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Abstract

Single cell RNA-sequencing has accurately identified cell types within the human airway that
express the Cystic Fibrosis Transmembrane Conductance regulator (CF7R) gene. Low abundance
CFTR transcripts are seen in many secretory cells, while high levels are restricted to rare
pulmonary ionocytes. Here we focus on the mechanisms coordinating basal CFTR expression

in the secretory compartment. Cell-selective regulation of CF7R is achieved within its invariant
topologically associating domain by the recruitment of c/s-regulatory elements (CREs). CRE
activity is coordinated by cell-type-selective transcription factors. One such factor, Krippel-Like
Factor 5 (KLF5), profoundly represses CFTR transcript and protein in primary human airway
epithelial cells and airway cell lines. Here we reveal the mechanism of action of KLF5 upon

the CFTR gene. We find that depletion or ablation of KLF5 from airway epithelial cells changes
higher order chromatin structure at the CFTR locus. Critical looping interactions that are required
for normal gene expression are altered, the H3K27ac active chromatin mark is redistributed, and
CTCF occupancy is modified. However, mutation of a single KLF5 binding site within a pivotal
airway cell CRE abolishes CFTR expression. Hence, KLF5 has both direct activating and indirect
repressive effects, which together coordinate CF7R expression in the airway.
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Introduction

Cystic fibrosis (CF) is an inherited, life-limiting disease caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. Although lung pathology is
the primary cause of mortality in CF patients [1], most lung epithelial cells express

low levels of CFTR compared to other tissues affected by the disease [2—-4]. Single-cell
RNA-seq data identified a subset of secretory epithelial cells in the lung with detectable
CFTR transcript in addition to a rare cell type (ionocytes), in which CFTR is abundant
[5-7]. These divergent expression levels suggest distinct regulatory mechanisms between
cell types. The role of c/sregulatory elements (CRES) in the cell type-selective regulation
of CFTR has been a subject of extensive investigation [8]. Cooperation between intronic
enhancers coordinates expression of the gene in intestinal epithelium [9]. CREs upstream

of the promoter are essential for maintaining the higher order chromatin structure of the
locus in airway epithelial cells [10], including sites at —44kb and —35kb [11, 12] that

are required for gene expression [13]. Within the topologically associating domain (TAD)
containing CFTR, between invariant boundaries at —80.1kb and +48.9kb [14], are enhancers
and enhancer-blocking insulator elements that contribute differently to gene expression
depending upon cell-type context [15]. CRES may contain binding sites for transcription
factors (TFs) that control gene expression in a cell-specific context. Using a CRE-focused
approach we identified multiple TFs with a pivotal role in regulating CFTR expression.
Hepatocyte nuclear factor 1 (HNF1) and caudal-type homeobox 2 (CDX2) contribute to

the function of the intestine-selective enhancers in intron 1 and 11 (legacy nomenclature)
[9]. Furthermore, HNF1 interacts directly with several intronic CREs and the promoter [16,
17]. Forkhead box A1/2 are also enriched at regulatory sites within introns 10 and 11 [18]
and are required for the looping and histone landscapes contributing to CFTR expression

in the intestinal epithelium [19]. In airway epithelial cells, the —44kb CRE contains an
antioxidant response element (ARE) involved in CFTR function. In normoxic conditions, the
ARE at —44kb is occupied by the TF BTB and CNC homology 1 (BACH1) and v-Maf avian
musculoaponeurotic fibrosarcoma oncogene homolog K (MAFK) heterodimers. Antioxidant
treatment results in displacement of these repressive factors by Nrf2 and activation of CF7TR
expression [20]. BACH1, however, may play both an activating and repressive role on
CFTR under different oxidative conditions [21]. The —35kb CRE was shown to be a potent
enhancer of the CFTR promoter, both by enhancer assays /n vitro[11] and by CRISPR/
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Cas9-mediated deletion [13]. This element may be regulated, in part, by the immune
mediators interferon regulatory factors (IRF1/2) and nuclear factor Y (NF-Y). Targeting
the complex network of TFs controlling CFTR in the airway epithelium may provide new
therapeutic opportunities.

To identify TFs with either direct or indirect impacts on airway CFTR expression de novo,
an siRNA depletion screen was performed in Calu-3 cells, targeting ~1500 human TFs and
chromatin remodeling proteins. A subset of factors that activated or repressed CF7R in
Calu-3 cells were also validated in primary human bronchial epithelial (HBE) cells [22].
Among the most potent repressors of CFTR was Kriippel-Like Factor 5 (KLF5). Depletion
of KLF5 increased normalized CFTR mRNA levels more than 2.5-fold in Calu-3 cells and
greater than 5-fold in HBE cells. Other members of the Kriippel-Like family have been
implicated in CFTR regulation and CF pathogenesis. KLF4 was a key factor in the impaired
Cx26-regulated wound repair process in CF airway basal cells [23]. It was also found to

be upregulated in both CF lung and CF airway epithelial cell lines and to have a repressive
effect on CFTRin wild-type (WT) cells [24]. KLF4 also has a key role in epithelial barrier
function that is partially dependent on CFTR status [25]. Absence of KLF2 expression was
observed in CF airways, correlating with a proinflammatory state [26]. KLF5 was previously
found to be part of a transcriptional network in primary human tracheal epithelial cells and
was predicted to occupy sites of open chromatin (CRESs) at multiple CF-relevant loci [27].
Furthermore, KLF5 was a direct downstream target repressed by ETS Homologous Factor
(EHF), a TF with a critical role in the human airway epithelium [28].

We recently showed that KLF5 is a potent regulator of genes with important biological
functions in the human airway epithelium, including the proinflammatory response and
wound repair processes [29]. In this context we generated cistrome data for KLF5 in the
human airway epithelial cell lines Calu-3 and 16HBE140" and found its occupancy at the
promoter and the —35kb CRE of the CFTR gene. The Calu-3 and 16HBE140" cell lines were
chosen as they robustly express CF7R and are commonly used for CFTR functional studies..
Furthermore, they are effective models of the human airway epithelium with the latter

able to be differentiated on air-liquid-interface (ALI). This observation of KLF5 occupancy
suggested a direct role for the factor in regulating CFTR expression, which we investigate
further here.

First, we use circular chromosome conformation capture with sequencing (4C-seq) to
determine whether KLF5 is necessary for maintaining the higher order chromatin structure
at the locus. We show that upon depletion or CRISPR/Cas9-mediated loss of detectable
KLF5, substantial changes occur in the looping of CRESs across the locus. To interrogate
the mechanism, we assay the potential role of CCCTC binding factor (CTCF) and the
cohesin complex in KLF5-mediated repression of CFTR. Next, we examine the active
chromatin landscape across the CF7R locus in control cells and those deficient for KLF5,
by assaying histone H3K27 acetylation, and show that loss of KLF5 alters H3K27ac
enrichment particularly at CREs 5’ to the gene promoter. Lastly, we mutate the conserved
KLF5 DNA-binding motif at the —35kb CRE and observe reduction of CFTR expression
and alterations in locus architecture. These data suggest that KLF5 acts as a key regulator
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of CFTR expression with dual capabilities as a transcriptional activator and repressor,
depending upon the context of its interactions with the gene.

Materials and Methods

Cell culture and siRNA transfection:

Calu-3 [30] and 16HBE140™ [31] cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (FBS) using standard methods. TF depletion
experiments were performed as previously described [29] for the negative control #2
(Dharmacon, D-001206-14-05), KLF5 (Dharmacon, M-013571-01-0005), CTCF (Ambion-
520968), and/or RAD21 (Ambion-s11725). 16HBE140™ cells were transfected using the
same siRNA concentrations 24 h after seeding. All lysis was performed 72 h after
transfection.

Chromatin immunoprecipitation and quantitative PCR (ChIP-gPCR):

ChIP was performed by standard protocols [9, 32]. Antibodies were specific for H3K27ac
(Millipore 07-360), CTCF (07-729), or RNAPII (Cell Signaling Technology 14958S).
ChIP-gPCR was performed using SYBR Green Master Mix (Thermo Fischer) on the
QuantStudio 6 Flex System with results calculated using the percent input method with
2.5% starting chromatin input. Primer sequences are shown in Suppl.Table S1. All primers
were previously published by the Harris group except for the mutagenesis primers and
CRISPR-HDR primers/guides.

Reverse transcription and quantitative PCR (RT-gPCR):

Total RNA from confluent cultures was extracted with TRIzol (Invitrogen) and cDNA
prepared with the TagMan reverse transcription kit (Invitrogen). CFTR mRNA levels were
assayed using Tagman fast advanced master mix for cDNA diluted 1:4 [16]. Results were
normalized to the housekeeping control beta-2-microglobulin (B2M). Primer sequences are
shown in Suppl.Table S1.

Western blot:

Cells were lysed in NET buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EDTA,
1% Triton X-100, 1X Sigma Protease Inhibitor), and protein concentration measured by
Bradford protein assay (Bio-Rad). Proteins were separated by standard PAGE protocols,
and western blots were probed with antibodies specific for CFTR (CFF-596) KLF5
(sc-398470), CTCF (Millipore-07-729), RAD21 (Millipore-05-908), and p-tubulin (T4026,
Sigma-Aldrich).

Transient reporter gene (luciferase) assays

The pGL3B vector (Promega), pGL3B245 containing the CF7R minimal promoter, and
the 350bp core sequence of the —35kb CFTR enhancer together with the promoter

were described previously [11]. The Regulatory Sequence Analysis Tools (RSAT) matrix
scan tool was used to predict KLF5 binding sites [33]. Site-directed mutagenesis was
performed on both of the two most significant KLF5 motifs found in the —35kb 350bp
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core element using the Agilent QuikChange Lightning Site-Directed Mutagenesis Kit.
16HBE140" cells were co-transfected with each luciferase vector and a modified pRL
Renilla luciferase positive control vector at a 1:10 ratio using Lipofectamine 3000 (Thermo
Fischer Scientific). Cells were lysed after 48 h and lysates assayed for firefly and Renilla
luciferase activity using the Dual-Luciferase Reporter Assay Kit (Promega). Transfections
(n=2) were performed using two replicate mutagenesis constructs in triplicate.

4C-seq
4C-seq libraries were generated from Calu-3 and 16HBE140" as described previously [34].
Chromatin from ~ 1x107 cells was digested using Nlalll and Dpnll or Csp6l as the primary
or secondary restriction enzymes, respectively. All 4C experiments were done at least twice
for every condition and clonal cell line. Enzyme pairs and primer sequences used for each
viewpoint are shown in Supplementary Table S1. Two-nucleotide barcode sequences were
added to the P5 linker to enable library multiplexing on the same sequencing flow cell.
Domainogram visualizations were generated using the 4Cseqpipe pipeline [35] with default
parameters on the hg19 genome. Quantifications of 4C-seq reads were generated using the
pipe4C pipeline v1.1 [34] with default parameters. The deepTools bigwigCompare tool was
used to subtract read density tracks [36].

CRISPR KLF5-null 16HBE140" and homology directed repair (HDR)

Generation of the KLF5-null 16HBE140" cells was described previously [29]. KLF5-motif
16HBE140™ mutants were generated using a single-guide RNA designed to target 24 bases
directly downstream of the 3* KLF5 motif in the —35kb CRE and cloned into pBlueScript
(pBS). A single stranded DNA template was generated with 96 bp homology arms flanking
the KLF5 motifs and a Sacl restriction enzyme site to facilitate screening (Suppl. Fig.

S5). 16HBE140" cells were co-transfected with pMJ920 (wild-type Cas9 plasmid tagged
with GFP) (Addgene, plasmid #42234), pBS containing the —35kb gRNA, and the HDR
template at a 1:1:5 ratio using Lipofectamine 3000 (Life Technologies). GFP-positive cells
were sorted by fluorescence-activated cell sorting and single cells were manually diluted to
96-well plates. Clones were expanded and screened for homozygous motif conversion by
PCR amplification of the site followed by Sacl digest and sequencing. Guide, template, and
screening primers are shown in Supplementary Table S1.

Accession Numbers

Gene Expression Omnibus IDs: Calu-3 and 16HBE140- H3K27ac ChlIP-seq (GSE132808),
Calu-3 and 16HBE140- KLF5 ChIP-seq (GSE164853).

Results

Depletion of KLF5 alters the looping interactions between the CFTR TAD boundaries and
upstream cis-regulatory elements
The CFTR locus is contained within a highly conserved TAD with boundaries predicted
at sites of CTCF occupancy at —80.1kb 5’ and +48.9kb 3’ to the coding region [32]. We
showed previously that the direct looping interactions of CREs encompassing enhancers at
—-44kb and -35kb, and a CTCF-binding insulator at —20.9kb, were critical for maintaining
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higher order chromatin structure and expression of CFTR in airway epithelial cells. Since
transcription factors are known to be directly recruited to CREs and contribute to chromatin
looping, we hypothesized that the mechanism of CFTR repression by KLF5 might similarly
involve regulation of the 3D architecture of the CF7R locus. To test this hypothesis, we
performed 4C-seq in Calu-3 cells treated with a pool of four negative control siRNAs or
four siRNA targeting KLF5. By using viewpoints at the —20.9kb insulator element [37]

(Fig 1A), +48.9kb 3’ TAD boundary (Fig 1B), CFTR promoter (Fig S1A), and —80.1kb 5’
TAD boundary (Fig S1B), we assayed the impact of KLF5 depletion on looping interactions
across the locus. For each viewpoint, 4C-seq read quantification in the KLF5-depleted

cells was subtracted from the NC-treated cells to identify regions of substantial change
between them. We found that depletion of KLF5 markedly affects the looping between
several intergenic CREs, the TAD boundaries, and intronic elements. Depletion of KLF5
resulted in a significant loss of interactions between a viewpoint at the —20.9kb site, the
intron 10c element, sites close to the 3’ end of the gene including the CRE at +6.8kb,

and the 3° TAD boundary (Fig. 1A, red arrows and bars). The +6.8kb CRE is a DNase |
hypersensitive site (DHS) and a CTCF binding insulator element [37]. We also observed a
reduction in interactions over a region between the +15.6kb insulator (non-CTCF binding)
[9, 10] and the 3* TAD boundary that encompasses the open chromatin peak at 36.6 kb

[9, 38]. Reorganization is also evident around the —80.1kb DHS within and beyond the 5’
TAD boundary. The diminished interaction between the 5’ and 3’ elements is also observed
in the reciprocal comparison using the +48.9kb 3* TAD boundary as a viewpoint (Fig. 1B,
red bar and arrows). The —80.1kb 5’ TAD boundary viewpoint exhibits a marked gain in
interactions across the whole region 5’ to the promoter (Fig. S1A, red bars). It also confirms
observations with the —20.9kb viewpoint showing a rearrangement of the 3D architecture
both within and outside the TAD, and a significant loss of interaction with the +48.9kb 3’
TAD boundary (Fig. 1A, red arrow). The promoter interactions are also consistent with data
from the other viewpoints, exhibiting substantial gain in interaction with the ~40kb around
the —80.1kb 5* TAD boundary and diminished looping with the middle of the locus (intron
10c) and the 3’ end of the gene. Very few significant changes were observed between the
viewpoints and other intronic elements. Changes detected within ~20kb of the viewpoints
are not significant due to the disproportionate read density in the windows, which enhance
relatively minor changes compared to regions beyond the viewpoint.

KLF5-null cell lines show similarly altered looping interactions between the CFTR TAD
boundaries and upstream cis-regulatory elements

We showed earlier that siRNA-mediated depletion of KLF5 in Calu-3 and primary HBE
cells significantly upregulated the CF7R transcript [22]. To determine if the repressive

role of KLF5 on CFTR expression was recapitulated in an orthogonal model, we used
KLF5-null 16HBE140" cell lines generated previously by CRISPR/Cas9 [29]. Consistent
with the Calu-3 data, KLF5-null 16HBE140" cells express ~2-fold more CFTR transcript
than parental wildtype or nontargeted (in a CRISPR experiment) wildtype (Suppl. Fig S2A).
The KLF5-null cells also showed substantially enhanced levels of CFTR protein compared
to clonal WT (Suppl. Fig S2B). Next, we asked whether CFTR locus looping was also
altered in the KLF5-null cells compared to non-targeted 16HBE140" cells. Again, using
4C-seq we observed that, consistent with the results in Calu-3 cells, looping interactions
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between the CFTR promoter, the —80.1kb 5’ TAD boundary, and the upstream CRESs such as
—-35kb and -20.9kb were significantly increased in all three homozygous KLF5-null clones
(Fig 2, red arrows). A reduction in looping with the promoter viewpoint was also apparent
around intron 10c, the 3’ end of the gene around the +6.8kb and +15.6kb CREs, and the
intergenic region near the 3° TAD boundary (Fig 2, red lines). Also as seen in Calu-3 cells,
there is a marked reduction between the promoter and both the 48.9kb site and 3’ adjacent
sequences. All three clones exhibited a significantly reduced interaction within a site in
intron 16, which corresponds to a DHS in some airway and pancreatic cell lines [39, 40].

A gain of looping interactions between the —20.9kb CRE and the extended region within
~50kb of the 5° TAD boundary confirmed findings with the promoter viewpoint (Fig S3,

red line). Diminished —20.9kb interactions with 3’ end of the gene, proximal to the +6.8kb
insulator, and both proximal and distal to the +48.9kb TAD boundary (Fig S3, red arrow and
lines) are also consistent with the promoter viewpoint data. A viewpoint at the +48.9kb 3’
TAD boundary also shows diminished interactions with the —80.1kb TAD boundary and 5’
CREs including the —20.9kb site (Fig S4, red arrows) in the KLF5-null clones.

Diverse roles of CTCF in the KLF5-mediated regulation of CFTR

In earlier work, we showed that depletion of architectural proteins CTCF and RAD21, a
component of the cohesin complex, disrupted the 3D structure, histone landscape, and TF
occupancy across the CFTR locus in the colon carcinoma cell line Caco-2, and increased
CFTR expression [32]. We also showed above that the CTCF-binding insulator elements

at —20.9kb and +6.8kb exhibited noteworthy changes in looping interactions measured by
4C-seq, following loss of KLF5. To investigate whether the mechanism of KLF5-mediated
regulation of CFTR involves these architectural proteins, we first separately depleted KLF5,
CTCF, or RAD21 and then combinations of these factors in Calu-3, and assayed CFTR
transcript (normalized to 32M) and protein (Fig 3A). As expected, loss KLF5 alone
increased CFTR expression, whereas depletion of CTCF, RAD21, or both, significantly
reduced expression, in contrast with the previous observations in Caco-2 cells, However,
when both KLF5 and CTCF, or KLF5 and RAD21 were depleted simultaneously, the

effect of KLF5 depletion was dominant and CFTR transcript and protein were significantly
increased, albeit at a lower level than when the architectural proteins were not depleted.
Next, to determine whether the localization of architectural proteins at the CFTR locus,
rather than their abundance at the same sites, was critical in controlling gene expression we
performed ChIP-gPCR for CTCF in the clonal WT and KLF5-null 16HBE140" cells (Fig
3B). Consistent with the alterations in higher order chromatin organization, we observed

a significant loss of CTCF enrichment at the +48.9kb 3’ TAD boundary and also at the
—20.9kb insulator in the KLF5-null cells. We also observed a slight reduction in CTCF
occupancy at the —80.1kb 5° TAD boundary and the +6.8kb insulator. Together, these results
suggest that loss of KLF5 impairs the normal recruitment of architectural proteins to critical
structural elements at the locus.

Depletion or loss of KLF5 alters H3K27 acetylation across the CFTR locus

Kruppel-Like factors are known to interact with histone deacetylases in diverse cell types
[41-43]. We documented the histone modification landscape across CFTR in airway
epithelial cells previously [13], and aligned histone marks with regions of open chromatin
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at CREs (Fig. 4A). In both Calu-3 and 16HBE140 cells, the —44kb and —35kb enhancers,
and CFTR promoter, exhibit strong peaks of H3K27ac enrichment (GEO: GSE132808). The
-35 kb site and the promoter also have peaks of KLF5 occupancy (GEO: GSE164853) (Fig
4A). Hence, we next asked whether loss of KLF5 altered the distribution of H3K27ac across
the locus and particularly at specific CREs, which might be pivotal in the observed changes
in CFTR expression. We performed ChlIP-gqPCR for H3K27ac in Calu-3 cells depleted

for KLF5 (Fig 4B), and in the KLF5-null 16HBE140" cells (Fig. 4C), using primers at

these critical CREs. No significant changes in H3K27ac occupancy were seen in either cell
type at the —44kb CRE, which has a very high basal signal, nor at a negative control site
(DHS intron 10ab). Similarly, there was no significant change in abundance of this histone
mark at the +48.9 kb TAD boundary, a site that is enriched for H3K27ac in Calu-3 but

not 16HBE140". However, at the —35kb DHS, where KLF5 binds directly, H3K27ac was
significantly increased following depletion (Fig. 4B) or loss (Fig. 4C) of KLF5. Depletion of
KLF5 was also associated with significant de novo H3K27ac deposition at both the —20.9kb
and +6.8 kb enhancer blocking insulator elements in Calu-3 cells (Fig. 4B), while a similar
change upon loss of KLF5 in 16HBE140" cells was only seen at the —20.9 kb site (Fig. 4C).

Disruption of the KLF5-binding motif at the —35kb 5’ enhancer element perturbs CFTR

expression

KLF5 occupies the —35kb 5’ enhancer in both Calu-3 and 16HBE140" cells as shown by
the ChlP-seq peak in Fig. 4A and data in GEO:GSE164853. To ascertain the importance of
this direct binding of KLF5, we used /n7 silicotools to predict its binding motif(s) in the 350
bp core enhancer of the —35 kb element [11]. Regulatory Sequence Analysis Tools (RSAT)
matrix scan identified two probable KLF5 binding sites. Each of these sites was mutated in
constructs containing the 350bp enhancer sequence and a minimal CFTR promoter driving
luciferase expression (Fig 5A). (The CRISPR-HDR template containing the homology arms
and the mutated KLF5 sequence are shown in Suppl. Table S1). Mutant and control plasmids
were co-transfected into 1L6HBE140™ cells with a renilla normalization control vector (Fig
5B). The relative luciferase expression was significantly lower from both mutant constructs
compared to the parental core enhancer plasmid, though neither reduced expression to the
promoter-only construct levels. The 3’ mutant KLF5 site which caused a greater reduction
in luciferase activity was chosen as the target for CRISPR homology-directed repair

(HDR) in the same cell line (Fig. S5). 16HBE140" cells were transfected with a plasmid
expressing Cas9, a gRNA targeting the region immediately downstream of the HDR site,
and a 200bp HDR template encompassing the mutation. Transfected cells were manually
diluted to single-cell density to ensure the isolation of clones that were homozygous for

the conversion. Three homozygous —35kb KLF5-site mutant HDR clones (cl4, cI33 and
cl57) were generated, which expressed significantly lower amounts of CF7R transcript (Fig.
5C) and protein (Fig. 5D) than clonal WT 16HBE140cells. Since we observed a consistent
reduction in transcription in the three mutant clones, we next assayed the occupancy of
RNA polymerase Il (RNAPII) at the CFTR promoter and key CREs in mutant and clonal
WT cells (Fig. 5E). No change in RNAPII binding was observed in mutant cells at the
negative control DHS 10ab site, nor at the —20.9kb insulator. However, RNAPII enrichment
was significantly reduced in cl4 and cl33 at the promoter and both upstream enhancers

at —44kb and —35kb. 4C-seq was then performed using the same viewpoints as above to
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determine whether locus architecture was changed upon loss of this critical KLF5 binding
site (Fig. 5E). A viewpoint at the —80.1kb 5’ TAD boundary gained 5’ looping interactions
outside the TAD in HDR cells, and lost interactions both within the gene and at its 3’

end when compared to parental WT cells. This is consistent with the observations in the
KLF5-depleted Calu-3 and KLF5-null 16HBE140™ cells. However, in contrast to those cell
lines, the —35kb KLF5 site mutation is associated with specific structural changes, including
both a gain in —=80.1 kb looping adjacent (5”) to the —35kb CRE and with the promoter (Fig
5F, dashed orange arrows), and a loss with other elements (red line). Looping between the
—-80.1kb and +48.9kb TAD boundaries was also significantly increased (red arrows).

Discussion

Higher order chromatin structure at the CFTR locus provide more global insights into

the contributions of CREs and specific TFs to the cell type-selective regulation of large,
complex genes. Here, by examining the balance of direct and indirect control of CFTR
locus architecture, the histone landscape, and recruitment of RNAPII by a single key TF
(KLF5), we enhance understanding of the mechanisms whereby perturbations of normal
gene regulation may cause disease. Moreover, these mechanisms may contribute to cellular
heterogeneity within tissues, such as the diversity of airway secretory epithelial cells,
corresponding to variable levels of CFTR expression [44, 45]. First, considering indirect
control, we investigate features of the CFTR locus that are altered upon depletion of the
potent repressive factor KLF5. Next, by mutation of a critical KLF5 binding site within a
strong airway cell-selective 5” enhancer that is recruited to the gene promoter by chromatin
looping, we address direct regulatory mechanisms. Of note, KLF5 occupancy at the gene
promoter in airway cells may be predominantly the result of enhancer looping, since direct
binding motifs in the promoter are relatively low affinity. Our data support a pivotal role for
KLFS5 in establishing the epigenetic landscape of CFTR in secretory epithelial cells of the
human airway, document the importance of direct KLF5 recruitment to critical CREs within
these cells, and illustrate the relationship between higher order chromatin structure and gene
expression at this large and complex locus.

In these studies, KLF5 was found to be a potent repressor of CFTR expression in two
human airway epithelial cell lines with diverse phenotypes, consistent with our earlier
observations on primary HBE cells [22]. The 3D structure of the CFTR locus has features
that are ubiquitous (the TAD boundaries), in addition to others that are cell type selective
(the looping of CREs to the gene promoter). Since we showed earlier that CRISPR/Cas9-
mediated deletion of specific CREs significantly altered locus architecture and/or CFTR
expression [13, 15], we assayed changes in the 3D landscape in airway epithelial cells
with reduced or absent KLF5 using 4C-seq. A substantial loss of association was observed
between 5’ elements and the 3° TAD-boundary, while few significant changes in long-
range interactions were observed within the gene body. It may be relevant that intronic
enhancers drive CFTR expression in the Caco? cells, but 5’ enhancers outside the gene
are critical in airway cells. The most consistent change in locus architecture upon loss of
KLF5 involved the CTCF-binding insulator element at —20.9kb. In both cell lines, this site
simultaneously showed stronger interactions with the promoter and the —80.1kb 5 TAD
boundary, while showing diminished interactions with the +48.9kb 3° TAD boundary. These

J Mol Biol. Author manuscript; available in PMC 2023 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paranjapye et al.

Page 10

changes in interaction profiles suggest a profound change in locus structure and physical
distance between CREs when KLF5 is lost. The close association of enhancers, and gene
promoters optimizes the environment for recruitment of RNAPII [46]. CRISPR deletions

of the —44kb or —35kb CREs, which resulted in loss of CFTR expression, reduced the
interaction frequency of the —20.9kb site with the —80.1kb 5’ TAD boundary but increased
downstream interactions [13]. This contrasts with the changes observed in cells deficient for
KLF5. It is possible that the locus architecture may be held by specific anchor points at the
TAD boundaries and CRESs, mediated by KLF5, which enables low but detectable CFTR
expression. Upon loss of KLF5 the anchor constraints are relieved between the upstream
sites and the 3’ end of the locus, enhancing access to the promoter.

In order to show that the impact of KLF5 on locus architecture was not unique to CFTR,
we performed 4C-seq experiments after KLF5 depletion at another genomic region. We
chose the well-studied chromosome 11p13 region [47, 48] encompassing the E74 Like
ETS Transcription Factor 5 (ELF5), EHF and APAF1 Interacting Protein (AP/P) locus.
Single-nucleotide polymorphisms (SNPs) in the intergenic region between £HFand APIP
are associated with CF lung disease severity [49, 50] and CRISPR/Cas9-mediated removal
of CREs altered 3D chromatin structure and the coordinate regulation of EHF and ELF5
[48]. KLF5 binds to several sites in this genomic interval including a region of open
chromatin in EHFintron 6. We used 4C-seq to determine the impact of sSiRNA-mediated
depletion of KLF5 on this region in Calu-3 cells (Fig S6). Loss of KLF5 significantly
reduced the looping interactions of viewpoints on the 5’ side at DHS11.2516 and the 3’
TAD boundary in AP/Pintron 4, with this highly active site in EHFintron 6. ELF5is

not expressed in Calu-3 cells, while EHFand APIPare slightly upregulated after KLF5
depletion (GEO:GSE164853), with fold changes of 1.48 (p-adj = 0.007) and 1.35 (p-adj

= 0.002), respectively. These data support a broader role for KLF5 in establishing and
maintaining long-range chromatin 3D structures, particularly between CREs, at multiple
loci.

Since we observed KLF5 depletion-associated changes in looping interactions between the
CTCF-binding elements at —20.9kb, +6.8kb and +48.9kb, we asked whether the mechanism
of KLF5 repression of CFTR involved the architectural proteins CTCF and cohesin. In
Calu-3 cells, depletion of RAD21 alone or both CTCF and RAD21 downregulated CFTR
expression in contrast, when depletion of these factors was coupled with that of KLF5,
CFTRwas upregulated to levels similar to those seen with loss of KLF5 alone, indicating
that the KLF5-mediated repression of the gene is somewhat independent of the architectural
protein complex. Loss of KLF5 was not only associated with a reduction in looping
interactions, but also with a significant loss of CTCF binding specifically at the —20.9kb and
+48Kkb sites (while overall abundance of the CTCF and RAD21 did not change (Fig. 5B).
This redistribution may cause relaxation of the 3D structure mediated by the CTCF-cohesin
complex between these sites and thus increased accessibility to the CF7R promoter.

The well-established H3K27ac histone landscape of CF7R marks the airway-selective
enhancer elements and sites of transcription factor binding. We observed greater enrichment
of the active histone mark at both of the sites of KLF5 occupancy, at —35kb and the
promoter, which may correlate with increased enhancer activity. Alternatively, following
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loss of KLF5, this CRE gains a minor enhancer signature which has been found at other
CTCF-binding sites in a TF-dependent manner [51]. As H3K27ac enrichment does not
significantly change at the other enhancer at —44kb nor at +48.9kb, upon KLF5 loss, this
TF may maintain levels of the active mark at the CF7R locus in concert with the looping
structure in the upstream region containing its binding sites.

Kruppel-like factors have triplicate zinc-finger DNA binding domains and well-
characterized binding motifs [52]. Direct binding of KLF5 to the —35kb, as shown in both
Calu-3 and 16HBE140" by ChlP-seq, likely activates CFTR expression. Mutation of the
conserved binding motifs for KLF5, either in a luciferase reporter gene construct or in

the endogenous CFTR locus, significantly reduced gene expression. This may result from
impaired recruitment of the transcriptional complex, as suggested by the reduction in RNA
polymerase 11 occupancy. Mutation of the KLF5 motif also disrupts the looping structure

of the locus between the —80.1kb 5° TAD boundary, upstream CREs, and across the gene
body. In combination these data suggest KLF5 has dual and opposite functions in CFTR
regulation. In isolation, it is an activating TF at the —35kb enhancer. Disruption of binding at
the upstream enhancer may impact KLF5-mediated mechanisms at the promoter where we
observe lower KLF5 affinity, restricting access to RNAPII and other activating transcription
factors. However, in the context of the larger CFTR locus it has an additional repressive
function in controlling accessibility of the gene, specifically between CTCF-binding CREs.
Members of the Kriippel-like family of TFs are extensively studied for both activating and
repressive functions in different cellular contexts (reviewed in [53]). Consistent with our
model for CFTR regulation by KLF5, this factor may directly promote recruitment of the
transcriptional complex and establish the 3D conformation of gene loci, such as at enhancers
in cancer driver events [54]. Our results on the CFTR locus may enable novel therapeutic
approaches to modulate CFTR expression, using chemical biology approaches drawn from
other diseases. The synthetic retinoic acid receptor agonist Am80 was found to inhibit
expression and function of KLF5 [55-57]. Targeted, drug-mediated depletion of KLF5 in
tissues with low levels of CFTR expression could enhance efforts to restore normal CFTR
protein function.
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KLF5 is a key transcription factor (TF) in coordinating airway CFTR gene
expression

KLF5 represses CFTR by modulating chromatin looping and active histone
mark occupancy

KLF5 also augments CFTR expression through direct binding at a potent
enhancer

We reveal a mechanism for coordinate activation and repression of a gene by
one TF
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Figure 1. KLF5 depletion alters the 3D structure of the CFTR locus in Calu-3 cells.
4C-seq data are shown for Calu-3 cells treated with negative control siRNA (NCsi)

or siRNA targeting KLF5 (KLF5si). The genomic location of CF7R on chromosome

7 and its c/s-regulatory elements (CRES) are shown at the top. 4C-seq data generated

using the —20.9kb CRE (A) and +48.9kb 3" TAD boundary (B) viewpoints are shown.

Inset panel shows western blots probed with antibodies specific for KLF5 and p-Tubulin
(normalizer) to illustrate the effective depletion of KLF5 in 4C experiments. For each
viewpoint, domainograms at the top and bottom use an intensity gradient to show the
relative interactions within a window size from 2 to 20kb. The corresponding trend in the
contact profile using a 5kb window is shown above the domainograms. Relative interactions
are normalized to read enrichment (set to 1) at the viewpoint, with a gradient of intensity
from red (highest interaction) to blue to grey. Read quantification tracks in the IGV genome
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browser are shown below for NCsi or above for KLF5si. Between the conditions are read
tracks of the subtraction of the KLF5-si 4C-seq from the NCsi cells in log, scale.
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Figure 2. Loss of KLF5 causes substantial change in higher order chromatin structure at the
CFTR locus in 16HBE140" cells.

4C-seq data are shown for clonal WT (n=2) or KLF5-null (n=3) 16HBE140" clones using

a CFTRpromoter viewpoint (for location see Table S1). The domainogram for each cell
clone is shown above, and below is the subtraction of the read quantification tracks of each
KLF5-null clone 4C-seq from the WT cells in log, scale. Regions of specific interest are
marked by bars and arrows in blue for the clonal WT track and red for the KLF5-null clones.
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Figure 3: The relationship of KLF5 and architectural proteins at the CFTR locus.
A. Loss of KLF5 overrides the impact of CTCF/Rad21 depletion on CFTR expression.

Change in CFTRtranscript in Calu-3 treated with NC siRNA or siRNA targeting KLF5,
CTCF, and/or RAD21 using RT-gPCR (above) and corresponding change in CFTR protein
by western blot (below). CFTR transcript abundance is normalized to beta-2-microglobulin
(B2M). *p<0.01, **p < 0.001, ***p < 0.0001 using a two-way analysis of variance plus
multiple comparisons test. B. Absence of KLF5 decreases CTCF occupancy at key sites in
the CFTR locus. ChIP-gqPCR for CTCF in clonal WT (n=12) or KLF5-null 16HBE140" cells
(n=12) at CFTR locus CREs or a negative control site at chromosome 11p13. The p-value
from unpaired T-tests are shown next to each comparison.
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Figure 4. Loss of KLF5 enhances H3K27ac occupancy at CFTR CREs
A. KLF5 and H3K27ac ChlP-seq IDR signal across the CF7R locus in Calu-3 and

16HBE140 cells. CFTR CRE sites are shown below. B. ChIP-qPCR for H3K27ac in Calu-3
cells treated with NC siRNA or siRNA targeting KLF5 at key CREs (h= 3 experiments;

n=2 technical replicates). C. ChIP-qPCR for H3K27ac in clonal WT (n=2) or KLF5-null
16HBE140- (n=3) cells, n=2 experiments). The p-values from unpaired T-tests are shown
above each comparison.
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Figure 5: Mutation of the KLF5 binding site in the —35kb CFTR CRE impairs gene expression
and alters chromatin architecture.

A. Schematic of the 5’ and 3" KLF5-motif mutations generated in the 350bp core element
of the —35kb CRE. Mutagenesis primer sequences are shown in the purple lines below.
The 5’ and 3’ mutations contain a Hindlll and Sacl restriction enzyme site, respectively. B.
Transient reporter gene assays in 16HBE140" cells using luciferase vector pGL3B, pGL3B
with the CFTR minimal promoter (pGL3B-245) [58], pGL3B-245 with the 350bp core

of the —35kb enhancer [11], or the latter vector with mutation of one 6bp KLF5 motif.
Luciferase activity was measured relative to Renilla 48h post-transfection. C. RT-qPCR
analysis of CFTR expression in clonal WT 16HBE140" cells (n=2) compared to —35kb
KLF5-site mutant HDR clones (n=3), (n=3 experiments) D. Western blot showing CFTR
protein levels in parental WT, clonal WT, or -35kb HDR 16HBE140" cells. E. ChIP-gPCR
with antibody specific for RNApolll (RPB1) comparing clonal WT and —35kb HDR clones.
The p-value from unpaired T-tests of the RT-gPCR are shown above each comparison. F.
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4C-seq data for WT 16HBE140™ or —35kb HDR clone 4 using the —=80.1kb 5’ TAD boundary
as the viewpoint. Read quantification for each cell line is shown, and between them the
subtraction of HDR clone 4 from WT. Regions of interest are noted with the red bars and
arrows.
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