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Background: Inhibitor of DNA binding 1 (Id1) is upregulated in multiple cancers, and
Idloverexpression correlates with cancer aggressiveness and poor clinical outcomes in
cancer patients. However, its roles in cancer stem-like cells (CSCs) and epithelial-mesench-
ymal transition (EMT) are still elusive.

Purpose: This study aimed to examine the role of /d/ on the mediation of CRC stemness
and explore the underlying mechanisms.

Methods: Id1 and CD133 expression was detected by qPCR assay and immunohistochemistry
(IHC) in normal mucosal and primary colorectal cancer (CRC) specimens. Id! was stably
knocked down (KD) in human CRC cell lines. Spheres forming assay and tumorigenic assay
were performed to evaluate self-renewal capacity and tumor initiation. Expression of CSC- and
EMT-related markers and TCF/LEF activity were assessed in HCT116 cells after /d/ KD.
Results: qPCR assay showed higher /d/ and CDI133 expression in CRC specimens than in
normal mucosal specimens (P<0.05). IHC detected high cytoplasmic Id1 expression in 35
CRC specimens (46.7%), and high CD133 expression in 22 CRC specimens (29.3%) and
negative expression in 18 normal mucosal specimens. High Id1 expression positively
correlated with poor differentiation (P=0.034), and CD133 expression correlated with T
category in CRC patients (P=0.002). Spearman correlation analysis revealed a positive
correlation between Id1 and CD133 expression in CRC patients (P<0.05). Id! KD resulted
in suppression of proliferation, cell-colony formation, self-renewal capability and CSC-like
features in HCT116 cells, and impaired the tumor-initiating capability in CRC cells. In
addition, Id1 maintained the stemness of CRC cells via the Id1-c-Myc-PLACS axis through
activating the Wnt/B-catenin and Shh signaling pathways.

Conclusions: Id1 expression significantly correlates with CD133 expression in CRC
patients, and /d/ KD impairs CSC-like capacity and reverses EMT traits, partially via the
Wnt/B-catenin signaling. Id1 may be a promising therapeutic target against colon CSCs.
Keywords: inhibitor of DNA binding 1, Idl, self-renewal, stemness, epithelial-

mesenchymal transition, colon cancer, Wnt/B-catenin signaling pathway

Introduction

Colorectal cancer (CRC) is the third most common cancer and the third leading cause
of cancer-related deaths globally.'* Currently, management of this malignancy still
depends on surgery, chemotherapy and radiotherapy.® and immunotherapy has shown
promising benefits.* The prognosis of early-stage CRC is satisfactory; however, if the
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malignancy has progresses into advanced or metastatic dis-
eases, the 5-year survival rate is very low." Understanding of
the mechanisms of CRC progression and metastasis is there-
fore of great significance to develop interventions to prevent
and manage the progressive behaviors.’

There is increasing evidence supporting the crucial role
of cancer stem-like cells (CSCs) in the progression and
metastasis of CRC.® Chemoresistance and radioresistance
are two major factors leading to the poor outcomes of
CRC,”? and CSCs have been shown to contribute to
both chemoresistance and radioresistance to CRC.'*'2
Therefore, understanding of the molecular regulation of
the maintenance of CSCs may be useful for establishing
efficient treatments targeting CRC.

Inhibitor of DNA-binding proteins (Id) is a family of
transcription factors belonging to the basic helix-loop-
helix (bHLH) protein superfamily,'* and four family mem-
bers have been identified in humans until now, including
Id1, 1d2, Id3 and 1d4.'* Id proteins function as negative
regulators of bHLH and inhibit cell differentiation.'
Increasing evidence supports that Id1, the most frequently
studied Id protein in cancer to date,'® is upregulated in
multiple solid tumors, including breast cancer, prostate
cancer, gastric cancer, lung cancer, esophageal squamous

1722

cell carcinoma and colorectal cancer, and overexpres-

sion of Id1 was found to correlate with cancer aggressive-
ness and poor clinical outcomes in cancer patients.'**'-**
In addition, previous studies have shown that Id1 down-
regulation resulted in an increases in the sensitivity to

chemotherapeutic agents in multiple cancers.”> *°
Moreover, Id1 has been found to play an important role
in the maintenance of self-renewal in neural and embryo-

. 272
nic stem cells,?”?8

and Id1 and Id3 were found to jointly
function to govern colon CSCs self-renewal through cell-
cycle restriction driven by p21.%° However, the mechan-
isms underlying the functional roles of Id1 in cancer have
not been fully demonstrated, and there is little knowledge
on the mediation of colorectal CSCs markers CD24,
CD166, ALDH and Lgr5 by Ids until now.*® This ex
vivo, in vivo and in vitro study was designed with aims
to examine the role of Id1 in the mediation of CRC cell

stemness and explore the underlying mechanisms.

Materials and methods

Ethical consideration
This study was reviewed and approved by the Ethics
Review Committee of Fujian Provincial Cancer Hospital

(approval no. FJZLYY2012-00087). Written informed
consent was obtained from all study subjects following a
detailed description of the purpose of the study. All experi-
ments were done in accordance with the Declaration of
Helsinki and international and national Guidelines for the
Care and Use of Laboratory Animals.

Subjects and specimens

A total of 75 CRC patients undergoing surgical treatment
in Fujian Provincial Cancer Hospital (Fuzhou, China) dur-
ing the period from January 2010 through August 2012
were enrolled in this study, and all patients were definitely
diagnosed using pathological examinations. The subjects
included 47 males and 28 females, and had a mean age of
58.0+14.0 years (Table 1). The mean tumor size was 5.3
+1.9 cm, and none of the patients received chemotherapy
or radiotherapy. Human CRC and paired normal mucosa
specimens were sampled for the experiments.

Cell line and culture

Human CRC line HCT116 were purchased from the Cell
Bank of Chinese Academy of Sciences (Shanghai, China),
and incubated in McCoy’s SA medium (Sigma-Aldrich; St.
Louis, MO, USA) at 37 °C in a humidified atmosphere
containing 5% CO,. Cells growing to at least 80% con-
fluence were harvested for the subsequent experiments.

Animals

Male 4 to 6 weeks old nude mice of the BALB/c nu/nu strain,
each weighing 16 to 19 g, were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China), and
were housed in a clean facility in the Laboratory Animal
Center of Fujian Medical University (Fuzhou, China), with
free access to water and food.

Immunohistochemistry (IHC)

The Id1 and CD133 protein expression was determined in
human CRC and normal mucosal specimens using IHC with
an immunostaining SP kit (Fuzhou Maixin Biotech Co., Ltd.;
Fuzhou, China). Briefly, paraffin-embedded sections were
deparaffinized by xylene, dehydrated in a graded methanol
series, and antigen-retrieved in 10 mM citrate buffer (pH 6.0)
for 5 min. Sections were then treated with peroxidase-block-
ing agent to block endogenous peroxidase and normal rabbit
serum to block non-specific binding sites. Subsequently,
sections were incubated in the primary rabbit anti-Id1 mono-
clonal antibody (Abcam, Inc.; Cambridge, MA, USA) and
rabbit anti-CD133 polyclonal antibody (Abcam, Inc.;
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Table | Demographic and clinical characteristics of the study

subjects
Characteristics Number of patients (%)
Age (years) <58 39 (52.0)
>58 36 (48.0)
Gender Males 47 (62.7)
Females 28 (32.3)
Tumor size (cm) <5 39 (52.0)
>5 36 (48.0)
T category Tl 34
T2 10 (13.3)
T3 27 (36.0)
T4 35 (46.6)
N category NO 35 (46.7)
NI 20 (26.7)
N2 20 (26.7)
M category MO 68 (90.7)
MI 7(93)
AJCC stage | 9 (12.0)
I 23 (30.7)
n 37 (49.3)
v 6 (8.0
Lymph node metastasis No 36 (48.0)
Yes 39 (52.0)
Differentiation status Poor 29 (38.6)
Moderate | 43 (57.3)
High 34
CEA (ng/ml) <5 43 (58.1)
>5 31 (41.9)
CAI199 (U/ml) <37 60 (82.2)
>37 13 (17.8)

Notes: Data are presented as number (%); a patient had no CEA data, and two
patients had no CA199 data.
Abbreviation: AJCC, American Joint Committee on Cancer.

Cambridge, MA, USA) overnight at 4 °C, followed by incu-
bation in the secondary antibodies at room temperature for
10 min. The sections were visualized with DAB and counter-
stained with hematoxylin. Stained sections were viewed and
photographed under a fluorescence microscope.

The immunoreactivity scores of both Idl and CDI133
were calculated as the product of staining intensity and
percentage of positive cells. The percentage of positive
cells was rated as follows: 0, no positive cells; 1 point, 1%
to 20% positive cells; 2 points, 21-50% positive cells; 3
points, 51-70% positive cells; and 4 points, 71% and more
positive cells, and the staining intensity was categorized into

4 grades: 0, no staining of cancer cells; 1, weak staining; 2,
moderate staining; and 3, strong staining. The immunoreac-
tivity score of <4 was defined as low expression and a score
of 4 and greater as high expression. All immunohistochem-
ical slides were reviewed by two well-experienced patholo-
gists, independently and blinded for any clinical data.

Cell transfection

Four short-hairpin RNAs (shRNAs) targeting /d! and c-Myc
overexpression (LV-Myc) were designed and synthesized by
Shanghai Genechem Co., Ltd. (Shanghai, China), while a
control shRNA, and control lentiviral vectors LVCON238
and LVCON220 unrelated to human sequences served as
negative controls (Table 2). The shRNA vector (Sigma-
Aldrich; St. Louis, MO, USA) was co-transfected with packa-
ging vectors pCMV-Dr82 (Sigma-Aldrich; St. Louis, MO,
USA) and pCMV-VSVG (Sigma-Aldrich; St. Louis, MO,
USA) at a ratio of 4:3:2 into 293T cells using a
Lipofectamine 2000 reagent (Invitrogen; Carlsbad, CA,
USA). Polybrene (6 pg/mL; Sigma-Aldrich; St. Louis, MO,
USA) was added for viral infection. For generating stable
clones, the Idl knockdown (KD) and control cells were
selected by 1.5 pg/mL puromycin (Merck KGaA;
Darmstadt, Germany) for three weeks. The KD of /d] was
checked by Western blotting and qPCR assays.

Measurement of cell growth

1d1 KD HCT116 cells and respective controls were seeded
onto cell culture E-plates (Corning; Corning, NY, USA) at
a cell density of 1x10° cells per well incubated in culture
medium at 37 °C containing 5% CO,. The cell growth
curves were automatically recorded on the RTCA system
(ACEA Biosciences, Inc.; San Diego, CA, USA). The cell
index was followed for 3 days.

Cell-colony formation assay

Log-phase cells were seeded onto 6-well plates (Corning;
Corning, NY, USA) at a density of 800 cells in each well.
Following incubation for 12 to 14 days, the medium was

Table 2 Sequences of short-hairpin RNAs targeting inhibitor of
DNA binding |

Short-hairpin RNAs Sequence

Shidl-1 5-AGTCTCTGGTGACTAGTAG-3'

Shidl-2 5-TGAGGCGTGAGTAACAGCC-3
Shidl1-3 5-ACCTGCTGCTCGTCCAGCA-3’
Shid1-4 5-CATGTCGTAGAGCAGCACG-3¥
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removed, and cells were washed twice with PBS, fixed in
methanol for 30 min, stained with 0.1% crystal violet
staining solution for 10 to 20 min, and washed twice in
PBS. The cell colonies were counted.

Luciferase reporter assay

The HCT116 cells stably transfected with shld1 and vector
controls were seeded onto 6-well plates (Corning;
Corning, NY, USA) at a density of 4x10° cells per well
and incubated in an atmosphere containing 5% CO, at
37 °C for 24 h. Then, cells were co-transfected with
1 ng TCF/LEF reporter (firefly luciferase; Genomeditech
Co., Ltd.; Shanghai, China) and 0.02 pg of pRL (Renilla
luciferase)-SV40 (internal standard) using a Lipofectamine
2000 reagent. At 24 h after transfection, luciferase reporter
assays were performed using the Dual-Luciferase Reporter
Assay System (Promega; Madison, WI, USA). The activ-
ities of target luciferase reporters vs pRL-SV40 (firefly/
Renilla) were presented as the relative luciferase activity
(RLA). Promoter activities were measured in at least three
independent experiments.

MTS assay

HCT116 cells transfected with Shld1 and control shRNA
were seeded onto 96-well plates (Corning; Corning, NY,
USA) at a density of 4x10° cells per well and cultured at
37 °C containing 5% CO, for 48 h. Cell proliferation was
determined using an MTS assay (Promega; Madison, WI,
USA) according to the manufacturer’s instructions.

Flow cytometry

The CD133/2 and CD24 expression was quantified using
flow cytometry using a standard protocol. Briefly, cells
were labeled with mouse anti-human CD24-Percp-Cy 5.5
(BD Biosciences; San Jose, CA, USA) and mouse anti-
human CD133/2-PE (Miltenyi Biotec GmbH; Bergisch
Gladbach, Germany) antibodies, while mouse Percp-Cy
5.5-IgGl K isotype antibodies (BD Biosciences; San
Jose, CA, USA) and PE-IgG2b isotype (Miltenyi Biotec
GmbH; Bergisch Gladbach, Germany) served as isotype
controls. Then, cells were washed and analyzed on a
FACSCaliber flow cytometer (BD Biosciences; San Jose,
CA, USA). Apoptosis or necrosis was determined using
the AnnexinV-PE/7-AAD Apoptosis Detection Kit (BD
Biosciences; San Jose, CA, USA) following the manufac-
turer’s instructions, and cell cycle was determined using
BD Cycletest™ Plus DNA Reagent Kit (BD Biosciences;

San Jose, CA, USA). All experiments were repeated in
triplicate.

Sphere-forming assay

For a sphere-forming assay, cells were harvested, prepared
into single-cell suspensions and cultured in the serum-free
DMEM/F12 medium (HyClone; Logan, UT, USA) supple-
mented with 20 ng/mL basic fibroblast growth factor
(bFGF; Millipore, Billerica, MA, USA), 10 ng/mL recom-
binant human epidermal growth factor (rthEGF; R&D
Systems, Minneapolis, MN, USA) and 2% B27 (Gibco;
Grandlsland, NY, USA). Cell were plated with a defined
number (100 cells) in a fixed volume of 200 pl per well in
96-well plates, with at least 6 wells assigned for each cell
concentration. Cells were cultured for 5 to 7 days and
numbers of floating spheres with more than 50 pm were
evaluated. Sphere forming efficiency was calculated in
each well as numbers of spheres. The mean size derived
from individual spheres constituted the in vitro self-
renewal assay.

Whnt and Shh signaling inhibitor treatment
Cells were seeded onto 6-well plates (Corning; Corning,
NY, USA) at a density of 4x10° cells per well and incu-
bated in an atmosphere containing 5% CO, at 37 °C for
24 h. Then, cells were exposed to a Wnt signaling inhibitor
FH535 (Abcam, Inc.; Cambridge, MA, USA) and Shh
signaling inhibitor HPI-1 (Abcam, Inc.; Cambridge, MA,
USA) at a dose of 10 pM. Cells were harvested for the
subsequent experiments 48 h post-treatment.

gPCR assay

Total RNA was extracted from cells and fresh specimens
using the RNeasy Mini Kit (Qiagen, Inc.; Valencia, CA,
USA) and reverse-transcribed into cDNA using the
Promega Reverse Transcription System A3500 (Promega;
Madison, WI, USA). qPCR assay was run on a LightCycler
Roche 480 Real-time PCR system (Roche Molecular
Biochemicals; Basel, Switzerland) with a DyNAmo Flash
SYBR Green qPCR Kit (Thermo Fisher Scientific, Inc.;
Waltham, MA, USA) under the following conditions: at
95 °C for 15 min; followed by 40 cycles of at 95 °C for
15s, at 55 °C for 30 s, at 72 °C 1 s, and at 55 °C for 1 s; and
finally at 40 °C for 1 min. Primers for genes of interest were
listed in Table 3, and f-actin served as an internal reference
control. For the relative quantification of the mRNA levels,
three independent amplifications were performed for each
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Table 3 Primers for genes of interest

Gene Primer sequence
IdI F: 5-CGTGCTGCTCTACGACATGA-3/,

R: 5-GCTCCAACTGAAGGTCCCTG-3'
CD24 F: 5-GGTTGGCCCCAAATCCAACT-3/,

R: 5-GACCACGAAGAGACTGGCTG-3'
CD44 F: 5-GACAGCACAGACAGAATC-3',

R: 5-AGTAGTTGAGCCTTCAGAA-3’
CDI33 F: 5-CAACGAGTCCTTCCTATA-3/,

R: 5-CTCTCCAACAATCCATTC-3'
CDl166 F: 5-ACCTCAGAATCTCATGTTTGG-3',

R: 5-ATCACTGATCCTTGCATTACTG-3'
EpCAM F: 5-TCGTCAATGCCAGTGTACTTC-3/,

R: 5-ATCGCAGTCAGGATCATAAAG-3'
EZH2 F: 5-TGATGACGATGATGATGATGGAGAC-3/,

R: 5-TGTGCCCTTATCTGGAAACATTGAG
p-catenin F: 5-TTAAGTCTGGAGGCATTC-3/,

R: 5-GGTTGTGGAGAGTTGTAA-3’
0CT4 F: 5-ATACACTTCAGATAACTAC-3',

R: 5-TAAGAAGATGATGGAGTA-3’
CXCR4 F: 5-ATACACTTCAGATAACTAC-3,

R: 5-TAAGAAGATGATGGAGTA-3’
Twist F: 5-GGGAGTCCGCAGTCTTACG-3/,

R: 5-CTTGAGGGTCTGAATCTTGCT-3'
Snail F: 5-TCCAGACCCACTCAGATGT-3/,

R: 5-CGGACTCTTGGTGCTTGTG-3'
E-cadherin F: 5-GAACGCATTGCCACATAC-3',

R: 5'-CACCTTCCATGACAGACCC-3’
Survivin F: 5-TCTCTACATTCAAGAACT-3/,

R: 5-TTGAAGCAGAAGAAACAC-3’
CyclinD | F: 5'-CCATGAACTACCTGGACCG-3/,

R: 5-GATGGAGTTGTCGGTGTAGAT-3'
p-actin F: 5-TGGCACCACACCTTCTACA-3',

R: 5-AGCACAGCCTGGATAGCA-3'

target gene, with triplicate samples. The relative quantity of
mRNA expression was calculated using the 2 **“* method.

Western blotting assay

Cells were harvested and homogenized in a lysis buffer con-
taining 50 mM HEPES (pH 7.4), 250 mM NaCl, 1% Nonidet
P-40, 1 mM EDTA, 1 mM Na;VO,, 1 mM NaF, | mM PMSF,
1 mM dithiothreitol, and a protease inhibitor cocktail (Roche;
Indianapolis, IN, USA). Total protein concentration was quan-
tified using the BCA Protein Assay Kit (Pierce; Rockford, IL,
USA), and the samples were boiled for 5 min. Equal amounts
of protein were electrophoresed on 10-15% polyacrylamide
gradient gels (Bio-Rad Laboratories, Inc.; Hercules, CA,
USA). After immunoblotting, membranes were blocked in
3% bovine serum albumin (BSA; VWR International,
Radnor, PA, USA) at room temperature for 2 h. Then, the

membrane was incubated with primary mouse anti-CD24
monoclonal antibody (1:5000; Abcam, Inc.; Cambridge,
MA, USA), mouse anti-CD133-2 monoclonal antibody
(1:5000; Abcam, Inc.; Cambridge, MA, USA), rabbit anti-
MUC2 monoclonal antibody (1:5000; Abcam, Inc.;
Cambridge, MA, USA), rabbit anti-Lgr5 monoclonal antibody
(1:5000; Abcam, Inc.; Cambridge, MA, USA), rabbit anti-Id1
polyclonal antibody (1:200; Santa Cruz Biotechnology; Santa
Cruz, CA, USA), rabbit B-catenin monoclonal antibody
(1:5000; Abcam, Inc.; Cambridge, MA, USA), rabbit anti-
Twist, -Snail, -Slug, -twist, EpCAM, CD166, CyclinDI
(Santa Cruz Biotechnology; Santa Cruz, CA, USA), CD44,
EZH2, snail, slug, OCT4 (Cell Signaling Technology;
Beverly, MA, USA) and B-actin (Santa Cruz Biotechnology;
Santa Cruz, CA, USA), respectively overnight at 4 °C. The
binding of secondary horseradish peroxidase antibodies was
visualized by enhanced chemiluminescence (ECL; Pierce,
Rockford, IL, USA).

Tumorigenic assay

To assess the effect Idl KD on tumor initiation, shldl-
transfected and non-transfected HCT116 cells were subcu-
taneously injected into the right and left groins at densities
of 1x10* 1x10° 5x10° and 1x10° cells, respectively. The
emergence of tumors was monitored for 6 weeks post-
injection. Tumor size was measured every week with a
digimatic caliper (Mitutoyo; Tokyo, Japan), and the tumor
volume was calculated using the following formula:

tumor volume = tumor length x tumor width?/2

Statistical analysis

All measurement data were expressed as mean + standard
deviation (SD), and the categorical data were presented as
number or proportions. Differences of means between groups
were compared with Student's #test, and comparison of the
categorical data was done with chi-square test or Fisher’s
exact test. The correlation between Id1 and CD133 expres-
sion was examined using Spearman correlation analysis. All
statistical analyses were performed using the statistical soft-
ware SPSS version 20.0 (SPSS, Inc.; Chicago, IL, USA), and
a P-value of <0.05 was considered statistically significant.

Results
Correlation between Idl and CD133

expression in human CRC specimens
Previous studies have shown elevated Idl and CDI133
expression in human CRC specimens;*>*' however, there is

Cancer Management and Research 2019:11

submit your manuscript

6859

Dove


http://www.dovepress.com
http://www.dovepress.com

Sun et al

Dove

no direct evidence to support the link between Id1 and
CD133 in clinical specimens until now. We detected /d!
and CD133 mRNA expression in 30 human CRC and paired
normal mucosal specimens, and qPCR assay showed higher
1d1 and CDI133 mRNA expression in the CRC specimens
than in normal mucosal specimens (P<0.05) (Figure 1A
and B). Spearman correlation analysis revealed that Id!
mRNA expression positively correlated with CDI33
mRNA expression (r =0.401, P=0.031) (Figure 1C).

Then, we used IHC to determine the protein levels of 1d1
and CD133 in human CRC and normal mucosal specimens.
There was no cytoplasmic expression of Id1 seen in the 20
normal mucosal specimens (Figure 1D), and high cytoplasmic
expression of Id1 was detected in 35 CRC specimens (46.7%);
while CD133 was highly expressed in 22 CRC specimens
(29.3%) and negatively expressed in 18 normal mucosal speci-
mens, but mildly expressed in 2 normal mucosal specimens.
We then examined the associations of Idl and CD133

expression with the clinicopathologic characteristics in the
CRC patients. High Id1 expression was found to positively
correlate with poor differentiation (P=0.034), and CD133
expression was found to correlate with T category (P=0.002)
(Table 4). In addition, Spearman correlation analysis revealed
a positive correlation between Id1 and CD133 protein expres-
sion in CRC patients (»=0.319, P=0.005) (Figure 1E), indicat-
ing a link between Id1 and CRC stem cell phenotype.

IdI KD inhibits CRC cell proliferation and

colony formation

Since high Id1 expression was positively associated with poor
differentiation in human CRC specimens, and HCT116 is a
poorly differentiated CRC cell line, a stable Id/ KD HCT116
cell line was generated using shRNA, and Western blotting
was performed to check the KD efficiency (Figure 2A). Then,
we evaluated the effect of Id/ KD on HCTI116 cell
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Figure | Idl and CD 133 expression in human colorectal cancer specimens and normal mucosal specimens. (A and B) higher Id/ (A) and CD /33 (B) mRNA expression is detected
in human colorectal cancer specimens than in matched normal mucosal specimens (P<0.05). The data are presented as mean * SD. *P<0.05 vs the normal mucosal specimens; (C)
Spearman correlation analysis reveals a positive correlation between Id/ and CDI33 mRNA expression; (D) representative immunohistochemical staining of Idl and CD133
expression (400x); (E) Spearman correlation analysis reveals a positive correlation between Id| and CD133 protein expression in colorectal cancer patients.

Abbreviation: Idl, inhibitor of DNA binding .
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Table 4 Associations of Idl and CD133 expression with clinicopathologic characteristics in colorectal cancer patients
Characteristics No. of cases Idl expression P-value CD133 expression P-value
Low High Low High
(n=40) (n=35) (n=53) (n=22)

Gender Male 47 25 22 0.975 31 16 0.246
Female 28 15 13 22 6
<58 39 22 17 0.578 27 12 0.776

Age (years) >58 36 18 16 26 10

Tumor size (cm) <5 39 20 19 0.711 29 10 0.465
>5 36 20 16 24 12

T category TI-T2 13 6 7 | 13 0 0.002
T3-T4 62 34 28 40 22

N category NO 35 19 16 0.877 24 I 0.709
NI-N2 40 21 19 29 Il

M category Mo 68 34 34 0.071 46 22 0.073
Ml 7 6 I 7 0

AJCC stage oI 32 18 14 0.662 22 10 0.753
n-v 43 22 21 31 12

Lymph node metastasis No 36 19 17 0.926 25 I 0.823
Yes 39 21 18 28 Il

Differentiation Poor 29 I 18 0.034 21 8 0.794
Moderate and high 46 29 17 32 4

CEA (ng/ml) <5 43 25 18 0.27 30 13 0911
>5 31 14 17 22 9

CAI199 (U/ml) <37 60 31 29 0518 41 19 0.541
>37 13 8 5 10 3

Abbreviations: AJCC, American Joint Committee on Cancer; ID1, inhibitor of DNA binding |.

proliferation, and real-time cell analysis (RTCA) showed
greater inhibition of /d/ KD HCT116 cells than control cells
48 h post-transfection (Figure 2B). Fluorescence-activated cell
sorting (FACS) analysis revealed a significant reduction in the
number of /d/ KD HCT116 cells at S phase and a remarkable
rise in the number of /d/ KD HCT116 cells at GO/G1 phase
relative to controls cells (P<0.05) (Figure 2C). Cell colony-
forming assay showed lower numbers of cell colonies in Id/
KD HCT116 cells than in control cells (P<0.05) (Figure 2D).
These data demonstrate that Id/ KD suppresses CSC cell
proliferation and colony formation.

Idl promotes CRC cell stemness and
tumor-initiating capability

Since Id1 expression was found to correlate positively with
CD133 expression, we therefore evaluated the effect of Id/ KD

on the stemness of HCT116 cells. First, HCT116 cells were
cultured in serum-free medium to assess the self-renewal cap-
ability of CSC. The sphere-forming rate was 37%+2.4% in Id1
KD HCT116 cells and 14%=+1.8% in the control cells
(P<0.01), and the median diameter of sphere-forming cells
was 115.3+5.24 um in Idl KD HCT116 cells and 41.67
+3.48 pum in control cells (P<0.01) (Figure 3A). To further
verify the self-renewal potential of the sphere-forming cells,
the spheres were dissociated and subjected to secondary
sphere-forming assay 5 to 7 days post-dissociation. Similarly,
1d1 KD decreased both the number and size of spheres by 1/3
to 1/2 compared to the controls. These data suggest that the /d/
KD suppresses the self-renewal capability of HCT116 cells.
Then, FACS analysis showed a clear-cut reduction of
CD24", CD24'/CD133" and CD133" cells in Idl KD
HCT116 cells relative to control cells (Figure 3B). Western
blotting assay was performed to examine the effect of Id1 KD
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Figure 2 Effects of inhibitor of DNA binding | (Id/) knockdown on cancer-initiating cell features in HCT116 cells. (A) Id/ knockdown efficiency is checked by Western
blotting assay; (B) real-time cell analysis (RTCA) shows greater inhibition of Id/ knockdown HCT116 cells than control cells 48 h post-transfection; (C) fluorescence-
activated cell sorting (FACS) analysis reveals a significant reduction in the number of Id/ knockdown HCT1 16 cells at S phase and a remarkable rise in the number of Id/
knockdown HCT I 16 cells at GO/G| phase relative to controls cells (P<0.05); (D) cell colony-forming assay shows lower numbers of cell colonies in Id| knockdown HCTI 16

cells than in control cells. ¥P<0.05 vs the control cells.

on the expression of CSC markers in CRC cells. /d! KD was
found to cause a significant reduction in the CD24, CD133,
EpCAM, Oct4, EZH2, Lgr5 and B-catenin expression, but
did not affect the CD44 or CD166 expression (Figure 3C). In
addition, Western blotting determined significantly higher
Id1 expression in sphere-forming HCT116 cells than in
HCT116 cells (Figure 3D). These data indicate that /d] KD
plays a critical role in maintaining the stemness of CRC cells.

Furthermore, an in vivo tumorigenicity assay was per-
formed to examine the role of Id1 in the tumor-initiating
capability. As expected, /d/ KD significantly decreased
the number of tumor-initiating HCT116 cells. At 3 week
post-injection, 10° control HCT116 cells were sufficient to
initiate CRC growth in 1/6 of the mice, while at least
5x10° Idl KD HCTI116 cells were required to initiate
xenograft tumors (Table 5). Continuous monitoring of the
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Figure 3 Inhibitor of DNA binding | (Id|) promotes colorectal cancer cell stemness and tumor-initiating capability. (A) sphere-forming assay reveals higher sphere-forming rate of Id |
knockdown HCT 116 cells than that of control cells (37% +2.4% vs 14% *1.8%) and larger Id| knockdown HCT 116 cells than controls cells (median diameter, |15.3+5.24 vs 41.67
+3.48 pm), *P<0.01 vs the control cells; (B) fluorescence-activated cell sorting (FACS) analysis shows lower proportions of CD24", CD24"/CDI133" and CDI33" cells in Id/
knockdown HCT 16 cells than in control cells; (C) Western blotting determines lower CD24, CD133, EpCAM, Oct4, EZH2, Lgr5 and B-catenin expression in Id/ knockdown
HCT 116 cells than in controls cells, and no significant differences are seen in CD44 or CD 66 expression between in Id| knockdown HCT 116 cells and control cells; (D) Western
blotting determines significantly higher Id1 expression in sphere-forming HCT 116 cells than in HCT1 16 cells; (E) slower growth of the xenograft tumor is seen from Id/ knockdown
HCT 116 cells than from HCT 1 16 cells at a same cell dosing; (F) smaller xenograft tumors are measured from Id| knockdown HCT 116 cells than from HCT 16 cells at a same cell

dosing. *P<0.05 vs the control cells.

xenograft tumor growth showed that /d/ KD HCT116 cells
initiated much slower xenograft tumor growth and formed
smaller xenograft tumors than control cells at a same cell

Table 5 Tumor incidence of inhibitor of DNA binding | (Id/)
knocked down (KD) HCT 116 and control HCT 1 16 cells injected
into nude mice

Cells injected Tumor incidence per number of mice
1x10* | 1x10° | 5x10° 1x10°
cells cells cells cells

Control HCTI 16 cells | 0/6 1/6 5/6 6/6

Idl KD HCT116 cells | 0/6 0/6 2/6 4/6

dosing (Figure 3E and F). These data demonstrate that /d/
KD impairs the tumor-initiating capability in CRC.

Idl KD suppresses epithelial-mesenchymal
transition (EMT) and increases
chemosensitivity in HCT | 16 cells

To assess the effect of Id/ KD on EMT features in HCT116
cells, we determined the expression of EMT-associated mar-
kers. Id1 KD HCT116 cells had their morphology shifting
from scattered, spindle- and fibroblastic-like shapes to tightly
packed, cuboid, epithelial-like appearance (Figure 4A),
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Figure 4 Inhibitor of DNA binding | (Id]) knockdown suppresses epithelial-mesenchymal transition (EMT) and increases chemosensitivity in HCT 116 cells. (A) HCTI16
cells have scattered, spindle- and fibroblastic-like shapes, and Id/ knockdown HCT 116 cells have tightly packed, cuboid, epithelial-like appearance; (B) Western blotting
analysis determines lower Twist, Snail, Vimentin and Slug expression and higher E-cadherin, ZO-1 and Claudin-| expression in Id/ knockdown HCT 116 cells than in HCT116
cells; (C) MTS assay measures a lower viability of Id/ knockdown HCT | 16 cells than that of control cells following 5-FU treatment, and the 5-FU ICs values are 5.2+0.3 and
8.410.4 pM for the Id/ knockdown HCT 116 cells and control cells, respectively; (D) flow cytometry detects a significantly higher apoptotic rate in Id/ knockdown HCT116
cells than in control cells following treatment with 5-FU at a dose of 10 pM. *P<0.05 vs the control cells.

indicating the presence of EMT reversal. Western blotting
analysis showed that /d/ KD resulted in down-regulation of
Twist, Snail, Vimentin and Slug expression and up-regulation
of E-cadherin, ZO-1 and Claudin-1 expression (Figure 4B).
According to the CSC theory,>' CSCs have a low sensi-
tivity to chemotherapy,®* we therefore investigated whether
1d1 KD led to an increase in the sensitivity to S-fluorouracil
(5-FU), a common anticancer drug. MTS assay showed that
the viability of /d/ KD HCT116 cells was lower than that of

control cells following 5-FU treatment, and the 5-FU ICs,
values were 5.2+0.3 and 8.4+0.4 uM for the /d/ KD HCT116
cells and control cells, respectively (P<0.05, Figure 4C).
Subsequently, we examined whether /d/ KD-induced
increased sensitivity to 5-FU was attributed to the increase
in apoptosis, flow cytometry detected a significantly higher
apoptotic rate in Id/ knockdown HCT116 cells than in
control cells following treatment with 5-FU at a dose of
10 uM (Figure 4D), suggesting that Id/ KD decreases the
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chemoresistance to 5-FU in HCT116 cells. Taken together,
our data demonstrate that /d/ KD inhibits CSC-like char-
acteristics in CRC cells.

Idl maintains CRC stemness through the
Id1-c-Myc-PLACS axis via the Wnt/j3-
catenin and Sonic Hedgehog (Shh)
signaling pathways

Since Idl KD was found to reduce CD133 expression, and
inhibition of the Wnt signaling has been shown to decrease
CDI33 expression,* it is therefore hypothesized that Id1
affects CSC functions via the Wnt signaling pathway.
Firstly, we detected the subcellular localization of B-catenin
in Id1 KD HCT116 cells, and /d1 KD was found to induce a
reduction in the cytoplasmic and nuclear B-catenin levels
(Figure 5A). Following entry in nucleus, B-catenin interacts
with the transcription factors of the T-cell factor/lymphoid
enhancer factor (TCF/LEF) family, thereby activating the
transcription of downstream molecules of the Wnt signaling
pathway.** The TCF/LEF reporter luciferase assay revealed
that the relative TCF/LEF activity was significantly lower in
1d1 KD HCT116 cells as compared to the control cells, and
Western blotting resulted in down-regulation of CyclinD1,
Survivin and C-myc expression in /d/ KD HCT116 cells
(Figure 5A). These findings demonstrate that Idl may
maintain the stemness of CRC cells through activating the
Wnt/B-catenin signaling pathway.

Since Shh signaling is an important pathway involved in
mediating cell stemness, the expression of key proteins in
the Shh signaling pathway was detected. Western blotting
showed that /d! KD upregulated PTCH2 and SUFU expres-
sion and downregulated GLI2 and Shh protein in HCT116
cells (Figure 5B). Then, we further examined whether 1d1
maintained the stemness of CRC cells through activating
the Wnt and Shh signaling pathways. HCT116 cells were
exposed to a Wnt signaling inhibitor FH535 and a Shh
inhibitor HPI-1, and the combined treatment with FH535
and HPI-1 caused a higher reduction in the C-myc protein
expression than treatment with FH535 or HPI-1 alone
(Figure 5C). It is therefore hypothesized that C-myc may
be a key gene that regulates Id1-mediated CRC stemness.
To test this hypothesis, C-myc was overexpessed in Id! KD
HCT116 cells, and both Western blotting and sphere-form-
ing assay showed that C-myc overexpression reversed the
stemness of Id! KD HCT116 cells (Figure 5D and E).

When we detected the expression of stemness-related
markers in sphere-forming HCT116 cells, higher PLACS

expression was found in the sphere-forming HCT116 cells
than in HCT116 cells. Since PLAC8 is a downstream
target gene of C-myc, we quantified PLAC8 expression
using Western blotting, and /d/ KD was found to down-
regulate PLAC8 expression while Idl overexpression
upregulated PLACS expression (Figure 5F). To examine
the effect of PLACS on the stemness features of CRC
cells, PLACS8 was overexpressed in HCT116 and I/d1 KD
HCT116 cells, and Western blotting showed that PLAC8
overexpression resulted in elevated expression of stem-
ness-related markers in HCT116 cells relative to Id!/
knockdown HCTI116 cells (Figure 5H). In addition,
sphere-forming assays showed that the number and the
mean diameter of sphere-forming /d/ KD HCT116 cells
overexpressing PLACS8 were significantly greater than the
control cells, and FACS analysis revealed a significant rise
in the number of CD24" and CD133"/CD24" cell popula-
tions in Id1 KD HCT116 cells overexpressing PLAC8 than
in control cells (Figure 5G). Taken together, these data
demonstrate that Id1 maintains the stemness of CRC cells
via the Idl-c-Myc-PLACS axis through activating the
Wnt/B-catenin and Shh signaling pathways.

Discussion

Using immunohistochemical methods, we found that high
Id1 expression was associated with poor differentiation
state in CRC patients, and this result was in line with
previous study.”” As current knowledge considers that
cancers are initiated and maintained by a subpopulation
of cells with the ability to self-renew, termed CSCs.> In
recent years, great progresses have been achieved in iden-
tifying markers of colon CSCs, such as CD133, CD24,
CD44, CDI166, Lgr5.”> However, CD133 was the first
discovered and considered as a potential specific marker
of colon CSCs in 2007.%° It was reported that only 1/262
of CC-IC in CD133" cells formed tumors in immunodefi-
cient mice while 1/5.73x10* unfractionated tumor cells
could form tumor.® In addition, injection of CD133" but
not CD133" colon cancer cells produced tumors in immu-
nodeficient mice.>’ Although the role of CDI33 as a
marker of colon CSCs is questioned, a recent meta-analy-
sis study showed that CD133 is an efficient prognostic
factor in CRC, and its expression is significantly asso-
ciated with poorer clinical outcome, T category, N cate-
gory and vascular invasion.*® In this study, we confirmed
that high CD133 expression was associated with T cate-
gory. More importantly, this is the first report to demon-
strate a positive association between Idl and CD133
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Figure 5 Inhibitor of DNA binding | (IdI) maintains the stemness of colorectal cancer cells through the Id|-c-Myc-PLACS axis via the Wnt/B-catenin and Sonic Hedgehog
(Shh) signaling pathways. (A) Western blotting determines lower CyclinD 1, Survivin, C-myc and cytoplasmic and nuclear B-catenin expression in Id/ knockdown HCTI 16
cells than in control cells, and lower relative TCF/LEF activity is measured in Id] knockdown HCT 116 cells than in control cells. *P<0.05; (B) Western blotting determines
higher PTCH2 and SUFU expression and lower GLI2 and Shh expression in Id] knockdown HCT 116 cells than in control cells; (C) Western blotting determines lower C-
myc expression in HCT 116 cells exposed to FH535 and HPI-1 than in cell treated with FH535 or HPI-1 alone; (D) higher C-myc expression is seen in Id/ knockdown
HCT116 cell overexpressing C-myc than in Id/ knockdown HCT 116 cells; (E) Western blotting determines higher C-myc, EZH2, CD 133, CD24, Oct4, EPCAM and Bmil
expression in Id| knockdown HCT | 16 cell overexpressing C-myc than in Id| knockdown HCT I 16 cells; (F) lower PLAC8 expression is detected in Id/ knockdown HCT 1 16
cells than in control cells; (G) fluorescence-activated cell sorting (FACS) analysis reveals a significant rise in the number of CD24" and CD133"/CD24" cell populations in Id |
knockdown HCT 116 cells overexpressing PLAC8 than in control cells; (H) Western blotting determines higher C-myc, EZH2, CD133, CD24, Oct4, EPCAM and Bmil
expression in [d] knockdown HCT116 cells overexpressing PLACS relative to Id/ knockdown HCT116 cells.

expression in CRC samples. Our data further support the
evidence that Idl may play a critical role in regulating
colon CSCs through governing CD133 expression.

It is becoming quite clear that HCT116 cell line has a high
proportion of CSCs.*® Indeed, we found HCT116 had high

rates of CSC markers such as CD133 and CD44. Using
shRNA to knockdown Id1 expression in HCT116 cells, we
found that /d/ KD blocked the sphere-formation capacity of
HCT116 cells and suppressed CD133 expression. In vivo
animal studies demonstrated the /d/ KD impaired tumor
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growth and tumor-initiating capabilities in HCT116 cells. As
multiple reports have demonstrated that using co-expressed
stemness markers including CD133, CD166, CD44, EpCAM,
CD24, Lgr5 and B-catenin would be better than a single
stemness marker to present colon CSCs.*> Then, we found
1d1 KD restrained other colon CSC markers at both transla-
tional and transcriptional levels, including CD24, OCT4,
EpCAM and EZH2, and a reduction was detected in the
percentages of CD133", CD24" and CD133"/CD24" cell
populations in /d/ KD HCT116 cells. These data demonstrate
that Id1 plays a crucial role in cancer stem-like properties in
HCT116 cells. Both Id! and Id3 KD were reported to impair
the self-renewal capacity of CRCs; however, no changes were
seen in the phenotype of colon CSCs,* which may be attrib-
uted to various cell lines used. In the previous study, 0% to
49.8% CD133 expression was detected, which was much
lower than that (83%) in our study.

It has been proved that CSCs are responsible for chemore-
sistance after standard treatment.’**' Previous studies have
shown that Id1 increases resistance to chemotherapeutic agents
in solid tumors, such as taxol, docetaxel and 0>(aliplatin,29‘42’43
and Id1 down-regulation resulted in an increases in the sensi-
tivity to chemotherapeutic agents in multiple cancers.”*2° In
the present study, we found that /d/ KD increased the sensi-
tivity to 5-FU and induced apoptosis of HCT116 cells. It was
indicated that CD133" CRCs exhibited a higher proliferating
potential and showed a higher resistance to 5-FU and irradia-
tion compared with CD133~ cells.** In this study, we found a
higher sensitivity to 5-Fu in Idl KD cells, which was in
agreement with previous studies.”> *® This may be attribute
to the reduced CD133 expression in HCT116 cells; however,
the underlying mechanisms warrant further investigations.

As we know, HCT116 cell line has little capacity to
differentiate.*® Previous studies have demonstrated that Id
proteins are required for differentiation in various cell
types.'® In our study, we found /d/ KD increased expres-
sion of differentiation markers (MUC2 and CK20), which
supported the role of Idl in induction of colonic cell
differentiation. Upon cell differentiation, CD133 expres-
sion is quickly decreased.*> Our findings suggest that Id/
KD may enable the colon CSCs to differentiate in HCT116
cells. It is therefore assumed that Id1 might be a promising
therapeutic strategy against colorectal CSCs.

EMT causes loss of intercellular adhesion and epithelial
polarization and also gains of mesenchymal traits, which
facilitates cells to undergo changes in cell morphology and
mediate single-cell invasion in cancer.*® In addition, EMT is
believed to act in tumor development by producing cells with

stem cell features.*” It was indicated that loss of Id1 and Id3
upregulated E-cadherin expression in EMT negative prostate
cancer cell lines,*® and suppression of KLF17 expression was
reported to promote breast cancer cell invasion and EMT by
directly binding to the promoter of Idl to inhibit its
transcription.*’ In the current study, we found that Id1 KD
resulted in EMT reversal possibly through increasing E-cad-
herin expression and decreasing the expression of major EMT
regulators in CRCs, such as Snail and Twist. This may provide
stronger evidence for the important role of Id1 in regulating
the stemness of colon CSCs.

The mechanism by which Id/ KD regulates the self-
renewal of CSCs and EMT features remains
Multiple signaling pathways are involved in the regulation of

unclear.

stem cell self-renewal, EMT-like states and differentiation,
including the Wnt/B-catenin signaling pathway. B-catenin is a
central modulator of the canonical Wnt signaling pathway. If
the accumulated cytosolic B-catenin translocates into the
nucleus and forms the B-catenin/TCF complex, the transcrip-
tion of Wnt target genes are activated.>® In breast cancer,
overexpression of Id1 could activate Akt-mediated Wnt sig-
naling pathway.”' Here, we observed that Id] KD decreased
the cytoplasmic/nuclear B-catenin expression and LEF/TCF
luciferase activity, as well as the expression of Wnt target
genes including cyclinDI and Survivin. CD133, EpCAM,
Snail and Twist are found to act as Wnt/B-catenin signaling-
responsive molecule.’>>* Thus, it is reasonable to speculate
that decreased Wnt/B-catenin may responsible for the stem-
ness feature, cell differentiation, EMT and other phenotypic
changes. Further studies are required to investigate the detailed
molecular mechanisms underlying whether Id1 is involved in
the regulation of EMT and stemness features via the non-
classical Wnt pathway or other pathways.

Conclusions

In conclusion, the results of the present study demonstrate that
Id1 expression is significantly associated with CSC marker
CD133 expression in CRC patients. In addition, /d/ KD
impairs CSC-like capacity and reverses EMT-traits, partially
through the regulation of classical Wnt/B-catenin signaling in
vitro. Targeting of Id1-based prevention and therapeutics may
be beneficial and offer new hopes for CRC clinically.
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Abbreviation lists

CRC, colorectal cancer; CSC, cancer stem-like cell; KD,
knockdown; /d: inhibitor of DNA-binding proteins; bHLH,
basic helix-loop-helix; shRNA: short-hairpin RNA; rhEGF,
recombinant human epidermal growth factor; BSA: bovine
serum albumin; ECL, enhanced chemiluminescence; SD,
standard deviation; FACS, fluorescence-activated cell sort-
ing; 5-FU, 5-fluorouracil; TCF/LEF, T-cell factor/lymphoid
enhancer factor; EMT, epithelial-mesenchymal transition;
Shh, Sonic Hedgehog; RTCA, real-time cell analysis.
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