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Abstract: Objectives: To elucidate the expression profile, immune infiltration, prognostic value, and role of Plexins 
in Colonic Adenocarcinoma (COAD). Methods: The levels of the Plexins family members in COAD were verified, and 
their effect on clinical characteristics, immune infiltration, and prognosis were explored by The Cancer Genome 
Atlas (TCGA), Expression Atlas, and Human Protein Atlas (HPA) databases. The core molecule of Plexins, PLXND1, 
was screened and validated in COAD by qRT-PCR, immunohistochemistry, wound healing, transwell, immunofluo-
rescence, western blotting, immunoprecipitation, and animal experiments. Results: The PLXNA1/PLXNA3/PLXNA4/
PLXNB1/PLXND1 levels were increased in COAD samples, whereas the levels of PLXNA2/PLXNB3/PLXNC1 were 
reduced. High PLXNA3/PLXNA4/PLXNB3/PLXND1 levels were related to the higher lymph node stage of COAD pa-
tients. Most Plexin levels were prominently associated with the infiltration of T cell regulators, macrophage M0, and 
eosinophils in COAD samples. High PLXNA3/PLXNB3/PLXND1 levels were interrelated with poor overall survival of 
COAD patients, and PLXND1 was a novel independent prognostic indicator. Furthermore, the PLXND1-associated 
differential molecular regulatory networks were analyzed, and the expression of PLXND1 was markedly increased 
in COAD tissues and lymph node-positive COAD patients. Mechanistically, PLXND1 promoted COAD cell invasion, 
metastasis, and epithelial-mesenchymal transition (EMT) ability by binding and modulating Notch3 signaling. Con-
clusions: Data mining revealed the crucial roles of the Plexin family in COAD, especially in clinical indicators, immune 
infiltration, and prognosis of COAD patients. PLXND1, as an independent prognostic biomarker, enabled COAD cell 
invasion, metastasis and EMT by binding and modulating Notch3 signaling.
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Introduction

Colon adenocarcinoma (COAD) is the third  
most common malignancy in the world, and 
advanced COAD is the second leading cause  
of cancer death [1]. Despite continuous im- 
provement in diagnostic and therapeutic strat-
egies, rapid proliferative capacity, lymphatic/
hematogenous metastasis, and direct invasive 
behavior are key factors contributing to the 
poor prognosis of COAD patients. Radical sur-
gery, adjuvant therapy, preoperative neoadju-
vant chemotherapy, molecularly targeted ag- 
ents (anti-VEGF, anti-EGFR), and immunothera-
py have emerged as effective treatment stra- 
tegies [2]. Although numerous studies have 
been conducted on the occurrence and pro-
gression of COAD, the etiology and pathogene-

sis of COAD remain to be elucidated [3]. 
Genomic disorders have been reported in the 
literature by The Cancer Genome Atlas (TCGA), 
which includes simple nucleotide variants, co- 
py number variants, transcriptome profiles, 
DNA methylation, sequencing reads, and clini-
cal data from various cancers. To further inves-
tigate the mechanisms of COAD progression 
and therapeutic effects, it is necessary to 
explore more potential molecular targets or 
gene families for patients with COAD using pub-
lished or publicly available genomic data.

Plexins comprise nine single-pass receptors  
initially described in the nervous system.  
The Plexins family contains plexins type A 
(PLXNA1-A4), plexins type B (PLXNB1-B3), plex-
in type C (PLXNC1), and plexin type D (PLXND1) 
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[4, 5]. Among the extracellular domains of 
Plexins, the semaphoring domain acts as an 
autoinhibitory structural domain when the re- 
ceptor is substantially inactive. Upon binding to 
semaphorin, a conformational change releases 
the inhibitory effect. Once the GTPase activat-
ing (GAP) domain is changed or mutated, the 
developmental roles of PLXNB1 and PLXND1 
are lost, indicating that it plays a vital role in 
Plexin-mediated signaling [6, 7]. Some studies 
have reported that the semaphorin/Plexins 
complexes control most biological processes, 
but an imbalance of Plexins has also been 
associated with various pathological condi-
tions. Also, mechanisms by which PLXNC1 in- 
hibits excessive atypical inflammasome activity 
and provides a new potential target for the 
treatment of sepsis [8]. Elevated PLXNA1 
expression facilitated prostate cancer prolifera-
tion under enzalutamide treatment due to AKT 
signaling activation [9]. The pro-proliferative 
effects of plexin-A2 are mediated by FARP2 
and FYN and by the GAP domain located in the 
intracellular domain of plexin-A2 in tumors  
from glioblastoma-derived cells [10]. PLXNB3 
is required for hypoxia-induced MET/SRC/focal 
adhesion kinase (FAK) and MET/SRC/STAT3/
NANOG signaling as well as hypoxia-induced 
breast cancer cell migration, invasion, and can-
cer stem cell specification [11]. However, the 
functions and mechanisms of the Plexin family 
are not yet fully known in multiple cancers, and 
their role in COAD patients is uncertain. 

In this study, we present a comprehensive an- 
alysis of Plexin expression, enrichment analy-
sis, immune cell infiltration, and correlation 
with the prognosis of COAD patients from the 
latest public databases (including TCGA, Hu- 
man Protein Atlas (HPA), Expression Atlas). The 
data demonstrated that the levels of some 
Plexins (PLXNA3, PLXNA4, PLXNB3, PLXND1) 
were imbalanced in COAD, and this imbalance 
was more dramatic in lymph node metastasis. 
The levels of most Plexins correlated with 
immune cell levels, immune subtypes, and stro-
mal cell infiltration in the COAD microenviron-
ment. High levels of PLXNA3, PLXNB3, and 
PLXND1 were related to poor survival period  
of COAD patients, and PLXND1 was an inde-
pendent prognostic factor. Based on this, we 
screened the Plexins family and found that  
only PLXND1 played a role in multiple aspects 
of COAD. Then, PLXND1 was screened and  
subjected to molecular and signaling pathway 

analyses and functional experiments. Further 
functional experiments revealed that the PL- 
XND1 promoted invasion and metastasis of 
COAD by binding and modulating Notch3 signal-
ing. These data explain the role of Plexins fam-
ily in COAD progression may help develop new 
therapeutic targets.

Materials and methods

TCGA data of the Plexins family

HTSeq-FPKM data for the COAD cohort were 
obtained and downloaded from the Genomic 
Data Commons Data Portal (GDC) of the TCGA 
using Perl 5.26 software, including 473 pri- 
mary COAD samples and 41 normal samples. 
After excluding COAD patients with incomplete 
or repeated clinical data, the complete data 
included clinical information of 452 COAD pa- 
tients, including age, gender, clinical stage, 
metastasis (M) stage, tumor (T) stage, lymph 
node (N) stage, and survival time. We obtained 
35 cases of pathologically diagnosed COAD tis-
sues and normal adjacent tissues from April  
to October 2020 from the First Hospital of 
Chongqing Medical University. The COAD pa- 
tients voluntarily signed informed consent 
forms. The study was authorized by the First 
Affiliated Hospital Ethics Committee of Chong- 
qing Medical University. 

Expression levels of Plexins in COAD tissues 
and cells

The levels of Plexins in multiple cancers were 
analyzed from TCGA data using the ggpubr 
package. The corrplot and circlize packages 
were utilized to examine the correlations of 
Plexin molecules in COAD samples. The levels 
of Plexins in COAD and normal samples were 
gained and calculated using the limma and 
beeswarm packages. We obtained the levels  
of Plexins in COAD cells using the Expression 
Atlas database [12]. In addition, the associa-
tion between clinicopathologic data (M stage,  
N stage, Tumor Node Metastasis (TNM) stage, 
T stage) and Plexins family expression was ana-
lyzed through logistic regression and the 
Wilcoxon signed-rank test, respectively.

Gene set enrichment analysis (GSEA)

GSEA (Version 4.3.0) was used to identify gene 
clusters and pathways related to the expres-
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sion of Plexins in TCGA-COAD samples. The 
annotated gene set file c2.cp.kegg.v7.4.sym- 
bols.gmt was taken as a reference (from the 
MSigDB database). Then, enrichment analysis 
was employed using 1,000 permutations of 
random combinations and a false discovery 
rate (FDR) <0.05 as the criterion for validating 
markedly enriched genes. The gene sets were 
categorized into low- and high-expression 
Plexins according to the expression levels of 
median Plexins, and the roles of Plexins in 
COAD were evaluated.

Correlation analysis between Plexins and im-
mune cell infiltration in COAD

CIBERSORT validated the composition of im- 
mune cells in tumors by using gene expression 
values corresponding to the “signature matrix” 
of 547 genes [13, 14]. The expression levels 
were normalized, and the CIBERSORT algorithm 
was run to discover the 22 kinds of different 
immune cells among 473 COAD samples using 
R software. A heatmap and bar chart revealed 
the immune cell composition of each sample; 
correlations between the abundance of im- 
mune cells were detected using the pheatmap 
package. To confirm the significance of the 
above data, we investigated the immune cells 
associated with Plexins in COAD samples us- 
ing two methods. 1) Difference method: COAD 
samples were divided into high- or low-expres-
sion groups according to the median expres-
sion of Plexins, and the differences in tumor-
infiltrating immune cells were observed. 2) 
Correlation method: The Pearson correlation 
coefficient was used to detect the correlation 
between the expression of Plexins and immune 
cells. Scatter plots of the correlation between 
Plexin’s expression and immune cells were cal-
culated and plotted using Spearman’s corre- 
lation and estimated statistics. Tumor purity, 
ImmuneScore, StromalScore, and ESTIMATE- 
Score were calculated and analyzed for COAD 
samples using the ESTIMATE package.

Survival analysis of Plexins in COAD

The following methods were used to explore the 
prognostic value of Plexins: 1) COAD patients 
were divided into two groups according to the 
median expression levels of the specific Ple- 
xins. The survival of COAD patients was ana-
lyzed using the Kaplan-Meier analysis and log-
rank test. 2) The relationships between Plexin 

expression, survival, and clinical data of COAD 
patients were analyzed using univariate Cox 
regression analysis. 3) The prognostic roles of 
Plexins were calculated and evaluated using 
multivariate Cox regression analysis and con-
trolling for the clinical parameters in step 2 
above. 4) We developed a nomogram model to 
predict and calculate the 1-, 3-, and 5-year sur-
vival rates of patients with COAD. Every factor 
corresponds to a score in the first row regarding 
the nomogram design. Calibration curves were 
created to assess the predictive power of the 
nomogram.

Clinical value of targeted drug screening

A risk score was calculated for each COAD 
patient and then divided into high- and low-risk 
groups based on the median risk score. The 
drug sensitivities were assessed in COAD 
patients with different risk groups using the 
limma, ggpubr, and pRRophetic packages, 
which predict 50% inhibitory concentration 
(IC50) of common drugs for COAD. Subse- 
quently, we determined drug sensitivities in  
different risk groups and screened for thera-
peutic agents that might affect COAD patient 
survival. Differences between groups were as- 
sessed using the Wilcoxon signed-rank test, 
with P<0.001 as the screening criterion.

HPA data analysis

The Human Pathology Atlas project (https://
www.proteinatlas.org) comprises immunohis- 
tochemistry (IHC) data based on tissue micro-
array, including proteome analysis of 17 lead-
ing cancer types and 44 major normal tissue 
types [15]. This study utilized the Human 
Pathology Atlas to investigate the protein level 
of PLXND1 in COAD and normal tissues. 
Staining of intensity, quantity, location, and 
patient information in COAD tissues was avail-
able online. 

Functional enrichment analysis

The inclusion criteria for identifying differen-
tially expressed genes (DEGs) according to the 
expression level of PLXND1 were set to logFC 
>2 and adjusted to P<0.05. The Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway were performed 
based on DEGs by the R packages “cluster- 
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Profiler”, “limma”, “enrichplot”, “org.Hs.eg.db”, 
“DOSE”, and “ggplot2”. The R packages “GO- 
plot” and “digest” were used for cluster analy-
sis. The GO analysis consisted of three catego-
ries: cellular components (CC), biological pro-
cesses (BP), and molecular functions (MF). 
Based on the expression level of PLXND1, we 
further analyzed and viewed the important  
protein-protein interaction networks using Cy- 
toscape software (version 3.10.1) [16]. KEGG 
pathways and GO terms with a P-value <0.05 
were deemed to enrich functional annotations 
dramatically. We listed the top 30 KEGG path-
ways and 10 GO biological processes.

Sample collection 

The 35 cases of pathologically diagnosed COAD 
tissues and matched normal adjacent tissues 
were obtained from March to December 2020 
from the First Hospital of Chongqing Medical 
University. The COAD patients did not receive 
immunotherapy, targeted therapy, or chemo-
therapy before the surgical operation. Clinical 
data and histopathology of COAD patients were 
obtained from medical records and pathology 
reports. All patients voluntarily filled out an 
informed consent form. This study and collec-
tion of tissue samples were authorized and 
agreed on by the Ethics Committee of the  
First Affiliated Hospital of Chongqing Medical 
University.

Cell culture and transfection

HCT116, SW480, LOVO, HCT8, HT29, and 
SW620 were cultured in RPMI 1640 medium 
(GIBCO, USA) mixed with 10% qualified fetal 
bovine serum (FBS, VivaCell, New Zealand) at 
37°C containing 5% CO2. The cells were ob- 
tained and purchased from the Cell Bank of  
the Chinese Academy of Sciences (China). All 
PLXND1 interfering siRNAs were designed and 
synthesized from GenePharma (China). To con-
struct the PLXND1 overexpression vector, the 
cDNA of PLXND1 into LV5 lentivirus was 
designed and synthesized by GenePharma. 
Then, the COAD cells were incubated with 2 μg/
ml puromycin, and stably transfected cell lines 
were obtained. All oligonucleotides were treat-
ed in COAD cells using Lipofectamine 3000 
(Invitrogen, China) according to the instructions 
of the manufacturer.

Quantitative reverse transcription-PCR (qRT-
PCR)

Total RNAs from human COAD cells were 
extracted using TRIzol reagent according to the 
instructions of the manufacturer (Invitrogen, 
USA). The treated RNAs were performed to 
reverse transcription into cDNAs by the Pri- 
meScript RT Reagent Kit (Takara, Japan). The 
TB Green Premix Ex Taq II was used for cDNA 
amplification according to the kit’s protocols 
(Takara, Japan). The primers (Plexins family and 
GAPDH) were synthesized from Sangon Biotech 
(China) and listed in Supplementary Table 1. 
The 2-ΔΔCT method was utilized to normalize the 
molecules to internal control levels. The aver-
age amplified values of every molecule were 
repeated three times independently. 

Wound healing assay

The treated cells were cultured with 5 × 105 
cells per well in 6-well plates. When COAD cells 
had grown to 80% confluence, a 200 µl pipette 
was used to make a scratch of the same wid- 
th. Images of wounds were observed using a 
microscope at 0 hours. Images were retaken 
48 hours after the scratch at the same location 
for comparison. The rates of wound closure 
were calculated and compared.

Transwell assay

The invasion capacity was detected using the 
Matrigel matrix-coated 24-well Transwell cham-
bers (Jet BioFil, China). The chamber cavity was 
filled with 200 µl of serum-free 1640 medium 
containing treated cells in suspension, and 
about 500 µl of medium, including 10% FBS, 
was mixed with the lower chambers for 24 h. 
The invaded lower membrane cells were wash- 
ed, and 4% paraformaldehyde was used to fix 
the lower chambers. Then, the lower chambers 
of COAD cells were dyed with 0.1% Crystal 
Violet solution, and the invaded lower cham-
bers were photographed and evaluated with a 
microscope and ImageJ software.

Western blotting (WB)

The total protein of the treated COAD cells was 
extracted using the RIPA lysis containing com-
plete phosphatase as well as protease inhibi-
tors (Beyotime, China). The BCA kits were uti-
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lized to adjust the protein concentration 
similarly (Beyotime, China). We employed the 
10% SDS-PAGE to separate the protein on the 
gel and transferred the protein to PVDF mem-
branes (Millipore, USA). Then, the proteins of 
membranes were blocked using 5% non-fat 
milk powder for 1 hour and incubated with the 
corresponding antibody at 4°C overnight. The 
above membranes were washed with TBST 
solution and mixed with the secondary anti-
body for 1 hour. Then, bands of samples were 
visualized and developed by the Ultrasensitive 
ECL WB Substrate (ZEN BIO, China). Primary 
antibodies were PLXND1, Notch3, E-cadherin, 
Vimentin, and β-actin, which were obtained 
from Abcam (UK) or Proteintech (China).

Immunohistochemistry (IHC)

The sections of colon carcinoma/normal tis-
sues were deparaffinized and rehydrated. After 
antigen retrieval, these sections were incubat-
ed with specific primary antibodies overnight  
at 4°C, including the PLXND1 (Abcam). Then, 
the HRP-conjugated secondary antibody was 
utilized to incubate for 1 hour, and the sec- 
tions were stained with diamino aniline (DAB) 
and then counterstained with Mayer’s hema-
toxylin. The marked positive tissues were cap-
tured and calculated using a fluorescence 
microscope (Carl Zeiss, Germany) and Image-
Pro software. 

Immunofluorescence (IF) staining

COAD cells overexpressing PLXND1 or trans-
fected with siRNA were plated on 24-well plat- 
es. The 4% paraformaldehyde served to fix the 
cells on slides for 20 minutes, and the fixed 
cells were permeabilized using 0.5% Triton 
X-100 for 30 minutes. The washed cells were 
blocked with 5% bovine serum albumin for 1 
hour. The specific primary antibodies, including 
E-cadherin, Vimentin, and Notch3, were incu-
bated for 24 h at 4°C. Then, the fluorescent 
secondary antibody was stained for about 1 
hour the next day. The cell nuclei were stained 
with DAPI for 15 minutes. The immunofluores-
cence staining was observed and photo-
graphed using a confocal fluorescence micro-
scope (LSM800, Carl Zeiss, Germany).

Immunoprecipitation (IP)

Colon cancer cells were washed with PBS and 
then lysed with IP lysis buffer supplemented 

with protease inhibitors. Cells were centrifug- 
ed at 12,000× g for 10 minutes at 4°C to 
remove debris and retain the protein superna-
tant. The lysate was incubated with protein A/G 
agarose beads (20 μl) for 2 h at room tempera-
ture to reduce non-specific binding. The beads 
were then centrifuged (2,500× g, 1 min) and 
washed 3 times with lysis buffer. Subsequently, 
a primary antibody (5 μg per 500 μg of lysate)  
is added, and the beads were rotated at 4°C 
overnight. IgG from the same host species was 
used as a negative control. These bead com-
plexes were resuspended in 1× loading buffer 
and boiled at 95°C for 5 min. The immunopre-
cipitates were obtained and analyzed by SDS-
PAGE gel, stained with Coomassie Brilliant 
Blue, and western blotted.

Animal experiments

Four-week-old female BALB/c nude mice were 
preserved and divided into two groups (n=4/
group). HCT8 cells stably transfected with the 
OE-PLXND1 vector or OE-NC were subcutane-
ously injected into the nude mice (2 × 106 cells 
per mouse). After several weeks, all mice were 
sacrificed. The tumor volume (length × width2 × 
0.5) was monitored every 7 days. The mice 
were euthanized after 30 days, and xenograft 
tumors were harvested for weight. Also, HCT8 
cells transfected with the OE-PLXND1 vector or 
the OE-NC were injected into the tail vein of 
nude mice. The lungs of nude mice were dis-
sected, and the metastatic tumor nodules  
were observed and calculated after 30 days. 
The animal experiments were approved by the 
Animal Care and Use Committee of Chongqing 
Medical University.

Statistical analysis

Data processing and statistical analyses were 
carried out using R software (v4.3.3), Perl 
(v5.26), SPSS (24.0), or GraphPad Prism 
(v8.2.1) software. The differences between the 
two groups were compared using the Stu- 
dent’s t-test, and the differences among mul- 
tiple groups were measured using one-way 
ANOVA. The P-values were calculated using the 
chi-square (χ2), Student’s t-test, or ANOVA. 
Survival rates of follow-up COAD patients were 
statistically analyzed using the Kaplan-Meier 
method and the log-rank test. Pearson’s corre-
lation coefficient analysis was used to analyze 
the correlations of Plexin members and the 
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related indicators. The quantitative data in 
graphs were expressed and counted as mean  
± SD. P-values <0.05 were regarded as 
significant.

Results

Expression levels of the Plexins family 

Plexins expression data (PLXNA1/2/3/4, PL- 
XNB1/2/3, PLXNC1, PLXND1) were obtained 
from 23 different tumor samples (473 COAD 
samples and 41 normal samples) based on 
TCGA using Perl software. Plexin molecules  
displayed different expression levels in 23 
tumor types (Figure 1A). For all cancer types, 
PLXNA1-A3, PLXNB1-B2, and PLXND1 showed 
relatively high expression levels with less  
heterogeneity, while PLXNA4, PLXNB3, and 
PLXNC1 were expressed at low levels with high 
heterogeneity. Differentially expressed Plexins 
were analyzed and visualized in COAD and nor-
mal samples using the beeswarm package 
(Figure 1B). The levels of PLXNA2, PLXNB3, 
and PLXNC1 were markedly down-regulated  
in COAD samples in comparison with normal 
samples, whereas PLXNA1, PLXNA3, PLXNA4, 
PLXNB1, and PLXND1 were prominently upreg-
ulated in COAD samples. The level of PLXNB2 
displayed no significant difference between 
COAD samples and normal samples. Correla- 
tion analysis revealed a positive correlation 
between most Plexin molecules in the COAD 
samples (Figure 1C). PLXNA4 and PLXNC1 
(Pearson correlation =0.64), PLXNA3 and 
PLXNB1 (Pearson correlation =0.62) showed a 
significant positive correlation, while PLXNC1 
and PLXNB1 (Pearson correlation =-0.29) dis-
covered a negative correlation. Then, the ex- 
pression levels of Plexins varied in different 
colon cancer cells, such as PLXNB1, PLXNA3, 
PLXNA1, and PLXNB2 had higher expression 
levels, and PLXNA4 had lower expression levels 
(Figure 1D). These data suggest that Plexin 
members play crucial roles in COAD progres-
sion, but heterogeneity still exists.

Correlation analysis between TNM stage or 
pathways and the Plexins family

According to clinical stage, the expression  
levels of PLXNA3 (P=0.013) and PLXNB3 
(P=0.003) continuously and gradually increas- 
ed in each subgroup of the stage, while other 
Plexins were not significantly different (Figure 

2A, 2B). At the tumor (T) stage, the expression 
level of PLXNB3 (P=0.018) gradually increased 
in the T subgroup, but other members showed 
no statistical difference (Figure 2C). Multiple 
Plexin molecules exhibiting differential expres-
sion in COAD were dysregulated at the high 
node (N) stage, including PLXNA3, PLXNA4, 
PLXNB3, and PLXND1 (Figure 2D-G). For the 
metastatic (M) stage, PLXNA3 and PLXNB3 
were increased in the M1 phase compared to 
the M0 phase, but the remaining Plexins 
showed no significant difference in the meta-
static stage (Figure 2H, 2I, Supplementary 
Figure 1). Next, to investigate the biological  
processes by which Plexins affect COAD carci-
nogenesis, GSEA analysis indicated that high 
expression levels of Plexins (excepting PLXNB1 
and PLXNB2) were associated with “axon guid-
ance”, “pathways in cancer”, “focal adhesion”, 
“T/B cell receptor”, “ECM receptor interaction”, 
and “regulation of actin cytoskeleton”. Low 
expression levels of Plexins (excepting PLXNA1 
and PLXNB2) were related to “Parkinson’s”, 
“oxidative phosphorylation”, “Alzheimer’s dis-
ease”, and “Huntington’s disease” (Figure 3, 
Supplementary Table 1). These enrichment 
analyses revealed correlations between Ple- 
xins and key signaling sensors, suggesting that 
Plexins function in a cell-specific manner.

Correlation between Plexins and immune cell 
infiltration in COAD

The proportions of 22 kinds of tumor-infiltrat- 
ing immune cells (TIICs) among 473 COAD  
samples were calculated and displayed based 
on the CIBERSORT algorithm. Results indicat- 
ed that the ratios of TIICs were distinctly varied 
in each sample (Supplementary Figure 2A). T 
cell CD4 memory resting, Macrophages M0, 
M2, and other cells accounted for a high pro-
portion of COAD samples. The infiltration le- 
vels of 22 kinds of TIICs showed a significant 
correlation in the COAD microenvironment. T 
cells CD4 memory activated, and T cells CD8 
revealed a significant positive correlation (Pe- 
arson correlation =0.49), while Macrophages 
M0 and T cells CD8 showed a negative co- 
rrelation (Pearson correlation =-0.47, Supple- 
mentary Figure 2B). Next, the different immune 
cell infiltration was screened according to the 
high- or low-expression of Plexins in COAD. 
Excluding PLXNC1, the infiltration levels of T 
cell regulators (Tregs) in the high-expressing 
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Figure 1. Expression levels of Plexin members. A: Expression levels of human Plexin members in 23 different cancer 
tissues. B: Expression levels of Plexin members in 473 COAD samples and 41 normal samples are represented by 
a beeswarm. Plexin members: a: PLXNA1; b: PLXNA2; c: PLXNA3; d: PLXNA4; e: PLXNB1; f: PLXNB2; g: PLXNB3; h: 
PLXNC1; i: PLXND1. C: Correlation of Plexin members in COAD samples. Red represents positive correlation, blue 
represents negative correlation, and X indicates no statistical difference. D: Expression Atlas data showed the ex-
pression levels of Plexin members in different COAD cells.

Figure 2. Correlation of Plexin expression with clinicopathologicstaging characteristics. A, B: Correlation analysis of 
clinical staging with Plexin expression in 452 COAD samples. C: Correlation analysis of T stage with Plexin expres-
sion in 452 COAD samples. D-G: Correlation analysis of N stage with Plexin expression in 452 COAD samples. H, I: 
Correlation analysis of M stage with Plexin expression in 452 COAD samples.

Plexins remarkably exceeded those in the  
low-expressing Plexins (Figure 4). Except for 
PLXNB2 and PLXNC1, the infiltration levels  
of Macrophages M0 were prominently incre- 
ased in high-expressing Plexins compared with 
low-expressing Plexins. Except for PLXNA2, 
PLXNA4, and PLXNC1, the infiltration levels of 
eosinophils in high-expression Plexins were 
observably less than those in low-expression 

Plexins (Figure 4). Also, some other immune 
cells exhibited differential infiltration capacity 
between high- and low-expression Plexins in 
COAD (Figure 4). The correlation between Ple- 
xin expression levels and 22 types of TIICs was 
analyzed. An increased expression of Plexins 
(except PLXNC1) was positively correlated with 
the infiltration levels of Tregs in COAD patients 
(Figure 5A). With the increased expression of 
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Figure 3. Diseases, functional roles, and pathways in COAD were enriched with Plexin members using GSEA. Plexin members: A: PLXNA1; B: PLXNA2; C: PLXNA3; D: 
PLXNA4; E: PLXNB1; F: PLXNB2; G: PLXNB3; H: PLXNC1; I: PLXND1.

Figure 4. Correlation analysis of Plexins expression with tumor-infiltrating immune cells (TIICs) proportion in COAD. The violin plots display the proportions of 22 
TIICs relative to the median Plexins expression in COAD samples. Plexin members: (A) PLXNA1; (B) PLXNA2; (C) PLXNA3; (D) PLXNA4; (E) PLXNB1; (F) PLXNB2; (G) 
PLXNB3; (H) PLXNC1; (I) PLXND1.
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Figure 5. Correlations of Plexin members expression in COAD with T cell regulatory, macrophages M0, and eosinophils proportion. A: Scatter plot displays the cor-
relation of the proportions of T cell regulatory with the expression of Plexin members in COAD. a: PLXNA1; b: PLXNA2; c: PLXNA3; d: PLXNA4; e: PLXNB1; f: PLXNB2; 
g: PLXNB3; h: PLXND1. B: Scatter plot indicates the correlation of the proportions of Macrophages M0 with the expression of Plexin members in COAD. a: PLXNA1; 
b: PLXNA2; c: PLXNA3; d: PLXNA4; e: PLXNB1; f: PLXNB3; g: PLXND1. C: Scatter plot reveals the correlation of the proportions of Eosinophils with the expression of 
Plexin members in COAD. a: PLXNA1; b: PLXNA2; c: PLXNA3; d: PLXNB1; e: PLXNB2; f: PLXNB3; g: PLXND1. D: Correlation of the stromal, immune, and ESTIMATE 
scores with the expression of Plexin members using the ESTIMATE algorithm. a: PLXNA1; b: PLXNA2; c: PLXNA3; d: PLXNA4; e: PLXNB1; f: PLXNB2; g: PLXNB3; h: 
PLXNC1; i: PLXND1.
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Plexins (excluding PLXNB2 and PLXNC1), the 
infiltration levels of Macrophages M0 were also 
enhanced (Figure 5B). Except for PLXNA4 and 
PLXNC1, highly expressed Plexins were nega-
tively correlated with the level of eosinophil 
infiltration (Figure 5C, Supplementary Figure 3). 
The difference and correlation analysis showed 
multiple TIICs associated with the expression 
of Plexin members (Supplementary Table 2).  
In addition, ESTIMATE analysis confirmed that 
the high PLXNA4/PLXNC1/PLXND1 expression 
group had a higher ImmuneScore, StromalSco- 
re, and ESTIMATEScore than the low PLXNA4/
PLXNC1/PLXND1 expression group. Also, we 
found that the low PLXNB1 expression group 
showed higher ImmuneScores, StromalScor- 
es, and ESTIMATEScore than the high PLXNB1 
expression group (Figure 5D). These analyses 
indicated that a complex immune network 
existed in COAD and operated in a tightly regu-
lated manner.

Prognostic value of Plexin members in COAD

To investigate the prognostic value of Plexins in 
TCGA-COAD data. For Plexin molecules, aber-
rant expression levels of PLXNA3 (P=0.043), 
PLXNB3 (P=0.002), and PLXND1 (P=0.045) 
were significantly correlated with worse overall 
survival of COAD patients (Figure 6A). Then, the 
predictive capabilities of PLXND1 and clinical 
features (Age, Stage, T, N. M) were demonstrat-
ed and connected with poor survival in COAD 
patients using the univariate Cox regression 
analysis (Supplementary Table 3). The indepen-
dent prognostic roles of PLXND1 were evaluat-
ed by multivariate Cox regression analysis  
and displayed on forest plots (Figure 6B). The 
expression level of PLXND1 and two clinical 
parameters (T stage and Age) were indepen-
dent prognostic factors in COAD patients 
(Supplementary Table 4). A predictive nomo-
gram was performed to estimate the 1-, 3-, and 
5-year survival rates of patients with COAD 
based on age, gender, grade, T, N, stage, and 
PLXND1 expression (Figure 6C). The 1-, 3-, and 
5-year calibration curves were near the diago-
nal reference line, indicating good predictive 
performance (Figure 6C). In addition, we pre-
dicted the sensitivities to common antican- 
cer drugs, chemotherapeutics, and targeted 
agents in high- and low-risk groups of COAD 
patients. The IC50 values of Bortezomib, 
Cyclopamine, Dasatinib, Embelin, Lapatinib, 

Paclitaxel, Pazopanib, Rapamycin, Ruxolitinib, 
Saracatinib, and Sunitinib in the high-risk group 
were lower than those in the low-risk group, 
indicating that these drugs are more sensi- 
tive to the high-risk patients (Supplementary 
Figure 4). In contrast, the low-risk group was 
more sensitive to Erlotinib, Pyrimethamine, 
Salubrinal, Sorafenib, and Vinorelbine (Supple- 
mentary Figure 4). The above data revealed 
that the expression levels of PLXND1 may ser- 
ve as a potential indicator of prognosis in COAD.

PLXND1 regulatory network, pathways, and 
mechanisms in COAD 

Based on the above analysis, PLXND1 among 
Plexins was compactly interrelated with the 
expression profile, immune cell infiltration, and 
prognosis of COAD samples, indicating that 
PLXND1 played an essential role in COAD 
patients. Thus, based on the expression of 
PLXND1 in COAD, 50 crucial differentially ex- 
pressed genes were screened. The network 
plot showed 12 molecules closely correlated to 
PLXND1 and 38 related molecules (Figure 7A). 
We examined the expression of 12 molecules 
related to PLXND1 expression based on the 
TCGA-COAD dataset; the results showed that 
PDGFB, Notch3, NID2, MMP14, COL18A1, and 
PDGFRB were up-regulated in COAD samples 
compared with normal samples. ITGB2, HSPG2, 
and VWF were downregulated in COAD samples 
compared to normal samples (Supplementary 
Figure 5A). GO and KEGG analyses were per-
formed for differentially expressed genes ac- 
cording to the expression level of PLXND1 in 
COAD. The GO analysis exhibited that the 
expression of PLXND1 was related to “transla-
tion”, “protein binding”, “poly(A) RNA binding”, 
“membrane”, “extracellular exosome”, “cyto-
plasm”, “cytosol”, and cell adhesion. The de- 
tailed genes for GO enrichment analysis were 
plotted in Figure 7B. KEGG results revealed 
that the expression level of PLXND1 was relat-
ed to “ribosome”, “phagosome”, “pathway in 
cancer”, “Parkinson’s disease”, “metabolic 
pathways”, “focal adhesion”, “Huntington’s  
disease”, “EMC-receptor interaction”, and 
“Alzheimer’s disease”. Similarly, the detailed 
genes for KEGG-enriched pathways were ma- 
pped in Figure 7C. Thus, the regulatory mole-
cules, pathways, and networks of PLXND1 
exhibited a common and vital role for PLXND1 
in COAD. In addition, the GEPIA and ENCORI 
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Figure 6. Prognostic value of Plexin members in COAD patients. A: Kaplan-Meier survival rates identified the relationship between high and low expression of Plexin 
members and prognosis in COAD patients. Plexin members: a: PLXNA1; b: PLXNA2; c: PLXNA3; d: PLXNA4; e: PLXNB1; f: PLXNB2; g: PLXNB3; h: PLXNC1; i: PLXND1. 
B: Forest plot exhibited univariate and multivariate Cox analysis results for PLXND1. C: Nomograms were constructed and validated for 1-, 3-, or 5-year survival in 
COAD patients. The calibration curve shows the changes in nomograms for predicting overall survival and actual survival.

Figure 7. Regulatory network and underlying mechanisms by which PLXND1 affected COAD carcinogenesis. A: Regulatory network of Plexin members and 50 dif-
ferentially expressed molecules. B: Bubble and circle plots of enriched GO annotations for 50 differentially expressed molecules in COAD. C: Bubble and circle plots 
of enriched KEGG pathways for 50 differentially expressed molecules in COAD. D: The GEPIA database displays a significant positive correlation between PLXND1 
and Notch3 in COAD. E: ENCORI database manifests a significant positive correlation between PLXND1 and Notch3 in COAD.
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databases revealed a significant positive co- 
rrelation between PLXND1 and Notch3 expres-
sion levels. Combined with the TCGA data, we 
analyzed that PLXND1 potentially binds to 
Notch3 and affects COAD progression, which 
raised interest for further experimental valida-
tion (Figure 7D, 7E). 

PLXND1 promotes COAD cell migration, inva-
sion, and EMT by modulating Notch3 

Thus, we conducted a series of functional 
experiments to verify the functional role of 
PLXND1 in COAD. qRT-PCR assays indicated 
that the expression of PLXND1 was observably 
enhanced in 35 COAD tissues in comparison 
with paired normal tissues (Figure 8A). The  
HPA database revealed that the expression of 
PLXND1 was upregulated in COAD tissues  
compared with those in normal colon tissues 
(Figure 8B). Survival analysis revealed that 
COAD patients with high expression of PLXND1 
had shorter survival times compared to the 
patients with low expression of PLXND1 (Figure 
8C). The expression of PLXND1 was mar- 
kedly increased in lymph node-positive COAD 
patients compared with lymph node-negative 
COAD patients (Table 1), suggesting that 
PLXND1 may be involved in the metastasis and 
progression of COAD. IHC assays demonstrat-
ed that PLXND1 exhibited higher expression in 
COAD tissues compared with the normal adja-
cent tissues (Figure 8D). Then, we construct- 
ed the HCT8 stable cell line overexpressing 
PLXND1. The siRNAs targeting PLXND1 were 
constructed in HCT116 cells, and overexpres-
sion and knockdown efficiencies were verified 
by qRT-PCR, respectively (Figure 8E, 8F). The 
invasive activity of HCT8 cells was prominently 
increased after overexpression of PLXND1 by 
the transwell assays, while knockdown of 
PLXND1 revealed the opposite results (Figure 
8G, 8H). The wound healing assays exhibited 
that the PLXND1 overexpression group observ-
ably enhanced the migration capacity of HCT8 
cells compared with the OE-NC group, while the 
knockdown of PLXND1 restrained the migra-
tion activity of HCT116 cells (Figure 8I, 8J). IF 
assays manifested that E-cadherin expression 
was down-regulated and Vimentin expression 
was upregulated after HCT8 cells overex-
pressed PLXND1. After the knockdown of 
PLXND1 in HCT116 cells, E-cadherin expres-
sion was upregulated, and Vimentin expression 

was down-regulated (x200 times; Figure 8K, 
8L). 

Further, IF assays displayed that overexpres-
sion of PLXND1 enhanced Notch3 expression 
levels, while silencing of PLXND1 suppressed 
the Notch3 expression levels (x200 times; 
Figure 9A, 9B). WB assays also confirmed that 
HCT8 cells transfected with overexpression  
of PLXND1 enhanced Vimentin and Notch3 
expression levels while decreasing E-cadherin 
expression levels. Knockdown of PLXND1 sh- 
owed the opposite trend (Figure 9C, Supple- 
mentary Figure 5B). IP and Coomassie brilliant 
blue staining validated the pull-down of the 
Notch3 molecule by PLXND1 antibodies (Fi- 
gure 9D). Co-IP and WB experiments confirmed 
the binding relationship between PLXND1 and 
Notch3 in COAD (Figure 9E). Subsequently, the 
roles of PLXND1 for tumor growth and metasta-
sis in vivo were investigated. The results of the 
xenograft assay demonstrated that the mice 
with the overexpression of PLXND1 reduced 
tumor volume and weight compared to control 
groups (Figure 9F-H). The nude metastasis 
mouse model indicated that the lung meta- 
static nodules were observably increased after 
the overexpression of PLXND1 (Figure 9I, 9J). 
These data revealed that PLXND1 positively 
affected tumor growth in vivo. Thus, these find-
ings indicated that PLXND1 can affect and pro-
mote COAD cell migration, invasion, and EMT 
ability by regulating Notch3 signaling.

Discussion

The roles of semaphorins and their receptors, 
Plexins and neuropilins (NRPs), have been 
increasingly realized and explored in various 
cancers [17]. Like NRPs, Plexins are also type 1 
transmembrane receptors and are segregated 
into four Type-A plexins, three Type-B plexins, 
and a single C and D plexin [18]. Studies have 
shown that Plexins are also dysregulated in dif-
ferent cancer types, and the roles of Plexins in 
tumor growth, drug resistance, and metastasis 
have gradually been recognized and investigat-
ed [19, 20]. The expression of PLXND1 was 
increased and promoted prostate cancer pro-
gression [6]. PLXNB1 was minimally expressed 
in both tumor metastasis and immune cell in- 
filtration in breast cancer [7]. Our data were 
based on multiple databases to determine  
the expression profile, enrichment analysis, 
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Figure 8. PLXND1 promoted the migration, invasion, and EMT of COAD cells. A: The expression of PLXND1 in 35 
paired COAD tissues and normal adjacent tissues was examined by qRT-PCR assays. B: Protein expression of 
PLXND1 in COAD tissues and normal tissues was detected by HPA data. C: The correlation of PLXND1 expres-
sion levels with the prognosis of COAD patients was analyzed using the Kaplan-Meier plotter. D: The expression 
of PLXND1 in representative COAD tissues and normal tissues was validated by IHC staining. E: The expression of 
PLXND1 in COAD cells stably transfected with LV5 lentiviral-PLXND1 was tested by qRT-PCR. F: The expression of 
PLXND1 in COAD cells treated with siRNA was validated by qRT-PCR. G, H: Transwell assays verified the invasion abil-
ity of cells after the overexpression of PLXND1. I, J: Wound healing assays demonstrated the migration ability of cells 
after the overexpression of PLXND1. K, L: The fluorescence intensities of E-cadherin and Vimentin after PLXND1 
overexpression or knockdown were confirmed by IF assays. *P<0.05; **P<0.01.
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and PLXNA3 had later T stage, N stage, and  
M stage. Strikingly, many Plexins (PLXNA3, 
PLXNA4, PLXNB3, and PLXND1) were expre- 
ssed more dramatically in the high node (N) 
stage than in the N0 stage, indicating that the 
expression of Plexins was involved in lymph 
node metastasis. Some Plexin members syner-
gize and interrelate with multiple factors regu-
lating COAD tumorigenesis and progression. 
Therefore, we conducted the GSEA analyses  
on COAD samples and manifested that the 
functions of highly expressed Plexins were pri-
marily related to axon guidance, focal adhe-
sion, ECM receptor interaction, T/B cell recep-
tors, pathways in cancer, semaphoring plexin 
signaling, and semaphoring receptor activity. 
The functions of low-expressed Plexins were 
chiefly associated with Alzheimer’s disease, 
Huntington’s disease, and others.

Since many Plexins are enriched for T/B cell 
receptors, we examined the relationship be- 
tween Plexins and immune cell infiltration in 
COAD. Previous studies have reported that 
Plexins are novel immunomodulatory mole-
cules with distinct roles at different stages of 
the immune responses [21, 22]. The role of 
plexins depended on the environment and cel-
lular differentiation, many of which had com-
plex effects on the immune system; several 
plexins were essential for maintaining immune 
homeostasis [23, 24]. Thus, this study analyz- 
ed the differences and correlations between 
Plexins and immune cell infiltration. We discov-
ered that natural killer cells, macrophages M2, 
T cell CD4 memory resting, and macrophages 
M0 accounted for most TIICs in COAD by study-
ing the expression of Plexins. High expression 
levels of PLXNA2, PLXNA3, PLXNB1, PLXNB3, 
and PLXND1 were associated with aggressive 
subtypes that promoted immune infiltration. In 
contrast, the expression levels of PLXNB2 and 
PLXNC1 were not closely related to the sub- 
type of immune-infiltrating subtypes. Then, the 
data demonstrated that, in addition to PLXNB2, 
PLXNA4, and PLXNC1, high expression of Ple- 
xins not only markedly enhanced the infiltra- 
tion of Macrophages M0 and Tregs, but also  
the expression of Plexins positively correlated 
with Tregs and Macrophages M0 infiltration. 
However, the high expression of Plexins showed 
the opposite trend in eosinophils. Many articles 
have reported that Treg cells are vital in main-
taining immune homeostasis by suppressing T 

Table 1. Relationship between the expression 
of PLXND1 and clinicopathologic variables in 
35 patients with COAD

Patient Characteristics Total
PLXND1 

expression P Value
Low High

Age 0.990
    ≤65 21 11 10
    >65 14 8 6
Gender 0.723
    Male 25 13 12
    Female 10 6 4
Tumor size (cm) 0.181
    ≤5 16 10 6
    >5 19 7 12
TNM stage 0.092
    I/II 18 13 5
    III/IV 17 7 10
Distant metastasis 0.990
    No 33 18 15
    Yes 2 1 1
Lymph node status 0.041*
    Negative 16 12 4
    Positive 19 7 12
*P value <0.05.

immune infiltration, and prognostic value of the 
Plexins family in COAD. An in-depth study of the 
family screened PLXND1 as a key molecule, dif-
ferentially highly expressed in COAD. PLXND1 
levels were correlated with lymph node metas-
tasis, immune cell infiltration, and a worse 
prognosis in COAD. Thus, we further performed 
molecular and signaling pathway analysis as 
well as detailed functional experimental valida-
tion of the PLXND1.

This study demonstrated that Plexins have dif-
ferent expression levels in 23 cancer types in 
TCGA pan-cancer data. Meanwhile, most Plexin 
members were positively correlated in COAD 
samples, suggesting that Plexins may have 
cooperative roles in carcinogenesis and pro-
gression of COAD. Most Plexins were differen-
tially expressed in COAD samples and normal 
samples and showed similar differences in 
COAD cells, indicating that Plexins exhibit a 
degree of heterogeneity in COAD tissues and 
cells. The expression levels of PLXNA3 and 
PLXNB3 rose gradually with the increase in the 
clinical T, N, and M stages, suggesting that 
COAD patients with high expression of PLXNB3 
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Figure 9. PLXND1 promoted the metastasis and EMT ability of COAD by modulating Notch3. A, B: The fluorescence 
intensity of Notch3 after PLXND1 overexpression or knockdown was verified by IF assays. C: The expression of 
PLXND1, Notch3, E-cadherin, and Vimentin after PLXND1 overexpression or knockdown was determined by WB 
assays. D: IP experiments were performed to extract the proteins from COAD cells using the PLXND1 antibody. The 
proteins were separated by SDS-PAGE followed by Coomassie brilliant blue staining. E: CO-IP experiments confirmed 
the interaction between PLXND1 and Notch3 in COAD cells. F: Image of subcutaneous tumor tissues in the PLXND1-
overexpressing group and control group. G, H: Volume and weight of subcutaneous tumor tissues in each group. I, 
J: Image of lung metastatic nodules in the PLXND1 overexpression and the OE-NC groups is indicated by arrows. 
*P<0.05; **P<0.01.

cell responses and functions through various 
direct or indirect mechanisms. The number and 

proportion of Treg cells in peripheral blood, 
tumor tissue, and lymph nodes of tumor 
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patients are increased, with the highest num-
ber of Treg cells in tumor tissues [25, 26]. The 
expression of the Plexin family was positively 
associated with Treg cells, suggesting that Ple- 
xins can be involved in the role of Treg cells  
in maintaining immune homeostasis in COAD 
patients. Farha et al. reported that M0 macro-
phage enrichment has a worse prognosis and a 
lower predicted immune checkpoint blockade 
(ICB) response in renal clear cell carcinoma 
[27]. The expression of most Plexins was posi-
tively associated with M0, M1, or M2 macro-
phages, indicating that Plexins may be involved 
in regulating the role of M0, M1, or M2 macro-
phages in COAD. In addition, Wang et al. showed 
that the negative correlation between eosino-
phil count and overall cancer risk suggests that 
eosinophils may contribute to tumor immune 
surveillance [28]. Our results revealed that 
highly expressed Plexins (Except for PLXNA4 
and PLXNC1) were negatively correlated with 
eosinophil levels in COAD. The above data indi-
cated that the expression levels of most Ple- 
xins in COAD were associated with the infiltra-
tion of Tregs, Macrophages M0, and Eosinophils, 
indicating that most Plexins can directly or in- 
directly regulate the COAD immune response 
network. 

Some articles have reported that Plexin mole-
cules have been involved in the prognosis of 
tumor patients [14, 24]. For example, Li noted 
that the PLXND1 molecule may be a target and 
valuable prognostic biomarker for liver cancer 
[29]. PLXNC1 can serve as an independent bio-
marker and facilitates gastric cancer progres-
sion by transcriptional activation of IL6ST [30]. 
The higher mRNA levels of PLXNA2 had a dra-
matically higher survival rate in patients with 
glioma [31]. Our study examined the high 
expression of PLXNA3, PLXNB3, and PLXND1, 
which was positively correlated with poorer sur-
vival in COAD patients. Afterward, univariate 
Cox analyses indicated that PLXND1 was nota-
bly associated with poorer survival outcomes. 
Multivariate Cox analyses displayed that the 
PLXND1, T stage, and age were independent 
prognostic factors in COAD patients. A nomo-
gram with clinical data and PLXND1 expression 
was constructed, showing high predictive per-
formance. We not only found that the levels of 
PLXNA3, PLXNB3, and PLXND1 were relevant 
to the worse prognosis of COAD patients, but 
PLXND1 also served as a prognostic indicator, 

suggesting that the expression levels of some 
Plexin members may guide the prognosis of 
COAD patients. Furthermore, chemotherapy 
and targeted therapy are current strategies  
to treat COAD; it is critical to understand the 
effectiveness and sensitivity of these drugs to 
different risk groups. The pRRophetic package 
was used to analyze drugs with high-risk sen- 
sitivity to PLXND1 (Bortezomib, Cyclopamine, 
Dasatinib, Embelin, Lapatinib, Paclitaxel, Pazo- 
panib, Rapamycin, Ruxolitinib, Saracatinib, and 
Sunitinib), and low-risk sensitivity to PLXND1 
(Erlotinib, Pyrimethamine, Salubrinal, Sorafenib, 
and Vinorelbine). PLXND1 expression may be a 
biomarker of prognosis and a therapeutic tar-
get for COAD patients.

Combined with the above findings, PLXND1 
was correlated with clinical data, immune infil-
tration, and poor prognosis of COAD patients. 
We further examined the mRNA and protein lev-
els of PLXND1 in the COAD samples exceed- 
ed those in normal samples, suggesting that 
PLXND1 had a specific value in the progression 
of COAD. Our data showed that the expression 
of PLXND1 was markedly increased in COAD 
tissues and lymph node-positive COAD patients, 
suggesting that PLXND1 may be involved in the 
metastasis and progression of COAD. Also, high 
expression of PLXND1 went with shorter sur-
vival times compared to the patients with low 
expression of PLXND1, which was consistent 
with the predictions of bioinformatics. Then, we 
screened and examined 12 genes that were 
closely correlated to PLXND1 and differentially 
expressed in COAD. PLXND1 differential mole-
cules were associated, including Notch3, which 
might be involved in regulating the PLXND1. 
PLXND1 was engaged in “translation”, “protein 
binding”, “poly(A) RNA binding”, “extracellular 
exosome”, “cytoplasm”, “cytosol”, and cell ad- 
hesion. The KEGG enrichment results of Ple- 
xins were similar to the GSEA results, which 
may function through cell membranes, exo-
somes, and adhesion. Next, a series of experi-
ments verified that PLXND1 could promote 
COAD cell invasion, migration, and EMT in vitro 
and in vivo. By bioinformatic analysis, we noted 
the molecule and found that Notch3 signaling 
promotes colorectal cancer growth by enhanc-
ing immunosuppressive cell infiltration in the 
microenvironment [32]. Kuan Shen et al. re- 
ported the use of branched-chain amino acid 
metabolism and Notch3 expression to predict 
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and target colorectal cancer progression [33]. 
Notch3 is also closely related to tumor pro- 
gression and immune infiltration. We further 
validated that PLXND1 can bind to Notch3 in 
COAD by IP and CO-IP experiments, and WB 
and IF results indicated that PLXND1 promot- 
es COAD invasion and metastasis by affecting 
and regulating Notch3 expression. PLXND1 
may play a role in promoting tumor invasion, 
metastasis and EMT through Notch3 in COAD. 
Based on these findings, the PLXND1 and 
Notch3 molecules may have mutual synergis- 
tic effects in cancer progression and tumor-
associated immune infiltration. Admittedly, our 
study has some limitations. Our data is primar-
ily based on bioinformatics analysis and has 
certain background heterogeneity. Each Plexin 
member’s specific mechanisms in COAD may 
differ, and further experimental studies are 
needed.

Conclusion

These findings demonstrate that some Plexin 
members play vital roles in metastasis, im- 
mune infiltration, and the prognostic value of 
COAD patients. PLXND1 was screened as an 
independent prognostic biomarker and pro- 
moted the invasion, metastasis, and EMT of 
COAD cells by binding Notch3. These data pro-
vide new perspectives to investigate the role of 
Plexin molecules in COAD progression and to 
exert targeted therapeutic effects.
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Supplementary Figure 1. Correlation analysis of clinical stage, T stage, N stage, and M stage and the expression of 
Plexin family members in 452 COAD samples.
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Supplementary Figure 2. A: The proportion of 22 kinds of TIICs in each COAD sample. Each column represents one sample, and each row represents the abundance 
ratio of immune cells (Mean ± SD) via different colors and heights. B: The correlation of the 22 kinds of TIICs and numeric. Blue is a positive correlation; red is a 
negative correlation.
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Supplementary Figure 3. The correlation of 
Plexin expression with the immune infiltration 
levels of 22 TIICs in COAD samples.



Role of the Plexins and PLXND1 in colon cancer

8	

Supplementary Table 2. Co-screening Plexins-related TIICs in COAD samples by differential and cor-
relation analysis
Gene ID Plexins-related TIICs
PLXNA1 T cells CD4 memory resting, T cells regulatory (Tregs), Macrophages M0, Dendritic cells resting, Eosino-

phils
PLXNA2 B cells naïve, T cells CD8, T cells CD4 memory resting, T cells CD4 memory activated, T cells follicular 

helper, T cells regulatory (Tregs), Macrophages M0, Macrophages M1, Macrophages M2, Neutrophils
PLXNA3 T cells regulatory (Tregs), T cells gamma delta, Macrophages M0, Dendritic cells activated

Eosinophils, Neutrophils
PLXNA4 T cells CD8, T cells CD4 memory activated, T cells regulatory (Tregs), Macrophages M0
PLXNB1 T cells follicular helper, T cells regulatory (Tregs), Macrophages M0, Macrophages M1,

Macrophages M2, Eosinophils, Neutrophils
PLXNB2 T cells CD8, T cells regulatory (Tregs), Macrophages M2, Eosinophils
PLXNB3 Plasma cells, T cells CD4 memory resting, T cells CD4 memory activated, T cells regulatory (Tregs), 

Macrophages M0, Dendritic cells resting, Dendritic cells activated, Eosinophils
PLXNC1 Monocytes, Macrophages M1, Macrophages M2, Neutrophils
PLXND1 T cells CD4 memory resting, T cells CD4 memory activated, T cells regulatory (Tregs), Macrophages 

M0, Dendritic cells resting, Dendritic cells activated, Eosinophils, Neutrophils

Supplementary Table 3. Univariate cox regression analysis of Plexin members and clinical features 
with overall survival in COAD patients

Parameter
Univariate analysis

Hazard Ratio (HR) HR.95L HR.95H P value
Age 1.030 1.008 1.053 0.0077*
Gender 1.112 0.700 1.768 0.6533
Stage 2.256 1.732 2.938 1.59E-09*
T 2.852 1.802 4.515 7.77E-06*
M 4.450 2.745 7.214 1.40E-09*
N 2.019 1.541 2.645 3.47E-07*
PLXNA1 1.058 0.992 1.127 0.0868
PLXNA2 1.003 0.884 1.137 0.9664
PLXNA3 1.045 0.975 1.119 0.2113
PLXNA4 2.111 0.895 4.979 0.0878
PLXNB1 0.988 0.954 1.023 0.4930
PLXNB2 1.000 0.990 1.011 0.9417
PLXNB3 1.227 0.994 1.515 0.0575
PLXNC1 1.038 0.858 1.255 0.7036
PLXND1 1.046 1.008 1.085 0.0162*
*P value <0.05.

Supplementary Table 1. GSEA analysis for Plexin family members in COAD samples in detail
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Supplementary Table 4. Multivariate analysis of Plexin members and clinical features with overall survival in COAD patients
id Hazard Ratio (HR) HR.95L HR.95H P value Hazard Ratio (HR) HR.95L HR.95H P value Hazard Ratio (HR) HR.95L HR.95H P value
age 1.042 1.019 1.065 0.000* 1.039 1.016 1.063 0.001* 1.040 1.017 1.064 0.001*
gender 1.004 0.627 1.609 0.985 0.977 0.610 1.563 0.922 0.971 0.608 1.553 0.904
stage 1.366 0.636 2.934 0.425 1.326 0.614 2.865 0.473 1.332 0.618 2.870 0.465
T 1.743 1.004 3.025 0.048* 1.778 1.022 3.092 0.042* 1.772 1.016 3.093 0.044*
M 1.796 0.635 5.078 0.270 1.877 0.662 5.318 0.236 1.856 0.656 5.253 0.244
N 1.332 0.838 2.118 0.225 1.351 0.839 2.177 0.216 1.343 0.841 2.145 0.216
PLXNA1 1.061 0.998 1.129 0.058
PLXNA2 1.010 0.891 1.145 0.875
PLXNA3 1.048 0.969 1.134 0.237
age 1.041 1.018 1.065 0.001* 1.039 1.016 1.062 0.001* 1.038 1.016 1.061 0.001*
gender 1.013 0.629 1.633 0.957 0.955 0.597 1.529 0.848 0.996 0.621 1.598 0.988
stage 1.333 0.613 2.897 0.468 1.349 0.629 2.891 0.442 1.282 0.596 2.759 0.525
T 1.770 1.014 3.090 0.045* 1.743 1.002 3.031 0.049* 1.789 1.027 3.114 0.040*
M 1.833 0.647 5.193 0.254 1.932 0.688 5.422 0.211 1.976 0.701 5.566 0.198
N 1.327 0.822 2.141 0.247 1.356 0.844 2.178 0.208 1.394 0.864 2.250 0.173
PLXNA4 1.612 0.663 3.920 0.292
PLXNB1 0.974 0.938 1.011 0.166
PLXNB2 1.005 0.994 1.016 0.373
age 1.038 1.016 1.062 0.001* 1.039 1.017 1.062 0.001* 1.040 1.018 1.063 0.000*
gender 0.988 0.616 1.583 0.959 0.997 0.620 1.604 0.991 1.001 0.625 1.605 0.996
stage 1.308 0.605 2.825 0.495 1.347 0.623 2.915 0.449 1.257 0.589 2.681 0.554
T 1.808 1.041 3.143 0.036* 1.783 1.025 3.102 0.041* 1.741 1.003 3.024 0.049*
M 1.921 0.678 5.447 0.219 1.887 0.668 5.329 0.231 2.311 0.810 6.594 0.117
N 1.322 0.822 2.127 0.249 1.324 0.822 2.134 0.249 1.277 0.801 2.037 0.304
PLXNB3 1.091 0.840 1.417 0.515
PLXNC1 1.065 0.880 1.289 0.518
PLXND1 1.048 1.005 1.092 0.027*
*P value <0.05.
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Supplementary Figure 4. Risk stratification indicated the responses of high- and low-risk groups to multiple drugs.



Role of the Plexins and PLXND1 in colon cancer

11	

Supplementary Figure 5. A: The expression of the 12 genes was most significantly associated with PLXND1 in COAD and normal samples represented by a 
beeswarm. B: Plot of WB raw bands with marker.


