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NK2 homeobox 5 (Nkx2.5), a homeobox-containing transcription factor, is associated
with a spectrum of congenital heart diseases. Recently, Nkx2.5 was also found to be
differentially expressed in several kinds of tumors. In colorectal cancer (CRC) tissue and
cells, hypermethylation of Nkx2.5 was observed. However, the roles of Nkx2.5 in CRC
cells have not been fully elucidated. In the present study, we assessed the relationship
between Nkx2.5 and CRC by analyzing the expression pattern of Nkx2.5 in CRC samples
and the adjacent normal colonic mucosa (NCM) samples, as well as in CRC cell lines. We
found higher expression of Nkx2.5 in CRC compared with NCM samples. CRC cell lines
with poorer differentiation also had higher expression of Nkx2.5. Although this expression
pattern makes Nkx2.5 seem like an oncogene, in vitro and in vivo tumor suppressive
effects of Nkx2.5 were detected in HCT116 cells by establishing Nkx2.5-overexpressed
CRC cells. However, Nkx2.5 overexpression was incapacitated in SW480 cells. To further
assess the mechanism, different expression levels and mutational status of p53 were
observed in HCT116 and SW480 cells. The expression of p21WAF1/CIP1, a downstream
antitumor effector of p53, in CRC cells depends on both expression level and mutational
status of p53. Overexpressed Nkx2.5 could elevate the expression of p21WAF1/CIP1 only in
CRC cells with wild-type p53 (HCT116), rather than in CRC cells with mutated p53
(SW480). Mechanistically, Nkx2.5 could interact with p53 and increase the transcription of
p21WAF1/CIP1 without affecting the expression of p53. In conclusion, our findings
demonstrate that Nkx2.5 could act as a conditional tumor suppressor gene in CRC
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cells with respect to the mutational status of p53. The tumor suppressive effect of Nkx2.5
could be mediated by its role as a transcriptional coactivator in wild-type p53-mediated
p21WAF1/CIP1 expression.
Keywords: Nkx2.5 gene, colorectal cancer, tumor suppressor gene, TP53 gene mutation, p21WAF1/CIP1
INTRODUCTION

Colorectal cancer (CRC) is one of the most common
malignancies with high rates of morbidity and mortality (1–4).
The formation of CRC is a multistep process that arises from
accumulation of genetic and epigenetic alterations (5, 6),
including silencing of tumor suppressor genes with aberrant
methylations, as well as activating oncogenes by mutations and/
or chromosomal deletions (7). This has led to the hypothesis that
aberrant methylation could be used as a marker to identify
candidate tumor suppressor genes in neoplasia (7, 8). The CpG
islands hypermethylation of homeobox transcriptional factor
NK2 homeobox 5 (Nkx2.5, also known as CSX) has been
reported in previous CRC-based studies (9, 10). Thus, Nkx2.5
was considered as a candidate tumor suppressor for CRC (9, 10).

Nkx2.5 is a homeobox-containing transcription factor that
belongs to the NK2 class of homeobox proteins (11, 12). It is
associated with a spectrum of congenital heart diseases (13–16).
To date, NK2 homeobox members have been successively
reported as tumor suppressors in various tumors (17–26).
Nkx2.5 has also been reported to be expressed in several types
of tumors (27–30), but its role in these tumors remains undefined.
Though the mechanism of how NK2 homeobox members play
roles in tumors has still remained elusive, Nkx2.1 has been
reported to mediate p53-induced tumor suppression (17–19,
25), which gives us a hint. Nkx2.5 has also been reported to
regulate cell proliferation via interacting with cell cycle-related
pathways (31–35). Along with these clues, Nkx2.5 may act as a
tumor suppressor in CRC through making an interaction with a
p53 and/or cell cycle-related pathway.

To date, the tumor suppressor protein p53 (encoded by TP53
gene) is the most extensively studied tumor suppressor (36, 37).
P53 is one of the central components in the tumor suppressive
network (38–40). CDKN1A gene, whose major transcriptional
activator is p53 (38–40), encodes p21WAF1/CIP1, a protein
preventing cell cycle progression (41). P21WAF1/CIP1 has been
shown to play a critical role in p53-mediated tumor suppression
(42–44). A great number of molecules were found to play roles in
tumors via p53/p21WAF1/CIP1 pathway (42, 45–47). Studies also
indicated that Nkx2.5 could influence p53-related pathways in
ulture Collection; BCA, bicinchoninic
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cardiomyocyte, fibroblast, and myoblast (33, 48). Although these
clues indicate the relationship between Nkx2.5 and p53/
p21WAF1/CIP1 pathway, the role of Nkx2.5 and its interaction
with p53/p21WAF1/CIP1 pathway in CRC still needs to be
further elucidated.

In the present study, we assessed the role of Nkx2.5 in CRC by
comparing the expression of Nkx2.5 in CRC and adjacent
normal colonic mucosa (NCM) samples, as well as in CRC cell
lines. In addition, we attempted to determine the effect of Nkx2.5
overexpression on behaviors of CRC cells in vitro and in vivo.
Nkx2.5 overexpression leads to different manifestations in
different CRC cell lines because of different mutational statuses
of p53. It is also noteworthy that Nkx2.5 could interact with p53
to activate p21WAF1/CIP1 transcription. This co-activatory effect
depends on the mutational status of p53. Taken together, our
results suggest that Nkx2.5 functions as a conditional tumor
suppressor gene in CRC cells via activating the p53-mediated
p21WAF1/CIP1 expression.
MATERIALS AND METHODS

Ethics Statement
The study was conducted according to ethical standards, the
Declaration of Helsinki, and national and international
guidelines, and it was approved by the Institutional Review
Board of Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology (China).

Data Collection
The graphs of Nkx2.5 expression profiles in CRC and adjacent
NCM samples were generated and downloaded from Oncomine
microarray database (https://www.oncomine.org).

Patients’ Samples
Here, 14 pairs of primary human CRC samples and their matched
adjacent NCM samples were obtained from CRC patients who
were admitted to our hospital and underwent surgical resection in
2015 (see Supplementary Table 1). Samples were collected
according to the protocol approved by the Institutional Review
Board. The patients signed the written informed consent form
prior to commencing the study. All the enrolled individuals were
Han Chinese. The data were analyzed anonymously.

Cell Lines
Human FHC, Hela, Caco-2, DLD-1, HCT116, HT-29, SW480,
RKO, SW620, LoVo, HEK-293T cells, and H9c2 cells were
cultured in a medium recommended by the American Type
Culture Collection (ATCC; Manassas, VA, USA) that was
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supplemented with 10% fetal bovine serum (FBS; HyClone,
Logan, UT, USA) and 1% penicillin-streptomycin (Gibco,
Carlsbad, CA, USA) at 37°C in a 5% CO2 incubator (Thermo
Fisher Scientific, Waltham, MA, USA). Data related to the
original tumors or xenografts of CRC cell lines (49) are listed
in Supplementary Table 2. The identities of the cancer cell lines
were confirmed by short tandem repeat (STR) profiling.

Construction of Plasmids
The Nkx2.5 overexpression plasmid was generated by cloning
the full-length of cDNA representing the complete ORF of
Nkx2.5 into the pSi-Flag vector (Invitrogen, Carlsbad, CA,
USA). Nkx2.5-F (5’-ATGGATCCAATGTTCCCCAGCC
CTGCTCT-3’) and Nkx2.5-R (5’-TGCTACCAGGCTCGGA
TACCATGCAGCGT-3’) were chosen as primers.

Generation of Infectious Virus
Lentiviral vectors were transfected into HEK-293T cells in
combination with the lentiviral packaging vectors (pRSV-Rev,
pMD2.G, and pCMV-VSV-G) using Lipofectamine™2000
reagent (Invitrogen, Carlsbad, CA, USA). After transfection for
48 h, supernatants were collected, filtered, and used to establish
the Nkx2.5-overexpression cell lines (Lenti-Nkx2.5-HCT116 and
Lenti-Nkx2.5-SW480). Empty vectors were used to generate
control cell lines (Lenti-NC-HCT116 and Lenti-NC-SW480).
Colonies resistant to Geneticin (G418; Invitrogen, Carlsbad,
CA, USA) were picked and expanded to obtain stable clone
stock cells. Western blot and quantitative reverse transcription-
polymerase chain reaction (RT-qPCR) assays were employed to
indicate whether stable cell lines could be successfully generated.

RNA Extraction and RT-qPCR
Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. 2 mg of total RNA was reversely transcribed using
an RNA PCR kit (Takara Biotechnology, Inc., Otsu, Japan), and
resulting cDNA was used as a template for a standard PCR. The
mRNA levels were detected by RT-qPCR with an ABI PRISM
7900 Sequence Detector system (Applied Biosystem, Foster City,
CA, USA) according to the manufacturer’s instructions, and
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene expression. The primers used for RT-qPCR are
listed in Supplementary Table 3 (33).

Western Blot Assay
Total cells and tissues were lysed using radioimmunoprecipitation
assay (RIPA) buffer, and the protein concentration was determined
with a bicinchoninic acid (BCA) protein assay kit (Pierce
Biotechnology Inc., Rockford, IL, USA). Protein extracts were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE; Invitrogen, Carlsbad, CA, USA), and
were then transferred onto a nitrocellulose membrane (Millipore,
Billerica, MA, USA), which was incubated with various primary
antibodies overnight at 4°C. After incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies (dilution,
1:5000) for 1 h at room temperature, the membranes were
treated with normal enhanced chemiluminescence (ECL)
Frontiers in Oncology | www.frontiersin.org 3
substrate (170-5061; Bio-Rad Laboratories Inc., Hercules, CA,
USA) prior to visualization using a ChemiDoc MP imaging
analysis system (Bio-Rad Laboratories Inc., Hercules, CA, USA)
according to the manufacturer’s instructions, as previously
described (50). The specific protein levels were normalized to
GAPDH on the same nitrocellulose membrane. The following
primary antibodies were used: anti-Nkx2.5 (sc-376565X; dilution,
1:500; Santa Cruz Biotechnology, Dallas, TX, USA), anti-GAPDH
(sc-32233; dilution, 1:1000; Santa Cruz Biotechnology, Dallas, TX,
USA), anti-p53 (#2527; dilution, 1:1000; Cell Signaling Technology,
Danvers, MA, USA), and anti-p21WAF1/CIP1 (#2947; dilution,
1:1000; Cell Signaling Technology, Danvers, MA, USA).

Colony Formation and Cell Proliferation
Assays
For colony formation, 1000 cells/well were seeded into 6-well
plates. After 14 days of culture, cells were stained with crystal
violet, and the cell-covered area of visible colonies was calculated.
Cell viability and cell proliferation were determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and EdU cell proliferation assays, respectively. For the MTT
assay, 1000 cells in 200 µL culture medium were seeded into each
well of 96-well plates. After cultivation, MTT was added into
each well. Optical density (OD) was measured and cell growth
curves were drawn according to the OD value. For the EdU cell
proliferation assay, as described previously (51), EdU DNA Cell
Proliferation kit (RiboBio Co. Ltd., Guangzhou, China) was used
(52). Briefly, cells (1×105) were cultured in 24-well plates, and
then, exposed to 50 µM EdU for 2 h at 37°C. The cells were fixed
with 4% formaldehyde and permeabilized in 0.5% Triton X-100.
Cells were then incubated with 200 µM Apollo reaction cocktail,
and nuclei were stained with Hoechst 33342 (200 mL/well). The
stained cells were visualized under a fluorescence microscope
(IX71; Olympus, Tokyo, Japan). The number of cells was
counted using Image-Pro Plus 6.2 software (Meyer
Instruments, Inc., Houston, TX, USA).

Cell Migration Assay
Migration of cells was evaluated by wound-healing assay via
uncoated Transwell® cell culture inserts according to the
manufacturer’s instructions (Corning Inc., New York, NY,
USA). To carry out wound-healing assay, monolayer of cells
was gently scratched with sterile micropipette tips, washed with
phosphate-buffered saline (PBS), and incubated in a FBS-free
medium with mitomycin. The areas of the gap at 0 h and the
residual gap at 24 h after wounding of 10 random locations were
compared. For the uncoated Transwell® assay, the uncoated
Transwell® filter inserts with 8-µm pores (BD Biosciences,
Bedford, MA, USA) in 24-well cell culture plates were used.
Then, 1 × 105 cells were suspended and seeded into the uncoated
and precoated upper chambers of 24-well Transwell® plates with
a FBS-free medium. The medium containing 10% FBS was added
to the lower chamber to serve as a chemo-attractant. After 12 h of
incubation, migrated cells were stained with 0.5% crystal violet
solution. Cell migration was quantified by calculating the cell-
covered area in photomicrographs using Image-Pro Plus
v6.2 software.
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Cell Apoptosis Assay
For cell apoptosis analysis, cells were cultured in FBS-free
medium for 48 h, followed by staining with the Annexin V-
fluorescein isothiocyanate (FITC)/7-amino-actinomycin D (7-
AAD) (BD Biosciences, San Diego, CA, USA). For each assay, 1 ×
105 cells were incubated with Annexin V-FITC/7-AAD. After
addition of 400 mL binding buffer, the cells were analyzed by
fluorescence-activated cell sorting using FACScan (BD
Biosciences, San Diego, CA, USA). Cell populations were
classified as viable (Annexin V negative, 7-AAD negative),
apoptotic (Annexin V positive, 7-AAD negative or positive), or
necrotic (Annexin V negative, 7-AAD positive).

Xenograft Mouse Model
Athymic nude mice (strain BALB/c nu/nu; Charles River
Laboratories, Wilmington, MA, USA) were used for
tumorigenesis studies. These mice (age, 8-12-week-old) were
housed and maintained under specific pathogen-free conditions
in facilities approved by the Hubei Provincial Association for
Laboratory Animal Sciences (China). For the subcutaneous
xenograft mouse model, HCT116 cells (Lenti-Nkx2.5-HCT116
and Lenti-NC-HCT116, 1×106 cells/well) were harvested and
resuspended in Hanks’ Balanced Salt Solution. These two
HCT116 cells were subcutaneously injected at day 0 into the
right and left dorsal flanks, respectively. Tumor diameter was
measured every 2 days before harvesting over the course of 32
days. Tumor volume (mm3) was calculated by measuring the
shortest (x) and longest (y) diameters of the tumor using the
following formula: tumor volume (mm3) = x2y/2.

Terminal Deoxynucleotidyl Transferase-
Mediated dUTP Nick-End Labeling
(TUNEL) Assay
In-situ cell death was determined by TUNEL staining of tumor
tissue sections (In Situ Cell Death Detection Kit, cat. no.
11684817910; Roche Applied Science, Penzberg, Germany).
Staining was performed in strict accordance with the
manufacturer’s instructions. Briefly, frozen slides were dried
and fixed with 4% paraformaldehyde. The Proteinase K
solution and 1% Triton X-100 were added. TdT (terminal
deoxynucleotidyl transferase), fluorescein-isothiocyanate
(FITC)-labeled d-UTP mixed solution, and DAPI (4’,6-
diamidino-2-phenylindole) were added for labeling and
staining. After washing with PBS, anti-fluorescence quenching
mounting medium was added for sealing. The slides were
observed and photographed under a fluorescence microscope
(IX71; Olympus, Tokyo, Japan). The cells with green
fluorescence were apoptosis-positive cells. TUNEL-positive
cells were counted using Image-Pro Plus v6.2 software in 10
randomly selected fields from each slide.

Immunohistochemistry (IHC)
The fraction of proliferative cells in the xenograft tumor section
was assessed with Ki-67 staining. Paraffin-embedded tissue
sections were deparaffinized in xylene and rehydrated through
graded ethanol solutions. Sections were boiled in antigen
retrieval solution (EnVision FLEX Target Retrieval Solution;
Frontiers in Oncology | www.frontiersin.org 4
Agilent Technologies, Inc., Santa Clara, CA, USA) for antigen
retrieval. Afterwards, endogenous peroxidases were inactivated
by immersing in 3% hydrogen peroxide. The slides were blocked
with 10% bovine serum albumin (BSA), incubated with the anti-
Ki-67 antibody (GA62661-2; Agilent Technologies, Inc., Santa
Clara, CA, USA) overnight, and then, with the corresponding
secondary antibody for 1 h at room temperature. Finally, the
sections were developed with DAB color solution. Sections were
counterstained with hematoxylin and preserved with resinene.
The cells with brown-stain were proliferation-positive cells. Ki-
67-positive cells were counted using Image-Pro Plus v6.2
software in 10 randomly selected fields from each slide.

TP53 Gene Sequencing and Mutation
Analysis
Total genomic DNA was extracted from each cell line (FHC,
DLD-1, HCT116, HT29, SW480). Eight pairs of primers (see
Supplementary Table 4) were used to amplify the exonic regions
of TP53. PCR amplification was performed using MyGene™

Series Peltier Thermal Cycler (A300; Hangzhou LongGene®

Scientific Instruments Co., Ltd., Zhejiang, China) and
PrimeSTAR GXL DNA Polymerase (cat. no. R050Q; Takara
Biotechnology, Inc., Otsu, Japan). DNA sequencing was carried
out by using an 3730xl DNA Analyzer (Applied Biosystem,
Foster City, CA, USA). All fragments were sequenced from
both strands. DNA sequencing analysis was undertaken by
us ing Chromas sof tware (Techne lys ium Pty Ltd . ,
Queensland, Australia).

Co-immunoprecipitation (Co-IP) Assay
Co-IP was conducted via a Co-IP kit (Pierce™ Co-
Immunoprecipitation-Kit, No. 26149; Thermo Fisher Scientific,
Waltham, MA, USA), according to the manufacturer’s
instructions as previously reported (53, 54). Briefly, anti-
Nkx2.5 antibody (sc-376565X; Santa Cruz Biotechnology,
Dallas, TX, USA) was immobilized by incubating with
AminoLink plus coupling resin in the Pierce spin columns to
prepare anti-Nkx2.5-coated resin, and control mouse IgG
antibody (sc-2025; Santa Cruz Biotechnology, Dallas, TX,
USA) was used to prepare IgG-coated resin with the same
procedure. Total cell protein extracts of HCT116 cells (Lenti-
NC-HCT116 and Lenti-Nkx2.5-HCT116) were prepared using
ice-cold IP lysis buffer. Extracts were added to the Pierce spin
columns with antibody-coated resins, resulting in making four
combinations (Lenti-NC-HCT116 + IgG, Lenti-NC-HCT116 +
Anti-Nkx2.5, Lenti-Nkx2.5-HCT116 + IgG, and Lenti-Nkx2.5-
HCT116 + Anti-Nkx2.5). After incubation and elution, the
eluates containing the protein complexes were collected.
Finally, aliquots were denatured by heating at 100°C and
analyzed by SDS-PAGE and Western blotting.

Luciferase Reporter Assay
For luciferase reporter vector construction, the pGL3.0 p21WAF1/

CIP1 luciferase reporter vector (p21WAF1/CIP1-Luc) was provided
by Promega (Madison, WI, USA). Luciferase activity assay was
undertaken as previously described (55, 56). In brief, the reporter
vectors were transfected into HCT116 cells (Lenti-NC-HCT116
April 2021 | Volume 11 | Article 648045
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and Lenti-Nkx2.5-HCT116) using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA). Then, pRL-SV40 vector
expressing Renilla luciferase was co-transfected as an internal
control to normalize transfection efficiency. Luciferase activities
were measured 24 h after transfection. The relative luciferase
activity was calculated as luciferase activity of reporter vectors in
HCT116 cells (Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116).

Statistical Analysis
The statistical analysis was performed by using GraphPad Prism
8.4 software (GraphPad Software Inc., La Jolla, CA, USA). All
data were expressed as mean ± standard deviation (SD). The
significant differences were analyzed by the log-rank test for KM
survival analysis, Wilcoxon matched-pairs signed-rank test and
paired t-test for comparing paired data between two groups,
Mann-Whitney U test and unpaired t-test with Welch’s
correction for comparing unpaired data between two groups,
and Mann-Whitney U test or Brown-Forsythe and Welch’s
analysis of variance (ANOVA) with Dunnett’s post-hoc test for
making multiple comparisons. P < 0.05 was considered
statistically significant.
RESULTS

Nkx2.5 Is Highly Expressed in CRC
Samples
To indicate whether Nkx2.5 expression differs between CRC and
NCM samples, microarray data that were extracted from
ONCOMINE database were analyzed. A significantly higher
expression of Nkx2.5 was detected in colorectal adenoma
(Gaspar Colon dataset) and CRC tissue (TCGA Colorectal
dataset) than that in NCM tissue (Figure 1A). To verify the
results from database, Nkx2.5 profiles from 14 paired CRC and
NCM samples (Supplementary Table 1) were examined by
Western blotting and RT-qPCR. Nkx2.5 protein level (P =
0.0052 for Wilcoxon matched-pairs signed-rank test, P =
0.0139 for paired t-test) and mRNA expression (P = 0.0085 for
Wilcoxon matched-pairs signed-rank test, P = 0.0264 for paired
t-test) were observed to be significantly higher in CRC samples
than those in NCM samples (Figures 1B–D).

High Expression of Nkx2.5 Is Correlated
With a Poor Differentiation of CRC Cells
Protein and mRNA levels of Nkx2.5 in a panel of eight CRC cell
lines (Caco-2, DLD-1, HCT116, HT-29, SW480, RKO, SW620,
and LoVo), one normal colon epithelial cell (FHC), and one rat
cardiomyocyte (H9c2, Nkx2.5-positive cell) were analyzed.
Protein and mRNA levels of Nkx2.5 were high in H9c2, low
in FHC, and diversely expressed among CRC cell lines
(Figures 2A, B). We analyzed the correlation between
histological grades (49) of the original tumors (Figure 2C)
(57–59) and Nkx2.5 levels in the CRC cell lines (Figure 2B). It
was observed that higher Nkx2.5 protein (P = 0.0286 for Mann-
Whitney U test, P = 0.0051 for unpaired t-test with Welch’s
correction; Figure 2D) and mRNA (P = 0.0286 for Mann-
Frontiers in Oncology | www.frontiersin.org 5
Whitney U test, P = 0.0443 for unpaired t-test with Welch’s
correction; Figure 2D) levels significantly correlated with higher
histological grades.

Nkx2.5 Suppresses Proliferation, Promote
Apoptosis, While It Does Not Affect
Migration of HCT116 Cells In Vitro
To explore the function of Nkx2.5, Nkx2.5-overexpressed cells
(Lenti-Nkx2.5-HCT116) were established using a lentiviral
vector in HCT116 cells. Being derived from a moderately poor
differentiated CRC cancer, HCT116 cell line showed to have a
moderate proliferation rate and apoptosis rate among CRC cell
lines (57–59). Thus, HCT116 could be an appropriate cellular
model to show how the proliferation and/or apoptosis was
affected (60). Moreover, Nkx2.5 was moderately expressed in
HCT116 cells (Figures 2A, B), thus overexpression of Nkx2.5 in
HCT116 cells may result in a positive phenotype. HCT116 with
Nkx2.5 overexpression showed significantly higher Nkx2.5
protein and mRNA levels (Figure 3A; Mann-Whitney U test:
P < 0.01; unpaired t-test with Welch’s correction: P < 0.0001)
than those in the control cells with an empty vector (Lenti-
NC-HCT116).

In colony formation assay, Nkx2.5 overexpression
dramatically reduced the colony formation efficiency in
HCT116 cells (Figure 3B, Mann-Whitney U test: P < 0.01 and
unpaired t-test withWelch’s correction: P < 0.0001). In MTT and
EdU proliferation assay, Nkx2.5 overexpression significantly
inhibited cell growth and decreased proliferation rate in
HCT116 cells (Figures 3C, D, Mann-Whitney U test: P <
0.0001 and unpaired t-test with Welch’s correction: P <
0.0001). These results suggest that Nkx2.5 expression
contributed to the reduced growth or proliferation in HCT116
cells. Additionally, flow cytometry revealed a remarkably
increased apoptotic cell fraction in Nkx2.5 overexpressed cells
(26.57 ± 3.91% versus 13.84 ± 1.80%; Figure 3E, Mann-Whitney
U test: P < 0.01 and unpaired t-test with Welch’s correction: P <
0.001). In wound-healing and Transwell assays, Nkx2.5
overexpression did not affect HCT116 cell migration.
(Figure 3F).

Taken together, the above-mentioned findings demonstrate
that Nkx2.5 plays a significant role in suppressing proliferation
and promoting apoptosis of HCT116 cells in vitro. It may also be
noted that migration of HCT116 cells was not influenced by
Nkx2.5 overexpression.

Nkx2.5 Suppresses Formation and Growth
of Tumor Cells and Promotes Apoptosis of
CRC Cells In Vivo
For in vivo assay, Lenti-Nkx2.5-HCT116 and Lenti-NC-HCT116
cells were subcutaneously injected into nude mice. Nkx2.5
overexpression remarkably inhibited formation and growth of
tumor cells in vivo (P < 0.01 for Mann-Whitney U test; Figure
4A), according to the measurement of the volume and weight of
xenograft tumors (P < 0.01 for Mann-Whitney U test; Figure
4B). Moreover, Ki-67 staining and TUNEL staining showed a
lower proliferation rate (P < 0.01 for Mann-Whitney U test;
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Figure 4C) with a higher apoptosis rate (P < 0.01 for Mann-
Whitney U test; Figure 4D) in Nkx2.5 overexpressed xenograft
tumors. These findings suggest that Nkx2.5 functions as a tumor
suppressor in HCT116 cells in vivo.

Nkx2.5 Overexpression Does Not Affect
Proliferation, Apoptosis, and Migration of
SW480 Cells In Vitro
In order to confirm the role of Nkx2.5 in CRC cells, studies were
also carried out in a second cell line SW480 which is derived
from a poorly differentiated CRC having high proliferation rate
and a low apoptosis rate among CRC cell lines (57–59). It is
therefore highly appropriate for testing of the tumor suppressive
effect of a gene or a drug. Moreover, in contrast to the low
Frontiers in Oncology | www.frontiersin.org 6
expression of Nkx2.5 in HCT116 cells, Nkx2.5 was highly
expressed in SW480 cells. Thus, we attempted to assess
whether a higher Nkx2.5 expression could suppress SW480
cells. Then, Nkx2.5-overexpressed and the control SW480 cells
(Lenti-NC-SW480 and Lenti-Nkx2.5-SW480) were established.
The transfection efficiency was confirmed by Western blotting
and RT-qPCR (Figure 5A, P < 0.01).

Overexpression of Nkx2.5 in SW480 cells did not influence
neither the efficiency of colony formation (Figure 5B) nor
cell growth evaluated by MTT assay (Figure 5C). EdU
proliferation assay showed no significant difference in
proliferation rate between Lenti-NC-SW480 and Lenti-Nkx2.5-
SW480 cells (Figure 5D). In addition, flow cytometry showed no
significant difference in apoptosis rate between Lenti-NC-SW480
A
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C

FIGURE 1 | Higher expression level of Nkx2.5 in CRC samples than that in NCM samples. (A) Expression level of Nkx2.5 in colorectal adenomas, CRC, and NCM
tissues. The graph was downloaded from ONCOMINE database. The numbers in brackets represent the sample size. (B) Western blot analysis was employed to
measure Nkx2.5 protein level in 14 paired CRC and NCM samples. (C) RT-qPCR was used to detect Nkx2.5 mRNA level in CRC and NCM samples. (D) Protein
and mRNA levels of Nkx2.5 in 14 paired CRC and NCM samples presented by heat maps. “T” represents CRC sample; “N” represents NCM sample. * represents
P < 0.05; ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).
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and Lenti-Nkx2.5-SW480 cells (4.99 ± 1.13% versus 4.80 ± 2.52%;
Figure 5E). These outcomes suggest that overexpression of Nkx2.5
did not affect proliferation or apoptosis of SW480 cells. In wound-
healing and Transwell assays, the migration of SW480 cells also
could not be affected by Nkx2.5 overexpression (Figure 5F).

In contrast to the results in HCT116 cells, these results
suggest that Nkx2.5 overexpression could not affect
proliferation, apoptosis, or migration of SW480 cells.

Protein Levels of p53 and p21 Are Varied
in Different CRC Cell Lines
In order to determine why different CRC cell lines exhibit
different patterns when Nkx2.5 is overexpressed, we measured
the levels of antitumor protein p53 (38, 40, 61–63) and its
downstream effector p21WAF1/CIP1 (64, 65) since Nkx2.5
behaves like p53 and it may interact with p53-related pathway
as another NK2 family member Nkx2.1 (17–19, 25). Western
blotting showed that p53 and p21WAF1/CIP1 were diversely
expressed in CRC cell lines (P < 0.001 for Brown-Forsythe and
Welch’s ANOVA with Dunnett’s post-hoc test), while Hela cell
(66) served as a negative control (Figure 6A). Strikingly,
HCT116 cells showed a moderately lower level of p53, whereas
a relatively higher level of p21WAF1/CIP1 was observed in HCT116
cells compared with that in SW480 cells (P < 0.01 for Mann-
Whitney U test; Figure 6A).

Lenti-Nkx2.5-HCT116 cells possessed the same level of p53,
while a higher level of p21WAF1/CIP1 than that in Lenti-NC-
Frontiers in Oncology | www.frontiersin.org 7
HCT116 cells (P < 0.01 for Mann-Whitney U test; Figure 6B).
Lenti-NC-SW480 and Lenti-Nkx2.5-SW480 cells had the same
levels of p53 and p21WAF1/CIP1 (Figure 6B). This result suggests
that Nkx2.5 increased p21WAF1/CIP1 expression in HCT116 but
not in SW480. The p53 level in Lenti-NC-HCT116 and Lenti-
Nkx2.5-HCT116 cells was remarkably lower than that in Lenti-
NC-SW480 and Lenti-Nkx2.5-SW480 cells, while p21WAF1/CIP1

level in Lenti-NC-HCT116 and Lenti-Nkx2.5-HCT116 cells was
significantly higher than that in Lenti-NC-SW480 and Lenti-
Nkx2.5-SW480 cells (P < 0.01 for Mann-Whitney U test; Figure
6B). This result suggests that p53 loses its transcriptional activity
for p21WAF1/CIP1 in SW480 but not in HCT116, even though
SW480 cells possess high level of p53.

Put together, these results indicate that Nkx2.5
overexpression can increase p21WAF1/CIP1 expression without
influencing p53 level in HCT116 cells, while p53 seems to lose
its function in SW480 cells.

Levels of Nkx2.5 and p21WAF1/CIP1 Are
Correlated to the Mutational Status and
Protein Level of p53
Because of the abnormal protein level of p53/p21WAF1/CIP1 in
SW480 and SW620 cells, the mutational status of TP53 in CRC
cell lines was assessed as in previous studies (57, 67) and the
CCLE database (https://xenabrowser.net/heatmap/) (Figure 7A).
DNA sequencing analysis was also conducted to confirm the
mutational status of TP53 in CRC cell lines (Figure 8).
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FIGURE 2 | Higher expression of Nkx2.5 in poorly-differentiated CRC cell lines. (A) Western blotting was used to identify the expression of Nkx2.5 in CRC cell lines
(H9c2 and FHC serve as positive and negative controls, respectively). (B) RT-qPCR was used to detect Nkx2.5 mRNA level in CRC cell lines. (C) Pathological
differentiation degrees of the original CRC tissues. (D) Nkx2.5 protein and mRNA levels in the moderately- or well-differentiated CRC cell lines compared with poorly-
differentiated CRC cell lines. The upper and lower bars indicate the maximum and minimum values, respectively. * represents P < 0.05.
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FIGURE 3 | Nkx2.5 could suppress proliferation and induce apoptosis in cultured HCT116 cells. (A) Detection of the protein and mRNA levels of Nkx2.5 in
Lenti-NC and Lenti-Nkx2.5 HCT116 cells by Western blotting and RT-qPCR. GAPDH was used as an endogenous control gene. (B) Representative
photographs of colony formation of the Lenti-NC and Lenti-Nkx2.5 HCT116 cells. Cell-covered area of colonies was quantified and shown as percentage (%)
relative to area of the well bottom. (C) Cell growth of the Lenti-NC and Lenti-Nkx2.5 HCT116 cells was determined by MTT assay at each time-point. (D)
Representative profiles of EdU cell proliferation assay in the Lenti-NC and Lenti-Nkx2.5 HCT116 cells. Representative photographs were taken at magnification
of 200×. Scale bar (white) is 100-mm. (E) Apoptosis of Lenti-NC and Lenti-Nkx2.5 HCT116 cells was measured by flow cytometry. Representative histograms
show cell population in apoptotic (top right and bottom right quadrants), viable (bottom left quadrant), and necrotic (top left quadrant) states. (F) Cell migration
was assessed by Transwell® assay and wound-healing assay. Representative photographs were taken at magnifications of 200× and 100× for Transwell® assay
and wound-healing assay, respectively. Scale bar (black) is 100-mm. Scale bar (white) is 200-mm. * represents P < 0.05; ** represents P < 0.01; ns represents
P ≥ 0.05 (no statistical significance).
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To investigate the relationship between the levels of Nkx2.5,
p53, and p21WAF1/CIP1, eight CRC cell lines were assigned to two
groups (wild-type p53 versus mutated p53; Figure 7A). No
significant differences in the levels of Nkx2.5, p53, and
p21WAF1/CIP1 were observed between these two groups. Since
Frontiers in Oncology | www.frontiersin.org 9
either mutational (38) or transcriptional (40) inactivation of
TP53 could lead to functional disruption of p53, the CRC cell
lines were allocated to two groups in another way (high
expression of wild-type p53 versus mutated or low expression
of wild-type p53, median level was chosen as cutoff value;
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FIGURE 4 | Nkx2.5 could suppress tumor formation, growth, proliferation, and increase apoptosis of HCT116 cells in vivo. (A) Photographs of tumors in mice that
were excised 32 days after inoculation of Lenti-NC and Lenti-Nkx2.5 HCT116 cells into athymic nude mice. (B) Growth of tumor volume was plotted over time, and
weight of tumor at the end of 32 days was illustrated (6 mice/group). (C) Immunohistochemical staining of Lenti-NC and Lenti-Nkx2.5 cells using Ki-67.
Representative photographs were taken at magnifications of 200× and 400×. Scale bar (black) is 100-mm. (D) Representative profiles for TUNEL assay of the Lenti-
NC and Lenti-Nkx2.5 cells. Green fluorescence indicates TUNEL-positive cells in the microscopic field. DAPI was used for nuclear staining. Representative
photographs were taken at magnification of 400×. Scale bar (white) is 50-mm. ** represents P < 0.01.
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FIGURE 5 | Proliferation, apoptosis, and migration were not affected by Nkx2.5 overexpression in SW480 cells. (A) Detection of the protein and mRNA
levels of Nkx2.5 in the Lenti-NC and Lenti-Nkx2.5 SW480 cells by Western blotting and RT-qPCR. GAPDH was used as an endogenous control gene. (B)
Representative photographs of colony formation of the Lenti-NC and Lenti-Nkx2.5 SW480 cells. Cell-covered area of colonies was quantified and shown as
percentage (%) relative to area of the well bottom. (C) Cell growth of the Lenti-NC and Lenti-Nkx2.5 SW480 cells was determined by MTT assay at each time-
point. (D) Representative profiles for EdU cell proliferation assay of the Lenti-NC and Lenti-Nkx2.5 SW480 cells. Representative photographs were taken at
magnification of 200×. Scale bar (white) is 100-mm. (E) Apoptosis of Lenti-NC and Lenti-Nkx2.5 SW480 cells was measured by flow cytometry. Representative
histograms show cell population in apoptotic (top right and bottom right quadrants), viable (bottom left quadrant), and necrotic (top left quadrant) states. (F) Cell
migration was assessed by Transwell® assay and wound-healing assay. Representative photographs were taken at magnifications of 200× and 100× for
Transwell® assay and wound-healing assay, respectively. Scale bar (black) is 100-mm. Scale bar (white) is 200-mm. ** represents P < 0.01; ns represents
P ≥ 0.05 (no statistical significance).
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Figure 7B). A significantly higher expression of p21WAF1/CIP1

was observed in the former group (high expression of wild-type
p53: HCT116 and RKO cells). Since mutated p53 was highly
expressed in high malignancies and reported as an oncogene
gaining new activities (68, 69), we assigned the CRC cell lines to
two groups (wild-type or low expression of mutated p53 versus
high expression of mutated p53, median level was chosen as
cutoff value; Figure 7C). A markedly higher expression of
Nkx2.5 was noted in the latter group (high expression of
mutated p53: DLD-1, SW480, and SW620 cells).

Nkx2.5 Can Interact With p53 and Increase
Its Transcriptional Activity
Co-IP assay showed that Nkx2.5 could interact and co-
precipitate with p53 in HCT116 cells (Figure 9A). The
luciferase activity assay showed an additive effect on the
activity of the p21WAF1/CIP1 promoter by Nkx2.5 plasmid
(Figure 9B). The results highlight that Nkx2.5 can increase
p21WAF1/CIP1 expression by interacting with p53 as a coactivator.
DISCUSSION

Nkx2.5 was considered as a cardiac specific transcription regulator
since it is preferentially expressed in heart (12, 70–74). To date,
Frontiers in Oncology | www.frontiersin.org 11
very little has been known about the roles of Nkx2.5 in other
organs or tumors. Recent reports about the expression of Nkx2.5
in several types of tumors (27–30) implied its potential role in
tumors, but the underlying mechanism has not been clearly
elucidated. The findings in our present study indicates that
Nkx2.5 serves as a conditional tumor suppressor in CRC cells.
And its tumor suppressive effect depends on the mutational status
of p53.

The first clue about Nkx2.5 in CRC cells was obtained from
previously reported results, which indicated hypermethylation
status of a tumor suppressor gene in a CRC cell line and several
CRC samples (10). Then, this observation was confirmed in
further CRC cell lines and samples (9). Thus, Nkx2.5 was
considered as a candidate tumor suppressor gene for CRC (9,
10). Based on the above-mentioned outcomes, we analyzed the
data of Nkx2.5 expression collected from different databases to
indicate whether the expression level of Nkx2.5 could be
downregulated in CRC tissues because of hypermethylation.
However, the expression level of Nkx2.5 in colorectal adenoma
and CRC samples was significantly higher than that in NCM
samples (Figure 1A), which is not consistent with our
expectation. Results acquired from other datasets showed that
the expression of Nkx2.5 in CRC and NCM samples was not
significantly different from each other (data not shown).
However, no result could be achieved regarding higher
expression of Nkx2.5 in NCM samples than that in CRC
A B

FIGURE 6 | Expression of p53 and p21WAF1/CIP1 in CRC cell lines and Nkx2.5 overexpressed CRC cells. (A) Western blotting and RT-qPCR were employed for detecting
protein levels of p53 and p21WAF1/CIP1 in CRC cell lines. (B) Western blotting and RT-qPCR were used for detecting mRNA levels of p53 and p21WAF1/CIP1 in Lenti-NC and
Lenti-Nkx2.5 CRC cells. GAPDH was used as an endogenous control gene. ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).
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samples, indicating that a portion of CRCs possessed high level
of Nkx2.5, while others possessed normal level of Nkx2.5 as that
in NCM samples. However, non-paired data is a big limitation of
data analysis results from databases. We therefore attempted to
obtain some more paired data from CRC patients. Then, 14
paired CRC and NCM samples were collected and analyzed.
Frontiers in Oncology | www.frontiersin.org 12
Higher protein and mRNA levels of Nkx2.5 were detected in
CRC samples (Figures 1B–D), which is consistent with the
findings from databases (Figure 1A). Nkx2.5 has also been
observed to be highly expressed in squamous cell carcinoma of
skin (28), T-cell acute lymphoblastic leukemia (30), ovarian yolk
sac tumor (29), and papillary thyroid carcinoma (27), while lowly
A
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FIGURE 7 | The relationship between the expression of Nkx2.5, p21WAF1/CIP1, p53 and mutational status of TP53. (A) Protein levels of Nkx2.5, p53, and
p21WAF1/CIP1 were compared between CRC cell lines with wild-type TP53 and those with mutated TP53. (B) Protein levels of p21WAF1/CIP1 and Nkx2.5 were
compared between CRC cell lines with high expression of wild-type p53 and those with mutated or low expression of wild-type p53. (C) Protein levels of
p21WAF1/CIP1 and Nkx2.5 were compared between CRC cell lines with high expression of mutated p53 and those with wild-type or low expression of mutated
p53. * represents P < 0.05; ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).
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expressed in basal cell carcinoma of skin (28). These studies
indicate the diversity of Nkx2.5 expression in tumors, but its role
in tumor is still unclear.

Different CRC cell lines were used as models for different
histological grades of CRC. After classification of the CRC cell
lines into three grades according to the histological grades of the
original tumors (Figure 2C), significantly higher protein and
mRNA levels of Nkx2.5 were observed in poorly-differentiated
CRC cell lines than those in moderately- or well-differentiated
Frontiers in Oncology | www.frontiersin.org 13
CRC cell lines (Figure 2D). Taking the results achieved from
databases, CRC samples and CRC cell lines together, we found
that Nkx2.5 is highly expressed in both CRC tissue and cell lines,
especially in poorly differentiated cell lines. These results imply
that Nkx2.5 behaves like an oncogene rather than a tumor
suppressor gene. But the current study originally aimed to
verify the tumor suppressive role of Nkx2.5 in CRC.

To investigate the role of Nkx2.5 in CRC cells, Nkx2.5
overexpressed HCT116 and SW480 cell lines were established to
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FIGURE 8 | Mutation analysis of the TP53 gene in CRC cell lines by reviewing literatures, retrieving data in CCLE database, and DNA sequencing analysis. The
mutational status of TP53 gene in (A) FHC, (B) DLD-1, (C) HCT116, (D) HT-29, and (E) SW480 cell lines. The blue and orange arrows indicate the locations of the
mutation sites.
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indicate howNkx2.5 could affect CRC cells. As illustrated in Figures
3, 4, Nkx2.5 could act as a tumor suppressor gene in HCT116 cells
in vitro and in vivo, while it was incapacitated in SW480 cells
(Figure 5). These results suggest that Nkx2.5 may serve as a tumor
suppressor in certain CRC cells.

On one hand, Nkx2.5 was highly expressed in CRC cells,
especially highly malignant cell lines, as an oncogene. On the
other hand, Nkx2.5 was noted as a tumor suppressor in a certain
CRC cell line. This contradiction reminds us of TP53, a well-
accepted tumor suppressor gene encoding p53 protein (36, 75, 76).
Since numerous tumors produce abundant p53 protein than
normal tissues, TP53 was considered to be an oncogene in the
first decade after its discovery (77, 78). Then, the hypothesis that
TP53 acts as an oncogene was overturned (79–81). It has been
accepted that wild-type TP53 is a tumor suppressor gene, whereas
TP53 mutants act as oncogene (68). TP53 mutants have been
found in more than 50% of cancer patients (61, 82). TP53
missense mutation mainly occurs in its DNA-binding domain
(38) that perturbs p53 function or disrupts the upstream or
downstream regulatory networks of p53 (69). Even in those
types of cancers that retain wild-type p53, the expression or
function of p53 is often downregulated or inactivated (40). In
the present study, we expressed wild-type Nkx2.5 in both CRC cell
lines but achieved distinct results. Being inspired by the work of
Kojic et al. (48), we hypothesized that Nkx2.5 may interact with
p53 in CRC cells. The distinct manifestations obtained in different
CRC cell lines may be attributed by the different levels or
mutational status of p53 in these cells.

We noted that HCT116 cells possessed a moderately low
expression of wild-type p53, while SW480 possessed high
expression of mutated p53. Meanwhile, manipulation of
Nkx2.5 did not influence the expression of p53 in both
HCT116 and SW480 cells (Figure 6B). These findings indicate
that the tumor suppressive effect of Nkx2.5 is not mediated by
affecting p53 expression in CRC cells. Hence, we focused on its
activity and downstream pathway.
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P21WAF1/CIP1 is a broad-acting CDK inhibitor (41) which is
encoded by CDKN1A gene and can interact with various cell
cycle-related proteins (83–90). P53 is the major transcriptional
activator of CDKN1A gene (38–40, 65, 91–94). P21WAF1/CIP1 was
reported to be constantly diminished in p53-mutated tumor cells
(95, 96). We found that p21WAF1/CIP1 expression was
significantly higher, and Nkx2.5 overexpression could
significantly elevate the expression of p21WAF1/CIP1 in HCT116
(wild-type p53) than SW480 (mutated p53) cells (Figure 6B).
These results suggest that Nkx2.5 increases p21WAF1/CIP1

expression without affecting p53 expression in p53-wildtype
CRC cells. But in p53-mutated cells, Nkx2.5 is incapable to
affect the expression of either p53 or p21WAF1/CIP1.

To further analyze the relationship between Nkx2.5 and p53/
p21WAF1/CIP1 pathway. It was revealed that the majority of TP53
mutated cell lines possessed low expression of p21WAF1/CIP1

(Figure 6A). However, there was no significant difference in
p21WAF1/CIP1 expression between CRC cell lines with mutant/
wild-type p53 (Figure 7A). We noticed that there were several
cell lines with very low expression of p53 and p21WAF1/CIP1, even
though they possess wild-type p53. Thus, we reclassified the CRC
cell lines and observed significantly higher expression of
p21WAF1/CIP1 in CRC cells with active (high expression of wild-
type) p53 than the cells with inactivated (low expression or
mutated) p53 (Figure 7B). This result indicates that the
expression of p21WAF1/CIP1 depends on sufficient activity of
p53. Meanwhile, no significant difference was noted in the
expression of Nkx2.5 between these two groups (Figure 7B),
demonstrating that Nkx2.5 should not be transcriptionally
activated by wild-type p53. Since high expression of both
Nkx2.5 and mutated p53 was observed in poor differentiated
CRC cell lines (Figure 2D), and p53 mutants were reported as
oncogenic proteins that lead to high malignancy (68, 69), CRC
cell lines were allocated into high oncogenic p53 (high mutated
p53) and low oncogenic p53 (wild-type and low mutated p53)
groups. Significantly higher expression of Nkx2.5 was detected in
A B

FIGURE 9 | Nkx2.5 interacts with p53 and activates the transcriptional activity of p53. (A) Image of immunocomplexes from Lenti-NC and Lenti-Nkx2.5 HCT116
cells that were blotted with anti-p53 monoclonal antibody. (B) Luciferase reporter assay revealed that Nkx2.5 activated the p21WAF1/CIP1 promoter in HCT116
cells. ** represents P < 0.01; ns represents P ≥ 0.05 (no statistical significance).
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CRC cells possessing high oncogenic p53 (Figure 7C). This
result may explain why Nkx2.5 is highly expressed in high
malignant CRC cells. Regarding he elevated Nkx2.5 in these
high oncogenic CRC cell lines, it might be transcriptionally
activated by mutated p53, or caused by some feedback
mechanisms which is aimed to produce more p21 to control
the uncontrollable proliferation of cancer cells. Though the
reason why Nkx2.5 is highly expressed with mutated p53 is
unknown, Nkx2.5 may serve as a biomarker for indicating the
malignancy of CRC cells.

In addition, DNA sequencing analysis revealed that HCT116
and SW480 cells possessed wild-type and missense mutated p53,
respectively, which is consistent with those reported in CCLE
database and previous studies (57, 67, 97). HT-29 and DLD-1
cells also possessed mutated TP53 gene, while the details of
mutation obtained from CCLE database, previous publications,
and DNA sequencing remained inconsistent (Figure 8). Thus,
HCT116 and SW480 could be perfect representatives for CRC
cells with wild-type and mutated p53, respectively.

Since CDKN1A promoter possesses p53 binding site (98–
101), rather than Nkx2.5 binding site (102), we suspected that
Nkx2.5 might act as a coactivator to enhance the transcriptional
activity of p53, instead of transcribing it directly. The interaction
and transcriptional co-activatory effects of Nkx2.5 on p53 were
confirmed by Co-IP and luciferase assays in the present study
(Figure 9), which were also supported by another publication
(48). These findings suggest that Nkx2.5 could act synergistically
with p53 to activate the transcription of CDKN1A and increase
the expression of p21WAF1/CIP1.

In summary, it was revealed that Nkx2.5 was highly expressed
in CRC tissue and cell lines, relatively higher Nkx2.5 expression
was observed in poorer differentiated CRC cell lines. Though the
expression pattern of Nkx2.5 in tumors and cell lines makes it
like an oncogene, it actually plays tumor suppressive role via
p53/p21WAF1/CIP1 pathway. Nkx2.5 could not affect the
expression of p53, it only interacts with and enhances the
transcriptional activity of wild-type p53, resulting in increased
p21 WAF1/CIP1 expression and subsequent tumor suppressive
effect. If p53 loses its activity because of mutation, Nkx2.5 also
becomes nonfunctional. Correlation between high expression of
Nkx2.5 and mutated p53 was also observed in CRC cells. Though
the mechanism needs further investigations, Nkx2.5 may also
serve as a biomarker for indicating the malignant degree of CRC
cells. Our focus was on how Nkx2.5 interacts with wild-type p53,
while the interaction with mutated p53 was not tested. There are
different kinds of mutations in p53 that may endow mutant p53
with novel activities and may abrogate or sustain its interaction
with Nkx2.5. It would be intricate and intriguing to investigate
whether and how Nkx2.5 interacts with p53 mutants and the
subsequent effects.
DATA AVAILABILITY STATEMENT

The authors acknowledge that the data presented in this study
must be deposited and made publicly available in an acceptable
Frontiers in Oncology | www.frontiersin.org 15
repository, prior to publication. Frontiers cannot accept a
manuscript that does not adhere to our open data policies.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Board of Union Hospital,
Tongji Medical College, Huazhong University of Science and
Technology (China). The patients/participants provided their
written informed consent to participate in this study. The animal
study was reviewed and approved by Institutional Review Board
of Union Hospital, Tongji Medical College, Huazhong
University of Science and Technology (China). Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data
included in this article.
AUTHOR CONTRIBUTIONS

HuL, JW, KH, TZ, LG, SY, WY, and YN performed the
experiments. HuL, JW, KT, LW, and KC designed the study.
HoL, ZW, and GW discussed the results, presented suggestions,
and made critical revisions. HuL, JW, and KH analyzed and
interpreted the data. HuL, JW, and KH drafted the manuscript.
KT, LW, and KC made the final approval of the version to be
submitted. All authors read and approved the submitted version
of the manuscript.
FUNDING

This research was funded by the National Natural Science
Foundation of China, grant number 81602419 to HuL and
81570568 to JW, and by the Natural Science Foundation of
Hubei Province grant number 2016CFB134 to HuL. The funders
had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.
ACKNOWLEDGMENTS

We are grateful to Shanghai GeneChem Co., Ltd., Wuhan Tuojie
Biotechnology Co., Ltd, and Meng Du at the Institution of
Cardiology, Union Hospital, Tongji Medical College, HUST for
technical assistance.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
648045/full#supplementary-material
April 2021 | Volume 11 | Article 648045

https://www.frontiersin.org/articles/10.3389/fonc.2021.648045/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.648045/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Nkx2.5 Conditionally Suppresses Colorectal Cancer
REFERENCES
1. Weinberg BA, Marshall JL, Salem ME. The Growing Challenge of Young

Adults With Colorectal Cancer. Oncology (2017) 31(5):381–9.
2. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global

cancer statistics, 2012. CA: Cancer J Clin (2015) 65(2):87–108. doi: 10.3322/
caac.21262

3. Siegel R, Desantis C, Jemal A. Colorectal cancer statistics, 2014. CA: Cancer J
Clin (2014) 64(2):104–17. doi: 10.3322/caac.21220

4. Vineis P, Wild CP. Global cancer patterns: causes and prevention. Lancet
(2014) 383(9916):549–57. doi: 10.1016/S0140-6736(13)62224-2

5. Bae JM, Kim JH, Kang GH. Epigenetic alterations in colorectal cancer: the
CpG island methylator phenotype. Histol Histopathol (2013) 28(5):585–95.
doi: 10.14670/HH-28.585

6. Pritchard CC, Grady WM. Colorectal cancer molecular biology moves into
clinical practice. Gut (2011) 60(1):116–29. doi: 10.1136/gut.2009.206250

7. Issa JP, Ottaviano YL, Celano P, Hamilton SR, Davidson NE, Baylin SB.
Methylation of the oestrogen receptor CpG island links ageing and neoplasia
in human colon. Nat Genet (1994) 7(4):536–40. doi: 10.1038/ng0894-536

8. Wales MM, Biel MA, el Deiry W, Nelkin BD, Issa JP, Cavenee WK, et al. p53
activates expression of HIC-1, a new candidate tumour suppressor gene on
17p13.3. Nat Med (1995) 1(6):570–7. doi: 10.1038/nm0695-570

9. Chung W, Kwabi-Addo B, Ittmann M, Jelinek J, Shen L, Yu Y, et al.
Identification of novel tumor markers in prostate, colon and breast cancer
by unbiased methylation profiling. PloS One (2008) 3(4):e2079. doi: 10.1371/
journal.pone.0002079

10. Toyota M, Ho C, Ahuja N, Jair KW, Li Q, Ohe-Toyota M, et al. Identification
of differentially methylated sequences in colorectal cancer by methylated
CpG island amplification. Cancer Res (1999) 59(10):2307–12.

11. Chen CY, Schwartz RJ. Identification of novel DNA binding targets and
regulatory domains of a murine tinman homeodomain factor, nkx-2.5. J Biol
Chem (1995) 270(26):15628–33. doi: 10.1074/jbc.270.26.15628

12. Komuro I, Izumo S. Csx: a murine homeobox-containing gene specifically
expressed in the developing heart. Proc Natl Acad Sci USA (1993) 90
(17):8145–9. doi: 10.1073/pnas.90.17.8145

13. Gioli-Pereira L, Pereira AC, Mesquita SM, Xavier-Neto J, Lopes AA, Krieger
JE. NKX2.5 mutations in patients with non-syndromic congenital heart
disease. Int J Cardiol (2010) 138(3):261–5. doi: 10.1016/j.ijcard.2008.08.035

14. Gutierrez-Roelens I, De Roy L, Ovaert C, Sluysmans T, Devriendt K, Brunner
HG, et al. A novel CSX/NKX2-5 mutation causes autosomal-dominant AV
block: are atrial fibrillation and syncopes part of the phenotype? Eur J Hum
Genet EJHG (2006) 14(12):1313–6. doi: 10.1038/sj.ejhg.5201702

15. Goldmuntz E, Geiger E, Benson DW. NKX2.5 mutations in patients with
tetralogy of fallot. Circulation (2001) 104(21):2565–8. doi: 10.1161/
hc4601.098427

16. Schott JJ, Benson DW, Basson CT, Pease W, Silberbach GM, Moak JP, et al.
Congenital heart disease caused by mutations in the transcription factor NKX2-
5. Science (1998) 281(5373):108–11. doi: 10.1126/science.281.5373.108

17. Chen PM, Wu TC, Cheng YW, Chen CY, Lee H. NKX2-1-mediated p53
expression modulates lung adenocarcinoma progression via modulating
IKKbeta/NF-kappaB activation. Oncotarget (2015) 6(16):14274–89.
doi: 10.18632/oncotarget.3695

18. Winslow MM, Dayton TL, Verhaak RG, Kim-Kiselak C, Snyder EL, Feldser
DM, et al. Suppression of lung adenocarcinoma progression by Nkx2-1.
Nature (2011) 473(7345):101–4. doi: 10.1038/nature09881

19. Chen MJ, Chen PM, Wang L, Shen CJ, Chen CY, Lee H. Cisplatin sensitivity
mediated by NKX2-1 in lung adenocarcinoma is dependent on p53
mutational status via modulating TNFSF10 expression. Am J Cancer Res
(2020) 10(4):1229–37.

20. Yang L, Lin M, Ruan WJ, Dong LL, Chen EG, Wu XH, et al. Nkx2-1: a novel
tumor biomarker of lung cancer. J Zhejiang Univ Sci B (2012) 13(11):855–66.
doi: 10.1631/jzus.B1100382

21. Lawson MH, Cummings NM, Rassl DM, Russell R, Brenton JD, Rintoul RC,
et al. Two novel determinants of etoposide resistance in small cell lung cancer.
Cancer Res (2011) 71(14):4877–87. doi: 10.1158/0008-5472.CAN-11-0080

22. Muraguchi T, Tanaka S, Yamada D, Tamase A, Nakada M, Nakamura H,
et al. NKX2.2 suppresses self-renewal of glioma-initiating cells. Cancer Res
(2011) 71(3):1135–45. doi: 10.1158/0008-5472.CAN-10-2304
Frontiers in Oncology | www.frontiersin.org 16
23. Li CM, Gocheva V, Oudin MJ, Bhutkar A, Wang SY, Date SR, et al. Foxa2
and Cdx2 cooperate with Nkx2-1 to inhibit lung adenocarcinoma metastasis.
Genes Dev (2015) 29(17):1850–62. doi: 10.1101/gad.267393.115

24. Qu L, Deng B, Zeng Y, Cao Z. Decreased expression of the Nkx2.8 gene
correlates with tumor progression and a poor prognosis in HCC cancer.
Cancer Cell Int (2014) 14:28. doi: 10.1186/1475-2867-14-28

25. Tsai LH, Chen PM, Cheng YW, Chen CY, Sheu GT, Wu TC, et al. LKB1 loss
by alteration of the NKX2-1/p53 pathway promotes tumor malignancy and
predicts poor survival and relapse in lung adenocarcinomas. Oncogene
(2014) 33(29):3851–60. doi: 10.1038/onc.2013.353

26. Deutsch L, Wrage M, Koops S, Glatzel M, Uzunoglu FG, Kutup A, et al.
Opposite roles of FOXA1 and NKX2-1 in lung cancer progression. Genes
Chromosomes Cancer (2012) 51(6):618–29. doi: 10.1002/gcc.21950

27. Penha RCC, Buexm LA, Rodrigues FR, de Castro TP, Santos MCS,
Fortunato RS, et al. NKX2.5 is expressed in papillary thyroid carcinomas
and regulates differentiation in thyroid cells. BMC Cancer (2018) 18(1):498.
doi: 10.1186/s12885-018-4399-1

28. Hwang C, Jang S, Choi DK, Kim S, Lee JH, Lee Y, et al. The role of nkx2.5 in
keratinocyte differentiation. Ann Dermatol (2009) 21(4):376–81.
doi: 10.5021/ad.2009.21.4.376

29. Shibata K, Kajiyama H, Yamamoto E, Terauchi M, Ino K, Nawa A, et al.
Establishment and characterization of an ovarian yolk sac tumor cell line
reveals possible involvement of Nkx2.5 in tumor development. Oncology
(2008) 74(1-2):104–11. doi: 10.1159/000139138

30. Nagel S, Kaufmann M, Drexler HG, MacLeod RA. The cardiac homeobox
gene NKX2-5 is deregulated by juxtaposition with BCL11B in pediatric T-
ALL cell lines via a novel t (;)(q35.1;q32.2). Cancer Res (2003) 63
(17):5329–34.

31. Wang H, Liu Y, Han S, Zi Y, Zhang Y, Kong R, et al. Nkx2-5 Regulates the
Proliferation and Migration of H9c2 Cells. Med Sci Monitor Int Med J Exp
Clin Res (2020) 26:e925388. doi: 10.12659/MSM.925388

32. Budine TE, de Sena-Tomas C, Williams MLK, Sepich DS, Targoff KL, Solnica-
Krezel L. Gon4l/Udu regulates cardiomyocyte proliferation and maintenance
of ventricular chamber identity during zebrafish development. Dev Biol (2020)
462(2):223–34. doi: 10.1016/j.ydbio.2020.03.002

33. Sun Y, Wang Q, Fang Y, Wu C, Lu G, Chen Z. Activation of the Nkx2.5-
Calr-p53 signaling pathway by hyperglycemia induces cardiac remodeling
and dysfunction in adult zebrafish. Dis Models Mech (2017) 10(10):1217–27.
doi: 10.1242/dmm.026781

34. Cambier L, Plate M, Sucov HM, Pashmforoush M. Nkx2-5 regulates cardiac
growth through modulation of Wnt signaling by R-spondin3. Development
(2014) 141(15):2959–71. doi: 10.1242/dev.103416

35. Nakashima Y, Yanez DA, Touma M, Nakano H, Jaroszewicz A, Jordan MC,
et al. Nkx2-5 suppresses the proliferation of atrial myocytes and conduction
system. Circ Res (2014) 114(7):1103–13. doi: 10.1161/CIRCRESAHA.
114.303219

36. Levine AJ, Oren M. The first 30 years of p53: growing ever more complex.
Nat Rev Cancer (2009) 9(10):749–58. doi: 10.1038/nrc2723

37. Lane DP, Benchimol S. p53: oncogene or anti-oncogene? Genes Dev (1990) 4
(1):1–8. doi: 10.1101/gad.4.1.1

38. Kastenhuber ER, Lowe SW. Putting p53 in Context. Cell (2017) 170
(6):1062–78. doi: 10.1016/j.cell.2017.08.028

39. Bieging KT, Mello SS, Attardi LD. Unravelling mechanisms of p53-mediated
tumour suppression. Nat Rev Cancer (2014) 14(5):359–70. doi: 10.1038/
nrc3711

40. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature (2000) 408
(6810):307–10. doi: 10.1038/35042675

41. Abbas T, Dutta A. p21 in cancer: intricate networks and multiple activities.
Nat Rev Cancer (2009) 9(6):400–14. doi: 10.1038/nrc2657

42. Ahn J, Lee JG, Chin C, In S, Yang A, Park HS, et al. MSK1 functions as a
transcriptional coactivator of p53 in the regulation of p21 gene expression.
Exp Mol Med (2018) 50(10):1–12. doi: 10.1038/s12276-018-0160-8

43. Galmarini CM, Voorzanger N, Falette N, Jordheim L, Cros E, Puisieux A,
et al. Influence of p53 and p21(WAF1) expression on sensitivity of cancer
cells to cladribine. Biochem Pharmacol (2003) 65(1):121–9. doi: 10.1016/
s0006-2952(02)01448-x

44. Dulic V, Kaufmann WK, Wilson SJ, Tlsty TD, Lees E, Harper JW, et al. p53-
dependent inhibition of cyclin-dependent kinase activities in human
April 2021 | Volume 11 | Article 648045

https://doi.org/10.3322/caac.21262
https://doi.org/10.3322/caac.21262
https://doi.org/10.3322/caac.21220
https://doi.org/10.1016/S0140-6736(13)62224-2
https://doi.org/10.14670/HH-28.585
https://doi.org/10.1136/gut.2009.206250
https://doi.org/10.1038/ng0894-536
https://doi.org/10.1038/nm0695-570
https://doi.org/10.1371/journal.pone.0002079
https://doi.org/10.1371/journal.pone.0002079
https://doi.org/10.1074/jbc.270.26.15628
https://doi.org/10.1073/pnas.90.17.8145
https://doi.org/10.1016/j.ijcard.2008.08.035
https://doi.org/10.1038/sj.ejhg.5201702
https://doi.org/10.1161/hc4601.098427
https://doi.org/10.1161/hc4601.098427
https://doi.org/10.1126/science.281.5373.108
https://doi.org/10.18632/oncotarget.3695
https://doi.org/10.1038/nature09881
https://doi.org/10.1631/jzus.B1100382
https://doi.org/10.1158/0008-5472.CAN-11-0080
https://doi.org/10.1158/0008-5472.CAN-10-2304
https://doi.org/10.1101/gad.267393.115
https://doi.org/10.1186/1475-2867-14-28
https://doi.org/10.1038/onc.2013.353
https://doi.org/10.1002/gcc.21950
https://doi.org/10.1186/s12885-018-4399-1
https://doi.org/10.5021/ad.2009.21.4.376
https://doi.org/10.1159/000139138
https://doi.org/10.12659/MSM.925388
https://doi.org/10.1016/j.ydbio.2020.03.002
https://doi.org/10.1242/dmm.026781
https://doi.org/10.1242/dev.103416
https://doi.org/10.1161/CIRCRESAHA.114.303219
https://doi.org/10.1161/CIRCRESAHA.114.303219
https://doi.org/10.1038/nrc2723
https://doi.org/10.1101/gad.4.1.1
https://doi.org/10.1016/j.cell.2017.08.028
https://doi.org/10.1038/nrc3711
https://doi.org/10.1038/nrc3711
https://doi.org/10.1038/35042675
https://doi.org/10.1038/nrc2657
https://doi.org/10.1038/s12276-018-0160-8
https://doi.org/10.1016/s0006-2952(02)01448-x
https://doi.org/10.1016/s0006-2952(02)01448-x
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Nkx2.5 Conditionally Suppresses Colorectal Cancer
fibroblasts during radiation-induced G1 arrest. Cell (1994) 76(6):1013–23.
doi: 10.1016/0092-8674(94)90379-4

45. Endo A, Tomizawa D, Aoki Y, Morio T, Mizutani S, Takagi M. EWSR1/
ELF5 induces acute myeloid leukemia by inhibiting p53/p21 pathway.
Cancer Sci (2016) 107(12):1745–54. doi: 10.1111/cas.13080

46. Zhang Y, Zhang YJ, Zhao HY, Zhai QL, Zhang Y, Shen YF. The impact of
R213 mutation on p53-mediated p21 activity. Biochimie (2014) 99:215–8.
doi: 10.1016/j.biochi.2013.12.017

47. Ishikawa K, Ishii H, Murakumo Y, Mimori K, Kobayashi M, Yamamoto K,
et al. Rad9 modulates the P21WAF1 pathway by direct association with p53.
BMC Mol Biol (2007) 8:37. doi: 10.1186/1471-2199-8-37

48. Kojic S, Nestorovic A, Rakicevic L, Protic O, Jasnic-Savovic J, Faulkner G,
et al. Cardiac transcription factor Nkx2.5 interacts with p53 and modulates
its activity. Arch Biochem Biophys (2015) 569:45–53. doi: 10.1016/
j.abb.2015.02.001

49. Washington MK, Berlin J, Branton P, Burgart LJ, Carter DK, Fitzgibbons PL,
et al. Protocol for the examination of specimens from patients with primary
carcinoma of the colon and rectum. Arch Pathol Lab Med (2009) 133
(10):1539–51. doi: 10.1043/1543-2165-133.10.1539

50. Li H, Guo J, Liu H, Niu Y, Wang L, Huang K, et al. Renalase as a Novel
Biomarker for Evaluating the Severity of Hepatic Ischemia-Reperfusion
Injury. Oxid Med Cell Longevity (2016) 2016:3178562. doi: 10.1155/2016/
3178562

51. Li H, Huang K, Liu X, Liu J, Lu X, Tao K, et al. Lithium chloride suppresses
colorectal cancer cell survival and proliferation through ROS/GSK-3beta/
NF-kappaB signaling pathway.Oxid Med Cell Longevity (2014) 2014:241864.
doi: 10.1155/2014/241864

52. Salic A, Mitchison TJ. A chemical method for fast and sensitive detection of
DNA synthesis in vivo. Proc Natl Acad Sci USA (2008) 105(7):2415–20.
doi: 10.1073/pnas.0712168105

53. Guo W, Wang H, Yang Y, Guo S, Zhang W, Liu Y, et al. Down-regulated
miR-23a Contributes to the Metastasis of Cutaneous Melanoma by
Promoting Autophagy. Theranostics (2017) 7(8):2231–49. doi: 10.7150/
thno.18835

54. Barro M, Patton JT. Rotavirus nonstructural protein 1 subverts innate
immune response by inducing degradation of IFN regulatory factor 3.
Proc Natl Acad Sci USA (2005) 102(11):4114–9. doi: 10.1073/
pnas.0408376102

55. Liu J, Zhang C, Wang XL, Ly P, Belyi V, Xu-Monette ZY, et al. E3 ubiquitin
ligase TRIM32 negatively regulates tumor suppressor p53 to promote
tumorigenesis. Cell Death Different (2014) 21(11):1792–804. doi: 10.1038/
cdd.2014.121

56. Hu W, Feng Z, Teresky AK, Levine AJ. p53 regulates maternal reproduction
through LIF. Nature (2007) 450(7170):721–4. doi: 10.1038/nature05993

57. Trainer DL, Kline T, McCabe FL, Faucette LF, Feild J, Chaikin M, et al.
Biological characterization and oncogene expression in human colorectal
carcinoma cell lines. Int J Cancer (1988) 41(2):287–96. doi: 10.1002/
ijc.2910410221

58. Chen TR, Hay RJ, Macy ML. Karyotype consistency in human colorectal
carcinoma cell lines established in vitro. Cancer Genet Cytogen (1982) 6
(2):93–117. doi: 10.1016/0165-4608(82)90076-0

59. Leibovitz A, Stinson JC, McCombs WB, CE M, KC M, Mabry ND.
Classification of human colorectal adenocarcinoma cell lines. Cancer Res
(1976) 36(12):4562–9.

60. Li H, Huang K, Gao L, Wang L, Niu Y, Liu H, et al. TES inhibits colorectal
cancer progression through activation of p38. Oncotarget (2016) 7
(29):45819–36. doi: 10.18632/oncotarget.9961

61. Jin S, Yang X, Li J, Yang W, Ma H, Zhang Z. p53-targeted lincRNA-p21 acts
as a tumor suppressor by inhibiting JAK2/STAT3 signaling pathways in
head and neck squamous cell carcinoma. Mol Cancer (2019) 18(1):38.
doi: 10.1186/s12943-019-0993-3

62. Lowe SW, Bodis S, McClatchey A, Remington L, Ruley HE, Fisher DE, et al.
p53 status and the efficacy of cancer therapy in vivo. Science (1994) 266
(5186):807–10. doi: 10.1126/science.7973635

63. Miyashita T, Krajewski S, Krajewska M, Wang HG, Lin HK, Liebermann
DA, et al. Tumor suppressor p53 is a regulator of bcl-2 and bax gene
expression in vitro and in vivo. Oncogene (1994) 9(6):1799–805.
Frontiers in Oncology | www.frontiersin.org 17
64. Bunz F, Dutriaux A, Lengauer C, Waldman T, Zhou S, Brown JP, et al.
Requirement for p53 and p21 to sustain G2 arrest after DNA damage.
Science (1998) 282(5393):1497–501. doi: 10.1126/science.282.5393.1497

65. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent JM, et al.
WAF1, a potential mediator of p53 tumor suppression. Cell (1993) 75
(4):817–25. doi: 10.1016/0092-8674(93)90500-p

66. Scheffner M, Munger K, Byrne JC, Howley PM. The state of the p53 and
retinoblastoma genes in human cervical carcinoma cell lines. Proc Natl Acad
Sci USA (1991) 88(13):5523–7. doi: 10.1073/pnas.88.13.5523

67. Rodrigues NR, Rowan A, Smith ME, Kerr IB, Bodmer WF, Gannon JV, et al.
p53 mutations in colorectal cancer. Proc Natl Acad Sci USA (1990) 87
(19):7555–9. doi: 10.1073/pnas.87.19.7555

68. Soussi T, Wiman KG. TP53: an oncogene in disguise. Cell Death Different
(2015) 22(8):1239–49. doi: 10.1038/cdd.2015.53

69. Freed-Pastor WA, Prives C. Mutant p53: one name, many proteins. Genes
Dev (2012) 26(12):1268–86. doi: 10.1101/gad.190678.112

70. Lyons I, Parsons LM, Hartley L, Li R, Andrews JE, Robb L, et al. Myogenic
and morphogenetic defects in the heart tubes of murine embryos lacking the
homeo box gene Nkx2-5. Genes Dev (1995) 9(13):1654–66. doi: 10.1101/
gad.9.13.1654

71. Lints TJ, Parsons LM, Hartley L, Lyons I, Harvey RP. Nkx-2.5: a novel
murine homeobox gene expressed in early heart progenitor cells and their
myogenic descendants. Development (1993) 119(3):969.

72. Nakano H, Liu X, Arshi A, Nakashima Y, van Handel B, Sasidharan R, et al.
Haemogenic endocardium contributes to transient definitive
haematopoiesis. Nat Commun (2013) 4:1564. doi: 10.1038/ncomms2569

73. Wu SM, Fujiwara Y, Cibulsky SM, Clapham DE, Lien CL, Schultheiss TM,
et al. Developmental origin of a bipotential myocardial and smooth muscle
cell precursor in the mammalian heart. Cell (2006) 127(6):1137–50.
doi: 10.1016/j.cell.2006.10.028

74. Tanaka M, Chen Z, Bartunkova S, Yamasaki N, Izumo S. The cardiac
homeobox gene Csx/Nkx2.5 lies genetically upstream of multiple genes
essential for heart development. Development (1999) 126(6):1269–80.

75. Attardi LD, Jacks T. The role of p53 in tumour suppression: lessons from
mouse models. Cell Mol Life Sci CMLS (1999) 55(1):48–63. doi: 10.1007/
s000180050269

76. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CAJr,
Butel JS, et al. Mice deficient for p53 are developmentally normal but
susceptible to spontaneous tumours. Nature (1992) 356(6366):215–21.
doi: 10.1038/356215a0

77. Rotter V. p53, a transformation-related cellular-encoded protein, can be
used as a biochemical marker for the detection of primary mouse tumor
cells. Proc Natl Acad Sci USA (1983) 80(9):2613–7. doi: 10.1073/
pnas.80.9.2613

78. DeLeo AB, Jay G, Appella E, Dubois GC, Law LW, Old LJ. Detection of a
transformation-related antigen in chemically induced sarcomas and other
transformed cells of the mouse. Proc Natl Acad Sci USA (1979) 76(5):2420–4.
doi: 10.1073/pnas.76.5.2420

79. Eliyahu D, Michalovitz D, Eliyahu S, Pinhasi-Kimhi O, Oren M. Wild-type
p53 can inhibit oncogene-mediated focus formation. Proc Natl Acad Sci USA
(1989) 86(22):8763–7. doi: 10.1073/pnas.86.22.8763

80. Finlay CA, Hinds PW, Levine AJ. The p53 proto-oncogene can act as a
suppressor of transformation. Cell (1989) 57(7):1083–93. doi: 10.1016/0092-
8674(89)90045-7

81. Baker SJ, Fearon ER, Nigro JM, Hamilton SR, Preisinger AC, Jessup JM, et al.
Chromosome 17 deletions and p53 gene mutations in colorectal carcinomas.
Science (1989) 244(4901):217–21. doi: 10.1126/science.2649981

82. Hainaut P, Hollstein M. p53 and human cancer: the first ten thousand
mutations. Adv Cancer Res (2000) 77:81–137. doi: 10.1016/s0065-230x(08)
60785-x

83. Gillis LD, Leidal AM, Hill R, Lee PW. p21Cip1/WAF1 mediates cyclin B1
degradation in response to DNA damage. Cell Cycle (2009) 8(2):253–6.
doi: 10.4161/cc.8.2.7550

84. Smits VA, Klompmaker R, Vallenius T, Rijksen G, Makela TP, Medema RH.
p21 inhibits Thr161 phosphorylation of Cdc2 to enforce the G2 DNA
damage checkpoint. J Biol Chem (2000) 275(39):30638–43. doi: 10.1074/
jbc.M005437200
April 2021 | Volume 11 | Article 648045

https://doi.org/10.1016/0092-8674(94)90379-4
https://doi.org/10.1111/cas.13080
https://doi.org/10.1016/j.biochi.2013.12.017
https://doi.org/10.1186/1471-2199-8-37
https://doi.org/10.1016/j.abb.2015.02.001
https://doi.org/10.1016/j.abb.2015.02.001
https://doi.org/10.1043/1543-2165-133.10.1539
https://doi.org/10.1155/2016/3178562
https://doi.org/10.1155/2016/3178562
https://doi.org/10.1155/2014/241864
https://doi.org/10.1073/pnas.0712168105
https://doi.org/10.7150/thno.18835
https://doi.org/10.7150/thno.18835
https://doi.org/10.1073/pnas.0408376102
https://doi.org/10.1073/pnas.0408376102
https://doi.org/10.1038/cdd.2014.121
https://doi.org/10.1038/cdd.2014.121
https://doi.org/10.1038/nature05993
https://doi.org/10.1002/ijc.2910410221
https://doi.org/10.1002/ijc.2910410221
https://doi.org/10.1016/0165-4608(82)90076-0
https://doi.org/10.18632/oncotarget.9961
https://doi.org/10.1186/s12943-019-0993-3
https://doi.org/10.1126/science.7973635
https://doi.org/10.1126/science.282.5393.1497
https://doi.org/10.1016/0092-8674(93)90500-p
https://doi.org/10.1073/pnas.88.13.5523
https://doi.org/10.1073/pnas.87.19.7555
https://doi.org/10.1038/cdd.2015.53
https://doi.org/10.1101/gad.190678.112
https://doi.org/10.1101/gad.9.13.1654
https://doi.org/10.1101/gad.9.13.1654
https://doi.org/10.1038/ncomms2569
https://doi.org/10.1016/j.cell.2006.10.028
https://doi.org/10.1007/s000180050269
https://doi.org/10.1007/s000180050269
https://doi.org/10.1038/356215a0
https://doi.org/10.1073/pnas.80.9.2613
https://doi.org/10.1073/pnas.80.9.2613
https://doi.org/10.1073/pnas.76.5.2420
https://doi.org/10.1073/pnas.86.22.8763
https://doi.org/10.1016/0092-8674(89)90045-7
https://doi.org/10.1016/0092-8674(89)90045-7
https://doi.org/10.1126/science.2649981
https://doi.org/10.1016/s0065-230x(08)60785-x
https://doi.org/10.1016/s0065-230x(08)60785-x
https://doi.org/10.4161/cc.8.2.7550
https://doi.org/10.1074/jbc.M005437200
https://doi.org/10.1074/jbc.M005437200
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Nkx2.5 Conditionally Suppresses Colorectal Cancer
85. Niculescu AB,3, Chen X, Smeets M, Hengst L, Prives C, Reed SI. Effects of p21
(Cip1/Waf1) at both theG1/S and theG2/Mcell cycle transitions: pRb is a critical
determinant in blocking DNA replication and in preventing endoreduplication.
Mol Cell Biol (1998) 18(1):629–43. doi: 10.1128/mcb.18.1.629

86. Ewen ME, Sluss HK, Sherr CJ, Matsushime H, Kato J, Livingston DM.
Functional interactions of the retinoblastoma protein with mammalian D-
type cyclins. Cell (1993) 73(3):487–97. doi: 10.1016/0092-8674(93)90136-e

87. Lee J, Kim JA, Barbier V, Fotedar A, Fotedar R. DNA damage triggers
p21WAF1-dependent Emi1 down-regulation that maintains G2 arrest. Mol
Biol Cell (2009) 20(7):1891–902. doi: 10.1091/mbc.E08-08-0818

88. Charrier-Savournin FB, Chateau MT, Gire V, Sedivy J, Piette J, Dulic V. p21-
Mediated nuclear retention of cyclin B1-Cdk1 in response to genotoxic
stress. Mol Biol Cell (2004) 15(9):3965–76. doi: 10.1091/mbc.e03-12-0871

89. Brugarolas J, Moberg K, Boyd SD, Taya Y, Jacks T, Lees JA. Inhibition of
cyclin-dependent kinase 2 by p21 is necessary for retinoblastoma protein-
mediated G1 arrest after gamma-irradiation. Proc Natl Acad Sci USA (1999)
96(3):1002–7. doi: 10.1073/pnas.96.3.1002

90. Harper JW, Adami GR, Wei N, Keyomarsi K, Elledge SJ. The p21 Cdk-
interacting protein Cip1 is a potent inhibitor of G1 cyclin-dependent
kinases. Cell (1993) 75(4):805–16. doi: 10.1016/0092-8674(93)90499-g

91. Sivaraman L, Conneely OM, Medina D, O’Malley BW. p53 is a potential
mediator of pregnancy and hormone-induced resistance to mammary
carcinogenesis. Proc Natl Acad Sci USA (2001) 98(22):12379–84.
doi: 10.1073/pnas.221459098

92. Zhang W, Geiman DE, Shields JM, Dang DT, Mahatan CS, Kaestner KH,
et al. The gut-enriched Kruppel-like factor (Kruppel-like factor 4) mediates
the transactivating effect of p53 on the p21WAF1/Cip1 promoter. J Biol
Chem (2000) 275(24):18391–8. doi: 10.1074/jbc.C000062200

93. Liu B, Cong R, Peng B, Zhu B, Dou G, Ai H, et al. CtIP is required for DNA
damage-dependent induction of P21. Cell Cycle (2014) 13(1):90–5.
doi: 10.4161/cc.26810

94. Hartwell LH, Kastan MB. Cell cycle control and cancer. Science (1994) 266
(5192):1821–8. doi: 10.1126/science.7997877

95. Elbendary AA, Cirisano FD, Evans ACJr, Davis PL, Iglehart JD, Marks JR,
et al. Relationship between p21 expression and mutation of the p53 tumor
Frontiers in Oncology | www.frontiersin.org 18
suppressor gene in normal and malignant ovarian epithelial cells. Clin
Cancer Res (1996) 2(9):1571–5.

96. Rose SL, Goodheart MJ, DeYoung BR, Smith BJ, Buller RE. p21 expression
predicts outcome in p53-null ovarian carcinoma. Clin Cancer Res (2003) 9
(3):1028–32.

97. Rochette PJ, Bastien N, Lavoie J, Guerin SL, Drouin R. SW480, a p53 double-
mutant cell line retains proficiency for some p53 functions. J Mol Biol (2005)
352(1):44–57. doi: 10.1016/j.jmb.2005.06.033

98. Farmer G, Bargonetti J, Zhu H, Friedman P, Prywes R, Prives C. Wild-type
p53 activates transcription in vitro. Nature (1992) 358(6381):83–6.
doi: 10.1038/358083a0

99. Funk WD, Pak DT, Karas RH, Wright WE, Shay JW. A transcriptionally
active DNA-binding site for human p53 protein complexes. Mol Cell Biol
(1992) 12(6):2866–71. doi: 10.1128/mcb.12.6.2866

100. el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, Vogelstein B. Definition of
a consensus binding site for p53. Nat Genet (1992) 1(1):45–9. doi: 10.1038/
ng0492-45

101. Kern SE, Kinzler KW, Bruskin A, Jarosz D, Friedman P, Prives C, et al.
Identification of p53 as a sequence-specific DNA-binding protein. Science
(1991) 252(5013):1708–11. doi: 10.1126/science.2047879

102. Amendt BA, Sutherland LB, Russo AF. Transcriptional antagonism between
Hmx1 and Nkx2.5 for a shared DNA-binding site. J Biol Chem (1999) 274
(17):11635–42. doi: 10.1074/jbc.274.17.11635

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.

Copyright © 2021 Li, Wang, Huang, Zhang, Gao, Yang, Yi, Niu, Liu, Wang, Wang,
Tao, Wang and Cai. 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.
April 2021 | Volume 11 | Article 648045

https://doi.org/10.1128/mcb.18.1.629
https://doi.org/10.1016/0092-8674(93)90136-e
https://doi.org/10.1091/mbc.E08-08-0818
https://doi.org/10.1091/mbc.e03-12-0871
https://doi.org/10.1073/pnas.96.3.1002
https://doi.org/10.1016/0092-8674(93)90499-g
https://doi.org/10.1073/pnas.221459098
https://doi.org/10.1074/jbc.C000062200
https://doi.org/10.4161/cc.26810
https://doi.org/10.1126/science.7997877
https://doi.org/10.1016/j.jmb.2005.06.033
https://doi.org/10.1038/358083a0
https://doi.org/10.1128/mcb.12.6.2866
https://doi.org/10.1038/ng0492-45
https://doi.org/10.1038/ng0492-45
https://doi.org/10.1126/science.2047879
https://doi.org/10.1074/jbc.274.17.11635
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Nkx2.5 Functions as a Conditional Tumor Suppressor Gene in Colorectal Cancer Cells via Acting as a Transcriptional Coactivator in p53-Mediated p21 Expression
	Introduction
	Materials and Methods
	Ethics Statement
	Data Collection
	Patients’ Samples
	Cell Lines
	Construction of Plasmids
	Generation of Infectious Virus
	RNA Extraction and RT-qPCR
	Western Blot Assay
	Colony Formation and Cell Proliferation Assays
	Cell Migration Assay
	Cell Apoptosis Assay
	Xenograft Mouse Model
	Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Assay
	Immunohistochemistry (IHC)
	TP53 Gene Sequencing and Mutation Analysis
	Co-immunoprecipitation (Co-IP) Assay
	Luciferase Reporter Assay
	Statistical Analysis

	Results
	Nkx2.5 Is Highly Expressed in CRC Samples
	High Expression of Nkx2.5 Is Correlated With a Poor Differentiation of CRC Cells
	Nkx2.5 Suppresses Proliferation, Promote Apoptosis, While It Does Not Affect Migration of HCT116 Cells In Vitro
	Nkx2.5 Suppresses Formation and Growth of Tumor Cells and Promotes Apoptosis of CRC Cells In Vivo
	Nkx2.5 Overexpression Does Not Affect Proliferation, Apoptosis, and Migration of SW480 Cells In Vitro
	Protein Levels of p53 and p21 Are Varied in Different CRC Cell Lines
	Levels of Nkx2.5 and p21WAF1/CIP1 Are Correlated to the Mutational Status and Protein Level of p53
	Nkx2.5 Can Interact With p53 and Increase Its Transcriptional Activity

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding 
	Acknowledgments
	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 true
  /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 true
  /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 true
  /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


