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The regulation of gene expression in response to environmen-
tal signals and metabolic imbalances is a key step in maintaining
cellular homeostasis. BTB and CNC homology 1 (BACH1) is a
heme-binding transcription factor repressing the transcription
from a subset of MAF recognition elements at low intracellular
heme levels. Upon heme binding, BACH1 is released from the
MATF recognition elements, resulting in increased expression of
antioxidant response genes. To systematically address the gene
regulatory networks involving BACH1, we combined chromatin
immunoprecipitation sequencing analysis of BACH1 target
genes in HEK 293 cells with knockdown of BACH1 using three
independent types of small interfering RNAs followed by tran-
scriptome profiling using microarrays. The 59 BACH1 target
genes identified by chromatin immunoprecipitation sequencing
were found highly enriched in genes showing expression
changes after BACH1 knockdown, demonstrating the impact of
BACHLI1 repression on transcription. In addition to known and
new BACHI1 targets involved in heme degradation (HMOXI,
FTL, FTH1, MEI, and SLC48A1) and redox regulation (GCLC,
GCLM, and SLC7A11), we also discovered BACH]1 target genes
affecting cell cycle and apoptosis pathways (ITPR2, CALM]I,
SQSTM1, TFE3, EWSR1, CDK6, BCL2L11,and MAFG) as well as
subcellular transport processes (CLSTNI1, PSAP, MAPT, and
vault RNA). The newly identified impact of BACH1 on genes
involved in neurodegenerative processes and proliferation pro-
vides an interesting basis for future dissection of BACH1-medi-
ated gene repression in neurodegeneration and virus-induced
cancerogenesis.

The coupling of key metabolic activities and gene expression
is central to the coordination of cellular homeostasis. The tran-
scriptional repressor BTB and CNC homology 1 (BACH1) is a
heme-binding protein belonging to the cap‘n’collar type of
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basic leucine zipper factors and constitutes a major link
between the cellular heme level, the redox state, and the tran-
scriptional response. BACHI1 was identified as a key player in
the physiological regulation of oxidative stress, where it acts as
a repressor of its main target, HMOX1 (1), the rate-limiting
enzyme of the heme degradation pathway that cleaves heme to
form ferrous iron and biliverdin, which is subsequently con-
verted to bilirubin, a potent radical scavenger, and carbon
monoxide.

Although heme is essential to life, it can exert toxic effects
through its ability to catalyze the formation of reactive oxygen
species, whose action is counterbalanced by HMOX1. The reg-
ulation of HMOX1 expression involves a direct sensing of heme
levels by BACH1, an analogy with the lac repressor sensitivity
to lactose, generating a feedback loop whereby the substrate
effects a repressor-activator antagonism (2). Heme induces
export of BACHI1 from the nucleus into the cytoplasm (3),
where BACHI can be sequestered at microtubules (4). Finally,
BACH1 is ubiquitinated and degraded (5). Other BACHI tar-
gets include the NAD(P)H menadione oxidoreductase 1 (6), the
ferritin heavy and light chains, as well as thioredoxin reductase
1 (7) and the glutamate-cysteine ligase catalytic and modifier
subunits (8). In the mouse, Bachl can bind the p53 apoptosis
effector Perp and the cyclin-dependent kinase inhibitor 1A
together with p53, resulting in negative regulation of oxidative
stress-induced cellular senescence (9). Several lines of evidence
suggest the involvement of BACHI in neurodegenerative dis-
eases and cancer. Among other proteins involved in the heme
degradation pathway, HMOX1 and the biliverdin reductases A
and B were proposed as serum biomarkers for the early detec-
tion of Alzheimer disease (10). Furthermore, BACH1 expres-
sion was down-regulated by microRNAs in viral infection-as-
sociated cancerogenesis (11-13).

At low heme levels, BACH1 forms heterodimers with small
MATF proteins and functions as a competitive repressor at MAF
recognition elements (MAREs).” In this, BACH1 competes
with nuclear factor erythroid-derived 2-like 2 (NFE2L2, also

2The abbreviations used are: MARE, MAF recognition element; ChIP-seq,
chromatin immunoprecipitation sequencing; esiRNA, endoribonuclease-
prepared siRNA; RPKM, reads per kilobase and million reads; TSS, transcrip-
tion start site; GCLC, glutamate-cysteine ligase catalytic; GCLM, glutamate-
cysteine ligase modifier; MAFG, musculoaponeurotic fibrosarcoma
oncogene homolog G; MAPT, microtubule-associated protein Tau; PSAP,
prosaposin.
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termed NRF2), which acts as a transcriptional activator at
MAREs together with small MAFs (14). NFE2L2 controls the
expression of genes associated with antioxidant response ele-
ments encoding, among others, a number of phase II detoxifi-
cation enzymes. NFE2L2 is recognized as master redox switch
in turning on the cellular signaling involved in the induction of
cytoprotective genes in response to oxidative stress. The bind-
ing of NFE2L2 to antioxidant response elements is regulated
through competition with Kelch-like ECH-associated protein 1
(KEAP1) and BACH1 (8, 15, 16). However, the full subset of
MARE-driven genes regulated by BACH1I has not been charac-
terized systematically, although BACH1 knockdown by arsen-
ite identified a small set of potential genes (17).

To address the global gene regulatory networks involving
BACH]1, we performed chromatin immunoprecipitation fol-
lowed by high throughput deep sequencing (ChIP-seq) as well
as knockdown of the BACH1 transcription factor in HEK 293
cells using three independent small interfering RNAs. The inte-
gration of the genome-wide data sets allowed the identification
of transcriptional regulatory networks targeted by BACH1 to
outline associated metabolic and signal transduction pathways.

EXPERIMENTAL PROCEDURES

Additional information on the experimental procedures can
be found in the supplemental material.

Chromatin Immunoprecipitation, Library Construction, and
Sequencing—Chromatin immunoprecipitation from HEK 293
cells was performed as described previously (18) using a well
characterized goat polyclonal BACHI1 antibody (sc-14700X,
Santa Cruz Biotechnology). The input and ChIP DNA were
used for preparation of sequencing libraries according to the
manufacturer’s instructions for the Illumina Genome Analyzer,
with some modifications. After PCR preamplification, size
selection was performed by agarose gel electrophoresis, exci-
sion, and purification of DNA fragments in the range of 150 —
250 bp. The purified libraries were sequenced on an Illumina
1G Genome Analyzer.

Genomic Alignment of Reads and Peak Calling—Sequencing
reads were aligned to the human genome (UCSC hg18) using
the Eland algorithm allowing up to two mismatches without
insertions or deletions, resulting in 8,153,703 ChIP reads and
8,008,492 control reads with unique match to the genome.
Redundant reads were removed for identification of candidate
peak regions using QUEST-2.4 (19). After removal of artifactual
peaks, we obtained a final list of 84 BACH1-bound genomic
regions.

Analysis of Binding Motifs, Conservation Scores, and Nearby
Genes—The 300-bp genomic sequences surrounding each peak
were extracted for MEME motif over-representation analysis
(20) with default parameters. The strongest log-odds matrix
from the MEME output was compared with known motifs in
the Transfac data base using TOMTOM (21) and was used for
MAST motif search (22) in the peak sequences. Average con-
servation scores for peaks and DNA-binding motifs were deter-
mined using Galaxy (23) with phastCons on 17-species multiZ
alignment of UCSC hgl18. Conservation plots were obtained
from the cis-regulatory element annotation system (CEAS)
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(24). Nearby RefSeq genes within 15 kb of the peak regions were
annotated using CisGenome version 1.2 (25).

Inhibition of BACHI Expression by RNA Interference—RNA
interference experiments for BACH1 were performed using
three independent types of silencing molecules against BACH1,
one unmodified synthetic small interfering RNA (siRNA1, Qia-
gen SI00309876), one chemically modified synthetic small
interfering RNA (siRNA2) (HSS100910, Invitrogen), and
one independent high complexity pool of 20-30-bp
siRNA-like molecules (esiRNA). HEK 293 cells were seeded in
12-well plates together with esiRNA-HiPerFect complexes or
siRNA-HiPerFect complexes according to the HiPerFect fast
forward protocol (Qiagen). For the mock transfections, cells
were treated with HiPerFect reagent only. Knockdown trans-
fections were performed in triplicates and mock transfections
and nontransfections in quadruplicate.

RNA Extraction, Reverse Transcription, and Hybridization on
Microarrays—Total RNA was extracted from cultured cells at
24 and 72 h post-transfection using the RNeasy mini kit (Qia-
gen) following the manufacturer’s instructions. All RNA sam-
ples were DNase-treated, purified, quantified, and inspected for
integrity. For quantitative real time PCR analysis, complemen-
tary DNA was prepared from total RNA. Reverse transcription
reactions were performed with random hexamer primers and
SuperScript Il reverse transcriptase (Invitrogen). For hybridiza-
tions on microarrays, biotinylated cRNA was synthesized using
the GeneChip expression 3’ amplification one-cycle target
labeling and control reagents (Affymetrix). Following integrity
control, the cRNA was hybridized to the Affymetrix GeneChip
HG-U133Plus2. The arrays were washed, stained, and scanned
following recommended protocols from Affymetrix.

Analysis of Gene Expression Changes after BACHI Knock-
down—The knockdown efficiency of each silencing molecule
was measured 24 and 72 h after transfection, both at the
BACH1 mRNA and protein level. The genome-wide expression
changes from the BACH1 knockdowns were analyzed in tripli-
cate, together with four controls (mock transfections). The
array probe intensities from the knockdown samples were nor-
malized together with those from the control samples using
GCRMA from the R/Bioconductor package (26). Probes with
significant expression changes were defined by a p value<0.05
from ¢ test and expression ratio >1.3 or <0.75. Genes with
significant expression changes were defined by significant
changes of the same probes among at least two of three different
RNAI experiments. Gene ontology enrichment analysis among
up-regulated genes was performed using the DAVID Bioinfor-
matics Resources 6.7 (27).

Quantitative Real Time PCR Analysis—The ChIP enrich-
ment as compared with input DNA was calculated from quan-
titative real time PCR results as fold-enrichment according to
the AACt method (28). PCR was performed in triplicate using
SYBR Green (Applied Biosystems) with 20 pg/ul ChIP or input
DNA. The primer sequences can be found in the supplemental
material. The knockdown efficiency for the BACH1I mRNA
and expression changes of the vault RNAs VITRNA1-1 and
VTRNAI-2 was calculated from quantitative real time PCR
results as fold-changes compared with B-actin (ACTB) accord-
ing to the AACt method. PCR was performed in triplicate using
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SYBR Green (Applied Biosystems) with a cDNA concentration
of 12.5 ng/ul RNA equivalent from reverse transcription. The
primer sequences can be found in the supplemental material.

Correlation between ChIP-seq Reads and Expression Ratios—
ChIP-seq reads were quantified in reads/kb and million aligned
reads values (RPKM) as described before (29). Mean expression
ratios from the different RNAi experiments were calculated as
arithmetic mean of the individual ratios. The S.E. was calcu-
lated as the root of the mean squared S.E. of the individual RNAi
experiments. To assess the correlation between RPKM values
and RNAI expression ratios, we calculated Pearson’s correla-
tion coefficients and Spearman’s rank correlation coefficients.

Transcription Factor Affinity Prediction in Promoter Se-
quences—Promoter sequences of 2 kb length, stretching 1.8 kb
upstream to 200 bp downstream of the respective TSS, were
used for transcription factor affinity prediction as described
before (30) using 554 transcription factor binding matrices in
TransFac (version 12.1) and a human promoter-based back-
ground model. p values for the individual sequences were com-
bined by Fisher’s method and multiple test-corrected according
to Benjamini-Hochberg. The top-ranking factors described
under “Results” met the additional thresholds of a combined
and corrected p <10~ > and a mean affinity score across the
whole sequence sets of at least 0.01 (for up-regulated genes) or
0.005 (for down-regulated genes).

RESULTS

Genome-wide Characterization of BACHI-binding Sites in
HEK 293 Cells—W e identified the genome-wide gene targets of
BACHI by ChIP-seq experiments in HEK 293 cells, taking
advantage of the endogenous expression of BACH1 in this cell
line (31). We obtained a 137-fold enrichment of the known
BACHI-binding enhancer region upstream of the HMOX1I
gene (supplemental Fig. 1). We compared the sequencing out-
put (Illumina Genome Analyzer GA1) of the enriched ChIP
DNA with that of the control (input) DNA. From 8.15 million
reads with unique alignment to the human genome, we identi-
fied 84 significantly enriched regions defining sharp peaks of
ChIP reads (see supplemental Table 1) using the QUEST-2.4
package (19). For validation, we performed quantitative real
time PCR analysis of 10 BACHI target regions ranging from
weak to strong binding based on the read density, using the
DNAs from two independent ChIP experiments. The ChIP-seq
and the ChIP-quantitative real time PCR results showed a
strong correlation (R* = 0.878; supplemental Fig. 2), demon-
strating experimental reproducibility among biological repli-
cates using different experimental techniques.

We proceeded to the discovery of transcription factor bind-
ing motifs in the 300-bp sequences around all BACH1 peaks
using the MEME algorithm (20). We identified a highly signif-
icant sequence motif (E = 10~ 2°%, Fig. 1A4) reminiscent of three
previously known motifs, namely that of BACH1 deduced from
invitro studies (32) and those of its competitors NFE2L2 (1) and
NRF1:MAFG (33). However, the newly identified consensus
sequence captured the in vivo binding motif more accurately
and differed by three nucleotide positions from the previously
reported BACH1 motif (Fig. 1A4). This binding motif was found
present in 80 of the 84 identified peaks. About half of these
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FIGURE 1. BACH1-binding motif comparison, occurrence, and conserva-
tion. A, top motif identified by MEME analysis of the ChIP-seg-enriched
genomic regions extended the known BACH1 motif (Transfac M00495) by the
three bases GCA. The comparison with all known vertebrate motifs using
TOMTOM analysis revealed highly significant similarity with the known
NFE2L2 motif (Transfac M00821) and the NRF1:MAFG motif (Transfac
MO00284). B, all binding motif occurrences in the ChIP-seg-enriched regions
(n = 145) were determined by MAST analysis using the newly identified
BACH1 motif. More than half of the binding peaks contained only one motif,
although smaller numbers of peaks harbored two, three, or more binding
motifs. C, sequence conservation analysis of the 145 motifs among 17 mam-
mal species revealed a significantly higher mean conservation score for the
motifs compared with the surrounding 2 kb of genomic DNA.
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peaks (55%) contained only one binding motif, whereas the
other peaks harbored two, three, or more motifs (Fig. 1B).
The highest numbers of BACH1-binding motifs were seen in
the promoter of HMOX1 (seven motifs) and of the noncoding
gene AFG3LI (36 motifs).

The resolution of the ChIP-seq approach was high, given that
the average distance between the identified motifs and the
centers of the BACHI1 binding peaks was only 12 bp, with 74%
of the motifs residing within 50 bp around the peak centers. The
genomic binding motif sequences showed a strong conserva-
tion among mammals (phastCons on 17-species multiZ align-
ment), with significantly higher conservation of the motifs than
the surrounding 2 kb of genomic sequence (Fig. 1C). The dis-
tance between adjacent motifs ranged between 1 and 65 bp,
with over-representation of distances of 7 bp (10 motif pairs in
AFG3L1 and 1 in SLC25A10) as well as 21 bp (11 motif pairs in
AFG3L1), pointing to BACH1 homo- or heterodimerization
(see supplemental Fig. 3 for an example region in the AFG3L1
gene). To assess whether the sequencing coverage was high
enough to detect the majority of the BACH1-bound regions, we
calculated the dynamic range of our BACH1 ChIP-seq
approach. After sub-sampling of smaller read populations, we
repeated the peak calling with the same parameters and calcu-
lated the rank abundance curve for the called peaks (Fig. 24).
This saturation analysis showed that eight million aligned reads
were sufficient to call the majority of binding peaks. From
extrapolation of the curve, it could be deduced that doubling
the number of sequencing reads would have increased the
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FIGURE 2. Dynamic range of the BACH1 ChiIP-seq peak calling, enrich-
ment of peaks at genes and transcription start sites. A, rank abundance
curve of the BACH1 peak calling was simulated by repeated peak calling using
subpopulations of all mapped reads. The dynamic range of the curve demon-
strated that most of the peaks occurring in vivo were detected by the exper-
imental set up used here. B, BACH1-bound peaks were found significantly
enriched nearby and within annotated RefSeq genes. C, BACH1 binding
peaks near genes were located mainly in the 5-kb promoter region upstream
of the TSSs and within intronic regions more than 15 kb downstream of the
TSSs.
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number of called peaks by about 20%. Fig. 2A shows that the
vast majority of BACH1-bound genomic regions in HEK 293
cells has been detected here.

Annotation of Target Genes Associated with the BACHI-
bound Regions—To identify the BACH1 target genes, we inves-
tigated the location of the 84 BACH1-bound regions relative to
nearby genes. A total of 67 peaks were located within 15 kb of a
gene (Fig. 2B), of which 28 peaks were in promoter regions or at
the TSS, 32 were intragenic, and 7 were found downstream of
genes. The remaining 17 peaks were located more than 15 kb
away from any annotated genes. Nevertheless, 12 of those peaks
showed conservation among placental mammals, suggesting
that they could be functional. Indeed, in seven cases, the con-
served region was associated with features evoking transcrip-
tional activity, from either neighboring CpG islands (34), TSS
sequencing (35), or expressed sequence tags. Four of these con-
served peaks were located within 5 kb of RNA polymerase IIA-
bound regions in HEK 293 cells, and two of these peaks showed
putative exons defined by mRNA sequencing read clusters
within 15 kb (36). Regarding the five intergenic peaks without
mammalian conservation, we found expressed sequence tags
defining nonannotated potential target genes for four of these,
and nearby mRNA sequencing read clusters for two of these.
Altogether, 67 BACH1 peaks were found associated with
nearby genes, and 16 of 17 intergenic peaks were located in
regions displaying features suggesting transcriptional activity.

We assigned the potential target genes to the 67 peaks close
to genes and identified a total of 59 genes representing the pri-
mary targets of BACH1 in HEK 293 cells according to our ChIP-
seq analysis (see supplemental Table 2). We found all of the
previously known BACHI target genes, including heme oxyge-
nase 1 (HMOX1), the ferritin heavy and light chains (FTHI and
FTL), the NAD(P)H menadione oxidoreductase (NQO?2), and
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the glutamate-cysteine ligase catalytic and modifier subunits
(GCLC and GCLM), except for thioredoxin reductase 1, which
was not bound by BACHLI in this cell line. Newly identified
target genes involved in oxidation-reduction processes were
the malic enzyme ME1, the aldolase ALDOA, and the transke-
tolase TKT. We identified additional target genes involved in
cellular transport processes (including the cationic amino acid
transporter SLC7A11, the mitochondrial dicarboxylate trans-
porter SLC25A 10, the heme transporter SLC48A 1, prosaposin,
and the microtubule-associated proteins Tau and calsyntenin
1). Interestingly, we also identified a significant number of tar-
get genes involved in signal transduction (calmodulin 1 and
COPS6), cell cycle regulation (CDK6, MAFG, EWSRI, and
LRRC8D), and apoptosis (BCL2L11, sequestosome 1, RHBDD3,
and the tumor necrosis factor receptor TNFRSF1A), indicating
an important function of BACHI at the crossroads of cellular
redox control and cell cycle progression.

Three genes were found associated with more than one
BACHLI binding peak (AFG3LI with nine peaks and HMOX1I
and SQSTM 1 with two peaks each), whereas two peaks were
located in the bidirectional promoters of ZNF3/COPS6 and
RHBDD3/EWSRI. In addition to 55 protein-coding genes, we
could annotate two noncoding genes (AFG3LI and ANXA2P2)
and two noncoding vault RNA genes (VIRNAI-I and
VIRNAI-2) as BACHI1 targets. Except for two cases
(KIAA1751 and MXRAS8), all targets were associated with
BACHI-binding motifs. We investigated the distance of the 67
BACHLI peaks near genes relative to the closest associated TSS
(Fig. 2C) and found a preference for the peaks to reside within 5
kb upstream of a TSS. Another fraction of the gene-associated
peaks (45%) were found far downstream (>15 kb) of the respec-
tive TSSs, showing that BACH1 binding is not only found in the
promoter/TSS regions, but also inside genes.

We compared the target genes of BACH1 in HEK 293 with
the recently described list of functional Nfe2l2 target genes in
mouse embryonic fibroblasts (37). Of the 59 BACH1 target
genes in the human cells, 15 genes were also functional Nrf2
targets in the mouse cells. Among those were genes involved in
iron ion homeostasis (HmoxI, Fthi, and Slc48al), redox regu-
lation (Gclm, Gele, Tkt, and Slc7all), cell cycle/apoptosis reg-
ulation (Sgstm1, Itpr2, Mafg, Sema3e, and Tnfrsfla), and intra-
cellular transport (Clstnl and Synj2), as well as Srcrb4d, a
soluble member of the scavenger receptor family. The consid-
erable overlap of BACH1 and Nrf2 target genes between human
and mouse further validates the present data and shows the
strong evolutionary conservation of the core BACH1-NFE2L2
regulatory network.

Gene Expression Changes after Knockdown of BACHI by RNA
Interference—We performed knockdown experiments of
BACHI in HEK 293 cells by means of RNA interference
(RNAi) and interrogated the transcriptome response by
hybridization on microarrays (Affymetrix U133Plus2) at 24
and 72 h post-transfection. We used three different types of
silencing molecules as follows: one high complexity pool of
20-30 bp of siRNA-like molecules (esiRNA) and two inde-
pendent synthetic small interfering RNA molecules without
and with chemical modification (siRNA1 and siRNA2, respec-
tively; see supplemental Methods for details). Three replicate
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RNAi experiments were performed for each silencing molecule,
and four replicates were performed for the controls (mock
transfections, see supplemental Methods). We minimized arti-
factual off-target effects by considering only common targets of
at least two independent silencing molecules. Consequently,
genes with significant expression changes were defined by
changes of the same probes among at least two of three different
RNAIi experiments with an expression ratio >1.3 or ratio <0.75
and a p value <0.05 from ¢ test. Besides, we ruled out the acti-
vation of the interferon response at both time points, based on
the expression analysis of six canonical genes of this pathways
(IFNBI, IRF9, IFITM1, MX1, OAS1, and OAS2), ensuring the
integrity of the dataset.

As expected, we observed a significant reduction of the
BACHI mRNA (down by 74 —78%) with all three silencing mol-
ecules at both time points and a virtually complete knockdown
of the BACH1 protein at 72 h (supplemental Fig. 4). Consistent
with the view that BACH1 is mainly a transcriptional repressor,
760 genes were consistently up-regulated by at least two inde-
pendent siRNA molecules at 24 h post-transfection (Fig. 34 and
supplemental Table 3). Later on at 72 h post-transfection, a
smaller number of 174 genes were significantly increased in
expression (supplemental Table 4), of which 51 genes were
common to those up-regulated earlier. Regarding significantly
down-regulated genes, we identified 147 genes down at 24 h
and 663 genes down at 72h post-transfection (Fig. 3B and sup-
plemental Tables 5 and 6), with 82 genes common to both time
points. We analyzed the genes with expression changes for
enrichment in specific functional categories (Gene Ontology
“biological process”) and found no significantly enriched cate-
gories for the sets of down-regulated genes after 24 and 72 h and
for the up-regulated genes after 72 h. However, we observed
significant enrichment of four categories of biological processes
among the 760 genes with increased expression after 24 h,
namely for genes involved in regulation of gene expression (167
genes, Benjamini-corrected p = 0.0016), protein catabolic pro-
cesses (50 genes, p = 0.0039), negative regulation of cellular
biosynthetic processes (47 genes, p = 0.0043), and regulation of
macromolecule biosynthetic processes (160 genes, p = 0.0046).
Additional information can be found in supplemental Table 7.

A previous siRNA-based knockdown analysis of BACHI in
human skin keratinocyte-derived HaCaT cells identified only
nine up-regulated genes (17), most probably due to the use of
mouse oligonucleotides for microarray printing, which was
sub-optimal for analyzing human RNAs. However, three genes
were found in common with the knockdown performed here,
namely HMOX1, STEAP3, and the interleukin 6 signal trans-
ducer (IL6ST). STEAP3 is the endosomal ferrireductase
required for efficient iron uptake in erythroid cells (38). IL6ST
(alias gp130) has a redox-regulatory role, as it participates in the
cardioprotective IL-6 signaling via the JAK/STAT pathway fol-
lowing hypoxia/ischemia in the heart (39). The STEAP3 and
IL6ST genes were not bound by BACH1 in HEK 293 cells.

To analyze the influence of BACHI1 on the cell cycle, we
inspected the gene expression changes after BACH1 knock-
down for a panel of 87 genes with direct involvement in cell
cycle processes, including cyclins, cyclin-dependent kinases,
cyclin-dependent kinase inhibitors, retinoblastoma, and others
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FIGURE 3. Genome-wide expression changes after knockdown of BACH1
for 24 and 72 h. The BACH1 mRNA was knocked down by RNA interference in
independent experiments using three different silencing molecules. Tran-
scriptome changes after knockdown were monitored by hybridizations on
Affymetrix GeneChip Human Genome U133 Plus 2.0 arrays, which were per-
formed in triplicate for each siRNA together with mock transfections. A, at
24 h post-transfection, 760 genes were found significantly up-regulated with
p < 0.05 and fold-change >1.3 (mean ratio RNAi/mock) for at least two of
three siRNAs, depicted as overlap regions in the Venn diagram. This number
decreased down to 174 genes found up-regulated after 72 h, of which 29%
were common to those identified at the earlier time point. B, at 24 h post-
transfection, 147 genes were found significantly down-regulated with p <
0.05 and fold-change <0.75 for at least two of three siRNAs, depicted as over-
lap regions in the Venn diagram. Of these genes, 56% were also identified
among the larger set of 663 genes found down-regulated after 72 h. C, 59
target genes of BACH1 were sorted by descending mean expression ratio of
RNAi/mock after BACH1 knockdown for 24 h. Eight target genes were found
significantly up-regulated (see Table 1), among these the main BACH1 target
HMOX1.The BACHT and SLC7AT11 mRNAs were found significantly down-reg-
ulated at this time point. D, 59 target genes of BACH1 were sorted by
descending mean expression ratio of RNAi/mock after BACH1 knockdown for
72 h. Seven target genes showed a significant increase in expression (see
Table 1). At this later time point, also the EWSR1 gene exhibited a decrease in
expression, in addition to the down-regulated BACHT and SLC7A11 genes.
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TABLE 1
List of the functional target genes of BACH1 in HEK 293 cells and the correlation of BACH1 binding with associated gene expression changes
RNAi/control RNAIi/control
ChIP-seq normalized mean ratio at 24 h mean ratio at 72 h
Gene symbol Gene name Biological process reads (RPKM)“ +SE?* +S.E?
Genes with lowered expression after BACH1 knockdown
SLC7A11 Solute carrier family 7, member 11 Oxidation reduction 7.8 0.66 * 0.06 0.42 + 0.03
VTRNAI-1 Vault RNA 1-1 Unknown 14.7 NA 0.49 = 0.05
EWSRI1 Ewing sarcoma breakpoint region 1 Cell cycle regulation 8.6 NS 0.71 £ 0.05
Genes with elevated expression after BACH1 knockdown
HMOX1 Heme oxygenase (decycling) 1 Iron ion homeostasis ~ 103.8 2.33 £0.33 7.19 + 1.17
GCLM Glutamate-cysteine ligase, modifier Oxidation reduction 31.1 1.65 = 0.06 2.00 £ 0.23
subunit
TTC23 Tetratricopeptide repeat domain 23 Unknown 7.8 1.84 = 041 NS
FTHI Ferritin, heavy polypeptide 1 Iron ion homeostasis ~ 21.7 1.68 = 0.13 NS
SQSTM1 Sequestosome 1 Apoptosis 10.4 1.58 = 0.10 1.42 + 0.08
TPR2 Inositol 1,4,5-triphosphate receptor, Response to hypoxia 14.3 NS 1.57 £ 0.16
type 2
CALM1 Calmodulin 1 (phosphorylase kinase, §)  Signal transduction 9.4 1.55 £ 0.11 1.43 + 0.09
TFE3 Transcription factor binding to IGHM Cell differentiation 9.0 1.52 = 0.07 NS
enhancer 3
MEI Malic enzyme 1, NADP(+)-dependent, Oxidation reduction 6.9 NS 1.45 + 0.11
cytosolic
AFG3LI AFG3 ATPase family gene 3-like Unknown 16.0 145 *+0.11 NS
1 (Saccharomyces cerevisiae)
ANXA2P2 Annexin A2 pseudogene 2 Unknown 9.0 NS 1.44 * 0.13
r (Pearson correlation coefficient for correlation of RPKM and RNAI ratio)® 0.884 0.990
R, (Spearman’s rank correlation coefficient for correlation of RPKM and RNAI ratio)? 0.333 0.643

“ Reads were quantified in RPKM values as described previously (29).

” The S.E. was calculated as the root of the mean squared S.E. of the individual RNAi experiments (NA means not assessed; NS means not significant).

¢ The Pearson product-moment correlation coefficient was used as parametric measure of statistical dependence to assess how well the relationship can be described using a
linear function. The expression ratios for genes with lowered expression were not included in the tests.

4 Spearman’s rank correlation coefficient was used as a nonparametric measure of statistical dependence to assess how well the relationship can be described using a mono-
tonic function. The expression ratios for genes with lowered expression were not included in the tests.

(supplemental Table 8). We identified expression changes for
13 cell cycle genes. Intriguingly, six of these were cyclin genes
involved in various phases of the cell cycle (namely the cyclins
E2and]Jat24 handthecyclins D2, G2,],L1,and T2 at 72 h after
BACHI knockdown). All of these cyclins were found clearly
down-regulated with fold-changes of 0.38 —0.61. Other down-
regulated cell cycle genes were the S-phase kinase-associated
protein 2 (0.54-fold), BRCA2 (0.57-fold), and retinoblastoma
(also 0.57-fold), whereas only four cell cycle genes were found
moderately up-regulated (BIRCS, CDK2, CDK5R1, and CUL3).
Taken together, these observations point toward an influence
of BACH1 on the cell cycle.

Integration of the ChIP-seq and RNAi Data Sets—We in-
spected whether the direct BACH1-bound target genes showed
expression changes after BACH1 knockdown, pointing out a
direct transcriptional control of gene expression by BACH1
(Fig. 3, C and D). At 24 h post-transfection, eight BACH1-
bound genes showed significantly increased expression, includ-
ing the known target genes HMOX1, GCLM, and FTHI (see
Table 1 for the complete list). The strongest induction was seen
for HMOX1, the major target of BACH1 (mean fold-change
2.33 * 0.33), confirming previous observations that BACH1
acts as strong repressor of HMOX1. At this time point, only one
target gene was significantly decreased in expression, namely
the cystine/glutamate transporter SLC7A11, providing one
example of a putative transcriptional activator role of BACH1.
At 72 h post-transfection, we observed seven genes with
increased expression (see Table 1), among them HMOXI with
much stronger induction (fold-change 7.19 = 1.17). At this
later time point, two BACH1 target genes were significantly
decreased in expression, namely SLC7A11 and the multifunc-
tional Ewing sarcoma breakpoint region 1 gene (EWSRI)
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involved in cell cycle regulation. Altogether, the microarray-
based transcriptome analysis of BACH1 knockdown showed
significant expression changes for 13 of 59 direct target genes.
This is highly significant; the probability to find this or a higher
number of genes with expression changes by random sampling
is p = 0.0005.

We also assessed the expression changes of two noncoding
vault RNA genes (VITRNAI-I and VIRNAI-2), which were
identified as BACH]1 target genes. Those were not represented
on the Affymetrix U133Plus2 arrays and were tested by quan-
titative RT-PCR. We could show that VTRNAI-2 expression
was reduced in one siRNA experiment, whereas VIRNAI-1
expression was significantly reduced by two different siRNA
molecules (Table 1 and supplemental Fig. 5). We observed
another 23 BACH1 target genes with weaker changes in expres-
sion (1.15 to 1.3-fold for up-regulated genes and 0.87 to 0.75-
fold for down-regulated genes) or only one siRNA molecule
resulting in significant fold-change of <0.75 or >1.3 (see sup-
plemental Table 2), which represent an interesting set for
future analyses of an extended BACH1 regulatory network.

Quantitative Impact of BACH1 Binding on Gene Expression—
To quantify the impact of BACH1 binding on target gene
expression, we investigated the gene expression changes and
their possible relationships with the location of BACH1-bind-
ing sites, the number of BACHI1-binding motifs, and the
strength of BACH1 binding. No significant enrichment of
expression changes was found for any specific location of bind-
ing sites upstream, inside, or downstream of the target genes
(results not shown). Regarding the number of BACH1-binding
motifs, we observed that the two genes with exceptionally high
numbers of motifs (AFG3LI1 with 36 motifs and HMOX1 with
seven motifs) were both significantly up-regulated. Apart from
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this, no further correlation was present between the number of
binding motifs and gene expression changes. However, we
identified a putative weak correlation between BACHI binding
strength (ChIP-seq reads normalized to reads per kilobase and
million mapped reads, RPKM) and the expression changes of
the target genes with significant increase in expression after
knockdown, as shown in Table 1. The Pearson correlation coef-
ficients between RPKM values and expression ratios observed
for the up-regulated target genes were r = 0.884 and r = 0.990
for the 24- and 72-h time points, respectively. These coeffi-
cients are skewed due to the large RPKM and expression ratios
for the strongest target gene, HMOXI. As a more robust statis-
tical measure, we used Spearman’s rank correlation coeffi-
cients, which were calculated as Rg = 0.333 and Rg = 0.643 for
24 h and 72 h, respectively, indicating a putative correlation
between BACH1 binding and expression changes of the direct
target genes (see supplemental Fig. 6). Because these coeffi-
cients were derived from relatively few data points, we do not
regard this as a sound correlation.

Secondary Effects Mediated by Co-regulatory Transcription
Factors—Despite the measurable impact of BACH1 on target
gene expression, only a relatively small fraction of genome-wide
expression changes after BACH1 knockdown can be explained
by disruption of the BACH1 repressive function at direct target
genes. To assess the other indirect effects on genes expression
following knockdown, we analyzed the promoter regions of the
up- and down-regulated genes for enrichment of specific tran-
scription factor binding sites. Up-regulation was observed for
883 genes (760 genes after 24 h and 174 genes after 72 h, with 51
genes common to both time points), and down-regulation was
observed for 728 genes (147 genes after 24 h and 663 genes after
72 h, with 82 genes common to both time points). We retrieved
the RefSeq identifiers and transcription start sites for the asso-
ciated transcripts and used the obtained promoter sequences
for transcription factor affinity prediction. For this, we applied
a physical binding model (30) to predict the relative binding
affinities of the 554 vertebrate transcription factor binding mat-
rices in the TransFac data base (version 12.1) to 2-kb promoters
spanning the regions —1,800 bp upstream to 200 bp down-
stream of each TSS (see supplemental Methods for details). Fig.
4 shows the promoter affinity profiles for the top-scoring tran-
scription factors with significantly enriched affinity (p value
<10~ %) to the promoters of the two gene sets, as compared
with a human promoter background model.

The promoters of the 883 genes with increased expression
after knockdown showed enriched binding affinities for NRF1,
ELK1, STATI, and GABP (Fig. 4A4). The identified transcrip-
tion factors, except for STAT1, exhibited a strong binding pref-
erence for the regions around the TSS. The NRF1 protein was
also identified as the top factor with enriched binding affinity
for the promoters of the 728 down-regulated genes (Fig. 4B),
together with the E2F factors E2F1 and E4F1 as well as the
E2F1-TFDP1 complex. The latter transcription factors gener-
ally exhibited broader affinity profiles than those identified for
the up-regulated genes, with less preference for binding at the
TSS. The identification of the MARE-binding factor NRF1 as
top-ranking factor in both data sets shows the enrichment of
MARE-containing promoters among all genes with expression
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FIGURE 4. Top predicted transcription factor binding affinities in the pro-
moters of genes with expression changes after BACH1 knockdown. We
used two sets of promoter sequences for transcription factor motif analysis as
follows: one set from all 883 genes with increased expression after BACH1
knockdown (24 and 72 h combined) and the other set from all 728 genes with
decreased expression (also at both time points). The prediction of transcrip-
tion factor binding was done using 554 binding matrices in TransFac (version
12.1) and a human promoter-based background model. The individual
sequences stretched from — 1800 to +200 bp respective to each TSS. p values
for the individual sequences were combined by Fisher's method and multiple
test-corrected according to Benjamini-Hochberg, giving a natural ranking of
the transcription factors that have the most enriched binding within the
whole sequence sets. A, promoters of 883 up-regulated genes were signifi-
cantly enriched for binding motifs of NRF1, ELK1, STAT1, and GABP. B, pro-
moters of 728 down-regulated genes were significantly enriched for binding
motifs of NRF1, E2F1, the E2F1-TFDP1 complex, and E4F1. C, enriched tran-
scription factors among up-regulated genes are known to be involved in the
regulation of cell growth and proliferation (ELK1 and STAT1) and in mitochon-
drial biogenesis (GABP and NRF1). The enriched transcription factors among
down-regulated genes (NRF1, E2F1, TFDP1, and E4F1) are all known to be
involved in the regulation of the cell cycle.

changes, confirming the usefulness of the transcription factor
affinity prediction.

Interestingly, the cellular processes known to be affected by
the enriched transcription factors support a biological role of
BACHLI in redox regulation and cell cycle control, as shown in
Fig. 4C. Two factors found enriched at up-regulated genes are
ELK1, a part of the MAPK signaling pathway, and STATI, a
main player in JAK-STAT signaling. Intriguingly, ELK1 has
been shown during cellular stress to induce expression of the
heme-regulated inhibitor (HRI), leading to inhibition of protein
synthesis (40). This interconnection of cellular responses to
heme and cell growth is further supported by the identification
of STAT1, which is involved in the induction of heme oxyge-
nase 1 expression following transduction of extracellular sig-
nals controlling cell growth and proliferation (41). Two other
factors with enriched affinity for the promoters of up-regulated
genes are GABP and NRF1, which both are well known master
regulators of mitochondrial biogenesis (42, 43), thus support-
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ing the BACH1 function in cellular responses to oxidative
stress.

As shown in Fig. 4C, the transcription factors found signifi-
cantly enriched in the set of 728 down-regulated genes have all
been previously involved in regulatory networks controlling
cell cycle progression. NRF1 and E2F factors are known to co-
regulate sets of gene regulatory networks involved not only in
mitochondrial biogenesis and metabolism but also cell cycle
control (44). E2F1, as well as the other members of the E2F
family, bind to TFDP1 and regulate the expression of genes that
are required for passage through the cell cycle (45). The finding
that the promoters of the down-regulated genes are enriched
for binding of these factors further suggests an influence of
BACHL]1 on the cell cycle. Our expression analysis data showed
that cyclin E2 is down-regulated after BACH1 knockdown, sug-
gesting a possible mechanism of E2F induction, because E2F
activity can be directly regulated by cyclin E-CDK2 (46). More-
over, we also found among the enriched factors the atypical
ubiquitin E3 ligase E4F1, a key post-translational regulator of
p53 inducing cell cycle arrest but not apoptosis (47). This find-
ing is in line with a report that BACH1 can be recruited to a
subset of p53 target genes and contribute there to inhibit p53-
dependent senescence (9). Taken together, the secondary
effects of BACH1 knockdown are involving a number of tran-
scription factors that can trigger concerted cellular responses
influencing metabolism, mitochondrial biogenesis, cell growth,
and cell cycle progression.

DISCUSSION

In this study, the genome-wide characterization of BACH1
target regions in HEK 293 cells resulted in the sensitive and
specific detection of 84 BACH1-bound genomic regions. Our
data suggests that BACH1 acts as a relatively specific transcrip-
tion factor, as judged by the small number of target regions
compared with other bZIP transcription factors for which up to
several thousands of peaks have been observed (18, 37, 48).

Selectivity and Cooperativity of Genomic BACHI Binding—
The BACH1 DNA-binding motif identified here extends the
previously known TGACTCA motif by the three bases GCA.
The known motifs of the competitors of BACH1, namely NRF1
and NFE2L2, also contain these GCA bases, but with a smaller
weight than the BACH1 motif. We suggest that the previously
observed dominance of BACH1 repressor activity over NFE2L2
activator activity (1) is due to a stronger binding affinity of
BACH1 at its target genes, effectively keeping target gene
expression at low levels under normal conditions. Nine
BACH1-bound regions harbored two or more BACH1 motifs
located 7 or 21 bp away from each other, supporting the func-
tionality of a recently discovered BACH1 homodimer interac-
tion surface (49). In line with this observation, the two BACH1
target genes with the highest number of ChIP-seq reads were
both found associated with several adjacent BACH1 muotifs,
namely HMOXI (seven motifs) and AFG3L1 (36 motifs).
HMOX1 also showed the strongest observed expression
changes after BACH1 knockdown, whereas AFG3L1 was only
moderately dysregulated.

Location and Impact of BACHI Binding to Target Genes—
Our analysis of the confirmed functional BACH1 targets,
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defined by the combination of BACH1 binding and expression
changes after BACH1 knockdown, indicated that most active
targets harbor the binding sites in their promoter region. Nev-
ertheless, we observed several cases where functional binding
sites were either intragenic or downstream of the nearest gene.
An interesting subset of 17 BACHI target regions was found
located in genomic regions devoid of any annotated gene. Nev-
ertheless, several of these sites showed sequence conservation
among mammals, CpG islands, or expressed sequence tags sug-
gesting potential transcriptional activity. Additional BACH1
functions may emerge from in-depth analysis of these anony-
mous binding sites.

Our approach identified all previously known BACH1 target
genes except for the thioredoxin reductase 1 (7) and the
NAD(P)H dehydrogenase quinone 1 (6), which exhibited no
BACH1 binding in HEK 293 cells. In addition, we could anno-
tate 50 novel BACHL1 target genes. A highly significant fraction
of the BACH1 target genes (14/59) showed expression changes
after BACH1 depletion. Two of the functional BACH1 target
genes (SLC7A11 and EWSRI) showed reduced expression after
BACH1 knockdown, suggesting a potential activating role of
BACHI1. We observed no significant up- or down-regulation
for the remaining 45 direct targets, although several of these
genes showed a strong BACH1 binding (supplemental Fig. 7).
Here, the repressive effect of BACH1 may not be completely
alleviated by the knockdown in our experiments, leaving the
possibility that the remaining BACH1 molecules could still
exert repressive effects. Also, BACH1 binding may be present
only in a subpopulation of the cells, so that associated gene
expression changes are diluted among the entire population,
where microarrays are not sensitive enough to detect subtle
changes. In addition, tissue- or cell type-specific effects might
render these targets nonfunctional in HEK 293 cells, although
they might be active in a more complex structure such as the
tissue in an organism in response to additional stimuli.

Genome-wide Effects of BACHI on Transcription—As ex-
pected, the majority of genes with expression changes after 24 h
of BACH1 knockdown showed increased expression, confirm-
ing previous observations that BACH1 acts mainly as a tran-
scriptional repressor (8, 17). Interestingly, only 1% of these
increases in expression could be attributed to direct BACH1
binding. The repressive effects of BACH1 appear to be multi-
plied through one or several of its direct target genes encoding
transcription factors (for example TFE3) or signaling proteins
(such as SQSTM 1, ITPR2, and CALMI) mediating downstream
effects. Although we are still missing conclusive hints how this
repression could proceed in detail, we were able to pinpoint a
number of potential secondary transcription factors with
impact on mitochondrial biogenesis (GABP and NRF1) as well
as cell growth and proliferation (ELK1 and STAT1) that could
mediate the observed transcriptome changes at 24 h after
knockdown.

Somewhat unexpectedly, the transcriptome changes at a
later time point, 72 h after BACH1 knockdown, showed mainly
a reduction in gene expression. The transcription factors that
may convey these secondary effects, determined by binding site
enrichment analysis, are known players in regulation of the cell
cycle, including the BACH1-related transcription factor NRF1
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FIGURE 5. Cellular metabolic and signaling networks affected by BACH1 target genes. A, upon heme binding, BACH1 is exported from the nucleus,
sequestered at microtubules, and finally degraded. Subsequently, NFE2L2:MAF can bind and induce gene expression changes at BACH1 target genes.
Knockdown of BACH1 recapitulates this process. B, increased expression of HMOX1 and ferritin heavy chain (FTH1) enhance heme degradation and iron
storage, whereas the up-regulation of malic enzyme 1 (MET) may provide reduction equivalents for biliverdin reductase. The endosomal heme transporter
SLC48A1 and theferritin light chain (FTL) remained unchanged in HEK cells. C, down-regulation of the glutamate-cystine antiporter SLC7A11 and up-regulation
of the glutamate-cysteine ligase modifier subunit (GCLM) can change the cellular redox state. The glutamate-cysteine ligase catalytic subunit (GCLC) remained
unchanged in HEK cells. D, up-regulation of the inositol 1,4,5-trisphosphate receptor (ITPR2) can elevate cytoplasmic calcium concentration, facilitating nuclear
import of calmodulin (CALMT1), with potential impact on cell cycle regulation and apoptosis. The up-regulated sequestosome 1 (SQSTM1) and the down-
regulated Ewing sarcoma breakpoint region 1 (EWSR1) encode multifunctional signaling and adapter proteins that can also influence the cell cycle, as can the
up-regulated transcription factor TFE3. The cyclin-dependent kinase CDK6, the apoptosis facilitator BCL2L11, and the oncogene MAFG remained unchanged
in HEK cells. E, down-regulated vault RNA VTRNAT1-1 is involved in cellular transport along microtubules, as are calsyntenin 1 (CLSTNT), prosaposin (PSAP), and
the microtubule-associated protein Tau (MAPT), which remained unchanged in HEK cells. Also unchanged was another BACH1 target, the nucleoporin NUP153.

as well as E2F1 and E4F1. Also, five cyclins were found down-
regulated at this later time point (cyclin D2, G2, 7], L1, and T2),
with potential effects on the transcription of other genes. For
example, the cyclins T1/T2 play a role in transcriptional elon-
gation as part of the elongation factor P-TEFb (50), so that
down-regulation of cyclin T2 can result in reduced expression
of other genes. In addition, changes in the cellular redox state
consecutive to the BACHI1 knockdown can be interpreted as
input for molecules sensing the redox state and conveying sig-
nals to the gene expression machinery.

Impact of BACHI Binding on Cellular Regulatory Networks—
The genes both bound by BACH1 and showing expression
changes after BACH1 knockdown represent the functional
direct BACH1 targets in HEK 293 cells. Fig. 5 shows an over-
view of different but interconnected cellular functions under
the control of BACH1 repression, including cellular balance of
heme, oxidative stress response, regulation of cell cycle pro-
gression, apoptosis, and cellular transport processes. Heme
binding abrogates BACH1 binding to MAREs (Fig. 5A4), induc-
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ing nuclear export of BACH1 (3), sequestration at microtubules
(4), and polyubiquitination followed by proteasome-mediated
degradation (5). Consequently, NFE2L2 can occupy the
MAREs, resulting in an increase of target gene expression.
Control of Heme Degradation by BACHI—Regarding genes
involved in the heme degradation pathway, we found five direct
BACHLI targets (Fig. 5B), of which three showed increased
expression after BACH1 knockdown. The induction of heme
oxygenase 1 (HMOXI) expression leads to increased heme deg-
radation forming biliverdin, iron, and carbon monoxide. The
iron that is set free by this reaction can be stored by ferritin.
Both the ferritin heavy chain (FTHI) and light chain (FTL)
genes were found to be BACH1 targets, with elevated FTHI
expression after BACH1 knockdown. The subsequent conver-
sion of biliverdin to bilirubin by the biliverdin reductase A
(BLVRA) requires NADPH, as does the degradation of heme to
biliverdin. A major source of these reduction equivalents in the
cell is the BACHI1 target gene malic enzyme 1 (51), which was
up-regulated after BACHI1 knockdown. The fifth BACHI tar-
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get gene involved in heme metabolism is the heme transporter
SLC48A1, which showed no significant expression changes
after BACH1 knockdown in HEK 293.

BACH1 and the Oxidative Stress Response—Regarding oxi-
dative stress response pathways, we identified three direct
BACHLI target genes (Fig. 5C), of which two showed marked
expression changes after BACH1 knockdown. The decreased
expression of the cystine/glutamate antiporter SLC7A11 can
lower the cellular uptake of oxidized cystine, whereas reduced
cysteine can still be taken up by the cells via the ubiquitous ASC
transport system (52). Thus, the intracellular level of cysteine,
which is important for glutathione synthesis, can be elevated.
Accordingly, SLC7A11 is involved in glutathione-dependent
neuroprotection from oxidative stress (53). Two more BACH1
targets involved in the oxidative stress response are the GCLC
and GCLM subunits, which together catalyze the first rate-lim-
iting step during glutathione synthesis. We found GCLM
strongly up-regulated after BACH1 knockdown, leading to
increased synthesis of glutathione, the most abundant antioxi-
dant in the cell and a crucial factor in the response to oxidative
stress and aging. Two additional redox-regulatory BACH1 tar-
get genes, for which we observed no expression changes after
BACHI1 knockdown (the NAD(P)H quinone oxidoreductase
NQO2 and the mitochondrial dicarboxylate transporter
SLC25A10), are not shown in Fig. 5C.

Potential Impact of BACHI on Cell Cycle Progression and
Apoptosis—Our analysis revealed that eight BACHI target
genes are involved in control of cell cycle progression and apo-
ptosis (Fig. 5D), with five of these genes showing expression
changes after BACH1 knockdown. Increased expression of the
inositol 1,4,5-triphosphate receptor type 2 (ITPR2), one of the
main regulators of intracellular calcium concentration with an
important role in apoptosis, can lead to an elevated calcium
efflux from the endoplasmic reticulum. The calcium-binding
protein calmodulin (CALM1), also up-regulated after knock-
down, is activated by calcium binding and can subsequently
promote cell cycle progression for example via calcium/cal-
modulin-dependent protein kinases (54) or via calmodulin
binding to cyclin E1/CDK2 (55). As mentioned above, we
observed a marked decrease of cyclin E2 transcript levels fol-
lowing BACH1 knockdown, indicating that BACHI influences
the expression of members of the cyclin E family. The transcrip-
tion factor TFE3, another BACH1 target with increased expres-
sion after knockdown, could mediate this BACHI action in cell
growth and proliferation through its ability to directly regulate
cyclin E expression (56). Moreover, the BACHI target Ewing
sarcoma breakpoint region 1 (EWSR1), a multifunctional RNA-
binding protein, can regulate the ratio of cyclin Dla and D1b
transcripts by increasing the transcription elongation rate in
EwSa cells (57), and we found decreased EWSR1 expression
after BACH1 knockdown.

Finally, we observed increased expression of the BACH1 tar-
get sequestosome 1 (SQSTM1), a multifunctional ubiquitin-
binding protein that serves as a storage place for ubiquitinated
proteins (58) and can regulate activation of the NF«B signaling
pathway inducing apoptosis (59). Other direct targets of
BACHLI involved in cell cycling and apoptosis, but showing no
significant expression changes in HEK 293, were the cyclin-de-
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pendent kinase 6 (CDK6), the BCL2-like 11 apoptosis facilitator
(BCL2L11), and the v-maf MAFG.

BACH1 Targets Involved in Cellular Transport Processes and
Neurodegeneration—After heme binding and nuclear export,
BACHLI has been reported to dynamically bind to the hyaluro-
nan-mediated motility receptor (4), suggesting an influence of
BACHLI on cellular transport processes. Interestingly, we iden-
tified four BACH1 target genes involved in subcellular trans-
port (CLSTNI, PSAP, MAPT, and NUP153, see Fig. 5E), none of
which showed expression changes after BACH1 knockdown in
HEK 293 cells. Calsyntenin 1 (CLSTNI), a calcium-binding
protein present in vesicles transiting to neuronal growth cones,
can interact with kinesin-1 to regulate transport of cellular ves-
icles along microtubule tracks (60). Interestingly, we also iden-
tified the microtubule-associated protein Tau (MAPT) as a
direct BACHI1 target, which has been intensely studied for its
involvement in the stabilization of microtubules and Tau-
mediated neuro-degeneration in Alzheimer disease (61).
The other BACH1 target genes involved in cellular transport
processes are PSAP, especially abundant in the nervous sys-
tem, and nucleoporin 153 kDa (NUP153), a key component
of the nuclear pore complex mediating the regulated move-
ment of macromolecules between the nucleus and cyto-
plasm. NUP153 was shown to be mislocated following oxi-
dative stress (62).

Noncoding RNAs as Targets of BACHI—In addition to 55
protein-coding BACH1 target genes, we found four noncoding
genes with BACH1-binding sites, namely two vault RNA genes
(VIRNAI-1 and VTRNAI-2) and two noncoding RNA genes
(ANXA2P2 and AFG3L1). The vault VTRNAI-1 identified as
direct BACH1 target showed significantly reduced expression
after BACH1 knockdown (Table 1 and supplemental Fig. 5).
Because the early identification of vaults as particles mediating
multidrug resistance in cancer cells (63), these highly conserved
ribonucleoprotein particles with a hollow barrel-like structure
have been under investigation for their cellular functions. As
shown in Fig. 5E, vault particles have been reported to be asso-
ciated with nucleopores and to travel along microtubules (64,
65), suggesting that vaults function as specific cargo transport-
ers. Vault particles form complexes with hypoxia-induced fac-
tor-1 (HIF-1) and can promote the ubiquitination and degrada-
tion of HIF-1 induced by hypoxia (66), a finding that links the
largely unknown function of vault particles with the redox reg-
ulatory network controlled by BACH1. Together with the
recently evolved notion that vaults promote cell survival
through resistance to apoptosis (67, 68), the binding and regu-
lation of vault RNAs by BACHI open an interesting area for
further studies.

The two other BACH1 targets annotated as noncoding genes
were the annexin A2 pseudogene 2 (ANXA2P2) and the AFG3
ATPase family gene 3-like 1 (AFG3LI). Our RNAIi experiments
showed significantly increased expression of both AFG3L1 and
ANXA2P2 transcripts after BACH1 knockdown, demonstrat-
ing that these genes are transcribed in HEK 293 and repressed
by BACH1. Although the function of ANXA2P2 remains elu-
sive, the ATP-dependent mouse ortholog Afg311 has been iden-
tified as a subunit of the mitochondrial m-AAA protease that is
involved in the balance between maintenance or fragmentation
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and removal of damaged mitochondria under stress conditions
(69). However, the human transcript of AFG3LI does not seem
to be translated into a protein (70), but it may have acquired
other post-transcriptional regulatory functions, which are
partly under control of BACHI.

Potential Involvement of BACH1 in Pathogenic Mechanisms—
From a disease-related point of view, our study revealed
PSAP and MAPT as direct BACH1 target genes, both of
which have been identified as potential biomarkers for the
detection of Alzheimer disease (10, 71). Also, the CLSTNI
gene was identified as BACH1 target, which encodes the
Alzheimer-related cadherin-like protein calsyntenin 1.
Interactions of CLSTN1 with kinesin-1 can block the trans-
port of amyloid precursor protein-containing vesicles and
increase B-amyloid generation, which may promote aber-
rant amyloid precursor protein metabolism in Alzheimer
disease (72). We observed no significant expression changes
for CLSTN1, PSAP, and MAPT after BACH1 knockdown in
HEK 293 cells, pointing to context-dependent mechanisms
for BACHI repression of these genes, for example in neuro-
nal cells. Here, further studies may unveil age-related
changes in BACH1-dependent cellular responses to oxida-
tive stress, potentially resulting in pathological overactiva-
tion and aberrant function of these target genes in neurode-
generative diseases.

Other aspects of BACH1-mediated gene repression are
currently emerging in the field of cancer research. Several
recent reports have linked BACHI to viral infection-associated
cancerogenesis via microRNA-mediated down-regulation of
BACHLI expression. For example, the Kaposi sarcoma-associated
herpesvirus encodes miR-K12-11, a microRNA suppressing
BACH1 in infected macrophages and endothelial cells, protecting
these cells from apoptotic death in oxidative stress environments
(12). Somewhat similarly, BACHI is down-regulated in lym-
phocytes infected by Epstein-Barr virus by the virus-induced
miR-155 (13). Overexpression of miR-155 has been observed
in several types of B-cell lymphomas and induces B-cell
malignancies in transgenic mice (73). Down-regulation of
BACH]1 in human acute myeloid leukemia cells decreases the
cytotoxic effect of the anticancer drug cytosine arabinoside,
rendering functional up-regulation of BACHI1 a potential
strategy for antileukemic therapy (11). In this respect, we
have identified here two noncoding vault RNAs as BACH1
targets whose expression has been linked to Mitoxantrone
resistance in human malignant cells (74). Further studies
have to be carried out on these and other disease-relevant
BACHLI targets.

The identification of the functional BACHI1 target genes in
HEK 293 cells provides a strong basis for future dissection of the
roles of BACH1 in gene regulation. The combination of
genome-wide BACH1 binding data with RNAi-mediated
knockdown allowed for the identification of the global tran-
scriptional regulatory networks targeted by BACH1. Further
studies will be needed to elucidate all aspects of BACH1-medi-
ated gene repression, focusing also on the currently emerging
involvement of BACHL1 in the fields of neurodegeneration and
cancerogenesis.
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