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Abstract

Osteosarcoma (OS) is the primary bone tumor in children and young adults.

Currently, there are no reliable, noninvasive biologic markers to detect the pres-

ence or progression of disease, assess therapy response, or provide upfront

prognostic insights. MicroRNAs (miRNAs) are evolutionarily conserved, stable,

small noncoding RNA molecules that are key posttranscriptional regulators and

are ideal candidates for circulating biomarker development due to their stability

in plasma, ease of isolation, and the unique expressions associated with specific

disease states. Using a qPCR-based platform that analyzes more than 750 miR-

NAs, we analyzed control and diseased-associated plasma from a genetically

engineered mouse model of OS to identify a profile of four plasma miRNAs.

Subsequent analysis of 40 human patient samples corroborated these results.

We also identified disease-specific endogenous reference plasma miRNAs for

mouse and human studies. Specifically, we observed plasma miR-205-5p was

decreased 2.68-fold in mice with OS compared to control mice, whereas, miR-

214, and miR-335-5p were increased 2.37- and 2.69-fold, respectively. In human

samples, the same profile was seen with miR-205-5p decreased 1.75-fold in

patients with OS, whereas miR-574-3p, miR-214, and miR-335-5p were

increased 3.16-, 8.31- and 2.52-fold, respectively, compared to healthy controls.

Furthermore, low plasma levels of miR-214 in metastatic patients at time of

diagnosis conveyed a significantly better overall survival. This is the first study

to identify plasma miRNAs that could be used to prospectively identify disease,

potentially monitor therapeutic efficacy and have prognostic implications for

OS patients.
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Introduction

Osteosarcoma (OS) is the most common primary bone

tumor and is seen predominantly in children and young

adults [1]. The 5-year overall survival is approximately

65% and the best predictor of long-term survival is the

absence of metastatic disease at diagnosis [1]. Unfortu-

nately, even those patients who achieve remission after

aggressive multimodal therapy have a high risk of recur-

rence and the disease becomes increasingly difficult to

cure after recurrence. All patients require long-term mon-

itoring, which consists of radiographic studies that can be

ambiguous to interpret after therapy. Presently, there is

no reliable, noninvasive, specific, and efficient biomarker

to monitor tumor response and provide surveillance for

tumor recurrence after the completion of therapy.

MicroRNAs (miRNAs) are stable, small noncoding RNA

molecules that are conserved across multiple species and

are posttranscriptional regulators of protein expression

implicated in regulating physiologic and pathologic pro-

cesses, including cancer [2, 3]. They are ideal candidates for

plasma biomarker development due to their stability in

plasma, ease of isolation and detection, and the unique

expression patterns associated with disease states [4–6].
One reason for the difficulty in developing a biomarker

for OS is the rarity of the disease as well as the paucity of

adequately annotated clinical samples needed for appropri-

ate determination of disease and stage-specific biomarkers.

One effective method to overcome this problem is to utilize

animal models and translate those findings to humans,

which can only be performed when there is cross-species

conservation of the biomarker in question [7]. In this pro-

ject, we used a novel genetically engineered mouse model

(GEMM) of OS to discover a signature plasma miRNA pro-

file that can identify the presence of OS. Besides the ability

to detect and identify diseased state, the profile demon-

strates the potential to monitor tumor response to chemo-

therapy in an orthotopic mouse model utilizing this miRNA

profile. This plasma miRNA profile was further translated

to human patient samples. Finally, we provide evidence that

plasma miR-214, a member of the signature, has prognostic

significance in human OS patient plasma samples. This is

the first report of translating miRNA discoveries from a

mouse model into human samples in OS, and shows direct

applications toward assessing tumor detection and implica-

tions for clinical prognosis in high-risk OS patients.

Materials and Methods

Mouse model

A GEMM of OS used in this project was developed in our

laboratory [8]. It contains a germline 2.3 kb Col-a1(I)

promoter region upstream of the Cre-recombinase gene

along with one or both Trp53 alleles flanked by LoxP recom-

bination sites [9]. In this model osteoblast-specific deletion

of Trp53 results primarily in OS. Mice were maintained in

barrier facilities at Baylor College of Medicine (BCM) and

provided with food and water ad libitum. All animal experi-

ments were conducted according to institutional animal

care and use committee (IACUC) protocols after approval

was obtained from the BCM Institutional Review Board

(BCM Animal Protocols AN-336 and AN-5225).

Mouse tissue and plasma samples

Genotypic analysis was performed by PCR-based screening

for Cre and wild-type p53 to identify wild-type mice (p53+/
+;Cre+/�), heterozygous mice (p53F/+;Cre+), and homo-

zygous mice (p53F/F;Cre+) as described previously [10].

Once mice developed a tumor, they were sedated with iso-

flurane per IACUC protocols and blood was obtained by

cardiac puncture and placed into ethylene-diamine-tetra-

acetic acid (EDTA) blood collection vials. Wild-type litter-

mates were randomly selected and sacrificed for control

samples. The blood samples were centrifuged at 1300g for

25 min at 4°C. The resultant plasma was isolated and cen-

trifuged at 1000g for 5 min to remove debris. All plasma

was stored at �80°C until further processing. Necropsy was

completed and slides were prepared with hematoxylin and

eosin stains to confirm an OS diagnosis.

Extraction of circulating RNA from mouse
plasma samples

Plasma samples were thawed and 15 lL plasma was

passed through a 0.22 lm filter to remove any leftover

cellular debris. RNA extraction was performed on 10 lL
of plasma. Total RNA, including miRNA, was extracted

using guanidine thiocyanate followed by a solid phase

extraction on a silica spin column. Briefly, 250 lL of Qia-

zol lysis reagent (Qiagen, Germantown, MD) was added

to 10 lL of plasma, vortexed and incubated for 5 min at

room temperature. To reduce the loss of small RNA mol-

ecules, 0.625 ng of a carrier RNA from the bacteriophage

MS2 was added to the denatured samples (Roche Applied

Science, Basel, Switzerland). Subsequently, 50 lL of

chloroform was added to the denatured samples, vor-

texed, incubated at room temperature for 2 min, and

then centrifuged at 12,000g for 15 min at 4°C. The aque-

ous phase was removed and mixed with 1.59 volume of

ethanol and miRNAs were isolated from the aqueous

phase using the miRNeasy silica spin columns (Qiagen)

per manufacturer instructions with the addition of one

extra wash with the RPE buffer and eluted in 50 lL of

nuclease free water and stored at �80°C.
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cDNA synthesis and analysis of plasma
miRNA quality

First strand cDNA synthesis was performed from 1 lL of

RNA (in 10 lL reactions) using the miRCURY universal

cDNA synthesis kit per manufacturer instructions (Exi-

qon, Copenhagen, Denmark). The efficiency of RNA

extraction was monitored by the addition of 2 fmol of a

synthetic miRNA, UniSp2 (Exiqon), to the denatured

plasma samples. The efficiency of the cDNA synthesis was

monitored by the addition 0.15 fmol of a synthetic miR-

NA, UniSp6 (Exiqon), to the master mix of the reverse

transcription reaction. The samples were run on a PTC-

100 thermocycler (BioRad, Hercules, CA) for 60 min at

42°C, heat-inactivated for 5 min at 95°C, and then cooled

to 4°C. All samples were stored at �20°C. The cDNA was

diluted 1:40 in nuclease free water and real-time quantita-

tive reverse transcription PCR (qPCR) was performed to

assess the quality of the samples. Previously reported

abundant endogenous miRNAs were detected along with

the synthetic control miRNAs. Duplicate qPCR reactions

were performed in a final volume of 10 lL containing

5 lL of PCR SYBR green master mix, 1 lL of specific

PCR primer (Exiqon), and 4 lL of diluted cDNA tem-

plate. Reactions were run on an ABI StepOnePlus real-

time PCR system (Life Technologies, Carlsbad, CA) in

96-well optical plates. After a polymerase activation step

at 95°C for 10 min, the samples were cycled 40 times at

95°C for 10 sec, 60°C for 1 min with ramp-rate of 1.6°C/
sec. Melting curve analysis was performed on each reac-

tion for quality control. Samples that had a single peak

melting curve and Cq values of UniSp2 and UniSp6

within 1 standard deviation from the median were deter-

mined to have met quality control thresholds and chosen

for further global analysis.

Comprehensive profiling of plasma miRNAs
in GEMM

For comprehensive miRNA analysis, qPCR was performed

on samples from six wild-type, mice and 14 GEMM OS

mice using Exiqon miRNome platform (mouse panels

I+II, V2), which utilizes ready-to-use PCR panels and

analyzes 752 miRNAs. Per manufacturer’s recommenda-

tions, the cDNA reaction was scaled up and 72 lL of

master mix and 8 lL of RNA were combined and cDNA

synthesis completed under the same conditions as above.

The cDNA was diluted 55-fold in nuclease free water and

combined in an equal volume of 2X SYBR green master

mix and 10 lL was added to each well (Exiqon). The

samples were run on an LC480 instrument (Roche

Applied Sciences) in 384-well optical plates. After poly-

merase activation at 95°C for 10 min, the samples were

cycled 45 times at 95°C for 10 sec, 60°C for 1 min with a

ramp-rate of 1.6°C/sec. Melting curve analysis was per-

formed on each reaction for quality control. Raw data

were loaded on GenEx Pro version 5.4.3.710 from MultiD

(G€oteborg, Sweden). After interplate calibration, data

were tested for outliers with cutoff SD (cycles) = 0.25 and

Grubbs test was performed with confidence level = 0.95.

All outliers were deleted as recommended. Values above

Cq > 37 were treated as background. All nonnumerical

values were replaced and miRNAs with ≥75% missing val-

ues, both within biologic replicates and altogether, were

removed from analysis. Missing values within biologic

replicates were generated by imputing, whereas missing

values were assigned a maximum of Cq = 38. The pro-

cessed data were normalized to global mean of all remain-

ing miRNAs. Data were converted to relative quantiles and

log2 transformed for statistical testing. An unpaired

two-tailed t-test was performed between the two different

conditions and the P-values were corrected for multiple

testing using Benjamini–Hochberg method. MicroRNAs

with fold change ≥5 and P-value (BH-corrected) ≤0.005
were considered significant. Candidate miRNAs were cho-

sen based on P-value of less than 0.005, sequence conserva-

tion in mice and humans, and scientific interest based on

published literature. Additionally, GeNorm and NormFind-

er algorithms were run and identified miR-103, miR-191,

and miR-423-3p as appropriate reference miRNAs [11].

Validation of plasma miRNA levels in GEMM

A sample size calculation was performed for each candi-

date miRNA using a two tailed t-test with 90% power

and an alpha error rate of 0.01. The largest sample size

calculated was used (20 in each group). Candidate miR-

NAs were detected via qPCR under the same conditions

as above on a StepOnePlus real-time PCR system (Life

Technologies). Plasma miRNAs were analyzed in an inde-

pendent set of 20 wild-type mouse samples and 20

GEMM samples (10 localized and 10 metastatic). All reac-

tions were run in duplicate and each miRNA primer had

at least one no template control. Three reference miRNAs,

in addition to the spiked in UniSp2 were used for nor-

malization in the validation experiments (DCq =
NF � CqmiRNA) were NF is the normalization factor and

NF = (CqmiR-103 + CqmiR-191 + CqmiR-423-3p + CqUniSp2)/

4. All primers used in the murine and human studies

were purchased from Exiqon (Catalog #203950, 204063,

204066, 204151, 204154, 204306, 204487, 204488,

204510). A two-sample, two-tailed Student’s t-test com-

paring the 2�DCq values of the two groups was performed

and a P-value of <0.05 was considered significant. Data

were analyzed with SigmaPlot Software V10.0 and Data-

Assist Software V3.01 (Life Technologies).
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Mouse orthotopic OS transplantation, tumor
monitoring, blood sampling

Athymic nude mice (nu�/nu�) were purchased from

Jackson Laboratory (Bar Harbor, ME) at 42 days of age.

A baseline blood sample was obtained via submandibular

vein collection for each animal [12]. Murine OS cells har-

vested during the exponential growth phase were injected

intratibially at a concentration of 3 9 105 cells/mouse

mixed in Matrigel (BD Biosciences, San Jose, CA) under

isoflurane anesthesia per IACUC protocols into 10 mice.

Mice were monitored weekly for tumor formation and

blood samples were taken at 2–5 week intervals to

evaluate the levels of plasma miR-205-5p, miR-214, miR-

335-5p, and miR-574-3p. Mice were euthanized when the

tumor volume exceeded 10% of the body weight of the ani-

mal. A two-sample, two-tailed Student’s t-test comparing

the 2�DCq values of the baseline miRNA compared to each

subsequent time point in each individual animal was per-

formed and a P-value of <0.05 was considered significant.

Doxorubicin treatment

Athymic mice were purchased as above and baseline blood

samples were obtained on all animals. Ten mice underwent

intratibial transplantation with murine OS cells as above

and 10 mice underwent sham transplants with an intratibi-

al injection of an equal volume saline and Matrigel (San

Jose, CA). Mice were monitored biweekly for the tumor

formation and mice were randomized into experimental

groups when tumors were palpable. Thereafter, tumor vol-

umes were measured biweekly with calipers and volumes

calculated using Equation 1: V = A 9 B2/2 (A = largest

diameter; B = smallest diameter) [13]. Sham-transplanted

mice were randomized 1:1 at the same time as the tumor

bearing mice. The four experimental groups were as fol-

lows: (1) sham transplant/placebo treatment, (2) sham

transplant/doxorubicin (DOX) treatment, (3) OS trans-

plant/placebo treatment, and (4) OS transplant/DOX

treatment. Mice received intraperitoneal DOX at 4 mg/kg

diluted with isotonic phosphate-buffered saline (pH 7.4)

to a final volume of 100 lL/10 g of body weight

weekly 9 4 weeks [14, 15]. Mice in the placebo arms

received intraperitoneal isotonic injections of 100 lL/10 g

of body weight. Blood samples were obtained weekly prior

to each injection (DOX or placebo).

Necropsy and evaluation of effect

Necropsy was completed and primary tumors were sent

to the BCM histology core at the Breast Center for histo-

logic confirmation of disease. Final tumor weight was

determined after resection from each animal.

Analysis of plasma miRNAs

Plasma preparation, RNA extraction, cDNA synthesis, and

measurement of plasma miRNAs were performed by

methods identical to those described in the GEMM sam-

ples. All samples at the time of randomization were con-

sidered one biologic group and the levels of miRNAs

were compared to this group at weekly time points after

randomization (up to 4 weeks of treatment).

Human plasma samples

Human plasma samples were obtained from three

sources. After approval from the BCM institutional review

board, 16 OS patient plasma samples were obtained from

The Texas Children’s Hospital Tissue Bank and 40 human

plasma samples from OS patients were obtained through

the Children’s Oncology Group (Protocol H-6650 and H-

31361). An additional 11 OS samples were a kind gift

from Dr. Chelouche Lev. Thirty healthy individual control

plasma samples from 18 year-olds were purchased from

Bioreclamation LLC (Hicksville, NY).

Extraction of plasma RNA from human
samples

Plasma preparation and RNA extraction are described

above, with the exception that 250 lL of human plasma

was passed through a 0.22 lm filter and a total volume of

200 lL was used for RNA extraction. The organic extraction

was up-scaled and 100 lL of Qiazol reagent and 200 lL of

chloroform were used. RNA was extracted from the aqueous

phase using the Qiagen miRNeasy kit as per manufacturer

instructions and eluted in 50 lL of nuclease free water.

cDNA synthesis and analysis of plasma
miRNA quality from human samples

First strand cDNA synthesis was performed from 2 lL of

RNA (in 10 lL reactions) using the miRCURY universal

cDNA synthesis kit per manufacturer instructions (Exi-

qon). The spike-in synthetic RNAs were used as above to

monitor the efficiency of the RNA extraction and cDNA

synthesis. The cDNA was diluted 1:20 in nuclease free water

and qPCR was performed as above and samples that did

not meet quality control thresholds were omitted.

Comprehensive plasma miRNA expression
profile to determine reference miRNAs

Comprehensive miRNA expression profiling was completed

using the Exiqon miRNome platform (human panels I+II, V3)
as above on 20 disease samples (10 localized, 10 metastatic) and
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15 healthy controls to identify reference miRNAs in human OS

plasma samples. The GeNorm algorithm identified miR-320a

and miR-15a-5p as appropriate reference miRNAs.

Validation of plasma miRNA levels in
human samples

An independent set of 40 OS samples (Table 1) and 30

healthy control samples was used to investigate the four

miRNAs validated in the GEMM samples. One sample

did not meet quality control thresholds and was omitted

from final analysis. All reactions were run in triplicate

and each miRNA primer had at least one no template

control. Both reference miRNAs, in addition to the spiked

in UniSp2 were used for normalization in the validation

experiments (DCq = NF � Cq miRNA) were NF is the

normalization factor and NF = (CqmiR-320a + CqmiR-15a-

5p + CqUniSp2)/3. A two-sample, two-tailed Student’s t-test

comparing the 2�DCq values of the two groups was per-

formed and a P-value of <0.05 was considered significant.

Results

Identification and validation of plasma OS-
associated miRNAs in GEMM

In order to identify noninvasive novel biomarkers for OS,

we measured the levels of 752 unique plasma miRNAs in

Table 1. Clinical demographics for the OS patients from whom plasma samples were obtained.

Patient Sex Age (years) Disease at diagnosis Tumor site Follow-up time (years)

1 Male 8.1 Localized Femur 2.9

2 Male 21.3 Localized Scapula 0.8

3 Female 17.8 Localized Femur 2.1

4 Male 16.3 Localized Femur 1.0

5 Male 13.1 Localized Femur 1.3

6 Male 9.3 Localized Tibia 2.8

7 Female 14.2 Localized Tibia 2.1

8 Male 12.2 Localized Femur 2.0

9 Female 15.9 Localized Femur 2.1

10 Female 11.9 Localized Femur 2.0

11 Male 12.1 Localized Femur 1.9

12 Male 16.6 Localized Humerus 2.3

13 Female 7.5 Localized Femur 0.7

14 Female 12.1 Localized Tibia 2.5

15 Female 16.9 Localized Humerus 2.0

16 Male 19.1 Localized Humerus 2.0

17 Female 16.2 Localized Tibia 2.0

18 Female 17.1 Localized Femur 2.4

19 Male 13.9 Localized Femur 1.1

20 Male 22.7 Metastatic Tibia 1.0

21 Female 9.0 Metastatic Femur 1.3

22 Male 10.0 Metastatic Femur 1.2

23 Female 14.3 Metastatic Humerus 1.0

24 Male 12.7 Metastatic Femur 0.7

25 Male 8.2 Metastatic Other 2.2

26 Male 14.9 Metastatic Femur 2.0

27 Female 16.4 Metastatic Femur 1.9

28 Female 17.1 Metastatic Femur 1.6

29 Male 12.7 Metastatic Tibia 1.9

30 Male 4.4 Metastatic Tibia 2.0

31 Female 17.3 Metastatic Scapula 2.0

32 Male 11.4 Metastatic Femur 2.0

33 Male 14.5 Metastatic Femur 0.9

34 Male 15.5 Metastatic Femur 1.0

35 Male 13.2 Metastatic Femur 0.7

36 Male 11.6 Metastatic Femur 0.5

37 Female 5.6 Metastatic Femur 1.0

38 Female 7.7 Metastatic Femur 1.2

39 Female 12.3 Metastatic Tibia 1.0
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two biologic groups, one being GEMM mice with OS

[8] and the other age matched wild-type control litter

mates. Principal component analysis demonstrated vari-

ation in plasma miRNA expression profiles from animal

to animal, but the biologic groups clustered together,

demonstrating expression profiles were most similar

within each biologic group (Fig. S1). Besides the identi-

fication of differential expression of miRNAs, our initial

studies identified three reference endogenous miRNAs

(miR-103, miR-191, and miR-423-3p). These were iden-

tified with GeNorm and Normfinder, which are mathe-

matical models of gene expression and provide a direct

measure for the estimated expression variation (Fig. S2)

[11]. We chose endogenous controls that the two algo-

rithms agreed upon and were not cellular in nature

(i.e., RNU6). Four miRNAs (miR-205-5p-5p, miR-214,

miR-335-5p, and miR-574-3p) were chosen as candidate

miRNAs based on reports in published literature, the

presence of a conserved known human homologue, and

the fold change in the global qPCR analysis. Three of

the four miRNAs (miR-205-5p-5p, miR-214, and miR-

335-5p) were validated in an independent set of dis-

eased and wild-type mice to be statistically significant

(P < 0.05) using a two-sample, two-tailed Student’s t-

test comparing the 2�DCq values of the two groups

MicroRNA-574-3p was not statistically significant in

final statistical analysis, but was included in simulta-

neous studies based on preliminary results (P = 0.15)

(Fig. 1). MicroRNA 205-5p was decreased 2.68-fold

(95% CI 2.17–2.89) in diseased mice compared to con-

trols, whereas miR-214 and miR-335-5p were increased

2.37- (95% CI 1.81–2.93) and 2.69-fold (95% CI 2.12–
3.26), respectively, in diseased mice.

Analysis of miRNA profile during tumor
formation in an immunodeficient allograft
mouse model

After determination of a signature plasma miRNA profile

capable of delineating healthy from disease state, we were

interested in analyzing the use of these plasma miRNAs

as prospective markers for disease development and pro-

gression. Therefore, we monitored the levels of miR-205-

5p, miR-214, miR-335-5p, and miR-574-3p prior to and

serially after transplantation of OS cells. Nine of 10 mice

injected with OS cells developed tumors and the levels of

each miRNA in one animal are shown in Figure 2. This

animal showed no signs of tumor formation until

14 weeks after injection, at which time it was euthanized

and OS was confirmed on histology. At 14 weeks from

injection and in the presence of tumor, miR-205-5p was

significantly downregulated and miR-214 and miR-574-3p

were upregulated. The graphs for the remaining eight

mice can be found in Figure S3–S4. These results demon-

strate the potential clinical use of plasma miRNAs to

assess disease development.

Analysis of changes in the levels of plasma
miRNA after doxorubicin treatment

We next explored the potential for a plasma miRNA sig-

nature to be used as a real-time marker of therapeutic

Figure 1. Plasma microRNA expression profile in GEMM samples. qPCR analysis of plasma microRNAs from control and mice afflicted with OS.

Analysis of miR-205-5p, -574-3p, -214 and -335-5p were performed in mice with OS compared to age matched wild-type litter mate controls.

Statistically significant differences between groups were assessed using a two-sample, two-tailed Student’s t-test comparing the 2�DCt values of

the two groups. (*P < 0.05).
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responsiveness. To investigate this question, we performed

prospective analysis of placebo and chemotherapy-treated

orthotopic models of murine OS. All transplanted mice

(n = 10) developed OS tumors and mice treated with

DOX tolerated the chemotherapy treatment with no sig-

nificant morbidities (Fig. S5A), but had statistically signif-

icant (P < 0.05) growth inhibition of the tumor when

compared with placebo-treated mice (P = 0.017, Fig. S5B

and C). As shown in Figure 3, three biologic groups were

compared pairwise. The first group included all mice

(n = 10) at the time of tumor formation and immediately

prior to randomization. This group was used as the com-

parator for the remaining analyses. After treatment started

(placebo or DOX), the levels of each miRNA were mea-

sured weekly in all animals and then the mean value for

each treatment group (n = 5 DOX, n = 5 placebo) was

compared to the mean value at randomization, using a

two-sample, two-tailed, Student’s t-test comparing the

2�DCq values between groups. The miRNA pattern of

expression remained similar to previous experiments

with increased levels of mir-214, miR-335-5p, and miR-

574-3p in the diseased state. Furthermore, the levels of

the miR-214, miR-335-5p, and miR-574-3p increased

significantly at earlier time points in the placebo-treated

animals compared to those animals treated with DOX.

The animals treated with DOX only reached statistical

significance at the time of sacrifice. There was no sta-

tistical significance when comparing the expression lev-

els in the placebo versus DOX groups, which is likely

because both groups had active growing tumors. We

also performed parallel analysis of sham transplanted

mice that were randomized to placebo or DOX treat-

ment and there were no significant miRNA level

changes seen in either group (Fig. S6).

Validation in OS-associated plasma miRNAs
in human samples

After utilizing our GEMM to identify a novel plasma

miRNA profile, we assessed the expression of the miRNA

profile in human OS patient plasma samples. However,

initially it was essential to determine endogenous refer-

ence miRNAs that could be used for normalization of our

samples. Through the comprehensive, global analysis of

20 OS and 15 healthy human samples we identified two

reference miRNAs for plasma miRNAs in human OS

patients. GeNorm identified miR-15a-5p and miR-320a as

suitable reference miRNAs with standard deviations of

0.126 and 0.148, respectively.

Subsequently, we measured the levels of plasma miR-

205-5p, miR-214, miR-335-5p, and miR-574-3p by qPCR

in an independent set of 40 children with OS and 30

healthy controls. All four candidate miRNAs were statisti-

cally significant (P < 0.05) using a two-sample, two-tailed

Student’s t-test comparing the 2�DCq values of the control

and disease groups in an independent set of human sam-

ples (Fig. 4). Receiver operating characteristics curve

analyses were conducted to estimate optimal cut-points

for the four plasma miRNAs to discriminate OS patients

from healthy controls. As shown in Figure 5A, the areas

under the curves (AUCs) were 0.70 (95% CI 0.576–
0.827), 0.8 0(95% CI 0.699–0.909), 0.78 (95% CI 0.661–

Figure 2. Plasma microRNA expression in an orthotopic transplanted animal. The animal developed OS 14 weeks after orthotopic transplantation

with murine OS cells. The levels of miR-205-5p, miR-574-3p, and miR-214 were significant from baseline at the time of tumor development

(14 week time point). Statistically significant differences were assessed using a two-sample, two-tailed Student’s t-test comparing the 2�DCt values

of the two groups. (*P < 0.05).
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0.898), and 0.88 (95% CI 0.794–0.957) for miR-205-5p,

miR-214, miR-335-5p, and miR-574-3p, respectively.

Optimal cut-points from the DCq values were deter-

mined for each miRNA using the Youden index. A value

falling above or below (depending on direction of change

in the diseased population) should identify diseased

patients from healthy patients. The DCq cut-points were

8.34 for miR-205-5p, 10.31 for miR-214, 9.78 for miR-

Figure 4. Plasma microRNA expression in human OS patient plasma. qPCR analysis of plasma microRNAs from healthy control and OS patient

plasma samples. Statistically significant differences between groups were assessed using a two-sample, two-tailed Student’s t-test comparing the

2�DCt values of the two groups. (*P < 0.05).

Figure 3. Plasma microRNA expression assessing chemotherapy responsiveness in orthotopic OS model. Mice were injected intratibially with

mouse OS cells and then randomized to receive placebo or doxorubicin. Statistically significant differences were assessed using a two-sample,

two-tailed Student’s t-test comparing the 2�DCt values in each group compared to microRNA levels at randomization. (*P < 0.05).
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335-5p and 6.08 for miR-574-3p. Additionally, we investi-

gated whether these cut-points could be used as a prog-

nostic marker for outcome. We found that miR-214 levels

differ significantly between metastatic and nonmetastatic

patients (P = 0.016), suggesting an association between

metastatic status and miR-214 levels. Next, we further

stratified all patients that presented with metastatic dis-

ease and noted that low plasma miR-214 levels could dis-

tinguish a subpopulation of patients with significantly

enhanced overall survival (P = 0.008), Figure 5B.

Discussion

The study of miRNAs as biomarkers in acellular body flu-

ids such as plasma has expanded rapidly in the last several

years, but continues to be complicated by several preana-

lytic and technical factors that require consideration dur-

ing investigational studies. First, when carrier RNA is

used to reduce the loss of the miRNA subpopulation,

efforts to assess the quality and quantity of the extracted

RNA through traditional methods such as spectropho-

tometry and automated capillary electrophoresis instru-

ments are inaccurate and standardization of RNA input

quantity is impossible. However, if no carrier RNA is

used, the miRNA subpopulation may be too small to

accurately quantify. Second, due to the acellular nature of

plasma and serum, typical reference miRNAs used for tis-

sue analysis (i.e., RNU6) cannot be used for normaliza-

tion. To compound the problem, it appears that each

disease population has a unique set of endogenous refer-

ence miRNAs and the reference miRNAs do not translate

from one population to another (i.e., breast cancer to

colon cancer) [16].

Through pilot large-scale comprehensive profiling stud-

ies, we identified three reference miRNAs, miR-109, miR-

191, and miR-423-3p with GeNorm and Normfinder that

were invariant in the mouse samples and were used as

reference miRNAs for those studies. Similarly, two refer-

ence miRNAs, miR-320a and miR-15a-5p were identified

by GeNorm and used as endogenous reference miRNAs

for human OS studies utilizing plasma. We believe the

identification of these reference miRNAs allowed for

accurate normalization and relative quantification of the

experimental plasma miRNA levels for these and future

studies.

Our studies revealed plasma miR-205-5p was downreg-

ulated in GEMM mice with OS compared to wild-type

littermate controls, whereas levels of miR-214 and miR-

335-5p were significantly higher in GEMM mice. The

level of plasma miR-574-3p was not statistically signifi-

cant in the GEMM studies, however, based on the results

from the DOX experiments that were being performed

simultaneously with the validation set; we decided to fur-

ther investigate miR-574-3p in the human samples.

Besides our ability to identify a miRNA signature that

can distinguish healthy from diseased patients, our inves-

A B

Figure 5. Receiver operating characteristic (ROC) curve analysis of plasma miRNAs. (A) ROC curves were constructed for individual miRNAS.

Areas under the curve (AUCs) were 0.70 (95% CI 0.576–0.827), 0.80 (95% CI 0.699–0.909), 0.78 (95% CI 0.661–0.898), and 0.88 (95% CI

0.794–0.957) for miR-205-5p, miR-214, miR-335-5p, and miR-574-3p, respectively. (B) Kaplan–Meier curve for metastatic patients based upon

plasma miR-214 levels at time of diagnosis.
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tigations also implied that these signatures have the

potential to monitor chemotherapeutic responsiveness,

but additional studies need to be carried out to validate

these results. In the DOX experiments, the magnitude of

the alteration in the levels of plasma miR-205-5p, miR-

214, miR-335-5p, and miR-574-3p was less in the DOX-

treated mice compared to those mice treated with pla-

cebo. Furthermore, the mice treated with DOX took sev-

eral weeks longer to achieve significant changes from

baseline compared to those mice treated with placebo.

Although the differences between the DOX group and the

placebo group were not statistically significant, these

results suggest that the miRNA profile may be useful as a

noninvasive marker to monitor the tumor response to

chemotherapy. These findings need to be evaluated pro-

spectively in human samples where complete remission is

achieved and corroboration with other measures (e.g.,

radiographic, histologic) of disease response. In addition,

studies assessing the correlation of plasma miRNA altera-

tions with changes in tumor cell miRNA levels are still

warranted.

The levels of all four miRNAs investigated in the

GEMM were statistically significant in the human samples

with decreased levels of miR-205-5p and elevated levels of

miR-214, miR-335-5p, and miR-574-3p in OS patients.

Our studies are a first of its kind in translating mouse

model findings to human patient samples and our results

suggest that cross-species validation of highly conserved

miRNAs can be achieved using appropriate model sys-

tems. This concept is extremely important for rare tumors

such as OS where clinically annotated samples are scarce

and difficult to obtain.

Furthermore, in a training set of human patient sam-

ples, receiver operating characteristic curves showed that

the four miRNAs have sufficient sensitivity and specificity

to identify those patients with OS from healthy controls.

The cut-points determined in the training set need to be

validated in an independent set of human patient samples

to fully complete the establishment of this signature pro-

file in OS.

Metastatic disease at diagnosis is the best predictor of

outcome in OS and only approximately 20% of metastatic

patients will survive. However, presently we do not have

the ability to immediately identify that subpopulation of

metastatic patients that will have sustained response to

therapy and survive. Analysis of our metastatic cohort sug-

gests that plasma miR-214 levels can identify this subpopu-

lation, as the 20% of metastatic patients with low miR-214

levels are all presently alive. This result needs to be repeated

in a larger sample size with longer follow-up times, but

plasma miR-214 could be the first biomarker identified

that can discriminate which metastatic patients will have a

good outcome with current therapeutic regimens.

There is one previous report investigating specific cir-

culating miRNAs in OS [17]. Our study differs from that

report in several critical ways that add to the current

understanding of circulating miRNAs in OS. First, we

completed a comprehensive screen of 752 plasma miR-

NAs in the GEMM. This comprehensive screen did not

restrict our candidate miRNAs to those that had been

previously reported as altered in cell lines or tumor sam-

ples. Second, the use of the endogenous reference miR-

NAs and the spiked in miRNA for normalization in both

the GEMM and the human samples adequately addresses

the biologic variability that is inherent in these samples.

While our study is the first report of plasma miR-205-5p,

miR-214, miR-335-5p, and miR-574-3p to be used as bio-

markers, the literature supports that each of these miR-

NAs may have an important biologic function in OS.

MicroRNA 205-5p has been reported to act as a tumor

suppressor in several cancer types including breast cancer

and prostate cancer [18]. Furthermore, recent evidence

suggests that miR-205-5p is highly specific to epithelium,

which may explain the results in the DOX experiments

which do not show a significant decrease in the disease

state compared to baseline likely due to the method of

blood sampling. In the initial screen, blood was obtained

via cardiac puncture and in the DOX experiments blood

was obtained via submandibular vein sampling and thus

the submandibular samples will have more epithelial con-

tamination compared to cardiac puncture. This highlights

the importance of standardizing the preanalytic variables

affecting results when utilizing miRNAs as noninvasive bi-

omarkers.

Data are now emerging on the importance of miR-214

in OS. Upregulated expression of miR-214 in tumors is

linked to tumor progression and poor prognosis in OS

and a proposed mechanism of action is that miR-214

promotes OS proliferation and invasion through direct

suppression of leucine zipper, putative tumor suppressor

1 (LZTS1) [19, 20]. These reports corroborate our data

that plasma miR-214 is associated with metastatic disease

and can be used as both a diagnostic biomarker and a

prognostic biomarker for patient outcome. Based on this

data, further investigations in miR-214 as it relates to OS

are warranted.

Both miR-335-5p and miR-574-3p have been reported

to be important in bone and cartilage development and

differentiation through the regulation of the Wnt pathway

and SOX9 expression, respectively [21, 22]. Previous

reports have shown activation of the Wnt signaling path-

way may contribute to OS development and progression,

however, additional studies are required to delineate the

critical components and their precise functions within OS

[23]. Finally, miR-574-3p has recently been reported to

play an important role in maintaining mesenchymal stem
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cell multipotency, which is of interest for OS, as it is

thought that the mesenchymal stem cell is the cell of ori-

gin in OS [22].

In summary, we utilized a GEMM of OS to discover

and validate a signature profile of plasma miRNAs that

can distinguish OS from healthy animals in retrospective

and prospective studies, and potentially monitor thera-

peutic responsiveness. We were able to translate these

findings to an independent set of 40 human plasma sam-

ples. Using receiver operating characteristic curves, we

showed that each miRNA has sufficient specificity and

sensitivity to detect OS in human plasma samples. Lastly,

we have identified that low plasma levels of miR-214 in

metastatic patients at time of diagnosis is associated with

an excellent prognosis.

We believe that the identification of the miRNA signa-

ture within our report enhances the understanding of OS,

and the technical approaches we have established to eval-

uate reference and experimental miRNAs are a tremen-

dous advancement in the field of circulating miRNAs for

OS that could be applied to other diseases.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Principal component analysis of miRNA

expression in diseased and control mice demonstrate

expression profiles are most similar within biologic

groups.

Figure S2. M values and stability factors for GeNorm

and NormFinder identify miR-423-3p, miR-191, and

miR-103 as endogenous reference miRNAs for mouse

experiments.

Figure S3. Plasma microRNA expression in an orthotopic

transplanted animals with localized disease. Graphs A–C
each represent an individual animal. All animals devel-

oped tumors at 14 weeks and comparisons of miRNA

levels were made to respective baseline levels in each ani-

mal prior to transplantation with OS cells. Statistically

significant differences were assessed using a two-sample,

two-tailed Student’s t-test comparing the 2�DCt values of

the two groups. (*P < 0.05).

Figure S4. Plasma microRNA expression in an orthotopic

transplanted animals with metastatic disease. Graphs A–E
each represent an individual animal. All animals devel-

oped tumors at 7 weeks and comparisons of miRNA lev-

els were made to respective baseline levels in each animal

prior to transplantation with OS cells. Statistically signifi-

cant differences were assessed using a two-sample, two-

tailed Student’s t-test comparing the 2�DCt values of the

two groups. (*P < 0.05).

Figure S5. Orthotopic transplantation mouse and tumor

volume parameters. (A) No significant difference in

mouse weights during chemotherapy treatment. (B)

Tumor volume was significantly larger in placebo-treated

mice after 28 days of treatment (C) Tumor weight was

significantly higher at necropsy in placebo-treated group

than in doxorubicin-treated group. Analyses performed

using a two sampled, two-tailed Student’s t-test with

*P < 0.05.

Figure S6. Plasma microRNA expression after sham

transplantation. qPCR analysis of miR-205-5p, -574-3p,

-214 and -335-5p upon randomization and at time of

sacrifice in placebo treated and DOX treated. No signifi-

cant changes were noted from randomization in the

expression of any of the miRNAs in either the placebo-

or doxorubicin-treated mice when sham transplants were

performed. Analyses performed using a two sampled,

two-tailed Student’s t-test with *P < 0.05.
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