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Abstract

Background: The Wnt/β-catenin signaling pathway plays crucial roles in tumor budding and the epithelial–mesenchymal transition
(EMT). Myeloid ecotropic viral insertion site 3 (MEIS3)—a direct target of Wnt/β-catenin—promotes vagal neural crest cell migration
into the gut tissue during development; however, its role in cancer progression remains unclear. In this study, the role of MEIS3 in
colorectal cancer (CRC) progression was investigated. Methods: We analyzed the association between MEIS3 protein expression and
the clinical stages of CRC patients, and the effect on tumor cell migration and invasion by wound healing and transwell assays. Finally,
we analyzed the association betweenMEIS3 expression and the disease-free survival (DFS) and overall survival of CRC patients through
Kaplan–Meier analysis. Results: We found thatMEIS3 expression was strongly associated with CRC progression and could be employed
to assess DFS in postoperative patients. MEIS3-positive cells were mainly distributed in the growth front and tumor–stroma interface of
the CRC tissues, which contain abundant EMT-active and tumor budding cells dominating cancermetastasis. Moreover, MEIS3 promoted
CRC cell migration and invasion by regulating effectors including laminin subunit beta 1, matrix metalloprotein 2, and vimentin. MEIS3
protein expression increased with CRC progression according to the clinical stage, which could be used as a biomarker to stratify CRC
patients. The 5-year DFS ofMEIS3-high patients was poorer than that of MEIS3-low patients (40.6% vs. 61.7%; p< 0.0001). Moreover,
the 5-year DFS of stage II patients with MEIS3-high expression (53.4%) was comparable to that of stage III patients with MEIS3-low
expression (49.5%), while the 5-year DFS of MEIS3-high patients in stage III (30.9%) was comparable to that of stage IV patients
(29.6%). Conclusions: This study showed that MEIS3 can promote cancer cell metastasis and thus may be a promising biomarker for
higher rates of recurrence in postoperative patients with stage II/III CRC.

Keywords: colorectal cancer; recurrence biomarker; disease-free survival; MEIS3; metastasis

1. Introduction

In recent decades, radical surgical resection and sub-
sequent adjuvant radiotherapy and chemotherapy have been
the most important treatments for patients with colorectal
cancer (CRC) [1,2]. Clinicians mainly rely on magnetic
resonance imaging (MRI), positron emission tomography
(PET), clinical staging, metastasis, pathological grading of
cancer tissue, gene stability, and other indicators before
deciding whether to perform adjuvant chemotherapy, tar-
geted therapy, palliative treatment, or other measures on
patients [1,3–6]. However, it is difficult to identify early
micrometastases with these clinical indicators. As a result,
some patients with metastatic cancer fail to receive the ap-
propriate intervention. At least 50% of patients have in situ
and/or distant metastasis in the liver, lung, and other tis-
sues 2–5 years after surgery, although 25% of patients with

CRC have already undergone clinical metastases at the time
of diagnosis or surgical resection [7,8]. Cancer metastasis
and recurrence have always been the dominant reason for
mortality in CRC patients [9].

Tumor budding is the detachment of single cells or
small clusters of no more than five cancer cells from the
main tumor mass, and predominantly enters the invasion
frontier of the tumor stroma [10,11]. This type of cell
disconnects from the bulk cells of the tumor body, de-
grades the surrounding matrix, migrates away from the
tumor body, and becomes the component cell of the in-
vasion front. As a result, tumor budding cells spread to
the peripheral circulatory system through lymphatic infil-
tration, which causes distant metastases and postoperative
recurrence [10,12]. Tumor budding and the epithelial–
mesenchymal transition (EMT) control how differentiated
cancer cells change from having stable properties to ac-
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tively invasive behavior. These invasive behaviors are the
leading events of cancer metastasis, which then dominates
the process of cancer recurrence [13–15]. According to the
results of a study by Müller et al. [16], tumor budding and
related genes indicate a worse clinical prognosis and can
be used as important markers for clinical decision-making,
especially for patients with stage II CRC [11,16].

During the EMT and tumor budding processes,
Wnt/β-catenin-regulated factors and downstream genes
play essential and crucial roles [13,17]. Upon transition
from bulk cell to tumor budding, β-catenin translocates
from the cell membrane to the cytoplasm followed by Wnt
activation [10,13]. After translocation from the cell mem-
brane to the nucleus, β-catenin forms a complex with Wnt
protein and binds to the promoter region of target genes to
regulate the expression of genes that induce cell invasion
such as matrix metalloproteinases(MMPs) [17,18]. Multi-
ple transcription factors, including three-amino-acid-loop-
extension homeobox (TALE) proteins, are required to form
transcription complexes with Wnt and/or β-cateninto pro-
mote cell migration and invasion.

The TALE family consists of myeloid ecotropic vi-
ral insertion site (MEIS) and the pre-B cell leukemia tran-
scription factors (PBXs) [19]. The MEIS family includes
MEIS1,MEIS2,MEIS3, Prep1, and Prep2 genes, which are
essential for embryonic development and cancer progres-
sion [19,20]. MEIS3 is expressed in spatial and temporal
patterns and is essential for early embryonic development
[20,21]. As a target gene of Wnt/β-catenin, MEIS3 pro-
motes posterior neural cell migration into the hindbrain and
gut tissues [21–23]. Hirschsprung’s disease, a hereditary
disorder with congenital megacolon as its primary symp-
tom, is caused by MEIS3 deficiency and affects children
and newborns [24]. Although there have been reports about
the role of MEIS3 in hepatocellular carcinoma and glioma,
whether and how MEIS3 participates in the progression of
gut tumors is currently unknown [25,26].

Based on the function of MEIS3 in the gut and cancer
development, we hypothesized that MEIS3 may be crucial
for CRC metastasis, recurrence, and survival. Thus, we in-
vestigated the MEIS3 expression pattern in CRC tissues,
as well as the relationship with CRC progress in the clinic.
We also analyzed the role of MEIS3 in CRC cell metastasis.
Furthermore, we stratified the patients by protein level and
clinical stage to confirm the value of MEIS3 as a prognostic
biomarker for CRC recurrence after radical resection.

2. Materials and Methods
2.1 Clinical Samples

This study was approved by the ethics committee of
the Changzhou Tumor Hospital (Changzhou, China). The
consent form was signed by patients according to the In-
ternational Ethical Guidelines for Human Biomedical Re-
search standards. The clinical staging of CRC patients
was carried out following the American Joint Committee

on Cancer (AJCC) standard, meaning that clinical staging
was based on cancer tissue invasion, lymph node metas-
tasis, and distal metastasis [1]. All patients were treated
according to the CRC guidelines of the Chinese Society of
Clinical Oncology. During follow-up, once recurrence was
found, it was recorded as the endpoint of disease-free sur-
vival (DFS). If the patient died for any reason other than
CRC, the data were deleted. From 2015 to 2020, a total
of 323 patients participated in the study, and 292 patients
were ultimately included in the analysis (Supplementary
Table 1). Cancer and paracancer tissues from patients were
treated with liquid nitrogen for at least 1 h before being
stored at –80 °C for subsequent Western blotting (WB) and
immunohistochemistry (IHC) analyses.

2.2 Antibodies, Cell, and Culture Medium

In this study, we used the following antibodies:
rabbit anti-MEIS1 (1:500; Atlas Antibodies, Bromma,
Sweden), rabbit anti-MEIS2 (1:500; Proteintech Group,
Rosemont, IL, USA), rabbit anti-MEIS3 (1:500 for WB,
1:100 for IHC; Atlas Antibodies), rabbit anti-laminin
beta 1 (anti-LamB1) (1:500; Proteintech Group), rab-
bit anti-MMP2 (1:500; Proteintech Group), rabbit anti-E-
cadherin (1:1000; Cell Signaling Technology [CST], Dan-
vers, MA, USA), mouse anti-beta catenin (ACTB, 1:1000;
Proteintech Group), mouse anti-vimentin (VIM, 1:2000;
Proteintech Group), rabbit anti-ACTB (1:3000; Protein-
tech Group), horseradish peroxidase (HRP)-conjugated
Affinipure Donkey Anti-Mouse IgG (H+L) (1:5000; Pro-
teintech Group), HRP-conjugated donkey anti-rabbit IgG
(H+L) (1:5000; Proteintech Group), rabbit anti-E-cadherin
(1:500; Thermo Fisher Scientific, Waltham, MA, USA),
and mouse anti-vimentin (1:500; CST). Dulbecco’s Mod-
ified Eagle Medium (DMEM) and fetal bovine serum for
cell culture were purchased from Thermo Fisher Scientific.
The CRC strains SW480 and SW1116 were from Shanghai
ZJ Bio-Tech Co., Ltd. (Shanghai, China) and Fuheng Biol-
ogy Co., Ltd. (Shanghai, China). All cell lines were vali-
dated by STR profiling and tested negative formycoplasma.
Cells were all cultured in a humidified incubator at 37 °C
and 5% CO2.

2.3 Quantitative Polymerase Chain Reaction (PCR) and
WB

The total RNA in cells was extracted with the Tri-
zol method, and reverse transcription was performed with
AMV Reverse Transcriptase (Promega, Madison, WI,
USA). Quantitative PCR (qPCR) was performed using a
SYBR Green PCR Master Mix (Toyobo, Tokyo, Japan) ac-
cording to the manufacturer’s instructions. The 2−∆∆Ct

method was used to quantify gene expression.The detailed
methods and primers for qPCR are shown in Supplemen-
tary Methods and Supplementary Table 2, respectively.

Protein extraction and WB were carried out according
to the protocols described in MolecularCloning: A Lab-
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oratory Manual, with modification [27]. Briefly, RIPA
buffer was used to lyse the tissues or cells, and the Brad-
ford method was used to quantify the protein. After boil-
ing in Laemmli buffer for 10 min, protein samples were re-
solved on a 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis gel, followed, and electrophoreticallytrans-
ferred to a PVDF membrane. After blocking in 5% fat-free
milk powder in Tris-buffered saline with 0.1% Tween20 de-
tergent (TBST) for 30 min, the membrane was incubated
with primary antibody overnight at 4 °C. The next day, the
membrane was washed three times with TBST for 5 min,
and then incubated with a secondary antibody at a dilu-
tion of 1:5000 at room temperature for 2 h. The film was
scanned after developing, and its gray-scale value was ana-
lyzed using Quantitative One 4.40 software to evaluate the
relative protein expression. The ratio = (MEIS3c/ACTB
c)/(MEIS3p/ACTBp) was employed to determine the pro-
tein abundance of MEIS3 in the CRC tissue, and the ratio =
(target/ACTB) was used to determine the abundance of the
target protein in the cell sample.

2.4 Immunohistochemistry (IHC)
The tissues were dehydrated in various alcohol con-

centrations (i.e., 70%, 80%, 95%, 100%, and 100%), made
transparent with xylene, fixed in 4% paraformaldehyde, and
finally embedded in paraffin wax for 24 h. Then slices were
prepared by cutting the tissues at a thickness of 8 µm us-
ing a microtome (Leica, Wetzlar, Germany). The tissue
samples were reverse-treated with 100% to 50% alcohol
from xylene, dipped in sodium citrate antigen repair solu-
tion, and repaired with the microwave method. Following
a 10-min soak in 5% hydrogen peroxide, the tissue sam-
ples were rinsed under running water for 1 min before be-
ing incubated in 10% rabbit serum for 1 h. Then the serum
was replaced with MEIS3 antibody (1:100) and incubated
overnight at 4 °C. The next day, slices were washed three
times with phosphate-buffered saline (PBS) and incubated
inHRP-conjugated IgG (1:500) for 1 h at room temperature.
The color was developed with the SABC method. Slices
were sealed with neutral gum after being dehydrated with
a gradient of ethanol and xylene, and the images were pho-
tographed using a microscope.

2.5 Construction of Virus Particles
The lentiviral particles for MEIS3 silencing were

packaged with the assistance of Shanghai ZJ Bio-Tech
Co., Ltd. The knockdown expression vector was com-
posed of three U6 promoters connected in series, each of
which directed a short hairpin MEIS3 RNA (shMEIS3)
sequence. The three shRNA sense sequences were as
follows: 5′-CUUGGAAGGAGAAUGGCAUUAUCTA-
3′, 5′-CUGCAAGUCAACAACUGGUUCAUTA-3′, and
5′-CUGGUGGAGAAGAUGAGGACUUGGA-3′.

2.6 Transwell Migration Assay

The cells were first cultured in DMEM without FBS
for 24 h. During this time, the Transwell chambers were
soaked and moistened with 1 × PBS. Then matrigel was
added and incubated in a CO2 incubator at 37 °C to con-
geal the gel. Next, the lower chamber was filled with 600
µL complete medium containing FBS and 200 µL cell sus-
pension (density 5 × 105 cells/mL) was added to the upper
chamber, followed by incubation for 24 h. Cells that mi-
grated to the lower surface of the membrane were fixed,
stained with 0.5% crystal violet, and counted under a mi-
croscope.

2.7 Public Database Data

The patient’s MEIS3 mRNA level, DFS, and over-
all survival (OS) analysis of The Cancer Genome Atlas
(TCGA) database were performed on the Gene Expres-
sion Profiling Interactive Analysis (GEPIA) portal (http:
//gepia.cancer-pku.cn/) [28]. The data of GSE17537 in
the Gene Expression Omnibus (GEO) database was down-
loaded from GenomicScape (http://www.genomicscape.c
om/) and analyzed again with GraphPad Prism 8.0 (Graph-
Pad Software, San Diego, CA, USA) [29,30]. Independent
OS analysis was also implemented on this platform.

2.8 Statical Analyses

For statistical analyses, we used GraphPad Prism 8.0
(GraphPad Software, Boston, MA, USA). To examine the
differences between comparisons in protein level, cell mi-
gration, and invasion, the t-test and/or one-way analysis of
variance were utilized. The 5-year DFS and OS of patients
with different factors were estimated with Kaplan–Meier
curves and log-rank tests.

3. Results
3.1 MEIS3 Localization in CRC Tissues

First, we analyzed the localization pattern of MEIS3-
positive cells in CRC tissues by IHC. Although regulated by
Wnt/β-catenin protein, the distribution pattern of MEIS3-
positive cells was not consistent with the characteristics
of β-catenin [31]. As shown in Fig. 1, MEIS3 protein
was not found in bulk cells, which were well differenti-
ated (Fig. 1A,B) but were present in the cell nucleus of
the cancer invasion front (Fig. 1C,D). The invasion fronts
dominate the process of cancer invasion into paracancer
and then metastasis into distant organs [10]. The second
regions containing abundant strong MEIS3-positive cells
were the tumor–stroma interface (Fig. 1E,F), which was
similar to VIM in tumor budding [32,33]. By morpholog-
ical characteristics, we found tumor budding cells in these
MEIS3-positive cells, which have active migration ability
(Fig. 1D,F). MEIS3-positive cells were also widespread in
undifferentiated regions composed of cells that proliferate
vigorously (Fig. 1G,H), yet the staining intensity was much
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Fig. 1. Localization of myeloid ecotropic viral insertion site 3 (MEIS3) protein in colorectal cancer (CRC) tissues. MEIS3 was not
detected in well-differentiated CRC tissue areas (A,B) but was detected in the cancer nucleus of the growth front (C,D) and tumor–stroma
interface regions (E,F) containing an abundance of budding cells (black arrows, D, F), and was widely distributed in poorly differentiated
cells, although the intensity was weak (G,H). Among them, B, D, F, and H are the screenshots within the boxes of A, C, E, and G diagrams,
respectively. Scale bar = 50 µm.

weaker than the invasion fronts and tumor–stroma inter-
face(Fig. 1C–F). Thus, the IHC results suggest that MEIS3
is related to tumor budding cells.

3.2 Association between MEIS3 Expression and CRC
Progression

We employed the ratio of protein abundance between
cancer and paracancer to evaluate MEIS3 protein expres-
sion. We found that theMEIS3 expressionwas significantly
increased in CRC compared to paracancer (2.81 ± 1.45
fold; p < 0.01) (Fig. 2A,B), which incrementally increased
with CRC progression (stage I/stage II/stage III/stage IV:
1.71 ± 0.94/2.52 ± 0.97/3.16 ± 1.43/3.42 ± 1.31 fold, re-
spectively; p< 0.01) (Fig. 2C). Considering the association
between clinical stage and cancer metastasis, we used clin-
ical stage as an indicator of CRC metastasis.

To verify the results, we employed the GSE4107 co-
hort data to analyze MEIS3 expression in CRC tissues [34].
As shown in Fig. 2D, MEIS3 mRNA expression in can-
cer tissues was significantly increased to about 3 fold that
in normal control tissue (p = 0.015). By employing the
GEPIA platform, we found that MEIS3 mRNA levels grad-
ually increased with clinical staging progression (Fig. 2E).
Although the expression of some genes was found to be
sex-related, we did not find this trend for MEIS3 in our

cohort (female vs. male: 2.86 ± 1.29 vs. 3.05 ± 1. 19;
p = 0.43) (Fig. 2F). Considering the relationship between
clinical stage and cancer metastasis, these results show that
MEIS3 expression is positively correlated with the progres-
sion of CRC metastasis.

3.3 MEIS3 Enhances CRC Cell Metastasis
Based on the distribution characteristics of MEIS3-

positive cells (Fig. 1), the correlation between MEIS3 ex-
pression and CRC progression in tissues (Fig. 2), and the
role of MEIS3 in promoting cell migration into gut tissue,
we hypothesized that MEIS3 may contribute to CRC cell
migration and invasion [22,23]. We constructed lentivi-
ral particles carrying three tandem U6-promoter-MEIS3-
shRNA, which were employed to silence MEIS3 expres-
sion in SW480 and SW1116 cells (Supplementary Fig.
1A). By analyzing the mRNA and protein levels of MEIS1,
MEIS2, and MEIS3, we determined that the virus particle
could specifically and effectively silenceMEIS3 expression
(Supplementary Fig. 1B–E, Supplementary Table 2).

The scratch wound healing assay was used to analyze
cell migration ability. When the wound area of the SW480
cells was covered by 67.1 ± 7.82%, only 34.3 ± 4.73% of
the regionwas covered byMEIS3-silenced cells (p< 0.001;
Fig. 3A). The migrated area of SW1116 cells was also sig-
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Fig. 2. Expression level of MEIS3 in CRC. The MEIS3 protein expression in CRC cancer and paracancer tissues was detected by
Western blotting (WB) (A) based on which we analyzed the ratios of MEIS3 protein abundance in CRC tissues to paracancer tissues in
our cohort (B) and GSE4107 cohort (D) and the tendency of MEIS3 expression in cancer tissues according to clinical stage in our cohort
(C) and The Cancer Genome Atlas (TCGA) cohort (E). The relative protein expression of MEIS3 in CRC tissues was also analyzed
according to sex (F). P, Paracancer tissue; C, Cancer tissue. **p < 0.01.

nificantly decreased in MEIS3-silenced cells (wound area
closure, shCTL vs. shMEIS3: 63.7 ± 5.12% vs. 41.5 ±
3.10%; p < 0.001) (Supplementary Fig. 2B).

The invasion process of cancer cells relies on degrad-
ing the surrounding matrix and penetrating adjacent tissues;
thus, we employed Matrigel-covered transwells to analyze
the role of MEIS3 in invasion. When MEIS3 was silenced,
the penetration level of SW480 cells was reduced by 61.8%
(Transwell cell number, shCTL vs. shMEIS3: 101.3± 6.03
vs. 38.7 ± 3.05; p < 0.001) (Fig. 3B). The same treat-
ment reduced the invasion level of SW1116 cells by 44.2%
(shCTL vs. shMEIS3: 97.3 ± 5.03 vs. 54.3 ± 6.11; p <

0.001) (Supplementary Fig. 2B). Thus, MEIS3 silencing
significantly reduced the migration and invasion ability of
CRC cells.

We analyzed the protein expression of LamB1, E-
Cadherin, VIM, MMP2, and β-catenin, which are respon-
sible for the migration and invasion of tumor cells in the
EMT and tumor budding process [13,17,33]. We found
that LamB1, VIM, and MMP2 expression was signifi-
cantly decreased; E-Cadherin expression was increased;
and β-catenin expression did not significantly change upon
MEIS3 silencing (Fig. 3C, Supplementary Fig. 2C).
Therefore, high MEIS3 expression may increase CRC
metastasis by enhancing tumor budding and/or the EMT.

Then we made an expression association analysis be-
tween MEIS3 and genes that regulate cancer cell metasta-
sis and proliferation in TCGA cohort on the GEPIA plat-
form [28]. MEIS3 expression was positively correlated
with genes promoting cell migration and invasion such as
VIM (R = 0.78; p < 0.001), MMP2 (R = 0.71; p < 0.001),
fibronectin (FN1) (R = 0.63; p < 0.001), and LamB1 (R =
0.15; p = 0.013); genes regulating the EMT and tumor bud-
ding process including Twist-related protein 1 (TWIST1)
(R = 0.66; p < 0.001), TWIST2 (R = 0.72; p < 0.001),
Snail family transcriptional repressor 1 (SNAI1) (R = 0.53;
p< 0.001), SNAI2 (R = 0.71; p< 0.001), and transforming
growth factor beta (R= 0.77; p < 0.001). However, there
was a weak or even no correlation with the genes regulat-
ing cell proliferation including cyclin D1 (R = 0.15; p =
0.011), proliferating cell nuclear antigen (R = –0.12; p =
0.023), and MYC (R = –0.1; p = 0.083) (Supplementary
Fig. 3). These results suggest that MEIS3 might lead to
cancer metastasis by regulating the migration and invasion
abilities of CRC cells.

3.4 High MEIS3 Expression is Correlated with a Poor
Prognosis in CRC Patients

Based on the MEIS3 protein ratio of cancer/para-
cancer, CRC patients were stratified into two groups with
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Fig. 3. Silencing of MEIS3 expression results in a significant decrease in SW480 cell metastasis. After treatment with lentivirus
particles expressing negative control shRNA or shMEIS3, we analyzed the wound closure area of SW480 cells (A) with the scratch wound
healing assay, and crystal violet-stained SW480 cells (B) in transwell analysis and counted the cells. MEIS3 silencing also resulted in
the decreased protein expression of VIM, LamB1, and MMP2, and increased expression of E-cadherin in SW480 cells (C). **p < 0.01.
Scale bar = 200 μm.

equal numbers. We used the Kaplan–Meier curve to ana-
lyze the 5-year DFS of CRC patients. As shown in Fig. 4A,
the 5-year DFS of MEIS3-high and MEIS3-low cohorts
were 61.7% and 40.6%, respectively (hazard ratio [HR]
= 2.441, 95% confidence interval [CI]: 1.493–3.989; p <

0.0001) (Fig. 4A, Table 1). However, when grouped by sex,
age, tumor volume, or location, the 5-year DFS of patients
did not show significant differences (Supplementary Ta-
ble 1).

To verify these results, we analyzed the DFS of CRC
patients from TCGA cohort on the GEPIA platform [28].
The 5-year DFS of the MEIS3-high cohort was signifi-
cantly lower than that of the MEIS3-low cohort with a cut-
off of 50% (p = 0.0026; Fig. 4B). Then we analyzed the
GSE17537 cohort from the GEO database and found the
same trend (p = 0.0073; Fig. 4C). Therefore, MEIS3 can
be employed to independently assess the recurrence risk of
CRC patients after surgery.

We also analyzed the 5-year OS rate grouped as the
5-year DFS. The 5-year OS of the MEIS3-high cohort
was 42.6%, which was significantly lower than that of the
MEIS3-low cohort (62.3%; p < 0.001) (Fig. 4D). Regard-
ing TCGA cohort, the 5-year OS of the MEIS3-high cohort
was also significantly lower than that of the MEIS3-low co-

hort with a cutoff of 45% (p = 0.0084; Fig. 4E). Another
independent survival analysis of the GSE17537 cohort also
showed similar results (p = 0.00012; Fig. 4F). In conclu-
sion, high MEIS expression was strongly correlated with a
poor prognosis in CRC patients.

3.5 High MEIS3 Expression Indicates Recurrence Risk in
Patients with Stage II/III Disease

Currently, the prognosis for the postoperative recur-
rence of CRC is predominantly based on clinical stage [1].
We determined whether a more precise prognosis could be
made when MEIS3 expression is introduced into the prog-
nosis system. To this end, we performedmultivariate analy-
sis according toMEIS3 expressionwith TheAmerican Joint
Committee on Cancer (AJCC) stage and other independent
factors (Table 1). As shown in Fig. 5, the 5-year DFS of
the stage IIMEIS3-high cohort was significantly lower than
that of theMEIS3-low cohort (53.4%vs. 67.3%, HR= 2.38,
95% CI: 0.9843–5.786; p = 0.0123) (Table 1, Fig. 5B). The
5-year DFS of the stage III MEIS3-high cohort was also
significantly lower than that of stage III MEIS3-low cohort
(30.9% vs. 49.5%, HR = 2.817, 95% CI: 1.370–5.792; p
= 0.0038) (Table 1, Fig. 5C). Moreover, the 5-DFS was
comparable between the stage II MEIS3-high cohort and
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Fig. 4. Disease-free survival (DFS) and MEIS3 level in CRC patients. The 5-year DFS of our cohort was stratified by MEIS3 level
(A) and verified through independent analysis in the Gene Expression Profiling Interactive Analysis (GEPIA) portal (B) and GSE17537
dataset (C). The relationship of 5-year OS of patients and MEIS3 level are shown from our cohort (D), GEPIA platform of TCGA cohort
(E), and GSE17537 by GenomicScape portal (F). The blue line indicates theMEIS3-low group, and the red line indicates the MEIS3-high
group.

stage III MEIS3-low cohort (53.4% vs. 49.5%; p = 0.23)
(Fig. 5E), and between the stage III MEIS3-high cohort
and overall stage IV cohort (29.6% and 30.9%; p = 0.7844)
(Fig. 5F). However, when grouped by MEIS3 expression,
there was no prognostic difference in the sub cohort of stage
I and IV patients (Fig. 5A,D, Table 1).

4. Discussion
It is well known that budding and the EMT are com-

mon mechanisms in organ development and tumor pro-
gression, and play essential roles under orderly regulation
[32,35,36]. Genes that guide cell migration in organ devel-
opment also tend to regulate cancer progression. MEIS3
is responsible for promoting neural cell migration into gut
tissue during embryonic development [23]. Clinical cases
show that the genetic deletion of chromosome 19q13.32 re-
gion containing MEIS3 leads to Hirschsprung’s disease, a
birth defect of the intestines caused by a congenital devel-
opmental disorder [24].

Here, we found that MEIS3 is overexpressed in the
invasion front of CRC tissues, especially in tumor bud-

ding cells presenting with high metastasis activity [23,33].
MEIS3 is also highly overexpressed in tumor stroma, which
is consistent with the expression characteristics of VIM
[32,37]. High expression of VIM promotes cell invasion,
which is one of the hallmark events of both the EMT and
tumor budding [37]. Although the transcription of MEIS3
is inhibited bythe protein that has been produced, we found
that MEIS3 expression increased with metastatic CRC pro-
gression in the CRC and TCGA cohorts [38]. The biomark-
ers and results of our cohort and TCGA cohort were differ-
ent, yet they all gradually increased with the decrease in
cancer metastasis. Therefore, MEIS3 expression may re-
flect the metastasis potential in CRC tissue.

MEIS3 is essential for the migration of nerve cells in
embryonic gut development [22,23]. The migration and
invasion abilities of CRC cells were significantly reduced
upon MEIS3 silencing, confirming the value of this gene
in cancer metastasis. These results were also consistent
with the MEIS3 expression pattern in CRC tissues, mean-
ing that the IHC signal intensity ofMEIS3 in cells with high
metastatic activity was stronger than that in active prolifer-
ation cells and negative in differentiated tumor stroma cells.
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Table 1. Multivariate analyses of risk factors for DFS.
Variables MEIS3 High/Low Percent (%) 5-Year DFS (%) Hazard ratio 95% CI p-value

Age (years)
<57 72/91 55.8 46.3/68.9 3.259 1.634–6.499 0.0008
>57 44/85 41.2 36.3/53.9 2.245 1.150–4.384 0.0075

Sex
Male 64/89 52.4 28.1/66.5 2.924 1.520–5.628 0.0005
Female 52/87 47.6 54.2/55.2 1.992 1.004–3.951 0.0378

Position
Colon 62/114 60.3 37.8/67.9 2.812 1.453–5.443 0.0006
Rectum 54/62 39.7 45.3/49.2 1.955 0.9900–3.862 0.0491

Tumor size (cm)
<5 61/104 56.2 51.7/63.3 2.205 1.175–4.140 0.0057
>5 55/72 43.8 28.4/56.1 2.908 1.415–5.974 0.0021

MEIS3 expression
High 116 39.7 40.6

2.441 1.493–3.989 0.0001
Low 176 60.3 61.7

AJCC stage
I 18/29 16.1 82.1/85.7 6.0180 0.4402–82.26 0.0875
II 36/71 36.6 53.4/67.3 2.3870 0.9843–5.786 0.0123
III 43/52 32.5 30.9/49.5 2.8170 1.370–5.792 0.0038
IV 19/24 14.7 29.9/28.7 1.2360 0.4973–3.073 0.6426

CI, confidence interval; AJCC, The American Joint Committee on Cancer.

Among the related biological phenomena and molec-
ular mechanisms, E-cadherin and β-catenin leave the cell
membrane, and β-catenin enters the nucleus uponWnt acti-
vation, this is the beginning of the Hulk cell transition to tu-
mor budding or mesenchymal cells [10]. β-catenin directly
binds to the MEIS3 promoter region, and Wnt3a is a nec-
essary condition for MEIS3 transcription [21]. Then trans-
lated MEIS3 protein participates in DNA-binding complex
formation with PBX and/or Hox to control the transcrip-
tion factor accumulation on the promoter of target genes
[22]. Finally, MEIS3 regulates nerve cell migration dur-
ing gut development by activating Sonic Hedgehog expres-
sion, and primary nerve cell differentiation through fibrob-
last growth factor 3 (FGF3) and FGF8 activity [21,23,35].
In this study, we found that MEIS3 can promote the ex-
pression of genes such as VIM, MMP2, and LamB1, which
work as behavioral factors in cell migration and invasion
[13,17,32,33]. Moreover, MEIS3 is significantly and pos-
itively correlated with MMP2, Vim, LamB1, and FN1 at
high or moderate levels in CRC tissues, suggesting that it
may indirectly or directly promote cancer metastasis. Un-
like these genes, MEIS3 may not be expressed in bulk cells,
indicating that this gene has stronger specificity for regulat-
ing the EMT and tumor budding processes.

The survival rate of CRC patients with primary re-
gional diseases has benefited from radical surgical resec-
tion; however, distant metastasis often indicates terminal
illness and is the primary cause of death [10,39]. The prog-
nostic diagnosis of recurrence risk is mainly based on the

clinical stage, pathological assays, chest X-ray, computed
tomography (CT), MRI, and PET, which were the basement
to give adjuvant radiotherapy and chemotherapy, targeted
drugs, or palliative care [1,2,6,40]. Tumor budding, EMT,
and related genes have also been recognized as independent
prognostic factors [10,11,14].

When stratifying the postoperative patients by MEIS3
level, we found that the DFS and OS of the MEIS3-high
cohort were significantly worse than those of the MEIS3-
low cohort. These results were also supported by the co-
horts from ATGC and GSE17537 [30]. When we strat-
ified stage II/III patients by MEIS3 level, we found that
patients could be regrouped. Among stage II patients, the
sub cohort with highMEIS3 expression had a similar recur-
rence risk as stage III patients with low MEIS3 expression,
whereas those with lowMEIS3 expression had a recurrence
risk closer to stage I patients. Similarly, among stage III pa-
tients, the recurrence risk of those with highMEIS3 expres-
sionwas almost the same as that of overall stage IV patients.
Thus, when stratified by MEIS3 protein level and clinical
stage, we could detect the patients with higher recurrence
risk who would not be discovered by current clinical meth-
ods. By contrast, carcinoembryonic antigen, carbohydrate
antigen 19-9, and other biomarkers are notmore discrimina-
tive than clinical staging in predicting recurrence after op-
eration [41,42]. The combination of tumor budding/EMT,
functional genes, and clinical stage may effectively screen
patients with high recurrence risk.
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Fig. 5. DFS in different clinical stages of CRC patients. The 5-year DFS of postoperative CRC patients was stratified by MEIS3
expression according to clinical stage I (A), stage II (B), stage III (C), and stage IV (D). Comparison between the stage II MEIS3-high
cohort and stage III MEIS3-low cohort (E), and between the stage III MEIS3-high cohort and stage IV cohort (F).

Open databases and analysis platforms such as TCGA
and GEO provided abundant clinical and corresponding
gene expression data, most of which are mRNA levels
based on gene chips and high-throughput sequencing [28,
29]. This allows our research to be based on a more solid
and reliable foundation, although the expression of mRNA
and protein is not a simple linear relationship. Our research
has benefited from these public platforms, but we need a
larger retrospective cohort to study the feasibility of MEIS3
as a biomarker for high recurrence risk before this marker
can be applied clinically.

We also found that MEIS3 can promote metastasis by
activating functional genes such as LamB1, VIM, and FN1,
which play crucial roles in the EMT and tumor budding
process [17,43]. Yet, we do not know the specific regu-
lation process. Additional studies are needed to determine
howMEIS3 regulates these genes to understand the specific
roles in tumor budding and/or EMT processes.

5. Conclusions
In summary, we found that MEIS3 plays a cru-

cial role in the tumor budding/EMT of CRC cells, and
the high expression of this gene can promote cancer cell

metastasis. The highMEIS3 expression in CRC tissues is
strongly associated with cancer progression and indicates
a poor recurrence risk for stage II/III patients after radical
surgery. MEIS3 is expected to be used as a poor prognos-
tic biomarker for CRC patients in the middle stages. Genes
that play important roles in the EMT or tumor budding dur-
ing development, but are low or even quiescent in normal
organs, may provide new insights into understanding CRC
metastasis and recurrence.
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