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Supplementary methods 

Microarray Analysis. Publicly available datasets of human breast cancer gene 

expression microarrays (Supplementary Table 1) comprising of raw data files were analyzed 

using Genespring GX 10.0 software (Agilent Technologies). For cDNA arrays, log2 normalized 

signal intensity values were obtained from the respective public web repository. For Affymetrix 

arrays, signal intensities were obtained using the Robust Multi-chip Averaging (RMA) algorithm 

to perform background correction, normalization and summarization of probe-level raw data. All 

values underwent baseline transformation to median of all samples in a particular dataset on a 

gene/probeset basis. All microarray datasets used in this study are from publicly available 

databases, and such databases require that the gene expression raw data, deposited by the original 

investigators, meet stringent quality control criteria prior to acceptance. Furthermore, each 

dataset has been earlier reported in the literature and individual quality control measures are 

reported in the original references. As such, in the present study, the authors undertook quality 

control measures in order to confirm prior established data quality, rather than as an initial step 

to document data quality. Array quality control was performed using 3D Principal Component 

Analysis (PCA) plots, Internal Controls comprising of 3’/5’ ratios for a set of specific 

housekeeping gene probe sets, and Hybridization Controls. A 3’/5’ ratio of greater than 3 was 

considered to be unacceptable (representative of either degraded starting RNA or problem with 

the cDNA synthesis reaction). The signal intensities of pre-mixed hybridization control 

transcripts added to the hybridization mix in known staggered concentrations should increase as 

expected with the known staggered concentrations. Deviation from the expected intensity profile 

of these controls, as assessed by visual inspection of Hybridization Control plots, was considered 

to be unacceptable (representative of a problem either with the hybridization or washing 
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process). Based on these criteria, only one array (from the Richardson et al. dataset) among a 

total of 2073 examined arrays was removed. The PCA scores of each array were plotted in 3D in 

order to examine the clustering pattern of samples. Three major clusters were observed in each 

dataset, consistent with the expected biologic variation in this population resulting in segregation 

into the three molecular subtypes – luminal, HER2 and basal-like. Probes from the spotted arrays 

were filtered based on flag values. Otherwise they were filtered based on signal intensity values 

so that values between 20.0 and 100.0 percentiles in a given dataset were retained.  

For identification of the molecular subtypes, we employed the commonly used 306-

member Intrinsic Gene Set or IGS (1). Only 293 genes of the original 306-gene panel were 

represented on the microarray platform of our test dataset (Richardson et al.) that was selected 

based on its inclusion of normal breast tissue samples (2). We subjected all datasets to a 

hierarchical clustering algorithm employing a Pearson uncentered similarity metric and the 

average linkage rule based on the 293-gene IGS. Datasets were thus now clustered into luminal 

A/B, HER2, and basal-like subtypes based on IGS. In the Richardson et al. dataset, 12 samples 

were excluded as they were derived from normal organoid preparations and not normal breast 

tissue, 4 BRCA positive samples were excluded to reduce bias, 1 sample was excluded for not 

meeting quality control standards and 1 sample classified by the authors as basal-like clustered 

with the luminal subtype and was thus excluded from the analysis. 

To determine the correlation between FOXC1 and triple-negative status, we searched for 

publicly available datasets that contained complete ER, PR, and HER2 expression profiles of 

each breast cancer specimen based on immunohistochemical analysis. Only one such dataset 

(Hess et al.) was identified (3). 
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Average relative mRNA levels (mean log2 signal intensity) for each IGS gene and for 

reported markers of BLBC in the literature (αB-crystallin (4), moesin (5), CD109 (6), p-

Cadherin, EGFR (7), CK5 (7, 8), CK14 (8), CK17 (8), c-Kit (7), ITGB4 (9), and FOXC2 (10)) 

were determined according to molecular subtype. Expression values for some genes were not 

normally distributed for which reason we employed nonparametric analysis (Mann-Whitney 

Test) in comparing Basal-like group vs. pooled non-Basal-like group expression values (log2 

normalized signal intensity) for each gene. All statistical analyses were performed using SAS 

software (Version 9.1.3, SAS Institute, Cary, NC). We subsequently performed stepwise logistic 

regression analysis to identify the gene most characteristic of the basal-like group. In view of the 

small sample size of the Richardson et al. dataset (with highly predictive covariates resulting in 

non-convergence), Firth's modified logistic regression analysis used to reduce the bias of 

maximum likelihood estimation in this array. Statistical significance for each of these analyses 

was defined as P<0.05. To maintain statistical power, each dataset was analyzed independently 

(Supplementary Tables 1-4).  

For simplicity of data interpretation, we did not include in our analysis the normal breast-

like group, which resembles normal breast tissue samples with relatively high expression of 

genes characteristic of adipose cells and other non-epithelial cell types and low expression of 

luminal epithelial cell genes. Because the normal-like classification was developed by training 

on normal breast tissue, it was speculated that the normal-like subgroup may be mainly an 

artifact of having a high percentage of normal “contamination” in tumor specimens (11). Other 

explanations include a group of slow-growing basal-like tumors that lack the expression of 

proliferation genes or a potential new subtype called claudin-low tumors (12). In addition, only 
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some of the datasets used in our analysis contain normal-like samples. We found that FOXC1 is 

not overexpressed in these samples (data not shown). 

 

Gene Signature Analysis. With the intent of developing a gene signature associated with 

FOXC1 gene expression capable of accurately detecting the basal-like subtype independent of 

IGS, we began by analyzing our test dataset that included normal breast tissue samples as well 

(2). We chose to include both genes that shared coordinate upregulation as well as genes that 

shared coordinate downregulation with FOXC1 upregulation. Supervised stringent inclusion 

criteria were used based on degree of Pearson correlation coefficients (1.0>r>0.5 for genes with 

coordinate upregulation and -1.0<r<-0.5 for genes with coordinate downregulation, respectively). 

Only those genes that maintained their high degree of correlation with FOXC1, independent of 

their individual correlations with breast cancer subtypes, were included in the final panel and 

validated in a total of 5 individually analysed microarray datasets (2, 13-15) and the ExpO 

Project Database of the International Genomics Consortium (IGC) at https://expo.intgen.org). 

The 30 genes that met the inclusion criteria while still allowing for maximal applicability across 

earlier generation microarray platforms (i.e. ranking in the top 30 genes associated with FOXC1 

expression in 3 or more of the 5 datasets) are collectively referred to as the FOXC1 gene 

signature (Supplementary Table 5).  

In order to validate the ability of this gene signature to identify basal-like breast cancer, 

in addition to the aforementioned 5 datasets used to refine the gene signature, we individually 

tested another 6 publicly available human breast cancer Affymetrix and cDNA microarray 

datasets (3, 12, 16-19) representing analysis in a total of 2073 breast cancer patients. All datasets 

were subjected to a hierarchical clustering algorithm employing a Pearson uncentered similarity 
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metric and the average linkage rule based on the 30-member FOXC1 gene signature. Extent of 

correct classification of breast cancer samples as belonging to the basal-like subtype was 

compared to those classified based on IGS.  

 

Survival Analysis. We next sought to determine the potential prognostic importance of 

FOXC1 mRNA expression in breast cancer, with particular reference to assessing its ability to 

correctly predict the survival of patients with basal-like breast cancer. This analysis was 

performed with the intent to determine whether FOXC1 mRNA expression could be used as a 

stand alone, individual prognostic biomarker for basal-like breast cancer instead of pathologic, 

immunohistochemical and/or molecular classifiers such as IGS. A 295-sample breast cancer 

oligonucleotide microarray dataset (van de Vijver et al.) (16) with follow-up data extending over 

a 20 year period was subjected to analysis. The prognostic significance of FOXC1 was also 

examined in three additional human breast cancer cDNA datasets: A 232-sample dataset 

(Herschkowitz et al.) (12), a 122-sample dataset (Sorlie et. al) (17), and a 159-sample dataset 

(Pawitan et al.) (19). Survival distributions were estimated using Kaplan-Meier methods and 

compared using the log-rank test. In multivariate survival analyses, Cox proportional hazard 

regression model was used incorporating phenotype status (basal-like versus non-basal-like), 

FOXC1 level, age, tumor size, tumor grade, and lymph node status as possible predictors of 

survival.  Proportional hazard assumption was validated using residual plots and proportionality 

tests.  The relative prognostic significance of two separate prognostic models was evaluated by 

comparing the model fit after adjusting for clinicopathologic variables. One model was based on 

dichotomous expression of FOXC1 mRNA levels. The other model was based on the IGS-

derived basal-like cluster following hierarchical clustering. The relative prognostic significance 
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of each model was measured using Akaike’s Information Criterion (AIC) to assess the fit of the 

two regression models (20). 

 

Immunohistochemistry and Immunoblotting. Immunohistochemistry was performed 

using a peroxidase detection system with human breast cancer tissue microarrays BRC961 and 

BR962 (US Biomax) and a polyclonal FOXC1 antibody that does not recognize FOXC2 

(Lifespan Biosciences). Antibody concentration (1:100) was determined by serial titration and 

optimisation of the antibody on test arrays. Briefly, after antigen retrieval, primary antibodies 

were added, followed by a biotinylated secondary antibody incubation, which then binds to 

peroxidase-conjugated streptavidin. The signal was developed with diaaminobenzidine as the 

chromogen with hematoxylin as counterstain. The immunostained slides were evaluated 

microscopically by estimating the proportion and average intensity of positive tumor cells with 

nuclear and/or cytoplasmic staining. Immunohistochemical analysis was also performed on 42 

triple-negative human breast cancer specimens obtained from the Saint John’s Health Center 

Department of Pathology and John Wayne Cancer Institute tissue bank in accordance with 

Institutional Review Board approval. Immunoblotting was performed using an antibody from 

Santa Cruz Biotechnology. Whole cell lysates for western blotting were generated by cell lysis 

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 10% glycerol) 

supplemented with a protease inhibitor cocktail (Sigma, St Louis, MO). Equal amounts of 

protein were separated by 10% SDS-PAGE and then transferred onto a nitrocellulose membrane. 

The remaining steps were conducted according to a standard immunoblotting protocol. 
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FOXC1 shRNAs. All shRNAs were purchased from Sigma. Mouse FOXC1 shRNA 

sequences are CCGGGAGCAGAGCTACTATCGCGCTCTCGAGAGCGCGATAGTAGCTCT 

GCTCTTTTG (shRNA1) and CCGGTGGGAATAGTAGCTGTCAGATCTCGAGATCTGAC 

AGCTACTATTCCCATTTTTG (shRNA2). Human FOXC1 shRNA sequences are CCGGCAA 

GAAGAAGGACGCGGTGAACTCGAGTTCACCGCGTCCTTCTTCTTGTTTTTG (shRNA1) 

and CCGGCCCGGACAAGAAGATCACCCTCTCGAGAGGGTGATCTTCTTGTCCGGG 

TTTTT (shRNA2). Control shRNA (CCGGCAACAAGATGAAGAGCACCAACTCGAGTT 

GGTGCTCTTCATCTTGTTGTTTTT) does not target any known human or mouse gene.  

 

Cell Migration and Invasion Assay. Briefly, 104 cells were plated on the top of the 

Boyden chamber inserts with an 8 μm pore size. The inserts were then transferred into a 24-well 

plate. Each well contained DMEM with 10% serum as the chemoattractant.  To rule out the 

effect of cell proliferation, 2 μg/ml mitomycin C was added to the cells. After incubation, cells 

remaining on the upper surface of the chambers were removed with cotton swabs. Cells on the 

lower surface of the inserts were stained with the HEMA3 kit (Fisher). The membrane was then 

mounted onto a microscope slide and the migrating cells were counted in 5 different areas using 

a light microscope. For invasion assays, inserts were coated with a thin layer of Matrigel 

basement membrane matrix (BD Biosciences) and the same procedures were followed.  
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Supplementary tables 
 
Table S1. Summary of analyzed microarray datasets. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reference Array Platform Sample Complete Survival
Number Name Technology Size IHC Data Analysis

ExpO Affymetrix U133 plus 2.0 250 – –
9 Richardson et al. Affymetrix U133 plus 2.0 47 – –

10 Farmer et al. Affymetrix U133A 49 – –
11 Hess et al. Affymetrix U133A 133 + –
12 Ivshina et al. Affymetrix U133A 249 – –
13 Miller et al. Affymetrix U133A 251 – –
14 van de Vijver et al. cDNA 295 – +
15 Herschkowitz et al. cDNA 232 – +
16 Sorlie et al. cDNA 122 – +
17 Wang et al. Affymetrix U133A 286 – +
18 Pawitan et al. Affymetrix U133A  159 – +
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Table S2. Statistical analysis of biomarker in molecular subgroups classified by IGS in the 
Richardson et al. breast cancer microarray dataset (2). 
 

 
 
Values in each molecular subtype column are the mean ± SD of the log2 normalized signal intensity for the best 
representative cDNA probe for that gene. NS, P > 0.05. 
† Firth's modified logistic regression analysis used to reduce the bias of maximum likelihood estimation in this array 
(characterized by small sample size with highly predictive covariates resulting in non-convergence).  Basal-like 
(yes=1, no=0) was used as a dependent variable.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Normal 
Mean ± SD (Median) 
  

Luminal 
Mean ± SD (Median)

  

HER2 
Mean ± SD (Median)

 

Basal-like 
Mean ± SD (Median)

  

   Wilcoxon
Rank Sum Test   

(Basal -like vs. Other) 
P-value 

FOXC1 -0.11± 0.73 (-0.23) -1.63 ± 0.38 (-1.60) <0.0001 0.0006
CRYAB -1.87 ± 0.39 (1.87) -1.61 ± 1.11 (-1.66) 0.001  NS
KRT5 2.98 ± 0.38 (2.72) -1.17 ± 0.98 (-1.32)   NS  NS
KIT 3.08 ± 0.47 (3.07) -0.93 ± 0.88 (-1.03)   NS   NS 

CDH3 1.21 ± 0.43 (1.35) -1.13 ± 0.66 (-1.40) 0.036   NS 
MSN 0.18 ± 0.33 (0.15) -0.32 ± 0.61 (-0.41) 0.002   NS 
KRT17 2.84 ± 0.25 (2.81) -1.03 ± 0.80 (-1.05)   NS   NS 
EGFR 0.32 ± 0.40 (0.39) -0.50 ± 0.30 (-0.51) 0.044   NS 
KRT14 3.44 ± 0.51 (3.60) -1.30 ± 1.84 (-0.82)   NS   NS 
CD109 -0.46 ± 0.62 (-0.25) -0.45 ± 0.91 (-0.19) 0.004   NS 
ITGB4 0.40 ± 0.39 (0.34) -0.32 ± 0.35 (-0.37) 

-0.99 ± 0.71 (-1.03)
-1.82 ± 0.78 (-1.93)
-1.35 ± 1.02 (-1.31)
-1.21 ± 0.76 (-1.16)
-0.11 ± 0.92 (-0.20)
-0.57 ± 0.44 (-0.51)
-0.79 ± 1.13 (-0.95)
0.02 ± 0.67 (0.19)
-2.15 ±1.82 (-1.49)
-0.77 ± 1.02 (-1.08)
0.24 ± 0.74 (0.01)   NS  NS 

FOXC2 0.09 ± 0.13 (0.07) -0.01 ± 0.20 (-0.03) -0.01 ± 0.16 (0.03)

3.61 ± 0.75 (3.63)
1.34 ± 1.30 (1.27)
0.81 ± 1.48 (1.14)
0.60 ± 1.22 (0.32)
0.64 ± 1.24 (0.97)
0.60 ± 0.88 (0.70)
0.92 ± 1.78 (1.05)
0.25 ± 0.55 (0.27)
0.69 ± 2.53 (0.59)
0.46 ± 0.98 (0.63)
0.19 ± 0.87 (0.13)
0.04 ± 0.26 (0.01)   NS   NS 

Univariate Multivariate

P-value † 

Regression
Logistic
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Table S3. Statistical analysis of biomarker in molecular subgroups classified by IGS in the 
Ivshina et al. breast cancer microarray dataset (14). 
 

 
 
Values in each molecular subtype column are the mean ± SD of the log2 normalized signal intensity for the best 
representative cDNA probe for that gene. NS, P> 0.05. 
 
* CD109 does not have any representative probes on this microarray platform. In the multivariate logistic regression 
analysis, dependent variable is basal-like. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Luminal 
Mean ± SD (Median) 

HER2 
Mean ± SD (Median)
   

Basal-like 
Mean ± SD (Median)
 

   Wilcoxon
Rank Sum Test 

(Basal-like vs. Other) 
     P-value

Stepwise Logistic

P-value 

FOXC1 0.02 ± 0.27 (-0.01) 0.00 ± 0.28 (-0.05) 1.88 ± 0.71 (1.92) <0.0001 0.0033
CDH3 -0.06 ± 0.76 (-0.18) 0.90 ± 0.84 (0.73) 1.94 ± 0.92 (2.07) <0.0001 0.0199

CRYAB -0.03 ± 0.79 (-0.06) -0.30 ± 0.44 (-0.40) 1.94 ± 1.23 (2.20) <0.0001 NS
EGFR -0.05 ± 0.94 (-0.17) 0.41 ± 0.86 (0.28) 1.20 ± 0.57 (1.15) <0.0001 NS
KRT17 0.13 ± 0.99 (-0.11) 0.51 ± 1.10 (0.09) 2.06 ± 1.54 (1.99) <0.0001 NS
KRT5 0.09 ± 1.08 (-0.21) 0.12 ± 0.85 (0.00) 2.20 ± 1.34 (2.20) <0.0001 NS
MSN -0.10 ± 0.48 (-0.04) -0.06 ± 0.35 (-0.12) 0.74 ± 0.42 (0.82) <0.0001 NS

ITGB4 -0.03 ± 0.44 (-0.07) 0.28 ± 0.46 (0.35) 0.45 ± 0.65 (0.26) 0.0016 NS
KIT 0.11 ± 1.00 (0.00) -0.27 ± 0.87 (-0.46) 1.07 ± 1.45 (1.25) 0.0011 NS

KRT14 -0.24 ± 1.96 (-0.15) -0.30 ± 1.47 (-0.57) 1.99 ± 2.08 (1.55) 0.0001 NS
FOXC2 0.00 ± 0.17 (0.00) 0.05 ± 0.16 (0.05) 0.07 ± 0.26 (0.02)    NS NS

Univariate Multivariate

Regression  
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Table S4. Statistical analysis of biomarker in molecular subgroups classified by IGS in the  
Miller et al. breast cancer microarray dataset (15). 
 

 
 
Values in each molecular subtype column are the mean ± SD of the log2 normalized signal intensity for the best 
representative cDNA probe for that gene. NS, P > 0.05. 
 
* CD109 does not have any representative probes on this microarray platform. In the multivariate logistic regression 
analysis, dependent variable is basal-like. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Luminal 
Mean ± SD (Median) 
 

HER2 
Mean ± SD (Median)
 

Basal-like 
Mean ± SD (Median)

   Wilcoxon 
Rank Sum Test 

(Basal –like vs. Other) 
             P-value

Stepwise Logistic
Regression 

P-value 

FOXC1 0.02 ± 0.28 (-0.01) -0.04 ± 0.29 (-0.12) 1.86 ± 0.71 (1.90) <0.0001 0.0003
CDH3 -0.05 ± 0.76 (-0.16) 0.87 ± 0.94 (0.75) 1.95 ± 0.91 (2.09) <0.0001 0.0153
KRT17 0.13 ± 1.01 (-0.09) 0.48 ± 1.11 (0.08) 2.05 ± 1.54 (1.99) <0.0001 NS
EGFR -0.04 ± 0.94 (-0.17) 0.39 ± 0.88 (0.08) 1.21 ± 0.57 (1.16) <0.0001 NS
MSN -0.09 ± 0.47 (-0.03) -0.13 ± 0.42 (-0.19) 0.74 ± 0.42 (0.82) <0.0001 NS

CRYAB -0.01 ± 0.78 (-0.05) -0.38 ± 0.48 (-0.41) 1.94 ± 1.24 (2.20) <0.0001 NS
KRT5 0.10 ± 1.08 (-0.16) 0.07 ± 0.88 (0.00) 2.19 ± 1.33 (2.18) <0.0001 NS
KRT14 -0.26 ± 1.96 (-0.14) -0.40 ± 1.50 (-0.61) 1.94 ± 2.07 (1.50) <0.0001 NS
ITGB4 -0.02 ± 0.45 (-0.07) 0.21 ± 0.46 (0.27) 0.45 ± 0.65 (0.26) 0.002 NS

KIT 0.12 ± 1.01 (0.01) -0.27 ± 0.86 (-0.43) 1.07 ± 1.45 (1.25) 0.001 NS
FOXC2 0.00 ± 0.17 (0.00) 0.03 ± 0.18 (0.05) 0.06 ± 0.26 (0.02)   NS NS

Univariate Multivariate
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Table S5. Statistical analysis of biomarker in molecular subgroups classified by IGS in the van 
de Vijver et al. breast cancer microarray dataset (16). 
 

Gene 
Luminal 

Mean±SD 
(Median) 

HER2 
Mean ± SD (Median) 

Basal-like 
Mean ± SD (Median) 

Univariate Wilcoxon  
Rank Sum Test 

(Basal-like vs. Other) 
P-value 

Multivariate 
Logistic Regression 

P-value 

FOXC1 
CRYAB 
KRT5 
KIT 

CDH3 
MSN 

KRT17 
EGFR 
KRT14 
ITGB4 

 
-0.51±0.21 (-0.50) 
-0.36±0.24 (-0.36) 
-0.56±0.40 (-0.50) 
-0.17±0.24 (-0.16) 
-0.49±0.29 (-0.49) 
-0.14±0.17 (-0.13) 
-0.33±0.28 (-0.35) 
-0.05±0.14 (-0.05) 
-0.10±0.12 (-0.11) 
-0.03±0.12 (-0.03) 

 

 
-0.41±0.21 (-0.41) 
-0.29±0.19 (-0.29) 
-0.45±0.42 (-0.28) 
-0.22±0.25 (-0.19) 
-0.14±0.38 (-0.15) 
-0.05±0.16 (-0.06) 
-0.22±0.39 (-0.14) 
-0.01±0.15 (-0.03) 
-0.08±0.13 (-0.11) 
0.10±0.14 (0.08) 

 

 
0.49±0.42 (0.58) 
0.27±0.47 (0.28) 
0.16±0.56 (0.10) 
0.05±0.34 (0.05) 
0.32±0.31 (0.37) 
0.21±0.14 (0.24) 
0.21±0.46 (0.17) 
0.07±0.21 (0.06) 
0.08±0.30 ( 0.02) 
0.12±0.19 (0.12) 

 

 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
<.0001 
0.0001 
<.0001 

 

 
0.0028 

NS 
0.0084 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

 

 
Values in each molecular subtype column are the mean ± SD of the log2 normalized signal intensity for the best 
representative cDNA probe for that gene. NS, P > 0.05. 
 
* FOXC2 and CD109 do not have any representative probes on this microarray platform. In the multivariate logistic 
regression analysis, dependent variable is basal-like. 
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Table S6. Pearson correlation coefficients of the 30 genes associated with FOXC1 gene 
expression in five microarray datasets (2, 13-15).  
 

Dataset Richardson et al. ExpO Farmer et al. Ivshina et al. Miller et al. Frequency
Gene Symbol

1 FOXC1 1.00 1.00 1.00 1.00 1.00 5
2 OGFRL1 0.86 0.50 0.49 0.65 0.66 4
3 ROPN1B 0.83 0.75 0.80 0.73 0.73 5
4 ART3 0.83 0.65 0.59 0.63 0.64 5
5 FABP7 0.82 0.39 0.40 0.57 0.60 3
6 C10orf38 0.82 0.65 0.70 0.72 0.72 5
7 EN1 0.81 0.74 0.80 0.74 0.73 5
8 KCNK5 0.80 0.63 0.64 0.65 0.64 5
9 CHODL 0.80 0.60 0.54 0.56 0.57 5

10 PRKX 0.80 0.55 0.73 0.66 0.66 5
11 C21orf91 0.79 0.56 0.39 0.52 0.53 4
12 GABRP 0.78 0.70 0.77 0.74 0.74 5
13 ELF5 0.77 0.65 0.63 0.61 0.61 5
14 PAPSS1 0.77 0.48 0.47 0.54 0.54 3
15 ACTR3B 0.77 0.64 0.63 0.55 0.55 5
16 LMO4 0.76 0.41 0.59 0.65 0.64 4
17 ZIC1 0.75 0.53 0.61 0.39 0.39 3
18 UGT8 0.75 0.64 0.46 0.60 0.60 4
19 MICALL1 0.75 0.70 0.78 0.64 0.64 5
20 FOXA1 -0.87 -0.75 -0.81 -0.82 -0.82 5
21 MLPH -0.86 -0.70 -0.78 -0.69 -0.69 5
22 SIDT1 -0.84 -0.58 -0.73 -0.56 -0.55 5
23 AGR2 -0.83 -0.67 -0.71 -0.59 -0.59 5
24 SPDEF -0.81 -0.64 -0.72 -0.79 -0.78 5
25 TFF3 -0.80 -0.53 -0.67 -0.46 -0.45 3
26 AR -0.80 -0.50 -0.56 -0.58 -0.59 5
27 TBC1D9 -0.79 -0.62 -0.66 -0.66 -0.66 5
28 CA12 -0.78 -0.60 -0.66 -0.66 -0.66 5
29 GATA3 -0.77 -0.56 -0.71 -0.70 -0.70 5
30 GALNT6 -0.75 -0.53 -0.66 -0.52 -0.51 5  

 
Frequency denotes the number of datasets in which the correlation of individual genes with 
FOXC1 expression is present (> 0.50 for coordinately upregulated genes, and <-0.50 for 
coordinately downregulated genes, respectively).  
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Supplementary figure legends 

Figure S1. Differential expression of FOXC1 in human breast cancer subtypes Values of 

normalized signal intensity for 12 reported basal-like markers from a representative dataset 

(Richardson et al.) (2) are presented. Colors represent different subgroups: Green, Normal; 

Orange, Luminal A/B; Blue, HER-2; Red, Basal-like. The corresponding heat map is shown 

below. 

 

Figure S2. Differential expression of FOXC1 according to molecular subtypes or triple-

negative status. A. Boxplot of FOXC1 values (normalized signal intensity) in luminal A/B, 

HER2, and basal-like tumors of the Ivshina et al. dataset (13).  The line in the center of each box 

represents the median value of the distribution, and the upper and lower ends of the box are the 

upper (75th) and lower (25th) quartiles, respectively. The whiskers extend to the most extreme 

data point that is less than 1.5 times the interquartile range from the box. Statistical significance 

was determined using ANOVA. Table of FOXC1 high (>90th percentile) and FOXC1 low (<90th 

percentile) status versus molecular subtypes. Chi square P<0.0001. B. Boxplot of FOXC1 values 

(normalized signal intensity) in luminal A/B, HER2, and basal-like tumors of the Miller et al. 

dataset (14). Statistical significance was determined using ANOVA. Table of FOXC1 high 

(>90th percentile) and FOXC1 low (<90th percentile) status versus molecular subtypes. Chi 

square P<0.0001. C. Boxplot of FOXC1 values (normalized signal intensity) in luminal A/B, 

HER2, and basal-like tumors of the van de Vijver et al. dataset (16). Statistical significance was 

determined using ANOVA. Table of FOXC1 high (>90th percentile) and FOXC1 low (<90th 

percentile) status versus molecular subtypes. Chi square P<0.0001. D. Boxplot of FOXC1 values 

(normalized signal intensity) in triple-negative and non-triple-negative tumors of the Hess et al. 
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dataset (15). Statistical significance was determined using ANOVA. Table of FOXC1 high 

(>90th percentile) and FOXC1 low (<90th percentile) status versus triple-negative status. Chi 

square P<0.0001. 

 

Figure S3. Association of the FOXC1 gene signature with basal-like breast cancer. Gene 

expression heat maps of a 251-sample human breast cancer cDNA microarray dataset (Miller et 

al.) (15) hierarchically clustered by IGS demonstrate the overall expression profile of the 

FOXC1-associated 30 genes. 

 

Figure S4. Unsupervised clustering by the FOXC1 gene signature identifies the basal-like 

subgroup. A 249-sample human breast cancer cDNA microarray dataset (Ivshina et al.) (14) was 

clustered by IGS and the FOXC1 gene signature respectively. The basal-like subtype clusters are 

indicated with red bars. 

 

Figure S5. FOXC1 is overexpressed in basal-like breast cancer cell lines. Gene expression 

heat map from cDNA microarray analysis of 51 human breast cancer cell lines. Displayed is the 

same panel of 12 genes as in Supplementary Figure S1. MSN – Moesin, KRT5 – Cytokeratin 5 / 

CK5/6, CDH3 – P-cadherin, CRYAB – αB-crystallin,  KRT14 – cytokeratin 14 / CK14, KRT17 

– cytokeratin 17 / CK17. 

 

Figure S6. Prognostic power of FOXC1 expression in human breast cancers. A, Kaplan-

Meier curves of overall survival using data from a 232-sample microarray dataset (Herschkowitz 

et al.) (12) with linked clinical information. B, Kaplan-Meier curves of overall survival using 



 18

data from a 122-sample microarray dataset (Sorlie et al.) (17) with linked clinical information. C, 

Kaplan-Meier curves of overall survival using data from a 159-sample microarray dataset 

(Pawitan et al.) (19) with linked clinical information. Overall survival is displayed according to 

molecular subtypes (left) and FOXC1 mRNA levels (right).  

 

Figure S7. Effects of FOXC1 overexpression in human breast cancer cells and MCF-10A 

cells. A, FOXC1 was stably transfected into MCF-7 breast cancer cells. Cell proliferation (left), 

anchorage-independent growth (middle-left), migration (middle-right), and invasion (right) of 

FOXC1- or vector-expressing cells were measured using MTT, soft agar, and Boyden chamber 

assays. *, P < 0.05 versus the vector control. B, expression of cyclin D1 and fibroblastic markers 

in MDA-MB-231 cells overexpressing FOXC1 or the control vector was examined by 

immunoblotting. C, levels of β4 and β1 integrins in MDA-MB-231 cells overexpressing FOXC1 

or the control vector were measured by flow cytometry. *, P < 0.05 versus the vector control. Of 

note, same results were obtained with MCF-7 cells. D, expression of MMP2 and MMP9 was 

measured by ELISA. Each bar represents mean ± SD (n = 3). *, P < 0.05 versus the vector 

control. E, morphologies of MCF-10A human mammary epithelial cells overexpressing the 

vector or FOXC1 (left) and immunoblotting of luminal (E-cadherin) and basal (P-cadherin) 

markers in the same cells. 

 

Figure S8. Effects of FOXC1 knockdown in human breast cancer cells.  A, FOXC1 protein 

levels were compared in MCF-7, BT549, and 4T1 breast cancer cells (refer to Fig. 2C). B, 

immunoblotting of FOXC1 in 4T1 cells expressing control or FOXC1 shRNA. C, cell 

proliferation (left), migration (middle), and invasion (right) of control or FOXC1 shRNA-
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expressing BT549 cells were measured using MTT and Boyden chamber assays. *, P < 0.05 

versus the control. D, immunoblotting of FOXC1 in BT549 cells expressing control or FOXC1 

shRNA. 


