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Abstract

Very few studies have been reported the function of wild type IDH1 in tumor progress.

Previously, we reported that IDH1 correlated with pathological grade and metastatic potential
inversely in human osteosarcoma. Here, IDH1 was found lower expressed in osteosarcoma tissues
than that of adjacent normal bone tissues. In addition, we observed in vitro anti-proliferation and
pro-apoptosis effects of up-regulated IDH1 on osteosarcoma cell lines. The migration and invasion
activity was also markedly reduced by IDH1 up-regulation. Unexpectedly, IDH1 up-regulation
also suppressed tumor growth and metastasis in vivo. Therefore, IDH1 may represent a potential
novel treatment and preventive strategy for osteosarcoma.
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1. Introduction

Osteosarcoma is currently the most common primary malignant bone tumor with high
recurrence and metastatic characteristics for children and adolescents [1]. Aberrant
regulation of cell growth and invasion occurs commonly in osteosarcoma and may play an
essential role in its progression and metastasis. During the last decade, chemotherapy for
osteosarcoma by inhibiting cell growth or invasion has been investigated. In addition,
surgery combined with chemotherapy for osteosarcoma treatment has also been studied.
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However, the survival rate of osteosarcoma patients is still low for those with relapse and
metastasis [2,3].

Understanding the molecular mechanisms that drive the osteosarcoma progression and
metastatic process would facilitate the development of better treatment strategies to improve
the patient prognosis and management, and it could also help to identify novel molecular
prognostic factors and therapeutic targets [2,4]. One candidate molecule which has such a
potential is isocitrate dehydrogenase 1 (IDH1). IDH1 is a cytosolic Nicotinamide Adenine
Dinucleotide Phosphate (NADP)-dependent enzyme that catalyzes decarboxylation of
isocitrate into a-ketoglutarate [5]. Shechter et al. reported that IDH1 activity was
coordinately regulated with the cholesterol and fatty acid biosynthetic pathways, suggesting
that IDH1 provides the cytosolic NADPH required by these pathways [6].

Recently, although there are extensive researches on complex roles of IDH1 mutations in
tumor biology, so far very few studies have been performed to investigate the function of
wild type IDH1 in tumor cell development. Memon et al. found that expression of IDH1 was
down-regulated during human urinary bladder cancer progression [7]. In our previous study,
IDH1-positive expression was found frequently in clinical osteosarcoma biopsies, and
interestingly the level of IDH1 expression tended to inversely correlate with the pathological
grade and metastatic potential of osteosarcoma [8]. Meanwhile, Amary et al. further reported
that, No mutated IDH1 was found in 222 osteosarcomas [9]. Therefore, it came with the
question what role wild type IDH1 plays in osteosarcoma progress.

In present study, the expression of IDH1 in human osteosarcoma tissues vs. adjacent normal
bone tissues was measured. Then, we further investigated whether and how IDH1 play a role
in the regulation of proliferation, migration and invasion in two human osteosarcoma cell
lines MG63 and 143B in vitro. In addition, the role of IDH1 on tumor growth and metastasis
was further studied in 143B cell line implanted nude mice in vivo. Our results indicated that
IDH1 up-regulation showed the tumor suppressor effects, including the anti-proliferation,
anti-migration and anti-invasion in osteosarcoma. This study is the first to describe the anti-
osteosarcoma effect of IDH1, both in vitro and in vivo, and may implicate the novel
treatment and preventive strategy in IDH1 down-regulated osteosarcoma.

2. Materials and methods

2.1. Ethics

All animal experiments were carried out according to relevant national and international
guidelines and approved by the Stanford Institutional Animal Care and Use Committee
(IACUC). All experiments strictly followed the panel’s specific guidelines regarding the
care, treatment and euthanasia of animals used in the study.

2.2. Clinical samples

Slices of formalin-fixed and paraffin-embedded primary osteosarcoma tissues were obtained
from biopsies in 44 patients before administration of neo-adjuvant chemotherapy according
to the Chinese national ethical guidelines (*Code for Proper Secondary Use of Human
Tissue’, Chinese Federation of Medical Scientific Societies). Clinical information of these
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44 patients was described in our previous report [8]. Adjacent normal bone tissue samples
were randomized obtained from 16 of these 44 osteosarcoma patients after surgical resection
(data shown in Supplement Table 1). Both osteosarcoma and normal bone tissue biopsies
were histologically characterized by pathologists according to the criteria defined by the
World Health Organization. Written informed consent was obtained from each patient
before entering this study, and all study protocols were approved by the Ethics Committee
for Clinical Research of Wuhan University, China.

2.3. Immunohistochemistry and its evaluation for biopsies

The methods for immunohistochemistry and its evaluation for biopsies were described in
our previous study [8]. Staining patterns were classified from 0 to 5, combining percentage
and staining intensity of positive cells in osteosarcoma and normal bones [10,11]. The
staining intensity was scored as 0 (no staining), 1 (very weak), 2 (weak), 3 (moderate), 4
(intense) and 5 (very intense). Positive rate score of osteosarcoma cells was: 0, absence of
cytoplasmic stained cell; 1, <10% positive cells; 2, 10-25% positive cells; 3, 26-50%
positive cells; 4, 51-75% positive cells; 5, >75% positive cells. The expression of IDH1 in
each slide was scored as the average of intensity and positive rate scores. For statistical
analysis, osteosarcoma patients were also grouped as either low-staining group (scale 0-3)
or high-staining group (scale 4-5). Biopsied samples stained less than score 1 was
considered as a negative result. Anti-IDH1 rabbit monoclonal antibody (mAb) (Proteintech
Group, Chicago, IL, USA) was used as the primary antibody. Negative control was obtained
by omitting the primary antibody. Assessment of immunostaining intensity was completed
by three independent observers. At least 5 separated foci of neoplastic infiltration in each
biopsied tissue sample were analyzed.

2.4. Osteosarcoma and osteoblastic cells

The human osteosarcoma cell lines MG63 and 143B were obtained from ATCC through
LGC Promochem (Wesel, Germany). Primary cultures of osteoblasts isolated from non-
pathological human bone were served as normal controls. All cells were cultured in RPMI
1640 medium (Sigma, MO, USA) with 10% fetal bovine serum (FBS) (Amresco, Cleveland,
OH, USA) and antibiotics (100 1U/mL penicillin and 100 pg/mL streptomycin). Cells were
cultured according to standard techniques in a humidified incubator in 5% (v/v) CO,
atmosphere.

2.5. Establishment of stable osteosarcoma cell lines

The IDH1 gene was amplified by PCR with forward primer 5-CGGGATCCGCCAC
CATGTCCAAAAAAATCAGTGGC-3 and the reverse primer 5'-
CGGAATTCTTAAAGTTT GGCCTGAGCTAG-3 from epitheliod carcinoma Hela cells.
The PCR product was cloned into the lentivirus mediated pLL3.7 up-regulation vector
(Genesil, Wuhan, China) named as OE-LV to up-regulate IDH1 expression, and it was also
confirmed by sequence analysis (GeneBank sequence accession number BC012846.1).
Small interfering RNA sequence inserted into pLL3.7 ShRNA lentivector (Genesil, Wuhan,
China) for IDH1 down-regulation to reduce IDH1 expression, named as KD-LV, was 5’-
GAAAGGACATGTGAACTTATT-3". The empty lentivector (Genesil, Wuhan, China),
named as EV-LV, was used as a control. Nonlentivector infection, named as NT, was used
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as another control. The pLL3.7 lentivector contains a sequence to drive the expression of the
green fluorescent protein (GFP). The lentivector stocks were added to osteosarcoma cell
lines MG63 and 143B. Cells were infected with lentivector and were then directly counted
GFP-positive cells before G418 selection, 800 pg/mL for MG63 and 500 pg/mL for 143B.
The efficiency of the highest infection, as determined by directly counting GFP-positive
cells and G418 selection, was obtained at a multiplicity of infection (MOI) of 50 for MG63
and 80 for 143B. The frequency of infection rose to 95% and 99% for MG63 and 143B,
respectively. Cells infected with over-expression (OE) lentivector, knockdown lentivector
(KD) or Empty lentivector (EV) were named as OE cells, KD cells or EV cells, respectively.
Cells without lentivector infection were named as NT cells. After selection, the efficiency of
infection was verified by Western blotting. Polyclonal populations and clones displaying
high levels of IDH1 up-regulation or down-regulation were selected for further studies.

2.6. RNA extraction and Real-time PCR

Total RNA extraction and Real-time PCR were performed as previously described [8]. The
relative expression of IDH1 was calculated in different cell lines by the comparative Ct
method [12]. B-actin was used as a standard for normalization. All experiments were
performed at least in triple.

2.7. Protein extraction and Western blotting

Western blotting was performed as previously described [8]. Briefly, IDH1, MMP9,
ICAM-1, and VEGF proteins were detected by rabbit polyclonal primary antibody (Protein
Technology Group, Chicago, IL, USA). p-actin protein was recognized by the p-actin-
specific mouse 1gG (Santa Cruz, CA, USA), and was used as the internal loading control.

2.8. MTT assay for cell growth

Cells were seeded in 96-well plates at the density of 3.5 x 103 cells/well. After growing for
1 to 6 days, cells were washed with phosphate buffered saline (PBS, pH = 7.2, 10 mM).
MTT (5 mg/mL) was then added to each well (including the control well) and the mixture
was incubated at 37 °C for 2 h. Culture medium was then replaced with equal volume of
dimethyl sulfoxide (DMSO). After shaking at room temperature for 10 min, absorbance of
each well was determined at 570 nm using Versamax microplate reader (Molecular Devices,
CA, USA).

2.9. Colony formation assay

Approximately 3 x 102 cells of respective MG63 KD, MG63 EV, MG63 OE, 143B KD,
143B EV and 143B OE were plated in 10 cm culture dishes. Cells were fixed with methanol
and stained with 0.1% crystal violet after 14 days. Clones containing over 50 cells were
counted manually. Colony formation rate was described as the percentages of the colony
numbers to inoculated cells numbers. The experiments were repeated three times to obtain
the average colony formation rate.
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2.10. Cell cycle and apoptosis analysis with flow cytometry

Cells were harvested and treated with 0.1% Triton-X and DNase-free RNase (10 mg/mL)
[13]. DNA of the cells was stained with propidium iodide (PI) (1 mg/mL) and analyzed
using a flow cytomety (FACScan, Becton Dickinson, NY). The relative proportions of the
cells in the GO-G1, S and G2-M phases of the cell cycle were determined. Apoptosis was
analyzed by flow cytomety, using Annexin V — fluorescein isothiocyanate (FITC) apoptosis
detection kit (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol.

2.11. Caspase activity

Caspase activity assay was based on the ability of the active enzyme to cleave the
chromophore from either caspase-9 substrate Ac-LEHD-pNA or caspase-3 substrate Ac-
DEVD-pNA [14]. The cell lysates were incubated with anti-caspase-9 and anti-caspase-3
antibodies (Santa Cruze, CA, USA). The release of p-nitroaniline was measured at 405 nm.
Results are represented as the relative change in activity compared to the untreated control.

2.12. Wounded healing assay

Cells were cultured and grown to 100% confluence. A clear area was then scraped in the
monolayer with a 1 mL pipette tip. Cells migrated into wounded areas were evaluated at the
24 h with an inverted microscope (Olympas, Tokyo, Japan) and photographed. The healing
rate was quantified by the degree of gap size lessen during the cell culture. Three different
areas in each assay were measured.

2.13. Cell invasion assay

2.14. In vivo

Invasion ability of the cells was measured using two-chamber-Transwell (Corning, NY,
USA). The upper surface of a polycarbonate membrane with 8 um pores was coated with 1
mg/mL Matrigel [15]. Untransfected or stably transfected osteosarcoma cells (1.0 x 10°)
were suspended in upper chamber [RPMI 1640 medium with 0.05% fetal bovine serum
(FBS)], whereas medium containing 10% FBS was placed in the lower chamber. After 24 h
incubation at 37 °C with 5% CO,, the cells on the upper surface of the membrane were
completely removed. Then, the membrane was fixed with methanol and stained with 0.1%
crystal violet. Cells that invaded Matrigel and reached the lower surface of the membrane
were counted (400x) and photographed (200x) under a microscope.

tumorigenesis

Male nu/nu nude mice (Charles River, MA), 6 week old on arrival, were housed in
pathogen-free conditions. 143B cells with IDH1 KD, IDH1 EV and IDH1 OE were
respectively grown to near confluence, resuspended in PBS (0.1 ml) and injected
subcutaneously into the flank of nude mice at 1 x 10° cells/0.1 ml. Tumor size was
measured every 2 days using a caliper (Grainger, CA). The tumor volume was calculated by
the formula 1/6 7ab? (7= 3.14, a: long axis and b: short axis of the tumor). Growth curves
were plotted from the tumor volume (mean £ SE) in each group (5 animals per group).
Twenty-one days after injection, the animals were sacrificed and tumors were harvested
(measured and weighed then) and fixed in 4% paraformaldehyde. Wet tumor weight was
calculated as mean weight + SD in each group (n=5).
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2.15. Metastasis model

0.03 ml Of cell suspension (143B cells with IDH1 KD, IDH1 EV and IDH1 OE
respectively, 1 x 107 cells/ml PBS) was injected into the tibia percutaneously when nude
mice were anesthetized. Each group contains 5 mice. Four weeks later, the animals were
sacrificed. Lungs were harvested and fixed. The number of surface lung metastatic nodules
was then counted. Mean number of lung nodules was compared among groups. Microscopic
lung metastases were visualized on H & E stained sections (5 um).

2.16. Statistic analysis

All statistical analysis was performed using the SPSS 17.0 software package for Windows
(SPSS Inc., Chicago, IL). For tumor growth and metastasis experiments, ANOVA (Waller-
Duncan K-ratio t-test) was used to examine the multiple group comparisons. All statistical
tests were two sided. Statistical significance was calculated by Student’s t-tests. P < 0.05
was considered as statistically significant. +: Standard deviation.

3. Results

3.1. IDH1 expressed lower in osteosarcoma patient tissues than in normal bone tissues

Expression of IDH1 was detected in the cytoplasm. In most high grade osteosarcoma patient
tissues (65%, 13/20), only a low level of IDH1 or vacant labeling was present (Fig. 1A(a—
c)). Less frequency (45.9%, 11/24) of low expressed IDH1 was present in low grade
osteosarcoma tissues, and remains showed high expressed IDH1 (54.1%, 13/24; Fig. 1A(d-
f)). In contrast, a strong staining for IDH1 was observed in most of adjacent normal bone
tissue biopsies (93.75, 15/16; Fig. LA(g-i)). IDH1 expression was significantly lower in
osteosarcoma than in normal bone (2.93 £ 1.40 vs. 4.75 £ 0.46; P < 0.05, Fig. 1B).
Consistent with observations form samples, osteosarcoma cells 143B and MG63 were found
to express less relative IDH1 mRNA (56.8 = 2.6% and 37.2 + 2.3% less) than normal human
osteoblastic cells did, as measured by Real-time PCR (Fig. 1C).

3.2. Lentivector mediated IDH1 up-regulation suppressed cell proliferation

Lentivirus mediated vectors were used to up-regulate and down-regulate IDH1. Infection
efficiency was confirmed by Western blotting, and it was found to be specific and effective
(Fig. 2A). IDH1 increased significantly in 143B OE cells and decreased significantly in
143B KD cells, compared with EV cells (P < 0.01; Fig. 2A(a)). Similar results were found
for MG63 (Fig. 2A(b)). There was no significant difference in IDH1 protein expression
between NT cells and EV cells, in respective 143B and MG63 cell line (P > 0.05; Fig. 2A).

IDH1 up-regulation suppressed the cell growth rate in 143B OE cells by 33.5 + 2.5% and
MG63 OE cells by 22.7 + 1.8% on day 6, compared with those in 143B EV cells or MG63
EV cells (P < 0.01; Fig. 2B). In contrast, the cell growth rate was significantly promoted in
143B KD cells by 25.0 = 2.9% and MG63 KD cells by 29.3 + 2.4%, compared with those in
EV cells on day 6 (P < 0.05; Fig. 2B). For the impact of IDH1 on colony formation, 143B
OE cells showed significantly lower colony numbers than that of the control EV cells (P <
0.05), whereas 143B KD cells showed the reverse result (P < 0.05; Fig. 2C). The impact of
IDH1 on MG63 cell colony formation has the same tendency as 143B (P < 0.05; Fig. 2C).
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3.3. IDH1 up-regulation induced G2/M phase arrest and final apoptosis

To reveal the mechanism underling IDH1 up-regulation induced anti-proliferation, flow
cytometry was used to detect the changes of cell cycle and apoptotic rates in osteosarcoma
cells. IDH1 up-regulation enhanced G2/M population in 143B and MG63 cell lines by 211.6
+7.2% and 110.4 + 5.5% (P < 0.01), accompanied GO/G1 phase reduction by 29.7 + 2.2%
and 31.2 + 1.8% after stable transfection (P < 0.05), compared to the empty vector control
(Fig. 3A and B). In contrast, down-regulated IDH1 in 143B and MG63 reduced S phase
population by 67.7 £ 2.5% and 48.3 + 2.7% (P < 0.05), accompanied by GO/G1 phase
increase by 27.5 + 3.8% and 47.6 + 3.5% (P < 0.05) (Fig. 3A and B). Apoptosis rate in 143B
OE cells and MG63 OE cells increased by 55.0 + 6.3% and 29.6 + 2.1%, respectively,
compared with EV cells (P < 0.01, Fig. 3C and D). In contrast, the apoptosis rate of 143B
KD cells and MG63 KD cells decreased by 55.3 = 6.5% and 9.9 * 1.8%, respectively (P <
0.05, Fig. 3C and D).

IDH1 up-regulation in 143B and MG63 cells also enhanced proapoptotic Bax protein level
(Fig. 4A). In addition, IDH1 up-regulation decreased the expression of anti-apoptotic Bcl-2
protein level, which led to a decrease in the Bcl-2 to Bax protein ratio (Fig. 4A and B).
Moreover, up-regulated IDH1 in 143B and MG63 OE cells increased caspase-3 activity by
1.55 and 1.72-fold when compared to EV cells, whereas down-regulated IDH1 in 143B and
MG63 KD cells decreased caspase-3 activity by 0.75 and 0.61-fold (Fig. 4C). Caspase-9
activity demonstrated the same tendency as caspase-3 activity in either OE cells or KD cells,
when compared with EV cells (Fig. 4D).

3.4. IDH1 up-regulation decreased cell migration and invasion

The effect of IDH1 on cell migration and invasion was further investigated. As shown in
Fig. 5A, 143B OE cells and MG63 OE cells had a slower wound-healing rate compared with
respective EV cells (0.48 + 0.043 vs. 0.77 £ 0.052, and 0.46 + 0.039 vs. 0.83 = 0.047), while
143B KD cells and MG63 KD cells had a reverse tendency (0.24 + 0.033 and 0.27 + 0.062).
In Fig. 5B, the invasive activity of 143B OE cells and MG63 OE cells was decreased by
48.3 + 7.3% and 56.2 + 5.5%, respectively, compared with EV cells. In contrast, 143B KD
cells and MG63 KD cells showed increased invasion activities by 62.5 + 4.7% and 50.4 +
6.1% (P < 0.01) (Fig. 5B). In addition, the expression of some cell migration and invasion
related proteins were examined. In both 143B and MG63 cells, IDH1 up-regulation inhibited
the expression of MMP-9, ICAM-1 and VEGF to some extents, whereas the IDH1 down-
regulation showed the opposite results (Fig. 5C).

3.5. IDH1 up-regulation inhibited in vivo tumor growth and the formation of lung

metastasis

To examine the in vivo anti-tumor growth effects of IDH1 in osteosarcoma, 143B cell lines
with IDH1 KD, IDH1 EV, and IDH1 OE were subcutaneously injected into nude mice and
tumor growth was evaluated. Fig. 6A showed that 143B cells with IDH1 up-regulation
(IDH1 OE) exhibited a significantly slower growth rate than that of empty vector control
(IDH1 EV) cells (P < 0.05), whereas faster growth rate in IDH1 down-regulated (IDH1 KD)
143B cells. In addition, Fig. 6B showed that the average wet weight of IDH1 OE tumors was
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about 77.3% less than that of EV tumors (P < 0.05), whereas 44.4% increase in IDH1 KD
cells (P < 0.05).

To evaluate the in vivo anti-metastasis effect of IDH1, a clinically relevant intra-tibial
injection model of osteosarcoma was established that can lead to lung metastasis formation
in nude mice. Fig. 6C showed that the IDH1 OE cells formed 88.5% fewer lung nodules
than IDH1 EV ones, whereas IDH1 KD cells grew 48.5% more (P < 0.05). In addition, the
size of nodules formed from IDH1 OE cells was smaller than those from IDH1 EV cells,
verified by histological examination (Fig. 6C). This result demonstrated the marked anti-
metastasis effects of IDH1 up-regulation in a clinically relevant mouse model.

4. Discussion

In this study, higher expression of IDH1 was found in human normal bone tissues than that
of the osteosarcoma biopsied samples. Anti-proliferation effect was determined by IDH1 up-
regulation through pro-apoptosis in osteosarcoma cell lines 143B and MG63. We also
observed anti-invasion and anti-migration effects of up-regulated IDH1 in these cells.
Moreover, the suppressed role of IDH1 up-regulation on tumor growth and metastasis was
validated in osteosarcoma cell line 143B bearing nude mice. Our results suggest that IDH1
up-regulation inhibits the tumor cell progress in osteosarcoma in vitro and in vivo.

Alteration of IDH1 expression was described in several tumor tissues and reported to be
associated with tumor progression. For example, IDH1 was found to be down-regulated in
tissue biopsies of late-stage bladder cancers vs. early-stage bladder cancers [7]. In our
previous study, findings indicated that patients with less IDH1-expression tend to be high
pathological grade and have high metastatic potential. A higher 5 year survival rate was also
found in IDH1- high expression group vs. IDH1- low expression group, though there was no
significant correlation between IDH1- expression and overall survival. Here, we further
demonstrated that IDH1 was down-regulated in osteosarcoma tissues than adjacent normal
bone tissues. Our data revealed that IDH1 might be involved in tumor progression in
osteosarcoma.

IDH1 mutation has been reported as a reason for the alter IDH1 expression, and contributes
to malignant progression in some kinds of gliomas and leukemias [16]. However, no any
IDH1 mutations have been currently found in human osteosarcoma tissues [9]. Based on the
context, we are curious about the role of wild type IDH1 in osteosarcoma development.
Recently, Memon MBBS showed that protein expression of IDH1 was significantly
decreased in high grade T24 cell line as compared to low grade RT4 in bladder cancer [7].
We previously found that IDH1 expressed higher in low grade osteosarcoma cell line U20S
than in high grade osteosarcoma cell line MG63 [8]. Interestingly, in present study, it was
revealed that IDH1 up-regulation inhibited cell proliferation in osteosarcoma cell lines 143B
and MG63, whereas IDH1 down-regulation exacerbated cell proliferation. The suppression
of IDH1 up-regulation on tumor cell growth was further validated in high malignant 143B
cell line bearing nude mice. All these results were in consisted with the demonstration from
bladder cancer [7]. Besides, our work is the first, demonstrates that IDH1 up-regulation led
to G2/M phase accumulation of osteosarcoma cells. Findings here also indicated that IDH1
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up-regulation resulted in a markedly increase of Bax, and decrease of Bcl-2, suggesting that
changes in the ratio of pro-apoptotic and anti-apoptotic Bcl-2 family proteins might
contribute to the pro-apoptotic effect of IDH1. Advanced evidences were presented in this
study on that IDH1 up-regulation markedly increased caspase 3 and caspase 9 activities,
which were strongly correlated with cell apoptosis in osteosarcoma [14,17,18]. These
findings highlight that IDH1 up-regulation triggered apoptosis, thereby contributing to the
suppression of cell proliferation in osteosarocma.

Metastasis is a major problem in osteosarcoma treatment. Currently, there is no successful
targeted therapy directing at the invasive nature of osteosarcoma [19,20]. In our previous
study, IDH1 correlated with metastasis negatively in human osteosarcoma samples [8].
Here, the effects of IDH1 up-regulation on migration and invasion in osteosarcoma cells
were further investigated. Findings showed that IDH1 up-regulation reduced cell migration
of 143B and MG63 in would healing assay, and suppressed their invasion. These data
strongly supported our previous observation from osteosarcoma patients. The suppression of
IDH1 up-regulation on metastasis was further validated in 143B bearing nude mice in vivo.
To our best knowledge, we are first to report that IDH1 up-regulation markedly inhibits
tumor metastasis in an orthotopic animal model of osteosarcoma. This intra-tibial injected
model leads to 100% lung metastasis and closely recapitulates the process of osteosarcoma
metastasis in human [21,22]. Therefore, our results suggest the potential for developing
IDH1 as a targeted anti-metastatic agent for clinical use in osteosarcoma cases.

MMP-9 is directly associated with metastatic processes in osteosarcoma [23-25]. Our study
showed that IDH1 up-regulation reduced MMP-9 protein expression. The expression of
ICAM-1 and VEGF were also decreased by IDH1 up-regulation. These results suggest that
IDH1 might exhibit its markedly anti-proliferation and anti-metastasis effect in
osteosarcoma through multiple mechanisms. Further studies are in progress to dissect how
IDH1 regulates the expression of genes important for apoptosis and metastasis, such as Bax,
Bcl-2, and MMP9. In cellular metabolism, IDH1 also plays an important role for a-KG
production and the redox balance through NADP/NADPH [5]. Whether IDH1-catalyzed
metabolism, including its important products a-KG and NADPH, is involved in the
observed changes in cellular behaviors needs to be addressed in our future work.

In summary, our study highlights that up-regulated IDH1 suppresses cell proliferation,
migration and invasion in osteosarcoma in vitro and in vivo. IDH1 represents a promising
target for developing therapeutic and preventive strategies against malignant progress of
osteosarcoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

IDH1 isocitrate dehydrogenase 1

MOl

OE
KD
EV
Pl

multiplicity of infection
over-expression
knockdown

empty lentivector

propidium iodide

FITC fluorescein isothiocyanate

MM Ps matrix metalloproteinases

ICAM-1 intercellular adhesion molecule 1

VEGF vascular endothelial growth factor
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Fig. 1.

IDng expressed lower in human osteosarcoma tissues than in normal bone tissues (A) IDH1
staining in slides from osteosarcoma (a—f) and adjacent normal bone tissues (g—i). (a—c) Low
positive staining in high grade osteosarcoma; (d—f) high positive staining in low grade
osteosarcoma. (g—i) High positive staining in normal bone tissues. Magnifications: 100x (a,
d, g), 200x (b, e, h), 400x (c, f, i). Representative results were shown. The areas that were
magnified as panels b, c, e, f, h and i were marked in panels a, b, d, e, g and h. (B) Higher
scores were showed on IDH1 expression in normal bone tissues (tagged as “A”) than in
osteosarcoma tissues (tagged as “O”). (C) IDH1 mRNA expression was determined to be
higher in non-transformed human osteoblastic cells than human osteosarcoma cell lines.
Columns: means; bars: SE (Std. Deviation) “P < 0.05.
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Fig. 2.

IDng up-regulation suppressed cell proliferation. (A) IDH1 protein increased significantly
in 143B OE cells and decreased significantly in 143B KD cells, compared with EV cells.
Same results were found in MG63 cells. No significant difference was found on IDH1
protein expression between NT cells and EV cells in 143B or MG63. B-actin was monitored
as the control. Representative western blotting result was shown (a and b). OE: up-
regulation of IDH1; KD: down-regulation of IDH1; EV: empty lentivector treated; NT:
nonlentivector treated. (B) Up-regulated IDH1 inhibited cell proliferation in 143B OE cells
or MG63 OE cells, compared with in control EV cells (a and b). Whereas down-regulated
IDH1 showed opposite result in either 143B or MG63 (a and b). (C) IDH1 showed the same
tendency in cell colony formation as in cell growth curve *P < 0.05; P < 0.01.
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Fig. 3.

IDng up-regulation increased G2/M population and induced pro-apoptosis in stable
transfectants. (A and B) Up-regulated IDH1 (OE) induced an increase of G2/M population
in 143B and MG63 cell lines. Representative results were shown. These experiments were
performed in triplicate. (C and D) The apoptosis rate of 143B OE cells and MG63 OE cells
increased significantly, compared with EV cells. In contrast, the apoptosis rate of 143B KD
cells and MG63 KD cells decreased significantly “P < 0.05; P < 0.01.
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Fig. 4.
IDH1 up-regulation increased Bax protein expression and enhanced the activity of caspase 3

and caspase 9. (A) IDH1 up-regulation increased the Bax protein and decreased the Bcl-2
protein in 143B and MG63. IDH1 down-regulation showed the reverse tendency.
Representative western blotting results were shown. (B) IDH1 up-regulation decreased the
ratio of Bcl-2/Bax protein in 143B cells (a) and MG63 (b), compared with EV cells. (C)
IDH1 up-regulation increased the activity of caspase-9. (D) IDH1 up-regulation increased
the activity of caspase-3 ("P < 0.05).
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Fig. 5.

Us-regulated IDH1 suppressed cell migration and invasion. (A) The cell migration activity
showed in wound healing assay was decreased in 143B OE cells and MG63 OE cells,
compared with EV cells. KD cells showed significantly higher migration activities. Double
headed arrows indicate wound edges. Representative results were shown ((a and b)
magnification, x100). The scale bar represents relative healing rate at 24 h vs. 0 h (c and d).
(B) The effect of IDH1 on cell invasion in 143B and MG63 has the same tendency as cell
migration. (Magnification, x200). (C) Up-regulated IDH1 reduced expression of MMP-9,
ICAM-1 and VEGF expression in both 143B and MG63 cells, whereas down-regulated
IDH1 showed reverse result. Representative western blotting result was shown ("P <
0.01, "P < 0.05).
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Fig. 6.

IDng up-regulation inhibited tumor growth and metastasis in nude mice. (A) Tumor growth
curve. IDH1 up-regulation suppressed tumor growth on day 19 and day 21. Points, mean
tumor volume (each group contains 5 mice); Bars, standard error (SE). (B) Tumor wet
weight. Tumors were harvested at 21 days after implantation. Columns, mean wet tumor
weight from 5 mice in each group; Bars, SE. (C) Surface lung nodules were counted under a
dissecting microscope. Columns, mean number of lung surface nodules from 5 mice in each
group; Bars, SE. representative photographs of lung sections from IDH1 OE, IDH1 EV and
IDH1 KD by H&E staining (magnification, x50). Lung metastatic nodules were pointed out
by arrows ("P < 0.05).
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