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Abstract

Neurogenic differentiation factor 1 (NeuroD1) is a transcription factor critical for
promoting neuronal differentiation and maturation. NeuroD1 is involved in neuro-
blastoma and medulloblastoma; however, its molecular mechanism in promoting
tumorigenesis remains unclear. Furthermore, the role of NeuroD1 in non-neural ma-
lignancies has not been widely characterized. Here, we found that NeuroD1 is highly
expressed in colorectal cancer. NeuroD1-silencing induces the expression of p21, a
master regulator of the cell cycle, leading to G,-M phase arrest and suppression of
colorectal cancer cell proliferation as well as colony formation potential. Moreover,
NeuroD1-mediated regulation of p21 expression occurs in a p53-dependent man-
ner. Through chromatin immunoprecipitation and point mutation analysis in the pre-
dicted NeuroD1 binding site of the p53 promoter, we found that NeuroD1 directly
binds to the p53 promoter and suppresses its transcription, resulting in increased
p53 expression in NeuroD1-silenced colorectal cancer cells. Finally, xenograft experi-
ments demonstrated that NeuroD1-silencing suppresses colorectal cancer cell tumo-
rigenesis potential by modulating p53 expression. These findings reveal NeuroD1
as a novel regulator of the p53/p21 axis, underscoring its importance in promoting
non-neural malignancies. Furthermore, this study provides insight into the transcrip-

tional regulation of p53.
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1 | INTRODUCTION

Colorectal cancer (CRC) shows the third highest incidence among all
cancers worldwide.! In 2018, there were 1 096 601 new cases and
551 269 deaths from CRC, accounting for 6.1% of cancer incidence
and 5.8% of total cancer-related mortality.1 While the 5-year survival
rate of patients with early CRC is approximately 90%, this value is less
than 10% in patients with metastases.? Despite its high incidence and
mortality rates, the molecular mechanism of CRC is unclear.

p21 is a negative regulator of the cell cycle and mediates vari-
ous physiological activities such as cell growth, differentiation, DNA
repair, and a\ging,3'4 and was identified as a cyclin-dependent kinase
inhibitor.>® It regulates cell cycle progression by affecting multiple
cyclins and cyclin-dependent kinases, whose activities fine-tune each
stage of cell cycle progression.>” p21 is a downstream target of the
tumor suppressor p53, as p53 binds to the p21 promoter and activates
its transcription. Previous studies revealed that aberrant p21 regula-
tion leads to various diseases, including tumors, Alzheimer’s disease,
Huntington’s disease, lupus autoimmunity and Lynch syndrome.” ! In
several tumors, including melanoma,'? breast cancer,*® gastric can-
cer,** colorectal cancer* and lung adenocarcinoma,’® p21 is downreg-
ulated. Unlike p53, whose mutations are detected in approximately
50% of patients with tumors, p21 is rarely mutated in human tumors,®
suggesting that abnormalities in p21 expression regulation may be
responsible for its aberrant expression in tumors. Despite its critical
role in tumorigenesis, p21 regulation has not been fully elucidated. In
an effort to unravel the regulatory mechanism of the p53/p21 axis,
we previously screened an shRNA vector library, and identified neu-
rogenic differentiation factor 1 (NeuroD1, also known as ND1) as a
potential negative regulator of p21 transcriptional activity.4

Previous studies showed that NeuroD1, a neurogenic basic
helix-loop-helix transcription factor, can promote the transforma-
tion of human fibroblasts into induced neuronal cells.*® NeuroD1
binds to neuronal genes that are silenced during development, caus-
ing them to regain their transcriptional competence and eventually
reprogramming other cell types into neurons. In mice, NeuroD1
negatively regulates atonal bHLH transcription factor 1 (Atoh1), in-
creasing the transformation of proliferative precursors to differenti-
ating neurons.’® NeuroD1 is also involved in neuronal malignancies.
Previous studies have shown that NeuroD1 is highly expressed in
neural malignancies, such as neuroblastoma and medulloblastoma,
and its silencing suppresses neuroblastoma cell proliferation by
regulating the expression of anaplastic lymphoma kinase (ALK) and
slit guidance ligand 2 (Slit2).2?! NeuroD1 could also function si-
multaneously with orthodenticle homeobox 2 (OTX2) as regulatory
elements and regulate medulloblastoma-related genes.' It also pro-
motes tumor cell survival and metastasis in neuroendocrine lung car-
cinoma.??% Recent studies revealed that NeuroD1 is also involved
in non-neural malignancy, as its silencing suppresses the migration
and invasion of pancreatic cancer cells.?* However, the roles of
NeuroD1 in regulating the tumorigenesis of non-neural cancer are
not well-understood. Furthermore, its molecular mechanism in reg-

ulating the tumor cell cycle and proliferation has not been reported.

Here, we found that in CRC cells, NeuroD1 directly binds to the
p53 promoter, leading to the suppression of its transcription activity,
which, in turn, suppresses the p53 downstream target p21. NeuroD1-
silencing leads to increased p21 expression and increased cyclin B and
cyclin-dependent kinase 1 (CDK1) in CRC cells, resulting in a G,-M
arrest. We showed that the NeuroD1/p53 axis regulates CRC cell pro-
liferation and tumorigenesis potential. These findings reveal not only
the role of NeuroD1 as a novel regulator of p53 but also the important
role of NeuroD1 in promoting CRC by regulating the p53/p21 axis.

2 | MATERIALS AND METHODS
2.1 | Plasmids and constructs

According to the algorithm and method previously reported,?>2% we
designed and constructed two shRNA expression vectors with dif-
ferent target sites specifically targeting NeuroD1 (shNeuroD1-1 [5'-
GCA CAA GCT TGT ATA TAC A-3'] and shNeuroD1-2 [5'-GCT GCA
AAG TGC AAA TAC-3']), as well as shRNA expression vector target-
ing p21: 5'-GAT GGA ACT TCG ACT TTG T-3". An shRNA expression
vector containing a stretch of 7 thymines terminator sequences ex-
actly downstream of the U6 promoter, namely shCon, was used as a
control. An shRNA expression vector targeting p53 was constructed
as described previously.27

Reporter vector bringing p21 promoter (p21-luc), p21 pro-

1%l_Luc) and p53 promoter

moter lacking the p53 binding site (p2
(p53-luc) were constructed as described previously.* For reporter
vector bringing p53 promoter lacking predicted NeuroD1 binding
site (p53%-luc), the -833 to +17 of the p53 promoter region was
cloned into the BamH | and Not | sites of the pGL4.13 (Promega).
For reporter vector bringing ALK promoter with NeuroD1 binding
site (ALK-luc), the =670 to +134 of the ALK promoter region was
cloned into the EcoR V and Hind lll sites of the pGL4.13. Human
genome DNA extracted from HCT116"T cells using the TIANamp
Genomic DNA Kit (Tiangen Biotech) was used as template for am-
plifying the promoter regions. p53-luciferase vector with mutated
predicted NeuroD1 binding site (p53™"!-Luc) was constructed based
on the site-specific mutagenesis method using a Site-directed Gene

Mutagenesis Kit (Beyotime).

2.2 | Celllines and cell culture

HCT116WT and HCT116P>*™!" cell lines were provided by Dr Bert
Vogelstein at The John Hopkins University Medical School?® and grown
in McCoy's 5A medium (Biological Industries) with 10% FBS (Biological
Industries) and 1% penicillin-streptomycin. Mycoplasma contamination
was routinely tested using the Mycoplasma Detection Kit-QuickTest
(Biotool). All cells were cultured in a humidified atmosphere of 5%
CO, at 37°C. Transfection was performed using Lipofectamine 2000
(Invitrogen Life Technologies) according to the manufacturer’s proto-

col. For gene-silencing experiments, to eliminate untransfected cells,
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24 hours after transfection, transfected cells were selected by using
puromycin (final concentration: 1.2 pug/mL) for 36 hours.

For overexpression experiments, cells were transfected with 2 pg
of indicated overexpression vector. Twenty-four hours later, mRNA

and protein samples were collected and subjected for further analysis.
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For double-silencing experiments, cells were transfected with
1 pg of indicated shRNA expression vector. Cells were subjected
to puromycin selection to eliminate untransfected cells. mRNA
and protein were collected 36 hours after puromycin selection.
For NeuroD1-silenced HCT116 cells, NeuroD1, p53-double silenced

(A)
- 80
—@—shCon
= ~- shND1-1
S 6- —h— shND1-2 60 -
= £
X - g
3 4- 240 -
2 : g
E shND1-1{. * . ° <
E *k ) U . %
D 24 20
Q
0 T T T T 0 -
0 24 48 72 shCon shND1-1 shND1-2
Time (h)
()
shCon shND1-2
Go-G4 Go-G4
_ 41.96% 32.59%
600 — ] ; 400 — .
] 400 - I Dip G, 1 I Dip G,
500 ] o Dipts ]
: 5 s = g _ 300
5 400 2 Gy-M 2 1
2 b £ 32.84% = ]
£ 3 = = i
Z 300 = = 200
o] 1 3 S
O 200 — .
] 100 -
100 — ]
0 - 04
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 60 80 100 120
(D) shCon shND1-1shND1-2 (E) peCon  pcND1

NeuroD1

NeuroD1 - —

FIGURE 1 Neurogenic differentiation factor 1 (NeuroD1) regulates colon carcinoma cells proliferation and colony formation potential.
A, Cell number of NeuroD1-silenced HCT116 cells at indicated time points. B, Colony formation potential of NeuroD1-silenced HCT116

cells. The representative images (left) and quantification results (right) are shown. C, The percentage of NeuroD1-silenced HCT116 cells at
each cell cycle stage, as examined using Pl staining and flow-cytometry. The representative images are shown. D and E, Protein expression
levels of cyclin B and cyclin-dependent kinase 1 in NeuroD1-silenced (D) and NeuroD1-overexpressed (E) HCT116 cells, as determined

using western blotting. f-Actin was used as western blotting loading control. Cells transfected with shCon or pcCon were used as controls.
Quantitative data were expressed as mean + SD from three independent experiments. shND1, shRNA expression vector targeting NeuroD1;
pcCon, pcDNA3.1(+); pcND1, NeuroD1 overexpression vector. **P < 0.01
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FIGURE 2 Neurogenic differentiation factor 1 (NeuroD1) regulates the expression level of cell cycle regulator p21. A, Relative luciferase
activity of p21-promoter reporter vector (p21-luc) in NeuroD1-silenced HCT116 cells. B and C, p21 mRNA expression level in NeuroD1-
silenced and NeuroD1-overexpressed HCT116 cells, respectively, as examined using quantitative RT-PCR (qPCR). D and E, p21 protein
expression level in NeuroD1-silenced and NeuroD1-overexpressed HCT116 cells, respectively, as determined using western blotting. F, Cell
number of NeuroD1, p21-double silenced HCT116 cells at indicated time points. p-Actin was used for gPCR normalization and as western
blotting loading control. Cells transfected with shCon or pcCon were used as controls. Quantitative data were expressed as mean = SD from
three independent experiments. shND1, shRNA expression vector targeting NeuroD1; pcCon, pcDNA3.1(+); pcND1, NeuroD1 overexpression

vector; *P < 0.05; **P < 0.01

HCT116 cells or control stable cell lines, cells were transfected

with the indicated vectors (total 2 ug) and selected with puromycin.

2.3 | Clinical human colorectal cancer specimens

Human colorectal cancer specimens were obtained from colorec-
tal carcinoma patients undergoing surgery at Chongging University
Cancer Hospital (Chongging, China), and stored in the Biological
Specimen Bank of Chongging University Cancer Hospital. Patients
did not receive chemotherapy, radiotherapy or other adjuvant ther-
apies prior to the surgery. The specimens were snap-frozen in liquid
nitrogen. Written informed consent was obtained from prior pa-
tients. The experiments were approved by the Institutional Research
Ethics Committee of Chongging University Cancer Hospital and

conducted in accordance with the Declaration of Helsinki.

2.4 | Quantitative RT-PCR and western blotting

Quantitative RT-PCR (gPCR) and western blotting were performed

with methods described in the Supporting Information Material and

Methods. The primers and antibodies used are listed in Tables S1 and
S2, respectively.

2.5 | Statistical analysis

All values of the experimental results are presented as mean + SD
of triplicates. Statistical analysis was performed using Student’s t
test, except for clinical samples, which were analyzed by one-way
ANOVA conducted using SPSS Statistics 17.0. A value of P < 0.05
was considered statistically significant; while P < 0.01 was consid-
ered highly significant.

3 | RESULTS
3.1 | Neurogenic differentiation factor 1 regulates
cell cycle progression and tumor cell proliferation of

colorectal cancer cells by suppressing p21 expression

To examine the effect of NeuroD1 expression modulation on the

tumorigenesis potential of solid tumor cells, particularly colon
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FIGURE 3 p53isnecessary for Neurogenic differentiation factor 1 (NeuroD1) regulation on p21 expression level. A, Relative luciferase
activity of p21-promoter reporter vector (p21-luc) in NeuroD1-silenced HCT116°™" cells. B and C, p21 mRNA (B) and protein (C) expression

level in NeuroD1-silenced HCT116P>3™! cells as examined using quantitative RT-PCR (gPCR) and western blotting, respectively. D and E,
p53 mRNA (D) and protein (E) expression level in NeuroD1-silenced wild type HCT116 cells as examined using gPCR and western blotting,
respectively. F and G, p53 mRNA (F) and protein (G) expression level in NeuroD1-overexpressed wild type HCT116 cells as examined

using qPCR and western blotting, respectively. H, NeuroD1 and p53 protein expression levels in NeuroD1-silenced wild type HCT116

cells treated with actinomycin D or cycloheximide, as determined using western blotting. Cells treated with DMSO were used as control.
Relative luciferase activity was measured using dual luciferase assay, and the activity of firefly luciferase was normalized with that of Renilla
luciferase as inner control. p-Actin was used for gPCR normalization and as western blotting loading control. Cells transfected with shCon
or pcCon were used as controls. Quantitative data were expressed as mean = SD from three independent experiments. shND1, shRNA
expression vector targeting NeuroD1; pcCon, pcDNA3.1(+); pcND1, NeuroD1 overexpression vector; **P < 0.01; NS, not significant

carcinoma cells, we first constructed two shNeuroD1 expression
vectors with different target sites to ensure the specificity, and con-
firmed their silencing effect (Figure S1A). The functional silencing of
shNeuroD1 was further verified by confirming its effect on the ac-
tivity of a firefly luciferase vector containing the promoter sequence
of ALK, a previously known target of NeuroD1 (Figure S1B). We next
examined the effect of NeuroD1 silencing on the total cell numbers.
Knocking down NeuroD1 significantly suppressed the increase in
total cell numbers (Figure 1A) and the colony formation potential of
HCT116 cells (Figure 1B). Next, we examined the effect of knocking
down NeuroD1 on tumor cell cycle progression and apoptosis. We
found that while knocking down NeuroD1 enhanced the percentage
of apoptotic cells (Figure S1C), it led to significant G,-M cell cycle
arrest (Figure 1C). Concomitantly, NeuroD1 silencing suppressed the
expression of cyclin B and CDK1, which are the regulators of G,-M

phase (Figure 1D), while overexpressing NeuroD1 using a NeuroD1

expression vector significantly enhanced their expression (Figure 1E
and Figure S1D).

p21 is the upstream regulator of cyclins and cyclin-dependent
kinases. Thus, we next examined the transcriptional activity of p21
in NeuroD1-silenced HCT116 cells. As shown in Figure 2A,B, knock-
ing down NeuroD1 significantly enhanced p21 promoter activity as
well as the p21 mRNA level. In agreement with this, NeuroD1 over-
expression suppressed the expression of p21 mRNA (Figure 2C).
The protein levels of p21 also showed similar expression patterns
(Figure 2D,E). These results indicate that NeuroD1 is a novel reg-
ulator of p21. Using shp21 expression vector (Figure S2A,B) and
shNeuroD1, we next silenced NeuroD1 and p21 simultaneously, and
investigated the effect on the number of HCT116 cells. As shown in
Figure 2F, knocking down p21 partially restored the decrease in total
cell numbers, suggesting that p21 plays a crucial role in NeuroD1

regulation on tumor cell proliferation.
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3.2 | p53is crucial for NeuroD1 regulation of
p21 and tumor cell proliferation

Tumor suppressor p53 is an upstream regulator of p21 that
binds to its promoter and activates its transcription. To inves-
tigate whether NeuroD1 regulation of p21 occurs via p53, we
knocked down NeuroD1 expression in p53-knocked out HCT116
cells (HCT116P>3"!" cells, Figure $3), and examined the effect of
NeuroD1 silencing on p21 transcriptional activity in both wild type
HCT116 and HCT116P>%"" cells. We found that p21 transcrip-
tional activity was not significantly affected in HCT116P>*™" cells
(Figure 3A), indicating that p53 is necessary for NeuroD1 regu-
lation of p21 expression. To further confirm that this regulation
occurs through direct regulation of p21 transcription by p53, we
next investigated the effect of NeuroD1 silencing in wild-type
HCT116 cells on the activity of a firefly luciferase reporter con-
taining the promoter region of p21 lacking the p53-binding site
(p21%"luc, Figure S4A). Concomitant with the results observed
in HCT116P>%"" cells, knocking down NeuroD1 in wild-type
HCT116 cells did not significantly affect p21%®'-luc (Figure S4B).
Furthermore, in contrast to the results in wild-type HCT116 cells,
NeuroD1-silencing did not affect either p21 mRNA or protein ex-
pression in HCT116P>"! cells (Figure 3B,C).

We then investigated the effect of NeuroD1 on p53 expression
level. Silencing of NeuroD1 grossly promoted p53 mRNA and protein
expression levels (Figure 3D,E), while NeuroD1 overexpression sig-
nificantly suppressed them (Figure 3F,G), suggesting that NeuroD1 is
a negative regulator of p53. Given that NeuroD1 has been reported
as a transcription factor,?’ we next analyzed its regulatory mech-
anism of p53 expression. We found that while NeuroD1 silencing
greatly enhanced the expression of p53, inhibition of both de novo
transcription and protein synthesis abolished this effect (Figure 3H),
suggesting that NeuroD1 regulation of p53 expression occurs during

the transcription stage.

80+

60

40-

204

" shCon shND1-1shND1-1

FIGURE 4 Neurogenic differentiation
factor 1 (NeuroD1) regulates cell
proliferation through p53. A, Cell
numbers in NeuroD1, p53-double

silenced HCT116 cells at indicated time
points. B, Colony formation potential of
NeuroD1, p53-double silenced HCT116
cells. Representative images (left) and
quantification results (right). C, p21
protein expression level in NeuroD1,
p53-silenced HCT116 cells, as determined
using western blotting. p-Actin was used
for western blotting loading control.

Cells transfected with shCon were used
as controls. Quantitative data were
expressed as mean + SD from three
independent experiments. shND1, shRNA
expression vector targeting NeuroD1;

*P < 0.05; **P < 0.01

+ shp53

Next, we examined whether NeuroD1 regulation of HCT116 cell
proliferation and colony formation potential also requires the presence
of p53. We first investigated the effect of knocking down NeuroD1
and p53 simultaneously on the total cell numbers. The results showed
that knocking down p53 partially restored the decrease in total cell
numbers and colony formation potential of HCT116 cells (Figure 4A,B)
caused by NeuroD1 silencing, and re-suppressed the caspases activity
(Figure S5A). Intriguingly, NeuroD1 silencing also slightly suppressed

6p53nu|l cells (Figure SSB), in-

the colony formation potential of HCT11
dicating that while p53 is critical, NeuroD1 might also regulate tumor-
igenesis through p53 independent pathway. Furthermore, we found
that knocking down p53 re-suppressed the increase in p21 expression
in NeuroD1-silenced wild-type HCT116 cells (Figure 4C), indicating
that NeuroD1 regulation of p21 occurs through p53. These results
strongly suggest that p53 is critical for the NeuroD1-mediated regula-

tion of the tumorigenesis potential of HCT116 cells.

3.3 | NeuroD1 regulates p53 transcription by
directly binding to its promoter region

To reveal the molecular mechanism of NeuroD1 regulation of p53
transcription, we performed a luciferase reporter assay with a firefly
luciferase vector containing the p53 promoter sequence (p53-luc,
Figure 5A, upper panel). We found that knocking down NeuroD1
significantly enhanced p53 promoter activity (Figure 5B). Indeed,
by using the JASPAR database (http://jaspar.genereg.net/), we
predicted a NeuroD1 binding site at -839 to -834 in the p53 pro-
moter and constructed a reporter vector with the p53 promoter but
without the predicted NeuroD1 binding site (p53de'-luc, Figure 5A,
middle panel). The absence of the predicted NeuroD1 binding site
abolished the effect of NeuroD1 silencing on p53 transcriptional ac-
tivity (Figure 5B). These results indicate that NeuroD1 might directly
bind to the p53 promoter and regulates its activity.
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FIGURE 6 Neurogenic differentiation factor 1 (NeuroD1)-silencing suppresses tumorigenesis by enhancing the p53/p21 axis. A-C,
Tumorigenesis potentials of NeuroD1-silenced HCT116 cells and NeuroD1, p53-double silenced HCT116 cells were examined in vivo by
subcutaneous injection into Balb/c-nu/nu mice (n = 6). Volume of the tumor generated was measured at indicated time points (A), and the
representative images (B) and the tumor weight (C) at 21 d are shown. D, NeuroD1, p53 and p21 protein expression levels in xenografted
tumors in Balb/c-nu/nu mice injected with indicated cell lines, as determined using western blotting. E and F, Immunohistochemistry staining
images against NeuroD1, p53 and p21 in tissue sections of xenografted tumors in Balb/c-nu/nu mice injected with indicated cell lines.
Representative images (E) and quantification of the ratio of the positive cells to the total cell number are shown (F). Quantification results
are shown as relative to control. G and H, Immunohistochemistry staining against NeuroD1 and p21 in clinical colorectal cancer patients and
normal adjacent tissues. Representative images (G) and quantification of the ratio of the positive cells to total cell number (H). Quantification
results are shown as relative to control. |, Protein expression level of NeuroD1 in clinical colon carcinoma and adjacent normal tissues, as
determined with western blotting. Cells transfected with shCon were used as controls. Scale bars: 100 um for low magnification (left panels),
and 50 um for high magnification (right panels). Quantitative data were expressed as mean + SD. shND1, shRNA expression vector targeting
NeuroD1; N, normal adjacent tissue; T, colon carcinoma tissue; *P < 0.05; **P < 0.01
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FIGURE 7 Schematic diagram of
Neurogenic differentiation factor 1
(NeuroD1) regulation on tumorigenesis
through suppression of the p53/p21 axis
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To further confirm this hypothesis, we examined the binding of
NeuroD1 at the predicted site of the p53 promoter region using a
chromatin immunoprecipitation assay. As shown in Figure 5C, while
NeuroD1 could bind to the =942 to =717 region of the p53 promoter,
which includes the predicted NeuroD1 binding site, as well as to ALK
promoter at the previously reported binding site,?! it failed to bind
to the p53 promoter region outside the predicted binding site and
to the intergenic region between p53 and ATP1B2 genes. Moreover,
we constructed a p53-luc reporter vector with mutations in the pre-
dicted NeuroD1 binding site (p53™'*luc, Figure 5A, lower panel)
and found that when the “CAGATT” sequences in the -839 to -834
region of the p53 promoter were mutated to “CGTGCT,” NeuroD1
silencing had no significant effect on p53 transcription (Figure 5B).
In agreement with this, while NeuroD1 overexpression clearly sup-
pressed p53-luc reporter activity, it had no significant effect on
p53™¢luc (Figure 5D). These results demonstrate that NeuroD1
binds to the -839 to -834 region of the p53 promoter to directly
inhibit p53 transcriptional activity.

3.4 | NeuroD1-silencing suppresses tumorigenesis
by enhancing the p53/p21 axis

To determine the role of NeuroD1 in tumorigenesis, we per-
formed in vivo xenograft experiments. To this end, we established
NeuroD1-silenced and NeuroD1, p53-double silenced HCT116 sta-
ble cell lines (Figure S6A), and analyzed their tumorigenesis po-

tential upon being transplanted subcutaneously into Balb/c-nu/

!

Cell proliferation

¥

Tumorigenesis

nu mice. As shown in Figure 6A, NeuroD1 silencing significantly
suppressed the xenografted tumor growth, while knocking down
p53 partially reversed this effect (Figure 6A). The morphologi-
cal appearance and weight of the tumors showed similar results
(Figure 6B,C). We next examined the expression levels of NeuroD1,
p53 and p21 in xenografted tumor lesions and found that in the tu-
mors formed by NeuroD1-silenced HCT116 cells, the expression of
p53 and p21 protein were significantly upregulated, while silencing
both NeuroD1 and p53 re-suppressed their expression (Figure 6D).
The same results were observed in immunohistochemistry analy-
sis (Figure 6E,F). Furthermore, TUNEL assay and caspase 3 activity
assay revealed that knocking down NeuroD1 and p53 simultane-
ously suppressed the cleaved caspase level and TUNEL positive
cells (Figure S6B,C).

Finally, to reveal the relationship between NeuroD1 regulation
of the p53/p21 axis and tumorigenesis, we analyzed NeuroD1 ex-
pression level in clinical CRC and normal adjacent tissues. As shown
by the results of immunohistochemistry analysis, NeuroD1 was
overexpressed while p21 was downregulated in clinical CRC lesions
(Figure 6G,H). The results of western blotting further confirmed that
the expression level of NeuroD1 was upregulated in CRC tissues
(Figure 6l).

Together, our results reveal the critical role of NeuroD1 in regu-
lating CRC tumorigenesis by suppressing the p53/p21 axis. NeuroD1
binds to the -839 to -834 region of the p53 promoter and acts as a
transcriptional suppressor, thereby suppressing the p53/p21 axis and
promoting tumor cell proliferation and colony formation potential, sub-

sequently leading to the promotion of tumorigenesis (Figure 7).
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4 | DISCUSSION

Neurogenic differentiation factor 1 is a transcription factor first
identified as aneuronal determination gene in the Xenopus ectoderm,
and is crucial in neuronal differentiation and maturation 16182930
While it has been reported to be involved in the migration and in-
vasion of pancreatic cancer,?* the role of NeuroD1 in tumorigen-
esis, particularly in non-neural malignancies, remains unclear. In
this study, we found that NeuroD1 is highly expressed in patients
with colorectal cancer and that it could directly bind to the p53 pro-
moter, thereby suppressing p53 transcriptional activity. Silencing
of NeuroD1 results in the upregulation of p53 and its downstream
target gene p21, leading to cell cycle arrest and the suppression of
cell proliferation as well as colony formation potential, and, thus,
tumorigenesis. To our knowledge, this is the first study to reveal the
molecular mechanism of NeuroD1 regulation of non-neuronal ma-
lignancy, particularly its function in regulating cell cycle progression
and proliferation of CRC cells, suggesting that NeuroD1 is a critical
factor in tumorigenesis.

Cell cycle progression is strictly regulated by cyclins and cy-
clin-dependent kinases, and disruption of its control is closely re-
lated to tumor development. While p21 expression is downregulated
in various malignancies,® p21 mutation is rarely observed in patients
with tumors, highlighting the importance of understanding the role
of aberrant p21 regulation in tumorigenesis. Our findings showed
that NeuroD1 regulates the p53/p21 axis, leading to the negative
regulation of p21 transcription, and subsequently affects colorectal
cancer cells’ cell cycle progression. Thus, NeuroD1 is associated with
aberrant cell cycle regulation and non-neuronal tumorigenesis.

p53, which was discovered in 1979, was the first tumor suppres-
sor gene identified.®! This gene is one of the most important tumor
suppressors, and it acts as an upstream regulator of p21. Aberrant
p53 expression and activity is an important molecular hallmark of
cancer. p53 expression is frequently downregulated in patients with
wild-type p53,%2 highlighting the importance of its gene expression
regulation. Many previous studies have focused on p53 post-tran-
scriptional regulation.33 Indeed, phosphorylation is critical for p53
protein activation, while ubiquitination-induced proteasomal degra-
dation is important for maintaining p53 protein homeostasis.*3#3>
Meanwhile, acetylation and phosphorylation are crucial for enhanc-
ing p53 binding to its target genes, while methylation is critical for
regulating p53 acetylation.34 Here, we revealed that NeuroD1 is a
novel regulator of p53 transcription and showed that the NeuroD1/
p53 axis is crucial for cell cycle regulation, cell proliferation and
tumorigenesis. Thus, our results suggest the importance of p53
transcriptional regulation in maintaining the homeostasis of p53
expression.

While the p53/p21 axis is crucial for preventing abnormal cell
cycle progression and proliferation, their homeostasis are also crit-
ical for maintaining other biological and physiological functions,
including DNA repair, stem cells maintenance, differentiation and

3,36,37

senescence. p53 is also involved in regulating other tumor

characteristics, including metabolic reprogramming, motility and

invasiveness.3® This indicates that NeuroD1 might also be involved
in other biological and physiological pathways. Intriguingly, although
with lower extent compared to its effect in p53 wild-type cells,
NeuroD1-silencing could also suppress colony formation potential
in p53 knockout cells. Similarly, xenograft experiments showed that
p53-silencing did not completely restore the effect of NeuroD1-
silencing in suppressing tumor growth. These facts indicate the pos-
sibility of the presence of a p53-independent pathway in NeuroD1
regulation on tumorigenesis.

In conclusion, we identified NeuroD1 as a novel regulator of the
p53/p21 axis. This regulation, in turn, regulates cell cycle progres-
sion, tumor cell proliferation, and, eventually, tumorigenesis. Our
findings provide insight into the regulation of p53 transcriptional
activity, as well as demonstrate the potential for targeting NeuroD1

in cancer therapy.
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