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A B S T R A C T

Lung metastasis is the major cause of death in osteosarcoma patients. However, molecular

mechanisms underlying this metastasis remain poorly understood. To identify key mole-

cules related with pulmonary metastasis of pediatric osteosarcomas, we analyzed high-

throughput miRNA expression in a cohort of 11 primary tumors and 15 lung metastases.

Results were further validated with an independent cohort of 10 primary tumors and 6 me-

tastases. In parallel, we performed immunohistochemical analysis of activated signaling

pathways in 36 primary osteosarcomas. Only phospho-AKT associated with lower overall

survival in primary tumors, supporting its role in osteosarcoma progression. CTNNB1

expression also associated with lower overall survival but was not strong enough to be

considered an independent variable. Interestingly, miR-200c was overexpressed in lung

metastases, implicating an inhibitory feed-back loop to PI3K-AKT. Moreover, transfection

of miR200c-mimic in U2-OS cells reduced phospho-AKT levels but increased cellular migra-

tion and proliferation. Notably, miR-200c expression strongly correlated with miR-141 and

with the osteogenic inhibitor miR-375, all implicated in epithelial to mesenchymal transi-

tion. These findings contrast epithelial tumors where reduced miR-200c expression pro-

motes metastasis. Indeed, we noted that osteosarcoma cells in the lung also expressed

the epithelial marker CDH1, revealing a change in their mesenchymal phenotype. We pro-

pose that miR-200c upregulation occurs late in osteosarcoma progression to provide cells

with an epithelial phenotype that facilitates their integration in the metastatic lung niche.

Thus, our findings identify phospho-AKT in the primary tumor and miR-200c later during
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tumor progression as prognostic molecules and potential therapeutic targets to prevent

progression and metastasis of pediatric osteosarcomas.

ª 2016 The Authors. Published by Elsevier B.V. on behalf of Federation of European

Biochemical Societies. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Different miRNAs in osteosarcoma have been reported to
Osteosarcoma is the most common primary high grade bone

malignancy with highest incidence in children and adoles-

cents (Arndt et al., 2012). Current survival rates vary by age,

disease stage, anatomic site and histologic response to pre-

surgical chemotherapy, ranging from 55 to 75% for children

and adolescents in most countries (Savage and Mirabello,

2011). However, survival rate is reduced to 10e30% if there is

metastatic disease at diagnosis (Kager et al., 2003). After recur-

rence,mainly to the lungs, there are limited treatment options

that are frequently unsuccessful. Thus, there is an urgent

need to identify new druggable targets for precision medicine

treatments.

MicroRNAs (miRNAs) are important epigenetic regulators

in cellular physiology as well as in the pathogenesis of human

cancers, including osteosarcomas. Several miRNAs have

already been reported to regulate signaling networks in osteo-

sarcoma cells (reviewed in Chang et al., 2015). Among them,

those targeting the insulin-like growth factor-1 IGF-I signaling

pathway are of particular interest since this pathway regu-

lates pleiotropic responses that vary from cellular meta-

bolism, proliferation, differentiation and apoptosis.

Regulation of the IGF-I signaling pathway and mutations in

PI3K, one of its downstream targets, have been described to

be of relevance in osteosarcoma, correlating with poor prog-

nosis (Choy et al., 2012; Su et al., 2011). In addition, the mono-

clonal antibody R1507 targeting IGF-IR was reported to be

effective alone or in combinationwith rapamycin in inhibiting

growth of osteosarcoma xenografts (Kolb et al., 2010). More-

over, increased expression of IGF-IR has been correlated with

tumor metastasis and prognosis in patients with osteosar-

coma (Wang et al., 2012). Notably, an orthotopic study in

mice with phospho-specific antibodies and kinase inhibitors

revealed that only IGF-IR/MEK pathway, but not IGF-IR/AKT

pathway, remain active in lung metastasis, suggesting that

Ras/Raf/MEK/ERK signaling may play an important role in os-

teosarcoma lungmetastasis (Yu et al., 2011). In addition, c-Myc

overexpression enhanced MG-63 and SAOS-2 osteosarcoma

cells invasion through the activation of MEK-ERK pathway

whereas inhibited the activity of PI3K-AKT pathway (Han

et al., 2012). Further downstream in IGF-I signaling is the Nu-

clear Receptor Coactivator 3 (NCOA3), which was reported to

be overexpressed in osteosarcomas driving its progression

(Geng et al., 2014). Strikingly, activation of PI3K/AKT upregu-

lates NCOA3 levels by inhibiting its proteasomal degradation

(Ferrero et al., 2008), which may result in a feedback loop by

increasing IGF-I levels that act in an auto or paracrine manner

to activate both, Ras and PI3K pathways. Together, these re-

sults support IGF-I signaling as an important growth and sur-

vival pathway in osteosarcoma cells.
target IGF-I signal transducers and transcription factors

responsible for cellular invasion, epithelial to mesenchymal

transition (EMT), stemness and chemoresistance. The IGF-IR it-

self is targeted bymiR-133b, frequently downregulated in oste-

osarcomas (Zhao et al., 2013). PTEN is regulated by miR-93 and

miR-23a, resulting in increased proliferation and migration

(Kawano et al., 2015; Tian et al., 2015). PTEN is also the target

of miR-144 in nasopharyngeal carcinomas (Zhang et al., 2013).

However, this tumor suppressor-like behavior described in

epithelial carcinomas has a reversed effect in osteosarcoma

cells, where its downregulation is associated with cell prolifer-

ation and invasion by downregulating its target gene, TAGLN

(Zhao et al., 2014). Besides, miR-144 may also regulate migra-

tion and invasion of osteosarcoma cells by targeting the cell

adhesion protein Ezrin (Cui and Wang, 2015). FOXO1 is a tran-

scriptional factor downstream of the PI3K pathway and a pos-

itive regulator of bone formation in osteoblasts (Rached et al.,

2010). Interestingly, FOXO1 has recently been reported to be

the target of miR-135b and miR-374, thus promoting prolifera-

tion and invasion in osteosarcomas (He et al., 2015; Pei et al.,

2015). miR-101 and miR-155 have been shown to favor and to

inhibit chemosensitivity by respectively blocking and inducing

autophagy (Chang et al., 2014; Chen et al., 2014). These counter-

acting effects are somewhat controversial since both miRNAs

target thesamepathway, but atdifferent levels:miR-101down-

regulates mTOR expression levels (Merkel et al., 2010), a major

regulator of autophagy together with AMPK, whereas miR-155

targets the alpha regulatory subunit of PI3K (p85), an upstream

activator of mTOR (Huang et al., 2012). One plausible explana-

tion could rely on the promiscuity of miRNAs so that the final

outcome depends on other targets regulated by miR-101 and

miR-155. In this regard, miR23a was also shown to target mol-

ecules other than PTEN thatmay enhance its oncogenic poten-

tial. Overexpression of miR-23a inhibited osteosarcoma HOS

cells differentiation by downregulating connexin-43 (Cx43/

GJA1), amediator of intercellular signaling critical to osteoblast

development (Gindin et al., 2015). In the same cluster as miR-

23a, miR-27a promotes pulmonary osteosarcoma metastasis

by downregulating the transcriptional regulator CBFA2T3

(Salah et al., 2015).

Here we demonstrate that miR-200c is upregulated in lung

metastasis and ectopic expression of miR-200c in U2-OS cells

increased cellular proliferation and migration but reduced

basal phospho-AKT levels. In addition, multivariate analysis

of immunohistochemical staining for signaling pathways

showed a significant association of Akt activation with poorer

prognosis. Based on the inhibitory role of miR200 family on

Akt signaling, these results suggest that Akt and miR-200c

contribute to osteosarcoma progression through converging

mechanisms.
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Table 1 e Summary of clinicopathologic features of 36 patients with
primary osteosarcoma included in the immunohistochemical study.

Characteristics n (%) *Median (range)

Age 14.47 (6.71e20.99)*

Gender

Male 18 (50%)

Female 18 (50%)

Localized disease 33 (92%)

Site of primary disease

Femur 20 (56%)

Tibia 8 (22%)

Humerus 3 (8%)

Fibula 1 (3%)

Pelvis 1 (3%)

Other 3 (8%)

Tumor sample analyzed

Diagnostic biopsy (pre-chemotherapy) 16 (44%)

Surgery (post-chemotherapy) 20 (56%)

Treatment

Metotrexate 34 (94%)

Ifosfamide 24 (67%)

Doxorrubicin 36 (100%)

Cisplatin 35 (97%)

VP-16 6 (17%)

Ciclophosfamide 16 (50%)

Type of surgery

Conservative 25 (69%)

M O L E C U L A R O N C O L O G Y 1 0 ( 2 0 1 6 ) 1 0 4 3e1 0 5 3 1045
2. Materials and methods

2.1. Patients and samples

A retrospective study was performed in a primary cohort of 36

patients with primary osteosarcomas who underwent treat-

ment between 1990 and 2011. These cases were collected from

the archives of Hospital La Fe in Valencia. Clinical characteris-

tics for each patient are indicated in Supplementary Table 1

and summarized in Table 1. For miRNA studies, nucleic acids

were collected from 11 primary osteosarcomas plus 15 pulmo-

nary metastases. A validation cohort of 16 patients was

collected from the archives of the Pathology Department of

the University of Valencia and University Clinic Hospital. The

clinical characteristics of patients included in this second

cohort are summarized in Supplementary Table 2. All samples

from each cohort were reviewed independently by two expert

pathologists to confirmhistology and select tumor areas for tis-

suemicroarray construction andnucleic acid isolation.Written

informedconsentwassignedbythepatients;whennotpossible

(dead or unreachable patients), the studymaterial was used af-

ter decoding in accordance with Spanish law and with the

approval of the Institutional Review Board. All procedures

were done in accordance with the Helsinki declaration.
Radical 10 (28%)

Necrosis rate 70% (0e100%)*

Relapse/Progression 23 (64%)

Survivors 17 (47%)

Follow-up time (survivors) 11.11 years (2.1e26.4)*
2.2. Tissue microarray assembling and
immunohistochemical analysis

Two 1 mm diameter cores were punched from each paraffin

block using a manual tissue arrayer and mounted in an array

paraffin block. Internal controls were also included in the tis-

sue array. To correlate activated signaling pathwayswith clin-

ical data, we selected phospho-AKT and phospho-ERK as two

major druggable pathways activated by multiple signaling

molecules with high relevance in osteosarcoma, including

growth factors and tyrosine kinase receptors such as IGF-I

and IGF-IR. We evaluated the activation of WNT/b-catenin

(CTNNB1) pathway based on the fact that dysregulation of

beta-catenin signaling is common in osteosarcoma and is

implicated in the pathogenesis of osteosarcoma (Haydon

et al., 2002). In addition, we included the evaluation of Sonic

Hedgehog (SHH)/Gli1 activation in the immunohistochemical

analysis because it is a druggable pathway and has been impli-

cated in osteosarcoma (Lo et al., 2014).

3 mm Sections from the paraffin-embedded microarray

were stained with the following antibodies: Akt-pS473, Phos-

phorylation Site Specific (Dako M3628); b-catenin (Dako

M3539); phospho-Erk1,2 (Cell Signaling 4370); Gli1 (R&D Sys-

tems AF3324). For phospho-AKT, phospho-ERK and b-catenin

both, cytosolic or nuclear stainings were considered as posi-

tive. For Gli1 only nuclear stainings were considered as posi-

tive. Immunohistochemistry was performed after confirming

by hematoxylin/eosin staining that the samples in the tissue

microarray were representative.

For immunoreactivity evaluation we used a previously re-

ported semi-quantitative scoring system based on the overall

stain intensity and percentage of neoplastic stained cells

(Hatanaka et al., 2003). Briefly, the HSCORE was based on the

percentage of neoplastic cells stained (Pi) and their staining
intensity (i) andwascalculated ineachcaseaccording to the for-

mula: HSCORE¼P
(i� Pi) where i ¼ 0, 1, 2, 3 and Pi varies from

0 to 100%. Hence, the range for the HSCORE was 0e300. Each

slide was evaluated separately by 2 independent pathologists

(M.H. and M.L.) and mean value of both cores was calculated

per tumor sample. In case of discrepancybetweenpathologists,

slides were re-evaluated and consensus final score agreed. The

Youden index was used as a criterion for selecting the optimum

cut-offpoints.Cut-off valuesof40 for eitherphosphor-AKTorb-

catenin stainings were determined by ROC curve analysis.

These data are provided in Supplementary Table 1.
2.3. miRNA isolation and array hybridization

Tumor areaswere carefully selected avoiding adjacent normal

or necrotic tissue. Five core punches were obtained from each

FFPE block. AllPrep� FFPE kit (QIAGEN)was used to isolate RNA

and DNAwhen possible. Samples were deparaffinized accord-

ing to the manufacturer’s instructions and proteinase K

digested 24e48 h according to visual inspection tissue disag-

gregation. After RNA supernatant and DNA pellet separation,

RNAwas incubated at 80 �C to partially reverse formalin cross-

linking, column purified and DNase digested. Total RNA was

eluted in 14 ml H2O. RNA purity and concentration were evalu-

ated spectrophotometrically and fluorimetrically by Nano-

Drop ND-2000 (ThermoFisher) and Qubit (Invitrogen).

Spectrophotometry measurements at three different wave-

lengths (230, 260 and 280 nm) and A260/230 and A260/280

http://dx.doi.org/10.1016/j.molonc.2016.04.004
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ratios were used to assess the presence of contaminants: pep-

tides, phenols, aromatic compounds, or carbohydrates and

proteins. Qubit RNA HS kit was applied to highly degraded

RNA samples to accurate quantitation of double stranded

DNA and RNA respectively. Integrity and related size of RNA

were assessed by microfluidics-based platform Agilent 2100

Bioanalyzer with RNA 6000 Nano Kit. Electropherograms

were visualized at the Agilent 2100 Expert software including

data collection, peak detection and interpretation of profiles.

RNA tumor sampleswere analyzedwithmiRNAAffymetrix

platform miRNA 3.0 to obtain the miRNA and other non-

coding RNA profile. 50 ng Of total RNAwere added to the label-

ing mix following FlashTag miRNA (Genisphere) direct label-

ing manufacturer procedures. The GeneChip� Scanner 3000

7G System and reagents fromAffymetrix were used to hybrid-

ize, wash, stain and scan the arrays. Expression console free

software from Affymetrix was used for quality control and

probe set normalized values assessment.

2.4. Statistical analysis

Data were summarized using mean, median, standard devia-

tion and range in the case of continuous variables and with

relative and absolute frequencies in the case of categorical

variables. Differences between survival curves were assessed

using the Log rank test. Signaling pathways found to be signif-

icant were evaluated with multivariable Cox regression anal-

ysis. Differentially expressed miRNAs between primary and

metastatic tumors were assessed using an Elastic Net penal-

ized logistic regression model. Differences between primary

andmetastatic tumor for each miRNAs selected for validation

were assessed using the WilcoxoneMann Whitney test. p

values <0.05 were considered statistically significant. All ana-

lyses were performed using R (version 3.2.2).

2.5. Tissue culture and transfection conditions

U2-OS cells were grown in DMEM media supplemented with

10% fetal bovine serum plus antibiotics. One day before trans-

fection cells were trypsinized, counted and 105 cells per well

were seeded in 6well plates. On the day of the transfectionme-

dia was replacedwith 1ml ofmedia without serum and antibi-

otics. miR-200c mimic (Sigma) was diluted in 150 ml Opti-MEM

media (Invitrogen) andmixedwith 150 ml of Opti-MEM contain-

ing 9 ml of RNAiMAX (Invitrogen). 250 ml Of themixture contain-

ing miR-200c mimic was added drop by drop to the cells to a

final concentration of 15 nM. Eight hours post-transfectionme-

dia was replaced with regular fresh growing media.

Twenty four hours post-transfection cells were trypsinized

and counted before using them in migration and proliferation

assays. For wound healing assays 2 � 105 cells were seeded in

triplicates in Cytoselect� 24-well plates. One day later the

insert was carefully removed and healing of the wound was

monitored. Pictures were taken every 2 h with an invertedmi-

croscope. For proliferation assays, 103 or 3 � 103 cells were

seeded in triplicates in 96-well plates. Colorimetric assay

with XTT (Roche) was determined at the indicated days

following manufacturer’s instructions for use.

In parallel, miRNA was isolated with miRNeasy Mini Kit

(QIAGEN) two days after the transfection and miR-200c-3p
(Applied biosystems No. 002300, Cat. 442797) and RNU6B

(Applied biosystems No. 001093 Cat. 4427975) as endogenous

control were quantified by real-time PCR using TaqManmicro-

RNA assays (Applied biosystems).
3. Results

3.1. Identification of prognostic signaling pathways in
primary osteosarcomas

To identify druggable pathways that correlate with poor prog-

nosis in child and adolescent osteosarcomas, we conducted a

multivariate immunohistochemical analysis in a cohort of 36

primary osteosarcoma cases (see Table 1 for clinical variables).

Immunostaining analysis for the activation of the PI3K-AKT

pathway was determined with pAKT (Ser473) antibodies and

revealedabroadvariability inboth, the intensity and thedistri-

bution pattern (Figure 1A). Evaluation of the immunostainings

byH-score revealeda significant correlation betweenactivated

AKT and poorer prognosis in primary osteosarcomas before

chemotherapy (Figure 1B), supporting the role of this pathway

in osteosarcoma progression. In contrast, no significant corre-

lation was found when the analysis was done with 20 tumor

samples obtained after chemotherapy (Figure 1C), suggesting

that tumor response to chemotherapy may result in temporal

or permanent loss of AKT activation and therefore, tissues

samples obtained post-chemotherapymay not be appropriate

for phospho-AKT analysis to predict outcome. Hence, these

datasupporta role forAKTactivation inosteosarcomaprogres-

sion and suggest that immunohistochemical analysis of pre-

chemotherapy biopsies is a powerful predictive tool to

carefully-select pediatric patients for treatment with inhibi-

tors of this pathway as a strategy to improve outcome.

We also evaluated the role ofWNT signaling pathway in os-

teosarcoma prognosis by analyzing the cytosolic/nuclear

expression of CTNNB1 (b-catenin). Cytosolic staining was

scored as positive since increased cellular cytosolic b-catenin

levelshavebeenassociatedwith increasedb-catenin targetpro-

tein expression (Sellin et al., 2001); most non-membrane

expression of b-catenin is cytosolic in breast cancer and is asso-

ciatedwithpooroutcome (Lopez-Knowles etal., 2010).Only28%

of the osteosarcomas expressed b-catenin (Supplementary

Figure 1A), somewhat lower than pAKT positive cases (44%).

Interestingly, positive immunostaining for b-catenin only

correlatedwith lower overall survival in osteosarcoma primary

tumors after chemotherapy (Supplementary Figure 1B) but not

in pre-chemotherapy tumors alone (Supplementary

Figure 1C).However,b-cateninpositivitywasnot strongenough

tobeconsideredanindependentvariable (SupplementaryTable

3), perhaps reflecting theneed for additional cases in thecohort.

3.2. Differential expression of miRNAs between primary
osteosarcomas and lung metastases in the primary cohort

Increasing evidence supports the role of miRNAs in cancer eti-

ology and progression. To identify targets that may regulate

osteosarcoma progression, we conducted a high-throughput

screening of miRNAs by comparing primary tumors vs.

resected lung metastases. In this first cohort, 11 primary

http://dx.doi.org/10.1016/j.molonc.2016.04.004
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Figure 1 e Akt activation correlates with lower overall survival in primary osteosarcomas. (A) Representative immunostaining with phosphor-AKT

(Ser473) antibodies showing variability from 95% of stained osteosarcoma cells with 3D intensity (a) to 0% of stained cells (d). Inlets in the bottom

right corner are magnifications to show the details of the stainings. (B) KaplaneMeier survival curves in 16 primary osteosarcomas before

chemotherapy; (Log Rank test, p [ 0.003). (C) KaplaneMeier survival curves in 20 primary osteosarcoma cases obtained after chemotherapy;

(Log Rank test, p [ 0.173).
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tumors were compared to 15 lung metastases, all from La Fe

hospital. Punches from paraffin-embedded tissues were

selected carefully by pathologists to avoid contamination by

non-tumorigenic tissue. Using Elastic Net to perform a penal-

ized logistic regression analysis of the microarray data, we

generated a heatmap model of 26 miRNAs that were differen-

tially expressed between primary and metastatic tumors

(Figure 2A). Of these, only means for mirR200c, miR4786-3p

and ENSG00000212490_x displayed at least a two-fold differ-

ence and were thus selected for further validation.

3.3. Differential expression of miRNA between primary
osteosarcomas and lung metastases in the validation cohort

A second cohort of 10 primary tumors and 6metastases froma

different hospital (University Hospital, Valencia) were used to

validate the results of the miRNAs in osteosarcoma metasta-

ses. In this second analysis, only expression of miR-200c was

significantly changed between primary and metastatic osteo-

sarcomas (Figure 2B). Collectively, these results strongly
support a role for miR200c in the molecular processes of

lung metastasis. Interestingly, expression analysis revealed

a strong correlation between miR200c and either miR-375 or

miR141 (Figure 3); these particular miRNAs are involved in

EMT as well as in a negative regulation of PI3K/AKT pathway.

Expression of miR-30a also displayed a correlation with

miR200c, but to a lower extent than miR-375 and miR-141

(R ¼ 0.73, p ¼ 0.008, data not shown), suggesting a role in

immunosuppressive functions as well as in mesenchymal to

epithelial transition (MET) and in inhibition of osteogenic dif-

ferentiation.We did not detect an inverse correlation between

the expression of any miRNAs and pAKT, b-catenin, or other

clinical parameters except lungmetastases. This lack of corre-

lation between miRNAs and activated AKT may reflect the

need for increasing the n numbers of osteosarcoma cases or

alternatively, these may simply be unrelated variables. Thus,

although we cannot yet conclude whether miR-200c and

pAKT are regulated by independent pathways, our results

clearly demonstrate that both molecules have significant

value in predicting osteosarcoma progression.

http://dx.doi.org/10.1016/j.molonc.2016.04.004
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Figure 2 e miR-200c expression associates with osteosarcoma pulmonary metastasis. (A) Heatmap of selected miRNAs by the Elastic Net

regression model in a cohort of 26 osteosarcomas. Each row shows data for a specific miRNA in every osteosarcoma case and each column

represents the miRNA expression profile for every osteosarcoma. Rows have been ordered according to the results of the Ward hierarchical

clustering algorithm. Specific values in each row have been standardized to z-scores (scale on the top right) based on the variable means for each

miRNA. Primary or metastatic condition for the osteosarcoma cases are indicated above the heatmap. (B) miRNA validation in a new cohort of 16

osteosarcomas. Boxplots of differential expression between 6 primary (P) and 10 metastatic (M) osteosarcomas in (1) mirR200c, p [ 0.003; (2)

miR4786-3p, p [ 0.96; and (3) ENSG00000212490_x, p [ 0.23.
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3.4. Exogenous expression of miR-200c in osteosarcoma
cells enhances cellular migration and proliferation

In contrast to epithelial cancer cells where miR-200c expres-

sion blocks EMT, proliferation, and metastasis (Gregory

et al., 2008; Hur et al., 2013; Ibrahim et al., 2015; Liu et al.,

2014; Song et al., 2015; Tang et al., 2013; Yu et al., 2010), our

analysis of osteosarcoma tumors indicate a robust correlation

between miR-200c expression and metastasis. To further test

this novel paradigm, we performed a series of in vitro experi-

ments with U2-OS cells, a human cell line originally derived

from a primary osteosarcoma. Transfection of miR-200c

mimic into U2-OS cells increased significantly cellular migra-

tion (Figure 4). We next evaluated the role of miR-200c in

cellular proliferation by analyzing the growth of U2-OS cells.

Cultures transfected with miR-200c mimic displayed a higher

proliferation ratio than controls (Figure 5A). Moreover, the

enhanced proliferation correlated with higher expression

levels of cyclin A expression (Figure 5B), a hallmark of prolifer-

ative cells. Interestingly, miR-200c mimic transfection

resulted in lower basal pAKT levels in U2-OS cells, a result

that also supports its long-term role in MET. Based on this
result, it is possible that pAKT and miR-200c are inversely

correlated in vivo in osteosarcoma tumors. However, using

our cohorts of patients, we could not establish a significant

correlation between pAKT and miR-200c (R ¼ �0.207,

p ¼ 0.34), perhaps owing to the reduced number of cases

where data for both biomarkers was available (n ¼ 23). Alter-

natively, pAKT and miR-200c may reflect two distinct mecha-

nisms which culminate in metastasis: cells that use pAKT

pathway for metastasis do not necessarily require miR-200c

expression, whereas cells that use miR-200c overexpression

will display reduced pAKT.

3.5. Pulmonary osteosarcoma metastases express
epithelial marker E-cadherin

Based on these results, our working hypothesis is that overex-

pression of miR-200c is one of the mechanisms underlying

lung metastasis in osteosarcoma. To test this hypothesis, we

analyzed E-cadherin expression in metastatic osteosarcoma

tumors. As expected, some cells within each tumor stained

positive for E-cadherin (Figure 5C). Immunohistochemistry

may not be sensitive enough to detect E-cadherin in cells

http://dx.doi.org/10.1016/j.molonc.2016.04.004
http://dx.doi.org/10.1016/j.molonc.2016.04.004
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Figure 3 e Correlation between the expression levels of miR-200c and miR-375 or miR-141 in osteosarcomas. Red dots represent the expression

levels of miR-200c and blue dots represent the expression levels of (A) miR-375 (R [ 0.894, p < 0.001), or (B) miR-141(R [ 0.82, p < 0.001).

Each pair of red-blue dots represents a patient for which clinical and histological data are indicated at the bottom. Data was uploaded and analyzed

in R2: microarray analysis and visualization platform (http://r2.amc.nl) revealed a very strong correlation between the expression of miR-200c with

(A) miR-375 and (B) miR-141.
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with low levels of expression which require other techniques

such as RT-PCR or microarray analysis. Indeed, in silico anal-

ysis using Guenther expression data available at R2 (http://

r2.amc.nl) revealed a strong increase of E-cadherin expression

in osteosarcoma lung metastases vs. primary tumors

(Figure 5D), further supporting our hypothesis that osteosar-

comas frequently undergo MET to metastasize to the lung.
4. Discussion

In the present study, we compared expression patterns in pri-

mary osteosarcomaswith lungmetastases in an effort to iden-

tifymolecularpathways thatpotentiallymediatemetastasis of

this cancer. Our findings reveal that phosphorylated AKT is

enhanced in primary tumors whereas expression of miR-200c

is upregulated in lung metastases. Relapsed osteosarcoma is

characterized by complex genes and signaling pathways

driving its development and metastasis (Moriarity et al.,

2015). Among the different pathways, activation of AKT has

been implicated in pulmonary metastasis using cell line

models of osteosarcoma (Fukaya et al., 2005). However, to our

knowledge, this is the first report that activation of AKT corre-

lates with outcome in primary human osteosarcoma tumors.

PI3K-AKT signaling pathway regulates pleiotropic effects in

the cell and is amajor target to prevent progression. Upstream

targets such as FGFR1 (Weekes et al., 2015) or IGF-IR (Wang

et al., 2012) have also suggested to be efficient therapies in os-

teosarcoma. Nevertheless, targeted therapy combining PI3K-

AKT inhibitorsplusotherdrugs tomatchadditional alterations

present in thepatientwasnot sufficient to prevent progression

(Subbiah et al., 2015). Therefore, other intracellular signaling

pathways not explored before are critical for the pulmonary

metastasis of osteosarcoma.

The findings of the present study demonstrate a new role

for miR-200c in mediating the lung metastasis associated

with osteosarcoma. Our findings contrast the published role
of miR-200c in tumors of epithelial origin where it functions

as a tumor suppressor by inhibiting epithelial to mesen-

chymal transition (EMT) through the downregulation of ZEB1

(Burk et al., 2008; Gregory et al., 2008; Park et al., 2008). In

two independent cohorts of osteosarcoma patients, we

observed that miR-200c is overexpressed in lung metastasis.

In addition to ZEB1, miR-200c also targets the transcription

factors BMI1, E2F3 (Liu et al., 2014) and SIP1 (Gregory et al.,

2008), all of which are involved in regulation of EMT. Given

the apparent contrast of its expression pattern between

epithelial tumors and lung metastasis, overexpressed miR-

200c may facilitate osteosarcoma progression by promoting

MET rather than EMT in tumor cells. Interestingly, expression

of miR-141, another member of the miR-200 family that clus-

ters with miR-200c in chromosome 12p13.31, also correlated

with miR-200c expression in our studies of pulmonary metas-

tasis. This result suggests a common regulatory element

shared by bothmiRNAs in the regulation of cellular differenti-

ation. Based on the emerging evidence that supports a role for

miR-200c in promoting EMT, our results suggest the novel

concept that miR-200c facilitates osteosarcoma metastasis

by facilitating the reverse process of MET. These results may

also explain why osteosarcomas metastasize mainly in the

epithelial niche of lungs (where nearly any cancer can spread)

and not in bone marrow or other sites.

The WNT/b-catenin pathway has been associated with

bone cancers (reviewed in Tian et al., 2014) and its upregula-

tion promotes EMT in osteosarcoma cells (Lv et al., 2016). In

the present study, we demonstrate that activation of b-cate-

nin in primary osteosarcomas after chemotherapy associates

with poorer prognosis. Both AKT and b-catenin activation pro-

mote EMT and are prognostic biomarkers in primary tumors.

However, many lung metastases show increased expression

of the epithelial markers CDH1 and miR-200c. These results

suggest that during osteosarcoma progression a shift to MET

occurs, probably due to the gain of additional genetic or epige-

netic alterations.
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One potential explanation for the increased expression of

miR-200c in the lung metastasis as compared to primary tu-

mors is the possibility that miR200c appears late in osteosar-

coma progression. Therefore, circulating cells derived from

the primary tumor would contain high levels of miR-200c and

this enhanced expression would favor their retention and

growth in the lung. A recent analysis of pre-chemotherapy bi-

opsy samples reported expression of miR-27a and miR-181c*

in patients who later developed clinical metastatic disease

(Jones et al., 2012). However, miR-200c expression was not

detected in these primary tumors, supporting our hypothesis

thatmiR200cexpressionoccursduring later stagesof osteosar-

coma progression. In our study, miR-200c was overexpressed

in 50% of all metastases, perhaps indicating that molecules

other than miR-200c also regulate osteosarcoma progression.

Further studies will be needed to elucidate additional mecha-

nisms that regulate lung metastases. We cannot exclude the

remote possibility that detection of miR200c expression in

lung metastases is the result of epithelial contamination by
pulmonarycells.However, theareasof the tumorused formiR-

NAs analysis were carefully selected by skilled pathologists in

each cohort. Additionally, 6 out of 12 primary osteosarcomas

also displayed miR200c expression (see middle samples with

greenandbluedotsunder “tumor_type” inFigure5), suggesting

that itsdetection isnotexclusive to lungmetastases.Moreover,

lungmetastasesexpresshigherE-cadherin levels thanprimary

osteosarcomas (Figure 5D), further supporting the notion that

osteosarcoma metastases undergo MET for which miR200c

expression is required.

We also found a strong correlation between miR-200c

expression andmiR-375 in osteosarcomas.miR-375 negatively

regulates PDK-1 expression and PI3K-AKT signaling

(Garikipati et al., 2015). Interestingly, miR-375 was able to

inhibit osteogenic differentiation via the regulation of

RUNX2 expression (Du et al., 2015). Several experimental ap-

proaches have led to the proposal that RUNX2 expression in

breast cancers may explain their metastatic preference for

bone (Taipaleenmaki et al., 2015; Zhang et al., 2015). Following

http://dx.doi.org/10.1016/j.molonc.2016.04.004
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this line of reasoning, it is also possible that miR-375 expres-

sion in osteosarcomamay reduce preferences for bonemetas-

tases by targeting RUNX2. Therefore, miR-200c, miR-141 and

miR-375 may promote lung metastasis by regulating different

pathways in osteosarcoma cells. Collectively, our results sup-

port the idea thatmiR-200c signaling is a potential therapeutic

target for preventing osteosarcoma metastasis and therefore,

combination therapy directed against the PI3K-AKT-mTOR

pathway and the miR-200c pathway may constitute a more

efficient strategy for blocking osteosarcoma progression.
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