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The cystic fibrosis transmembrane conductance regulator (CFTR) gene lies within a topo-
logically associated domain (TAD) in which multiple cis-regulatory elements (CREs) and
transcription factors (TFs) regulate its cell-specific expression. The CREs are recruited to
the gene promoter by a looping mechanism that depends upon both architectural pro-
teins and specific TFs. An siRNA screen to identify TFs coordinating CFTR expression in
airway epithelial cells suggested an activating role for BTB domain and CNC homolog 1
(BACH1). BACH1 is a ubiquitous master regulator of the cellular response to oxidative
stress. Here, we show that BACH1 may have a dual effect on CFTR expression by direct
occupancy of CREs at physiological oxygen (∼8%), while indirectly modulating expres-
sion under conditions of oxidative stress. Hence BACH1, can activate or repress the
same gene, to fine tune expression in response to environmental cues such as cell
stress. Furthermore, our 4C-seq data suggest that BACH1 can also directly regulate
CFTR gene expression by modulating locus architecture through occupancy at known
enhancers and structural elements, and depletion of BACH1 alters the higher order chro-
matin structure.

Introduction
Misregulation of the mechanisms controlling gene expression may underlie many diseases.
Accordingly, the identification of transcription factors (TFs) involved in key cellular processes may
reveal therapeutic targets. Our focus is the transcriptional networks of human epithelial cells [1–3],
which may be impaired in diseases of the lung and digestive system, among other tissues. One such
disease is the life-limiting inherited disorder cystic fibrosis (CF), which is caused by mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene. The CFTR locus is organized
within a topologically associated domain (TAD) flanked by sites of CTCF and cohesin occupancy at
−80.1 kb upstream and +48.9 kb downstream of the coding region of the gene [4–6]. Within this
TAD, specific cis-regulatory elements (CREs) play critical roles by facilitating the recruitment of acti-
vating factors to the CFTR promoter, which in turn initiates cell-type-selective gene expression. In
CFTR-expressing airway epithelial cell types, the intergenic CREs at −35 kb and −44 kb with respect
to the transcription start site (TSS) are critical cell-type-selective enhancers [7] and their activity is
likely dependent on a structural element at −20.9 kb [7,8]. The −35 kb CRE recruits key TFs [9] and
also mediates looping between the CFTR promoter and the −80.1 TAD boundary [7]. In contrast, the
−44 kb CRE may be stress responsive and harbors an antioxidant response element (ARE) at which
the BTB and CNC homology 1, basic leucine zipper (BACH1) is bound along with v-Maf avian mus-
culoaponeurotic fibrosarcoma oncogene homolog K (MafK), which together repress CFTR. Upon
stimulation by sulforaphane, nuclear factor, erythroid 2-like 2 (NFE2L2 or NRF2) translocates into the
nucleus, where it displaces BACH1 thus activating CFTR [10].
However, despite its repressive role at this site, in a replicated siRNA screen targeting ∼1500 TFs in

airway epithelial cells [2], BACH1 was identified as a CFTR activating factor, since its depletion
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caused a >1.6 fold reduction in CFTR mRNA levels. The observation that one TF may have opposite functions
at different CREs is not unexpected and has been documented previously [11–13]. Moreover, a single TF can
function both directly and indirectly at the same locus, by the recruitment of different cofactors. BACH1 is a
ubiquitous master regulator of the oxidative stress response pathway [14]. Here, we determine how it impacts
the CFTR locus and also controls the transcriptome of airway epithelial cells.
BACH1 belongs to the Cap’n’Collar type of basic region leucine zipper TF family (CNC-bZip) and also has

BTB/POZ domains (broad complex, tram track, bric-a-brac/poxvirus and zinc finger) at the N-terminus.
BACH factors bind to small Maf (sMaf) proteins and repress transcription by binding to the Maf recognition
elements (MAREs) in genes [15]. BACH1 also provides a critical sensor of heme levels in the cell and combats
oxidative stress, by repressing the heme oxygenase 1 (HMOX1) gene under physiological conditions. Upon
exposure to oxidative stress, BACH1 translocates into the cytoplasm, while NRF2 dissociates from its cytoplas-
mic inhibitor, Kelch-like ECH-associated protein 1 (KEAP1), enters the nucleus and binds to MAREs along
with small Maf proteins, thus activating its target stress response genes (reviewed in [14,16]). The NRF2/sMaf
heterodimers bind at sites similar to the MAREs, which are both classified as types of ARE, (reviewed in [17]).
BACH1 also directly regulates genes involved in the cell cycle, cell growth and proliferation, apoptosis and
signal transduction [18,19], and may have roles in angiogenesis [20,21] and cancer [19,22–26].
Oxidative stress in the airway, generated by the release of excessive reactive oxygen species (ROS), causes

lung damage in several diseases including asthma, chronic obstructive pulmonary disease (COPD) and lung
cancer [27]. BACH1 represses the glutamate-cysteine ligase modifier (GCLM) subunit and glutamate-cysteine
ligase catalytic (GCLC) subunit genes [18], which together encode the rate limiting glutathione (GSH) produ-
cing enzymes. GSH is the most abundant and important airway surface liquid antioxidant and is present at
much higher concentrations than in other tissues [28]. Homeostasis of GSH in the airway surface liquid may
alleviate the ROS induced damage evident in lung diseases including CF. Moreover, CFTR may function as one
of the cellular efflux pumps for GSH [29]. In contrast, oxidative stress alone decreases CFTR mRNA and
protein levels, apparently as an adaptive mechanism [30], while simultaneously up-regulating oxidative stress
response genes such as HMOX1 and GCLC. BACH1 may impact cellular responses to oxidative stress either by
direct occupancy of gene promoters or CREs or through indirect mechanisms recruiting other proteins and
TFs in its network. To determine the direct and indirect mechanisms of action of BACH1 genome wide in the
airway epithelium we undertook RNA-sequencing upon siRNA-mediated depletion of BACH1 and chromatin
immunoprecipitation with an antibody specific to BACH1 followed by deep sequencing (ChIP-seq), in two
airway cell lines. The results identified redox regulation and the cell cycle as the major pathways directly regu-
lated by BACH1. Furthermore, we identified the BACH1/NRF2 regulatory complex as pivotal in the protective
role conferred by CFTR during oxidative stress. Our data also provide direct evidence of a key contribution of
BACH1 and its interacting complex to higher order chromatin structure and looping, consistent with earlier
work [31].

Results
An siRNA screen identifies BACH1 as a potential CFTR activator in airway
epithelial cells
We previously described an siRNA screen for TFs that activate or repress CFTR expression in airway epithelial
cells using the Dharmacon siGENOME siRNA library for human TFs [2]. Among potential CFTR activators,
depletion of BACH1 was associated with a 2.12-fold reduction in normalized CFTR transcripts in Calu-3 cells.
BACH1 is expressed in both Calu-3 [32] and primary human bronchial epithelial (HBE) [33] cells. We first
validated the impact of BACH1 depletion on CFTR expression in Calu-3 cells using an siRNA from a different
source (Ambion) than the siRNA library. The efficacy of the siRNA was demonstrated at the RNA level by
RT-qPCR (Supplementary Figure S1A) and protein level by western blot with an antibody specific to BACH1
(Supplementary Figure S1B). CFTR expression in Calu-3 was reduced compared with negative control (NC)
siRNA validating the results of the initial siRNA screen at the protein level (Figure 1A). The identification of
BACH1 as an activator of CFTR in Calu-3 cells is in contrast with our earlier data in 16HBE14o− cells, where
we showed repression of CFTR by BACH1 recruitment to an airway-selective enhancer at −44 kb upstream of
the gene promoter. In 16HBE14o− cells, BACH1 normally occupies an ARE within this CRE, but is displaced
by NRF2 under conditions of oxidative stress, to activate CFTR expression [10]. The observation that BACH1
has opposite effects in a lung adenocarcinoma cell line (Calu-3) and immortalized bronchial epithelial cells

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-

ND).

3742

Biochemical Journal (2021) 478 3741–3756
https://doi.org/10.1042/BCJ20210252

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


(16HBE14o−) suggest a more complex role for this factor in regulating CFTR expression, possibly through both
direct and indirect mechanisms.

BACH1 depletion in Calu-3 cells, up-regulates genes involved in oxidative
stress response
Next, to determine the genome-wide functions of BACH1 in airway epithelial cells, we performed
RNA-sequencing (RNA-seq) after siRNA-mediated depletion of BACH1 compared with a NC siRNA in Calu-3
cells. RNA-seq data were analyzed by DESeq2 to obtain estimates of transcript expression levels. A subset (80)
of the most differentially expressed genes (DEGs), either up-regulated or down-regulated upon BACH1 deple-
tion, are shown in a heatmap (Figure 1B). The DEGs were filtered to include only those with more than
1.5-fold change in expression and an adjusted P-value of 0.01 and used to generate a volcano plot (Figure 1C)

Figure 1. Depletion of BACH1 increases expression of oxidative response genes and decreases CFTR protein

abundance.

(A) Western blot probed with antibodies specific to CFTR or BACH1 in Calu-3 cell lysates 72 h post-transfection with BACH1 or

NC siRNAs. (B) Heat map of RNA-seq data showing the 80 most differentially expressed genes upon BACH1 depletion, (key

genes are highlighted in green). (C) Volcano plot showing down (left) and up-regulated (right) genes with ≥1.5-fold change and

an adjusted P-value of ≤0.01 after BACH1 depletion. (D) Gene ontology analysis denoting the most significant molecular

functions (blue bars) and biological processes (black bars) by G:profiler [68] of the DEGs with a log2 fold change of >0.58 and

<−0.58 with base mean above 30.
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which validates BACH1 as one of the most down-regulated genes (also Supplementary Figure S1C). The
volcano plot also shows that BACH1 is primarily a repressor of gene expression, since many more genes are
up-regulated upon BACH1 depletion than are down-regulated (Supplementary Table S1). Furthermore, sup-
porting the known role of BACH1 in regulating the oxidative stress response [18] HMOX1 was the highest
up-regulated DEG upon BACH1 depletion. A substantial increase in abundance of ATP-binding cassette sub-
family C member 2 (ABCC2), GCLM, dimethylarginine dimethylaminohydrolase 1 (DDAH1) and serpin family
B member 2 (SERPINB2) gene transcripts was also evident. Among down-regulated genes were tumor protein
p63 regulated 1 like (TPRG1L) and Claudin 2 (CLDN2). A gene ontology process enrichment analysis was per-
formed with g:Profiler [34] on the DEGs following BACH1 depletion (Figure 1D). The most enriched molecu-
lar function (MF) was oxidoreductase activity, while cellular response to chemical stimulus was the most
enriched biological processes (BP) and includes among others the ABCC2, DDAH1, HMOX1, GCLC, GLCM
genes, and those encoding several serpins and cytochrome p450. The ABCC2 gene has an ARE, which is regu-
lated by NRF2 in response to xenobiotic stress in the mouse liver [35]. DDAH1 enzyme controls oxidative
stress and apoptosis via a miRNA pathway in mouse embryonic fibroblasts [36]. HMOX1, GCLC, GCLM are
involved in the combat of oxidative stress and are directly targeted by BACH1 through binding to their MARE
regions [18,37]. Serpins are protease inhibitors which play important roles in combating protease stress and
modulate diseases of the lung [38,39] whilst most cytochrome p450 proteins are expressed in the lung and are
involved in detoxification of carcinogens [40]. To confirm that our results were not limited to a single siRNA
targeting BACH1 (Ambion, 4392420- S1860) we validated the effect of BACH1 depletion on 16HBE14o− cells
with a pool of 3 siRNAs for BACH1 (Santa Cruz sc-37064). We chose 4 DEGs after BACH1 siRNA depletion
from the RNA-seq data, and assayed their expression by RT-qPCR (Supplementary Figure S1D). BACH1,
HMOX1, DDAH1 and GCLM showed consistent changes with the RNA-seq and between siRNAs from the two
sources; the expected elevation of ABCC2 was only observed with the Santa Cruz reagent; while TPRG1L was
down-regulated by the Ambion siRNA as expected but slightly up-regulated by the Santa Cruz siRNA. These
data validate the key observations of the RNA-seq experiment, but note minor variation in the response of indi-
vidual genes. Overall, the results show that BACH1 controlled genes are involved in multiple oxidative stress
response processes. We were unable to perform reliable rescue experiments, in which the effects of BACH1
depletion were reversed by overexpression of plasmid-derived BACH1, since the siRNAs used in the RNA-seq
and validation experiments all target the coding region of BACH1.

The impact of BACH1 depletion is magnified by oxidative stress in airway
epithelial cells
Since others reported previously that oxidative stress represses CFTR expression and function [30] and we show
here that BACH1 depletion up-regulates oxidative stress response genes [18], we next asked if BACH1 inhib-
ition in combination with H2O2-mediated oxidative stress would have competitive or additive effects on CFTR
expression. The optimal concentration of H2O2 and exposure time required to induce oxidative stress in Calu-3
and 16HBE14o− cells, without inducing cell death, was determined [41,42]. Cell viability at different H2O2 con-
centrations and exposure times was measured by MTS assay (Supplementary Figure S2), and induction of oxi-
dative stress was assayed by induction of HMOX1 gene expression [43]. 16HBE14o− cells were more sensitive
to H2O2 than Calu-3 cells, though assays were performed in both cell lines, using H2O2 concentrations of
800 μM for 15 h in Calu-3 cells and 600 μM for 8 h in 16HBE14o−.
First, we focused on the expression of the HMOX1 and GCLM genes, which were among the most

up-regulated DEGs upon BACH1 depletion, evaluating after BACH1 knockdown or H2O2 stress alone or in
combination. Calu-3 and 16HBE14o− cells were exposed to stress in serum-free media 48 h after
siRNA-mediated depletion of BACH1, and gene expression measured by RT-qPCR (Figure 2). Effective deple-
tion of BACH1 was evident in both cell lines. H2O2 stress alone significantly increased BACH1 levels in Calu-3
but not 16HBE14o− cells (Figure 2A,B left panels). HMOX1 transcript abundance increased upon H2O2 expos-
ure in both cell lines, though to a lesser extent than upon BACH1 depletion. The greatest increase was seen
when both treatments were combined (Figure 2A,B, middle panels). These results in airway epithelial cells are
consistent with earlier observations in keratinocytes [44]. As expected, GCLM mRNA levels were significantly
up-regulated by both BACH1 depletion and H2O2 stress alone in both cell lines, though the combined treat-
ment was significantly different only in Calu-3 cells (Figure 2A,B, right panels). BACH1, HMOX1 and GCLM
proteins were quantified by western blot of lysates from Calu-3 cells and these corresponded to transcript levels
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Figure 2. Oxidative stress augments the impact of BACH1 depletion in airway epithelial cells. Part 1 of 2

(A) RT-qPCR analysis of BACH1 (left), HMOX1 (middle) and GCLM (right) expression in Calu-3 cells under four conditions:

negative control (NC) siRNA alone, BACH1 siRNA alone, NC siRNA + oxidative stress and BACH1 siRNA + oxidative stress,

48 h after BACH1 depletion followed by 15 h of oxidative stress. (B) RT-qPCR analysis of same genes under same conditions

as in (A) in 16HBE14o− cells, except 8 h of oxidative stress. β-2-microglobulin (β2M) is the control and the data are normalized

to the NC siRNA alone. (C) Western blots probed with antibodies specific for BACH1, HMOX1 and GCLM proteins under the
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in BACH1 but not HMOX1 and GCLM, where oxidative stress alone was not enough to increase protein pro-
duction (Figure 2C). The combined effect of BACH1 KD and oxidative stress significantly increased protein
levels when compared with oxidative stress alone (Figure 2C). Similar protein profiles were seen for
16HBE14o− cell line (Supplementary Figure S3).
Next, we analyzed the effect of BACH1 depletion on CFTR mRNA abundance and observed a significant

reduction in both 16HBE14o− and Calu-3 cells (Figure 3A and Supplementary Figure S4A, respectively).
BACH1 depletion in combination with H2O2 stress did not further reduce CFTR mRNA levels in either cell
line (Figure 3A and Supplementary Figure S4A) and though a greater combined effect on reducing CFTR
protein was seen in 16HBE14o− cells, this was not statistically significant across experiments (Figure 3B).
GSH is a major antioxidant in human cells, which is synthesized by glutamate-cysteine ligase (GCL) and a

synthetase. The GCL holoenzyme consist of subunits encoded by the GCLC and GCLM genes [45], both of
which are BACH1 regulated according to the DEG list upon BACH1 depletion (Figure 1B and Supplementary
Table S1), and reported previously [18]. Since CFTR was shown to be directly involved in GSH transport [28]
and CFTR mRNA levels may be directly affected by oxidative stress (confirmed here in Calu-3 cells) as a com-
pensatory mechanism to retain high intracellular GSH levels [30], we assessed intracellular GSH levels in
BACH1 depleted and H2O2 stressed human airway epithelial cells. Though slight increases in intracellular GSH
levels were observed in Calu-3 cells upon loss of BACH1, irrespective of H2O2 exposure, these effects were not
statistically significant in either cell line (Figure 3C and Supplementary Figure S4C).

Figure 2. Oxidative stress augments the impact of BACH1 depletion in airway epithelial cells. Part 2 of 2

same conditions as in (A) normalized to beta-tubulin (β-tub) control. Western blots were scanned (n = 3 for each protein) and

signal intensities quantified using ImageJ. Error bars represent SEM and data were analysed by the Student’s unpaired t-test,

ns = not significant, *P < 0.01 **P < 0.001 ***P < 0.0001.

Figure 3. Oxidative stress and the impact of BACH1 depletion on CFTR mRNA and protein in 16HBE14o− cells.

(A) RT-qPCR measurements of CFTR mRNA levels in 16HBE14o− under same conditions as described in the legend to Figure 2A. β2M is the

control and the data are normalized to the NC siRNA alone. (B) Western blots probed with antibodies specific to CFTR protein under same

conditions as in (A) and normalized to β-tubulin. Blots were imaged as in Figure 2C. (C) GSH levels after BACH1 depletion normalized to NC siRNA,

without or with oxidative stress in 16HBE14o− cells. N≥ 3 for all experiments. Error bars represent SEM and data were analysed by the Student’s

unpaired t-test, ns = not significant, *P < 0.01 **P < 0.001 ***P < 0.0001.
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BACH1 occupancy at the CFTR locus may be elevated at reduced oxygen
levels
Since CFTR transcription may be down-regulated upon BACH1 depletion and by oxidative stress independ-
ently, and in an airway cell line-specific manner, we next asked whether these mechanisms are acting directly
on the CFTR locus and/or by indirect mechanisms. It is possible that the increase in the expression of the oxi-
dative stress response genes upon BACH1 inhibition may further repress CFTR levels as an adaptive mechan-
ism [28,30].
To determine if BACH1 directly occupies CREs at the CFTR locus in airway epithelial cells we performed

chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) with an antibody specific for BACH1,
in Calu-3 and 16HBE14o− cells. Irreproducible discovery rate (IDR) data for biological replicate experiments
are shown in Figure 4. A UCSC genome browser graphic of the TAD encompassing the CFTR locus, including
the 50 boundary at −80.1 kb from the CFTR transcriptional start site to the 30 boundary at +48.9 kb from the
last coding base, is shown for both cell lines (Figure 4A). At the top key CFTR CREs are marked and below are
peak calls and bigwig files showing BACH1 occupancy. Also shown are open chromatin profiles generated by
assay for transposase-accessible chromatin with deep sequencing (ATAC-seq) in both cell lines to illustrate the
different CREs utilization in the two airway epithelial lines [7]. In Calu-3 cells, a prominent peak of BACH1
occupancy is seen at the gene promoter and though peaks are evident at the −20.9 and −44 kb CREs, these are
not robust enough to be detected by the peak-calling pipeline. In 16HBE14o− cells, BACH1 promoter occu-
pancy is not called as a peak, nor is that at the −35 kb CRE, however, a peak annotated at the −44 kb CRE
confirms our earlier characterization of this element, including by chromatin immunoprecipitation-quantitative
PCR (ChIP-qPCR) [10]. Highly significant peaks of BACH1 occupancy observed at or close to the promoters
of several of BACH1-regulated genes including HMOX1, GCLM, GCLC, hypoxia inducible factor 1 subunit
alpha (HIF1A) and BACH1 demonstrate the efficacy of this BACH1 antibody in ChIP-seq experiments in both
the cell lines (Supplementary Figure S5).
Since the physiological levels of oxygen in the lung epithelium are low [46] compared with the levels main-

tained in standard cell culture incubators, we next asked whether BACH1 occupancy could be enhanced at
lower oxygen levels. To answer this, Calu-3 cells were exposed to ambient oxygen levels that were changed
from 20% to 8% for 24 h and chromatin then prepared for ChIP-qPCR analysis. The highest occupancy of
BACH1 in ChIP-seq was seen at two sites 50 to the HMOX1 gene (Supplementary Figure S5), so primers
within the most 50 peak were used to assay BACH1 binding which increased nearly 2 fold at 8% oxygen
(Figure 4B). For the CFTR regulatory elements at −44 kb, −20.9 kb upstream, the promoter and +6.8 down-
stream of the gene, very low levels of BACH1 occupancy were detected at 20% O2 by ChIP-qPCR. Occupancy
increased around 2-fold at all these sites when the cells were shifted to 8% O2. Next, to determine whether
increased BACH1 occupancy repressed the expression of its target genes we measured the abundance of mRNA
for HMOX1, GCLM, GCLC, NRF2 (Alternate annotation: NFE2L2) and BACH1 at 20% and 8% ambient
oxygen (Figure 4C). For all these genes, increased BACH1 occupancy at their promoters significantly repressed
expression. CFTR mRNA levels also showed an ∼2-fold reduction in 8% compared with 20% oxygen, consistent
with increased BACH1 binding to CREs and at the promoter repressing its expression (Figure 4D). These data
suggest that at physiological oxygen concentrations BACH1 acts primarily as a repressor of target gene
expression.

BACH1 contributes to chromatin architecture at the CFTR locus
The BACH1 BTB domain has the capacity to bind to DNA and may mediate chromatin folding [47].
Moreover, BACH1 was reported earlier to function as an architectural protein at the β-globin locus [31,48].
Building upon these data we used chromatin conformation capture technology (4C-seq) [49], to re-examine the
contribution of BACH1 to chromatin looping. We hypothesized that depletion of BACH1 at loci that show
changes in expression could be accompanied by an alteration in higher order chromatin structure and looping
of CREs. To test this hypothesis, we performed 4C-seq analysis on the CFTR locus in Calu-3 cells after BACH1
depletion and compared the results to NC siRNA-treated cells. CFTR is located within a TAD, which shows
ubiquitous interactions between CTCF sites upstream of the gene at −80.1, −20.9 and downstream at +6.8 and
+48.9 kb. Additional looping interactions between enhancers and the gene promoter and the TAD boundaries
show cell-type-specificity. Using a viewpoint at the 50 TAD boundary (−80.1 kb) and comparing the locus
architecture after BACH1 depletion with NC siRNA-treated cells, a reduction of interactions with sites between

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-

ND).

3747

Biochemical Journal (2021) 478 3741–3756
https://doi.org/10.1042/BCJ20210252

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


the viewpoint and the gene promoter is seen in the domainogram (Figure 5A, black line and arrow). This loss
of interactions is particularly evident at the −44 kb enhancer and the −20.9 kb insulator elements, and was con-
firmed by the quantitative subtraction analysis track in which loss of interaction is shown above the baseline

Figure 4. BACH1 occupies the CFTR gene promoter or its CREs in Calu-3 and 16HBE14o− cells, respectively.

(A) UCSC genome browser graphic showing the CFTR locus within the −80.1 kb to +48.9 kb TAD boundaries. Below sites of BACH1 occupancy

determined by ChIP-seq are shown in Calu-3 (blue) and 16HBE14o− (purple). The ATAC-seq profiles of the same region are shown below each

ChIP-seq track for Calu-3 (light blue) and 16HBE14o− (light purple) cells, respectively. Orange vertical bars denote IDR peak calls. (B) ChIP-qPCR

analysis of BACH1 occupancy at the −44 kb, −20.9 kb and +6.8 kb CREs and at the CFTR promoter in Calu-3 cells under conditions of 20% or 8%

oxygen, normalized to the chromatin input levels. HMOX1 and GCLM serve as positive controls for BACH1 occupancy. (C) Transcript abundance of

genes regulated by BACH1 at 20% and 8% oxygen, measured by RT-qPCR. PGK1 is the control and data are normalized to the 20% levels. (D)

CFTR transcript levels under 20% or 8% oxygen measured by RT-qPCR as in (C). N≥ 3 for all experiments. Error bars represent SEM and data

were analysed by the Student’s unpaired t-test, *P < 0.01 **P < 0.001 ***P < 0.0001.
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Figure 5. BACH1 depletion alters chromatin architecture at the CFTR locus in Calu-3 cells. Part 1 of 2

4C-seq data are shown. At the top is a UCSC genome browser graphic showing the CFTR locus within the −80.1 kb to +48.9 kb TAD boundaries.

Below 4C-seq data are shown for the −80.1 kb (A) and −20.9 kb (B) viewpoints after NC siRNA or BACH1 siRNA treatment for 72 h. Black

horizontal bars and arrows indicate regions of altered interactions upon BACH1 KD. The 4C-seq data show the main trend of contact profile using a
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(Figure 5A, gray arrows). The results show that BACH1 depletion disrupts specific aspects of the architecture of
the CFTR locus, which may correlate with reduced CFTR expression (Figure 1A). In contrast, using a viewpoint
at the −20.9 kb 50 insulator, which recruits CTCF, depletion of BACH1 causes an increase in interactions with
30 regions particularly the sites of CTCF occupancy at +6.8 kb and the +48.9 kb TAD boundary (Figure 5B,
black line and arrows). These increases were confirmed in the quantitative subtraction analysis as blue peaks
below the base line (Figure 5B, blue arrows and line). These results suggest an important role for BACH1 in
maintenance of CTCF-mediated chromatin looping.

Discussion
Here, we examined the contribution of BACH1 globally to the oxidative stress response in the airway epithe-
lium and also its role in modulating CFTR expression. Genome-wide functions of BACH1 revealed by
RNA-seq and ChIP-seq analysis in two airway cell lines showed that this factor controlled pathways of cell
cycle progression, response to stress and heme binding. Our results are consistent with earlier data in the
human embryonic kidney cell line (HEK-293) [18] and suggests the universal involvement of BACH1 in these
processes. Additionally, not only does BACH1 bind directly to the CFTR locus and to the other loci it represses,
it impacts them indirectly through the global effects of modulation of BACH1 and during oxidative stress in
airway epithelial cells. Occupancy of BACH1 at CFTR CREs is enhanced at physiological (8%) oxygen levels
compared with higher ambient levels in cell culture (20%) and is associated with changes in 3D architecture
across the locus. The general mechanisms of CFTR regulation by BACH1 were consistent in the two cell lines
examined here. Minor variation in response between the lines probably arises due to divergence in their CFTR
CRE utilization (Figure 4A). Also relevant may be differences in general physiology in the two airway cell lines,
since Calu-3 is a lung adenocarcinoma, while 16HBE14o− is an SV-40 immortalized cell line.

Glutathione conservation and CF
CFTR expression is both directly and indirectly controlled by the BACH1/NRF2 regulatory axis and oxidative
stress. Since the CF lung may be deprived of the normal antioxidant mechanisms due to reduced GSH in the
absence of functional CFTR [28–30] the role of BACH1 has added significance. Moreover, abnormal intracellu-
lar GSH levels caused by CFTR misregulation may fail to inhibit potential stress-induced apoptosis. By probing
the relationship between BACH1 function and oxidative stress in airway cells we revealed the importance of
BACH1 inhibition in alleviating oxidative stress by HMOX1. Consistent with our results, in keratinocytes acti-
vation of HMOX1 by NRF2 required the inactivation of BACH1 [44]. In contrast, we found that BACH1 did
not have a similar effect on GCLM, implicating alternative regulatory mechanisms. The increase in GCLM tran-
script levels under H2O2 stress, did not correspond to increased GCLM protein, suggesting complex formation
by existing GCLC/GCLM protein modules [50]. No significant changes in intracellular GSH levels were
detected in either airway cell line after 24 h of H2O2 stress. This could be a result of the cells reaching homeo-
stasis while existing under these conditions. However, recent data showed modulation of the increased levels of
BACH1 resulting from increased protein stability in CF cells, did not rescue the decreased HMOX1 levels [51].
This suggests that a defect in the CFTR regulation may have a more complex impact on the BACH1/HMOX1
regulatory axis.

BACH1 and oxygen levels
Binding of BACH1 to the HMOX1 locus was induced by hypoxia in earlier work [52]. Our data under condi-
tions of reduced oxygen (not hypoxia) showed increased BACH1 binding. Since our ChIP-seq experiments
were performed on chromatin purified after routine cell culture in 20% O2 it is possible that greater BACH1

Figure 5. BACH1 depletion alters chromatin architecture at the CFTR locus in Calu-3 cells. Part 2 of 2

5-kb window size as a black line above the domainogram. Relative interactions are normalized to the strongest point (which is

set to 1) within each panel. The domainogram uses color-coded intensity values to show relative interactions with window

sizes varying from 2 to 50 kb. Here, red denotes the strongest interactions and dark blue, through turquoise, to gray represent

decreasing frequencies. Below the domainograms is a track generated by subtracting the BACH1 siRNA peaks from the NC

siRNA peaks (.wig files). Gray peaks above the baseline indicate interactions lost upon BACH1 depletion and blue peaks below,

those gained. Individual .wig tracks showing quantitative analysis of the 4C-seq interaction data are shown below.
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occupancy might be seen at 8% O2. Of note, an NRF2-activated ARE was discovered at the 50 end of HIF1A
locus in HepG2 and breast cancer cell lines [53] and BACH1 occupancy is seen at this site in Calu-3 cells
(Supplementary Figure S5) suggesting that inhibition of BACH1 binding may be essential for NRF2-mediated
activation of HIF1A. In this way BACH1 induction following oxidative stress may have an amplified impact
and these observations suggest a link between oxidative stress and hypoxia.
Previously, a HIF1-dependent hypoxic repression of CFTR was noted in intestinal cells as a novel compensa-

tory mechanism in regulation of chloride secretion in diarrhea [54]. Other data suggested that in human lung
microvascular endothelial cells, CFTR controls not only oxidative stress pathways but also reactive oxygen
mediated cell signaling and the inflammatory response. Pharmacological inhibition of CFTR also decreased
NRF2, suggesting therapeutic strategies to activate NRF2 may be warranted [55]. In this study, the reduction in
NRF2 levels coincided with diminished CFTR, when BACH1 activity was induced at 8% O2. Therefore, down-
regulation of BACH1 might also have therapeutic potential in the airway. The precise cellular mechanisms
underlying the dual regulation of CFTR by BACH1 are likely complex. In the Calu-3 cell line used here, we
observed no change in BACH1 levels upon oxidative stress alone, suggesting that BACH1 stabilization may be
independent of HMOX1 induction or the presence of free heme and/or NRF2 accumulation. Our data also
show the direct molecular interactions between BACH1 and CFTR, however, the effect of NRF2/HMOX1 on
CFTR could be either dependent or independent of BACH1 regulation. Further studies on the NRF2/HMOX1
regulatory axis may suggest the interdependency of the mechanisms. Recent data on the molecular cross-talk
between NRF2, which controls oxidative homeostasis, oxidative stress and regulation of BACH1 degradation in
lung cancer are particularly relevant to this topic [56].

BACH1 and chromatin architecture
Our observations that BACH1 depletion alters chromatin architecture at the CFTR locus suggest as an intri-
guing mechanism of gene regulation by this factor. Earlier data [31,48] showed that BACH1 and Mafk proteins
can form oligomers via the BTB domain, generating a multimeric DNA binding complex upon recruitment to
the MAREs. Moreover, the BTB/POZ domain of Cp190 generates long-range chromosomal contacts in
Drosophila, by direct physical interactions with structural elements in the DNA [57,58]. Upon BACH1 deple-
tion, we found a change in the profile of interactions compared with the NC siRNA at known structural ele-
ments at the CFTR locus, which interact within the TAD. The pattern of interactions supports earlier
observations that the binding of BACH1 at several positions at a gene locus triggers the nucleation of an archi-
tectural profile, which may be essential for repression of gene expression [31,48]. This suggests a probable
mechanism of BACH1 repression followed by NRF2 activation, whereby a different chromatin architecture or
conformation can determine the transcriptional status of a gene. Hence, our results extend the functional reper-
toire of architectural proteins that contribute to higher order chromatin structure and gene expression in
airway epithelial cells.

Experimental procedures
Cell culture
Calu-3 cell line was obtained from ATCC and grown in DMEM (Dulbecco’s modified Eagle’s medium) with
4.5 g/l glucose and 10% FBS (fetal bovine serum). Transformed HBE cell line 16HBE14o− and was grown in
DMEM (1 g/l glucose) with 10% FBS. All cells were grown on plastic at liquid interface.

Cell proliferation assays
The number of viable cells was measured at 8 h and 16 h after exposure to indicated H2O2 concentrations after
48 h of initial growth, using the CellTiter96 Aqueous Non-Radioactive Cell Proliferation Assay (MTS; Promega
G9241) according to the manufacturer’s instructions.

siRNA knockdown and generation of oxidative stress
TF siRNA screen and validation was performed as in [2]. For RNA and protein extraction and GSH assays,
1.2 × 105 Calu-3 or 16HBE14o− cells were seeded per well in 24 well plates. Calu-3 and 16HBE14o− cells were
reverse or forward transfected, respectively, with BACH1 siRNA (Ambion Silencer®Select Catalog # 4392420-
S1860, or Santa Cruz sc-37064) or negative control #2 siRNA (Catalog # 4390846, or Santa Cruz control
siRNA-A sc-37007) at 18 pmol/well using Lipofectamine RNAiMAX reagent or Santa Cruz sc-37064, 48 h
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post-transfection, cells were exposed to oxidative stress by addition of H2O2 — 800 μM for 16 h or 600 μM for
8 h for Calu-3 and 16HBE14o− cells, respectively, in DMEM without serum, before collection of samples.

Reverse transcription quantitative PCR (RT-qPCR)
Total RNA from confluent cultures was extracted with TRIzol (Invitrogen) and cDNA prepared with the
TaqMan reverse transcription kit (Invitrogen). SYBR Green PCR mastermix (Thermo) was used for RT-qPCR
of all except CFTR with primers as in Supplementary Table S2 and normalized to beta 2 microglobulin (β2M)
as a housekeeping gene (HKG) control. For RT-qPCR measurements in cells grown under varying O2 concen-
trations, PGK1 was used as the HKG. CFTR mRNA levels were assayed using a well-characterized TaqMan
assay [2] (Supplementary Table S1) and normalized to β2M as a HKG control.

RNA-seq
RNA-seq (SR 50 bp) was performed as described previously [59] after collection of RNA samples using Trizol
(Invitrogen), 72 h upon BACH1 knockdown in Calu-3 cells as described in siRNA knockdown section. Raw
reads were aligned with STAR 2.6 (https://github.com/alexdobin/STAR) [60]. Aligned reads were then assigned
to genomic features with featureCounts version 1.6.3 in the Subread package (http://subread.sourceforge.net/)
[61] and differential gene expression was analyzed using DEseq2 version 1.22.1. (https://www.bioconductor.org/
packages/release/bioc/html/DESeq2.html) [62].

Western blotting
To assay the effect of BACH1 depletion on CFTR protein expression, transfections were done as above and at
72 h post-transfection whole cell lysates were collected using NET buffer (20 mM Tris–HCl, pH 7.5, 150 mM
NaCl and 1 mM Na2EDTA) supplemented with Triton-X 100 and protease inhibitors (Sigma). Protein concen-
tration was determined by Bradford assay. SDS- sample loading buffer with β-mercaptoethanol was added and
samples were passed through a 25G syringe several times before centrifugation to collect the supernatant.
These samples were resolved by SDS–PAGE, transferred to Immobilon membrane and western blots probed
with anti-CFTR 596 (Cystic Fibrosis Foundation) and β-tubulin (T4026, Sigma–Aldrich) with ECL detection.
Films were scanned by densitometry and the intensities of CFTR were normalized to β-tubulin using ImageJ.
For BACH1, HMOX1 and GCLM, the samples were boiled at 95°C for 5 min and 30 mg of protein was blotted
with primary antibodies: Rabbit anti-BACH1 (Bethyl Laboratories A303-057A), Rabbit anti-HO-1 (Cell signal-
ing Technology-70081S) and Rabbit anti-GCLM (Genetex-GTX114075), respectively.

Glutathione measurement
GSH colorimetric detection kit from Invitrogen (EIAGSHC) was used to detect intracellular GSH levels in
Calu-3 and 16HBE14o− frozen and washed cell pellets. A freeze–thaw cycle was used to lyse the cells and the
kit protocol was followed.

Chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) and
sequencing (ChIP-seq)
ChIP was performed by standard protocols for ChIP-qPCR and ChIP as described in [7]. Antibodies were spe-
cific for BACH1 (Bethyl Laboratories A303-057A) for ChIP-seq and ChIP-qPCR or rabbit IgG (Millipore12–
370) as control. Chromatin at 8% O2 levels was collected after cells were shifted from 20% to 8% O2 for 24 h.
The HPRT1 promoter was used as the HKG control in ChIP-qPCR experiments. Primer sequences used for
qPCR are shown in Supplementary Table S3. For ChIP-seq analysis, raw reads were processed using the
ENCODE Transcription Factor and Histone ChIP-Seq processing pipeline (https://github.com/ENCODE-DCC/
ChIP-seq-pipeline2) according to the ENCODE (phase-3) guidelines on the hg19 reference genome. This
includes mapping using BWA [63] and peak calling with MACS2 [64]. Peak data were filtered using and pro-
cessed for motif distribution using HOMER (4.7.2q) (http://homer.ucsd.edu/homer/index.html) [65].

Circular chromosome conformation capture—4c-seq
7.8 × 106 Calu-3 cells were reverse transfected using BACH1 siRNA or Negative control #2 siRNA as described
above in 10 cm dishes and pellets prepared according to protocol described in [49,66] after 72 h of transfection.
4C-seq libraries were generated from cultured cells as described in [49]. NlaIII and DpnII or Csp6I were used

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY-NC-

ND).

3752

Biochemical Journal (2021) 478 3741–3756
https://doi.org/10.1042/BCJ20210252

https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
http://subread.sourceforge.net/
http://subread.sourceforge.net/
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.bioconductor.org/packages/release/bioc/html/DESeq2.html
https://github.com/ENCODE-DCC/ChIP-seq-pipeline2
https://github.com/ENCODE-DCC/ChIP-seq-pipeline2
https://github.com/ENCODE-DCC/ChIP-seq-pipeline2
https://github.com/ENCODE-DCC/ChIP-seq-pipeline2
https://github.com/ENCODE-DCC/ChIP-seq-pipeline2
https://github.com/ENCODE-DCC/ChIP-seq-pipeline2
http://homer.ucsd.edu/homer/index.html)
http://homer.ucsd.edu/homer/index.html)
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


as the primary or secondary restriction enzymes, respectively. Enzyme pairs and primer sequences used to gen-
erate 4C-seq libraries for each viewpoint are shown in Supplementary Table S4. The sequencing data were pro-
cessed using the 4C-seq pipe protocol. All 4C-seq images were generated using default parameters of the
pipeline as per [66]. 4C-seq was quantified and mapped using the pipe4C processing pipeline [49]. Raw reads
were aligned to the hg19 genome using Bowtie2 v4.8.3 and sorted using SAMtools v1.3. Bigwig subtraction
tracks were generated using deepTools bigwigCompare [67] with default settings.

Statistics
Error bars in all graphs denote standard error of the mean (SEM). Statistical analysis used the Student’s
unpaired t-tests in Prism software (GraphPad). *P < 0.01 **P < 0.001 ***P < 0.0001.
Footnote: * This manuscript uses legacy nomenclature for the CFTR gene to be consistent with our earlier

work.
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