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Abstract: A lack of understanding of the molecular basis underlying the regulation of metastatic disease and its
effective therapy are the primary causes of high mortality in osteosarcoma. Thus, new insights into metastases and
novel effective targets for metastatic osteosarcoma are urgently required. Anoikis resistance is considered a hall-
mark of cancer cells with metastatic ability. However, the molecular mechanism of anoikis is poorly understood in
osteosarcoma. We applied immunohistochemistry to investigate the correlation between inhibitor of differentiation
or DNA binding 1 (ID1) and clinicopathological features, and investigated the correlation between ID1 and the meta-
static behavior of osteosarcoma cells, in vitro and in vivo. The results revealed that ID1 is overexpressed in human
osteosarcoma tissues, is positively associated with lung metastases, and is a potential biomarker of poor prognosis.
Overexpression of ID1 could increase anoikis insensitivity of osteosarcoma cells to facilitate metastasis through the
PI3K/AKT-dependent mitochondrial apoptosis pathway. Knockdown of ID1 partly reversed the high potential of me-
tastasis in anoikis-resistant osteosarcoma cells. Our findings revealed, that ID1 is a candidate molecular target for
metastatic potential osteosarcoma by highlighting the role of anoikis resistance. In addition ID1 might be a potential
predictor of poor prognosis in patients with osteosarcoma.
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Introduction vival rate remains approximately 65-70% [3]. In

contrast to localized disease, the effective ther-

Osteosarcoma is the most frequent primary
pediatric malignancy of bone and is also a com-
mon cause of cancer-related death in children
[1]. Since multiagent chemotherapies com-
bined with surgery became the first-line treat-
ment for osteosarcoma twenty years ago, the
five-year survival rate has increased to 64%
in children [2]. However, over the last two
decades, the treatment of osteosarcoma has
not dramatically improved and the five-year sur-

apy for patients with metastatic osteosarcoma
has not been fully established, resulting in the
five-year survival rate for metastatic disease
remaining around 20% [4-6]. Thus, novel tar-
gets and therapies for osteosarcoma, especial-
ly to inhibit metastasis of osteosarcoma, are
urgently required.

Similar to other types of cancer cells, metasta-
sis of osteosarcoma cells results from a com-
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plex series of procedures, including cell migra-
tion and invasion; detachment from the extra-
cellular matrix (ECM); entry into the circulation;
and finally, metastatic colonization at the dis-
tant organs [7]. However, most of the cancer
cells undergo apoptosis and die when they are
detached from the ECM or during circulation.
This special type of apoptotic cell death trig-
gered by a lack of survival signals generated
from the ECM and neighboring cells is called
anoikis [8, 9]. Anoikis is important to prevent
normal cells from surviving in circulation and
growing in the wrong sites. Meanwhile, it pro-
vides a barrier to cancer metastasis [10]. Th-
erefore, the anoikis resistance of cancer cells
is presumed to play a key role in metastatic
behavior. In addition, there is increasing evi-
dence that resistance to anoikis facilitates
metastasis in osteosarcoma [9-11], suggest-
ing that restoration of anoikis sensitivity may
be an effective means to inhibit metastasis.
Several studies, including our previous works,
have provided some insight into how osteo-
sarcoma develops anoikis resistance, such as
transcription factors, oncogenes, phosphati-
dylinositol-4,5-bisphosphate 3-kinase (PI3K)/
AKT kinase (AKT) or mitogen activated protein
kinase (MAPK) pathway activation, and interac-
tions between bone marrow-derived mesen-
chymal stem cells [9-14]. Moreover, anoikis-
resistant subpopulations of osteosarcoma
cells displayed significant angiogenesis and
chemoresistance during circulation [12, 15].
Nevertheless, little is known about the genes
that control this process, and the molecular
mechanisms underlying metastasis and resis-
tance to anoikis in osteosarcoma remain
incompletely understood.

Inhibitor of differentiation or DNA binding 1
(ID1), one of the helix-loop-helix (HLH) family of
proteins, has a crucial role during normal devel-
opment, malignant transformation, and cancer
progression [16]. ID1 has been recognized as a
tumor promoter in several types of malignant
tumors, such as colon cancer, thyroid cancer,
gastric cancer, and hepatocellular carcinoma
[16-18]. Moreover, high expression of ID1 is
also believed to facilitate cancer metastasis,
making it a potential candidate anti-cancer
metastasis target [17]. Importantly, ID1 is in-
volved in bone formation by regulating the
osteoblastic differentiation of mesenchymal
stem cells [18]. There may be a close connec-
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tion between dysregulation of osteoblast differ-
entiation and tumorigenesis of primary bone
tumors [19]; therefore, ID1 may be an effective
molecular target for osteosarcoma. However,
little is known about the relationship between
ID1 and osteosarcoma progression [20, 21].
However, ID1 gene expression is significantly
upregulated in osteosarcoma tissues com-
pared with that in non-malignant bone tiss-
ues [20] and overexpression of ID1 promotes
human osteosarcoma cell growth and resis-
tance to apoptosis through activation of the
PI3K/AKT pathway [21]. Despite these limited
findings, the role and regulation of ID1 in the
metastatic behavior of osteosarcoma remains
unknown.

In the present study, we investigated the asso-
ciation between ID1 expression and the clinico-
pathological features in tissues of patients with
osteosarcoma. We found that higher expres-
sion of ID1 correlated with lung metastasis and
poor prognosis, and promoted metastasis by
preventing anoikis, rather than facilitating cell
migration and invasion. Moreover, knockdown
of ID1 reversed the acquired anoikis resistance
of osteosarcoma cells. In addition, the PI3K/
AKT-mediated intrinsic apoptotic (mitochondri-
al) signaling pathway was found to be involved
in ID1-induced inhibition of anoikis. To the best
of our knowledge, no previous study has dem-
onstrated the role of ID1 in metastasis and
anoikis resistance in osteosarcoma. The results
demonstrated that ID1 could be a new molecu-
lar target of osteosarcoma. We provided novel
insights into the role and the underlying mecha-
nism by which ID1 promotes metastasis in
osteosarcoma by highlighting the role of anoi-
Kis resistance.

Materials and methods
Human specimens

Specimens were obtained from 67 patients
with histopathologically confirmed osteosarco-
ma with no preoperative anticancer treatment
from the Southwest Hospital and Xingiao Hos-
pital of Army Medical University (AMU), Chong-
ging, China, from February 2011 to October
2017. Local recurrence and distant metastasis
were diagnosed using imaging and pathology.
The tumor stages were classified according to
the Enneking system. Patients with primary

Am J Transl Res 2019;11(4):2117-2139



ID1 promotes anoikis-resistance to facilitate metastasis of osteosarcoma

Table 1. Primers used for qRT-PCR in this study

tors according to the man-

Target gene Forward primer sequence (5-3’) Reverse primer sequence (5’-3’)

ufacturer’'s instructions,

GAPDH GGAGCGAGATCCCTCCAAAAT
ID1 ACGGCTGTTACTCACGCCTC
MMP2 CCCACTGCGGTTTTCTCGAAT

GGCTGTTGTCATACTTCTCATGG
GCTGGAGAATCTCCACCTTGC
CAAAGGGGTATCCATCGCCAT

as previously described
[6]. The shRNA target
sequences are “TTCTCC-

The primers were all obtained from Sangon Biotech (Sangon, Shanghai, China).

osteosarcoma were classified as with or with-
out developed distant metastasis at diagnosis
or after surgery. The control group of histopath-
ologically-confirmed benign tumor specimens
were obtained from 21 patients with fibrous
dysplasia and 12 patients with osteoblasto-
ma from Xingiao Hospital from 2015 to 2017.
Written informed consent for these experi-
mental studies was obtained from the pati-
ents or their guardians. All experiments were
approved by Southwest Hospital (No. 27-2011)
and Xingiao Hospital (No. 2018-069-01) ethics
committees.

Cell culture and compounds

The human osteosarcoma cell lines 143B and
MNNG/HOS (M/HOS) were obtained from Cell-
cook Biological Technology Co., Ltd (Guangzhou
China). Cells were maintained in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM,
Hyclone, Logan, UT, USA) supplemented with
10% fetal bovine serum (FBS, Bl, Kibbutz Beit
Haemek, Israel) and 1% penicillin-streptomycin
(Hyclone). All the cells were cultured at 37°C in
5% CO, and a humidified atmosphere.

Cells were treated with the PI3BK/AKT inhibitor
LY294002 (25 uM, Selleck Chemicals, Houston,
TX, USA) for 24 h, as required.

Lentivirus transfection

The HBLV-h-Puro expressing lentiviral vector for
ID1 and the control were synthesized and
obtained from Hanbio Biotechnology Co., Ltd
(Hanbio, Shanghai, China) and the reference
sequence for human ID1 was acquired from
NCBI (NM_002165.3). The short hairpin RNA
(shRNA) in the pHBLV-U6-ZSGreen-puro lentivi-
ral vector targeting ID1 and its scrambled con-
trol shRNA were also purchased from Hanbio.
143B, M/HOS, and 143B-AR cells (anoikis-
resistant 143B cells, produced in this study)
were infected with the indicated lentivirus vec-
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GAACGTGTCACGTAA” for
scrambled and “GCAAG-
AACTGCTTCGGCAGGTCC-
TC” for shID1. The overexpression or knock-
down function was verified by quantitative
real-time PCR and western blotting analysis.

Transfection of short interfering RNAs

Short interfering RNAs (siRNAs) targeting 1D1
were used for transient knockdown experi-
ments and were purchased from Ribobio
Biotechnology Co., Ltd (Ribobio, Guangzhou,
China). Cells were transfected with 20 nM
targeting siRNA (two sequences) or scrambled
siRNA using ribobio-FECT™ CP (Ribobio) ac-
cording to the manufacturer’s instructions.
Cells were assayed 24-48 h after transfection.
Knockdown efficiency was assessed using
quantitative real-time PCR (gPCR) and western
blotting analysis. The siRNA target sequences
used in this experiments are “GAACTCGGA-
ATCCGAAGTT” for ID1-siRNA-1, “CACGTCATCG-
ACTACATCA” for ID1-siRNA-2 and “TCAGGGACC-
TTCAGTTGGA” for ID1-siRNA-3.

Quantitative real-time PCR analysis and west-
ern blotting analysis

Quantitative real-time PCR (qPCR) was per-
formed as described previously [22]. The de-
tails of the primers are listed in Table 1.

For western blotting analysis, proteins were
separated using 10-12% SDS Tris-glycine gels
and transferred to a polyvinylidene fluoride
(PVDF) membrane (3010040001, Roche, Sh-
anghai, China). The membrane it was blocked
with 5% fat-free milk and incubated with the
indicated primary antibodies overnight at 4°C.
Antibodies against glyceraldehyde-3-phosph-
ate dehydrogenase (GAPDH) (1:1000, AB-P-
ROO01) were purchased from Hangzhou Good-
here Biotechnology Co., Ltd (Hangzhou China).
Antibodies against matrix metalloproteinase 2
(MMP2) (1:500, 40994S), phosphorylated AKT
kinase (p-AKT) (1:2000, 4060S), cleaved cas-
pase 3 (1:500, 9664T), B-cell CLL/lymphoma 2
(BCL2) (1:1000, 2872T), cytochrome ¢ (1:1000,
11940T), and BCL2 associated X protein (BAX)
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(1:500, 5023T) were purchased from Cell
Signaling Technology (CST, Danvers, MA, USA);
the ID1 antibody (1:500, bs-6541R) was pur-
chased from Bioss (Beijing, China). Antibodies
against extracellular signal-regulated kinase
(ERK) (1:1000, AF1051), p-ERK (1:1000, AF-
1891), and AKT (1:1000, AF1789) were pur-
chased from Beyotime Biotechnology (Beyo-
time, Shanghai, China). After incubation with
the primary antibodies, the secondary anti-
body (goat anti-rabbit, Bioss) was applied. Im-
munoreactivity was detected using an ECL Kit
(BeyoECL Moon, Beyotime).

Anoikis analysis

Cell anoikis (apoptosis) was analyzed using
Annexin V-phycoerythrin (PE)/7-aminoactino-
mycin D (7-ADD) analysis using an Annexin
V-PE/7-ADD kit (Becton Dickinson, BD, Franklin
Lakes, NJ, USA) according to the manufactur-
er’s protocols. After the cells were infected with
the ID1 overexpression vector, or siRNAs tar-
geting ID1, the cells were seeded in ultra-low
attachment 6-well plates (Corning, NY, USA)
and cultured for 2 days. The indicated inhibi-
tors were added into the plates for the last 24
hours if required. Thereafter, the cells were har-
vested and washed with phosphate-buffered
saline (PBS), and then resuspended in 200 ul
of binding buffer. Subsequently, 5 pl of Annexin
V-PE and 5 pl of 7-ADD were added and incu-
bated for 15 min at room temperature in the
dark. Flow cytometric analysis was then per-
formed using a flow cytometer (FACSCalibur,
BD, USA). Annexin V-PE positive/7-ADD nega-
tive cells were identified as early apoptotic
cells. Annexin V-PE and 7-ADD positive cells
were identified as late apoptotic cells.

Anoikis-resistant cell model

To establish the anoikis-resistant model, 5 x
10° cells were cultured in ultra-low attachment
6-well plates with DMEM supplemented with
10% FBS for 7 days as suspension cultures,
then harvested, digested to a single-cell sus-
pension, and transferred to attachment 24-well
plates with normal culture until they formed
monolayers. Then, 5 x 10° cells were cultured
in suspension again for another 14 days, and
finally transferred to attachment plates [8, 12].
The re-adherent cells were cultured in adhered
conditions. The anoikis-resistant ability of the
re-adherent cells were assessed by anoikis
analysis as section 2.6. Cells were considered
anoikis-resistant (-AR) when the anoikis was
significantly decreased compared with that in
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untreated cells [8, 12]. The cellular morphology
was observed under an inverted microscope
(Olympus, Tokyo, Japan).

Mitochondrial membrane potential analysis

Changes in mitochondrial transmembrane po-
tential occurring during anoikis induced by siR-
NAs targeting ID1 were examined using a mito-
chondrial membrane potential assay kit with
JC-1 (C2006, Beyotime). As previously reported
[23], after transfection, suspension cells were
cultured in ultra-low attachment 6-well plates
for 2 days; and then harvested and incubated
with 1 ml JC-1 working solution, and incubated
for 20 min at 37°C. Thereafter, the cells were
washed with JC-1 staining buffer twice and ana-
lyzed by the FACSCalibur software (BD). JC-1
monomers or JC-1 positive cells were defined
as having a loss of mitochondrial membrane
potential, according to the negative (adhered
with non-treatment cells) and positive controls
(carbonyl cyanide m-chlorophenyl hydrazone
(CCCP), 10 uM, 10 min).

R2 database analysis

The R2 database (http://hgserverl.amc.nl)
was used to investigate the relationship
between ID1 and other genes for patients with
osteosarcoma. The data named mixed osteo-
sarcoma-Kuijjer-127-vst-ilmnhwgév2 was sel-
ected. In ‘Select type of analysis’ section, we
selected ‘correlate 2 genes’ to analyze the cor-
relation between ID1 and the common matrix
metalloproteinases (MMPs) genes related to
the invasive ability of osteosarcoma cells in
127 specimens using the Pearson rank correla-
tion test [24].

Histology and immunohistochemistry

Immunohistochemistry (IHC) was performed
using an IHC kit (Zsbio, Beijing, China). As
reported previously, sample sections were
deparafinized through a series of xylene baths,
antigens were retrieved by steam treatment in
10 mM citrate buffer, blocked with 3% hydro-
gen peroxide for 15 min at 37°C, pre-incubated
with blocking serum solution for 30 min at
37°C, and then incubated at 4°C with primary
rabbit anti-human ID1 antibodies (1:150, bs-
6541R, Bioss) overnight. Subsequently, the
secondary antibodies were applied and the
nuclei were counterstained with hematoxylin.
Specimens were independently scored by two
pathologists who were blinded to the clinical
data. For the semi-quantitative assessment of
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protein expression, the percentage of positive
cells was calculated in no less than five ran-
domly selected fields of view using higher-mag-
nification objectives (x 400), and included over
50 cells. The final IHC score was a product of
the positive cell ratio score (O = no immunore-
activity; 1 < 25% cells stained; 2 = 26-50%
cells stained; 3 = 51-75% cells stained; and 4 =
> 76% cells stained) and the relative expres-
sion score (0, negative; 1, yellow staining; 2,
brown staining; 3, dark brown staining) [6, 25].
Final scores > 5 were considered high expres-
sion of ID1 (the average score was 4.97).

In vitro migration and invasion assays

Cells migration and invasion were assessed
using wound-healing assays and Transwell
invasion assays, respectively, as described pre-
viously [6]. Briefly, after the indicated treat-
ments, cells were seeded into 6-well plates and
a 10-pyl micropipette tip was used to make
scratches. Cells were monitored at O h and 20
h after scratching and images of wound healing
were captured using a inverted phase contrast
light microscope (Olympus) and DP Controller
software (Olympus). Cellular migratory ability
was quantified by measuring the wound healing
index; i.e., the wound area healed by the cells
at 20 h after scratching relative to the wound
area at O h, using the ImageJ software. For the
Transwell invasion assay, cells suspensions of
2 x 105 cells/ml in serum-free DMEM were
seeded into the upper chambers, which were
pre-coated in 1:3 diluted matrigel (BD) of 8-
um Transwell filters (Merck Millipore, Berlin,
Germany), in a volume of 200 pyl. DMEM con-
taining 10% FBS was added to the lower cham-
bers. Then the cells were incubated for 24 h.
After 0.1% crystal violet staining for 5 min, the
invaded cells were quantified in no less than
four randomly selected fields.

In vivo lung metastasis model

The lung metastasis models were established
as reported previously [6, 10]. Briefly, 25 female
nude mice (Laboratory Animal Center, Xingiao
Hospital, AMU) were randomly divided into five
groups as M/HOS-ctrl, M/Hos-Ilv I1D1, 143B,
143B-AR Sh-Ctrl and 143B-AR Sh-ID1. To
emphasize the influence of anoikis, with appro-
priate treatments, relative fewer cells (10°) in a
volume of 0.1 ml PBS were injected into the tail
vein of each 5-week-old nude mouse. The mice
were evaluated every four days for weight
change and tumor burden with emaciation. The
mice were sacrificed at 24 days after injection.
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The lungs of all the mice were resected, fixed in
10% formalin, and then embedded in paraffin,
sectioned, and stained with H&E. Five discon-
tinuous and deep sections were used to define
whether there was a metastatic tumor nodule,
and the number of lung metastasis nodules
was counted in one section with the most nod-
ules under a light microscope.

All the animal care and experimental proce-
dures were approved by the Institutional Animal
Care and Use Committee of Xingiao Hospital,
AMU, and were performed according to the
Guide for the Care Use of Laboratory Animals.

Statistical analysis

Categorical data were analyzed using the Chi-
squared test. Quantitative data were presented
as the mean = SD and analyzed using unpaired
Student’s t-tests for two groups and analysis of
variance (ANOVA) with Bonferroni's multiple
comparisons for more than two groups. Survival
analysis (61 of the 67 patients) was carried out
using the Kaplan-Meier method and log-rank
test. All analyses were performed using SPSS
20.0 software (version 20.0, IBM Corp.,
Armonk, NY, USA) or GraphPad Prism (version
7.00, GraphPad Software, Inc., San Diego, CA,
USA). All the in vitro experiments were per-
formed at least in triplicate.

Results

ID1 is overexpressed in human osteosarcoma
tissues

Previous studies have reported that the expres-
sion of ID1 is associated with progression in
many types of malignant tumors [16-18, 26]. In
addition, ID1 mRNA expression is increased in
osteosarcoma tissues compared with that in
corresponding normal tissues [20, 21]. To con-
firm this finding at the protein level, we ap-
plied IHC staining to examine ID1 expression
between human benign bone tumors and oste-
osarcoma tissues. As expected, we observed
significantly higher levels of ID1 (P < 0.05) in
osteosarcoma compared with that in benign
bone tumors (osteoblastoma or fibrous dyspla-
sia) (Figure 1A, 1B).

High expression of ID1, associated with distant
metastasis and predicts a poor prognosis in
human osteosarcoma

To examine the relationship between ID1 ex-
pression and osteosarcoma metastasis, we
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Figure 1. ID1 is overexpressed in osteosarcoma, positively associated with lung metastasis, and predicts a poor
prognosis. A, B. Representative images (200 x and 400 x) of IHC staining and the quantitative comparison of IHC
scores for ID1 expression in fibrous dysplasia, osteoblastoma, and osteosarcoma. ID1 expression was notably and
significantly higher in osteosarcoma than in fibrous dysplasia and osteoblastoma. C. Higher IHC scores of ID1, which
symbolized protein expression intensity, were found in patients with metastasis compared with those in patients
without metastasis. D. A comparison of ID1 expression between low-grade osteosarcoma and high-grade osteosar-
coma: The IHC scores of ID1 were significantly higher in Enneking stage Ill patients. **P < 0.01, ***P < 0.001,

Scale bars: 50 ym.

Table 2. Correlations between ID1 expression and the clini-
copathological features of patients with osteosarcoma

ological features of the patients are
listed in Table 2. We found that high

ID1 protein

Chi-square

Characteristics - - -
High expression Low expression

P-value*

expression of ID1 was significantly
associated with advanced Enneking

Age (years)

<20 14 23

21~30 8

>31 10 7
Gender

Male 18 22

Female 14 13
Stage

| 0 1

Il 21 31

1 11 3
Local recurrence

Yes 15 10

No 17 25
Distant metastasis

Yes 16 7

No 16 28
Histological type

Osteoblastic 18 21

Chondroblastic 9 11

Fibroblastic 3 1

Others 2 2
Tumor size

<8cm 19 28

>8cm 13 7
Tumor location

Limbs 26 31

Others 6 4

0.194

0.010"

0.729

stage and metastasis (P < 0.05), but
not with age, sex, pathological sub-
type, or location (Table 2). Accordingly,
a high IHC score for ID1 was much
more frequently observed in patients

0.582 with an advanced Enneking stage and

distant metastatic disease (Figure
1C, 1D). In addition, higher ID1 expres-

0.025" sion was found in 40.43% (19/47) of

patients with a smaller tumor size, in
40.48% (17/42) of patients without
local recurrence, in 65% (13/20) of

0.122 patients with a bigger tumor size, and

in 60% (15/25) of patients with local
recurrence; however, the differences
were not statistically significant (P =
0.065 and 0.122) (Table 2). Fur-
thermore, a Kaplan-Meier curve
showed that high expression of ID1
was significantly related to poor over-
all survival in patients with osteosar-
coma (P = 0.0395) (Figure 2A, 2B).
Taken together, these results showed
that high expression of ID1 is positive-

0.065 ly associated with metastasis of

osteosarcoma and is a potential bio-
marker of poor prognosis.

0.410

ID1 overexpression or knockdown
does not have a significant effect on

#Pearson’s x? test; “with significant difference (P < 0.05).

used IHC staining of 67 human specimens to
investigate the correlations between ID1 ex-
pression and the clinicopathological features
of osteosarcoma. There were 40 males and 27
females, with a median age of 23.75 years old
(range: 8-65). Twenty-five patients showed local
recurrence, 14 patients had metastasis at
diagnosis, and nine patients developed distant
disease after treatment. The other clinicopath-
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cell migration or invasion of osteosar-
coma cells in vitro

The finding of high ID1 expression being posi-
tively correlated with metastasis in osteosar-
coma prompted us to examine the effect of ID1
in regulating migration and invasion in osteo-
sarcoma cells. First, we overexpressed ID1
using lentivirus transfection and knocked down
ID1 expression using siRNAs in 143B and M/
HOS osteosarcoma cell lines. Two effective tar-
get sequences of siRNAs were used and the
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Figure 2. High expression of ID1 predicts a poor prognosis in patients with osteosarcoma and overexpressed or
knocked down ID1 in osteosarcoma cells. A. Representative images (200 x) of IHC for high or low expression stain-
ing of ID1 in human osteosarcoma tissues. IHC scores > 5 were defined as high expression of ID1 (average score
was 4.97). B. Kaplan-Meier curve showing that high expression of ID1 is significantly associated with poor prognosis
and shorter overall survival (61 of 67 patients with exact follow-up data were included). Scale bars: 100 um. ID1,
inhibitor of differentiation or DNA binding 1; IHC, immunohistochemistry. C, D. Overexpressed ID1 expression using
lentivirus transfection and knocked down ID1 expression using siRNAs in 143B and M/HOS osteosarcoma cell lines

were confirmed by gPCR and Western blot analysis.

effect of ID1 overexpression and knockdown
were both confirmed by gPCR and western blot-
ting analysis (Figure 2C, 2D). We then perform-
ed Transwell and wound healing assays to de-
termine whether a change of ID1 level affected
motility and the invasive ability of osteosarco-
ma cells. Surprisingly, overexpression or knock-
down of ID1 had no significant effect on the
migration or invasion of 143B and M/HOS cells
(Figure 3A-D). MMPs are critical enzymes that
promote the invasive ability of cancer cells
[27] and there is evidence that ID1 could regu-
late the expression of MMPs in some type of
cancers [28, 29]. In complementary experi-
ments, we further used the R2 database (http:
//hgserverl.amc.nl) to investigate the correla-
tion between ID1 and MMP-related genes in
osteosarcoma samples. The results showed
that there was only a weak positive correlation
between ID1 and MMP2 (r = 0.2561, P =
0.0037) (Figure 3E). However, we could not find
a consistent result in osteosarcoma cells in
vitro: There was no significant change in the
mRNA and protein expression of MMP2 with
increased expression of ID1 in either of the
osteosarcoma cell lines (Figure 3F), suggesting
that the correlation between MMP2 and ID1 in
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tissues could potentially be attributed to the
tumor microenvironment and not the direct
functions of the cells. Meanwhile, the results
supported the observation that ID1 had no
obvious direct effect on the invasion of osteo-
sarcoma cells in vitro. Collectively, these results
suggested that although high expression of ID1
promoted lung metastasis in osteosarcoma, it
may not be attributed to increased cell migra-
tion and invasion.

Overexpression of ID1 inhibits anoikis of osteo-
sarcoma cells through the mitochondrial apop-
tosis pathway suppression in vitro

We next hypothesized that the possible mecha-
nism by which ID1 regulates osteosarcoma cell
metastasis might involve anoikis, which is
known as an important process in tumor dis-
tant metastasis [30]. A previous study showed
that ID1 could improve apoptosis resistance in
osteosarcoma cells under adherence condi-
tions [21]. Accordingly, we aimed to identify
whether ID1 could influence anoikis of osteo-
sarcoma cells in vitro. When cultured in ultra-
low attachment 6-well plates as suspension
cultures for 48 hours, 143B and M/HOS cells
overexpressing ID1 showed significantly atten-
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siRNAs increased the anoikis rate of 143B and M/HOS cells significantly. C. Representative images and quantifica-
tion of mitochondrial membrane potential (JC-1). Cells with or without ID1 silencing were cultured for 48 hours and
then stained with JC-1 solution for flow cytometry analysis. D. Representative images of the western blotting analysis
of ID1, BCL2, BAX, cleaved-caspase 3, and Cytochrome versions in 143B and M/HOS cells. Cells were subjected to
ID1 overexpression or silencing. **P < 0.01, ***P < 0.001, compared with the 143B Ctrl group, ##P < 0.01, ###P

< 0.01, compared with the M/HOS Ctrl group.

uated anoikis compared with that in their
respective control groups (Figure 4A). By con-
trast, treatment with ID1-siRNAs increased the
percentage of anoikis cells (Figure 4B). These
results suggested that ID1 could increase anoi-
Kis insensitivity in osteosarcoma cells, which
might provide several advantages for the meta-
static behavior of osteosarcoma. Moreover, ID1
has been implicated in the intrinsic apoptosis
pathway (mitochondrial), which has been
described as a key regulator of anoikis [31]. To
identify the apoptotic signaling pathway that
underlies ID1-mediated anoikis, we first applied
JC-1tomeasurethemitochondrialmembranepo-
tential by flow cytometry. The results showed a
notable increase in the loss of mitochondrial
membrane potential, reflected as increased
numbers of JC-1 monomers, in cells treated
with the ID1 siRNAs compared with that in the
control cells (Figure 4C). Then, we detected the
dynamic changes of mitochondrial apoptotic
proteins. The results demonstrated that over-
expression of ID1 not only increased the level
of the anti-apoptotic protein BCL2, but also
reduced the level of the pro-apoptotic proteins
BAX, cytochrome c, and cleaved caspase-3 in
the 143B and M/HOS cells under suspension
culture, which was reversed by knockdown of
ID1 (Figure 4D). Thus, these results indicated
that ID1 could regulate the anoikis of osteosar-
coma cells via the mitochondrial apoptosis
pathway.

Crucial involvement of ID1 in osteosarcoma
cells acquiring anoikis-resistance

Our results showed that ID1 potentiated the
anti-anoikis property of osteosarcoma cells;
therefore, we sought to determine whether ID1
is involved in the process by which osteosarco-
ma cells acquire anoikis-resistance. We estab-
lished anoikis-resistant cell models by sequen-
tial cycles of culture switching under adherent
and suspended conditions [8]. We found that
the 143B and M/HOS cells gathered into clus-
ters by degrees in the suspension culture and
became denser over time. The appearance of
the re-adherent cells was not visibly different
compared with that of original untreated cells
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under an inverted phase contrast light micro-
scope (Figure 5A and 5F). However, after
attachment was inhibited for 48 hours, the re-
adherent 143B cells became resistant to apop-
tosis. A low percentage of apoptotic cells (6.97
+ 0.74%) was found in re-adherent 143B cells,
while a much higher percentage apoptotic cells
(20.99 + 1.57%) was found for 143B cells
under suspension culture for 48 hours (Figure
5B). The significantly decreased anoikis rate (P
< 0.05) indicated that we had success-
fully established anoikis-resistant 143B cells
(143B-AR). Moreover, we observed increased
ID1 mRNA and protein expression in 143B-AR
cells compared with that in 143B cells (Figure
5C). Annexin V-PE/7-ADD analysis showed that
the anoikis resistance of 143B-AR cells was
partly reversed using siRNA-mediated knock-
down of ID1 (Figure 5D). In addition, consistent
with the flow analysis results, western blotting
analysis revealed decreased expression of
BCL2 and an accumulation of BAX, cytochrome
¢, and cleaved-caspase 3 in the ID1-silenced
cells (Figure 5E), which indicated that the acti-
vated mitochondrial apoptotic pathway could
be attributed to the decreased expression of
ID1 in 143B-AR cells. Interestingly, we failed to
established an anoikis-resistant model in M/
HOS cells (Figure 5G) and were also unable to
detect a notable change in the expression of
ID1 between re-adherent M/HOS cells and orig-
inal M/HOS cells (Figure 5H). Taken together,
these findings suggested that increased ID1
expression might be a hallmark of osteosarco-
ma cells that have acquired anoikis-resistance
during circulation.

ID1 promotes osteosarcoma cells lung metas-
tasis and ID1 silencing partly reverses the in-
creased metastatic ability of anoikis-resistance
cells in vivo

To further investigate whether ID1-induced
anoikis inhibition contributes to metastasis in
Vivo, we constructed a mouse lung metastasis
model by injecting M/HOS cells stably overex-
pressing ID1 and control M/HOS cells into the
tail vein of the mice. In line with our in vitro find-
ings, overexpression of ID1 notably increased
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was more frequently observed in high grade malignancies, such as nasopharyngeal carci-
and aggressive subgroups in several other noma, myeloid leukemia, and cervical cancer
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the ability of M/HOS cells to produce lung
metastases, as reflected by the increased
metastasis incidence and greater number of
tumor metastatic nodules in the lungs of the
mice injected the cells overexpressing ID1
(Figure 6A-C). Moreover, anoikis-resistant cells
had a much greater capacity to establish lung
metastases compared with their original forms.
However, using the lentiviral siRNA vector to
stably silence ID1 in 143B-AR cells (Figure 6D,
6E) markedly decreased the metastatic rate
and the number of metastatic nodules were
markedly decreased (143B-AR ShiD1 group;
Figure 6F-H), which indicated that ID1 silencing
at least partly reversed the increased meta-
static ability of anoikis-resistant cells in vivo.
Together with our in vitro findings, we demon-
strated that ID1 has a significant effect
on osteosarcoma metastasis by inhibiting
anoikis.

ID1 induces anoikis-resistance in osteosarco-
ma cells via activating the PISBK/AKT pathway

Previous studies suggested that ID1 expres-
sion could regulate the PIBK/AKT and MEK/
ERK signaling pathways [21, 32-34]. In view of
the important roles of the PI3K/AKT and ERK
pathways in anoikis resistance and mitochon-
drial apoptotic signaling regulation [30], we fur-
ther investigated how ID1 mediated anoikis in
osteosarcoma cells. First, we measured the
levels of AKT, ERK, and their phosphorylated
forms in 143B and 143B-AR cells. The results
revealed that the levels of the phosphorylated
forms of AKT and ERK under conditions of ID1
overexpression were significantly increased in
143B-AR cells after suspension culture for 48
hours compared with those in 143B cells
(Figure 7A), suggesting that ID1, the PISBK/AKT
pathway, and the ERK pathway participate in
inducing osteosarcoma cells together to
become anoikis resistant. However, after the
indicated treatment of 143B and M/HOS cells
under suspension conditions for 48 hours, the
results showed that overexpression of ID1 did
not affect the total AKT, ERK and p-ERK levels,
but significantly increased the level of p-AKT
(Figure 7B). In parallel, knockdown of ID1 led to
significantly decreased levels of p-AKT, which
suggested that ID1 preferentially acts via PI3K/
AKT activation rather then ERK signaling to
induce anoikis insensitivity. Then, we applied
LY294002, a specific inhibitor of the PI3K/AKT
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pathway, in ID1-overexpressing cells, to further
assess whether the PI3K/AKT pathways under-
lies ID1-mediated anoikis. Strikingly, following
LY294002 treatment, a marked increase in
cells undergoing anoikis was detected in ID1-
overexpressing cells using flow cytometry
(Figure 7C). This result implied that activation
of the PIBK/AKT signaling pathway was essen-
tial for ID1-induced anoikis inhibition. In addi-
tion, accompanied by a significant increase in
anoikis caused by PI3K/AKT inhibition, we
could also observe consistently higher expres-
sion of pro-apoptotic proteins and lower expres-
sion of anti-apoptotic proteins of the intrinsic
apoptotic signaling pathway (Figure 7D), sug-
gesting that the mitochondrial pathway acts as
a functional downstream effector of the ID1/
PISK/AKT axis. Thus, these results highlighted
the relevance of ID1 and the PI3K/AKT signal-
ing pathway as a regulatory mechanism of anoi-
kis of osteosarcoma cells.

Discussion

Osteosarcoma is one of the most common
causes of cancer-related death in young ado-
lescents [22]. The high mortality of osteosar-
coma can be attributed to metastases; howev-
er, there are few effective treatments for dis-
tant metastasis [35]. Thus, there is an urgent
need for new insights into the molecular mech-
anism of metastasis in osteosarcoma. ID1, an
HLH family member, has potential effects on
development and the cell cycle, and is reported
to regulate tumorigenicity in several malignant
tumors, including osteosarcoma [36]. Previous
studies provided preliminary evidence that ID1
may act as an oncogene in osteosarcoma [20,
21]. Although certain tumor-promoting effects
are associated with ID1 expression in osteosar-
coma, such as anti-apoptosis and promotion of
proliferation [21], the relationship between ID1
and metastasis remains poorly understood.

ID1 mRNA is overexpressed in human osteo-
sarcoma tissues [20]; however, overexpression
of the protein has not been reported. In the
present study, IHC indicated that the ID1 pro-
tein was highly abundant in osteosarcoma sam-
ples compared with that in benign bone tumor
samples. Further analyses demonstrated that
high expression of ID1 was positively correlated
with an advanced Enneking stage and distant
metastasis. Similarly, higher expression of ID1

Am J Transl Res 2019;11(4):2117-2139
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Figure 7. ID1 induces anoikis-resistance in osteosarcoma cells via activating the PI3K/AKT pathway to suppress mitochondrial apoptotic signals. A. Representative
images of the western blotting analysis of ID1, ERK, p-ERK, AKT, and p-AKT levels in 143B and 143B-AR cells after 48 hours suspension. B. Representative images
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[37-39]. Our results also demonstrated that ID1
could be a useful biomarker for prognosis in
patients with osteosarcoma. Therefore, exam-
ining ID1 protein expression by IHC could repre-
sent an easy and effective way to identify
patients at increased risk of distant metasta-
sis, progression, and poor prognosis. These
findings suggested a novel role for ID1 in the
underlying biological mechanism of metastasis
in human osteosarcoma.

ID1 is not only importantly in cancer cell prolif-
eration, but also is involved in transformation
of cancer cells to an invasive phenotype, such
as in migration, invasion, and the epithelial-
mesenchymal transition (EMT) [18, 26, 32].
Although a previous study focused on the role
of the ID1 in tumor growth in osteosarcoma
[21], no study has investigated the potential
relationship between ID1 and the metastatic
behavior of osteosarcoma cells. Considering
our data from human specimens, we expected
that ID1 would facilitate the invasive phenotype
of osteosarcoma cells similar to previous stud-
ies in other malignant tumor cells [17, 29].
Surprisingly, ID1 overexpression or knockdown
had no significant effect on the cell migration
and invasion in two kinds of osteosarcoma
cells. Although this could be partially explained
as a consequence of heterogeneity of different
kinds of tumors, these results did not correlate
with those from human osteosarcoma tissues.
Osteosarcoma cell metastasis results from a
complex series procedures including not only
cell mobility and invasion, but also resistance
to anoikis.

Therefore, we decided to investigate anoikis
resistance and its potential association with
ID1. Osteosarcoma cells are sensitive to anoi-
kis and after sequential cycles of adherence
and suspended culture, some osteosarcoma
cells can alter their sensitivity to anoikis to
become resistant. Emerging evidence suggests
that anoikis resistance is a crucial process for
osteosarcoma cells to acquire a metastatic
phenotype [11-13, 15]. In the present study, we
showed that overexpression of ID1 significantly
decreased the sensitivity of osteosarcoma
cells to anoikis. Indeed, the effect of ID1 in
facilitating lung metastasis was further con-
firmed by our in vivo experiments, in which
osteosarcoma cells were injected into mouse
tail veins to simulate the anoikis situation.
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Moreover, we found that ID1 acted as a control
gene in the process of anoikis resistance in
14 3B cells, but not in M/HOS cells. We specu-
lated that the ability to acquire anoikis resis-
tance varied among different cell lines under
our culture conditions. More importantly, our
results showed that anoikis-resistant osteosar-
coma cells displayed advanced metastatic abil-
ity and that knockdown of ID1 expression could
at least partly restore the anoikis sensitivity of
anoikis-resistant cells to inhibit them from
forming distant metastasis in vivo. These find-
ings showed that ID1 is a potential molecular
target to restrict osteosarcoma cells with high
metastatic potential in localized tumors.
However, anoikis-resistant subpopulations of
osteosarcoma cells also display significant che-
moresistance and angiogenesis [12, 15]. Thus,
further studies are needed to confirm the influ-
ence of ID1 on the characteristics of anoikis-
resistant cells.

Accumulating evidence suggests that the SRC,
PI3K/AKT, MAPK, FAK, and integrin pathways
are involved in conferring anoikis resistance
on osteosarcoma cells [9, 14, 30, 40, 41].
Meanwhile, ID1 activity has been reported to
correlate with the SRC, PIBK/AKT, and MAPK/
ERK pathways [21, 32, 42], prompting us to
confirm these potential mechanisms during
anoikis. However, we decided not to further
investigate the correlation with SRC because a
previous study showed that inhibiting SRC
phosphorylation did not alter metastatic poten-
tial of osteosarcoma cells in vivo [43]. Thus, we
first demonstrated that the AKT and ERK path-
ways were both involved in the anoikis and
were notably activated in anoikis-resistant
cells. Moreover, we found that PIBK/AKT activa-
tion, but not ERK activation, was an essential
process for ID1-mediated induction of anoikis
insensitivity during suspended culture, sug-
gesting that ERK may not be a direct down-
stream target of ID1. Furthermore, numerous
reports have highlighted the importance of the
interplay of triggering two apoptotic pathways,
the intrinsic (mitochondrial) pathway and extrin-
sic pathway, during anoikis [30]. In addition,
ID1 can regulate the expression of BCL2 family
proteins, which play key roles in the mitochon-
drial pathway [44, 45]. In the present study, we
demonstrated that ID1 regulates anoikis by
upregulating the anti-apoptotic signal BCL2,
and decreasing BAX expression, subsequently
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maintaining the mitochondrial membrane po-
tential, inhibiting cytochrome c release from
the apoptosome, and finally impeding the acti-
vation of caspase-3 to suppress anoikis. These
changes to the mitochondrial pathway are
dependent on the PIBK/AKT pathway.

In conlusion, the results of present study dem-
onstrated that ID1 promotes anoikis resistan-
ce of osteosarcoma cells to facilitate distant
metastasis via inhibiting the PI3K/AKT-depen-
dent mitochondrial pathway. Furthermore, ID1
protein expression is biomarker of poor progno-
sis in osteosarcoma. Importantly, knockdown
of ID1 expression could restore the anoikis
sensitivity of osteosarcoma cells to stop them
from metastasizing. Therefore, our results high-
light a novel role for ID1 as a potential target
for metastatic potential osteosarcoma and
provide insights into the underlying mechan-
ism of anoikis resistance and metastasis of
osteosarcoma.

Acknowledgements

The authors thank Professor Xue-Feng Tang for
her helpful advice for this study. We would also
like to thank the native English-speaking scien-
tists of Elixigen Company (Huntington Beach,
California) for editing our manuscript. Moreover,
we would like to thank the Institute of Central
Laboratory of Xingiao Hospital for providing
some of the experimental apparatus. We also
thank Ms Xing Rong, Mr. Jia-Sheng Ye, and Ms
Ya-Li Wang (Xingiao Hospital) for their assis-
tance with the immunohistochemistry tech-
niques. This work was supported by the
National Natural Science Foundation of China
(NSFC) [grant number 81672653] and the
Chonggqing Science and Technology Committee
Foundation, China [grant number cstc2015jcyj
BX0067].

Disclosure of conflict of interest
None.

Address correspondence to: Dian-Ming Jiang, De-
partment of Orthopedic Surgery, The First Affiliated
Hospital of Chongging Medical University, Chong-
ging 400016, People’s Republic of China. E-mail:
jdm571026@vip.163.com; Qiao-Nan Guo, Depart-
ment of Pathology, Xingiao Hospital, Army Medical
University, Chongqing 400037, People’s Republic of
China. Tel: +086 023 68755641; E-mail: giaonan-
85@263.net

2137

References

[1]  Fuchs B and Pritchard DJ. Etiology of osteosar-
coma. Clin Orthop Relat Res 2002; 40-52.

[2] Landis SH, Murray T, Bolden S and Wingo PA.
Cancer statistics, 1998. CA Cancer J Clin
1998; 48: 6-29.

[3] Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2018. CA Cancer J Clin 2018; 68: 7-30.

[4] Ta HT, Dass CR, Choong PF and Dunstan DE.
Osteosarcoma treatment: state of the art. Can-
cer Metastasis Rev 2009; 28: 247-263.

[5] Navet B, Ando K, Vargas-Franco JW, Brion R,
Amiaud J, Mori K, Yagita H, Mueller CG, Verrec-
chia F, Dumars C, Heymann MF, Heymann D
and Lezot F. The intrinsic and extrinsic implica-
tions of RANKL/RANK signaling in osteosarco-
ma: from tumor initiation to lung metastases.
Cancers (Basel) 2018; 10.

[6] Zhao GS, Gao ZR, Zhang Q, Tang XF, Lv YF,
Zhang ZS, Zhang Y, Tan QL, Peng DB, Jiang DM
and Guo QN. TSSC3 promotes autophagy via
inactivating the src-mediated PI3K/Akt/mTOR
pathway to suppress tumorigenesis and me-
tastasis in osteosarcoma, and predicts a favor-
able prognosis. J Exp Clin Cancer Res 2018;
37: 188.

[71  Zhu L, McManus MM and Hughes DP. Under-
standing the biology of bone sarcoma from
early initiating events through late events in
metastasis and disease progression. Front On-
col 2013; 3: 230.

[8] Diaz-Montero CM and Mcintyre BW. Acquisition
of anoikis resistance in human osteosarcoma
cells. Eur J Cancer 2003; 39: 2395-2402.

[9] Diaz-Montero CM, Wygant JN and Mcintyre BW.
PI3-K/Akt-mediated anoikis resistance of hu-
man osteosarcoma cells requires src activa-
tion. Eur J Cancer 2006; 42: 1491-1500.

[10] DaiH, LvYF, Yan GN, Meng G, Zhang X and Guo
QN. RanBP9/TSSC3 complex cooperates to
suppress anoikis resistance and metastasis
via inhibiting src-mediated akt signaling in os-
teosarcoma. Cell Death Dis 2016; 7: e2572.

[11] Du L, Han XG, Tu B, Wang MQ, Qiao H, Zhang
SH, Fan QM and Tang TT. CXCR1/Akt signaling
activation induced by mesenchymal stem cell-
derived IL-8 promotes osteosarcoma cell anoi-
kis resistance and pulmonary metastasis. Cell
Death Dis 2018; 9: 714.

[12] Gao Z, Zhao GS, Lv Y, Peng D, Tang X, Song H
and Guo QN. Anoikis-resistant human osteo-
sarcoma cells display significant angiogenesis
by activating the src kinasemediated MAPK
pathway. Oncol Rep 2019; 41: 235-245.

[13] MoH, GuanJ, MoL, He J,Wu Z, Lin X, Liu Band
Yuan Z. ATF4 regulated by MYC has an impor-
tant function in anoikis resistance in human

Am J Transl Res 2019;11(4):2117-2139


mailto:jdm571026@vip.163.com
mailto:qiaonan85@263.net
mailto:qiaonan85@263.net

(14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

2138

ID1 promotes anoikis-resistance to facilitate metastasis of osteosarcoma

osteosarcoma cells. Mol Med Rep 2018; 17:
3658-3666.

Strauss SJ, Ng T, Mendoza-Naranjo A, Whelan
Jand Sorensen PH. Understanding micrometa-
static disease and anoikis resistance in ewing
family of tumors and osteosarcoma. Oncolo-
gist 2010; 15: 627-635.

Foley JM, Scholten DJ 2nd, Monks NR, Cherba
D, Monsma DJ, Davidson P, Dylewski D, Dyke-
ma K, Winn ME and Steensma MR. Anoikis-re-
sistant subpopulations of human osteosarco-
ma display significant chemoresistance and
are sensitive to targeted epigenetic therapies
predicted by expression profiling. J Transl Med
2015; 13: 110.

Ullmann P, Rodriguez F, Schmitz M, Meurer SK,
Qureshi-Baig K, Felten P, Ginolhac A, Antunes
L, Frasquilho S, Zugel N, Weiskirchen R, Haan
S and Letellier E. The miR-371 approximately
373 cluster represses colon cancer initiation
and metastatic colonization by inhibiting the
TGFBR2/1D1 signaling axis. Cancer Res 2018;
78: 3793-3808.

Ciarrocchi A, Piana S, Valcavi R, Gardini G and
Casali B. Inhibitor of DNA binding-1 induces
mesenchymal features and promotes invasive-
ness in thyroid tumour cells. Eur J Cancer
2011; 47: 934-945.

Roschger C and Cabrele C. The Id-protein fam-
ily in developmental and cancer-associated
pathways. Cell Commun Signal 2017; 15: 7.
Jerez S, Araya H, Thaler R, Charlesworth MC,
Lopez-Solis R, Kalergis AM, Cespedes PF, Du-
dakovic A, Stein GS, van Wijnen AJ and Galindo
M. Proteomic analysis of exosomes and exo-
some-free conditioned media from human os-
teosarcoma cell lines reveals secretion of pro-
teins related to tumor progression. J Cell
Biochem 2017; 118: 351-360.

Endo-Munoz L, Cumming A, Sommerville S,
Dickinson | and Saunders NA. Osteosarcoma
is characterised by reduced expression of
markers of osteoclastogenesis and antigen
presentation compared with normal bone. Br J
Cancer 2010; 103: 73-81.

Hao L, Liao Q, Tang Q, Deng H and Chen L. Id-1
promotes osteosarcoma cell growth and inhib-
its cell apoptosis via PI3K/AKT signaling path-
way. Biochem Biophys Res Commun 2016;
470: 643-649.

Dai H, Huang Y, Li Y, Meng G, Wang Y and Guo
QN. TSSC3 overexpression associates with
growth inhibition, apoptosis induction and en-
hances chemotherapeutic effects in human
osteosarcoma. Carcinogenesis 2012; 33: 30-
40.

Lv YF, Yan GN, Meng G, Zhang X and Guo QN.
Enhancer of zeste homolog 2 silencing inhibits

(24]

(25]

(26]

(27]

(28]

[29]

[30]

(31]

(32]

(33]

(34]

tumor growth and lung metastasis in osteosar-
coma. Sci Rep 2015; 5: 12999.

Zhao SJ, Jiang YQ, Xu NW, Li Q, Zhang Q, Wang
SY, Li J, Wang YH, Zhang YL, Jiang SH, Wang YJ,
Huang YJ, Zhang XX, Tian GA, Zhang CC, Lv YY,
Dai M, Liu F, Zhang R, Zhou D and Zhang ZG.
SPARCL1 suppresses osteosarcoma metasta-
sis and recruits macrophages by activation of
canonical WNT/beta-catenin signaling through
stabilization of the WNT-receptor complex. On-
cogene 2018; 37: 1049-1061.

Yan GN, Tang XF, Zhang XC, He T, Huang YS,
Zhang X, Meng G, Guo DY, Lv YF and Guo QN.
TSSC3 represses self-renewal of osteosarco-
ma stem cells and nanog expression by inhibit-
ing the Src/Akt pathway. Oncotarget 2017; 8:
85628-85641.

Zigler M, Villares GJ, Dobroff AS, Wang H,
Huang L, Braeuer RR, Kamiya T, Melnikova VO,
Song R, Friedman R, Alani RM and Bar-Eli M.
Expression of Id-1 is regulated by MCAM/
MUC18: a missing link in melanoma progres-
sion. Cancer Res 2011; 71: 3494-3504.

Li M, Gao J, Li D and Yin Y. CEP55 promotes
cell motility via JAK2(-)STAT3(-)MMPs cascade
in hepatocellular carcinoma. Cells 2018; 7.
Rothschild SI, Kappeler A, Ratschiller D, Bet-
ticher DC, Tschan MP, Gugger M and Gautschi
0. The stem cell gene “inhibitor of differentia-
tion 1” (ID1) is frequently expressed in non-
small cell lung cancer. Lung Cancer 2011, 71:
306-311.

Ling YX, Tao J, Fang SF, Hui Z and Fang QR.
Downregulation of Id1 by small interfering RNA
in prostate cancer PC3 cells in vivo and in vitro.
Eur J Cancer Prev 2011; 20: 9-17.

Paoli P, Giannoni E and Chiarugi P. Anoikis mo-
lecular pathways and its role in cancer progres-
sion. Biochim Biophys Acta 2013; 1833: 3481-
3498.

Talukdar S, Pradhan AK, Bhoopathi P, Shen
XN, August LA, Windle JJ, Sarkar D, Furnari FB,
Cavenee WK, Das SK, Emdad L and Fisher PB.
MDA-9/syntenin regulates protective autopha-
gy in anoikis-resistant glioma stem cells. Proc
Natl Acad Sci U S A 2018; 115: 5768-5773.
Ling MT, Wang X, Ouyang XS, Lee TK, Fan TY,
Xu K, Tsao SW and Wong YC. Activation of
MAPK signaling pathway is essential for Id-1
induced serum independent prostate cancer
cell growth. Oncogene 2002; 21: 8498-8505.
Di K, Wong YC and Wang X. |d-1 promotes TGF-
betal-induced cell motility through HSP27 ac-
tivation and disassembly of adherens junction
in prostate epithelial cells. Exp Cell Res 2007;
313: 3983-3999.

Li B, Tsao SW, Chan KW, Ludwig DL, Novo-
syadlyy R, Li YY, He QY and Cheung AL. Id1-in-

Am J Transl Res 2019;11(4):2117-2139



[35]

[36]

[37]

(38]

[39]

[40]

ID1 promotes anoikis-resistance to facilitate metastasis of osteosarcoma

duced IGF-Il and its autocrine/endocrine pro-
motion of esophageal cancer progression and
chemoresistance-implications for IGF-Il and
IGF-IR-targeted therapy. Clin Cancer Res 2014;
20: 2651-2662.

Gupta GP and Massague J. Cancer metastasis:
building a framework. Cell 2006; 127: 679-
695.

Ruzinova MB and Benezra R. Id proteins in de-
velopment, cell cycle and cancer. Trends Cell
Biol 2003; 13: 410-418.

Tang R, Hirsch P, Fava F, Lapusan S, Marzac C,
Teyssandier |, Pardo J, Marie JP and Legrand O.
High Id1 expression is associated with poor
prognosis in 237 patients with acute myeloid
leukemia. Blood 2009; 114: 2993-3000.

Sun W, Guo MM, Han P, Lin JZ, Liang FY, Tan
GM, Li HB, Zeng M and Huang XM. Id-1 and the
p65 subunit of NF-kappaB promote migration
of nasopharyngeal carcinoma cells and are
correlated with poor prognosis. Carcinogene-
sis 2012; 33: 810-817.

Schindl M, Oberhuber G, Obermair A, Schopp-
mann SF, Karner B and Birner P. Overexpres-
sion of Id-1 protein is a marker for unfavorable
prognosis in early-stage cervical cancer. Can-
cer Res 2001; 61: 5703-5706.

Akiyama T, Choong PF and Dass CR. RANK-Fc
inhibits malignancy via inhibiting ERK activa-
tion and evoking caspase-3-mediated anoikis
in human osteosarcoma cells. Clin Exp Metas-
tasis 2010; 27: 207-215.

2139

[41]

[42]

[43]

[44]

[45]

Marco RA, Diaz-Montero CM, Wygant JN,
Kleinerman ES and Mclntyre BW. Alpha 4 inte-
grin increases anoikis of human osteosarcoma
cells. J Cell Biochem 2003; 88: 1038-1047.
Rothschild SI, Tschan MP, Federzoni EA, Jaggi
R, Fey MF, Gugger M and Gautschi O. MicroR-
NA-29b is involved in the Src-ID1 signaling
pathway and is dysregulated in human lung
adenocarcinoma. Oncogene 2012; 31: 4221-
4232.

Hingorani P, Zhang W, Gorlick R and Kolb EA.
Inhibition of Src phosphorylation alters meta-
static potential of osteosarcoma in vitro but
not in vivo. Clin Cancer Res 2009; 15: 3416-
3422.

Kwon YC, Sasaki R, Meyer K and Ray R. Hepa-
titis C virus core protein modulates endoglin
(CD105) signaling pathway for liver pathogen-
esis. J Virol 2017; 91.

Sato AY, Antonioli E, Tambellini R and Campos
AH. ID1 inhibits USF2 and blocks TGF-beta-in-
duced apoptosis in mesangial cells. Am J
Physiol Renal Physiol 2011; 301: F1260-1269.

Am J Transl Res 2019;11(4):2117-2139



