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Abstract. Osteosarcoma (OS) has a high degree of chromosomal 
instability and total copy number (CN) changes. We exam-
ined 58 human OS samples including 40 primary tumors, 11 
explants, and 7 cell lines using single nucleotide polymorphism 
(SNP) arrays, and revealed that 70% of the samples had one or 
more recurrent CN-neutral loss of heterozygosity (CNN‑LOH) 
also known as uniparental disomy (UPD). Importantly, 17% 
of the samples showed prominent homozygous deletion of 
3q13.31, suggesting its role in tumorigenesis. We identified and 
characterized two novel lncRNAs, LOC285194 and BC040587, 
within this genomic locus, strongly suggesting their tumor 
suppressor activity. Frequent deletions and UPD suggest that 
OS often has mutant or non-expressed tumor suppressor genes 
including two lncRNAs.

Introduction

Although it is a rare bone tumor, the genetic alterations 
of osteosarcoma (OS) have been studied extensively (1-5). 
Nevertheless, the molecular cause of OS still remains elusive. 
This occurs in part because the tumor is relatively rare and 
it is composed of a heterogeneous population of tumor cells 
with complex chromosomal changes (1,2). OS is usually found 
in the metaphyseal region of the long bones especially during 

the growth spurt in the second decade of childhood (1,2). A 
second peak incidence of OS occurs in those who are 50 years 
and older (2). However, the molecular defects may be different 
in adults compared to children.

OS cells are generally undifferentiated (>80%) and osteo-
blastic (50-80%), suggesting that some of the initial genetic 
changes occur at the early stages of osteoblastogenesis (1,2). 
In addition, many cells show a high degree of chromosomal 
instability (CIN) including aneuploidy ranging from haploidy 
to near-hexaploidy, as well as ring chromosomes, and genomic 
amplification as seen by homozygously staining regions (hsr), 
and double minutes (dmin) (1).

For better description of CIN in OS, comparative genomic 
hybridization (CGH) has been widely used to date (1,6-13), 
which confirmed the recurrent amplifications and deletions 
found by conventional karyotyping such as amplification 
at 1q21-q22, 11p14-p15, 14p11-p13, 15p11-p13, and loss of 
chromosome 9, 10, 13 and 17. One limitation of the technique 
is that it is not able to detect allele-specific chromosomal 
events like copy-neutral loss of heterozygosity (CN-LOH) 
or uniparental disomy (UPD). Acquired UPD are important 
chromosomal changes known to be strongly related to cancer 
development  (14). Allelic homozygosity by LOH can lead 
to the selection of either inactivating mutations of tumor 
suppressor genes (TSG) and/or dominant negative mutations 
of oncogenes (14). In this study, we analyzed OS by SNP array 
and successfully identified many hidden regions of UPD. 
Our study provides valuable information that can lead to the 
better understanding of the molecular mechanism of OS. 
Importantly, our analysis led to the identification of two novel 
tumor suppressive lncRNAs in this malignancy.

Materials and methods

Osteosarcoma samples and extraction of genomic DNA. 
Fifty‑eight human OS samples were obtained from several 
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sources: genomic DNA and total RNA from 40 primary OS 
tumors and from matched normal tissues were obtained from 
Dr Marc Hansen, and consent forms for molecular analyses 
were obtained. Genomic DNA from 11 OS explants were from 
Dr Carl Miller, and 7 OS cell lines (U2OS, G292, MG63, 
HT161, HOS, SAOS2, and SJSA). The human osteoblastic 
cell line hFOB1.19 was used as a normal control. All OS cell 
lines were maintained in DMEM medium (Mediatech Inc., 
Herndon, VA, USA) supplemented with 10% fetal bovine serum 
(Atlanta Biological, Lawrenceville, GA, USA). hFOB1.19 
was maintained in DMEM/F12 medium without phenol red 
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS 
(Atlanta Biological) and cultured at 33˚C. All the cell lines 
were authenticated in April 2016, by short tandem repeat 
analysis with the Geneprint 10 System kit (Promega, Madison, 
WI, USA). Genomic DNA was isolated with DNeasy genomic 
DNA purification kit (Qiagen, Valencia, CA, USA) according 
to the manufacturer's protocol. Quality of DNA was assessed 
by biophotometer (Eppendorf, Hambrug, Germany) and by gel 
electrophoresis prior to use.

SNP array analysis. Genomic DNA from 58 human OS 
samples were analyzed by GeneChip Human mapping single 
nucleotide polymorphism (SNP) arrays (Affymetrix, Santa 
Clara, CA, USA) as described before (15,16). 250K NspI SNP 
arrays were used for analysis, except for 11 explants which 
were analyzed by 50K XbaI SNP array. Briefly, 50 ng of 
genomic DNA purified from each sample was digested with 
either NspI for 250K array or with XbaI for 50K SNP array. 
Digested DNAs were ligated with adaptor and PCR amplified 
with LA Taq (Takara, Otsu, Shiga, Japan). Following amplifi-
cation, DNA fragments were end-labeled with probes designed 
to differentiate SNP alleles and hybridized to SNP arrays. 
GeneChip Fluidics Station 400 and GeneChip scanner 3000 
were used to produce raw data, which were then processed 
and analyzed by CN analyzer for Affymetrix GeneChip 
(CNAG  2.0) using allele-specific copy number analysis 
using anonymous reference (AsCNAR) algorithm (14). All 
allele-specific CN changes were automatically summarized 
by CNAG 2.0 using hidden-Markov model (HMM). Physical 
locations of chromosomal changes in the output file were 
based on UCSC genome browser. UPD from primary tumors 
with normal cell contamination were manually integrated. 
Copy number variants (CNV) were removed using genomic 
variants track in UCSC genome browser.

Validation of UPD and CN changes detected by SNP chip 
analysis in OS samples. Our SNP chip results were validated 
using genomic quantitative real-time PCR (q-PCR) and direct 
sequencing. Uniparental disomy (UPD) or copy-neutral loss of 
heterozygosity (CN-LOH) represents the loss of one allele and 
the duplication of the other. Therefore, a region of UPD should 
retain normal CN and have homozygosity at all SNP sites. 
As shown in Fig. 1A, chromosome 10 of primary tumor #31 
has normal CN in p-arm (10p) and UPD in q-arm (10q). To 
minimize the effect of nucleotide composition on the genomic 
q-PCR results, we chose rs10906277 and rs11199401 retaining 
same nucleotide composition in both normal and tumor 
sample (data not shown). Genomic q-PCR revealed that the 
CN of 10p and 10q regions are almost the same between the 

tumor and matched normal, suggesting that UPD region at 10q 
has normal CN (Fig. 1B).

Next, we checked if the UPD region showed loss of 
heterozygosity by nucleotide sequencing. Three independent 
SNP sites within the normal CN region in 10p (rs10906277, 
rs10828375, and rs1247098) displayed heterozygosity (Fig. 1C, 
upper panels) in both the tumor and matched normal sample. 
In contrast, 3 independent SNP sites of the UPD region in 10q 
(rs478982, rs7914572 and rs1710960) showed homozygosity 
(Fig. 1C, lower panels) in the tumor sample but heterozygosity 
in the matched normal sample, suggesting that the UPD region 
had LOH in the tumor sample. Unequal ratio of the nucleotide 
signals in the UPD region probably results from normal cell 
contamination.

For other chromosomal changes, we further extended CN 
validation by genomic q-PCR. As shown in Fig. 2A, explant #2, 
#7, #10 and #12 had a shared homozygous deletion of the 
CNTNAP2 gene at 7q35. Genomic q-PCR analysis revealed 
that CN of the CNTNAP2 gene of each of these explants were 
significantly lower than normal genomic DNA sample (p<0.01) 
(Fig. 2B). In contrast, five OS cell lines including SAOS2, 
MG63, G292 and H161 had amplification (total CN>4) and 
U2OS had duplication of the EXT1 gene on 8q24.11 (Fig. 2C). 
Genomic q-PCR of these samples showed that CN of the EXT1 
gene was 26-fold (SAOS2), 15-fold (MG63), 12-fold (G292), 
21-fold  (HT161), and 2-fold (U2OS) higher than normal 
genomic DNA sample (Fig. 2D; p<0.01 and p<0.05). These 
results validated that the chromosomal changes found by SNP 
chip are accurate and reliable.

Plasmids and transfection. The expression plasmid of 
LOC285194 (pCDH-LOC285194) was kindly provided 
by Dr  Yin-Yuan Mo (University of Mississippi Medical 
Center) (17). Recombinant lentiviral vectors and packaging 
vectors were co-transfected into 293T cells using PEI trans-
fection reagent and supernatants containing lentivirus were 
harvested 48 h after transfection as described before (18). HOS 
and SJSA cells were infected with the lentiviruses and supple-
mented with 8 mg/ml Polybrene (Sigma-Aldrich, St. Louis, 
MO, USA) and stable transfectants were selected with 1 µg/ml 
puromycin. For BC040586, the entire sequence was cloned and 
inserted into pCDNA3.1 vector. The expression plasmid or the 
empty vector was transfected into HOS and SJSA cells using 
BioT reagent (Bioland Scientific LLC, Paramount, CA, USA) 
and stable transfectants were selected with G418 (400 ng/ml).

Cell growth analysis in vitro. Cell growth was determined by 
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium 
bromide) assay and cell colony formation assay. In MTT assay, 
cells were seeded onto 96-well plates (2,000 cells per well) 
and cell viability was assessed using MTT staining method at 
indicated time-points. Colony formation assay was performed 
by plating cells onto 6-well plates (500 cells per well). After 
2 weeks, cells were fixed with methanol and stained with 
crystal violet. The number of colonies was counted and data 
are presented as mean ± SD from 3 independent experiments 
in triplicate wells.

Borden chamber cell migration assay. Cells (1x105) were 
seeded onto the top chamber of a 24-well membrane with 
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8-µm pores (Thermo Fisher Scientific, Waltham, MA, USA), 
and the bottom chamber was filled with medium containing 
10% fetal calf serum. The membranes were fixed and stained 
with crystal violet 24 h after seeding, and migrated cells were 
quantified by microscopically counting 5 random fields at a 
magnification of x200. Mean values were calculated from data 
obtained from three separate chambers.

Wound-healing assay. In wound-healing assays, cells were 
plated and grown to confluence for 24 h, then cells were starved 
in serum-free medium for 12 h, and a scratch was made across 
the monolayer using a sterile pipette tip. Wound closure result 
was imaged at 0 and 24 h with a microscope (x200).

Tumorigenesis experiment in nude mice. In vivo tumorigenesis 
assay was performed as described previously (19). In brief, ten 
6-week-old female nude mice were subcutaneously injected 
with 2x106 HOS cells (overexpression of indicated lncRNA) 
on their dorsal flanks, with each mouse carrying four explants. 
Tumor growth was monitored and tumor size was measured 

every 3 days. Tumor volume was calculated using the formula, 
volume = 1/2 (length x width2). After 20 days, the mice 
were sacrificed and the tumors were removed and weighed. 
All animal studies were conducted in accordance with NIH 
animal use guidelines and were approved by the Institutional 
Animal Care and Use Committee (IACUC) at Cedars-Sinai 
Medical Center.

Statistical analysis. Two-tailed Student's t-test was used to 
analyze the potential statistical difference between two groups. 
Statistical significance was set at p<0.05.

Results

Recurrent UPD regions in OS. Among thousands of recog-
nizable chromosomal changes in 59 OS samples, we found 
950 LOH regions including 355 sites of UPD (data available 
upon request). All samples had LOH. To our surprise, 37% 
of LOH were in the form of UPD, highlighting its prevalence 
in OS. Interestingly, a total of 98 LOH events spanned the 

Figure 1. Overview of allele-specific copy number (CN) analysis with CNAG 2.0 and validation of UPD. (A) Overview of the SNP array data. Chromosome 13 
of the primary tumor #31 is displayed. Red dots on top are raw signals from SNPs. Total CN changes (blue lines) were estimated by the hidden-Markov 
model (HMM). Red and green lines at the bottom show allele-specific CN changes. Regions of loss of heterozygosity (LOH) including acquired uniparental 
disomy (UPD) were determined by using CNAG 2.0 software. Black arrows (rs10906277, rs10828375 and rs1247098) in the normal CN region and red 
arrows (rs478982, rs7914572 and rs1710960) in the UPD region indicate sequenced SNP sites. Gene dosage was measured at rs11199401 (green arrow) by 
genomic q-PCR. (B) Determination of total CN of the UPD region on chromosome 10 in primary tumor #31. Total CN of the normal CN region (10p13) and 
UPD region (10q26.12) were measured by genomic q-PCR. Total CN of the normal CN region and the UPD region was almost the same between the tumor 
and the matched normal sample (p=0.44 and 0.88, respectively). (C) SNP sequences on chromosome 10 in primary tumor #31. Three independent SNP 
sites (rs10906277, rs10828375 and rs1247098) in the normal CN region maintained their heterozygosity in the tumor, whereas three independent SNP sites 
(rs478982, rs7914572 and rs1710960) in the UPD region were homozygous in the tumor sample.
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whole chromosome, among which, 53 LOH were monosomy 
and 45 LOH were whole-chromosomal UPD. Monosomy 
occurred most frequently at chromosomes 13 and 16 (7 cases 
each), no monosomy was identified at chromosomes 4, 5 
and 7. Whole-chromosomal UPD (Fig. 3A) was most frequent 
at chromosome 22 (5 cases) followed by chromosomes 2, 13 
and 18 (4 cases each). No whole-chromosomal UPD was 
noted at either chromosome 1, 8, 14 or 17. Interestingly, 
chromosomes 1, 8, 14 and 17 had regions of recurrent high 
amplification (discussed later).

Concerning segmental UPD (Figs. 1C and 3B), chromo-
some 12 q-arm (12q) UPD occurred the most frequently in 
13 samples (22%). The next most common was 17q UPD found 
in 12 samples (20%); by incidence, 12q UPD was also the most 
frequent (18 regions) followed by 13q UPD (16 regions).

Seventy percent of the primary samples had one or more 
recurrent UPD regions, and 100% of cell lines and explants had 
recurrent UPD regions. Regions of recurrent UPD appeared 
in various sizes and chromosomal loci (Table I). Excluding 
whole-chromosomal UPD, the median size of the UPD regions 
was 11 Mb, ranging from 2 Mb (Xp22.12 and Xp22.12-p21.3) 
to 54 Mb (whole q-arm UPD of chromosome 16).

Moreover, recurrent UPD regions contained genes known 
to be frequently mutated in OS (Table I). For example, RB1 
and TP53, two of the most commonly mutated genes in 
OS (1,2), occurred in the recurrent UPD regions of chromo-
somes 13 and 17, respectively. CDKN2A and CDKN2B, two 
well-known TSG, were not only in a recurrent UPD region, but 
also showed recurrent homozygous deletions (HD) in many 
samples (Table II). EGFR gene was also found in the recurrent 
UPD region of chromosome 7. We have extensively validated 
UPD and CN changes (shown below) through both genomic 
q-PCR and direct sequencing (Materials and methods and 
Figs. 1 and 2).

Recurrent amplifications and homozygous deletions in OS. 
We analyzed total CN changes and identified common regions 
of amplification showing CN estimation of 5 and 6 determined 
by HMM. Eleven regions were commonly amplified region in 
OS cells (Table III). Common amplifications at 1q21.1-1q24.1, 
6p21.1-p12.1, 8q23.3-q24.3, 14q11.2-q12 and 17p12-p11 have 
been reported (1-13), showing that these region are frequently 
amplified in OS cells. Next, we identified homozygous dele-
tions (HD) and found 196 recurrent HD in total (Table II). 

Figure 2. Validation of total CN changes. (A) SNP array results of explant #2, #7, #10 and #12. Each has a homozygous deletion (HD) of the internal region of 
CNTNAP2 gene at 7q35. (B) Total CN of the 7q35 HD region in explants #2, #7, #18 and #12 were ~10-fold lower than normal genomic DNA sample (**p<0.01). 
C indicates normal genomic DNA control. Primer pair specific for the HD region was used for quantitation. (C) SNP array results of 7 OS cell lines on chromo-
some 8. OS cell lines, SAOS2, MG63, G292 and HT161 showed high amplification; U2OS and HOS had either duplication or weak allelic gain, respectively; 
and SJSA showed normal CN at 8q23.3-q24 region. (D) Total CN of the 8q24.11 region was 26-fold (SAOS2), 15-fold (MG63), 12-fold (G292) and 21-fold 
(HT161) higher than that of normal genomic DNA (**p<0.01). U2OS showed 2-fold increase (*p<0.05). HOS and SJSA cells have almost same levels compared 
to normal genomic DNA. Primer pair specific for EXT1 in 8q24.11 was used for quantitation.
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Many HD occurred in the vicinity of genes located at common 
fragile sites (CFS) e.g., LRP1B (FRA2F), CNTNAP2 (FRA7I), 
MAGI2 (FRA7E), DLG2 (FRA11F) and DMD (FRAXC). 
These genes are deleted in many cancers.

Importantly, homozygous deletion of 3q13.31 was the most 
frequent HD (10 cases; 17% of the samples) in our cohort. This 
region contained either a 5'-portion of LSAMP gene, lncRNAs 
LOC285194 or BC040587, or all three, in agreement with 

Table I. Recurrent UPD regions in OS.

	 UCSC May 2004 assembly	 Samples	
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Cytoband	 StartPOS	 EndPOS	 Size (Mb)	 Total no. 	 Total %	K nown mutated gene in OSa

1q31.1-q41	 183188858	 211490840	 28	 10	 17
2p24.1-p12	 19495270	 76950296	 57	 10	 17
2q24.2-q33.1	 160740613	 199983101	 39	 9	 16
3p22.3-p14.2	 36726626	 60749157	 24	 12	 21
3q11.2-q13.31	 98705120	 117729514	 19	 8	 14
4q34.1-qter	 172743172	 191290799	 19	 8	 14
5q11.2-q14.1	 55246197	 80739073	 25	 6	 10
5q22.1-q31.3	 109913296	 141494150	 32	 6	 10
6q13-q14.1	 72226093	 79985449	 8	 9	 16
6q22.31-q24.2	 121318426	 143982816	 23	 9	 16
7p12.3-p11.1	 47268854	 57187722	 10	 9	 16	 EGFR (6%b)
8p21.3-p12	 21242912	 30905027	 10	 4	 7
8q22.1-q22.3	 96630283	 104495421	 8	 4	 7
9p21.3-p12	 22923651	 44108554	 21	 6	 10	 CDKN2A, 2B (11%)
9q33.1-qter	 115491394	 135945601	 20	 7	 12
10q11.21-q22.1	 44497840	 70380364	 26	 9	 16
10q25.2-q26.12	 114228361	 122214789	 8	 8	 14
11pter-p13.1	 1938894	 30198901	 28	 8	 14
11q22.3-q23.3	 103485551	 114473112	 11	 8	 14
11q24.2-qter	 124730067	 134437775	 10	 8	 14
12p13.2-p12.3	 11980008	 15490246	 4	 9	 16
12q11-q12	 36391876	 43990452	 8	 9	 16
12q24.31-q24.32	 123828884	 128205825	 4	 12	 21
13q11-q12.3	 18209780	 28993301	 11	 9	 16
13q14.11-q21.1	 39159522	 56979282	 18	 10	 17	 RB1 (13%)
14q21.3-q24.1	 48497095	 57242510	 9	 3	 5
15q21.3-q22.31	 56990907	 64239300	 7	 9	 16
16pter-p12.1	 205160	 22749097	 23	 9	 16
16q11.2-qter	 45226833	 88666241	 43	 12	 21
17p13.2-p12	 5999210	 11680056	 6	 12	 21	 TP53 (30%)
18p11.22-p11.21	 8617957	 15073063	 6	 8	 14
18q11.2-q12.1	 20243361	 25176204	 5	 8	 14
19p13.2-p13.13	 6909134	 13445855	 7	 7	 12
19q13.11-q13.42	 40074074	 58908108	 19	 6	 10
20q11.21-q13.12	 30491788	 41744225	 11	 7	 12
20q13.2-q13.33	 49983933	 60249150	 10	 6	 10
21q22.12-qter	 34975513	 46885639	 12	 6	 10
22q12.3	 31598720	 33627072	 2	 10	 17
22q12.3-q13.1	 35390989	 37641604	 2	 10	 17
Xp22.12-p21.3	 20242329	 27726023	 7	 4	 7
Xq27.2-qter	 141498847	 154353200	 13	 5	 9

aGenes known to be mutated in OS as determined by COSMIC database (release 37). bPercentage in parenthesis indicates the mutation rate 
determined by COSMIC database. StartPOS, start base position; EndPOS, end base position.
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a recent report (20). In many cases, deletion of LOC285194 
and BC040587 (7 cases) was more frequent than deletion of 

LSAMP gene (3 cases), suggesting that these two lncRNAs 
might be biologically relevant in OS cells.

Figure 3. Chromosomal distribution of UPDs in OS samples. All chromosomes in OS had a certain number of UPDs. Blue, purple and yellow bars represent 
the number of UPDs in cell lines, explants and primary tumors, respectively. The highest peak of each graph is marked with an asterisk (*). (A) Distribution of 
whole-chromosomal UPD. (B) Distribution of segmental UPD. Samples with more than one UPD region were counted as one. (C) Distribution of segmental 
UPD by incidence. Whole-chromosomal UPD was not counted.

Table II. Recurrent homozygous deletions in OS.

	 UCSC May 2004 assembly	 Samples
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Cytoband	 StartPOS	 EndPOS	 Size (Mb)	 Total no. 	 Total %	 Genes and miRNAsa  within
						      the region

2q22.1	 141810352	 141928225	 0.1	 3	   5	 LRP1B
3p13	 71522662	 77688970	 6.1	 3	   5	 FOXP1, ROBO2
3q13.31	 117074192	 118436759	 9.2	 9	 16	 LSAMP, LOC285194 BC040587
7q21.11	 77389932	 77976116	 0.6	 2	   3	 MAGI2
7q35-q36.3	 146128574	 146341779	 0.2	 5	   9	 CNTNAP2
9p21.3	 21801533	 22203270	 0.4	 4	   7	 CDKN2A, 2B
11q14.1	 82617545	 84343329	 1.7	 2	   3	 DLG2
13q14.2	 47914064	 47963566	 0.05	 2	   3	 RB1
13q14.2	 48209946	 49643972	 1.4	 3	   5	 DLEU1, mir15a, mir16-1
Xp22.33	 3491918	 3532609	 4.1	 4	   7	 PRKX
Xp21.1	 31891496	 33362759	 1.5	 4	   7	 DMD

aGenes listed are the only gene or genes in the region. StartPOS, start base position; EndPOS, end base position.
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Both LOC285194 and BC040587 play important roles in the 
proliferation and migration of OS cells. Although LOC285194 

has been implicated as a tumor suppressor lncRNA in OS (20), 
its function has not been studied extensively. Moreover, the 

Table III. Recurrent high amplifications in OS.

	 UCSC May 2004 assembly	 Samples	
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
Cytoband	 StartPOS	 EndPOS	 Size (Mb)	 Total no. 	 Total %	K nown oncogenes

1p31.2-p21.1	 68271671	 102822954	 35	   5	   9
1q21.1-q24.1	 142406039	 163411899	 21	   8	 14
4q11-q12	 52525819	 65971362	 13	   6	 10	 KIT
5p13.1-q11.2	 38854038	 50857095	 12	   6	 10
6p21.1-p12.1	 44140309	 53601419	   9	   8	 14
8q23.3-q24.3	 113293800	 141257873	 28	   9	 16	 MYC
14q11.2-q12	 19285288	 30330681	 11	 10	 17
17p12-p11.2	 12859705	 22691152	 10	   9	 16	 CRK
17q23.2-q25.3	 56600056	 75827015	 19	   6	 10
19q12	 32842516	 36885229	   4	   8	 14
Xp11.1-q12	 57426758	 65696889	   8	   5	   9

The high amplifications have >4 copies determined by hidden-Markov model (HMM). StartPOS, start base position; EndPOS, end base 
position.

Figure 4. Effect of LOC285194 overexpression on the growth and migration of OS cells. (A) qRT-PCR measured mRNA levels of LOC285194 in a panel of 
OS cell lines. (B) Expression plasmids encoding either LOC285194 (LOC285194) or empty vector (EV) were transfected into HOS cells and SJSA OS cells 
and expression of Loc285194 was analyzed by qRT-PCR. (C) Growth curve of these cells was determined using MTT assay. (D) Colony formation assay 
measuring the effect of Loc285194 restoration on cell proliferation. (E and F) Boyden chamber migration assay (E) and wound-healing assay (F) evaluating 
cell migration. Images of representative migrated tumor cells (x200); data represent mean ± SD of triplicates. (G) HOS cells with either ectopic expression of 
stable LOC285194 or empty vector were implanted subcutaneously into nude mice. Tumor volume at different time-points after implantation (lower left panel) 
and average weight of the tumors at termination of the experiment (lower right panel) were analyzed. *p<0.05.
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Figure 5. Roles of BC040587 on growth and migration of OS cells. (A) The mRNA levels of BC040587 in OS cell lines were measured by qRT-PCR. 
(B) BC040587 was ectopically expressed in HOS cells and SJSA cells. (C) MTT assay and (D) colony formation assay measured the proliferation of OS 
cells expressing either BC040587 (BC040587) or empty vector control (EV). (E and F) Boyden chamber migration assay (E) and wound healing assay (F) 
evaluating cell migration. (G) Stable BC040587-expressing HOS cells were inoculated into nude mice and tumor volume (lower left panel) and tumor weight 
(lower right panel) were recorded. *p<0.05.

Figure 6. Recurrent UPD regions in chromosomes 12 and 22. (A) Summary of chromosome 12 UPD. Three distinct recurrent UPD regions were identified: 
UPD1 at 12p13.31-p12.3, UPD2 at 12q11-q12, and UPD3 at 12q24.31-qter. (B) Summary of chromosome 22 UPD. Two recurrent UPD regions were identified: 
UPD1 at 22q12.3 and UPD2 at 22q12.3-q23.1.
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biological relevance of BC040587 remains unknown in the 
context of OS. To address this, we next sought to characterize 
the functional roles of both LOC285194 and BC040587 in OS 
cells.

Expression level of LOC285194 was determined in a panel 
of OS cell lines by qRT-PCR analysis. It was expressed at low 
levels in all the OS cells lines evaluated. Not surprisingly, 
LOC285194 was almost undetectable in HOS cells, which 
has HD at this genomic locus (Fig. 4A). We next ectopically 
expressed LOC285194 in both HOS and SJSA cells, both 
displayed the lowest expression of this lncRNA (Fig. 4B). 
Both MTT and colony formation assays showed that restora-
tion of LOC285194 markedly attenuated the proliferation of 
both HOS and SJSA cells (Fig. 4C and D). Moreover, Boyden 
chamber migration assay and wound-healing assay revealed 
that LOC285194 expression resulted in a significantly 
decreased cell migration (Fig. 4E and F). To determine whether 
LOC285194 regulates xenograft growth of OS cells in vivo, 
we injected either LOC285194-restored or control HOS cells 
into the nude mice. Consistent with the effects of LOC285194 
expression in vitro, LOC285194 potently inhibited xenograft 
growth (Fig. 4G).

We next performed biological assays to determine the 
functional role of the other lncRNA, BC040587, in OS cells. 
Similar to LOC285194, HOS cells expressed the lowest level of 
BC040587, followed by SJSA cells (Fig. 5A). BC040587 was 
ectopically expressed in these two cell lines (Fig. 5B), which 
markedly inhibited their cellular proliferation (Fig. 5C and D). 
However, unlike LOC285194, expression of BC040587 did not 
affect the migration of the OS cells (Fig. 5E and F). The tumor 
suppressive function of BC040587 was further confirmed by 
in vivo xenograft assay (Fig. 5G).

Discussion

Unlike CGH studies which focused on primary tumors, our 
study used OS from three different sources: 7 cell lines, 
11 explants and 40 primary tumors. The cell lines and explants 
maintained the chromosomal aberrations found in primary 
tumors. The same phenomenon was observed in malignant 
melanoma where the overall genomic profiles of 101 melanoma 
cell lines nearly matched those of 70 primary melanomas 
(21). Similar concordness was noted between 26 pancreatic 
cancer cell lines and primary pancreatic cancers (22). Thus, 
combining the results of all 59 samples into one analysis of 
common chromosomal changes in OS is reasonable.

Our analysis particularly focused on the study of LOH, 
especially UPD. Notably, almost 37% of the LOH were hidden 
as UPD. Although surprising, esophageal cancer (23) and 
basal cell carcinoma (24) also had UPD, with 33% of the total 
number of chromosomal changes and 42% of the total LOH, 
respectively.

Among all UPD regions, 12q UPD occurred with the highest 
frequency (18 events) affecting the highest number of samples 
(13 samples, 23%). Two recurrent UPD regions were identi-
fied on 12q: 12q11-q12 (UPD2) and 12q24.31-q24.32 (UPD3) 
(Fig. 6A). Interestingly, the location of the recurrent UPD 
regions, either centromeric (UPD2) or telomeric (UPD3), 
suggests that these UPD regions were a result of somatic 
recombination.

Although its incidence was relatively lower than chromo-
some 12, chromosome 22 UPD was interesting in that nearly 
half of the UPD (45%) (Fig. 6B), involved the whole-chromo-
some suggesting that the mechanism of UPD formation might 
be different from those of other UPD regions. Among the 
genes in the region, CSNK1E gene is a potential target because 
of its important role in canonical Wnt signaling pathway and 
in circadian rhythm signaling pathway. Interestingly, many 
genes in the recurrent UPD regions play major roles in the Wnt 
signaling pathway, especially in the canonical Wnt signaling 
pathway (data not shown). Previous research shows that 
canonical Wnt signaling pathway is deregulated in OS (25,26). 
For example, Ng et al (27) checked the cellular location of 
β-catenin in 545 mesenchymal tumors including 19 OS and 
found that OS showed an accumulation of β-catenin in nucleus 
and/or in cytoplasm.

Frequent HD involving 3q13.31 region has been observed 
in OS (20,28,29). Among the genes located within the deleted 
region, LSAMP, together with two lncRNAs LOC285194 and 
BC040587, were highlighted. Variable levels of these two 
lncRNAs in different osteosarcoma cell lines were observed. 
It is not surprising that LOC285194 and BC040587 were 
expressed at their lowest level in HOS cells, as this line has 
a homozygous deletion at this genomic locus. Among the 
other cell lines, no appreciable copy number changes were 
detected, and we reasoned that the different RNA levels might 
result from epigenetic alterations, such as DNA methylation 
or histone modification. Previous reports noted that silencing 
LOC285194 promoted proliferation of normal osteoblasts, 
and HD of LOC285194 or BC040587 was associated with a 
poor survival of OS patients (17,20). We show that restoration 
of either LOC285194 or BC040587 in OS cell lines potently 
suppressed cell proliferation in vitro and in vivo, consistent 
with the tumor suppressive roles of these two lncRNAs. We 
also found that expression of LOC285194 but not BC040587 
inhibited the migration of OS cells. Continuing research will be 
needed to elucidate the mode of action of these two lncRNAs.

In conclusion, we discovered that OS has frequent dele-
tions and many of these represent chromosome region with 
mutation of one allele of a target gene and its duplication with 
less of the second normal allele. These target genes are usually 
tumor suppressor genes. Hence, OS probably has numerous 
mutant tumor suppressor genes.
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