. Cells were blocked with 10% Donkey Serum (Solarbio, #SL050) for
1 h at room temperature. Then, cells were incubated overnight with
CCDC113 antibody (1:200, GeneTex, #GTX120455) in a humidified chamber
at 4 °C. Next, cells were incubated with secondary antibody IFKine™ Red
Donkey Anti-Rabbit IgG (1:200, Abbkine, #A24421) kept in dark place at
room temperature for 1 h. Then slides were stained with DAPI (1:1000,
Sigma, #D9542-1MG) for 5 minutes at room temperature and sealed with
antifading mounting medium (Solarbio, #S2100). Fluorescence confocal
microscopy (ZEISS, LSM880, Germany) was used for imaging.

Animal experiments
Four-week-old female BALB/c nude mice were purchased from SPF
Biotechnology Co.,Ltd (Beijing, China). Mice were divided into appropriate
groups based on the experimental design. For subcutaneous xenograft
tumor model, HCT116 cells (2 × 106 cells per mouse) were resuspended in
100 μL sterile PBS and injected into the upper back of BALB/c nude mice.
Then tumor volumes were measured every 3 days. Tumor volumes were
calculated using the following formula: volume (mm3) = length × width2/2.
Part of tumor tissues were used for protein extraction to detect CCDC113
expression; Part of tumor tissues were fixed with 4% paraformaldehyde for
24 h and embedded with paraffin wax for immunohistochemistry. For tail
vein metastasis model, the BALB/c nude mouse tails were wiped with
alcohol and then HCT116 cells were injected into the tail vein through an
insulin syringe. In knockdown group, CCDC113 knockdown or control
HCT116 cells (5 × 106 cells per mouse) suspended in 100 μL sterile PBS
(n= 3 per group) were injected for 42 days. In overexpression group,
CCDC113 overexpression or control HCT116 cells (2 × 106 cells per mouse)
suspended in 100 μL sterile PBS were injected (n= 4 per group) for
28 days. Their livers were surgically excised and photographed when reach
endpoint. Subsequently, liver tissues were fixed with 4% paraformalde-
hyde for 24 h and embedded with paraffin wax. Hematoxylin and eosin
(HE) staining was performed to analyze metastasis ability by counting liver
metastatic nodule numbers and liver metastatic nodule area. IHC was also
performed to analyze CCDC113 and Ki67 expression in liver metastatic
nodules. For galunisertib treatment in vivo experiments, HCT116 cells
(3 × 106 cells per mouse) were resuspended in 100 μL sterile PBS and
injected into the upper back of BALB/c nude mice. Mice were treated with
vehicle or 75mg/kg galunisertib by oral gavage. The tumor volumes were
measured every 3 days. Tumor volumes were calculated using the
following formula: volume (mm3) = length × width2/2. No statistical
methods were applied to choose the number of mice; no randomization
method was used to choose the animals for this analysis; no blind analysis
was applied.

Immunohistochemistry (IHC)
Tissues were fixed with 4% paraformaldehyde for 24 h and embedded with
paraffin wax. Then they were cut into 5 μm thick slices. Then, slices were

Fig. 7 CCDC113 promotes CRC progression via TGF-β signaling pathway. A DEGs between shCCDC113 HCT116 cells and shNC cells were
shown by volcano plot. B GO enrichment of DEGs in (A). BP Biological Process, CC Cell Component, MF Molecular Function. C KEGG pathway
enrichment analysis of DEGs in (A). D GSEA of RNA-seq data between shCCDC113 HCT116 cells and shNC cells. E Correlation analysis between
CCDC113 expression and TGF-β signaling pathway according to TCGA database. F Expression of CD24, FERMT1, EPCAM and SLC3A2 in
shCCDC113 HCT116 cells and shNC cells according to RNA-seq data. G Correlation analysis of CCDC113 expression with CD24, FERMT1,
EPCAM and SLC3A2 expression in CRC according to TCGA database. H Expression of CD24, FERMT1, EPCAM and SLC3A2 in CCDC113
knockdown and overexpression CRC cells were detected by qRT-PCR. I Correlation analysis of CD24, FERMT1, EPCAM and SLC3A2 expression
with TGF-β signaling pathway according to TCGA database. J Expression of CD24, FERMT1, EPCAM, and SLC3A2 in CRC tissues according to
TCGA and GTEx database. Correlation p values were generated using the stat_cor function in the ggpubr package in R.
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dewaxed in xylene and rehydrated in 100%, 95%, 80% of alcohols. Tissues
were incubated with 3% hydrogen peroxide solution for 10minutes to
block endogenous peroxidase activity. Between each steps described
below, slices were rinsed 2minutes for three times by PBS buffer. Then

they were blocked by 10% Donkey Serum (Solarbio, #SL050) at room
temperature for 30minutes. Antigen was retrieved by heating slices at
100°C for 15minutes in EDTA solution. Next, slices were incubated with
CCDC113 antibody (1:300, GeneTex, #GTX120455) or Ki67 antibody (1:2000,

Fig. 8 Galunisertib reverses increased proliferation and migration abilities of CRC cells caused by CCDC113 overexpression in vitro and
in vivo. A, B qRT-PCR (A) and Western blotting (B) detected CCDC113 overexpression in SW480 cells. C CCK-8 assays detected cell viability of
CCDC113 overexpression SW480 cells with or without 10 μM galunisertib (Gal) treatment. D Colony formation assays detected proliferation
abilities of CCDC113 overexpression SW480 cells with or without 10 μM galunisertib treatment. Representative images were shown in left panel
and statistical results were shown in right panel. E Transwell migration assays detected migration abilities of CCDC113 overexpression SW480
cells with or without 10 μM galunisertib treatment. Scale bars, 100 μm. Representative images were shown in left panel and statistical results
were shown in right panel. FWound-healing assays detected migration abilities of CCDC113 overexpression SW480 cells with or without 10 μM
galunisertib treatment. Representative images were shown in upper panel and statistical results were shown in lower panel. G–I CCDC113
overexpression HCT116 cells and control cells were subcutaneously injected into BALB/c nude mice, followed by oral gavage with 75mg/kg
galunisertib or vehicle. Representative images of subcutaneous xenograft tumors were shown in (H). Statistical results of tumor volumes (G)
and tumor weights (I) were shown (n= 5 per group). Data are presented as means ± SD. ***p < 0.001, **p < 0.01, *p < 0.05, ns no significance.
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Proteintech, #27309-1-AP) at 4°C overnight. After washing with PBS, slices
were incubated with goat anti-rabbit secondary antibodies (1:3000, ZSGB-
Bio, #ZB-2301) at room temperature for 1 h. Then, 3,3’-Diaminutesobenzi-
dine (DAB) Horseradish Peroxidase Color Development Kit (ZSGB-BIO, #ZLI-
9019) was used as chromogen and hematoxylin was applied as nuclear
counterstain. Finally, the slices were sealed by neutral balsam after
dehydration and clearing. The slides were observed using SLIDEVIEW
VS200 slide scanner (Olympus, Japan).

Statistical analysis
Each experiment was conducted at least three times independently and
results were analyzed using SPSS 26.0, R 4.3.2 and GraphPad Prism. The
numerical data were with normal distribution and the variance was similar
between the groups that were being statistically compared. P values were
calculated by two-tailed Student’s t-test for comparing two groups or one
way ANOVA for comparing three groups. Data that didn’t follow normal
distribution were analyzed by nonparametric test. The variance wasn’t
similar between groups were analyzed by Welch’s correction. No statistical
methods were applied to predetermine the sample size. Blinding was not
used for data collection. Gene correlation analysis in R was conducted
utilizing Pearson’s method. Single-sample GSEA enrichment scores were
calculated for Hallmark_TGF_BETA_SIGNALING using R package GSVA.
P < 0.05 was considered statistically significant (*p < 0.05, **p < 0.01,
***p < 0.001, ns means no statistic difference).

DATA AVAILABILITY
All data are available upon reasonable request.

REFERENCES
1. Song M. Global epidemiology and prevention of colorectal cancer. Lancet Gas-

troenterol Hepatol. 2022;7:588–90.
2. Xie YH, Chen YX, Fang JY. Comprehensive review of targeted therapy for color-

ectal cancer. Signal Transduct Target Ther. 2020;5:22.
3. Ganesh K, Stadler ZK, Cercek A, Mendelsohn RB, Shia J, Segal NH, et al. Immu-

notherapy in colorectal cancer: rationale, challenges and potential. Nat Rev
Gastroenterol Hepatol. 2019;16:361–75.

4. Rumpold H, Niedersüß-Beke D, Heiler C, Falch D, Wundsam HV, Metz-Gercek S,
et al. Prediction of mortality in metastatic colorectal cancer in a real-life popu-
lation: a multicenter explorative analysis. BMC Cancer. 2020;20:1149.

5. Álvarez-Varela A, Novellasdemunt L, Barriga FM, Hernando-Momblona X, Cañellas-
Socias A, Cano-Crespo S, et al. Mex3a marks drug-tolerant persister colorectal cancer
cells that mediate relapse after chemotherapy. Nat Cancer. 2022;3:1052–70.

6. Zhou H, Liu Z, Wang Y, Wen X, Amador EH, Yuan L, et al. Colorectal liver
metastasis: molecular mechanism and interventional therapy. Signal Transduct
Target Ther. 2022;7:70.

7. Zhu G, Pei L, Xia H, Tang Q, Bi F. Role of oncogenic KRAS in the prognosis,
diagnosis and treatment of colorectal cancer. Mol Cancer. 2021;20:143.

8. Shin AE, Giancotti FG, Rustgi AK. Metastatic colorectal cancer: mechanisms and
emerging therapeutics. Trends Pharm Sci. 2023;44:222–36.

9. Burnett-Hartman AN, Lee JK, Demb J, Gupta S. An Update on the Epidemiology,
Molecular Characterization, Diagnosis, and Screening Strategies for Early-Onset
Colorectal Cancer. Gastroenterology. 2021;160:1041–9.

10. Priyanka PP, Yenugu S. Coiled-Coil Domain-Containing (CCDC) Proteins: Func-
tional Roles in General and Male Reproductive Physiology. Reprod Sci.
2021;28:2725–34.

11. Burkhard P, Stetefeld J, Strelkov SV. Coiled coils: a highly versatile protein folding
motif. Trends Cell Biol. 2001;11:82–88.

12. Du F, Peng L, Wang Q, Dong K, Pei W, Zhuo H, et al. CCDC12 promotes tumor
development and invasion through the Snail pathway in colon adenocarcinoma.
Cell Death Dis. 2022;13:187.

13. Li Y, Chen Z, Cao K, Zhang L, Ma Y, Yu S, et al. G9a Regulates Cell Sensitivity to
Radiotherapy via Histone H3 Lysine 9 Trimethylation and CCDC8 in Lung Cancer.
Onco Targets Ther. 2021;14:3721–8.

14. Truebestein L, Leonard TA. Coiled-coils: The long and short of it. Bioessays.
2016;38:903–16.

15. Firat-Karalar EN, Sante J, Elliott S, Stearns T. Proteomic analysis of mammalian
sperm cells identifies new components of the centrosome. J Cell Sci.
2014;127:4128–33.

16. Bazan R, Schröfel A, Joachimiak E, Poprzeczko M, Pigino G, Wloga D. Ccdc113/
Ccdc96 complex, a novel regulator of ciliary beating that connects radial spoke 3
to dynein g and the nexin link. PLoS Genet. 2021;17:e1009388.

17. Hong J, Chen J, Zeng Y, Zhang X, Xie M, Li C, et al. Different combinations of high-
frequency rTMS and cognitive training improve the cognitive function of cerebral
ischemic rats. Brain Res Bull. 2021;175:16–25.

18. Pandey G, Pandey OP, Rogers AJ, Ahsen ME, Hoffman GE, Raby BA, et al. A Nasal
Brush-based Classifier of Asthma Identified by Machine Learning Analysis of
Nasal RNA Sequence Data. Sci Rep. 2018;8:8826.

19. Kidwai S, Barbiero P, Meijerman I, Tonda A, Perez-Pardo P, Lio P, et al. A robust
mRNA signature obtained via recursive ensemble feature selection predicts the
responsiveness of omalizumab in moderate-to-severe asthma. Clin Transl Allergy.
2023;13:e12306.

20. Qureshi N, Chi J, Qian Y, Huang Q, Duan S. Looking for the Genes Related to Lung
Cancer From Nasal Epithelial Cells by Network and Pathway Analysis. Front
Genet. 2022;13:942864.

21. Tzavlaki K, Moustakas A. TGF-β Signaling. Biomolecules. 2020;10:487.
22. Peng D, Fu M, Wang M, Wei Y, Wei X. Targeting TGF-β signal transduction for

fibrosis and cancer therapy. Mol Cancer. 2022;21:104.
23. Al Ameri W, Ahmed I, Al-Dasim FM, Ali Mohamoud Y, Al-Azwani IK, Malek JA, et al.

Cell Type-Specific TGF-β Mediated EMT in 3D and 2D Models and Its Reversal by
TGF-β Receptor Kinase Inhibitor in Ovarian Cancer Cell Lines. Int J Mol Sci.
2019;20:3568.

24. Lee KM, Ju JH, Jang K, Yang W, Yi JY, Noh DY, et al. CD24 regulates cell pro-
liferation and transforming growth factor β-induced epithelial to mesenchymal
transition through modulation of integrin β1 stability. Cell Signal.
2012;24:2132–42.

25. Sarvi S, Patel H, Li J, Dodd GL, Creedon H, Muir M, et al. Kindlin-1 Promotes
Pulmonary Breast Cancer Metastasis. Cancer Res. 2018;78:1484–96.

26. Yamashita T, Honda M, Nakamoto Y, Baba M, Nio K, Hara Y, et al. Discrete nature
of EpCAM+ and CD90+ cancer stem cells in human hepatocellular carcinoma.
Hepatology. 2013;57:1484–97.

27. Tissot FS, Estrach S, Boulter E, Cailleteau L, Tosello L, Seguin L, et al. Dermal
Fibroblast SLC3A2 Deficiency Leads to Premature Aging and Loss of Epithelial
Homeostasis. J Invest Dermatol. 2018;138:2511–21.

28. Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal cancer statistics,
2023. CA Cancer J Clin. 2023;73:233–54.

29. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality World-
wide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71:209–49.

30. Chen Z, Wu J, Liu B, Zhang G, Wang Z, Zhang L, et al. Identification of cis-HOX-
HOXC10 axis as a therapeutic target for colorectal tumor-initiating cells without
APC mutations. Cell Rep. 2021;36:109431.

31. Chen Z, He L, Zhao L, Zhang G, Wang Z, Zhu P, et al. circREEP3 Drives Colorectal
Cancer Progression via Activation of FKBP10 Transcription and Restriction of
Antitumor Immunity. Adv Sci (Weinh). 2022;9:e2105160.

32. Deng T, Shen P, Li A, Zhang Z, Yang H, Deng X, et al. CCDC65 as a new potential
tumor suppressor induced by metformin inhibits activation of AKT1 via ubiqui-
tination of ENO1 in gastric cancer. Theranostics. 2021;11:8112–28.

33. Nakagawa T, Sato Y, Tanahashi T, Mitsui Y, Kida Y, Fujino Y, et al. JMJD2A sen-
sitizes gastric cancer to chemotherapy by cooperating with CCDC8. Gastric
Cancer. 2020;23:426–36.

34. Zhang Z, Xu P, Hu Z, Fu Z, Deng T, Deng X, et al. CCDC65, a Gene Knockout that
leads to Early Death of Mice, acts as a potentially Novel Tumor Suppressor in
Lung Adenocarcinoma. Int J Biol Sci. 2022;18:4171–86.

35. Yang L, Liu Q, Zhang X, Liu X, Zhou B, Chen J, et al. DNA of neutrophil
extracellular traps promotes cancer metastasis via CCDC25. Nature. 2020;583:
133–8.

36. Li X, Li H, Pei X, Zhou Y, Wei Z. CCDC68 Upregulation by IL-6 Promotes Endo-
metrial Carcinoma Progression. J Interferon Cytokine Res. 2021;41:12–19.

37. Zhao N, Wang C, Guo P, Hou J, Yang H, Lan T, et al. CCDC106 promotes the
proliferation and invasion of ovarian cancer cells by suppressing p21 transcrip-
tion through a p53-independent pathway. Bioengineered. 2022;13:10956–72.

38. Zhang QH, Ye M, Wu XY, Ren SX, Zhao M, Zhao CJ, et al. Cloning and functional
analysis of cDNAs with open reading frames for 300 previously undefined genes
expressed in CD34+ hematopoietic stem/progenitor cells. Genome Res.
2000;10:1546–60.

39. Kumar A, Singh P, Pandey A, Gosipatala SB. IGFBP3 gene promoter methylation
analysis and its association with clinicopathological characteristics of colorectal
carcinoma. Mol Biol Rep. 2020;47:6919–27.

40. Matthew EM, Yang Z, Peri S, Andrake M, Dunbrack R, Ross E, et al. Plk2 Loss
Commonly Occurs in Colorectal Carcinomas but not Adenomas: Relationship to
mTOR Signaling. Neoplasia. 2018;20:244–55.

41. Raschdorf A, Sünderhauf A, Skibbe K, Ghebrehiwet B, Peerschke EI, Sina C, et al.
Heterozygous P32/C1QBP/HABP1 Polymorphism rs56014026 Reduces Mito-
chondrial Oxidative Phosphorylation and Is Expressed in Low-grade Colorectal
Carcinomas. Front Oncol. 2020;10:631592.

C. Hou et al.

14

Cell Death and Disease          (2024) 15:666 



42. Wei C, Yang C, Wang S, Shi D, Zhang C, Lin X, et al. Crosstalk between cancer cells
and tumor associated macrophages is required for mesenchymal circulating
tumor cell-mediated colorectal cancer metastasis. Mol Cancer. 2019;18:64.

43. Ohara M, Ohara K, Kumai T, Ohkuri T, Nagato T, Hirata-Nozaki Y, et al. Phos-
phorylated vimentin as an immunotherapeutic target against metastatic color-
ectal cancer. Cancer Immunol Immunother. 2020;69:989–99.

44. Massagué J, Sheppard D. TGF-β signaling in health and disease. Cell.
2023;186:4007–37.

45. Su J, Morgani SM, David CJ, Wang Q, Er EE, Huang YH, et al. TGF-β orchestrates
fibrogenic and developmental EMTs via the RAS effector RREB1. Nature.
2020;577:566–71.

46. Brabletz S, Schuhwerk H, Brabletz T, Stemmler MP. Dynamic EMT: a multi-tool for
tumor progression. Embo j. 2021;40:e108647.

47. Lambert AW, Weinberg RA. Linking EMT programmes to normal and neoplastic
epithelial stem cells. Nat Rev Cancer. 2021;21:325–38.

48. Lengrand J, Pastushenko I, Vanuytven S, Song Y, Venet D, Sarate RM, et al.
Pharmacological targeting of netrin-1 inhibits EMT in cancer. Nature.
2023;620:402–8.

49. Chakravarthy A, Khan L, Bensler NP, Bose P, De Carvalho DD. TGF-β-associated
extracellular matrix genes link cancer-associated fibroblasts to immune evasion
and immunotherapy failure. Nat Commun. 2018;9:4692.

50. Fan C, Wang Q, Kuipers TB, Cats D, Iyengar PV, Hagenaars SC, et al. LncRNA
LITATS1 suppresses TGF-β-induced EMT and cancer cell plasticity by potentiating
TβRI degradation. Embo j. 2023;42:e112806.

ACKNOWLEDGEMENTS
This work was supported by National Key Research and Development Program of
China (2021YFA1302000), Joint Funding of Henan Provincial Science and Technology
R&D Plan (222301420015, 222102310602), Science Foundation of Henan Education
Department (23A310028), National Natural Science Foundation of China (32170874,
82203490) and Zhengzhou basic research (2024ZZJCYJ051).

AUTHOR CONTRIBUTIONS
CH performed experiments, analyzed data and wrote the paper; YY performed some
experiments and analyzed data; PW performed some experiments; HMX, LZ, GW, HX
and HC collected and processed human samples; SJ provided human samples; BL
revised the paper. LH, XS and CD initiated the study, organized, designed and wrote
the paper.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All methods were performed in accordance with the relevant guidelines and
regulations, and approved by laboratory animal platform of Academy of Medical
Sciences of Zhengzhou University (No. ZZUIRB2023-320). Human colorectal cancer
specimens were obtained from the Department of Oncology, the First Affiliated
Hospital of Zhengzhou University with informed consent, according to the
Institutional Review Board approval.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-07036-3.

Correspondence and requests for materials should be addressed to Chunyan Du,
Xiao Sun or Luyun He.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

C. Hou et al.

15

Cell Death and Disease          (2024) 15:666 

https://doi.org/10.1038/s41419-024-07036-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	CCDC113 promotes colorectal cancer tumorigenesis and metastasis via TGF-β signaling pathway
	Introduction
	Results
	Screening of differentially expressed genes in CRC
	CCDC113 is upregulated in CRC
	CCDC113 knockdown inhibits CRC proliferation and migration in vitro
	CCDC113 knockdown inhibits CRC tumorigenesis and metastasis in vivo
	CCDC113 overexpression promotes CRC proliferation and migration in vitro
	CCDC113 overexpression promotes CRC tumorigenesis and metastasis in vivo
	CCDC113 promotes CRC tumorigenesis and metastasis via TGF-β signaling pathway

	Discussion
	Methods
	Gene ontology and pathway enrichment analysis
	Kaplan-Meier survival analysis
	Protein and protein interaction (PPI) network
	Cell culture
	Knockdown and overexpression plasmid construction
	Lentiviral infection
	Cell counting kit-8 (CCK-8) assay
	Colony formation assay
	Transwell migration assay
	Wound-healing assay
	Apoptosis assay
	RNA isolation and quantitative real-time PCR (qRT-PCR)
	Western blotting
	Immunofluorescence
	Animal experiments
	Immunohistochemistry (IHC)
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




