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Abstract

Elucidating targets of physiological tumor metastasis suppressors can highlight key signaling 

pathways leading to invasion and metastasis. To identify downstream targets of the metastasis 

suppressor Raf Kinase Inhibitory Protein (RKIP/PEBP1), we utilized an integrated approach based 

upon statistical analysis of tumor gene expression data combined with experimental validation. 

Previous studies from our laboratory identified the architectural transcription factor and oncogene, 

HMGA2, as a target of inhibition by RKIP. Here we identify two signaling pathways that promote 

HMGA2-driven metastasis. Using both human breast tumor cells and an MMTV-Wnt mouse breast 

tumor model, we show that RKIP induces and HMGA2 inhibits expression of miR-200b; 

miR-200b directly inhibits expression of lysyl oxidase (LOX), leading to decreased invasion. 

RKIP also inhibits syndecan-2 (SDC2), which is aberrantly expressed in breast cancer, via down-

regulation of HMGA2; but this mechanism is independent of miR-200. Depletion of SDC2 

induces apoptosis and suppresses breast tumor growth and metastasis in mouse xenografts. RKIP, 

LOX, and SDC2 are coordinately regulated and collectively encompass a prognostic signature for 

metastasis-free survival in ER-negative breast cancer patients. Taken together, our findings reveal 
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two novel signaling pathways targeted by the metastasis suppressor RKIP that regulate remodeling 

of the extracellular matrix and tumor survival.
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Introduction

Metastasis is the key process that leads to death from solid tumors. The metastatic program 

comprises multiple steps including early events such as tumor cell migration, invasion and 

intravasation into vessels and later events leading to growth and colonization at distant organ 

sites1. A wealth of genomic and transcriptional data for tumors has recently become 

available, but the data are largely derived from primary tumors. A major challenge is how to 

utilize these resources to identify regulatory mechanisms that drive tumor invasion and 

metastasis.

One approach is to utilize natural suppressors of metastasis to identify their downstream 

targets. Metastasis suppressors are genes that do not significantly alter primary tumor 

growth but prevent cancer cells from undergoing metastasis2, 3. Raf-1 Kinase Inhibitory 

Protein (RKIP/PEBP1) functions as a metastasis suppressor in prostate4, 5, colorectal6, 7, and 

breast8-10 cancer, and is prognostic for survival in a number of tumors5, 6, 11. A member of 

the phosphatidylethanolamine binding protein (PEBP) family that is conserved throughout 

evolution, RKIP acts as an inhibitor of cellular kinase pathways in mammalian cells such as 

MAP kinase (MAPK). Raf-1 is inhibited upon RKIP binding, and phosphorylation of RKIP 

at S153 leads to RKIP release and Raf-1 activation12, 13. Previous studies from our 

laboratory have shown that RKIP suppresses breast tumor metastasis in mouse xenografts. 

RKIP inhibition of the MAPK pathway induces the microRNA let-7 that, in turn, inhibits 

synthesis of the architectural transcription factor high mobility group AT-hook 2 

(HMGA2)10. HMGA2 promotes metastasis in part through a pathway involving induction of 

osteopontin and CXCR410.

To systematically identify downstream mediators of RKIP that regulate metastasis, we 

developed an integrated bioinformatics/experimental approach. We identified the microRNA 

miR-200b as a novel downstream target of RKIP and HMGA2, and further showed that 

miR-200b directly inhibits Lysyl Oxidase (LOX) expression. Previous studies have shown 

that miR-200 inhibits and LOX promotes breast tumor cell invasion and metastasis14-17. 

Expression of these genes is similarly correlated in patient tumors. Together these results 

identify an RKIP/HMGA2/miR-200b/LOX pathway that regulates breast cancer metastasis. 

Moreover, we demonstrated that syndecan-2 (SDC2) is another important effecter of RKIP 

and HMGA2 in regulating breast tumorigenesis. Depletion of SDC2 expression suppresses 

breast cancer cell survival and metastasis in mouse xenografts. Together, the RKIP/LOX/

SDC2 genes form a prognostic signature for metastasis-free survival in ER-negative breast 

cancer patient populations.
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Results

Identification of RKIP-mediated microRNAs and genes that regulate breast cancer 
metastasis

To systematically identify RKIP-mediated signaling pathways in suppression of breast 

cancer metastasis, we did gene and microRNA expression array analyses for 1833 cells with 

or without expression of S153E-RKIP (a more potent Raf-1 inhibitor). The 1833 cell-line is 

a highly metastatic, bone-tropic derivative of the human breast cancer cell-line MDA-

MB-23118. Our previous studies have demonstrated that expression of S153E-RKIP in 1833 

cells suppressed breast tumor invasion and metastasis both in culture and in mouse 

xenografts10. The present gene expression array analysis of 1833 cells expressing S153E-

RKIP versus control identified 589 differentially expressed protein-coding genes based on 

the criteria: fold change > 1.25, Benjamini-Hochberg adjusted P < 0.05 and false discovery 

rate < 0.05 (Supplementary Figure S1A). Comparing this list with a previously published 

101 bone metastasis signature (BMS) genes derived from a series of metastatic stages for a 

similar breast cancer cell type18, we found 20 overlapped genes between BMS and the 589 

differentially expressed gene set. Interestingly, expression of these 20 genes is significantly 

reverted from a highly metastatic stage to relatively less aggressive status upon expression 

of RKIP in the breast cancer cells (Supplementary Figure S2). Gene Ontology analysis19 of 

the 589 RKIP-regulated genes showed that they are enriched in functional categories such as 

extracellular stimulus, cell migration, proliferation, apoptosis, blood vessel development, 

extracellular matrix and extracellular space (Supplementary Table S1). Pathway enrichment 

analysis19 of these differentially expressed genes showed that they are significantly enriched 

in inflammatory response, cell adhesion molecules, IL1R signaling, TGF-β signaling, and 

the NF-κB pathway (Supplementary Table S2). These results demonstrate that RKIP-

mediated suppression of breast tumor metastasis involves many different signaling 

pathways.

We then used microRNA expression arrays to analyze small non-coding microRNAs that 

are regulated by RKIP. We identified 50 differentially expressed microRNAs in 1833 cells 

expressing S153E-RKIP versus control including 37 up-regulated and 13 down-regulated 

microRNAs (Supplementary Figures S1A and B). To identify target genes of a differentially 

expressed microRNAs, we first obtained a list of targets for a given microRNA from a 

combination of five major microRNA-target pair prediction programs/databases including 

PicTar20, TargetScanS21, miRanda22, miRBase Targets23, and PITA Top24 (Figure 1). If a 

gene in the list for a given microRNA negatively correlated with the microRNA expression 

and was differentially expressed upon RKIP expression in the breast cancer cells, it would 

be assigned to be one of the potential targets of the microRNA (Figure 1). To evaluate 

whether microRNA expression can be statistically correlated with RKIP expression in 

patient tumor samples, we analyzed correlation between RKIP and potential targets of a 

microRNA using Gene Set Analysis (GSA)25 (Figure 1). These analyses showed that 

miR-200b was the most significant microRNA (P < 4.8×10-5) that positively correlated with 

RKIP expression in a cohort of breast cancer patient samples (Br426).
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The miR-200 family is highly expressed in epithelial tissue26, and an aberrant decrease in 

expression of several family members has been implicated in breast cancer progression14. 

We analyzed the 79 predicted targets of miR-200b for an inverse correlation to RKIP 

expression in cell lines and tumors and a positive correlation to metastasis. These analyses 

revealed that LOX and SDC2 as potential targets of RKIP and miR-200b suppression are 

likely mediators of metastatic progression in breast cancer (Figure 1, Supplementary Figures 

S1B and C). LOX has previously been implicated as an initiator of elastin and collagen 

crosslinking that potentiates invasion and metastasis16, 17, 27; SDC2 is aberrantly expressed 

in breast cancer but its function is not known.

To evaluate the correlation between expression of miR-200b and its two predicted target 

genes LOX and SDC2 in cells, we analyzed their expression levels by qRT-PCR in three 

invasive human breast cancer cell lines including Hs578T, 1833 and MDA-MB-436 and one 

non-invasive line, MCF-7. MiR-200b expression was extremely low in 3 metastatic human 

breast cancer cell lines, but high in non-metastatic MCF-7 cells, while its two predicted 

targets LOX and SDC2 were inversely correlated with miR-200b expression 

(Supplementary Figure S1D). These results are consistent with LOX and SDC2 as pro-

metastatic genes in breast cancer16, 17, 28.

RKIP induces miR-200b and inhibits LOX expression in breast cancer cells via HMGA2

To test the proposed RKIP/miR-200/LOX signaling pathway, we first investigated the 

regulation of miR-200b and LOX expression by RKIP. Consistent with the results from the 

gene and microRNA expression array analyses, qRT-PCR also showed a significant 

induction of miR-200b and inhibition of LOX expression upon expression of S153E-RKIP 

in 1833 cells (Figures 2a and b).

To validate the relationship between RKIP and LOX clinically, we also analyzed an 

independent gene expression dataset of breast cancer patients that comprises 175 ER-

negative and 556 ER-positive samples (Br731). As shown in Figure 2c, a significant 

negative correlation between RKIP and LOX expression was observed in both ER-negative 

and -positive patient datasets, and this negative relationship was even stronger in the ER-

negative patient samples (Pearson correlation -0.31 vs. -0.21).

Previous work from our laboratory demonstrated that RKIP inhibits HMGA2 through 

induction of let-78, 10, and a potential interaction between let-7 and miR-200 via HMGA2 

has been implied29, 30. Therefore, we determined whether RKIP induces miR-200b via 

down-regulation of HMGA2. HMGA2 depletion by shRNA in 1833 cells led to induction of 

both the miR-200b primary transcript and mature RNA (Figure 2d). HMGA2 depletion in 

1833 cells also decreased LOX expression (Figure 2e). Similar regulation was observed in 

two other ER-negative breast cancer cell lines, MDA-MB-436 and MDA-MB-231 

(Supplementary Figures S3A, B, D and E). Furthermore, transfection of the let-7g precursor 

into MDA-MB-436 cells significantly induced miR-200b and inhibited HMGA2 and LOX 

expression (Supplementary Figures S4A-D). Consistent with these results, we also noted a 

strong positive correlation between HMGA2 and LOX expression in the ER-negative, but 

not ER-positive, breast cancer patient dataset (Figure 2f).
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To validate the regulation of miR-200b and LOX by HMGA2 in vivo, we used an MMTV-

Wnt1 transgenic mouse model for breast cancer. Deletion of Hmga2 by crossing MMTV-

Wnt1 mice with Hmga2-/- mice reduced tumor incidence and decreased tumor cell 

proliferation31. Analysis by qRT-PCR or immunohistochemistry showed a strong induction 

of miR-200b and inhibition of LOX expression in tumors from the MMTV-Wnt1/Hmga2-/- 

mice (Figures 2g-i). Together, these results reveal a novel signaling cascade whereby RKIP 

induces miR-200b and inhibits LOX expression through down-regulation of HMGA2.

MiR-200b directly inhibits LOX expression and breast cancer cell invasion

LOX is a predicted target of miR-200b through a potential binding site within the 3′UTR21. 

Consistent with this possibility, transfection of the miR-200b precursor into 1833, MDA-

MB-231 or MDA-MB-436 cells significantly decreased LOX expression (Figure 3a; 

Supplementary Figures S5A and C-E). Conversely, inhibition of miR-200b in MCF-7 cells 

by anti-miR induced LOX expression (Figure 3b; Supplementary Figure S5B). To determine 

whether miR-200b directly binds to LOX, we performed luciferase reporter and mutagenesis 

assays. The 3′UTR fragment in the LOX mRNA containing the potential seed region for 

miR-200b was cloned into a luciferase reporter vector (LOX-wt-UTR). Co-transfection of 

miR-200b significantly inhibited luciferase expression from the LOX-wt-UTR reporter 

(Figures 3c and d) whereas mutation of the miR-200b binding seed region in LOX-wt-UTR 

(LOX-mut-UTR) restored luciferase activity (Figures 3c and d). Consistent with these 

results, analysis of gene expression in a cohort of 86 human breast tumors showed a 

significant negative correlation between miR-200b and LOX expression (Figure 3f). These 

results indicate that miR-200b directly binds to LOX mRNA and inhibits LOX expression.

To assess the functional role of miR-200b, we determined its effect on cell invasion. 

Transfection of the miR-200b precursor into 1833 or MDA-MB-436 cells significantly 

inhibited cell invasion (Figure 3e; Supplementary Figure S5F). However, we did not observe 

a significant change in cell invasion by inhibiting miR-200b with anti-miR in MCF-7 cells 

(data not shown), indicating that loss of miR-200b may not be sufficient to promote invasion 

in these cells. These results are consistent with previous studies showing that miR-200b can 

suppress early metastatic events during breast tumorigenesis14, 15, 32.

RKIP inhibits SDC2 expression via down-regulation of HMGA2

To confirm that SDC2 is also inhibited by RKIP, we examined SDC2 expression by qRT-

PCR and immunoblotting in 1833, MDA-MB-436 and MDA-MB-231 cells stably 

transfected with S153E-RKIP. Similar to the regulation of LOX by RKIP (Figure 2b), SDC2 

expression was decreased upon RKIP expression in these lines (Figure 4a; Supplementary 

Figures S3C and F). Conversely, RKIP depletion by shRNA in MDA-MB-435 cells 

significantly increased SDC2 expression (Figure 4b). Interestingly, depletion of RKIP in 

MDA-MB-435 cells also caused a significant induction of HMGA2 (Figure 4b). To test 

whether HMGA2 regulates SDC2, we stably depleted HMGA2 expression by shRNA in 

1833, MDA-MB-436 and MDA-MB-231 cells and observed decreased SDC2 expression 

(Figure 4c; Supplementary Figures S3A, B, D and E). Transfection of the let-7g precursor 

into MDA-MB-436 cells also decreased SDC2 expression (Supplementary Figures S4A, C 

and D). Similar to Lox (Figure 2i), Sdc2 expression in MMTV-Wnt1 transgenic mouse breast 
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tumors was inhibited upon loss of Hmga2 (Figure 4d). However, in contrast to LOX, 

transfection of breast cancer cells with the miR-200b precursor at a transfection efficiency of 

70-80% (Supplementary Figures S5G-I) did not significantly alter SDC2 expression. 

Together, these data indicate that SDC2 is inhibited by RKIP and induced by HMGA2 

through a miR200b-independent mechanism. Consistent with these results, we noted a 

strong positive correlation between HMGA2 and SDC2 expression in the ER-negative, but 

not in the ER-positive, breast cancer patient data (Figure 4e). Moreover, consistent with the 

observation that HMGA2 promotes both LOX and SDC2 expression, we observed a strong 

positive correlation between LOX and SDC2 expression in ER-negative breast cancer 

patient data (Supplementary Figure S4E).

SDC2 depletion inhibits breast cancer cell growth and invasion in vitro

Altered SDC2 expression has been detected in breast tumors28; however, its role in breast 

cancer progression has not been studied. We initially determined the effect of SDC2 

expression on growth and invasion of breast tumor cells in vitro. Reducing SDC2 expression 

by shRNA in 1833 and MDA-MB-436 cells dramatically decreased both cell growth and 

cell invasion (Figures 5a-c; Supplementary Figures S6A, B and D). Moreover, depletion of 

SDC2 expression in MDA-MB-436 cells also promoted apoptosis (Supplementary Figure 

S6C).

SDC2 depletion suppresses breast tumor growth and metastasis in mouse xenografts

To elucidate the role of SDC2 in regulating breast tumorigenesis in vivo, we injected 1833 

cells stably expressing control or SDC2 shRNA into the mammary fat pad of mice to test 

their effect on xenograft tumor growth. Consistent with our in vitro study (Figures 5a and b), 

SDC2 depletion (Figures 5d and e) significantly induced tumor cell apoptosis (Figure 5f) 

and suppressed xenograft tumor growth (Figures 5g-i).

To test the effect of SDC2 expression on breast tumor metastasis, we injected luciferase-

labeled 1833 cells expressing control or SDC2 shRNA into the left ventricle of mice. After 3 

weeks, mice were imaged for luciferase activity. The results indicated that SDC2 depletion 

dramatically decreased bone metastasis (Figures 5j and k), and significantly enhanced 

overall survival rate (Figure 5l).

RKIP/LOX/SDC2 pathway is prognostic for metastasis-free survival in ER-negative breast 
cancer patients

Our results define two novel signaling cascades regulated by RKIP via its downstream target 

HMGA2. Upon expression of RKIP, HMGA2 protein is decreased8, 10, leading to up-

regulation of miR-200b which binds and inhibits LOX expression. Moreover, down-

regulated HMGA2 also decreases SDC2 expression. The resulting network represents the 

mechanism by which RKIP mediates suppression of breast tumor metastasis (Figure 6a).

To evaluate the significance of the RKIP/LOX/SDC2 pathway in human breast cancer 

survival, we performed Kaplan-Meier analyses using the cohort of breast cancer patients 

Br731. When these genes are considered individually, neither expression of RKIP, LOX nor 

SDC2 can effectively stratify patients for metastasis-free survival in either ER-negative or 
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ER-positive subtypes (Figure 6b, left panel). However, using the complete RKIP/LOX/

SDC2 pathway (i.e. RKIP high, LOX/SDC2 low versus RKIP low, LOX/SDC2 high) we are 

able to stratify patients for metastasis-free survival in the ER-negative but not ER-positive 

cohort (Figure 6b, top-right panel). These results are consistent with the correlation analyses 

we conducted for RKIP, LOX and SDC2 gene expression using the same patient samples 

(Figures 2c, 2f and 4e).

Discussion

In the current study we used the metastasis suppressor RKIP as a tool to identify 

microRNAs and proteins that regulate tumor survival, invasion and metastasis in breast 

cancer. We showed that miR-200 can be induced by RKIP via down-regulation of HMGA2, 

and elevated expression of miR-200 directly inhibits LOX expression, leading to inhibition 

of breast tumor invasion. HMGA2 also induces SDC2 through a miR-200-independent 

mechanism, promoting breast tumor growth, survival and metastasis in mouse xenografts. 

Although both genes are regulated by HMGA2, the specific functions of LOX and SDC2 are 

likely to be different as each of them appears to play a key role in breast cancer progression. 

Moreover, the integrated RKIP/LOX/SDC2 gene signature can stratify patients and is 

prognostic for metastasis-free survival of ER-negative breast cancer patients.

The HMGA2/miR-200b/LOX axis plays an important role in the initial stages of breast 

tumor cell invasion and metastasis. The miR-200 family has five members and is organized 

into two clusters: mir-200a, miR-200b and miR-429 on chromosome 1, and miR-200c and 

miR-141 on chromosome 12. MiR-200c has been reported to inhibit the epithelial-to-

mesenchymal tansition (EMT)14, 15, 29, an early stage of metastasis, by targeting E-cadherin 

transcriptional repressors ZEB1 and ZEB2. LOX is an extracellular copper enzyme that 

catalyzes formation of aldehydes from lysine residues in collagen and elastin precursors and 

initiates cross-linking of collagen and elastin27. LOX has been well studied in breast tumor 

progression16, 17, and its expression is often elevated in hypoxic breast tumors. Over-

expression of LOX promotes breast tumor migration and invasion, while inhibition of LOX 

by shRNA abolishes metastasis but does not significantly affect cell growth17. LOX has also 

been reported to promote pre-metastatic niche formation and is associated with reduced 

overall survival16, 17. Interestingly, expression of LOX positively correlates with ZEB1 and 

ZEB2 expression in both ER-negative and -positive breast cancer patient data, consistent 

with the fact that both are direct targets of miR-200 (Supplementary Table S3). However, 

understanding the detailed relationship between ZEB1/2 and LOX would require further 

investigation. Together, miR-200 and LOX facilitate invasion through remodeling of the 

extracellular matrix.

A member of the syndecan family, SDC2 is a transmembrane (type I) heparan sulfate 

proteoglycan that functions as an integral membrane protein and receptor for extracellular 

matrix proteins 33. The syndecan family has four members: SDC1, 2, 3, and 4. SDC1 is the 

most studied member of the family and has been reported to play an important role in many 

types of cancer including breast; however there are a number of contradictory reports 

regarding the prognostic significance of epithelial SDC1 expression in breast 

carcinomas34, 35, which might be due to the different functional forms36. By contrast, SDC2 
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seems to be limited to very few cancer types such as pancreas37, colon38 and prostate39, and 

no functional studies related to breast cancer has been reported. As we observed for ER-

negative breast cancer, SDC2 over-expression in prostate cancer strongly correlates with 

poor prognosis39. However, a recent report showed that SDC2 also functions as a suppressor 

of osteosarcomas through a mechanism involving endothelin-1/NFkB signaling and 

calpain-6 inhibition40. Therefore, the role of SDC2 in cancer can vary dependent upon the 

tissue or cell type. Our results show not only that SDC2 promotes breast tumor survival and 

metastasis but also identify two upstream regulators of SDC2, RKIP and HMGA2.

The bioinformatics approach reported here enabled us to find novel signaling cascades and 

important mediators that regulate breast tumor growth and metastasis. We utilized a 

systematic approach to select microRNAs relevant both to our experimental system and to 

human breast cancer. Recently, we used a similar strategy based upon GSA to identify 

BACH1 a novel target of let-78, 41. However, there were several differences between the two 

approaches including (1) the use of bioinformatics to select miR-200b as an RKIP target; 

and (2) incorporation of tumor data relating to 'progression to metastasis' to choose 

important downstream genes (e.g. LOX and SDC2) in regulatory pathways and identify 

novel mediators of metastasis (e.g. SDC2).

The genes that we identified are regulated by RKIP and HMGA2. However, this GSA-based 

approach also identified genes that are co-regulated with downstream targets of RKIP. For 

instance, SDC2 is predicted to be and, in some cell types, may be a direct target of 

miR-200b. In our cells, SDC2 is coordinately regulated with miR-200b but not directly 

regulated by miR-200b. By contrast, LOX is a direct target of miR-200b in a number of 

breast cancer cell lines and in a genetically engineered mouse model. We did not observe 

effects of RKIP depletion on LOX or SDC2 levels in MCF10A cells (data not shown), 

suggesting that the RKIP pathway may have more impact on cells that have lost other 

regulatory controls. Furthermore, the decrease in LOX and SDC2 protein levels upon RKIP 

expression or HMGA2 depletion in breast cancer cells was in many cases greater than that 

observed for the gene transcripts (e.g. Figure 2e). This discrepency may be due to factors 

such as posttranscriptonal modification as well as differential rates of protein synthesis or 

degradation. Together, these results highlight the fact that signal transduction relationships 

are cell and tissue-dependent, requiring experimental validation in order to be applied to a 

specific tumor setting.

The present study generated a novel gene signature for high risk ER-negative patients. Our 

results demonstrate that building a gene signature upon a mechanistic network of 

coordinately regulated genes can be more effective for predicting metastasis-free survival 

than basing the signatures upon individual genes. Because this signature reflects key 

signaling pathways required for tumor survival and invasion, this cascade has the potential 

to identify patient subpopulations that would be responsive to treatments that target these 

gene networks.
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Materials and Methods

Affymetrix gene arrays and Exiqon microRNA arrays

A total of 6 samples including 3 biological replicates of each (1833 cells expressing vector 

control or S153E-RKIP) were analyzed by Affymetrix GeneChip hgu133plus2.0 Array for 

gene expression and by Exiqon miRCURY™ LNA array v.11.0 for microRNA expression. 

The gene array analysis was conducted in the Functional Genomics Facility at Vanderbilt 

University. The quantified signals were normalized using Robust Multi-array Average42. R 

version 2.1143 and related packages from Bioconductor version 2.444 were used for the 

analysis of the normalized data. For microRNA array analysis, the samples were labeled 

using the miRCURY™ Hy3/Hy5 Power labeling kit and hybridized on a hybridization 

station. Each chip/slide contained two arrays, one for an individual sample labeled with Hy3 

and another for an aliquot of the common reference pool (a mixture of all individual 

samples) labeled with Hy5. Background correction was conducted to remove non-biological 

contributions45. The quantified signals were normalized using the global lowess regression 

algorithm46. The expression values were log2(Hy3/Hy5) ratios, which were the average of 

replicated measurements of the normalized data on the same slide. Median-centering each 

miR across all arrays was performed for heatmap illustration. The data have been deposited 

in the Gene Expression Ominibus (GEO) repository with accession number GSE47379.

Generation of cell lines

Cell lines (1833, MDA-MB-231, MDA-MB-436, MDA-MB-435) stably expressing S153E-

RKIP or depleting RKIP were generated and maintained as described in Ref.10. Stable 

knockdown of HMGA2 or SDC2 in cell lines were achieved by transducing the cells with 

HMGA2 or SDC2 shRNA or scrambled control in a pLKO.1 lentiviral vector (Open 

Biosystems). After transduction, cells were selected in 0.5 μg/ml puromycin.

RNA isolation and qRT-PCR analysis

Total RNA was isolated from cells using miRNeasy Mini Kit (Qiagen) following the 

manufacturer's instructions. QRT-PCR was performed as described10. The qPCR primers for 

human or murine RKIP, HMGA2, LOX, SDC2, GAPDH, primary miR-200b transcript, 

miR-200b and U6 snRNA, were Taqman and were purchased from Applied Biosystems.

Transient transfection with miR precursor or miR inhibitor

Cell lines were transiently transfected using HiPerFect transfection reagent (Qiagen) 

following the manufacturer's protocols. The transfection efficiency was approximately 

70-80% (see Supplementary Figures S5H and I). MiR-200b and let-7g precursor were from 

Ambion. MiR-200b inhibitor (anti-miR-200b) was from Exiqon.

Immunoblotting

Cells were lysed and proteins were measured, separated and probed as described10. 

Antibodies specific for each protein are HMGA2 (Active Motif), LOX, SDC2 (Sigma), 

GAPDH (Abcam), and Tubulin (Santa Cruz Biotechnology). Anti-RKIP antisera used was 

generated by immunizing rabbits with purified GST-RKIP (a-RKIP).
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Cloning of luciferase reporter plasmid, pMSCVPIG-miR-200b plasmid and luciferase 
reporter assay

Wildtype (LOX-wt-UTR) and mutated (LOX-mut-UTR) 3′UTR fragment (Figure 3c) from 

the human LOX gene were designed using TargetScanS program21 and synthesized by 

GenScript. Two fragments were fused into a luciferase reporter plasmid pMIR-REPORTER 

(Ambion) at SpeI/HindIII sites, respectively. The miR-200b precursor was synthesized by 

GenScript, and was then ligated into the pMSCVPIG vector at XhoI/EcoRI sites. All 

constructs were confirmed by sequencing. Luciferase reporter assays were conducted as 

described47. Briefly, MCF-7 cells were plated in triplicate; for each well, pMIR-

REPORTER bearing LOX-wt-UTR or LOX-mut-UTR and pMSCVPIG-miR-200b or 

control were co-transfected together with pMIR-REPORT™ Beta-galactosidase Reporter 

Control Vector (Ambion) into cells using Effectene transfection reagent (Qiagen). Beta-

galactosidase Reporter served as the internal control for normalization of transfection 

efficiency across the wells. Cells were lysed, and firefly luciferase and Beta-galactosidase 

activities were measured after 48 h transfection using Dual-Light® Combined Reporter 

Gene Assay System (Applied Biosystems).

In vitro cell proliferation, apoptosis and invasion assays

Cell proliferation assays were performed using CellTiter-Blues Assay Kit (Promega) as 

described10. Cell apoptosis was assessed using ApoLive-Glo Multiplex Assay Kit 

(Promega) following the manufacturer's manual as described48. Invasion assays were 

performed as described49.

Animal studies

Treatment of mice was done in accordance with a protocol approved by The University of 

Chicago Animal Care and Use Committee. Xenograft breast tumor growth and bone 

metastasis assay have been described in Ref.10. Briefly, 106 cells were orthotopically 

injected into the mammary fat pad of nude mice for tumor growth assay; or 105 cells were 

injected into the left ventricle of nude mice for bone metastasis assay. Mice were imaged for 

luciferase activity after 3 weeks. After 6 weeks, tumor tissues were dissected, fixed and 

embedded.

MMTV-Wnt1 Hmga2 knockout mice

Wnt1 transgenic mice in the Hmga2 wildtype (Hmga2+/+) or null (Hmga2-/-) genetic 

backgrounds have been described31. Wnt1 and Hmga2 loci have been confirmed by PCR-

based genotyping.

Immunostaining

Immunostaining for paraffin-embedded tumor samples was performed by Human Tissue 

Resource Centre Core Facility at The University of Chicago. Sample sections were stained 

with haematoxylin and eosin (H&E, Abcam), anti-Lox (Abcam), anti-Sdc2 (R&D Systems), 

or anti-Cleaved Caspase-3 (Cell Signaling) antibody.
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Statistical analysis of experimental results

Samples were analyzed using the two-sample Student t test assuming equal variances (two-

tailed). P values were calculated for samples from three independent experiments unless 

otherwise indicated. Gene ontology or pathway enrichment analysis was performed using 

the DAVID software19.

Target gene analysis

Five microRNA-target prediction programs/databases including PicTar20, TargetScanS 

(http://www.targetscan.org)21, miRanda (http://www.microrna.org)22, miRBase Targets 

(http://microrna.sanger.ac.uk)23, and PITA TOP (http://genie.weizmann.ac.il/pubs/mir07/)24 

were used for identification of potential targets of microRNAs.

Gene set analysis

To test whether predicted targets (gene sets) of microRNAs were enriched in response to 

RKIP expression in human breast cancer cell lines or breast cancer patient samples, we used 

Gene Set Analysis software as implemented in the “GSA” R package version 1.025. The 

“maxmean” test statistic was used to test enrichment with p values and false discovery rates 

based on 1000 permutations. For re-standardization, we used a method that combines gene 

randomization and sample permutation to correct permutation values of the test statistic and 

to take into account the overall distribution of individual test statistics; the entire data set 

was used rather than only the genes in the gene sets tested. For testing gene set enrichment 

in cell lines, “two class unpaired” type was used for the response variable (control versus 

RKIP-expressing cells). For testing gene set enrichment in breast cancer patient samples, 

“Quantitative” type was set for the response variable RKIP. Values for RKIP expression 

were generated by averaging all probe expression corresponding to the gene RKIP in the 

microarrays. The GSA score for each individual gene relative to the response variable (e.g. 

RKIP) is a t-statistic calculated based on the entire expression dataset.

Patient data and Kaplan-Meier analysis

Expression data50-55 and clinical information for breast cancer patient samples were 

downloaded either from the relative publication websites or from http://

www.ncbi.nlm.nih.gov/geo. The data were organized into 3 sets based on the platform that 

the arrays were performed: Br86 includes 86 gene and microRNA arrays for the same 

patient samples, Br426 includes 426 microarrays, and Br731 includes 731 microarrays. 

Correlation and Kaplan-Meier analysis were performed using stat and survival package in 

R43 respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Bioinformatics scheme for selection of RKIP-mediated microRNA(s) and/or target gene(s) 

that may regulate breast tumor metastasis.
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Figure 2. 
Expression of RKIP or depletion of HMGA2 induces miR-200b and inhibits LOX 

expression in 1833 cells, a bone-tropic derivative of the ER-negative human breast cancer 

cell line MDA-MB-231. (a,b) Expression of RKIP induced miR-200b and inhibited LOX 

expression. 1833 cells were stably transduced with S153E-RKIP or vector control. Samples 

were analyzed by qRT-PCR and immunoblotting for: (a) miR-200b RNA; (b) LOX mRNA 

(upper panel), and RKIP and LOX protein (lower panel). (c) Significant negative correlation 

between RKIP and LOX expression in both ER-negative (n = 175) and ER-positive (n = 

556) breast cancer patient data (Br731). (d,e) Depletion of HMGA2 induced miR-200b and 

inhibited LOX expression. 1833 cells were stably transduced with HMGA2 shRNA 

(shHMGA2) or scrambled shRNA (control). Samples were analyzed by qRT-PCR and 

immunoblotting for: (d) primary miR-200b transcript (pri-200b) and mature RNA 

(miR-200b); (e) HMGA2 and LOX mRNA (upper panel) and protein (lower panel). (f) 
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Significant positive correlation between HMGA2 and LOX expression observed in ER-

negative (n = 175, left) but not in ER-positive (n = 556, right) breast cancer patient data 

(Br731). (g,h,i) Loss of Hmga2 in MMTV-Wnt1 transgenic mouse breast tumors induced 

miR-200b and inhibited LOX expression. Wnt1 transgenic mice were crossed with Hmga2 

specific knockout mice. Mouse primary breast tumors were obtained from Hmga2 wildtype 

(Hmga2+/+) or null (Hmga2-/-) mice: (g) Murine miR-200b RNA and (h) Murine Hmga2 

and Lox mRNA analyzed by qRT-PCR; (i) Hematoxylin and eosin (H&E) (Left) and murine 

Lox protein (Right) analyzed by immunostaining. (a,b,d,e,g,h) human or murine GAPDH 

was used as the normalization control for mRNA and U6 snRNA was used as the 

normalization control for microRNA; Tubulin was a loading control for protein; Data are 

mean ± s.e., n = 3. *, P < 0.05; **, P < 0.01. (c,f) Correlations were determined by Pearson's 

correlation coefficient. P value was determined by Student t test.
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Figure 3. 
LOX is a direct target of miR-200b. (a) Transfection of 1833 cells with miR-200b precursor 

inhibited LOX expression: LOX mRNA was analyzed by qRT-PCR (upper panel) and 

protein by immunoblotting (lower panel). (b) Transfection of MCF-7 cells with anti-

miR-200b induced LOX expression: LOX mRNA was analyzed by qRT-PCR (upper panel) 

and protein by immunoblotting (lower panel). (a,b) GAPDH as control. (c) Wildtype 3′UTR 

fragment in the LOX mRNA (LOX-wt-UTR) with the predicted binding site of miR-200b, 

and the mutant fragment (LOX-mut-UTR) showing the mutated sequence. (d) Luciferase 

and mutagenesis assay. LOX-wt-UTR and LOX-mut-UTR fragments were fused to a 

luciferase reporter (pMIR-REPORTER). Following co-transfection with miR-200b into 

cells, cell extracts were analyzed for luciferase activity as described in Methods. (e) 

Transfection of 1833 cells with miR-200b precursor inhibited cell invasion. Invasion assays 

were conducted as described in Methods. (a,b,d,e) Data are mean ± s.e., n = 3. (f) 
Significant negative correlation between miR-200b and LOX expression in breast cancer 

patients (Br86). P value is determined by Wilcoxon rank sum test.
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Figure 4. 
Expression of RKIP or depletion of HMGA2 inhibits SDC2 expression. (a) RKIP inhibited 

SDC2 expression. 1833 cells were stably transduced with S153E-RKIP or vector control. 

Samples were analyzed by qRT-PCR for SDC2 mRNA (upper panel) or by immunoblotting 

for RKIP and SDC2 protein (lower panel). (b) Depletion of RKIP by RKIP shRNA induced 

HMGA2 and SDC2 expression. MDA-MB-435 cells were stably transduced with RKIP 

shRNA (shRKIP) or scrambled shRNA (Control). Samples were analyzed by qRT-PCR 

(upper panel) and immunoblotting (lower panel) for RKIP, HMGA2 and SDC2 expression. 

(c) Depletion of HMGA2 by HMGA2 shRNA inhibited SDC2 expression. 1833 cells were 

stably transduced with HMGA2 shRNA (shHMGA2) or scrambled shRNA (Control). 

Samples were analyzed by qRT-PCR (upper panel) and immunoblotting (lower panel) for 

HMGA2 and SDC2 expression. (d) Loss of Hmga2 in MMTV-Wnt1 transgenic mouse breast 

tumors inhibited SDC2 expression. Mouse primary breast tumors were obtained from 

MMTV-Wnt1/Hmga2+/+ or MMTV-Wnt1/Hmga2-/- mice. Murine Sdc2 protein was 

analyzed by immunostaining. (e) Significant positive correlation between HMGA2 and 

SDC2 expression observed in ER-negative (n = 175) (Left) but not in ER-positive (n = 556) 

(Right) breast cancer patient data (Br731). Correlations were determined by Pearson's 

correlation coefficient. P, Student t test. (a-c) GAPDH was used as the normalization control 

for mRNA; Tubulin was used as a loading control for protein. Data are mean ± s.e., n = 3. *, 

P < 0.05; **, P < 0.01.
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Figure 5. 
Depletion of SDC2 suppresses breast cancer cell growth, invasion, and metastasis. (a-c) 

Depletion of SDC2 inhibited cell growth and invasion in vitro. 1833 cells stably transduced 

with SDC2 shRNA (shSDC2) or scrambled shRNA (Control) were analyzed for: (a) SDC2 

mRNA by qRT-PCR (upper panel) and protein by immunoblotting (lower panel); (b) 

Relative cell growth; or (c) Relative cell invasion. (d-i) Depletion of SDC2 suppressed 

breast tumor growth in vivo. 1833 cells stably transduced with shSDC2 or Control were 

orthotopically injected into the mammary fat pad of nude mice. Tumors were dissected at 6 

weeks after implantation and analyzed: (d) by qRT-PCR for SDC2 mRNA; (e) by 

immunostaining for Hematoxylin and eosin (H&E) (Left) and SDC2 protein (Right); (f) by 
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immunostaining for cleaved caspase-3. Representative images (Left) and quantification 

(Right) of apoptotic cells are shown; (g) Representative bioluminescence images of mice 

bearing 1833 cells treated as indicated; (h) Photograph of representative xenograft breast 

tumors of 1833 cells treated as indicated; (i) Xenograft breast tumors of 1833 cells treated as 

indicated and analyzed for tumor weight. Data are mean ± s.e., n = 7-10 per group. (j-l) 
Depletion of SDC2 suppressed breast tumor metastasis and enhanced overall survival. 1833 

cells stably transduced with shSDC2 or Control were injected into the left ventricle of mice. 

Mice were imaged for luciferase activity after 3 weeks. (j) Representative bioluminescence 

images of mice with bone metastasis; (k) Quantification of bone colonization by 1833 cells 

treated as indicated. Data are mean ± s.e., n = 7-10 per group; (l) Kaplan-Meier survival 

analysis of mice over 8 weeks after injection of the tumor cells. (a-d) Data are mean ± s.e., n 

= 3.
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Figure 6. 
The RKIP/LOX/SDC2 signaling pathways regulate breast tumorigenesis and stratify ER-

negative subtype breast cancer patients for metastasis-free survival. (a) Scheme illustrating 

RKIP/HMGA2/miR-200b/LOX and RKIP/HMGA2/SDC2 signaling pathways in breast 

tumorigenesis. (b) Kaplan-Meier analysis of gene expression data from Br731 including 175 

ER-negative and 556 ER-positive samples. Patients were stratified for metastasis-free 

survival in ER-negative or ER-positive patients using gene expression for RKIP, LOX, or 

SDC2 individually or the combined pathways as indicated. Right panel (RKIP/LOX/SDC2): 

Light gray line, high RKIP and low LOX/SDC2; Dark gray line, low RKIP and high LOX/

SDC2. Top right panel: light gray line, n=22; dark gray line, n=46. P, chi-square p value.
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