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Transcriptional Network Analysis Identifies BACH1 as a
Master Regulator of Breast Cancer Bone Metastasis□S
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Background: The transcriptional network governing cancer metastasis is largely unexplored.
Results: BACH1 regulates multiple metastasis genes and promotes breast cancer metastasis to bone.
Conclusion: BACH1 is a master regulator of breast cancer bone metastasis and transcriptional network reverse engineering is
helpful to identify novel functional genes of metastasis.
Significance:This study provides a systems biology approach to identify master regulators of complicated biological processes.

The application of functional genomic analysis of breast can-
cer metastasis has led to the identification of a growing number
of organ-specific metastasis genes, which often function in con-
cert to facilitate different steps of the metastatic cascade. How-
ever, the gene regulatorynetwork that controls the expressionof
thesemetastasis genes remains largely unknown.Here, we dem-
onstrate a computational approach for the deconvolution of
transcriptional networks to discovermaster regulators of breast
cancer bonemetastasis. Several known regulators of breast can-
cer bone metastasis such as Smad4 and HIF1 were identified in
our analysis. Experimental validation of the networks revealed
BACH1, a basic leucine zipper transcription factor, as the com-
mon regulator of several functional metastasis genes, including
MMP1 andCXCR4. Ectopic expression of BACH1 enhanced the
malignance of breast cancer cells, and conversely, BACH1
knockdown significantly reduced bone metastasis. The expres-
sion of BACH1 and its target genes was linked to the higher risk
of breast cancer recurrence in patients. This study established
BACH1 as themaster regulator of breast cancer bonemetastasis
and provided a paradigm to identify molecular determinants in
complex pathological processes.

Breast cancer is the most common cancer and the leading
cause of cancer deaths in both developed and developing coun-
tries (1). Most breast cancer-related deaths are not caused by

the growth of primary tumors but by the metastatic spread of
cancer cells to distant organs such as bone, lung, brain, and
liver. Better treatments of cancer metastasis rely on the identi-
fication of molecular determinants of this deadly process and
the understanding of the regulatory networks governing the
activities of these functional molecules.
Recently, genomic profiling using microarrays have identi-

fied several gene expression signatures associated with breast
cancer metastasis phenotypes (2–8). These studies have pro-
vided us with molecular markers of diagnostic and prognostic
importance. However, the molecular events that activate the
metastasis signatures remain unclear, and more importantly,
therapeutic application of these metastasis markers is limited
by the apparent diversity of the markers identified in different
studies. For example, there is only one gene in common
between the 70-gene signature identified by van’t Veer et al. (5)
from the NKI patient cohort and the 76-gene signature identi-
fied by Wang et al. (8) from the EMC patient cohort. Further-
more, none of these two poor prognosis signatures display sta-
tistically significant overlap with the signatures that determine
the metastasis capacity of breast cancer cells to lung and bone
(4, 6). The diversity ofmetastasismarkers presumably indicates
the complexity of metastasis regulatory networks and the
existence of functionally redundant molecular routes that lead
to the cellular behavior of metastasis. Therefore, the analysis of
the molecular networks governing cancer metastasis will not
only help understand the regulatory mechanisms of metastasis
genes but also uncover the converging nodes in the network that
controlmultiple signal pathways of cancermetastasis. Thesemas-
ter regulators, often signal transducers or transcription factors
(TFs),3 may provide us with new targets for more effective thera-
peutics to prevent or limit the metastatic spread of cancers.
Genome-wide deconvolution of the molecular networks of

mammalian cells had been a formidable challenge for compu-

□S This article contains supplemental data, Tables S1–S6, Figs. S1–S4, and an
additional reference.
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tational biology. However, with the recent development of
bioinformatic approaches and increasing availability of high-
throughput genomic data, a number of studies have demon-
strated the feasibility of inference of mammalian transcrip-
tional networks from gene expression profiles. Severalmethods
are reported for such analysis, commonly called network
reverse engineering, to construct the network graphs where the
nodes and edges represent gene species and interactions
between genes, respectively (9–19). Although most of these
methods have only been applied to analyze organisms with rel-
atively simple genomes, a few of them, which mainly fall into
two categories, have been used for reverse engineering ofmam-
malian transcriptional networks. The first class ofmethods take
a “subgenome” approach to analyze the enriched sequence
motifs in the promoters of a particular set of genes such as the
top list that are correlated to a cellular phenotype or process to
search for TFs regulating these genes (16, 17). This approach is
limited by the fact that only a short list of genes are analyzed,
and thus, some key factors regulating a collection of genes that
individually display only modest expression differences, but
work synergistically to drive a biological process can be over-
looked. The other approaches, exemplified by the method
named ARACNe (algorithm for the reconstruction of accurate
cellular networks) developed by Margolin et al. (18, 19), use
mutual information on the expression data asmeasurements of
the dependence between genes to look for regulatory targets of
TFs. The data transmission theory “data processing inequality”
can be applied to enrich for gene pairs with direct dependence
and thus filter out indirect targets of TFs. ARACNe has been
used for network inference of a number of physiological and
pathological conditions of mammalian cells, including human
B cell development (20, 21), mouse lung response to oxidative
stress (22), and mesenchymal transformation of brain tumors
(23). These studies revealed the TFs regulating the cellular pro-
cesses, and importantly, the bioinformatic analyses were exper-
imentally validated. Furthermore, ARACNe has also been
applied to the analysis of metastasis regulatory networks and
showed that although metastasis signature genes identified by
differential expression analysis from various clinical samples
were largely inconsistent, the TFs predicted to be master regu-
lators of metastasis networks displayed a much higher overlap
rate (24). This work indicated that themaster regulators, rather
than the signature genes, were better biomarkers and probably
better therapeutic targets for cancer metastasis with desired
generality across samples. However, the regulatory roles of
those identified TFs on metastasis were not experimentally
tested in the report. Therefore, transcriptional network analysis
has fallen short of uncovering functionally validated molecular
connections that govern metastasis behaviors of cancer cells.
Here, we report the reverse engineering and experimental

validation of the molecular networks for breast cancer metas-
tasis to bone. Our bioinformatic analyses identified Smad4 and
HIF1, the key TFs in TGF� and hypoxia pathways that have
been previously proven to regulate breast cancer bone metas-
tasis (25–28). Additionally, BACH1, a transcription factor
belonging to the basic region leucine zipper (bZip) TF family
with a Cap’n’collar (CNC)-type bZip domain and a broad com-
plex, tramtrack, and bric-a-brac (BTB) domain, was shown to

transcriptionally regulate a list of genes that are involved in
osteolytic metastasis of breast cancer, and more importantly, it
promoted the invasiveness andmetastasis of breast cancer cells.
Therefore, our study demonstrates an approach to infer the
molecular interactions for complex biological processes and
establishes BACH1 as a master regulator of breast cancer bone
metastasis.

EXPERIMENTAL PROCEDURES

Transcriptional Network Analysis—The inference of tran-
scriptional network inmetastasis was performed in three steps:
biclustering, gene set enrichment analysis (GSEA) (29), and
motif analysis. Biclustering of the gene expression microarray
data set was performed with a previously reported algorithm
(30) withmodifications (see supplemental data for details). The
expression clusters resulted from biclustering were tested by
GSEA for their association with bone metastasis. The clusters
that were significantly correlated with bone metastasis (FDR-
q � 0.25, p � 0.05) were kept for further motif analysis. To test
the enrichment of TF binding sites in the promoters of expres-
sion cluster (EC) genes, the regulons of all TFs were first found
bymotif search. TheDNAregion of upstream3000 bp to down-
stream 500 bp from the transcription start site of each gene was
scanned with the Match program and the TF binding site mat-
rices available in the TRANSFAC Professional Database (31).
For each binding site matrix, TRANSFAC provided the cutoffs
of minimal matrix match score and core match score to mini-
mize false positive matches, which were used in our motif
search. Thematched sites of eachmatrix were sorted according
to the matrix match scores, and the top 3000 matches (if there
are �3000 matches) were defined as the regulon of the corre-
sponding TF. The overlap of a TF regulon and an EC set was
analyzed by binomial test, and the p values were corrected for
multiple testing. An overlap with Benjamini-Hochberg FDR-
q � 0.1 resulted in a transcription module.
BACH1 Overexpression and Knockdown—The BACH1

cDNA clone (BC063307) was ordered from ATCC and cloned
into the pTRE2puro plasmid (BD Clontech). The SCP4 cells
were engineered to express the tetracycline transactivator with
the plasmid pUHD15-1-Neo and then transfected with
pTRE2puro-BACH1 for Tet-Off inducible overexpression.
Constitutive expression of BACH1 was achieved with the plas-
mid pCMV5–2xHA (Addgene). Inducible knockdown of
BACH1 was achieved by cloning a shRNA construct (target
sequence, 5�-GCGTCTTGAAAGCCTAATAT-3�) into the
shRNA-expressing plasmid pRSMX-puro, which was modified
from the pSuper-Retro-puro (OligoEngine) system by adding a
tetO operator into the promoter region. The SCP2 cells were
engineered to express TetR with the plasmid pQCXIH-TetR
and then transfected with the pRSMX construct for Tet-On
inducible knockdown. The overexpression and knockdown
effects were validated byWestern blot analysis with anti-BACH1
antibody (Atlas Antibodies) and real-time PCR (forward primer,
5�-GGCTGATGGAGAGCTGAACATT-3� and reverse primer,
5�-AGCAGTGTAGGCAAACTGAATTAAAG-3�).
ChIP—ChIP assays were performed in HeLa and SCP4 cells

using the Fast ChIP method (32) with some modifications.
Briefly, cells were cross-linked with 1% formaldehyde, and 125
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mM glycine was used to quench the formaldehyde. The nuclear
extracts were sonicated and incubated with control IgG or
anti-HA antibody (Santa Cruz Biotechnology) for immunopre-
cipitation. The precipitated complexes were eluted and reverse
cross-linked. The captured genomicDNAwas purifiedwith the
silicamembrane purification kit (TIANGEN) and used for PCR
analysis. 2.5% of the total genomic DNA from the nuclear
extract was used as input. An intron region ofMMP1 was used
as the negative control.
MMP1 Promoter Analysis—For MMP1 promoter analysis,

the �4334 bp to �62 bp region of MMP1 (NM002421.1) was
cloned to pGL3-basic. The 5� end of the fragment was further
truncated to�2685 bp,�272 bp, and�63 bp, respectively. The
mutated sequences for AP1, PEA-3, and BACH1 binding sites
located at the �272 bp to �63 bp region were as follows: 5�-
GTTTGAAGTACTTCATGACAT-3� (AP1), 5�-TAATCAA-
GATTATGTTATAA-3� (PEA-3), and 5�-ATAAAGCATTCT-
TCAGACAGC-3� (BACH1).
Two-chamber Migration and Invasion Assays—105 cancer

cells in serum-free medium were seeded into the upper cham-
ber of the insert membranes with a 3-�m pore size (BD Biosci-
ence) with or without Matrigel (BD Bioscience) coating in a
24-well plate. FBS was used in the bottom chamber as the
attractant. 12–16 h later, the cells in the upper chamber were
removed using a cotton swab, and the invaded cells was stained
with crystal violet and counted.
BoneMetastasis Assays inNudeMice—105 cells werewashed

in PBS and injected into the left ventricle of female athymic
Ncr-nu/nu mice to study the bone metastasis activity as
described previously (4). Weekly non-invasive biolumines-
cence imaging was performed to quantify the metastasis bur-
den at the target organs using the IVIS 200 Imaging System
(Caliper Life Sciences) and the NC100 Imaging System
(Berthold).
X-ray Radiography andMicro-computed Tomography Imag-

ing—Bone damages were detected by x-ray radiography. Mice
were anesthetized, arranged in prone position on single-
wrapped films (X-OMAT Kodak) and exposed at 24 kV for
180 s with a Faxitron instrument (Faxitron Bioptics). In vivo
micro-computed tomography (micro-CT) images were
obtained using a Skyscan-1076 micro-CT scanner (Skyscan)
while the animals were anesthetized. The micro-CT scanner
was operated at 55 kV, 181 �A, 0.5 mm Al filter, and a scan
resolution of 17.4 �m. The cross-sections were reconstructed
using the NRecon software (Skyscan).
Gene Expression Microarray Data Analysis—The gene ex-

pression microarray profiling data for TGF� treatment and
hypoxic culturing of MDA-MB-231 (MDA231) derivative cells
have been described (25, 33). Formicroarray analysis ofBACH1
overexpression, SCP4 cells with BACH1-inducible overexpres-
sion were cultured in medium with 1 �g/ml doxycycline. 72 h
after doxycycline removal, the cells were harvested, and RNA
was isolatedwith RNeasymini kit (Qiagen). The quality of puri-
fied RNA samples was monitored using a 2100 bioanalyzer
(Agilent). Gene expression profiling was performed with the
human Affymetrix U133Amicroarrays as described previously
(4). The cells cultured in doxycycline-containing mediumwere
used as a control. The microarray data were processed with

GeneSpring (version 7.2) and normalized according to the chip
median. The genes with fold changes of more than 2 after
BACH1 induction were selected as the BACH1-regulated
genes. The microarray data of these genes are available in sup-
plemental Table S4.
BACH1 Clinical Analysis—Fresh tumor specimens were

obtained with informed consent from patients who underwent
surgical resection of breast cancer at the Department of Breast
Surgery ofQiluHospital of ShandongUniversity. The studywas
approved by the Institutional ReviewBoard. RNAwas extracted
from the tumors, and the qualitywasmonitored byOD reading.
Finally, a cohort of 73 specimens with high-quality RNA sam-
ples was used for BACH1 analysis. The patients were classified
to BACH1 high and low expression groups according to the
median expression level ofBACH1 andwere compared for their
metastasis-free survival.
To analyze the prognostic power of BACH1-regulated mod-

ule genes in the EMC and NKI data sets, the gene expression
pattern of these genes in each tumor was compared with those
in the SCP4 cells with BACH1 overexpression turned on and
off. Pearson’s correlation coefficient was used as the measure-
ment of expression pattern similarity. The patients was strati-
fied into two groups according to the expression similarity to
the cells with BACH1 on and off, and their organ-specific
metastasis, overall metastasis, and overall survival were com-
pared by Kaplan-Meir analysis and Cox hazard ratio analysis.
Only eight of the 11 BACH1-regultedmodule geneswere found
in the Hu25Kmicroarray platform used in the NKI data set and
were used for the analysis. To analyze the prognostic power of
each module gene, the patients were classified according to the
expression level of each gene using the median expression as
the cut-off, and the patient prognosis was analyzed by Cox haz-
ard model.
Statistical Analysis—The Kaplan-Meier method was used to

estimate survival curves for the patients, and Cox proportional
hazard regression was used to compare the survival. A two-
sided Wilcoxon rank test was performed to analyze the biolu-
minescent imaging results in the in vivo studies. A two-sided
independent Student’s t test without equal variance assump-
tion was performed to analyze the results of in vitro assays.

RESULTS

Reverse Engineering of Transcriptional Networks of Breast
Cancer Bone Metastasis—Previously, through single cell clon-
ing and in vivo selection, we and others (4, 6) established 47
derivative sublines from theMDA231breast cancer cells. These
sublines displayed varied metastasis capabilities and specifici-
ties to bone and lung when tested in mice (4, 6). Genome-wide
gene expression microarray analyses were performed for these
cell lines under different culture conditions with or without
TGF� treatment, resulting in a total of 75 expression profiles (4,
6, 33). The expression data set for these cell lines, which were
isogenic but with different metastasis behaviors, provided a
good starting point for us to reconstruct the molecular net-
works governing cancer metastasis. Therefore, we designed a
stepwise bioinformatic approach to identify metastasis regula-
tory modules, each consisting of a TF and its target genes (Fig.
1A). The gene set of a metastasis-regulating transcriptional
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module is expected to show the following three characteristics:
1) they show synchronized expression pattern over a spectrum
of cellular conditions; 2) they are coordinately over/underex-
pressed inmetastatic cells; and 3) the promoter regions of these
genes are enriched for the binding sites of a certainTF.Weused
a series of analytical methods to pinpoint the gene sets with
such characteristics. First, we performed an unsupervised
biclustering analysis on the microarray data set of MDA231
sublines to identify co-expressed gene sets. Biclustering (30, 34)
is a technique for simultaneous clustering of both genes and
conditions and separates itself from clustering or conventional
two-way clustering by that it reveals gene sets that are co-ex-
pressed within a subset of conditions and that overlaps among
gene sets are allowed. These features were important for our

transcriptional network analysis in that co-regulated gene sets
may display nonsynchronous expression in some samples
because of sporadic genetic or epigenetic alterations and that a
single gene could be regulated by more than one TF. We used
both the genes whose expression was previously found to be
correlated to breast cancermetastasis to bone or lung (4, 6) and
the “random” pseudogenes that were identified from a prelim-
inary k-means clustering of the data set as the seeds for biclus-
tering (see supplemental data for details), to identify gene clus-
ters with sizes of at least 20 that were co-expressed in at least 60
(80%) of the cellular conditions. 226 ECs with a median size of
155 genes were identified. Then, we performedGSEA to screen
for the ECs that were collectively correlated to breast cancer
organ-specific metastasis and discovered 44 clusters for bone

FIGURE 1. Transcription network analysis of breast cancer metastasis. A, schematic illustration of the bioinformatic approach. See text for details. B–I, two
transcription modules of breast cancer bone metastasis revealed by the network analysis. B, the transcription module regulated by Smad4. The network
includes a cluster of genes with synchronized expression (EC) and the hub factor Smad4. Pink and blue filled circles indicate the genes with expression positively
and negatively, respectively, correlated to metastasis. The size of filled circles denotes the extent of the correlation. The gene name in red font indicates it is a BMS
gene identified previously. Dashed lines indicate tight expression correlation between gene pairs. Solid arrowed lines indicate direct regulation of the genes by
the TF. C, the expression pattern of Smad4 EC genes in various MDA231 cell derivatives and culture conditions. Each colored curve denotes an EC gene that was
listed in supplemental Table S1. D, GSEA of Smad4 EC gene enrichment in breast cancer bone metastasis. All genes on the U133A microarray were ordered by
their expression correlation to metastasis in descending order from left to right and then were examined for their presence in the EC set. When the gene was
found in the EC set (vertical black bar), the enrichment score was awarded with a correlation rank-weighted score; otherwise, it was penalized. The significance
of the final score was estimated by gene set permutation. See Subramanian et al. (29) for a detail description of the GSEA algorithm. NES, normalized enrichment
score. E, putative Smad4 target genes were enriched in the EC set. Shown are observed numbers of EC genes with Smad4 binding sites in their promoter and
the gene number expected by random chances. F–I, another transcription module regulated by HIF1.
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tropism with FDR-q � 0.25 and p value �0.05 (21 enriched in
highly metastatic cells and 23 enriched in lowly metastatic
cells). Another set of 14 clusters were found to be correlated to
breast-to-lung metastasis and will be discussed elsewhere.
Finally, we performed a promoter motif search to see whether
the binding sites of any TFs were enriched in the promoters of
these EC genes using TRANSFAC TF binding site matrices
(31). Binomial testwas used to examine the significance of over-
lap between the EC set and the predicted target gene sets (regu-
lons) of the 553 TFs available in the TRANSFAC database,
yielding 12 TFswith their binding sites significantly enriched in
13 ECs (Table 1) of which nine were up-regulated in bone
metastasis and four were down-regulated. Among them, HIF1
was the only TF associated with two ECs.
Notably, two TFs in the top four transcriptional modules,

Smad4 and HIF1, have been already proven to be critical medi-
ators of bone metastasis in breast cancer (25–28, 33). Smad4 is
the essential TF complex component of TGF� pathway, which
has beenwell documented as a signal cascade that inhibits early
tumorigenesis but paradoxically promotes metastasis. Specifi-
cally, TGF� activation and Smad4 activity plays a central role to
regulate themetastasis capability ofMDA231 derivative cells in
mice (33). HIF1 is a heterodimeric basic helix-loop-helix TF
complex composed of the hypoxia-responsive subunit HIF1�
and the constitutively expressed subunit Arnt (HIF1�). Oxy-
gen-dependent degradation of HIF1� mediates the hypoxic
regulation of HIF1 downstream genes and has been recognized
to be critical in various aspects of tumor progression including
cell proliferation, angiogenesis, and cell survival (35). HIF1�
expression is also correlated to cancer metastasis (36). More
importantly, we recently documented the evidence to show that
HIF1 activity was essential for bone metastasis of breast cancer
cells (25). Interestingly, HIF1�, Smad4, and receptor-regulated
Smads (Smad2 and Smad3) did not any differential expression
in the gene expressionmicroarray data of theMDA231 sublines
with different metastasis propensities. They were not in the list
of bone metastasis signature (BMS) genes (4). Statistical analy-
sis (Student’s t test) of their expression from the microarray
data set did not reach any significance (data not shown), indi-
cating the role of post-transcriptional regulation in these signal
pathways. The discovery of the regulatorymodules of these TFs
not only demonstrated the effectiveness of our transcriptional
network analysis to identify master regulators of metastasis but
also emphasized a feature of our approach that separates it from

previously reported methods for transcription network infer-
ence, in that it does not rely on the transcriptionmeasurements
of the TFs and thus is able to reveal the regulation relationship
that is hidden in transcription analysis.
ECGenes Are Regulated by the TFs in TranscriptionModules—

In each transcription module, a cluster of genes of co-expres-
sion, an EC, were predicted to be regulated by a common TF.
For example, in one module (Fig. 1B and supplemental Table
S1), 52 genes displayed a synchronized expression pattern in
various cell lines (Fig. 1C), and they were collectively up-regu-
lated in the cells metastatic to bone as revealed by the GSEA
analysis (Fig. 1D). These genes were significantly enriched for
the predicted direct targets of Smad4, with 19 of them contain-
ing the Smad4 binding site in their promoters (Fig. 1E). This
gene subset of predicted TF targets will be denoted as the target
cluster (TC) hereafter in the text. Notably, several Smad4 TC
genes, such as IL11 and CTGF, in the module were bona fide
transcriptional targets of Smad4 and also functional drivers of
bonemetastasis (4, 33). Anothermodule contained 72 EC genes
(Fig. 1, F and G, and supplemental Table S2), which were also
globally correlated to bone metastasis capability (Fig. 1H), and
enriched with HIF1 direct targets (Fig. 1I). A number of the
HIF1 TC genes in the cluster, such as DUSP1 and FGF5, were
previously shown to be transcriptionally regulated by hypoxia
(25). These two and other genes, including PCTK2, FST,NCF2,
DDX10, and SPAST, were among the BMS genes predicting the
bone tropism of breast cancer cells (4).
To test objectively whether the genes in these transcriptional

modules were regulated by the corresponding TFs, we analyzed
the genome-wide expression data of MDA231 cells following
TGF� or hypoxia treatment. The gene expression profiles of 28
MDA231 derivative lines with and without TGF� treatment,
and those of two derivative lines after 6 and 12 h of hypoxic
culturing, were analyzed by microarray (4, 25). When we per-
formed the GSEA of the Smad4 EC and TC genes, a global
up-regulation of these gene sets was observed after TGF� acti-
vation (Fig. 2A). Indeed, all but two of the 52 genes were acti-
vated by TGF�. Furthermore, eight of these genes were among
the top 49 TGF�-responsive genes, with folds of enrichment of
70.0 for EC and 91.0 forTC (Fig. 2B). Similarly, theHIF1 EC and
TC genes were globally up-regulated in hypoxic conditions
(Fig. 2C) and enriched for the top HIF1-responsive genes (Fig.
2D, folds of enrichment were 18.4 and 18.3, respectively). The
majority of the genes in this module was activated after 6 h of

TABLE 1
The predicted transcriptional modules of breast cancer bone metastasis

Cluster
ID

Cluster
size

Correlation to
metastasis TF

Expected
target no.

Observed
target no. p value FDR-q

4 38 Positive Bach1 3.6 18 3.70 � 10�10 4.32 � 10�4

23 72 Positive HIF1 10.3 30 6.27 � 10�9 5.59 � 10�4

24 183 Negative Egr1 18.0 38 6.08 � 10�6 3.21 � 10�3

11 52 Positive SMAD4 7.6 19 4.38 � 10�5 6.44 � 10�3

9 86 Positive E2F 23.1 39 1.42 � 10�4 5.99 � 10�2

123 44 Positive MEF2C 4.0 12 1.89 � 10�4 6.59 � 10�2

58 409 Positive NFIL3 35.0 57 2.19 � 10�4 6.99 � 10�2

146 322 Positive HIF1 46.0 70 2.22 � 10�4 7.99 � 10�2

87 328 Positive POU3F2 49.0 73 3.24 � 10�4 6.11 � 10�2

59 84 Negative AP-1 14.2 27 3.98 � 10�4 6.87 � 10�2

64 360 Negative Elk-1 55.2 80 4.24 � 10�4 7.87 � 10�2

73 86 Positive STAT5A 8.2 18 7.94 � 10�4 9.20 � 10�2

54 253 Negative ELSPBP 23.6 40 7.65 � 10�4 9.22 � 10�2
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hypoxic challenge and further up-regulated after 12 h (Fig. 2E).
These analyses demonstrated that the predicted target genes in
the transcription modules were actually regulated by the TFs,
and thus, our bioinformatic approach was able to reveal bona
fide regulatory relationship between TFs and downstream
genes from transcriptional data.
A BACH1 Module Is Linked with Breast Cancer Bone

Metastasis—BACH1 in the overall top module (Fig. 3A) is a
heme-binding transcription factor. BACH1 was previously
found to function mainly in the physiological regulation of oxi-
dative stress, by repressing the transcription of HMOX1, the
key enzyme for heme degradation and radical scavenge (37–
41), with a few of most recent reports on its roles in cancer
progression (42, 43). Our analysis identified a cluster of 38
probes (33 unique genes) with co-expression (Fig. 3B and sup-
plemental Table S3), which were significantly up-regulated in
bone-tropic cancer cells (Fig. 3, C and D). 18 genes in the set
were predicted to be direct targets of BACH1, an enrichment of
5-fold over the statistical background (Fig. 3E, p � 1.0 � 10�9).
Interestingly, BACH1 itself was up-regulated in cells with ele-
vated bone metastasis capability according to the gene expres-
sion microarray data (Fig. 3F, fold change, 1.55; p � 0.01 by
Student’s t test). However, the difference was rather weak, and
therefore, it was not identified as a BMS gene previously (4).
Although BACH1 was reported to mainly function as a tran-
scription repressor, it could also act as an activator either on
different target genes (40) or on the same genes in different
cellular contexts (38). Considering the expression pattern of
BACH1 and the EC genes in the module, BACH1 seemed to
mainly function as a transcriptional activator in the transcrip-

tion module. Notably, as much as 11 of the 43 BMS genes that
were up-regulated in bone-tropic cells were observed in the
BACH1 EC set (Fig. 3A, folds of enrichment � 152, Binomial
test p � 10�10), indicating a role of BACH1 to regulate breast
cancer bone metastasis.
To validate the regulatory role of BACH1 in the transcrip-

tional module and bone metastasis, we overexpressed BACH1
with a Tet-Off inducible system in the weakly metastatic SCP4
cells. Northern and Western blot were performed to confirm
the overexpression of BACH1 following induction by doxycy-
cline removal from the culture medium (Fig. 4A). Microarray
analysis was performed to compare the gene expression profiles
of SCP4 cells before and after doxycycline removal and identi-
fied 1350 genes with expression elevation of �2-fold after
BACH1 activation (supplemental Table S4). Among the 1350
genes, six genes, namely MMP1, CXCR4, LRRC2, ROBO1,
DUSP1, and PCSK6, were found in the BACH1 TC (Fig. 4B,
enrichment, p � 0.0001). Another five genes were included in
the BACH1 EC set (Fig. 4C, enrichment, p � 4.3 � 10�8).
BACH1 also repressed another set of 872 genes at least 2-fold
(supplemental Table S4). The known target gene of BACH1,
HMOX1, was mildly repressed by BACH1 in SCP4 cells (Fig.
4A). Notably, there was no significant overlap between the
BACH1-regulated genes in this study and those previously
identified in HEK 293 (40), emphasizing the dependence of
BACH1 activity on cellular context.
We further analyzed the global expression pattern of BACH1

EC and TC genes after BACH1 activation. GESA showed that
both EC and TC genes were globally up-regulated by BACH1
(Fig. 4D). Indeed, nearly 80% of the EC and TC genes were

FIGURE 2. Validation of the transcriptional regulation of Smad4 and HIF1 modules. A, GSEA of the expression of Smad4 EC (top) and TC (bottom) genes after
TGF� treatment. Genes were ordered by the expression fold changes after TGF� treatment in descending order from left to right. B, the number of genes in
Smad4 EC and TC that were up-regulated by TGF� was compared with the number of genes expected by random chance. C, GSEA of HIF1 EC (top) and TC
(bottom) genes after hypoxic culturing. Genes were ordered by the expression fold changes after hypoxia culturing in descending order from left to right. D, the
number of genes in HIF1 EC and TC clusters that were up-regulated by hypoxia was compared with the number of genes expected by random chance.
E, expression patterns of HIF1 EC and TC genes in hypoxic condition. ***, binomial test, p � 0.001.
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activated by BACH1 (supplemental Fig. S1A), arguing that
BACH1 is the common regulator of this transcriptional mod-
ule. To test whether the genes activated by BACH1 are its direct
targets, we performed chromatin immunoprecipitation (ChIP)
assays inHeLa and SCP4 cells to analyze the physical binding of
BACH1 on the gene promoters. BACH1 was overexpressed
with an HA tag in the cells, and DNA fragments bound by
BACH1 were immunoprecipitated with the anti-HA antibody.
The promoter regions containing the BACH1 binding sites of
the six TC genes that were significantly activated by BACH1
and three other TC genes (PGK2,MMP3, andCTGF) that were
modestly regulated by BACH1were analyzed by PCR following
ChIP. A nonspecific region without any surrounding BACH1
binding site was used as the negative control. The ChIP analysis
showed that the promoter regions of all but one gene (LRRC2)
were indeed enriched by BACH1 immunoprecipitation (Fig. 4E
and supplemental Fig. S1B). In contrast, no enrichment was
found when an empty HA vector was transfected into the cells
(data not shown).
Interestingly, when we performed unsupervised hierarchical

clustering of the MDA231 sublines with varied metastasis ten-
dencies using the expression pattern of BACH1-regulated

module genes, the cancer cells were segregated in a way that
clearly reflected themetastasis behaviors of these cells. In addi-
tion, when BACH1 was turned on in the weakly metastatic
SCP4 cells, the cell line was relocated from the weakly meta-
static group to the highly metastatic group by the clustering
analysis (Fig. 4F and supplemental Fig. S1C), indicating a regu-
latory role of BACH1 and its target genes in tuning the metas-
tasis ability of cancer cells.
BACH1Regulation of theMMP1Promoter—Among the con-

firmedBACH1direct targets,MMP1waswell recognized for its
role in tissue remodeling, tumor progression, and invasion (44)
and specifically, the osteolytic bone metastasis of breast cancer
(4, 45). Therefore, we chose MMP1 to further study BACH1
regulation of metastasis genes. MMP1 has been shown to be
up-regulated in highly metastatic MDA231 sublines such as
SCP2, as compared with the weakly metastatic counterparts
including SCP4 (4). We constructed a luciferase reporter plas-
mid with theMMP1 promoter region spanning from�4334 bp
to �65 bp (Fig. 5A) and first tested its activity in MDA231
sublines. Luciferase analysis showed that theMMP1 promoter
was more active in SCP2 than in SCP4 (Fig. 5B), indicating that
this gene was transcriptionally regulated in these cells. To fur-

FIGURE 3. The BACH1 transcription module. A, the network view of BACH1 module. Note that several BMS genes (red font) were included in the module.
B, expression of BACH1 EC genes in various cell conditions. C, GSEA of BACH1 EC genes in bone metastasis. D, expression heatmap of BACH1 EC genes in breast
cancer cells with varied capabilities of bone metastasis. N/D, not determined. E, the number of BACH1 putative target genes in EC. F, BACH1 expression in highly
metastatic and lowly metastatic breast cancer cells. NES, normalized enrichment score.
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ther study the mechanism of MMP1 regulation, we created a
series of MMP1 promoter truncation constructs (Fig. 5A) to
map out the functional cis-elements. Deletion of the region
upstream of �272 bp from the transcription start site did not
significantly affect the promoter activity, whereas removal of
the segment from �272 bp to �63 bp completely abolished
the transcriptional activity (Fig. 5C), suggesting the exis-
tence of cis-elements regulating MMP1 expression in this
region. Furthermore, ectopic BACH1 expression in SCP4,
SCP2, and 293T cells, via either inducible or constitutive
overexpression systems, was able to turn onMMP1 promot-
ers (Fig. 5, D–G). There was a BACH1 binding site at �71 bp
and an AP-1 binding site at �181 bp, which contains a core
sequence similar to that of BACH1 binding site, in the func-
tional region of theMMP1 promoter. We mutated these two
sites and a PEA-3 binding site as a control (Fig. 5B). BACH1
site mutation, but not AP-1 or PEA-3 site mutations, abol-
ished the activating effect of BACH1 on MMP1 promoter
activities (Fig. 5, F and G). Furthermore, BACH1 site muta-
tion, rather than the AP-1 site mutation, diminished the
transcriptional activity of MMP1 promoter (Fig. 5C). In
addition, the DNA region tested in the ChIP assay forMMP1
promoter (Fig. 4E) was also the fragment containing this
BACH1 binding site. Together, our data demonstrated that
BACH1 regulated MMP1 transcription in the bone-meta-
static cells via binding to the �71 bp site.

BACH1 Regulates Breast Cancer Cell Invasiveness and Bone
Metastasis—To study whether BACH1 functions to regulate
breast cancer metastasis as our bioinformatic analysis indi-
cated, we tested the effects of BACH1 inducible overexpression
on cancer cell migration and invasion. When BACH1 expres-
sion was suppressed by doxycycline in SCP4, no significant
changes were observed on cellular migration or invasion as
comparedwith the parental SCP4 cells.However, whenBACH1
was activated by doxycycline removal, the cells appeared more
migratory and invasive (Fig. 6A). To further study the func-
tional role of BACH1 in metastasis, we depleted its expression
in the highly metastatic cells SCP2 with a Tet-On shRNA sys-
tem, in which the BACH1-targeting shRNAwas expressed only
when doxycycline was supplied in the culture medium. Real-
time PCR andWestern blot assays showed that doxycycline addi-
tion significantly suppressed the expression of BACH1 in SCP2
cells when the cells were transfected with the shRNA construct,
but doxycycline itself could not reduce BACH1 expression (Fig. 6,
B and C). As expected, BACH1 depletion, but not doxycycline
addition, reduced the invasion of cancer cells (Fig. 6D).
To assess the in vivo function of BACH1 on bone metastasis,

SCP2 cells with inducible BACH1 shRNA were stably labeled
with a luciferase-expressing retrovirus and injected into the left
ventricle of nude mice for in vivo bone metastasis analysis. The
mice were fed with doxycycline-containing water to shut down
BACH1 expression and examined every week after injection by
bioluminescent imaging to analyze the metastasis of cancer

FIGURE 4. BACH1 module genes were regulated by BACH1. A, Western blot (top) and Northern blot (bottom) analysis of BACH1 and the module genes in SCP4
parental cells and the cells with BACH1 inducible overexpression. B, the mRNA expression levels of BACH1 and the module genes after BACH1 induction. HMOX1
is a gene known to be repressed by BACH1. C, the number of genes regulated by BACH1 in the EC and TC sets. ***, binomial test, p � 0.001. D, GESA of BACH1
EC (top) and TC (bottom) genes after BACH1 induction. The genes were ordered by the expression fold changes after BACH1 induction in descending order from
left to right. E, ChIP analysis of BACH1 module genes in HeLa cells with HA-BACH1 overexpression. F, unsupervised clustering analysis of SCP4 with inducible
BACH1 overexpression (black) and cells with strong (red), medium (yellow), and weak (green) metastasis tendencies by BACH1-regulated EC genes. NES,
normalized enrichment score; Ctrl, control.
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cells to different organs. Using human-specific real-time PCR
primers, we confirmed that BACH1 expression in the cancer
cells was effectively knocked down by doxycycline feeding of
the animals (Fig. 6B). Doxycycline addition was also able to
suppress SCP2 metastasis to limbs, spine, and skull (Fig. 6, E
and F). At the 5th week post injection, the bone metastasis
burden from SCP2 with doxycycline feeding was over 10-fold
weaker than the control group (Fig. 6F). We also analyzed the
effect of BACH1 in bone metastasis by overexpressing it in a
mildly metastatic MDA231 derivative cell line SCP28 (4).
BACH1 overexpression led to a significant increment in the
metastatic capability of SCP28 (Fig. 6, G and H). Histology
staining, as well as micro-CT and x-ray imaging analyses dem-
onstrated obvious bone damages in the animal limbs by the
overexpression cells, arguing a regulating role of BACH1 in
breast cancer bone metastasis.
Clinical Relevance of the BACH1Module—To study the clin-

ical significance of BACH1-regulated transcriptionmodule, we
analyzed the expression pattern of module genes in the pub-
lished EMC patient cohort for which the patient follow-up
information of organ-specific metastasis was available (7, 8).
The patients were stratified according the expression pattern of
the 11BACH1-regulated ECgenes andwere compared for their
metastasis-free survival. The patients with the expression pat-
tern similar to that in the BACH1-ovexpressing cells suffered
earlier bone metastasis and overall metastasis than other
patients (Fig. 6I and supplemental Fig. S2A). Interestingly, sur-

vival analysiswith the expression levels of any individual gene in
this EC set did not significantly segregate the patients with dif-
ferent clinical outcomes. Only the expression pattern of the
whole gene set predicted the patient prognosis (supplemental
Table S5). The prognosis significance of the EC set was also
seen to predict lungmetastasis, albeit to a lesser extent (supple-
mental Fig. S2B). Similar results were observed when the anal-
yses were performed using the BACH1-regulated TC genes
(supplemental Fig. S2, C and D, and supplemental Table S5).
We further tested the prognosis power of BACH1 module in
the NKI breast cancer clinical data set (2, 7). There were only
eight genes in the BACH1-regulated EC setmatched to theNKI
microarray platform. Similar results were observed when the
NKI patients were stratified by the expression pattern of these
genes; the expression pattern of the whole set, but not the indi-
vidual genes, was correlated to worse outcomes in bone metas-
tasis, as well as lung metastasis, overall metastasis, and overall
survival of the patients (supplemental Table S5 and supplemen-
tal Fig. S3). These results not only demonstrated the robustness
of BACH1 module for prognosis prediction but also suggested
that the prognosis power was from the collective action of this
module, but not the individual genes. The mRNA levels of
BACH1 itself did not seem to be correlated to metastasis in
these microarray data sets, probably due to the complication of
post-transcriptional modification in these data sets. Therefore,
we analyzed BACH1 expression in another cohort of breast
cancer patients with prognosis information fromQilu Hospital

FIGURE 5. MMP1 was a transcription target of BACH1. A, the MMP1 promoter and its truncation and site mutation constructs for luciferase reporter analysis.
B, MMP1 promoter activities in SCP2 and SCP4. C, the transcriptional activities of MMP1 promoter with serial truncation and binding site mutation in SCP4.
D, the transcriptional activities of MMP1 wild type promoter (�4334) in SCP4 transfected with inducible BACH1 or control plasmids. E, MMP1 wild type promoter
(�4334) activities in SCP2 with or without constitutive BACH1 overexpression. F, the transcriptional activities of different MMP1 promoters in SCP4 with or
without BACH1 constitutive overexpression. G, the transcriptional activities of MMP1 promoters in 293T cells with or without BACH1 overexpression. *, p � 0.05;
**, p � 0.01 by Student’s t test.
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of Shandong University (see details under “Experimental Pro-
cedures”). Because the BACH1 antibody available to us was not
suitable for immunohistochemical analysis, we had to perform
real-time PCR to assess the mRNA levels of BACH1 in these
patients. In this data set, BACH1 expression was significantly
linked to worse overall metastasis-free survival (Fig. 6J). We
also analyzed the correlation of BACH1 and its module genes
with ER, PR, HER2, and triple negative status in the EMC
cohort for which the tumor molecular subtype information is
available. The expression of BACH1 and the whole module
was not linked to any of these parameters (supplemental Fig.
S4). Importantly, the BACH1 module retained its prognosis
power in the multivariate Cox analysis together with these
parameters (supplemental Table S6). Therefore, our clinical
analysis demonstrated that BACH1 and its transcriptional
module genes were prognosis factors for breast cancer
metastasis.

DISCUSSION

A well recognized caveat of gene expression analysis is that
microarray data are only a snapshot of the transcriptome and
thus not optimal to probe the regulatory activities of TFs. This
is because 1) the activity changes of some TFs might be subtle
but significant due to the synergistic effects of multiple down-
stream genes. However, this subtle changes could bemasked by
the vast noise ofmicroarray data; 2) TFs are among the proteins

that tend to be subject to post-transcriptional modification
such as phosphorylation, degradation, and translocation, which
are neglected by the microarray survey; 3) the transcriptome
snapshot cannot reveal the transient changes of regulatorymol-
ecules. Therefore, TFs tend to escape from the screening by
gene expression differential analysis (4). Transcriptional net-
work analysis, which reconstructs the dynamic interactions
between the TFs and their targets, is able to pinpoint the regu-
latory molecules that work via the collective action of multiple
downstream mediators and therefore is a useful alternative for
differential expression screening. Previous efforts, such as the
studieswith theARACNe algorithm, have proven the feasibility
of this strategy (18–22, 24). However, the transcriptional net-
work analysis to reveal master regulators of metastasis, one of
the most complicated biological processes, is yet to produce
experimentally validated discovery. Furthermore, ARACNe
algorithm is characterized by measuring the dependences
between TFs and the target genes with their pair-wise mutual
information, which is calculated from the expression levels of
TFs and target genes. Therefore, this method still relies on the
accuracy of mRNA measurements of TFs and thus will not be
able to discover the TFs whose activity changes are not faith-
fully recapitulated by microarray. Our analysis took a bot-
tom-up approach by first searching for the target genes that
were regulated by an unknown TF and thus averted the depen-

FIGURE 6. BACH1 was a regulator of breast cancer metastasis to bone. A, Trans-well invasion and migration analyses of SCP4 cells with and without BACH1
induction. B, BACH1 expression levels in SCP2 cells with inducible BACH1 shRNA or control (Ctrl) vectors and in the metastasis tumors in mice implanted with
SCP2 shRNA cells. KD, knockdown. C, BACH1 protein levels in SCP2 cells with inducible BACH1 shRNA or control vectors. D, Trans-well invasion of the SCP2 cells
as described in C. E, in vivo analysis of SCP2 metastasis capabilities. Shown are representative mice at day 0 and day 35. F, bioluminescence imaging quantifi-
cation of SCP2 bone metastasis burden (10 mice per group). G, in vivo analysis of bone metastasis after BACH1 overexpression in SCP28 cells. Shown are the
hematoxylin and eosin (H/E) staining, micro-CT, and x-ray analyses of animal hind limbs 5 weeks after cancer cell implantation. Areas circled by dotted lines
denote the tumor regions, and arrows indicate the regions of bone damages. Scale bar, 400 �m. H, bioluminescence imaging quantification of SCP28 bone
metastasis burden. I, bone metastasis-free survival (BMFS) analysis of the EMC patients stratified with the expression pattern of BACH1-regulated EC genes. HR,
hazard ratio. J, metastasis-free survival (MFS) analysis of the Qilu cohort with BACH1 expression. *, p � 0.05; **, p � 0.01 by repeated measures analysis of
variance. Dox, doxycyclin.
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dence on TF mRNA quantification. This feature was demon-
strated by the three transcriptional modules identified in our
study, for which the expression levels of the TFs were either not
associated with metastasis at all (HIF1 and Smad4), or rather
weakly (BACH1), and therefore could not be found by differen-
tial analysis. Thus, our analysis algorithmprovided an approach
to uncover the elusive regulators not only for cancer metastasis
but also for other biological processes that require multigenic
synergism.
Two of the top four modules identified by the network

reverse engineering analysis, HIF1 and Smad4, have been
shown to be master regulators of breast cancer metastasis.
Together with BACH1 that was validated here, these transcrip-
tionmodules demonstrated a high level of reliability of the pre-
diction from the bioinformatic analysis. This could be due to
both the carefully designed analysis approach and the quality of
the microarray data set used in the analysis. In our analysis, we
used the expression data set from a large collection ofMDA231
isogenic sublines. These cells shared the same genetic back-
ground but varied with theirmetastasis proclivities, allowing us
to search for themetastasis-disturbing factorswhile at the same
time minimizing non-relevant alterations. Previously, Califano
and colleagues (24) analyzed the NKI and Wang data sets of
breast cancer clinical samples to search for metastasis regula-
tors. Although they showed that theTFs identified in their anal-
ysis classified breast cancer samples of different prognosis with
cross-data set generality, the functional roles of these TFs in
metastasis were not validated, which is at least partially due to
the complication by the extensive diversities in patient genetic
background and the molecular subtypes of breast cancer in the
clinical data sets.
At the time of our bioinformatic analysis, BACH1 had not

been linked to any processes of cancer progression. Therefore,
BACH1 appeared as a novel TF from the analysis and was vali-
dated by our experimental assays. BACH1 regulated four BMS
genes,MMP1,CXCR4, DUSP1 and FHL1, amongwhichMMP1
andCXCR4had beenproven as functional drivers ofmetastasis.
In addition, five other genes in BMS were also activated by
BACH1, only to a lesser extent (supplemental Table S4). Con-
sistent with its transcription activity, BACH1 overexpression
promoted the migration and invasion of cancer cells, whereas
knockdown significantly suppressed these processes. We also
noticed that most recently two studies reported BACH1 in the
context of cancer progression (42, 43). Alvarez et al. (42) pre-
dicted that BACH1 might be a regulator of the prostate cancer
marker ACPP, although this was not experimentally verified.
Yun et al. (43) reported that BACH1 is a pro-metastatic gene
and a direct target of the tumor-suppressive microRNA Let-7.
We showed that BACH1 depletion resulted in significant
reduction of experimental metastasis, and more importantly,
the expression ofBACH1 and its target genes were linked to the
metastasis probability of clinical samples. Although individual
BACH1 module genes were not prognostic for clinical metas-
tasis, their overall expression pattern consistently predicted
metastasis and patient deaths inmultiple data sets, which again
argues the role of BACH1as amaster regulator of cancermetas-
tasis. Therefore, BACH1 may provide us an important target
for breast cancer diagnosis and therapeutic intervention.
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