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Background/Aims: This study aimed to investigate the biological function and regulatory mech-
anism of TCN1 in colorectal cancer (CRC).
Methods: We studied the biological function of TCN1 by performing gain-of-function and loss-of-
function analyses in HCT116 cell lines; examined the effects of TCN1 on the proliferation, apop-
tosis, and invasion of CRC cells; and determined potential molecular mechanisms using HCT116 
and SW480 CRC lines and mouse xenotransplantation models. Tumor xenograft and coloniza-
tion assays were performed to detect the tumorigenicity and metastatic foci of cells in vivo.
Results: TCN1 knockdown attenuated CRC cell proliferation and invasion and promoted cell 
apoptosis. Overexpression of TCN1 yielded the opposite effects. In addition, TCN1-knockdown 
HCT116 cells failed to form metastatic foci in the peritoneum after intravenous injection. Molecu-
lar mechanism analyses showed that TCN1 interacted with integrin subunit β4 (ITGB4) to posi-
tively regulate the expression of ITGB4. TCN1 knockdown promoted the degradation of ITGB4 
and increased the instability of ITGB4 and filamin A. Downregulation of ITGB4 at the protein level 
resulted in the disassociation of the ITGB4/plectin complex, leading to cytoskeletal damage.
Conclusions: TCN1 might play an oncogenic role in CRC by regulating the ITGB4 signaling 
pathway. (Gut Liver 2023;17:412-429)
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common 
intestinal tumors in the world.1 It is also the fourth leading 
cause of death and the second leading cause of cancer-re-
lated death in the world.2 The total number of deaths from 
CRC will increase by approximately 70% by the year 2035.3 
Although the development of surgical resection technology 
has improved the survival rate of early CRC patients, the 
long-term prognosis of most CRC patients is still poor, the 
main reason being recurrence and metastasis.4,5 However, 
the exact mechanism is still unclear. Molecular mapping of 
CRC (including at the DNA and protein levels) has become 
increasingly important for identifying prognostic biomark-
ers and developing new therapeutic strategies.6 Therefore, 

identifying new key molecules involved in the progression 
of CRC will help to provide new therapeutic targets.

Transcobalamin 1 (TCN1), also known as vitamin B12 
(cobalamin) R binding protein, is one of the three trans-
porters of vitamin B12, which exists in serum and various 
biological liquids.7 Vitamin B12 plays an important role in 
hematopoiesis, cell metabolism, and nervous system func-
tion.8,9 TCN1 carries vitamin B12 through the stomach and 
is released by enzymes in the duodenum, where it binds to 
intrinsic factors.10,11 Unexpectedly, the overexpression of 
TCN1 in tumor tissues is associated with tumorigenesis.12 
TCN1 is overexpressed in malignant tumors, such as he-
patocellular carcinoma, leukemia, breast cancer, lung can-
cer, and gastric cancer.10,11,13 Bioinformatics-based studies 
have shown that TCN1 is an important oncogene.14 Next-
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generation sequencing confirmed that TCN1 is one of the 
overexpressed genes in CRC.15 Previously, Liu et al.  and 
us also showed that TCN1 expression in CRC was signifi-
cantly associated with malignant biological behavior.16,17 
Consequently, it is suggested that TCN1 is related to the 
occurrence and development of CRC, which is worthy of 
further study.

Integrin subunit β4 (ITGB4) is one of the most charac-
teristic integrins and is involved in regulating a variety of 
cell functions.18 Integrins affect the migration, invasion, 
proliferation, and survival of tumor cells and regulate the 
angiogenesis, connective tissue proliferation, and immune 
response of tumor host cells, thereby affecting epithelial-
mesenchymal transition (EMT), cancer development, 
metastasis, and even treatment results.19,20 It has been 
reported that high expression of ITGB4 promotes the 
occurrence, metastasis, and poor prognosis of different 
types of tumors.21,22 The overexpression of ITGB4 is also 
associated with aggressive behavior and poor prognosis 
in breast cancer, bladder cancer, cervical cancer, head and 
neck cancer, lung cancer, and pancreatic cancer.23,24 In this 
study, we demonstrated that TCN1 and ITGB4 were highly 
expressed in clinical colorectal tumor samples, and the ex-
pression levels were positively correlated; TCN1 deficiency 
in CRC cells inhibits their growth, adhesion, and invasion 
by interacting with ITGB4; TCN1 deficiency promotes 
ITGB4 degradation, facilitates the degradation of ITGB4 
and plectin (PLEC), and impairs the stability of filamin A 
(FLNA) and F-actin networks, and eventually leads to cy-
toskeleton damage of CRC cells.

MATERIALS AND METHODS

1. Cell culture
The human cell lines (including HCT116, SW480, 

HCoEpiC, and HEK293T) originated from the American 
Type Culture Collection (Manassas, VA, USA) and were 
cultured in RPMI 1640 medium with 10% fetal bovine se-
rum and 1% (v/v) penicillin/streptomycin in a humidified 
atmosphere of 5% CO2 at 37°C. 

2. Clinical samples
CRC specimens were collected with informed consent 

from 80 cases of surgical patients in the Affiliated Suq-
ian Hospital of Xuzhou Medical University and Jiangning 
Hospital Affiliated to Nanjing Medical University between 
2011 and 2014 following the protocols approved by the 
Ethics Committee of the Affiliated Suqian Hospital of Xu-
zhou Medical University (approval number: 2002014). The 
samples had paired samples of adjacent normal CRC tis-

sue. The definitive histological diagnosis of each CRC pa-
tient was confirmed after surgery, and no patients received 
radiotherapy or chemotherapy. All participants signed 
informed consent forms.

3. Immunohistochemistry analysis
Paraffin-embedded tumor tissues or peritumor tissues 

were cut into 4-μm-thick sections. The slide was heated 
by microwave in 0.01 M citrate buffer (pH=6.0) for 10 
minutes to recover the antigen. Subsequently, the sections 
were incubated with primary antibodies (anti-TCN1 rab-
bit antibody [ab202121, Abcam, Cambridge, UK], anti-
ITGB4 rabbit antibody [ab182120, Abcam], anti-Ki-67 
antibody [ab16667, Abcam], and anti-PCNA antibody 
[ab92552, Abcam]) in a humidified chamber overnight at 
4°C. Horseradish peroxidase-labeled secondary antibodies 
were incubated at room temperature for 1 hour. All CRC 
sections were examined by two experienced pathologists. 
TCN1 or ITGB4 staining was independently scored by two 
pathologists who did not know the clinical data using the 
H-score system.25 The intensity of immunostaining was 
0–3: 0, negative; 1, weak; 2, medium; 3, strong. H score was 
the product of different staining intensities in 0–3 and the 
percentage of positive cells. 

4. Quantitative polymerase chain reaction
Total RNA was extracted from snap-frozen CRC tumor 

tissues and paired noncancerous tissues using TRIzol Re-
agent (B5704-1; Takara, Kusatsu, Japan), followed by treat-
ment with DNase I (2212, Takara). After the RNA concen-
tration was determined by spectrophotometer (NanoDrop 
2000c; Thermo Scientific, Waltham, MA, USA), the cDNA 
was synthesized using PrimeScriptTM RT reagent Kit 
(RR037A, Takara). Quantitative polymerase chain reaction 
(Q-PCR) was performed using the LightCycler PCR QC 
Kit (6746381001; Roche Basel, Switzerland) and a 7300 
Real-Time PCR System (LC96, Roche). Human TCN1- 
and GAPDH-specific primers listed in Supplementary Ta-
ble 1. The relative expression level of the target genes was 
normalized to that of the GAPDH and calculated by the 
ΔCt method (ΔCt=[mean Ct−mean Ct GAPDH]).26 Data 
analysis was performed using GraphPad Prism 8 software 
(GraphPad Software, San Diego, CA, USA).

5. Survival analysis
Survival analysis was performed on 80 patients, and the 

survival curves were drawn according to the Kaplan-Meier 
method. Patients were divided into TCN1 and ITGB4 high 
expression group (ΔCt ≤4.25) and low expression group 
(ΔCt >4.25) according to the median levels of TCN1 and 
ITGB4 in cancer tissues. Overall survival was the time 
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from surgery to pa tient’s death. Follow-up was for 60 
months, although patients who survived beyond 5 years 
were still followed up.

6. Generation of stable cell lines using lentivirus 
infection
To generate a lentivirus expressing short hairpin 

RNA targeting human TCN1 (GenBank Accession No. 
NM_001062.4), the shTCN1 sequences listed in Supplemen-
tary Table 1 were designed and synthesized. HEK293T cells 
were co-transfected with lentiviral expression constructs (4 
μg), viral envelope plasmid (pMD2.G, 4 μg), and viral pack-
aging plasmid (psPAX2, 4 μg) using Lipofectamine 2000 
(Invitrogen, Waltham, MA, USA). The empty vector was 
used as a short hairpin RNA control (TCN1-KDC). The ex-
pression constructs (TCN1-KD1, TCN1-KD2, and TCN1-
KDC) plasmid maps are listed in Supplementary Fig. 1A 
and B. After 72 hours of transfection, the virus supernatant 
was collected and purified by 0.45 μm filters. The mCherry-
expressing lentiviruses, including LV-TCN1-KD1, LV-
TCN1-KD2, and LV-TCN1-KDC, were then concentrated 
by ultracentrifugation (20,000 rpm) for 2 hours.

The full-length coding sequence of human TCN1 was 
cloned into pLenti-CMV-Puro-mCherry lentiviral plasmid 
(CAVR Gene, Zhenjiang, China) to construct the recom-
binant TCN1-overexpression lentivirus (TCN1-OE). The 
empty vector was used as a short hairpin RNA control 
(TCN1-OEC). HCT116 and SW480 cells were infected 
with LV-TCN1-KD1, LV-TCN1-KD2, LV-TCN1-KDC, 
LV-TCN1-OEC and LV-TCN1-OE plus 8 μg/mL poly-
brene. Twenty-four hours after lentiviral infection, the cells 
were selected using puromycin (2 μg/mL; Sigma-Aldrich, 
St. Louis, MO, USA) prior to use in experiments. The 
primer sequences for TCN1 cloning are listed in Supple-
mentary Table 1. The TCN1-OE plasmid maps are listed in 
Supplementary Fig. 1C and D.

7. Cell apoptosis and proliferation detection
The apoptosis and proliferation rate of HCT116 cells 

were detected using annexin V fluorescein isothiocyanate 
(FITC) detection kit (556547; BD Biosciences, Franklin 
Lake, NJ, USA) and cell light EdU Apollo 488 in vitro Kit 
(C10310-3; Ribobio, Guangzhou, China) according to the 
manufacturer’s instruction. Samples were analyzed using 
flow cytometry (BD FACSCalibur, BD Biosciences). 

8. Cell invasion assay
Briefly, cells were seeded in insert plates with Matrigel 

(BD Biosciences) coating and 24 well tissue culture plates. 
After 24 hours of culture, the cells migrated below the in-
sert plate were stained with 0.4% crystal violet and photo-

graphed (IX-71; Olympus, Tokyo, Japan). 

9. Cell viability
Cell viability was detected at 0, 12, 24, 36, 48, and 60 

hours using Cell Counting Kit-8 (CCK-8) reagent (HY-
K0301; MedChemExpress, Monmouth Junction, NJ, USA). 
Briefly, the cells were washed twice with phosphate buff-
ered saline (PBS). Then, 100 μL RPMI 1640 medium and 
10 μL CCK‐8 solution were added to each well. The cells 
were incubated for 1.5 hours at 37°C, and the absorption 
value was detected at 450 nm. All experiments were re-
peated three times.

10. Immunofluorescence staining
HCT116 cells were fixed with 4% formaldehyde for 15 

minutes at room temperature. After washing the cells 3 
times in PBS with 0.1% Triton X-100, cells were blocked 
with 4% bovine serum albumin for 30 minutes. Cells were 
incubated with primary ITGB4 antibody (ab182858, Ab-
cam), ITGA3 (ab131055, Abcam), FLNA antibody (4762; 
Cell Signaling Technology, Danvers, MA, USA), FITC-
phalloidin antibody (P5282, Sigma) and PLEC antibody 
(ab11220, Abcam) for 1 hour at room temperature. Fol-
lowing washes with PBS, 0.1% Triton X-100, cells were 
incubated with FITC/TRITC-conjugated secondary anti-
bodies for 1 hour at room temperature. Following washes 
with PBS, 0.1% Triton X-100, cells were stained with DAPI 
(Sigma) and visualized by confocal scanning microscopy 
(710; Zeiss, Oberkochen, Germany). The original TIF im-
ages were quantified by immunofluorescence using ImageJ 
software (National Institutes of Health, Bethesda, MD, 
USA). Signal and background intensity was measured. The 
net fluorescence intensity is obtained by subtracting the 
background intensity from the signal intensity.

11. Transmission electron microscopy assays
The cells were fixed in 2.5% glutaraldehyde (pH 7.4) at 

4°C for 48 hours, and then in 0.5% osmium tetroxide for 
24 hours. After dehydration, the samples were embedded 
in epoxy resin to make ultrathin sections (70-nm-thick) 
and examined by transmission electron microscope (Tecnai 
G2 Spirit Bio TWIN; FEI Co., Hillsboro, OR, USA).

12. RNA-sequence analysis 
Total RNA was extracted from TCN1-KD1, TCN1-

KD2, TCN1-KDC, TCN1-OE and TCN1-OEC HCT116 
cell lines. RNA degradation and contamination were moni-
tored on 1% agarose gels. RNA purity was checked using 
the NanoPhotometer spectrophotometer (Implen, West-
lake Village, CA, USA). RNA concentration was measured 
using Qubit RNA Assay Kit in Qubit 2.0 Fluorometer (Life 
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Technologies, CA, USA). RNA integrity was assessed using 
the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 
2100 system (Agilent Technologies, Westlake Village, CA, 
USA). A total amount of 2 µg RNA per sample was used 
as input material for the RNA sample preparations. PCR 
products were purified (AMPure XP system) and library 
quality was assessed on the Agilent Bioanalyzer 2100 
system. After cluster generation, the library preparations 
were sequenced on an Illumina Hiseq 4000 platform and 
paired-end 150 bp reads were generated. The genes with a 
fold change value greater than 2, and a p-value <0.01 were 
considered differentially expressed. Relationships of differ-
ently expressed genes were determined by Gene Ontology 
analysis and gene set enrichment analysis (GSEA).

13. Chromatin immunoprecipitation assays
Chromatin immunoprecipitation assays were per-

formed as described previously.27 The protein–DNA com-
plexes were immunoprecipitated using anti-TCN1 anti-
body (ab202121, Abcam), anti-ITGB4 antibody (ab182120, 
Abcam) or immunoglobulin G (IgG; ab172730, Abcam), 
which served as a control. Chromatin immunoprecipita-
tion samples were analyzed by quantitative real-time PCR. 
The primer sequences for Chips are listed in Supplemen-
tary Table 1.

14. Establishment of tumor xenografts in nude mice
All animal experimental procedures were approved by 

the Animal Care and Use Committee of Nanjing Medi-
cal University (approval number: IACUC-2002014). The 
tumor xenografts were established in nude mice by subcu-
taneous implantation. mCherry-labeled HCT116 cells in 
logarithmic phase were digested with trypsin, rinsed three 
times with 1× PBS, and then suspended in 100 μL of 1× 
PBS. Thirty BALB/c nude mice (4 weeks old, male) were 
randomly divided into five groups (TCN1-KDC, TCN1-
KD1, TCN1-KD2, TCN1-OEC, and TCN1-OE) and 
housed at 22°C on a 12/12-hour light/dark cycle and freely 
received standard mouse chow and tap water. A total of 
2.5×106 cells were inoculated into the inner fat pad at the 
root of right leg of mice. Tumor growth was measured and 
quantified weekly using bioluminescence imaging (IVIS 
Spectrum; PerkinElmer, Waltham, MA, USA). The growth 
of the primary tumor was also monitored with a caliper 
every week for 6 weeks. The tumor volume was calculated 
using the formula: 0.5×length×width2. The tumors were 
collected after mice were sacrificed under general anesthe-
sia using intraperitoneal injection of pentobarbital sodium 
(150 mg/kg).

15. Colonization assay in nude mice
HCT116 cells (1×106 cells/mouse) were injected into 

BALB/c nude mice (n=6) through tail vein. At 60 days 
after inoculation, the metastatic foci in mice were mea-
sured and quantified using bioluminescence imaging (IVIS 
Spectrum, PerkinElmer). The intestines were collected for 
fluorescence quantification and fixed in 4% paraformalde-
hyde after mice were sacrificed under general anesthesia 
using intraperitoneal injection of pentobarbital sodium 
(150 mg/kg). Metastatic nodules were immunohistochemi-
cally stained with anti-TCN1 rabbit antibody (ab202121, 
Abcam), anti-ITGB4 rabbit antibody (ab182120, Abcam). 
Tissue staining was detected under a light microscope (1-
71, Olympus), and protein expression was quantified using 
ImageJ software (National Institutes of Health).

16. Western blot analysis
The cells and cancer tissues were lysed in RIPA lysis 

buffer containing 1 mM phenylmethylsulfonyl fluoride 
(Bioteke Co., Wuxi, China). Protein samples (50 μg) were 
separated on a 10% SDS-PAGE gel and transferred to ni-
trocellulose membranes. TBST buffer (100 mM NaCl, 10 
mm Tris HCl, and 0.1% Tween 20) containing 5% skim 
milk was used to block the membrane at room tempera-
ture for 1 hour. Then, the membrane was incubated with 
primary antibodies against TCN1 (ab202121, Abcam), 
ITGB4 (ab182120, Abcam), FLNA (4762, Cell Signaling 
Technology) and GAPDH (sc-166574; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, USA) at 4°C overnight. 
On the second day, a horseradish peroxidase-conjugated 
goat anti-rabbit IgG secondary antibody (sc-2004, Santa 
Cruz Biotechnology, Inc.) or goat anti-mouse IgG horse-
radish peroxidase binding secondary antibody (sc-2005, 
Santa Cruz Biotechnology, Inc.) was incubated with the 
membrane for 1 hour at room temperature. Then, the 
membrane was rinsed three times with TBST. Western blot 
analyses were performed with Pierce ECL Western Blot-
ting Substrate (32209; Thermo Fisher Scientific, Waltham, 
MA, USA) and a ChemiDoc XRS+ molecular imager (Bio-
Rad, Hercules, CA, USA), and quantitative analysis was 
performed with ImageJ software (National Institutes of 
Health).

17. Statistical analysis
Data are presented as the mean±standard deviation. 

Statistical analyses were performed using GraphPad 8.0 
statistical software (GraphPad Software). One way analysis 
of variance was used to compare the differences among the 
groups. Statistically significant differences were examined 
using two-tailed Student t-test, two-sided Pearson chi-
square test, or the log-rank (Mantel-Cox) test to derive the 
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significance of the differences between two groups. p<0.05 
was considered to be significant.

RESULTS

1. TCN1 is overexpressed in CRC tissues and 
positively correlates with poor prognosis of CRC 
patients
To investigate the clinical significance of TCN1 and 
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Fig. 1.Fig. 1. Transcobalamin 1 (TCN1) and integrin subunit β4 (ITGB4) are highly expressed in colorectal cancer (CRC) clinical tissues. (A) Immunohisto-
chemistry analysis of TCN1 and ITGB4 in CRC tissue. Representative pictures of immunohistochemical staining are shown (n=80). (B) Western blot 
analysis of TCN1 and ITGB4 in CRC tissue specimens (n=6). Representative pictures of Western blot analysis of TCN1 and ITGB4 in six pairs of CRC 
tissues and adjacent nontumor normal tissues (NATs) from six CRC cases are shown. (C, D) Real-time quantitative polymerase chain reaction (PCR) 
analysis of TCN1 and ITGB4. RNA samples were extracted from 80 pairs of CRC tissues and normal tissues for real-time quantitative PCR analysis of 
TCN1 and ITGB4 expression (n=10). The levels of TCN1 and ITGB4 mRNA were expressed as ΔCt=(mean Ct target−mean Ct GAPDH). p<0.01 compared 
with NAT tissue. (E) Kaplan-Meier survival curves for CRC patients grouped according to the median expression level of TCN1 indicated that patients 
with high TCN1 expression had a shorter overall survival time after surgery (n=40). (F) Kaplan-Meier survival curves for CRC patients grouped accord-
ing to the median expression level of ITGB4 indicated that patients with high ITGB4 expression had a shorter overall survival time after surgery (n=40). 
(G) Pearson correlation scatter plot of TCN1 and ITGB4 H scores in human CRC tissue (n=80). All experimental data are presented as the mean±SD. 
Statistical significance, *p<0.01.
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ITGB4 expression in CRC patients, we detected the pro-
tein expression of TCN1 and ITGB4 in CRC specimens 
and adjacent tissues. Immunohistochemistry and Western 
blot analysis showed significant upregulation of TCN1 
and ITGB4 expression in human CRC tissues compared to 
normal tissues (p<0.01) (Fig. 1A and B). Next, we analyzed 
TCN1 and ITGB4 mRNA expression in CRC specimens. 
We found that the transcription levels of TCN1 and ITGB4 
were significantly higher in CRC tissues than in paired 
peritumor tissues (Fig. 1C and D). The Kaplan-Meier sur-
vival analysis showed that patients with high expression of 
TCN1 and ITGB4 had shorter overall survival than other 
CRC patients (Fig. 1E and F). Notably, the expression of 
TCN1 and ITGB4 correlated well across all CRC samples 
analyzed (Fig. 1G). In addition, the expression of TCN1 
was significantly correlated with clinicopathological vari-
ables such as TNM stage, G3 stage, depth of tumor inva-
sion and serum carcinoembryonic antigen level (including 
regional lymph node metastasis and tumor size), while the 
expression of TCN1 was not correlated with age, gender, 
tumor location or nerve invasion (Table 1). These results 
indicated that high TCN1 expression was associated with 
high ITGB4 expression, poor prognosis and malignancy of 
CRC, suggesting that TCN1 may promote CRC progres-
sion in conjunction with ITGB4.

2. Lentivirus-mediated TCN1 knockdown and 
overexpression in CRC cells
We analyzed lentivirus-mediated TCN1-knockdown 

or overexpression in HCT116 and SW480 cells using Q-
PCR and Western blot (Fig. 2A and B). We found that the 
expression of TCN1 and ITGB4 in TCN1-knockdown 
(TCN1-KD) cells was reduced to 20% and 25% of the 
negative control (TCN1-KDC) cells, and TCN1 expres-
sion in cells with TCN1 overexpression (TCN1-OE cells) 
was about 10 times higher than that in cells transfected 
with the scrambled negative control (TCN1-OEC cells) 
(Fig. 2A). The protein levels of TCN1 were confirmed by 
Western blot analysis (Fig. 2B). Our results confirmed 
the successful generation of lentivirus-mediated TCN1-
silenced HCT116 and SW480 cell lines (TCN1-KD1 and 
TCN1-KD2) and a TCN1-overexpressing CRC cell lines 
(TCN1-OE) (Supplementary Fig. 1E). The effects of TCN1 
on apoptosis were assessed by flow cytometric analysis 
(Fig. 2C). Annexin V/PI staining revealed that apoptosis 
in TCN1-KD1 and TCN1-KD2 groups was significantly 
increased compared with that in TCN1-KDC groups in 
HCT116 and SW480 cells (p<0.01). Moreover, transwell 
assays showed the invasion ability of HCT116 and SW480 
cells was also significantly decreased in TCN1-KD1 and 
TCN1-KD2 cells compared with TCN1-KDC cells (p<0.01) 

and were markedly increased in TCN1-OE cells compared 
with TCN1-OEC cells (p<0.05) (Fig. 2D and E). The effect 
of TCN1 on human CRC cell proliferation was assessed by 
EdU and CCK‐8 assay (Fig. 2F-K). The EdU positive cells 
were significant decrease in TCN1-KD1 and TCN1-KD2 
cells compared with TCN1-KDC cells (p<0.01 or p<0.05) 
(Fig. 2F, G, I, and J), and the EdU positive cells of TCN1-
OE cells was markedly increased compared with that of 
TCN1-OEC cells (p<0.01 or p<0.05). As shown in Fig. 
2H and K, a significant decrease in cell viability was de-
tected in TCN1-KD1 and TCN1-KD2 cells compared with 
TCN1-KDC cells at each time point (p<0.01). In contrast, 
the viability of TCN1-OE cells was markedly increased 

Table 1.Table 1. Relationship between TCN1 Immunoexpression and Clinico-
pathological Characteristics in Patients with Colorectal Cancer

Parameter 
TCN1 expression level

p-value 
Low Strong

Age 0.735
    ≥65 yr 9 19
    <65 yr 31 21  
Sex 0.746
    Female 22 18
    Male 18 22  
CEA level 0.003
    Increased 9 24
    Normal 31 16  
CA125 level 0.152
    Increased 0 10
    Normal 40 30  
CA19-9 level 0.113
    Increased 4 12
    Normal 36 28  
TNM stage 0.065
    I-II 29 19
    III-IV 11 21
Tumor location 0.128
    Colon 4 16
    Distal colon 15 6  
    Rectum 21 18  
Histological differentiation
    G1 13 4 0.063
    G2 23 16 0.085
    G3 4 20 0.017
Depth of invasion
    T1/T2 23 2 0.005
    T3/T4 17 38 0.003
Tumor size
    ≤5 cm 31 14 0.011
    >5 cm 9 26 0.018
Metastases to regional lymph nodes <0.001
    No 40 9
    Yes 0 31
Nerve invasion 0.439
    No 32 24
    Yes 8 16  

TCN1, transcobalamin 1; CEA, carcinoembryonic antigen; CA125, 
cancer antigen 125; CA19-9, cancer antigen 19-9.
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Fig. 2.Fig. 2. Lentivirus-mediated knockdown (KD) and overexpression (OE) of transcobalamin 1 (TCN1) in HCT116 cells. (A, B) Expression of TCN1 in 
TCN1-KD and TCN1-OE HCT116 and SW480 cells assessed by quantitative polymerase chain reaction and Western blot (n=6). (C) Cell apoptosis 
was detected in TCN1-KD and TCN1-OE HCT116 and SW480 cells using flow cytometry, as indicated (n=6). (D, E) Transwell invasion assays were 
conducted with TCN1-KD and TCN1-OE HCT116 and SW480 cells, as indicated (n=6). The numbers of invaded cells are displayed in quantitative 
bar graphs. (F, G) The proliferation of cells was measured by flow cytometry after HCT116 cells were stained with Apollo 488 fluorescence dye to 
label EdU. (H) Proliferation of HCT116 cells at 0, 12, 24, 36, 48, and 60 hours after TCN1-KD and TCN1-OE (n=6). (I, J) The proliferation of cells was 
measured by flow cytometry after SW480 cells were stained with Apollo 488 fluorescence dye to label EdU. (K) Proliferation of SW480 cells at 0, 
12, 24, 36, 48, and 60 hours following TCN1-KD and TCN1-OE (n=6). All experimental data are presented as the mean±SD of 3 independent experi-
ments. Statistical significance: compared with TCN1-KDC cells, *p<0.05 and †p<0.01; compared with TCN1-OEC cells, ‡p<0.05 and §p<0.01. 
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compared with that of TCN1-OEC cells (p<0.01). The data 
indicated that knockdown of TCN1 inhibits CRC cell pro-
liferation in vitro.

3. ITGB4 is a direct downstream transcriptional target 
of TCN1 in CRC cells
The results above indicated that TCN1 can promote 

the proliferation of CRC cells. To identify their potential 
downstream targets and understand their mechanism of 
action, we performed RNA-sequence assay using mRNA 
from cells of TCN1-KD1, TCN1-KD2, TCN1-KDC, 
TCN1-OE, and TCN1-OEC (Fig. 3A). GSEA showed that 
cell proliferation, cell migration, and Wnt signaling gene 
were enriched in TCN1-KD1 and TCN1-KD2 cells com-
pared to the control (Supplementary Fig. 2). Consistently, 
Gene Ontology analysis of differentially expressed genes 
in TCN1 knockdown cells and control cells showed that 
several key cellular processes related to cancer progression, 
such as Wnt signaling, Notch signaling, cell division, cell 
migration, and proliferation, were significantly enriched 

(Fig. 3B).
From gene profile data, we found a total of 77 down-

regulated genes in TCN1-KD1 and 156 downregulated 
genes in TCN1-KD2 versus negative control with at least 
a 2-fold change, whereas there were 41 upregulated genes 
in TCN1-OE versus controls with at least a 2-fold change. 
There were 11 common genes which exhibited at least 
2-fold downregulation in all knockdown and 2-fold up-
regulation in all overexpression profiles (Fig. 3C). Since 
ITGB4 is a key factor in the Notch signaling pathway, the 
expression of TCN1 and ITGB4 was consistent in clini-
cal samples, and genes transcriptional analysis showed 
that ITGB4 was among the 11 overlapping gene list (Fig. 
3C), we chose ITGB4 for further investigation as potential 
downstream target gene of TCN1. We analyzed ITGB4-
antibody immune-precipitate from HCT116 cells by im-
munoblot and found that ITGB4 co-immunoprecipitated 
with TCN1, the overlap between TCN1 and ITGB4 pro-
teins was verified (Fig. 3D). We also performed chromatin 
immunoprecipitation analysis using anti-TCN1 antibodies 

F
S

C
-H

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-KDC

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-KD1

1
,0

0
0

0
10

0
10

1
10

2
10

3
10

4

TCN1-KD2

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

Control

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-OEC

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-OE

Apollo 488 EdU

F
S

C
-H

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-KDC

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-KD1

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-KD2

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

Control

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-OEC

1
,0

0
0

0

10
0

10
1

10
2

10
3

10
4

TCN1-OE

Apollo 488 EdU

R2R2 R2R2 R2R2

R2R2 R2R2 R2R2

R2R2 R2R2 R2R2

R2R2 R2R2 R2R2

F I

E

In
v
a
s
io

n
c
e
ll

n
u
m

b
e
r

400

300

200

100

0

TCN1-KDC TCN1-KD1 TCN1-KD2 TCN1-OEC TCN1-OE

In
v
a
s
io

n
c
e
ll

n
u
m

b
e
r

500

400

300

200

100

0

TCN1-KDC TCN1-KD1 TCN1-KD2 TCN1-OEC TCN1-OE

%
o
f
E

d
U

p
o
s
it
iv

e
c
e
lls

60

40

20

0

TC
N
1-

K
D
C

TC
N
1-

K
D
1

TC
N
1-

K
D
2

TC
N
1-

O
E
C

TC
N
1-

O
E

*

G

O
D

(4
5
0

n
m

)

2.5

2.0

1.5

1.0

0.5

0

Time (hr)

12 24 36 48 60

TCN1-KDC
TCN1-KD1
TCN1-KD2
TCN1-OEC
TCN1-OE

H

%
o
f
E

d
U

p
o
s
it
iv

e
c
e
lls

60

40

20

0

TC
N
1-

K
D
C

*

TC
N
1-

K
D
1

TC
N
1-

K
D
2

TC
N
1-

O
E
C

TC
N
1-

O
E

*

J

O
D

(4
5
0

n
m

)

2.5

2.0

1.5

1.0

0.5

0

Time (hr)

12 24 36 48 60

TCN1-KDC
TCN1-KD1
TCN1-KD2
TCN1-OEC
TCN1-OE

K

00

Fig. 2.Fig. 2. Continued.



Gut and Liver, Vol. 17, No. 3, May 2023

420  www.gutnliver.org

on the promoter of ITGB4 to determine whether TCN1 
directly regulates ITGB4 transcription. The results showed 
that knockdown of TCN1 led to a significant reduction in 
TCN1 enrichment on the promoter of ITGB4 in HCT116 
cells (p<0.01) (Fig. 3E), suggesting that TCN1 bound to 
the promoter and directly regulated the transcription of 
ITGB4. In addition, knockdown of TCN1 in HCT116 
cells led to significantly decreased expression of ITGB4 
and FLNA, and overexpression of TCN1 in HCT116 cells 
results in markedly increased expression of ITGB4 and 
FLNA at the protein levels (Fig. 3F).

4. TCN1 deficiency causes cytoskeletal network 
damage
The binding of integrin to the cytoskeleton is essen-

tial for the stable adhesion of integrin to the extracellular 
matrix (ECM).28 PLEC and ITGB4 are hemidesmosomes, 
which play an important role in maintaining the integrity 
of the cytoskeleton.29 Phalloidin is a cyclic peptide pro-
duced by Amanita phalloides that can bind to and stabilize 
F-actin.30 FITC fluorescent substance-labeled phalloidins 
can specifically bind to F-actin in eukaryotic cells, thus in-
dicating the distribution of microfilaments in the cytoskel-
eton of cells.31 Thus, we analyzed the ITGB4, FLNA, PLEC, 
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Fig. 3.Fig. 3. Integrin subunit β4 (ITGB4) is a direct downstream transcriptional target of transcobalamin 1 (TCN1) in HCT116 cells. (A) Heatmap showing 
differential mRNA expression in TCN1-KD and TCN1-OE cells (fold change value >1.5 and p<0.01), as indicated. (B) Gene Ontology (GO) analysis of 
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analysis in normal HCT116 cells using anti-ITGB4 antibodies. (E) Chromatin immunoprecipitation analysis of TCN1 binding to the ITGB4 promoter 
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assessed by Western blot analysis (n=6). GAPDH served as the loading control. All experimental data are presented as the mean±SD. 
TCN1-KD, TCN1-knockdown, TCN1-OE, TCN1-overexpression. *Statistical significance: p<0.01.
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ITGA3 and phalloidin in TCN1 knockdown and TCN1-
overexpression cells using immunofluorescence staining. 
In TCN1-KDC cells, the fluorescence signals of ITGB4, 
PLEC, ITGA3 and phalloidin were clustered and com-
pletely colocalized (Fig. 4A, Supplementary Fig. 3A-H). In 
TCN1-KD1 and TCN1-KD2 cells, the fluorescence signal 
of ITGB4 was weak, while PLEC and phalloidin exhibited 
a diffuse filamentous distribution. However, the fluores-
cence signals of ITGB4, PLEC, ITGA3 and phalloidin in 
TCN1-OE cells were stronger than those in TCN1-OEC 
cells. Our results showed that ITGB4, PLEC, and phalloi-
din are also expressed in human normal colonic epithelial 
cells (Supplementary Fig. 3M). FLNA can bind F-actin fila-
ments to form a stable cytoskeleton.32 TCN1 knockdown 
also decreased the level of FLNA in HCT116 cells (Fig. 4B). 
Immunofluorescence staining showed that FLNA signal 
almost disappeared in TCN1 knockdown cells, indicating 

that TCN1 may regulate the stability of FLNA. However, 
the fluorescence signal of FLNA in TCN1-OE cells was 
stronger than that in TCN1-OEC cells. These results sug-
gest that the degradation of ITGB4 induced by TCN1 
inactivation may directly lead to the structural damage of 
hemidesmosomes and affects cytoskeletal reconstruction.

Transmission electron microscope analysis showed that 
actin filaments were cross-linked in the cytoplasm, and a 
dense network structure in the cytoplasm and basal layer 
of control cells (Fig. 4C). These three-dimensional struc-
tures have high strength and can support the extension of 
pseudopodia. In TCN1-knockdown cells, the three-dimen-
sional network structure of actin filaments is destroyed, 
resulting in the formation of long and straight filaments. 
These parallel microfilaments can affect the formation of 
pseudopodia and lead to the destruction of the cytoskel-
eton.31 The results demonstrated that TCN1-knockdown 
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Fig. 4.Fig. 4. Transcobalamin 1 (TCN1) deficiency causes cytoskeletal network damage. (A) Representative images and quantification of integrin subunit 
β4 (ITGB4) in TCN1-KD and TCN1-OE HCT116 cells detected by immunofluorescence staining (n=6). (B) Representative images and quantification 
of filamin A (FLNA) in TCN1-KD and TCN1-OE HCT116 cells detected by immunofluorescence staining (n=6). Scale bars=100 µm. The nuclei were 
stained with DAPI. (C) Representative images of the microfilament network structure in TCN1-KD and TCN1-OE HCT116 cells detected by trans-
mission electron microscopy (n=6). Scale bars=10 µm. All experimental data are presented as the mean±SD. 
TCN1-KD, TCN1-knockdown, TCN1-OE, TCN1-overexpression; a.u., absorbance unit. Statistical significance: *p<0.05, †p<0.01.
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Fig. 5.Fig. 5. Transcobalamin 1 (TCN1) deficiency inhibits tumorigenesis in a colorectal cancer xenograft model. (A) Representative bioluminescent im-
ages of tumors in nude mice are shown. (B, C) The photon flux in the bioluminescent images of tumors was quantified (n=6). (D) The tumors from 
each mouse were excised and photographed. (E, F) The tumor volume was calculated using the formula 0.5×length×width2 (n=6). (G) The expres-
sion of TCN1 and integrin subunit β4 (ITGB4) in tumor tissues was assessed by quantitative polymerase chain reaction. (H) The expression of TCN1 
and ITGB4 in tumor tissues was assessed by Western blot analysis. GAPDH served as the loading control. (I-K) The Ki-67 and proliferating cell 
nuclear antigen (PCNA) expression levels in xenograft tumors were immunohistochemically evaluated. All experimental data are presented as the 
mean±SD. 
TCN1-KD, TCN1-knockdown, TCN1-OE, TCN1-overexpression. *Statistical significance: p<0.01.
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may cause damage to the cytoskeletal network by regulat-
ing ITGB4 signaling. 

5. Inactivation of TCN1 inhibits tumorigenesis in a 
CRC xenograft model
We established a nude mouse subcutaneous xenograft 

model using TCN1-KDC, TCN1-OEC, TCN1-KD, TCN1-
KD2, and TCN1-OE cells to further evaluate the in vivo 
tumorigenic effect of TCN1-knockdown and TCN1-over-
expressing cells (Fig. 5). Consistent with the in vitro re-
sults, bioluminescence imaging showed TCN1-knockdown 
cells produced a significant decrease in the tumor size 
compared with TCN1-KDC group (p<0.01) (Fig. 5B), and 
TCN1-overexpression cells produced a marked increase 
in the tumor size compared with the TCN1-OEC group 
(p<0.01) (Fig. 5C). Meanwhile, the tumor volume was 

more markedly decreased in the TCN1-KD and TCN1-
KD2 groups than in the TCN1-KDC group (p<0.01) (Fig. 
5D and E). The tumor volume in the TCN1-OE group was 
substantially increased compared with the TCN1-OEC 
group (p<0.01) (Fig. 5D and F). The TCN1 and ITGB4 
expression levels in xenograft tumors were evaluated us-
ing Q-PCR and Western blot. TCN1 and ITGB4 expres-
sion was more markedly decreased in the TCN1-KD1 and 
TCN1-KD2 groups than in the TCN1-KDC group (p<0.01) 
and was substantially increased in TCN1-OE cells com-
pared with TCN1-OEC cells (p<0.01) (Fig. 5G and H). The 
expression levels of the proliferation-related proteins Ki-67 
and proliferating cell nuclear antigen (PCNA) in xenograft 
tumors were immunohistochemically evaluated (Fig. 5I-
K). Ki-67 and PCNA expression decreased more drastically 
in the TCN1-KD1 and TCN1-KD2 groups than in the 
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TCN1-KDC group (p<0.01) (Fig. 5I-K) and was increased 
in the TCN1-OE group compared with the TCN1-OEC 
group (p<0.01) (Fig. 5I-K). The results were similar to the 
in vitro results and further revealed that TCN1 knockdown 
inhibit tumorigenesis in vivo, indicating TCN1 knock-
down synergized with ITGB4-induced inactivation of Ki-
67 and PCNA in CRC cells.

6. TCN1 deficiency inhibits metastatic engraftment in 
the peritoneum in vivo
Since TCN1 deficiency impairs the adhesion and 

growth of CRC cells, we assessed the effect of TCN1 
knockdown and TCN1 overexpression on the metastasis 
ability of HCT116 cells in vivo (Fig. 6). Bioluminescence 
imaging showed that most of the metastatic foci were 
found in the peritoneal cavity in mice (p<0.01) (Fig. 6A 
and B). The TCN1-KD1 and TCN1-KD2 groups had few 

Fig. 6.Fig. 6. Transcobalamin 1 (TCN1) deficiency inhibited metastatic engraftment in the peritoneum in vivo. (A, B) Representative bioluminescent imag-
es and quantification of metastatic foci in nude mice after 8 weeks are shown, n=6. (C, D) Bioluminescent images and quantification of metastatic 
foci in the intestines of nude mice after 8 weeks are shown (n=6). (E-G) Immunohistochemical analysis of TCN1 and integrin subunit β4 (ITGB4) ex-
pression in metastatic tumor foci. Representative pictures of immunohistochemical staining are shown (n=6). Scale bars=100 μm. All experimental 
data are presented as the mean±SD. 
TCN1-KD, TCN1-knockdown, TCN1-OE, TCN1-overexpression. *Statistical significance: p<0.01.
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tumor nodules. The area of metastatic foci was decreased 
more in the TCN1-KD1 and TCN1-KD2 groups than in 
the TCN1-KDC group and was increased in the TCN1-OE 
group compared with the TCN1-OEC group (p<0.01) (Fig. 
6C and D). TCN1 and ITGB4 expression was detected in 
metastatic foci in the peritoneal cavity using immunohis-
tochemistry (Fig. 6E). TCN1 and ITGB4 expression was 
decreased more in the TCN1-KD1 and TCN1-KD2 groups 
than in the TCN1-KDC group, and was increased in the 
TCN1-OE group compared with the TCN1-OEC group 
(p<0.01) (Fig. 6F and G). These results suggest that TCN1 
deficiency inhibits the metastasis and implantation of CRC 
cells in vivo after intravenous injection.

DISCUSSION

CRC is a pathological tumor in the colon or rectum, 
which may invade and spread to distant organs.33 Most 
CRC patients are elderly or have an unhealthy lifestyle, 
and only a small number of cases are caused by genetic 
diseases.34,35 Despite significant progress in surgery and 
treatment, the long-term survival rate is still unsatisfactory, 
mainly because CRC is often diagnosed at an advanced 
stage.36,37 At present, the diagnosis, recurrence, and metas-

tasis of CRC mainly rely on colonoscopy and other imag-
ing examinations, which are often delayed. Therefore, it 
is urgent to find new sensitive biomarkers to ensure early 
diagnosis and timely treatment of CRC, and even predict 
the occurrence of CRC.

Increasing evidence has shown that TCN1 is highly 
expressed in metastatic epithelial tumors such as breast 
cancer, thyroid cancer, laryngeal cancer, and cervical can-
cer.8,10,11,13,38 Bioinformatics analysis and meta-data analysis 
based on the colon and rectal adenocarcinomas database 
showed that TCN1 was overexpressed as an oncogene in 
CRC.14 The next-generation sequencing results showed 
that TCN1 was the second most upregulated mRNA in 
CRC.15 The results provide more evidence for the role of 
TCN1 in colon carcinogenesis, suggesting that TCN1 may 
be a potential new gene biomarker. Our study found that 
the high expression of TCN1 and ITGB4 is positively cor-
related with the poor prognosis of CRC, suggesting that 
TCN1 may positively regulate the expression of ITGB4 and 
promote the development of CRC, and TCN1-knockdown 
promoted the apoptosis of CRC cells and inhibited the 
proliferation and invasion of CRC cells.

Although it has been reported that TCN1 regulates ma-
lignant cell metastasis and glycolysis,10,11,13 the mechanism 
by which TCN1 promotes tumor development is still un-

Fig. 6.Fig. 6. Continued.
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clear. To reveal the potential mechanism of TCN1 in CRC, 
we selected genes related to TCN1 to determine its mode 
of action. TCN1 has the role of an oncogene,14 so we se-
lected genes positively related to TCN1 for Gene Ontology 
and GSEA. The results showed that TCN1 was related to 
the Wnt signaling pathway, Notch signaling pathway, and 
tumor-related genes involved in cell division, migration, 
or proliferation. More importantly, our results showed 
that TCN1 interacts directly with the ITGB4 promoter, 
which complements our understanding of the relationship 
between TCN1 and integrins. TCN1 deficiency can down-
regulate ITGB4 signaling and cause damage to the cyto-
skeletal network. The evidence suggests that TCN1 affects 
tumorigenesis at least partly by regulating the expression 
of ITGB4, while overexpression of ITGB4 upregulate the 
Notch signaling pathway.39 According to these results, we 
speculate that integrins, including ITGB4, may be TCN1 
receptors on the cell membrane that can promote cell sig-
nal transduction. Moreover, through the analysis of patient 
samples and clinical data, we found that the expression 
level of ITGB4 was upregulated in CRC tissues, which was 
associated with poor prognosis of CRC and was positively 
correlated with TCN1. 

Integrins are also the main adhesion molecules connect-
ing the ECM and cytoskeleton.40 Cytoskeleton is a network 
of microfilaments, interfilaments and microtubules. Actin 
cytoskeleton remodeling plays an important role in tumor 
cell migration and invasion.41 It was reported that ITGB4 
interacts with the ECM and cytoskeleton and plays an im-
portant role in many physiological processes such as cell 
proliferation, carcinogenesis, and immune response.42,43 
ITGB4 has a long cytoplasmic domain and unique cyto-
skeleton and signal function.44 ITGB4 is related to the actin 
cytoskeleton, and its basic function in polarized epithelial 
cells is to form stable cell attachment by forming hemides-
mosomes and basement membrane. The main structure 
of hemidesmosomes is composed of PLEC and ITGB4.45 
Under normal physiological conditions, TCN1 may bind 
to the ITGB4-PLEC complex to maintain the three-
dimensional filamentous structure of hemidesmosomes. 
Our results first showed that TCN1 interacted directly with 
ITGB4 and then regulated ITGB4 and FLNA expression 
to affect the F-actin cytoskeleton. The decrease in ITGB4 
protein levels led to the degradation of the ITGB4-PLEC 
complex. In addition, the decrease in FLNA prevented F-
actin from forming vertical branches. These factors lead to 
the destruction of three-dimensional structure of cytoskel-
eton microfilaments and cytoskeleton network structure.46

Metastasis is a complex biological cascade in which tu-
mor cells invade the local environment, migrate to distant 
tissues, and finally colonize.47,48 Upregulation of ITGB4 

expression is positively correlated with CRC progression49 
and promotes EMT in prostate cancer.50 EMT promotes 
tumor metastasis by promoting the invasion of epithelial 
malignant cells.51 In the process of EMT, cells lose adhesion 
properties and undergo polarity changes accompanied by 
the reorganization of the cytoskeleton and the upregulation 
of ECM components, which eventually facilitate migra-
tion and invasion.52 Therefore, inhibiting the occurrence 
of EMT has become a research hotspot in the treatment 
of CRC metastasis. GSEA showed that ITGB4 was signifi-
cantly involved in the focal adhesion signaling pathway.53 
The overexpression of ITGB4 was significantly correlated 
with the upregulation of focal adhesion-associated genes.39 
Focal adhesion and metastasis are the key to cell migration 
and invasion.54 Focal adhesion signaling pathway plays an 
important role in EMT of prostate cancer,55 and ITGB4 
mediates the activation of the focal adhesion signaling 
pathway in ovarian cancer56 and hepatocellular carcino-
ma.57 In addition, it has been reported that ITGB4 and the 
focal adhesion signaling pathway are involved in the devel-
opment of CRC.58,59 Similarly, our study showed that TCN1 
inhibited the expression of FLNA, F-actin, and PLEC by 
inhibiting the ITGB4 pathway.

Only cells with adhesion, migration, invasion, and 
proliferation abilities can form new tumor lesions,53 and 
ITGB4 mediates the invasion and migration of gastric 
cancer cells.60 The results showed that TCN1 interacts with 
ITGB4, and the level of ITGB4 decreased significantly in 
TCN1-deficient cells. Therefore, this effect will lead to the 
decrease of adhesion, survival, and proliferation of TCN1-
knockdown cells.59 Naturally, circulating tumor cells in 
the blood may lose the ability to adhere to the vascular 
endothelium and thus lose the ability to migrate into new 
tissues and eventually form metastatic colonies. These 
results provide a new idea for targeting the TCN1/ITGB4 
signaling pathway in the treatment of CRC metastasis, but 
further research is still needed.

In conclusion, our data revealed that TCN1 was signifi-
cantly overexpressed in CRC tissues and correlated with 
the pathological features of advanced CRC. TCN1 defi-
ciency causes cytoskeletal network damage, and inhibits 
cell division, cell migration, and proliferation by regulating 
ITGB4 signal pathway. Collectively, TCN1 might be a ther-
apeutic target and prognostic marker for the individualized 
treatment of CRC.
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