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Microcystin-LR (MC-LR) exists widely in polluted food and water in humid and warm
areas, and facilitates the progression of colorectal cancer (CRC). However, the molecular
mechanism associated with the MC-LR-induced CRC progression remains elusive. The
purpose of this study is to explore the role of the hub genes associated with MC-LR-
induced CRC development at the molecular, cellular and clinical levels through
bioinformatics and traditional experiments. By utilizing R, we screened and investigated
the differentially expressed genes (DEGs) between the MC-LR and the control groups with
the GEO, in which, HOXB4 highly expressed in MC-LR-treated group was identified and
further explored as a hub gene. With the aid of TCGA, GEPIA, HPA, UALCAN, Cistrome,
and TIMER, the increased mRNA and protein levels of HOXB4 in CRC tissue were found
to be positively associated with high tumor stage and poor prognosis, and were linked to
immune infiltration, especially tumor-associated macrophages and cancer-associated
fibroblasts. Cox regression analysis and nomogram prediction model indicated that high
HOXB4 expression was correlated to poor survival probability. To elucidate the
mechanism of high HOXB4 expression induced by MC-LR, we overlapped the genes
involved in the MC-LR-mediated CRC pathways and the HOXB4-correlated transcription
genes. Importantly, C-myc instead of PPARG and RUNX1 promoted the high expression
of HOXB4 through experiment validation, and was identified as a key target gene.
Interestingly, C-myc was up-regulated by HOXB4 and maintained cell cycle
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progression. In addition, MC-LR was proved to up-regulate HOXB4 expression, thus
promoting proliferation and migration of Caco2 cells and driving the cell cycle progression.
In conclusion, MC-LR might accelerate CRC progression. In the process, MC-LR induced
C-myc augmentation elevates the high expression of HOXB4 through increasing the S
phase cell proportion to enhance Caco2 cell proliferation. Therefore, HOXB4 might be
considered as a potential prognostic biomarker for CRC.
Keywords: microcystin-LR, HOXB4, colorectal cancer, prognosis, tumor-infiltrating immune cells
INTRODUCTION

Microcystins (MCs) are the largest and most diverse group of
cyanotoxins (1). Of over 270 structural variants of MCs,
microcystin-LR (MC-LR) is the most studied congener and
considered as one of the most potent cyanobacterial toxins
based on previous toxicity studies (1, 2). In particular, regular
water treatment technology, such as filtration and chlorination
disinfection, and conventional heating (100°C, 30min) cannot
effectively remove MCs (3), and therefore chronic environmental
exposure to MCs, either directly through drinking water or
indirectly through food-chain and dermal absorption, has been
a health concern worldwide.

Colorectal cancer (CRC) is the third most common cancer
and the second leading cause of cancer-related mortality
worldwide (4). Generally, family disease history (5), diet
structure, living habits (6), and chronic inflammatory irritation
(5) are recognized as causes of CRC. But recent epidemiological
surveys reveal that low-dose and long-term exposure to MC-LR
is effectively associated with CRC (7). Animal studies also
provided evidence of effects of MC-LR on CRC progression (8,
9). Previous studies on the toxicity of MC-LR mainly concentrate
on its impact on liver and kidney (10), but its effect on the gut,
which is the primary target organ for MC-LR from both direct
(drinking water) and indirect (food chain) exposure routes, is
less studied (11). Considering the relatively poor overall
prognosis of CRC, the mechanism linking MC-LR exposure to
CRC is worth attention. To identify specific molecular markers
for effects of MC-LR exposure on CRC progression may help
understanding MC-LR-mediated carcinogenic activity and be in
favor of CRC treatment.

Homeobox B4 (HOXB4) belongs to the homeobox (HOX)
family that possesses transcription factor activity and is essential
for stem cell self-renewal and tumorigenesis (12). It has been
reported that HOXB4 participates in the advancement of ovarian
cancer, as well as lung, prostate, and breast cancer (13). A
previous report has shown that elevated HOXB4 expression
facilitates the ovarian cancer progression via DHDDS (14).
However, HOXB4 attenuates the tumorigenesis of cervical
cancer cells by declining the Wnt/b-catenin signaling pathway
activity (13). Bhatlekar, S. et al. reported that HOX gene
overexpression signature for the normal human colonic crypt
cell niche parallels stem cell overpopulation during colon
tumorigenesis (15, 16). Meanwhile, the high expression of
HOXB7, which is a homologous cluster with HOXB4, is
considered to be a biomarker of the clinicopathological
2

characteristics and poor prognosis in CRC dependent on
activation of the PI3K/AKT pathway (17). However, the role of
HOXB4 expression in CRC still remains unclear based on clinical
big data.

In this work, microarray data analyses and experiment
validation were implemented to comprehensively determine
the pathways and hub genes that most likely participated in
MC-LR-induced CRC progression. Our findings demonstrated
that cell cycle progression was dependent on the promotion of C-
myc, and that C-myc was regulated by MC-LR-induced high
HOXB4 expression. Therefore, MC-LR enhanced CRC cell
proliferation. Moreover, HOXB4 was linked to poor prognosis
in CRC after covering a group of factors including gene
expression, survival status, clinical-pathological parameters,
immune infiltration, the biological function, and relevant
cellular pathway.
MATERIALS AND METHODS

Microarray Data
The gene expression profiles of MC-LR-exposed CRC cells by
using GSE29861 dataset were obtained from GEO database (18).
The GSE29861 dataset, based on Agilent GPL4133 platform
(Agilent-014850 Whole Human Genome Microarray 4x44K
G4112F), contained 9 samples of Caco-2 cells treated with
MC-LR at concentrations of 0 mM and 5 mM for 24 h (19).

Identification of the Differentially
Expressed Genes (DEGs)
The normalized expression matrix of microarray data was
downloaded from the GSE29861 dataset, and the probes
corresponding to multiple molecules were then removed. The
“limma” package of R software was used to identify DEGs across
experimental condition, and the significant DEGs with P<0.05
and [logFC]>1.0 were considered as the cut-off criteria. The
heatmap, UMAP, volcano plot and box plot were conducted by
using “Complex Heatmap”, “umap” and “ggplot2” packages of
R software.

Gene Expression Analysis and the Human
Protein Atlas
We utilized The Cancer Genome Atlas (TCGA) project (https://
genome-cancer.ucsc.edu/) to analyze the expression level of
HOXB4 in colon adenocarcinoma (COAD), as well as its
February 2022 | Volume 12 | Article 803493
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expression level of messenger RNA (mRNA). To obtain the data
on protein immunohistochemical analysis of tumor tissue and
normal human tissue, the Human Protein Atlas online website
(https://www.proteinatlas.org/) was used. Besides, the online
pathology database provided protein-specific expression and
location information for 48 normal tissue samples, 20 typical
categories of cancer, 47 cell lines and 12 blood cells.

Gene Ontology (GO) Analysis and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) Pathway Enrichment Analysis
The GO project is a widely-used effective method for annotating
genes and gene products and identifying characteristic biological
attributes for high-throughput genome or transcriptome data.
KEGG is a knowledge base for linking genomic information
with higher-order functional information and systematic analysis
of gene function (20). DAVID (https://david.ncifcrf.gov/) is a
crucial foundation for the success of any high-throughput gene
annotation, integrated discovery function and visualization
analysis, which provides gene biological meaning for analyzing
the function and pathway enrichment of DEGs (21). The KEGG
pathway analysis, the GO enrichment analysis and the functional
level analysis of the DEGs were performed by adopting the
DAVID. The P-value <0.05 was considered statistically significant.

Gene Expression Profiling Interactive
Analysis (GEPIA) and UALCAN
Database Analysis
To verify the prognostic values of HOXB4 in COAD patients, we
obtained the significant data of HOXB4 on overall survival (OS)
and disease free survival (RFS) of tumors derived from TCGA
analyzed with GEPIA2 (test) and UALCAN (http://ualcan.path.
uab.edu/analysis.html) online tools, which are newly developed
web-based tools providing key interactive and customizable
function based on TCGA and genotype tissue expression data.
According to the median of HOXB4 gene expression, cut off-low
(50%) and cut off-high (50%) values were used as the expression
thresholds for dividing the patients into two groups, namely the
low HOXB4 expression group and the high HOXB4
expression group.

Cox Regression Analysis
To further evaluate the correlation of HOXB4 expression level
with COAD, we employed univariate Cox regression analysis for
calculating the association of the HOXB4 expression level with
OS, disease-specific survival (DSS), and progression free interval
(PFI) of the patients in two cohorts. We used the multivariate
analysis to assess whether HOXB4 was an independent
prognostic factor for CRC patient survival. The HOXB4
expression level was considered statistically significant in Cox
regression analysis when P-value <0.05.

Construction and Evaluation of Nomogram
For ascertaining the expression of HOXB4 in cancer prognosis,
we built a nomogram which was considered as an effective and
Frontiers in Oncology | www.frontiersin.org 3
convenient method for predicting the OS, DSS, and PFI of CRC
patients in the TCGA cohort (22, 23). The receiver operating
characteristic (ROC) curve was performed to estimate the
potential of HOXB4 as a prognostic marker in COAD. The
whole data were filtered to remove missing and duplicated
results, and transformed by log2 (TPM+1) using R packages of
“rms” and “survival” in an R environment (R version: 3.6.3).

Immune Infiltration Analysis
To determine the association between the HOXB4 expression
level and immune infiltration according to the TCGA tumor
data, we used the Tumor Immune Estimation Resource 2.0
(TIMER2.0) (http://cistrome.org/TIMER/) web server (24), and
evaluated the correlation of the HOXB4 expression level with the
abundance of infiltrating immune cells including B cells, CD4+ T
cells, CD8+ T cells, macrophages, dendritic cells, neutrophils,
and cancer-associated fibroblasts in CRC patients. In addition,
we analysed the correlation between HOXB4 expression and
tumor-infiltrating lymphocytes via the TISIDB database (http://
cis.Hku.hk/TISIDB/) (25). The P-values and partial correlation
(cor) values were calculated by means of the purity-adjusted
Spearman’s rank correlation test.

HOXB4-Related Gene Enrichment Analysis
We used Cistrome database (http://cistrome.org/db), which is a
resource of human and mouse cis-regulatory information
derived from DNase-seq, ChIP-seq, and ATAC-seq chromatin
profiling assays, to obtain the information on gene regulatory
analysis. Moreover, we overlapped the genes which were
regulated by HOXB4 involved in CHEA Transcription Factor
Targets Dataset and Cistrome cancer Dataset. Afterwards, we
performed the R package of “cluster Profiler” to automate the
results of the enrichment analysis (26). The P value <0.05 was
deemed a statistically significant difference.

Quantitative Real-Time PCR (qRT-PCR)
and Western Blot Analysis
RNA was collected by the Trizol method, and 2 mg of RNA was
used for cDNA synthesis with an RNA reverse transcription kit
(TAKARA, Japan). The RT-qPCR kit was purchased from
TAKARA, and RT-qPCR was performed with the CFX96 real-
time system (Bio-Rad, USA). The primers were designed by
Sangon Biotech Co., Ltd. (Shanghai, China), and the list of
sequences is shown in Table S1.

Western Blot Analysis
Proteins (30-50 mg) were separated on 12% sodium dodecyl
sulfate polyacrylamide gels and were then transferred to
polyvinylidene fluoride membranes (Micron Separations,
Westborough, MA, USA) at 4°C. The membranes were
blocked at 37°C for 1 h and were then incubated overnight
with the primary antibodies at 4°C followed by incubation with
HRP-conjugated secondary antibodies for 1 h at room
temperature. The immunoreactive proteins were detected
using the enhanced chemiluminescence system (Amersham-
Pharmacia Biotech) and subsequent autoradiography.
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Cell Culture and MC-LR Treatment
The human colorectal adenocarcinoma cell line Caco2 was
obtained from the American Type Culture Collection
(Manassas, VA, USA) and synchronized by 24 h of serum
deprivation. The cells were grown in DMEM with 10% fetal
bovine serum (FBS) and antibiotics at 37°C in a humidified
atmosphere of 5% CO2. The cells were treated with different
doses of MC-LR (1, 5 and 10 µM) for 24, 48, or 72 h. The
control cells were cultured with 0.1% DMSO.

CCK-8 Assay
Cells were incubated in a 96-well plate with 3000 cells per well.
Then, 10ml of cell counting kit-8 reagent (Dojindo Inc.,Kumamoto,
Japan) was added to each well for 1 h, and the optical density (OD)
value was detected using a Thermo Scientific Multiskan MK3
(Beijing, China).

Wound Healing Assay
Cells were cultured in six-well plates until they reached 100%
confluence. A vertical or horizontal wound was gently created in
the monolayer using a 20 ml sterile pipette tip. The cells were then
washed 3 times with growth medium to remove the detached
cells, and fresh medium was added. The images were captured
using an inverted microscope and camera at the designated
times, and wound closure was assessed using Image Pro Plus
6.0. The rate of wound healing = [(the wound width of 0 h -t h)/0
h wound width] *100% (t: 24/48/72 h).

Establishing Co-Culture System
Caco2 cells were pretreatedwithMC-LR at different concentrations
(0, 1, 5, and 10mM) for 24 h in 24-well plates. Then, 600mL of
supernatant was gathered and affiliated into the RAW264.7 cells.
Besides, the cell proliferation reagent CCK-8 was applied to
approximately measure the RAW264.7 cell viability.

To establish the co-culture system between Caco2 and
RAW264.7 cells, 2 × 105 RAW264.7 cells in a volume of 100mL
were co-cultured in the upper chambers (8mm PET, Corning).
Then, Caco2 cells were cultured in lower chambers and
pretreated with MC-LR 5mM.

Transwell Migration Assay
2 × 105 cells were cultured in the 8 mm well (Coring, USA) for 24
hour and fixed in paraformaldehyde for 15 min, then stained
with crystal violet for 10 min. Cells migrate through the well were
counted in microscope.

Flow Cytometry
Cells in each group were fixed in 75% ethanol for 24 h at -20°C.
After treated with 50 mg/ml RNase (Sigma, USA) for 30 min at
37°C, the cells were stained with 50 mg/ml propidium iodide
(Beyotime, Shanghai, China) for 15 min, then analyzed by BD
Accuri c6 (BD Biosciences, USA), and Flow JO software.

Statistics
Statistical analyses were performed with GraphPad Prism 8.0
(GraphPad Software, Inc.). For two-group comparisons, two-
sided unpaired Student’s t-test was performed. For multiple
Frontiers in Oncology | www.frontiersin.org 4
comparisons, one-way followed by Dunnett’s post hoc test was
performed. P-values < 0.05 were regarded as significant.
RESULTS

Identifying the DEGs and Picking HOXB4
Figures 1A–C show a fine repeatability of data of GSE29861.
Following the analysis of the GSE29861 dataset with R software,
the difference of 20 DEGs between the MC-LR exposed Caco2
cell group and the control group was presented in volcano plot
and heatmap (Figures 1D, E). Moreover, RT-qPCR and western-
blots were used to confirm the finding that MC-LR exposure
strongly increased HOXB4 expression in Caco2 cells
(Figures 1F, G). Therefore, these results implied that HOXB4
may be the pivotal gene involved in MC-LR-mediated
development of CRC cell proliferation and migration.

HOXB4 Expression Analysis and
Patient Characteristics
To explore the oncogenic role of human HOXB4, we used the
public database, TCGA, to analyze the mRNA expression of
HOXB4 in various types of cancer. We find that the HOXB4
mRNA expression was significantly higher in tumor tissue of
colon adenocarcinoma (COAD) (P=0.045) than in normal tissue
in the TCGA (Figure 2A). A basic description of the RNAseq data
and detailed clinical prognostic information of 480 COAD tumor
samples and 41 normal tissue samples is shown in Table S2.
Furthermore, we validated the HOXB4 mRNA expression in
COAD and normal samples from TCGA (Figure 2B). Next, we
analyzed the correlation of HOXB4 mRNA expression and
clinicopathologic parameters in COAD patients (Figures 2C–J).
The results indicated that no noteworthy difference was found in
associations of HOXB4 mRNA expression levels with gender and
pathologic metastasis stage (M stage), although the higher HOXB4
mRNA expression level was observed in patients in the advanced
tumor stage (T stage) and lymph node stage (N stage) in OS, DSS
and PFI events (Figures 2E–J). Correspondingly, Human Protein
Atlas was used to evaluate the protein expression of HOXB4 in
normal tissue and pathological tissue. As shown in Figure 3A, the
HOXB4 protein expression is significantly up-regulated in COAD
tissue compared with normal tissue (Figure 3A). Taken together,
these results demonstrated that the augmentation of HOXB4 was
highly related to the development of CRC.

Correlation Between HOXB4 mRNA
Expression and COAD Survival
To identify whether the up-regulation of HOXB4 was critical to
promoting the progression of CRC and was employed as an
important biomarker for clinical treatment, we performed the
GEPIA to evaluate HOXB4 expression in different clinical stages
of COAD. We observed that the expression of HOXB4 in stage
IV was significantly higher than that in stage I (P=0.047)
(Figure 3B). Surprisingly, the promoter methylation level of
HOXB4 in COAD was also reduced in stage IV compared with
that in stage I (P=0.046) (P<0.05, Figure 3D). However, the
February 2022 | Volume 12 | Article 803493
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promoter methylation levels of HOXB4 in COAD between the
primary tumor tissue and the normal tissue showed no difference
(Figure 3C). Moreover, the correlation between HOXB4 levels
and prognosis (OS HR=1.6, P=0.077; disease free survival [RFS]
HR=1.7, P=0.024) of COAD presented patients categorized in
the HOXB4-higher-score group had a significantly worse RFS
(Figures 3E, F). Correspondingly, we applied the UALCAN to
analyze the correlation of HOXB4 expression with the prognosis
of patients with COAD. As shown in Figures 3G–I, highly
expressed HOXB4 was linked to poor prognosis of COAD
patient survival. The above results certified that HOXB4
expression impacted the prognosis of patients with COAD.
Correlation Between Higher HOXB4
Expression and PFI in COAD via Univariate
Analysis and Multivariate Analysis
According to the GEPIA and UALCAN, the higher HOXB4
mRNA expression displayed a poor survival of COAD. The high
HOXB4 expression, pathologic grade and stage (TNM),
pathologic stage, and age were negative predictors for OS and
DSS in COAD patients with univariate analysis (Figures 4A, C).
However, the multivariate analysis manifested that the high
HOXB4 expression was not a significant factor for OS and DSS
Frontiers in Oncology | www.frontiersin.org 5
in COAD patients (Figures 4B, D). Interestingly, the high
HOXB4 expression was a significantly negative predictor for
PFI in COAD patients both in the test set (P=0.001) and the
validation set (P=0.013) (Figures 4E, F). The relevant
description is shown in Table S3.

Nomogram Analysis of HOXB4 in
COAD Prognosis
To further study the effect of HOXB4 combined with multiple
indicators on cancer prognosis, we created a nomogram for
predicting the OS, DSS, and PFI of COAD patients in the
TCGA cohort. The T stage, N stage, M stage, age, gender, and
HOXB4 were included as prognostic factors in the nomogram
(Figures 5A–C). Subsequently, the time-dependent ROC curve
analysis which was associated with the OS, DSS, and PFI was
performed to measure the potential of HOXB4 as a prognostic
marker in COAD. The areas under the curve (AUC) values for
1-, 3-, and 5-year OS were 0.581, 0.589, and 0.478, respectively;
the AUC values for 1-, 3-, and 5-year DSS were 0.603, 0.605,
and 0.538, respectively; the AUC values for 1-, 3-, and 5-year
PFI were 0.627, 0.607, and 0.528, respectively (Figures 5D–F).
The results demonstrated that HOXB4 had predictive power for
1-year survival of COAD patients. Additionally, the nomogram
in which we included HOXB4 expression, clinical stage, age,
A B

D E

F

G

C

FIGURE 1 | Identifying the DEGs and picking HOXB4. (A) Degree of normalization between samples analysis on base of GSE29861. (B) Principal component
analysis for GSE29861. (C) Dimension reduction analysis for GSE29861. (D) Volcano plot of the 741 MC-LR-related DEGs. The significant DEGs with P<0.05 and
[logFC]>1.0 were considered as the cut-off criteria. The red dots represent the significantly up-regulated genes and the blue dots indicate the significantly down-
regulated genes. (E) Heatmap of the top high or low expression of 20 DEGs in MC-LR-treated and control samples. (F) RNA expression of HOXB4 in Caco2 cells
treated with MC-LR for 24h n=3. (G) Representative immunoblot images and quantification of HOXB4 in Caco2 cells treated with MC-LR for 24h n=3. *P<0.05 and
**P<0.01 vs. the untreated cells. DEGs, differentially expressed genes.
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and gender, had better predictive power for the prognostic
factors including OS, DSS, and PFI of COAD patients, which
might promote response evaluation and management of
the patients.

The Immune Infiltration Analysis Related
to HOXB4
Immune cell infiltration was considered as a remarkable
component of the tumor microenvironment and was highly
Frontiers in Oncology | www.frontiersin.org 6
related to promoting the initiation, development or metastasis of
cancer (27). We assessed the probable relationship between the
HOXB4 expression and the infiltration stage of different immune
cells in COAD from TCGA by using TIMER2.0, to find out
whether HOXB4 regulates the tumor microenvironment. Previous
studies have reported that cancer-associated fibroblasts in the
stroma of the tumor microenvironment was closely link to the
function modulation of all sorts of tumor-infiltrating immune cells
(28, 29). Our findings implied that the expression level of HOXB4
A

B D

E F G

IH J

C

FIGURE 2 | The mRNA expression levels of HOXB4 in cancers. (A) The HOXB4 mRNA expression in different cancers or in colon adenocarcinoma.
(B) HOXB4 expression level in colorectal cancer tissue and normal tissue from TCGA dataset. (C–G) HOXB4 expression level in age, gender, different T
stages, different N stages and different N stages in COAD. (H–J) HOXB4 expression level in COAD with OS event, DFS event, and PFI event. *P<0.05;
**P<0.01; ***P<0.001 were considered statistically significant. OS, overall survival; DFS, disease-specific survival; PFI, progression free interval; COAD,
colon adenocarcinoma; ns, no significance.
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had an apparently positive correlation with infiltrating levels of
CD8+ T cells (r=0.193, P=9.12e-05), CD4+ T cells (r=0.142,
P=4.22e-03), macrophages (r = 0.136, P=6.30e-03), neutrophils
(r=0.203, P=4.23e-05), dendritic cells (r=0.195, P=8.28e-05) and
tumor purity in COAD, but no association was observed with B
cells (r=0.014, P=4.10e-01) (Figures 6A, B). Furthermore, we also
observed a positive correlation of HOXB4 expression with the
estimated infiltration value of cancer-associated fibroblasts in
COAD (Figures 6C, D). The P value <0.05 was considered
statistically significant.
MC-LR Promotes High HOXB4 Expression
and Alters the Cell Cycle by Augmenting
C-myc Expression
To elucidate the mechanisms of high HOXB4 expression
induced by MC-LR, we firstly analyzed these DEGs between
the MC-LR exposed Caco2 cell group and the control group by
GO term enrichment analysis and KEGG pathway analysis using
the R software. According to the results of GO analysis, the DEGs
were classified into three categories: biological process (BP),
cellular component (CC), and molecular function (MF), to
show the main possible routes of the MC-LR in the Caco 2
cells. As shown in Figure 7A, in the BP group, the up-regulated
Frontiers in Oncology | www.frontiersin.org 7
genes were mainly enriched in activity regulation of protein
phosphorylation. GO cell component analysis also revealed that
the up-regulated DEGs were significantly enriched in basolateral
plasma membrane. In addition, molecular function was mainly
enriched in cell adhesion molecule binding (Figure 7A).
Figure 7B show that the main enriched pathways of DEGs
were mainly involved in CRC (Figure 7B). We employed the
Cistrome to search out the master transcription-genes regulating
HOXB4 in CRC cells, and obtained the top 100 transcription
genes correlated with HOXB4 expression. Meanwhile, we
overlapped HOXB4 with the HOXB4-correlation transcription
genes, and showed the top 20 transcription genes in Figure 7C.
Then, we overlapped the genes involved in the CRC pathways
(Figure 7D) and the top 20 genes in the HOXB4-correlation
transcription genes using the Funrich 3.0 (http://www.funrich.
org/) (Figure 7D). RNA expression and immunoblot
quantification analysis of PPARG, RUNX1 and C-myc in
Caco2 cells treated with MC-LR for 24h were then preformed.
The results suggested that C-myc instead of PPARG and RUNX1
positively correlated with HOXB4 expression (Figures 7E, F).
Afterwards, we overlapped the genes which were regulated by
HOXB4 between CHEA Transcription Factor Targets Dataset
and Cistrome cancer Dataset. Subsequently, there were enriched
by KEGG, and the results demonstrated that the most enriched
A B D

E F G

IH

C

FIGURE 3 | Correlation between HOXB4 and prognosis of colorectal cancer. (A) Protein expression of HOXB4 in COAD tissue and in normal tissue. (B) Correlation
between the HOXB4 gene expression levels and the main pathological stages. (C) The promoter methylation level of HOXB4 in the primary tumor tissue and the
normal tissue in COAD. (D) Low promoter methylation level of HOXB4 in pathological stage IV of COAD. (E, F) The HOXB4 gene expression-related overall survival
and disease-specific survival of COAD tumor in TCGA. (G–I) Association between HOXB4 and survival of COAD patients. *P<0.05 was considered statistically
significant. COAD, colon adenocarcinoma; ns, no significance.
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term and pathway were related to the cell cycle (Figures 7H, I).
Therefore, C-myc was assumed to be the master gene regulating
HOXB4 expression and driving the cell cycle progression in MC-
LR-mediated CRC progression.

MC-LR Drives Cell Cycle Progression
to Enhance Caco2 Cell Proliferation
and Migration
To verify the role of HOXB4 promoting CRC progression through
regulating the cell cycle, we evaluated the biological effects of MC-
LR on Caco2 cells in vitro. Caco2 cells were treated with various
doses of MC-LR (1, 5 and 10 µM) for 24, 48, or 72 h. CCK-8 assay
indicated that the 5 µM of MC-LR significantly promoted the
proliferation of Caco2 cells after treatment for 24 h. Subsequently,
the 10 µMofMC-LR also remarkably improved the proliferation of
Caco2 cells after treatment for 48 h and 72 h (Figure 8A). Caco2
cells treated with 5 µM of MC-LR for 24 h, 48 h, and 72 h shown
stronger migration capability than that in the control group
(Figure 8B). Furthermore, transwell migration assay results
indicated that 5 µM of MC-LR could strengthen the migration
ability of Caco2 cells (Figure 8C). Cell cycle assay indicated that 5
µMofMC-LR significantly increased the S phase cell proportion in
different time points (Figure 8D). These results demonstrated that
the significant increase in the proportionof cells inS phasemayplay
an important role in the MC-LR exposure-mediated enhancement
of Caco2 cell proliferation.
Frontiers in Oncology | www.frontiersin.org 8
MC-LR-Induced Interaction Between
Caco2 and Macrophages Promoted
Macrophages Proliferation and Migration
Immune cells are critical components of the tumor
microenvironment (TME). With aid of using TISCH (a
comprehensive web resource enabling interactive single-cell
transcriptome visualization of tumor microenvironment), the
UMAP and bar charts reflected the cellular composition of the
tumor microenvironment in CRC samples (Figures 9A, B).
Then, we built a co-culture system to explore whether MC-LR
exposure or HOXB4 upregulation to promote the macrophage
infiltration of Colorectal cancer cell. Caco2 cells were pretreated
with MC-LR at different concentrations (0, 1, 5, and 10mM) for
24 h in 24-well plates. Then, 600mL of supernatant was gathered
and affiliated into the RAW264.7 cells. CCK8 assay indicated that
supernatants including MC-LR treatment significantly increased
the RAW264.7 cells proliferation (Figure 9C). Furthermore,
transwell assay results indicated that 5 µM of MC-LR could
strengthen the migration ability of RAW264.7 cells (Figure 9D).
Under the exposure of MC-LR, Caco2 secreted a large abundant
of inflammatory factors and cytokines (TNF-a, CXCL1and FOS)
(Figure 9E), which produced a huge chemotactic effect on
RAW264.7 cells and induced elevation of the surface M1-
subtype biomarkers (IL-6 and IL1b) (Figure 9F). Together,
these results suggested that MC-LR mediated interaction
between Caco2 cells and macrophages induced macrophages
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C

FIGURE 4 | Univariate and multivariate regression analyses of HOXB4 expression and clinicopathologic parameters with OS event, DFS event, and PFI
event in COAD patients. Univariate and multivariate regression analyses of HOXB4 expression and other clinicopathologic parameters with OS event
(A, B), DFS event (C, D) and PFI event (E, F) in COAD. OS, overall survival; DFS, disease-specific survival; PFI, progression free interval; COAD, colon
adenocarcinoma.
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proliferation and migration, and further might accelerated
CRC progression.

DISCUSSION
MC-LR is universally considered to be a hepatotropic pollutant
that noticeably exists in developing countries including China,
where people are frequently exposed to this toxin directly
through drinking water and indirectly through food chain.
Previous observations in vivo and in vitro have proved that
MC-LR induces obvious liver injury and stimulates
hepatocarcinogenesis. However, these studies only focused on
its toxicity in the liver tissue, and research on the gut as the
primary exposed organ of MC-LR is rarely found. MCs,
preferentially concentrating in the gastrointestinal tract, can
exert gastrointestinal toxic effects (30). Besides, the previous
Frontiers in Oncology | www.frontiersin.org 9
studies in vitro by Ren, Y et al. (31) and Miao C et al. (32)
reported that MC-LR exposure may boost migration and
invasion of CRC cells. However, the potential molecular
mechanism of how MC-LR stimulates the development of
CRC is still unclear. Therefore, the effect of MC-LR exposure
on gut injury currently becomes a crucial problem demanding
prompt solutions. Through bioinformatics analysis, we
ascertained, for the first time, that MC-LR promoted HOXB4
up-expression in CRC cells and regulated the pathways in
cancer, that HOXB4 expression was highly-regulated in CRC
patients and was positively correlated with the poor prognosis
of CRC, that there was a statistically positive correlation
between HOXB4 expression and the tumor-infiltrating
immune ce l l s . In addi t ion , MC-LR promoted ce l l
proliferation and augmented the expression of HOXB4 in
Caco2 cells. These results may offer new evidence that MC-
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FIGURE 5 | Evaluation of nomogram and receiver operating characteristic curves (ROC) analysis. (A–C) The nomogram analysis of HOXB4 TPM value, T stage, N
stage, M stage, age, and gender. The total points projected on the bottom scales implied the probability of 1-, 3-, and 5-year OS event, DFS event, and PFI event.
(D–F) ROC curves for the predictive efficiency of the HOXB4 for COAD patients based on TCGA cohorts. OS, overall survival; DFS, disease-specific survival; PFI,
progression free interval; COAD, colon adenocarcinoma.
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LR promotes CRC progression and that HOXB4 is a novel
therapeutic target for CRC.

HOXB4 acts as a transcription factor to directly evoke or
inhibit the expression of genes including Snail, Twist, and MMP3
involved in regulation of carcinogenesis and cancer metastasis
(33–35). Some studies have revealed that HOXB4 reduces the
cytotoxic effect of paclitaxel and cisplatin by up-regulating ABC
transporters in ovarian cancer cells (36). The high expression of
HOXB4 is positively correlated with poor prognosis of ovarian
cancer (37). Meanwhile, HOXB4 transcription factors are
potential targets and markers in malignant mesothelioma (37).
However, how HOXB4 regulates the development of CRC is
ambiguous. In an effort to identify the potential role of HOXB4
in CRC, we utilized the public database TCGA at first to verify
the elevated expression levels of HOXB4 in colorectal tumors
(Figures 2A, B). The HOXB4 mRNA expression level was
observed to be higher in patients with advanced degree
pathologic T and N stage in OS, DSS, and PFI events
(Figures 2E–J). Then observed the higher expression of
HOXB4 in pathological tissue compared with the normal tissue
using Human Protein Atlas (Figure 3A). Besides, the HOXB4
mRNA expression level in stage IV was significantly higher than
that in stage I (P=0.047) in COAD after the application of the
GEPIA (Figure 3B). Surprisingly, we also discovered that the
promoter methylation level of HOXB4 in COAD was reduced in
stage IV compared with that in stage I (P=0.046) (P <0.05,
Frontiers in Oncology | www.frontiersin.org 10
Figure 3D). Furthermore, GEPIA and UALCAN were
performed to prove the up-expression of HOXB4 in colorectal
tumors, and the elevated expression of HOXB4 was observed to
be significantly correlated with DFS in CRC patients, but no
correlation with worse OS was observed (Figures 3E, F). This
result was consistent with previous studies reporting that
HOXB4 expression is regulated by promoter methylation (13,
38). Additionally, from the results of Cox regression analysis and
nomogram, it was noticed that HOXB4 expression was an
independent prognostic factor for COAD patients (Figures 4,
5). Our study confirmed that HOXB4 was associated with poor
prognosis of CRC, and expectedly, HOXB4 was a potential risk
factor associated with the progression of CRC.

Considerable evidence indicates that MC-LR induces
immunotoxicity in mammals through activating neutrophils
and macrophages (39). Recently, sub-chronic MC-LR exposure
has been reported to have dualistic immunomodulation effect on
the innate-immune defense system in male zebrafish (40). MC-
LR exposure induces chronic inflammatory response via
MyD88-dependent toll-like receptor signaling pathway in male
zebrafish. Adamovsky, O. et al. reported that MC-LR interferes
with the potential of macrophage receptors and activates the NF-
кB pathway to stimulate the production of pro-inflammatory
cytokines (TNF-a and IL-6). In addition, HOXB4 is a key
regulator of NK cell function, and its application in the
generation of functional NK cells with increased lytic potential
A
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FIGURE 6 | Correlation between HOXB4 expression level and the level of immune infiltration in COAD. (A, B) Correlation between HOXB4 expression and the
infiltration level of different immune cells in colon adenocarcinoma with the TCGA. (C, D) Correlation between HOXB4 expression and immune infiltration of cancer-
associated fibroblasts across all types of cancer in TCGA. COAD, colon adenocarcinoma.
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may be of great significance for cancer immunotherapy. We
adopted multiple immune deconvolution methods to find a
statistically positive correlation of HOXB4 expression with B
cells, macrophages, CD8+ T cells, CD4+ T cells, dendritic cells,
neutrophils, and cancer-associated fibroblasts (Figures 6A, B).
Cancer-associated fibroblasts, along with immune cells, a variety
of growth factors, chemokines, hormones and enzymes, form a
complex network that regulates the tumor initiating cell growth
in the tumor microenvironment, and thus are considered well-
known effector cells in cancer immunotherapy (41).
Furthermore, CD8+T cells are crucial effector cells in cancer
immunotherapy (27). Intriguingly, HOXB4, which belongs to the
HOX family, plays a crucial role in self-renewal of hematopoietic
stem cells (36), and is involved in the regulation of T lymphocyte
development (42). In addition, we found that macrophages were
significantly infiltrated in CRC using TISCH (Figures 9A, B).
Next, we built a co-culture system to explore the interaction
between macrophages (RAW264.7) and Colorectal cancer cells
(Caco2). The presence of MC-LR 5 µM MC-LR preconditioning
was added in Caco2 for 24 h and the supernatant was collected.
We found that MC-LR-induced interaction between Caco2 and
macrophages promoted macrophages proliferation and
migration under the exposure of supernatant (Figures 9C, D).
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Under the exposure of MC-LR, Caco2 secreted various
inflammatory factors and cytokines (TNF-a, FOS, and
CXCL1), which produced a huge chemotactic effect on
RAW264.7 cells and induced elevation of the surface M1-
subtype biomarkers (IL-6 and IL1b) (Figure 9F). Consistent
with the previous researcher, they revealed that Macrophages,
both M0 and M1 subtypes, were the most infiltrated immune
cells in CRC tumor tissues compared with normal tissues (43).
Together, these results further implied that HOXB4 was the key
molecule for mediating MC-LR activation in the tumor immune
infiltration and tumor microenvironment.

In order to explore the mechanism of MC-LR regulating
HOXB4 high expression, we used the Cistrome database to
search out the master genes regulating HOXB4 in CRC cells.
Moreover, we overlapped the top 20 genes in the HOXB4-
correlation transcription genes (Figure 7C). Analysis of
enriched genes both in the MC-LR induced-pathways in
cancer and the HOXB4-correlation transcription genes
identified C-myc as a key target associated with HOXB4 high
expression (Figures 7E, F). Notably, Lei-Lei Chen, et al. found
that SNIP1 recruits TET2 to the promoters of c-MYC target
genes, resulting in hypomethylation of the target gene promoter
(44). Interesting, our results showed that the promoter
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FIGURE 7 | Cell cycle progression promoted by MC-LR-induced HOXB4 expression up-regulation. (A) GO enrichment analysis results of DEGs. (B) KEGG pathway
analysis results of DEGs. (C) Top 20 genes overlapping in HOXB4 and the HOXB4-correction transcription genes by Cistrome. (D) Venn diagram of the genes
involved in the colorectal cancer pathways and the top 20 genes in the HOXB4-correlation transcription genes. (E) mRNA expression levels of C-myc, PPARG and
RUNX1 in Caco2 cells treated with 1, 5 and 10 m M MC-LR for 24h n=3. (F) Representative immunoblot images and quantification of C-myc in Caco2 cells treated
with MC-LR for 24h n=3. (G) Gene Set Enrichment Analysis (GSEA) for the potential altered pathways in the MC-LR-treated and Control groups. (H, I) KEGG
enrichment analyses of the HOXB4-regulated genes. *P<0.05 vs. the untreated cells. DEGs, differentially expressed genes; GO, Gene Ontology; BP, biological
process; CC, cellular component; MF, molecular function.
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methylation level of HOXB4 in COAD was also reduced in stage
IV compared with that in stage I (Figure 3D). These results
indicated that C-myc might regulated the methylation of
HOXB4 promoter and led to HOXB4 high expression.
Furthermore, we determined that the C-myc gene which was
regulated by HOXB4 involved in increasing cell cycle
progression (Figures 7G–I). Numerous evidence has revealed
that C-myc dysregulation is a significant driver of colorectal
carcinogenesis (45) and plays a vital role in colorectal cancer
development (46, 47). Our finding revealed that MC-LR induced
C-myc augmentation elevates the high expression of HOXB4
through increasing the cell cycle progression to enhance Caco2
cell proliferation.

Considerable evidence indicates that higher concentrations of
MC-LR (from 1000 to 10 000 nM) for 24h were found to increase
the expressions of multidrug resistance genes MRP1 and MDR1
in HepG2 cells (48). However, studies regarding the effects of
MC-LR on the drug resistance in colorectal cancer cells are
limited. In our study, Gene Set Enrichment Analysis (GSEA)
analysis indicated that the C-myc (Figure 7G) signaling pathway
was significantly enriched in the MC-LR-treated group. Notably,
increasing evidences have indicated that the C-myc signaling
pathway was involved in regulating chemoresistance in
colorectal cancer. The C-myc/miR-27b-3p/ATG10 regulatory
axis regulates chemoresistance in colorectal cancer (49). The
Frontiers in Oncology | www.frontiersin.org 12
study by Oh ET, et al. had reported that Brusatol-mediated
inhibition of c-myc increases HIF-1a degradation and causes cell
death in colorectal cancer under hypoxia (50). These results
provide new evidence that MC-LR induced C-myc augmentation
elevates the high expression of HOXB4 to enhance CRC patients
gradually acquired rapid development of chemotherapy
resistance. Hence, HOXB4/C-myc axis may be a novel
therapeutic target for CRC patients treatment in the clinic in
the MC-LR exposure.

However, our study has several limitations. First,
bioinformatics analysis was not coupled with our own
collected clinical sample. Second, we were not sure the
interaction between the immune infiltration and CRC cells in
the presence of MC-LR in vivo. Therefore, In the following
future research, we would like to enlarge the sample size of CRC
patients to provide a better understanding of the relationship
between the exposure level of MC-LR and CRC. Meanwhile,
studying the association of MC-LR exposure and HOXB4 levels
with tumor stage and prognosis of CRC and exploring the
underlying molecular mechanism would be beneficial as well.
In addition, we will perform xenograft assay to demonstrate the
underlying mechanisms by which MC-LR promotes colorectal
cancer development, and further provide the clue in the
status of immune infiltration to MC-LR-caused colorectal
cancer progression.
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FIGURE 8 | Caco2 cell proliferation, migration and cell cycle progression induced by MC-LR. (A) Cell viability of Caco-2 cells exposed to 1, 5, and 10 µM MC-LR for
24, 48, or 72 h. The control cells were cultured with 0.1% DMSO n=4. (B) The migration of Caco2 cells treated with 1, 5, and 10 µM MC-LR for 24, 48, or 72 h by
Wound healing assay. n=3. (C) The images of the transwell assay results. Scale bar: 100 µm. (D) High cell proportion in S phase of the MC-LR-treated group.
*P<0.05, **P<0.01 and ***P<0. 0.001 vs. the control group.
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In summary, we screened that the HOXB4 was a molecular
target of MC-LR in promoting CRC progression with the aid of
GEO. Our analyses showed statistically significant correlations of
HOXB4 expression with prognosis, immune cell infiltration,
constructing protein interaction networks and enrichment
analysis of HOXB4-related transcription genes. Furthermore,
we indicated the MC-LR induced C-myc augmentation elevates
the high expression of HOXB4 through increasing the cell cycle
progression to enhance Caco2 cell proliferation. These analysis
results may aid the insight to the role of HOXB4 in MC-LR
mediated-CRC progression from the perspective of clinical
tumor sample studies.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

LW contributed to conception and design of the study, wrote
the first draft of the manuscript. HJ organized the database.
Frontiers in Oncology | www.frontiersin.org 13
YZ wrote sections of the manuscript and organized the
database. JW wrote sections of the manuscript. WC, YT,
and KC organized the database and performed the statistical
analysis. ZQ and WF performed the statistical analysis. ZZ
contributed to conception and design of the study,
administrated project, wrote review &edited. All authors
contributed to manuscript revision, read, and approved the
submitted version.
FUNDING

This work was supported by the Natural Science Foundation of
Chongqing (Grant No. cstc2019jcyj-msxmX0632) and the
National Natural Science Foundation of China (Grant No.
81273156, 81302407 and 81803195).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2022.
803493/full#supplementary-material
A B

D

E
F

C

FIGURE 9 | MC-LR-induced interaction between Caco2 and macrophages promoted macrophages proliferation and migration. (A, B) UMAP and bar charts
reflected the cellular composition of the tumor microenvironment in CRC samples by TISCH. (C) The proliferation of RAW264.7 cells induced by MC-LR with CRC
cells through CCK8 assay; ***P<0.001. (D) The migration of RAW264.7 cells were induced by MC-LR with CRC cells through Transwell assay; *P < 0.05. (E) Under
the construction of the cell co-culture system for Caco2 and RAW264.7 cells, the mRNA levels of TNF-a, CXCL1, and FOS in Caco2 cells were measured by q-
PCR; (F) Under the construction of the cell co-culture system for Caco2 and RAW264.7 cells, the mRNA levels of IL-6, IL-1b, and IL-10 in RAW264.7 cells were
measured by q-PCR. All data are presented as the means ± SEM (n = 3).
February 2022 | Volume 12 | Article 803493

https://www.frontiersin.org/articles/10.3389/fonc.2022.803493/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.803493/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. Microcystin-LR Facilitated CRC Progression Through HOXB4
REFERENCES
1. WuQ, Li G, Huo T, Du X, Yang Q, Hung T, et al. Mechanisms of Parental Co-

Exposure to Polystyrene Nanoplastics and Microcystin-LR Aggravated
Hatching Inhibition of Zebrafish Offspring. Sci Total Environ (2021)
774:145766. doi: 10.1016/j.scitotenv.2021.145766

2. Liu W, Wang L, Zheng C, Liu L, Wang J, Li D, et al. Microcystin-LR Increases
Genotoxicity Induced by Aflatoxin B1 Through Oxidative Stress and DNA
Base Excision Repair Genes in Human Hepatic Cell Lines. Environ Pollution
(2018) 233:455–63. doi: 10.1016/j.envpol.2017.10.067

3. Zheng C, Zeng H, Lin H, Wang J, Feng X, Qiu Z, et al. Serum Microcystin
Levels Positively Linked With Risk of Hepatocellular Carcinoma: A Case-
Control Study in Southwest China. Hepatology (2017) 66:1519–28. doi:
10.1002/hep.29310

4. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. Ca-Cancer J Clin
(2021) 71:209–49. doi: 10.3322/caac.21660

5. Long AG, Lundsmith ET, Hamilton KE. Inflammation and Colorectal Cancer.
Curr Colorectal Cancer Rep (2017) 13:341–51. doi: 10.1007/s11888-017-0373-6

6. Bejar LM, Gili M, Infantes B, Marcott PF. Incidence of Colorectal Cancer and
Influence of Dietary Habits in Fifteen European Countries From 1971 to 2002.
Gaceta Sanitaria (2012) 26:69–73. doi: 10.1016/j.gaceta.2011.04.016

7. Zhou L, Yu H, Chen K. Relationship Between Microcystin in Drinking Water
and Colorectal Cancer. Biomed Environ Sci BES (2002) 15:166–71.

8. Zhu Y, Zhong X, Zheng S, Ge Z, Du Q, Zhang S. Transformation of
Immortalized Colorectal Crypt Cells by Microcystin Involving Constitutive
Activation of Akt and MAPK Cascade. Carcinogenesis (2005) 26:1207–14.
doi: 10.1093/carcin/bgi069

9. Trinchet I, Djediat C, Huet H, Dao S, Edery M. Pathological Modifications
Following Sub-Chronic Exposure of Medaka Fish (Oryzias Latipes) to
microcystin-LR. Reprod Toxicol (Elmsford NY) (2011) 32:329–40. doi:
10.1016/j.reprotox.2011.07.006

10. Lin H, Liu W, Zeng H, Pu C, Zhang R, Qiu Z, et al. Determination of
Environmental Exposure to Microcystin and Aflatoxin as a Risk for Renal
Function Based on 5493 Rural People in Southwest China. Environ Sci
Technol (2016) 50:5346–56. doi: 10.1021/acs.est.6b01062

11. Lin JC, He J, Chen J, Yan J, Zhou Q, Xie J, et al. Effects of Microcystin-LR on
Bacterial and Fungal Functional Genes Profile in Rat Gut. Toxicon Off J Int Soc
Toxinol (2015) 96:50–6. doi: 10.1016/j.toxicon.2015.01.011

12. Krosl J, Austin P, Beslu N, Kroon E, Humphries RK, Sauvageau G. In Vitro
Expansion of Hematopoietic Stem Cells by Recombinant TAT-HOXB4
Protein. Nat Med (2003) 9:1428–32. doi: 10.1038/nm951

13. Lei D, Yang WT, Zheng PS. HOXB4 Inhibits the Proliferation and
Tumorigenesis of Cervical Cancer Cells by Downregulating the Activity of
Wnt/beta-Catenin Signaling Pathway. Cell Death Dis (2021) 12:105. doi:
10.1038/s41419-021-03411-6

14. Li N, Gou JH, Xiong J, You JJ, Li ZY. HOXB4 Promotes the Malignant
Progression of Ovarian Cancer via DHDDS. BMC Cancer (2020) 20:222. doi:
10.1186/s12885-020-06725-4

15. Bhatlekar S, Fields JZ, Boman BM. HOX Genes and Their Role in the
Development of Human Cancers. J Mol Med (2014) 92:811–23. doi:
10.1007/s00109-014-1181-y

16. Bhatlekar S, Viswanathan V, Fields JZ, Boman BM. Overexpression of
HOXA4 and HOXA9 Genes Promotes Self-Renewal and Contributes to
Colon Cancer Stem Cell Overpopulation. J Cell Physiol (2018) 233:727–35.
doi: 10.1002/jcp.25981

17. Liao WT, Jiang D, Yuan J, Cui YM, Shi XW, Chen CM, et al. HOXB7 as
a Prognostic Factor and Mediator of Colorectal Cancer Progression.
Clin Cancer Res (2011) 17:3569–78. doi: 10.1158/1078-0432.CCR-10-
2533

18. Clough E, Barrett T. The Gene Expression Omnibus Database. Methods Mol
Biol (Clifton NJ) (2016) 1418:93–110. doi: 10.1007/978-1-4939-3578-9_5

19. Zeller P, Quenault H, Huguet A, Blanchard Y, Fessard V. Transcriptomic
Comparison of Cyanotoxin Variants in a Human Intestinal Model Revealed
Major Differences in Oxidative Stress Response: Effects of MC-RR and MC-
LR on Caco-2 Cells. Ecotoxicol Environ Saf (2012) 82:13–21. doi: 10.1016/
j.ecoenv.2012.05.001
Frontiers in Oncology | www.frontiersin.org 14
20. Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes.
Nucleic Acids Res (2000) 28:27–30. doi: 10.1093/nar/28.1.27

21. Dennis G Jr, Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al.
DAVID: Database for Annotation, Visualization, and Integrated Discovery.
Genome Biol (2003) 4:P3. doi: 10.1186/gb-2003-4-5-p3

22. Park SY. Nomogram: An Analogue Tool to Deliver Digital Knowledge.
J Thorac Cardiovasc Surg (2018) 155:1793. doi: 10.1016/j.jtcvs.2017.12.107

23. Liu J, Lichtenberg T, Hoadley KA, Poisson LM, Lazar AJ, Cherniack AD, et al.
An Integrated TCGA Pan-Cancer Clinical Data Resource to Drive High-
Quality Survival Outcome Analytics. Cell (2018) 173:400–16.e11. doi:
10.1158/1538-7445.AM2018-3287

24. Li TW, Fu JX, Zeng ZX, Cohen D, Li J, Chen QM, et al. TIMER2.0 for Analysis
of Tumor-Infiltrating Immune Cells. Nucleic Acids Res (2020) 48:W509–14.
doi: 10.1093/nar/gkaa407

25. Ru B, Wong C, Tong Y, Zhong J, Zhong S, WuW, et al. TISIDB: An Integrated
Repository Portal for Tumor-Immune System Interactions. Bioinformatics
(2019) 25:4200–2. doi: 10.1093/bioinformatics/btz210

26. Yu G, Wang LG, Han Y, He QY. Clusterprofiler: An R Package for Comparing
Biological Themes Among Gene Clusters. Omics J Integr Biol (2012) 16:284–7.
doi: 10.1089/omi.2011.0118

27. Bradley CA. Immunotherapy: CD8(+) T Cells - Burn Fat, Get Fit. Nat Rev
Cancer (2017) 17:635. doi: 10.1038/nrc.2017.94

28. Chen XM, Song EW. Turning Foes to Friends: Targeting Cancer-Associated
Fibroblasts. Nat Rev Drug Discov (2019) 18:99–115. doi: 10.1038/s41573-018-0004-1

29. Kwa MQ, Herum KM, Brakebusch C. Cancer-Associated Fibroblasts: How do
They Contribute to Metastasis? Clin Exp Metastas (2019) 36:71–86. doi:
10.1007/s10585-019-09959-0

30. Cao L, Massey IY, Feng H, Yang F. A Review of Cardiovascular Toxicity of
Microcystins. Toxins (2019) 11:507. doi: 10.3390/toxins11090507

31. Ren Y, Yang M, Chen M, Zhu Q, Zhou L, Qin W, et al. Microcystin-LR
Promotes Epithelial-Mesenchymal Transition in Colorectal Cancer Cells
Through PI3-K/AKT and SMAD2. Toxicol Lett (2017) 265:53–60. doi:
10.1016/j.toxlet.2016.11.004

32. Miao C RY, Chen M, Wang Z, Wang T. Microcystin-LR Promotes Migration
and Invasion of Colorectal Cancer Through Matrix Metalloproteinase-13 Up-
Regulation. Mol Carcinog (2016) 55:514–24. doi: 10.1002/mc.22298

33. Antony J, Huang RYJ. AXL-Driven EMT State as a Targetable Conduit in
Cancer. Cancer Res (2021) 77:3725–32. doi: 10.1158/0008-5472.CAN-17-0392

34. Han JX, Meng S, Chen XR, Wang S, Yin Q, Zhang HJ, et al. YY1 Complex
Promotes Quaking Expression via Super-Enhancer Binding during EMT of
Hepatocellular Carcinoma. Cancer Res (2019) 79:1451–64. doi: 10.1158/0008-
5472.CAN-18-2238

35. Meng J, Chen S, Han JX, Qian BX, Wang XR, Zhong WL, et al. Twist1 Regulates
Vimentin Through Cul2 Circular RNA to Promote EMT in Hepatocellular
Carcinoma. Cancer Res (2018) 78:4150–62. doi: 10.1158/0008-5472.CAN-17-3009

36. Li Y, Sun J, Gao S, Hu H, Xie P. HOXB4 Knockdown Enhances the Cytotoxic
Effect of Paclitaxel and Cisplatin by Downregulating ABC Transporters in
Ovarian Cancer Cells. Gene (2018) 663:9–16. doi: 10.1016/j.gene.2018.04.033

37. Kelly Z, Moller-Levet C, McGrath C, Butler-Manuel S, Madhuri TK,
Kierzek AM, et al. The Prognostic Significance of Specific HOX Gene
Expression Patterns in Ovarian Cancer. Int J Oncol (2016) 139:1608–17.
doi: 10.1002/ijc.30204

38. Soshnikova N. Hox Genes Regulation in Vertebrates. Dev Dynam (2014)
243:49–58. doi: 10.1002/dvdy.24014

39. Lone Y, Bhide M, Koiri RK. Microcystin-LR Induced Immunotoxicity in
Mammals. J Toxicol (2016) 2016:8048125. doi: 10.1155/2016/8048125

40. Lin W, Hou J, Guo HH, Qiu YM, Li L, Li DP, et al. Dualistic
Immunomodulation of Sub-Chronic Microcystin-LR Exposure on the
Innate-Immune Defense System in Male Zebrafish. Chemosphere (2017)
183:315–22. doi: 10.1016/j.chemosphere.2017.05.079

41. Zhang Y, Recouvreux M, Jung M, Galenkamp K, Li Y, Zagnitko O, et al.
Macropinocytosis in Cancer-Associated Fibroblasts Is Dependent on CaMKK2/
ARHGEF2 Signaling and Functions to Support Tumor and Stromal Cell Fitness.
Cancer Discov (2021) 11:1808–25. doi: 10.1158/2159-8290.CD-20-0119

42. Taghon T, Thys K, De Smedt M, Weerkamp F, Staal FJT, Plum J, et al.
Homeobox Gene Expression Profile in Human Hematopoietic Multipotent
Stem Cells and T-Cell Progenitors: Implications for Human T-Cell
Development. Leukemia (2003) 17:1157–63. doi: 10.1038/sj.leu.2402947
February 2022 | Volume 12 | Article 803493

https://doi.org/10.1016/j.scitotenv.2021.145766
https://doi.org/10.1016/j.envpol.2017.10.067
https://doi.org/10.1002/hep.29310
https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s11888-017-0373-6
https://doi.org/10.1016/j.gaceta.2011.04.016
https://doi.org/10.1093/carcin/bgi069
https://doi.org/10.1016/j.reprotox.2011.07.006
https://doi.org/10.1021/acs.est.6b01062
https://doi.org/10.1016/j.toxicon.2015.01.011
https://doi.org/10.1038/nm951
https://doi.org/10.1038/s41419-021-03411-6
https://doi.org/10.1186/s12885-020-06725-4
https://doi.org/10.1007/s00109-014-1181-y
https://doi.org/10.1002/jcp.25981
https://doi.org/10.1158/1078-0432.CCR-10-2533
https://doi.org/10.1158/1078-0432.CCR-10-2533
https://doi.org/10.1007/978-1-4939-3578-9_5
https://doi.org/10.1016/j.ecoenv.2012.05.001
https://doi.org/10.1016/j.ecoenv.2012.05.001
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/gb-2003-4-5-p3
https://doi.org/10.1016/j.jtcvs.2017.12.107
https://doi.org/10.1158/1538-7445.AM2018-3287
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1038/nrc.2017.94
https://doi.org/10.1038/s41573-018-0004-1
https://doi.org/10.1007/s10585-019-09959-0
https://doi.org/10.3390/toxins11090507
https://doi.org/10.1016/j.toxlet.2016.11.004
https://doi.org/10.1002/mc.22298
https://doi.org/10.1158/0008-5472.CAN-17-0392
https://doi.org/10.1158/0008-5472.CAN-18-2238
https://doi.org/10.1158/0008-5472.CAN-18-2238
https://doi.org/10.1158/0008-5472.CAN-17-3009
https://doi.org/10.1016/j.gene.2018.04.033
https://doi.org/10.1002/ijc.30204
https://doi.org/10.1002/dvdy.24014
https://doi.org/10.1155/2016/8048125
https://doi.org/10.1016/j.chemosphere.2017.05.079
https://doi.org/10.1158/2159-8290.CD-20-0119
https://doi.org/10.1038/sj.leu.2402947
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. Microcystin-LR Facilitated CRC Progression Through HOXB4
43. Ge P, Wang W, Li L, Zhang G, Gao Z, Tang Z, et al. Profiles of Immune Cell
Infiltration and Immune-Related Genes in the Tumor Microenvironment of
Colorectal Cancer. Biomed Pharmacother (2019) 118:109228. doi: 10.1016/
j.biopha.2019.109228

44. Chen L-L, Lin H, Zhou W-J, He C, Zhang Z-Y, Cheng Z-L, et al. SNIP1
Recruits TET2 to Regulate C-MYC Target Genes and Cellular DNA
Damage Response. Cell Rep (2018) 25:1485–500.e4. doi: 10.1016/j.celrep.
2018.10.028

45. Peter S, Bultinck J, Myant K, Jaenicke LA, Walz S, Müller J, et al. Tumor Cell-
Specific Inhibition of MYC Function Using Small Molecule Inhibitors of the
HUWE1 Ubiquitin Ligase. EMBO Mol Med (2014) 6:1525–41. doi: 10.15252/
emmm.201403927

46. Shi Y, Wang X, Meng Y, Ma J, Zhang Q, Shao G, et al. A Novel Mechanism of
Endoplasmic Reticulum Stress- and C-Myc-Degradation-Mediated
Therapeutic Benefits of Antineurokinin-1 Receptor Drugs in Colorectal
Cancer. Adv Sci (Weinheim Baden-Wurttemberg Germany) (2021) 8:
e2101936. doi: 10.1002/advs.202101936

47. Butler D, Cafaro C, Putze J, Wan M, Tran T, Ambite I, et al. A Bacterial
Protease Depletes C-MYC and Increases Survival in Mouse Models of Bladder
and Colon Cancer. Nat Biotechnol (2021) 39:754–64. doi: 10.1038/s41587-
020-00805-3

48. Ma J, Feng Y, Jiang S, Li X. Altered Cellular Metabolism of HepG2 Cells
Caused by microcystin-LR. Environ Pollution (2017) 225:610–9. doi: 10.1016/
j.envpol.2017.03.029
Frontiers in Oncology | www.frontiersin.org 15
49. Sun W, Li J, Zhou L, Han J, Liu R, Zhang H, et al. The c-Myc/miR-27b-3p/
ATG10 Regulatory Axis Regulates Chemoresistance in Colorectal Cancer.
Theranostics (2020) 10:1981–96. doi: 10.7150/thno.37621

50. Oh E, Kim C, Kim H, Lee J, Park H. Brusatol-Mediated Inhibition of c-Myc
Increases HIF-1a Degradation and Causes Cell Death in Colorectal Cancer
under Hypoxia. Theranostics (2017) 7:3415–31. doi: 10.7150/thno.20861

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022Wang, Jin, Zeng, Tan, Wang, Fu, Chen, Cui, Qiu and Zhou. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
February 2022 | Volume 12 | Article 803493

https://doi.org/10.1016/j.biopha.2019.109228
https://doi.org/10.1016/j.biopha.2019.109228
https://doi.org/10.1016/j.celrep.2018.10.028
https://doi.org/10.1016/j.celrep.2018.10.028
https://doi.org/10.15252/emmm.201403927
https://doi.org/10.15252/emmm.201403927
https://doi.org/10.1002/advs.202101936
https://doi.org/10.1038/s41587-020-00805-3
https://doi.org/10.1038/s41587-020-00805-3
https://doi.org/10.1016/j.envpol.2017.03.029
https://doi.org/10.1016/j.envpol.2017.03.029
https://doi.org/10.7150/thno.37621
https://doi.org/10.7150/thno.20861
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	HOXB4 Mis-Regulation Induced by Microcystin-LR and Correlated With Immune Infiltration Is Unfavorable to Colorectal Cancer Prognosis
	Introduction
	Materials and Methods
	Microarray Data
	Identification of the Differentially Expressed Genes (DEGs)
	Gene Expression Analysis and the Human Protein Atlas
	Gene Ontology (GO) Analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Enrichment Analysis
	Gene Expression Profiling Interactive Analysis (GEPIA) and UALCAN Database Analysis
	Cox Regression Analysis
	Construction and Evaluation of Nomogram
	Immune Infiltration Analysis
	HOXB4-Related Gene Enrichment Analysis
	Quantitative Real-Time PCR (qRT-PCR) and Western Blot Analysis
	Western Blot Analysis
	Cell Culture and MC-LR Treatment
	CCK-8 Assay
	Wound Healing Assay
	Establishing Co-Culture System
	Transwell Migration Assay
	Flow Cytometry
	Statistics

	Results
	Identifying the DEGs and Picking HOXB4
	HOXB4 Expression Analysis and Patient Characteristics
	Correlation Between HOXB4 mRNA Expression and COAD Survival
	Correlation Between Higher HOXB4 Expression and PFI in COAD via Univariate Analysis and Multivariate Analysis
	Nomogram Analysis of HOXB4 in COAD Prognosis
	The Immune Infiltration Analysis Related to HOXB4
	MC-LR Promotes High HOXB4 Expression and Alters the Cell Cycle by Augmenting C-myc Expression
	MC-LR Drives Cell Cycle Progression to Enhance Caco2 Cell Proliferation and Migration
	MC-LR-Induced Interaction Between Caco2 and Macrophages Promoted Macrophages Proliferation and Migration

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


